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Abstract

Haemostasis, inflammation, proliferation, remodeling, and other highly coordinated cellular and
molecular activities are all part of the complex biological processes of wound healing and tissue
regeneration. Following an injury, these stages cooperate to restore tissue integrity and function.
However, this normal process is disturbed in many clinical circumstances, especially chronic wounds
such diabetic ulcers, burns, and pressure sores. Prolonged inflammation, chronic microbial infection,
diminished angiogenesis, and impaired extracellular matrix production are common characteristics of
these wounds, which can cause delayed or incomplete healing and place a heavy strain on healthcare
systems across the globe. Nanobiocomposites have become a very promising material for improved
wound care applications in recent years.

Natural or artificial polymers are combined with nanoscale elements including nanoparticles,
nanofibers, and nanotubes to create these hybrid systems. Multifunctional materials with increased
qualities, such as potent antibacterial activity, enhanced biocompatibility, regulated medication release,
and higher mechanical strength, are the outcome of this integration. Crucially, nanobiocomposites have
the ability to precisely resemble the extracellular matrix's structure and function, which encourages cell
adhesion, proliferation, and differentiation all of which are critical for successful tissue regeneration.
Innovative platforms like electro spun nanofibers, hydrogels filled with nanoparticles, bioactive
scaffolds, and stimuli-responsive smart materials have been the focus of recent developments in this
area.

Through the acceleration of angiogenesis, modulation of inflammatory responses, stimulation of
collagen synthesis, and prevention of infections, these systems greatly improve wound healing.
Therapeutic efficacy has also been enhanced by the addition of bioactive substances, such as growth
factors, exosomes generated from stem cells, and
chemicals derived from plants. Clinical translation
is nevertheless hampered by issues such possible
toxicity, large-scale  production,  regulatory
limitations, and long-term safety concerns, despite
these positive advancements.
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*Green-Synthesized Bio-Nanocomposites for Biocompatible and Sustainable Wound Healing Uses
*Multifunctional metal-polymer nanobiocomposites (Ag, ZnO, TiO;) for antimicrobial and
immunomodulatory wound therapy

*Bio fabricated and 3D bio printed nanobiocomposite scaffolds for customized tissue engineering and
regenerative medicine

*Nanobiocomposite scaffolds functionalized with growth factors (VEGF, PDGF) for enhanced
angiogenesis and tissue regeneration

SCOPE

Recent developments in nanobiocomposite-based tissue regeneration and wound healing have a wide
and quickly growing reach, including translational research, biomedical applications, and material
innovation. By combining nanoscale materials with biopolymers, nanobiocomposites generate
multipurpose systems that can address major issues with traditional wound care, including inadequate
tissue regeneration, poor drug delivery, and infection control. These materials effectively penetrate
wound sites and provide long-lasting therapeutic activity by using special physicochemical
characteristics such increased surface area, adjustable porosity, and improved interaction with
biological tissues [1].

The development of cutting-edge platforms that replicate the extracellular matrix and facilitate cellular
processes like proliferation and differentiation, such as electro spun nanofibers, hydrogels loaded with
nanoparticles, and bioengineered scaffolds, is the main focus of current research. Furthermore,
regulated drug and growth factor distribution is made possible by nanobiocomposites, which enhance
bioavailability and targeting while reducing side effects. Green-synthesized nanoparticles for
biocompatible and environmentally friendly uses, as well as two-dimensional nanomaterials with
improved antibacterial and regenerative properties, are emerging fields. The scope also includes
multidisciplinary integration with stem cell therapy, smart stimuli-responsive devices, and regenerative
medicine. Despite tremendous advancements, problems with toxicity, large-scale production, and
regulatory approval still exist, underscoring the necessity of ongoing research to apply these
technologies in clinical settings [2-8].
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INTRODUCTION

Through a sequence of carefully planned biological processes, wound healing, an essential
physiological process, restores the structural and functional integrity of damaged tissues. Haemostasis,
inflammation, proliferation, and remodeling are some of these processes that are essential to successful
tissue healing. Chronic wounds remain a major worldwide healthcare concern despite the body's innate
capacity for healing. Treatment for conditions including diabetic ulcers, pressure sores, and vascular-
related lesions is extremely challenging, especially for older populations and those with underlying
circulatory or metabolic issues. These wounds frequently show increased susceptibility to infection,
decreased cellular activity, and prolonged inflammation, which delays recovery and raises medical
expenses [9-11].

