
SYNTHESIS, CHARACTERIZATION AND PROCESSING OF NEW MATERIALS
FOR INNOVATIVE APPLICATIONS 
Jan-Jun 2025, VOL. 2, ISSUE 1, pp. 45-48
https://doi.org/10.61577/scpnmia.2025.100005

Introduction

*Correspondence: Mr. Shubham M. Shende, Department of Pharmaceutics, Manwatkar College of Pharmacy, Chandrapur, India, 
e-mail: sshende35@gmail.com 
 © 2024 The Author(s). Published by Reseapro Journals. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Shubham M. Shende, Mahesh A. Hadke, Amit P. Awari, Maroti Jeurkar

Polymer nanocomposites in biomedical applications: Challenges
and opportunities

NARRATIVE REVIEW

 

Department of Pharmaceutics, Manwatkar College of Pharmacy, Chandrapur, Maharashtra, India

ABSTRACT
The rapid progress of nanotechnology has profoundly reshaped the development of biomaterials,
leading to the emergence of polymer nanocomposites as advanced platforms for biomedical
applications. Polymer nanocomposites consist of a polymeric matrix reinforced with nanoscale fillers
such as nanoparticles, nanofibers, or nanotubes, which collectively impart superior physicochemical,
mechanical, and biological properties compared to conventional polymers. Their increasing relevance
in biomedicine is attributed to their ability to mimic native tissue architecture, enhance therapeutic
performance, and address limitations of traditional biomaterials, including inadequate mechanical
strength, limited bioactivity, and poor control over drug release profiles.
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Polymer composites have emerged as an important class of
advanced materials due to their ability to integrate the
inherent advantages of polymers such as flexibility, lightweight
nature, ease of processing, and cost-effectiveness with the
enhanced mechanical strength, stiffness, and functional
properties of reinforcing agents [1]. Traditionally, polymer
composites incorporated micro-sized fillers such as glass
fibers, carbon fibers, and ceramic particles to improve
mechanical and thermal performance [2]. These conventional
composites have been widely utilized across various sectors,
including packaging, structural materials, and biomedical
applications, owing to their durability and adaptability [3].

  Despite these promising advantages, the translation of
polymer nanocomposites into clinical practice faces
significant limitations [12]. One of the major concerns is
balancing enhanced bio-functionality with biosafety [13].
While nanofillers improve properties such as antimicrobial 

With the growing demand for safer, more effective, and patient-specific healthcare solutions, polymer
nanocomposites have gained considerable attention due to their multifunctional nature. This review
critically examines the challenges and opportunities associated with polymer nanocomposites in major
biomedical applications, including drug delivery systems, tissue engineering, wound healing, and
medical devices. A systematic literature search was performed using major scientific databases such as
Web of Science, PubMed, Scopus, and Google Scholar. 
Peer-reviewed studies were analysed with emphasis on recent advances in synthesis strategies,
material characterisation techniques, and biomedical performance.
The reviewed literature highlights that polymer nanocomposites demonstrate enhanced
biocompatibility, tunable mechanical properties, controlled and targeted drug delivery, and notable
antimicrobial activity. Despite these advantages, several challenges persist, including potential
nanotoxicity, regulatory complexities, reproducibility issues, and constraints related to large-scale
manufacturing. Although extensive research exists, there remains a lack of integrated reviews
correlating material performance with biosafety, regulatory compliance, and manufacturability.
Addressing these gaps is essential for successful clinical translation and commercial adoption of
polymer nanocomposites.

    The advent of nanotechnology has brought a paradigm shift
in the development of polymer composites, leading to the
emergence of polymer nanocomposites [4]. Nanomaterials
such as carbon nanotubes, graphene, nanoclays, metal and
metal oxide nanoparticles, and polymeric nanofibers possess
exceptionally high surface area-to-volume ratios and unique
physicochemical properties [5]. When uniformly dispersed
within polymer matrices, these nanofillers significantly
enhance mechanical strength, thermal stability, electrical
conductivity, barrier properties, and surface functionality, even 

at very low filler concentrations [6]. This nanoscale
reinforcement enables precise tailoring of material properties
that cannot be achieved using conventional micro-scale fillers
[7].

