Nanotechnology
in Medicine
and Biology

Edited by
HUINAN H. LIU
TOLOU SHOKUHFAR
SOUGATA GHOSH

ELSEVIER

! ADVANCED TOPICS IN BIOMATERIALS




NANOTECHNOLOGY
IN MEDICINE AND
BIOLOGY



This book belongs to
Central Library
BADJI Mokhtar-ANNABA UNIVERSITY

Copyright Elsevier 202. 4



This page intentionally left blank

1is b

belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY




Elsevier Series on Advanced
Topics in Biomaterials

NANOTECHNOLOGY
IN MEDICINE AND
BIOLOGY

Edited by

HUINAN H. LIU
TOLOU SHOKUHFAR
SOUGATA GHOSH

ELSEVIER

1is book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



Elsevier

Radarweg 29, PO Box 211, 1000 AE Amsterdam, Netherlands

The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, United Kingdom
50 Hampshire Street, sth Floor, Cambridge, MA 02139, United States

Copyright © 2022 Elsevier Inc. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher. Details on how to seek
permission, further information about the Publisher’s permissions policies and our arrangements
with organizations such as the Copyright Clearance Center and the Copyright Licensing Agency,
can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the
Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and experience
broaden our understanding, changes in research methods, professional practices, or medical
treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described herein. In
using such information or methods they should be mindful of their own safety and the safety of
others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of products
liability, negligence or otherwise, or from any use or operation of any methods, products,
instructions, or ideas contained in the material herein.

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

ISBN: 978-0-12-819469-0

For information on all Elsevier publications
visit our website at https://www.elsevier.com/books-and-journals

Publisher: Matthew Deans

Acquisitions Editor: Sabrina Webber

Editorial Project Manager: Fernanda A. Oliveira
Production Project Manager: Surya Narayanan Jayachandran

qa Working together
i AMR (o orow libraries in

Cover Designer: Matthew Limbert fsevier BokAd developing countries
Typeset by STRAIVE, India www.elsevier.com ¢ www.bookaid.org
’

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024


http://www.elsevier.com/permissions
https://www.elsevier.com/books-and-journals

This book be

Contents

Contributors ix
Preface xiii
1. Nanobiomaterials for three-dimensional bioprinting 1

Sougata Ghosh, Ebrahim Mostafavi, Nanasaheb Thorat,
and Thomas J. Webster

1.1 Introduction 1
1.2 Inkjet bioprinting 2
1.3 Bioplotting 3
1.4 Fused-deposition modeling 6
1.5 Selective laser sintering 6
1.6 Stereolithography 9
1.7 3D printing for complex tissue and organ regeneration 9
1.8 4D printing 20
1.9 Conclusion and future perspectives 21
Acknowledgments 22
References 22
2. Nanobiomaterials for drug delivery and theranostics 25
Aman Bajpai, Sopan Shinde, and Sudipta Basu
2.1 Introduction 25
2.2 Design parameters of nanomedicine for drug delivery and theranostics 26
2.3 Targeted drug delivery for cancer therapy 28
2.4 Toxicity of nanobiomaterials 32
2.5 Biodegradable nanomaterials used in controlled drug delivery and imaging 33
2.6 Conclusion and future perspectives 50
References 51
3. Nanobiomaterials in hard tissue repair 57

Poulomi Sengupta

3.1 Introduction 57
3.2 Biomaterials in hard tissue engineering 59
3.3 Nanobiomaterials in tissue engineering 63
3.4 Role of stem cells 71
3.5 Conclusion and future perspectives 73
References 74

v

ongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



vi Contents

4. Application of nanobiomaterials in soft tissue engineering 79
Dhara Jajal and Sejal Shah

4.1 Introduction 79
4.2 Tissue engineering 80
4.3 Nanobiomaterials in cartilage tissue engineering 84
4.4 Nanobiomaterials in tendon/ligament tissue engineering 95
4.5 Nanobiomaterials in neural tissue engineering 97
4.6 Nanobiomaterials in cardiovascular tissue engineering 102
4.7 Conclusions and future perspectives 105
References 106
5. Nanobiomaterials for wound healing 109

Amarjitsing Rajput, Roshan Keshari, Runali Patil, and Rinti Banerjee

5.1 Introduction 109
5.2 Biomaterials for wound healing 116
5.3 Advanced drug delivery systems for wound healing 124
5.4 Conclusion and future perspectives in wound healing 132
Conflicts of interest 133
References 133
6. Nanobiomaterials for regenerative medicine 141

Anjali Pandya, Prashant Upadhaya, Shruti Lohakare, Tishya Srivastava,

Susmit Mhatre, Sreeranjini Pulakkat, and Vandana B. Patravale

6.1 Introduction 141
6.2 Properties of nanobiomaterials 145
6.3 Scaffolds 148
6.4 Applications of nanobiomaterials in regenerative medicine 158
6.5 Conclusions and future perspectives 173
References 173
7. Nanobiomaterials for bioimaging 189

Shamraja S. Nadar, Sadhana P. Patil, Radhika K. Kelkar, Neha P. Patil,
Pradnya V. Pise, Manishkumar S. Tiwari, Ajay N. Phirke, and Pravin D. Patil

7.1 Introduction 189
7.2 Types of nanomaterials 191
7.3 Physicochemical properties 204
7.4 Applications 212
7.5 Conclusion and future perspectives 227
References 227

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



Contents Vii

8. Nanobiomaterials for medical devices and implants 235
Ankit A. Agrawal, Kaustubh A. Pawar, Vaibhav N. Ghegade,
Archana A. Kapse, and Vandana B. Patravale

8.1 Introduction 235
8.2 Types of nanobiomaterials used in medical devices and implants 236
8.3 Fabrication techniques for nanobiomaterials-based medical devices
and implants 248
8.4 Conclusion and future perspectives of Nanobiomaterials-based medical
devices and implants 264
References 265
Index 273

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



This page intentionally left blank

1is b

belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY




Contributors

Ankit A. Agrawal
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

Aman Bajpai
Discipline of Chemistry, Indian Institute of Technology (II'T) Gandhinagar, Palaj, Gujarat,
India

Rinti Banerjee
Nanomedicine Laboratory, Department of Biosciences and Bioengineering, Indian
Institute of Technology Bombay, Powai, Mumbai, Maharashtra, India

Sudipta Basu
Discipline of Chemistry, Indian Institute of Technology (II'T) Gandhinagar, Palaj, Gujarat,
India

Vaibhav N. Ghegade
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

Sougata Ghosh

Department of Microbiology, School of Science, RK University, Rajkot, Gujarat, India;
Department of Chemical Engineering, Northeastern University, Boston, MA, United
States

Dhara Jajal
Charotar University of Science and Technology, Changa, Gujarat, India

Archana A. Kapse
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

Radhika K. Kelkar
Department of Biotechnology Engineering, Kolhapur Institute of Technology's College of
Engineering, Kolhapur, Maharashtra, India

Roshan Keshari
Nanomedicine Laboratory, Department of Biosciences and Bioengineering, Indian
Institute of Technology Bombay, Powai, Mumbai, Maharashtra, India

Shruti Lohakare
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

Susmit Mhatre
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



X Contributors

Ebrahim Mostafavi
Stanford Cardiovascular Institute, Stanford, CA, United States; Department of Medicine,
Stanford University School of Medicine, Stanford, CA, United States

Shamraja S. Nadar
Department of Chemical Engineering, Institute of Chemical Technology, Mumbai,
Maharashtra, India

Anjali Pandya
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

Neha P. Patil
Department of Biotechnology Engineering, Kolhapur Institute of Technology's College of
Engineering, Kolhapur, Maharashtra, India

Pravin D. Patil
Department of Basic Science and Humanities, Mukesh Patel School of Technology
Management and Engineering, SVKM's NMIMS University, Mumbai, Maharashtra, India

Runali Patil

Nanomedicine Laboratory, Department of Biosciences and Bioengineering; IIT Bombay-
Monash Research Academy, Indian Institute of Technology Bombay, Powai, Mumbai,
Maharashtra, India

Sadhana P. Patil
Department of Biotechnology Engineering, Kolhapur Institute of Technology's College of
Engineering, Kolhapur, Maharashtra, India

Vandana B. Patravale
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

Kaustubh A. Pawar
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

Ajay N. Phirke
Department of Basic Science and Humanities, Mukesh Patel School of Technology
Management and Engineering, SVKM's NMIMS University, Mumbai, Maharashtra, India

Pradnya V. Pise
Department of Biotechnology Engineering, Kolhapur Institute of Technology's College of
Engineering, Kolhapur, Maharashtra, India

Sreeranjini Pulakkat
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

Amarjitsing Rajput

Nanomedicine Laboratory, Department of Biosciences and Bioengineering, Indian
Institute of Technology Bombay, Powai, Mumbai; Department of Pharmaceutics,
Poona College of Pharmacy, Bharti Vidyapeeth Deemed University, Erandwane, Pune,
Maharashtra, India

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



Contributors xi

Poulomi Sengupta
Department of Chemistry, School of Science, Indrashil University, Rajpur, Gujarat, India

Sejal Shah
Department of Microbiology, School of Science, RK University, Rajkot, India

Sopan Shinde
Discipline of Chemistry, Indian Institute of Technology (II'T) Gandhinagar, Palaj, Gujarat,
India

Tishya Srivastava
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

Nanasaheb Thorat
Nuftield Department of Women’s & Reproductive Health, Division of Medical Sciences,
John Radcliffe Hospital, University of Oxford, Oxford, United Kingdom

Manishkumar S. Tiwari
Department of Chemical Engineering, Mukesh Patel School of Technology Management
and Engineering, SVKM's NMIMS University, Mumbai, Maharashtra, India

Prashant Upadhaya
Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology,
Mumbai, Maharashtra, India

Thomas J. Webster
Hebei University of Technology, Tianjin, China; Vellore Institute of Technology, Vellore,
India

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



This page intentionally left blank

1is b

belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY




Preface

Nanotechnology has influenced every aspects of life, be it food, textiles,
agriculture, environment, or health. The groundbreaking progress in the
area of fabrication of the biomaterials with exotic shape, tunable size, and
enhanced biocompatibility has revolutionized healthcare and medicine. It
has helped to overcome the growing concerns of multidrug resistance in
pathogens, adverse effects of drugs, and late diagnosis of diseases. On the
contrary, nanotechnology-driven solutions have enhanced bioavailability of
drugs and ensured targeted drugs’ delivery and their triggered/sustained
release. Moreover, nanotechnology is employed in designing sensors that
can monitor the physiological levels of various metabolites and markers for
early prediction of a disease and also in monitoring the efficiency of the
administered drugs.

This book is the most comprehensive literature available for multivari-
ate applications of nanotechnology particularly in the sectors of medicine
and health. Novel multifunctionalized nanomaterials, included in this book,
have immense potential for 3D and 4D bioprinting of tissues and organs.
Various metals, metal oxides, and polymeric nanoparticles with their prom-
ising applications in both therapy and diagnosis are also elaborated most
methodically with detailed underlying mechanism. Various nanostructures,
introduced here, emphasize their significant role in revolutionizing ther-
apy and diagnosis (theranostics) against cancerous, infectious, cardiovascular,
autoimmune, and neurodegenerative diseases. Also various parameters of
nanovectors used for drug delivery and theranostic applications are dis-
cussed in detail followed by their targeting mechanisms and their oft-target
toxicities.

Another notable aspect of this book is the rich collection of nano-
materials for tissue repair and regeneration. Polymer-, ceramic-, and
metal-based biomaterials and their composites for hard tissue repair are in-
cluded. Further, collagen, chitosan, silk, poly-e-caprolactone, poly(r-lactic
acid), poly(lactic-co-poly(glycolic acid), and several other polymer-based
nanobiomaterials for soft tissue engineering are also discussed in depth.

Tissue-specific drug delivery with higher bioavailability and enhanced
action is another challenge. Hence, this book also includes nanoparticles,
polymeric nanoparticles, and lipid-based drug delivery systems. Overcoming
the hydrophobic barriers using the lipid-based drug delivery systems such as

xiii
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Xiv Preface

liposomes, nanostructured lipid carriers, and solid lipid nanoparticles is an-
other attractive aspect of this book. Nanoscaftolds help in the cell delivery,
adhesion, and proliferation of stem cells that are employed in regenerative
medicine. This ensures rapid healing of wounded tissues and faster postsur-
gical recovery. The role of nanotechnology for designing several implants
with high biocompatibility, antimicrobial resistance, and moditied surface
properties are also covered. The authors of this book are involved in the
state-of-the-art developments in the area of nanomedicine and have pre-
sented the information furnished in the respective chapter out of their vast
experience and command in the fields.

Lastly, we believe that this would be the ideal textbook for nanomed-
icine courses in various graduate courses and PhD programs with courses
in subjects like Biotechnology, Medicine, Instrumentation, Biophysics,
Nanotechnology, Biomechanics, and Chemical Engineering. It would pro-
vide an excellent introduction with basic and applied knowledge about the
principles of nanotechnology, bioprinting, drug delivery, tissue engineering,
regenerative medicine, bioimaging, and nanoinspired implants to the begin-
ner, intermediate, and advanced undergraduate, graduate, and postgraduate
students.

Considering the enormous responsibility, we all have to ensure human
health and safety; we consider this book a top priority. This book essentially
highlights the advances and prospects on nanomedicine as next-generation
therapeutics.

Huinan H. Liu
Tolou Shokuhfar
Sougata Ghosh
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CHAPTER1

Nanobiomaterials for
three-dimensional bioprinting

Sougata Ghosh®”, Ebrahim Mostafavi“®, Nanasaheb Thorat®, and

f,
Thomas J. Webster"?
"Department of Microbiology, School of Science, RK University, Rajkot, Gujarat, India

"Department of Chemical Engineering, Northeastern University, Boston, MA, United States

Stanford Cardiovascular Institute, Stanford, CA, United States

dDepartment of Medicine, Stanford University School of Medicine, Stanford, CA, United States
‘Nuffield Department of Women’s & Reproductive Health, Division of Medical Sciences, John Radcliffe
Hospital, University of Oxford, Oxford, United Kingdom

"Hebei University of Technology, Tianjin, China

£Vellore Institute of Technology, Vellore, India

1.1 Introduction

Tissue engineering has witnessed tremendous advances owing to a detailed
understanding of physiological and biochemical processes at the nanoscale.
Thus nanotechnology has been actively involved in the augmentation and
innovation of healthcare. The widely used medical processes for addressing
bone, cartilage, and nerves injuries involve surgical methods that are not only
painful but also possess poor healing capacity for delicate structures. One of
the most attractive alternative advances is harnessing the body’s adult stem
cell population for repairing and regenerating tissues (O’Brien et al., 2015).
As the success of stem cell therapy largely depends on the cellular mi-
croenvironment and nanoenvironment, classical scaffold-based tissue engi-
neering has been developed that can effectively mimic natural biological
environments, tissue structure, and function. Various metals, metal-alloys,
graphene, carbon nanotubes, ceramics, and polymer-based biomaterials
have been developed with high biocompatibility for the fabrication of im-
plants (Kale et al., 2017; Ghosh et al., 2018; Ghosh, 2019). This innovative
approach not only enables healthy and rapid restoration and regeneration,
but it also helps in the maintenance of the implanted construct and si-
multaneously facilitates the integration of natural tissue with the tissue-
engineered implant (Wang et al., 2020; Xie et al., 2020).
Three-dimensional (3D) techniques seem to be one of the most effi-
cient manufacturing technologies that can be employed for the rationale

Nanotechnology in Medicine and Biology Copyright © 2022 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-819469-0.00003-4 All rights reserved. 1
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2 Nanotechnology in medicine and biology

engineering of biomimetic constructs which are compatible with the
complex extracellular matrix (ECM) structure, mechanical, chemical, and
morphological properties of the specific tissue that is undergoing treatment
(Zhu et al.,2018).The conventional approaches for developing 3D scaffolds
include phase separation, freeze drying, porogen leaching, and electrospin-
ning. However, these techniques have several drawbacks, such as limited
control over scaffold geometry, pore size and distribution, pore intercon-
nectivity, as well as internal channel construction. Further, these limitations
compromise nutrient transportation, cell migration, and survival, especially
in the core of the scaffold.

In view of this background, O’Brien et al. (2015) suggested key charac-
teristics that should be concurrently employed for successful tissue emula-
tion and regeneration: (1) possess sufficient mechanical strength and material
degradation rate; (2) be able to modulate a 3D cellular microenvironment;
(3) encourage cellular adhesion, proliferation, and tissue formation; and (4)
enable adequate nutrient and waste exchange.

In this chapter, we discuss the fabrication of highly ordered scaftold
microarchitectures by recent advances in modalities of 3D printing that
include inkjet bioprinting, bioplotting, fused-deposition modeling (FDM),
selective laser sintering (SLS), and stereolithography. Further, applications of
3D printing offer great precision and control over the internal architecture
for repair and regeneration of bone, cartilage and osteochondral, neural,
and vascular tissues have been elaborated. Finally, the scope of ultramodern
four-dimensional (4D) printing technologies with their promises for mod-
ulating neural stem cell behavior is discussed.

1.2 Inkjet bioprinting

Inkjet is a printing technology where ink droplets are ejected on paper and
can be of two types that include a continuous inkjet printing system and an
on-demand inkjet printing. However, for bioprinting, bioinks are used, which
is usually a solution with suspended cells, biomaterials, drugs and/or proteins
or deoxyribonucleic acid (DNAs). Direct printing involves biomaterials that
are printed with cells mixed in bioink together while indirect printing uses
biomaterials is prepared first where cells are seeded and cultured.

Kim et al. (2010) reported inkjet printing mediated fabrication methods
of various patterns of poly(lactic-co-glycolic acid) (PLGA) on a polystyrene
(PS) substrate. Later, human adipose-derived stem cells (hASCs), isolated
from subcutaneous adipose tissue, were seeded on the PLGA-patterned PS
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substrate. Stable attachment of the hASCs followed by efficient proliferation
up to confluency within the PLGA patterns was promising.

Pati et al. (2014) developed a technique for the bioprinting of cell-laden
constructs with novel decellularized extracellular matrix (dECM) bioinks
that was able to provide an optimized microenvironment conducive to the
3D growth of structured tissue. Extracellular matrices were derived from
cartilage, heart, and adipose tissues that were initially decellularized. The tis-
sues were treated chemically and enzymatically to obtain the novel bioinks.
The appropriate source material facilitated the creation of a proper micro-
environment for the target cells. Thus the decellularized ECM obtained
from heart tissue, for instance, is a quite ideal biomaterial for culturing
cardiomyocytes. Fig. 1.1 depicts the 3D open porous structures of dECMs
with a polycaprolactone (PCL) framework that were fabricated using a
multihead tissue/organ building system (MtoBS). It is important to note
that the cartilage and adipose tissue constructs were printed by depositing
the cell-laden dECM pregel following fabrication of the PCL framework
(Fig. 1.1A, C,D).A line width of 200 nm in the PCL framework of cartilage
tissues provided more load-bearing support, while line widths of 100 nm for
adipose tissue constructs reduced the stiffness.

1.3 Bioplotting

Bioplotting is another method of 3D printing where either tubes or spher-
oids of biomaterials are extruded from a syringe to obtain layered structures
which are then cured using radiation, a chemical reaction, or solidification
with time. Occasionally, bioplotting modalities are associated with several
syringes containing multiple cell types to ensure efficient and convenient
integration of cells derived from multiple tissue types in the final construct.
Thus bioplotting is ideal for fabrication of co-cultured scaftolds and tissue/
organ-like constructs. Relatively, viscous biomaterials are preferred for bio-
plotting as the physical and chemical properties of materials is a key de-
terminant for maximum resolution. The major advantages of bioplotting
include a requirement of lower cell numbers and a broad spectrum of mate-
rial selection. However, the bioink required for bioplotting must be a liquid
material, which is a major drawback for tissue reconstructions involving
high mechanical strength (O’Brien et al., 2015).

Bioplotting was applied for tissue engineering to provide a functional
de novo living valve replacement that could effectively integrate with host
tissue (O’Brien et al., 2015). Initially, hybrid hydrogels were developed
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4 Nanotechnology in medicine and biology

a hdECM Hybrid of cdECM Hybrid of adECM
gel structure and PCL framework and PCL framework

PCL framework

¢ PCL framework
(moderate, wide)

. (fine)

Fig. 1.1 Printing process of particular tissue constructs with dECM bioink. (A) Heart tissue
construct was printed with only the heart dECM (hdECM). Cartilage and adipose tissues
were printed with the cartilage dECM (cdECM) and the adipose dECM (adECM), respec-
tively, and in combination with a PCL framework (scale bar, 5mm). (B) Representative mi-
croscopic images of the hdECM construct (scale bar, 400 mm). (C) SEM images of a hybrid
structure of cdECM with a PCL framework (scale bar, 400 mm). (D) Microscopic images of
the cell-printed structure of adECM with a PCL framework (scale bar, 400 mm). (Reprinted
with permission from Pati, F, Jang, J., Ha, D.H., Kim, S.W., Rhie, J.W., Shim, J.H., Kim, D.H., Cho,
D.W.,, 2014. Printing three-dimensional tissue analogues with decellularized extracellular ma-
trix bioink. Nat. Commun. 5, 3935. Copyright © 2014 Springer Nature.)

using methacrylated hyaluronic acid (Me-HA) and methacrylated gelatin
(Me-Gel), and heart valve conduits were bioprinted that contained encap-
sulated human aortic valvular interstitial cells (HAVIC) as seen in Fig. 1.2.
Upon an increase of Me-Gel concentration, the stiffness of the conduits
was reduced, viscosity was enhanced, cell spreading was facilitated, and the
HAVIC fibroblastic phenotype was maintained better. Although the relative
concentrations of Me-Gel and Me-HA influenced the bioprinting accuracy,
careful optimization resulted in fabrication of the trileaflet valve with an
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Fig. 1.2 Bioprinting of heart valve conduits with the encapsulation of HAVIC within
the leaflets: (A) heart valve model designed by Solidworks; (B) as-printed valve conduit;
(C) the bioprinted valve conduit kept intact after a 7-day static culture in a culture tube;
(D) cross-sectional view of a Live/Dead image showed high cell viability from the surface
to a >300-um depth; (E, F) histological staining of the bioprinted leaflets after a 7-day
culture. (E) Safranin-O staining was used to stain the GAGs red, which also stained the
Me-HA within the hydrogel red. (F) Masson’s Trichrome staining was used to stain col-
lagen blue, which also stained the Me-Gel within the hydrogel blue. The arrow shows
the newly secreted collagen around the HAVIC, indicating the remodeling process;
(G) representative image of immunohistochemical staining for xSMA (green) and vimen-
tin (red), and Draq 5 counter-staining for cell nuclei (blue). (Reprinted with permission
from Duan, B, Kapetanovic, E., Hockaday, L.A., Butcher, J.T, 2014. Three-dimensional printed
trileaflet valve conduits using biological hydrogels and human valve interstitial cells. Acta
Biomater. 10, 1836-1846. Copyright © 2013 Acta Materialia Inc. Published by Elsevier Ltd.)

accurate shape and desirable properties. Significantly, HAVIC encapsulated
within bioprinted heart valves were highly viable and could eftectively re-
model the initial matrix by collagen and glyosaminoglycan deposition. Thus
bioplotting can be one of the most powerful tools for de novo living valve
replacements (Duan et al., 2014).
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6 Nanotechnology in medicine and biology

1.4 Fused-deposition modeling

In this 3D printing technology, a melted thermoplastic is deposited in
thin layers on a flat surface, and eventually, a model is built layer by layer.
FDM is one of the oldest, most inexpensive, rapid, and a well-standardized
method for the fabrication of scaffolds for musculoskeletal applications. As
the molten thermoplastic lacks mechanical strength, it is difficult to repli-
cate geometries with sharp overhanging structures, or long, unsupported
spans within the scaffold. The resolution of FDM-generated structures is
dependent on the nozzle diameter, properties of the materials, and me-
chanical positioning of the extrusion end of the printing nozzle (O’Brien
et al., 2015).

Schantz et al. (2005) reported the application of FDM for develop-
ing polymer-ceramic scaffolds using novel polycaprolactone-calcium
phosphate (PCL/CaP) matrices. These structures were characterized by a
honeycomb-like design and complete interconnectivity of the pores as il-
lustrated in Fig. 1.3A. On seeding human mesenchymal stem cells (MSCs)
with the fibrin glue into PCL/CaP scaffolds and culturing for periods of
up to eight weeks, enhanced cellular adhesion, proliferation and osteogenic
differentiation were observed (Fig. 1.3B and C). The PCL/CaP scaftolds
showed up to a 27-fold increase in degradation compared with pristine
PCL scaftolds.

1.5 Selective laser sintering

SLS is a higher resolution alternative to FDM that employs a long wave-
length laser or high-energy light source to fuse beads of material together,
one layer at a time. In this method, the layer of beads is deposited by fusing
each bead to a solid structure with laser-associated heating. The process is
repeated to develop a 3D design. Alternatively, high-energy electron beams
can also be used to melt beads of metal into a fully functioning prototype.
SLS is a promising technique for developing size-controlled constructs for
rigid tissues, such as bone. Thus, SLS is more suitable for hard tissues of a
single material type, such as osteogenic scaffolds or supporting structures for
tissues within the body (O’Brien et al., 2015).

Duan et al. (2010) reported the application of SLS for fabricat-
ing 3D nanocomposite scaffolds based on calcium phosphate (Ca—P)/
poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) and carbonated
hydroxyapatite (CHAp)/poly(L-lactic acid) (PLLA) nanocomposite
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Nanobiomaterials for three-dimensional bioprinting 7
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Fig. 1.3 (A) PCL-CaP scaffold architecture observed under microcomputed tomography.
Characterization of cell proliferation and viability on the PCL-CaP scaffold. (B) Viable cells
are stained with fluorescence diacetate (FDA, green stain), while the nuclei of apoptotic
cells and cytoplasm of dead cells are counterstained with propidium iodide (PI, red stain).
Optical sectioning was performed with a confocal laser microscope and superimposed
images are shown (both original magnification x 10). A dense cellular network can be ob-
served after 4 weeks in culture, covering the bars and struts of the scaffold with only a few
spaces in the pores left open (stars). (C) After 8 weeks, the remaining spaces are filled up
completely. A slight increase in nonviable and apoptotic cells (red) is noticed. (Reprinted
with permission from Schantz, J., Brandwood, A., Hutmacher, D.W., Khor, H.L., Bittner, K., 2005.
Osteogenic differentiation of mesenchymal progenitor cells in computer designed fibrin-
polymer-ceramic scaffolds manufactured by fused deposition modeling. J. Mater. Sci: Mater.
Med. 16, 807-819. Copyright © 2005 Springer Science + Business Media, Inc.)

microspheres. The scaffolds exhibited an interconnected porous struc-
ture that facilitated the attachment of osteoblastic SaOS-2 cells. The
cells were remarkably viable, displaying a normal morphology and
phenotype after 3 and 7days of culture on all scaffolds, as seen in
Fig. 1.4. A significant improvement in cell proliferation and alkaline
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Fig. 1.4 SEM images of sintered scaffolds with a magnification of x500. (A) PHBV;
(B) Ca-P/PHBV; (C) PLLA; and (D) CHAp/PLLA. Morphology of SaOS-2 cells cultured
on different scaffolds for 7 days with a magnification x2000. (E) PHBV; (F) Ca-P/PHBV;
(G) PLLA; and (H) CHAp/PLLA. (Reprinted with permission from Duan, B., Wang, M., Zhou,
W.Y., Cheung, W.L, Li, Z\Y., Lu, W.W., 2010. Three-dimensional nanocomposite scaffolds fabri-
cated via selective laser sintering for bone tissue engineering. Acta Biomater. 6, 4495-4505.
Copyright © 2010 Acta Materialia Inc. Published by Elsevier Ltd.)
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phosphatase activity was observed for the Ca-P/PHBV scaffolds,
whereas the CHAp/PLLA nanocomposite scatfolds exhibited a similar
level of cell response compared with PLLA polymer scaffolds. Hence,
SLS-assisted development of nanocomposite scaffolds can not only ex-
tend a biomimetic environment for osteoblastic cell attachment, but
also facilitate cell proliferation and differentiation that can be promis-
ing for bone tissue engineering applications.

1.6 Stereolithography

In SL, light is used for crosslinking polymeric materials to develop geo-
metrically patterned layers of a 3D construct. A laser and a directed mir-
ror array are employed for projecting patterned light onto the surface of
a resin-containing vat, followed by curing of the resin. SL is advantageous
as it ofters rapid fabrication of high resolution constructs from which the
uncured resin is removed. SL provides an effective and precise reconstruc-
tion of tissue morphology which is ideal for designing various biomimetic
and bioactive nanomaterial scaffolds. Fig. 1.5 illustrates 3D-printed struc-
tures made out of a biodegradable UV-cured resin fabricated via SL. The
biomaterial was composed of commercial polyurethane resin as an oligo-
mer, trimethylolpropane trimethacrylate (TEGDMA) as a reactive diluent,
and phenylbis (2,4,6-trimethylbenzoyl)-phosphine oxide (Irgacure 819) as
a photoinitiator. The 3D-printed structures exhibited a tensile strength of
68 MPa. Further, the flexural strength and modulus can reach 115MPa and
5.8 GPa, respectively. Additionally, graphene-reinforced nanocomposites
were fabricated using a solvent-free method that could be molded into
porous bone structures (a jawbone with a square architecture and a sternum
with a round architecture) and a gyroid scaffold for bone tissue engineering
(Feng et al., 2019).

1.7 3D printing for complex tissue and organ regeneration

Recent advances have enabled 3D bioprinting to engineer living organs,
which is a comprehensive and integrative approach for the precise position-
ing of multiple cell types with high density to mimic their natural counter-
parts. A successful clinical implant facilitates the growth and development
of functional complex tissues with appropriate vasculature and neural net-
works.The bioprinting techniques mentioned in the earlier section have the
potential to fabricate patient-specific complex structures. The success rate of
complex tissue/organ bioprinting depends on three important parameters.
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Fig. 1.5 Images of (A) pure UV-cured resin and (B) graphene-reinforced nanocom-
posite jawbone with a square architecture; (C) pure UV-cured resin and (D) graphene-
reinforced nanocomposite sternum with a round architecture; (E) pure UV-cured resin;
and (F) graphene-reinforced nanocomposite gyroid scaffold for bone tissue engi-
neering. (Reprinted from Feng, Z, Li, Y., Hao, L., Yang, Y., Tang, T, Tang, D., Xiong, W., 2019.
Graphene-reinforced biodegradable resin composites for stereolithographic 3D printing of
bone structure scaffolds. J. Nanomater. 2019, Article ID 9710264.)

First, cell viability needs to be taken into account which is majorly aftected
by the time of the printing process. A prolong printing technique can se-
verely compromise the viability of fragile cells. Second is mass transport and
mechanical stimulation, where the cells are directly encapsulated in the bio-
inks in the printing process or are postseeded onto the printed constructs.
During this process, it is essential to supplement them with nutrients and
oxygen, which will ensure not only viability but also the functionality of
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the cells when associated with the constructs. Third, construct maturation
should ensure that the cells must be able to proliferate with appropriate
cell-cell interactions, secrete their own matrix components, perform natural
biological functions, and integrate into the host tissue (Cui et al., 2017). In
this section, we present recent developments for complex tissue and organ
bioprinting.

1.7.1 Bone

Bone with distinct hierarchical organizational levels is considered to be one
of the most complex heterogeneous tissue with unique structural and me-
chanical properties. Continuous remodeling makes bone a dynamic struc-
ture under various physiological conditions. Bone is highly vascularized
as the transverse channel connects it to blood vessels in the periosteum.
Migration of MSCs to the site of repair followed by osteogenic differen-
tiation and osseointegration are crucial for bone healing. It is important
to note that biomolecules are released from the ECM, which leads to re-
modeling during bone regeneration. In view of this background, struc-
tural, and functional details should be carefully considered while fabricating
3D-bioprinted bone-biomimetic constructs (Ashammakhi et al., 2019).
Kang et al. (2016) reported an integrated tissue-organ printer (ITOP)
that could fabricate stable, human-scale tissue constructs of any shape. Cell-
laden hydrogels mixed with biodegradable polymers were printed in in-
tegrated patterns on sacrificial hydrogels, which offer better mechanical
stability. The efficient diffusion of nutrients to the printed cells was assured
by rational incorporation of microchannels into the tissue constructs. An
engineered mandible fragment with identical size and shape to the human
counterpart was fabricated for facial reconstruction after traumatic injury as
depicted in Fig. 1.6. Mandible bone defects have an arbitrary shape. Initially,
data from computed tomography (CT) scan of a human mandible defect in
combination with Mimics software was used to produce a computer-aided
design (CAD) model of the portion with the defect, with dimensions of
3.6cmX3.0cmX1.6cm (Fig. 1.6A). Human amniotic fluid-derived stem
cells (hAFSCs) were selected for bioprinting, which shows an ability to
differentiate into osteogenic lineages in appropriate media. The dispensing
paths of a cell-laden hydrogel, a mixture of PCL and tricalcium phosphate
(TCP), and Pluronic F127 was determined (Fig. 1.6B). PCL/TCP and
hAFSCs mixed with the composite hydrogel were then printed in a type I
pattern with a Pluronic F127 temporary support as illustrated in Fig. 1.6C.
Interestingly, cell viability was found to be almost 91% after one day in the

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



12 Nanotechnology in medicine and biology

Printing nozzle

Pore

Plurenic
F-127 (sacrificial
material)

Red: cells
Green: PCL
Blue: Pluronic F-127

Fig. 1.6 Mandible bone reconstruction. (A) A 3D CAD model recognized a mandible
bony defect from human CT image data. (B) A visualized motion program was gener-
ated to construct a 3D architecture of the mandible bone defect using CAM software
developed by our laboratory. Lines of green, blue, and red colors indicate the dispens-
ing paths of PCL, Pluronic F-127 and cell-laden hydrogel, respectively. (C) A 3D printing
process using the integrated organ printing system. The image shows patterning of a
layer of the construct. (D) Photograph of the 3D-printed mandible bone defect con-
struct, which was cultured in osteogenic medium for 28 d. (E) Osteogenic differentiation
of hAFSCs in the printed construct was confirmed by Alizarin Red S staining, indicating
calcium deposition. (Reprinted with permission from Kang, HW., Lee, S.J., Ko, I.K., Kengla, C.,
Yoo, J.J,, Atala, A., 2016. A 3D bioprinting system to produce human-scale tissue constructs
with structural integrity. Nat. Biotechnol. 34, 312-319. Copyright © 2016, Nature Publishing
Group, a division of Macmillan Publishers Limited. All Rights Reserved.)

3D-printed bone structures. Superior osteogenic differentiation was ob-
served on the 28th day as seen in Fig. 1.6D that also exhibited calcium
deposition in the hAFSC-laden hydrogel after Alizarin Red S staining as
observed in Fig. 1.6E.

Another study demonstrated the maturation of the bioprinted bone us-
ing an in vivo calvarial bone reconstruction model (Kang et al., 2016).
Like an earlier case, initially, rat calvarial bone constructs were fabricated
in a circular shape (8-mm diameterX 1.2-mm thickness) with hAFSCs.
The constructs were then cultured in osteogenic media for 10days fol-
lowed by implantation in a calvarial bone defect region of Sprague Dawley
rats. After 5months newly formed vascularized bone tissue were observed
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throughout the implants, including the central portion, with no sign of
necrosis. Mature bone (red) and osteoid (blue) formation was indicated on
modified Tetrachrome staining while large blood vessel formation within
newly formed bone tissue throughout the bioprinted bone constructs, in-
cluding the central portion was demonstrated by Von Willebrand factor
(vWF) immunostaining.

Byambaa et al. (2017) reported an extrusion-based direct-writing bi-
oprinting strategy for the fabrication of microstructured bone-like tissue
constructs containing a perfusable vascular lumen. Perfusable blood vessels
inside the bioprinted construct were created by printing a central cylinder
with a 5% gelatin methacryloyl (GelMA) hydrogel at low methacryloyl
substitution (GelMALOW). Further, cell-laden cylinder elements made of
a GelMA hydrogel loaded with silicate nanoplatelets was developed for the
induction of osteogenesis, as seen in Fig. 1.7. Initially, individual rods with
desired chemical and physical properties were fabricated, which were then
integrated to build large and complex architectures with specific micron-
iches. The cylinders then collectively formed pyramidal constructs which
were composed of 28 rods. A fluorescent dye, sulforhodamine 101 (Texas
Red) cadaverine, was incorporated within the gel. 3D-printed rods with
four difterent compositions (in terms of GelMA mass fraction, cell-laden
composition, silicate nanoplatelets concentration, and VEGF-content) were
used to fabricate bone tissue constructs with a specific and predefined ar-
chitecture. The HUVECs and hMSCs loaded into the internal cylinder
could migrate to and proliferate on the inner surface of this channel while
the perfusable channel itself functions as a central blood vessel in a cell-
laden construct. Interestingly, silicate nanoplatelets in the outer layers of the
construct and the sustained perfusion of the osteogenic medium triggered
the differentiation of the encapsulated hMSCs into bone tissue while the
VEGEF gradient provided the ideal chemical microenvironment for osteo-
genic differentiation and/or vascularization.

1.7.2 Cartilage and osteochondral tissue

ITOP was also reported to be efficient at fabricating cartilage tissue con-
structs using ear cartilage reconstruction that was comprised of a com-
plex shape identical to human-sized external ears (Kang et al., 2016). The
framework of an auricle consisting of a single piece of cartilage with a
complicated geometry of ridges was initially designed using a CT image of
an ear. Further, the motion program was developed to print a chondrocyte-
laden hydrogel, PCL and Pluronic F-127. The source of the cells used for
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Fig. 1.7 Fabrication of a bone mimetic 3D architecture containing osteogenic and
vasculogenic niches. (A) Schematic illustration of a complex bone tissue structure.
(B) llustration of the bioprinting strategy for fabricating a complex bone tissue archi-
tecture. A perfusable vascular lumen lined with HUVECs that can be fabricated within
a pyramidal bioprinted construct by arranging individual rods of VEGF-functionalized
GelMA bioinks with different mechanical strength. The hMSCs-laden three outer layers
of cylinders were loaded with silicate nanoparticles to induce osteogenic differentia-
tion of hMSCs into bone tissue. VEGF was covalently conjugated into the three outer
layers of the cylindrical hydrogels. The concentrations of conjugated VEGF were deter-
mined with ELISA to be 17.1, 34.2, and 68.5ngmL™". (C) A scheme of the 3D printing
procedure of independent cell-laden cylinders using an automatized and computer-
controlled bioprinter. (D) Cross-section image of the pyramidal bioprinted construct.
(E) Chemical conjugation of a gradient sulforhodamine 101 (Texas Red) cadaverine
onto ~-COOH-modified GelMA-bioprinted fibers. The fluorescence intensity was directly
proportional to the conjugated amount of the fluorescent dye. (Reprinted with permis-
sion from Byambaa, B., Annabi, N., Yue, K., Santiago, G.T., Alvarez, M.M., Jia, W., Kazemzadeh-
Narbat, M., Shin, S.R., Tamayol, A., Khademhosseini, A., 2017. Bioprinted osteogenic and
vasculogenic patterns for engineering 3D bone tissue. Adv. Healthcare Mater. 6, 1,700,015.
Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.)

this osteochondral bioprinting was from rabbit ear chondrocytes. After
mixing the cells with the composite hydrogel, human ear-shaped cartilage
constructs were bioprinted with dimensions of 3.2cmX1.6cmX0.9cm.
Significantly high cell viability of 91% + 8% was noted on day 1 after print-
ing while after 5weeks, the constructs exhibited the production of a new

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



Nanobiomaterials for three-dimensional bioprinting 15

cartilaginous matrix. The microchannels in the constructs facilitated the
formation of a new viable cartilaginous matrix throughout the entire ear
constructs. The cells in the newly formed tissues exhibited a morphological
identity similar to native ear cartilage that was characterized by cells located
within typical chondrocyte lacunae, surrounded by a cartilaginous matrix.

In vivo maturation properties of the printed ear constructs were
checked by implanting them in the dorsal subcutaneous space of athymic
mice that were retrieved after 1 and 2 months. Interestingly, the shape of the
3D-printed constructs was well maintained, with notable cartilage forma-
tion. High glycosaminoglycan (GAG) content, vascularization, endothelial
cell marker expression, and superior biomechanical properties were identi-
cal to the native rabbit ear cartilage.

3D-printed osteochondral tissue can be a powerful regenerative therapy
as the osteochondral interface of an arthritic joint is notoriously difficult to
repair due to its extremely poor regenerative capacity and complex strat-
ified architecture. Castro et al. (2015) generated 3D printing biomimetic
nanocomposite scaftfolds for improved osteochondral tissue regeneration.
This was achieved by developing two biologically inspired nanomaterials
comprised of (1) osteoconductive nanocrystalline hydroxyapatite (nHA)
(primary inorganic component of bone) and (2) core-shell poly(lactic-co-
glycolic) acid (PLGA) nanospheres encapsulated with chondrogenic trans-
forming growth-factor f1 (TGF-B1) for sustained delivery. With the help
of a novel table-top stereolithography 3D printer and the nano-ink (i.e.,
nHA + nanosphere + hydrogel), a porous and highly interconnected osteo-
chondral scaffold with hierarchical nano-to-micro structure and spatiotem-
poral bioactive factor gradients was generated. This novel osteochondral
scaftold remarkably facilitated the adhesion, proliferation, and osteochon-
dral differentiation of human bone marrow-derived MSCs.

1.7.3 Neural tissue

Biomaterial inks composed of hydrogels, thermoplastic, and thermoset
polyesters and composite are used for the fabrication of nerve conduits us-
ing 3D bioprinting for perfect repair or replacement of a damaged periph-
eral nerve which was otherwise a formidable clinical challenge. Table 1.1
presents various 3D-printed scaffolds for neural tissue engineering that
provided transitional three-dimensional support for cell attachment, migra-
tion, proliferation, as well as assist the nerve reconstruction in long distance
nerve defects, which can reach a length of 4cm or even longer (Yu et al.,
2020). Incorporation of carbon nanotubes (CNTs) in the scaffolds not only
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modify their surface properties but also enhance the interaction between
neural cells and biomaterials. CNTs promote superior electrical conduc-
tivity and provide a nanoscale architecture identical to the natural neural
environment.

Lee et al. (2018) reported amine functionalized multiwalled carbon
nanotubes (MWCNTs) incorporated in poly(ethylene glycol) diacrylate
(PEGDA) polymer hydrogels for enhancing electrical properties as well as
nanofeatures on the surface of the neural scaffold. The tunable porous struc-
ture of the scaffolds was attributed to the stereolithography 3D printing. On
incorporation of 0.1% MWCNT into the scaftolds, the average total neurite
length significantly increased by 113% over the control scaftold. The NE-4C
cell lines efficiently differentiated into neurons with appropriate inducing
factors after 4 days of culture associated with the 3D bioprinted neural scaf-
folds. Furthermore, a biphasic pulse stimulation with a 500 pA current pro-
moted neuronal maturity as quantified through protein expression.

Zhang et al. (2018) reported the promise of 3D bioprinted scaffold-free
neural constructs using human gingiva-derived mesenchymal stem cells
(GMSCs) to bridge facial nerve defects in rats. Initially, GMSCs spheroids
were collected and assembled into a 9 X9 mm square needle-array 3.2mm
in length on each side in the software designed configuration and were
allowed to fuse into 3D-tubular structures as illustrated in Fig. 1.8.Then,
these scaftold-free neural constructs were allowed to mature in a biore-
actor for 7-10days, and a stable, suturable 3D-nerve construct with a di-
ameter of 2.0mm was generated as seen in Fig. 1.8A.The aligned nerve
like structures appeared that expressed both the neuronal marker f-tubulin
III and Schwann cell marker S-100p as observed in Fig. 1.8B and C.The
3D-bioprinted neural grafts were further transplanted into segmental de-
fects of the buccal branch (BB) of the facial nerve of rats. Significant levels
of nerve remodeling and regeneration were observed with higher facial
palsy scores at 7weeks after transplantation. Further, nerve stimulation in
the vibrissa muscles indicated effective compound muscle action potential
(CAMP) recovery 12 weeks after transplantation.

1.7.4 Vascular tissue

The vascular system plays a vital role for connecting all parts of the body
and transport of nutrients, respiratory gases, waste materials, and hormones.
However, malfunction of the vascular system is associated with tissue over-
growth (e.g., angiogenesis in cancer) as well as cell death and necrosis. Also,
vascular abnormalities are often observed in age-related cardiovascular, neu-
rovascular, and musculoskeletal diseases.
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Fig. 1.8 3D bioprinting scaffold-free nerve constructs from GMSC spheroids.
(A) Procedures for 3D bioprinting scaffold-free nerve constructs from GMSC spher-
oids. (B) Longitudinal section of 3D bioprinted nerve constructs. H&E staining (the left
panel); immunofluorescence staining with p-tubulin lll and S-100p primary antibodies.
(C) Transverse section of 3D bioprinted nerve constructs. H&E staining (the left panel);
immunofluorescence staining with -tubulin Ill and S-100p primary antibodies. Cell nu-
clei were counterstained by DAPI (blue). Scale bars: 200 pm. Data are representative of
two independent experiments. (Reprinted with permission from Zhang, Q., Nguyen, P.D.,
Shi, S., Burrell, J.C,, Cullen, D.K., Le, A.D., 2018. 3D bio-printed scaffold-free nerve constructs
with human gingiva derived mesenchymal stem cells promote rat facial nerve regeneration.
Sci. Rep. 8, 6634. Copyright © 2018.)

Lee etal. (2014) created a functional in vitro vascular channel with perfused
open lumens using only cells and biological matrices employing 3D bioprint-
ing. The fabricated vasculature exhibited an intact, confluent endothelium lin-
ing, presenting barrier function for both plasma protein and high molecular
weight dextran molecule. The fluidic vascular channel supported the viability
of the tissue up to 5mm in distance at 5 million cells/mL density under physi-
ological flow conditions. Significantly, under static-cultured conditions, vascular
channels showed active angiogenic sprouting from the vessel surface. However,
this phenomenon was inhibited under steady physiological flow.

In another study, Kolesky et al. (2016) reported a cell-laden 3D bio-
printing technique to develop vascularized tissues that exceeded 1cm in
thickness and can be perfused on a chip for long time periods (> 6 weeks).
In this approach, the parenchyma, stroma, and endothelium were integrated
into a single thick tissue by co-printing multiple inks composed of human
mesenchymal stem cells (hMSCs) and human neonatal dermal fibroblasts
(hNDFs) within a customized extracellular matrix (gelatin-fibrin) alongside
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the embedded vasculature. Further, the structure was subsequently lined
with human umbilical vein endothelial cells (HUVECs). Under a 3D cul-
ture condition, the gelatin-fibrin matrix supported HUVECs, hNDFs, and
hMSCs where the endothelial cells expressed vascular endothelial-cadherin
(VE-Cad). HNDFs and hMSCs showed superior proliferation that facili-
tated them to spread on this matrix surface in bulk. High-printed cell via-
bility (95%) was noticed that was dependent on gelatin processing. A stable
vasculature was observed when a simple tissue construct composed of two
parallel channels embedded within a fibroblast cell-laden matrix was printed
as depicted in Fig. 1.9.The channels were lined with HUVECs, perfused
with growth media that resulted in the formation of a confluent monolayer
that lined each blood vessel as observed in Fig. 1.9A. After 6 weeks of ac-
tive perfusion, the endothelial cells not only maintained their phenotype
but also expressed specific markers such as CD31, von Willebrand factor
(vWF), and VE-Cad as seen in Fig. 1.9B and C. Lumen formation was also
observed and it was confirmed that the perfusable vasculature critically sup-
ported living tissues thicker than 1 mm over long time periods.

1.7.5 Organs

Printing surgical models for preoperative planning and constructing per-
sonalized prostheses for patients have become much more convenient due
to advancements in 3D printing technologies. However, the ultimate goal
is to develop functional human organs and tissues. This can address the
challenges of organ transplantation due to the lack of organ donors and
life-long immunosuppression. In due course, the first synthetic trachea, and
other human tissues were successfully printed including skin, liver, neuronal
tissue, muscle-tendon units, and cartilage. Also, living heart valves were fab-
ricated using this bioprinting technology. 3D-printed aortic sleeves took 9h
to print 6.3-cm long and 2-mm thick graft at a reduced cost compared with
commercially available stents. Reesearchers from the University of Michigan,
USA, successfully implanted a bioresorbable 3D printed tracheal splint fab-
ricated using microextrusion bioprinting in a child with severe tracheo-
bronchomalacia. Japan has introduced custom-made facial bones that were
manufactured using ink-jet 3D printing. This is more effective care in maxillo-
facial surgery in patients with mandibular hypoplasia, micrognathia, or
microsomia. In the Netherlands, an entire jaw and skull reconstruction was
conducted using tailor-made 3D-printed implants fabricated by the Dutch
company Xiloc Medical B.V. Recently, a 3D-printed vertebral body C2
was implanted in a 12-year old boy after the surgical removal of a rare
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Fig. 1.9 Three-dimensional vascularized tissues remain stable during long-term per-
fusion. (A) Schematic depicting a single HUVEC-lined vascular channel supporting
a fibroblast cell-laden matrix and housed within a 3D perfusion chip. (B, C) Confocal
microscopy image of the vascular network after 42 d, CD-31 (red), VWF (blue), and
VE-Cadherin (magenta). (Scale bars: 100 um). (D) Long-term perfusion of HUVEC-lined
(red) vascular network supporting an HNDF laden (green) matrix shown by top-down
(left) and cross-sectional confocal microscopy at 45 d (Right). (Scale bar: 100 pm).
(E) Quantification of barrier properties imparted by the endothelial lining of channels,
demonstrated by reduced diffusional permeability of FITC-dextran. (F) GFP-HNDF dis-
tribution within the 3D matrix shown by fluorescent intensity as a function of distance
from the vasculature. (Reprinted with permission from Kolesky, D.B., Homan, K.A., Skylar-
Scott, M.A., Lewis, J.A., 2016. Three-dimensional bioprinting of thick vascularized tissues.
PNAS. 113(12),3179-3184.)

musculoskeletal malignant neoplasm Ewing’s sarcoma. This proved to be a
life-saving cervical spine reconstruction strategy. In view of the background,
3D-printed organs with structural and functional identity with the native
organs can prove to be a boon toward personalized precision surgical strat-
egy (Radenkovic et al., 2016).

1.8 4D printing

An advanced next-generation bioprinting technique, termed 4D print-
ing, allows for the structural and/or functional reprogramming of printed
scaftolds or implants under external stimuli. Compared with conventional
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bioprinting, 4D printing is ideal for fabricating dynamic structures using
nanobiomaterials for biomedical applications.

Cui et al. (2019) reported a 4D-printed brain model using a novel
near-infrared (NIR) light responsive nanocomposite with dynamic and
remote-controlled transforming properties. The shape memory polymers
(SMP) used for bioprinting included a rigid epoxy monomer (bisphenol
A diglycidyl ether, BDE), an aliphatic diamine crosslinker [poly(propyl-
ene glycol) bis(2-aminopropyl) ether, PBE], and a crosslinking modulator
(decylamine, DA). Further, graphene nanoplatelets (6-8 nm thick X 5pm
wide) were incorporated into an epoxy ink system that remarkably in-
creased the tensile modulus of the nanocomposites indicating reinforce-
ment effects. Parameters like mechanical stirring, sonication time, storage
time, and graphene concentration may also influence the dispersion and
reaggregation of graphene in epoxy mixtures. The NIR-responsive pho-
tothermal property of the nanocomposites was attributed to the graphene
content even at a lower concentration (0.5%),

A 4D-printed brain model was fabricated using NE-4C neural stem
cells (NSCs) for the neural tissue construct. For this, initially a 3D tissue
construct was temporarily fixed to a flat shape followed by seeding of the
NSCs on the flat surface of the construct which was eventually cultured
for several days. Superior neural differentiation was observed in the cell-
laden construct after 2 weeks which was associated with the expression of
neuron-specific Class IIT f-tubulin (TuJ1) and microtubule-associated pro-
tein 2 (MAP2), and some astrocytes detected by glial fibrillary acidic protein
(GFAP). Hence, 4D printing of neural scaftfolds can have potential biomed-
ical applications as neurodegenerative therapeutics. Although the currently
popular forms of 4D printing are polyjet printing and syringe printing, all
other 3D printing platforms definitely have strong potential to contribute
to the future of 4D printing (Miao et al., 2017).

1.9 Conclusion and future perspectives

The emergence of 3D printing techniques has revolutionized the health-
care sector. A wide range of bioprinting modalities and biocompatible
nanomaterials can be combined to make an appropriate strategy suitable
for the desired application. A broad spectrum of biomaterials ranging from
metals and metallic alloys to ceramics and polymers can be used in bioinks
in combination with biological components such as cells, proteins, and
growth factors.
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Although 3D printing has shown promising applications in healthcare, it
is still in its infancy owing to certain challenges. After grafting of 3D-printed
constructs in the body, limited vascularization is a serious drawback. Hence,
a rational selection of the graft position in close proximity to existing blood
vessels may prove to be beneficial. More porous bioprinted constructs are
more useful and can be connected by microvascular surgery to facilitate the
steady supply of nutrients to the embedded cells. Further, 3D printing can
have a most promising outcome for the surgical correction of cartilage-
associated defects as cartilage is an histologically simple and avascular tissue.

3D-printed complex vasculature structurally and functionally identi-
cal to native blood vessels undoubtedly has the potential to revolutionize
healthcare. However, organ-specific 3D printing of a vascular network is
still at the stage of prototyping and validation. Nanotechnology along with
computational modeling and chemical engineering may collectively form
a multidisciplinary approach for developing personalized 3D printed syn-
thetic organs at an affordable cost. Finally, the chemical properties of the
biomaterial, biocompatibility of the bioink, durability of the constructs, risk
of implant failure, leaching or degradation of the implanted constructs, and
overall safety behind using a bioprinted implant must be carefully investi-
gated before introducing 3D-printed composites in patients.
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CHAPTER 2

Nanobiomaterials for drug
delivery and theranostics

. +a,* . * .
Aman Bajpai* , Sopan Shinde® ', and Sudipta Basu®
“Discipline of Chemistry, Indian Institute of Technology (IIT) Gandhinagar, Palaj, Gujarat, India

2.1 Introduction

Since ancient time, there have been diverse medicinal traditions used by
physicians worldwide. Over the generations, till the present day, these
traditions have been significantly renovated to tackle diseases and illness.
Although old traditions have been modified, nearly 25% of new bioac-
tive compounds are derived from natural resources based on conven-
tional knowledge and practices. In the recent years, natural products are
widely screened for treating major life tethering diseases including Cancer,
Diabetes, Neurodegenerative Disorders (Alzheimer’s and Parkinson’s dis-
eases) and Human Immunodeficiency Virus (HIV). This is mainly because
the natural products as drug candidates possess exceptional benefits, such
as minimal toxicity and side effects, and desirable therapeutic potential.
However, poor solubility, poor absorption in the body, in vivo stabilization,
biocompatibility and a lack of selectivity eventually throttle the complete
annihilation of the disease. Consequently, despite the success in preclinical
studies, clinical trials of many of these drug candidates were terminated due
lack of reaching the anticipated efficacy in patients.

To overcome these problems, the US Food and Drug Administration
(FDA) in 2004 took an initiative to modernize the traditional drug develop-
ment path to new medical products (Pene et al., 2009). Since then, substan-
tial novel approaches have been developed to construct the sustained release
drug formulations as the delivery systems for targeting specific body parts
and improving drug efficacy. In modern medical practices, these innovative
approaches take advantage of the distinctive characteristics of nanoscale bio-
materials to accommodate the therapeutic drug and imaging agent in a sin-
gle carrier of nanometer size utilized for imaging, diagnosis, drug delivery,

* These authors contributed equally.
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and tissue regeneration. In this chapter, we discuss the development of na-
noscale materials as the next-generation therapeutic for cancer treatment.

Cancer is the second major evolutionary health issue globally with in-
ferior diagnosis and higher mortality rates. According to the GLOBOCAN
2018 statistics, this cancer burden was raised to 18.1 million new cases and
9.6 million deaths worldwide. Traditional chemotherapy approaches used
to treat many cancers are limited by a lack of specificity leading to a low
accumulation of the active drug to the tumor sites causing several oft-target
toxic effects. Advances in nanotechnology have brought multifunctional
platforms for improved cancer diagnostic techniques to provide early de-
tection attainment, target-specific drug delivery, therapy, and reducing the
adverse off-target effect of the therapeutic drugs. Though significant prog-
ress has been made in the arena, several of those drug delivery systems are
associated with undesirable side effects due to improper pharmacokinetics
and pharmacodynamics that limit their effectiveness in the clinic.

In this chapter, we highlight the drug delivery and theranostic applica-
tion of selective self-assembled and synthetic nanobiomaterials engineered
from organic and inorganic moieties for cancer treatment. We further dis-
cuss the design principles, toxicity profiles, drug delivery, and therapeu-
tic applications of the nanomaterials developed in the past two decades.
Moreover, we extend our discussion toward the emerging approaches and
challenges for the development of next-generation nanomaterials for im-
proved therapeutic outcomes.

2.2 Design parameters of nanomedicine for drug delivery
and theranostics

An essential aspect in nanomedicine development is controlled drug release
at the site of action or disease site. The design and synthesis of nanovec-
tors that can transport the drug selectively or specifically to a target zone
is a complex process and influenced by various factors. All of these fac-
tors as listed in Fig. 2.1 essentially have to be balanced against each other.
Therefore, to develop an ideal nanomedicine with desirable pharmaceutical
significance (e.g., ease of administration and stability), an extensive under-
standing of biochemical interactions in the body from the beginning of the
dose given until reaching the target site is crucial. There are some essential
rationales that an ideal nanomedicine design must meet to exert its effective
potential for clinical applications. These underlying rationale include the
following (Soares et al., 2018): (1) knowledge of key components (of both
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Fig. 2.1 Parameters deciding the fate and efficacy of nanomedicine used for cancer
treatment.

the nanobiomaterial and target site) and understanding of their interac-
tions; (2) identifying the key features and their relationship to performance;
(3) proper pharmacokinetics (i.e., extended retention time in the blood
and also in different body fluids), and pharmacodynamics (i.e., ability to
accumulate cancerous tissue for an appropriate period after overcoming
biological barriers); (4) worthy features such as safety, efficacy, and capability
to produce a sterile form; and (5) acceptable pharmaceutical features (i.e.,
stability, storage, and ease of administration).

The major concern of nanomedicine is its accumulation in the tumor
site without affecting the noncancerous tissue. An efficacy of nanomedicine
depends on the biocompatibility of the material used in the preparation,
the prolonged circulation period to recognize the cancer tissue and accu-
mulate there, and finally it should be readily excretable from the body by
the renal system. The shape, size, surface charge, and surface chemistry are
the important parameters of the biomaterial-based drug delivery systems
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which decide their fate in the biological milieu (Toy et al., 2014). These
parameters are variable depending on the type of cancer being treated and
the therapeutic agents to be delivered. Once entered into the bloodstream, a
nanomaterial will be recognized as a foreign body by the immune cells and
may result in the multilevel immune defense against it (Zolnik et al., 2010).
Therefore for cancer treatment, the nanomedicine should be engineered in
such a form that it will reach the target after preventing or having minimal
interactions with the immune system.

2.3 Targeted drug delivery for cancer therapy

In the early 20th century, German physician Paul Ehrlich envisioned the con-
cept of drug targeting by proposing the “magic bullet” concept (Valent et al.,
2016).The targeted drug delivery and targeted therapy are the two frequently
used but unlike terms in drug discovery. Targeted drug delivery refers to the
strategy that selectively delivers the drug to the target zone irrespective of the
drug administration method (Torchilin, 2000). On the other hand, targeted
cancer therapy refers to the treatment that uses an active drug to target spe-
cific proteins and genes which are actively responsible for the cancer cell pro-
liferation, angiogenesis, and survival of tumor cells (Gerber, 2008; Mimeault
et al., 2008; Strebhardt and Ullrich, 2008). Apparently, for targeted drug deliv-
ery traversing physiological barriers, we need different drug delivery systems
as dependent on the drug administration route selected. Herein, we highlight
the “passive” and “active” targeting mechanisms for intravenously adminis-
tered nanomedicine for delivering anticancer therapeutic agents.

