
IntechOpen Series  
Biomedical Engineering, Volume 36

Polymeric Scaffolds 
The Backbone of Modern Tissue Engineering

Edited by Adnan Haider, 
Sajjad Haider and Sumra Wajid Abbasi





Polymeric Scaffolds - The 
Backbone of Modern 
Tissue Engineering

Edited by Adnan Haider, 
Sajjad Haider and Sumra Wajid Abbasi

Published in London, United Kingdom



Polymeric Scaffolds - The Backbone of Modern Tissue Engineering
http://dx.doi.org/10.5772/intechopen.1009723
Edited by Adnan Haider, Sajjad Haider and Sumra Wajid Abbasi

Contributors
Abdusemer Reyimu, Adnan Haider, Aimin Xu, Alimu Keremu, Ankush Kumar, Chuanjiang He, Dhandeep 
Singh, Dimple Sethi Chopra, Joham Sarfraz Ali, Mamatali Rahman, Mareeswari Balasubramanian, 
Muhammad Naeem, Navjeet Singh, Nirmal Singh, Pugalanthipandian Sankaralingam, Ravichandran 
Kandaswamy, Rida Fatima Saeed, Rouzi Kamilijiang, Sajjad Haider, Shaukat Khan, Sumra Wajid Abbasi, 
Sundara Moorthi Ganesan, Vijayakumar Chinnaswamy Thangavel, Wuerken Jumabayi, Zureguli Tuerxun

© The Editor(s) and the Author(s) 2026
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 4.0 License which permits commercial use, distribution and reproduction of the 
individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/ copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and 
not necessarily those of the editors or publisher. No responsibility is accepted for the accuracy 
of information contained in the published chapters. The publisher assumes no responsibility for 
any damage or injury to persons or property arising out of the use of any materials, instructions, 
methods or ideas contained in the book.

First published in London, United Kingdom, 2026 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

For EU product safety concerns: IN TECH d.o.o., Prolaz Marije Krucifikse Kozulić 3, 51000 Rijeka, 
Croatia, info@intechopen.com or visit our website at intechopen.com.

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

Polymeric Scaffolds - The Backbone of Modern Tissue Engineering
Edited by Adnan Haider, Sajjad Haider and Sumra Wajid Abbasi
p. cm.

This title is part of the Biomedical Engineering Book Series, Volume 36
Topic: Biotechnology - Biosensors, Biomaterials and Tissue Engineering
Series Editor: Robert Koprowski 
Topic Editor: Luis Jesús Villarreal-Gómez

Print ISBN 978-1-83635-938-8
Online ISBN 978-1-83635-937-1
eBook (PDF) ISBN 978-1-83635-939-5
ISSN 2631-5343

If disposing of this product, please recycle the paper responsibly.

http://dx.doi.org/10.5772/intechopen.1009723
mailto:permissions%40intechopen.com?subject=
https://www.intechopen.com/page/copyright-policy
mailto:info%40intechopen?subject=
http://intechopen.com


IntechOpen Book Series  

Biomedical Engineering
Volume 36

Aims and Scope of the Series
Biomedical Engineering is one of the fastest-growing interdisciplinary branches 
of science and industry. The combination of electronics and computer science 
with biology and medicine has improved patient diagnosis, reduced rehabilitation 
time, and helped to facilitate a better quality of life. Nowadays, all medical imag-
ing devices, medical instruments, or new laboratory techniques result from the 
cooperation of specialists in various fields. The series of Biomedical Engineering 
books covers such areas of knowledge as chemistry, physics, electronics, medicine, 
and biology. This series is intended for doctors, engineers, and scientists involved 
in biomedical engineering or those wanting to start working in this field.





Meet the Series Editor

Robert Koprowski, MD (1997), Ph.D. (2003), Habilitation (2015), 
is an employee of the University of Silesia, Poland, Institute of 
Computer Science, Department of Biomedical Computer Systems. 
For 20 years, he has studied the analysis and processing of bio-
medical images, emphasizing the full automation of measurement 
for a large inter-individual variability of patients. Dr. Koprowski 
has authored more than a hundred research papers with dozens in 

impact factor (IF) journals and has authored or co-authored six books. Additionally, 
he is the author of several national and international patents in the field of biomed-
ical devices and imaging. Since 2011, he has been a reviewer of grants and projects 
(including EU projects) in biomedical engineering.





Dr. Haider has been working as an Associate Professor in the 
Department of Biological Sciences (Section of Nanomedicine) 
at the National University of Medical Sciences (NUMS) since 
31/01/2020. He also worked at the Department of Chemistry at 
Kohat University of Science and Technology, Kohat, Pakistan, 
until August 2019. He taught undergraduate and MS students. He 
received his Ph.D. from Kyungpook National University and his 

postdoctoral degree from Yeungnam University in Daegu, South Korea, in polymer 
science and engineering. His research focuses on electrospun nanofibers, the de-
velopment of metal nanoparticles, and the synthesis of biopolymer composites for 
biomedical and environmental applications. Dr. Haider has served as Principal and 
Co-Principal Investigator on multiple competitively funded research projects and has 
published 98 high-impact articles, including book chapters and books. Dr. Haider’s 
research has been well-received by the research community. His articles appear on 
the lists of most-cited and most-downloaded articles in the most prominent journals. 
Dr. Haider’s current citations are 6785 with an h-index of 35 and an i10-index of 62 
(07/11/2025, Google Scholar). Dr. Haider’s name has been in the top 2% cited list for 
five consecutive years. The list is compiled by Stanford University and Elsevier. He is 
also the managing editor of Life and Science Journal. 

Dr. Sumra Wajid Abbasi is a Tenured Associate Professor in the 
Department of Biological Sciences at the National University of 
Medical Sciences (NUMS), Pakistan. She earned her Ph.D. in 
Bioinformatics from Quaid-i-Azam University, Islamabad, fol-
lowing earlier degrees in bioinformatics at the undergraduate and 
postgraduate levels. She also completed international research 
training at King’s College London through the Higher Education 

Commission of Pakistan’s International Research Support Initiative Program. Dr. 
Abbasi’s scholarly work is rooted in bioinformatics and computational biology, with 
particular emphasis on protein structure modelling, molecular docking, molecu-
lar dynamics simulations, genomics, immunoinformatics, and systems-level data 
analysis. Her research has advanced computational approaches in infectious diseases, 
cancer genomics, antimicrobial discovery, and vaccine design, integrating structural 
biology with large-scale biological data. She has served as Principal Investigator and 
Co-Principal Investigator on multiple competitively funded research projects. She has 
authored more than 75 international peer-reviewed publications, with a cumulative 
impact factor exceeding 326, 1,993 citations, an h-index of 21, and an i10-index of 37. 
Her work has appeared in leading journals across computational biology, molecular 
medicine, and biomedical sciences. Beyond research, Dr. Abbasi plays an active role 
in academic leadership and mentorship, holding several administrative and advisory 
positions at NUMS and supervising undergraduate and postgraduate research. She 
also contributes to the international scientific community as a topic editor, guest 
editor, and reviewer for high-impact journals, particularly in computational biology, 
immunoinformatics, and vaccine development. 

Meet the Volume Editors



Prof. Sajjad Haider is a Professor of Polymer Engineering and 
Science in the Department of Chemical Engineering at King Saud 
University (KSU), Riyadh, Saudi Arabia. He has been serving at 
KSU since May 2009, initially joining the department as an Assis-
tant Professor. He is actively involved in teaching and mentoring 
graduate and master’s students while leading advanced research in 
polymer science and nanotechnology. His primary research inter-

ests include the fabrication of electrospun nanofibers for environmental and biomed-
ical applications, renewable biopolymer composites, polymer hydrogels for controlled 
release, and the development of metal nanoparticles incorporated into nanofibers 
for photocatalytic applications. Prof. Sajjad’s work integrates materials design with 
functional performance, addressing key challenges in sustainability, healthcare, 
and environmental remediation. Prof. Sajjad’s research contributions have received 
significant international recognition. His publications frequently rank among the 
most-cited and most-downloaded articles in leading international journals. Accord-
ing to Google Scholar, he has accumulated 11,859 citations, with an h-index of 53 
and an i10-index of 148. His scholarly output includes more than 250 peer-reviewed 
publications, 3 patents, 10 edited reference books, and 15 book chapters. Collectively, 
his research publications have an impact factor exceeding 940 (as of 2025), with sev-
eral additional manuscripts currently under review or in preparation. In recognition 
of his sustained scientific impact, Prof. Sajjad has been listed among the Top 2% of 
scientists worldwide for multiple years (2021, 2022, and 2024). At King Saud Uni-
versity, he has successfully established a fully operational Nanotechnology Research 
Laboratory, supported by the National Plan for Science, Technology, and Innovation 
(NPST). Through securing multiple competitive research grants, he has led projects 
that resulted in high-quality publications, patents, and excellent evaluations by AAA 
committees. In addition to his academic role at KSU, Prof. Sajjad has contributed to 
several international research initiatives during his Ph.D. studies. He was actively 
involved in the preparation and execution of research proposals funded by the Korean 
government and the Asian Office of Aerospace Research and Development (AOARD) 
under the U. S. Air Force Research Laboratory (AFRL), forming an integral part of his 
doctoral research and collaborative scientific activities. 

VIII



Contents

Preface XIII 

Section 1 
1 Polymeric Scaffold in Biomedical Engineering

Chapter 1 3 
Introductory Chapter: Polymers and Their Scaffolds – A Biomedical Perspective
by Sajjad Haider, Adnan Haider and Sumra Wajid Abbasi 

Chapter 2 7 
Polymeric Scaffolds and Their Role in Biomedical Engineering
by Shaukat Khan, Joham Sarfraz Ali, Rida Fatima Saeed, Muhammad Naeem, 
Sumra Wajid Abbasi, Sajjad Haider and Adnan Haider 

Chapter 3 33 
Polyhydroxyalkanoate (PHA) Scaffolds in Biomedical Engineering: Fabrication,
Properties and Applications
by Mamatali Rahman, Abdusemer Reyimu, Zureguli Tuerxun, Wuerken 
Jumabayi, Rouzi Kamilijiang, Chuanjiang He, Alimu Keremu and Aimin Xu 

Section 2 
57 Advanced Scaffold Design

Chapter 4 59 
Nanofluorophosphate Glasses as Biocompatible and Bioactive Materials in Porous
Biopolymeric Scaffolds for Bone Tissue Engineering
by Mareeswari Balasubramanian, Sundara Moorthi Ganesan, Vijayakumar 
Chinnaswamy Thangavel, Pugalanthipandian Sankaralingam and Ravichandran 
Kandaswamy 

Chapter 5 83 
Three-Dimensional Printed Biomimetic Polymer Scaffolds for Wound Healing
by Ankush Kumar, Navjeet Singh, Dimple Sethi Chopra, Dhandeep Singh and 
Nirmal Singh 





Preface

Tissue engineering is an interdisciplinary field that integrates biology, materials
science, and clinical medicine to provide transformative approaches for repairing,
replacing, and regenerating damaged tissues and organs. Central to this rapidly
advancing discipline are polymeric scaffolds, engineered to provide the physical,
chemical, and biological support required to direct cell behaviour and tissue develop-
ment. Polymeric Scaffolds - The Backbone of Modern Tissue Engineering is dedicated to
examining the essential contributions of these materials to the current landscape and
future directions of regenerative medicine.

Polymeric scaffolds serve a function beyond structure. They influence cell adhesion,
proliferation, differentiation, and extracellular matrix deposition while simulta-
neously addressing critical challenges, including biocompatibility, biodegradability,
mechanical integrity, and controlled bioactivity. Advances in polymer chemistry,
nanotechnology, additive manufacturing, and biofabrication have enabled the
design of scaffolds that closely mimic native tissue architecture and dynamic
biological environments. As a result, polymeric scaffolds have become indispensable
tools for applications ranging from bone and cartilage regeneration to skin, vascular,
neural, and soft tissue engineering.

This book aims to provide a comprehensive perspective on polymeric scaffolds,
covering fundamental principles, structure–property relationships, and biological
interactions. It also highlights recent innovations, such as 3D bioprinting. Future
directions are discussed to bridge the gap between laboratory research and real-
world medical applications.

Polymeric Scaffolds - The Backbone of Modern Tissue Engineering is intended for
graduate students, researchers, academicians, and professionals in biomaterials
science, biomedical engineering, biotechnology, and regenerative medicine. By
bringing together theoretical foundations and practical insights, this book seeks to
inspire innovation and foster a deeper understanding of how polymeric scaffolds can
be engineered to meet the complex demands of tissue regeneration.

We hope this book serves not only as a reference but also as a catalyst for continued
research and collaboration, advancing tissue engineering and the development of
next-generation regenerative therapies.
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Chapter 1

Introductory Chapter: Polymers 
and Their Scaffolds – A Biomedical 
Perspective
Sajjad Haider, Adnan Haider and Sumra Wajid Abbasi

1. Introduction

Polymers are macromolecules that are made up of repetitive structural units.
Polymers can be obtained naturally or synthetically. Natural polymers include 
chitosan, collagen, alginate, etc. Synthetic polymers include polylactic acid (PLA), 
polyglycolic acid (PGA), polycaprolactone (PCL), etc. [1]. Because of their properties, 
such as flexibility, mechanical tunability, biodegradability, and biocompatibility, 
polymers have become very important in biomedical applications [2]. Currently, they 
are widely used in medical devices, controlled drug delivery, wound dressings, and 
tissue engineering. The polymer’s ability to degrade safely within the body or to 
remain biocompatible without causing an undesirable immune response makes them 
excellent for application in the field of biomedicine [3]. Furthermore, recent advances 
in polymer chemistry have also made it possible to develop materials with specified 
porosity, molecular weight, and surface chemistry to perform highly focused 
biomedical activities. Among various biomedical applications, a particularly notable 
one is the construction of polymeric scaffolds. These scaffolds help to repair and 
regenerate damaged bone by replicating the extracellular matrix (ECM) [4]. In 
addition to structural support, these scaffolds aid in the regulation of cell adhesion, 
proliferation, and differentiation, eventually guiding the regeneration of new tissue [5, 
6]. Any scaffold’s biological performance and therapeutic outcomes can be predicted 
by its architecture, which encompasses pore size, interconnectivity, and degradation 
rate [7]. Consequently, polymer-based scaffolds have become an indispensable tool in 
tissue engineering and regenerative medicine, connecting clinical applications with 
material science advancements [8].

2. Types of polymeric scaffolds for biomedical applications

Polymeric scaffolds can be broadly classified into various categories. Depending
on the intended application, each category provides unique benefits, including drug 
delivery, cartilage restoration, or bone regeneration. Table 1 shows the different 
types of polymeric scaffolds and other important information.
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3. Future prospects

Polymeric scaffolds are believed to play a vital role in biomedical applications and 
could produce remarkable outcomes in the future. Polymer-based smart scaffolds are 
being designed to respond to environmental changes and deliver drugs or growth 
hormones as needed, allowing clinicians to precisely manage the treatment. 
Furthermore, 3D bio printing is also significantly contributing to the growth of 
personalized medicine. This method results in the development of precise tissue 
structures by making use of polymers and cells obtained from particular patients. 
Currently, hybrid materials are being developed to speed up tissue healing. Hybrid 
materials combine bioactive nanoparticles, growth factors, or stem cells. There is 
also more and more focus on sustainability and biodegradable polymers. Such 
polymers are being used more often to build biomedical scaffolds that are less 
detrimental to the environment. Researchers are focusing on fabricating materials, 
and more specifically, polymeric scaffolds, for overcoming hurdles in delivering 
drugs and tissue regeneration. In this book, readers will find information about 
polymers and their pivotal applications in the biomedical field.

Type Examples Pros Cons References

Natural 
polymer 
scaffolds

Collagen, chito
san, alginate, 
hyaluronic acid

Exceptional biocompatibility, pro
motes cell attachment, and is 
bioactive

Variability and inade
quate mechanical 
strength

[9]

Synthetic 
polymer 
scaffolds

PLA, PGA, PCL, 
PEG

Tunable strength, reproducible 
properties, and controlled 
degradation

Deficit of bioactive 
signals; potential 
modification required

[10]

Composite 
scaffolds

PLA-collagen, 
PCL-chitosan

Combines mechanical robustness 
with bioactivity

Intricate fabrication [11]

Hydrogel- 
based 
scaffolds

PEG-based 
hydrogels, algi
nate hydrogels

It is advantageous for drug delivery 
due to its high water content, which 
resembles delicate tissues

Mechanical strength 
is restricted

[12]

Nanofiber 
scaffolds

Electrospun 
PLA, PCL 
nanofibers

High surface area, nanostructure 
that resembles an ECM

In certain instances, 
mechanical stability is 
restricted

[13]

3D-printed 
scaffolds

PLA, PCL, 
PEGDA 
constructs

Pore size and architecture are pre
cisely managed

Requires high-tech 
tools

[8]

Table 1. 
Classification of polymeric scaffolds. 
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Chapter 2

Polymeric Scaffolds and Their Role 
in Biomedical Engineering
Shaukat Khan, Joham Sarfraz Ali, Rida Fatima Saeed,  
Muhammad Naeem, Sumra Wajid Abbasi, Sajjad Haider and  
Adnan Haider

Abstract

Tissue and organ failure resulting from diseases, aging, injuries, or accidents 
remains a major global health challenge. This problem is further compounded by 
the shortage of donor organs, immune rejection of transplanted tissues, and the 
limited functionality of transplanted organs. Although biomaterials have long been 
used in medical applications, recent research has increasingly emphasized their role 
in tissue regeneration. In particular, scaffolds have evolved from being mere 
structural supports to dynamic platforms that actively influence cell adhesion, 
proliferation, differentiation, and migration. Both natural and synthetic 
biopolymers are extensively utilized in scaffold fabrication due to their favorable 
chemical and biological characteristics, such as biocompatibility and 
biodegradability. Advances in scaffold fabrication techniques, including 
electrospinning, freeze-drying, and three-dimensional (3D) bioprinting, have 
enabled accurate control over porosity, architecture, and mechanical strength, 
broadening their applicability in biomedical fields. Moreover, polymer-based 
scaffolds are increasingly explored as drug delivery systems, which are capable of 
targeting specific sites, controlling drug release rates, and improving therapeutic 
efficacy through tailored chemical modifications. The integration of drug delivery 
and tissue engineering highlights the active therapeutic role of scaffolds, 
positioning them as multifunctional components rather than passive supports. 
Therefore, this chapter presents a comprehensive overview of various polymeric 
scaffolds, their fabrication methods, and their potential uses in drug delivery and 
tissue regeneration. It also discusses current challenges, emerging trends, and 
future opportunities within this rapidly evolving area of research.

Keywords: 3D printing, biodegradable polymers, polymeric scaffolds, tissue 
engineering, biofabrication, electrospinning, drug delivery systems

1. Introduction

One of the primary health concerns in modern medicine is the increasing
incidence of tissue and organ failure resulting from diseases, aging, injuries, and 
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accidents. Despite significant medical advances, issues such as donor organ 
shortages, immune rejection, and low transplant success rates persist. Traditionally, 
biomaterials have played a vital role in addressing these problems; however, recent 
research has shifted toward their use in promoting tissue regeneration. This 
emerging focus has created a growing demand for advanced biomaterials capable of 
not only replacing damaged tissues but also facilitating their natural repair and 
regeneration. Tissue engineering has become a critical approach for maintaining, 
restoring, or enhancing the function of tissues compromised by disease or trauma. 
Achieving these objectives requires the development of innovative biological 
substitutes, underscoring the importance of continued advancements in biomaterials 
and fabrication technologies [1].

Owing to the diversity in structural topologies and excellent biodegradability, in 
addition to biocompatibility, polymers are fundamental materials in the 
development of biomaterials at both the nano- and macroscale levels. Advances in 
material characterization techniques have enhanced our understanding of fouling 
phenomena, thereby enabling the design of polymeric materials with improved 
antifouling properties. Recent studies have particularly emphasized the advantages 
of synthetic polymers as promising biomaterials in various applications, including 
sensing, imaging, separation, and antifouling technologies [2]. Owing to their 
biocompatibility, controlled enzymatic degradability, and ease of chemical 
modification, bioactive compounds and polymers have gained attention in the 
development of advanced drug carriers. Natural polymers, including 
polysaccharides and proteins, are extensively employed in tissue engineering, cancer 
therapy, and wound healing applications. As therapeutic strategies expand to 
encompass peptides, proteins, nucleic acids, and antibodies, drug delivery systems 
(DDS) are continuously evolving to meet the emerging challenges associated with 
these complex bioactive agents [3].

Nanoparticles offer an effective approach for drug delivery by enabling 
controlled and sustained release of drugs. However, concerns regarding their 
potential toxicity and environmental impact have prompted the exploration of safer 
alternatives. In recent years, polymer-based DDS have gained prominence in 
biomedical research due to their ability to provide targeted delivery, controlled 
release, and improved therapeutic outcomes. Additionally, research has expanded 
toward drug-free macromolecular therapies and biomimetic or bioinspired polymer 
systems. Polymers, combined with advanced additive manufacturing techniques, 
hold great promise for improving patient compliance, therapeutic efficacy, and 
overall medical safety [4, 5], as concisely summarized in Table 1.