The main purpose of traditional wound care techniques, such as the use of bandages, gauze, and
cotton dressings, is to create protective barriers. Nevertheless, they typically fall short of offering the
ideal microenvironment needed for effective wound healing. Suboptimal healing results are caused by
limitations such poor moisture retention, insufficient oxygen permeability, and a lack of antibacterial
qualities. Furthermore, these traditional techniques frequently call for replacement, which might
interfere with the healing tissue and raise the possibility of additional infections [12-15].

Nanotechnology has revolutionized biomedical science by providing novel approaches to wound
care. Materials at the nanoscale can be designed and manufactured thanks to nanotechnology, giving
them special physicochemical characteristics not seen in bulk materials. Nanobiocomposites have
become a very promising class of materials in the context of wound healing. These composites provide
multifunctional systems with improved performance characteristics by combining nanoparticles with
synthetic or natural biopolymers [16-18].

Compared to traditional wound dressings, nanobiocomposites provide a number of benefits.
Biomaterials reinforced with nanoscale elements like nanoparticles, nanotubes, or nanofibers are called
nanobiocomposites. They have better mechanical strength, surface area, bioactivity, and controlled drug
release than traditional biomaterials. For cutting-edge biological applications, its nanoscale shape
enhances tissue integration, antibacterial efficacy, and cell contact. Their large surface area-to-volume
ratio improves therapeutic agent distribution and allows for greater contact with biological tissues.
Effective gas exchange and fluid management are made possible by tunable porosity, which creates a
moist environment that promotes healing. Additionally, a variety of bioactive substances, like as growth
factors, antibacterial compounds, anti-inflammatory medications, and antioxidants, can be incorporated
into these materials to enable targeted and regulated drug release [19-25].

Recent studies have shown that nanoparticles can successfully solve important issues related to
wound healing. Inflammation, tissue creation, and remodeling are all part of the typical, rapid process
of acute wound healing, which results in full recovery. Infection, poor blood flow, diabetes, or
inflammation can all cause chronic wound healing to be delayed. Slow regeneration and a higher risk
of consequences result from chronic wounds that stay in the inflammatory stage. For example, metallic
nanoparticles like zinc oxide and silver have potent antibacterial qualities that aid in the prevention of
biofilm formation and infections. By scavenging reactive oxygen species, which can otherwise harm
cells and impede healing, nanobiocomposites also contribute to lowering oxidative stress. These
substances also encourage angiogenesis, the creation of new blood vessels, which is necessary to
provide the regenerated tissue with nutrition and oxygen [26-35].

The capacity of nanobiocomposites to replicate the composition and functionality of the extracellular
matrix (ECM) is another important benefit. Because of their high surface area, adjustable size, shape,
and surface chemistry, nanomaterials are appropriate for biomedical applications. They offer greater
cellular contact, focused therapy, improved imaging, and better drug delivery. Controlled release,
antibacterial action, and enhanced biocompatibility are made possible by their capacity to be
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functionalized with biomolecules. The extracellular matrix (ECM) controls cell behavior through
pharmacological cues and structural support. Nanobiocomposites speed up tissue regeneration by
imitating these characteristics and providing an environment that is conducive to cell adhesion,
proliferation, and differentiation. Because of this, nanobiocomposites offer improved healing results
and open the door to more sophisticated regenerative therapies, making them a revolutionary approach
to contemporary wound care [36].

RESEARCH AND METHODOLOGY

A multidisciplinary research framework that incorporates materials science, nanotechnology, biology,
and clinical evaluation is necessary for the development of nanobiocomposite-based systems for tissue
regeneration and wound healing. The techniques used in this area are intended to guarantee the synthesis
of materials that are functional, biocompatible, and clinically useful. Material synthesis,
characterization, in vitro research, in vivo assessment, and data analysis are the major categories into
which these approaches can be divided (Figure 1) [37-43].