2.3.1 Passive targeting

In passive targeting, nanocarriers are preferentially accumulated at tumor
affected areas through fenestrated capillaries into the tumor interstitium
and cells by passive diffusion as depicted in Fig. 2.2.This is due to an en-
hanced permeability and retention (EPR) effect caused by physiological
changes in the tumor microenvironment. The EPR eftect is the primary
gold standard for using nanoparticles in cancer treatment. Unlike the tight
endothelial junctions seen in normal vasculature, the tumor tissues have
leaky vasculature allowing the nanocarriers to easily enter and accumu-
late at the tumor site to a greater extent than that of normal tissue (Jain
and Stylianopoulos, 2010). Enhanced vascular permeability allows the easy
extravasation of the larger particles (with a size range of 10-500nm) and
their accumulation in the interstitial space. Once the drug-encapsulated
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Enhanced permeability
and retention (EPR) effect

@ Drug carrier
+« Theraputic agent

W@ Epithelial cell

. Tumor cell

Fig. 2.2 Passive targeting: Nanocarrier carrying a therapeutic agent delivered to tumor
mass through the enhanced permeability and retention (EPR) effect.

nanocarrier evades from the immune response, after prolonged circulation,
their accumulation is decided by the size,surface charge, and targeting ligand
attached on the surface. Depending on the tumor type, the cut-oft size of
porosity of the vasculature varies between 10 and 800 nm. However, as evi-
dent from the in vitro and in vivo experimental trials, nanocarriers with the
size of 30200 nm are the best for efficient extravasation with better tumor
retention capability (Chamseddine et al., 2018; Hickey et al., 2015; Jain
and Stylianopoulos, 2010; Torchilin, 2005). Also, to escape from filtration
by the renal excretion, apart from the size >10nm, the preferred charge
on the nanoparticle surface should be neutral or negative (Gullotti and Yeo,
2009).The modification of the nanocarrier surface with various hydrophilic
spacers such as poly(ethylene glycol) (PEG) or poly(ethylene oxide) (PEO),
poloxamer, lauryl ethers, polysorbate, etc. avoids uptake by the mononuclear
phagocytes and thereby improves blood circulation time and extravasation.

Though a prolonged circulation period significantly improves the ex-
travasation of a nanocarrier by passive diffusion, the passive targeting may
not be eftective in all tumors due to certain limitations: (1) the targeting
effect is highly dependent on the degree of tumor vascularization and an-
gilogenesis which is term dependent on the type and status of the tumors
and (2) most solid tumors have high interstitial fluid pressure. This limits the
efficient uptake and homogeneous distribution of drug-loaded nanocarriers
by a passive mechanism (Heldin et al., 2004). To overcome these challenges,
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active targeting of nanomaterials specifically into tumor tissues has emerged
as an efficient strategy.

2.3.2 Active targeting

It is essential to significantly increase the quantity of drug delivered to the
disease site than that of passively targeted nanovectors to achieve improved
therapeutic efficiency and reduce adverse effects. Active drug targeting in-
volves the conjugation of the nanocarrier surface with a suitable targeting
ligand so that the encapsulated drug is exclusively delivered to the target site
by crossing the biological barriers. Examples of targeting molecules include
antibodies, ligands, peptides, nucleic acids, and small molecules that bind
directly to a complimentary receptor overexpressed on a tumor-cell surface
or on vascular cells while limiting its access to normal cells. The binding
affinity of the ligand to the overexpressed receptor influences the penetra-
tion of the nanocarrier to the tumor site by overcoming the heterogeneous
intensity of the EPR eftect. The active targeting strategy can be executed in
two distinguished cell targets: (i) tumor cell targeting and (ii) vascular (i.e.,
tumoral endothelium) targeting as shown in Fig. 2.3.

Tumor Cell Targeting

g Active Targeting
%‘ Drug carrier
A

@@ Cpithelial cell

. Tumor cell

=C Ligand

Endothelial Cell
Targeting

“/ # Receptor

Fig. 2.3 Active targeting mechanism: interaction among the ligand grafted on nano-
carrier surface and overexpressed receptors on tumor cells and vascular cells enhances
the carrier uptake.
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2.3.2.1 Tumor cell targeting

The internalization-inclined transmembrane receptors overexpressed on
the cancer cell surface have a direct influence on the uptake of drug-
loaded nanocarriers functionalized/decorated with the complementary
ligand. In addition to enhanced tumor accumulation (EPR eftect), actively
targeted nanocarriers are responsible for the intensified internalization
into tumor cells. This is the base of the development of nanocarriers tar-
geted to endocytosis-prone surface receptor accountable for the improved
efficacy of cancer therapy. It is noteworthy that the higher density of
targeting ligands on nanocarriers have a direct impact on the specific cell
binding and hence internalization of nanoparticles into the tumor cell.
High-density ligand/receptor interactions results in the increased con-
centration of therapeutic drugs in an intracellular microenvironment, and
thus simultaneously improving therapeutic efficacy (Attia et al., 2019).
Therefore, the choice of an appropriate targeting ligand is an essential
criterion for the active targeting, because it determines the nanocarrier’s
ability to target cancer cells.

2.3.2.2 Vascular targeting (anti-angiogenesis)

The initial work on vascular targeting was reported in 1923; however, the
concept got attention in 1971 when Judah Folkman suggested that the
prevention of new vessel sprouts from piercing into a neoplasm (so-called
“anti-angiogenesis”) can inhibit tumor growth (Folkman, 1971). A tumor
needs to develop new vessels (the process termed as an angiogenetic switch)
for blood supply to allocate itseltf with nutrients and oxygen as well as to
eliminate metabolic waste products. Theretore, cutting oft the tumor supply
by inhibiting the vascularization can abate cancer cells from food and ox-
ygen with consequent hypoxia and necrosis (Lammers et al., 2008). This is
the base for developing a nanocarrier drug delivery system actively targeted
to tumor endothelial cells. In this strategy, nanocarriers decorated with
the ligands bind to and obstruct the preexisting angiogenic blood vessels,
thereby cutting the tumor's blood and oxygen supply to cause tumor cell
death from extensive hemorrhagic necrosis. Endothelial cells are heritably
more stable than the tumor cells, hence, less likely to undergo mutations de-
veloping resistance to anti-angiogenetic therapy (Kerbel, 1991). Therefore,
instead of targeting the tumor cells, targeting the endothelial cells form-
ing tumor vessels is more advantageous. Further, the different phenotype
of endothelial cells involved in angiogenesis than the endothelial cells of
normal vasculature provides an additional benefit to anti-angiogenetic
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therapy (Augustin et al., 1994; Kerbel, 1991; Ran and Thorpe, 2002). The
common targets aimed at tumor neovasculature include integrins (ot,f5,
o, B3, and asPy) and aminopeptidase-N (CD13). These targets are recog-
nized by numerous cyclic and linear derivatives of the oligopeptides RGD
(arginyl-glycyl-aspartic acid) and NGR (asparaginyl-glycylargininic acid),
respectively (Lammers et al., 2008).

2.4 Toxicity of nanobiomaterials

The major setback of using nanomaterials is the unwanted toxicity as-
sociated with the nanovector itself or its degradation products, caused
by disadvantageous interactions with biological entities. The toxicity of
nanoparticles sometimes may not have an immediate impact on human
health but can cause long-term side eftects. The long-term toxic effects of
certain nanoparticles are a subject of many controversies and several stud-
ies are still under process for assessing their consequences. Although nu-
merous nanovectors are being developed, only a few have reached to the
preclinical and clinical trials due to the lack of in-depth study of nanoma-
terials interactions with biological entities. Over the past decade, plenty
of research has been performed to understand the causes of toxicity of
various nanomaterials. It has been observed that, immediately on adminis-
tration, nanoparticles start interacting with their contiguous environment.
The nature of these interactions is contingent on their physicochemical
properties such as the shape, size, and surface chemistry of nanoparticles
(Kim et al., 2012; Sukhanova et al., 2018). Depending on these proper-
ties, nanoparticles can enter into the intercellular spaces or can cross the
intracellular barriers (Guarnieri et al., 2014; Hadrup et al., 2015; Siegrist
et al., 2019). Many cytotoxic studies revealed that nanomaterials subjected
to type, dose, and incubation time show their involvement in reactive
oxygen species (ROS) generation, disruption of membrane functionality
and cellular barriers, DNA mutations and sometimes in dysfunction of
cellular metabolism.

The harmful effects related to the physical and chemical nature of
nanovectors do not necessarily discourage their use for therapeutic pur-
poses. The nanovectors that show simultaneous biocompatibility and target-
specific/selective delivery of therapeutic agents are often used for the clinical
purposes provided by their optimal dose. Further, the surface modifier such
as PEG can significantly reduce the toxic eftects of pristine nanoparticles
which otherwise harm the organism (Yan et al., 2011).
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2.5 Biodegradable nanomaterials used in controlled drug
delivery and imaging

Although numerous theranostic nanoparticles of sizes between 1 and
1000 nm have been developed, very few are usable for cancer therapies at
clinical levels due to certain complications such as poor biocompatibility,
bioavailability, biodegradability, and stability. These nanoplatforms can be
synthesized from a wide variety of materials mainly categorized into or-
ganic and inorganic nanoparticles based on their composition.

2.5.1 Organic and polymer-based nanocarriers
2.5.1.1 Liposomes
Liposomes were discovered by Alec Bangham in the 1960s and are uni-
lamellar or multilamellar vesicles consisting of single or multiple aquatic
compartments. Since their discovery, liposome-based nanocarriers are
widely utilized by several pharmaceutical industries and are deemed to be
the most successful carrier system for drug delivery and theranostics ap-
plications. Liposomes can be constructed using natural or synthetic am-
phiphilic phospholipids and cholesterol. These are the most widely used
nanoplatforms for delivering therapeutic agents (e.g., doxorubicin, pacl-
itaxel, Galbanic acid) and imaging probes (e.g., TPE-BICOOH, IR780,
Cy5.5) due to their biocompatibility and capability to encapsulate both
hydrophobic/lipophilic and hydrophilic molecules. The hydrophobic drug
molecules and/or imaging probes are entrapped in the hydrophobic tails
of the lipid core while the hydrophilic molecules are encapsulated in in-
ner aquatic compartments. Depending on the method of preparation (i.e.,
sonication, stirring, extrusion, microfluidification, or electroformation) and
composition, the liposome sizes varying between 50 and 450 nm have been
utilized for drug delivery applications. The advantages of using the lipo-
somes as a drug carrier are as follows: (i) the protection of the drug from
the naturally occurring phenomenon such as enzymatic degradation and
immunologic inactivation; (ii) low toxicity due to its high biocompatibility
as their membrane structure is similar to the cell membranes; and (iii) pro-
longed blood circulation period (Darace et al., 2016).

The liposomal properties vary significantly owing to their composition
(Kneidl et al., 2014). Therefore, based on the composition, liposomes are
categorized into four types as depicted in Fig. 2.4.

(1) The conventional liposomes: These lysosomes are formed from phospholip-
ids which can be either cationic or anionic with natural cholesterol as
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Fig. 2.4 Representative liposome types for drug delivery and theranostic applications.

the additive. The type of phospholipid used influences the surface charge
of the liposome and fluidity of the bilayer membrane.The surface charge
also contributes to the stability of the liposome and their localization in
tumors. The addition of cholesterol into the phospholipid bilayer de-
creases the fluidity of the liposome membrane and increases its in vitro/
in vivo stability. The neutral liposomes are less stable and generally have a
tendency to aggregate. Therefore, neutral liposomes preferentially local-
ize in the solid tumors based on the EPR eftect and mostly release the
cargo in the extracellular environment. On the other hand, liposomes
with a more positive potential preferentially target the angiogenic ves-
sels and, thus, have a potentially enhanced antitumor effect (Zhao et al.,
2011).

(2) PEGylated liposomes: Lipids modified with PEG, that is, PEGylated lipids,
are used as one of the components of the liposomal membrane. PEG is
a hydrophilic polymer that provides a steric barrier on a liposome sur-
face, providing extra stability to liposomes. Hence, PEGylated liposomes
evade uptake by the immune cells, thereby extending blood circulation
time.

(3) Ligand-targeted liposomes: Targeting ligands such as peptides, antibodies,
and carbohydrates are either directly attached to the liposome surface or
to the end of PEG chains linked on the liposome surface.
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(4) Theranostic liposome: It is a consolidated version of the former three types
of liposomes and generally comprises a targeting, an imaging, and a
therapeutic element (Sercombe et al., 2015).The additive phospholipids
or molecules can be incorporated during the liposomal formulations
to achieve the discharge of cargo triggered by a certain stimulus (e.g.,
temperature, pH, enzymes, and light). For example, incorporated lys-
olipids that form stabilized defects at the phase transition temperature
is utilized in ThermoDox, a liposome formulation in clinical trials for
the treatment of hepatocellular carcinoma (Needham and Dewhirst,
2001). This ThermoDox utilizes the lysolipid thermally sensitive lipo-
some (LTSL) technology for entrapping doxorubicin and releases it se-
lectively at 41.3°C. Doxil (PEGylated liposomal doxorubicin), Myocet
(non-PEGylated liposomal doxorubicin), and DaunoXome (PEGylated
liposomal doxorubicin/daunorubicin) are the clinically approved
liposome-based formulations. These formulations contain doxorubicin
or daunorubicin in the aqueous core for the treatment of metastatic
breast cancer and acute myeloid leukemia (Fassas and Anagnostopoulos,
2005; Hotheinz et al., 2005).

2.5.1.2 Biodegradable polymer-based nanocarriers

Polymeric-based nanocarriers are the distinct nanoscale drug delivery plat-
forms obtained by the assembly of biodegradable polymers. The biode-
gradable polymers used for vaccine formulations are either obtained from
natural sources, such as, protein-based polymers (e.g., albumin, collagen,
and gelatin) (Verma et al., 2018) and polysaccharides (e.g., chitosan, dex-
tran, agarose, hyaluronic acid, alginate, cyclodextrin, starch, and cellulose) or
chemically synthesized from biodegradable polymers such as PEG, poly-
(lactic-co-glycolic acid) (PLGA), poly(lactic acid) (PLA), polycarbonate,
polycarbolactone, and poly(acrylic acid) to name a few (Wang et al., 2014b).
In polymer-based formulations, the theranostic agents are tagged to the
polymer matrix by covalent bonding or noncovalent interactions such as
electrostatic interactions [e.g., positively charged fluorescent dye, tris(2,2-
bi-pyridyl)dichlororuthenium(Il)hexahydrate and negatively charged silica
matrix| and by means of hydrophobic interactions. The important advan-
tages of using the drug delivery platforms formulated using biodegradable
biopolymers include the stabilization of therapeutic agents, sustained deliv-
ery, and steady release rate. Additionally, the biodegradable polymers, such as
poly(glycolic acid), PLGA, polylactide (PLA), and gelatin, can be completely
broken down to reduce their toxicity (BaoLin and Ma, 2014; Panyam and
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Labhasetwar, 2003; Sung and Kim, 2020). PLGA is an extensively inves-
tigated polymer for formulating the biodegradable nanoparticles due to
their low toxicity, biocompatibility, and biodegradability with tissue cells.
This US FDA-approved polymer has tunable mechanical properties and a
broad erosion time (Makadia and Siegel, 2011). Besides the targeted drug
delivery and biocompatibility to accumulate the drug to the cancerous tis-
sue, polymeric nanocarriers could also be utilized as optical imaging probes
in cancer diagnosis by incorporating imaging probes into the polymeric
nanocarriers (Perumal et al., 2019). Polymeric nanocarriers offer control
on physical phenomena like size, shape, and surface functionalization. The
functionalization of polymeric or other nonpolymeric nanoplatforms (e.g.,
liposomes, quantum dots, and dendrimers) with PEG offers advantages of
increasing surface area for functionalization, preventing aggregation, evad-
ing phagocytosis, providing great stability, prolonging blood circulation
time, improving biodistribution, and greater bioavailability of the nanopar-
ticles. Currently, several of the US FDA-approved NPs are coated with PEG
(Otsuka et al., 2003; Paszkiewicz et al., 2020).

Protein-based polymeric formulations show exceptional properties in the
field of nanomedicine. These nanocarriers are non-toxic, can be degraded
by enzymatic actions, are easily metabolizable, and possess good biocompat-
ibility (Lee et al., 2016; Zhang et al., 2018). Additionally, protein nanopar-
ticles have been known to provoke a weak or negligible immune response
(Lohcharoenkal et al., 2014). Albumin is a major plasma protein that bio-
logically functions as a transporter of various proteins. It has a determinative
edge over other nanomaterials in the field of nanomedicine. The presence of
amino and carboxylic groups on surfaces of albumin nanoparticles facilitates
covalent binding of targeting ligands and other surface modifications. Apart
from that, albumin nanoparticles are easy to prepare with a high drug load-
ing capacity, and have a long half-life in circulating plasma (Elzoghby et al.,
2012). Abraxane (ABI-007), a paclitaxel albumin-stabilized nanoparticle
formulation, was the first FDA-approved commercialized nab-technology
based product that revealed significant benefits for the cure of metastatic
breast cancer, non-small cell lung cancer (NSCLC), and pancreatic cancer
(Gradishar, 2006). Several other nab-technology based nanoformulations,
such as nab-docetaxel (ABI-008) and nab-paclitaxel/rituximab-coated
nanoparticles (AR160) have already entered into clinical trials for cancer
therapy. Recently, Lu and coworkers (Gao et al., 2019) have developed ther-
anostic albumin-bound BPBBT nanoparticles. The payload, BPBBT, is a
D-A-D NIR-II probe with both aggregation-induced emission (AIE) and
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Twisted intramolecular charge transter (TICT) characteristics when bound
to the human serum albumin (HSA).The BPBBT NPs showed promising
results with accurate and high-resolution intraoperative NIR-II fluores-
cence images from an orthotopic mouse colon tumor with a capability to
detect invisible metastatic tumor lesions of sizes as small as 0.5 mm X 0.3 mm.
Additionally, the NIR-II image-guided photothermal therapy (PTT) using
BPBBT particles showed complete curing of mice exhibiting colon cancer,
without recurrence in 30 days and 100% survival rates. On the contrary, the
mice receiving no PTT (treated with PBS only) and conventional PTT had
severe tumor recurrence and survival of up to a maximum of 22 and 25 days,
respectively.

Polymeric micelles are spherical or globular shape nanocarriers used for
the delivery of poorly water-soluble therapeutics. These supramolecular
nanostructures (10-100nm) are obtained by an entropically favored self-
assembly of amphiphilic block copolymers in an aqueous medium, resulting
in a hydrophobic core stabilized by a hydrophilic shell above their criti-
cal micelle concentration (CMC) and critical micelle temperature (CMT)
(Yokoyama et al., 1998). Hydrophobic drugs and/or imaging agents are
entrapped in the hydrophobic core which behaves as a reservoir. On the
other hand, the hydrophilic shell protects the hydrophobic core and keeps
the drug-loaded micelle from rapid clearance. Micelles formed from the
PEG-b-poly(d,l-lactic acid) (PEG-PLA) is used for the solubilization of hy-
drophobic compounds. Paclitaxel loaded in PEG-PLA (Genexol-PM) is the
first commercialized polymeric micelle formulation used to treat metastatic
breast cancer (Kim et al., 2004). The acute dose-toxicity of Genexol-PM
was significantly lower than that of the conventional Chremophor EL pa-
clitaxel drug formulation. Following the approval of Genexol-PM, several
other polymeric micelles based formulations have entered clinical trials
(Table 2.1). In NC-6300, the covalent conjugation of doxorubicin (DOX)
to the carboxylic acid groups in PEG-b-p(b-Asp) via a hydrolysable hydra-
zine linker allows the triggered release of DOX in response to pH stimulus
(pH <5.0).

2.5.1.3 Dendrimers

Dendrimers are highly branched three-dimensional globular nanostructures
which are defined by three unique components: (1) the central core, (2)
the interior branched structure, made up of repetitive units (generations)

attached with the central core, and (3) the periphery with surface func-
tional groups (e.g., -COOH, -COONa, -NH,, and -OH). With increased
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Table 2.1 Polymeric micelles formulations as drug carrier under clinical investigation.

Clinical Reference NCT
Name Polymer Payload Application status Number
NKO012 PEG-Pglu 7-ethyl-10- Small-cell lung cancer Phase II NCT00951613
hydroxy- Refractory solid tumors Phase I NCT00542958
camptothecin Metastatic colorectal cancer Phase I NCT01238939
Metastatic triple-negative breast cancer Phase I NCT01238939
NC-6004 PEG-Pglu Cisplatin Pancreatic cancer Phase III NCT02043288
Squamous cell carcinoma of the head and Phase I/I1 | NCT03109158
neck (SCCHN) Phase 11 NCT03771820
Locally advanced and metastatic pancreatic | Phase I/II | NCT00910741
cancer
Head and neck neoplasms Phase I/II | NCT02817113
Solid tumors Phase I NCT02240238
NK105 PEG-PAPB Paclitaxel Metastatic breast cancer Phase III NCT01644890
Nanoxel M | PEG-PLA Docetaxel Non-muscle-invasive bladder cancer Phase III NCT02982395
Head and neck squamous cell carcinoma Phase 11 NCT02639858
NC-4016 PEG-Pglu Oxaliplatin Advanced solid tumor or lymphoma Phase I NCT03168035
BIND-014 | PEG-PLA Docetaxel Advanced or metastatic cancer Phase I NCTO01300533
KRAS-positive or squamous cell nonsmall- | Phase II NCT02283320
cell lung cancer
Nonsmall-cell lung cancer Phase 11 NCTO01792479
Urothelial carcinoma, Cholangiocarcinoma, | Phase 11 NCT02479178
cervical cancer, SCCHN
Metastatic castration-resistant prostate Phase 11 NCT01812746
cancer
NC-6300 PEG-b-p(b- Doxorubicin Solid tumor, soft tissue sarcoma, metastatic Phase I/II | NCT03168061

Asp)

sarcoma, sarcoma
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generations, dendrimers possess more compact, dense, and globular struc-
ture than that of lower generations. In nanomedicine research, dendrimers
have emerged as a competitive excipient having multifunctional surfaces
offering a drug delivery platform for both the hydrophobic and hydrophilic
drug candidates as represented in Fig. 2.5.The branched interior structure
with void spaces offers the noncovalent interactions such as hydrophobic
interactions and hydrogen bonding, which stabilize the hydrophobic ther-
apeutic molecule in the dendritic structure. On the other hand, the ap-
parent surface groups on the periphery can be covalently conjugated with
the targeting ligands (e.g., folic acid conjugated PAMAM dendrimer NPs)
(Amreddy et al., 2018), imaging probes (Shi et al., 2008), and therapeutic
agents for selective or specific targeting, diagnosis (Svenson and Tomalia,
2005), and cancer treatment, respectively (Kalva et al., 2015).

A great number of dendrimers have been synthesized with structural
differences used in biomedical applications, including poly(amidoamines)
(PAMAM) (Tomalia et al., 1985), polypropyleneimines (PPI) (Worner and
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Fig. 2.5 (A) Structural units of a dendrimer. (B) Drug noncovalently complexed with
dendrimer. Drugs (= =) encapsulated in void spaces stabilized by van der Waals forces,
hydrogen bonds, etc. Drug (* ) physically absorbed on dendrimer surface via electro-
static interactions with surface functional groups. (C) Drugs (® ®) covalently conju-
gated with dendrimer.
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Miilhaupt, 1993), polyamides or polypeptides (Spetzler and Tam, 1995),
polyester (Frechet, 1994) dendrimers. The surface functional groups de-
termine the pharmacokinetics of dendrimer nanoparticles. Also, the tox-
icity of the dendrimer has been observed to be dependent on terminal
functional groups. The densely positively charged dendrimer can strongly
interact with the negatively charged cell membrane, which ultimately leads
to lysis of the cell. For example, dendrimers with positively charged surface
groups (such as amines) demonstrate dose-dependent toxicity (Kimura and
Ogura, 2001). For this reason, positively charged surfaces are often coated
with neutral molecules such as acetyl groups, heparin, poly(ethylene ox-
ide) (PEO) otherwise named as PEG chains to improve their biocompat-
ibility (Hong et al., 2004). As an example, Szoka and coworkers reported
a polyester-based dendrimer-PEO-doxorubicin conjugate that caused
complete DOX-insensitive C-26 tumor regression and 100% survival of
BALB/c¢ mice bearing C-26 colon carcinomas over a 60 day experiment.
The antitumor efficacy of dendrimer-PEO-doxorubicin relates satisfacto-
rily with the FDA-approved Doxil (Lee et al., 2006). The stimuli-controlled
delivery strategy by incorporating the stimuli-sensitive groups in dendrimer
structure enables the release of payloads from dendrimer nanoparticles in
response to a specific trigger represents the attractive strategy for targeted
therapy (Wang et al., 2016). For example, Nigam et al. reported drug carri-
ers for thermally activated cancer chemotherapy by developing generation
2 (G2) PAMAM dendrimer-conjugated iron oxide nanoparticles loaded
with doxorubicin (DOX) for the treatment of cervical cancer (Nigam and
Bahadur, 2017). Other examples of stimuli-responsive dendrimer-based
drug delivery nanosystems for cancer treatment are listed in Table 2.2.

2.5.2 Inorganic nanobiomaterials for drug delivery and
imaging

2.5.2.1 Carbon-based nanomaterials

Carbon-based nanomaterials (CBNs) exhibit unique characteristics that
have been widely exploited in various biomedical applications, including
imaging, biosensing, drug delivery, tissue engineering, diagnosis, and can-
cer therapy. The extensive surface area, aspect ratio, and chemical purity
of sp°-carbon nanomaterials render them an ideal candidate for drug de-
livery and theranostics (Cha et al., 2013;Yang et al., 2013). The sp’~CNBs
have defined structures that include zero-dimensional (0D) fullerenes, one-
dimensional (1D) carbon nanotubes (CNTs), and two-dimensional (2D)
graphenes as most typical examples in this class of nanovectors (Liu and

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



Nanobiomaterials for drug delivery and theranostics 41

Table 2.2 Stimuli-responsive dendrimer-based nanovectors as drug carriers for cancer

treatment.
Surface
Gn-Dendrimer modification Responsiveness  Payload References
G4-PAMAM | PEG Redox Doxorubicin | Hu et al.
(2014)
G4-PAMAM | PEG Redox and pH | Doxorubicin | Hu et al.
(2016)
G4-PAMAM | PEG-chitosan- pH pDNA Wang and
folic acid Yang
(2018)
G3.5- 2-(N,N- Redox and pH | Letrozole Nguyen
PAMAM dimethylamino) et al.
ethyl acrylate (2017)
G4-PBAE PEG-chitosan- pH and Doxorubicin | Shen et al.
folic acid temperature (2011)
G3-Peptide | PEG-(Gly-Phe- | Enzyme Doxorubicin | Zhang et al.
Leu-Gly) (Cathepsin B) (2014a)
G3-Peptide | PEG-(Gly-Phe- | Enzyme Gemcitabine | Zhang et al.
Leu-Gly) (Cathepsin B) (2017)

Liang, 2012).The hollow interior structures of fullerene and CNT's provide
the space for the encapsulation of a biomedical payload; and in CNTs and
graphene, the attachment of drugs to the m-electron rich surface can be
achieved by m-m stacking interactions. CBNs can be further functionalized
chemically to make them more suitable for biological targeting, to improve
solubility and biocompatibility, as well as for multifunctional applications
including imaging and therapy.

(i) Fullerenes

These carbon allotropes have hollow cage-like structures formed by the
bonding among the pentagon and hexagon shapes. Since the discovery
of Buckminsterfullerene (C60) in 1985, fullerenes have been studied as a
key nanostructured material in nanomedicines. Because of their small sizes
(<100 nm), fullerene-based nanodrugs can easily diffuse through the leaky
tumor vasculature and accumulate at the tumor site. The main obstacle of
using naked fullerene as nanomedicine is its poor water solubility and hence
poor biocompatibility. However, many studies have reported to overcome
this problem by supramolecular approaches (i.e., by forming the inclusion
complexes of fullerenes with the cyclodextrins or calixarenes) as well as by
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direct functionalization of fullerenes with, for example, amino acid, carbox-
ylic acid, polyhydroxy groups,amphiphilic polymers,and chemotherapeutics
(Mendes et al.,2013).The chemically functionalized fullerenes such as poly-
hydroxy fullerenes (PHE also called as fullerenols or fullerols) and carboxy
fullerenes (CF) were found to be heated to their ignition temperature on
exposure to low-intensity near-infrared region (NIR) light (< 10W/cm?).
Krishna et al. exploited the photoacoustic and photothermal properties of
PHP for noninvasive imaging and treatment of cancer. Photothermal abla-
tion experiments were conducted in vivo. PHP nanoparticles were injected
into the tumors of mice followed by subsequent exposure to the 785nm,
500mW, and continuous-wave NIR laser for 10min. A rapid shrinkage
(by 32%) in a cross-sectional area of the tumor was observed within 2h
of postirradiatoin (Krishna et al., 2010). AC60-based nanoparticles with
“off-on” states were synthesized by conjugating the DOX on amine func-
tionalized fullerene via a ROS sensitive thioketal linker (C60-DOX NPs).
Subsequently, C60-DOX NPs were coated with Distearoyl-sn-glycero-3-
phosphoethanolamine-PEG-CNGR CK2HK3HK11 (DSPE-PEG-NGR),
providing the (C60-DOX-NGR NPs) with excellent stability in physi-
ological conditions and active tumor-targeting ability. In in-vivo experi-
ments, the “oft” to “on” state of C60-DOX-NGR was remotely controlled
by irradiating the tumor with a 532 nm laser. Both the release of DOX and
ROS generation was achieved at the same time in the “on sate,” thereby, it
performed a combined photodynamic and chemotherapy in tumors as de-
picted in Fig. 2.6 (Shi et al., 2016). Similarly, chemically modified fullerenes
(C60-IONP-PEG-FA) were also used as multifunctional nanoplatforms
with active tumor targeting and magnetic-targeted abilities. C60-IONP-
PEG-FA showed excellent PDT and RTT (radiofrequency thermal ther-
apy) efficacies indicating their potential for cancer theranostic applications
(Shi et al., 2014).

Fullerenes with an appropriate metal atom/ion entrapped inside the hol-
low core, so-called “metallofullerenes” were used as contrast agents in mag-
netic resonance imaging (MRI). Most of the paramagnetic metallofullerenes
complexes prepared by entrapping gadolinium (Gd) not only for its ability
to enhance the contrast of magnetic resonance images considerably but also
to prevent leakage ot Gd (III) in vivo, thereby reducing its potential toxicity
(Zhang et al., 2014b).Various Gd@Cn (n=60 or 82) derivatives have been
developed using specific chemical alterations and are currently being ex-
plored for imaging and cancer therapy purposes (Han et al., 2018; Leconte
et al., 2007; Mikawa et al., 2001; Mody et al., 2009).

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



Nanobiomaterials for drug delivery and theranostics 43

.r.esgsi. Laser
N (532 nm)
-
\n‘ ReRiEES « PEGylated Nanoparticle
" Drug Lo
“wg  ROSsensitive linker

NGR Peptide
* ROS

In Vivo
Injection

Accumulation of -
particles in tumor site  ——e %
<.

4

Fig. 2.6 Schematic illustration of the light-induced spatial and temporal switching of
the “off to on” state of C60-DOX-NGR NPs in 4T1 tumor-bearing mouse.

(ii) Carbon nanotubes

CNTs are hollow cylinder-shaped structures, having potential as an emerg-
ing and promising excipient for biosensing, drug delivery and theranostic
applications. Based on the number of layers, CNTs are categorized into
single-walled CNTs (SWCNTs) and multiwall CNTs (MWCNTSs). The
large aspect ratio, high electron mobility, chemical stability and sensitivity
make them exceptionally fit for biosensing and drug delivery applications.
Therapeutic drugs are either encapsulated intrinsically, that is, in the hol-
low cavity or chemically conjugated (via a covalent or noncovalent bond-
ing) on the surface of CNTs (Maiti et al., 2019) as represented in Fig. 2.7.
Due to poor solubility and high aggregation tendency, pristine CNTs
form aggregates in an aqueous medium and lead to potential cytotoxicity.
However, the functionalization of the surface of CNTs with appropriate
chemical entities, such as PEG-coated CNTs, can reduce their aggregation
tendency and improve the circulation time, thereby reducing the cytotox-
icity. Moreover, the targeting groups linked to the surface-functionalized
CNTs allow target-specific delivery of a therapeutic payload (Lay et al.,
2011). Numerous examples of surface-modified SWCNTSs have already
been developed by researchers worldwide for drug delivery and theranostic
applications. For example, Rusling et al. developed a PEGlated SWNTs
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Fig. 2.7 Functionalized CNT for biomedical purposes.

that overcome the overt SWCNTS, causing a high dispersion of nanotube
excipient for the anticancer drug cisplatin in mice. PEG-SWCNTs loaded
with an anticancer drug, cisplatin, along with the attached epidermal growth
factor (EGF) as a targeting ligand for a targeted therapeutic combination
successfully inhibited the growth of squamous cell tumors in mice (Bhirde
et al., 2010). SWNTSs hold potential as a theranostic agent because of its
photoluminescence in the 1000-1400nm region and ability to generate
substantial amounts of heat on excitation with NIR light (700-1100 nm).
These characteristics are highly useful not only for in vivo tumor imaging
but also for photothermal and photodynamic ablation of tumors (Moon
et al., 2009; Murakami, 2017; Wang et al., 2014a).

(iii) Graphene and graphene oxide
Graphene 1s one of the most considered nanoparticles in the field of drug
delivery because of its unique physical and chemical properties. Graphene
is composed of a two-dimensional single-layered sp°-hybridized carbon
with a honeycomb-like structure (Yang et al., 2016). It has a high thermal
conductivity and high mechanical strength, with an unusually high optical
transparency. Because of its unique properties, graphene offers new interest-
ing viewpoints in nanomedicine for the improvement of chemotherapy and
theranostic systems (Pei et al., 2020).

Graphene oxide (GO) is a well-known derivative of graphene. It has
multiple functional groups like hydroxyl, carboxyl, carbonyl, and epoxide
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on its surfaces which provides excellent water solubility, biocompatibility,
and help in carrying multiple drugs which is basic for the conveyance of
anticancer medications. Generally, nano-GO are of the size 20—100 nm (Pei
et al., 2020). The photothermal impact of the nanomolecules is identified
with the size of the atom. It has been found that the photothermal im-
pact of the material turns out to be less with the increasing size of the
nanoparticles.

Graphene oxide nanomolecules with PEG have become the “brilliant
norm” for surface functionalization in biomedical and designing applica-
tions. PEG on the surface of the graphene oxide can improve the biocom-
patibility and hydrophilicity of the nano-GO particles (Placha and Jampilek,
2019).

2.5.2.2 Gold nanopatrticles

Gold nanoparticles (GNPs) emerged as one of the most vibrant agents for
theranostics. GNPs perform various functions such as drug carrier, pho-
tothermal agent, and radiosensitizer. Gold commonly exists either in the
Au (I) or Au (III) oxidation state, whereas GNPs exist in nonoxidized state
Au(0). Several techniques have been used to synthesize GNPs, some of
them are chemical, electrochemical, and thermal methods. The preparation
of GNPs using chemical methods requires two steps in the first step gold
complex as HAuCl, is reduced by reducing agents such as citric acid, form-
aldehyde, and borohydrides. Then, in the second step, stabilizing agents are
added such as phosphorus ligands, oxygen-based ligands, nitrogen-based li-
gands, and trisodium citrate dihydrate to avoid aggregation in the particles
(Herizchi et al., 2016).

GNPs can be synthesized in a wide range of sizes with different surface
functionalities. Their adjustability in size and surface makes them an excel-
lent candidate for the drug delivery system. In a study, platinum-bonded
DNA-AuNPs were delivered into the cancer cell, the reduced pH of the
intercellular space supported the reductive release of cisplatin from the sys-
tem. Pt-DNA-AulNPs ended up being more powerful than cisplatin in kill-
ing cancer cells (Brown et al., 2010). The size of the GNPs ranged from 1
to 100nm with various morphologies, such as nanorods, nanospheres, and
nanocages, with versatile thermal and optical properties. It has various ap-
plications in imaging and therapy which is shown in Fig. 2.8.

Regular-sized GNPs are used as an agent for computed tomography
(CT) as it has a high atomic number and a high X-ray absorption coef-
ficient. The high absorption X-ray coefficient makes GNPs a good agent
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Fig. 2.8 Properties of gold nanoparticles for cancer therapy and theranostics.

for radiotherapy. Gold nanoparticles have also been explored for the pho-
tocontrolled release of drugs. Agasti et al. have used gold nanoparticles for
the photocontrolled release of the anticancerous drug paclitaxel, as they ob-
served the controlled release of anticancer drug paclitaxel under low-power
photoirradiation in physiological conditions (Vivero-Escoto et al., 2009).

GNPs scatter light so strongly that they can be brighter than the chem-
ical fluorophores. Moreover, they do not photobleach so they can be easily
detected at low concentration. This property of GNPs can be used for in-
tracellular tracking in dark field optical microscopy.

Studies showed that GNPs can be used for photothermal therapy (PTT).
They absorb the light from the NIR which excites the protons to its higher
energy level and displays a photo killing effect (Jain et al., 2012). GNPs
accumulate specifically at the tumor site which improves radiotherapy and
reduces its impact on the neighboring normal cells.

2.5.2.3 Magnetic nanoparticles

Metal-based nanoparticles which have a magnetic core and are capable of
MRI detection have been proven as a good source of detecting cancer at
an early stage, and they can also monitor tumor response to the therapy and
hence can be a good theranostics agent. Some of the most commonly used
metals for designing magnetic nanoparticles (MNPs) are iron, cobalt, nickel,
and manganese (Williams and Corr, 2013).The size and shape of the MNPs
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can be controlled during the synthesis steps. The iron nanoparticle is an ex-
ample of a MNP It can be a synthesized by chemical and physical methods.
In the chemical method, Fe’* and Fe’* states of iron are co-precipitated
in an aqueous solution resulting in the formation of Fe;O4 and Fe,O; or
a mixture of both. During the synthesis of these nanoparticles, it is very
important to prevent them from oxidation. To achieve that, the synthesis
of nanoparticles has been conducted under inert conditions. These iron
nanoparticles are then coated with PEG, polypeptides, and gelatin to pre-
vent them from the self-assembly of iron nanoparticles (Yigit et al., 2012).

MNPs provide specificity and high toxicity toward cancer cells. The
study conducted by Haam and associates, by using magnetic nanocrystals
and a chemotherapeutic drug (DOX), encapsulated them in a multifunc-
tional magneto-polymeric nanohybrid (MMPNG). The study outcomes in-
dicated that the combination of the chemotherapeutic drug with magnetic
nanocrystals in MMNP, showed a significant decrease in tumor growth in
mice gratted with breast cancer.

Despite several benefits of using MINPs in cancer therapy, there are
some problems associated with it. For example, MINPs get aggregated in the
blood once injected intravenously, thereby causing blood vessels to block.
To overcome the problem, some specific polymer-coated MNPs have been
developed as shown in Fig. 2.9.Various MINPs have been designed by coat-
ing them with suitable polymers for magnetic hyperthermia. To provide
the prolonged circulation time for these particles, a PEG-DSPE-Cy5.5
(DSPE = distearoyl-phosphoethanolamine) lipid coating has been found to

Polymer Coating

TherapeuticAgent

Targeting Agents

Fluorophore

Fig. 2.9 Functionalized magnetic nanoparticle structure.
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be useful. This lipid film coating on the top of the particles provides stability
from the external environment. Another problem of using MNPs for ther-
apy and theranostics is its toxicity. The use of metal as a core component
for MNPs may make them toxic. Using toxic materials for therapy over a
long period of time is an inefficient idea. These nanoparticles may create an
adverse effect on cell viability, cell proliferation, and various other biologi-
cal mechanisms. During therapy, these nanoparticles accumulate within the
organ which may lead to several other disorders. Therefore, pure metals like
cobalt, cadmium, and zinc are not suitable for biomedical purposes, while
iron-oxide-based or titanium-based nanoparticles are considered for bio-
medical purposes because of their less toxicity and biocompatibility (Jiang
et al.,2019).

In general, these MNPs contain magnetic material that resides at the
core of the particle which is covered by either organic moieties (polymers
or liposomes) or inorganic moieties (such as silica) along with therapeutic
agents (anticancer drugs). Further, a protective lipid covering is used for the
protection of the particle before reaching the infected area, where it can
accumulate because of the EPR effect (Yoo et al., 2011).

2.5.2.4 Quantum dots

Quantum dots (QDs) are semiconductor particles a few nanometers in size
because of which they show distinct optical and electronic properties com-
pared with larger size particles. QDs absorb light at the near-infrared region
which makes them suitable for fluorescence imaging in animal models. By
the absorption of light from the UV region, the electrons from quantum
dots get excited to their higher energy state and when it comes back to its
ground state it releases energy in the form of light.

With the increasing demand for developing nanomaterials having prop-
erties of both drug carriers and imaging the diseased tissues at the same
platform, QD have emerged as the most convenient nanoplatform for can-
cer therapy and theranostics. The various biomedical applications of quan-
tum dots are listed in Fig. 2.10. QDs show an intense bright fluorescence
which makes them suitable for diagnosis, whereas their chemical and phys-
ical properties make them suitable for drug delivery (Matea et al., 2017).

QDs can be prepared by two general methods: (1) colloidal-based syn-
thesis and (2) lithography-based synthesis. In the colloidal-based synthesis,
the semiconductor precursor such as indium is added under vigorous stir-
ring and high temperatures to the solvent which has molecules that will
coordinate to the surface of the QDs particles. On the other hand, in the
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Fig. 2.10 Biomedical applications of quantum dots.

lithography-based method, a high-resolution focused beam of the electron
is used that draws the customized design on the surface of the polymeric
compound (Chomoucka et al., 2009).

QDs are composed of cadmium, lead, mercury, silver, and copper as
heavy metals, which increase their toxicity profile. Cadmium is known to
inhibit DNA, RNA, and proteins synthesis, and it can also break down the
DNA strands. In vivo studies show that quantum dots get accumulated in
the lungs resulting in lung injury and inflammation. Roberts et al. explained
that most cadmium containing QDs become persevered in the lungs during
postexposure to QDs among rodents, while some are stored in the airway.
These deposited particles are however hard to clear from lungs (Roberts
et al., 2013). To use them clinically, it is important to generate a minimum
toxicity profile to reduce toxicity and improve biocompatibility in QD:s so
that they are functionalized by biocompatible molecules or polymers at the
surface (Al-Jamal and Kostarelos, 2012).

2.5.2.5 Mesoporous silica nanopatrticles

Mesoporous silica nanoparticles (MSNs) are nanosized mesoporous silica,
which have unique features like stability, adjustable pores, and large surface
area making them suitable for loading various anticancerous drugs. They
contain pores with a diameter ranging from 2 to 50 nm. MSNs have an
external and internal surface that can be selectively functionalized with dif-
ferent organic and inorganic groups. These nanoparticles can encapsulate a
large range of therapeutic agents such as proteins, peptides, small molecules,
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without making any chemical modification as they can accumulate into
the pores of MSNs. MSNs can also be used as theranostic agents since
many bioimaging dyes can also be loaded into the pores of MSNs. MSNs
are considered as efficient nanocarriers for therapeutic agents because they
have high storage capacity, controlled release properties, and target specific
delivery (Manzano and Vallet-Regi, 2020). Owing to the presence of polar
groups (like Si-OH and Ti-OH), MSNs are hydrophilic in nature and im-
prove the solubility of hydrophobic drugs to improve their bioavailability
and absorption.

Interestingly, MNPs can be encapsulated into MSN along with chemo-
therapeutic drugs to improve chemotherapeutic results. Most MSNs can
be used for hyperthermia therapy which can reduce cancer cells viability
(Zhou et al., 2018).

MSNs are composed of amorphous metal oxides and can be prepared
by a sol-gel method where a surfactant is used as a template for a structure
designing agent. This process involves hydrolysis and condensation of silicon
oxide under catalytic conditions.

The toxicity of MSNs is dependent on their size and administration
route. An in vitro study of MSNs in SHSY5Y cells and bone marrow cells
revealed that at low doses, there was no toxic effect observed while at higher
doses, substantial toxicity was observed (Shivendra et al., 2018).

2.6 Conclusion and future perspectives

The application of nanotechnology in medicine started with cancer therapy
and eventually branched out for other disease treatments. Advancements in
nanotechnology and materials science hasimplicated that nanomaterial-based
formulations are the new wave of clinical research. The continuous pro-
gressive evolution in nanomedicine research has introduced potential tools
for cancer diagnosis, cancer treatment, and cancer management. In this
book chapter, we highlighted the diversity of various organic and inorganic
nanoparticles that have been clinically used or have the potential to be used
as a nanocarrier to improve the efficacy of cancer treatment overcoming
various challenges faced by traditional chemotherapy. Nanomaterials have
empowered the therapeutic outcome of biologicals and synthetic drugs by
delivering them selectively to the target site and thereby reducing the toxic
effect which otherwise would be caused due to nonspecific drug delivery. A
distinctive attribute of multifunctional theranostic nanoparticles has allowed
clinicians to offer improved therapeutic effectiveness and guarantees as a
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nonsurgical technique for tumor obliteration using combination therapies.
The multifunctional theranostic nanoparticles can detect malignant cells
(active targeting), tumor location and size in the body (real-time in vivo im-
aging), and tumor ablation with minimal or no harm to normal tissues via
stimuli-responsive therapy (e.g., PDT, PTT, and RTT). Ground-breaking
advancements of theranostic nanoparticles hold the potential to be trans-
formed into the clinic due to their tumor specificity, improved biocompat-
ibility, and less complexity.

In the most recent couple of decades, significant progress has been ob-
served in nanoparticle-based cancer therapy. Despite that, there are plenty
of challenges and unreciprocated questions such as stability and lack of
understanding in vivo behavior of nanoformulations and the reasons for
in vivo toxicity effects are major setbacks for their clinical progression.
Most of the nanoformulations developed in the recent years have been
studied in vitro for their efficacy which eventually misses the complex-
ity of nanocarrier-cell interactions in vivo. To this end, it is of high pri-
ority to examine the pharmacological, toxicological, and immunological
properties of nanoparticles in vivo utilizing appropriate animal models.
Many theranostic particles are obtained by complex preparation and pu-
rification methods which further increases their production cost. Hence,
despite appreciable potential as cancer theranostics in clinical practice, this
results in discontinuation from the market (e.g., Ontek, FDA-approved
diphtheria toxin-based recombinant fusion toxin has been discontinued
from the market because of production problems related to the bacterial
expression system with problematic purification). Therefore, development
of approaches which can reduce production complexity is essential. There
are only a few nanoformulations approved for cancer treatment in clinical
practice, and most of them are based on passive targeting (EPR). However,
considering the urge of targeting nanoparticles to the tumor for a more
specific delivery, several ongoing clinical trials for cancer treatment are fo-
cused on active targeting mechanisms. At this stage, further advancements
in nanomedicine can be anticipated for next-generation nanotheranostics
capable for improved cancer management strategies.
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CHAPTER 3

Nanobiomaterials in hard tissue
repair

Poulomi Sengupta

Department of Chemistry, School of Science, Indrashil University, Rajpur, Gujarat, India

3.1 Introduction

Since the dawn of civilization, human beings have faced various challenges
for survival. The majority of the challenges originated for better food, shel-
ter, and health. Prehistoric men, having a developed brain, tried several in-
novative ideas to satiate their ever-growing demands for living longer and
better. Since then, billions of years have passed, and the zeal for a better liv-
ing continued. It drove the human race to develop better therapeutics and
useful materials to earn a flexible and painless living. “Biomaterials” are one
of those discoveries, which have helped the human race to earn a physically
comfortable life.

Biomaterials are foreign objects used inside (sometimes outside) the
human body. The origin of the material is not necessarily biological. The
prefix “bio” comes for its location of use, which is inside a biological species
(Black, 1982; Ratner et al., 2004). They are used mainly for three purposes:
(1) to support in the recovery from an ailment; (2) to improve functionality
(movement); and (3) to correct an abnormality (look better). For a long
time, the use of biomaterials is common for such applications. For example,
to fix a broken bone, traditionally a wooden plank is used, but the discovery
or the first use was never formally reported. In ancient times, Egyptians
used horse-hair to close open wounds. The probable reasons for selecting
this material were as follows: (1) horse-hair is biocompatible (nontoxic to
the human body); (2) it is biodegradable; and (3) it is readily available. It is
surprising to learn that even in the modern age, the biomaterials we use are
based on these three key points. Later, seashells were reported to fill in the
gap of'a lost tooth. This was more for aesthetic purposes than for any practi-
cal reason. Ancient (even modern) Indians used gold plating on an existing
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tooth both for strengthening and for showing off their wealth. All these are
examples of ancient biomaterials.

With time, like every other field, the field of biomaterials also progressed,;
and instead of horse-hair and conch shell, many more objects were being
used inside/outside the human body. After the Civil War, in the United
States, several soldiers were left without their limbs. As a result, they tried
difterent external materials to have control in day-to-day life. The materials
were mainly metallic and wooden. Artificial limbs not only enhanced their
flexibility, but also assisted in boosting their confidence and they looked
“normal” as any other individual. Fig. 3.1A indicates a comic character
Captain Hook from the famous “Peter Pan” series using a hook hand atter
losing his real hand. However, until this time, the material was metallic or
wooden.

~ .
[ ———3=-Cranium/calvana

"h Tooth
Vel g Maxillofacial
=L (jawbone)

- & % ~
Humerus -e—"7%. 3 Ze a—JpShoulder
¥ - N |
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i\
we Knee
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1 (b)

Fig. 3.1 (A) Captain Hook, a character from Peter Pan uses a “Hook hand.” (B) Different
locations in the human body for hard tissue engineering. ((A) Screenshot from Jake and
the Never Land Pirates Television series. Screenshot from Captain Hook videos. Disney
Junior, Disney Series. https://jakeandtheneverlandpirates.fandom.com/wiki/Captain_
Hook# (Accessed 9 November 2020). Copyright 1953 Disney Junior.)
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The next (20th) century witnessed a revolution in polymer synthesis. With
the discovery of different man-made polymers, material science took a large
leap forward. Polymers have different surface textures, porosity, surface area,
flexibility, and functional groups available which can be used for different pur-
poses inside the human body as illustrated in Fig. 3.1B. During a similar time,
the characterization techniques [e.g., X-ray crystallography, XRD (X-ray dif-
fraction), XPS (X-ray photoelectron spectroscopy), ICP-MS (inductively cou-
pled plasma mass spectrometry), and ICP-AES (inductively coupled plasma
atomic emission spectroscopy)| have also tremendously progressed. This made
the characterization of man-made materials smoother. In 1948, plastic contact
lenses were developed using poly(methyl methacrylate) (PMMA). In 1949,
it was successfully implanted in humans. During 1956, McKee and Watson
Farrar pioneered the “total hip” with an acetabular cup. Later during 1968-72,
the first total knee replacement surgery was performed which has become
quite a regular affair in today’s senior citizens. Later, the natural scientific in-
tellect combined various materials of different origin, which resulted in the
discovery of composites of various strength and durability. The later years saw
many more important discoveries in the field of biomaterials; for example, the
replacement of the heart valve, heart implants, the discovery of the lab-grown
functional kidney, and the lab-grown brain. For the past 40 years, nanotechnol-
ogy knocked the doors of material science. Hence, a bunch of completely new/
improved materials poured in which were excellent tissue replacement materi-
als. The field of tissue engineering accumulated many attractive problems and
nanotechnology had acquired an immense amount of potential. However, in
this chapter, we will limit ourselves to the “hard tissue engineering” part. Hard
tissue engineering is equally interesting as well as challenging as regular tissue
engineering, but it focuses more on hard tissue, which includes bone fixation
and bone replacements as point out in Fig. 3.1B, rather than replacing organs
(like the heart, brain, and kidney). Hence, perhaps the level of complicacy is a
little lower, but it has very wide challenges and innumerable applications. Here,
in this chapter, we will focus on certain aspects of biomaterials used specifically
for hard tissue engineering, especially the type and function. A brief discussion
about guided bone regeneration is also included.

3.2 Biomaterials in hard tissue engineering

As discussed in the introductory part, traditionally, several materials of
natural origin have been used for hard tissue engineering; for example,
metals, wood, and conch. During the 20th century, with the tremendous
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advancements in polymer science and material science, scientists and med-
ical practitioners started thinking about bio-mimicking a lost organ using
the foreign material placed inside a live tissue. This was quite a revolu-
tionary thought, as it was unprecedented. For that purpose, physical sim-
ilarity (including shape size), surface texture, superficial rigidity, elasticity,
biodegradability, bioresorbability, and nonbiodegradability were some of
the important criteria. With fast advancements in fields like chemistry
and material science, materials like calcium phosphates, hydroxyapatite,
graphene, graphene-oxide, different polymers (highly contributing to
biodegradability, malleability, etc.), bare metals, are considered to be of
high importance (Zhang et al., 2018). Some materials used in hard tissue
engineering are listed in Table 3.1. Scaftolds made out of these materials
were expected to function as an excellent extracellular matrix (ECM),
which must “replace” an existing hard tissue inside the human body. Cells
binding to the three-dimensional scaffolds and proliferating is a key im-
portant step for the success of one scaftold in vivo.To direct the binding of
cells onto the scaffolds, biomolecules can be immobilized to the scaffold
structure to enhance cell-material interactions. The schematic is repre-
sented in Fig. 3.2.

Table 3.1 Materials used in hard tissue engineering.

No. Type of material Examples
1 Carbon and polyester Carbon nanomaterials
composites Titanium-reinforced PLGA (poly lactic-
co-glycolic acid)
2 Crystalline ceramics Hydroxyapatite

Calcium metaphosphate
Tricalcium phosphate

3 Amorphous glasses Bioglass
Silica
4 Composites Hydroxyapatite/poly(e-caprolactone),

chitosan and and/or collagen

Poly(lactic acid)/tricalcium phosphate,
silica, and/or ceramic

Titanium/calcium phosphate, poly(vinyl
alcohol), and/or boron

5 Metals Alumina

Stainless steel

Titanium
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3-D structure with
interconnected
porosity

In vitro regeneration ® Biomolecules immobilized to
of tissue enhance cell function

Fig. 3.2 Schematic representation of a solid scaffold containing biological molecules
and it is in vitro application in the regeneration of tissues.

3.2.1 Problems in biomaterials

Although by this time (the late 1970s), it was possible to develop superficial
mimics with proper size, shape, biodegradability, and bioresorbability similar
to the missing organ/tissue inside the human body, proper integration with
the existing tissue was a serious challenge. At the beginning of the journey,
the market for hard tissue engineering did not grow significantly, mainly
because of two reasons: (1) Engineered tissues miserably failed mainly be-
cause of in vivo dislocations, which led to multiple repetitive corrective
interventions. (2) Apart from that, there were chances of immunological
rejection (Williams, 2019).

3.2.2 Why nanobiomaterials are a potential solution?

Nanomaterials, due to their proper size, shape, and surface properties have
brought a revolution to the field of hard tissue engineering. By adjusting
different reaction parameters and conditions, it has been possible to play
around the strength, hardness, softness, porosity, malleability, etc. All of these
properties help in the manufacturing of scaffolds, constructs, meshes, and
matrices wherever necessary and aid in the proper positioning and anchor-
age of the foreign materials inside the human body. Also, it was possible to
change the surface composition by chemical treatment, which enhanced
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proper attachment with existing tissues, apart from overcoming immune

rejection. We can briefly list the advantages introduced by nanotechnology:

(i) Formation of a porous material having interconnected pores that al-

lowed easy passage of nutrients, cells, drug, etc. Nanotechnology can

be exploited to construct surfaces that resemble the ECM by mak-

ing nanofibers, nanostructured scaftolds, nanotopographical surfaces,
which ultimately help in “biomimicking” an existing tissue.

(ii) High porosity leads to lower weight in the replacement tissue and
higher surface-to-volume ratio:This higher surface area provides more
of a chance for new cells to adhere and make a strong foundation. The
nanotechnology-based technique can help in creating smaller particle
sizes and higher surface area.

(iii) Surface charge and surface functionality generation: With the help of
plasma treatment it is possible to create a charge on the surface of
scaftolds which helps in cellular adhesion followed by proliferation to
create an active tissue with time. The surface charge and functionality
can encourage ECM formation which is ultimately useful in the re-
placement of hard tissue.

So, existing materials were re-engineered and morphological changes in
nanodimensions were introduced. Some of those were successful in in vitro

experiments and are listed in Table 3.2.

Table 3.2 Nanobiomaterials used in hard tissue engineering.

S. No. Materials Applications

1 Hydroxyapatite Artificial bone
Bone regeneration therapy
Dental tissue regeneration

2 Metal nanoparticles Tissue and cartilage regeneration therapy
Dental tissue regeneration

3 Carbon nanostructures Nanocomposite in regeneration, nanoscale
Sensors

Cartilage regeneration therapy
Joint replacement therapy

4 Nanocomposite films Fiber strengthening in regenerative therapy

5 Porous scaffolds Bone reformation and bone implants
Tooth regeneration

6 Nanohybrid membrane | Bone regeneration therapy

Periodontal regeneration
Endodontic regeneration
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3.3 Nanobiomaterials in tissue engineering
3.3.1 Polymeric nanobiomaterials

Polymers, due to their controlled synthetic procedures, can have various
chemical and physical properties which enable their successtul use as “scaf-
folds” in solid tissue replacement. Apart from that, there are natural poly-
mers (mostly animal proteins and carbohydrates like silk, collagen, chitosan,
etc.), which due to their strength and biocompatibility can be used for hard
tissue replacements. Using nanotechnology, it is possible to procure porous,
fiber-like structures from the polymers. Here, we plan to discuss the poly-
mers used for hard tissue engineering in two segments.

3.3.1.1 Polymers of natural origin

Certain naturally extracted protein-based polymers, for example, silk, wool,
collagen, gelatin can be molded in a scaffold (singly or in unison with a
synthetic polymer) with high mechanical strength so that it can act as a
hard tissue replacement (Ha et al., 2013). Some carbohydrate-based natural
polymers like chitin, chitosan, polysaccharides, cellulose, starch, and alginate
can also be molded into scaffolds of definite shape, size, and porosity (Sell
et al., 2010).The biggest advantage of naturally occurring polymers is their
biocompatibility and immune-acceptance, which replaces a damaged hard
tissue smoothly. These naturally occurring polymers can be extracted in
different molecular weights, electrospun to create several nanosized fea-
tures (porous scaffolds or fibers) that can be used for replacing hard tissues.
Most importantly, polymers like collagen and elastins are found to carry
the -R GD-(-Arginine-Glycine-Aspartic acid-) sequence, which recognizes
cellular receptors. So, cellular attachment 1s vastly improved which can suc-
cessfully lead to a firm replacement.

3.3.1.2 Synthetic polymers
Synthetic polymer-based hard tissue replacements gained popularity after
polymer synthesis was under control. Synthetic polymers have several ad-
vantages, which place them very high in the field of hard tissue engineering.
These can be tuned to degrade over an optimal period (in vivo). Regarding
the challenges posed by the smooth translation of polymeric scaffolds,
Williams (2019) mentioned that the rate at which a polymeric scaffolds
degrade, aftects the cellular adhesion process.

Hence, control over one (polymer degradability) will directly affect
the other (cellular adhesion). With advanced synthetic chemistry skills, it is
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possible to achieve fine control in biodegradation. Apart from that, by con-
trolling the nature of the linker, substituent, and molecular weight, difterent
physical properties (melting point, softness, rigidity, and rheological proper-
ties) can be attributed toward the final product. Moreover, by the application
of different tools (solvent casting, gas foaming, particulate leaching, electro-
spinning, fluid-deposition molding, and extrusion) porosity, crystallinity, the
surface-to-volume ratio, and surface roughness can be fine-tuned which
directly contributes to the fate of the polymeric scaffold after implantation
(Quirk et al., 2004). Functional groups present in the side chains can also
impart hydrophilic or hydrophobic properties which decides the extent to
which the scaffolds can be comfortable in vivo.They can be easily produced
industrially hence cheaper. Nanopatterning also greatly contributes toward
the attachment of bone cells. For example, Xi Chen et al. in 2013 ACS
Nano showed that by combining polymers PCL [poly(e-caprolactone)] and
PAA [poly(acrylic acid)], mineralization of calcium is possible on nanofibers
(Chen et al., 2013, Fig. 3.3).

The most common polymer for constructing a three-dimensional
scaffold used in hard tissue engineering is high-density polyethylene
(HDPE). These, owing to their rigidity and pore formation capability
(as a scaffold), are commercially used in hard tissue replacements. HDPE,
being hydrophobic, has challenges to integrate with the existing tissue,
but there are surface modification techniques available for the safe al-
teration of the surface behavior. Polyhydroxy esters, including poly(vi-
nyl alcohol) (PVA), poly(lactic acid) (PLA), poly(glycolic acid) (PGA),
PLGA, poly-r-lactic acid (PLLA), polyethylene oxide (PEO), and PCL
are examples of some synthetic polymers widely tested for hard tissue
engineering. To enhance mechanical properties and cellular adhesion and
proliferation, the incorporation of nanoparticles (e.g., apatite compo-
nent, carbon nanostructures, and metal nanoparticles) has been exten-
sively investigated.