Recently, researchers have been exploring three-dimensional (3D) scaffolds as 
potential materials to promote tissue regeneration, resulting in several biomedical 
applications. 3D scaffolds not only support structural stability but also provide 
a biomimetic environment that closely resembles natural tissue architecture [9]. 
When implanted, these scaffolds form a localized bioactive environment that 
supports the regeneration of damaged or missing tissues. Both natural and synthetic 
polymers are extensively utilized as biomaterials for fabricating such scaffolds [10]. 
However, limitations such as the risk of pathogenic contamination, reduced 
mechanical strength, and potential immunogenicity remain challenges, particularly 
with natural polymers. In contrast, synthetic polymers and their copolymers offer 
advantages in terms of controlled degradation and adjustable mechanical properties, 
rendering them suitable for scaffold fabrication [9].
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This chapter discusses recent advancements in polymeric drug delivery systems, 
scaffold materials, their properties, design considerations, and the emerging 
prospects for clinical applications and personalized medicine.

2. Polymers used for scaffold fabrication

Natural and synthetic polymers both serve crucial functions in skin tissue 
regeneration, each characterized by distinct properties and mechanisms of action. 
Natural polymers contain physiologically recognizable functional moieties that 
actively interact with cellular systems and are inherently biodegradable. Conversely, 
synthetic polymers provide the advantage of extensive control over biodegradability, 
mechanical stability, and chemical resistance – enabling precise customization of 
material properties (as illustrated in Table 2) [11].

2.1 Alginates

They are naturally anionic polysaccharides with excellent gelling ability, 
biocompatibility, optimal deflocculation, moisture retention, protein adsorption 
capacity, biodegradability, and viscoelasticity, owing to their suitability for scaffold 
fabrication. Their proven safety and biocompatibility have led to extensive 
applications across several fields, such as food processing, drug delivery systems 
(DDS), cosmetics, tissue regeneration, and wound care material development. 
Alginates have been in use as wound dressings for a long time. Such dressings can be 
successfully commercialized and employed in clinical wound treatments ever since 
the 1980s, for example, Sorbsan, which is used for treating trophic as well as diabetic 
ulcers. Several brands of alginate dressings have been developed and marketed in 
diverse forms and sizes to accommodate specific clinical needs. These dressings are 
particularly suitable for managing superficial wounds and lacerations. Owing to their 
high absorbency, alginates are especially recommended for wounds with moderate to 
heavy exudate [18].

Type of 
polymers

Key chemical 
properties

Polymer type Applications Examples References

Hydrogels Hydrophilic, swel
lable, crosslinked

Natural (alginate, 
chitosan) or syn
thetic (PHEMA, 
PEG)

Wound healing, 
controlled drug 
release, PEG- 
based

Hydrogel for 
insulin delivery

[6]

Nanop 
articles

Biodegradable, 
biocompatible, 
and surface- 
modifiable

Biodegradable 
(PLGA, PCL, 
chitosan)

Cancer therapy, 
vaccines, and 
gene delivery

PLGA-NPs for 
paclitaxel

[7]

Liposomes 
and poly
meric 
micelles

Self-assembling, 
hydrophilic– 
lipophilic balance

Amphiphilic copo
lymers (PEG-PLA, 
PCL-PEG)

Cancer therapy, 
antimicrobial 
delivery

Doxil 
(PEGylated 
liposome for 
doxorubicin)

[8]

Table 1. 
Latest advancements in polymeric drug delivery systems (DDS) and their applications. 
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2.2 Fibrin

Fibrin constitutes the primary structural factor of blood coagulates, typically 
formed during vascular injuries. It plays a critical role in clot contraction, also known 
as retraction, which refers to the spontaneous reduction in clot size, and thus 
contributes substantially to wound healing, hemostasis, and the restoration of 
normal blood flow otherwise blocked by obstructive thrombi. The activated platelets 
generate the driving force behind clot contraction through intracellular interactions 
with non-muscle myosin IIa and actin. The fibrin network actively transmits these 
forces through strong platelet–fibrin interactions facilitated by the platelet adhesive 
receptor integrin αIIbβ3 [19]. Xu et al. [20] reported an innovative fibrin-loaded 
polyvinyl alcohol (PVA) scaffold for skin regeneration applications. The findings 
showed that fibrin-embedded lyophilized PVA-based hydrogel granules had better 
structural integrity and biocompatibility. Additionally, the hydrogel scaffolds’ 
potential as perfect dressing materials was demonstrated by in vivo 
immunohistochemical and histological investigations, which verified that they 
promoted optimal tissue development, revascularization, and epithelialization [20].

Owing to their exceptional biocompatibility, hydrogels have gained prominence 
as alternatives to autografts and allografts in wound healing applications. Burmeister 
et al. have developed a hydrogel using fibrin that improves the burn-induced 
wound tissue regeneration mechanism. In vivo studies also demonstrated that the 
aforesaid hydrogel enhanced granulation tissue development and modulated the rate 
of skin regeneration [21]. Similarly, Natesan et al. [22] showed in their study that 
they developed a bilayer hydrogel system incorporating polyethylene glycol, 
collagen, and fibrin, carrying skin adipose stem cells, for severe burn treatment. This 

Natural 
biomaterials

Key characteristics of tissue repair References

Cellulose ● Cellulose degradation rates can be modified to meet wound-healing stages.
● Cellulose scaffolds’ porous texture facilitates the development of blood 

vessels and cell infiltration.

[13]

Chitosan ● Chitosan regulates the immunological response, facilitating healing and 
lowering the inflammation.

● Chitosan can enhance the development of new blood vessels, which are 
essential for tissue regeneration.

[14]

Alginate ● Calcium, a divalent cation, crosslinks alginate, creating a temporary barrier 
that promotes clotting.

● A variety of medicinal drugs, such as antibiotics or antifungals, can be 
applied directly to the wound using alginate.

[15]

Fibrin ● Different cell types that could be involved in wound healing can be drawn 
to and activated by certain peptides in fibrin.

● Fibrin eventually degrades, and fresh tissue replaces it during recovery.

[16]

Elastin ● Elastin facilitates skin mobility during wound closure, which promotes 
healing.

● Elastin may aid in preventing the overproduction of scar tissue.

[17]

Table 2. 
Natural biomaterials characteristics. Adapted from the study by Sindhi et al. [12]. 
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technique is unique in that it uses stem cells isolated directly from the patient’s 
debrided burn tissue, which improves tissue integration with the matrix of the 
hydrogel. The in vitro and in vivo data suggested that these adipose stem cell-loaded 
hydrogels are effective for burn wound healing [22].

2.3 Dextran

Dextran has drawn a lot of interest due to its high biocompatibility and low 
cytotoxicity. Because of its superior permeability properties, dextran has been 
widely employed in the fabrication of scaffolds. In another study, Du et al. [23] 
investigated the interaction between oxidized dextran and the hydrophobic alkyl 
groups of engineered chitosan. The material has outstanding shape fidelity, 
viscoelastic behavior, no cytotoxicity, and bioadhesive properties, according to 
a thorough assessment employing cytotoxicity, field emission scanning electron 
microscopy, rheological analysis, and tissue adhesion testing. Furthermore, 
antibacterial assays against Staphylococcus aureus and Pseudomonas aeruginosa 
indicated potent bactericidal activity. Additionally, an in vivo study revealed that the 
engineered hydrogels accelerated wound healing, confirming their therapeutic 
potential. Burn injuries pose significant clinical challenges, such as infection risk and 
excessive scar formation, both of which impede wound repair and contribute to 
complications. Conventional treatments, such as autologous skin grafts and 
transplants, are often limited by inadequate revascularization and epithelialization 
[23]. In this context, chemical-based therapeutic approaches offer an alternative 
strategy by modulating immune responses and enhancing tissue repair. Shen et al. 
[24] reported a hydrogel using dextran for the effective restoration of burn-induced 
skin damage. The study employed a three-dimensional hydrogel framework to 
evaluate the therapeutic potential of hydrogel-mediated treatment and the 
underlying tissue rejuvenation mechanisms. The early anti-inflammatory response 
induced by the dextran hydrogel was found to stimulate angiogenesis, followed by 
enhanced epithelialization, thereby improving the overall healing efficacy. 
Eventually, the hydrogel (dextran) facilitated skin restoration in addition to tissue 
regeneration, which highlighted its promise for clinical translation to improve burn 
wound healing [24].

2.4 Hyaluronic acid

The disaccharide monomers of D-glucuronic acid, in addition to N-acetyl- 
D-glucosamine, join to form the natural polysaccharide polymer known as hyaluronic 
acid (HA). Large levels of HA are found throughout the human body, particularly in 
the connective tissues, vitreous humor, dermal layers, umbilical cord, and synovial 
fluid. HA constitutes a fundamental component of the extracellular matrix (ECM), 
contributing significantly to structural and biological functions. The molecular 
structure of HA contains numerous carboxyl and hydroxyl functional groups, which 
enable it to hold water up to 1,000 times its own weight. This remarkable water- 
retention capacity allows HA to hydrate the ECM effectively and maintain tissue 
homeostasis. Beyond its hydration properties, HA forms a protective pericellular coat 
that supports intercellular communication and regulates cell proliferation and 
migration. It is also present intracellularly, where it participates in modulating 
inflammatory responses. Importantly, HA exhibits non-toxic, non-immunogenic, and 
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non-inflammatory properties, elevating its value as a biomedical material. Through its 
multifunctional biological activities, HA contributes to wound healing, 
immunomodulation, tissue regeneration, anticancer responses, and cosmetic skin 
treatments, while also sustaining overall physiological homeostasis [25]. HA is also 
a central player in inflammatory regulation, cellular activation, and wound repair. Skin 
injury disrupts tissue architecture and triggers hemorrhage, initiating the 
inflammatory phase of wound repair. During this stage, platelets release large amounts 
of high molecular weight-HA (HMW-HA), which facilitates fibrinogen aggregation 
and restores fluid balance necessary for edema formation and hemostasis. The 
accumulation of HMW-HA in edema fluid promotes neutrophil migration, enhances 
phagocytosis, and stimulates the secretion of pro-inflammatory cytokines, such as 
tumor necrosis factor-alpha, interleukin-1 beta, and interleukin-8. Additionally, 
HMW-HA modifies several intracellular signaling pathways by interacting with CD44 
receptors on monocytes and granulocytes [26].

2.5 Synthetic polymers

Synthetic and natural polymers, each with their own special qualities and uses, 
are essential to the regeneration of skin tissue. Natural polymers have biologically 
identifiable components that actively participate in cellular functions and are 
naturally biodegradable. Synthetic polymers, on the other hand, provide the benefit 
of significant control over the structural characteristics, for example, 
biodegradation, durability, and chemical resistance, enabling customized 
modifications (see Table 3).

2.5.1 Polyvinyl alcohol

PVA, a synthetic hydrophilic polymer, is used as a potent material for scaffold 
fabrication owing to its excellent biocompatibility, bio adhesive, and film-forming 
features. Zhang et al. [27] formulated a composite scaffold made of PVA, lignin, and 
chitosan, which exhibited pronounced antibacterial and antioxidant activities, 
making it a promising candidate for skin regeneration. Regardless of its 
advantageous antibacterial performance and biocompatibility, the mechanical 
strength of the PVA–chitosan composite scaffolds remains a limiting factor for its 
clinical application as a wound dressing [27]. Recent advances in tissue engineering 
have underscored the potential of hydrophilic scaffolds for the repair of injured 
skin tissues. In particular, topically applied hydrogels have shown excellent 
efficiency in burn wound treatment and tissue restoration due to their 3D network 
structure and water-retaining properties. Uppuluri et al. [28] demonstrated the 
development of an icariin-loaded PVA agar hydrogel scaffold and utilized it as an 
implant on burn-induced skin wounds to facilitate ECM repair. The physicochemical 
characteristics of the hydrogel, including melting enthalpy, component 
compatibility, and chemical structure, were systematically analyzed through DSC, 
FTIR, and XRD. In addition, FESEM revealed a highly interconnected porous 
network, confirming the homogeneous diffusion of icariin throughout the scaffold. 
Histological assessments conducted 21 days post-implantation demonstrated 
substantial reepithelialization and tissue regeneration, providing direct evidence of 
the healing potential of the hydrogel scaffold [28].
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2.5.2 Polyvinylpyrrolidone

A synthetic hydrophilic polymer, polyvinylpyrrolidone (PVP), has attracted 
considerable attention due to its crosslinking capacity, biocompatibility, and 
excellent response to diverse physical and chemical stimuli, elevating its value as 
a hydrogel material for scaffold fabrication. Kim et al. [29] developed a film forming 
PVP-based hydrogel incorporating sodium fusidate, with ethanol, PVA, and 
propylene glycol to improve properties and wound-healing efficacy. Through 
systematic optimization, a 2:12 PVA/PVP ratio was identified as optimal, 
demonstrating rapid film formation, efficient drug release, and excellent flexibility. 
Histological studies and stability tests confirmed that the sodium fusidate-loaded 
hydrogel achieved enhanced reepithelialization, scarless tissue regeneration, and 
long-term thermal stability (up to six months at 45°C) compared to commercial 
formulations, establishing its efficacy for advanced wound therapy [29]. Similarly, 
Choi et al. [30] reported that a PVA and PVP hydrogel with a neomycin sulfate 
additive exhibited superior bio-adhesive strength, fluid retention, and tensile 
resilience. Minimal molecular interaction between the drug and polymeric matrix 
facilitated uniform drug dispersion within four hours. The formulation 
demonstrated enhanced wound regeneration efficiency relative to conventional 

Polymers Functional characteristics found in wound 
repair

Advantages References

PCL ● Slow degradation results in long-term support 
for tissue formation and cell growth.

● Can be altered to provide growth factors or 
drugs in a regulated manner.

● Providing a stable frame
work for cell activity.

● Encourages long-term 
wound healing.

[33]

PEG ● Increases in wound hydration, decreasing 
dryness, result in promoting a favorable 
healing environment.

● Decreases scar formation.
● Can be utilized to make hydrogels for con

tinuous drug delivery or cells.

● Produces a moist environ
ment that encourages cell 
activity.

● Allows targeted delivery of 
therapeutic agents.

[34]

PGA ● By promoting cell adhesion and proliferation, 
a rapid disintegration rate facilitates quick 
tissue regeneration.

● Promotes early cell adhesion 
and growth.

● Allows the formation of tis
sue over time.

[35]

PHA ● To modify tunable mechanical properties to 
suit the requirements of various skin tissues.

● May possess innate bioactivity that 
encourages tissue development and cell 
growth.

● May have innate qualities 
that promote regeneration.

● Enables customization of 
scaffolding properties.

[36]

PLA ● Easily modifiable to enhance functioning with 
additional biomaterials or bioactive 
chemicals.

● Allows robust support for 
tissue reconstruction.

● Supports the incorporation 
of therapeutic agents for tar
geted benefits.

[37]

Table 3. 
Functional characteristics of synthetic polymers and associated advantages. Modified from the study by Sindhi 
et al. [12]. 
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treatments, indicating that PVA/PVP composite hydrogels offer a robust platform 
for skin tissue repair and management [30].

2.5.3 Poloxamer

Poloxamer is an amphiphilic triblock copolymer containing poly(ethylene 
oxide)–poly(propylene oxide)–poly(ethylene oxide), acknowledged for its role as 
a polymer surfactant. It functions effectively as an antifoaming agent, thickener, 
wetting agent, and emulsifier, and has been increasingly explored in hydrogel 
scaffolds for wound healing due to its biocompatibility, non-toxicity, localized drug 
delivery capability, and thermoreversible gelation properties. Additionally, Soriano- 
Ruiz et al. [31] developed an HA–poloxamer composite hydrogel combined with 
antioxidants to enhance wound healing. Furthermore, the formulation’s acidic pH 
(4.6) inhibited bacterial proliferation and shortened healing time. Physicochemical 
and biological evaluations demonstrated excellent structural integrity, antibacterial 
activity, and wound-repair performance, confirming its safety and potential as 
a vitamin-loaded therapeutic platform for future clinical wound-healing 
applications [31].

In a related study, Li et al. [32] fabricated a biodegradable hydrogel using 
poloxamer and evaluated its wound healing efficacy using an in vivo (rat) model. 
Also, the hydrogel exhibited high water retention, air permeability, and 
antimicrobial activity, effectively accelerating the healing process. Histological 
analyses revealed that the poloxamer hydrogel enhanced angiogenesis, 
revascularization, and reepithelialization, resulting in improved skin tissue 
regeneration [32].

3. Fabrication techniques

The polymeric scaffold fabrication method for tissue engineering necessitates 
precise regulation of structural parameters, for example, porosity, mechanical 
strength, and architecture. Various fabrication methodologies have been 
developed to achieve these design specifications, with the most prevalent 
techniques including 3D printing, electrospinning, freeze-drying, and solvent 
casting [38].

3.1 Three-dimensional printing

Also referred to as additive manufacturing [39], it represents an extremely 
versatile and precise fabrication strategy capable of generating scaffolds with 
complex geometries and controlled pore architectures [40]. Here, a layer-by-layer 
deposition of a polymer melt or solution takes place in accordance with 
a computer-aided digital design, allowing precise regulation of the scaffold’s 
overall structure. Such control facilitates the fabrication of scaffolds with 
customized porosity, interconnectivity, and mechanical strength, optimized for 
specific tissue engineering applications. Moreover, this technique enables the 
direct incorporation of bioactive agents or living cells during the fabrication 
process, thereby enhancing the biofunctionality and regenerative potential of the 
resultant scaffold [41].
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3.2 Electrospinning

This is a well-established technique for producing nanofibrous scaffolds, 
thoroughly replicating the fibrous architecture of biological ECM. This method 
creates continuous threads that are collected onto a surface by ejecting a charged 
polymer solution through a tiny nozzle. The obtained scaffold exhibits a high surface 
area-to-volume ratio, leading to better cell adhesion, proliferation, and 
differentiation. However, precise control over pore size remains challenging, often 
hindering tissue ingrowth [42]. Key operational parameters such as tip-to-collector 
distance, applied voltage, and solution flow rate strongly affect the fiber diameter, 
orientation, and overall porosity.

3.3 Freeze-drying

Freeze-drying is a versatile fabrication method for producing highly porous 
scaffolds with interconnected pore networks. A polymer solution is frozen, and the 
solvent is then sublimated using a vacuum, leading to a lightweight, porous matrix. 
Scaffold porosity is tailored by manipulating the rate of freezing and polymer 
concentration. Additionally, scaffolds that are freeze-dried are frequently used in 
tissue engineering because high porosity facilitates nutrient diffusion, cell 
infiltration, and vascularization. However, this method often yields scaffolds with 
relatively weak mechanical strength [43, 44]. Typically, freezing is carried out at 
a temperature range of −20°C to −80°C, with slower freezing rates resulting in high 
porosity.

3.4 Solvent casting and particulate leaching

This method is widely used and is a cost-effective approach for the fabrication of 
polymeric scaffolds. In this technique, a porogen such as salt, sugar, or paraffin 
spheres is mixed into a polymer solution, followed by casting in a mold. Then, after 
solvent evaporation, the porogen is filtered out through dissolution, resulting in 
a porous scaffold. The porosity is primarily governed by the size, shape, and 
concentration of the porogens. Despite its simplicity and scalability, this method 
offers limited control over pore interconnectivity and mechanical properties, which 
may restrict its application in load-bearing tissues [45].

4. Drug delivery systems and strategies

In biomedical engineering, polymeric scaffolds have drawn a lot of interest as 
efficient drug delivery platforms due to their tunable physical and chemical 
properties, biodegradability, and structural similarity to the ECM. These scaffolds 
are capable of encapsulating, protecting, and releasing therapeutic agents in 
a controlled manner, which is particularly beneficial for treating chronic diseases, 
cancer, and tissue regeneration [46]. The release behavior of these systems can be 
tailored by selecting appropriate polymers and fabrication methods, allowing either 
sustained, gradual release over time or stimuli-responsive release triggered by 
specific physiological conditions. Among various polymeric structures, hydrogels 
and electrospun nanofibers are especially prominent, as they facilitate uniform drug 
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incorporation and controlled diffusion, thereby enhancing therapeutic efficacy and 
treatment outcomes [47]. Several drug delivery strategies have been integrated into 
polymeric scaffolds to achieve controlled and efficient therapeutic outcomes. Among 
these, diffusion-controlled release is the most extensively studied approach, where 
drugs gradually diffuse via the polymer matrix over time. Degradation-controlled 
release employs hydrolytically or enzymatically degradable polymers – such as poly 
(lactic-co-glycolic acid) (PLGA) – allowing drugs to be released progressively as the 
scaffold breaks down [48]. Stimuli-responsive scaffolds represent a more advanced 
strategy, wherein drug release is triggered by internal physiological indications (e.g., 
temperature, pH, or enzyme activity) or external stimuli (e.g., ultrasound, light, or 
magnetic fields) [49]. These “smart” scaffolds enable precise spatiotemporal control 
over drug delivery, reducing side effects and enhancing clinical efficacy. Targeted 
delivery systems further refine therapeutic precision by functionalizing scaffolds 
with targeting moieties such as peptides, antibodies, or aptamers, thereby directing 
drugs precisely to diseased tissues or cells [50]. In addition, hybrid systems that 
integrate nanoparticles within polymeric scaffolds have been developed to combine 
the advantages of nanoscale carriers with the structural and mechanical support of 
scaffolds. Such systems facilitate localized, multimodal treatments – for example, 
simultaneous drug delivery and diagnostic imaging (theranostics) [51]. Table 4
presents a comparative overview of various scaffold-based drug delivery systems, 
while Figure 1 illustrates the primary mechanisms of drug release in polymeric 
scaffolds.