    The integration of nanotechnology with polymer science has
been particularly transformative in the biomedical field [8].
Polymer nanocomposites have demonstrated remarkable
potential in drug delivery systems, tissue engineering scaffolds,
wound healing materials, biosensing platforms, and implantable
medical devices [9]. Their ability to provide controlled and
targeted drug release, mimic the extracellular matrix, promote
cell adhesion and proliferation, impart antimicrobial activity, and
improve mechanical durability makes them highly attractive for
advanced healthcare applications [10]. Consequently, polymer
nanocomposites are increasingly being explored as
multifunctional biomaterials capable of addressing complex
clinical needs [11].
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Materials and Methods 

Drug delivery systems.

Literature search strategy

activity, drug-loading capacity, and osteoconductivity, they
may also induce cytotoxicity, genotoxicity, inflammatory
responses, or long-term accumulation in biological systems if
not carefully engineered [14]. Additionally, the long-term in
vivo biocompatibility, degradation behaviour, and fate of
nanoparticles remain insufficiently understood [15]. From a
manufacturing perspective, challenges such as nanoparticle
agglomeration, lack of reproducibility, limited scalability, high
production costs, and inadequate regulatory standardization
continue to hinder commercialization and clinical translation
[16].

    Considering these challenges, a clear research gap exists in
the form of limited integrated evaluations that correlate
functional performance with toxicity, manufacturing
feasibility, and regulatory considerations [17]. Most studies
focus on isolated applications or laboratory-scale outcomes,
offering insufficient insight into long-term safety and large-
scale implementation. Therefore, the primary objective of
this review is to critically evaluate the challenges and
opportunities associated with polymer nanocomposites in
biomedical sciences, with particular emphasis on their
functional performance, safety concerns, manufacturing
scalability, and translational feasibility [18]. By addressing
these aspects collectively, this review aims to provide a
comprehensive framework to guide the development of safe,
effective, and clinically translatable polymer nanocomposites
for future biomedical applications [19-22].

This review was conducted using a systematic, structured,
and literature-based methodology to collect, evaluate, and
synthesize published research on polymer nanocomposites in
biomedical sciences. The study did not involve experimental
synthesis or in-house material characterization; instead, it
relied exclusively on critical analysis of peer-reviewed
literature.

A comprehensive literature search was performed across major
scientific databases, including Google Scholar, PubMed,
Scopus, and Web of Science. Relevant articles published
primarily within the last 10–15 years were considered to
capture both foundational and recent advancements.
Additional studies were identified through cross-referencing of
selected articles to ensure inclusion of seminal contributions.

 Keywords used included combinations of polymer
nanocomposites, biomedical applications, drug delivery, tissue
engineering, wound healing, implants, biocompatibility, toxicity,
and characterization techniques.

Applications

In review-based research, classification and organization of
retrieved literature constitute a methodological step. Therefore,
the Applications subsection is included within the Methods
section to describe how the literature was systematically
categorized and analyzed [23-25].

Tissue engineering and regenerative medicine.

Wound healing and antimicrobial materials.
Biosensing and diagnostics
Implants and prosthetics

This structured categorization enabled:
Comparative evaluation across application areas.
Identification of application-specific material design
strategies.
Systematic assessment of challenges and opportunities

    Thus, the Applications subsection represents an analytical
framework, not experimental reporting, and is fully
consistent with accepted review methodologies.

Characterization tools

Although no experimental characterization was performed in
this review, characterization tools are discussed because
they form the primary basis for performance evaluation in
the reviewed studies. Their inclusion serves an analytical and
interpretative purpose, allowing comparison of how polymer
nanocomposites were validated across the literature [26-30].
  The review critically examines reported outcomes from
commonly used techniques such as:

FTIR for chemical interactions.
SEM and TEM for morphology and dispersion.
DSC and TGA for thermal behaviour.