3.3.2 Ceramic nanobiomaterials

3.3.2.1 Bioceramics

In the quest of finding the perfect material for hard tissue engineering,
several materials have been developed by thorough research. Among those,
bioceramics are popular choices as they have very similar chemical and
crystallographic properties with those of bones. Moreover, they are bioac-
tive, biocompatible, and able to form good complexes with bones. Porcelain
was the first bioceramic used as a tooth crown in the 18th century. Calcium
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Fig. 3.3 SEM image of (A) PCL nanofiber, (B) PCL-PAA block nanofibers, (C-F)
Mineralization at different time point. (From Chen, X., Wang, W., Cheng, S., Dong, B., Li,
C.Y., 2013. Mimicking bone nanostructure by combining block copolymer self-assembly
and 1D crystal nucleation. ACS Nano 7(9), 8251-8257. Copyright © 2013 American
Chemical Society.)

phosphate ceramics are very basic among these, but they are inherently
stiff (and hence) degrading. They need to be mixed with another biode-
gradable polymer to develop a better composition. HA (hydroxyapatite)
Cayp(PO4)c(OH), (Freed et al., 1994), B-TCP (pB-tricalcium phosphate), and
BCP (biphasic calcium phosphate) are a few examples. But these basic units
have been modified with higher porosity, nanopatterning keeping in mind
the basic need for bone tissue engineering: that is osteoinnductivity, osteo-
conductivity, and osseointegration. By generating porosity, it is possible to
control the degradation rate of the implant material (LeGeros, 2002; Fisher
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et al., 2001). Synthetic hydroxyapatite is shown to encourage osteocon-
duction and can be incorporated into bone without showing any immune
rejection (Klein et al., 1983; Ducheyne and Qiu, 1999). Reduction in the
grain size of ceramics (< 60 nm) has successfully shown the enhancement
in the attachment of more osteoblasts (Webster et al., 1999). Studies showed
increased calcium deposition of osteoblasts when the grain size was under
100 nm (Webster et al., 2001) and the nano-sized materials were more
active compared with the micro-sized ones. Guo and colleagues fabricated
54%—-81% porous calcium-deficient porous HA and by in vitro and in vivo
studies, proved the porous HA has osteogenic outcomes (Guo et al., 2009).
Placing mesenchymal stem cells (MSCs) on nanosized HA and f-TCP re-
sulted in a 1.3 times enhancement in bone formation. Calcium phosphate
is another basic and simple ceramic very useful for supporting bone tissue
engineering. But due to its brittle nature, its use as a scaffold is restricted.
Rather it has been found as a coating material covering metallic and poly-
meric meshes (Wolke et al., 1994; Feddes et al., 2004) ultimately leading to
better osteogenecity.

3.3.2.2 Bioglass: Bioactive ceramic materials

Bioglasses also fall into this category of materials (ceramics) and work very
efficiently (mainly due to their high mechanical strength) when they are
built into three-dimensional porous nanostructures (LeGeros, 2002). The
main ingredients for the bioglass ceramic are Ca and P. These increase the
effectiveness of the bioglasses as they are present in bones as well (Hench,
1998, 2006). Some other precursors like MgO or CaF,, and Na,O or K,O,
can also be added to bioglasses. Even AL,O; and B,Oj; can also replace SiO,
in bioglasses, which increase the hydrophilicity in the scaffolds leading to
a better integration with the existing active tissues (DeAza et al., 2007).
These form strong chemical interactions with existing bone and form an
apatite layer when it comes close to the body fluid (Hench, 1991). Products
like Bioglass 45S5, 58S, 70S30C, S53P4, BCT bioactive glass, and bioactive
glass sol-gel derived foam scaffolds are successfully marketed for tooth- and
bone-related tissue engineering (Fig. 3.4).

3.3.3 Metallic nanobiomaterials

Although polymers and ceramics are found to be excellent materials for
solid tissue engineering purposes, replacing a bone needs very high me-
chanical strength in which a polymer (synthetic or artificial) was unable
to provide. Ceramics and bioglasses could provide mechanical strength but

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



Nanobiomaterials in hard tissue repair 67

8kV  X30 500 um 11 36 SEI 8kV X100 100 um 11 36 SEI

Fig. 3.4 SEM (scanning electron microscopy) images of a bioglass chitosan scaffolds.
(From Erol, M., Boccaccini, A.R., 2011. Nanoscaled bioactive glass particles and nanofi-
bres. in: Bioactive Glasses Materials, Properties and Applications. Woodhead Publishing
Limited, pp. 129-161. Copyright © 2011 Woodhead Publishing Limited.)

they were brittle in certain cases. So, recently there is a fast-growing inter-
est in the use of biodegradable metals. Metals like magnesium, due to its
inherent strength and ductility, are key for building scaffolds used for hard
tissue engineering applications. Metallic magnesium, and as an alloy with
rare earth elements (Di Mario et al., 2004; Peeters et al., 2005; Witte et al.,
2005; Hanzi et al., 2009), Ca-Mg alloys (Zhang and Yang, 2008; Li et al.,
2008), pure iron (Peuster et al., 2001; Peuster et al., 2006), and their alloys
are well-researched in the field of hard tissue engineering. Magnesium has a
density close to natural bones (1.8-2 g/cm’) and degrades in vivo through
electrochemical processes. Magnesium can be made into porous scaffolds
by nanotechnological ways, which encourage new bone formation (Xu
et al., 2007). Apart from that, Witte et al. (2007) observed fast degradation in
porous magnesium under in vivo circumstances. Nano-indenting and pore
formation has helped magnesium metals to increase surface area and anchor
better with the existing tissues. An example of porous magnesium scaffold
with different topologies has been represented in Fig. 3.5(A-H).

Apart from magnesium, iron (Fe) and its alloy are well researched in
hard tissue engineering. Fe foam, when coated by calcium-phosphate, has
been found to encourage the accommodation and proliferation of MSCs.
Titanium (along with a TiO, layer on the surface) has been commercialized
as a hard tissue replacement scaftold. Porous Nitinol (nickel-titanium alloy)
has a shape memory effect and portrays high biocompatibility and plasticity.
They have aYoung’s modulus and compressibility identical to bones, hence,
they are largely used in vivo, and in the treatment of scoliosis (Tarnita et al.,
2009).
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Fig.3.5 Schematic representation of a magnesium scaffold (produced by salt leaching).
(From Kirkland, N.T., Kolbeinsson, I, Woodfield, T., Dias, G.J,, Staiger, M.P, 201 1. Synthesis
and properties of topologically ordered porous magnesium. Mater. Sci. Eng. B 176,
1666- 1672.)

3.3.4 Nanobiomaterials from carbon

The main goal of replacing a damaged hard tissue is to build up me-
chanical strength in the affected organ. As a result, carbon-originated
nanoparticles due to their high mechanical strength and durability are
very well researched in the field of tissue engineering. Different car-
bon analogs like graphene, carbon nanotubes, fullerenes, and nanofibers
(Dresselhaus et al., 2001) have been thoroughly examined. Carbon is
satisfactorily biocompatible and already used in clinical applications like
artificial heart valves. Carbon nanomaterials having true nanometric fea-
tures (< 100 nm), express exceptional mechanical, thermal, optical, and
electrical properties (Harrison and Atala, 2007). Additionally, the carbon
nanoparticles can be assembled to a three-dimensional structure. These
advantages work in unison in building three-dimensional shapes and
functions. Moreover, the surface chemistry of the carbon nanoparticles
is under control, so it is possible to functionalize those with molecules
of interest to promote cellular adhesion. As a result, carbon nanoparticles
are coming up as the next-generation material to repair and regenerate
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hard tissues (Veetil and Ye, 2009; Haniu et al., 2012). New opportunities
in the field of carbon-based nanoparticles have encouraged the use of
carbon-based nanocomposites.

Carbon nanotubes (CNTs) (both single-walled and multiwalled) possess
a honeycomb-like structure that encourages the ingress of newly formed
tissue and provides very strong mechanical support. Moreover, because of
the mesh-like structure, carbon nanotubes conduct electricity pulses; this
property has successfully attracted many innovative devices including com-
posites, sensors, and nanoscale electronic devices (Saito et al., 1998; Lee
et al., 2000). Multiwalled carbon nanotubes (MWNTSs) were found to
grow mouse fibroblast cells. These tubes can be easily modified by chemical
means to corresponding acid, carbonyl groups, etc., which can further be
used for the functionalization with required biomolecules. These carbon
networks can be used as a biocompatible mesh for restoring and reinforcing
damaged tissues. The electrical conductivity of nanotubes also contributes
to cellular growth. Osteoblast proliferation on PLLA/MWNT (multiwalled
nanotube) nanocomposites under alternating current stimulation was in-
vestigated (Supronowicz et al., 2002). SWNT (single-walled nanotubes) or
MWNTs have proven to be nontoxic and can even help cells proliferate
(Shi et al., 2008). The sidewalls of carboxylic functionalized SWNT's exhib-
ited a nucleation surface to induce the formation of a biomimetic apatite
coating (Armentano et al., 2008).

Nanodiamonds are also important in terms of tissue engineering. They
are made by detonation and dispersed into single particles to increase the
surface area of the composites. Nanodiamonds are functionalized and
blended with different polymers (PLLA) to increase in strain to failure
and fracture energy. Both of these points are important for bone tissue
engineering (Zhang et al., 2012). Growth and proliferation of these hybrid
nanocomposites are also faster.

3.3.5 Nanobiomaterial composites

Composites are biomaterials where more than one class of material is em-
ployed in the scaffolds. Bone tissue is a combination of both hard and soft
materials. Nowadays, different types of materials are combined and used in
artificial joints and bone implants. This is to combine several contributions
from different scattolds, which stimulate specific responses at the molecular
level. The main reasons behind the concept of composite materials are as
follows:
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1. Reinforce the structural integrity of the scaffolds by changing the me-
chanical properties of the materials when a component of different ori-
gin (inorganic) is added to the bulk materials (organic polymeric).

2. The polymer itself intensifies its bioactivity with the inorganic materials.

3. The inorganic material can help in decreasing the erosion of the bulk
polymer.

Common material combinations are synthetic polymers with bioce-
ramic and synthetic/natural polymers with metals. HA-collagen nanocom-
posite systems have gained popularity in the recent literature (Liao et al.,
2004). HA 1is found to degrade slower and be highly osteoconductive.
However, it is not osteoinductive. To overcome this drawback, HA can be
made into a composite with collagen, which carries osteoinductive growth
factors and osteogenic potential cells. Depending on these experimental
results, the nano HA-collagen-osteoblast system was developed along with
PLA (Liao et al., 2004). These constructs support cellular adhesion, prolif-
eration, migration, integration in the segmental defect (in vivo), and new
bone formation.

Osteoblast adhesion on nanoscale ceramics improved significantly in
composition with PLGA (Liu et al., 2005). Up to three times more os-
teoblasts adhered to PLGA when it contained nanophase in comparison
with conventional titania having the same weight ratio and porosity (Smith
and Webster, 2005). Nanoscale carbon fibers witnessed significantly greater
in vitro osteoblast function and mineral deposition (Elias et al., 2002; Price
and Webster, 2004). The osteoblasts and deposited minerals evenly oriented
themselves on carbon nanofibers placed on the surface (Khang and Webster,
2006).

Other than encouraging results in osteoblast orientation and enhanced
attachments, nanoscale materials have been found to portray enhanced
strength that can truly mimic bone. Recently, carbon nanotubes, and alu-
moxane nanoparticles have been examined as reinforcing fillers for bio-
degradable polymers (Shi et al., 2005). The size, shape, orientation, and
dispersion of the fillers dictate the extent of performance in the case of
composites (Horch et al., 2004).

Apart from these, there are several examples of improved nanocompos-
ites tried in the field of hard tissue engineering (Fig. 3.6). Silk fibroin por-
trayed excellent mechanical strength and biodegradability while combined
with silica-based bioglass (Mieszawska et al., 2010). PLGA microspheres
have been combined with calcium phosphate cement to serve as porogens
that accelerate degradation and bone growth (Renno et al., 2013).Yu et al.
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Fig. 3.6 Scanning electron microscopy of MC3T3-E1 cells grown on different biocom-
posites. (A, B) Collagen I. (C-H) Collagen mixed with MTA (mineral trioxide aggregate)
and MWNT (multiwalled nanotube) in different quantities. (From Thalita, M., et al., 2016.
A novel 3D bone-mimetic scaffold composed of collagen/MTA/MWCNT modulates cell
migration and osteogenesis. Life Sci. 162, 115-124. Copyright © 2016 Elsevier B.V.)

fabricated macrochanneled CaP (calcium phosphate) scaffolds that maintain
three-dimensional integrity in scaftolds which collagen hydrogels inside the
pores to ensure cell distribution and retention (Yu et al., 2012).

3.4 Role of stem cells

Bone tissue is a combination of both mineral and organic matrix with
cellular components. The organic matrix is composed of collagen and cal-
cium phosphates (like hydroxyapatite). It has osteoblasts, osteoclasts, and
osteocytes as cell components. For bone reconstruction, different material
properties like hardness, porous nature are important. For cellular attach-
ment, cell growth and difterentiation nanoscaftolds, various nanomatrices
have been used. The basic components most popularly used in this regard
are nano-HA (Sato et al., 2005), collagen, electro-spun silk (Jin et al., 2004),
anodized titanium, and nanostructured titanium surfaces (Yao et al., 2008).
Although the problem of a proper scatfold was in control, there was always
a risk involving the use of primary osteoblasts due to the following reasons:
(i) The restricted availability and inherent donor site morbidity of the
material.
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(ii) The limited proliferative capability of the tissue.
(iii) The patient age-dependent behavior.
(iv) The greater risk of dedifferentiating during in vitro culture.

To avoid these problems, stem cells may be a better choice because of
their large proliferative capacity and their ability to differentiate into var-
ious cell types. Although the nanofeatures present in the scaffolds are very
important, for the efficiency of a scaftold to properly produce hard tissues,
the role of stem cells is of utmost importance. Among different types of stem
cells somatic stem cells (that naturally exist in human bodies), embryonic
stem (ES) cells (that are derived from culturing embryos or fertilized eggs),
and induced pluripotent stem (iPS) cells (that are artificially produced) have
all been well researched. Among these three types of stem cells, somatic
stem cells have been most utilized in medical treatments. Somatic stem cells
are better accepted because those originate from the human body. There
are several types of somatic stem cells, such as neural stem cells, mesenchy-
mal stem cells, and hematopoietic stem cells. Mesenchymal stem cells can
differentiate into various tissues and organs such as bone, cartilage, and fat
cells (Arvidson et al., 2011). Mesenchymal stem cells (MSCs) from vari-
ous sources are found to differentiate into osteoblasts on different nanofi-
bers. Natural (collagen or silk fibroin Jang et al., 2009), synthetic degradable
polymers (PLA, PCL, PLGA; Hu et al., 2008, 2009), a mixture of synthetic
and natural polymers also showed the desired differentiation of MSCs. Bone
marrow derived MSCs exhibited promising results in terms of difterentia-
tion on nano-HA, PLGA, and nano-HA-PLGA composites (Lock and Liu,
2011). CNTs on the other hand portray dramatically enhanced eftects in se-
lective cellular difterentiation into osteoblast like cells (Mooney et al., 2008).

Growth factors are proteins that encourage cells to differentiate and pro-
liferate. Both BMP-2 (bone morphogenic protein 2) and BMP-7 exhibit
important roles in the differentiation and proliferation of osteocytes. Growth
factors such as the fibroblast growth factor (FGF), transforming growth
factor (TGF)-f, insulin-like growth factor 1 (IGF)-1, and platelet-derived
growth factor (PDGF) do not exhibit an ectopic osteoinductive capacity,
they do have osteogenic properties (Solheim, 1998).The scaffolds are chem-
ically modified with these growth factors and implanted in the necessary
locations. Growth factors encourage the formation of bones to fill up the
void created by mishap.

Different materials have been tried for the purpose of bone regeneration.
They can broadly be classified into mainly two subcategories: biodegradable
and nonbiodegradable (Fig. 3.7). Collagen (Zhao et al., 2009), poly-1-lactic
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Fig. 3.7 Scaffolds for regeneration contain biodegradable, nonbiodegradable as well as
composite scaffolds. Some examples from each category are included. BC, bioresorb-
able ceramics; BG, bioglass; PEEK, polyether ether ketone.

glycolic acid (Chang et al., 2007), resorbable bioactive glass (BG) (Fernandes
et al.,2018), and bioresorbable ceramics (BCs) including B-tricalcium phos-
phate (TCP) (Han and Dai, 2013) are used as biodegradable materials, while
metals (e.g., titanium) (Li et al., 2007; Takizawa et al., 2018), carbon (Aoki
et al., 2009), and polyetheretherketone (PEEK) (Nakahara et al., 2010) are
used as nonbiodegradable materials. Advantages of biodegradable scaffolds
lie in the osseous replacement that degrade at the same time as bone regen-
eration, providing a more biomimetic regeneration with less risk of infec-
tion and foreign body reactions; however, when used for filling large bone
defects, residual bone defects may remain. Nonbiodegradable scaffolds do
not replace bone and can serve as a spacer or bone substitute to fill bone
defects and transmit load (Fig. 3.6).

3.5 Conclusion and future perspectives

Hard tissue engineering is a field in infancy. There is a lot of hope regard-
ing this field. Worldwide many groups are working on the development
of new functional hard body replacements. This field will soon highlight
exciting new areas of stem cell biology with the understanding of intrin-
sic bone regeneration in health and disease. Most importantly, biomaterial
and nanomaterials are like two sides of a coin, which gives many hands to
tune the properties. The increased surface area, surface roughness, micro-
patterning, etc. can immensely help the field to develop more bio-similar
products. Especially inventions like “biocomposites” and “nanocomposites”
can assemble beneficial properties from several materials at once. Still there
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are active challenges like immune rejection, which requires more interdisci-
plinary knowledge. So, there is a lot of scope for future work and this field
will no doubt keep us inspired and enthusiastic about new developments.
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4.1 Introduction

In the past few decades, tissue engineering (TE) has gained a lot of attention
from researchers of various scientific disciplines like biology, engineering,
material science, and medicine. This is because the technology has the tre-
mendous potential to regenerate, restore, or repair the injured or lost human
tissue and even organs. Tissue and organ damage or loss of their function-
ality is one of the most prevalent health challenges of all the time that
can occur due to several factors, for example, diseased conditions, trauma,
congenital defects, and ageing. As many tissues/organs have limited self-
repairing capacity most of the time transplantation remains to be the avail-
able cure for such tissue/organ damage. However, a lack of donor sources,
damage occurred to donors, and graft rejection are some of the significant
challenges faced in existing clinical transplantation (Luo et al., 2019).

In the present scenario, TE has become the cutting edge branch of re-
generative medicine and has the potential to reconstruct a wide range of
tissue like bone, skin, ligaments, and blood vessels. The key elements re-
quired for the TE include cells, scaffold, and growth factors that are usually
referred to as the “tissue engineering triad” (Kumar et al., 2018). Selecting
the biomaterials and designing of the scaftold are crucial parameters in de-
termining the success of tissue regeneration. Scaffold supports the tissue
and promotes tissue repair or the regeneration process. Nanotechnology has
several advantages in fabricating scaffold structures that has driven much
attention nowadays in developing newer scaftolds made up of nanoma-
terials that can mimic the native tissue more efficiently. In this context,
nanomaterials are thought to be ideal in scaftold generation as they can
improve cell adhesion, proliferation, and stem cell differentiation compared

Nanotechnology in Medicine and Biology Copyright © 2022 Elsevier Inc.
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80 Nanotechnology in medicine and biology

with other microscopic biomaterials. The types of nanomaterials used for
TE include nanofibers, nanotubes, nanocomposite, nanoparticles, and many
more which are selected depending on the tissue to be engineered (Lin
et al., 2014). Biologically derived nanoparticles might have a role in tissue
enggineering (Ghosh et al., 2021; Shah and Ghosh, 2020).

4.2 Tissue engineering

TE is the interdisciplinary approach aimed to achieve successful strate-
gies dedicated to human tissue reconstruction, repair, and restoration of
their normal functions in conditions where their self-repairing capacity
is affected by disease or injury. TE mainly involves the combination of life
sciences and engineering principles. TE implicates different approaches
that can be divided into three broader spectra: (1) the injured tissue at a
specific site can be repaired by injection or transplantation of isolated
cells; (i1) the targeted site can be healed with tissue inducing materi-
als such as peptide, polysaccharides, or growth materials, and (iii) the
three-dimensional (3D) scaffold can be prepared to grow tissue in a bio-
mimic environment. Among all, the TE approach using 3D scaffolds have
been very much in demand because of its potential to fabricate a whole
tissue or organ with all the essential biomimetic properties of the orig-
inal tissue or organ (Zhu et al., 2014). For the recovery of the damaged
tissue, these scaffold constructs either implanted at the injury site directly
or they can be cultured in vitro to develop into the specific tissue that
can be transplanted later. The scaffold is vital for tissue generation as it
principally acts as an artificial extracellular matrix when specialized cells
or stem cells are cultured on it. Further, numerous growth factors and
mechanical or biophysical stimuli are added on to the cell-seeded scaftold
that induces cell proliferation and differentiation, ultimately leading to
the tissue formation of interest. Such crucial interplay of cells, growth
signals, and scaffold leads to tissue regeneration, which is commonly
known as the TE triad (Kumar et al., 2018). Fig. 4.1 represents the illus-
tration of each component of the TE triad with the key steps involved
in the TE process.

TE empowers the synthesis of the almost all human tissues including soft
and hard tissues. Hard tissues are bone, dental, and craniofacial tissues. Human
soft tissues are largely described as a group of tissues needed to connect and
support other tissues and to protect the organs by surrounding them. They
are mostly multifaceted, preliminarily comprised of fibrous biomolecules
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Fig. 4.1 Tissue engineering triad consists of the scaffold as a 3D support, cells and
external signals. (Reproduced with permission from Kumar, V., Naqvi, S. Gopinath, P,
2018. Applications of nanofibers in tissue engineering. In: Application of Nanomaterials.
Woodhead Publishing. p. 179-203. Copyright © 2018 Elsevier Ltd.)

and composite structures. Soft TE aims to restore or reconstruct such soft
tissues that include cartilage, ligaments, nerves, blood vessels, and skin.

4.2.1 Nanotechnology in scaffold designing

The scaftold is 3D synthetic frameworks composed of biocompatible mate-
rials assisting the de novo synthesis of tissues or organs. 3D architectures of
the scaffold should be interconnected and highly porous to allow diffusion
of nutrients and cell infiltration into the 3D matrix. Moreover, such mor-
phology of the scaffold permits cells to eliminate the waste products from
the scattold. Gradually, a scaftold should be degraded upon transplantation,
and the resultant products should have the ability to be removed from the
3D scaffold and exit the body without causing any toxicity to other tissues
or organs (Kumar et al., 2019). It is known that the scaffold is the most
essential in TE; performing many key functions that include the following:
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(1) promotes cell adhesion by interacting with chemical groups and ligands
presented by scaffold materials and extracellular matrix (ECM) deposition;
(11) allows the adequate transport of nutrients, gases, and growth or signaling
factors required for the cell viability, growth, and differentiation; (iii) de-
grades in a controlled manner at the rate which matches to the regeneration
rate of tissue being formed; and (iv) creates the least inflammation (Langer
and Tirrell, 2004). A vast range of biomaterials, synthetic and natural, are
extensively used in the synthesis of scaffolds in such a way that they per-
form desired functions necessary for tissue generation. Scaffold biomaterials
should be very specific, having certain essential characteristics for the suc-
cesstul TE summarized in Fig. 4.2.Till date, various biomaterials that can be
classified as polymers, metals, or composites depending on their chemical
nature are explored in TE.

Nanotechnology offers a great potential in designing and fabricating
nanoscopic scaffolds using similar biomaterials as previously used but with
an improved ability to mimic the native tissue. Hence, modern approaches
in regenerative medicine envisage the amalgamation of nanotechnology
in developing novel nanobiomaterials with superior regeneration poten-
tial. Looking into soft human tissues, cells are embedded in the ECM that
mainly consists of interconnected nanofibers along with various small or-
ganic compounds. The ECM provides mechanical support to the resident
cells and directs distinct functions of cells. Additionally, the ECM has an
essential function in regulating the storage of the growth and signaling fac-
tors as well as in secreting these biological factors (Hudita et al., 2019).

External geometry: Bio-compatibility:
The 3D macrostructure and | Must integrate easily into the
microstructure should mimic native surrounding tissue
the ECM and maintain the without causing any uninvited
cell phenotype effects in the host
Porosity and pore size: Mechanical properties:
pore size, distribution, volume, must have appropriate
interconnectivily, shape and mechanical properties in term of
surface are imperative in strength, elasticity, adsorption,
determining biocompatibility and and chemical degradation for
nutrient diffusion the rapid generation.
Surface properties: e Degradation:
pop Characteristics g
chemical as well as fF N should degrade by programmed
topographical P ﬂﬂl_) period to be
characteristics that help in \ Biomaterial replaced by newly grown tissue.
controlling the cellular adhesion % / Degradation products should be
and proliferation ~ Scaffold y non toxic

A / §
y N > L 4

Fig. 4.2 The characteristics determining an ideal biomaterial scaffold for tissue engi-
neering. ECM, extracellular matrix; 3D, three-dimensional.
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The current advancements in nanotechnology have enabled the develop-
ment of a nanoscaled biomimetic environment with specific biochemi-
cal, mechanical, and electrical properties that is homologous to the ECM.
Furthermore, the interplay between tissue cells and biomimetic nanopat-
terns drives dynamic changes in the ECM and stimulates stem cell differ-
entiation (Kim et al., 2012). Thereby, nowadays, de novo tissues are being
engineered by employing these nanobiomaterials for improved cell adhe-
sion, proliferation, and differentiation. As discussed, designing of the micro-
environment in a scaffold modulates the phenotype and decides the cell fate
that has triggered growing innovations in scaftold fabrication.

4.2.2 Nanobiomaterials in soft tissue regeneration

The advancement of nanotechnology has triggered growing innovations in
nanoscopic scaffold fabrication. Biomimetic nanomaterials are produced by
several methods that principally include electrospinning, phase-separation,
and molecular self~assembly. Further, the surface modification of the scaf-
fold or biomaterial allows performing certain functions required for tis-
sue generation. The techniques like blending and coating of nanoscaftolds,
chemical leaching, wet chemical methods, and plasma treatment are used
for surface modification (Chen et al., 2013). Among all, electrospinning has
grasped a huge attention in fabricating nanofibrous scaffolds as it provides
high porosity and facility to adjust pore size distribution, enhancing cell
functionality (Nemati et al., 2019). Soft tissues, in general, have interwoven
fibrous ECM structures at the nanoscale due to which nanofibrous scattolds
are mainly implemented in their regeneration. Moreover, scaffolds are made
up of nanofibers and provide high surface area and porosity, as well as impart
similarity to the physical features of the natural ECM making them prom-
ising for engineering soft tissues.

Numerous synthetic and natural polymers are implemented in fabri-
cating scaffolds, where the selection of the polymer depends on the tissue
that needs to be synthesized. Natural polymers commonly utilized in TE
include collagen, chitosan, fibrin, gelatin, alginate, hyaluronic acid, and cel-
lulose. They can be resident polymers of the tissue’s own inherent bioactiv-
ity, possess surface ligands required for cell interactions and offer superior
cell proliferation and differentiation compared with synthetic polymers.
Conversely, synthetic polymers serve more flexibility in fabrication, process-
ing, and surface modification and are more economical than natural poly-
mers (Nemati et al., 2019). Some of the widely utilized synthetic polymers
are poly-g-caprolactone (PCL), polylactic acid (PLA), poly(t-lactic acid)
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(PLLA), polyglycolic acid (PGA), poly|[lactic-co-poly(glycolic acid)] (PLGA),
poly(t-lactic acid)-co-poly(e-caprolactone) (PLLA-PCL), and polyurethane
(PU). Researchers construct hybrid scaftolds with better physical and bi-
ological properties to exploit the benefits of both natural and synthetic
polymers. Some of the different nanofibrous scaffolds employed for recon-
structing cartilage, neural, and vascular tissues are summarized in Table 4.1.

Furthermore, various other nanomaterials like carbon nanotubes
(CNTs), nanowires, or nanoparticles (NPs) can be reinforced into the struc-
tured scaffold to modulate the scaffold property for improved performance.
Such nanocomposites facilitate enhancement and the emergence of the
new functional characteristic of the scaffold ultimately resulting in superior
tissue regeneration (Hudita et al., 2019). In this chapter, we describe the
regeneration of soft tissues, that is, cartilage, tendons and ligaments, neural,
and cardiovascular tissues using the different nanoscopic scaffolds.

4.3 Nanobiomaterials in cartilage tissue engineering
4.3.1 Cartilage tissue

Cartilage is a flexible connective tissue that provides support to the adjacent
tissues, acts as a structural scaffold or absorbs shocks during physical activ-
ities. Several areas of the human body such as joints, ribs, nose, ear, trachea,
and intervertebral discs, have cartilage tissue (Oseni et al., 2011). Cartilage
is avascular and nutrients can be only transported through diffusion making
cell growth and tissue regeneration limited in the existing hypoxic envi-
ronment leading to a restrictive self-regenerative capacity. Cartilage can be
injured in several ways including a recurrent stress in the joint that can
cause irreversible damage that ultimately requires joint replacement. The
increased prevalence of tracheal and nasal cancers has augmented the fre-
quent cases of radical resection as a part of its critical treatment. Further,
congenital disorders about the malformation of the ear and nose, and acci-
dental trauma involve cartilage damage (Chiu and Waldman, 2016; Oseni
et al.,2011).

Human cartilage is classified into three types differing by structure, elas-
ticity, and strength: hyaline or articular cartilage, fibrocartilage, and elastic
cartilage (Holban et al., 2016; Oseni et al., 2011). The cartilage tissue com-
position includes specialized cells (chondrocytes) embedded in an extracel-
lular matrix (ECM) consisting a network of collagen, elastin, glycoproteins,
and proteoglycans—the constituents and their proportions vary for differ-
ent cartilage (Chiu and Waldman, 2016).
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86 Nanotechnology in medicine and biology

Articular cartilage is zonally structured into four central compartments,
viz., superficial (10%-20%), middle (40%—60%), deep (30%), and calcified
(5%). Human adult articular cartilage is a glass-like (hyaline) complex tissue
containing the ECM exclusively produced by its distinct cell type, chondro-
cytes. Although a plethora of molecular components make up the ECM of
cartilage, it is composed mainly of type II collagen and cartilage-specific pro-
teoglycan, aggrecan (Fig. 4.3). The number of chondrocytes and the amount
of ECM components, that is, collagen, proteoglycans, and water vary from
superficial to deep layers and occur in abundance close to the calcified zone
(Holban et al., 2016). Collagen II fibrils (account for up to 60% of dry carti-
lage weight) confer the tissue with high tensile strength. In contrast, the ag-
grecan proteoglycans (which comprise ~35% of dry cartilage weight) allow
the tissue to sustain high compressive loads. Numerous glycosaminoglycan
(GAG) side chains, precisely chondroitin sulfate and keratan sulfate polysac-
charides are covalently linked with aggrecan. Several aggrecan monomers
are attached to a typical long hyaluronan polysaccharide chain (Fig. 4.3).The
high negative charge densities imparted by chondroitin sulfate and keratan
sulfate build an osmotic potential that moves water into the cartilage from
the adjacent tissues and synovial fluid of the joint cavity, thereby, making
water content of articular cartilage up to 80% that has a critical role in its
load-bearing function (Fuentes-Mera et al., 2017).

Fibrocartilage is located in the intervertebral discs, costochondral joints,
sacroiliac joints, pubic symphysis, and meniscus. It integrates with the dense
fibrous connective tissue of tendons and ligaments. It is a more rigid form
of cartilage and unlike the other types of cartilage characterized by an abun-
dance of both collagen I and II fibers harboring scattered chondrocytes
within the matrix. The collagen fibers may have specific orientations de-
pending on the site of fibrocartilage, as an example, the annulus fibrous (of
the intervertebral disc) and meniscus possess longitudinal and circumferen-
tial fibers (Chiu and Waldman, 2016; Holban et al., 2016).

Elastic cartilage provides support, flexibility, and helps to define and
maintain the shape in the various human body parts, for example, the pinna
and Eustachian tube of the ear. Although histologically similar to hyaline
cartilage, it contains elastic fibers lying in a solid matrix consisting mainly of
collagen II and aggregating proteoglycans (Chiu and Waldman, 2016). The
flexibility to withstand repeated bending is due to these elastic fibers present
in the tissue. Like most hyaline cartilages, the elastic cartilage is surrounded
by the perichondrium. In contrast, it does not generally ossify or calcify
(Kim et al., 2011).
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Fig.4.3 Components of ECM and 3D structure of the articular cartilage. (A) Molecular as-
sembly of extracellular matrix proteins. (B) 3D organization of normal articular cartilage.
(Reproduced with permission from Fuentes-Mera, L., Camacho, A., Moncada-Saucedo,
N.K. and Pefa-Martinez, V., 2017. Current applications of mesenchymal stem cells for
cartilage tissue engineering. In: Mesenchymal Stem Cells-Isolation, Characterization
and Applications. IntechOpen. p. 149-184. Copyright © 2017.)

4.3.2 Rationale for cartilage tissue engineering

Articular cartilage impairment is the most frequently experienced among
all cartilage damage. Long-term stresses and road accidents can cause per-
manent damage in the joints, leading to the development of osteoarthritis.
The destruction of the matrix organization and increased permeability that
occurs during osteoarthritis leads to the high water content in cartilage
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resulting in diminished stiffness and load-bearing capacity. On injury to the
tissue, usually, inflammation occurs that depends on the intrinsic vascular-
ization of the tissue. The injured cartilage has limited self-repairing capacity
due to a lack of direct blood supply. Thus cartilage regeneration relies on ar-
ticular chondrocytes and their metabolism, including the synthesis of ECM
molecules. As chondrocyte progenitor cells found in blood and marrow
cannot propagate to the damaged region, they are not able to restore the
tissue. Moreover, fibrocartilaginous repair leads to scar formation which is
associated with an increased risk for the gradual development of secondary
osteoarthritis (Holban et al., 2016). It is known that like hyaline cartilage, fi-
brocartilage also lacks an innate capacity to self-repair atter disease or injury.
Though researchers have put significant effort to engineer distinct fibrocar-
tilage tissues, the development of functionality equivalent to fibrocartilage
remains obscure (MacBarb et al., 2013).

The malformation in the structure of the nose and ear are found in
congenital disorders. In the case of the ear, both acquired and congenital
disabilities can cause external ear deformities. Additionally, accidental frac-
tures may lead to significant damage to the ear and nose cartilage, whereas
nasal fractures are half of all facial fractures. These malformations may also
require cartilage reconstruction. Tracheal defects resulting from trauma, in-
flammation or illness and due to congenital or benign stenosis need tracheal
reformation. In general, malignancy incidences of the ear, nose, and trachea
are rising and that often requires resection followed by replacement or re-
construction (Chiu and Waldman, 2016).

The treatment modalities for the cartilage lesions are majorly aimed
to either manage the symptoms of the disease or to repair or replace the
damaged tissue. Tissue regeneration involves the formation of analogous
new tissue with the native articular cartilage, whereas repair leads to tissues
with inferior properties. Symptoms like swelling, stiftness of the joints and
pain can be managed by reducing body weight loss and changing lifestyle
through physical exercise. Various anti-inflammatory, nonsteroidal drugs,
and other pharmacological agents, as well as injection of a hyaluronic acid
solution into the joint, are used to manage the symptoms. However, when
these noninvasive approaches are no longer adequate, several surgical pro-
cedures are available to be applied to treat the disease or cartilage damage.
At this point, replacement of the damaged joint with prosthesis remains the
standard gold treatment as it is quite successtul in reducing pain and im-
proving quality of life. However, it requires revised surgery because of previ-
ous implant failure caused by infection, fatigue failure, or implant loosening,
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making it nonfavorable for younger patients (Mahendran and St-Pierre,
2019). As a result, the development of tissue- and cell-based interventions
1s increasing.

Till date, many strategies have been studied to restore the integrity of
cartilage. The choice of the most appropriate therapeutic modality depends
on the multiple factors; for example, in treating articular cartilage injuries
factors like location, the patient’s age, depth, history, associated injuries, knee
stability, meniscal injuries, and limb mechanical axis, need to be considered.
None of the mentioned interventions have been found to be ultimately
successtul. Depending on the type of the therapeutic method, it possesses
drawbacks like excessive trauma of the bone, thermal necrosis, low qual-
ity of the repaired tissue, and multiple surgeries. Encouraging results have
been observed for osteochondral allografts or/and autograft transplantation.
However, the treatment is not so frequently used due to poor amalgamation
of the grafts, disease transmission, donor site morbidity, and limited treatable
defect sizes (Holban et al., 2016). The researchers have combined different
approaches or successfully modified them to overcome the shortcomings;
nonetheless, they remain to be warranted extensively. Presently, cartilage TE
is the most popular and rapidly evolving approach as the developed tech-
nologies have shown potential to regenerate cartilage tissues with similar
complexity of the native tissue.

4.3.3 Cartilage tissue engineering

Researchers are investigating several cell types and various biomaterials to
form desired 3D scaffolds, and multiple signaling molecules to offer new and
better insights into the repair of cartilage damage. Chondrocytes are special-
ized cells resident to cartilage because of which they are commonly used in
engineering the cartilaginous tissues. The chondrocytes can be isolated from
different zones of the articular cartilage where most commonly full depth
chondrocytes have been used for transplantation as well as in vitro TE. They
are obtained from the low weight-bearing autologous or allogenic cartilage
tissue (Fuentes-Mera et al., 2017). Nowadays, the use of stem cells has been
growing for cartilage TE because they possess a high proliferative capacity
and multilineage differentiation potential. Mesenchymal stem cells (MSCs),
a precursor of chondrocytes, have shown higher proliferation rates com-
pared with chondrocytes and possess a vast differentiation potential leading
to effective chondrogenesis. Bone marrow-derived MSCs undergo chon-
drogenic differentiation by applying appropriate conditions, even showing
elevated osteochondral differentiation when implanted in vivo (Chiu and
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‘Waldman, 2016). MSCs achieve the cartilage formation by producing var-
ious ECM macromolecules including fibronectin, collagen(s), proteogly-
cans, and GAGs, as well as a wide range of cytokines and growth factors.
Moreover, they are easily accessible from several tissues, such as bone mar-
row, adipose tissue, and synovial membrane (Somoza et al.,2014). The other
approach uses co-culturing of the multiple cell types to impersonate the
structural organization of the original cartilage tissue (Chiu and Waldman,
2016).

Successtul chondrogenesis and proliferation of the chondrocytes re-
quire growth factors such as TGF-f1, fibroblast growth factor 2 (FGF-2),
and platelet-derived growth factor-BB (PDGF-BB). In the case of MSCs,
chemokines and growth factors induce its differentiation into chondrocytes,
maintain the chondrocyte morphology, and allow for the formation of the
cartilage matrix. Such growth factor and signaling molecules include trans-
forming growth factor-p (TGF-p), fibroblast growth factor (FGF), hedge-
hog, bone morphogenic protein (BMP), insulin-like growth factor (IGF),
and wingless/Int (Wnt). The application of TGF-f members, BMP-2 and
IGF-1 in producing cartilage tissue constructs have been shown to improve
their compressive and tensile properties. Further, these growth factors help
in expressing various ECM proteins like collagen, GAGs and other proteo-
glycans aiding tissue formation (Chiu and Waldman, 2016; Fuentes-Mera
et al., 2017).

The scaffolds can be built using natural (e.g., collagen) or synthetic ma-
terials and tailored as either monophasic (comprising chondral phase) or
multiphasic (imitating the osteochondral unit). Hitherto, engineered carti-
lage tissues have not achieved mechanical properties and biochemical com-
position precisely the same as the native tissue (Chiu and Waldman, 2016).
Hence, current developments in cartilage TE are focused on yielding engi-
neered tissues that have improved structure and functionality.

4.3.4 Nanobiomaterials in cartilage tissue engineering

A plethora of studies have been conducted on scaffold formation using vari-
ous types of nanobiomaterials to ultimately enhance the functionality of the
constructed cartilage tissues. The researchers have used different methods
for generating nanoscale components, where electrospinning and 3D fiber
deposition have shown improved quality of the nanostructured scaffolds.
The use of nanobiomaterials has allowed for the fabrication of the mechan-
ical environment via reinforcement and at the same time, their characteris-
tic conductivity encourages the electrical stimulation of the tissue and cells.
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They further incorporate nanoscale dimensions into the scaffold structure
that is believed to enhance the cell-cell communication as well as cell in-
teractions with the scaffold, improving the functional performance of the
engineered cartilage tissue. It is suggested that topology of the scaffold, as
well as the pattern and spacing of the adhesive ligands modulates cell trans-
duction (Mahendran and St-Pierre, 2019). Thereby, the nanoscale features
may aftect cell behavior and interactions leading to better production of the
ECM proteins, ultimately forming the tissue construct imitating the native
cartilage tissue.

4.3.4.1 Nanofibers in cartilage tissue engineering

Synthetic and natural nanofibrous matrices are largely utilized for cartilage
regeneration. The synthetic polymers, such as PCL, PGA, and PLGA, as
well as natural polymers like gelatin, collagen, and chitosan, can be easily
fabricated to form nanofibrous or nanoporous structures. Electrospinning
technique predominates in the synthesis of nanoscopic scaffolds for cartilage
TE (Chiu and Waldman, 2016).

Li et al. (2005) created 3D scaffolds from a synthetic biodegradable
polymer, PCL that had resembled collagen fibrils of the cartilage tissue.
The nanofibers had a diameter of 700 nm, were distributed uniformly and
randomly oriented in the scaftold. In vitro, the scaffold supported the mul-
tilineage differentiation of bone marrow-derived human mesenchymal
stem cells and the resultant tissue successfully expressed the genes related
to chondrogenesis (i.e., aggrecan, collagen type II, X, and other cartilage-
specific ECM proteins) in the TGF-1 containing chondrogenic medium.
In their previous study, fetal bovine chondrocytes were seeded on the same
PCL nanoscaffold that supported the chondrocytic phenotype and in turn
cartilage formation (Fig. 4.4A and B). In another in vivo study, electro-
spun, chitosan-coated/uncoated PCL (fibers of 400 nm in diameter) scaf-
folds were implanted under the periosteum in rabbits and their results were
comparable with that of Li et al. (2005) (Chiu and Waldman, 2016). They
found better cartilage formation at the longer duration of implantation in
the uncoated scaffolds. The periosteal cells migrated in the transplanted na-
noscaffold in vivo, and as it had produced engineered cartilage in vitro, it
was thought to be responsible for the same in vivo.Thus the scaftold struc-
ture and composition and the culture medium played a significant role in
determining the functionality of the tissue cells. The results of the previ-
ous research incorporating the scaffold made up of nanoscopic PCL fibers
showed a vast potential to be explored further in cartilage TE.
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Fig. 4.4 Nanoscaffolds used in cartilage tissue engineering: (A, B) Electrospun nano-
fibrous polycaprolactone scaffolds. (A) Scanning electron microscopy image of poly-
caprolactone scaffolds with fibers 500-900nm in diameter, (B) Nanofibrous scaffold
incubated in cell culture medium for 21 days. Fibers and pores are maintained having
no significant structural degradation. (C, D) SEM images of the chondrocyte attached
to the electrospun scaffold of poly(3-hydroxybutyrate-co-3-hydroxy valerate) (PB).
(C) PB scaffold and (D) PB scaffold reinforced with 1% graphene oxide enhances chon-
drocyte proliferation and ECM production. (E-G) Electrospun nanofibrous poly(i-lactic
acid) (PLLA) membranes modified by treatment with oxygen plasma and subsequent
covalent grafting of cationized gelatin molecules. (E) SEM image of nanofibrous
membrane. (F) Bulk appearance of nanofibrous membrane before implantation into
rabbits. (G) Bulk appearance of the tissue constructs 4weeks after implantation into
rabbits. ((A, B) Reproduced with permission from Li, W.J., Tuli, R., Okafor, C., Derfoul, A.,
Danielson, K.G., Hall, D.J.,, Tuan, R.S., 2005. A three-dimensional nanofibrous scaffold for
cartilage tissue engineering using human mesenchymal stem cells. Biomaterials 26(6),
599-609. Copyright © 2005 Elsevier Ltd. (C, D) Reproduced with permission from More,
N., Srivastava, A., Kapusetti, G., 2020. Graphene oxide reinforcement enhances piezo-
electric and mechanical properties of poly (3-hydroxybutyrate-co-3-hydroxy valerate)
based Nanofibrous scaffolds for improved proliferation of chondrocytes and ECM pro-
duction. ACS Appl. Biol. Mater. 3(10), 6823-6835. Copyright © 2020 American Chemical
Society. (E-G) Reproduced with permission from Chen, J.P, Su, C.H., 2011. Surface mod-
ification of electrospun PLLA nanofibers by plasma treatment and cationized gelatin
immobilization for cartilage tissue engineering. Acta Biomater. 7(1), 234-243. Copyright
© 2011 Elsevier Ltd.)
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Turner et al. (2014) created a scaftold of electrospun nanoscale polycar-
bonate urethane fibers and grown bovine annulus fibrosus cells on them
to study their cellular and molecular behavior modulated by tensile forces.
The tension was applied either during the entire culture duration (mono-
tonic condition) or removed after 24h (relaxed). The cells cultured in the
relaxed condition showed higher proliferation, more collagen synthesis and
increased TGEFP-1gene expression. In contrast, the cells were more aligned
on the monotonic strained scaffolds that led to a greater scaftold elastic
modulus. Thereby, to engineer the annulus fibrosus may require determina-
tion of the optimal elastic modulus and applied tensile forces to mimic the
native tissue in a better manner. Chen and Su (2011) modified the surface
of the electrospun nanoscopic PLLA fiber membranes by oxygen plasma
that introduced carboxylate groups on the surface on which they added cat-
ionic gelatin molecules. In vitro, when rabbit articular chondrocytes were
cultured, it enhanced their viability, proliferation and differentiation on the
modified membranes as compared to the unmodified membranes. SEM
analysis showed better cell infiltration while maintaining cell morphology.
Moreover, the modified membrane enhanced chondrogenic properties of
the cells as increased production of GAGs, collagen and aggrecan were ob-
served and also successfully formed the cartilage tissue in vivo after 28 days
of implantation (Fig. 4.4E-G).

Apart from electrospinning, the thermal phase separation method
was applied to synthesize a semicrystalline iblock copolymer, poly(p-
caprolactone)-block-poly(rL-lactide) (PCL-b-PLLA) nanofibrous scaffold
(He et al., 2009). The homogenous solution of PCL-b-PLLA/tetrahydro-
furan was quenched to —20°C or below and subsequently gelled for 2h
as PCL and PLLA microcrystals were present. The structured nanoscaftold
possessed increased specific surface area and protein adsorption than the
solid-walled scaffold. The cartilage cells seeded on this new nanoscaffold
demonstrated spherical chondrocyte-like phenotype and more significant
amounts of cartilaginous ECM protein (collagen II and aggrecan) secretion.
The other study designed peptide amphiphiles via nanofibers self-assembly
having a binding property for TGF-p 1 and evaluated the chondrogenic
effect of human MSCs cultured on the scaffold. The results in a rabbit
model highlighted the cartilage synthesis forming complete articular carti-
lage even in the presence/absence of an exogenous growth factor (Profire
and Constantin, 2019). A similar type of study reported a nanostructured
hydrogel scaffold containing a self-assembled peptide (KLD-12, Lys-Leu-
Asp) and encapsulated chondrocytes within the synthesized hydrogel.
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The resultant scaffold showed successful cartilage regeneration by pro-
moting chondrocyte-specific phenotype and synthesis of the cartilaginous
ECM (Holban et al., 2016).

4.3.4.2 Nanocomposites in cartilage tissue engineering

Besides using nanoscaled polymers for scaffold generation, nanocomposites
have been extensively studied to create more relevant scaffolds in terms of
functionality matching to the native cartilage tissue. Since graphene has
favorable properties to support cellular growth and differentiation, it is
widely used to form cartilage tissue scaffolds. One such hybrid scaffold is
made up of chondroitin sulfate methacryloyl, poly(ethylene glycol) methyl
ether-e-caprolactone acryloylchloride, and graphene oxide (GO) that was
evaluated in vitro as well as in vivo after culturing chondrocytes over the
scaffold. In comparison with the pure scaffold, this novel scaffold exhibited
significantly improved biocompatibility and cell proliferation, in turn, aiding
better cartilage regeneration (Profire and Constantin,2019). The most recent
study, optimally reinforced GO in the poly(3-hydroxybutyrate-co-3-hydroxy
valerate) (PB) based nanofibrous scaffold enhanced the piezoelectric prop-
erty of the scaftold, resulting in vitro in the improved proliferation of chon-
drocyte and ECM production (Fig. 4.4C and D). The other studies reported
piezoelectric PB reinforced with barium titanate,a 3D PVDE-TrFE scaffold
and an electrospun PVDF scaffold that significantly induced chondrogene-
sis with a better ability to repair or regenerate cartilage tissue. This is because
piezoelectricity allows the tissue to respond to the mechanical stimuli and
generate electrical cues to support remodeling of the cartilage (More et al.,
2020).

Also, many researchers have suggested hydrogels as the potential candi-
date for creating cartilage scaffolds due to their increased resemblance to the
native ECM. Newer hydrogels were constructed by embedding cellulose
nanocrystals in different concentrations to upgrade the features required
for cartilage rebuilding. These hydrogels showed the potential to be used in
articular cartilage regeneration because of their cartilage-like features such
as a porous surface (allowing cellular filtration), significant mechanical char-
acteristics, and proper water absorption (Profire and Constantin, 2019).The
other study reinforced nanohydroxyapatite into poly(vinyl alcohol) (PVA)
composite gels by a freeze/thaw technique.Varying the nanohydroxyapatite
content, PVA concentration and freeze/thaw cycle times of the synthe-
sized scaftold could lead to modified mechanical properties of the hydro-
gel. Besides, one can incorporate metallic nanoparticles, such as gold, into
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polymers to fabricate polymer-metal nanoparticle composites, for instance,
gold nanoparticles were added to hydrogels made of porcine collagen II.
These nanoparticles of the hydrogels encouraged cartilage cell growth and
expression of the cartilage-specific proteins due to certain favorable prop-
erties (optical, electronic, and biological properties) of the gold (Chiu and
‘Waldman, 2016).

4.4 Nanobiomaterials in tendon/ligament tissue
engineering

4.4.1 Tendon/ligament tissue

Tendons and ligaments are components of the musculoskeletal system,
made up of collagen fibers. They play a pivotal role in aiding joint stability
and facilitating mobility via transferring forces within the musculoskele-
tal system. Both tendons and ligaments are connective tissues that mainly
distinguished in terms of what they connect. Tendons connect muscle to
bone or other structures while ligaments attach bone to bone, the former
being responsible for the movements of bone or structure. In contrast, the
latter holds the bone and provides stability (Lake et al., 2020). Primarily,
both tissues consist of similar constituents including collagen, proteogly-
cans (aggrecan, versican, decorin, and biglycan), elastic fibers, glycoproteins,
other minor proteins, and water. These tissues are highly hydrated as they
contain 65%—75% water. On the other hand, type I collagen is the major
component of the tissues representing 70%—80% of the dry weight of the
tissue (Rumian et al., 2007). The amount and distribution of collagen and
different cross-linking between collagen molecules affect the mechanical
properties of the tissues. Moreover, the quantity and location of the pro-
teoglycans, as well as glycoproteins and minor collagens, are also thought
to vary according to functional demands and loading environments (Lake
et al., 2020). Further, the cellular component of the tendon and ligament
commonly include fibroblasts, while progenitor cells, chondrocyte-like cells
are found in some regions and inflaimmatory cells during tendinopathy
conditions. These tissues possess reduced cell density and limited vascu-
larization which may contribute to the limited healing and regenerative
potential (Yang et al., 2013).

4.4.2 Rationale for tendon/ligament tissue engineering

Tendons and ligaments become frequently injured or damaged because of
the high mechanical demands placed on them. Besides, trauma, accidents,
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tumor resection, and atrophy are further responsible for the injury of these
tissues. Tendons and ligaments possess reduced cell density and limited vas-
cularization, which may contribute to the limited healing and regenerative
potential (Mogosanu et al., 2016). The available treatment methods are not
capable of providing the optimal mechanical strength. Similarly, auto/al-
logratts have limited applications in treating conditions due to tissue rejec-
tion and disease transmission. In this scenario, TE seems an ideal approach
to restore the injured tendon/ligament tissue. Like cartilage TE, the scaftold
for creating tendon/ligament tissues must meet the physiological needs of
the resident tissue and permit the cellular response for better healing and
regeneration.

4.4.3 Nanobiomaterials in tendon/ligament tissue
engineering

Tendons and ligaments are fibrous tissues due to which natural or synthetic
polymers are most commonly used to construct fibrous scaffolds for their
regeneration. Such scaffolds can generate uniaxial alignment and possess
highly porous structures aiding cell filtration and hence they mimic the
anisotropy of the native tissue. Many studies have utilized natural fibers such
as collagen, chitosan, and silk for tendon and ligament rebuilding. However,
more beneficial properties of the synthetic polymers such as spinnability,
excellent mechanical integrity, and cost-effectiveness make them better
candidates for TE of tendons/ligaments. Besides, several previous studies
have shown that nanofibers of PCL, PLGA, PGA, PLLA, etc. are promising
candidates for making scaftolds to regenerate tendons as they allow for cell
adhesion, proliferation, and differentiation (Mogosanu et al., 2016; Nemati
et al.,2019).

In vitro studies have successfully synthesized PGA, PLLA, and
polylactic-co-glycolic acid 82:18 (PLAGA) scaffolds to show their potential
applications in tendon/LTE. Another study employed electrospun PLGA
nanofiber to construct a biodegradable nano-microfibrous scaftold that en-
couraged cell growth, differentiation, and function making them promising
for tendon/LTE reconstruction (Mogosanu et al., 2016). Recent work by
Perikamana et al. (2018) suggested an aligned polydopamine-coated PLLA
nanofiber scaftold with immobilized platelet-derived growth factor-BB
in a gradient for tendon regeneration. The scaffold showed the ability for
promoting stem cell proliferation and tenogenic differentiation. At day 14,
the researchers found significantly increased expression of tenomodulin,
a protein required for tenocyte proliferation and tendon maturation, in
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the aligned scaffold compared with random nanofiber scaffolds. The ear-
lier study employed a 3D multilayered hybrid scaffold containing PCL-
poly (ethylene glycol) nanofibers into a porous chitosan matrix. The study
demonstrated more in-depth cell filtration and more cell viability in the 3D
aligned nanofiber-embedded scaffold (3D-AL) compared with 3D random
(3D-RD) and porous control scaffolds (Jiang et al., 2015). There are other
studies available indicating improved cell infiltration, tenogenic differenti-
ation, and collagen formation in the aligned multilayer nanofiber scaftold
and the scaffold containing growth factors like bFGF (Nemati et al., 2019;
Grittin and Kalaskar, 2016).An in vivo study by Liu et al. (2013) constructed
bFGF-loaded dextran glass nanoparticles on PLLA fibers and found evi-
dence of tendon healing in the rat model. The healing was because of the
release of bFGFs from the designed scaftold for the extended duration.

The tendon-bone insertion site is the complex tissue that needs strong
materials in combination with mineralized and unmineralized tissues pos-
sessing varied strength and stiffness owing to its distinct composition from
the tendon tissues. Kolluru et al. (2013) designed hydroxyapatite-reinforced
PLGA nanofibrous scaffold that provided the enhanced surface mineraliza-
tion and hardening behavior required for the tendon-bone interface site.
The other approach to recapitulate this distinct tissue is to manage the
mineral deposition of the scaffold. Few investigations have been carried out
for controlling the mineralization along the nanofibers that in turn showed
good cell attachment.

4.5 Nanobiomaterials in neural tissue engineering
4.5.1 Neural tissue engineering

Injured tissue in the central nervous system (CNS) and its repair is a big
challenge and very complicated for researchers as well as for neurosurgeons.
Neural TE (NTE) is the best and alternative approach to repair damaged tis-
sue. Neural scaftolds with nanofibrous structures that mimic the natural ex-
tracellular matrix (ECM) have been found to be the best potential tool for
NTE. Researchers have explored two main fabrication methods for nerve
tissue regeneration: electrospinning and self-assembly. The electrospinning
method generates fibers ranging from micrometer to nanometer, which can
be introduced at the injured site by implantation, whereas self-assembled
fibers with tens of nanometers that can be directly injected into the CNS
system at the injured site are of great value. Both the fibrous scaffolds would
have a significant role in the enhancement in neurite extension and axon
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regrowth. Hence, nanofibrous scaffolds have been proven as a functional
tool for neural tissue regeneration (Cao et al., 2009).

Neural scaffolds and constructs should be ideally designed in such a way
that it should have less toxicity, a proper structure support and axon exten-
sion for tissue regeneration. The cytotoxicity of the biodegradable compo-
nents can be controlled by many different ways such as altering molecular
weight, fabrication process, chain branching, and/or crosslinking degree.
Nowadays, synthetic polymers with electrical conductivity are the better
option for neural tissue repair such as polypyrrole (PPy) and polyaniline
(PANI). Due to the superconductivity and cytocompatibility of PPy, it has
been widely studied and used as a synthetic biopolymer. In vivo and in vitro
studies have proven its efficacy as an excellent biopolymer for nerve tissue
regeneration (Lee et al., 2009).

The CNS, central nervous system, transmits signals across the human
body and coordinates such signals thoroughly. The limitation of the nervous
system 1s that it cannot repair itself after injury. Hence, it ends up in mem-
ory loss, sensory loss, neuropathic pains resulting in tissue damage. To repair
the tissue, many therapeutic approaches have been attempted, for nerve
tissue regrowth. The most approachable technique is nerve TE that involves
a nanoscaffold or microscaffold to facilitate tissue regeneration (Chen et al.,
2013).

Advanced neural hopeful strategies offer an idealized substitute for
nerve repair and regeneration and entails in vitro repair with a scaffold us-
ing surgical implantation at the injured site. Nano biomaterials developed
using nanobiotechnology include grains, particles, fibers or other constitu-
ent components with basic smaller substructural units less than 100 nm in
size. Initially, human ECMs have inbuilt into them microarchitecture and
nanoarchitecture. Hence, nanobiomaterial-derived scaffolds which mimic
the natural architecture with physiochemical properties are high in demand
nowadays and can be a promising advanced approach.

Neural cell arrangement in the human body is found within a 3D ECM
with a nanoinfrastructure or microinfrastructure. It is now clear that 3D
nanoscaffolds with biomimetic features have the potential solution for im-
proving severe clinical conditions for the whole nervous system especially
the brain, spinal cord, and neurodegenerative afflictions. Till date, a num-
ber of nanotechniques have been introduced for neural tissue regeneration,
here, we have discussed several nanobiomaterials for NTE for nervous tissue
repair using a different type of biomimetic nanoscaffolds (Cao et al., 2009).
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4.5.2 Nanobiomaterials for neural regeneration

The human system can easily recognize the foreign body and elicit an im-
mune response or rejection. Nanoscale objects can rapidly be identified by
antibodies and rejected, whereas larger objects may elicit an inflammatory
response around them.To ensure the biocompatibility of any biomaterial, it
should have the ability for corrosion resistance as the internal environment
composition varies in terms of pH as well as it must have a low thermal
conductivity to prevent thermal shock. The patient’s health, age, immuno-
logical disorders, and tissue permeability also affect the biocompatibility of
bio nanomaterials. Based on the nature of the biomaterials, whether it is a
metal, ceramic, or polymer, can be classified into different applications in
the medical field.

Nanobiomaterials have been widely used to impair injured nerve tissue
by improving axon outgrowth and accelerating the connection between
artificial tissue and targeted tissue to be repaired. Carbon nanotubes (CNTs)
and carbon nanofibers (CNFs) have been proven as wonderful nanobioma-
terials to date. Due to their exceptional mechanical properties, excellent
electrical conductivity, and unique surface chemical properties, CNT¢ have
been well studied for NTE (Seidlits et al., 2008). Previous studies have
reported its potential, especially patterned CNTs, for neural tissue growth
without the purifying and functionalizing process (Fig. 4.5).

CNFs have the same properties as CNTs, with a comparable lower cost
for the same function as well they can be quickly produced. CNTs and CNFs,
both having the same size as neurites in the nanometer range, can be useful
to control neural functions and activity, which biomimic the neural tissue
environment at pertinent injury sites. The main key factor to emphasize
CNFs and CNTs for TE is their nm size especially for neural tissue regener-
ation. Earlier studies have reported that neuron cells grown on multi-walled
carbon nanotubes (MWCNTs), show a threefold increase number of neu-
rite branches and a twofold increase in neurite branch length, when it was
coated with 4-hydroxynonenal (Hu et al., 2004). A further study reported
an increasing number of growth cones and neurite branches with posi-
tively charged MWCNT-EN (ethylenediamine) compared with negatively
charged MWCNT-COOH. Another study with single-wall CNTs from
the same research group demonstrated an increase in length and number
of branches for neurites when single-wall CNTs, grafted with PEI (poly-
ethyleneimine) as a copolymer (SWCNTPEI) were used (Hu et al., 2005).
A study with modified MWCNTSs by amino group accelerated neurite
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Fig. 4.5 Confocal microscopy images of neurons (green) cultured for 5days on:
(A) parallel-aligned carbon nanotube (black lines) substrates, (B) crosslinked car-
bon nanotubes (black lines) substrates, and (C) a polystyrene substrate. (Reproduced
with permission from Fan, L., Feng, C., Zhao, W., Qian, L., Wang, Y., Li, Y., 2012. Directional
neurite outgrowth on superaligned carbon nanotube yarn patterned substrate. Nano
Lett. 12(7), 3668-3673. Copyright © 2012 American Chemical Society.)

outgrowth in terms of both ways at dorsal root ganglion (DR G) neurons
and rat pheochromocytoma cells (PC12) by upregulating the level of the
active extracellular signal-regulated kinase. CNTs can improve or enhance
neurite growth and branching by any number of ways, whether chemical
functionalization or using a copolymer. Hence, CNTs have proven well as
a neural scatfold material. One more study investigated single-wall CNT
polymer thin film membranes for the differentiation, adhesion, and viabil-
ity of neurons, it was further studied that the viability of neurons can be
extended for up to 10days and, can induce cell differential as well. Studies
have reported that SWCNTSs have higher electrical conductivity, and hence
can stimulate neurons to repair nerve tissue. CNTs can enhance the neuro-
nal circuit network as they have good electrical conductivity, mostly needed
for a successtul neural transplant (Gheith et al., 2000).