5. Polymer-based drug delivery system

Polymers are composed of repeating structural units, ranging in size from small 
molecules containing only a few monomer units to macromolecules consisting of 
thousands or even millions of monomers [57]. The development of polymer-based 
DDS has revolutionized the pharmaceutical industry by enabling more effective and 

Scaffold type Drug delivery strategy Key features Representative 
applications

References

Hydrogels Diffusion-controlled 
release

High water content, 
tunable porosity

Wound healing, 
cancer therapy

[52]

Electrospun 
nanofibers

Surface immobilization, 
nanoparticle loading

High surface area, 
mechanical strength

Tissue engineer
ing, antibiotics

[53]

PLGA scaffolds Degradation-controlled 
release

Biodegradable, 
FDA-approved

Cancer, sustained 
protein delivery

[54]

Smart polymers Stimuli-responsive (pH, 
temperature, enzyme)

Controlled release, 
precision targeting

Diabetes, loca
lized 
chemotherapy

[55]

Hybrid scaffolds 
(polymer +  
nanoparticles)

Theranostics, targeted 
delivery

Multifunctional, 
imaging + therapy

Cancer, regenera
tive medicine

[56]

Table 4. 
Current polymeric scaffold types and their drug-delivery strategies. 
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safer therapeutic approaches. These systems take advantage of polymers’ special 
physicochemical characteristics to achieve controlled and targeted drug release, 
thereby enhancing drug efficacy and minimizing adverse effects [58]. Polymers can 
be categorized according to their physical characteristics, biodegradability, and 
place of origin. Their versatility, biocompatibility, and ability to be surface-modified 
make them highly suitable for diverse biomedical uses. Some of these categories 
and their key characteristics are illustrated in Figure 2.

Figure 2. 
Diagrammatic presentation of polymer-based drug delivery system.

Figure 1. 
Schematic representation of drug delivery strategies for polymeric scaffolds, including diffusion-controlled, 
degradation-mediated, stimuli-responsive, and targeted/theranostic approaches.
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5.1 Polymeric nanoparticles

Polymeric nanoparticles (PNPs) have emerged as multipurpose platforms aimed 
at drug delivery, capable of encapsulating therapeutic agents to enhance 
bioavailability and enable controlled release. This controlled delivery improves 
treatment efficacy while diminishing potential side effects [59]. During PNP 
preparation, surfactants are often employed to reduce particle size and 
simultaneously act as cryoprotectants, preserving nanoparticle stability during 
storage [60]. Among numerous polymers, PLGA is the most widely utilized due to its 
proven biodegradability, biocompatibility, and regulatory approval by the U.S. Food 
and Drug Administration (FDA) in 1989 [61]. PLGA has been broadly explored for 
sustained drug delivery applications, frequently in combination with PVA to 
optimize particle stability and performance. Furthermore, PNPs are increasingly 
explored as innovative alternatives to traditional contrast agents, owing to their 
tunable surface properties and capacity to enhance the solubility of encapsulated 
compounds. These attributes make them particularly valuable for advanced imaging 
applications, such as improved visualization of tumors and other pathological tissues 
in cancer diagnostics.

5.2 Liposomes

Liposome-based DDS have gained considerable prominence in modern 
therapeutics, effectively integrating advancements in nanotechnology with 
pharmaceutical innovation [61, 62]. Liposomes are spherical vesicles composed of 
phospholipid bilayers capable of encapsulating a wide variety of drugs – 
hydrophobic, hydrophilic, or amphiphilic – either within their aqueous core or lipid 
membrane [63]. Because their structure closely mimics that of biological 
membranes, liposomes exhibit excellent biocompatibility and are particularly well- 
suited for delivering diverse therapeutic agents, including nucleic acids. Depending 
on their formulation, polymers can either serve as surface coatings on liposomes or 
be incorporated within the phospholipid bilayer, resulting in polymer-lipid hybrid 
structures with enhanced stability and functionality. These versatile systems have 
shown great potential in tumor-targeted drug delivery, offering improved 
pharmacokinetics, reduced systemic toxicity, and more effective localization of 
therapeutic agents [64].

5.3 Hydrogels

Hydrogels formed through physical crosslinking exhibit distinctive properties 
such as a glassy structure, high water retention capacity, and responsiveness to 
environmental stimuli like temperature or pH. These physically crosslinked 
hydrogels are typically reversible, allowing transitions between sol and gel states 
depending on external conditions. In contrast, chemically crosslinked hydrogels 
demonstrate superior structural stability because covalent bonds are formed 
between polymer chains, enhancing their mechanical strength and durability [65]. 
The functional groups present within polymers, such as hydroxyl (–OH), amino  
(–NH₂), and carboxyl (–COOH), play a crucial role in determining the solubility 
and hydrophilicity of hydrogels and can be tailored to achieve specific material 
characteristics. Based on their synthesis methods, hydrogels are generally 
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categorized into four types: homopolymers, which consist of a single monomer 
type with a crosslinked backbone determined by the polymerization process; 
copolymers, which are composed of two or more different monomers; semi- 
interpenetrating networks (semi-IPNs), in which a linear polymer infiltrates 
a crosslinked network without forming chemical bonds; and interpenetrating 
networks (IPNs), formed by two polymers where at least one is crosslinked in the 
presence of the other [66].

Among hydrogel-forming polymers, PVA stands out for its non-toxicity, 
biodegradability [67], and biocompatibility. PVA-based hydrogels are being 
extensively investigated for biomedical applications, including the treatment of 
infections due to their antibacterial properties [68] and their use in wound dressings 
[69]. Beyond serving as three-dimensional support matrices, hydrogels and scaffolds 
are vital for guiding essential cellular processes such as adhesion, growth, 
proliferation, differentiation, and migration, ultimately promoting effective tissue 
regeneration.

6. Regulatory facets of nanomaterial-based scaffolds

The regulatory process for nanomaterial (NM)-based scaffolds is often lengthy, 
costly, and complex, necessitating careful consideration before commercialization. 
Researchers typically adhere to the standards established by major regulatory bodies 
to ensure compliance in biomedical applications involving NMs. However, 
regulatory progress has been considerably hindered by the heavy workload of 
agencies, limited interdisciplinary communication, and insufficient understanding 
across scientific and regulatory domains. Moreover, market expectations regarding 
the practical utility of hybrid NM-based systems introduce an additional layer of 
complexity.

At present, there are no comprehensive FDA or EMA guidelines specifically 
dedicated to NM-based bone tissue regeneration (BTR) products, nor are there 
standardized databases for large-scale in vivo testing or GMP scalability 
benchmarks. Although the FDA has issued several guidance documents, current 
evaluations are primarily conducted through conventional review pathways and 
product classifications according to risk categories. Nevertheless, explicit 
regulatory frameworks for NM-based BTR remain limited. A major challenge lies in 
the absence of long-term preclinical and clinical data necessary to assess chronic 
toxicity, carcinogenicity, and excretion of NMs – issues that significantly constrain 
clinical translation and industrial production of NM-based scaffolds. Furthermore, 
the deficiency of reliable computational models to predict NM behavior within 
complex scaffold matrices, coupled with uncertainties in scalability, further 
slows research advancement. The absence of a standardized toxicity index for 
evaluating NMs under physiological conditions also impedes translational 
success [70].

Therefore, NM-based scaffolds intended for BTR must undergo rigorous case- 
by-case evaluation and follow harmonized safety protocols to accelerate their 
clinical adoption. Greater global coordination and transparency among 
regulatory authorities are essential to expedite licensing procedures and ensure 
consistent safety evaluation. The establishment of standardized long-term safety 
and efficacy testing methods would facilitate this process, while early 
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consultation with regulatory bodies to classify raw materials could streamline 
approval pathways.

On a positive note, several NM-based bone scaffolds have successfully reached 
the market with FDA approval. For instance, NanoFUSE® combines demineralized 
bone matrix (DBM) with 45S5 bioactive glass and is used for repairing bone voids. 
Upon contact with biological fluids, NanoFUSE releases Na⁺, Ca2⁺, PO₄3⁻, and Si2⁺ 
ions, elevating local pH and stimulating HA formation [71]. Similarly, Actifuse®, an 
FDA-cleared NM-based scaffold, demonstrated superior fusion efficiency compared 
to conventional hydroxyapatite scaffolds [72]. NanoBone® Putty represents another 
key advancement; it integrates hydroxyapatite within a porous silica gel matrix, 
enhancing osteoconductivity, cell adhesion, and controlled degradation [73]. 
OsteoFlo-NanoPutty® employs a quad-phasic composite of bioglass, α-TCP, β-TCP, 
and hydroxyapatite, facilitating cell activity through a synergistic resorption 
mechanism.

Conversely, several products, such as NanOss®, Op-1 Putty®, and OSTEOTRANS- 
MX®, have failed to meet clinical or commercial expectations. NanOss® was originally 
fabricated to replicate the bone mineral phase by increasing scaffold surface area; 
however, preclinical studies revealed a difference between tissue regeneration and 
scaffold degradation rates, leading to its failure [74]. The optimized NanOss® 3D Plus, 
incorporating super-fine HAp crystals to better emulate natural bone, has since 
demonstrated a 97% fusion rate [75]. Op-1 Putty®, which utilized a collagen/ 
carboxymethyl cellulose matrix for controlled recombinant BMP-7 delivery, suffered 
from insufficient mechanical stability, uncontrolled BMP release, and immune 
complications. Similarly, OSTEOTRANS-MX®, a biphasic composite scaffold of 
organic and inorganic NMs, failed due to pore heterogeneity, uneven NM distribution, 
and inconsistent degradation behavior [76].

Overall, the successful translation of NM-based scaffolds from preclinical research 
to clinical and commercial use depends on both regulatory alignment and market 
acceptance. The regenerative medicine sector is currently valued at USD 43.8 billion 
and has been projected to grow to USD 212.8 billion by 2034. Furthermore, tissue 
engineering constitutes approximately 28.84% of this market (2024), reflecting the 
expanding role of scaffolds in regenerative applications. Coherent Market Insights 
suggests that the scaffold technology market is expected to grow from USD 2.31 billion 
in 2025 to USD 5.34 billion by 2032 (https://www.ihealthcareanalyst.com/global- 
regenerative-medicines-market/; accessed on 29 July 2025). Table 5 characterizes 
a few of the recent patents on tissue engineering scaffolds and was taken from [76]. 
Table 6 represents the FDA-approved/commercialized NMs-based scaffolds.

7. Future prospects

The future of drug delivery using polymer-based scaffolds is being shaped by 
developing technologies such as nanomedicine, artificial intelligence, and advanced 
bioprinting. AI has been shown to play an essential role in optimizing scaffold design 
by forecasting drug release kinetics and enabling the development of personalized 
treatment strategies tailored to individual patients [77]. By combining machine 
learning and materials science, scientists may improve drug release profiles and 
scaffold design with less experimental work, thereby hastening the development of 
these systems for use in clinical settings.
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Another promising innovation is four-dimensional (4D) bioprinting, which 
combines smart, stimuli-responsive polymers with traditional 3D printing 
techniques [78]. These dynamic scaffolds can modify their shape or properties in 
response to physiological or environmental changes, allowing for precise drug 

Sr. no Publication 
number

Title Year

1. US10058514B2 A scaffold platform made of silk for creating tissue constructions 2018

2. US10117967B2 Skin tissue engineering scaffold and its synthesis process 2018

3. CN106110401B Micro-nano composite double-layer dermal scaffold and its preparation 
technique

2016

4. US20160354515A1 Scaffold for the development and repair of tissues 2019

5. US20160106782A1 Wound healing and tissue engineering 2022

6. CN107998451A Skin tissue engineering scaffold creation using 3D printing and the 
stent’s in vitro cytotoxicity test method

2018

7. AU2008315318A1 Biodegradable polymer scaffold and its preparation method 2014

Table 5. 
Recent developments in tissue-engineered scaffold patents. 

Scaffold/ 
Product

Composition/ 
Technology

Manufacturer/ 
Status

Regulatory 
approval

Clinical/Commercial notes

NanoFUSE® 

DBM
Demineralized 
bone matrix + 45S5 
bioactive glass

Surgical 
Orthopedic 
Products 
(USA)

FDA-approved Releases Ca2⁺, Na⁺, Si2⁺, 
PO₄3⁻; stimulates HA and cell 
activity

Actifuse® Silicate-substituted 
calcium phosphate

Apatech Ltd./ 
Baxter 
Healthcare

FDA-cleared 
(withdrawn)

Enhanced bone fusion; with
drawn due to market 
competition

NanoBone® 

Putty
Nano- 
hydroxyapatite in 
silica gel matrix

Artoss GmbH 
(Germany)

CE-marked, 
FDA-approved 
(Putty version)

High osteoconductivity, 
improved cell attachment, 
and biodegradation.

OsteoFlo® 

NanoPutty
Bioglass + α- 
TCP + β-TCP + HA 
(quad-phase)

Ceramed Corp. FDA-cleared Promotes osteointegration 
via nano-surface technology

NanOss® 3D 
Plus

Nano-HAp crystals 
mimicking bone 
mineral

Medtronic FDA-cleared 
(optimized 
version)

97% fusion rate; improved 
degradation kinetics

Op-1 Putty Collagen/CMC 
matrix + recombi
nant BMP-7

Stryker Biotech FDA-approved 
(withdrawn)

Failure due to uncontrolled 
BMP release and poor 
mechanics

OSTEOTRANS- 
MX

Organic/inorganic 
nanocomposite

Olympus 
Terumo 
Biomaterials

Not approved 
(failed trials)

Issues: pore inconsistency, 
degradation control

Table 6. 
FDA-approved/commercialized nanomaterials-based scaffolds. 
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delivery and enhanced tissue regeneration [79]. The incorporation of bioinks 
containing stem cells and bioactive molecules further enhances functionality, 
enabling scaffolds to simultaneously deliver therapeutics and support tissue repair. 
Such multifunctional systems hold great potential for applications in bone 
regeneration, cardiovascular repair, and even organ bioprinting [80].

The integration of nanotechnology into polymeric scaffolds signifies another 
major advancement. Researchers are developing hybrid systems that incorporate 
nanoparticles, exosomes, or magnetic NMs for theranostic uses, uniting therapy and 
diagnosis in a single platform. These intelligent scaffolds can provide sustained drug 
release while enabling real-time monitoring of therapeutic progress through imaging 
or sensing functionalities [81]. However, before these advanced systems can be 
adopted in clinical practice, it is essential to ensure their long-term safety. This 
includes addressing concerns such as nanoparticles persisting in the body or 
accumulating in unintended tissues, which could pose toxicity or biocompatibility 
risks. Ensuring precise control over degradation and clearance pathways will be 
crucial for the safe and effective implementation of these next-generation scaffold- 
based drug delivery technologies.

Translating these innovative concepts into clinical applications presents several 
significant challenges. Although polymeric scaffolds have demonstrated excellent 
performance in laboratory settings, issues such as achieving consistent 
reproducibility, reducing manufacturing costs, and scaling up production for 
widespread use remain major obstacles [82]. Addressing these challenges requires 
coordinated international efforts to establish standardized testing protocols and 
harmonize regulatory frameworks, ensuring safety, quality, and efficacy across 
different healthcare systems. Table 7 provides a summary of the emerging trends in 
this field, while Figure 3 illustrates a conceptual framework for integrating new 
technologies into scaffold-based DDS to facilitate their transition from research to 
clinical practice.

Future 
direction

Key approach Advantages Challenges References

AI-driven scaf
fold design

Machine learning and 
predictive modeling

Personalized release 
kinetics, reduced trial-and- 
error

Requires large data
sets, regulatory 
uncertainty

[83]

4D bioprinting Smart polymers with 
shape-shifting ability

Dynamic scaffolds, 
responsive to stimuli, pre
cision therapy

High cost, material 
limitations

[84]

Nanomedicine 
integration

Exosomes, magnetic 
nanoparticles, quan
tum dots

Multifunctional scaffolds 
with imaging and therapy

Long-term safety 
concerns

[85]

Bioink-based 
regenerative 
scaffolds

Living cells with 
bioactive molecules

Simultaneous tissue repair 
and drug delivery

Immunogenicity, 
scale-up

[11]

Clinical 
translation

Standardized proto
cols, regulatory 
alignment

Faster bench-to-bedside 
adoption

Complex validation, 
ethical concerns

[86]

Table 7. 
Emerging future prospects and directions for polymeric scaffold-based drug delivery systems. 

Polymeric Scaffolds and Their Role in Biomedical Engineering

1622



8. Conclusion

Polymeric materials have become fundamental to regenerative medicine and 
modern drug delivery systems. They play a vigorous role in supporting cell-based 
therapies and enabling accurate drug release control, thus enhancing drug efficacy, 
stability, and overall therapeutic performance while minimizing adverse side effects. 
These materials serve two primary functions: providing three-dimensional 
frameworks that facilitate tissue regeneration and acting as platforms for targeted 
and controlled drug delivery. This dual functionality positions them at the forefront 
of biomedical innovation.

Recent progress in chemical engineering, surface modification, and the 
development of smart polymers has expanded their applications in fields such as 
cancer therapy, wound healing, skincare, and personalized medicine. When designing 
or selecting polymers, critical factors include biocompatibility, degradation behavior, 
safety profile, cost-effectiveness, and scalability – each of which influences their 
clinical viability. Furthermore, the integration of nanotechnology, 3D bioprinting, and 
bioresponsive polymer systems is paving the way for customized, patient-specific 
scaffolds and advanced drug delivery platforms.

The creation of affordable, biodegradable, and multipurpose polymeric systems 
that can close the gap between lab discovery and clinical translation should be a top 
priority for future research. Achieving this goal will depend on continued 
interdisciplinary collaboration among chemists, materials scientists, 
biotechnologists, and clinicians. As regulatory frameworks evolve to accommodate 
emerging biofabrication technologies, polymer-based scaffolds are expected not only 
to strengthen existing therapeutic strategies but also to drive the creation of safer, 
more effective, and patient-centered medical solutions.

Abbreviations

NH2  Amino
AI  Artificial intelligence

Figure 3. 
Conceptual roadmap of future directions in polymeric scaffold-based drug delivery, including AI-driven design, 
4D bioprinting, nanomedicine integration, and clinical translation.
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COOH  Carboxyl
DDS  Drug delivery systems
ECM  Extracellular matrix
FDA  Food and Drug Administration
4D  Four-dimensional (time-responsive systems)
Gel MA  Gelatin methacryloyl
HA  Hyaluronic acid
OH  Hydroxyl
NPs  Nanoparticles
PCL  Polycaprolactone
PEG  Polyethylene glycol
PLA  Polylactic acid (sometimes referred to as polylactide)
PLGA  Poly(lactic-co-glycolic acid)
PNPs  Polymeric nanoparticles
PVA  Polyvinyl alcohol
PVP  Polyvinylpyrrolidone
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Abstract

Polyhydroxyalkanoates (PHAs), a versatile family of microbially synthesized 
biodegradable polyesters, are characterized by their excellent biocompatibility, 
tunable mechanical properties, and controllable degradation rates. These properties 
make them highly attractive for biomedical applications, particularly in tissue 
regeneration and drug delivery systems. This chapter provides a comprehensive 
overview of PHA-based scaffolds, beginning with their biosynthesis and structural 
diversity. It subsequently explores advanced fabrication techniques – such as 
electrospinning, 3D printing, and salt leaching – for processing PHAs into functional 
scaffolds. The chapter also highlights the expanding applications of PHA scaffolds in 
various tissue engineering fields, including bone, cartilage, nerve, and skin 
regeneration. Furthermore, it examines the role of PHA composites (e.g., with 
hydroxyapatite) and functionalized scaffolds (e.g., RGD-modified surfaces) in 
promoting cellular interactions and tissue repair. Current challenges related to 
production costs and degradation kinetics are discussed, alongside prospects for 
smart scaffolds and integrated stem cell therapies. In conclusion, PHAs demonstrate 
significant potential as next-generation biomaterials for regenerative medicine and 
advanced medical devices.

Keywords: polyhydroxyalkanoates (PHAs), biodegradable scaffolds, tissue 
engineering, bone regeneration, cartilage repair, nerve regeneration, drug delivery, 
electrospinning, 3D printing, biocompatibility

1. Introduction

The regeneration of complex tissues following injury or disease remains
a significant challenge in modern medicine. Tissue engineering, which combines 
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cells, signaling molecules, and scaffolds, offers a promising solution. However, 
the quest for an ideal scaffold material that can seamlessly integrate with 
biological systems is ongoing [1]. An ideal scaffold should not only provide 
structural support but also actively promote healing without causing adverse 
reactions [2].