Mechanical testing for structural suitability.
Cytotoxicity and biocompatibility assays for biological
safety.

Discussion of these tools enables assessment of:
Reliability of reported material properties.
Adequacy of biological safety evaluation.
Translational relevance of laboratory findings.

Discussion 

Drug delivery applications
Polymer nanocomposites have emerged as advanced drug
delivery platforms capable of addressing key limitations of
conventional dosage forms, including poor solubility, burst
release, and lack of targeting. Compared to traditional
polymeric carriers, nanocomposite systems demonstrate
enhanced drug-loading efficiency, improved stability, and
controlled release behaviour due to nanoscale filler–polymer
interactions [31].

  Studies on polymer–clay, polymer–silica, and polymer–
carbon nanotube nanocomposites consistently report
improved pharmacokinetic profiles and site-specific delivery.
However, when compared with lipid-based nanocarriers or
polymeric nanoparticles, nanocomposites offer superior
mechanical and structural stability but raise greater concerns
regarding long-term toxicity, particularly for carbon-based
nanofillers. This trade-off highlights the need for careful
surface modification and dose optimization [32].

Tissue engineering and regenerative medicine
Compared to conventional polymer scaffolds, polymer
nanocomposites more effectively mimic the extracellular matrix
due to enhanced surface roughness, bioactivity, and mechanical
strength. Incorporation of hydroxyapatite, graphene oxide, and
bioactive glass has been shown to significantly improve
osteoconductivity and cellular response [33].

  Based on thematic relevance, the selected studies were
methodologically grouped into the following biomedical
application domains:
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Wound healing and antimicrobial applications

Limitations and Future Scope

approaches is expected to accelerate the successful integration
of polymer nanocomposites into next-generation biomedical
technologies.

 When compared with ceramic-only scaffolds, polymer
nanocomposites provide improved flexibility and degradation
control yet often fall short in achieving native tissue-level
mechanical strength. Advanced fabrication techniques such as
3D printing and electrospinning have partially addressed this
limitation, but reproducibility and scalability remain major
challenges [34].

Polymer nanocomposites incorporating silver or zinc oxide
nanoparticles outperform conventional wound dressings in
antimicrobial efficacy and healing rate. Compared with
antibiotic-loaded dressings, nanocomposites offer sustained
antimicrobial action and reduced resistance development.
However, metal nanoparticle accumulation and cytotoxicity
remain unresolved concerns, limiting long-term clinical use [35].

Implantable and wearable devices
Nanocomposites demonstrate superior wear resistance,
mechanical durability, and functional integration compared to
traditional polymer implants. Nevertheless, in comparison with
metallic implants, polymer nanocomposites still exhibit
limitations in long-term load-bearing capacity and fatigue
resistance, necessitating hybrid material approaches [36].

Limitations
Despite promising laboratory-scale results, polymer
nanocomposites face several limitations:

Incomplete understanding of long-term toxicity and
degradation behavior.
Lack of standardized synthesis and testing protocols.
Insufficient long-term in vivo and clinical data.
Challenges in large-scale manufacturing and batch
reproducibility.
Regulatory uncertainty due to material complexity.

Future Scope
Future research should focus on:

Development of biodegradable and biosafe nanofillers.
Long-term in vivo toxicity and pharmacokinetic studies.
Standardization of characterization and testing protocols.
Scalable and cost-effective manufacturing techniques.
Integration of smart, stimuli-responsive functionalities for
personalized medicine.

Conclusion 
Polymer nanocomposites represent a versatile and promising
class of biomaterials with broad applicability in drug delivery,
tissue engineering, wound healing, and implantable devices.
Their ability to combine tunable mechanical properties,
controlled drug release, and enhanced bioactivity distinguishes
them from conventional polymeric systems. However, challenges
related to toxicity, long-term stability, reproducibility, and
regulatory approval continue to limit their clinical translation.
Addressing these limitations through safer material design,
standardized evaluation protocols, and scalable manufacturing
strategies is critical. Future research emphasizing personalized
medicine,  smart nanocomposites, and  eco-friendly  synthesis 
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