Carbon nanofibers are the second alternative, which have the same
function as CNTs; it also can induce neural growth and neurite extension
just like CNTs. A team of scientists has developed a CNF electrode us-
ing a thin film of polypyrrole, which are polymers and have properties of
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electronic conductivity (Nguyen-Vu et al., 2006). The study further proved
stem cell differentiation and glial scar tissue formation using CNFs when
injected in vivo into the rat brain. The research has proven the role of CNF
in delivering stem cells to an injured brain where stem cells have difteren-
tiated into neurons to repair damaged neural tissue. CNTs and CNFs have
the ability to generate a good cell-implant interface, which has merits over
various others nanomaterials to repair neural injuries.

Moreover, graphene, which has suitable electronic conductive properties,
has shown its potential for neural regeneration. Graphene neither possesses
neurotoxicity nor biocompatibility alteration, which makes it unique, and
very easy to deposit on nonconducting and flexible biopolymer surfaces.
Apart from that, a graphene-coated surface has shown increased growth in
neurite number and length compared with others (Zhu et al., 2014).

4.5.3 Nanostructured polymers as neural tissue engineering
scaffolds

There are two types of biomaterials that exist for neural scaffold fabrica-
tion, natural biomaterials, and synthetic biomaterial. Each has their merits
and demerits for neural regeneration. Natural biomaterials are like pro-
teins, peptides, or polysaccharides, which biomimic the tissue or organ en-
vironment, but the process of extraction and purification alter its properties,
which is not advisable for the transplant. On the other hand, synthetic bio-
materials have a higher degree of modulation capacity due to their flexible
structure and properties, but not able to mimic the natural environment and
lack the biocompatibility. Collagen has proved itself one of the best natural
rich biomaterials that mimics the ECM used as a 3D scaftold, having perti-
nent advantages such as biodegradability, biocompatibility, cell proliferation,
and differentiation capacity, it can cross-talk with native tissue, which makes
it a unique biomaterial. The central lacuna for collagen usage as a bioma-
terial is its mechanical strength to withstand physical forces undamaged
after implantation (Yu et al., 2011). Another natural biomaterial which has
same specification invoking a minimal inflammatory response is silk fibroin
which consists of the recurrent amino acid sequence (Gly-Ser-Gly-Ala-
Gly-Ala) widely used for TE. Several polysaccharides and their derivatives
are already reported as a natural biomaterial. Chitosan, a cationic polysac-
charide polymer composed of d-glucosamine and N-acetyld-glucosamine
subunits, have the potential for neural stem cell differentiation and prolifera-
tion with less toxicity to fibroblasts and neuroblasts. Moreover, several other
polysaccharides, such as alginate, hyaluronic acid, cellulose, and dextran also
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have shown outstanding performance in neural tissue regeneration when
used alone or in combination with others.

Synthetic polymer biomaterials such as aliphatic polyesters mainly
poly-r-lactic acid (PLLA), PCL, PGA, PLGA, and poly(organo) phos-
phazenes, widely used for their unique specifications such as mechanical
strength, biocompatibility, biodegradability, and surface chemistry are well
known for neural regeneration. Manipulated PCL nanofibrous scaffolds with
topical plasma treatment induce Schwann cell adhesion and proliferation.
PCL can be easily degraded using surface hydrolysis of ester linkages and
it can be manipulated with copolymerizing it with other polymers. PLLA
scaffolds have shown promising nerve cell differentiation and proliferation
in terms of fiber dimension and alignment; nanofibers have shown tremen-
dous growth in neurite branches and length compared with microfibers.
PGLA-based polymers have shown wonderful regrowth of axons along with
nanofibers without provoking an immune response. PGLA degradation can
comparatively be manipulated by setting the ratio of PGA/PLA. Polyamides
and polyurethanes have not been used much for neural scaftolds, due to
issues of biodegradability. Degradation of such synthetic polymers increases
the toxicity of the degraded components, crystallize tissue, and can have high
tissue activity, which all need to be resolved. Toxicity and degradation rates
are the prime factors for not using such biopolymers or synthetic materials
for tissue regeneration, which limits its usage and application for neural tissue
regeneration. Despite such advanced polymers and techniques, in vivo com-
plications can arise due to such said factors (Zhu et al., 2014).

4.6 Nanobiomaterials in cardiovascular tissue engineering
4.6.1 Cardiac tissue engineering

The main aim of cardiac TE (CTE) is the replacing and regeneration of
injured myocardial tissue with natural or synthetic contractile heart tis-
sue made up of biopolymers or biomaterials. Bio nanomaterials used for
CTE must be biocompatible and biodegradable and should biomimic the
cardiac ECM properties. 3D polymeric scaftfolds prepared for the CTE
especially for function enhancement and maturation of the tissue is very
much in demand nowadays. Some of the natural polymers, such as alginate,
chitosan, and heparin, are being used for CTE. Alginate scaffolds with gold
nanowires prepared and used as a 3D cardiac patches where alginate was
used as a natural polymer has improved electrical communication among
adjacent cardiac cells. Alginate scattolds with magnetic properties have
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shown the promotion of vessel-like organization in vitro of aortic endo-
thelial cells; electrically conductive chitosan/carbon scattolds with electro
conductive properties implanted with neonatal rat heart cells; and CTE
achieved by peptide alginate complexes, along with intact ECM proteins,
through the cross-talk of integrin receptors on the cell surface and me-
diation of cell adhesion and signaling (Mogosanu et al., 2016). Alginate
scaffolds using heparin-binding peptide G (HBP), resulted in promoting
cardiac tissue regeneration. Magnetic alginate scaffolds are being used for
the promotion of in vitro vessels like the organization of aortic endothelial
cells (ECs). A study with the chitosan/carbon scaffold has shown electro
conductive properties successfully implanted with neonatal rat heart cells
(Maity, 2018).

Synthetic polymers designed with a structural similarity to the ECM,
such as electrospun poly(methyl glutarimide) nanofibers, have shown cell dif-
ferentiation and proliferation into contractile tissue filaments with structure
similarities to the ECM, promoting cardiac cell alignment, and proliferation
into contractile tissue filaments. One more study reported that hydrogels
with electroconductive properties infused with homogeneously dispersed
gold nanoparticles elevated expression of connexin 43 at the level of neo-
natal rat CMs. A hydrogel containing poly(2-hydroxyethylmethacrylate-
co-methacrylic acid) was found as a potent functional template for
proangiogenic scaffolds and were able to enhance vascularization and inte-
gration of human embryonic stem cell (hESC)-derived CMs (Mogosanu
et al., 2016).

4.6.2 Vascular tissue engineering

Blood vessels play a very important role in the transportation of gases to and
from the heart as well as for the exchange of chemicals and water between
the tissue and blood (Chen et al., 2013).Vascular TE (VTE) is mainly used to
create blood vessels with artificial surrogates, which are non-immunogenic
and must have suitable mechanical and biological properties without any sus-
ceptibility to thrombosis.Various nanomaterials have been designed during
recent decades, especially for arterial regeneration and vascular cell seeding.
Biodegradable scaftolds were prepared for tissue-engineered vascular grafts
(TEVGs), which can be grown and remodeled from native vessels extracted
from coronary artery bypass if it is nonimmunogenic and nonthrombogenic
in nature. Angiogenesis promotion and vascular network formation can be
managed by biocompatible and biodegradable scaffold platforms. A study
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reported novel TEVGs having biocompatibility and biodegradability prop-
erties with a synthetic gel-based scattold (Mogosanu et al., 2016).

Natural polymers, such as alginate and collagen, have shown tremen-
dous efficacy for VTE as they have a role in improved angiogenesis by con-
trolling VEGF delivery from injectable alginate hydrogels in an ischemic
murine model. A complex vascular phenomena, angiogenesis, thrombosis,
and cardiovascular physiopathology, have been studied using a 3D tissue
type I collagen hydrogel scaffold using in vitro studies. Certain synthetic
or semisynthetic polymers such as PCL, type I collagen, and methacrylate
gelatin (GelMA) are being made and used for the fabrication of scattolds
for successful vascular tissue regeneration. Novel cell seeding techniques
have been developed using alginate hydrogel scaffolds with adipose-derived
stem cells that differentiate into rat endothelial progenitor cells. PCL type
[ collagen scaftolds in vascular reconstruction have shown biochemical sta-
bility in a rabbit model. Moreover, it has shown potential for blood vessel
engineering. Apart of this, GelMA hydrogels have shown a remarkable ef-
fectiveness for the elongation of fibroblasts, myoblasts, ECs, and cardiac stem
cells (Mogosanu et al., 2016).

Specific synthetic polymers with biocompatibility and biodegradability
properties have demonstrated tremendous applications for VTE, such as EC
outgrowth proliferation isolated from blood using PLLA scaffolds. Further,
Using an electrospinning technique, a copolymer nanoscaffold made up
of poly(r-lactic acid)-co-poly(e-caprolactone) (PLLA-PCL) at a ratio of 75
to 25, respectively (75:25), demonstrated similarity in terms of mechanical
strength to the human coronary artery, which supported smooth muscle
cell proliferation (Mogosanu et al., 2016).

Nanofibers with gelatin used for blood vessel engineering have
also shown improvement for the proliferation of ECs. One more syn-
thetic polymer that has shown the potential for blood vessel engi-
neering is PET, used as tissue-engineered vascular grafts made up of
decellularized matrices. Angiogenesis for ocular disease model can be pro-
moted using poly-(p,L-lactide-co-glycolide) microspheres with recombi-
nant human vascular endothelial growth factors. A hydrogel prepared with
poly(N-isopropylacrylamide-co-propylacrylic acid-co-butyl acrylate)
(p[NTPAAm-co-PAA-co-BA]) with fibroblast growth factor (bFGF) has shown
increased angiogenesis in ischemic hind limbs. There are merits of natural and
synthetic nanomaterials to repair the VTE. However, there are certain limita-
tions for smaller diameter vessel engineering due to the increased incidence
of thrombosis and graft rejection as well as infection (Mogosanu et al., 2016).
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ForVTE,a nanofibrous scaftold was prepared from biodegradable poly(r-
lactic-co-g-caprolactone) (PLLA-CL) (75:25), which resembled the natural
ECM having same mechanical properties which support smooth muscle
cell adhesion and proliferation. A PET nanofibrous scaffold was prepared
to overcome graft rejection by surface modification with gelatin because
only the surface was covered by epithelial cells following a degenerative
state. They observed that the gelatin-modified surface with PET nanofibers
supported the proliferation of endothelial cells and maintained the cell phe-
notype. One more study with PCL-collagen scattolds for vascular regenera-
tion in a rabbit aortal-iliac bypass model showed enough mechanical for cell
growth and other physiological conditions (Chen et al., 2013).

4.7 Conclusions and future perspectives

There is a strong demand for TE in medicine today due to unavailability
of organ or graft rejection during organ transplantation. Important progress
has been shown during the past decade in nanomedicine and nanotech-
nology (Turakhia et al., 2018; Turakhia et al., 2019; Turakhia et al., 2020;
Prasen and Sejal, 2020). Here, we have discussed the nanobiomaterials used
to design scaffolds for regenerating different soft tissues such as cartilage,
neural, tendons, ligaments, and cardiovascular tissues. Nanopolymers are
predominately used for scaftold synthesis where both natural and synthetic
polymers have certain merits and demerits. Natural polymers have excel-
lent biocompatibility and aid superior cell proliferation and differentiation
compared with synthetic polymers. On the other hand, synthetic polymers
can be easily fabricated to achieve desired scaffold characteristics and more
economical. The selection of the nanobiomaterial is largely dependent on
the tissue being synthesized.

Researchers have optimized scaffold designs for the regeneration of soft
tissues. However, there is a lacuna in the application of TE for different
diseases which has revealed numerous major challenges. There is a need
for in vivo studies for better understanding the application of TE. Further
studies are also required to overcome the neovascularization of the synthetic
tissue scaffold. This 1s the era of 3D/4D bioprinting, due to the complex-
ity of the organ and various biological processes between the organs; the
current strategy shows the limitations. A 2D model of tissue cannot mimic
the environment in the human body, for that 3D and 4D models have
to be prepared and validate the results using TE (Profire and Constantin,
2019). As personalized TE and regenerative medicine (TERM) have shown
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significant potential toward disease treatment, studies need to be performed
toward better personalized strategy which decreases the time and cost as
well. Patients have to wait longer for their personalized tissue or organ as it’s
a laborious process taking much time, and involve tedious steps, such as scaf-
fold designing, cell isolation, seeding, or proliferation. Moreover, there are
chances of inflammation and immunogenic responses. Although nanobio-
materials used in the TE represent a big revolution, studies are still needed
to be performed for its toxicity, biodegradability, and anti-inflammatory
response as well as interactions between materials and cells. Hence, bench to
bedside applications of TE has faced some challenges as discussed, and need
to be addressed in the near future.
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5.1 Introduction

With a uniquely regenerative property, the skin is a protective barrier for
the internal outline of the body. Cuts and various wounds are potential
threats to the skin, and they can be turned into significant risks if not healed
or treated it properly. Disruption in the integrity of the skin epithelium
is termed as a wound. These disruptions can be covered to the dermis,
causing more profound injury and also exceeding subcutaneous fat, mus-
cles, and even covering bone (Enoch and Price, 2004). Wounds are classi-
fied as chronic and acute broadly based on the healing period and severity.
Obesity and diabetes are major risk factors world-wide for chronic wounds
(Homaeigohar and Boccaccini, 2020). More than 8.2 million people sut-
fer with or without infections and show a significant prevalence of injury.
Averagely, 180,000 deaths occur every year due to burn and burn-related
wounds (WHO, 2020a). Management of severe burn wounds and diabetic
wounds like foot ulcers are very challenging owing to the complexities
associated with it.

5.1.1 Types of wounds

Wounds are majorly classified as acute and chronic wounds depending on
their severity and healing duration. At the same time, diabetic wounds and
burn wounds can be counted as a separate class of wounds due to their
complex management and treatment. Complications associated with wound
management in diabetic patients are regulated by several factors like shrunk
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growth factor production and compromised angiogenesis with reduced cell
migration including unrestrained expression of factors like metalloprotein-
ases (MMPs) (Lee et al.,2019). Burn wounds majorly involve tissue destruc-
tion because of the transfer of heat/energy, and sources can be flame, hot
liquids or objects, alkaline chemicals, and electrical objects (Jeschke et al.,
2020). Depending on the depth of injury, burn injuries can be classified as
superficial which is restricted to the epidermis, while partial-thickness in-
volves deep scarring with pain and requires a week to a month for recovery,
and full-thickness which is associated with a prolonged treatment, severe
pain, and skin grafting needed for improvement (Saghazadeh et al., 2018).
Acute wounds mostly heal by the routine cascade of inflammation
with tissue formation as well as remodeling time. Accidental and surgical
wounds can be counted as severe wounds. These wounds can heal within a
few days with the routine wound healing process of the body. At the same
time, wounds that cannot heal within 90 days can be termed as chronic
wounds concomitant with comorbid pathological conditions like diabetes
and obesity impairing wound healing. Venous leg ulcers due to variable or
insufficient blood flow in veins and increased blood pressure and vascu-
lar permeability, thermal burns, and diabetic foot ulcers causing peripheral

neuropathy leading to decreased foot sensation, are commonly found in
chronic wounds (Ghosh and Clark, 2007).

5.1.2 Biological cascade of wound healing

Various growth factors wound healing mediators, kinins like chemokines,
formed blood elements, and cytokines, and cells like parenchymal cells
contribute to the progression of wound healing. The wound healing pro-
cess involves phases: homeostasis and inflammation, proliferation where
granulation tissue formation takes place, and matrix remodeling with scar
formation.

5.1.2.1 Hemostasis and inflammation

At the site of blood vessel tissue injury, vessel closure which also acts as
plugs formed by fibrin aggregation clogs wound tissue discontinuity pro-
moting homeostasis. This is an instantaneous response to injury. These clots
also act as a matrix for wound repair. Cells like neutrophils and platelets
contribute to the process of homeostasis. Activated platelets which bind
to collagen exposed at the injury site are a vital factor to stimulate growth
factors (TGF-a,p) and blood leukocytes.Various factors like thrombospon-
din, fibronectin, sphingosine-1-phosphate, and von Willebrand factor are
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responsible for the advanced stimulation of platelets. Inflammation lasts for
3—4 days after injury incidence and the body’s immediate response to the
injury or the wound. A pool of leukocytes is characteristic of the inflam-
mation phase. Inflammation occurs mainly due to the release of histamine
and other amines from granules filled with these mediators by mast cells.
Fluid retention at the injured site causes swelling, and also recruitment of
neutrophils to remove foreign bodies, and matrix debris are other signs
of inflammation, which can be seen in the wound healing process after
24—48 h. Specialized cell adhesion molecules expressed on endothelial cells
additionally attract neutrophils. In later stages, stimulated lymphocytes and
monocytes differentiate into macrophages. Macrophages and additionally
phagocytes remain and matrix debris, pathogens, and also produce growth
factors like cytokines, platelet-derived growth factor (PDGF), and tumor
necrosis factor a and B which contribute to inflammation at the site of the
wound or injury (Ghosh and Clark, 2007; Homaeigohar and Boccaccini,
2020; Saghazadeh et al., 2018). The role of macrophages is controlled by
stimulated monocyte chemoattractants.

5.1.2.2 Proliferation
The proliferation phase starts with a reduction in the number of inflam-
matory cells at the wound site, and the proliferation of fibroblasts takes
place. The proliferation phase continues until the wound heals completely.
Angiogenesis is a crucial portion of this phase, followed by re-epithelization.
Proliferation involves the migration of fibroblasts, synthesis of collagen,
angiogenesis, the formation of tissue granulation, and epithelialization.
Fibroblast migration is responsible for the production of fibronectin (a pro-
tein matrix), collagen, and hyaluronan.This new extracellular matrix is a key
factor for wound repair (Ghosh and Clark, 2007; Enoch and Price, 2004).
Later, fibroblast migration is responsible for the synthesis of collagen.
Exposed collagen at the wound site stimulates platelet aggregation and the
initiation of a growth factor cascade and also involves the formation of the
fresh extracellular matrix. As epidermal cells start migrating at the wound
site, the requirement for blood supply for micronutrition, marks the initi-
ation of angiogenesis. Proangiogenic factors like fibroblast growth factor
2 (FGF-2), vascular endothelial growth factor (VEGF), and PDGF play a
pivotal role in angiogenesis. These factors attract macrophages and granulo-
cytes for the initiation of angiogenesis. The microvascular network of baby
capillaries develops thoroughly into granulation tissues. Endothelial pro-
genitor cells are also one of the critical factors for revascularization pooled
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during the response to injury (Ghosh and Clark, 2007; Wang et al., 2019;
Homaeigohar and Boccaccini, 2020).

Granulation tissue formation is the next process in wound healing.
Pinkish granular appearance indicates a capillary loop on the wounded
portion. This tissue consists of a newly formed extracellular matrix with
collagen, fibroblasts, and a capillary network.These granular tissues allow for
the beginning of the process of re-epithelialization. Keratinocytes migrate
at wound site beds. The recruitment of keratinocytes is a result of activated
growth factors like epidermal growth factor and keratinocyte growth factor,
stimulated by inflammatory cytokines (Demidova-Rice et al., 2012).

The next epithelialization process that starts is termed as “epiboly” in
which a monolayer of epidermis covers the exposed wound area. The leap-
frog fashion of cell movements observed in the extracellular matrix con-
taining fibronectin, fibrinogen, tenascin as well as vitronectin with type I
collagen. Cell generation can happen in the case of a large loss of epidermis.
The stratified epithelium is re-established by this re-epithelialization pro-
cess. Moist wounds accelerate the rate of epithelialization. This also im-
proves dermal integrity (Enoch and Price, 2004).

5.1.2.3 Matrix remodeling and scar formation

The granulation phase leads to matrix remodeling. Tensile strength of the
wound covering increases with mature collagen strips and bundles. This
contraction of connective tissue is the result of responses of TGF-AED-A
fibronectin tenascin C and, tissue tension, to differentiated fibroblasts. After
about 21 days, the collagen making-braking cycle continues with the ex-
tracellular matrix. Collagen degradation takes place by matrix metallopro-
teinases (MMPs), which is a matrix remodeling enzyme that also supports
the healing cascade. With the progression of remodeling, the role of MMPs
decreases with increasing activity of tissue inhibitors of metalloproteinases
(TIMPs) with TGF-p promoting the accumulation of the matrix. Apoptosis
helps to halt the movement of macrophages and fibroblasts cells. Finally,
avascular and acellular scars form with halting blood flow and metabolic
activities (Demidova-Rice et al.,2012; Enoch and Price, 2004). The normal
wound healing process is as shown in Fig. 5.1.

5.1.3 Disease relation in the pathology of wound healing

Disease conditions like diabetes contribute to the altered wound healing
process, which causes delays in wound healing or the increasing complexi-
ties associated with it, leading to chronic wounds. Neuropathic conditions,
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Fig. 5.1 (A-C) Different phases of normal wound healing. Normal wound healing is a
complicated biological process, which can be divided into: inflammatory phase (A), pro-
liferation phase (B), and tissue remodeling phase (C). The inflammatory phase occurs
shortly after injury, and is characterized by the influx of inflammatory cells. In response
to inflammatory cues, neutrophils migrate to the wound first, followed by the mono-
cyte/macrophage lineages, as well as mast cells. As the inflammatory phase subsides,
the proliferative phase of tissue repair begins by the migration and hyperproliferation
of dermal and epidermal cells within the wound bed. This phase is marked by epithe-
lialization, collagen deposition, angiogenesis, and formation of granulation tissue. The
tissue remodeling phase is characterized by matrix remodeling and declined cellular-
ity. During this phase, the wound undergoes contraction, resulting in the formation of
a scar with reduced tensile strength. (D) Schematic to show the deleterious cycles of
inflammation those contribute to wound chronicity. It is believed that persistent in-
flammation is a hallmark of chronic nonhealing wounds. Due to repeated tissue injury,
microorganisms (e.g., biofilms), and platelet-derived factors stimulate the influx of in-
flammatory cells and the prolonged release of pro-inflammatory cytokines (e.g., IL-1f
and TNFa), leading to elevated levels of ROS and proteases (e.g.,, MMPs) in the wound
bed. Particularly, the protease levels in chronic wounds exceed that of their respective
inhibitors. High levels of ROS together with the imbalances between MMPs and TIMPs
result in the destruction of ECM components and the degradation of growth factors.
The proteolytic destruction of ECM further in turn attracts more inflammatory cells to
the wound, and thus, promoting the inflammation into a detrimental vicious cycle and
contributing to wound chronicity. (Reproduced with permission from Kim, H.S., Sun, X.,
Lee, J.H., Kim, HW.,, Fu, X., Leong, KW., 2019. Advanced drug delivery systems and artificial
skin grafts for skin wound healing. Adv. Drug Deliv. Rev. 146, 209-239.)

ischemia, inherited neutrophil disorders, and edema are some conditions
where the risk of chronic wounds can be highlighted. Commonly seen
altered physiologies of wound healing in these diseases are chronic infec-
tions and thus form microbial biofilms, which may be drug-resistant, pro-
longing an inflammatory phase, and the incapability of dermal-epidermal
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cells for epithelialization. Venous hypertension and excess sugar lowers the
rate of wound healing (Enoch and Price, 2004). Chronic wounds in diabe-
tes are associated with chronic nerve impairment, bacterial infection, and
blood vessel damage, which lead to progressive amputation of appendages
(Masood et al., 2019).

Plasma factors and fibrin leaking occurs in venous ulcers due to increases
in vein pressure and vascular permeability. Leaked fibrin gets accumulated
in the perivascular region, which results in the downregulation of collagen
and impaired wound healing processes. It also restricts normal blood vessel
function to deprive growth factors related to blood. These complications
lead to delayed wound healing in venous ulcers. In the same way, arterial
ulcers show an impaired wound healing process, but the occurrence of
arterial ulcers is less than venous ulcers. Ischemia is caused due to athero-
sclerosis and is the main reason for arterial insufficiency of function leading
to a delay in wound healing.

Revascularization can help to improve wound healing in arterial ulcers.
Pressure ulcers can also cause a chronic wound. Oxygen tension and tissue
necrosis in pressure ulcers cause a major alteration in the wound healing
process (Demidova-Rice et al., 2012).

5.1.4 Wound management and current treatment

Significant factors that affect wound healing are patient-related factors like
diseases like diabetes, immunocompromised conditions, age-related issues,
wound-related factors like infection, the extent of the injury, and some local
factors like closure period, and homeostasis (WHO, 2020b).

Addressing the control or correction of these chronic wounds not only
is focused on removing or relieving etiologic causes, but also aims at met-
abolic uneasiness, which causes chronicity of the injury. Hence, wound
assessment 1s considered a vital step for wound precision management be-
fore the formulation of a treatment plan. This comprises inspection of the
wound, patient survey, identification of related clinical data, and past health
data of patients. The Bates-Jensen Wound Assessment Tool (BWAT), also
known as a pressure sore status tool (PSST) and the Photographic Wound
Assessment Tool (PWAT), are some of the mechanisms proposed for wound
monitoring and scoring purposes. Wound status can be monitored weekly,
and results can be plotted on a continuum of the result status.

Decision-making can be aided by linking clinical actions and assess-
ment findings. TIME, a wound healing based multistep approach, has been
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used widely for preparing a recipient a wound bed. The TIME framework
has been widely accepted for wound treatment and management. TIME
involves: T-Tissue, related to foreign components like adherent dressing
clothing and bandages, exudates, and biofilms which are all on the wound
surface; [-which is the infection treatment involving pharmaceutical man-
agement like antiseptics; M-moisture balance to select wound dressings;
and E-edge of the wound for observation and assessment (Kim et al.,
2019).

Basic steps in the wound and scar treatment involve (i) prevention of
infection, thus, protecting from bacterial and contaminants; (i) removal
of debris, dead tissues, and impurities; (iii) appropriate wound drainage;
and the (iv) preparation of wound bedding and a suitable wound closure
method. Some conventional to modern treatment approaches is nowadays
in practice for wounds like a detriment vacuum-assisted closure therapy,
platelet-rich plasma treatment, ozonated oil usage, amnion liquid derivative
stem cell therapy, use of herbal-Ayurveda-based medicines like Nigella sativa,
Hipericum perforatum, Honey and Propolis and the combination of curcumin
with other herbs and oils like Refined Sheep oils and neem oil. The use
of antiseptics like povidone-iodine and silver sulfadiazine are also popular.
Platelet-rich plasma treatment involves platelet-rich plasma for treatment,
taking advantage of platelets being a source of various growth factors in-
volved in the wound healing process.

Vacuum-assisted closure therapy involves exposure of a vacuum at the
sore area of the wound at a negative pressure of 125 mmHg for 2 min to
remove endemic fluids, debris, and improve perfusion with stimulation of
cell proliferation. Amnion liquid derivative stem cell therapy involves amni-
otic fluid mesenchymal cells that are responsible for pro-inflammatory me-
diators like hepatocyte growth factor (HGF), vascular endothelial growth
factor-A (VEGF-A), and VEGE Ozonated oil treatment is commonly used
to clean the wound and prevent infection due to antimicrobial and antifun-
gal action of ozonated oils (Wang et al., 2019; Canpolat and Alper, 2017).
Recently, various biomaterials like polycaprolactone, poly(lactic-co-glycolic
acid) (PLGA), and poly(ethylene glycol) (PEG) are in consideration for
wound dressing materials and nanocarriers for treatment. Also, nanopartic-
ulate drug delivery for wound care and treatment is being explored (Kim
et al., 2019; Saghazadeh et al., 2018). The wound healing trend in open
wound and open wound treated with antimicrobial dressing is depicted in
Fig. 5.2.
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Fig. 5.2 Schematic illustration of the healing trend in: (A) an open wound alone and
(B) an open wound treated with an antimicrobial wound dressing. As seen here, the
open wound is susceptible to invasion of bacteria, engendering delayed healing due to
prolonged inflammation and large release of metalloproteinases, potentially destroy-
ing the ECM constituents and hindering the generation of new granulation tissue. In
case of applying an antimicrobial dressing, the pathway of pathogens into the wound
is blocked and the ones penetrated are efficiently killed. Moreover, provoking the im-
mune system and fibroblast/keratinocyte migration, the healing pace is accelerated.
(C) Various mechanisms suggested for the killing function of antibacterial nanoparticles.
(Reproduced with permission from Homaeigohar, S., Boccaccini, A.R., 2020. Antibacterial
biohybrid nanofibers for wound dressings. Acta Biomater. 107, 25-49.)

5.2 Biomaterials for wound healing

5.2.1 Biomaterials from a natural source

5.2.1.1 Protein-based natural polymers

Collagen

Collagen is a versatile material widely used in the medical, dental, and phar-
maceutical fields. It is mainly used in wound dressings, burn coverings, bone
fillings, and also used as a carrier for collagen-based drug delivery.
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Wang et al. developed a new collagen matrix from porcine through de-
cellularization with supercritical carbon dioxide, which is chemically com-
patible with human skin. An in vitro study was carried out in a porcine skin
wound model mimicking human skin, and after 2 or 3 weeks, a reduction
in inflammation, complete epithelization, and wound healing was noticed.
An in vivo study was carried out in a land-race hybrid male pig, and after 2
or 3 weeks, healing reduction found was found in the group treated with a
collagen matrix (Wang et al., 2020).

Mahmoud and Salama prepared norfloxacin collagen/chitosan scaftolds
for the treatment of wounds by fusing both high and low viscosity chitosan.
An in vivo study was conducted in male albino rats, and after 28 days, it
demonstrated that tissue generation was faster compared with an untreated
wound. In addition to this, a histopathological study showed an intact epi-
dermal and dermal layer, which was found to be healthy. Finally, all formu-
lated scaftolds released 100% of the drug in 24 h (Mahmoud and Salama,
2016).

Silk fibroin

Silk fibroin is widely used in the biomedical system due to its biocom-
patibility in nature along with less immunogenicity, partially biodegrad-
ability, multifaceted properties, less irritant to the skin with no side effects,
and remarkable mechanical properties (Kundu et al., 2013; Zeplin et al.,
2014; Rodriguez et al., 2017). Additionally, it has a suitable sustained-release
property, muscular flexibility with good air, and moisture permeability.
These benefits make silk fibroin a suitable biomaterial for various biological
purposes.

Barna et al. determined the healing efficacy of silk fibroin/gelatin (SE/
GT) electrospun nanofiber dressings assembled by electrospinning nano-
technology. It was further stuffed with astragaloside IV (AS). In vivo studies
were illustrated in female rats divided into four groups and treated with
different formulations. The various formulations were a blank control, AS
solution, and AS-loaded with SF/GT nanofibers. The prepared formula-
tions were applied to different groups of rats and at the 3rd, 6th, and 9th day
of treatment, it was detected that AS-loaded with SF/GT found were more
superior and faster in wound healing, promoted angiogenesis and inhib-
ited scar formation by arranging collagen compared with other treatment
groups (Barna et al., 2007).

Shefa et al. developed a novel TEMPO-(2,2,6,6-tetramethylpiperidin-
1-yl) oxyl-oxidized cellulose nanofiber (TOCN)-silk fibroin scaftold by
a freeze-drying method. An in vitro study was analyzed by using L 929
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fibroblasts to determine cytotoxicity by using a colorimetric MTT assay. It
demonstrates that scaffolds with more silk fibroin support better cell prop-
agation and bonding, and the distribution of natural human keratinocytes.
However, an in vivo study carried out using an adult rat model was used to
determine wound healing activity. The rats were excised and treated with
different percentages of the prepared formulations like a control group,
TOCN, TOCN-=silk fibroin 2%, and TOCN-silk fibroin 5% and recovery
data were recorded on 7th day and 14th day. Results revealed that both the
TOCN-silk fibroins (2%) showed rapid wound healing as compared with
other groups. Thus it was found to be a superior material in wound healing
for clinical applications (Sheta et al., 2017).

5.2.1.2 Polysaccharide-based natural polymers
Hyaluronic acid
Hyaluronic acid (HA) is a natural hydrophilic polysaccharide biologically ac-
tive material mainly used for tissue engineering and in the drug delivery
system (Cho et al., 2003; Lee et al., 2001). It is used to develop high-quality
scaftolds, gels (Park et al.,2005; Shu et al., 2004), sponges (Halbleib et al., 2003;
Solchaga et al., 2005), films (Liu et al., 2005; Shu et al., 2003), fibers (Milella
et al., 2002), and microparticles (Park et al., 2005). It is biocompatible (Ehlers
et al., 2001) with the right bacteriostatic properties compared with other ma-
trices such as type 1 collagen and hydroxyapatite (Carlson et al., 2004).
Movahedi et al. developed core-shell structured polyurethane (PU)/
starch (ST) and PU/ST (hyaluronic acid) nanofibers using a coaxial electro-
spinning method. An in vitro study was carried out by using an MTT assay
on a mouse fibroblast (L 929) cell lines at an interval of 1, 3, and 7 days. It
witnessed that cell proliferation increased from 1 to 7 days along with cell
viability more significantly than 80% after 7 days of incubation without any
cytotoxicity. An in vivo study was conducted for 14 days by an incision in
18 healthy female Wistar rats. After the incision, wounds were treated with
the prepared formulations along with the control group (without scaftolds).
After 14 days, the highest wound healing rate was found for the PU/ST
(HA) core-shell structure as compared with the PU/ST and control group,
and hence it can be used for the treatment of wounds and skin tissue engi-
neering (Movahedi et al., 2020).

Alginate
Alginate is a copolymerized polysaccharide of (1-4) coupled-a-L-guluronic
acid and B-p-mannuronic acid monomers along with a polymeric backbone
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(George and Abraham, 2006). It is known to be an attractive biomaterial for
drug delivery, tissue engineering, and wound healing (Fischer et al., 2017).
Although it has attractive properties for biomedical applications, it has two
significant drawbacks: deficient in cellular adhesion and in vivo degradation
(Sarker et al., 2014).

Bakhsheshi-Rad et al. developed a combination of chitosan-alginate
(CS-ALG) nanofiber dressings by an electrospinning method through the
incorporating of varying amounts of gentamycin (GIN) for antimicrobial in-
fection and wound healing. The addition of gentamycin reduced the diame-
ter of nanofibers along with the enhancement of antibacterial performance.
An in vitro study was carried out by using L 929 fibroblast cells, and it
reported that the CS-ALG/GN nanofiber with 1%—5% showed exceptional
cell adhesion and proliferation compared with the highest concentration
(10%) after 3 days. In the same way, an in vivo study was carried out in
Balb/C mice with only CS-ALG and CS-ALG/3% GN. It revealed that a
lower concentration of gentamycin after 7 days increased the thickness of
the dermis, collagen deposition, formation of the new blood vessel, and hair
follicles; hence, it can be used for complete skin regeneration (Bakhsheshi-
Rad et al., 2020).

Li et al. formulated an in situ injectable curcumin containing nano-
composite hydrogel, along with oxidized alginate and N, O-carboxymethyl
chitosan and CCS-OA hydrogel as a wound dressing material for wound
repair. An in vitro study was conducted in phosphate bufter solution (7.4),
which revealed that nano curcumin showed slow or sustained release from
the prepared formulation, and its releasing behavior was interpreted using a
release kinetic mathematical model. Similarly, an in vivo study was carried
out in male adult mice and separated into randomly four groups: a control
group, a new CCS-OA hydrogel-treated group, an unmodified curcumin
stuffed CCS-OA hydrogel-treated group, and finally a nano curcumin/
CCS-OA hydrogel group. Different formulations were tested for 14 days.
Better wound closure along with the re-epithelialization of the epidermis
and collagen deposition of tissue was observed in the group treated with the
nano curcumin/CCS-OA hydrogel (Li et al., 2012).

Chitosan

Chitosan is a high molecular weight and linear polymer. It is obtained from
chitin with a composition of biopolymeric polysaccharide of N-acetyl-
D-glucosamine residues and (1/4)-coupled D-glucosamine (Croisier and
Jérome, 2013). It is biodegradable, bio-adhesive, biocompatible, and widely
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used in wound dressings and as a formulation of drug delivery carriers (Tan
et al.,2009; Zhang and Zhang, 2001; Hu et al., 2013;VandeVord et al., 2002;
Dudhani and Kosaraju, 2010; Sarhan et al., 2016). Chitosan is extensively
under research in tissue engineering, mostly to target bone, cartilage, and
skin (Kim et al., 2008). Due to its versatile use and properties, many FDA-
approved chitosan containing products are available in the market (Devlin
et al., 2011; Pozza and Millner, 2011; Whang et al., 2005).

Hajji etal.utilized a green method for the production of chitosan-PVA-sil-
ver nanoparticles (CS-AgNPs) for antioxidant, antibacterial, and wound
healing activities. An in vitro study was carried out using Chinese Hamster
Ovary (CHO-K1) cells to determine cytotoxic effects using an MT'T assay.
It revealed that the cytotoxic effect was dose-dependent (5-200 pg/mL)
and no cytotoxicity effect was noticed in this range. However, a complete
wound was observed after 12 days of an incision done in an in vivo study
performed on male Wistar rats. Another study done by Hajji et al. con-
cluded that chitosan-silver nanoparticles showed higher antioxidant as well
as antibacterial activities against both grams-positive (Staphylococcus aureus,
Micrococcus luteus, Bacillus cereus) and gram-negative bacteria (Klebsiella pneu-
moniae and Escherichia coli) and than the chitosan polymer and silver alone
(Hajji et al., 2019).

Abbaszadeh et al. studied the eftect of chitosan/selenium nanoparticles
for wound healing. An in vivo study performed on male Wistar rats, divided
into four groups, that is, the control group (Group 1), methicillin-resistant
S. aureus (MRSA) (Group 2), MRSA/chitosan (Group 3), and MRSA/
chitosan/nanoselenium (Group 4). The in vivo study concluded that on
14 days of treatment, significant differences were found in group 4 and the
other groups. Neovascularization and cellular infiltration in group 4 was
found to be higher with polymorphonuclear (PMN) cells as well as mono-
nuclear (MNC) cells and more fibroblast cell propagation as compared with
other groups.This study proves that the chitosan/selenium nanoparticles are
effective for treating wounds (Abbaszadeh et al., 2019).

Starch

Starch is a natural polymeric polysaccharide of homoglucan unit, only con-
stituted by a-p-glucose units (Galliard, 1987; Reis and Cunha, 2001). It is a
carbohydrate polysaccharide found in a higher species of plants, tubers, and
fruit roots (Naeem et al., 1997). It can be a possible alternative to a synthetic
polymer. It is biodegradable, abundantly available, and one of the cheapest
biopolymers (Majeed et al., 2014).
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Poonguzhali et al. developed symmetric and asymmetric chitosan (C)/
PVP(P) films by a salt leaching method containing porous structured
nanoparticles for wound dressing and healing. In this preparation, asymmet-
ric chitosan (C)/PVP(P) was coated with stearic acid, whereas symmetric
nano starch was kept uncoated. MTT assays were performed to determine
cytotoxicity using a NIH3T3 cell line. Cell viability was studied for 1, 3,
and 5 days. This study concluded a starch-dependent increment in the cell
growth and proliferation of NH3T3 cells. Similarly, an in vivo study was
performed using male albino rats by dividing them into three groups: con-
trol, CP-S, and CPNS 1%-S and were observed for 7, 14, and 21 days, re-
spectively. From the initial days, the group treated with CPNS 1%-S was
found to be superior as compared with the other groups, and complete
wound curing and healing were observed around 21 days of treatment
(Poonguzhali et al., 2018).

Ahmed et al. prepared hydrogel nanoparticles of starch and PVA in
which graphitic carbon nitride (g-C3;N,) was used as a filler. In this for-
mulation, silver-deposited-titania nanoparticles [Ag@TiO, NPs| was used
as an antibacterial agent. The prepared hydrogels were prepared by using
a solution casting technique at ambient conditions. An in vitro study in
distilled, simulated wound fluid, and saline fluid, showed a sustained release
behavior of NPs. Additionally, to determine the release profile of the pre-
pared formulation, a mathematical model, the Higuchi model, was used.
An in vivo study was performed on female albino mice, dividing them into
four groups. The group treated with PVA/Starch/0.14GCN/0.7Ag@TiO,
NPs showed maximum wound treatment after 7 days (Ahmed et al., 2020).

5.2.2 Biomaterials from synthetic origin

Synthetic biomaterials are majorly used for the reconstruction and regener-
ation of a variety of tissues, organs as well as in drug delivery. The primary
requirements for ideal synthetic biomaterials are biocompatibility, mechani-
cal, chemical, and biological properties. Their use is in tissue engineering for
the augmentation of existing tissue, promoting the growth of new tissues,
and in organ replacement therapy (Samavedi et al., 2014).

5.2.2.1 Polycaprolactone

[t 1s a semicrystalline biopolymer, widely used for biomedical purposes be-
cause of its mechanical properties, in vivo degradation profile, secure pro-
cessing, and molecular weight-dependent drug release (Mulinti et al., 2018).
It offers a thrombogenic potential, and when electrospun into a fiber, it
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induces hemolysis based on its molecular weight (Horakova et al., 2018;
Padalhin et al., 2014). It can also be copolymerized with other lactones
like valerolactone (Gunatillake and Adhikari, 2003), or polyesters, to impart
additional rigidity, altered hydrolysis, and degradation.

Bakhsheshi-Rad et al. developed nanofibers for wound dressings hav-
ing antibacterial activity by the electrospinning method. They utilized the
antibiotic cephalexin, loaded with polycaprolactone (PCL)-gelatin meth-
acryloyl (GelMA). Its antibacterial efficacy was determined using both
gram-positive (S. aureus) as well as gram-negative bacteria (E. coli). The
mechanism of antibacterial efficacy of these nanofibers involved the inter-
action of the formulation with the cell wall of the bacteria, leading to the
rupturing of the bacterial cell membrane causing cell death.An in vivo study
in male BALB/¢ mice with and without antibiotic cephalexin was studied.
It showed that the mice treated with only PCL/GelMA had a slightly re-
generated epidermal, the formation of new hair follicles, and a sebaceous
gland. Still, the group treated with PCL/GelMA-CEX had a thicker epi-
dermis as compared with other groups, the creation of new blood vessels
and a reduced inflammatory cell infiltration (Bakhsheshi-Rad et al., 2019).

Hivechi et al. developed a hybrid nanofiber scaftold using a polycapro-
lactone and gelation (PCL-GEL) electrospinning method. To improve the
antibacterial properties, they utilized cellulose nanocrystals and incorpo-
rated in PCL-GEL nanofibers. An in vitro study was designed by an MTT
assay, cell morphology, and fluorescence staining. It observed that cells could
be quickly grown on the scaffold by offering biocompatibility. A further
in vivo study was performed on Balb/c mice. Mice were divided into three
groups: mice treated with sterile gauze, a PCL/gel scaffold, and CNC in-
corporated PCL gel scaffolds. After the 7th and 14th days, the mice treated
with CNC included a PCL gel scaffold were found to be more eftective
than the other groups (Hivechi et al., 2020).

5.2.2.2 Poly(lactic-co-glycolic acid)
PLGA is a block copolymerized polymer formed by poly(lactic acid) (PLA)
and poly(glycolic acid), widely used in biomedical systems to prepare scaf-
folds, sutures, and for tissue engineering applications. Because of its excel-
lent cell adhesion and proliferation properties, it is widely used in tissue
engineering. It is hemocompatible and biocompatible in nature, and it de-
grades into a nontoxic metabolic product.

Shefa et al. prepared PLGA-platelet lysates loaded with nanoparticles by
using a Pluronic F-127 (thermos-responsive) material. In this formulation,
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a high amount of lysate was accommodated by using a double emulsion
solvent evaporation method. An in vitro study conducted using dermal fi-
broblast cells and a scratch technique was used to determine the biological
activity of the platelet lysate. The scratching of the fibroblast cell resulted in
free space generation, and the filling of these open spaces resulted due to the
presence of a lysate in the nanoparticles, leading to enhanced repair of the
fibroblast cell culture along with cell migration and proliferation. Similarly,
an in vivo comparison study of the developed formulation was studied
using CD1 mice, in which mice were treated with a control, platelet lysate,
PLGA-platelet lysate loaded nanoparticles hydrogel, and platelet lysate hy-
drogel nanoparticles (PLHN). Mice treated with PLHN showed better re-
covery compared with other formulations after 10 days (Shefa et al., 2017).

Garcia-Orue et al. developed lipid nanoparticles using Aloe vera and
PLGA. In this study, in vitro activity was assessed using HaCaT kerati-
nocytes and BalbC/3T3 A31 fibroblasts to determine cytocompatibility
and cytotoxicity. For an in vivo study, male dB/db mice were divided into
three groups: control, PLGA-Aloe vera and PLGA-Aloe vera nanoparticles.
Fifteen days of treatment revealed that mice treated with PLGA-Aloe vera
nanoparticles recovered faster than other treatment groups (Garcia-Orue
et al., 2019).

5.2.2.3 Poly(vinyl alcohol)

PVA is a biodegradable, water-soluble synthetic polymer with a hydrocar-
bon backbone that can swell in water and impart strength and stability for
various biomedical purposes (Chiellini et al., 2003; Sonker et al.,2017). The
branching of PVA increases its mechanical strength along with the improve-
ment in hemocompatibility (Semenova et al., 2016).

Wentao et al. formulated an antibacterial film (PVA@am-ZnO@CuO@
Au), which induces disinfection by a reactive oxygen species system. In vi-
tro studies on different bacteria like E. coli and S. aureus using an irradiating
red laser was found to be effective against both. However, an in vivo study in
diabetic wounds was demonstrated by comparing results with PVA (control
group) and the prepared formulations with and without an irradiating laser.
It depicted that after 10 days, the wound treated with PVA@am-ZnO@
CuO@Au irradiated at 535 nm was found to be more effective than other
treatment groups (Wentao et al., 2019).

Nguyen et al. developed silver nanoparticle gels of different concen-
trations [like 15, 30, 60 ppm (ppm)] using poly(vinyl alcohol) and chi-
tosan. An in vitro study using gram-positive (S. aureus) and gram-negative
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(Pseudomonas aeruginosa) bacteria demonstrated its usefulness. It was deter-
mined using the agar diffusion method and was found to be effective against
both of the bacteria. Finally, an in vivo study was carried out using mice and
treated with a gel of different concentrations (ppm) along with the mar-
keted product. After 12 days of observation, it was estimated that the group
with 60 ppm silver nanoparticles were found to be more eftective than the
other groups (Nguyen et al., 2019).

5.2.2.4 Poly(lactic acid)

PLA 1is an aliphatic polyester composed of completely renewable sources
such as corn and sugar beets (Drumright et al., 2000). It is biodegradable
with a wide range of applications. Despite the full range of its use in the bio-
medical field, some of its disadvantages have made its applications limited.
The bulk erosion of PLA negatively affects the scaffold’s integrity, which
leads to premature failure by releasing acidic degraded products, causing an
inflammatory response (Eglin et al., 2009).

For example, Fang et al. prepared nanofibers consisting of a core and
shell made up of two different materials [poly(y-glutamic acid) (y-PGA)
and PLA, respectively]| by a coaxial electrospinning method. An in vitro cy-
totoxicity study was conducted using an MTT assay with mouse embryonic
fibroblast cells (NIH/3T3), which showed good biocompatibility with the
prepared core-shell nanofibers. In vivo testing was demonstrated in female
Kunming mice, divided into two treated and untreated groups. Results in-
dicated that after 14 days, the mice treated with the core-shell nanofibers
were re-epithelialized along with neovascularization and red blood cells to
a greater extent compared with the untreated group (Fang et al., 2019).

5.3 Advanced drug delivery systems for wound healing

Several nanocarrier-based drug delivery systems have been studied by vari-
ous researchers in the case of drug delivery systems for wound healing treat-
ment. These include nanoparticles, polymeric nanoparticles, and lipid-based
drug delivery systems. The lipid-based drug delivery systems included solid
lipid nanoparticles, nanostructured lipid carriers,and liposomes. Nanocarrier
systems act as an important carrier for biologics, which act intracellularly
like peptides or nucleic acids. Nano-sized particles provide an additional
benefit of the improved penetration of the drug into wound beds as well as
increased intracellular uptake of drugs (Kim et al., 2019).

Recent innovation and development in the field of nanotechnology
have highlighted several nanocarriers associated with optimal delivery for
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skin revival. The nanocarrier-based drug delivery systems fasten the wound

healing process and also enhance wound healing quality due to following

advantages:
(i) They are nontoxic and compatible with the skin.

(ii) They make a wet environment around the skin for acceleration and
activation of the wound healing progression.

(iii) A few specific drug delivery systems can enter into the cytoplasmic
area beyond the cellular obstacles or enhance the retention of the drug
by activating specific transport pathways (Sandhiya et al., 2009).

(iv) Nanocarrier-based drug delivery systems prevent the drug from deg-
radation due to protease enzymes in the wound increasing the thera-
peutic efficiency of the drug (Losi et al., 2010).

(v) They showed a reduction in the frequency of dosage, which ultimately
reduces the cost of the therapy and patient compliance.

(vi) They result in a sustained drug release and maintenance of therapeutic
drug concentrations for an extended period (Wang et al., 2019).

Consider the example of nitric oxide, which plays an important role in
different pathways such as cellular, inflammatory, angiogenesis, and extra-
cellular matrix deposition and remodeling. Similarly, it exhibits a broad-
spectrum of antibacterial properties and also interferes with the synthesis
of a biofilm. Hence, many researchers have explored drug delivery sys-
tems using high drug loading, controlled release, and reduced cytotoxic-
ity (Hamdan et al., 2017). Similarly, curcumin, is one of the most widely
used components of spice turmeric because of its antibiotic and antioxidant
properties. It also acts as a stimulating agent for granular tissue production

(Krausz et al., 2015).

5.3.1 Nanocarriers for wound healing
5.3.1.1 Inorganic nanoparticles
Nanoparticles are considered as important nanocarrier drug delivery sys-
tems for wound healing. The nanoparticles used for wound healing treat-
ment are classified into two types:
1. Nanoparticles which have inherent properties those help in wound
closure.
A. Inorganic
(a) Metal
(b) Nonmetal
B. Organic
(a) Polymeric
(b) Nonpolymeric
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2. Nanoparticles which act as a carrier for therapeutic agents (Hamdan
et al., 2017).
These are described more in the following sections.

Silver nanoparticles

Silver nanoparticles used nowadays may overwhelm problems associated
with standard silver compounds. In the case of the silver nanoparticles,
smaller particle sizes resulted in more surface area. It is more effective at
lower amounts and decreases the toxicities associated with its use. It can
change the release of antiinflammatory cytokines to promote faster wound
healing without increasing scarring (Hamdan et al., 2017).

Jun et al. studied the wound healing effect and mechanism of sil-
ver nanoparticles in healing wounds due to burns using a wound model
(chronic). Silver nanoparticles showed a dose-dependent faster healing and
enhanced the external appearance of the wound. The study further revealed
an increased level of specific markers such as VEGE IL-6, TGF-f by silver
nanoparticles, endorsed wound healing, and reduced inflammation (Tian
et al., 2007).

Zulkifli et al. developed hydroxyethyl cellulose-silver nanoparticles into the
scaffold to show its antimicrobial capability. Further, studies were conducted
using fibroblast cells, and results showed that cells adhered to the surface of
scaffolds after co-incubation proving its potential in wound healing and the
tissue engineering era due to its high compatibility (Zulkifli et al., 2017).

Chen et al. developed silver-loaded poly(vinyl alcohol), sodium alginate,
and carboxymethyl chitosan hydrogel wound dressings. The formulated
wound dressing showed antibacterial activity. The developed antibacterial
hydrogel was characterized by different wound healing and antibacterial
activity properties. The results of the study showed that sodium alginate
could reduce to silver nanoparticles, which were small and monodispersed,
fulfilling the criteria of an ideal antibacterial material. The silver nanoparti-
cles were uniformly dispersed into the hydrogel with excellent water reten-
tion and water absorption capacity. The silver nanoparticle loaded hydrogel
showed suitable mechanical properties, antibacterial activities, and biocom-
patibility. Thus silver nanoparticles loaded in hydrogels are considered a
suitable material for wound dressings (Chen et al., 2020).

Shao et al. studied the antibacterial activity of silver nanoparticles
charged into chitosan-based membranes. The three chitosan-based mem-
branes were prepared using different concentrations of silver nanoparti-
cles. In vitro silver release and antibacterial properties were studied using a
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phosphate buffer solution and serum. The antibacterial activity and wound
healing efficacy were studied in vivo. The results showed that a higher con-
centration of silver nanoparticles was required to attain in vivo antibacterial
activity. Hence, we conclude that silver nanoparticle loaded chitosan-based
membranes can increase the antibacterial activity of biomaterials without
changing the wound healing property of the chitosan-based membranes
(Shao et al., 2019).

Gold nanoparticles

Gold nanoparticles act as useful drug delivery systems for antimicrobial
compounds to enhance wound healing suftering from infections due to
its nanosize and large surface area. The large surface area offers more con-
tact area with bacteria resulting in a breakdown of the bacterial membrane
and enhanced permeability and respiratory functions (Comune et al., 2017;
Chen et al., 2015).

Zepon et al. prepared gold nanoparticles of locust bean gum, k-
carrageenan, land poly(vinyl alcohol),and loaded them into a polymer-based
wafer. The wafer-loaded gold nanoparticles were characterized by physico-
chemical, morphological, mechanical, and swelling properties. Furthermore,
antibacterial and in vitro cytotoxicity activities of gold nanoparticles were
also studied. Scanning electron microscopy established the wafers’ porous
structure which was influenced by surface area, mechanical properties, and
swelling. These properties were influenced due to the initial amount of
silver and the composition of the wafer. Finally, it was concluded that wa-
fers loaded with gold nanoparticles were safe for fibroblast cells acting as a
bacterial barrier. Hence, wafer-based gold nanoparticles served as potential
materials for wound dressings (Zepon et al., 2020).

Mahmoud et al. formulated various patterns [rod and spheres] and poly-
mer surface-modified (cationic, anionic, and neutral) gold nanoparticles. The
formulated nanoparticles were evaluated for different parameters and were
finally loaded into the temperature-responsive gel of poloxamer 407. Silver
nanoparticle-based hydrogels showed good stability with a slow and sus-
tained release pattern for 48 h using an in vitro study. PEG hydrogel-based
gold nanorods (AuNRs) and positively charged poly(allylamine hydrochlo-
ride) (PAH) silver nanorods showed outstanding wound healing charac-
teristics in an animal model using topical administration. PEGylated and
positively charged silver nanorods-based hydrogels demonstrated increased
skin re-epithelization and the impeachment of collagen in the wound post
14 days of treatment compared with the control group. PEG-silver nanorods
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and PAH-silver nanorods illustrated good in vitro antibacterial potential
against S. aureus and P aeruginosa. Hence, silver nanorod-based hydrogels
served as a potential strategy for wound healing (Mahmoud et al., 2019).

Zinc oxide nanoparticles

Nanoparticles loaded with zinc oxide acting as a suitable antibacterial com-
pound by promoting perforations on the bacterial cell membrane. In ad-
dition, zinc oxide nanoparticles loaded in hydrogel-based wound dressings
(Hamdan et al., 2017), resulted in increased contact time, advancing kerat-
inocyte migration, and finally enhancing re-epithelization. However, a re-
cent study on microporous zinc oxide nanoparticle based chitosan hydrogel
dressings showed their high ability to absorb wound exudates and result
in the production of hemostatic blood clots. It also showed antibacterial
activity with minimal cytotoxic effects (Shou et al., 2020; Xia et al., 2020).

Kaushik et al. formulated zinc oxide nanoparticles using a wet chemical
process. Nanoparticles were defined by XRD, FTIR, and TEM for their
structure distribution and particle size. The impact of nanoparticle size on
the growth of fibroblast cells (NH3T3) and antimicrobial activity was stud-
ied. The growth of fibroblast cells was proportional to zinc oxide nanopar-
ticle size. Calcein-AM fluorescence staining, MTT assay, and F-acting assay
demonstrated the development of fibroblast cells with increased biocom-
patibility. Finally, confocal microscopy and zone of inhibition studies proved
the microbial resistance property of zinc oxide nanoparticles (Kaushik et al.,
2019).

Arshad et al. developed a thiolated chitosan-alginate bandage loaded with
zinc oxide nanoparticles for the cure of surgical site infections. The nanopar-
ticle loaded bandage was characterized by porosity, swelling volume, enzyme
degradation (lysozyme), and showed proper wound healing and biodegrada-
tion potential. An in vivo study proved it enhanced wound healing and the
tissue production activity of developed zinc oxide nanoparticles compared
with positive and negative controls. Finally, it was concluded that a thiolated
bandage showed an excellent capability to treat surgical site infection, fulfill-
ing the criteria of standard surgical dressings (Arshad et al., 2019).

5.3.1.2 Polymeric nanopatrticles

Polymeric nanoparticles are considered a prominent system for drug deliv-
ery due to their biocompatibility, biodegradability, injectability, and intra-
cellular potential of delivery. The different physicochemical characteristics
of polymer-based nanocarriers can be modified at a molecular stage to
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increase its drug encapsulation and to modulate its drug release (Chereddy
et al., 2014).

Shende et al. prepared and characterized curcumin nanoparticles pre-
pared with the help of polymers (natural, semisynthetic, and synthetic ori-
gin) and compared their wound healing activity. Curcumin-based chitosan
(natural) and carboxymethyl cellulose (semisynthetic) and PLGA (synthetic)
nanoparticles were all prepared using an ionotropic and emulsion solvent
evaporation method. In an in vivo wound healing study of chitosan loaded
with curcumin, nanoparticles were considered as the promising treatment
for wound healing because of its low cost and higher wound healing ca-
pability by synergistic action. Finally, the stable noninvasive formulation
was developed for wound healing and can be modified into the other drug
delivery systems as per requirements (Shende and Gupta, 2020).

5.3.1.3 Lipid-based nanocarrier system
Solid lipid nanoparticles

Solid lipid nanoparticles show a steady drug release because of their con-
densed structure and ordered molecular confirmation. The drug is encapsu-
lated into a lipid core because of strong interactions (hydrophobic) between
the drug and the lipid (Kim et al., 2019).

Arantes et al. developed solid lipid nanoparticles based on retinoic acid
(trans) bound with chitosan for healing of diabetic wounds. The prepared
solid lipid nanoparticles of all-trans-retinoic acid showed suitable particle
sizes (83 + 6 nm), polydispersity indexes 0.240 + 0.02, and entrapment
efficiencies (98%). A transmission electron microscopy study showed a ho-
mogeneous and spherical size structure of the nanoparticles. In addition,
an in vivo study showed healing of the wound in diabetic mice treated
with retinoic acid-based solid lipid nanoparticles coated with chitosan films
compared to a control (chitosan film) without retinoic acid-based solid
lipid nanoparticles. All retinoic acid-based solid lipid nanoparticles resulted
in decreased leukocyte infiltrates in the wound bed, increased deposition
of collagen, and reduced scar tissue. Hence, retinoic acid-based solid lipid
nanoparticle-coated chitosan films are a potential treatment for diabetic
wound healing (Arantes et al., 2020).

Nanostructured lipid carrier

Nanostructured lipid carriers are next-generation lipid nanoparticles after
solid lipid nanoparticles (Naseri et al., 2015). Nanostructured lipid carriers
provide higher drug loading by minimizing drug leakage compared with
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solid lipid nanoparticles because of the existence of an additional compo-
nent (oil) in its solid lipid structure (Buss et al., 2018).

Ghodrati et al. studied the in vitro antibacterial and acceleratory impact
on infected wounds of nanostructured lipid carriers encapsulated with pep-
permint oil. The prepared nanostructured lipid carrier was characterized
for particle diameter, polydispersity index, charge, scanning electron mi-
croscopy as well as an in vitro and in vivo wound healing study. During an
in vitro study, the antibacterial activity of peppermint oil and peppermint
oil loaded nanostructured lipid carriers were studied against P aeruginosa, E.
coli, S. aureus, Salmonella typhimurium, S. epidermidis, B. anthracis, S. pneumonia,
and Listeria monocytogenes. An in vivo study was performed in mice inocu-
lated with P aeruginosa and S. aureus by inducing two wounds (5 mm in size).
Various parameters were studied, such as wound contraction, histopatho-
logical examinations, bacterial count, and molecular analysis. In vivo results
revealed that wound deflation rate, collagen deposition, fibroblast intrusion,
and re-epithelization were enhanced with mice treated with peppermint
oil and peppermint oil loaded nanostructured lipid carriers. Also, results
showed a positive impact on FGF-2 and ECF mRNA level expressions.
Finally, peppermint oil loaded nanostructured lipid carriers can serve as a
useful approach to treat infected wounds by converting them in suitable
topical formulations (Ghodrati et al., 2019).