Among various biomaterials, polyhydroxyalkanoates (PHAs) have shown 
considerable promise. These biopolymers are natural polyesters synthesized by 
microorganisms under nutrient-limited conditions [3]. They possess a unique 
combination of properties ideal for biomedical use: excellent biocompatibility, which 
minimizes immune rejection and inflammation; tunable biodegradability that can be 
aligned with tissue regeneration rates; and versatile mechanical properties that can 
be designed to resemble those of native tissues. Moreover, PHAs support 
sustainability goals, as they are derived from renewable resources and degrade 
completely into natural metabolites [4, 5].

The structural diversity of PHAs allows for precise customization of their 
chemical, physical, and biological characteristics. By adjusting monomer 
composition, molecular weight, and copolymer ratios, researchers can tailor PHA- 
based materials to achieve specific mechanical strength, degradation behavior, and 
surface properties for particular clinical needs. This chapter provides a thorough 
overview of PHA scaffolds in biomedical engineering. It begins with their 
biosynthesis and fundamental properties, proceeds to advanced fabrication 
methods, and concludes with their applications in diverse tissue engineering areas, 
including bone, cartilage, nerve, tendon, and skin regeneration. Finally, current 
challenges and future directions for translating PHA technologies from the 
laboratory to the clinic are discussed.

2. Biosynthesis and types of PHAs

PHAs represent a diverse class of biodegradable polyesters synthesized by 
microorganisms under nutrient-limited conditions. These biopolymers have 
attracted considerable scientific and industrial interest due to their tunable material 
properties, biocompatibility, and sustainability [6, 7]. PHAs are linear polyesters 
composed of hydroxy fatty acid monomers (Figure 1A), with over 150 different 
monomers identified to date, enabling a wide spectrum of material characteristics 
[8, 9].

2.1 Structural classification of PHAs

PHAs are broadly categorized into three groups based on the number of carbon 
atoms in their monomer units:

Short-chain-length PHAs (scl-PHAs) contain 3–5 carbon atoms, as found in poly 
(3-hydroxybutyrate) (PHB) and its copolymer with hydroxyvalerate (PHBV) [10]. 
These semicrystalline polymers feature high melting points, stiffness, and brittleness 
(Figure 1B).

mcl-PHAs possess 6–14 carbon atoms, exemplified by polymers such as poly 
(3-hydroxyoctanoate) (PHO) and poly(3-hydroxybutyrate-co 
-3-hydroxyhexanoate) (PHBHHx) [11]. mcl-PHAs are characterized by lower 
crystallinity, reduced melting temperatures (typically 39–65°C), and elastomeric 
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properties, making them suitable for flexible applications like nerve regeneration 
and soft tissue engineering (Figure 1B).

Long-chain-length PHAs, with 15 or more carbon atoms, are less common but 
provide distinct material properties [8].

Commonly used PHA types in biomedical applications include P3HB, PHBV, 
PHBHHx, P(3HB-co-4HB), and terpolymers such as PHBVHHx, each offering 
distinct mechanical and degradation profiles tailored to specific tissue engineering 
needs [12].

2.2 Biosynthesis pathways and microbial production

PHA biosynthesis occurs through diverse microbial metabolic pathways, 
influenced by carbon source, enzymatic activity, and genetic regulation. For 
instance, Wei et al. demonstrated that enzymatic regulation, particularly the 
deficiency of short-chain thioesterases in Escherichia coli, significantly affects the 
copolymer composition and yield of P(3HB-co–LA) [6]. Cai et al. showed that 
Cupriavidus necator can efficiently synthesize PHBV using volatile fatty acids 
(VFAs) as the sole carbon source, highlighting the role of metabolic adaptability in 
PHA production [7].

Recent research has expanded the range of microbial producers to include 
extremophiles and genetically engineered strains. For example, Halomonas halophila 
18 H has been identified as an efficient producer of PHB, offering advantages for 
low-cost production under nonsterile conditions [14].

Thermophilic genera, including Caldimonas and Schlegelella, have been 
genomically characterized to elucidate the genetic determinants of PHA synthesis, 
facilitating strain optimization via metabolic engineering [15].

Figure 1. 
(A) General molecular formula of PHAs. Typically, x = 1–8, and n ranges from 100 to 1,000. (B) Some 
commonly synthesized short-chain-length PHA monomers (scl-PHAs) and middle-chain-length PHA monomers 
(mcl-PHAs). Adapted from Reference [13].
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2.3 Sustainable substrates and production strategies

The use of renewable and waste-derived carbon sources – such as plant biomass, 
food waste, and animal by-products – further enhances the sustainability of PHA 
production. Lactic acid bacteria (LAB) and other microbial systems have been 
employed to convert these substrates into PHAs, emphasizing the ecological and 
economic benefits of integrated bioprocessing [16].

Advances in synthetic biology and fermentation technology continue to improve 
the scalability and cost-effectiveness of PHA production. Strategies such as 
constructing artificial microbial consortia and implementing high-density 
fermentation processes have shown promise for enhancing the yield of mcl-PHAs 
and other valuable copolymers [8].

2.4 Functionalization and tailored properties

Beyond their native production, PHAs can be functionalized to introduce 
additional properties such as antibacterial activity, enhanced biocompatibility, or 
targeted biodegradability. For instance, Cruz-Romero et al. functionalized PHAs 
with silver nanoparticles to impart antimicrobial functionality, expanding their 
applicability in medical devices and wound dressings [17].

The incorporation of different monomer units enables precise modulation of 
mechanical properties, crystallinity, and degradation rates, making PHAs highly 
versatile for applications ranging from bone scaffolds to elastic nerve conduits 
(Table 1).

3. Properties of PHAs for biomedical applications

PHAs have garnered significant attention in biomedical engineering due to 
their exceptional and tunable material properties, which can be tailored to 

PHA type/ 
copolymer

Chain 
length

Crystallinity Mechanical 
properties

Degradation 
rate

Key tissue engineering 
applications

References

PHB scl- 
PHA

High Brittle, stiff Slow Bone tissue engineer
ing, stiff scaffolds

[18]

PHBV scl- 
PHA

Medium Ductile, 
tough

Moderate Bone and cartilage 
repair

[19]

P(3HB-co 
-4HB)

scl- 
PHA

Low to 
medium

Flexible, 
elastic

Fast to 
moderate

Soft tissue repair, car
diovascular patches

[20]

PHBHHx mcl- 
PHA

Low Elastomeric, 
tough

Moderate Nerve regeneration, 
tendon/ligament 
scaffolds

[21]

PHO mcl- 
PHA

Low Highly elas
tic, soft

Moderate to 
Fast

Soft tissue engineering, 
drug delivery matrices

[22]

In summary, the biosynthesis of PHAs is a dynamically evolving field, driven by microbial diversity, metabolic 
engineering, and sustainable bioprocessing. The ability to tailor PHA structures and properties at the molecular level 
offers unprecedented opportunities for designing advanced biomaterials for regenerative medicine and environmentally 
friendly plastics.

Table 1. 
Characteristics and biomedical applications of representative PHAs. 
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meet the demanding requirements of various medical applications. Recent 
advances in synthesis, functionalization, and composite design have further 
expanded their utility in tissue engineering [2], drug delivery [23], and 
implantable devices [24].

3.1 Biocompatibility

PHAs demonstrate outstanding biocompatibility, evidenced by minimal 
inflammatory response and high tissue tolerance upon implantation. Their 
natural origin and metabolic resorbability promote excellent cellular acceptance, 
supporting their use in long-term in vivo applications [25]. The lack of 
cytotoxic leachates further validates their safety in sensitive physiological 
environments.

Surface morphology is a key factor affecting cellular responses to these 
biopolymers. For instance, Yu et al. showed that tailored surface properties 
significantly improve biocompatibility by enhancing interactions with human 
mesenchymal stem cells (MSCs) [26]. Beyond intrinsic properties, incorporating 
bioactive additives can further enhance PHA performance. Hsu et al. reported that 
incorporating hyaluronic acid (HA) into PHAs improved cytocompatibility with 
human foreskin fibroblasts, suggesting that composites with natural polymers 
positively influence cellular behavior [27]. Similarly, Chan et al. found that blending 
PHAs with low-molecular-weight polyethylene glycol (PEG) enhanced both 
biocompatibility and degradability, underscoring how physicochemical 
modifications can fine-tune biological properties [28].

Designing composite materials represents another effective strategy for 
improving biocompatibility. Wu et al. developed PHA composites reinforced with 
chestnut shell fibers, which exhibited good biocompatibility along with enhanced 
mechanical and degradation properties [29]. In another study, Aguilar-Rabiela et al. 
integrated mesoporous bioactive glass nanoparticles into PHBV microspheres, 
creating drug delivery systems that combine improved biocompatibility with 
functional performance [30].

Advances in processing techniques have further broadened the biomedical 
applications of PHAs. Lukasiewicz et al. created binary PHA systems with 
oligomeric plasticizers, yielding flexible biomaterials for soft tissue engineering 
that overcome brittleness while maintaining biocompatibility [31]. Additionally, 
Wu et al. produced functional PHA microspheres loaded with growth factors; 
these spheres exhibited antibacterial activity without compromising 
biocompatibility, highlighting the potential of multifunctional PHA 
platforms [32].

In summary, the biocompatibility of PHAs can be effectively enhanced through 
surface engineering, forming composites with natural polymers and bioactive fillers, 
and employing advanced processing methods. These strategies collectively widen the 
scope of PHA applications in tissue engineering, drug delivery, and regenerative 
medicine.

3.2 Biodegradability

A defining characteristic of PHAs is their predictable and controllable 
biodegradation, which occurs mainly through surface erosion driven by hydrolysis 
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and enzymatic activity. As microbial biopolyesters, PHAs are inherently 
biodegradable, a property that distinguishes them from conventional plastics and 
aligns with sustainability objectives [33]. Degradation kinetics can be finely 
modulated by varying monomer composition, copolymer ratios, and crystallinity. 
For instance, scl-PHAs, such as PHB, typically degrade more slowly than mcl-PHAs 
or copolymers containing 4-hydroxybutyrate (4HB) [20]. Crucially, the degradation 
products – primarily hydroxy acid monomers – are nontoxic and can be metabolized 
via endogenous biochemical pathways, eliminating the need for surgical 
removal [34].

The biodegradation behavior of PHAs is strongly influenced by environmental 
conditions. Anunciado et al. demonstrated that ambient soil exposure and 
composting conditions significantly affect the degradation of biodegradable plastic 
mulches, underscoring the importance of context-specific assessments in evaluating 
biodegradation performance [35]. In marine environments, the biodegradation of 
PHAs, such as poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), follows 
standardized protocols (e.g., ASTM D7991-15), with studies showing that the 
incorporation of natural fillers, like Miscanthus fibers or distillers’ dried grains with 
solubles (DDGS), can modulate degradation rates [36].

Chemical modification offers another avenue for tuning PHA biodegradability. 
Qie et al. reported that oxidizing copolymer films containing 2-hydroxy- 
4-methylthiobutyrate enhanced their breakdown in seawater, suggesting that 
targeted molecular alterations can accelerate environmental degradation [37].

In biomedical contexts, the controlled biodegradation of PHAs is essential for 
applications such as resorbable implants and tissue engineering scaffolds. For 
example, Miu et al. developed polyhydroxyoctanoate-hydroxyapatite composites 
that exhibit tailored biodegradability alongside biocompatibility and 
bioresorbability, highlighting the functional integration of degradation properties in 
advanced biomedical materials [38].

In summary, the biodegradability of PHAs is governed by a complex interplay of 
material factors – including chemical structure, composite formulation, and surface 
modification – and environmental conditions. This tunable degradation profile 
supports their use across ecological and medical applications, where controlled 
breakdown and environmental compatibility are required.

3.3 Mechanical properties

PHA-based materials exhibit a broad range of mechanical behaviors – from rigid 
and brittle to soft and elastomeric – making them suitable for diverse biomedical and 
industrial applications. scl-PHAs, such as poly PHB, exhibit high tensile strength and 
stiffness comparable to polypropylene, rendering them suitable for bone tissue 
engineering and load-bearing applications. In contrast, mcl-PHAs, including PHO 
and PHBHHx, display a reduced Young’s modulus, high elongation at break, and 
rubber-like elasticity, making them ideal for soft tissue engineering, cardiovascular 
implants, and neural guides. This intrinsic tunability is further enhanced through 
copolymerization, blending, and advanced material processing.

Recent advances in modifying the mechanical properties of PHAs focus on 
surface and interfacial engineering. Jo et al. demonstrated that the silanization of 
cellulose nanocrystals (CNCs) significantly influences the morphology and 
mechanical behavior of PHA composites processed via melt extrusion, underscoring 
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the role of nanofiller surface chemistry in enhancing composite performance [39]. 
Molecular dynamics simulations by Bejagam et al. provided atomistic insights into 
structure-property relationships, offering a predictive framework for tailoring 
mechanical characteristics through rational molecular design [40].

Processing techniques critically affect the mechanical performance of PHAs. 
Mustafa et al. optimized fused filament fabrication (FFF) parameters for polylactic 
acid (PLA)/PHA blends, achieving superior mechanical properties through precise 
control of printing conditions [41]. Similarly, Aziz et al. employed gray relational 
analysis to enhance the mechanical performance of 3D-printed PLA/PHBV/ 
polycaprolactone (PCL) blends for orthopedic applications [42].

The development of PHA-based composites and nanocomposites represents 
a prominent strategy for mechanical enhancement. Najah et al. reported that calcium 
phosphate (CaP) reinforcement tunes the mechanical properties of PHA 
biocomposites for bone scaffold applications [43]. Champa-Bujaico et al. utilized 
machine learning to predict the mechanical behavior of PHA nanocomposites 
reinforced with graphene oxide and nanoclay, highlighting the growing role of 
computational tools in materials design [44]. Buntinx et al. further reviewed how 
ZnO nanofillers and processing advancements improve the mechanical integrity of 
PHA nanocomposites in packaging contexts [45].

Blending PHAs with other biodegradable polymers – such as PLA, poly(butylene 
succinate-co-adipate) (PBSA), and PCL – enables the fabrication of materials with 
balanced and application-specific mechanical profiles. Sabalina et al. illustrated that 
binary and ternary blends allow fine-tuning of thermomechanical properties [46], 
supporting their use in diverse biomedical and environmental applications.

In summary, the mechanical properties of PHAs are highly customizable through 
molecular design, surface modification, processing optimization, composite 
formation, and blending. These strategies, supported by emerging computational 
and machine learning approaches, facilitate the rational design of PHA-based 
materials with tailored mechanical performance for use in tissue engineering, 
medical devices, sustainable packaging, and beyond.

3.4 Processability

The processability of PHAs is crucial for their use in tissue engineering and 
regenerative medicine, building on their inherent biodegradability and 
biocompatibility. These biopolymers can be shaped into various structures using 
both conventional and advanced techniques, allowing the creation of scaffolds 
tailored to specific biomedical needs [47]. Common methods include electrospinning 
for nanofibrous scaffolds that mimic the extracellular matrix, salt leaching for 
interconnected porous 3D constructs, solvent casting for thin films, melt extrusion 
for filaments and fibers, and additive manufacturing (AM) (e.g., 3D printing) for 
patient-specific implants [48, 49].

Electrospinning is particularly valuable for creating PHA nanofibrous scaffolds 
with high surface-area-to-volume ratios and adjustable porosity, which promote cell 
adhesion, proliferation, and tissue integration [50, 51]. However, electrospinning 
microbial PHAs requires careful control of parameters such as solution 
concentration, viscosity, and temperature due to their narrow thermal processing 
window [51]. Recent improvements in nozzle design and solvent systems have 
facilitated the production of defect-free PHA nanofibers.
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Beyond fibers, PHAs can also be processed into hydrogels for bioprinting and 
mold-based fabrication. Li et al. developed printable hydrogel inks from PHA 
composites, including blends with polyvinyl alcohol (PVA), which offer improved 
printability and mechanical stability while maintaining biodegradability [50, 52]. 
Such hydrogel systems show promise for building complex, cell-laden constructs for 
soft tissue engineering.

Downstream processing steps – including purification, blending, and 
functionalization – significantly affect the final properties of PHA scaffolds [53]. For 
example, incorporating bioactive fillers or other polymers can enhance melt 
strength, thermal stability, and interfacial properties, thereby widening the 
processing window and enabling the fabrication of more complex shapes [52]. 
Techniques like particulate leaching, gas foaming, and phase separation have also 
been employed to create porous PHA scaffolds with controlled pore size and 
connectivity, which are vital for nutrient diffusion and vascularization in tissue 
engineering [48, 52].

Looking ahead, emerging processing technologies – such as melt electrowriting, 
microfluidic spinning, and multimaterial 3D printing – are expected to further 
enhance the architectural and functional quality of PHA-based scaffolds [8]. These 
advances, coupled with a better understanding of process-structure-property 
relationships, will continue to establish PHAs as versatile, sustainable, and clinically 
useful biomaterials.

3.5 Surface modifiability

The surface characteristics of PHAs – including their chemistry and topography – 
critically influence biological performance and integration with host tissues. Surface 
modification methods can significantly enhance the biofunctionality of PHA 
materials, enabling customized cellular responses such as improved adhesion, 
differentiation, and tissue-specific regeneration [54, 55]. Standard approaches 
include plasma treatment, chemical grafting, physical adsorption, and biomolecular 
conjugation, which allow the immobilization of bioactive elements such as RGD 
peptides, collagen, heparin, and growth factors to promote targeted biological 
interactions.

Plasma surface modification offers an efficient, solvent-free method to introduce 
functional groups and improve surface energy without affecting bulk material 
properties. Mohammadalipour et al. demonstrated that plasma treatment improves 
the surface properties of electrospun PHB nanofibers, enhancing their potential for 
bone tissue engineering by increasing hydrophilicity and cell attachment [18].

The incorporation of inorganic phases and nanoparticles further expands the 
possibilities for functionalization. For example, CaP-reinforced PHA biocomposites 
exhibit enhanced surface bioactivity and osteoconductivity, supporting mineral 
deposition and improving integration in bone regeneration [29]. Similarly, 
incorporating silver nanoparticles imparts antibacterial properties to PHAs, 
broadening their use in infection prevention for wound dressings and implant 
coatings [56].

Micro- and nano-scale topological modifications also help guide cellular behavior. 
Wu et al. created functional PHA microspheres with controlled surface features – 
such as rough microporous or smooth granular structures – to regulate the release of 
bioactive molecules like BMP-2 and enhance antimicrobial and osteogenic effects 
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[32]. Chen et al. used phase-separation methods to adjust the surface architecture of 
PHA microspheres, improving their bone regeneration performance through 
enhanced cell-material interactions and controlled growth factor delivery [57].

Furthermore, advanced surface engineering methods utilizing nanoscale 
patterning and dynamic bio-interfaces can better mimic the natural extracellular 
matrix. Du et al. emphasized that rationally designed surface nanostructures and 
chemical functionalities can significantly improve the biocompatibility and 
bioactivity of synthetic biomaterials, indicating strong potential for applying these 
strategies to PHAs [58].

In summary, the ability to modify PHA surfaces through physical, chemical, and 
biological methods provides a powerful means to customize their interactions with 
biological environments. These modifications are crucial for developing advanced 
PHA-based scaffolds and delivery systems with improved integration capacity, 
therapeutic function, and clinical relevance in regenerative medicine.

3.6 Composite and functional enhancements

PHAs serve as versatile matrix materials for advanced composites in biomedical 
engineering, helping overcome inherent limitations such as brittleness, limited 
bioactivity, and lack of electrical conductivity. By integrating functional fillers, 
nanoscale modifiers, and other polymers, the performance of PHA-based materials 
can be substantially improved while maintaining essential biodegradability and 
biocompatibility [59, 60].

One important approach involves reinforcing PHAs with bioactive inorganic 
phases to enhance mechanical and osteogenic properties. Ye et al. showed that 
adding β-tricalcium phosphate (β-TCP) to PHA matrices increases compressive 
strength and osteoconductivity, making these composites well-suited for bone tissue 
engineering scaffolds [61]. Similarly, hydroxyapatite (HA) and related 
nanocomposites like HAp/CoFe₂O₄ have been used to promote biomineralization 
and bone regeneration. Hossain et al. reported that such nanocomposites possess 
favorable functional group profiles and bandgap properties (3.51–5.47 eV), 
supporting their use in functionalized bone grafts [62].

The incorporation of conductive components extends PHA functionality to 
electrically responsive tissues. Combining PHAs with conductive polymers (e.g., 
polyaniline, polypyrrole) or carbon-based nanomaterials (e.g., graphene oxide, 
carbon nanotubes) provides adjustable electrical conductivity, enabling applications 
in neural interfaces, cardiac patches, and biosensing platforms [63].

Advanced manufacturing techniques, including 3D printing and microfluidics, 
enable the fabrication of complex composite architectures with spatially controlled 
properties [47, 64]. Combining PHAs with other biodegradable polymers – such as 
PLA or PCL – allows the design of multimaterial systems with graded mechanical 
properties and degradation rates that closely match natural tissue heterogeneity [65].

Additionally, encapsulating and controlling the release of bioactive molecules – 
such as growth factors, antibiotics, or genetic material – from PHA composite 
microspheres or hydrogels improves their therapeutic function. Guo et al. developed 
growth factor-loaded PHA microspheres with customized release profiles, 
supporting long-term bioactivity in regenerative applications [66].

In summary, composite and functionalization strategies significantly broaden the 
applications of PHAs in biomedical engineering. By combining PHAs with ceramics, 
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conductive polymers, nanomaterials, and bioactive agents, researchers can create 
materials with improved mechanical, electrical, antibacterial, and regenerative 
properties. These advances highlight PHAs as highly adaptable, multifunctional 
platforms for next-generation medical devices, tissue scaffolds, and drug delivery 
systems [67, 68].

4. Fabrication of PHA scaffolds

Translating the favorable properties of PHAs into functional tissue engineering 
constructs critically depends on advanced fabrication technologies. These methods 
must not only shape PHAs into desired architectures but also preserve their 
bioactivity and degradation characteristics.

4.1 Additive manufacturing techniques

AM, particularly fused deposition modeling (FDM), has emerged as a highly 
promising approach for fabricating PHA scaffolds with precise geometric control and 
complex pore structures. Pryadko et al. emphasized FDM’s capability to create 
customized structures for specific tissue defects, enhancing integration and function 
[68]. Recent studies have demonstrated the feasibility of 3D printing biosynthetic mcl- 
PHA produced through fed-batch fermentation using carbon sources such as glycerol 
and sodium octanoate [69]. These elastomeric scaffolds possess mechanical properties 
suitable for soft tissue engineering, including tendon regeneration [69, 70]. Furthermore, 
FDM has been employed to create porous antibacterial PHA scaffolds, such as those 
based on PAP34HB, which show promise for oral soft tissue regeneration [4].

4.2 Thermally induced phase separation

Thermally induced phase separation (TIPS) represents another effective method 
for creating highly porous PHA-based scaffolds, often used in combination with 
other biodegradable polymers. Lopresti et al. fabricated blends of PLLA and PHA, 
demonstrating that incorporating up to 30 wt% PHA significantly influences 
morphology, porosity, and mechanical behavior [71]. This technique enables precise 
control over microstructural features, facilitating the design of scaffolds that mimic 
the natural extracellular matrix.

4.3 Conventional fabrication methods

Traditional methods such as solvent casting, particulate leaching, and 
electrospinning remain widely used for PHA scaffold production, particularly in early- 
stage research and specific biomedical applications. These approaches offer simplicity 
and cost-effectiveness, enabling the creation of films, fibrous mats, and porous 
membranes with good biocompatibility [72]. However, they typically lack the 
architectural precision and reproducibility achievable with advanced AM technologies.

4.4 Functionalization and composite strategies

Recent developments have integrated functionalization steps during or after 
scaffold fabrication to enhance bioactivity and performance. For instance, 
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mineral coatings on FDM-printed PHA scaffolds improve osteoconductivity 
and bone-mimicking properties [73]. Similarly, incorporating antibacterial 
agents or bioactive molecules through blending, coating, or encapsulation 
supports applications in infected wound healing and controlled drug 
delivery [4].

4.5 Emerging approaches and future outlook

Novel methods such as microfluidic spinning, melt electrowriting, and hybrid 
manufacturing are expanding opportunities to create high-resolution, multimaterial 
PHA scaffolds. These technologies enable the replication of hierarchical and 
heterogeneous tissue structures – such as osteochondral or neurovascular interfaces – 
with region-specific mechanical and chemical cues.

In summary, PHA scaffold fabrication encompasses a diverse range of 
techniques, each offering distinct advantages in resolution, scalability, and 
functional customization. The continued integration of advanced manufacturing, 
biomaterial science, and biofunctionalization strategies is essential for fully realizing 
the potential of PHA-based scaffolds in regenerative medicine and personalized 
healthcare.

5. Applications in tissue engineering

PHAs have emerged as highly promising biomaterials for tissue engineering 
due to their excellent biocompatibility, adjustable biodegradability, and 
versatile processability (Figure 2). Their applications span a broad spectrum of 
tissues, including bone, cartilage, neural, and cardiovascular systems, 
utilizing both inherent material properties and advanced functionalization 
approaches.

5.1 Bone tissue engineering

PHA scaffolds have been extensively investigated for bone regeneration, with 
their mechanical properties and osteoconductivity adjustable through composite 
design and surface modification. Ye et al. demonstrated that incorporating β-TCP 
into PHA matrices using FDM significantly enhanced compressive strength and 
bioactivity, promoting osteogenic differentiation and bone formation [61]. 
Similarly, the addition of HA or other calcium phosphates improves mineral 
deposition and scaffold integration in bone defects [74]. The ability to create 
patient-specific porous structures through 3D printing enables anatomical 
matching and vascular infiltration, which are crucial for repairing large bone 
defects.

5.2 Soft tissue regeneration

mcl-PHAs, such as PHO and PHBHHx, exhibit elastomeric characteristics 
suitable for soft tissue applications. Panaksri et al. developed biosynthetic mcl-PHA 
scaffolds with tailored elasticity and degradation behavior, ideal for engineering 
tendons, ligaments, and blood vessels [69]. Their inherent flexibility and resilience 
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withstand cyclic mechanical loading, mimicking native tissue conditions. Moreover, 
surface topographic features – such as microgrooves or aligned nanofibers – can 
guide MSC differentiation and tissue-specific development [75].

5.3 Neural tissue engineering

PHA-based conduits and scaffolds support peripheral nerve regeneration by 
providing physical guidance and biochemical signals. Combining electrical 
conductivity – achieved through the incorporation of graphene or polypyrrole – with 
controlled delivery of neurotrophic factors enhances axonal growth and functional 
recovery [76]. Microfluidic-generated fibers and 3D-printed channels made from 
PHAs enable precise architectural control, replicating endoneurial tube structures 
and promoting Schwann cell alignment [77].

5.4 Cartilage tissue engineering

The viscoelastic and lubricating properties of specific PHA copolymers, such as 
PHBHHx and P(3HB-co-4HB), make them suitable for cartilage repair. Scaffolds 
with controlled porosity and surface modifications (e.g., chitosan or HA coatings) 

Figure 2. 
Applications of PHAs in tissue engineering.
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enhance chondrocyte adhesion and glycosaminoglycan production [78]. Researchers 
have developed bilayered osteochondral scaffolds that combine mineralized PHA for 
the bone layer and elastomeric PHA for the cartilage zone to address joint interface 
regeneration.

5.5 Cardiovascular applications

PHA scaffolds find application in vascular graft engineering due to their 
compliance, suturability, and blood compatibility. Small-diameter tubular scaffolds, 
fabricated through electrospinning or 3D printing, exhibit antithrombogenic 
properties when modified with heparin or nitric oxide donors [79]. Additionally, 
cardiac patches created from conductive PHA composites facilitate cardiomyocyte 
synchronization and electrical signal propagation in the infarcted heart.

5.6 Skin and wound healing

PHA-based nanofibrous mats and hydrogels accelerate wound healing by 
maintaining a moist environment, providing antibacterial protection (e.g., via silver 
nanoparticles), and enabling sustained release of growth factors [76]. Their tunable 
degradation rate ensures proper tissue integration and reduces the need for frequent 
dressing changes.

5.7 Emerging trends and functional enhancements

Recent advancements include immunomodulatory PHAs that actively control 
macrophage polarization and reduce fibrotic responses [78]. Delivering bioactive 
molecules – such as VEGF for angiogenesis or BMP-2 for bone formation – from PHA 
microspheres or coatings further enhances regenerative outcomes [61]. 
Furthermore, four-dimensional (4D) printing of PHAs enables the creation of shape- 
changing scaffolds that adapt to dynamic physiological conditions.

In summary, PHA scaffolds provide a versatile platform for tissue engineering 
across various organ systems. Through strategic material design, advanced 
fabrication, and biofunctionalization, PHAs can be customized to meet specific 
mechanical, biological, and practical requirements of different clinical applications, 
opening pathways for next-generation regenerative therapies.

6. Drug delivery applications

Beyond providing structural support in tissue engineering, PHAs have also 
established themselves as versatile carriers for drug delivery systems. Their inherent 
biodegradability and biocompatibility, combined with ease of functionalization, as 
previously discussed, enable the design of controlled-release platforms that can be 
integrated with scaffold-based therapies.

6.1 Versatile carrier systems

PHAs, particularly medium-chain-length types (mcl-PHAs), exhibit excellent 
film-forming capability, compatibility with both hydrophobic and hydrophilic 
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drugs, and adjustable degradation rates – making them suitable for various delivery 
platforms, including microspheres, nanoparticles, hydrogels, and electrospun fibers 
[80, 81]. Their production from renewable resources further supports sustainable 
and scalable biomedical applications [80].

6.2 Electrospun fiber-based delivery

Electrospun PHA fibers, especially those derived from PHBV, offer high surface- 
area-to-volume ratios and programmable drug release profiles. Kaniuk et al. 
demonstrated that these fibrous mats enable sustained release of antibiotics or 
antiinflammatory drugs, supporting applications in wound dressings and 
postsurgical implants where localized, prolonged drug delivery is essential [52].

6.3 Nanoparticulate and microparticulate systems

PHA-based micro- and nanoparticles serve as promising carriers for 
encapsulating small molecules, proteins, and nucleic acids. Their surfaces can be 
modified with targeting ligands (e.g., peptides or antibodies) to achieve tissue- or 
cell-specific delivery [82, 83]. Reddy et al. emphasized that the tunable thermal and 
mechanical properties of mcl-PHAs facilitate the design of nanoparticles with 
enhanced drug-loading capacity and controlled-release behavior [81].

6.4 Combinational therapies and regenerative delivery

PHA scaffolds and particles are increasingly utilized for combination therapy, 
simultaneously delivering bioactive agents (e.g., growth factors, antibiotics) while 
supporting tissue regeneration. Pulingam et al. demonstrated that drug-loaded PHA 
systems significantly reduce microbial infections and accelerate healing in soft tissue 
models, highlighting their dual role as both degradable scaffolds and therapeutic 
carriers [83].

6.5 Functionalization and hybrid systems

To improve targeting and release precision, PHAs are often combined with other 
functional materials. For instance, blending with chitosan or incorporating them into 
metal-organic frameworks (MOFs) can enhance mucoadhesion, pH-responsive 
release, and cellular uptake efficiency [82, 84]. Such modifications broaden their 
applications in gastrointestinal, neurological, and cancer drug delivery.

6.6 Future perspectives

Continuing advances in synthetic biology and material engineering enable the 
biosynthesis of novel PHA copolymers with customized properties – such as 
improved hydrophilicity, stimuli-responsive degradation, or innate targeting 
abilities [85, 86]. Combined with innovations in nanotechnology and precision 
manufacturing, PHAs are poised to play an expanding role in personalized and 
programmable drug delivery systems.

The integration of drug delivery functionality into PHA scaffolds represents 
a convergence of material science and therapeutic design, creating opportunities for 
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combination systems that support both structural regeneration and localized drug 
therapy. Looking forward, such multifunctional approaches will be crucial for 
addressing remaining challenges in scaling up and clinically adopting PHA-based 
technologies, as discussed in the next section.

7. Challenges and future perspectives

7.1 Current challenges in PHA-based tissue engineering

Despite their significant potential in tissue engineering, several key challenges 
must be addressed to enable the widespread clinical adoption of PHAs.

High production costs: the economic viability of PHA production remains 
constrained by high fermentation and purification costs. Future efforts should focus 
on leveraging synthetic biology tools and waste-derived feedstocks to develop more 
sustainable and cost-effective production methods.

Limited mechanical performance for specific applications: although PHAs possess 
tunable mechanical properties, certain applications – such as load-bearing bone 
grafts or dynamic tendon repairs – require greater strength, fatigue resistance, and 
elastic recovery. Advanced composite strategies and copolymer blending are 
essential to meet these biomechanical demands.

Degradation rate mismatch: aligning PHA scaffold degradation rates with 
tissue regeneration timelines remains challenging. Variations in polymer 
composition, crystallinity, and in vivo conditions can lead to premature 
structural failure or delayed resorption, potentially compromising therapeutic 
outcomes.

Surface biofunctionalization: while PHAs are naturally biocompatible, their 
bioactivity often requires enhancement through surface modification. The 
development of scalable and reproducible functionalization methods – such as 
peptide conjugation, plasma treatment, or nanoparticle integration – remains an 
ongoing area of research.

Regulatory and standardization hurdles: the lack of standardized processing 
protocols and comprehensive long-term safety data impedes regulatory approval. 
Establishing robust quality control measures and conducting thorough 
biocompatibility testing are crucial for successful clinical translation.

7.2 Future directions and emerging opportunities

Looking forward, several innovative approaches show significant potential for 
advancing PHA-based scaffolds toward clinical applications and broader biomedical 
impact.

AI-guided material design: machine learning and computational modeling can 
accelerate the development of PHA copolymers with customized properties, 
predicting degradation behavior, mechanical performance, and biological 
interactions before synthesis.

4D printing of stimuli-responsive scaffolds: four-dimensional bioprinting enables 
the creation of dynamic PHA constructs that change shape or function in response to 
physiological signals (e.g., pH, temperature, or enzyme activity), facilitating 
personalized and adaptive tissue regeneration.
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Integrated stem cell and immunomodulatory strategies: combining PHA scaffolds 
with stem cell therapies and immunomodulatory agents (e.g., cytokine-releasing 
microspheres) can enhance regenerative outcomes while minimizing fibrotic 
responses.

Harnessing piezoelectric properties: utilizing the inherent piezoelectricity of 
certain PHAs (e.g., PHB) offers opportunities for electrically stimulated tissue 
repair, particularly in neural and musculoskeletal applications.

Sustainable production and circular design: aligning PHA production with 
circular bioeconomy principles – utilizing agricultural waste, CO₂, or microbial 
consortia – supports both environmental sustainability and scalable manufacturing.

Clinical translation roadmap: establishing clear regulatory pathways and 
initiating pilot clinical studies will be essential for transitioning PHA scaffolds from 
laboratory research to practical medical applications.

8. Conclusion

PHAs represent a frontier in biomaterial science, combining natural origin, 
tunable properties, and multifunctional characteristics ideal for biomedical 
engineering. Their exceptional biocompatibility, controllable degradation, and 
versatile processability support applications ranging from bone and cartilage repair 
to neural, cardiovascular, and soft tissue regeneration.

The capacity to customize PHA scaffolds through copolymerization, composite 
formation, and advanced fabrication methods – including electrospinning, 3D/4D 
printing, and microfluidic patterning – enables the design of structures that closely 
mimic native tissue environments. Furthermore, integrating drug delivery systems 
into PHA scaffolds underscores their dual role as both structural supports and 
therapeutic platforms.

Despite persistent challenges in production economics, mechanical 
customization, degradation control, and regulatory approval, continuous 
innovations in material science, biofabrication, and computational design are 
progressively addressing these limitations. The future of PHAs lies in smart, 
responsive, and patient-specific scaffolds that not only promote tissue regeneration 
but also align with sustainable medical practices.

As research continues to elucidate PHA structure-function relationships and 
manufacturing technologies advance, these biopolymers are positioned to become 
fundamental materials in next-generation regenerative medicine – bridging 
ecological sustainability with clinical efficacy in global healthcare.
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Nanofluorophosphate Glasses as 
Biocompatible and Bioactive 
Materials in Porous Biopolymeric 
Scaffolds for Bone Tissue 
Engineering
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Sankaralingam and Ravichandran Kandaswamy

Abstract

Mimicking the hierarchical structure and function of natural bone using syn
thetic materials is a key objective in regenerative medicine. This chapter presents 
a comprehensive overview of metal oxide-doped nanofluorophosphate (NFP) 
glass-based composites incorporated with biodegradable poly(lactic acid) (PLA) 
scaffolds for bone tissue engineering. These inorganic-organic hybrid systems 
demonstrate enhanced biocompatibility, bioactivity, and mechanical strength 
compared to available synthetic materials. Doping with therapeutic ions such as 
silver, zinc, magnesium, calcium, phosphate, and fluoride enables controlled ion 
release, promoting osteogenesis, mineralization, and vascularization. The porous 
structure of the scaffolds, with highly interconnected pores, facilitates mesenchy
mal stem cell infiltration, nutrient and oxygen exchange, and effective tissue 
regeneration. Recent advances in smart scaffold design, including nano structuring 
and 3D bioprinting, underscore the superiority of fluorophosphate-based systems 
over traditional silicate and other phosphate glasses and their variants. Collectively, 
these multifunctional composites represent a paradigm shift in bone repair strate
gies, offering superior osteoconductive and osteoinductive properties and the 
capacity to bridge critical-sized bone defects more effectively than currently 
available materials.

Keywords: nanofluorophosphate glass, biodegradable scaffold, bone tissue 
engineering, controlled ion release, osteoinductivity
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1. Introduction

1.1 Current challenges in bone tissue engineering

Bone tissue engineering represents one of the most rapidly evolving fields in 
regenerative medicine, driven by the increasing prevalence of bone defects 
resulting from trauma, disease, and an aging population [1]. The global burden of 
bone-related disorders affects millions of patients annually, with over 2.2 million 
bone graft procedures performed worldwide [2]. Despite significant advances in 
biomaterials science, the development of an ideal bone substitute that fully 
mimics natural bone properties remains elusive. The gold standard for bone 
repair continues to be autologous bone grafts, which provide optimal 
biocompatibility, osteoconductivity, and osteoinductivity [3]. However, these 
grafts are associated with significant limitations, including donor site morbidity, 
limited availability, and additional surgical procedures [4]. Allografts, while 
avoiding donor site issues, present risks of disease transmission and immune 
rejection, with reduced osteogenic potential due to processing requirements [3]. 
According to a 2024 systematic review covering >420 clinical cases, non-union 
rates for large segmental defects still exceed 25% despite advanced fixation 
methods. This highlights the urgent need for grafts that combine rapid 
osteogenesis with mechanical integrity comparable to trabecular bone (2–12  
MPa, 50–90% porosity). Recent registry data confirm that the median revision 
interval for autografts is now <8 years in patients <45 years old [5, 6].

1.2 Limitations of conventional synthetic materials

Traditional synthetic bone substitutes, including calcium phosphate ceramics 
and first-generation bioactive glasses, have dominated the market despite 
inherent limitations [7]. Hydroxyapatite (HA), while biocompatible and 
osteoconductive, exhibits extremely slow resorption rates and lacks 
osteoinductive properties [8]. The material often remains unresorbed even after 
years of implantation, failing to integrate fully with host bone tissue [9]. The 
breakthrough development of 45S5 Bioglass® by Hench [8] revolutionized the 
field by introducing the first synthetic material capable of chemically bonding 
with bone. However, several critical limitations have restricted its widespread 
clinical adoption, such as: (a) Mechanical properties: The highly disrupted silica 
network of conventional bioactive glasses inhibits proper sintering below 
crystallization temperatures [10]. This results in poor mechanical properties 
unsuitable for load-bearing applications [11]. The narrow sinterability window 
of 45S5 Bioglass® prevents the fabrication of porous scaffolds without 
devitrification [12]. (b) Slow bioactivity: While 45S5 demonstrates bioactivity, 
the conversion to osteoid occurs over extended periods [9]. The formation of 
a thick SiO2-rich layer during dissolution leads to incomplete glass conversion, 
with unreacted material remaining at surgical sites even 14 years post-surgery 
[10]. (c) Processing limitations: The crystallization tendency of silicate glasses 
during scaffold fabrication severely limits their processing options. Traditional 
methods often result in reduced bioactivity due to crystalline phase 
formation [13].
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2. Recent advances in bioactive glass technology

2.1 Smart scaffold technologies

The emergence of smart scaffolds represents a transformative approach in 
bone tissue engineering [14]. These next-generation materials can respond to 
environmental stimuli, release bioactive molecules in a controlled manner, and 
adapt their mechanical properties based on the healing process [14]. Recent 
developments include: 4D printing technologies: Advanced bioprinting 
techniques enable the creation of scaffolds that change their structure over time 
[15]. These materials can adapt to the dynamic requirements of bone healing, 
providing optimal support during different phases of regeneration [16]. Stimuli- 
responsive materials: Smart biomaterials can respond to changes in temperature, 
pH, or mechanical stress [17]. This responsiveness allows for controlled drug 
delivery and adaptive mechanical properties that better match the healing bone 
[14]. Additive-manufactured constructs now enable pore gradients, vascular 
channels, and patient-specific geometries unattainable with particulate sintering. 
For example, fused deposition modeling of PLA/45S5 filaments yields scaffolds 
with 300–500 µm square pores and compressive strength ≈12 MPa. Robocast 
borosilicate grids (47% porosity) have achieved 86 MPa compressive strength, 
matching cortical bone while retaining bioactivity. Smart shape memory polymer 
frameworks incorporating fluorophosphate (FP) glass recover 98% of their 
original shape at 37℃, allowing minimally-invasive insertion followed by in-situ 
expansion [18–20]. Key design principles include: Hierarchical porosity (≤50 µm 
mesopores for ion release; 150–500 µm macropores for vascularization) [21]. 
Interconnected channel networks generated via triply periodic minimal surfaces 
(e.g., gyroid) to maintain permeability at >10−9 m2 [22]. Temperature-controlled 
extrusion at ≤25℃ to prevent polymer charring.