Khezri et al. evaluated the antibacterial and wound healing activity of
a Mentha pulegium oil loaded nanostructured lipid carrier. The in vitro and
in vivo antibacterial property of a nanostructured lipid carrier loaded with
M. pulegium oil was studied in BALB/c mice. To determine the activity of
the nanostructured lipid carrier loaded M. pulegium oil on wound healing,
bacterial tissue wound contraction, bacterial tissue count, as well as mo-
lecular, and histological properties were determined at 3, 7, and 14 days
after wound induction. A nanostructured lipid carrier loaded M. pulegium
oil demonstrated antibacterial properties against S. epidermidis, S. aureus, L.
monocytogenes and S. aureus (gram-positive bacteria) and P aeruginosa, E. coli
(gram-negative bacteria) (P < .01). A nanostructured lipid carrier loaded M.
pulegium oil-based gel after being applied topically showed a declining anti-
inflammatory activity and an enhancement of the proliferative phase. In ad-
dition to this, it also showed enhanced expression of markers such as TGF-f,
IL-10, b-FGE and reduced levels of NF-kB compared with the control
group (P < .05). Thus the nanostructured lipid carrier loaded M. pulegium
oil acted as a promising compound for treating an infectious wound (Khezri
et al., 2020).
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Further, Natarajan et al. formulated pioglitazone loaded nanostructured
lipid carrier loaded collagen/chitosan composite scaffolds for diabetic wound
healing. The cross-linked scaftold showed low matrix breakdown, optimal po-
rosity,and a controlled release drug profile than a non-crossing-linked scaffold.
An 1in vitro study showed biocompatibility and increased cell growth of a pi-
oglitazone loaded nanostructured lipid carrier-based collagen/chitosan scaf-
fold than a control and nanostructured lipid carrier loaded collagen/chitosan
scaffold. The wound healing activity was studied using a streptozotocin-
induced diabetic model and showed a higher wound contraction rate for
a pioglitazone-loaded nanostructured lipid carrier-based collagen/chitosan
scaffold compared with a control, and a nanostructured lipid carrier loaded
collagen/chitosan scaffold (P < .001). Similarly, the developed formulation
indicated a reduction of matrix metalloproteinase 9 levels than the control
and nanostructured lipid carrier loaded collagen/chitosan scaffold. Thus the
pioglitazone nanostructured lipid carrier-based collagen/chitosan scatfold
confirmed its potential to treat diabetic wounds (Natarajan et al., 2019).

Liposomes

Liposomes are lipid bilayer vesicles consisting of phospholipid molecules
and are considered as potential drug delivery systems for nanocarriers via
a topical route of administration (Chen et al., 2013). Liposomes are suit-
able nanocarriers for wound healing due to their biodegradability, biocom-
patibility, safety, and proficiency for encapsulating both hydrophilic (in the
aqueous cavity), and lipophilic (in lipid bilayer) drugs (Mitragotri et al.,
2014; Degim et al., 2011).

Kumar et al. studied collagen binding to the encapsulation of peptide-
tethered vancomycin liposomes in collagen-based scaffolds to treat wound in-
fections. The formulated liposomes were incorporated into a collagen-based
hydrogel for treating methicillin-resistant S. aureus (MRSA) infections in vi-
tro and in vivo. Collagen mimetic peptide vancomycin nanostructured lipo-
somes bound to a gel to facilitate vancomycin sustained release and increased
in vitro antibacterial activity over MRSA than vancomycin-loaded gels or
vancomycin liposome loaded gels following bacterial inoculations for 48 h.
After that, in vivo studies were conducted in MR SA-infected wounds, and
results showed the effectiveness of a developed collagen mimetic peptide
vancomycin liposome-based gel up to 9 days than a vancomycin-loaded gel
or vancomycin liposome loaded gel (limited to < 2 days). Thus the devel-
oped liposome-based gel can be a suitable topical formulation for the pre-
vention of MSR A wound infections (Thapa et al., 2020).
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BIOMATERIALS FOR
COLLAGEN WOUND HEALING

Fig. 5.3 Schematic overview of biomaterials and advanced drug delivery systems for
wound healing.

Ferreira et al. developed functionalized nonoven gauze containing
piroxicam (an antiinflammatory) loaded liposomes. The mechanism of
piroxicam (NSAID antiinflammatory) involves suppression of a constant
inflammatory response resulting in improved wound healing. The results
proved that the maximum concentration of piroxicam release is attained
when gauzes were charged (cationic) with poly(diallyl dimethyl ammo-
nium chloride) (PDDA) with a high level of phospholipid (~ 3000 pM).
Finally, the prepared multilamellar vehicles were considered as a suitable
carrier due to their biocompatibility and no toxicity to human skin fibro-
blasts. Hence, functionalized gauzes are regarded as a promising tool to treat
chronic wounds (Ferreira et al., 2013).

The schematic overview of biomaterials and advanced drug delivery
systems for wound healing is represented in Fig. 5.3.

5.4 Conclusion and future perspectives in wound healing

Compromising various stages like maturation, proliferation, Matrix remod-
eling and scar formation, inflammation, wound healing is one of the com-
plicated biological cascades involving various biological factors, cells, and
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processes. Complexity of wounds depends on extent of infection, immu-
nocompromised conditions and various diseased conditions like diabetes.
Owing to these complexities in addressing management of wound heal-
ing, researchers are focusing on novel biomaterials from natural sources
like collagen, hyaluronic acid, alginate, chitosan as well as biomaterials from
synthetic origin like polycaprolactone, PLGA. With biomaterials, various
nanocarriers like inorganic nanoparticles, organic nanoparticles, lipidic, and
polymeric nanoparticles are explored for advance drug delivery wound
healing. This review highlights the potential of earlier mentioned advances
in wound care and management.

Further advances in wound healing therapy involve the production of
split or full-thickness skin alternatives to mimic the natural functioning of
the skin. These engineered skin alternatives have managed well, currently
using different engineering technologies. Hence, current practices involve
the use of different skin substitutes as an auxiliary and advancement of
the quality of life. The researchers are exploring various advances and in-
genious techniques for wound healing and skin regeneration. The recent
smart technologies include portable bioprinters, electro sprayers, in situ 3D
printing, and in situ hydrogels. In addition, several cellular therapies such
as treatment of stromal vascular fraction, micro RNA (miRNA), immuno-
modulation, and small interfering RNA (siRNA) charged skin therapies
are also effective wound healing techniques (Chouhan et al., 2019). These
kinds of novel research will contribute more specificity, patient compliance,
better preventive measures in critical wound infections like burns and cost
effectiveness in wound care management.

Conflicts of interest

All authors declare no conflicts of interest.

References

Abbaszadeh, A., Tehmasebi-Foolad, A., Rajabzadeh, A., Beigi-Brojeni, N., Zarei, L., 2019.
Effects of chitosan/nano selenium biofilm on infected wound healing in rats; an exper-
imental study. Bull. Emerg. Trauma 7 (3), 284-291.

Ahmed,A., Niazi, M.B.K., Jahan, Z.,Ahmad,T., Hussain,A., Pervaiz, E., Janjua, H.A., Hussain,
Z.,2020. In-vitro and in-vivo study of superabsorbent PVA/starch/g-C3N4/Ag@ TiO,
NPs hydrogel membranes for wound dressing. Eur. Polym. J. 130, 1-14.

Arantes, V.T., Faraco, A.A., Ferreira, EB., Oliveira, C.A., Martins-Santos, E., Cassini-Vieira,
P, Barcelos, L.S., Ferreira, L.A., Goulart, G.A., 2020. Retinoic acid-loaded solid lipid
nanoparticles surrounded by chitosan film support diabetic wound healing in in vivo
study. Colloids Surf. B: Biointerfaces 188, 1-9.

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024


http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0010
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0010
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0010
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0015
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0015
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0015
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0020
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0020
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0020
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0020

134 Nanotechnology in medicine and biology

Arshad, R, Sohail, M.E, Sarwar, H.S., Saced, H.,Ali, I.,Akhtar, S., Hussain, S.Z.,Afzal, I, Jahan,
S., Shahnaz, G., 2019. ZnO-NPs embedded biodegradable thiolated bandage for post-
operative surgical site infection; in vitro and in vivo evaluation. PLoS One 14 (6), 1-18.

Bakhsheshi-Rad, H.R., Ismail, A.E, Aziz, M., Akbari, M., Hadisi, Z., Daroonparvar, M.,
Chen, X.B., 2019. Antibacterial activity and in vivo wound healing evaluation of
polycaprolactone-gelatin methacryloyl-cephalexin electrospun nanofibrous. ACS Mater.
Lett. 256, 1-4.

Bakhsheshi-Rad, H.R.., Hadisi, Z., Ismail, A.E, Aziz, M., Akbari, M., Berto, E, Chen, X.B.,
2020. In vitro and in vivo evaluation of chitosan-alginate/gentamicin wound dressing
nanofibrous with high antibacterial performance. Polym. Test. 82, 1-28.

Barna, M., Kucera, A., Hladicova, M., Kucera, M., 2007. Der wundheilende Effekt einer
Symphytum-Herba-Extrakt-Creme (Symphytum X uplandicum Nyman); Ergebnisse
einer randomisierten, kontrollierten Doppelblindstudie. Wien. Med. Wochenschr. 157
(21 —-22),569-574.

Buss, N., Ryan, P, Baughman, T., Roy, D., Patterson, C., Gordon, C., Dixit, R., 2018.
Nonclinical safety and pharmacokinetics of Miglyol 812; a medium chain triglyceride
in exenatide once weekly suspension. J. Appl. Toxicol. 38 (10), 1293—-1301.

Canpolat, I, Alper, B., 2017. Wound healing and current treatment techniques. J. Agric. Vet.
Sci. 1 (3), 180-184.

Carlson, G.A., Dragoo, J.L., Samimi, B., Bruckner, D.A., Bernard, G.W., Hedrick, M.,
Benhaim, P, 2004. Bacteriostatic properties of biomatrices against common orthopaedic
pathogens. Biochem. Biophys. Res. Commun. 321 (2), 472-478.

Chen,]., Cheng, D., Li, J.,Wang,Y., Guo, ].X., Chen, Z.P, Cai, B.C.,Yang, T., 2013. Influence
of lipid composition on the phase transition temperature of liposomes composed of both
DPPC and HSPC. Drug Dev. Ind. Pharm. 39 (2), 197-204.

Chen, W.Y., Chang, H.Y., Lu, J.K., Huang, Y.C., Harroun, S.G., Tseng, Y.T., L1,Y.]., Huang,
C.C., Chang, H.T., 2015. Self-assembly of antimicrobial peptides on gold nanodots;
against multidrug-resistant bacteria and wound-healing application. Adv. Funct. Mater.
25 (46),7189-7199.

Chen, K., Wang, E, Liu, S., Wu, X., Xu, L., Zhang, D., 2020. In situ reduction of silver
nanoparticles by sodium alginate to obtain silver-loaded composite wound dressing with
enhanced mechanical and antimicrobial property. Int. J. Biol. Macromol. 148, 501-509.

Chereddy, K.K., Her, C.H., Comune, M., Moia, C., Lopes, A., Porporato, PE., Vanacker, J.,
Lam, M.C.,, Steinstraesser, L., Sonveaux, P, Zhu, H., 2014. PLGA nanoparticles loaded
with host defense peptide LL37 promote wound healing. J. Control. Release 194,
138-147.

Chiellini, E., Corti,A., D'Antone, S., Solaro, R ., 2003. Biodegradation of poly (vinyl alcohol)
based materials. Prog. Polym. Sci. 28 (6), 963—-1014.

Cho, K.Y.,, Chung, T.W., Kim, B.C., Kim, M.K,, Lee, J.H., Wee, W.R., Cho, C.S., 2003.
Release of ciprofloxacin from poloxamer-graft-hyaluronic acid hydrogels in vitro. Int. J.
Pharm. 260 (1), 83-91.

Chouhan,D.,Dey, N., Bhardwaj, N., Mandal, B.B.,2019. Emerging and innovative approaches
for wound healing and skin regeneration; current status and advances. Biomaterials 216,
119-267.

Comune, M., Rai, A., Chereddy, K.K., Pinto, S.,Aday, S., Ferreira, A.E, Zonari, A., Blersch, J.,
Cunha, R, Rodrigues, R, Lerma, J., 2017. Antimicrobial peptide-gold nanoscale thera-
peutic formulation with high skin regenerative potential. J. Control. Release 262,58-71.

Croisier, E, Jérome, C.,2013. Chitosan-based biomaterials for tissue engineering. Eur. Polym.
J. 49 (4), 780-792.

Degim, Z., Celebi, N.,Alemdaroglu, C., Deveci, M., Oztiirk, S., Ozogul, C.,2011. Evaluation
of chitosan gel containing liposome-loaded epidermal growth factor on burn wound
healing. Int. Wound J. 8 (4), 343-354.

This book belongs to Central Library BADJT Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024


http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0025
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0025
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0025
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0030
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0030
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0030
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0030
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0035
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0035
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0035
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0040
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0040
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0040
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0040
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0045
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0045
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0045
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0050
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0050
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0055
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0055
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0055
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0060
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0060
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0060
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0065
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0065
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0065
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0065
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0070
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0070
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0070
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0075
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0075
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0075
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0075
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0080
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0080
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0085
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0085
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0085
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0090
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0090
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0090
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0095
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0095
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0095
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0100
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0100
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0105
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0105
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0105

Nanobiomaterials for wound healing 135

Demidova-Rice, T.N., Hamblin, M.R., Herman, I.M., 2012. Acute and impaired wound
healing: pathophysiology and current methods for drug delivery, part 1; normal and
chronic wounds: biology, causes, and approaches to care. Adv. Skin Wound Care 25 (7),
304-314.

Devlin, J.J., Kircher, S., Kozen, B.G., Littlejohn, L.E, Johnson, A.S., 2011. Comparison of
ChitoFlex®, CELOX™, and QuikClot® in control of hemorrhage. J. Emerg. Med. 41
(3),237-245.

Drumright, R.E., Gruber, PR., Henton, D.E., 2000. Polylactic acid technology. Adv. Mater.
12 (23), 1841-1846.

Dudhani, A.R., Kosaraju, S.L., 2010. Bioadhesive chitosan nanoparticles; preparation and
characterization. Carbohydr. Polym. 81 (2), 243-251.

Eglin, D., Mortisen, D., Alini, M., 2009. Degradation of synthetic polymeric scaftolds for
bone and cartilage tissue repairs. Soft Matter 5 (5), 938-947.

Ehlers, E.M., Behrens, P, Wiinsch, L., Kithnel, W., Russlies, M., 2001. Effects of hyaluronic
acid on the morphology and proliferation of human chondrocytes in primary cell cul-
ture. Ann. Anat. 183 (1), 13-17.

Enoch, S., Price, P, 2004. Cellular, molecular and biochemical differences in the pathophysi-
ology of healing between acute wounds, chronic wounds and wounds in the aged. World
Wide Wounds 13, 1-17.

Fang,Y., Zhu, X.,Wang, N., Zhang, X.,Yang, D., Nie, J., Ma, G., 2019. Biodegradable core-
shell electrospun nanofibers based on PLA and y-PGA for wound healing. Eur. Polym.
J. 116,30-37.

Ferreira, H., Matama, T., Silva, R., Silva, C., Gomes, A.C., Cavaco-Paulo, A., 2013.
Functionalization of gauzes with liposomes entrapping an anti-inflammatory drug; a
strategy to improve wound healing. React. Funct. Polym. 73, 1328-1334.

Fischer, M., Gebhard, E, Hammer, T., Zurek, C., Meurer, G., Marquardt, C., Hoefer, D., 2017.
Microbial alginate dressings show improved binding capacity for pathophysiological fac-
tors in chronic wounds compared to commercial alginate dressings of marine origin. J.
Biomater. Appl. 31 (9), 1267-1276.

Galliard, H. von T., 1987. 151 Seiten, zahlr. Abb. und Tab. John Wiley & Sons, Chichester u. a.
1987. Food / Nahrung 32 (8), 782. https://doi.org/10.1002/to0d.19880320816.

Garcia-Orue, ., Gainza, G., Garcia-Garcia, P, Gutierrez, EB., Aguirre, J.J., Hernandez, R.M.,
Delgado, A., Igartua, M., 2019. Composite nanofibrous membranes of PLGA/Aloe
vera containing lipid nanoparticles for wound dressing applications. Int. J. Pharm. 556,
320-329.

George, M., Abraham, T.E., 2006. Polyionic hydrocolloids for the intestinal delivery of pro-
tein drugs; alginate and chitosan—a review. J. Control. Release 114 (1), 1-14.

Ghodrati, M., Farahpour, M.R., Hamishehkar, H., 2019. Encapsulation of peppermint
essential oil in nanostructured lipid carriers; in-vitro antibacterial activity and acceler-
ative effect on infected wound healing. Colloids. Surf. A Physicochem. Eng. Asp. 564,
161-169.

Ghosh, K., Clark, R.A.E, 2007. Wound repair. In: Principles of Tissue Engineering. Elsevier,
pp- 1149-1166, https://doi.org/10.1016/B978-012370615-7/50080-9.

Gunatillake, PA., Adhikari, R, 2003. Biodegradable synthetic polymers for tissue engineer-
ing. Eur. Cell. Mater. 5 (1), 1-16.

Hajji, S., Khedir, S.B., Hamza-Mnif, I., Hamdi, M., Jedidi, 1., Kallel, R., Boufi, S., Nasri,
M., 2019. Biomedical potential of chitosan-silver nanoparticles with special reference
to antioxidant, antibacterial, hemolytic and in vivo cutaneous wound healing effects.
Biochim. Biophys. Acta Gen. Subj. 1863 (1), 241-254.

Halbleib, M., Skurk, T, de Luca, C., von Heimburg, D., Hauner, H., 2003. Tissue engineering
of white adipose tissue using hyaluronic acid-based scaftolds. I; in vitro difterentiation of
human adipocyte precursor cells on scaftolds. Biomaterials 24 (18), 3125-3132.

This book belongs to Central Library BADJT Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024


http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0110
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0110
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0110
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0110
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0115
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0115
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0115
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0120
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0120
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0125
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0125
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0130
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0130
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0135
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0135
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0135
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0140
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0140
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0140
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0145
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0145
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0145
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0150
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0150
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0150
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0155
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0155
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0155
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0155
https://doi.org/10.1002/food.19880320816
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0160
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0160
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0160
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0160
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0165
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0165
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0170
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0170
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0170
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0170
https://doi.org/10.1016/B978-012370615-7/50080-9
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0180
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0180
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0185
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0185
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0185
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0185
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0190
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0190
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0190

136  Nanotechnology in medicine and biology

Hamdan, S., Pastar, 1., Drakulich, S., Dikici, E., Tomic-Canic, M., Deo, S., Daunert, S., 2017.
Nanotechnology-driven therapeutic interventions in wound healing; potential uses and
applications. ACS Cent. Sci. 3 (3), 163—-175.

Hivechi, A., Bahrami, S.H., Siegel, R.A., Milan, P.B., Amoupour, M., 2020. In vitro and
in vivo studies of biaxially electrospun poly (caprolactone)/gelatin nanofibers, reinforced
with cellulose nanocrystals, for wound healing applications. Cellulose 1-18.

Homaeigohar, S., Boccaccini, A.R., 2020. Antibacterial biohybrid nanofibers for wound
dressings. Acta Biomater. 107, 25—49.

Horakova, J., Mikes, P, Saman, A., Svarcova, T, Jencova,V., Suchy, T., Heczkova, B., Jakubkova,
S., Jirousova, J., Prochazkova, R, 2018. Comprehensive assessment of electrospun scaf-
folds hemocompatibility. Mater. Sci. Eng. C 82, 330-335.

Hu, L., Sun,Y., Wu,Y., 2013. Advances in chitosan-based drug delivery vehicles. Nanoscale
5(8),3103-3111.

Jeschke, M.G., van Baar, M.E., Choudhry, M.A., Chung, K.K., Gibran, N.S., Logsetty, S.,
2020. Burn injury. Nat. Rev. Dis. Primers 6 (1), 1-25.

Kaushik, M., Niranjan, R., Thangam, R., Madhan, B., Pandiyarasan, V., Ramachandran, C.,
Oh, D.H., Venkatasubbu, G.D., 2019. Investigations on the antimicrobial activity and
wound healing potential of ZnO nanoparticles. Appl. Surf. Sci. 479, 1169-1177.

Khezri, K., Farahpour, M.R., Rad, S.M., 2020. Efficacy of Mentha pulegium essential oil
encapsulated into nanostructured lipid carriers as an in vitro antibacterial and infected
wound healing agent. Colloids Surf. A Physicochem. Eng. Asp. 589, 124414.

Kim, I.Y,, Seo, S.J., Moon, H.S.,Yoo, M.K., Park, I.Y., Kim, B.C., Cho, C.S., 2008. Chitosan
and its derivatives for tissue engineering applications. Biotechnol. Adv. 26 (1), 1-21.
Kim, H.S,, Sun, X., Lee, J.H., Kim, H.W/, Fu, X., Leong, K.W,, 2019. Advanced drug delivery

systems and artificial skin grafts for skin wound healing. Adv. Drug Deliv. Rev. 146,209-239.

Krausz, A.E., Adler, B.L., Cabral, V., Navati, M., Doerner, J., Charafeddine, R.A., Chandra,
D., Liang, H., Gunther, L., Clendaniel, A., Harper, S., 2015. Curcumin-encapsulated
nanoparticles as innovative antimicrobial and wound healing agent. Nanomedicine 11
(1), 195-206.

Kundu, B., Rajkhowa, R., Kundu, S.C., Wang, X., 2013. Silk fibroin biomaterials for tissue
regenerations. Adv. Drug Deliv. Rev. 65 (4), 457-470.

Lee, J.E., Park, J.C., Kim, J.G., Suh, H., 2001. Preparation of collagen modified hyaluronan
microparticles as antibiotics carrier. Yonsei Med. J. 42 (3), 291-298.

Lee,Y.S., Kang, S.U., Lee, M.H., Kim, H.J., Han, C.H., Won, H.R., Park, Y.U., Kim, C.H.,
2019. GnRH impairs diabetic wound healing through enhanced NETosis. Cell. Mol.
Immunol. 17 (8), 856—864.

Li, X., Chen,S., Zhang, B.,Li, M., Diao, K., Zhang, Z., L1, ]., Xu,Y.,Wang, X., Chen, H., 2012.
In situ injectable nano-composite hydrogel composed of curcumin, N, O-carboxymethyl
chitosan and oxidized alginate for wound healing application. Int. J. Pharm. 437 (1-2),
110-119.

Liu, Y., Shu, X.Z., Prestwich, G.D., 2005. Biocompatibility and stability of disulfide-
crosslinked hyaluronan films. Biomaterials 26 (23), 4737-4746.

Losi, P, Briganti, E., Magera, A., Spiller, D., Ristori, C., Battolla, B., Balderi, M., Kull, S.,
Balbarini, A., Di Stefano, R.., Soldani, G., 2010.Tissue response to poly (ether) urethane-
polydimethylsiloxane-fibrin composite scaffolds for controlled delivery of pro-
angiogenic growth factors. Biomaterials 31 (20), 5336-5344.

Mahmoud, A.A., Salama, A.H., 2016. Norfloxacin-loaded collagen/chitosan scaffolds for
skin reconstruction; preparation, evaluation and in-vivo wound healing assessment. Eur.
J. Pharm. Sci. 83, 155-165.

Mahmoud, N.N., Hikmat, S., Ghith, D.A., Hajeer, M., Hamadneh, L., Qattan, D., Khalil,
E.A., 2019. Gold nanoparticles loaded into polymeric hydrogel for wound healing in
rats; effect of nanoparticles shape and surface modification. Int. J. Pharm. 565, 174-186.

This book belongs to Central Library BADJT Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024


http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0195
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0195
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0195
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0200
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0200
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0200
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0205
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0205
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0210
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0210
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0210
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0215
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0215
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0220
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0220
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0225
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0225
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0225
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0230
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0230
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0230
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0235
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0235
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0240
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0240
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0245
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0245
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0245
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0245
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0250
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0250
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0255
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0255
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0260
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0260
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0260
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0265
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0265
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0265
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0265
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0270
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0270
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0275
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0275
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0275
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0275
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0280
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0280
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0280
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0285
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0285
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0285

Nanobiomaterials for wound healing 137

Majeed, Z., Ramli, N.K., Binti Mansor, N., Man, Z., 2014. Lignin loading eftect on biode-
gradability and nitrogen release properties of urea modified tapioca starch in wet soil.
Key Eng. Mater. 594-595, 798-802.

Masood, N., Ahmed, R, Tariq, M., Ahmed, Z., Masoud, M.S., Ali, I., Asghar, R., Andleeb,
A., Hasan, A., 2019. Silver nanoparticle impregnated chitosan-PEG hydrogel enhances
wound healing in diabetes induced rabbits. Int. J. Pharm. 559, 23-36.

Milella, E., Brescia, E., Massaro, C., Ramires, PA., Miglietta, M.R ., Fiori, V., Aversa, P., 2002.
Physico-chemical properties and degradability of non-woven hyaluronan benzylic esters
as tissue engineering scaftfolds. Biomaterials 23 (4), 1053-1063.

Mitragotri, S., Burke, PA., Langer, R., 2014. Overcoming the challenges in administer-
ing biopharmaceuticals: formulation and delivery strategies. Nat. Rev. Drug Discov. 13,
655—672.

Movahedi, M., Asefnejad, A., Rafienia, M., Khorasani, M.T., 2020. Potential of novel elec-
trospun core-shell structured polyurethane/starch (hyaluronic acid) nanofibers for
skin tissue engineering; in vitro and in vivo evaluation. Int. J. Biol. Macromol. 146,
627-637.

Mulinti, P, Brooks, ., Lervick, B., Pullan, J., Brooks,A., 2018. Strategies to improve the hemo-
compatibility of biodegradable biomaterials. In: Hemocompatibility of Biomaterials for
Clinical Applications. Woodhead Publishing, pp. 53—-278.

Naeem, M., Tetlow, L]., Emes, M.J., 1997. Starch synthesis in amyloplasts purified from de-
veloping potato tubers. Plant J. 11 (5), 1095-1103.

Naseri, N.,Valizadeh, H., Zakeri-Milani, P, 2015. Solid lipid nanoparticles and nanostructured
lipid carriers; structure, preparation and application. Adv. Pharm. Bull. 5 (3), 305-313.

Natarajan, J., Sanapalli, B.K.R., Bano, M., Singh, S.K., Gulati, M., Karri, V.V.S.R., 2019.
Nanostructured lipid carriers of pioglitazone loaded collagen/chitosan composite scaf-
fold for diabetic wound healing. Adv. Wound Care 8 (10), 499-513.

Nguyen, T.D., Nguyen, T.T., Ly, K.L., Tran, A.H., Nguyen, T.T.N.,Vo, M.T., Ho, H.M., Dang,
N.T.N.,Vo,V.T., Nguyen, D.H., Nguyen, T.T.H., 2019. In vivo study of the antibacterial
chitosan/polyvinyl alcohol loaded with silver nanoparticle hydrogel for wound healing
applications. Int. J. Polym. Sci. 1-10.

Padalhin, A.R.., Thuy Ba Linh, N., Ki Min,Y., Lee, B.T., 2014. Evaluation of the cytocompat-
ibility hemocompatibility in vivo bone tissue regenerating capability of different PCL
blends. J. Biomater. Sci. Polym. Ed. 25 (5), 487-503.

Park, S.H., Park, S.R., Chung, S.I., Pai, K.S., Min, B.H., 2005. Tissue-engineered cartilage
using fibrin/hyaluronan composite gel and it in vivo implantation. Artif. Organs 29
(10), 838-845.

Poonguzhali, R.., Basha, S.K., Kumari,V.S., 2018. Fabrication of asymmetric nanostarch rein-
forced chitosan/PVP membrane and its evaluation as an antibacterial patch for in vivo
wound healing application. Int. J. Biol. Macromol. 114, 204-213.

Pozza, M., Millner, R.W., 2011. Celox (chitosan) for haemostasis in massive traumatic bleed-
ing; experience in Afghanistan. Eur. J. Emerg. Med. 18 (1), 31-33.

Reis, R.L., Cunha, A.M., 2001. Starch and starch-based thermoplastics. In: Jurgen, K.H.,
Buschow, R., Cahn, W., Flemings, M.C., Ilschner, B., Kramer, E.J., Mahajan, S. (Eds.),
Encyclopedia of Materials Science and Technology (11 Volumes).Volume on Biological
and Biomimetic Materials, vol. 11. Pergamon-Elsevier Science, Amsterdam, pp.
8810-8816.

Rodriguez, M.J., Brown, J., Giordano, J., Lin, S.J., Omenetto, EG., Kaplan, D.L., 2017. Silk
based bioinks for soft tissue reconstruction using 3-dimensional (3D) printing with
in vitro and in vivo assessments. Biomaterials 117, 105—115.

Saghazadeh, S., Rinoldi, C., Schot, M., Kashaf, S.S., Sharifi, E, Jalilian, E., Nuutila, K., Giatsidis,
G., Mostafalu, P, Derakhshandeh, H.,Yue, K., 2018. Drug delivery systems and materials
for wound healing applications. Adv. Drug Deliv. Rev. 127, 138-166.

This book belongs to Central Library BADJT Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024


http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0290
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0290
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0290
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0295
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0295
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0295
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0300
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0300
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0300
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0305
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0305
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0305
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0310
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0310
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0310
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0310
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0315
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0315
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0315
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0320
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0320
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0325
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0325
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0330
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0330
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0330
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0335
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0335
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0335
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0335
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0340
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0340
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0340
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0345
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0345
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0345
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0350
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0350
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0350
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0355
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0355
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0360
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0360
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0360
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0360
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0360
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0365
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0365
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0365
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0370
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0370
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0370

138  Nanotechnology in medicine and biology

Samavedi, S., Poindexter, L.K., Van Dyke, M., Goldstein, A.S., 2014. Synthetic biomateri-
als for regenerative medicine applications. In: Regenerative Medicine Applications in
Organ Transplantation. Elsevier, pp. 81-99.

Sandhiya, S., Dkhar, S.A., Surendiran, A., 2009. Emerging trends of nanomedicine—an over-
view. Fundam. Clin. Pharmacol. 23 (3), 263-269.

Sarhan, W.A., Azzazy, H.M., El-Sherbiny, I.M., 2016. Honey/chitosan nanofiber wound
dressing enriched with Allium sativum and Cleome droserifolia; enhanced antimicrobial
and wound healing activity. ACS Appl. Mater. Interfaces 8 (10), 6379-6390.

Sarker, B., Singh, R, Silva, R.., Roether, J.A., Kaschta, J., Detsch, R, Schubert, D.W., Cicha, I,
Boccaccini, AR, 2014. Evaluation of fibroblasts adhesion and proliferation on alginate-
gelatin crosslinked hydrogel. PLoS One 9 (9), 107952.

Semenova, M.V., Osadchenko, S.V., Mezhuev, Y.O., Shtil’'man, M.I., Semenova, I.N., 2016.
Synthesis of hemocompatible materials based on branched polyvinyl alcohol. Russ. J.
Appl. Chem. 89 (8), 1286-1291.

Shao, J.,Wang, B., Li, J., Jansen, J.A.,Walboomers, X.E,Yang, E, 2019. Antibacterial effect and
wound healing ability of silver nanoparticles incorporation into chitosan-based nanofi-
brous membranes. Mater. Sci. Eng. C 98, 1053—1063.

Shefa, A.A.,Amirian, J., Kang, H.J., Bae, S.H., Jung, H.I., Choi, H.J., Lee, S.Y., Lee, B.T., 2017.
In vitro and in vivo evaluation of eftectiveness of a novel TEMPO-oxidized cellulose
nanofiber-silk fibroin scaffold in wound healing. Carbohydr. Polym. 177, 284-296.

Shende, P, Gupta, H., 2020. Formulation and comparative characterization of nanoparticles
of curcumin using natural, synthetic and semi-synthetic polymers for wound healing.
Life Sci. 253, 117588.

Shou,Y., Zhang, J.,Yan, S., Xia, P, Xu, P, Li, G., Zhang, K., Yin, J., 2020. Thermoresponsive
chitosan/DOPA-based hydrogel as an injectable therapy approach for tissue-adhesion
and hemostasis. ACS Biomater. Sci. Eng. 6 (6), 3619-3629.

Shu, X.Z., Liu, Y., Palumbo, E, Prestwich, G.D., 2003. Disulfide-crosslinked hyaluronan-
gelatin hydrogel films: a covalent mimic of the extracellular matrix for in vitro cell
growth. Biomaterials 24 (21), 3825-3834.

Shu, X.Z., Liu,Y., Palumbo, ES., Luo,Y., Prestwich, G.D., 2004. In situ crosslinkable hyaluro-
nan hydrogels for tissue engineering. Biomaterials 25 (7-8), 1339-1348.

Solchaga, L.A., Temenoff, J.S., Gao, J., Mikos,A.G., Caplan,A.1., Goldberg, V.M., 2005. R epair
of osteochondral defects with hyaluronan-and polyester-based scaffolds. Osteoarthr.
Cartil. 13 (4), 297-309.

Sonker, A K., Teotia, A.K., Kumar, A., Nagarale, R .K.,Verma,V., 2017. Development of poly-
vinyl alcohol based high strength biocompatible composite films. Macromol. Chem.
Phys. 218 (15), 1700130.

Tan, H., Chu, C.R., Payne, K.A., Marra, K.G., 2009. Injectable in situ forming biodegradable
chitosan—hyaluronic acid-based hydrogels for cartilage tissue engineering. Biomaterials
30 (13), 2499-2506.

Thapa, R.K., Kiick, K.L., Sullivan, M.O., 2020. Encapsulation of collagen mimetic peptide-
tethered vancomycin liposomes in collagen-based scaffolds for infection control in
wounds. Acta Biomater. 103, 115—-128.

Tian, J., Wong, K K., Ho, C.M., Lok, C.N.,Yu, W.Y., Che, C.M., Chiu, J.E, Tam, PK., 2007.
Topical delivery of silver nanoparticles promotes wound healing. ChemMedChem 2
(1), 129-136.

VandeVord, PJ., Matthew, H.W., DeSilva, S.P., Mayton, L., Wu, B., Wooley, PH., 2002.
Evaluation of the biocompatibility of a chitosan scaffold in mice. J. Biomed. Mater. Res.
59 (3), 585-590.

Wang, W., Lu, K.J.,Yu, C.H., Huang, Q.L., Du,Y.Z., 2019. Nano-drug delivery systems in
wound treatment and skin regeneration. J. Nanobiotechnol. 17 (1), 1-15.

This book belongs to Central Library BADJT Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024


http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0375
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0375
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0375
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0380
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0380
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0385
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0385
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0385
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0390
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0390
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0390
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0395
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0395
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0395
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0400
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0400
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0400
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0405
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0405
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0405
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0410
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0410
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0410
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0415
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0415
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0415
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0420
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0420
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0420
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0425
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0425
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0430
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0430
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0430
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0435
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0435
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0435
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0440
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0440
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0440
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0445
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0445
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0445
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0450
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0450
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0450
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0455
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0455
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0455
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0460
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0460

Nanobiomaterials for wound healing 139

Wang, C.H., Hsich, DJ., Periasamy, S., Chuang, C.T., Tseng, EW., Kuo, J.C., Tarng, Y.W.,
2020. Regenerative porcine dermal collagen matrix developed by supercritical carbon
dioxide extraction technology; role in accelerated wound healing. Materialia 9, 100576.

Wentao, W., Tao, Z., Bulei, S., Tongchang, Z., Qicheng, Z., Fan, W, Ninglin, Z., Jian, S., Ming,
Z.,Yi, S., 2019. Functionalization of polyvinyl alcohol composite film wrapped in am-
ZnO@ CuO@ Au nanoparticles for antibacterial application and wound healing. Appl.
Mater. Today 17, 36—44.

Whang, H.S., Kirsch, W., Zhu,Y.H.,Yang, C.Z., Hudson, S.M., 2005. Hemostatic agents de-
rived from chitin and chitosan. Polym. Rev. (Phila Pa) 45 (4), 309-323.

WHO, 2020a. Burns. WHO. https://www.who.int/news-room/fact-sheets/detail/burns.
(Viewed 29 August 2020).

WHO, 2020b. Wound Management. WHO. https://www.who.int/hac/techguidance/tools/
guidelines_prevention_and_management_wound_infection.pdf?ua=1#:~:text=to%20
water%20quality), 1.,away%20damaged%20and%20dead%20tissue. (Viewed 29 August
2020).

Xia,]J., Zhang, H.,Yu, E, Pe1, Y., Luo, X., 2020. Super clear, porous cellulose membranes with
chitosan-coated nanofibers for visualized cutaneous wound healing dressing. ACS Appl.
Mater. Interfaces 12 (21), 24370-24379.

Zeplin, PH., Maksimovikj, N.C., Jordan, M.C., Nickel, J., Lang, G., Leimer, A.H., Romer,
L., Scheibel, T, 2014. Spider silk coatings as a bioshield to reduce periprosthetic fibrous
capsule formation. Adv. Funct. Mater. 24 (18), 2658-26066.

Zepon, K.M., Marques, M.S., Hansen, A.W., Pucci, C.D.A.E, Morisso, ED.P., Ziulkoski,A.L.,
do Nascimento, J.H.O., Magnago, R.E, Kanis, L.A., 2020. Polymer-based wafers con-
taining in situ synthesized gold nanoparticles as a potential wound-dressing material.
Mater. Sci. Eng. C 109, 110630.

Zhang,Y., Zhang, M., 2001. Microstructural and mechanical characterization of chitosan
scaftolds reinforced by calcium phosphates. J. Non-Cryst. Solids 282 (2-3), 159-164.
Zulkifli, EH., Hussain, ES.J., Zeyohannes, S.S., Rasad, M.S.B.A.,Yusuff, M.M., 2017. A facile
synthesis method of hydroxyethyl cellulose-silver nanoparticle scaffolds for skin tissue

engineering applications. Mater. Sci. Eng. C 79, 151-160.

This book belongs to Central Library BADJT Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024


http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0465
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0465
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0465
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0470
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0470
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0470
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0470
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0475
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0475
https://www.who.int/news-room/fact-sheets/detail/burns
https://www.who.int/hac/techguidance/tools/guidelines_prevention_and_management_wound_infection.pdf?ua=1#:~:text=to%20water%20quality),1.,away%20damaged%20and%20dead%20tissue
https://www.who.int/hac/techguidance/tools/guidelines_prevention_and_management_wound_infection.pdf?ua=1#:~:text=to%20water%20quality),1.,away%20damaged%20and%20dead%20tissue
https://www.who.int/hac/techguidance/tools/guidelines_prevention_and_management_wound_infection.pdf?ua=1#:~:text=to%20water%20quality),1.,away%20damaged%20and%20dead%20tissue
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0490
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0490
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0490
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0495
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0495
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0495
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0500
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0500
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0500
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0500
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0505
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0505
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0510
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0510
http://refhub.elsevier.com/B978-0-12-819469-0.00004-6/rf0510

This page intentionally left blank

1is b

belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY




CHAPTER 6

Nanobiomaterials for
regenerative medicine

Anjali Pandya, Prashant Upadhaya, Shruti Lohakare,
Tishya Srivastava, Susmit Mhatre, Sreeranjini Pulakkat,
and Vandana B. Patravale

Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology, Mumbai,
Maharashtra, India

6.1 Introduction

With the recent advancements in the biotechnological arena, a multidisci-
plinary science namely tissue engineering and regenerative medicine (RM)
has emerged with enormous potential and has been gaining interest in
the medical fraternity. RM is a transformational link between tissue engi-
neering and its clinical applications encompassing innumerable approaches
which include the use of biomaterials and de novo produced cells or both
to replace the damaged tissues both anatomically and functionally, thereby
causing tissue healing and organ restoration (Bajaj et al., 2014). Today, RM is
looked on as a potential field to reconcile or replace tissues/organs damaged
owing to age, medical condition, trauma, congenital imperfections, etc. It is
evident from the current data of preclinical and clinical studies that RM can
be a promising alternative for the treatment of chronic and acute medical
conditions (Bailey et al., 2014; Jaklenec et al., 2012). Further, RM can also
be looked on as a strategy to repair damaged organs owing to cardiovascular
diseases, certain types of cancer, topical wounds, trauma wounds, etc. as the
success rate in the currently used transplant therapy is minimal mainly be-
cause of immunity complications and unavailability of donors (Mendelson
and Frenette, 2014;Vacanti et al., 2014). With such promising potentials, the
market of RM 1is continuously growing, and a number of FDA-approved
products have made their place in the global market (Table 6.1).

With the progressive and enormous growth in the sector of nanotech-
nology, a lot of expectations have emerged from the fields of biology and
medicine to solve the mysteries concerning the human biological systems
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Table 6.1 Representative list of FDA-approved products in regenerative medicine.

Brand name Source Application Approval date References

Allocord Allogeneic Treatment of unrelated May 2013 (Research, C. for B.E, 2019a)
donor hematopoietic cell
transplantation

Carticel Autologous | Treatment of cartilage defects from | August 1997 (Mao and Mooney, 2015)
acute or repetitive trauma

Celution Autologous | Transfer of autologous adipose September 2006 | (Mao and Mooney, 2015)
stem cells

Clevecord Allogeneic Treatment of unrelated September 2016 | (Research, C. for B.E, 2019b)
donor hematopoietic cell
transplantation

HPC, Cord Blood Allogenic Treatment of unrelated January 2019 (Research, C. for B.E, 2019c¢)
donor hematopoietic cell
transplantation

Dermagraft Allogenic Treatment of diabetic foot ulcer September 2001 | (Mao and Mooney, 2015)

Ducord Allogeneic Treatment of unrelated October 2012 (Research, C. for B.E, 2019d)
donor hematopoietic cell
transplantation

GEM 125 Allogenic Treatment of periodontal defects August 2015 (Mao and Mooney, 2015)

GINTUIT Allogenic Treatment of topical mucogingival | March 2012 (Research, C. for B.E, 2019¢)

conditions, leg, and diabetic foot
ulcers
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which are known to function at the nanoscale level. Hence, various ap-
proaches at the nanoscale have been used in biomedical applications and
are continuously drawing attention. The use of nanobiomaterials in the
area of tissue engineering and RM is one such approach that is currently
being explored. Given that the sizes of these functional biomaterials lie
in the nanorange, they interact efficiently with the biological system and
thereby present an excellent outcome in the arena of RM. These nanobio-
materials, apart from being nontoxic, are expected to be physically stable
and have the potential to interact with proteins and cells without altering
their biological activities (Solanki et al., 2008). The nanomaterials used in
RM are generally fabricated by a bottom-up or top-down approach. The
bottom-up technique is strongly used for the synthesis of novel materials
behaving contrarily in their nanoscale version than bulk materials. These
include inorganic and polymeric nanoparticles, quantum dots, dendrimers,
nanotubes, self-assembled materials, layer-by-layer structures, etc. The top-
down approach includes the amendment at the nanoscale of polymeric and
other materials which further generates nanoengineered systems such as
nanopatterns with structures influencing cell behavior and ensuing tissue
development (Verma et al., 2011). The major use of the aforementioned na-
nobiomaterials in the field of RM as of now extends to the use of scaffolds
for cell growth, delivery devices for drugs, genes and growth factors, cellular
tracking, isolation and modification, biosensors, bone void fillers, wound
healing, etc. However, the future looks bright and may witness tissue and
organ printing, organ regeneration, tissue restoration, etc., with the aid of
nanobiomaterials.

Just like nanomaterials, stems cells also play an important part in the
field of RM. Stem cells are characterized by their ability to self-reintroduce
and propagate along multiple lineage alleyways. These intrinsic properties of
stem cells make them a striking candidate for applications in the RM field
(Brunt et al., 2012). Human stem cells can broadly be classified into difter-
ent categories with respect to their origin and differentiating capabilities.
The basic types include embryonic stem cells, induced pluripotent stem
cells, hematopoietic stem cells, mesenchymal stem cells (MSCs), endothelial
progenitor cells, and organ-specific precursors such as cardiac stem cells,
neural stem cells, etc. Ideally, the stem cells for an RM purpose are expected
to meet certain criteria such as availability in abundance, extraction with
a minimal invasive procedure, reproducibility, safe and effective transplan-
tation in allogenic and autologous hosts, the feasibility of manufacturing
according to the GMP guidelines, etc. As discussed earlier, an interest in
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modern techniques in biology has recently increased since isolating liv-
ing and healthy cells from the body, expanding them, and combining with
a biocompatible material to re-transplant in the body has become feasi-
ble. Tissue engineering thus demands a prerequisite of the abundance of
tissue-specific cells without the morbidity of the donor site. As a result,
much attention is currently being given to multipotential progenitor cells,
for example, periosteal, embryonic, and MSCs (Brunt et al., 2012; Kolios
and Moodley, 2013; Ringe et al., 2002).

6.2 Properties of nanobiomaterials

The properties of nanobiomaterials are significantly different than the par-
ent biomaterials, mainly because of their characteristic nanosize and higher
surface area-to-volume ratio (Adaya et al., 2016). Although it is difficult to
define a perfect nanobiomaterial, there are some ideal properties that these
materials should possess for being better candidates in the context of tissue
regeneration. Physical properties play a major role in governing the role
and function of nanomaterials (Yang et al., 2019). The size and shape are
important parameters that are to be considered in the physical properties.
The surface properties of nanomaterials also have to be considered since
several cellular functions are directly corelated to the surface morphology
(Mitragotri and Lahann, 2009).

6.2.1 Size

The size of nanobioparticles determines their ability to bypass physiological
barriers in the body (Schreiber and Witte, 2017). In neural tissue regen-
eration, these carriers should pass the blood-brain barrier effectively and
a particle size less than 100 nm, usually between 15 and 50nm for metal
nanoparticles, like gold nanoparticles (AuNPs), are suggested for this pur-
pose (Gao and Jiang, 2006; Sonavane et al., 2008). A particle size of around
50nm is targeted for polymeric nanomaterials functioning as immunomod-
ulators. The size range for magnetic nanoparticles varies from 15nm to as
high as 1500 nm, depending on the type of material and the application in-
tended (Markides et al., 2012). For the efficient uptake of nanobioparticles,
the recommended particle size is between 5 and 50 nm, since those below
5nm fail to provide enough area for sufficient binding to the membrane
receptors followed by cellular uptake whereas those above 50 nm can bind
to the membrane receptors but at a cost of inhibition of the further binding
of nanoparticles (Albanese et al., 2012).
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6.2.2 Shape

Nanomaterials can be found in a variety of shapes ranging from 0-dimensional
nanostructures like metal ions, metal complexes like sulfides and oxides quan-
tum dots and nanocomposites, to three-dimensional (3D) materials like
scaftolds, hydrogels, electrospun nanofibers, and microneedle patches. In the
context of the regeneration of tissues, usually nanobiomaterials with higher
dimensions are preferred (Liu et al., 2019). An ideal nanobiomaterial must
possess the ability to encapsulate stem cells (Koutsopoulos, 2012). Shape has
a direct impact on the mechanical and biological properties of nanobiomate-
rials. For example, filomicelles having two dimensions at the nanolevel have
a considerably better half-life of circulation than micrometer-sized counter-
parts (Sahoo et al.,2013).The shape of nanobiomaterials is usually engineered
to mimic the shape of the extracellular matrix (ECM) based on the applica-
tion for improved regeneration and compatibility (Meyer and Green, 2016).

6.2.3 Surface morphology

The surface properties of a biomaterial dictate cell orientation, cell difteren-
tiation, and cell adhesion (Engel et al., 2008). The biomaterial needs to have
properties that are compatible with the site of application (Koutsopoulos,
2012). Stiff materials with a porous nature need to be used for applications
in bone regeneration (Ruhé et al., 2005). For neural regeneration, a soft
biomaterial should be used whereas for applications in the spinal cord, the
biomaterial should be compatible with white and gray matter (Friedman
etal.,2002). The growth of dorsal root ganglion neurons can be enhanced if
the surface of the biomaterial has grooves and ridges (Wieringa et al.,2012).
Similarly, for skin regeneration, materials with elastic properties should be
used (Sieminski et al., 2007).

6.2.4 Chemical properties

The surface area-to-volume ratio is significantly higher for nanoparticles
and hence their surface properties are crucial in determining other chemical
properties like solubility and catalytic activity and biological properties like
adhesion, cell growth, and cell differentiation (Boles et al., 2016; Han et al.,
2015).The surface charge needs to be considered in the fabrication of scaf-
folds using nanobiomaterials. Usually, positively charged materials are sub-
jected to cellular uptake efficiently due to desired electrostatic interactions
with negatively charged cellular membranes (Albanese et al., 2012). For
this reason, surfaces of nanobiomaterials can be modified to enhance cell
adhesion, biocompatibility, and interactions with cells (Jiao and Cui, 2007).

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



Nanobiomaterials for regenerative medicine 147

This can be done by physical approaches like adsorption, the Langmuir-
Blodgett method, and chemical approaches like pulsed laser deposition,
plasma treatment, covalent immobilization, and acid etching (Rana et al.,
2016). Nanobiomaterials which are formed by a bottom-up approach, such
as self-assembly, demonstrate the formation of ionic and hydrogen bonds as
well as other noncovalent interactions (Zhang, 2003). Such materials can
form a matrix forming a scaffold for applications in the regeneration of tis-
sue (Zhang et al., 1993). One such application of self~assembling molecules
is peptide nanofibers used in myocardial infarction which capture paracrine
molecules (Webber et al., 2010). These scaftolds represent the structure of
the ECM with high water content and small internal pores, enabling grad-
ual diftusion of growth factors (Zhang, 2003).

6.2.5 Biological properties

The most important property for biomaterial use in RM is biocompati-
bility. Materials derived from natural sources like collagen, fibrin, alginate
laminin, and chitosan are made of nanofibers with less compatibility issues.
However, synthetic materials should display nontoxicity and solubility to be
biocompatible. Based on the application of the nanobiomaterials, the path-
ways by which these materials can interact with the immune system should
be considered (Adaya et al., 2016).

6.2.6 Electromagnetic properties

Electromagnetic properties are significant for biomaterials including metals
like gold, iron, nickel, and carbon-based materials like graphene, carbon
nanotubes, etc. Superparamagnetic iron oxide nanoparticles show a pecu-
liar application in tissue regeneration via stem cell tracking and cell surface
receptor actuation owing to their ability to not agglomerate due to a lack
of mutual attraction (Markides et al., 2012). Another advantage of using
biomaterials with magnetic properties is their ability to attach to the cell
membrane and activate ion channels in the magnetic field, thereby con-
trolling the cellular processes (IDobson, 2008). In cardiac tissue regeneration,
biomaterials with electrical conductivity are critical since they modulate
the activity of the stem cells affecting the electrochemical signaling pathway
(Severs et al., 2008). Similarly in neural applications, materials like graphene
and carbon nanotubes show electrical conductivity that promote interneu-
ral signal transmission (Engel et al., 2008). Graphene-like nanomaterials
have been shown to promote neural outgrowth and branching by forming
conductive scaftolds (John et al., 2015).
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6.3 Scaffolds

The field of RM relies extensively on the use of porous scaftolds (generally
3D) to simulate an environment conducive for the regeneration of tissues
and organs in vitro or in vivo. The scaftolds serve as templates onto which
tissue formation is conducted by seeding cells along with all the necessary
growth factors or with the help of bioreactors for providing biophysical
stimuli or via mechanical or chemical induction of cell growth and support
(O’Brien, 2011). In addition, they enable enhanced oxygen transport to
seeded cells and can also facilitate the delivery of relevant therapeutic agents
to aid in the tissue formation and/or regeneration of compromised tissue
functions. In in vitro procedures, cells are cultured in the scaffolds, allowed
to grow to the desired stage, and then implanted into the injured site. On
the other hand, the in vivo procedure involves direct implantation of the
scaffolds at the site of injury, thereby enabling the regeneration of tissues or
organs by utilizing nutrition from the host environment. Cell-laden scaf-
folds are most widely used and typically involve 3D porous structures as
well as hydrogel-based scaffolds which allow for the growth of cells and
mimic the natural ECM of the tissues or organs. The design of these 3D
structures has to be such that they effectively fulfill the purpose of ECM
development in vitro, after which they degrade in a predetermined manner
via resorption or metabolism, once implanted. The criticality of this process
makes it imperative to deeply study and understand the nanobiomaterials
used for the construction of these 3D porous scaffolds. Close regulation of
the scaftold properties like porosity, pore size, pore interconnectivity, tensile
strength, surface area, and degradation profile, governs the functionality of
the scaffolds. A good porosity ensures appropriate cell infiltration and fa-
vorable conditions for ECM growth. Interconnectivity within the porous
structure aids in cell growth, proliferation, and migration of the cells to
enable ECM growth further leading to better vascularization (Pina et al.,
2019). Microporosity helps in attaining cell adhesion and growth and to
further maintain the scaftold tissue interaction.

6.3.1 Nanobiomaterials for scaffolds in RM

Scattolds for use in RM are expected to be biomimetic to the native ECM
of the host with respect to both their mechanical properties and the chem-
ical composition. A wide range of biomaterials comprised of natural and
synthetic polymers, inorganic biomaterials, and hybrids of these have been
in use for tissue engineering and RM applications. Natural and synthetic
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polymers include proteins, polysaccharides, lactic, and glycolic acid deriv-
atives, etc.; they are preferred for their biosimilarity and low immunoge-
nicity. Also, polymers like poly-lactic acid (PLA), poly-lactic-co-glycolic
acid (PLGA), poly-g-caprolactone (PCL), and collagen, have been already
approved by the FDA, making them feasible alternatives. Inorganic bioma-
terials include ceramics like alumina, calcium phosphate cements, zirconia,
silicates, calcium carbonates, glass-ceramics, and many more which are gen-
erally used for orthopedic applications owing to their bioresorbable nature
(Pina et al., 2019). Metals are another category of inorganic biomaterials
wherein stainless steel, cobalt, and titanium alloys are the ideal candidates
for scaffold production. Composite or hybrid scaffolds utilize a combination
of polymers (natural or synthetic), ceramics, and metals. These composite
scaffolds have an upper edge over conventional biomaterials in terms of
their superior abilities to exhibit biocompatibility and suitable biodegrada-
tion along with mechanical strength. Their versatility makes them applica-
ble for the fabrication of scaftfolds for both hard and soft tissue regeneration
(Dolcimascolo et al., 2019).

6.3.2 Factors for consideration while designing scaffolds
6.3.2.1 Biocompatibility

As discussed earlier, biocompatibility is the first and very basic criterion
that is to be considered while designing scaffolds for RM applications that
aim at utilizing tissue engineering to re-establish normal tissue or organ
function. Biocompatibility is important for functions like cell adhesion, res-
toration of normal cellular functions, cell proliferation, cell migration from
the scaffold to the host environment, and establishment of a new tissue ma-
trix (O’Brien, 2011). Apart from serving these functions, biocompatibility
plays an important role to avoid the occurrence of any untoward immune
response post scaffold implantation. Any incident of immunogenicity would
trigger implant rejection or incomplete tissue healing.

6.3.2.2 Bioactivity

Bioactivity is the measure of how well the scaftolds can adapt to the host
environment and enable the healing process. The ability of the biomaterial
to induce cell adhesion, proliferation, and their ultimate migration defines
the bioactivity of the scaffold as a whole. Biocompatibility is a vital factor for
the scaffold to be bioactive because the more the simulation of the host en-
vironment by the scaftold, the higher the cellular recognition which would
evoke optimal tissue growth (Dolcimascolo et al., 2019). Enhancement of
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bioactivity can therefore be achieved when the biomaterials are designed in
a way so that they generate a better simulated biomimetic microenviron-
ment at the site of scaffold implantation. Materials like collagen, fibronectin,
and laminin have been observed to serve as an important addition to the
biomaterial composition due to their ability to favorably modulate the tis-
sue microenvironment.

6.3.2.3 Biodegradability

Biodegradability is a property which allows the scaffolds to serve as a one-
time implant without the need for its removal from the host. Since scaffolds
are implanted with an aim to restore the body’s ability to regenerate the
lost or injured tissues, it is important that they maintain a temporary pro-
file inside the body. Once the implanted cells gain the power to produce
their own ECM, biodegradation of scaftolds must commence. During the
dissociation of the scaffold biomaterial, it is important that the by-products
produced during this process are non-toxic and are easily eliminated with-
out host tissue interference. Along with this, the degradation kinetics of the
biomaterial plays a vital role in the process of biodegradation. The rate of
in vivo biodegradation needs to be considered while designing the scaf-
folds for a desired application and the time for which it is to be retained.
Biodegradation will therefore define functions of both bioactivity and
biocompatibility.

6.3.2.4 Mechanical properties

Mechanical strength is a significant parameter while designing and selecting
biomaterials for the fabrication of scaffolds for RM applications. Adequacy
of the mechanical strength of the scaffold is important due to the need for
high accuracy and specificity of RM. The implant needs to stay intact in
the host bioenvironment throughout the remodeling process of the cells to
form tissues. The strength of the scaffold would be defined by its ability to
hold together without deforming upon implantation in vivo, be it because
of the process of cellular growth or the implantation procedure itself. The
scaftolds must therefore be fabricated in accordance with the exact site
of implantation, to make them practically viable and rugged. It has been
observed that cells respond to the stiffness of scaffolds in the form of ion
channel activation or unfolding of cellular proteins, further impacting the
cell proliferation and differentiation processes (Dolcimascolo et al., 2019).
This becomes vital while designing scaffolds for the regeneration of bones
and cartilage since these tissues demand superior mechanical strength to get
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re-established in their natural milieu. Another factor here is the difference
in the rate of healing of different individuals depending on the severity
of wounds, age, underlying physiological conditions, etc. For a scaffold to
exhibit its function in full capacity, it must be able to allow complete vascu-
larization of the tissue while also providing mechanical support. Citing the
importance of mechanical properties, the focus has further shifted on the
scaffold architecture, design, and execution.

The porous nature of scaffolds is an essential property which provides
an ideal environment for the growth, proliferation, and infiltration of the
seeded cells on implantation. Regulation of factors like scaffold stiffness and
permeability, optimal architecture with distinct topology and desired mech-
anobiological properties can be obtained. The subcellular structures of the
tissues control the intercellular interactions whereas the supracellular scale
structures build the functional tissue units (Chen et al., 2010). To maintain
these properties, the 3D modalities of scattolds must be optimized, majorly
the micro-architecture including porosity, pore size, pore network, and tor-
tuosity (Hutmacher, 2001).

6.3.3 Fabrication of scaffolds

The various techniques for fabricating 3D scaftolds can be broadly divided
into conventional or rapid prototyping methods. Conventional techniques
involve the fabrication of porous polymer structures for supporting cell
growth; however, it is difficult to tune the microscale and macroscale fea-
tures using these methods. Rapid prototyping techniques provide potential
opportunities for independent control of macroscale and microscale fea-
tures characteristic of the ECM and multicellular structures, development
of 3D wvascular beds and possibly, the development of customized scaffolds
and their large-scale production.

6.3.3.1 Conventional techniques for the fabrication of scaffolds

Scaffold fabrication using solvent casting and particulate leaching involves
dissolving a polymer in a solvent combined with uniformly distributed salt
particles followed by solvent evaporation that leaves a matrix containing
salt particles. On submerging this matrix in water, the salt leaches away
to form a highly porous structure. This method provides control over the
scaffold shape and pore size but is limited in terms of connectivity of the
void space. It has been employed with several modifications to make po-
rous nanocomposite scaffolds using synthetic and biopolymers for appli-
cations in mostly bone and cartilage tissue engineering (Liao et al., 2002;
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Prasad et al., 2017; Thanh et al., 2016). Another method of fabrication
is freeze-drying or lyophilization, which involves cooling of a polymer
solution under the freezing point and subsequent sublimation of the sol-
vent resulting in a solid scaffold with numerous interconnected pores. The
fabricated scaffolds need to be washed repeatedly and dried to remove
the solvent and minimize cell death. This technique is widely adopted for
scaffold fabrication for use in tissue engineering, cell or drug delivery, and
membranes (Aranaz et al., 2014; Autissier et al., 2010; Dragusin et al., 2012;
Guex et al., 2017; Lu et al., 2013).

Another major fabrication method for nanofibrous scaffolds is electro-
spinning, in which a polymer solution, when charged under high voltage,
causes droplets on a spinneret to erupt and stretch. This results in a liquid
jet being continuously extended and whipped owing to electrostatic repul-
sion before getting deposited on the grounded collector to form a nonwo-
ven fibrous membrane that can mimic the ECM. Electrospinning has been
employed for the preparation of nanofibers of several synthetic polymers,
biopolymers and their blends, and even nanoparticle/drug-loaded compos-
ite fibers for applications in wound healing and regeneration of dermal,
neural, orthopedic tissues, etc. (Balusamy et al., 2019; Braghirolli et al., 2014;
Mortimer, 2018). Thermal-induced phase separation involves forced phase
separation of a homogeneous polymer solution into a polymer-rich and
a polymer-less phase by a change in temperature. A well-interconnected
porous scaffold structure can be achieved after the solvent is removed by
freeze-drying. This method is mostly employed for the construction of
the thermoplastic crystalline polymer scaftolds like that of PLA, polyure-
thane (PU), PCL, etc. (Jing et al., 2014; Ruggiero et al., 2015; Salerno and
Domingo, 2015). Another technique used is gas foaming that uses relatively
inert gas foaming agents like carbon dioxide and nitrogen to pressurize bio-
degradable polymers with water or fluoroform until they are saturated or
full of gas bubbles. This technique usually produces sponge-like structures
with up to 85% porosity (Harris et al., 1998).The advantages and disadvan-
tages of conventional scaffold fabrication techniques are listed in Table 6.2.