2.2 Nanostructured bioactive glasses

Recent research has focused on nanostructured bioactive glasses that offer 
enhanced properties compared to conventional materials [23]. Nanostructured 
glasses provide significantly higher surface areas, accelerating ion release and 
cellular interactions [24]. This enhanced reactivity translates to improved bioactivity 
and faster bone formation [25]. Nanoparticle formulations allow precise control over 
therapeutic ion release kinetics [23]. This controlled release enhances osteogenic 
signaling while minimizing cytotoxic effects [26]. The nanoscale dimensions better 
mimic the natural bone matrix, promoting improved cell adhesion, proliferation, and 
differentiation [23, 27].

2.3 Metal oxide doping strategies

Contemporary research has demonstrated the significant benefits of 
incorporating therapeutic metal ions into bioactive glass formulations [28]. 
Recent studies highlight several metal ions with specific biological functions, 
such as: (a) Silver-doped glasses: Recent investigations demonstrate that silver- 
doped bioactive glasses not only prevent infection but also enhance osteoblast 
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proliferation and differentiation [29]. (b) Zinc-enhanced systems: Zinc plays 
crucial roles in bone metabolism, wound healing, and angiogenesis [30]. Studies 
show that zinc-doped glasses promote osteogenic differentiation of mesenchymal 
stem cells and enhance bone matrix formation [31, 32]. (c) Synergistic metal 
combinations: Research indicates that co-doping with multiple metal ions can 
provide synergistic effects, combining antimicrobial, osteogenic, and angiogenic 
properties [33]. Therapeutic ions incorporated into FP networks modulate 
specific biological pathways, such as: Ag+ broad spectrum antimicrobial action 
via membrane thiol binding and reactive oxygen species generation, with 
minimum bactericidal concentrations ≤16 µg mL−1 against Streptococcus aureus 
[34, 35]. Zn2+ stimulates Runt-related transcription factor 2 (RUNX2) and 
alkaline phosphatase (ALP) while down regulating osteoclast cathepsin K, 
thereby enhancing net bone formation [36]. Mg2+/Sr2+ upregulates hypoxia- 
inducible factor 1 – alpha (HIF-1α) and vascular endothelial growth factor, 
promoting coupled angiogenesis and osteogenesis [37, 38]. Iron, copper, and 
bismuth dopants are additionally being explored for their radiopacity and 
photothermal antimicrobial effects [39].

3. Fluorophosphate glass systems: A superior alternative

FP melt at 950 − 1,100℃, reducing energy demand by ≈35% compared to 
silicates. The fluoride ion stabilizes PO4

3- tetrahedra, yielding a congruent 
dissolution profile that releases Ca2+, PO4

3- and F- in stoichiometric ratios, thereby 
accelerating fluorapatite nucleation within 24 hours (70–90% surface coverage). 
Ion exchange kinetics follow √t dependence for F- and near-zero-order release for 
Ca2+, providing predictable pH buffering (6.8–7.2). Silver-modified FP further 
exhibits a two-phase Ag+ release: An initial burst (0–6 hours) suppresses 
contamination during implantation, followed by sustained elution (6 hours–14  
days) that maintains microbial counts <102 CFU mL−1 (colony forming units per 
milliliter) [40–42].

3.1 Compositional advantages

FP glasses represent a significant advancement over traditional silicate-based 
systems [8][9]. These materials offer multiple key advantages, such as: (a) Enhanced 
bioactivity: The absence of silica network formers eliminates the formation of 
inhibitory SiO2-rich layers [43]. This enables more rapid and complete conversion to 
bone-like apatite phases [44]. (b) Tunable degradation: The phosphate backbone 
provides controllable degradation rates that can be tailored to match bone healing 
kinetics [45]. This ensures optimal scaffold support during critical healing phases [43]. 
(c) Fluoride ion benefits: Controlled fluoride release enhances the mechanical 
properties of newly formed bone by promoting fluorapatite formation [46]. 
Fluorapatite exhibits superior acid resistance compared to HA [47].

3.2 Processing advantages

The unique chemistry of FP glasses enables superior processing capabilities, such 
as: (a) Improved sinterability: Unlike silicate glasses, FP systems can be processed at 
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lower temperatures without crystallization [9], preserving bioactivity while enabling 
scaffold fabrication [48]. (b) pH stability maintenance: FP glasses demonstrate 
better pH control during degradation, avoiding the extreme acidic conditions that 
can lead to poor healing [9].

4. Novel silver and zinc-doped nanofluorophosphate composites

4.1 Superior biomimetic properties

Silver and zinc-doped nanofluorophosphate (NFP) glasses have emerged as next- 
generation bioglass systems that offer functional advantages beyond the capabilities of 
conventional silicate or phosphate-based glasses. Their inclusion in polymer [PLA - 
poly(lactic acid), PDLLA - poly(d,l-lactic acid), PPF - poly(propylene fumarate)]- 
based scaffolds mimics the structural, chemical, and biological characteristics of native 
bone, marking a significant advance in biomimetic material science (Figure 1).

4.1.1 Enhanced cytocompatibility

The fluorescence microscopy images (Figure 2) demonstrate enhanced 
cytocompatibility of the developed scaffolds, as evidenced by the abundant and 
well-spread green-stained cells (live/dead assay) across all tested groups. The 
uniform cell distribution and elongated morphology of the cells indicate strong 
adhesion and proliferation over the culture period, suggesting that the scaffold 
surface chemistry and topography provide a favorable microenvironment for 
osteoblast-like MG-63 (M. Ghadially-63) cells. The absence of significant cell 
death further supports the material’s non-cytotoxic nature, while the dense 
cellular coverage highlights its potential to promote rapid colonization and 
integration in bone tissue engineering applications. The MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay results 
shown in Figure 3 demonstrate that all composite scaffolds maintained over 90% 
cell viability, confirming their non-toxic nature and suitability for supporting 
cell growth in bone tissue engineering applications.

Figure 1. 
Schematic representation of nanofluorophosphate glass-incorporated porous polymeric scaffolds illustrating their 
ion-release-mediated bioactivity and mechanical reinforcement for bone repair.
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4.1.2 Accelerated osteogenesis

Both in vitro and in vivo studies demonstrated that silver-doped NFP glasses 
enhanced ALP activity across all tested concentrations (Table 1), while zinc- 
doped NFP showed dose-sensitive osteogenic responses. ALP activity is one of 
the earliest markers of osteoblast differentiation, suggesting that these materials 
prime progenitor cells for rapid osteogenesis. The ALP assay results (Figure 4) 
show significantly higher activity in PLA + PDLLA + PPF (base polymer blend) 
scaffolds containing AgFP, ZnFP, and MgFP compared to their PLA + PPF 
scaffolds containing AgFP, ZnFP, and MgFP counterparts, suggesting that the 

Figure 2. 
Fluorescence microscopy (live/dead assay) images showing enhanced cytocompatibility of MG-63 cells cultured 
on the developed scaffolds, with predominantly viable (green) cells exhibiting well-spread morphology and 
uniform distribution across all samples.

Figure 3. 
MTT assay results demonstrating high cell viability (>90%) for all nanofluorophosphate glass-reinforced PLA, 
PDLLA, and PPF composite scaffolds.
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addition of PDLLA enhanced early osteogenic differentiation and mineralization 
potential.

4.1.3 Osteogenic gene expression

Quantitative (reverse transcriptase polymerase chain reaction revealed 
a dramatic upregulation of osteogenic markers: RUNX2, osteocalcin, and collagen II 
in Ag, Zn-, and Mg-doped composites. The ZnFP, in particular, showed the highest 
fold increase in RUNX2 when used in the PLA + PDLLA + PPF matrix (Figure 5), 
highlighting its strong influence on early osteoblast lineage commitment. RUNX2 is 
considered the master controller of the sequence of changes from the pro-osteoblast 
to the osteocyte stage.

Figure 4. 
ALP activity of nanofluorophosphate glass-reinforced PLA, PDLLA, and PPF composite scaffolds, indicating 
their osteogenic potential.

Serial No. Sample Concentration (µg/mL)

0.1 1 10 100

1 Base polymer blend + silver NFP 156 132 148 141

2 Base polymer blend + zinc NFP 137 140 126 130

3 Base polymer blend + magnesium NFP 143 143 148 138

4 Control − − − 130

Table 1. 
Alkaline phosphatase (ALP) activity of metal-doped NFP glasses at varying concentrations. 
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4.2 Optimized composite formulations

Among the six formulations tested, two stood out: PLA + PDLLA + PPF + ZnFP 
demonstrated RUNX2 and chondroitin sulfate expression, excellent ALP levels, and 
superior cytocompatibility with low cytotoxicity (⁓21.6%). PLA + PDLLA + PPF +  
AgFP showed the best collagen II expression and robust osteocalcin upregulation. 
Additionally, silver provided inherent antimicrobial functionality, which is 
beneficial for preventing post-implantation infections. Table 2 highlights selected 
key formulations. Notably, formulations lacking PDLLA exhibited significantly 
reduced apatite formation and crystallinity, affirming its critical role in structural 
stability and mineralization efficiency.

The Table 3 summarizes the pore characteristics, compressive strength, and 21- 
day bio conversion of PLA + PDLLA + PPF blended scaffolds with and without 
silver NFP, zinc NFP, and magnesium NFP doping. While all formulations 
maintained comparable pore sizes (⁓398–420 µm) and high open porosity (⁓69– 
71%), silver NFP-filled scaffolds exhibited the highest compressive strength (16.3  
MPa) and bio-conversion (67%), indicating enhanced mechanical performance and 
bioactivity.

Serial 
No.

Composite RUNX2 
(Fold)

Collagen II 
(Fold)

Osteocalcin 
(Fold)

Chondroitin 
(ng/mL)

1 Base polymer blend +  
silver NFP

0.50 4.40 3.20 5.43

2 Base polymer blend +  
zinc NFP

0.98 1.10 2.60 9.78

3 Base polymer blend +  
magnesium NFP

0.20 0.53 0.24 10.21

Table 2. 
Selected biological responses of key formulations. 

Serial 
No.

Formulation Glass 
wt. 
(%)

Mean pore 
size (µm)

Open 
porosity 

(%)

Compressive 
strength (MPa)

Bio conversion 
(21 days) (%)

1 Base polymer blend 35 420 ± 60 71 ± 3 9.1 62

2 Base polymer blend  
+ silver NFP

35 405 ± 55 69 ± 4 16.3 67

3 Base polymer blend  
+ zinc NFP

35 398 ± 50 70 ± 2 14.8 57

4 Base polymer blend  
+ magnesium NFP

35 410 ± 58 70 ± 3 14.1 62

Table 3. 
Physicomechanical properties and 21-day bioconversion of different scaffold formulations, showing variations in 
pore size, porosity, compressive strength, and bioactivity with different nanofluorophosphate glasses. 
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4.3 Advanced fabrication techniques

4.3.1 Gel foam casting with rapid heating

A novel method of scaffold fabrication developed in our lab involves rapid 
evaporation driven pore formation under elevated temperatures, leading to highly 
porous and homogeneous scaffolds. The fabrication technique we employed here is 
gel foam casting under rapid heating, which yielded scaffolds with a random pore 
size distribution rather than uniform pores [9]. This heterogeneity in porosity more 
accurately replicates the microarchitecture of natural bone, particularly trabecular 
bone, which consists of a complex network of interconnected pores of varying sizes 
and shapes.

4.3.2 Biomimetic advantage of random pores

Unlike engineered scaffolds with regular, uniform pore geometry, our 
randomly porous scaffolds better simulate the natural extracellular matrix 
environment. In native bone, pores vary to accommodate different cellular 
functions: Larger pores facilitate vascular ingrowth and allow macrophage 
migration during the initial inflammatory and remodeling phases; midsized pores 
support osteoblast adhesion and proliferation, enabling robust matrix deposition; 
smaller pores permit nutrient diffusion, interstitial fluid flow, and facilitate 
mineral exchange crucial for bone maturation. This gradient and randomness in 
pore size create distinct microenvironments, each conducive to specific stages of 
tissue regeneration, from immune cell infiltration and angiogenesis to 
osteogenesis. It enhances spatial compartmentalization, which is critical for 
coordinated bone healing and remodeling. Scanning electron microscope (SEM) 
and micro computed tomography (Micro-CT) images show a well-distributed 
pore network with ideal sizes for nutrient flow and cellular infiltration, as seen in 
Figure 6.

4.3.3 Improved physicochemical behavior

The interconnected, porous architecture of the scaffolds facilitated efficient 
ion exchange and removal of degradation by-products, maintaining pH above 6.8 
throughout a 21-day immersion in simulated body fluid (SBF) and thereby 
avoiding the cytotoxic acidity common in compression-molded constructs; for 
instance, pH never fell below 6.85 for any metal ion-doped scaffold, correlating 
with sustained MG-63 cell viability above 90%. The XRD analysis showed 
crystallite size growth from 14.1 nm (pre-immersion, PLA + PPF + AgFP) to 22.6  
nm post-immersion, indicating apatite maturation, while surface roughness and 
heterogeneous pore sizes promoted multiple nucleation sites, enhancing apatite 
deposition as confirmed by SEM and Fourier transform infrared (FTIR) studies. 
The scaffolds retained mechanical integrity despite their irregular pore 
geometry, and ZnFP and AgFP-based composites achieved over 75% apatite 
conversion, reflecting high efficiency in situ mineralization as shown in Table 4.

The FTIR spectra illustrate the characteristic functional groups present in the 
PLA + PDLLA + PPF composite scaffolds incorporated with metal oxide-doped 
FP glass nanopowders of Ag, Zn, and Mg (Figure 7a). The broad absorption band 
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around 3,429 cm−1 corresponds to O–H stretching vibrations, indicating surface 
hydroxyl groups and absorbed moisture. The peak near 2,922 cm−1 is assigned to 
P–O–H stretching, while the distinct band at 1,744 cm−1 corresponds to C=O 
stretching of ester groups from the polymer matrix. The band at 1,633 cm−1 is 
attributed to P–O–H bending, and the peaks in the range 1,403–1,451 cm−1 

indicate C=O bending vibrations. Notably, the band at 1,103–1,124 cm−1 

represents asymmetric stretching of PO₃ groups, characteristic of the FP glass 
network. The retention of these peaks across all metal oxide-doped composites 

Figure 6. 
(a) Photographic image of the fabricated scaffold showing its macroscopic porous architecture. (b) SEM 
micrograph revealing the detailed surface morphology and pore interconnectivity (c) and (d) Micro-CT 3D 
reconstructions illustrating the well distributed, interconnected pore network with optimal pore sizes for nutrient 
transport and cellular infiltration.

Serial No. Composite Crystallinity (%)

1 Base polymer blend + silver NFP (strip) 74

2 Base polymer blend + zinc NFP (strip) 82

3 Base polymer blend + magnesium NFP (strip) 88

Table 4. 
Apatite crystallinity (%) after 21 days of SBF immersion. 
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confirms the successful incorporation of FP glass nanopowders without 
disrupting the primary polymer backbone, while metal oxide doping may subtly 
influence peak intensity due to interactions at the polymer-filler interface. The 
SEM images show a highly porous, interconnected network with well-defined 
pore walls and a multimodal pore structure, as seen in Figure 7b. Pores are 
present across the micron scale (labels in the micrographs indicate single-digit to 
low double-digit micrometer diameters), and the walls exhibit rough, textured 
surfaces consistent with embedded glass nanoparticles. No large-scale phase 
separation or extensive particle agglomeration is evident, suggesting good 
dispersion of the doped NFP glass within the polymer matrix. This architecture 
increases overall surface area and provides numerous sites for protein adsorption 
and initial cell attachment; the fine microporosity will complement any larger 
macropores to assist fluid transport and ion exchange while improving 
mechanical interlocking at the scaffold-tissue interface.

High-resolution XPS scans (Figure 7c) confirm the presence of the expected surface 
elements (O, F, Na, P, Ca) together with the dopant metal ions (Ag+ in AgFP, Zn2+ in 
ZnFP, or Mg2+ in MgFP). Peak deconvolution shows chemical environments consistent 
with phosphate and metal-oxygen bonding, along with surface hydroxyl/carbonate 
components that are common for glassy phosphate surfaces exposed to air or buffer. 
Because XPS probes only the top few nanometers, detection of dopant signals indicates 
that bioactive ions are exposed at or near the scaffold surface and therefore readily 
available for initial ion release. Together, the XPS results corroborate the SEM 
observation that doped glass is well-integrated yet surface-accessible, a combination 
that supports controlled ion release, early protein adsorption, and subsequent 
osteogenic signaling.

4.4 In vivo bioconversion and bone healing

Animal trials using rabbit femur models revealed accelerated healing with composite 
granules and strips. In X-rays on day 9, minimal callus formation was observed, while 
on day 16, radiology showed complete healing. Histopathological evaluation using 
modified tetrachrome staining, which differentiates new and existing osteoid, showed 
abundant woven bone bridging the defect, cartilage transformation, and osteoid 
formation (Figure 8). Modified tetrachrome staining highlighted the replacement of 
scaffold material by lamellar bone and vascularized tissue without inflammatory giant 
cells, confirming biocompatibility. The tetrachrome-stained histological sections 
confirm active bone regeneration and tissue integration within the scaffold-implanted 
regions. In Figure 8a, newly deposited bone tissue (red arrow) is observed in close 
association with residual scaffold fragments, demonstrating effective integration and 
gradual scaffold resorption alongside mineralized bone (black arrow). In Figure 8b, 
dense woven bone with extensive mineralized matrix (green arrows) is interspersed with 
marrow spaces (black arrow), indicating early active matured bone formation. In 
Figure 8c, prominent osteoid layers (red arrows) along with aligned osteoblasts (black 
arrow) at the bone tissue interface, signifying ongoing extracellular matrix deposition 
and mineralization, are seen. Figure 8d highlights numerous newly formed blood vessels 
(black arrows) surrounded by collagen-rich regions (green arrow), indicating active 
neovascularization, which is critical for nutrient delivery, waste removal, and sustained 
osteogenesis within the regenerating defect site.
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4.4.1 In-house scaffold bio evaluation

(a) Cell adhesion (MG-63, 5 × 104 cells): As shown in Table 5, the in-house 
fabricated scaffolds exhibited progressive enhancement in MG-63 cell attachment 
and viability over the 21-day culture period, with a substantial increase in cell 

Figure 8. 
Tetrachrome-stained histological sections showing (a) newly formed bone integrated with scaffold remnants (red 
arrow) and surrounding mineralized tissue (black arrow), (b) extensive woven bone formation with miner
alized matrix (green arrows) and marrow spaces (black arrow), (c) osteoid layers (red arrows) and active 
osteoblast lining (black arrow), and (d) neovascularization (black arrows) within the regenerating tissue 
alongside collagen-rich regions (green arrow).

Serial No. Day Plate attached Scaffold attached Dead cells

1 1 50 ± 5 48,500 ± 600 <50

2 7 200 ± 20 69,000 ± 700 80 ± 10

3 14 500 ± 40 80,000 ± 800 30 ± 8

4 21 900 ± 60 100,000 ± 900 35 ± 9

Table 5. 
Cell attachment and viability on scaffolds over 21 days, showing increased proliferation with minimal cell death. 
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numbers from day 1 to day 21 and minimal cell death, confirming excellent 
cytocompatibility and proliferation potential.

(b) MTT cytotoxicity (Sarcoma Osteogenic-2 [SaOs2]): All metal ion doped FP 
variants retained >78% viability at 100 µg mL−1; ZnFP exhibited the highest viability 
(78.4 ± 3.9%), while MgFP showed a moderate reduction (59.2 ± 1.8%).

(c) Scratch migration (human umbilical vein endothelial cells [HUVECs] 6  
hours): AgFP and ZnFP closed 70 ± 5% of the wound width versus 35 ± 4% for the 
control, consistent with pro-angiogenic ion signaling.

5. Comparative performance analysis

5.1 Mechanical properties

Recent studies demonstrate that bioactive polymer glass composites can achieve 
mechanical properties matching cortical bone [49, 50]. The AgFP composite’s 
compressive modulus (1.8 GPa) falls within the recommended range for cancellous 
bone replacements (0.1–2 GPa), thereby equalizing the load-bearing strength of 
cancellous bone. Fatigue tests (106 cycles, 2–20 MPa) showed <12% modulus drop, 
outperforming pure PLA scaffolds, which fail at <5 × 105 cycles [5, 18]. NFP 
composites investigated show several advantages, as stated below:

Serial No Mechanical property ASTM Our scaffold Cancellous bone References

1 Tensile strength ASTM D638 9.1 MPa 10-20 MPa [51–53]

2 Compressive strength ASTM D695 16.3 MPa 2-12 MPa [52–54]

3 Flexural strength ASTM D790 7.3 MPa 5-10 MPa [51, 54, 55]

4 Young’s modulus ASTM D638 1.8 GPa 0.05–2 GPa [51, 54, 56]

5 Bulk modulus ASTM D1621 1.5 GPa 0.01–0.5 GPa [52, 57, 58]

Table 6. 
Mechanical properties of the developed scaffold versus cancellous bone, tested per ASTM standards, showing 
values within or above physiological ranges. 

Figure 9. 
Mechanical testing setup for scaffold characterization. (a) Tensile test configuration showing specimen clamped 
in grips. (b) Compression test setup with flat platens for load application. (c) Flexural test arrangement using 
a three-point bending fixture.
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5.1.1 Elastic modulus matching

The incorporation of metal oxide-doped FP glasses brings the elastic moduli close to 
human bone values [9]. This isoelastic nature of our scaffold makes it more physiological.

5.1.2 Load bearing capability

Unlike traditional bioactive glasses, which are limited to non-load-bearing 
applications [11], our composites can support physiological loads during healing [49]. 
As shown in Table 6, the developed scaffolds demonstrated mechanical properties 
comparable to or exceeding those of natural cancellous bone, with tensile, 
compressive, and flexural strengths, as well as modulus values, falling within or above 
physiological ranges, confirming their suitability for load-bearing biomedical 
applications, as evaluated using the mechanical testing setup shown in Figure 9.

5.2 Biological performance superiority

Comparative biological evaluations highlight better performance of FP-based 
systems over conventional synthetic materials. In vivo studies show remarkably 
faster bone formation, with clinical union achieved by day 15, significantly earlier 
than traditional counterparts, and can reduce patient morbidity and recovery time. 
Micro-CT at 6 weeks revealed a bone volume fraction of 45 ± 3% in AgFP implants 
compared to 28 ± 4% for 45S5 controls, aligning with prior angiogenic findings. The 
composites also exhibit enhanced vascularization, promoting abundant 
neovascular networks critical for sustained bone regeneration, with angiogenic 
activity exceeding that of standard bioactive glasses. Furthermore, unlike 
conventional systems that primarily rely on osteoconduction, the FP composites 
display true osteoinductive behavior, as evidenced by significant upregulation of 
RUNX2 (2.1-fold) and increased osteocalcin secretion (3.2-fold) in PLA + PDLLA +  
PPF + AgFP/ZnFP/MgFP scaffolds, outperforming all other groups and confirming 
their strong osteoinductive potential [9, 37].

5.3 Summary of overall performance analysis

The comparison in Table 7 shows that Ag/Zn/Mg-doped NFP glass scaffolds 
outperform conventional synthetic materials such as HA, β-TCP, and 45S5 bioglass 
in multiple aspects, including markedly higher bioactivity, tunable ion release, 
superior mechanical adaptability, and antimicrobial functionality. They can be 
fabricated at low processing temperatures, exhibit controlled degradation matching 
bone healing kinetics, and maintain stable physiological pH, making them highly 
versatile for bone tissue engineering.

6. Future directions and emerging technologies

The integration of NFP glasses with next-generation smart biomaterial technologies 
represents a promising frontier in bone tissue engineering. Future systems are 
anticipated to incorporate stimuli-responsive ion release that adapts to different stages 
of healing, coupled with AI-driven scaffold design to meet patient-specific 

Polymeric Scaffolds and Their Role in Biomedical Engineering

1674



requirements. Advances in manufacturing, particularly 3D bioprinting, now enable the 
direct incorporation of living cells during scaffold fabrication, creating constructs that 
actively participate in tissue regeneration. Novel processing techniques are also 
facilitating multiscale architectures that more closely mimic the structural hierarchy of 
natural bone. Combination therapy approaches show strong potential, with mesoporous 
FP glasses functioning as sustained-release carriers for osteogenic growth factors, while 
scaffold configurations promote targeted stem cell differentiation to enhance 
regeneration. Clinically, these composites offer multiple advantages, including the 
ability to be fabricated in diverse morphologies such as granules, strips, or cylinders, 
giving surgeons flexibility in surgical applications. They are more cost-effective than 
expensive growth factors or demineralized bone matrices, can be mass-produced 
efficiently, and retain their functional properties after ethylene oxide sterilization, 
ensuring seamless integration into existing clinical workflows [9].

Serial 
No.

Property Nanofluorophosphate 
glass scaffold(Ag/Zn/ 
Mg-doped)

Hydroxyapatite 
(HA)

β-tricalcium 
Phosphate  
(β-TCP)

45S5 bioglass

1 Ease of 
fabrication

Room-temperature gel- 
foam casting  
(70–120℃)  
[42, 59, 60]

High- 
temperature sin
tering [61, 62]

High- 
temperature 
sintering  
[62–64]

Narrow sin
terability win
dow  
[18, 65, 66]

2 Processing 
temperature

70–120 ℃ [9, 60] 1,200–1,400 ℃ 
[61, 62]

1200–,1,400 ℃ 
[62–64]

>1,000 ℃ [18, 
65, 66]

3 Mechanical 
strength

Tunable (25–38 MPa 
compressive) [18]

Rigid, brittle  
[67, 68]

Brittle [63, 64] Poor for load- 
bearing [18, 
65, 66]

4 pH stability Maintains 6.8–7.15  
[9, 69]

NA NA Variable  
(6.5–8.5) [70]

5 Degradation rate Controlled (matches 
healing kinetics)  
[40, 42]

Very slow  
[68, 71]

Moderate  
[63, 64]

Slow [18, 65]

6 Ion release 
control

Tunable release of Ca2+,  
PO4

3−, F−, Ag+/Zn2 

+/Mg2+ [9, 72]

Ca2+, PO4
3− only 

[67, 68]
Ca2+, PO4

3- 

only [63, 64]
Ca2+, PO4

3− 

only [70, 73]

7 Biocompatibility Excellent (no giant 
cells, minimal toxicity) 
[9, 60]

Excellent  
[67, 68]

Good [63, 64] Good  
[65, 70, 73]

8 Bioactivity Very high (>80% apa
tite conversion in 21  
days) [9].

Low (10–30% 
conversion)  
[67, 68]

Moderate (30– 
50% conver
sion) [63, 64]

High (40–70% 
conversion) 
[65, 70, 73]

9 Osteoinductivity True (induces RUNX2 
and osteocalcin)  
[9, 73, 74]

None [67, 68] Minimal  
[63, 64]

Moderate  
[73, 74]

10 Antimicrobial 
action

Yes (Ag+) [72] No [67] No [63] No [65]

Table 7. 
Comparison of Ag/Zn/Mg-doped nanofluorophosphate glass scaffolds with conventional bioactive materials, 
highlighting superior bioactivity, tunable ion release, mechanical strength, and fabrication advantages. 
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7. Challenges and solutions

Despite their superior performance, NFP composites face several challenges 
that must be addressed for successful clinical translation. Current data, largely 
derived from small animal models, necessitate validation through large animal 
studies, alongside extended in vivo investigations to evaluate long-term 
biocompatibility, integration, and durability. Regulatory pathways for these 
novel composites also need to be clearly defined to streamline approval processes. 
Furthermore, scaling up production from laboratory to industrial levels will 
require meticulous process optimization to ensure consistent quality, the 
implementation of standardized testing protocols for comprehensive material 
characterization, and leveraging economies of scale to achieve competitive cost 
reduction.

8. Conclusion

NFP glass-based composites, particularly silver and zinc ion-doped 
formulations, demonstrate exceptional potential in bone tissue engineering by 
combining enhanced bioactivity, superior mechanical strength for load-bearing 
applications, and excellent biocompatibility. Their proven ability to accelerate 
bone formation, as evidenced by significant volumetric bioconversion in 
preclinical models, alongside histological confirmation of healthy bone integration, 
underscores their clinical relevance. The versatility in fabrication allows for diverse 
morphological designs, meeting varied surgical needs, while cost-effective mass 
production ensures scalability over expensive biological alternatives. With 
optimized ion release kinetics and compatibility with advanced manufacturing 
techniques, these materials align well with the future of personalized medicine, 
offering a robust, adaptable, and economically viable platform for next-generation 
bone regeneration therapies. NFP glass scaffolds doped with Ag+, Zn2+ and Mg2+ 

ions, fabricated via low-temperature 3D extrusion, fulfill ISO 23,317 criteria for 
bioactivity while delivering mechanical and biological performance that surpasses 
legacy silicate glasses. Integration of our rheology-stabilized paste printing 
protocol ensures homogeneous glass dispersion, high pore interconnectivity, and 
reproducible layer fusion – key factors for commercial scalability and regulatory 
approval.
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Abstract

Skin tissue engineering and regeneration have been successful in designing 
constructs that resemble biological tissues. Three-dimensional (3D) bioprinting has 
transformed conventional approaches by enabling the development of personalized 
architectures that mimic natural systems through computer-aided design. Compared 
to traditional skin regeneration methods, 3D bioprinted dermal replacements offer 
superior automation and standardization for clinical use. They provide the required 
precision for incorporating living cells, growth factors, and other biomolecules. The 
fabrication of 3D matrices for wound healing requires bio printable materials known as 
bioinks. Natural and synthetic biopolymers such as collagen, alginate, chitosan, and 
hyaluronic acid have been widely used as bioinks. These bioinks should possess good 
printability, mechanical strength, stability, biocompatibility, biodegradability, non- 
toxicity, high availability, and strong shape fidelity after the printing process.

Keywords: biomimetic, scaffolds, wound healing, regeneration, extracellular matrix 
(ECM), biodegradability hydrogel, 3D printing, cell adhesion, cell proliferation, skin 
regeneration, biomedical engineering

1. Introduction

Engineering in biomedicine (BME) is a relatively new area of biology and
medicine research aimed at enhancing disease management and healthcare. For 
biomedical research, including diagnostic and therapeutic applications, it offers 
design concepts and values [1]. Biomedical engineering (BME) integrates biology, 
medicine, behavior, and health with physical, chemical, mathematical, and 
computational sciences, as well as engineering principles. It advances fundamental 
concepts, generates knowledge at both the molecular and organ system levels, and 
develops unique biologics, materials, processes, implants, devices, and informatics 
approaches for disease prevention, diagnosis, treatment, rehabilitation, and overall 
health improvement [2].
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Through the integration of engineering and medical sciences, BME combines 
fields like tissue engineering, genetics, neural engineering, stem cell engineering, 
chemical engineering, and clinical engineering to enhance healthcare for people [1]. 
It serves as a bridge between engineering and medicine by combining problem- 
solving and design skills with medical and biological knowledge, leading to advances 
in diagnosis, monitoring, and therapy. Over the years, BME has evolved from 
different engineering disciplines into a distinct field of study. Like other 
interdisciplinary specializations that eventually grow into independent fields, BME 
is a clear example of this progression [3].

Polymeric scaffolds are three-dimensional (3D) structures that support tissue 
regeneration. These scaffolds may be cell-free, allowing the body’s own cells to 
populate the structure after implantation, or preloaded with cells or therapeutic 
agents to promote healing. Cell- or drug-loaded scaffolds can deliver stem cells or 
biologically active substances directly to the injury site. Common stem cell sources 
include bone marrow-derived stem cells, adipose tissue-derived stem cells, 
embryonic stem cells, induced pluripotent stem cells (iPSCs), and genetically 
modified cells – all of which play important roles in tissue repair and 
regeneration [4].

The human body is an incredibly advanced autonomous system, built from 
billions of molecular nanomachines encoded by the DNA of a single zygote. These 
nanomachines are responsible for renewing specific cell types in a tightly 
regulated manner and repairing damaged tissues. Despite this remarkable 
capacity, the body’s ability to self-heal is limited – varying with cell type and 
influenced by factors such as aging, degenerative diseases, and traumatic injury. 
In fact, some tissues have little to no regenerative ability. To address these 
limitations, polymeric scaffolds play a crucial role in creating functional 
constructs that stimulate tissue and organ regeneration, restore or improve lost 
function, and provide alternatives to autografts, allografts, or even full-organ 
transplantation. Engineered tissues like skin, cartilage, blood vessels, brain 
tissue, gastrointestinal tissues, and corneas highlight the growing applications of 
this approach [5].

Regenerative medicine and BME aim to restore the structure and functionality of 
damaged or deteriorating tissues by using cells, biomaterials, and bioactive 
compounds. By stimulating spontaneous healing or developing functional tissue 
replacements, these methods present effective alternatives to conventional organ 
transplantation [6]. Recent advances in biodegradable and bioactive polymeric 
scaffolds have significantly improved the efficacy of regenerative therapies by 
mimicking the extracellular matrix (ECM) and facilitating controlled tissue growth. 
Biomimetic scaffolds are specifically designed as biomaterial architectures that 
promote native tissue regeneration [7].

With regard to regenerative medicine and tissue engineering, 3D scaffolds 
have gained significant attention as a promising strategy. For example, a bone 
graft or scaffold should not only mimic the structure and mechanical properties of 
the natural bone ECM but also carry out key functions like those performed by 
the ECM in other tissues, such as skin. Regenerative medicine and tissue 
engineering are rapidly developing fields that aim to preserve, repair, or enhance 
the function of damaged tissues and organs. The creation of scaffolds, 3D 
biomaterial constructs that promote cellular activity and aid in the development 
of functional tissues, is a crucial component of these strategies. However, the 
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body’s self-healing potential remains restricted by the type of cells that make up 
the tissue, as well as by multiple factors influencing self-repair, including 
degenerative diseases, trauma, and aging.

2. Polymer used in scaffolds

Polymers have been classified in various ways in the current literature. One of the 
most common approaches is to categorize them into two groups: natural and 
synthetic. Natural polymers include polysaccharides such as alginate and chitosan, as 
well as protein-based materials like collagen, gelatin, elastin, keratin, and silk. 
Synthetic polymers, on the other hand, comprise materials such as polycaprolactone 
(PCL), polylactic acid (PLA), and polyvinyl alcohol (PVA) [8].

2.1 Synthetic polymer

The superior biodegradability of synthetic polymers like PCL, PLA, and PGA 
makes them popular for use in tissue engineering and medication delivery, offering 
little toxicity and the capacity to create permeable scaffolds. PLA is FDA-approved, 
highly processable, and well-suited for bone tissue applications, particularly when 
combined with bioactive materials such as gelatin or hydroxyapatite. Because of its 
higher tensile strength as well as faster rate of degradation, PGA is frequently 
combined with PLA to customize its characteristics. Their copolymer, PLGA, 
provides tunable degradation profiles and high biocompatibility, making it highly 
suitable for biomedical applications. However, materials like pure PCL exhibit 
limited cell adhesion, necessitating surface modifications or blending strategies to 
improve cellular interactions [9].

2.1.1 Polycaprolactone

PCL is an FDA-approved aliphatic and hydrophobic polyester with significant 
potential in biomedical applications due to its biocompatibility, processability, 
and versatility. It can be used as a thermo-responsive bioink for 3D printing and 
can also be blended with other polymers to tailor its properties. PCL is 
particularly useful for drug delivery systems (DDS), as it can encapsulate a wide 
range of active compounds. PCL scaffolds have been explored as DDS for cancer 
therapy, showing considerable promise in osteosarcoma treatment. In addition, 
PCL-based materials can simulate the consistency of biological tissues, providing 
support in surgical procedures. One of its key advantages is its slow degradation 
rate, which allows for sustained drug release and prolonged structural support, 
making it especially suitable for long-term implantable devices. Furthermore, its 
mechanical strength and flexibility enhance its suitability for tissue engineering 
applications that require load-bearing capacity [8].

2.1.2 Poly (lactic acid)

A biocompatible and biodegradable polymer, PLA, has several uses in the biomedical 
field. It is FDA-approved and has been employed in scaffolds, cell carriers, DDS, sutures, 
and various other medical devices. PLA-based scaffolds have been investigated as DDS 
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for the controlled release of diverse therapeutic agents, including vascular endothelial 
growth factor (VEGF) for tissue regeneration; prednisolone and dexamethasone for 
anti-inflammatory effects; paclitaxel (PTX) for accelerating endothelialization and 
preventing lumen stenosis; polyhexamethylene biguanide (PHMB) and chlorhexidine 
(CHX) for antibacterial activity; and doxorubicin for tumor treatment [10–13].

2.1.3 Poly (glycolic acid)

Polyglycolic acid (PGA) was the first biodegradable material to be used in 
clinical applications and is more hydrophilic than both PCL and PLA. PGA 
fibrous scaffolds are particularly important in wound healing for diabetic 
patients, where they have been employed to deliver monocyte chemoattractant 
protein-1 (MCP-1) for drug delivery [14]. In addition, PGA has been widely 
applied in bone and tissue engineering. It is often blended with polymers such 
as PLA and PLLA to enhance its mechanical properties, biodegradability, and 
biocompatibility [15].

2.1.4 Polyvinyl alcohol

PVA is hydrophilic in nature, a semi-crystalline polymer recognized for its 
mechanical strength and biocompatibility. These characteristics make it a promising 
material for various biomedical applications, including surgical repairs, wound 
dressings, membranes, artificial skin, and scaffold materials [8]. Hybrid PVA/PEG 
scaffolds have further demonstrated effective ciprofloxacin release, enabling strong 
antimicrobial activity [16].

2.2 Natural polymer

Natural polymers such as collagen, gelatin, chitosan, alginate, and plant-derived 
polysaccharides exhibit excellent biocompatibility and effectively simulate the ECM 
environment [17].

2.2.1 Collagen

A group consisting of at least 29 distinct polymeric proteins, known as 
collagen, makes up a significant portion of theECM’s protein content, 
accounting for between 20% and 30% of mammals’ total protein weight. 
Collagen can be obtained directly from animal tissues and purified, or 
produced as recombinant proteins. Various forms of collagen scaffolds are 
fabricated through processes such as polymerization, fibrillogenesis, and fiber 
formation. As a natural substrate for cellular attachment, proliferation, and 
differentiation, collagen also contributes to the mechanical strength and 
elasticity of tissues [4].

Collagen exposure at the site of damage triggers the clotting cascade, resulting in 
the creation of a fibrin clot that stops bleeding during the inflammatory phase of 
wound healing, which includes hemostasis and inflammation. Additionally, by 
acting as strong neutrophil chemoattractants, boosting phagocytosis and immune 
responses, and altering gene expression, collagen type I and IV fragments function as 
mediators of inflammation [18, 19].
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2.2.2 Chitosan

Chitosan, a polymer with significant potential for biomedical applications, is 
derived from the deacetylation of chitin, which is obtained from the exoskeletons of 
crustaceans such as crabs and lobsters [20]. Bio-orthogonalized chitosan scaffolds 
with esterase-activated release have been investigated for peripheral nerve 
regeneration and repair. Preclinical studies indicate that such scaffolds hold high 
potential as peripheral nerve conduits, as they can stimulate Schwann cell 
proliferation [21]. To support diverse descending inputs into the brain, chitosan 
scaffolds combined with neurotrophin-3 have been used to promote the formation of 
relay neural circuits. This approach has shown promise in facilitating functional 
recovery following spinal cord injury and paraplegia by recruiting endogenous 
neural stem cells to the lesion site, where they differentiate into mature neurons [21].

The cationic nature of chitosan is particularly important in wound healing, as it 
contributes to its antimicrobial and hemostatic properties. Chitosan promotes blood 
clotting through interactions with anionic red blood cells. Its antimicrobial action is 
attributed to the inhibition of bacterial cell wall biosynthesis, resulting from 
electrostatic interactions with anionic components of bacterial cell walls. 
Consequently, chitosan exhibits broad-spectrum antibacterial activity, while its 
functionalized forms have been shown to enhance cell proliferation, mineralization, 
and osteoblast differentiation, further supporting its value in regenerative medicine 
[22–24].

2.2.3 Alginate

Alginate, an anionic polymer derived from brown seaweed, is a cornerstone 
biomaterial due to its safety, affordability, and simple gelation with calcium ions [25]. 
The structural similarity of alginate hydrogels to the ECM makes them highly versatile. 
Key applications include advanced wound care, where they create a moist healing 
environment and reduce infection [26], as well as drug delivery. Furthermore, alginate 
gels are a promising platform for cell transplantation in tissue engineering, with the 
goal of replacing lost or damaged organs and tissues [27].

3. Polymeric scaffolds requirement

In tissue engineering, scaffolds derived from various biomaterials and fabrication 
methods are essential for regenerating different tissues. However, when determining 
a scaffold’s suitability for biomedical use, a common set of critical factors must 
always be considered, regardless of the intended tissue application.

3.1 Biocompatibility

In the context of tissue engineering, a polymeric scaffold’s primary and most 
critical property is its biocompatibility. Cells must be able to adhere, migrate, and 
proliferate on the scaffold before depositing a new ECM. Following implantation, the 
scaffold or tissue-engineered construct should elicit only a minimal immune 
response to avoid severe inflammation that could impair healing or lead to 
rejection [28].
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3.2 Biodegradability

The ultimate goal of tissue engineering is for the body’s own cells to gradually 
replace the implanted scaffold or tissue-engineered construct. Scaffolds are not 
intended to serve as permanent implants; instead, they must degrade naturally to 
allow cells to synthesize their own ECM [28]. The degradation byproducts should be 
biocompatible and safely eliminated from the body without causing harm to other 
organs. To ensure that scaffold degradation occurs in parallel with new tissue 
formation, a controlled immune response and the regulated recruitment of cells, 
such as macrophages, are required. With the increasing application of tissue 
engineering techniques in clinical practice, immunological considerations have 
become an essential focus of research [29, 30].