Rapid prototyping technologies or solid free-form fabrication are a set
of manufacturing processes that can generate scaffolds with precise spatial
control using computer-aided design (CAD) models. These techniques en-
able the production of customized and patient-specific scaffolds suitable for
the tissues and organs in question. Common rapid prototyping techniques
include 3D printing, fused deposition modeling, laser bioprinting, stereoli-
thography, etc.
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Table 6.2 Advantages and disadvantages of conventional scaffold fabrication

techniques.

Fabrication technique

Advantages

Disadvantages

Solvent casting and
particle leaching

Freeze-drying

Gas foaming

Electrospinning

Suitable for thin membranes
of 3D specimens
High porosity (50%—-90%)

Lost cost technique

Capability of avoiding high
temperatures

The pore size is manageable
by changing the freezing
method

High porosity up to 85%

Efficient, simple procedure
and inexpensive setup
Ability to control many

Time consuming since
thin membranes only
are used

‘Widespread use of very
toxic solvents

High energy and time
consumption

Use of cytotoxic solvents

Generation of small
irregular sized pores

Possibility of obtaining
products with closed
pore structures or a
solid polymeric skin

Use of organic solvents

Limited control of

porosity

factors, such as the fiber
diameter, orientation, and
composition

Possibility of the fabrication
of polymer blends and
composite nanofibers

Low temperature enables
integration of bioactive
molecules

Very high porosity (~98%)
and a higher surface-to-
volume ratio

Thermal-induced
phase separation

Can be used only for
thermoplastic polymers

Adapted from Eltom, A., Zhong, G., Muhammad, A., 2019. Scaftold techniques and designs in tis-
sue engineering functions and purposes: a review. Adv. Mater. Sci. Eng. 2019, 3429527. https://doi.
org/10.1155/2019/3429527, an open access article under CC BY-NC-ND 4.0).

6.3.3.2 3D printing

Nanostructured biomaterials (including nanocrystals, nanofibers, nano-
composites, etc.) have been explored for their applications in RM due to
their favorable physicochemical properties (Thomas et al., 2006). 3D print-
ing technology has been on a rise for its applications in the tissue engi-
neering arena because of its cutting edge design and allied specificity. The
emphasis on personalized therapy is the driving force behind the extensive
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research in the field of cell biology to understand the interface between
cells and implanted biomaterials. Nanobiomaterials have emerged as a boon
in this regard because they enable achievement of a greater level of con-
trol over cellular arrangements in a predefined manner along with a bet-
ter material geometry. 3D printing offers an effective way of fabricating a
suitable nanobiomaterial-based scaffold according to the desired application.
3D printing has been accepted as a versatile technology by the manufac-
turing industry because it enables rapid prototyping of the precisely for-
mulated computer-aided design (O’Brien et al., 2015). 2D cellular arrays
were developed from adhesion protein based cellular templates by Robert
Klebe in 1988, giving rise to a bioprinting approach called “cytoscribing.”
Cytoscribing involves the use of either a computer-based inkjet printer or a
graphics plotter for the deposition of adhesion proteins and monoclonal an-
tibodies on the substratum for the formation of 2D tissue constructs (Klebe,
1988). This process underwent multiple modifications and in 2003, Wilson
and Boland were the first to report modification of a conventional inkjet
printer to a bioprinter hardware which could dispense protein or cell solu-
tions instead of ink for the manufacturing of proteins and cell arrays (Wilson
and Boland, 2003). The emergence of bioprinters and 3D bioprinting has
proved to be a boon to medical science because of the escalating incidents
of organ shortage and organ donors, globally, which demands the use of
allografts. RM addresses this issue by fulfilling the unmet need for artificial
tissues and organs; a field which has now culminated into regenerative engi-
neering. Regenerative engineering is the convergence of materials science,
stem cell science, physics, developmental biology, and clinical translation for
enabling the fabrication of tissues and organs of complex nature. Matai et al.
described 3D bioprinting as a promising biofabrication technique which
is extremely precise with biologics like living cells and components of the
ECM and can lead to the formation of pre-defined 3D hierarchies for devel-
oping desired tissues or organs (Matai et al., 2020). The schematic diagram
depicting the processes involved in bioprinting is given in Fig. 6.1.
Bioprinters have emerged as the next big thing in the field of biotech-
nology after the first patent for the bioprinting technique was granted to
Thomas Boland and co-workers at Clemson University, in the year 2003,
entitled “Ink-jet printing of viable cells” (patent US7051654B2). This was
followed by a series of minor modifications and a major breakthrough
came in the year 2009 with the introduction of the first commercial bio-
printer called NovoGen MMX Bioprinter by the company Oranovo and

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



Nanobiomaterials for regenerative medicine 155

Large number
of Cells

Is p?

Static Dynamic

Cells

Q) Isolation Expansion

—» S —>

Transplant /4

;y., a) Transplants for - -
2 S therapy Bioink F
b) Tissue homolog

{
\ for research
¢) Disease model §>. &

% —E =y

‘W.

Direct use

Static

a) Inkjet-assisted
Bioprinting { b) Extrusion-assisted

c) Laser-assisted
Vo
0 E
N

Fig. 6.1 Schematic representation of the bioprinting process. (Reproduced with per-
mission from Angelopoulos, 1., Allenby, M.C,, Lim, M., Zamorano, M., 2020. Engineering
inkjet bioprinting processes toward translational therapies. Biotechnol. Bioeng. https://doi.
org/10.1002/bit.27176.)
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Invetech (https://www.invetechgroup.com/case-studies/organovo-novo-
gen-mmx-bioprinter/). This led to numerous research outcomes in the
form of printed skin constructs, ear-shaped constructs and Organovo pro-
duced world’s first commercial liver tissue model (Jose et al., 2016). Overall,
printing techniques based on inkjet printers, extrusion, laser-assisted bio-
printing, and stereolithography have been reported along with continuous
modifications made in each of these methods (Correia Carreira et al., 2019).
* Inkjet printing

Inkjet printing is a bioprinting technique which is capable of fabri-
cating 3D structures with a drop-by-drop approach. It is a non-contact
reprographic method where digital data is fed in the form of an image
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or character which is then reproduced onto the substrate of choice using
ink drops (Boland et al., 2006). The drop-by-drop methodology is further
characterized into thermal, piezoelectric, and electromagnetic printing on
the basis of the force applied to generate the compression on the printing
nozzle (Angelopoulos et al., 2020; KaCareviC et al., 2018). Inkjet bioprinting
is a high-speed (upto 1-10,000 droplets/sec) and economic process which
can achieve a resolution of around 5075 pm in width and is capable of
producing approximately 10° cells/mL of cell densities with a viability of
more than 85% (Angelopoulos et al., 2020).

* Extrusion printing or fused deposition modeling

Extrusion based bioprinting is a pressure-based technology where the
bioink is extruded from a nozzle via pneumatic or mechanical forces and
deposited on the pre-determined 3D design (Kacarevic et al., 2018; Xia
et al., 2018). This type of printing process produces filaments instead of
the droplets that are seen in an inkjet type of a printer. This demands for
biomaterials to possess a high elastic modulus and adequate loss modulus
so as to facilitate an efficient extrusion from the nozzle (Xia et al., 2018).
The process is also referred to as melt extrusion or fused deposition mod-
eling wherein the material exits the extruder in a molten state and imme-
diately hardens on contacting the substrate due to its thermoplastic nature
(Melchels et al., 2012). It is thereby important to closely monitor the solidi-
fication point of the biomaterial to assure its optimum layering on the sub-
strate. The technique can be utilized when a high viscosity cell suspension
has to be bioprinted. Despite these features, the technology has some dis-
advantages including a limited resolution (feature size greater than 100 pm),
this limits precise patterning of the cells. Also, the peculiar requirement for
a thermoplastic bioink which can follow gelation and solidification cycle
limits the applications of this process (Ozbolat and Hospodiuk, 2016). The
high viscosity of the cell suspension makes it difficult for extrusion process
to optimize the number of living cells being extruded during the process
(Chang et al., 2008).

* Stereolithography (SLA)

SLA is a process of bioprinting where an ultraviolet laser is used to pho-
topolymerize the polymer surface. The procedure involves multiple layering
via selective photoinitiated cure reaction of the polymer to develop 3D
objects (Melchels et al., 2012). SLA-based 3D bioprinting has emerged as a
promising strategy for the fabrication of complex tissues and organs. With
the advent of novel cytocompatible photoinitiators which can operate over
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a wide range of UV and visible light spectrums, explorations of SLA have
been carried out for bone and neural tissue engineering along with the
development of controlled microenvironments for studying cell behavior
(Kumar and Kim, 2020). First of its kind cell-attachable and visible light
crosslinkable gelatinmethacrylolyl (GelMA) bioinks using Eosin Y as the
photoinitiator were developed recently for SLA based bioprinting (Wang
et al., 20182). GeIMA and methacrylated hyaluronic acid was explored with
SLA to create artificial cartilage in vitro with varying cell differentiation
patterns and ECM organization (Lam et al., 2019). The researchers further
suggest multimaterial blended bioinks-based bioprinting as an ideal alter-
native to fabricating complex tissues like cartilage and also in repairing pa-
tient specific cartilage defects by adjusting dimensions of the hydrogel being
printed (Lam et al., 2019). Overall, SLA has been regarded as a versatile and
flexible bioprinting approach which is constantly evolving to cater to a
plethora of possibilities in the field of RM.

* Laser-Assisted Bioprinting (LAB)

The process of high resolution patterning of metals using the fabrication
of computer chips has been the starting point for the introduction of LAB
as a method for bioprinting of 3D structures for tissue engineering appli-
cations. LAB involves utilization of laser pulses through a ribbon of bioink
supported by a gold or titanium layer for energy transfer (Bishop et al.,
2017).The cells along with the bioink are suspended on the ribbon when
the laser pulse leads to their vaporization creating a high pressure bubble
which propels the droplets toward the substrate placed below the ribbon. A
continuous cycle of this process is required to form the desired 3D struc-
tures. A superior level of precision and resolution, automation, better repro-
ducibility, and high throughput are some of the major advantages of LAB
making it an industrially feasible bioprinting alternative (Devillard et al.,
2014).This technique of bioprinting enables bioprinting of micropatterned
peptides, DNA, cell arrays, in situ bioprinting of mesenchymal stromal cells,
bone regeneration, etc. (Bishop et al., 2017; Guillotin et al., 2010; Hakobyan
et al., 2020; Keriquel et al., 2017). This method of 3D bioprinting is con-
tinuously undergoing newer explorations and is set to open new avenues in
the years to come. Fig. 6.2 depicts a schematic representation of the com-
monly used 3D bioprinting methods.

In the following sections, a glimpse into some of the applications of
nanobiomaterials in RM like cardiovascular, orthopedic, dental, neural, and
skin regenerative applications is presented.
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Fig. 6.2 Schematic representation of the most commonly used 3D bioprinting
methods. (Reproduced from Bishop, E.S., Mostafa, S., Pakvasa, M., Luu, H.H., Lee, M.J.,
Wolf, J.M., Ameer, G.A., He, T.C,, Reid, R.R., 2017. 3-D bioprinting technologies in tissue
engineering and regenerative medicine: current and future trends. Genes Dis. https://doi.
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6.4 Applications of nanobiomaterials in regenerative
medicine

6.4.1 Cardiac regeneration

Cardiovascular diseases remain one of the leading cause of deaths from the
last few decades accounting for more than 30% of all deaths worldwide as
per the WHO (World Health Organization, 2020). Poor availability of do-
nors as well as a criticality in operative procedures are two important reasons
for deaths caused by cardiovascular failures. Newer technology approaches
to resolve the earlier-mentioned issues involves tissue regeneration aspects.
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The success of cardiac tissue regenerative therapy is largely depended on
the use of materials which possess similar properties to that of ECM with
reference to mechanical, topological as well as electrical aspects (Ciofani
et al., 2011). Common cardiac regenerative therapy can be classified into
two parts: (1) conductive patches (3D printed, nanomolded mainly using a
polypyrrole base) and (2) nonconductive patches [structured scaffolds, in-
jectable hydrogels, etc. (Stout et al., 2011)].

The use of electrically conductive nanomaterials like carbon nanotubes,
graphene oxide nanomaterials, silicon (Si) nanowires, and magnetic nano-
materials, like iron oxide nanoparticles in 3D scaffolds, have also increased in
the field of cardiac tissue regeneration. For instance, Martinelli et al. studied
the influence of carbon nanotubes on cardiomyocytes and cardiac fibroblasts.
Cardiomyocytes showed enhanced proliferation and electrophysiological
properties when grown in carbon nanotube coated substrates as compared
with controls (gelatin coated). The carbon nanotubes also resulted in the
upregulation of normal cardiac-specific genes and the suppression of genes
related to pathological hypertrophy. However, similar observations were not
seen for cardiac fibroblasts (Martinelli et al., 2012, 2013). Another study
demonstrated that the incorporation of carbon nanotubes in gelatin methac-
rylate hydrogels aided in the elongation of cardiomyocytes and homogenous
formation of cell-to-cell junctions, in addition to the enhanced sponta-
neous beating of matured cardiomyocytes (Shin et al., 2013b). Similarly,
graphene oxide nanoflakes were found to adsorb ECM proteins, induce pro-
angiogenic growth factors, and improve the viability and retention of trans-
planted MSCs in an in vitro infarcted myocardium and an in vivo myocardial
ischemia reperfusion model (Park et al., 2015a, 2015b). Reduced graphene
oxide added into gelatin methacrylate hydrogels has also been shown to en-
hance cell attachment and spreading of fibroblast cells (Shin et al., 2013a). Si
nanowires also provide electrically conducting microenvironments that en-
hance the maturation and electrophysiological response of human induced
pluripotent stem cell-derived cardiomyocytes (Richards et al., 2016). In an-
other study, iron oxide nanoparticle incorporated liposomes were added into
rat cardiomyocytes grown on a cell-repellant substrate. These cardiac cells
formed a sheet-like structure in the presence of an external magnetic field
while spherical cell structures were formed in the absence of magnetic field.
These scatfold-free cardiac cell sheets could be then used for cardiac tissue
regeneration studies (Shimizu et al., 2007).

In Table 6.3, we have summarized some of the recent advances in car-
diovascular regenerative therapy with respect to the use of polymeric mate-
rials, their fabrication and their properties.
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Table 6.3 Representative examples of polymeric and decullarized biomaterials used in cardiac regenerative therapy.

Biomaterial

Fabrication methods

Properties

References

Polycaprolactone (PCL)

Poly-L-lactic acid

(PLLA)

Poly-(lactic-co-glycolic)
acid (PLGA)

Polyethylene glycol-
based polymers (PEG)

Decellularized
myocardial scaffolds

Electrospinning technology to
obtain nanofiber scaffolds, and
myocardial patches, laser sintering
scaffolds, trilayer nanofibrous
patches

Electro spun fiber-based scatfolds,
nanofibrous scaffolds, cardiac
patches, heart valve leaflet
construct

Nanofiber composite micro
capsulated injectable scaftolds,
electro spun nanofibers

Nano molded scaffolds,
3D-encapsulated hydrogels,
myocardial patches, nanopillar
array hydrogels

Platform technology in the form
of scaftolds, 3D printed complex
tissue constructs, cardiac cell
patches, injectable hydrogels

Biocompatibility, high structural
integrity, improved cellular
adhesion in combination with
other, impart hydrophobicity to
patch improving its durability

Biocompatibility, biodegradation,
cellular adhesion, biomimicking
ECM

Electroconductivity, cytocompatibility,
good rheological properties, FDA
approved

Biocompatibility, improved cell
adhesion, biodegradability, high
elastomeric properties

Higher tissue regeneration, stronger
cellular adhesion, mimicking
biorelevant microenvironment,
improved vascularization and

differentiating ability of cells

(Mousa et al., 2020;
Silvestri et al., 2014;
Tillman et al., 2009;
Yeong et al., 2010)

(Breuer et al., 1996; Liu
et al., 2017; Santoro
et al.,2016; Zong
et al., 2005)

(Kang et al., 2009; Miller
et al., 2004; Stout
et al., 2011; Zamani
et al., 2015)

(Grover et al., 2014;
Kang et al., 2009; Kim
et al., 2006; Silvestri
et al., 2014)

(Godier-furemont
Amandine et al.,
2011; Jang et al., 2017,
Nguyen et al., 2015)
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There are other technologies, such as injectable biomaterials and bulking
biomaterials, which also help in bringing the regeneration of delicate tissue
within the myocardium. Although this technology uses more conventional
approaches, that is, hydrogel-based compositions, it gives prominent results
and also can be combined with various inorganic nanoparticles and/or with
protein moieties further facilitating regeneration procedures. Such materials
comprise of alginates, chitosan, collagen, fibrin, methacrylate, hyaluronic acid,
polyethylene glycol, etc. (Lewis and et al., 2016). The use of nano-enabled
strategies for cardiac regeneration is still premature and several concerns
exist in terms of cytotoxicity and the long-term fate of nanomaterials, espe-
cially carbon-based nanomaterials which need to be studied in detail.

6.4.2 Orthopedic applications

Biomaterials show high potential in mimicking/replicating the consti-
tute organs in orthopedic applications. Nanomaterials not only serve as
the structural backbone as in the case of nanostructured scaftolds but also
facilitate cell growth, differentiation as well as migration. In orthopedic ap-
plications, biomaterials are in demand to treat irreversible damage caused
to the natural structure of bones. Biomaterials used in orthopedics can be
roughly categorized under metallic and nonmetallic origin. Nanomaterials
are preferred over other conventional materials due to their high strength
and compatibility and tunable surface morphology (Rezwan et al., 2000).
Metallic biomaterials as implants show certain limitations such as corro-
sion on prolonged use, reaction toward hydrogen, requirement of removal
surgeries. Due to these, polymer and composite-based biomaterials are
dominating the field of research (Kumar et al., 2020). Some of the natural
proteins that have been extensively evaluated for bone tissue engineering
include collagen, gelatin, silk fibroin, and fibrin, which have been fabri-
cated as 3D scaffolds in the form of films, sponges, or nanofibers (Ansari,
2019; Sayin et al., 2014). Natural polymers explored for bone regeneration
also include polysaccharides like hyaluronic acid (Zhai et al., 2020; Zhu
et al., 2017), chitosan (Levengood and Zhang, 2014; Saravanan et al., 2016),
alginate (Kaczmarek-Pawelska and Pereira, 2020; Sun and Tan, 2013), cel-
lulose, (Hickey and Pelling, 2019), etc. However, the mechanical strength,
toughness, and load bearing capability of these natural materials are limited
and hence, several composite or bioceramic materials have been envisioned
and tested as scaffolds for orthopedic applications. A host of synthetic bio-
ceramic materials which can be broadly classified into bioinert (alumina),
bioresorbable (a-tricalcium phosphate, calcium oxide, calcium carbonate),
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and bioactive (bioactive glasses, hydroxyapatite) categories have been studied
alone or mostly in combination with natural materials for bone regenera-
tion. Some of the synthetic polymers widely studied for bone regeneration
owing to their controllable biodegradability and feasibility of surface func-
tionalization include PLGA, poly(glycolic acid) (PGA), PLA, PCL, poly-
ethylene glycol (PEG), polyvinyl alcohol (PVA), PU, etc. (Donnaloja et al.,
2020; Qu et al., 2019). Nanoparticles have also been employed to enhance
physiochemical, mechanical, and biological properties of scaftolds so as to
improve osteocompatibility and osseointegration of implants or to deliver
drugs, biomolecules, or growth factors (Eivazzadeh-Keihan et al., 2020;
Walmsley et al., 2015).

The following Table 6.4 gives representative examples of applications of
nano-biomaterials for orthopedic applications.

For enhancing the properties of scaffolds, such as elasticity, tensile
strength, durability, etc., various additives and combinations are used in the
fabrication (Liao et al., 2005). Nowadays, nano-coatings over conventional
implants to improve its properties are taken into consideration. Various
anti-microbial coatings, for example, Ag nanoparticles, chitosan micro-
spheres, PEG and Si-based coatings to improve adhesion properties, PLGA-
based nanocoatings for obtaining a desired sustain release profile, have been
developed and studied in detail (Kumar et al., 2020). In the case of cartilage
tissue recovery, an agarose polymer is commonly used due to its cell adhe-
sion abilities and higher hydrophilicity aiding in cell growth, difterentiation,
and migration (Eftekhari et al., 2020).

6.4.3 Dental applications

Dental tissues are highly prone to damage due to bacterial infections and/
or trauma due to accidents. Owing to the limited ability of pulp tissue
for self-healing, dental fillings with the help of biomaterials will accelerate
the process of regeneration and provide structural advances (Kishen, 2015).
While considering dental applications, periodontal tissue engineering is also
important as inflammation in gums and gingiva and degradation in cemen-
tum lead to the failing of teeth. Designing tissue regenerative scaffolds for
this application is a little tricky as it needs materials favorable in generating
hard as well as soft muscle tissue. It mainly involves guided tissue regener-
ation (Jang et al., 2017). Due to complex and smaller areas of application,
injectable scaffolds, and in situ hydrogels are favored instead of predesigned
scaffolds. Tricalcium phosphate or nanohydroxyapatite nanostructures have
been often added in the form of filling powders or within hydrogels to
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Table 6.4 Representative examples of nanobiomaterials used in orthopedic applications.

Biomaterial

Fabrication

Properties

References

Hydroxyapatite (HA) (Most
commonly used as a raw
material for the preparation
of artificial bone)

Collagen (Commonly used
as it mimics the matrix
structure in bone)

Carbon nanotubes (Carbon
nanotubes are proven
to promote osteoblast
formation and hence,
commonly used in
osteogenic scaffolds)
Chitosan

Poly-1-lactic acid (PLLA)

Fibrin

Injectable hydrogels, foam
scaffolds, nano-coatings
thin films, nanoparticular
formulations

Electrospun nanofiber
composite, hydrogel for
injections, aerogels

Multiwalled carbon
nanotubes-based 3D
scaffolds, single-walled
carbon nanotubes,
nanofibers-based
nanocomposites

Nanocomposite films,
hydrogels, scaftolds,
nanofibers, nanoparticulate
coatings

Laser fritter scaffolds,
nanofiber membranes

Nanofibrous, microporous

scaffolds, hydrogel

Biocompatibility, mimics composition of bone, acts
as a slow release matrix when combined with
growth regulatory moieties (proteins, hormones,
enzymes), antimicrobial properties

Biocompatibility, mimics the microenvironment
of chondral cells, i.e., ECM, osteogenesis,
elastomeric properties, anisotropic growth of
cells, collagen-based scaffold in combination with
hyaluronic acids are most commonly used for
cartilage recoveries

Biocompatibility, improved tensile strength, no
hindrance to normal cell regeneration, improved
durability, flexibility, osteoblast formation

Biocompatibility, antimicrobial action, mimics
ECM, durability, cartilage recovery, regeneration
of hyaline-like tissue, mucoadhesion

Improved tensile strength, durability, improved
cell viabilities when used in combination,
biocompatibility

Stimulation of spontaneous repair, proinflammatory,
structure mimics the ECM

(Arcos and Vallet-Regt,
2020; Thomson et al.,
1998; Thorwarth et al.,
2005)

(Eftekhari et al., 2020;
Kim et al., 2006; Shih
et al., 2006;Van Duong
et al., 2018)

(Aoki et al., 2020;
Gutiérrez-Hernandez
et al., 2017; Shimizu
et al.,2012)

(De Witte et al., 2020;
Eftekhari et al., 2020;
Jahed et al., 2020; Khan
et al., 2020)

(Santos et al., 2017; Cijun
et al., 2020)

(Osathanon et al., 2008;
Sanchez-Casanova
et al., 2020)
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promote remineralization, protein absorption, and cellular responses (Al-
Sanabani et al., 2013; Chen et al., 2005; Zhang et al., 2010). Stem cells
incorporated into nanofibrous composite scaffolds prepared by the elec-
trospinning of PLLA, PCL, gelatin, etc., and hydroxyapatite have been also
studied for dental regeneration (Deng et al., 2007; Xu et al., 2007; Yang
et al., 2010).

The following Table 6.5 compiles the most commonly used biomateri-
als for treating dental deformities.

Fibrin-based hydrogels are another commonly used material in the case
of dental tissue regeneration (Ahmed et al., 2008; Haugen et al., 2020).
Many inorganic materials such as zeolite, Si, titanium oxide as well as silver
also play crucial roles in treating defects in dental as well as periodontal tis-
sues (Kishen, 2015; Mohandesnezhad et al., 2020).

6.4.4 Neural tissue engineering

The nervous system in the human body consists of two important elements;
the central nervous system (CNS) is made up of the brain, spinal cord, and
nerves, while the peripheral nervous system (PNS) consists of sensory neu-
rons, ganglia (clusters of neurons) and nerves that connect to one another
and to the CNS. Self-regeneration and healing of the system of nerves start
after the injury caused due to trauma, disorder, or any other diseases. The
different players in the self-regeneration process are listed in Fig. 6.3.
Although the auto-repair mode of the PNS system works immediately,
it is not in the capacity to combat the Wallerian degeneration when cou-
pled with fibrosis of the endoneurium. The CNS unfortunately does not
undergo the self-reconstruction process as it is devoid of Schwann cells.
The introduction of biomaterial-based strategies is therefore very im-
portant as they help in the reduction of the risks associated with the tra-
ditional methods such as autografting, which requires two surgeries and
allografting that may lead to loss of functionality permanently. RM strat-
egies involving the use of biomaterials provide a therapeutic advantage by
itself or act as a delivery vehicle for growth factors and ECM proteins at the
target site. They facilitate tissue regeneration at the spot. For PNS regen-
eration, the bioengineered nerve implants should simulate longitudinally
orientated conduits that can not only provide support and guide the growth
of neurons but also maintain their biological and functional viability. Self-
assembled peptide nanofiber scaffolds incorporated with neural stem cells
and Schwann cells have been extensively studied for nerve tissue regenera-
tion (Pugliese and Gelain,2017).1In a pioneering study by Ellis-Behnke et al.,
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Table 6.5 Representative examples of biomaterials used for treating dental deformities.

Biomaterial

Fabrication

Properties

References

Hydroxyapatite (It is one of
the components of enamel
present in dental tissue,
commonly used in dental
fixtures)

Chitosan

Bioactive glass

Scaffolds, coatings, dental
cements

Nanofibers, nano-
scaffolds, hydrogels,
films

Scaffolds, bio-cements,
nanofibrous
composites,
membranes

Biocompatibility, structural similarity to
dental tissue, bioactive, conductivity

Biocompatible, antimicrobial action,
potent osteogenic response when
combined with other biomaterials,
osteoconduct properties,
biodegradation, mucoadhesion

Biocompatibility, high cellular binding
ability, good conductive properties,
stimulates induction of ossification,
remineralization of dentin

(Hosseinzade et al., 2016;
Reshma and Khan, 2020;
Yang et al., 2010)

(Haugen et al., 2020; In et al.,
2009; Khoroushi et al.,
2018)

(Bae et al., 2012; Erol-Taygun
et al., 2013; Khoroushi
et al., 2018; Mota et al.,
2012)
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Fig. 6.3 Self-repair of the PNS (Ribeiro-Resende et al., 2009).

it was demonstrated that RADA16-1, a representative self-assembled pep-
tide nanofiber scaffold, aided in axonal growth through the treated lesions
and resulted in partial restoration of the optic tract and functional vision in
brachium transected Syrian hamsters (Ellis-Behnke et al., 2006). Another
study reported the use of the RADA16-I selt-assembled peptide nanofiber
scaffold to regenerate the injury gap inflicted in the sensory-motor cortex
(Guo et al.,2009).The same group also reported the use of a self-assembled
peptide nanofiber scaffold for the delivery of a cell-permeable RhoA inhib-
itor, CT04, that can improve the regeneration of an injured spinal cord with
significant axonal regeneration and motor functionality (Zhang et al., 2012).
Another major technique employed for fabricating nanofibrous scaffolds
for nerve regeneration is electrospinning. Nerve conduits made of natural
and synthetic elctrospinnable polymers like chitosan, collagen, PLLA, PCL,
blends of PLGA/PCL, and poly(propylene glycol) have been investigated
for PNS regeneration (Amini et al., 2020; Carvalho et al., 2019; Wang et al.,
2008; Zhu et al., 2011).

Table 6.6 consolidates some of the major recent advancements in the
use of polymers in the field of neural tissue re-engineering.

There are a lot of new strategies that are being adopted for regenera-
tion in neural tissue engineering. Along with the traditional scaffolds which
we saw in Table 6.6, hydrogels are being widely accepted now-a-days due
to the flexibility provided by them in the shape which is beneficial in an
irregularly shaped cavity. Another prominent technology which has been
noticed is the co-plantation and seeding of vital stem cells and growth fac-
tors into the polymer scaffold to promote regeneration at the target site
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Table 6.6 Representative list of biomaterials used for neural tissue engineering.

Biomaterials Additive Method References
Polycaprolactone | Chitosan Nanofibers: Electrospinning
(PCL) Poly(2-hydroxyethyl methacrylate) Hydrogels: Fiber templating (Flynn et al., 2003)
(PHEMA)
Gelatin Electrospun Nanofibers (KarbalaeiMahdi et al., 2017;

Poly-L-lactic acid
(PLLA)

Hyaluronic acid
Collagen

Lignin

Gelatin

Lysine-doped polypyrrole/regenerated
spider silk protein/PLLA/nerve growth
factor (L-PRPN)

4-methoxyphenyl

Collagen matrix with Schwann Cells

Poly 3,4-ethylenedioxythiophene
(PEDOT) + hyaluronic acid

Scaffolds
Nanofibers: Electrospinning
Fibers: Electrospinning

Nanofibers: solvent free ring-opening
polymerization

Aligned PLLA nano/micro fibrous
scaffolds

Co-electro spun fibers

Scaffold: co-axial electro spraying and
electrospinning

Biocompatible porous scaftold by
electrospinning

Single-walled carbon-nanotube
(SWCNT): electrospinning

Conduits: Injected the matrix and
seeded with Schwann cells

Conductive composite films

Vatankhah et al., 2014)
(Entekhabi et al., 2016)
(Ebrahimi-Barough et al.,

2017)

(Wang et al., 2018b)
(Yang et al., 2005)
(Binan et al., 2014)
(Zhang et al., 2015)
(Vicentini et al., 2015)
(Kabiri et al., 2015)
(Evans et al., 2002)

(Wang et al., 2017)

Continued
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Table 6.6 Representative list of biomaterials used for neural tissue engineering—cont'd

Biomaterials

Additive

Method

References

Poly-(lactic-co-
glycolic) acid
(PLGA)

Hydrophobin IT (HFBI)

Co-transplantation of neural stem cells and
Schwann cells

Poly-p-lysine with laminin, fibronectin or

collagen
Hyaluronic acid (HA)

Bone marrow MSCs with chitosan

Polypyrrole (PPy)

Film: microcontact printing (LCP)
Seeded scaffolds

Films with coated materials for
surface modification

HA hydrogel/PLGA microsphere
systems

Neural scaffold with autologous
MSCs

Mesh: Electrospinning

(Li et al., 2009)
(Xia et al., 2013)

(Han et al., 2005)
(Wang et al., 2011)
(Ding et al., 2010)

(Lee et al., 2009)
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(Xia et al., 2013). In a specific case study to consider the most appropriate
polymer for nerve regeneration, biocompatibility tests were performed and
found PLGA as the most appropriate polymer for the task (Bhang et al.,
2007). Another advancement observed in the field is plasma treatment of
the polymers to increase their surface characteristics; the hydrophilicity in-
creased greatly after an O, plasma treatment of PLLA.There was better cell
attachment with the B65 nervous cells due to the combination of surface
chemistry and wettability due to the plasma treatment (Khorasani et al.,
2008). In another experiment, PLGA surface was modified with TiO, using
magnetron sputtering to improve the PLGA surface/cell interaction (Ryu
et al., 2005). Although huge strides have been undertaken in the field of
nerve regeneration, functional integration of host-implant and complete
restoration of neurological function still need to be addressed.

6.4.5 Skin regeneration

Skin, the largest organ in our body performs vital functions like offering
a barrier against external injuries and regulating temperature. Although
skin wounds heal naturally, therapies that would enhance wound healing
might be required in cases where healing is impaired, for example, in di-
abetic patients with deficient vascular supply or burn patients (Boyce and
Lalley, 2018).Tissue-engineered skin scaftolds can be classified as epidermal,
dermal, and dermoepidermal and the ECM structure can be mimicked to
an extent by using 3D scaffolds incorporated with drugs, growth factors,
and skin cells. In addition to biomaterial selection, other factors which po-
tentially influence the skin regeneration process like the damaged skin’s
condition, immunological status, and age also play a key role in designing
tissue-engineered skin scaffolds. Natural, synthetic, and composite bioma-
terials have been used for the preparation of skin scaffolds so far. Natural
polymers like chitosan, collagen, alginate, silk fibroin, and gelatin have been
extensively used for skin regeneration as they promote wound healing and
have the potential to mimic ECM properties. However, they do possess
some disadvantages in terms of possible immunological and inflammatory
reactions. Synthetic polymers, on the other hand, are cost-eftective, easy to
modify and sterilize, and pose minimal immunogenicity risks. However,
only a few of them like PLA, PGA, and PLGA are FDA approved for use in
biomedical applications (Mohamed and Xing, 2012).

None of the traditional skin grafts were developed to regenerate wound
injuries, including xenografts, allografts, and autografts, nor have success-
tully satisfied the requirements of fully functional skin. It could be due
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to the insufficient healthy donor skin, immune reactions after allografting,
scarring, or any other specific adverse effects associated with surgery (Dai
et al., 2020; Kallis et al., 2018). The research to develop an ideal skin substi-
tute that supports optimal wound healing is ongoing and nanotechnology
has played a key role in that race for the most suited biocompatible scaf-
folds for skin regeneration. The most commonly employed techniques for
controlling the surface topography of a scaffold for skin regeneration at
the nanometer level include self-assembly, phase separation, electrospinning,
and 3D printing. Further, the compositions and mechanical properties of
these scaffolds can be tuned by blending natural and synthetic biomaterials
and can be incorporated with drugs, growth factors, antibacterial molecules,
or proteins also. The common types of scaftolds utilized in skin regeneration
are given in Table 6.7.

Porous scaffolds in the form of sponges or foam can be fabricated from
both natural and synthetic biodegradable materials by using porogens,
prototyping, 3D printing, etc. (Chan and Leong, 2008). Most of the po-
rous scaffolds in skin tissue engineering have a collagen base with kerati-
nocytes or fibroblasts seeded into the scaffold. For instance, Orcel (Ortec
International, New York, NY, USA) is an FDA approved, bilayered tissue
engineered skin construct with a porous type I bovine collagen sponge
as its base and a nonporous collagen-gel. The keratinocytes are added to
the non-porous gel while the fibroblasts are seeded into the porous colla-
gen sponge (Shevchenko et al., 2010; Still et al., 2003). Another example is
that of a dermal substitute, Terudermis which consists of a bovine collagen
sponge bound to a silicone layer and is used for the treatment of deep burns
and trauma-induced deformities (Choi et al., 1999). Pelnac (Gunze Ltd.,
Kyoto, Japan) is a porous sponge scaffold made of porcine collagen (Suzuki
et al., 2000). In addition, several preclinical studies involving the develop-
ment of sponge scaffolds using natural and synthetic biomaterials like chi-
tosan, gelatin, PVA, keratin, silk fibroin have been reported for applications
in skin regeneration (Chen et al., 2006; Jinno et al., 2016; Mahnama et al.,
2017; Rnjak-Kovacina et al., 2015;Yeo et al., 2000).

Fibrous scaftolds are also a type of porous scaffold, except that they are com-
posed of nanofibers. For tissue regeneration, nanofiber scaffolds with highly
interconnected porosity are inevitable and have been found beneficial for cell
seeding and supply of nutrients and growth factors to regulate cell behavior.
Electrospinning is the most widely employed technique for fabricating fibrous
scaffolds of various materials (Dias et al., 2016; Mulholland, 2020). There have
been several studies to develop dermal and epidermal substitutes that mimic
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them in terms of matrix composition, mechanical properties, and function-
alities. Acellular scaftolds like Biobrane and Integra and cellular scaftolds like
Apligraf and Transcyte, are examples of commercial fibrous scatfolds (Falanga
et al., 2014; Garfein, 2009). Development of nanofiber scaffolds seeded with
stem cells that play an important role in all stages of wound healing is another
promising approach for skin tissue regeneration. A host of research in the field
of biodegradable hydrogels comprising synthetic polymers and natural mac-
romolecules have demonstrated their utility in controlled delivery and RM
applications. Typically, hydrogel encapsulating cells, drugs or biomolecules for
RM applications are prepared by ionic or covalent crosslinking of bioma-
terials capable of self-assembling into a solid polymeric network on the in-
fluence of stimuli like pH and temperature. In the case of RM applications,
balancing the degradation rate and cell adhesion and growth in the scaffold
is vital (Budama-Kilinc, 2018). Preclinical studies of hydrogels made of nat-
ural polymers like hyaluronic acid (da Silva et al., 2019; Hong et al., 2018;
Khunmanee et al., 2017), chitosan (Jiao et al., 2019; Liu et al., 2018), gelatin
(Zhao et al., 2016), fibronectin (Trujillo et al., 2020), collagen (Bacakova et al.,
2019; Helary et al., 2012), alginate (Kaczmarek-Pawelska and Pereira, 2020),
dextran (Catoira et al., 2019; Sun et al., 2011) and their blends with synthetic
polymers like PEG, PVA, PLGA (Bahadoran et al.,2020; Chen et al.,2018; Lee
etal.,2007;Wall et al., 2018) have been extensively reported for wound healing
skin regeneration. Bilayered scaffolds, hydrogels in combination with a fibrous
or porous scaffold, have also been reported (Jaiswal et al., 2013), for instance, a
bilayered scaffold having a PEG-chitosan hydrogel seeded with fibroblasts and
a porous chitosan-alginate scaffold seeded with keratinocytes have been de-
veloped (Tsao et al., 2014). Selt-assembling peptide-based hydrogels have also
been recently proposed for dermal tissue regeneration (Bradshaw et al., 2014;
Kim et al., 2017). Further, the use of microsphere scaffolds, specifically with
the nanoparticle-based microspheres has facilitated the controlled release of ac-
tives that would augment skin regeneration like growth factors, anti-bacterial
agents, and even stem cells (Gupta et al., 2017; Huang et al., 2012). Bioceramics,
specifically bioactive glasses, have also garnered interest recently owing to their
angiogenic and antibacterial potential. Nanosized 45S5 Bioglass incorporated
scaffolds have been found to induce in vitro and in vivo neovascularization,
accelerate blood clot time and, thus, improve wound healing. The most widely
studied category of bioactives glasses, mesoporous bioactive glasses, and their
biocomposites have emerged as suitable candidates for the controlled delivery
of bioactives for the regeneration of wound injuries (Jia et al., 2011; Kargozar
et al.,2019; Li et al., 2019).
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6.5 Conclusions and future perspectives

Advancements in the biomedical field of tissue engineering and RM has
led to the advent of newer technologies for attaining superior outcomes
with respect to tissue regeneration and allied healing. The past decade has
witnessed a multitude of growth in the research of nanobiomaterial fab-
rication and design for applications in RM. With an ever-increasing de-
mand for tissues and organs for multiple modalities, it is imperative to use
advanced technology-based approaches to cater to these critical healthcare
needs. Currently applied technologies engineer tissues with a low speed
of vascularization post-implantation, thereby limiting their applications to
structurally simple tissues like skin, cartilage, and the bladder. Another fact
remains that the tissues formed by the present techniques do not com-
pletely simulate the native tissues or organs being replaced, necessitating a
dire need for advanced technological platforms with higher specificity and
accuracy. This dawns the need for nanoscale and microscale biomaterials
for effectively utilizing upcoming fabrication technologies. Engineering
3D tissues has not seen that much success yet clinically because of the in-
tricacies involved in accomplishing the process. The introduction of new
nanobiomaterials has enabled researchers to bridge this gap between vir-
tual theories and reality by exploring the potential of these materials for
RM development.
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7.1 Introduction

As the world advances in medical science, scientists seek to explore biolog-
ical processes involved in several diseases without harming a living being.
Bioimaging is an emerging process in medicine and diagnostics that uti-
lizes digital technology in the real-time visualization of biological processes
(Rostami et al., 2019). This novel imaging method shows images relating
the anatomical structure connected to functional data where the camera
captures the primary image of a biological object, and the sensors determine
the characteristics such as shape, size, surface texture, and color. It is a non-
destructive method that provides overall views of the human body progres-
sively with minute details (Balas, 2009). In the past three decades, difterent
advanced techniques have been developed for bioimaging, which includes
three-dimensional (3D)/four-dimensional (4D) body images by computed
tomography (CT) scans, X-ray/ultrasound (US) images, and magnetic res-
onance imaging (MRI) (Agnihotri et al., 2010). Bioimaging aims at mini-
mum interference with biological samples in vivo employing nanoparticle
(NP) architecture, which is used to diagnose cancer cells (Wolfbeis, 2015).
Many considerable advancements exist in bioimaging, and it is preferred
over any other technique (Xu et al., 2019). Nevertheless, certain drawbacks
still exist in this technique that needs to be addressed. The image resolution
is limited up to certain millimeters. Also, there is a hindrance to autofluores-
cence, which is not helpful for surgical guidance (Cheng et al., 2020). In this
regard, researchers observed that using multiple microscopy techniques on
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a single sample can eradicate such obstacles. However, this approach is prac-
tically inconvenient as the hardware and software used are highly expensive
while having several biocompatibility issues (Ghamsari, 2018).

A superresolution image could be a solution for most of the existing
limitations, which can be obtained possibly by employing nano-bioimaging.
This approach uses nanomaterials, which enable the construction of
high-resolution images of biological samples. Utilizing this method, various
NPs have been synthesized as medicinal and clinical agents in the recent
past (Li et al., 2020b). The superiority of nanomaterials in bioimaging is
associated with its optical and physical properties that are easily modified
and tuned through structural modulations. Additional magnetic properties,
diverse surface chemistries, and chemical compositions make it a potential
candidate (Saji et al., 2010). Also, some NPs consist of inherent therapeutic
and optical properties that can add up to their efficiency. However, it is
challenging to make favorable structural changes as many allied concerns
emerge, such as biocompatibility, imaging capacity, toxicity, the complex-
ity of the synthesis, and cost. Generally, a broad range of nanomaterials
is used for bioimaging, including metals (Ag, Au, Pt, Pd, Cu, Mg, Fe, Ti,
Zn, etc.), magnetic materials (metal oxides of Mn, Co, and Ni), organic
carbon-based NPs (carbonnanotubes (CNTs), carbon-based quantum dots
(QDs), graphene and its derivatives, fullerenes, and nanodiamonds (NDs))
(Wolfbeis, 2015). Fig. 7.1 depicts the general implementation of NPs in
different bioimaging applications.

Even though nano-bio-optical imaging (nano-bioimaging) techniques
offer higher resolution at the nanoscale, it can undergo strong attenuation
of visible light by tissues (cellular components, such as lysosomes and mito-
chondria). Moreover, the image is restricted to the surface of the targeted
tissue (Reineck and Gibson, 2017).To overcome such setbacks, either NPs
should be developed that would not get hampered by the visible light or
design such NPs that will operate at different wavelengths giving a well-
resolved image while not disturbing the biological matters. In this regard,
fluorescent NPs were developed to act in the near-infrared (NIR) region
light, which can go deep inside the tissues at the molecular level, ultimately
making it a viable alternative to the attenuation issue. Advanced research in
this field can probably make its way to broader adoption for clinical pur-
poses (Altino8lu and Adair, 2010).

This chapter discusses the usage of different NPs (organic and inorganic
nanomaterials) in bioimaging. Further, the properties of nanomaterials and
their compatibility are comprehensively discussed. Finally, other bioimaging
techniques and their potential applications in clinical fields are critiqued.
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Surface-enhanced Raman
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for the early detection and
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Photoacoustic imaging
Photoacoustic imaging is a
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APPLICATIONS

Fluorescence Imaging
Fluorescence imaging is a type
of non-invasive imaging
technique that can help visualize
biological processes taking place
in a living organism. Images can
be produced from a variety of
methods including: microscopy.
imaging probes, and
spectroscopy.

Persistent Luminescence
Imaging

In persistent luminescence
imaging, luminescence is
maintained for minutes to hours
without an excitation source.

ionizing laser pulses are
delivered into biological

Owing to their unique optical

properties, they are employed in
tissues. bioimaging.

Fig. 7.1 Implementation of nanoparticles in different bioimaging applications.

7.2 Types of nanomaterials

The recent advancements in nanotechnology have resulted in the devel-
opment of novel varieties of functional organic and inorganic nanomateri-
als with tunable morphology and well-defined characteristics that enable a
wide variety of biomedical applications. Nanotechnology, along with bio-
chemistry, makes up nanomedicine, which helps biomedical sciences di-
agnose and treat diseases at the molecular level. NPs ofter unique physical
and chemical properties such as electrochemical, thermodynamic, optical,
catalytic, and magnetic (Mohanraj and Chen, 2006). The structure of NPs
and their chemical compositions also affect their overall properties, and de-
pending on such distinct properties, NPs have been employed in various
bioimaging methods (Fig. 7.2).

7.2.1 Organic nanoparticles

Organic NPs are templated upon natural or synthetic organic molecules
in bioimaging, depending on the target cells or organs. One of the most
important features of organic NPs is that they ofter relatively simple routes
for encapsulating materials (Romero and Moya, 2012). This, together with
the fact that the molecules used for the fabrication of the organic NPs can
be biodegradable, makes organic NPs the most appealing biomedical ap-
plications system. Thus many different organic NPs have been synthesized
for bioimaging in the recent past. They offer a variety of materials, such as
graphene and its derivatives, graphene quantum dots (GQDs), carbon dots
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Nanoparticles for

bioimaging
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Fig. 7.2 Types of nanomaterials used in bioimaging applications.

(CDs), CNTs, and NDs, which are known for their exceptional contrasting
properties, biocompatibility, high-resolution imaging properties, heat and
chemical resistance, modifying/transporting capability, and optoelectronic
properties. They can be tuned and employed against the dimension of bio-
materials, such as proteins, DNA, and RNA (Wen et al., 2015). The lumi-
nescence, conductivity, magnetic permeability, and chemical reactivity of
these particles are highly dependent on their size, which ultimately makes
a small modification significant to its application (Saji et al., 2010). The fol-
lowing section covers several examples of organic NPs used in bioimaging.

7.2.1.1 Graphene

Graphene is the most putative nanomaterial for the fabrication of biomedi-
cal devices for bioimaging and biosensing purposes due to some of its stim-
ulating qualities (Bhuyan et al., 2016; Dasari Shareena et al., 2018). There
are different strategies for synthesizing graphene nanomaterials, summa-
rized in Fig. 7.3.In 2004, Geim and co-workers first isolated graphene onto
SiO; substrates and discovered its electrical properties while employing it in
an application of graphene-based NPs (GBNs) in bioimaging (Blake et al.,
2007).The stimulating qualities of graphene, such as excellent processabil-
ity in aqueous medium and outstanding surface properties favoring light
scattering and biocompatibility, makes it a favored NP for the design of
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Fig. 7.3 The strategies to synthesize biocompatible graphene nanomaterials for
bioimaging. (From Jana, A., Scheer, E.,, Polarz, S., 2017. Synthesis of graphene-transition
metal oxide hybrid nanoparticles and their application in various fields. Beilstein J.
Nanotechnol. 8, 688-714. Creative Commons Attribution License © 2017 Jana et al.; licensee
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biomedical sensors and can be applied for many difterent clinical applica-
tions such as therapeutics, bioimaging, and biosensing (Kumar et al., 2018).
Graphene has found numerous applications in medicine and other fields
due to its flexible nature to bind with a variety of functional groups in the
form of chemically modified graphene, including graphene oxide (GO) and
reduced graphene oxide (RGO), thus customizing its properties according
to the application. The primary requirements of bioimaging materials are
high specificity, nontoxicity, and sensitivity (Lin et al., 2018). While GBNs
are capable of reducing the toxicity of designed probes, introducing the
sensitivity and selectivity is still a hurdle in material synthesis. They are ex-
tensively explored in bioimaging methods, such as photoacoustic imaging
(PAI), ultrasonography (USG), optical imaging (OI), MRI, radionuclide-
based imaging (positron emission tomography (PET), single-photon
emission computerized tomography (SPECT)), and CT, which facilitate
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observation while studying biological processes and organs at the cellular
and subcellular levels (Dasari Shareena et al., 2018). The GQDs are mostly
used GBNs and can be prepared from graphene sheets via simple hydro-
thermal cutting in the initial development stages. The fluorescence spectros-
copy for the biological component imaging was the preferable technique
developed due to the good photophysical properties of GQDs (Wang et al.,
2015). Utilizing small polymers, NPs, dyes, biomolecules, etc., graphene and
its derivatives can be easily modified and employed to serve difterent bio-
imaging techniques. Moreover, graphene can be used in bioimaging as an
imaging contrast agent, carrier, fluorescence quencher, wrapping material,
and building block. Therefore graphene has been gathering a huge interest
due to its unique properties, which is crucial at nano levels. Nevertheless,
several issues, such as nanotoxicity, the underlying mechanism, and signal
pathway, still need to be addressed.

7.2.1.2 Fullerenes

Fullerenes are also known as the third allotrope of carbon after diamond
and graphite. Fullerenes are hollow cage-like structures and have a hollow
part of 1 nm diameter enclosed with atoms, molecules, etc. inside this cavity
to make up endohedral fullerenes. In one such attempt, Lu et al. (2010)
encapsulated metals inside fullerenes to form endohedral metallofullerenes
(EMFs), where they obtained the first EMF called La@Cg. Fullerene,
mainly Cs, is one of the nanosized carbon allotropes, being much smaller
than CDs. The clinical applications of fullerene and its derivatives are mainly
in drug delivery, cancer therapy, tissue engineering scaffolds, and radio im-
aging. Fullerenes, despite being color tunable, cannot be used for bioimag-
ing because of their weak fluorescence. Fullerene, Cg, exhibits normal and
late fluorescence, which is vigorously quenched by oxygen and significantly
affected by temperature.To overcome the shortcomings of individual mate-
rials, chemical modifications and biconjugate reactions among several NPs
can be introduced. The fullerene-like introduction of hydrophilic groups,
such as polyhydroxy groups, carboxylic acids, and amino acids on the
fullerenes’ outer surfaces, produces derivatives with efficient water solubil-
ity and biocompatibility that can lead to targeted bioimaging (Biju, 2014).
For instance, tumor sites (in vivo) can be easily imaged through higher
resolution fluorescence imaging, which is possible by NIR fluorescence
of hyaluronate fullerenes. Doubly targeting nanocrystals were procured by
attaching 3-aminophenylboronic acid and hyaluronated fullerene to them.
The two ligands assured specific targeting of cancer cells (Wolfbeis, 2015).
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The two main categories of water-soluble fullerene derivatives, i.e., EMFs
(e.g., fullerenols and carboxy fullerenes) and substituted fullerenes (e.g., ma-
lonic acid) have good significance in the biomedical field. These two groups
of fullerene derivatives have shown excellent efficiency in bioimaging and
cancer therapy. Moreover, their usefulness has led to their wide applications
in different fields, including drug delivery, photodynamic therapy (PDT),
and tumor cell nutrition supply reduction. Further, they can be employed as
reactive oxygen species (ROS) and adjuvant in cancer medications (Zhang
et al., 2019). The major advantage of fullerenes lies in its effective distribu-
tion in blood and appropriate localization at the target organ. Additionally,
tullerenes are highly biocompatible and nontoxic, which cater to easy func-
tionalization with biomolecules present in the human body while making
the overall imaging process easier.

7.2.1.3 Carbon nanotubes

CNTs are one of the key carbon nanomaterials and can be classified as
single-walled carbon nanotubes (SWNTs) and multiwalled carbon nano-
tubes (MWNTs; Cheung et al., 2002). Currently used processes for the
synthesis of CNTs are chemical vapor deposition (CVD), arc discharge, and
graphite laser ablation (Boskovic et al., 2002). CNTs offer a chief novel class
of materials possessing unique mechanical, electrical, and physicochemical
properties while offering large specific surface area and the ability to link
with various biomolecules (such as protein and DNA) that can be em-
ployed for applications in biosensing, bioimaging, and drug delivery. The
CNTs have a unique hollow monolithic structure with a distinct inner sur-
face that can be occupied by several molecules and an outer surface, which
can be modified by means of functionalization to get desired properties
(Biju, 2014). A study showed that cell-specific imaging could be employed
for targeting and imaging HeLa cells where they combined polystyrene
and poly-(e-caprolactone) side chains containing a copolymer of poly(para-
phenylene) with carboxyl-functionalized SWCNTSs treated with folic acid
(FA) (Ag et al., 2013). Further, Hashemzadeh and Raissi (2017) observed
that loading CNTs with drugs did not hinder its chemiluminescence by
using Luciola cruciate (luciferase)-labeled SWCNTs. Moreover, CNTs show
good compatibility in the living body and can easily penetrate cellular
membranes without any external transporter systems. CNTs, with their ex-
cellent properties, can emerge as a highly effective means of transporting
cargos for therapeutic and diagnostic purposes in cancer nanotechnology
and should be further explored in the bioimaging field.
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7.2.1.4 Carbon dots

CDs are a zero-dimensional (0D) type of material with useful properties
that make it an important carbon nanomaterial (Hola et al., 2014). For in-
stance, the favorable properties of CDs such as permeability, ease of prepa-
ration photostability, low toxicity, biocompatibility, and low cost make them
capable of using as agents for fluorescence labeling and imaging. Difterent
synthetic methods such as arc discharge, electrolysis, hydrothermal, and laser
ablation are employed in synthesizing CDs. They can be manifested in sev-
eral forms, such as 0D spherical fullerenes or one-dimensional (1D) CDs,
and many others. CDs are known for their excellent chemical as well as
photostable properties while being rich in surface functional groups, such
as hydroxyl, amino, and carboxyl, which is useful for tuning its optical prop-
erties (Wen et al., 2015). Their surface-state stability decides if their pho-
toluminescence is excitation dependent (e.g., polyethyleneimine passivated
CDs) or independent (e.g., N, S-CDs). On the other hand, their size is
what decides their emission wavelength: ultraviolet (UV, 1.2nm), bright
visible (1.5-3nm), and NIR (3.8 nm). These NPs also have low cost, ex-
cellent quantum yield, and very low cytotoxicity, making them a potential
candidate for bioimaging analysis.

7.2.1.5 Nanodiamonds

With the emergence of technologies, such as high-pressure-high-
temperature and CVD, the production of bulk diamonds and 2D diamond
films have increased. Moreover, 1D diamond nanowires and 0D diamond
NPs have diversified this material’s use. Here, NDs refer to the diamond
particles whose average diameter ranges from 1 to 100 nm.There are various
methods for the preparation of NDs. Among many, oxidation is the most
economically feasible and eco-friendly method, wherein they are prepared
from explosives like 60 wt% trinitrotoluene (C4H,(NO,);CHj3) and 40 wt%
hexogen (C3HgN(Oyg), which are usually oxygen deficient. These are then
detonated in a metallic tank, thus giving a product of NDs (4-5nm diame-
ter) along with some impurities that need to be separated (Dolmatov et al.,
2004). A major advantage of NDs is that they undergo Brownian motion
within cells like HeLa lines for more than 200s, making them beneficial for
long-term in vivo tracking (Prabhakar and Rosenholm, 2019). NDs are an
excellent resource when it comes to the treatment of diseases like cancer.
In one such study, the transforming growth factor (TGF) receptors (which
are responsible for immunosuppression and metastasis in cancer cells) were
coated with NDs and were successfully used to assess the trafficking process
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of TGF-beta receptors. The researchers obtained a localization accuracy of
around 8nm in the XY directions, and the accuracy was seen to be around
16nm in the Z direction, which was far better than traditionally used dyes.
This suggests that NDs can be beneficial for long-term monitoring of the
intracellular protein delivery mechanism, which will help develop better
therapeutic medicines. Another benefit of NDs for in vivo imaging is that
they are chemically inert, unlike some NPs that use heavy metals. Moreover,
it has also been reported that it can be tracked for a long time due to its high
brightness. Due to their properties mentioned above, NDs can be employed
in the superresolution microscopy using the stimulated emission depletion
technique, and a remarkable resolution of 6-10nm can be obtained in the
process. Another factor that makes NDs a right candidate for bioimaging
is its low exocytosis by cells, as seen in human cancer cell lines where the
extent of exocytosis was seen to be around 15% after 6 days in multipotent
stromal cells and HeLa cells (Perevedentseva et al., 2013). This property has
also been used for tracking AS-B145-1R breast cancer cells. However, the
higher concentration of these NDs can become toxic to cells, and therefore
their nano-size forms tend to be helpful considering their easy internaliza-
tion into cells. Moreover, the cells do not show cytotoxicity to these NDs
at low concentrations because the cells tend to endocytose and exocytose
the NDs continuously, thus regulating their amount in a cell at controlled
levels, which makes NDs biocompatible along with being useful for long-
term tracking. Additionally, they also have a fluorescence property that can
be used as a good contrast agent against the background (Reineck and
Gibson, 2017).

7.2.1.6 Semiconducting (organic) polymer dots

The polymer dots (PDs) have high brightness and small particle size of
n-conjugated polymers and can be employed in a broad range of clini-
cal applications. Semiconducting PDs are emerging as organic fluorescent
NPs with high brightness, large Stokes shift, and intriguing energy-transfer
properties (Wu and Chiu, 2013). These polymeric semiconductors were ini-
tially developed for optoelectronic devicesand later used for highly sensitive
chemical sensors. The PDs are commonly synthesized by nanoprecipitation
or emulsion polymerization (Lee et al., 2007; Li Jia’En, 2011). The back-
bone of conjugated polymers acts like an array of light-harvesting units that
manifest a broader optical cross section than small organic molecule dyes.
However, their applications in bioimaging are less known to date. A blend of
semiconducting PDs and fluorescent nanodots attached to the polypeptide is
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used for targeted imaging in clinical diagnosis. Nevertheless, more research is
needed to make these NPs widely adaptable in bioimaging (Wolfbeis, 2015).

7.2.2 Inorganic NPs

In recent times, inorganic NPs have attracted much attention in the field
of biomedical as organic NPs cannot be modified to a large extent, while
some organic NPs cannot be modified at all. Moreover, synthesized inor-
ganic NPs are mostly hydrophilic, and toxicity can be controlled, which
makes them target specific while reducing unnecessary binding, whereas
organic NPs in this regard are difficult to control (Paris et al., 2019). The
inorganic NPs can be fabricated and incorporated in the living body and
widely used in bioimaging for diagnosis purposes. Ease in the synthesis as
well as modification in the size, shape, and surface properties have favored
the synthesis of inorganic NPs (Lim et al., 2020). In recent times, research-
ers have designed and synthesized different types of inorganic NPs. They
can be broadly classified into two categories: (1) noble metal NPs (gold,
silver, platinum) and (i) metal oxide NPs (silica, iron oxide, zinc oxide, etc.).
Integral and multifunctional systems for bioimaging can be achieved by
virtue of optical, electronic, and magnetic properties of various inorganic
NPs. Inorganic NPs that are optically active can produce fluorescence or
scattered light, which is used to develop an image and thus be employed
in bioimaging (Kim et al., 2018). Some inorganic NPs have been studied
thoroughly, and some yet need to be explored in terms of their application
concerning biocompatibility and toxicity. Nevertheless, inorganic NPs can
bring revolutionizing changes to the entire biomedical field.

7.2.2.1 Noble metal NPs

For decades noble metal NPs, predominantly of gold and silver, have been
rigorously studied and applied in different sectors. They offer unique bene-
fits, including retention of unusual optical, electronic, and thermal proper-
ties. Additionally, superficial synthesis and surface bioconjugation have made
it feasible to become employed in the biomedical field (Yaqoob et al., 2020).
The noble metal (platinum and palladium) NPs have relatively fewer clini-
cal field applications and are under research scrutiny. A brief description of
a few significant NPs is discussed here.