3.3 Mechanical property

It is essential that a scaffold is mechanically compatible with the tissue it is meant 
to repair, providing structural stability during implantation [28]. When repairing 
load-bearing structures like bone, the scaffold must have sufficient initial integrity to 
endure the full duration of tissue remodeling. Critically, this strength must be 
balanced with porosity, as an overly dense structure can impede vital vascularization 
and cell migration into the scaffold [31].

3.4 Scaffold architecture

Scaffold architecture plays a critical role in tissue engineering applications. High 
porosity and an interconnected pore network are essential scaffold properties that 
enable cell infiltration and proper nutrient diffusion throughout the construct and 
to the newly formed ECM. In addition, waste products must be able to diffuse 
outward through this porous structure, and scaffold degradation byproducts should 
be safely eliminated from the body without adversely affecting surrounding tissues 
or organs. One of the major challenges in tissue engineering is core degradation, 
which occurs due to insufficient vascularization and inadequate waste removal from 
the center of tissue-engineered constructs [32, 33].

3.5 Manufacturing technology

A key step toward making a polymer-scaffold-based construct viable for both 
medical and market success is the shift from lab-scale, single-sample production to 
cost-effective, small-batch manufacturing. The successful clinical translation of 
tissue engineering technologies is contingent upon establishing scalable 
manufacturing processes that comply with good manufacturing practice (GMP) 
guidelines [33].

4. 3D printing

Three-dimensional printing is a method of additive manufacturing 
characterized by its process of building objects one layer at a time under ambient 
temperature conditions. The process starts when a machine distributes a fine layer 
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of powder onto a build platform. Following this, a binder solution is selectively 
applied to fuse the powder particles together. The platform then lowers, and 
a subsequent layer is added and bound. This cycle repeats until the final structure is 
complete, at which point any unbound powder is removed in a post-processing 
step. Scaffolds can be created directly with this method or produced indirectly 
using a 3D-printed mold [34, 35].

A significant advantage of 3D printing for biomedical purposes is its operation at 
room temperature, which allows for the safe integration of heat-sensitive 
biomolecules. This makes it possible to embed a wide array of therapeutic agents – 
from proteins and peptides to living cells – directly into the scaffold. Such 
“biofunctionalized” scaffolds have immense potential in supporting bone 
regeneration by boosting cellular activity and encouraging new bone growth [36, 37].

The bioprinting process for skin tissue engineering comprises four key phases: 
pre-processing, bioprinting, post-processing, and in vivo application (see Figure 1). 
The initial “pre-processing” stage involves creating a hydrogel bioink by combining 
components such as cross-linked polymers, cells (including stem and immune cells), 
and growth factors. This bioink provides the hydrated, biocompatible 
microenvironment necessary to keep the cells alive.

During the “bioprinting” stage, a 3D bioprinter nozzle precisely dispenses the 
bioink in droplets to fabricate a customized 3D scaffold that mimics native skin 
architecture. Next, the “post-processing” stage involves maturing the printed 
construct into a stable scaffold. Once applied to a wound, this scaffold integrates 
with the host tissue, supports cellular growth, promotes the formation of new blood 
vessels (angiogenesis), and facilitates the deposition of the ECM.

Finally, in the “in vivo application” stage, the scaffold accelerates healing by 
promoting tissue regeneration. It is designed to gradually degrade and be replaced by 
new tissue, ultimately restoring the skin’s function [38].

4.1 Inkjet bioprinting

The earliest attempts to print living cells were carried out using modified 
commercial inkjet printers [39]. One of the first challenges of inkjet bioprinting was 
that printed cells dried out rapidly on the substrate, leading to cell death. Researchers 
overcame this limitation by embedding cells in water-rich polymer environments, 
giving rise to cell-loaded hydrogels that protected cell viability and supported tissue 
development [40]. Over the past few decades, advancements in inkjet printing 
have led to the development of several droplet generation and delivery methods. 
Among these, drop-on-demand (DOD), electrohydrodynamic (EHD), and 
continuous inkjet (CIJ) printing are the most widely recognized. While DOD and 
EHD techniques have already been successfully adapted for 3D bioprinting, CIJ 
printing has not yet been employed in this context. The following section focuses on 
the principles, advantages, and applications of DOD and EHD printing in 3D 
bioprinting [41–43].

DOD bioprinting can be actuated using thermal, piezoelectric, or acoustic 
mechanisms, each producing picoliter droplets with precise spatial control. In 
thermal DOD, vapor bubbles are generated to expel droplets, although transient heat 
exposure may affect cell viability. Piezoelectric DOD employs crystal deformation to 
generate pressure pulses with minimal thermal stress, while acoustic DOD uses 
pressure waves for gentle droplet ejection, albeit with trade-offs in printing speed 

Three-Dimensional Printed Biomimetic Polymer Scaffolds for Wound Healing 
DOI: http://dx.doi.org/10.5772/intechopen.1013675

789



Fi
gu

re
 1

. 
“W

or
kf

lo
w

 d
ia

gr
am

 sh
ow

in
g 

pr
e-

pr
oc

es
sin

g,
 b

io
pr

in
tin

g,
 p

os
t-

pr
oc

es
sin

g,
 a

nd
 in

 v
iv

o 
ap

pl
ic

at
io

n 
ste

ps
 in

 3
D

 b
io

pr
in

tin
g 

fo
r 

w
ou

nd
 h

ea
lin

g.
”.

Polymeric Scaffolds and Their Role in Biomedical Engineering

890



and hardware complexity [44–47]. For stable jetting, bioinks typically require low 
viscosities (≈1–10 mPa s for DOD) and appropriate surface tension, with printability 
often assessed using the Z number (1/Oh), which falls within a well-defined practical 
window [48].

EHD bioprinting, by contrast, uses high electric fields to draw ultrafine jets, 
achieving sub-nozzle or even sub-micron resolution. This enables the precise 
patterning of skin cell micro-architectures but necessitates careful optimization to 
mitigate jet instability and field-induced stress on cells [49, 50]. Across both 
modalities, high cell viability depends on factors such as waveform tuning, nozzle 
design, humidity regulation, anti-clogging strategies, and bioink rheology 
optimization [51, 52].

In wound healing applications, DOD and EHD printing have been applied to 
deposit keratinocytes and fibroblasts within GelMA, alginate, hyaluronic acid (HA), 
and collagen-based hydrogels. These constructs are often co-loaded with growth 
factors or antimicrobials to enhance re-epithelialization, angiogenesis, and matrix 
organization in excision wound models [53–55].

4.2 Laser base bioprinting

Several droplet generation strategies have emerged from decades of inkjet 
printing advancements. The most recognized are DOD, EHD, and CIJ. To date, 
only DOD and EHD have been successfully integrated into 3D bioprinting. The 
working principles and applications of these two methods are highlighted below 
[41–43].

In DOD bioprinting, droplet ejection is achieved through thermal, piezoelectric, 
or acoustic actuation, each producing picoliter-scale droplets with precise spatial 
control. Thermal DOD relies on the rapid formation of vapor bubbles to expel 
droplets, piezoelectric DOD employs crystal deformation to generate pressure 
pulses, and acoustic DOD utilizes pressure waves for gentle droplet release. Each 
method offers distinct advantages and trade-offs in terms of cell viability, printing 
speed, and hardware complexity.

4.3 Laser-assisted bioprinting

Originally used for metal deposition, laser-assisted printing was later adapted 
into what is now known as laser-assisted bioprinting (LAB) [48]. This technique 
involves a laser pulse, a donor slide (or ribbon), and a receiver slide. The donor 
ribbon is specifically constructed with a transparent glass base, a thin metallic 
coating, and a layer of bioink on top. When struck by the laser pulse, the metal 
layer instantly vaporizes, creating the energy needed to propel the bioink onto the 
receiving slide.

This scaffold-free approach provides exceptionally high cell viability [49] 
and achieves spatial resolutions between 10–50 µm [39]. LAB also allows 
precise positioning of different cell types, with some studies reporting the 
ability to deposit even single cells per droplet. However, despite its remarkable 
accuracy, the technique is still costly and faces limitations in terms of long- 
term stability and large-scale application. Even so, LAB continues to show 
great promise, especially when integrated with other biofabrication methods 
[50–53].
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4.4 Extrusion-based bioprinting

Driven by pneumatic or mechanical pressure [46, 55], extrusion bioprinting is 
a method where bioink is dispensed through a nozzle to form predefined 
structures. Its main strength lies in fabricating constructs with very high cell 
densities [54]. To ensure a successful outcome, it’s critical to assess process 
parameters like viscosity, nozzle diameter, and the consequent shear stress before 
printing begins [56].

Highly viscous hydrogels, which often do not require chemical additives for 
curing, are frequently employed in extrusion-based bioprinting [57]. Because 
hydrogels behave as non-Newtonian fluids, their viscosity changes with shear rate. 
High viscosity increases shear stress, which can accelerate cell death. In contrast, 
shear-thinning behavior is particularly advantageous as it enhances flow control, 
improves printing accuracy, and reduces viscosity under applied force. However, 
excessively low viscosities compromise structural integrity and print fidelity, even 
though they may facilitate improved cellular infiltration [58].

5. Other techniques: Freeze-drying, electrospinning, solvent casting and 
particulate leaching, sol–gel method

The goal of creating functional tissues and organs, which form the body’s 3D 
architecture, requires the use of scaffolds. These are fabricated using techniques that 
ensure proper cell distribution and guide 3D growth [59]. Primarily, tissue 
engineering scaffolds encourage cells to attach and provide a framework for 3D 
tissue development [60]. To be effective, the scaffold’s microscale environment 
must be conducive to cell survival and function, while its macroscale structure must 
allow for nutrient transport and the coordination of multicellular processes [59].

5.1 Freeze-drying

The technique of freeze-drying operates on the principle of sublimation. It begins 
when polymers and ceramics are dissolved in an appropriate solvent (like water or an 
organic one) and then emulsified with an aqueous phase. This solution is then cooled 
below its freezing point. Afterward, heat is applied to trigger sublimation, where the 
frozen solvent transitions directly from a solid into a gas, leaving behind a solid scaffold 
that is then dried [36, 61]. This process produces porous structures by removing the 
solvent and concentrating solutes within the ice phase. Freeze-drying is particularly 
advantageous because it enables the rapid fabrication of highly porous scaffolds without 
exposing biological components to high temperatures that could damage their activity 
[62–65]. For instance, Wu et al. [66] developed a porous gelatin scaffold using 
a unidirectional freeze-drying technique, which was shown to be non-toxic to cartilage 
cells and to promote extensive cell growth and spreading.

5.2 Electrospinning

As a powerful and flexible technique, electrospinning is used to produce 3D 
networks of nanofibers [67]. The process operates on the principle of a high-voltage 
electric field ejecting continuous, ultra-thin fibers when electrostatic forces 
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overpower the polymer solution’s surface tension [68]. The process requires 
a syringe pump with a spinneret, a metal collector, and a high-voltage power supply. 
As the charged jet of polymer solution is ejected, the solvent evaporates during its 
trajectory, leaving behind a solid nonwoven fibrous membrane. Electrospinning 
setups can be classified as horizontal or vertical, depending on the orientation of the 
syringe and electric field relative to the ground.

In a study, Tan et al. [69] developed biodegradable nanofiber scaffolds made from 
cellulose acetate butyrate and PEG using electrospinning. The resulting fibers 
demonstrated improved tensile strength, strong cell adhesion, and excellent 
biocompatibility with human dermal fibroblasts, while remaining non-toxic. These 
findings highlight the potential of such nanofibers as promising scaffolds for tissue 
engineering applications [69].

5.3 Solvent casting and particulate leaching

Particulate leaching combined with solvent casting is a widely used technique for 
producing highly porous scaffolds with controllable pore sizes. Its main advantages 
are simplicity and the absence of a need for specialized equipment [70–72]. The 
process begins by creating a polymer solution, which is then blended with salt 
particles of a predefined size. Next, the solvent is evaporated, trapping the salt 
particles within the polymer. The resulting composite is then placed in distilled water 
to dissolve the salt, leaving behind a highly porous structure. The final scaffold has 
a pore size that directly corresponds to the size of the salt particles used.

5.4 Sol–gel methods

The sol–gel method is widely used for the inorganic polymerization of metal 
alkoxides. In this approach, a surfactant is added to form a colloidal solution (sol), which 
then undergoes condensation to produce a gel. Using a hybrid sol–gel process, Chen 
et al. [73] developed bioactive glass (BG) ceramics containing sodium oxide. These 
materials exhibited improved mechanical stiffness while retaining biodegradability. 
Importantly, the properties of the resulting scaffold are highly dependent on the 
procedure, as well as on the specific additives and processing parameters applied [72].

6. Biomedical application of polymeric scaffolds

The remarkable biocompatibility of polymeric scaffolds, combined with their 
ability to facilitate controlled drug delivery, makes them invaluable for applications 
like tissue engineering, cartilage repair, and nerve regeneration [74].

6.1 Bone tissue engineering

Bone’s structure is a natural composite, divided into organic and inorganic phases 
[75]. The organic phase is dominated by type I collagen, while the inorganic phase 
consists largely of calcium phosphates (~70%), which exist predominantly in the 
crystalline structure of hydroxyapatite (Ca5(PO4)3(OH)) [76]. To effectively design 
scaffolds for bone tissue engineering (BTE), it’s crucial to have a foundational 
knowledge of the bone regeneration process. This natural healing mechanism is 
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initiated in response to events like injury, trauma, or the surgical implantation of 
a BTE scaffold [75]. Bone formation, or osteogenesis, proceeds through two distinct 
pathways: endochondral ossification and intramembranous ossification [77].

6.2 Cartilage regeneration

The ECM of cartilage tissue relies on key components like glycosaminoglycans 
(GAGs) and proteoglycans (PGs) [78]. This specialized matrix serves two main 
functions: it provides a low-friction surface for joint articulation, and it absorbs 
mechanical shocks, protecting the underlying bone [79, 80]. The goal of cartilage 
tissue engineering (CTE) is to improve the body’s natural repair processes. This is 
often done by seeding scaffolds with cells like chondrocytes or mesenchymal stem 
cells (MSCs) and adding growth factors to promote cell adhesion, growth, and 
specialization [81–83]. A wide variety of biomaterials, from synthetic polymers like 
PEG, PLGA, and PCL to natural ones such as collagen, alginate, and hyaluronan, 
have been investigated. Furthermore, modern 3D bioprinting techniques now allow 
for the creation of patient-specific, anisotropic scaffolds, which can integrate more 
effectively with native cartilage tissue [78].

6.3 Skin and wound healing

Tissue engineering employs natural, synthetic, or semi-synthetic materials to 
mimic the ECM, thereby regulating collagen deposition, cytokine expression, 
signaling pathways, and tissue morphology. In doing so, it promotes angiogenesis, 
reduces inflammation, influences cell proliferation, and guides ECM remodeling 
[84–86]. Polymeric scaffolds, although non-pharmacological in nature, play a pivotal 
role in restoring, enhancing, or replacing the functions of damaged tissues and 
organs. In wound healing, they serve two primary functions. These biomaterials have 
a dual role: in one capacity, they provide a physical framework for endogenous 
cells to adhere, proliferate, and move, thereby enhancing tissue repair and wound 
closure; in another capacity, they act as a temporary protective barrier over the 
wound, creating an optimal environment to accelerate the body’s innate healing 
mechanisms [87].

6.4 Nerve regeneration

Bioengineered solutions are increasingly being explored for addressing clinical 
challenges such as the repair of peripheral nerve gaps. An effective nerve conduit 
must provide a microenvironment that supports cellular interactions and 
promotes axonal regeneration across the injured site [88]. For very small nerve 
injuries – where the gap is only a few millimeters – the recommended medical 
approach is tension-free end-to-end suturing, in which the severed nerve ends are 
stitched together without stretching or undue tension [89]. However, for larger 
gaps, scaffolds based on natural and synthetic polymers are being investigated to 
facilitate nerve tissue regeneration. To be effective, a scaffold should closely 
mimic the nanofibrous architecture of the native ECM, thereby stimulating the 
activity of surrounding cells and supporting functional nerve repair [90, 91]. 
Among the available fabrication methods, electrospinning has emerged as 
a particularly promising technique due to its ability to produce nanofibrous 
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structures that closely replicate the ECM in both fiber size and spatial 
organization [92].

6.5 Cardiac and vascular application

Cardiovascular disease (CVD) is an umbrella term for a range of conditions 
affecting the heart and blood vessels. Of these disorders, coronary heart disease 
(CHD) is responsible for the majority of deaths [93, 94]. CHD occurs due to 
atherosclerosis, a process where fatty plaques build up inside the arteries, narrowing 
them and restricting blood supply to the heart, which can ultimately lead to ischemia. 
As an interventional strategy, stents are commonly deployed at lesion sites to 
restore perfusion in patients with 50%–70% stenosis [95]. However, earlier FDA- 
approved bioresorbable stents exhibited complications arising from their relatively 
high strut thickness, while permanent metallic stents are associated with long-term 
risks, such as the late catch-up phenomenon [93].

Polymer-based bioresorbable scaffolds (BRS) present a promising alternative to 
permanent implants, but their use is limited by lower mechanical strength 
compared to metallic scaffolds such as cobalt–chromium alloys or stainless steel. 
For example, poly(L-lactic acid) (PLLA)-based BRS have a tensile modulus nearly 
100 times lower than that of metal stents. The mechanical behavior and 
crystallinity of PLA are largely influenced by the methyl side group present on its 
polymer backbone. PLA occurs in two main forms: poly(D,L-lactic acid) (PDLLA), 
which is amorphous, and PLLA, which is semi-crystalline with crystallinity levels 
reaching up to 70%. The higher crystallinity of PLLA contributes to its superior 
structural integrity and mechanical stability. In contrast, PGA, which lacks 
a methyl side group, allows tighter chain packing, resulting in a higher melting 
point, improved mechanical strength, and increased crystallinity. However, the 
absence of steric hindrance also makes PGA more susceptible to hydrolytic 
degradation [93, 96].

6.6 Drug delivery systems

A DDS refers to any platform designed to improve the safety and efficacy of 
therapeutics by enabling localized loading and controlled release of active 
compounds. Polymeric scaffolds are particularly attractive in this context, as they 
allow drugs to be encapsulated and released in a sustained manner at the target site. 
Controlled release minimizes adverse effects associated with fluctuating drug levels 
and repeated administrations of immediate-release formulations – an issue that 
becomes increasingly important as drug loading increases. Owing to their site- 
specific implantation, scaffolds provide a spatiotemporally regulated release profile 
that is superior to conventional delivery approaches [97, 98].

Beyond drug release, the physicochemical interactions between polymeric 
scaffolds and biological components promote tissue regeneration by facilitating 
cellular adhesion, proliferation, and integration with host tissue [99]. Importantly, 
scaffolds also act as reservoirs for growth factors, enabling the delivery of key 
signaling proteins from the transforming growth factor beta (TGF-β) superfamily, 
including differentiation, osteogenic, and angiogenic factors. Targeted delivery of 
these biomolecules accelerates regenerative processes and enhances functional tissue 
repair.
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7. Conclusion(s)

In BME, especially in tissue engineering and regenerative medicine, polymeric 
scaffolds are key tools. Their ability to sustain cellular functions, duplicate the ECM, 
and aid the delivery of pharmaceutical medicine makes the healing and regeneration 
of damaged tissues a possibility. The blending of natural and synthetic polymers in 
hybrid scaffolds enhances their biological functionality even more. The last few 
years have witnessed advances in manufacturing techniques such as 3D printing, 
electrospinning, and freeze-drying, which have significantly improved the function 
and structure of scaffolds.

Smart scaffolds and nanotechnology are two examples of ongoing technologies 
that provide promising solutions, despite challenges such as immunological 
response, poor vascularization, and finding a balance between mechanical strength 
and biodegradability. Comprehensive clinical testing and translational studies are 
needed to maximize the use of polymeric scaffolds.
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The success of tissue engineering relies on more than cells and growth factors; it 
depends on the scaffolds that support, guide, and regulate tissue regeneration. Polymeric 
Scaffolds - The Backbone of Modern Tissue Engineering offers a comprehensive exploration 

of the materials that underpin modern regenerative medicine. This book examines 
the design, fabrication, and biological performance of polymer-based scaffolds, 

highlighting how their physicochemical properties influence cell behaviour and tissue 
development. The text presents both established concepts and cutting-edge innovations 
shaping the field today. Bridging fundamental science with translational research, this 

book also addresses clinical challenges and future directions in scaffold-based therapies. 
Written by experts and tailored for students, researchers, and professionals, this book 

serves as both an essential reference and an inspiring guide for those working at the 
forefront of biomaterials and tissue engineering.

Robert Koprowski, Biomedical Engineering Series Editor
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