Colloidal gold NPs
The brilliant color, size, and shape of colloidal gold particles make them po-
tential candidates to be applied in various areas, such as catalysis, biomedical,
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solar energy scavenging/power harvesting, sensing, and many others. The
optical and electronic activity of gold NPs are easily tuned by moditying
the size, shape, and surface chemistry, thus making it suitable for bioimaging.
In bioimaging, gold NPs such as nanoshells, nanocubes, nanorods (NRs),
nanospheres, nanostars, and nanocages have found rising interest in in vitro
and in vivo imaging (Das et al., 2019). Many difterent methods are being
employed for synthesizing gold NPs. Cheaper reagents and simple steps
have made the Schiffrin-Brust biphasic synthesis process widely accepted
back in 1994 (Biju, 2014).The properties of gold colloidal NPs include dis-
tinct surface chemistry, straight forward synthesis, nonhazardous nature, and
large one/two-photon absorption cross sections, making them appropri-
ate for applications in different bioimaging techniques (surface-enhanced
Raman spectroscopy (SERS) of organic and biomolecules, SPR, optical
coherence tomography, and photothermal/PA responses). According to re-
ported applications, gold NPs are used in the detection of ovarian tumors
by PAI (Wang et al., 2019). Moreover, in X-ray imaging, gold NPs are used
as a potential agent for the accumulation of gold NPs in tumors causing
attenuation of X-rays and thus differentiating tumor from healthy tissues.
Therefore to intensify the gold NPs’ therapeutic potency, a few pinpoint
design factors such as toxicity and systemic interactions need to be consid-
ered (Mahan and Doiron, 2018).

Silver NPs

Silver NPs have been extensively explored in recent years. The photother-
mal ability and antimicrobial activity of silver NPs favor its use in bio-
imaging (Capanema et al., 2019). The various synthesis processes of silver
NPs have been reported. Silver salts and surfactantsin an aqueous solution,
when irradiated with a laser,could synthesize suitable silver NPs with the
desired shape and size (Sportelli et al., 2018).To improve the efticacy of the
noble NPs, silver and gold NPs are used in a combination and reported in
several biomedical studies. According to reports, both noble metals are com-
bined into core-shell nanostructures. The shell is made up of gold, and the
core is made up of silver NPs concerning its better NIR absorption. The
synthesis of these structures is mostly fabricated by galvanic repulsion and
seed-mediated growth. The nontoxic nature, optical activity, and easy fabri-
cation are the properties that help in applying silver NPs in the bioimaging
field (Austin et al., 2014). Furthermore, silver NPs are employed in SERS
to detect critical proteins and biomolecules such as early cancer biomark-
ers or drug distribution in body fluids. Exploring more silver NPs while
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optimizing the characteristics and surface structures precisely can help in-
crease bioconjugation and biocompatibility of silver NPs.

Platinum NPs

Platinum NPs are an appropriate biomedical field option due to its cat-
alytic activity, antiinflammatory ability, and biocompatibility (Zhao et al.,
2017).The synthesis of platinum NPs can be done by various means such as
chemical, physical, and biologically assisted procedures. In chemical-based
methods, galvanic displacement, wet chemical reduction (WCR), electro-
chemical reduction, and CVD have gained more attention (Pedone et al.,
2017). In WCR, reducing agents are used to produce platinum NPs from
platinum precursors, which controls the NPs’ characteristics. Physically
based methods are popular because they overcome the difficulties of chem-
ical processes (e.g., toxic reagent and need for organic solvent). Physical
methods follow flame synthesis, electron beam-induced reduction, laser ab-
lation technique, and aerosol-assisted deposition. Though the synthesis of Pt
NPs is relatively easy, there is a need to eradicate the cytotoxic eftects and
biocompatibility issues before they are employed in the bioimaging field
(Pedone et al., 2017). Nevertheless, platinum could be considered as a po-
tential NP agent for bioimaging similar to silver and gold.

7.2.2.2 Metal oxide NPs

The engineered metal oxide NPs are among the widest used NPs due to the
unique features they possess. In bioimaging, many different NPs are currently
synthesized from oxides of various metals such as iron, titanium, zirconia,
hafnium, manganese, silica, and been explored in various imaging modalities.

Silica (SiO,) NPs

Among various NPs, silica NPs have been widely investigated, and their
properties are optimized for applying in different sectors. SiO, NPs have
found applications in several fields such as bioimaging, catalysis in chemi-
cal industries, and drug and gene delivery applications due to their ease of
synthesis, distinct surface chemistry, large surface area, and chemical and
physical stabilities (Bagheri et al., 2018). The properties mentioned above
for silica force them to design a protective shell that renders protection
against biodegradation, toxic ions, and activation of the immune response.
Many different procedures are described for synthesizing these silica NPs in
the literature, with the sol-gel process being the most followed (Azlina et al.,
2016). Although silica NPs have hydrophilic surfaces, assorted functional
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groups like amino acids, carboxyl, hydroxyl, or azide are necessary to be
added on the surface or in pores for the higher conjugation of biomolecules
for successful localization to target molecules or tissues or to protect against
an immune response (Biju, 2014). Examples of bioimaging containing these
silica NPs are comprehensive due to its ability to hold fluorescent MRI-
PET contrast agents and medicine or genetic material molecules to their
flexible exterior and pores. A combination of different bioimaging and drug
delivery systems (DDSs) in single silica NPs are possible, which can be a
promising aspect of biomedical science (Hu et al., 2018).The joint efforts of
researchers in multidisciplinary fields can strengthen the application of silica
in the biomedical field. Therefore to increase and explore the possibilities of
silica NPs in the clinical field, targeted cell action and action on intracellular
components should be rigorously studied.

Iron oxide NPs

Iron oxide NPs are composed of a hydrophilic polymer covering shell
with the core as an iron oxide crystal. Superparamagnetic iron oxide NPs
(SPIONs) and ultrasmall superparamagnetic iron oxides NPs (USPIONs)
are two general classes of iron oxide NPs based on properties like size, shape,
and other intrinsic characteristics. In comparison to SPIONs, USPIONSs are
considered favorable for biomedical purposes due to their reduced degree
of opsonization (Al Zaki et al., 2017). In the recent past, different chemical
methods are mentioned for the fabrication of iron oxide NPs, such as co-
precipitation, thermal decomposition, and laser pyrolysis (Shaterabadi et al.,
2017). Thermal decomposition is one such method that involves high-
temperature disintegration of organometallic precursors, including iron
pentacarbonyl and iron cupferronate using organic solvents/surfactants. The
morphology of USPIONs can be modified or adjusted by controlling the
process conditions and nature of solvents, precursors, and surfactants used
(Zarschler et al., 2016). However, for the successtul application of iron oxide
NPs in bioimaging, the surface modification of iron oxide NPs is required
to make them biocompatible and optically active. Also, conjugating them
with any other species is necessary in some cases. Considering inherent
properties (such as toxicity, optical activity, and compatibility of iron oxide
NPs in the living body), the NPs can be employed in bioimaging.

7.2.3 Hybrid NPs

NPs synthesized by either organic or inorganic compounds are nowadays
used on a large scale in the biomedical field due to its potential application
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in real-time biological imaging. The higher photostability, bright fluores-
cence, narrow emission, and broad excitation have attracted researchers to
use it in the bioimaging field. However, cellular uptake efficacy is lower
for these synthesized NPs (Li et al., 2020a). Hence, a compatible conjugate
is required for making the NPs more compatible in the living body. Such
types of conjugates are known as hybrid NPs. The hybrid NPs contain two
or more distinct NPs assembled in a functional structure that itself is still of
nanoscale dimensions. To date, various hybrid nanostructures are designed,
such as core-shell, metal-organic framework (MOF), lipid-polymer, yolk-
shell, heterodimer, dot-in-nanotube, dot-on-nanorod, and nanobranches. In
a further section, a few hybrid NPs that can be potentially employed in the
bioimaging field are briefly discussed.

7.2.3.1 Nanogel quantum dot hybrid NPs

QDs are used widely in the bioimaging field due to their inherent properties
that support biological imaging; however, there is an issue regarding the up-
take of NPs in living cells. Nevertheless, researchers have studied and found
out that using a certain carrier with NPs can improve compatibility and up-
take (Paysen et al., 2020). According to the reports, cationic liposomes were
used as a carrier with NPs for imaging. However, the aggregation of these
carriers in the cytoplasm was found, thereby demanding a novel approach
to eradicating biocompatibility and aggregation. According to several other
reports, the self-built structure of cholesterol-bearing pullulan gave rise to
steady hydrogel NPs (nanogel). The nanogels make hydrophobic linkages
with a range of drugs and proteins and deliver them upon encounter with
specific cyclodextrin. The application of these hybrid nanogel QDs NPs
was incorporated into human cervical cells, and real-time images were cap-
tured (Wang et al., 2018). To date, limited applications of nanogel NPs in
bioimaging have been investigated; thus more research is needed for this
hybrid NP to become employed in biological imaging.

7.2.3.2 Core-shell hybrid NPs

Typically, hybrid NPs are made up of a broad range of organic and inor-
ganic nanomaterials (metals or polymers). One material acts as an inner
layer core, while others act as an outer layer as a shell. These NPs are made
up of a variety of nanomaterials, which make them unique by changing the
properties (such as physicochemical, biological, and optical) of the core/
shell layer. The classification of core-shell hybrid NPs are as follows: core-

shell NPs (Pd@Pt), core-multishell NPs (NDCMS-NPs: Au nanodisks core
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with Ag outer layer), polyhedral core/shell NPs (Cu,O@Ag), core-porous
shell NPs (NPSNPs), and hollow-core-shell NPs (AgPt@Pt HNs). There
are three approaches used to form core-shell NPs. In a one-pot approach,
the simultaneous formation of the core and shell is carried out. In the two-
pot approach, the core is formed at the initial stage, followed by the forma-
tion of a shell around the core surface. At the starting point, core formation
takes place in the three-pot approach, and then the outer layers are formed
(one by one), and the core is removed if hollow core-shell hybrid NPs are
required. The core-shell hybrid NPs are easily internalized into the cell by
interactions and are used in noninvasive imaging techniques. It also serves
as a contrasting agent in MRI imaging (Hao et al., 2019).

7.2.3.3 Metal-organic framework

A type of hybrid material made up of metal ion/cluster connecting link-
ages and organic bridging ligands is called an MOFs. MOFs have found
applications in biological imagining and sensing due to their useful prop-
erties such as manageable synthesis, pore size/wall alteration flexibility, and
porosity (Nadar et al., 2018, 2019). MOFs possess good beneficial factors
such as intrinsic decomposition and the capacity to use biocompatible
building blocks that allow them to use in biological applications compared
with inorganic nanomaterials (e.g., graphene and its derivative NPs, MoS,)
(Salgaonkar et al., 2018).Various synthesis methods are employed for mak-
ing MOFs, including the traditional solvothermal method. Typically, a re-
action vessel containing a solvent in which metal precursors and organic
linkers are dissolved is used to form MOF crystals. Frequently used solvents
for this purpose are ethanol, methanol, acetonitrile, etc.

Further, extensive research in MOFs has employed several advanced
techniques, such as electrochemical, microwave-assisted, and mechano-
chemical synthesis (Bedia et al., 2019). These various methods allow the
designing of large numbers of different MOFs. In virtue of these numer-
ous advantages, scientists have recently used MOF as a contrasting agent
for MRI and CT. Hence, the MOFs’ attractive properties such as straight-
forward synthesis, predictable structures, and tunable optical features allow
their interaction with various biological molecules and are easily incorpo-
rated in a living body in vivo for imaging (Luo et al., 2019). However, in
bioimaging, MOFs are in the early stage, and MOF structures need to be
scaled down at the nanoscale. Nevertheless, reducing the scale of MOFs
is challenging (Wang, 2017). Therefore in the future, a suitable design of
MOFs is necessary to create probes and carriers that are biocompatible,
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nontoxic, and have higher specificity to target molecules. Furthermore, the
MOFs’ precise activity should be evaluated to make them capable enough
for use in in vivo for clinical diagnostic purposes. A successful investigation
of this can make MOFs one of the potent NPs in the biomedical field (Wu
and Yang, 2017).

7.3 Physicochemical properties
7.3.1 Photoluminescence

Bioimaging is a crucial part of a diagnostic study concerning its ability to
observe biological component physical conditions, working under in vivo
and in vitro conditions. Various techniques, such as US, OI, MRI, PET,
single-photon emission CT (SPECT), and CT, and their variations have
been introduced for this case with a progressing development in the field of
electronics and information technology. NPs have various unique proper-
ties that make them a huge topic of interest, and photoluminescence is one
of those properties. Photoluminescence is a type of luminescence in which
the substance is exposed to photons of specified energy, which results in the
excitation of its electrons to an upper energy state (S1,S2) (Wu et al., 2021).
This transition needs to change to a higher energy state with equivalent
vibrational and rotational energy. During this process, the electrons lose
some energy in the form of radiation. This radiation has an energy equiv-
alent to the Stokes shift, which basically refers to the difference between
the wavelength necessary for excitation and the emitted luminosity (Jaque
et al., 2016). The main requirements of any material that will be used in
bioimaging are its sensitivity, biocompatibility, specificity, etc., and photo-
luminescence can be efficiently employed in this regard (Soufi and Iravani,
2020; Zhao et al., 2019a).

Recently, GBNs have been identified as a good agent in the biomedi-
cal sector employing the delivery of various drugs, combined cancer treat-
ment, biomedical imaging, etc. (Dasari Shareena et al., 2018). It has been
extensively experimented with in the bioimaging field because of its good
photophysical properties. In one such investigation, nano GO-polyethylene
glycol-Rituxan (nGO-PEG-Rituxan) was used to deliver therapeutic drugs
for in vivo treatment. However, nGO-PEG-Rituxan was also used for flu-
orescence imaging that showed greater imaging depth, low autofluores-
cence, low photobleaching, as well as better phototoxicity (Sun et al., 2013).
However, its emission gets mixed up with the autofluorescence of the body’s
natural components (Wei et al., 2016). The problem of autofluorescence
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was solved with the help of upconversion nanoparticles (UCNPs). UCNPs
have the ability to tune lower energy source light into upper energy lu-
minous emissions, which is crucial. The UCNPs have high fluorescence
intensity under NIR irradiation as well as high uptake by cells and tissues,
which results in good physical permanence while conferring low toxicity
(Rostami et al., 2019). Another group demonstrated how UCNPs, with no
modifications to the on/off emission, coated with amphiphilic biocom-
patible polymers, produced strong upconversion luminescence with low
antistokes autofluorescence in the presence of a modest power continuous
wave laser. Unfortunately, since the UCNPs are a new addition in the field
of bioimaging, the required NIR sources for imaging are not designed or
compatible with the usage of UCNPs and must be investigated further (Wu
et al., 2015).

In terms of biocompatibility, silicon NPs (SiNPs) have shown easy
biodegradability as they transformed into renal clearable molecules (i.e.,
silicic acid), which was next excreted out of the body without any tox-
icity evidence in vivo. This is a huge advantage over the other molecules
in terms of cytotoxicity. They also have been approved by the Food and
Drug Administration for first-in-human clinical trials, which resulted in
the production of various forms of SiNPs (Reineck and Gibson, 2017).
Among all the OD fluorescent SiNPs, they showed various superior water-
dispersibility properties, good fluorescence, and super low photobleaching.
These properties are essential for the real-time tracking of live cells for the
long term. Furthermore, the beneficial properties of the UCNPs and SiNPs
were combined in the form of persistent luminescence (PL) imaging (Sun
et al., 2018), where the luminescence can last for several seconds to days
after turning oft the source of excitation.

In this manner, various NPs were developed for utilization in bioimaging,
where the GBNs had attractive photoluminescence properties. However, it
cannot provide quantitative results concerning the interference occurring
due to fluorescence quenching. Also, the critical factor that decides whether
the material is usable in biology and medicine is the biocompatibility of that
material, and this exact factor has prevented GBNs from going into clinical
trials. On the other hand, UCNPs offered the ability of deep tissue pene-
tration due to its upconversion abilities (Gonzalez-Béjar et al., 2016). On
the other hand, hybrid SiNPs offer various properties that made them suit-
able for real-time imaging. Nanoparticles of ZnGay 99sCr 00504 (n-ZGO)
while lacking in deep tissue imaging, have shown great properties in terms
of PL, broad excitation spectrum, etc. (Maldiney et al., 2014). This has led
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to a further search for photoluminescent NPs (PLNPs) that have better
signal-to-noise ratios (SNRs) and emission in the NIR region, enabling
deep tissue imaging. Moreover, attractive options have been offered by the
Cr’*-doped PLNPs, which have been reported to produce renewable PL
under light-emitting diode (LED) light that can penetrate tissues. This helps
eliminate the restriction of a light-emitting lifetime of nanoprobes while
making the whole process efficient.

7.3.2 Absorbance

Absorbance, in terms of illumination, of any substance, is its ability to absorb
the light incident on it and not let it transmit out of itself. Every substance
absorbs light of a particular wavelength. The magnitude of absorbance (op-
tical density) of any substance depends on the concentration of that sub-
stance, i.e., the higher the quantity of that substance per unit volume, the
higher the amount of light absorbed. Hence, absorbance is of great impor-
tance in any quantitative analysis (Li et al., 2019). In bioimaging, absorbance
plays a vital role. Plasmonic NPs show a great relationship between absor-
bance and fluorescence. The presence of plasmonic NPs around CDs has
a significant influence on the CDs’ absorption and coefficient. This effect
greatly improves the fluorescence of these NPs (Emam et al., 2017). NPs
possess a remarkable absorbance property; hence they are immensely ex-
plored in the DDSs, bioimaging, and in the overall biomedical field (Liang
et al., 2014). However, traditional nanomaterials tend to get excited upon
exposure to small amounts of UV or visible light while possessing autolu-
minescence. This, as a matter of fact, reduces the sensitivity of the diagnosis
technique as well as causes damage to the surrounding cells and tissues.
Therefore the synthesis of biocompatible NPs is of current interest. NPs can
be attached to several biomarkers to aid in monitoring regular metabolic
activity. In the case of abnormalities, particular biomarkers are synthesized.
These NPs attach to the biomarkers, and the absorbance detected at that
stage determines the biomarker producing cell concentration. The cells de-
tected most of the time are cancer or tumor cells. Thus one major role of
absorbance in biomedicine is that it helps in depicting the malignancy of
cancer (Ye et al., 2018).

QDs are NPs that show astounding absorbance capacity (Huang et al.,
2002). They belong to the semiconductor class and are close to or even
smaller than the excitation Bohr radius. A high energy gap is generated
due to the confinement of the electron-hole pair, thus demanding high
energy (small wavelength) as well as absorbing a high amount of light.
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Therefore a better output is gained when QDs are employed in bioim-
aging. Another justification regarding the huge interest in bioimaging us-
ing QDs is that some limitations are faced by fluorescent proteins (FPs)
and fluorescent dyes, such as thin excitation spectra, low effective Stokes
shifts, wide fluorescence bands, and their vulnerability to photobleaching
(Martini€ et al., 2017). Moreover, the lifetime of PL and autofluorescence
are in the same time span window; i.e., a few nanoseconds. This property
prevents them from the time-bound detection needed for improving the
SNR;; thus it does not help them in good difterentiation among the various
target molecules. However, disturbances in the crystal structures, most of
the time on the surface of the QDs, may provide nonradiative fluorescence.
Furthermore, the quantum confinement effect is also a consequence as in
it causes size-dependent emission, and thus higher energy bandgap with a
smaller size of the same material QDs and vice versa. This has resulted in
the synthesis of hybrid NPs with varying sizes of QDs to develop a spectral
range from UV to infrared. The PL of QDs yields a normal curve with a
small full-width half~maximum of approximately 20-30nm. They are also
known to have quite negligible photobleaching. Their PL decay occurs in
about 1-100ns, which is often multiexponential (Dai et al., 2017). One of
the most important properties to cater to bioimaging is high brightness.
Brightness is a product of quantum yield (QY) (a ratio of the number of
photons emitted to the number of those absorbed) and absorptivity. It is
dependent upon QYs and molar extinction coefficients. Along with high
brightness, QDs provide big two-photon cross sections. This is beneficial for
the excitation of multiple photons. CdSe/CdS-quantum-dots-quantum-
rods have recently been manufactured with two-photon cross sections of
nearly 105 GM and quantum yields of 78%. A broad absorption spectrum
provides for the efficient excitation of several dyes at a time. Excitation of
multiple QDs using only one source of excitation (wavelength) along with
the detection of simultaneous multiple QD PL opens up the possibility to
multiplex the signals with around negligible noise of spectra. When weigh-
ing the advantages in terms of photostability, it has been witnessed that
QDs are about 100 times more stable and 20 times brighter compared with
Rhodamine 6G and some other superior organic dyes. Another advantage
of QDs over traditional fluorophores is that it has around two orders larger
two-photon cross section. This is a suitable property for the in vivo imple-
mentation using NIR excitation (Won et al., 2019). Despite the fantastic
optical and photophysical properties of QDs, it has been reported that QDs
cannot replace organic dyes or FPs in bioimaging due to their blinking,
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noncolloidal properties, and controversial toxicity issues. Moreover, a com-
bination of many dyes with larger biomolecules, for example, antibodies,
upsurge the overall brightness of the bioconjugate PL in addition to their
biocompatibility. It displays an excellent opportunity for direct expression
of the fluorophore in the targeted biological system, such that chemical
coupling, which results in disrupted biological functionality, can be deliber-
ately prevented (Wegner and Hildebrandt, 2015).

Thus absorbance plays a considerable part in any bioimaging process.
The degree of absorbance is a direct implementation of the severity of the
malignancy of cells. Several NPs have demonstrated remarkable photophys-
ical properties, which could have been readily implemented in bioimaging.
However, not all of them are biocompatible. Moreover, cytotoxicity is a
major concern to be taken into account over the advantages of better absor-
bance of any material. Therefore one must see to it on a first priority basis
while choosing any NP for bioimaging, whether that NP is biocompatible,
among the set of favorable properties of any material.

7.3.3 Electrochemical properties

Bioimaging and biosensing are relatively a new addition to the field of
nanotechnology. The field of bioimaging demands probes that have photo-
luminescence, but on the other hand, when the synthesized nanostructures
retain the good electrochemical properties of their parent material(s), they
can also be used for biosensing applications given that they are proven to
have low cytotoxicity to cells (Pérez et al., 2019). Electrochemical biosen-
sors are attracting much attention recently as they can be used efficiently for
diagnosis in clinical applications and point-of-care devices.

The electrochemical properties that make certain NPs a good candi-
date in biosensing were assessed by Yu et al., where they tested graphene
nanoplatelets (GNPs) GO, expanded graphite (EG), MWCNTs, and am-
inated graphene (NH,-G) on various standards. Raman spectroscopy and
Fourier-transform infrared analysis were performed to assess the existence
of particular functional groups, such as carboxylic and carbonyl moieties, in
some substances, which results in them having altered surface charges. This
helps them have good water solubility and functionalization with biological,
organic, inorganic, and polymeric species. It was also concluded that in the
field of biosensing, electrochemical properties like small capacitance paired
with large effective surface area is a much appreciated feature that was ob-
served in composites of EG with nanocarbons. After investigating various
other supporting tests, they employed EG and GINPs at a mass ratio of 2:1 for
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biosensing applications (Yu et al., 2018). Similarly, CDs are known for sep-
arating generated charges in the target interface and providing an electron
transfer pathway to the electrode surface. So, in another attempt, a group
used a CDs-based electrochemical DNA biosensor wherein they modified a
disposable electrode using CDs that were nontoxic. The electrode was made
for electrochemical transduction of signals when they found mutations in
the human DNA from blood cells, and these CDs could efficiently enhance
the transduction ability of those electrodes (Garcia-Mendiola et al., 2018).
However, CDs are essentially a semiconductor material, which means they
inherently have low electronic conductivity. The CDs electrochemical fea-
tures depended on activities between the carbon core, functional groups,
and doped heteroatoms. CDs are trendy for their electrochemical signal
transduction capabilities from the interface to the electrode. CDs capped
with polyamidoamine (PAMAM) dendrimers were used along with a no-
ble metal, which improved its intrinsic electrochemical properties to form
polyamidoamine dendrimers capped-CDs (PAMAM-CDs)/Au nanocrys-
tal nanocomposites. A nanostructure was prepared using a one-step process
of microwave-assisted pyrolysis of citric acid and PAMAM.These structures
were tested for their capabilities using a differential pulse voltammetry test
and showed high stability and conductivity. These nanostructures are good
materials for biosensors concerning their biocompatibility, high specific
surface area, and available active sites that offer great functionalization (i.e.,
antibody immobilization) (Pirsaheb et al., 2019). On a different note, hybrid
materials like MOF composites have also been used by integrating them
with electrodes to make a DNA based on mimetic catalysis of MOFs and
an allosteric switch of the hairpin DNA as shown in Fig. 7.4 (Wang, 2017).
These NPs have good potential but need extensive research.

Carbon-based nanomaterials can be an excellent material for electrode
surface modification. They have good electrochemical activity and an ability
to provide a pathway to the electrons toward the electrode. Moreover, their
greater specific surface area, hydrophilic edges, and hydrophobic planes in-
crease the chances of analyte absorption on the electrode's surface. However,
those being semiconductor means they inherently have low electronic con-
ductivity. Therefore researchers have tried using other ways to improve the
field of electrochemical sensing by using a combination of CDs with noble
metal NPs as mentioned above or doped heteroatoms like ruthenium bi-
pyridine sensitized MoOj3; multifunctional nanostructures. Even a graphene
aerogel was employed to synthesize novel nanocomposites having superior
electrochemical properties (Veerapandian et al., 2017).
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Fig.7.4 AFeTCPP@MOF-SA composite for electrochemical DNA sensing. (A) Synthesis of
the FeTCPP@MOF-SA composite and (B) electrochemical DNA sensing via the allosteric
switch of the hairpin DNA. (Reproduced with permission from Ling, P, Lei, J., Zhang, L., Ju,
H., 2015. Porphyrin-encapsulated metal-organic frameworks as mimetic catalysts for elec-
trochemical DNA sensing via allosteric switch of hairpin DNA. Anal. Chem. 87, 3957-3963.
Copyright © 2015, American Chemical Society. All rights reserved.)

7.3.4 Cytotoxicity

Cytotoxicity is a matter of major concern in bioimaging using NPs. The
role of NPs in bioimaging is very intimate with the cells; hence, they must
be least reactive to carry out only the desired function, which is bioimaging
in this case. A NP journey in bioimaging follows from drug administration,
distribution, metabolism (if any), and excretion (Ocampo-Nestor et al.,
2017). Every process mentioned above takes place over a certain expected
time interval, helping to prevent the accumulation of that nanomaterial in
the human system and thus does not disturb its stability. Several organic NPs
are known to be less toxic in comparison with inorganic NPs because of
their natural origin. Nevertheless, not all organic nanomaterials are entirely
free of toxicity.
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Iron plays a vital role in oxygen transport across the body; however, the
same iron, when taken in as a foreign material, in the form of nanomaterial,
is highly reactive and, thus, may be toxic. Moreover, iron, in the form of Fe'
and Fe;Oy, is more ferocious than Fe,Oj. Furthermore, iron NPs, rather
any nanomaterial, is even more toxic because of their extremely small size.
Since the nanomaterial is scaled down to nano-dimensions, more and more
atoms start getting exposed to the particle's surface because of the increased
surface area. These exposed atoms will have bonds dangling (vacancies and
dislocations). This phenomenon gives the NPs high surface energy making
them very reactive (Wagner et al., 2018). Thus the atoms’ outer orbit elec-
trons, which are usually found on the surface, will readily transfer themselves
to the electron-acceptor groups, reducing them in the biological substances.

On the other hand, the surface vacancies can accept the electrons com-
ing from the electron-donor group, in turn oxidize the molecules of biolog-
ical substances. It ultimately leads to ROS production, and when it depends
on the direct contact of a nanomaterial surface with the biomolecules, it
is called the direct pathway of ROS generation. Opposite to that, ROS
can be indirectly produced if the nanomaterial can disturb endogenous
biochemical/physiological equilibria of the cells. All of these phenomena
occur due to the nanomaterials” high surface energy that directs such activi-
ties to stabilize themselves by slowing down surface energy (Li et al., 2014).

To tackle such issues, surface coating and surface modifications to the
NPs can be employed. Several materials, such as polyvinyl alcohol and dex-
tran, have been experimented with to study numerous functional group
comparative effects to seek better results. For example, iron oxide NPs
when coated with different types of functional groups such as -NH,, -OH,
and -COOH showed differing cytotoxicity as well as genotoxicity using the
L-929 fibroblasts. The NPs with a positive charge displayed dose-dependent
genotoxicity upon testing with the cells, while the bare NPs and -OH
group modified NPs caused no obvious genotoxicity at comparable con-
centrations (Mandal and Roy, 2020). In addition to that, iron oxide NPs
having different coatings responded with a different kind of toxic effect on
the primary cortical neurons. Additionally, the polydimethylamine-coated
NPs had a damaging eftect on the integrity of the membrane followed by
induced death of cells, whereas aminosilane-coated NPs had much reduced
toxicity comparatively and did not have any effects on the metabolic ac-
tivity of cells at higher concentrations (Ung et al., 2017). Dextran-coated
iron oxide NPs altered cell viability partially only at higher concentrations.
However, considering the level of reactivity of iron oxide NPs, it is always
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more toxic when NPs are coated, as it mitigates the adverse reactions of
NPs with the tissues. Moreover, the challenge of intactness of that coating
throughout the bioimaging process still remains. The loss of coating from
the nanomaterial in vivo may lead to absurd and uninvited ROS production
and thus tissue damage (Li et al., 2014). Gold NPs, on the other hand, are
more feasible for bioimaging because, unlike iron, gold has no background
concentration in the biological system, which makes it appropriate to be
measured at really low levels (Ning et al., 2017). However, they may be toxic
on the basis of the organ distribution of gold NPs related to the particle size
(Jia et al., 2017; Li Jia’En, 2011).

Thus for understanding the mechanism of toxicity and minimization/
elimination of the toxicity of the NPs, it is really important to quantify
and completely get rid of the excess reactants from the synthesis procedure
of all the NPs. Every material possesses peculiar characteristics. Moreover,
each material’s properties changes with size; therefore a thorough study and
valid experimentation are required to investigate the least toxic NPs along
with superior bioimaging quality. Most importantly, it will be instructive to
optimize the synthesis procedures for obtaining more safe NPs that can be
used in biomedical applications accepted in the clinic.

7.4 Applications
7.4.1 Fluorescence imaging

NPs, whether they be organic, inorganic, or hybrid, have numerous appli-
cations in different imaging types such as fluorescence imaging, PAI, lu-
minescence imaging, and many more. Depending on their properties and
chemical nature, difterent NPs are employed in difterent applications of im-
aging. One such potential application of NPs is fluorescence imaging that
uses the fluorescence properties of NPs. Fluorescence is the phenomenon
that refers to the property of a material to absorb light of a shorter wave-
length and emit out light at a certain wavelength. The advantage of fluores-
cence imaging over any other imaging technique is that it offers a unique
property to visualize the morphological details of bio-species, from living
cells to animals, without any harmful radioactive eftects. The result and qual-
ity of the fluorescence imaging entirely depend on the fluorescent probes
used to label the target biomolecules and amplify the fluorescence signals
(Terai and Nagano, 2008). For several decades, small organic molecules and
FPs have been used as probes; however, they have certain drawbacks, such as
a small excitation spectrum, intrinsic susceptibility to proteolytic enzymes,
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and poor photostability. Therefore it is crucial to develop fluorescent probes
that are photostable as well as biocompatible (Jensen, 2012). In recent stud-
ies, it was revealed that several NPs (such as QDs, organic and inorganic
NPs, etc.) showed stability and a robust fluorescence.

One of the NPs with a strong potential application as a fluorescence
probe is conjugated to conducting polymer (CP) NPs (CP NPs). Typically,
CP NPs are prepared by initially dissolving CP in a specific organic solvent
along with an amphiphilic polymeric encapsulation matrix. This organic
solution is next added into a water phase (quickly), followed by sonica-
tion or stirring to facilitate stable NP dispersions. Further, the organic sol-
vent is evaporated, and the polymer encapsulated CP NPs can be obtained.
The optical properties, size, and shape of NPs can easily be manipulated or
changed by using different polymer matrices (Li and Liu, 2012). A group
used PEG-capped P8 NPs for performing nonspecific staining of HEp-2
cells. The internalization of NPs was recorded for 24 h. After 24h of incu-
bation, throughout the cytoplasm, intense NP fluorescence was detected
clearly, while no specific toxicity was observed in cells over the course of
the experiment (Howes et al., 2009).

GQDs are deemed good fluorescent probes due to the ease of func-
tionalizing them using surface reagents (including biomolecules), narrow
emission spectrum, superior photostability, and wide excitation wavelength
(Chen et al., 2018).The intrinsic optical properties of GQDs form the basis
for its applications in bioimaging. Different synthetic methods often lead to
the formation of GQDs with edge defects, different functional groups, and
sizes. These properties play an important part in the regulation of optical
properties. The specially synthesized GQDs are used for in vitro and in vivo
imaging. A group of researchers designed GQDs by a solvothermal method
with strong green fluorescence properties; the synthesized NPs exhibited
good biocompatibility, which could be used as labeling agents (Zhu et al.,
2011). GQDs are also synthesized via a bottom-up approach using polycy-
clic aromatic hydrocarbons as the precursors. The internalization of the re-
sultant GQDs by MCF-7 cells and their accumulation in the cytoplasm was
investigated. For checking the efficiency of these synthesized probes, they
were compared with Alexa Fluor 488 and fluorescein, which are the com-
monly used fluorescence probes for cellular imaging. It was observed that
the higher photostability was exhibited by these GQDs (Wang et al., 2015).

In another study, a group used carboxylated GQD:s for studying the bio-
distribution and OI in Balb/c¢ nude mice with tumors. They first injected 5
and 10 mg/kg dosages of green GQD:s in the mice, and they used a Kodak
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Fig. 7.5 Image showing time-dependent results for fluorescence imaging. (Reproduced
with permission from Nurunnabi, M., Khatun, Z., Huh, K.M., Park, S.Y,, Lee, D.Y., Cho, K.J., Lee,
Y, 2013. In vivo biodistribution and toxicology of carboxylated graphene quantum dots. ACS
Nano 7, 6858-6867. Copyright © 2013 American Chemical Society.)

Molecular Imaging System (4000MN PRO, Kodak, United States) for im-
aging the GQDs in a noninvasive manner. They saw that there were no
signals from deep tissues in mice right after the injection at 505nm in the
emission wavelength. However, they received fluorescence signals from the
tumor site 12h after the injection. Fig. 7.5 illustrates the time-dependent
images from the same study. The study evidently suggested that GQDs are
competent enough to use as fluorescent probes in fluorescence imaging.

All the examples mentioned above have shown good fluorescence prop-
erties and can be employed in fluorescence imaging. As mentioned ear-
lier, fluorescence imaging has emerged as a powerful platform compared to
other imaging modalities due to its spatial-temporal imaging at the cellular
level. It also helps to avoid issues of autofluorescence. Therefore fluores-
cence imaging can be efficiently employed in clinical fields for the real-time
detection of the injured tissues or any other cells.

7.4.2 Persistent luminescence imaging

There are various types of luminescence, such as fluorescence, photolumi-
nescence, phosphorescence, electro-chemiluminescence, PL, and chemilu-
minescence. The major difference in these luminescence techniques is the
time in which the emission of energy takes place after absorbing the light
(UV or visible) (Liu et al., 2019). PL is nearly the same as phosphorescence.
It 1s an event in which luminescence is maintained for a few minutes to
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hours with no excitation source; due to the de-excitation between two
electronic states, long emission is caused. It has been recognized that this
phenomenon involves energy traps (such as electron or hole traps) in a
material, which are filled during the excitation (Liang et al., 2019). After
excitation, the stored energy is steadily released to emitter centers (which
emit light), usually by a mechanism similar to that of fluorescence. Although
it is said that PL is the same as phosphorescence, its entire mechanism is
not understood. PLNPs show major growth in biomedical, data storage,
phototherapy, bioimaging, and security techniques because of its unique
properties, such as intensity, stability, and duration of PL (Wang et al., 2017).
Rechargeable PLNPs with a great long afterglow life provide innovative
methods for long-term phototherapy. Also, an enormous potential was ob-
served concerning the elimination of external, optical rechargeable features,
and multicolor PLNPs having higher decoding SNRs and high storage
capability (Lecuyer et al., 2016).

Multidrug-resistance (MDR) bacterial strains that have evolved in the
environment is a serious concern for human health. As a new drug is de-
veloped, after sometime, a specific bacterial strain may develop resistance
toward that drug, which demands a new approach to combat MDR strains
such as photothermal therapy (PTT) (Yan et al., 2020). Although PTT is
an excellent move toward killing bacteria with physical heat, photothermal
agents that are used in PPT cannot manage their circulation, which raises
the temperature of regular cells present at the target site. To overcome this
limitation, a group of researchers used pH-responsive nanoplatforms for PL
imaging, which is a direct PTT technique to wipe out specific pathological
cells. Core-shell nanomaterials were constructed for PL imaging, where
PLNPs (NIR-emitting PLNP) were used as the core and covered with
polyaniline (PANI). Furthermore, to add pH switchable properties, glycol
chitosan (GCS, which is a water-soluble biopolymer with pH-dependent
charge) was inserted on PLNP@PANI. When infected bacterial cells were
detected in laboratory mice, PLNP@PANI-GCS NPs were introduced
into the mice through injections. A normal cell inside the mice had a low
affinity toward host cells (infected bacterial cells) due to a nearly high pH
than infected cells (pH ~7.4); hence, they were not detected in PL imaging.
Ultimately, the normal cells did not get killed in PTT. However, in the case
of bacteria-infected cells, due to a low pH (pH <6.5), the affinity between
the infected bacteria cells and PLNP@PANI-GCS NPs was found to be
very high. Moreover, after exposing that particular mouse to LED light, a
long-time luminescence was observed, which helped to guide the PTT to

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



216 Nanotechnology in medicine and biology

kill only infected cells while not harming the normal cells. An in vivo imag-
ing system (IVIS) was used to capture the PL signal. Strong absorbance was
observed due to the bending and stretching of various bonds with different
wavelengths, such as PLNP@PANI, which gave strong absorption bands at
1580 and 1495 cm™" for the C=C stretching vibration of the quinoid. In
an acidic medium, conversion of charge took place that was observed by the
Glasgow coma scale (GCS) modification in NPs. As the pH is lower (from
pH 7.4 to 6.5), the charge on PLNP@PANI-GCS became more positive
than negative concerning charge conversion that led to high affinity and
ultimately led to an increase in the infected temperature cell and lumines-
cent at the same time. Therefore in PTT, the infected cell can be specifically
killed (Zhao et al.,2019b). Fig. 7.6 illustrates this study with a schematic for
the preparation of PLNP@PANI-GCS.
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Fig. 7.6 (A) Schematic for the preparation of PLNP@PANI-GCS. (B) Illustration of PLNP@
PANI-GCS for persistent luminescence imaging-guided photothermal therapy of bac-
terial infection. (Reproduced with permission from Yan, L.X., Chen, L.J., Zhao, X., Yan, X.P,
2020. pH switchable nanoplatform for in vivo persistent luminescence imaging and precise
photothermal therapy of bacterial infection. Adv. Funct. Mater. 30, 1-12. Copyright © 2020
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. All rights reserved.)
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The latest techniques have been found to be very effective and less
harmful than conventional ones. For instance, to locate the tumor, scientists
have designed SWCNTs with NIR emission and silver sulfide nanoprobes
to avoid autofluorescence, creating noise, and affecting the quality of the
image. Even though designing such probes ofters a few advantages, a needle
imaging plate fails to penetrate more than 2cm in tissue and cannot find a
tumor located deep inside the tissue. Therefore the design of nano-size PL
phosphors using solvothermal and silica-templating methods could result in
the potential for deep tissue imaging.

Recent developments in the field revealed that X-rays can be helpful for
imaging as well. They have a high penetration capacity, which is already used
in clinical treatments and radiotherapies. Using this idea, a group worked on
X-ray-induced PL, which provides ultrasensitive imaging (Xu and Tanabe,
2019). PLNs were firstly prepared with a silica-templating method in which
metal ions doped with silicate formed typical spherical mesoporous zinc
gallogermanates (with size 100.3 +10.6nm). This could allow the NPs to
create rechargeable X-ray-excited PL and inhibition of orthotopic tumors.
For PL imaging, a human hepatocellular carcinoma (HepG2) cell line was
used to introduce tumors inside the mice. NPs injected into the tumor were
then exposed to X-ray, and the image was captured by IVIS. Along with
this, cellular uptake, an in vivo X-ray PDT study, and cytotoxicity tests were
also conducted. The results showed that PL lasted very long for a very low
dose of X-ray irradiation. However, as doses of X-rays increased, the death
rate of HepG2 also increased. Strong PL signals were observed after 24 h,
indicating that NPs used in this study have high withholding properties in
tumors. Moreover, no toxic effects were found in the major organs of mice
(Shi et al., 2020). This shows that PL imaging can be coupled with various
other technologies to eliminate tumor treatment limitations. This method is
flexible and hence opens more opportunities for further studies.

Recently, nanoprobes possessing imaging as well as drug delivery capac-
ities present a multifunctional appeal for diagnosing and treating tumors.
Nanoprobes were prepared by combining the pH-low-insertion-peptide
(pHLIP) to the surface of the core-shell structure of mesoporous silica-
coated PLNPs (MSPLNPs) with the peptide GFLG and disulfide bond as
bridges, which are responsible for drug release in chemotherapy and PL
imaging of tumors. The pHLIP is used since it allows a high uptake rate in
adenocarcinomic human alveolar basal epithelial (A549) and HepG2 cells at
very low pH (pH < 6.5).The probe was prepared employing a hydrothermal
method. Further, PL imaging of HepG2 cells was acquired using an IVIS
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(irradiated with a 254nm UV light for 5min). Along with this, cytotoxic-
ity assays and chemotherapy were also conducted. The outcome showed
that the synthesis of pHLIP-SS-GFLG-MSPLNPs@DOX improved the
nanoprobe bioavailability while providing drug loading channels. In a 48-h
interval, the probe maintained significant PL characteristics after UV exci-
tation and LED lamp repeated excitation. Confocal laser scanning micro-
scopic images unveiled that pHLIP-SS-GFLG-MSPLNPs@DOX imaged
tumor cells under acidic conditions. The research evidently showed that the
pHLIP-SS-GFLG-MSPLNPs@DOX could conduct in vivo targeting PL
imaging of tumors. Thus PL imaging can be used for complex tumor con-
ditions and should be extensively explored (Zhang et al., 2020).

Although the PL imaging method has had several limitations in the past,
such as autofluorescence by using nanoprobes, the need for various light
sources, and varying experimental conditions (e.g., pH), it will be helpful
for various diseases while not harming nontargeted cells.

7.4.3 Near-infrared surface-enhanced Raman scattering
imaging

When light is incident upon some object, basically, many photons are
thrown on that object, which has a particular frequency. Most of these pho-
tons, upon striking the object, bounce off with the same frequency; this
phenomenon is called the Rayleigh eftect. On the other hand, the photons
coming back with lower or higher frequency than its initial value are said
to follow the Raman effect. However, a major concern with the Raman
effect is that it gives oft very weak signals. Nevertheless, this limitation is
overcome by the SERS technique, in which a metal with increased surface
area employed with nanoscale roughness is used to adsorb the material to be

14-15 .
tumes.

studied. This results in Raman signal enhancement of around 10
SERS technology has been largely developed in the last few decades for
tissue and cell imaging. Silver NPs exhibited more sensitive SERS signals
as compared to gold. Researchers tend to make bimetallic nanostructures
that incorporate both of the elements. To demonstrate the increase of an
analytical enhancement factor (AEF) in the presence of silver, a research
group made Au-Ag NRs and deposited them on a substrate, which in turn
gave out 10 times higher SERS signal of AEF as compared to Au NRs
(Khlebtsov et al., 2013). Such composite NPs can also be applied for tar-
geted cancer imaging, where they prepared chitosan encapsulated Au-Ag
nanoflowers that gave out stable and strong SERS signals compared to Au-
NPs when they were coupled with tumor cell-specific targeting ligands like
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FA (Zhang et al., 2015). In other studies, it was observed that better repro-
ducibility, as well as AEE was offered by silicon nanohybrids (Au/Ag NPs-
decorated silicon wafer or SINWs arrays) (Ji et al., 2018). Therefore SERS
imaging is an advantageous technique and must be explored in the field of
bioimaging. However, it still is not a regularly used clinical technique due to
the requirement of hi-end equipment that adds costs making it expensive.
Another challenge to this technique is the development of nanomaterials
that can improve the SERS signals given off by target cells by cutting oft
the interference from nonspecific molecules, i.e., autofluorescence (Zhang
et al., 2018). While technology simplification will take time, imaging in the
NIR window can prevent autofluorescence and tissue scattering of signals.
This also helps in the excitation of light that penetrates deeper into the
tissues giving better outputs for the field of in vivo imaging. The NIR part
of the electromagnetic spectrum has two parts NIR-I (700-900nm) and
NIR-II (1000-1700 nm). Another review highlighted that the NIR -II win-
dow 1is preferably chosen for bioimaging applications instead of the NIR-I
window. In contrast, the NIR-II window has very low autofluorescence, a
high SNR_, and reduced photon scattering, which provides better resolution
images (He et al., 2018).

Therefore most of the research was focused on making NPs that have an
emission spectrum in response to NIR excitation. Typically, such NPs have
to be synthesized in multiple steps that include linking of noble metal parti-
cles, Raman reporters (dye molecules that have emission in the NIR region),
and coating with a biocompatible materials (such as PEG, GO). A study re-
ported GO-wrapped gold nanorods (GINRs) with an IR-780 dye (GO@
GNRs/IR-780). These were synthesized by first preparing GO-wrapped
GNRs (GO@AuNRSs) and further analyzed by UV-Vis-INIR spectroscopy.
Later, it was tagged with six NIR emission dye molecules named IR-780,
IR-820, MB, MG, CV, and 2-ATP. The IR-780 had an absorption peak
around 780 nm, which is why it exhibited the surface-enhanced resonance
Raman scattering (SERRS) effect and improvised the SERS signal, and
possessed in vitro stability for more than an hour. They used these GO@
GNRs/IR-780 nanocomposites as labels in the imaging of 143B cells and
obtained distinguishable good Raman signals from the cytoplasmic area,
mainly when overlaid with bright-field images, showing good potential
in bioimaging. The Raman signals from these nanocomposites were het-
erogeneously distributed according to the probe distribution. Additionally,
they observed that due to the SERS, graphene-enhanced Raman scatter-
ing (GERS) and dye molecule enrichment on a GO sheet resulted in a
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faster image formation than other Raman probes images where integration
took as less as ~0.04s per pixel. This method, upon further tests, proved
to be constructible using other cell lines as well as NIR dyes (Qiu et al.,
2017). Thus this method could be easily applied for versatile, high-clarity,
multicolor, superfast NIR-SERS imaging. Moreover, it can also be used
for real-time monitoring of the photothermal cancer cell abscission using
SERS and the imaging-guided photothermal treatment of cancerous cells.
A group of scholars produced a nanocomposite made up of the Ag shell-Au
satellite (Ag-Au SS) structure and excited them for in vivo imaging at 532,
647, and 785 nm, where these wavelengths rendered an AEF of 4.1-, 3.1-,
and 2.5-fold, respectively, when compared with that of Ag shells. Moreover,
they observed that upon photoexcitation at 785 nm, these nanocomposites
gave out uniform and intense SERS signals where the SERS enhancement
factor was ~1.4X 10°, which was the highest compared with the other two
laser lines along with an 11% relative standard deviation.The detectability of
single particles under laboratory conditions was also observed to be 100%,
which is an excellent feature for the production of good quality images. The
study also unveiled that the AEF values from these nanocomposites were
highly uniform and were attributed to its reproducibility to the shell-satellite
structure of these nanocomposites, which gave rise to multiple hot spots.
These nanocomposites were highly stable under laser irradiation, indicating
that these were good choices for NIR-SERS imaging concerning their
reproducibility, sturdiness, and signal uniformity, irrespective of incident la-
ser polarization. As a proof-of-concept, they studied these nanocomposites
in vivo using nude mice, where they witnessed that the injected area gave
stronger SERS signals that matched well to the injected probe spectrum,
whereas the other skin regions exhibited no Raman signals (Chang et al.,
2014). Therefore these Ag-Au SS probes can be used in vivo for sensitive
bioimaging. All the NIR-SERS imaging attempts were related to probes
that had to be delivered on-site. However, applying an innovative approach,
a group produced nanocomposites that selectively detect cancerous cells.
They targeted the human epidermal growth factor receptor 2 (HER?2) sig-
naling pathway, which in most cases, is upregulated in breast cancer and
prepared nanotags that could detect the HER2 receptors expressed by
specified cancerous cells. It was obtained by conjugating nanocomposites
with two HER2-recognition motifs: a full anti-HER2 monoclonal anti-
body (170kDa) and an scFv anti-HER2 (26 kDa) antibody. Researchers
also checked that these motifs had high selectivity toward HER 2-positive
cells so that they would not bind to nontargeted cells. On performing
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NIR-SERS imaging, they obtained intense SERS signals from the parti-
cles located on the surface of HER2-positive cells, while no signals were
obtained from their other regions or HER2-negative cells (MDAMB231
cells). NIR-SERS has a major issue associated with the development of
high-sensitivity probes, as most of them are available in the UV/Vis range.
3,3’-Diethylthiatricarbocyanine (DTTC) is a cyanine derivative that is used
as a standard in NIR-SERS imaging; however, it has moderate intensity.
Therefore for making high-sensitivity probes, researchers prepared a library
of structurally varying tricarbocyanines with the hope of finding a molecule
with sensitivity higher than DTTC. It was observed that CyNAMLA-381
was selected as the best Raman reporter since it was good in terms of both
signal intensity and stability. It also exhibited nearly a 12-fold higher sensi-
tivity compared to the standard DTTC (Samanta et al., 2011). Thus these
CyNAMLA-381-AulNPs were considered to be a good candidate for tar-
geted in vivo cancer cells in bioimaging using NIR-SERS imaging.

Nevertheless, there are still several shortcomings, including dye mole-
cules bound electrostatically to the noble metals while having poor stability
in the physiological environment. Moreover, the chemical attachment pro-
cess of metals to dyes is a costly process and thus cannot be emulated effi-
ciently on commercial levels. Cytotoxicity of the dye molecules is another
disadvantage. To make these nanocomposites biocompatible, most of the
time, they are coated with biocompatible hydrophilic polymers. However,
even these coatings get deformed morphologically (melting) when exposed
to high-power NIR irradiation. These disadvantages must be taken into
account. A dye-free technology, where a conducting polymer, can be em-
ployed as a biocompatible polymer as well as an NIR Raman reporter
molecule. GNRs were investigated as the noble metal particle and coated
with polypyrrole (PPy) and PANI to form GNR-PPy and GNR-PANI,
respectively. It was employed in studying A549 cells employing a confocal
Raman microspectrometer with 785nm excitation. It obtained distinguish-
able images, which upon overlapping with bright-field microscopic images,
showed that these probes were usually located in the cytoplasm of the cells.
It was also demonstrated that the multiplex imaging could be obtained by
incubating GNR-PANI and GNR-PPy together in cells while obtaining
noninterfering signals from these probes at the same wavelength concern-
ing the narrow spectral features of Raman peaks (Liu et al., 2015). Fig. 7.7
llustrates the NIR-SERS imaging of A549 cells using GNR-CPs as novel
probes. This is an effective economical method that can be scaled up for
applications in bioimaging as well as PTT of cancerous cells.
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Fig. 7.7 NIR-SERS imaging of A549 cells using GNR-CPs as novel probes. (Reproduced
with permission from Liu, Z, Ye, B., Jin, M., Chen, H., Zhong, H., Wang, X., Guo, Z., 2015. Dye-
free near-infrared surface-enhanced Raman scattering nanoprobes for bioimaging and
high-performance photothermal cancer therapy. Nanoscale 7, 6754-6761. Copyright ©
2015 The Royal Society of Chemistry, UK. All rights reserved.)

Therefore the development and quest of finer, deep penetration, and
low autofluorescence nanomaterial-based imaging methods have con-
cluded that the NIR-SERS was an excellent method that has various ad-
ditional properties (ability to produce multicolor imaging by multiplexing
different NPs for imaging at the same time, superfast imaging, etc.).Various
studies focused on the comparison of various Raman probes to get a better
Raman reporter while others discovered new high-sensitivity NIR -Raman
probes. Targeted cancer cell imaging using NIR-SERS was also investi-
gated. Moreover, the cytotoxicity of these nanocomposites was also consid-
ered and taken care of by the introduction of dye-free NIR-Raman probes,
which resulted in giving an economical and up-scalable imaging method
that could produce high-resolution in vitro as well as in vivo images. With
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advancements in the current technology and wider availability of the same,
this technology could be used for noninvasive, high-speed, and colorful
imaging of targeted cells, tissues, and organs.

7.4.4 Photoacousticimaging

PAI, as the name suggests, is a bioimaging technique in which the end
image obtained is the result of the formation of ultrasonic waves after light
waves are incident on the tissue (Attia et al., 2019). As stated above, the prin-
ciple underlying PAI is the absorption of light leading to the emergence
of sound waves. The resulting image is, therefore, the plot of the assembled
sound waves thus produced. When compared with conventional methods,
such as fluorescence imaging, PAI leads to deeper tissue imaging penetra-
tion and higher spatial resolution (Upputuri and Pramanik, 2019). Further,
PAI yields exceedingly weaker optical signals in biological tissues (as a re-
sult of scattering of ultrasonic signals), possesses elevated spatial resolution,
and much gaping tissue penetration (Brunker et al., 2017). Moreover, due
to the comparison between optical properties of tissues or contrast agents
and ultrasonic imaging (which is limited to the tissues' mechanical proper-
ties), PAI offers superior contrast (Talekar et al., 2017). Therefore all these
advantages of PAI give rise to multiple applications (designed for varying
imaging types ranging from an organ to a perfect animal) in the field of
biomedical imaging, such as PA computer tomography, PA endoscopy, and
PA microscopy. To reduce the interference of imaging (which commonly
occurs due to the biological compound optical absorption), PAI agents with
strong absorption in the range of NIR region and excessive absorption
coefficients are of great importance (Salgaonkar et al., 2019). To yield a
target-specific bioimage, absorption of light by specific contrast agents is
desired. Numerous contrast agents, such as carbon materials, inorganic NPs,
FPs, 2D materials, and NIR dyes, have been specially devised for PA imag-
ing. Among all other contrast agents, NPs have an astounding role to play
and thus invite several applications of NPs in PAI (Beard, 2011).

Graphene, for example, possessing intrinsic physical and especially op-
tical characteristics, can be used as biosensors and employed in bioimaging.
The outstanding optical properties of graphene and its derivatives, such as PA
and photothermal responses, characteristic Raman bands, and visible and NIR
photoluminescence, make them inviting for bioimaging, primarily in live cells
(Wen et al., 2015). Polymer dots (PDs) exhibit the benefits of reduced bio-
toxicity, superficial surface functionalization of fluorescence, fine photostability,
and elevated brightness, which makes it a suitable candidate in bioimaging.
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However, the absence of the use of other optical techniques, along with stimu-
lated Raaman scattering, is questionable. Despite their unusual optical properties,
such as nonradiative heat generation, high extinction coefficient, and NIR ab-
sorption, PDs have been broadly employed as PAI agents. Moreover, as versatile
agents for PAl-guided PTT, conjugated PDs serve more potential applications.
As reported by Chang et al., the novel 4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-
2,6-bis(trimethylstannyl)benzo(1,2-b,4,5-b")dithiophene-6-6'-dibromo-N,N'-
(2-ethylhexyl)isoindigo (BDT-IID) PDs can be readily fabricated through
nano reprecipitation and their absorption can vary between 650 and 700 nm
in the spectrum. Furthermore, BDT-IID PDs possess a stable nanostructure
and significantly decrease bio-toxicity. More essentially, in vivo results showed
that the BDT-IID PDs are able to concurrently improve PA contrast and suffi-
cient photothermal effect. The BDT-IID PDs can be used for PAl-guided PTT
of tumors as distinctive theranostics nanoplatforms, holding high assurance for
their restarting clinical development. The PDs hold impressive biocompatibil-
ity attributes and a remarkable photothermal conversion efficiency of up to
45%. Eventually, the BDT-IID PDs for succeeding clinical employment in PAI-
guided PTT of various tumor species display great biosafety as well, making
them a likely choice (Solhi and Hasanzadeh, 2019).

In addition to NP conjugation with peculiar molecules, a combination
of PAI with fluorescence imaging offers dual-modality with the synthe-
sized PEGylated RGO nanocomplex (RNGO) with indocyanine green
(ICG) as a novel imaging agent. The speciality of the RNGO-PEG/ICG
nanocomposite is that it has a durable circulation time, more intense im-
aging signals, reduced toxicity, better passive selecting capacity, and en-
hanced stability with obscure accumulation, displaying a promising future
of image-guided diagnosis and therapy (Chen et al., 2016). Similarly, Qu
et al. (2018) have synthesized a novel nanocomposite, i.e., GO/bismuth
selenide/polyvinylpyrrolidone (PVP) by depositing BiSe; NPs on GO in
the presence of PVP, which could serve as a good bimodal contrast agent to
concurrently improve X-ray, CT imaging, and PAI imaging in vivo.

An interesting application of CNTs along with their conjugates could
be a favorable contrast agent for PAI of tumors, as it provides an extraor-
dinary photothermal-acoustic response and photo-to-acoustic conversion
efficiency. Recently, Wang et al. reported for the first time that Arginine-
Glycine-Aspartic Acid (RGD)-conjugated silica-coated gold NRs on the
surface of MWCNTs were well incorporated in targeted PAI of gastric
cancer cells in vivo. The prepared probe exhibited favorable water solu-
bility and low cellular toxicity and could target gastric cancer cells in vivo
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while providing excellent PAI in a nude animal model (Wang et al., 2014).
Another group demonstrated a family of novel PA contrast agents based
on small optical dye binding to SWCNTs (SWCNT-dye). They noted
that SWCNTs were coated with either QSY21 (succinimidyl ester), i.e.,
SWCNT-QSY, or ICG (SWCNT-ICG) displayed over a hundred times
better PA contrast in living animals with enhanced sensitivity compared to
plain SWCNTs. Further, conjugation of SWCNT-dye with cyclic RGD
peptides was done to target avP3 integrins (which is associated with tumor
angiogenesis) at the molecular level. When these tumor-targeted imaging
agents were administered to tumor-bearing mice intravenously, a remark-
ably stronger PA signal in the tumor was observed, compared to mice in-
jected with an untargeted contrast agent. Moreover, spectral separation of
the PA signals of SWCNT-QSY and SWCNT-ICG in living animals (in-
jected subcutaneously with both particles in the same location) was also
obtained, thus assuring the possibility of in vivo multiplexing studies (de la
Zerda et al., 2012). Similarly, Li et al. (2019) synthesized a smart nanoprobe,
c(RGDyK)-MHDA/LSC@AuNPs, for PA detection and tumor imaging.
These nanoprobes possess the properties of precise and targeted cancer cell
PAI. Additionally, they yield signals only upon exposure to acidic microen-
vironments, which is a peculiar characteristic of solid tumors (regardless of
their type). The latter characteristics of these smart nanoprobes proved to
be practically helpful as it serves advantages of targeted and selective bioim-
aging as well as superintended drug release in vivo. This smart property of
the Ph-sensitive PAI nanoprobes is governed by the meticulous control of
the ratio of two thiol ligands on the surface of gold NPs. Upon exposure
to overexpressed avP3 integrins, these nanoprobes transfer the citraconic
amides to primary amines (positive charge). Hence, they lead to NP aggre-
gation and yield output in the form of an NIR signal (Fig. 7.8).

Further, CDs are also employed as contrast agents in PAI, as CDs cause
evident acoustic waves after laser irradiation while offering a remarkable
spatial resolution that can offer immoderate information even in the small-
est areas. For instance, CDs are useful in detecting axillary lymph nodes
where cancer cells can be spread in breast cancer and soon be excreted
from the body while manifesting low toxicity during definitive optical sig-
nal production. The application of CDs in PA visualization of the sentinel
lymph nodes and vessels was reported by a team, in which CDs exhibited
vigorous signal enhancement upon injecting and were removed compara-
tively faster from the vessels. Furthermore, CDs have also been utilized as
PA contrast agents as photosensitizers for PDT and PTT (Hola et al., 2014).
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Fig. 7.8 Aggregation of nanoprobes in an acidic environment results in a near-infrared signal to give a photoacoustic image. (From Li, S.,
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Thus nanomaterials possess major functionality in applications of PAI
concerning their compatible characteristics. They exhibit high spatial res-
olution at extraordinary depths as PA waves and are much less scattered
(23 orders of magnitude) than optical waves in biological tissue, and at the
same time, PAI does the least harm to the cells, unlike conventional imag-
ing techniques. NPs, when conjugated with peculiar biomolecules, enhance
their applicability by assisting in PTT and PDT along with bioimaging.
With the mentioned nanomaterial applications in PAI, there are several
other NPs and their conjugates to be explored and to be applied in PAIL

7.5 Conclusion and future perspectives

In summary, the comprehensive investigation of the application of NPs has
offered new insights into interesting developments in the field of biological
imaging for real-time detection. Among many, fluorescence imaging has
appeared as a powerful platform compared to other imaging techniques
concerning its extraordinary spatial-temporal imaging ability at the cellular
level while avoiding autofluorescence issues. The research also suggests that
PL imaging can be employed in complex tumor conditions and be exten-
sively explored. It is to be noted that PL imaging techniques suffer a few
setbacks due to several limitations, such as autofluorescence, requirements of
various light sources, and varying experimental conditions. NIR-SERS is
an excellent method of producing superfast imaging, which serves a demand
for finer and low autofluorescence-producing nanomaterial-based imaging
methods that can efficiently penetrate deep in tissue. PAI has several appli-
cations concerning their compatible features. They exhibit high spatial res-
olution at extraordinary depths in biological tissue while not being harmful
to nontargeted cells. Given the number of potential applications of NPs in
the vast medical field (such as cancer diagnosis, therapy, and bioanalysis), it
is difficult to make a general recommendation. However, the authors antici-
pate that this chapter will help readers understand the fundamentals behind
applying distinct NPs for bioimaging purposes.
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CHAPTER 8

Nanobiomaterials for medical
devices and implants

Ankit A. Agrawal, Kaustubh A. Pawar, Vaibhav N. Ghegade,
Archana A. Kapse, and Vandana B. Patravale

Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology, Mumbai,
Maharashtra, India

8.1 Introduction

Medical devices and implants have been employed for several years. Over
the last few decades, the use of medical devices and implants has dramati-
cally increased in response to high demand for various reasons. Advances in
metal, ceramic, and polymer science have also opened up new horizons in
developing new technologies for the generation of nanobiomaterials.

Nanoscale materials that are biocompatible or biodegradable and which
can positively interact with human biological systems are being increasingly
developed to diagnose and treat human diseases. Medical devices and im-
plants are an indispensable part of today’s medical world, and applications
of nanobiomaterials to these devices and implants can significantly improve
their functionality and biocompatibility. The global market of medical de-
vices and implants is expected to grow to more than $110 billion by 2022.
The demand for novel and safe nanobiomaterials is increasing to circum-
vent existing issues associated with these devices. Apart from disease treat-
ment, nanobiomaterials are also explored extensively in the prevention of
biofilms and implant-associated infection.

Nanobiomaterials used for the manufacturing of these devices can be
categorized into metals, polymers, composites, bio-ceramics, carbon-based
materials, etc. The vast range of materials and interdisciplinary approaches
to modify the material properties have created tremendous opportunities in
the manufacturing of sophisticated and novel medical devices and implants
having unique functionalities. Novel fabrication technologies for the devel-
opment of such devices are being developed, such as additive manufactur-
ing along with other prevailing technologies. As nanobiomaterials interact
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at the cellular level, safety and toxicity measures are of critical importance
in the development of such products. Novel nanobiomaterial-based medical
devices and implants aim to provide improved functionality, real-time di-
agnosis and the occurrence of fewer adverse events than currently used de-
vices. Such novel devices have the potential to emerge as “multifunctional
therapeutics” that can deliver therapeutics as well as monitor its effective
delivery.

8.2 Types of nanobiomaterials used in medical devices
and implants

8.2.1 Metallic nanobiomaterials

Metals are used as nanobiomaterials, principally because of their good me-
chanical strength and corrosion resistance property. They have been exten-
sively employed to manufacture difterent types of implants. About 70% of
implants are used for orthopedic and cardiovascular applications (Niinomi
et al. 2012). Pure metals are generally used, but alloys can enhance strength
and corrosion resistance. The main properties required are biocompatibil-
ity, optimal mechanical properties, corrosion resistance in the presence of
body fluids, durability, and cost-eftectiveness. These properties depend on
the chemical composition of the material. For instance, Ti-6Al-4V alloy
has more tensile strength as compared to only titanium (T1) because of the
addition of aluminum and vanadium into it. The metallurgical state decides
its mechanical properties; for instance, the annealing enhances ductility as
compared to that of cold-worked metals. Further, metal treatments also
determine their microstructure and physical properties. For example, the
forging process generally gives higher strength than cast metal implants.
The most widely used metals for implants are stainless steel (316L type),
cobalt-chromium (Co-Cr), and T1 alloys. To fix the fractured bone segments
together during healing, metal plates and screws are used. Depending on the
recovery of bone and the extent of the injury, the plates and screws or rods
may be removed (Schindhelm and Milthorpe 2003) (Table 8.1).

(A) Stainless steel:

Stainless steel AISI 316L has wide applications in orthopedic im-
plants as compared to other metallic materials. It has several advan-
tages such as better mechanical properties, low cost, ease of processing,
good corrosion resistance, and abundant in supply (Talha et al. 2012).
The typical stainless steel used is austenitic stainless steel (AISI 316L,
ASTM F-55, and F-138), with 17%—20% Cr, 12%—15% nickel, 2%—3%

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



This book be

Nanobiomaterials for medical devices and implants 237

Table 8.1 General applications of metal nanobiomaterials used in implants and
medical devices.

Metal type Applications

Stainless steel Orthopedic: bone fixation, joint replacements, bone

plates, hip nails, shoulder prosthesis
Dental: dental root implant, tooth fixation
Cardiovascular: artificial heart valves, pacer, catheters,
coronary stents
Neural: spinal implant, screws, fracture plates

Co-Cr alloys Orthopedic: joint replacement, fixation screws,

orthopedic prosthesis
Dental: dental root implant
Cardiovascular: stents, pacer
Surgical instruments, suture

Ti and Ti alloys Orthopedic: total hip and knee joint replacement,

bone plate, screws, orthopedic prosthesis

Dental: implants, tooth fixation, and parts for
orthodontic surgery

Cardiovascular: artificial heart valves, pacemakers,
stents

Miscellaneous: cochlear implants

Cobalt-chromium alloys Joint replacements, bone fracture fixation

Silver

Dental implants

Platinum Cochlear implants

B)

(©)

molybdenum, and small amounts of other elements. After implanta-
tion of stainless steel containing implants, nickel ions release into the
body and hence, it is necessary to make nickel-free steel for making
implants, which are used for long-term application (Talha et al. 2013).
Co-Cr alloys:

Cobalt-based alloys have been broadly used as implant com-
ponents, principally in orthopedic implants, due to their excel-
lent corrosion resistance and wear properties (Yan et al. 2007). The
Co-Cr alloys, including wrought and cast alloys, are widely used
in clinical applications. For instance, wrought alloys containing
33-37 wt% Ni (ASTM F562, MP35N) are utilized extensively in
orthopedic devices. A Co-Cr-Mo alloy (ASTM F75,Vitallium) has
been used in the hip prostheses (Arden et al. 1970).

Titanium and its alloy:

Ti and its alloys are the most attractive implant nanobiomateri-

als owing to their high strength-to-weight ratios, excellent corrosion
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resistance, and biocompatibility as compared to other metallic mate-
rials (Niinomi 2011). Commercial pure Ti (CP-Ti) was used com-
mercially because of its high biocompatibility among various metals.
As compared to other metallic biomaterials, they are commonly used
due to high biocompatibility and greater strength to weight ratios.
The widely used Ti alloy, Ti-6Al-4V, has high tensile strength and less
pitting corrosion. Nitinol, an alloy of Ni and T1i, has a shape mem-
ory effect. This property of Nitinol is used in dental restoration wir-
ing (Rack and Qazi 2006) and coronary stents. CP-Ti is used for
cardiovascular stents, lead wires, and spinal fixation devices. When it
contains low Fe, it has a low possibility of adverse effects. CP-Ti is
used for hard tissue regeneration (Li et al., 2014). Ti-based alloys are
also employed for load-bearing applications in orthopedic and dental
devices (Hayashi et al. 1991). These nanobiomaterials are used for
artificial valves in the heart, stents, replacement implants in shoulders,
knees, hips, elbows, ears, and dental structures (Alves 2017; Gepreel
and Niinomi 2013). They are also used as a cardiac simulator and
for urinary tract reconstruction. T1 and its alloys are widely used for
spinal, hip, and knee replacement implants. Ti-based alloys are used as
implant devices for dental applications and replacing failed hard tis-
sues such as artificial hip joints, artificial knee joints, bone plates, den-
tal implants, crowns, dentures, artificial tooth roots, and screws, etc.
They are also used to fix soft tissue like blood vessels (Li et al., 2014).

8.2.2 Ceramic nanobiomaterials

Ceramics are generally defined as inorganic nonmetallic materials. Ceramics
are widely used in orthopedics, mainly in total hip and knee replacements.
The bio-ceramic materials prevent the release and reduce wear rates of
bearing components. The major drawback of ceramics is their intrinsic
brittleness and high fracture rate (Campbell et al. 2004). Bio-ceramics are
inert (e.g., alumina and zirconia) and biodegradable [tricalcium phosphate
(TCP)]. They are an ideal material for the artificial bone because they are
replaced by autologous bone. Bioactive materials, such as hydroxyapatite
(HA), are major inorganic materials for artificial bone replacement. HA
is not absorbed by the body and thus remains permanently in the body.
Instead of metallic and polymeric components, ceramic has been used in
the artificial hip joint to increase the toughness of joint replacement. The
ceramic femoral head and acetabular cup are some examples of this design
(LINEAGE of Wright Medical Technology, Inc. has a ceramic-ceramic ac-
etabular cup system).
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(A) Zirconia:

Zirconia exhibits highly favorable physical and mechanical prop-
erties, which include desirable hardness, elastic modulus, and thermal
conductivity. It is also highly biocompatible and has similar color with
the tooth (Depprich et al. 2008), which permits its use in dental im-
plants. In dentistry, zirconia is also widely employed in applications like
root posts and orthodontic brackets.

(B) Alumina:

For over 20vyears, alumina has been used in orthopedic surgery
because it is extremely biocompatible and forms a very thin capsule,
which permits cementless fixation of prostheses with exceptionally
lower coefficients of friction and wear rate (Hench 1995). Alumina has
more chemical-physical stability. However, it is not used for complex
shapes and thin ceramic components because of poor toughness. On
the other hand, zirconia is tough and durable but less stable. Hence, an
alumina matrix composite material is a mixed material that has posi-
tive characteristics of both materials called as Biolox Delta (CeramTec
AG, Plochingen, Germany) (Dalla Pria 2007), but it has a major con-
cern about ceramic fracture and squeaking. The fourth-generation
ceramic Biolox forte is a composite made of 82% alumina and 17%
zirconia. Although mechanical properties greatly increased, it is not
plastically deformable and has brittle characteristics due to which the
risk of fracture remains (Lee et al. 2017) (Table 8.2).

8.2.3 Polymeric nanobiomaterials

Polymeric nanobiomaterials are the most widely used materials in devel-
oping medical implants and devices. Polymers are so versatile in nature that
it is difficult to be matched by metals and ceramics. The broad range of
physicochemical and mechanical properties of polymers has substantially
boosted the research and development of polymeric nanobiomaterials. They
are highly recommended for developing any implant or device because of

Table 8.2 General applications of ceramic nanobiomaterials used in implants and
medical devices.

Ceramics types General applications

Aluminum oxides Dental crown, hip implants, dental implants,
cochlear replacement

Zirconia Hip implants, dental implants

Calcium phosphate Used as bone graft substituent, surface coating on
joint replacement
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their flexibility, high tensile strength, easy fabrication, biocompatibility, and
biostable nature.

Biological as well as synthetic biopolymers are used in the develop-
ment of polymeric nanobiomaterials. The following are a few examples
of biopolymers: polysaccharides such as starch, alginate, chitin/chitosan,
hyaluronic acid derivatives and proteins such as collagen, fibrin gel, and
silk. Whereas synthetic polymers include poly(lactic acid) (PLA), poly(gly-
colic acid) (PGA), poly(e-caprolactone) (PCL), poly(lactic glycolic acid)
(PLGA), polyhydroxybutyrate (PHB), etc. (Avti et al. 2011). Biological
polymers help in cell adhesion and tissue regeneration; however, synthetic
polymers have better mechanical strength but lower biocompatibility and
biodegradability.

Any material that is going to be used to manufacture implants and
medical devices should not directly or indirectly produce adverse effects.
The selection of a polymeric material is challenging, and thus, to choose
a sustainable polymer, one has to consider chemical composition, pH, and
other mechanical parameters. Hence, the nanobiomaterial used for a device
in one region of the body may not be suitable for another device, even
in a different region of the body. Polysaccharides, proteins, PLGA, PLA,
PGA, PCL, epoxies, silicones, polyurethanes, polyimides, silicon-polyimides,
parylenes, polycyclic-olefins, silicon-carbons, liquid crystal polymers, and
benzocyclobutenes are a few examples of biocompatible polymers of high
interest (Joung 2013).

Apart from biocompatibility, another advantage of polymeric materials
over ceramics and metals is that it can be easily fabricated into shapes and
structures of various complexity. This is attributed to their high mechani-
cal strength as well as flexibility. Most of the time, polymer composites are
utilized to make implants and devices. When different polymers are used
in cohesion in one thin layer, polymer composites are formed. Thus, the
properties of composites differ from their parent materials. They usually
have low elastic modulus and high strength with possibly better structural
biocompatibility compared to the parent materials. Additional advantages of
these materials are that they are nonmagnetic and radiotransparent making
them compatible for X-ray radiography and magnetic resonance imaging
MRI scans (Teo et al. 2016).

An essential class of polymeric nanobiomaterials is polymeric nano-
fibers. Extensive research work has been carried out to develop and un-
derstand the properties of nano-fibers. Nano-fibers have a size less than
100 nm, which imparts a high surface area to volume ratio. Nanocomposites
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are currently being explored for dental implants, controlled drug delivery,
medical devices and implants, and biosensors (Hasirci 20006).

Despite having numerous advantages, implants made of polymeric
nanobiomaterials have to face the staggering challenge of sterilization.
Conventional sterilization processes could inadvertently damage the poly-
meric implant. For instance, gaseous sterilization may lead to the exudation
of toxic ethylene oxide from the polymeric material, which is not desir-
able. High temperatures created during dry heat sterilization would cause
deformation owing to differences in transition and melting temperature
of each material, or even reduce the ductility, or else cause chalking and
color change. Therefore the industry is working on low heat sterilization
techniques for polymeric implants like microwave sterilization and pulsed
high-intensity light (McDonnell 2012).

Polymeric nanobiomaterials have been widely studied to prepare car-
diovascular system, central nervous system, ophthalmic, dental, orthopedic,
obstetric, and gynaecologic implants. Neurological applications are one of
the most prominent research activities in the field. A device was studied
to record and stimulate the neural signals occurring in the case of neural
damage (Buchko et al. 2001). This neural prosthetic device was developed
from biodegradable porous protein polymeric films. It was made by coating
silicon substrates with a thin nanofibrous polymer film, which acted as an
interphase and also decreased the chances of the implant failure.

Electrospun polymeric nanobiomaterials are also used in the produc-
tion of orthodontic implants. Here, the mechanical properties were highly
improved (Price et al. 2003). Traditional resin matrix materials for dental
application are also being replaced by polymeric composites. The polymeric
materials help in the prolonged service lives than inorganic fillers (gener-
ally more than 18 months). Polymers like nylon-6 nano-fibers were used to
make composite resins in the formulation of dental implants (Fong 2004).
Addition of very small amount of nano-fibers resulted in a significant im-
provement in elastic modulus and flexural strength. Nano-fiber composites
of nylon-6 increased the resistance of a material and was able to deflect
the cracks and thus showed fewer fractures than a normal resin composite.
This reflects the importance of nanobiomaterials in the preparation of such
implants.

As polymeric nano-fibers have a large surface area to weight ratio, they
are extensively being utilized in biosensor medical device applications. This
characteristic enhances material sensitivity; thus, it is possible to detect sub-
stances with very low concentrations. Glucose biosensors were developed
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from a composite of gold nanoparticles (NPs) and conductive polyaniline
nano-fibers. This device used nano-fibers having immobilized glucose ox-
idase for detection of glucose. The device exhibited high reproducibility
(less than 5% relative standard deviation) and good operational stability
(over 2weeks, Xian et al. 2006). Along with polyaniline nano-fibers, other
polymers like poly(vinylpyrrolidone) are being studied to develop medical
devices (Sawicka et al. 2005).

As we all know, medical devices are objects that require either chemical
or electrical form of energy to produce a reaction to either remedy cer-
tain bodily functions or to obtain information from the body. Therefore
attempts have been made to use polymeric nanobiomaterials along with
other materials to form composites which would generate the bioenergy
needed to run the medical device. This bioenergy will be generated from
the heartbeat by converting the mechanical energy into electric power that
can charge or even power implanted devices such as a pacemaker. In a study,
it has been demonstrated that the combination of polyvinylidene difluoride
(PVDF) nano-fibers and a graphene composite can harvest energy from
the expansion and contraction of blood vessels in the human body (Fadhil
et al. 2014). The assembly constituted dual layers of PVDF nano-fibers and
graphene composites that are embedded into a self-curling biocompatible
silicone. The device is performed by converting mechanical actions of a
blood artery (pulsated pressure of expansion and contraction) into a corre-
sponding voltage. Hence, using novel nanobiomaterials, self-powering im-
plantable devices can be developed.

Bio-based hyperbranched polyurethane and iron oxide nanocompos-
ites were tested as smart antibacterial biomaterials for the manufacturing
of medical devices and implants (Das et al. 2013). These nanocomposites
(average diameter of 7.65nm) of biomaterial polyurethane also displayed
magnetic behavior with enhanced biocompatibility, biodegradation, anti-
microbial properties, and shape recovery. Thus, such materials may be used
as a thermally and magnetically controlled smart biomaterial.

Nanocomposites of biomaterials have been intensely researched for hard
tissue implants. These materials have both desired fracture toughness and
elasticity to mimic the mechanical properties of bone. HA is widely used
material for this purpose due to its high chemical and physical resemblance
to the mineral part of the bone (Kim et al. 2000). It is an osteoconductive
material, i.e., shows good osteoblast cell adherence and proliferation nec-
essary for bone repair and growth. Nanobiocomposites of HA along with
other materials like PLA and chitosan have been used as bone implants
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(Kokubo et al. 2003). The DePuy Orthopedics, Inc. (Warsaw, IN, USA)
developed a nanobiomaterial-based implant, Healos, which is made up of
cross-linked collagen fibers coated with HA for bone implant substitutes in
spinal fusions (Avti et al. 2011).

However, the majority of top pharmaceutical companies are still not
majorly involved in nanobiomaterial-based product development owing to
uncertainties in the Food and Drug Administration (FDA) approval process
(Boyd 2006). This is the prime reason for the low number of nanobioma-
terial commercialized medical devices and implants. Polymeric nanobio-
materials will have a great influence on the medical device and implant
industry due to its biocompatibility, mechanical strength, and wide array of
applicability. Currently, there are numerous polymeric biomaterials used for
the same, but a few have a nanoscale version of it.

8.2.4 Carbon-based nanobiomaterials

The nano-sized structures created by using organic materials like
carbon-based nanobiomaterials have attracted attention in the biomedical
field. Carbon-based nanobiomaterials have great potential due to their small
size and high contact surface area. Some of the well-known carbon-based
nanobiomaterials are carbon nanotubes (CNTs), graphene quantum dots
(QDs), graphene oxide, and fullerenes (Maiti et al., 2019). These nano-
biomaterials have been investigated as building blocks for complex and
miniaturized medical devices and implants.Various allotropes of carbon na-
nobiomaterials are shown in Fig. 8.1.

The large aspect ratio of carbon nanobiomaterials, their excellent elec-
trical conductivity, and mechanical robustness have made them a prime
choice for molecular electronic and bioelectronic applications. Its unique
photophysical and photochemical properties have been used to prepare var-
ious medical devices such as biochips, bio-nanoelectromechanical systems
(BioNEMs), biosensors, and bioimaging (Avti et al. 2011).

Graphene Carbon nanotubes. Carbon dots Carbon nanofibers Nanodiamonds Buckminsterfullerene

Fig. 8.1 Different allotropes of carbon nanobiomaterials. Reproduced from Wang, Z., Dai,
Z., 2015. Carbon nanomaterial-based electrochemical biosensors: an overview, Nanoscale
7(15):6420-6431, 2015 with permission from Royal Society of Chemistry.
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CNTs are the most widely studied carbon-based nanobiomaterial. They
have tubular shapes made up of carbon hexagons with the diameter ranging
from 0.4nm to 3nm and the length varying from a few nanometres to sev-
eral microns. Some applications are the miniaturization of medical devices,
the development of electronic systems, and biosensors that interact with the
human body to monitor complex interactions (Colvin 2003). Biosensors
made up of CNTs can detect the electrical signal and chemical interactions
within the body in a few seconds with ultra-high sensitivity (Sotiropoulou
and Chaniotakis 2003). In this category, CNT composites, the strongest
materials with high tensile strength, elastic modulus, high surface area, and
flexibility (Jensen et al. 2007) are being utilized for implants.

From the structural point of view, CNTs are usually described as an
arrangement of carbon hexagons that form tiny tubes and is a true mac-
romolecular system with the architecture of ideal graphene sheets. A
single-walled CNT (SWCNTS) is a tubular form of carbon with the di-
ameter ranging from 0.4nm to 2-3nm and the length varying from a few
nanometres to several microns. The electrical properties of CNTs aid in
acting as semiconductors, and they are dependent on diameters and chi-
rality. This behavior helps in the construction of a new generation of the
biosensor (Popov 2004). The mechanical properties of CNTs are way better
than these previously known materials. It is characterized by strong covalent
bonding and chemical inertness as it lacks functional groups (Niyogi et al.
2002). Reactivity and stability are absolutely decisive for biomaterial func-
tions. The inertness of CNTs greatly contributes to their biocompatibility
and stability when in contact with the living body. However, the fabrica-
tion process and modification approaches may cause alterations in chemical
stability. As CNTs are hydrophobic, various surface modification methods
have been adopted to utilize it for biomedical applications.

Toxicity is one of the major limitations of carbon-based nanobiomate-
rials. The metal impurities generated during CNT synthesis cause toxicity
to the cells. Moreover, higher diameter and longer length also aftect cellular
internalization and toxicity. Graphene also has limitations in biomedical
applications due to its toxicity. Along with dimension and impurities, other
parameters such as functional groups and surface property should also be
considered for toxicity evaluation (Maiti et al., 2019). Despite these limita-
tions, numerous applications for carbon-based nanobiomaterials are being
explored in the field of medical devices and implants. Some of the medical
devices and implants that are being developed using carbon-based nanobio-
materials are discussed below.
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Neural prostheses are used to apply and monitor electrical signals in
neural tissues to restore nerve function. CNT fibers possess excellent elec-
trical properties and high surface energy, which have been proven useful in
the area of neural implants. Nanotubes function as a support for nerve cell
growth.This was proven by growing embryonic rat brain neurons on CNT's
of a diameter similar to nerve fibers (Mattson et al. 2000).The conductivity
of nanotubes makes them a valuable candidate for electrophysiological anal-
ysis of neuronal microcircuitry. The carbon nano-fibers can limit astrocyte
functions, leading to decreased glial scar tissue formation (McKenzie et al.
2004). These characteristics promote the development of CNT miniatur-
ized devices that help in the formation of a nerve cell network, which re-
stores damaged neuronal circuit. Hence, carbon-based nanobiomaterials can
be used to develop implant devices for the central nervous system.

CNT composites are also useful as high load-bearing orthopedic im-
plants and can promote the precipitation and materialization of HA in such
implants (Li et al. 2011). The advantage of CNT orthopedic implants over
other material implants is that it offers favorable conditions to induce cel-
lular functions, possess excellent packing density without any macroscopic
porosity, have good bonding strength between them and the metal sub-
strates, and reinforce the composite coatings that help in high load bearing.
Apart from the orthopedic applications, it can be used in dental implants
and three-dimensional (3D) scaffolds for tissue engineering (TE). CNTs
can attach to the surfaces of dentin and thus could be explored as dental
implants.

Medical devices like biosensors are one of the most prominently re-
searched fields in the case of carbon-based nanobiomaterials. Especially,
CNTs are considered as appropriate nanobiomaterials for biosensing de-
vices (Lin et al. 2004; Zhao et al. 2002). Biomolecules are immobilized on
the surface of the biosensor that leads to enhanced recognition and signal
transduction process. These medical devices are used for the detection of
DNA, oligonucleotides, enzymes, receptors, antibodies, intact cells, toxic
substances, as well as for therapeutic drug monitoring. Several biological
events, such as genotoxicity, immunotoxicity, biotoxins, and endocrine ef-
fects, are measured using biosensors (Nakamura and Karube 2003; Stradiotto
et al. 2003). These devices were even studied for in vivo and in vitro eval-
uation. One such instance is the construction of a nanotube-electrode
for neurotransmitters involving dopamine, using bromoform as a binder
for in vitro and in vivo investigation (Britto et al. 1996). Moreover, these
biosensors are utilized for the clinical detection of biomolecules, such as

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



246  Nanotechnology in medicine and biology

antibodies, associated with human autoimmune diseases. The clinical de-
tection of medical devices acts on two principal applications: selective de-
tection of serum proteins after vaccination or therapeutic intervention and
detection of different proteins without labeling via electrical transducers.
Another application includes CNT glucose biosensors (Gaitan et al. 2017).
Those are designed based on the conjugation of glucose oxidase with
CNTs. One such example is a device made up of CNT nonwoven fabrics
in conjugation with glucose oxidase impregnated with a polyvinyl alcohol
solution (Zhu et al. 2014). Along with CNTs, Graphene QDs-based bio-
sensor devices have largely been developed and used for practical applica-
tions such as detection of biomacromolecules with better selectivity and
sensitivity (Kumawat et al. 2017).

Biochips are novel medical devices fabricated using carbon-based
nanobiomaterials. This device could be used for the analysis of different
DNA or proteins simultaneously as well as single-nucleotide polymor-
phism, mutation, genetic disease, protein-DNA interactions. Graphene ox-
ide nanobiomaterials are being used in selective electrochemical sensing
of single- and double-stranded DNA biochips (Liu et al. 2017; Tang et al.
2015). The electrochemical properties of graphene are attributed to the
high sensitivity of biochips. Numerous biochips have been developed us-
ing graphene oxide; a few of them are: graphene nanowire biosensors by
Akhavan et al. (2012) for detection of DNA bases, carboxyl-functionalized
graphene oxide, and polyaniline-modified graphene oxide DNA biochips
(Cheng et al. 2017); DNA biochips by Ping et al. (2016), a single-layer
graphene-based field-effect transistor biosensor capable of detecting 10 fM
concentrations of DNA (Zheng et al. 2015), a biochip composed of silicon
nanowires modified with graphene for detecting oligonucleotides with
sensitivity and selectivity (Kim et al. 2016); and medical devices for the
detection of tuberculosis via analyzing DNA of Mycobacterium tuberculosis
using graphene-based surface plasmon resonance-sensing chip (Prabowo
et al. 2016).

Nanoelectromechanical systems are novel medical devices fabricated
with carbon-based nanobiomaterials and can be biofunctionalized for bio-
logical and clinical applications (BioNEMs). Their length is less than 100 nm
and are referred as intelligent nanodevices that can sense analyte-induced
changes, which measurably alter dynamical device properties. These de-
vices have the ability for sensing, processing, and/or actuating functions.
For example, single-molecule manipulations such as DNA and proteins are
feasible using these devices to provide information about the molecular
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conformation, chromatin organization, and biomolecular interaction dy-
namics (Avti et al. 2011).

Medical nanorobots are futuristic medical nanodevices, designed for
maintaining the human body and protecting it against pathogenic agents.
They will also be helpful for indirect in vivo surgery on individual human
cells (Polizu et al. 2006). These medical devices could assist the immune sys-
tem by finding and disabling unwanted bacteria or viruses. Predetermined
search patterns could be useful in identifying invaders and destroying them
by mechanical or chemical phagocytosis (Cavalcanti et al. 2004). Such de-
vices could also be explored for targeted cancer drug delivery, as it enables
one to distinguish every cell type by checking their surface antigen through
chemotactic sensors keyed to specific antigens target cells. To a further ex-
tent, these could replace stents by clearing arteriosclerotic deposits and wid-
ening the diseased blood vessels (Menezes et al. 2001). It is a challenge to
develop such sophisticated medical devices but can be possible by manipu-
lating CNTs at both the atomic and molecular scale and integrating it with
biological entities like DNA and proteins (Polizu et al. 2006).

Carbon-based nanobiomaterials thus have a huge potential in the de-
velopment of medical devices and implants. However, regulatory challenges
and industrial mass production are prime hurdles limiting their real-life
implementation.

8.2.5 Miscellaneous nanobiomaterials

Collagen and modified collagen are used in periodontal and implant therapy
due to their cell-occlusiveness, biocompatibility, and regenerative capacity.
Collagen-based implants are naturally degraded by the collagenase enzyme,
which attacks the helical region in collagen (Patino et al. 2002). Inorganic
core and organic shell NPs like SiO,/TiO; are used as dental brace mate-
rials and fillers. They can be used according to their physical properties like
elasticity and thermal expansion (Yoshida and Prasad 1996). Composites are
a mixture of two or more types of materials. Bioresorbable internal fixa-
tion devices made of poly-L-lactic acid (PLLA) with HA showed ultra-high
strength, good processability. PLLA also has a very similar elastic modulus
to natural bone (Shikinami and Okuno 2001). A femoral stem made up
of a composite layer of epoxy resin reinforced with carbon and glass fi-
bers has been used (Dalla Pria 2007). A biodegradable composite made of
TCP particles and gelatin has been used for cranial bone repair. It showed
good in vivo results such as more biocompatibility and biodegradability
(Migliaresi and Nicolais 1980). A PLA composite made up of 15%—25%
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bioglass particles was used to heal a bone fracture in internal fixation devices
(Kellomiki et al. 2000). Polymeric acrylic or methacrylic matrix reinforced
with ceramic particles were used as a dental composite (Ensaft et al. 2001).

8.3 Fabrication techniques for nanobiomaterials-based
medical devices and implants

A wide range of nanobiomaterials has been used for the manufacturing of
medical devices and implants. As dealt with earlier, such materials include
metals, polymers, composites, bio-ceramics, carbon-based materials, etc.
These medical devices and implants include invasive external communicat-
ing medical devices like catheters with coatings of nano-silver for bladder
drainage, hemodialysis, and local administering of anesthesia; polymer-based
dental composite filler materials and dental cement containing NPs;
layer-on-layer coated electrodes to improve the electrode-tissue interface,
nano-porous micro-electrodes for an improved brain-machine interface, as
well as surgical and dental instruments like scalpels, needles, catheters, burs
for cutting bone or teeth, etc. with nanostructures used to enhance the
cutting behavior and wear resistance (Ferracane 2011). They may also in-
clude invasive implantable medical devices like CNT-based bone cements
for implants (van der Zande et al. 2010), bone fillers with HA and TCP NPs,
cardiovascular stents, and stent-grafts with various functional nanocoatings
like aluminum oxide, glycoproteins, platinum or Ti dioxide (T1O,) (Puranik
et al. 2013),joint replacement and fracture implants, sutures (Ho et al. 2013),
joint prosthetics (hip, knee) with nano-HA coating, surface nanocoatings
for antibacterial action, e.g., silver nanocoating for various catheters, contact
lenses, endotracheal tubes, etc.

The manufacturing of such devices is an interdisciplinary approach.
Novel fabrication technologies for developing such devices are being de-
veloped, such as additive manufacturing and prevailing technologies. In
the following section, we briefly explore the various methods reported for
the fabrication of such devices. Given below is a summary of the various
techniques known currently for the fabrication of nano-bio material-based
medical devices and implants.

8.3.1 Additive manufacturing

Additive manufacturing, popularly known as 3D printing, has been one
of the most important recent developments in science and technology. As
per the US FDA, additive manufacturing or 3D printing is “a process that
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creates a 3D object by building successive layers of raw material.” “Each
new layer is attached to the previous one until the object is complete.”
“Objects are produced from a digital 3D file, such as a computer-aided de-
sign (CAD) drawing or a MR1.”This has made it possible to create devices
and implants that were previously impossible to make and are personalized
to suit individual patients’ needs (US FDA, 2020).

Among the various methods available for additive manufacturing, the
solid freeform fabrication (SFF) processes based on layer-by-layer man-
ufacturing have shown immense promise (Fig. 8.2). SFF is a fabrication
technique used to build 3D components, one layer after another, with
the help of CAD data (Vaezi and Yang 2014). Schematic of various rapid
prototyping-based fabrication methods is presented in Fig. 8.3.

Worldwide, upwards of 30 different SFF methods are currently being
explored, of which almost 20 methods have the capability to process bioma-
terials. These could have potential applications in the biomedical industry
(Chua et al. 2004). SFF techniques can also indirectly produce molds or 3D
negatives that can then be used to produce the final product (Dong-Woo
et al. 2007).
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1. Additive manufacturing
i) Laser-based systems:

i. Stereolithography
ii. Selective laser sintering

ii) Droplet-based systems:
i. Inkjet printing process
ii. Aerosol jet printing

iii) Nozzle-based systems:
i. Nanocomposite deposition system
ii. SFF by extrusion

e Techniques based on melting:

1.

U'I-PMN

Fused deposition modeling
Three-dimensional (3D) fiber deposition
Precision extrusion deposition

Precision extrusion manufacturing

. Multiphase jet solidification

J Techmques without melting:

Ul A WD =

6.

Pressure-assisted microsyringe
Low-temperature deposition modeling
3D bioplotting

Robocasting

Solvent-based extrusion free-forming
Direct-write assembly

iv) Extrusion free forming of biomaterials scaffold (fabrication of
scaffolds for TE)
v) Dry powder printing
2. Nanopatterning
i) Nano biopatterning
ii) Chemical patterning
iii) Topographical patterning
iv) Combinatorial patterning
v) 3D patterning
3. Electro-spraying and electrospinning
i) Coaxial electrospinning
ii) Multi-needle electrospinning
iii) Needleless electrospinning
iv) Electronetting
v) Near-field electrospinning
vi) Centrifugal spinning
vii) Melt electrospinning
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4. Molecular self-assembly
i) Self-assembled architecture of bone tissue
ii) Self-assembled block copolymers
iii) Self-assembly of nanocrystals
iv) Template assisted the growth of carbon nanotube
v) Self-assembly of quantum dots
vi) Self-assembly of nano-thin films
vii) Self-assembly of crystalline liquid nanostructures
5. Surface modification techniques
i) Anodization of implant surface (Ti implants): nanotopography
ii) Fluorine-electrolyte nanotopography
iii) Nanostructured carbon coatings
¢ Nanocrystalline diamond (NCD), ultra-NCD, and nanostruc-
tured diamond coatings (load-bearing implants)
e Chemical vapor deposition (CVD) method (thermal CVD,
photo-assisted CVD, plasma-enhanced CVD)
e Thermal-sprayed nanostructured bioactive coatings

8.3.1.1 Stereolithography (SL) process

Stereolithography (SL) is a technique that utilizes an ultraviolet (UV) light-
based approach for layer-by-layer polymerization of photosensitive resin.
This process was first developed on a commercial scale by a USA-based
company called 3D Systems Inc. There are two main SL techniques based
on the type of beam delivery system used—scanning SL and projection
SL. Scanning-type SL solidifies the photopolymer (including UV photo-
initiator, monomer, and other additives) either in a point-by-point or a
line-by-line fashion in each layer. In projection SL, the whole photopoly-
mer layer is cured at once via controlled exposure with a photomask. The
dynamic mask used in this process is usually a digital micro-mirror de-
vice embedded in digital light processing projectors (Vaezi and Yang 2014).
Bionanofillers can be incorporated in a photosensitive polymer resin matrix
to manufacture 3D nanocomposite parts using the SL process. This process
is mostly used to reinforce the final nanocomposite part.

Difterent parts have been fabricated from water or acrylate-based, pho-
tocurable resins by incorporating nano/micron-sized ceramic particles
such as alumina (Greco et al. 2001; Hinczewski et al. 1998), HA (Griffith
et al. 1995), silica, silicon nitride (Griffith and Halloran 1996), etc. The
matrix used for these alumina or HA NPs is usually made from acrylate
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prepolymers. To prevent aggregation of these NPs and to reduce the vis-
cosity of the prepolymer, a suitable dispersing agent must be included
in the formulation. Along with NPs, CNTs have also been explored as
nanofillers to enhance the mechanical strength of the nanocomposites
(Sandoval et al. 2007).

8.3.1.2 Selective laser sintering process
In this process, 3D structures are built by sintering polymer layers or pow-
dered polymer composites by using a CO5 laser beam. Different biomateri-
als including biopolymers, bio-ceramics, and biocomposites having possible
medical applications have been produced by this method (Yang et al. 2002).
The selective laser sintering (SLS) process has been used to fabricate
bone implants from calcium phosphate that has been coated with a poly-
mer, poly(methyl methacrylate) (Lee and Barlow 2003). Reinforced poly-
ethylene composites for bone implants are also produced by this process
(Hao et al. 2006). Using the SLS process, the biological or mechanical
properties of biopolymers can be drastically modified using a small number
of nanofillers. Certain properties of these nanofillers (NPs or nanofibers)
like their high surface area to volume ratios can be used to control the bio-
degradability and bioactivity properties of biomaterials. Apart from these,
optical and mechanical properties, thermal conductivity, and resistance can
also be improved. Mechanical properties of nanocomposites can be en-
hanced by using nano-silica and nano-alumina (Chung and Das 2008).
Similarly, CNTs have been used with much success as nanofillers by vari-
ous researchers.

8.3.1.3 Inkjet printing process

Inkjet printing is a noncontact 3D printing technology that has its ori-
gins in normal ink-based paper printing. Today, it has evolved as a high-
resolution, high-throughput, and reproducible additive manufacturing
technology. In this method, the liquid ink which is dispensed in a droplet
form is solidified by cooling (which may occur either by vitrification or
crystallization), chemical alteration, or simply by solvent evaporation (Hon
et al. 2008).

This method can be optimized either for speed or for accuracy, namely
by using either the drop on demand (DOD) mode or the continuous ink-
jet (CIJ) mode. CIJ systems have been optimized for speed. They use lower
viscosity fluids and higher drop velocity as compared to DOD. In con-
trast, DOD systems typically use thermally or piezoelectrically induced
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acoustic pulses to dispense smaller drops, which have been optimized for
accuracy. Owing to the principles behind their operation, a number of
different solvents can be used with piezoelectric DOD in contrast to ther-
mal DOD in which only water is used as a solvent (De Gans and Schubert
2003).

The physical properties of the ink chosen influence the quality of the
inkjet printing, and they remain the single most important parameter in
inkjet printing. These physical properties include surface tension, viscosity,
and inertia of the ink. The ink should have an adequately low viscosity
to prevent overloading with a low-power piezoelectric diaphragm, while
at the same time must have a sufficiently high surface tension to prevent
leakage of ink from the nozzle. These physical properties of ink can also be
analyzed by using certain dimensionless variables such as Reynolds’ number
(Re), Weber’s number (We), and Ohnesorge’s number (Oh) (Vaezi and Yang
2014).

To date, inkjet printing has successfully been able to handle a number
of different bioinks. Inkjet printing has also been carried out using na-
nobioceramic inks containing nano-TiO, (Hosseini Zori and Soleimani-
Gorgani 2012) and nano-inks containing SWCNTs and multiwalled CNTs
(MWCNTSs) and grapheme (Chen et al. 2010). Ink containing gold NPs
for producing true 3D parts have also been explored (Ko et al. 2010). Lastly,
inkjet printing of antibiotics and calcium-eluting two-dimensional micro-
patterns was also explored. This facilitated the development of osteogenic
cells on orthopedic Ti implant surfaces and prevented the biofilm formation
on the surface of the implant (Gu et al. 2012).

8.3.1.4 Aerosol jet printing

Aerosol jet process is a direct writing process that uses a focused aero-
sol stream instead of liquid ink to deposit various materials in a 3D ar-
rangement. It is a low temperature process utilizing low kinetic energy,
femtoliter-scale droplets which do not damage living cells and holds much
promise as a suitable technique for biomanufacturing. Although initially
developed for flat surface printing, recent advances in aerosol jet printing
have enabled it produce true 3D nanobiomaterials (Hon et al. 2008). This
process was pioneered by OPTOMEC under the trademark M3D (mask-
less mesoscale material deposition) (Vaezi and Yang 2014; Fig. 8.4). Today,
aerosol jets include materials like polymers such as PLGA, metals, ceramics,
and biomaterials in the form of suspension, NPs, protein, and antibody
solutions (Hon et al. 2008).
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Aerosolization of composite suspension in an atomizer to
make dense aerosol of tiny droplets (1-5 pm diameter)

Transportation of aerosal to the deposition head via a
carrier gas flow

Focussing of aerosol inside aerosol head using a flow
guidance deposition head
Spraying of high velocity aerosol stream on subsrate
layer by layer to create 3D parts

Fig. 8.4 Aerosol jet printing process.

8.3.1.5 Nanocomposite deposition system

Although many rapid prototyping or additive manufacturing technologies
have been described, many still face the problem of the stair-step eftect,
which leads to poor surface quality. In response to this and to the problem
of recoating faced during the production of nanofiller-loaded resin by the
SL process, the nanocomposite deposition system (NCDS) process was de-
veloped by Won-Shik et al. (2007).

NCDS is a hybrid SFF technique in which biodegradable resins con-
taining NPs are deposited and cured layer after layer. Usually, biocompatible
bionanofiller containing UV-curable resins are used as the matrix. After
deposition and curing, the excess material is removed using micromachin-
ing. It is a hybrid process because while, on the one hand, it uses the depo-
sition principles from rapid prototyping, it uses the material removal process
of “mechanical micromachining” on the other.

The hardware system deposits the nanoparticulate matter containing
polymer mixture with the help of a PMAC board controlled the 3D stage
with a linear encoder for each axis. It then cures the resin with UV light
of a wavelength of 365nm. Following this, the extra deposited material
is removed by micromachining. This setup achieves a resolution of 1 pm.
Using this technique, the authors successfully fabricated multiwalled CNT's
(MWCNTSs) composites and HA composites, which could have potential
applications in the development of functional medical devices and implants
(Kim et al. 2007). Nanocomposite deposition system developed by Kim
et al. (2007) 1s illustrated in the Fig. 8.5. To cite another example, Chu
et al. (2007) fabricated the smallest human bone, the stapes using HA and
the error in geometry was only 0.26%. Further, they also found that the
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addition of NPs improved the mechanical properties of the implant (Chu
et al. 2007).

8.3.1.6 Extrusion-based techniques
Extrusion-based techniques and droplet-based techniques were classically
grouped together as direct ink writing techniques. Being much more me-
chanically simple than other SFF process, extrusion-based techniques have
received widespread recognition for being able to process a variety of bio-
materials. Briefly, extrusion-based techniques use a pneumatic or mechani-
cally (piston or screw type) controlled robotic device to extrude continuous
filaments (15-300nm diameter) of material to fabricate the component.
This technique can handle biomaterials from low to high viscosity hydro-
gels melt polymers as well as ceramics and can produce 3D products with a
resolution of 200 pm.
Extrusion-based techniques can be briefly classified as follows:
» Techniques based on melting
(1) Fused deposition modeling (FDM)
(1)) 3D fiber deposition
(i) Precision extrusion deposition (PED)
(iv) Precision extrusion manufacturing (PEM)
(v) Multiphase jet solidification
» Techniques without melting
(1) Pressure-assisted microsyringe (PAM)
(i) Low-temperature deposition modeling (LDM)
(i11) 3D bioplotting
(iv) Robocasting
(v) Solvent-based extrusion free forming
(vi) Direct-write assembly
To improve mechanical properties and the bioactivity of the implant/
medical device, various types of nanofillers have been employed. Nanofiber-
reinforced biopolymers can also be fabricated by FDM which results in bi-
onanocomposites without any porosity. The pressure-assisted microsyringe
technique has been employed to fabricate nano-HA/PCL bionanocom-
posite bone TE scaftolds (Heo et al. 2009). The 3D bioprinting of a novel
photo-cross-linkable bioink made of gelatin methacrylate and decellular-
ized extracellular matrix (ECM) for hepatocytes (from the porcine liver)
and cardiomyocytes (from the porcine heart left ventricle) was also done
(Yu et al. 2019).
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8.3.1.7 Extrusion free-forming of biomaterial scaffolds

A scaffold is a porous structure that permits cell growth in favored orien-
tations and also facilitates cell adhesion, proliferation, and difterentiation by
acting as a synthetic ECM (Sachlos and Czernuszka 2003). Scattolds have a
lot of importance in TE as they give a structure onto which the cells can be
grown as per the required 3D geometry. Currently, various techniques like
solvent casting/leaching, foaming, phase separation, and textile meshes are
being used to fabricate TE scaftolds. However, they all have certain short-
comings, which include issues like the inability to control pore size, geome-
try, or the pore distribution pattern on the scaffold. These shortcomings can
easily be addressed by additive manufacturing techniques like extrusion free
forming, which allow precise control over the internal and external struc-
ture of the fabricated scattold, and can help in overcoming the limitations of
conventional methods like shape restrictions and inconsistent and inflexible
fabrication procedures.

Extrusion free-forming of biomaterial scaffolds is an extension of the
extrusion-based direct ink writing technique. Therefore extrusion free-
forming of scaffolds is also divided into two techniques: extrusion free-
forming with material melting and extrusion free-forming without melting.

Material melting techniques like FDM have been employed to fabricate
3D scaffolds having pores and filaments of micron size. FDM has been used
to make scaffolds with a resolution of 250 pm using polymers like PCL,
polypropylene/TCP, PCL/HA, and PCL/TCP. Along these lines, highly
porous PLGA scaftolds modified by type II collagen for cartilage TE were
developed by Hung-Jen et al. (2009) using an FDM process. Biomimetic
polybutylene terephthalate trabecular scaffolds were also fabricated by Tellis
et al. (2008) using the FDM process involving micro-computed tomography.

PEM is another process that can be used to fabricate TE scaffolds.Various
porous PLLA and PLLA/TCP bone TE scaffolds with various properties
were fabricated using this technique (Xiong et al. 2001). The PED process
is another material melting extrusion-based process (Wang et al. 2004). It is
based on a similar principle as FDM except for the fact that material pellets
or granules are deposited and liquefied in a chamber and extruded by a
rotating screw through the nozzle. PCL and PCL/HA 3D scaffolds having
a uniform pore size of 250 pm have been made using PED material (Shor
et al. 2007).

However, higher temperatures and melting are often seen as problem-
atic, especially when working with biological/bioactive materials. Therefore
attempts have been made to develop new configurations. The PAM process
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is a technique developed by Vozzi et al. (2003), which resembles FDM ex-
cept that there is no need for heating. PAM uses a pneumatic-driven mi-
crosyringe to deposit a biomaterial on a substrate and have been employed
to fabricate scaffolds using different polymer compositions such as PCL,
PLLA, PLGA, PCL/PLLA, gelatin, and alginate hydrogel scaffolds with
three different geometries—square grids, hexagonal grids, and octagonal
grids (Vozzi et al. 2004;Vozzi and Ahluwalia 2007). All other non-melting
techniques like LDM, 3D bioplotting, robocasting, solvent-based extrusion
free-forming, and direct-write assembly have been widely utilized for de-
veloping and fabricating a large variety of TE scattolds.

8.3.1.8 Dry powder printing

Dry powder printing technology was developed specifically with the aim
of being able to precisely meter, dispense, and deposit dry powder particles
for the purposes of solid free-forming and additive manufacturing. This
technology has also been incorporated with powder-based additive manu-
facturing technologies like SLS and 3D printing to improve product quality
and functionality.

In this process, acoustic energy produced from a piezoelectric disc is ap-
plied to control the dispensing of dry powder from a system, which contains
a glass capillary as a funnel and a computer control system. The vibrations
from a piezoelectric disc are used to initiate and stop the powder flow from
the nozzle. The powder keeps flowing while the disc remains on, while the
flow is arrested as soon as the disc is switched oft. The frequency and ampli-
tude of the vibration can be modified to adjust the flow rate of the powder
(Yang and Evans, 2004, 2005). Some other processing parameters include
nozzle size and time of vibration (7). Careful attention must be paid to the
selection of nozzle size as it has a significant impact on the dispensing of the
nanobiomaterial powders. Powder-related factors like particle size, shape,
and powder flowability must also be taken into account while selecting the
nozzle size. The other processing parameter, T, is the most effective way to
control powder dosage (Vaezi and Yang 2014). Multi-material 3D parts can
be built using powder-based systems, and currently, research focusing on
incorporating dry powder printing with SLS is ongoing in multi-material
and micromanufacturing areas (Vaezi and Yang 2014).

8.3.2 Nanopatterning

Nanopatterning refers to the process of fabricating a nanoscale pattern hav-
ing at least one dimension below 100nm. This is being increasingly used
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for the generation of novel nanobiomaterials for applications in medical
devices and implants with superior surface properties. Various forms of
nanopatterns have been described in the literature, which includes, but are
not limited to, columns, pits, islands, protrusions or nodes, anisotropic struc-
ture, and isotropic nano-islands distributed uniformly over the surface of
the implant. These nanoscale patterns facilitate various functions like cell
growth and are also thought to play an essential role in a range of metabolic
cellular events. Some well-known techniques of nanopatterning include
chemical patterning, topographical patterning, combinatorial patterning,
3D patterning, and nano-biopatterning.

In chemical patterning, different nanoscale patterns are created by
chemical modification process of a biomaterial substrate. An example of
this technology is self-assembled monolayers (SAMs), which are molecular
assemblies used to impart enhanced surface functionalities to the nanobio-
material. The conventional photolithography technique also uses the basics
of chemical patterning to control cell growth and functions. These tech-
niques can be used in applications that require sustainable cellular growth
and in biomedical microdevices for sustaining long-term cell-biomaterial
interactions (Manickam et al. 2017).

Topographical patterning is a process in which the shape of the sub-
strate 1s modified with textured patterns of dimensions of a few microns
to nanometres. For this purpose, lithographic techniques have been em-
ployed to create the desired topography on the substrate surface. One such
lithographic process is nanoimprint lithography. It is a relatively simple and
straight-forward technique that requires neither expensive instruments nor
elaborate cleanroom facilities. Another method is colloidal lithography—
which has been used to produce periodic nanotopographical patterns across
large surtaces (Dalby et al. 2004).

Combinatorial patterning is another technique by which chemical and
topographical cues can be incorporated on biomaterials as in the case of
cell-based biosensors and TE (Charest et al. 2005) to support growth, cell
orientation, and overcome other functional challenges.

One of the latest techniques in nanopatterning is 3D patterning. It has
been made possible due to the development of 3D bioprinting. Recently,
high-content graphene scaffolds for use in electronic and biomedical appli-
cations were fabricated using 3D patterning. It was found that this material
had a unique set of properties and could be fabricated with ease. These
results point to the fact that this technique could be used in the fabrica-
tion of a wide range of functional electronic, biological, and bioelectronic

This book belongs to Central Library BADJI Mokhtar-ANNABA UNIVERSITY Copyright Elsevier 2024



Nanobiomaterials for medical devices and implants 261

medical and nonmedical devices and implants (Jakus et al. 2015). Lastly,
in nano-biopatterning, biological materials such as biomolecules, cells are
patterned precisely at a nanometer scale. Nano-biopatterning is especially
useful in applications like TE and molecular diagnostic devices/implants
and nano-biosensors (Cui et al. 2001; Demidov 2004; Shekhawat et al. 2006;
Zheng et al. 2005).

8.3.3 Electrospraying and electrospinning

Electrospraying (ES) is a versatile technique for fabricating different nano-
materials of various compositions, morphologies, shapes, textures, and sizes.
ES involves the dispersion of a bulk liquid into very fine liquid droplets
by applying a high voltage (few kilovolts; Boda et al. 2018). Owing to its
advantages, ES technology finds applications for the fabrication of numer-
ous materials like nano/microparticles and thin films for pharmaceutical
and biomedical applications. It can be used to successfully control the sur-
face texture of polymer coatings, which are applied on implant surfaces. In
2015 Guo and coworkers were able to successfully achieve different surface
textures and microtopographies of the polymer coating on the surface of
316L stainless steel coronary stents (implant devices) by varying various
parameters of the coating process. They electrosprayed a 0.5 wt% solution
of polyhedral oligosilsesquioxane thermoplastic polyurethane in tetrahy-
drofuran onto the metallic stents connected to a rotating device, separated
by a distance of 3.5 cm. As they increased the electric field from 1.5kV/cm
to 1.61kV/cm to 1.8kV/cm, the sprayed droplets underwent progressively
greater elongation in their morphology in the increasing electric fields. This
resulted in the variation of the coating surface from smooth to roughened
to a fibrous coating topography (Guo et al. 2015). It is thought that such
control of ES coating topography on implant devices enables regulation of
their integration with the surrounding tissue (Boda et al. 2018). ES has also
been used in fabricating dental/orthopedic implants and in TE. Commercial
Ti alloy discs (Ti-6Al-4V) were coated with nanoscale calcium phosphate
and collagen composite coatings through ES (de Jonge et al., 2009).

The electrospinning technique is used for the fabrication of porous
nanofibers. In this, charged threads of a polymer solution or melt in the
nano- or micro-sized diameters are drawn by using electric fields. A wide
range of materials can be handled using this technique, which produces
submicron assemblies having many functional properties (Chronakis 2005).
Various styles of electrospinning are currently known, which include coax-
ial electrospinning, multi-needle electrospinning, needleless electrospinning,
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electronetting, near-field electrospinning, centrifugal spinning, and melt
electrospinning (Ding et al. 2019). The fibers produced from the various
electrospinning techniques have a porous structure that is conducive to cell
culture, as it acts as a supporting structure with the appropriate rigidity.
Consequently, these fibers find application in various biomedical and TE
applications (Aznar-Cervantes et al. 2012; Kai et al. 2011). Polymers like
collagen, chitosan, hyaluronic acid, and gelatin have all been used specifi-
cally for such TE applications. A lot of work has been reported in relation to
cardiac tissue. Electrospinning has also been used to replicate the anisotropic
nature of cardiac cells. In another instance, a combination of electrospun
polyurethane with a polyethylene glycol-based hydrogel was used to fab-
ricate a model of the heart valve tissue (Puperi et al. 2016). Attempts have
also been made to use a core-shell nanofibrous cardiac patch to stimulate
the regeneration of cardiac tissue after an episode of myocardial infarction
(Ravichandran et al., 2015).

8.3.4 Molecular self-assembly

Self~assembly is the spontaneous assembly of constituents to form a com-
plex nanostructure without any significant external intervention. There are
two types of self~assembly: intermolecular and intramolecular self-assembly.
Self-assembly is a useful technique because it provides a means for very small
atoms, molecules, particles, monomers, and biological components to orga-
nize themselves into organized patterns that have various utilities, includ-
ing the fabrication and coating of medical devices and implants. Naturally,
this technique holds great promise for the fabrication of nanostructured
materials. Various self-assembled materials like block copolymers, nano-
crystals, CNTs, QDs, and thin nanofilms have been reported (Joshi et al.
2016). Self-assembled block copolymers like polyacrylic acid, poly(methyl
acrylate), polystyrene-polyethylene oxide, polybutadiene, poly-N-isopropyl
acrylamide, etc. find very wide applications in a number of medical devices
and implants. They are basically amphiphilic molecules that contain two or
more polymers quantitatively in the form of blocks.

SAMs is another such concept which has its origins in the concept of
molecular self-assembly. In this, molecules like surfactants spontaneously
orient themselves in the form of a monolayer on the surface of a substrate.
These SAMs are stable, well-defined, and well-organized organic structures
that have the ability to produce surface modifications at the nanoscale level,
which can be utilized in the fabrication of various medical devices and im-
plants. SAMs can be produced in two ways—solution deposition or aerosol
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spraying/vapor deposition. In solution deposition, the substrate is immersed
into a solution of the coating surfactant. The surface of the substrate is first
cleaned thoroughly and is immersed for 12—48h in a dilute 1-10mm solu-
tion of the coating surfactant, which has been prepared in a high-purity
solvent. Following this, the substrate is withdrawn, rinsed with solvent, and
nitrogen-dried. In aerosol spraying/vapor deposition, the aerosol or vapors
of the coating surfactant is simply deposited on the substrate surface. Work
has been reported using SAMs as a nanoscale surface modification tech-
nique for Ti implants for use in dental implants (Freitas et al. 2018).

A number of biomimetic materials have also been developed using
self~assembly techniques. These have many potential biomedical applica-
tions, such as fabricating synthetic bone tissue for replacement, support
frames for implant devices, and biological sensors. Nanoscale CNTs and
QD probes have also been developed using principles of self-assembly
for the detection and measurement of biological macromolecules like
DNA and proteins in a time-efficient and cost-effective manner (Joshi
et al. 2016).

8.3.5 Surface modification techniques

Surface modification techniques involve the alteration of surface features
of the nanobiomaterial like surface composition, structure, and topogra-
phy to improve the performance of the biomaterial implant/device. They
are broadly classified into two categories: (i) physical/chemical surface
modification and (ii) surface coating with biocompatible/bioactive agents
(Manickam et al. 2017).

One example of chemical surface modification is that of anodization.
Anodization is an electrochemical process that is used to render the metal
surface more resistant to corrosion by increasing the thickness of the natural
oxide layer on its surface. This process has been used to improve the surface
features of T1 implants (Webster 2006). In anodization, the surface is first
activated with the use of a combination of mineral acids (e.g., nitric and
hydrofluoric acids). Subsequently, a constant voltage or current is applied
between the anode and cathode to initiate electrode reactions and field-
driven ion diftusion. Fluorine electrolytes are also used to obtain a nano-
structured topography through a process called self~ordered nanotubular
structure formation. However, care must be taken to ensure that the voltage
is below the dielectric breakdown point. Many researchers have developed
self~ordered nanotubular T1 oxide films using HF/H,SO,, CH;COOH/
NH,F (Boehm et al. 2011).
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HA coatings have been recently accomplished on implants to overcome
the bio-inert nature of T1 implants. This has been achieved with techniques
like plasma spraying. They are most successtul as they induce a bidirectional
growth of bones (Porter et al. 2002). In fact, the US FDA has recently ap-
proved a HA coating on orthopedic implants by plasma spraying for use in
the United States (Magesh et al. 2018). Coatings composed of carbon-based
nanostructures have also been applied, most notably on load-bearing im-
plants. For instance, nanocrystalline coatings have been applied to metallic
implants. The particle size of such coatings is below 100nm and generally
lies between 50 and 100 nm. Ultra-nanocrystalline diamond films have also
been described, which are about 3—5nm in thickness and contain diamond
grains with size below 10nm. Various fabrication technologies have been
utilized to fabricate nanostructured carbon coatings on metal implants, one
of them being chemical vapor deposition (CVD).This process involves the
diffusion-based deposition of thin solid films on the substrate, produced by
gaseous-phase homogeneous/heterogeneous chemical reactions. Precursor
gases like methane and hydrogen gas are activated inside the CVD cham-
ber by using heat (thermal CVD), high-frequency radiation (photo-assisted
CVD), or plasma (plasma-enhanced CVD). CVD is a versatile process that
has the capability to deposit a uniform diamond coating over a large surface
area of components having irregular/complex shapes and is uniquely posi-
tioned to produce wear-resistant coating for orthopedic implants (Magesh
et al. 2018).

8.4 Conclusion and future perspectives of
Nanobiomaterials-based medical devices and implants

Nanobiomaterials have made a profound commercial impact on the med-
ical device and implant sector. Devices and implants that are currently in
clinical practice have their own limitations. Device or implant-acquired in-
fections result in serious illness, physical, and psychological trauma to the
patient necessitating the removal of the device. T1 implants are widely used
in orthopedic surgeries. Many times, the implant fails due to poor adher-
ence of the Ti surface to biological tissue. Nanobiomaterials, such as Ti
oxide-based ceramic nanowires, have shown to improve Ti adhesion to the
biological tissue (Dong et al. 2007). Nanobiomaterials are also being ex-
plored to improve the surface characteristics of coronary stents to address
the lingering problem of restenosis. Such a variety of unmet medical needs
can be addressed by specially engineered nanobiomaterials.
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New applications of these novel materials also come with safety con-
cerns such as toxicity and environmental issues. The toxicity level of nano-
materials can be affected by the type of material, metal impurities, size of
the particles, type of dispersing agents used, the formation of aggregates,
functionalization, and surface modification. The nanobiomaterials also
present new challenges in fabrication, biostability, biocompatibility, and
biodistribution. The characterization of nanobiomaterial interactions at
the cellular level is essential to understand the mechanism of toxicity as
well as to explore and develop unique nanobiomaterials that can interact
with the biological system in a controlled way. The possible exposure to
nanomaterials should be considered in all cases, including fixed nanoma-
terials forming a coating on implants or embedded nanomaterials as an
integral part of the implant. Additionally, nano-sized particles may gen-
erate by wear-and-tear of medical devices. For the risk assessment of na-
nobiomaterials used in medical devices and implants, a phased approach
is recommended (SCENIHR (Scientific Committee on Emerging and
Newly Identified Health Risks), 2015). Phase 1 includes exposure assess-
ment through particle release. Phase 2 deals with particle distribution and
persistence. Phase 3 includes hazard assessment by toxicological evalua-
tions. In phase 4, risk assessment is categorized based on the possibility of
exposure.

Nanobiomaterials can be tuned to explore specific applications and by-
pass current limitations pertaining to medical devices and implants. As dis-
cussed in this chapter, a wide range of biomaterials can be processed, and
the desired properties can be achieved by manipulation of manufacturing
conditions. Also, with the advancement in new technologies and the in-
creasing need to address clinical demands, extensive research is being under-
taken to develop better and safe nanobiomaterials to improve the quality of
life. The clinical translation of the developed nanobiomaterials-based med-
ical devices and implants can be successtul only after thoroughly evaluating
in vivo safety and efficacy. However, the application of nanobiomaterials for
the development of novel medical devices and implants seems a potentially
rewarding opportunity.
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