Multidisciplinary Research Framework for
Nanobiocomposite-Based Wound Healing and Tissue Regeneration

: g I B nun
Material Synthesis / u

In Vitro Studies Data Analysis

]

Materlals Sclence Nanotechnology Biology Clinical Evaluation

Figure 1. Nanobiocomposite research framework for healing

Material Synthesis Techniques

An essential stage that greatly affects the structural, mechanical, and biological performance of
nanobiocomposites in tissue regeneration and wound healing is their manufacturing. The characteristics
of these materials are customized for particular biomedical purposes using a variety of sophisticated
production processes. One of the most popular techniques for creating nanofibrous scaffolds that closely
resemble the extracellular matrix (ECM) is electrospinning. Polymer solutions are stretched into
ultrafine fibers using a high-voltage electric field, and variables including voltage, flow rate, and
polymer concentration are carefully adjusted to provide the required porosity and uniform shape [44-
50].

Another crucial technology, especially for creating ceramic-based nanocomposites, is the sol-gel
process. This method allows for exact control over composition, homogeneity, and pore shape by
converting a liquid sol into a solid gel. Green synthesis, which uses microbial systems or plant extracts
to create biocompatible nanoparticles with lower toxicity, has drawn interest as an environmentally
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friendly substitute. In order to create extremely porous scaffolds and hydrogels that maintain structural
integrity while increasing water absorption capacity, freeze-drying, also known as lyophilization, is
frequently employed. Furthermore, 3D bioprinting is a state-of-the-art method that makes it possible to
precisely layer living cells and biomaterials to produce intricate, tissue-engineered structures (Table 1)
[51-55].

Table 1. Material Synthesis Techniques

Applications in Wound

Technique Principle Key Features Healing

Electrospinning | High-voltage fiber formation ECM-like nanofibers, high surface | Cell attachment, drug delivery
area

Sol-Gel Method | Sol to gel transition porosity, uniform structure Ceramic scaffolds, tissue
support

Green Biological nanoparticle Eco-friendly, low toxicity Antimicrobial applications

Synthesis production

Freeze-Drying | Sublimation of frozen solvent | Highly porous structure Hydrogels, moisture retention

3D Bioprinting | Layer-by-layer deposition High precision, customizable Tissue engineering constructs

Characterization Techniques

After production, the physical, chemical, and biological properties of nanobiocomposites are
carefully examined to assess their suitability for tissue regeneration and wound healing applications.
Important details regarding the stability, functionality, and interactions of materials with biological
systems are provided by these analyses. Scanning electron microscopy (SEM), which offers a
comprehensive visual representation of scaffold structure and porosity, is widely used to study surface
morphology and fibre architecture. Transmission Electron Microscopy (TEM), which offers high-
resolution pictures of the size, shape, and distribution of nanoparticles within the composite matrix, is
used to further improve this investigation [56-61].

Fourier Transform Infrared Spectroscopy (FTIR) is used to check chemical bonding between
components and identify functional groups in order to guarantee successful material creation. X-ray
diffraction (XRD) determines the crystalline structure and phase composition of nanomaterials, which
have a direct impact on mechanical and biological behaviour. Two mechanical tests that evaluate a
material's adaptability and endurance in physiological environments are tensile strength and elasticity
tests. Swelling and degradation studies are also conducted to assess the nanobiocomposites' water
absorption capacity and biodegradability, both of which are essential for maintaining a moist wound
environment and ensuring safe material breakdown over time (Table 2) [62-64].

Table 2. Characterization Techniques

Technique Purpose Key Parameters Measured Signiﬁclz_llr::l:iilnngnd
SEM Surface morphology analysis | Fiber structure, porosity Enhances cell attachment
TEM Nanoparticle imaging Size, distribution Ensures uniformity
FTIR Chemical analysis Functional groups, bonding | Confirms material composition
XRD Crystallinity analysis Phase structure Affects mechanical strength
Mechanical Testing | Strength evaluation Tensile strength, elasticity Ensures durability
Swelling & Absorption & breakdown Water uptake, degradation Maintains moist environment
Degradation rate

In Vitro Biological Evaluation
Before conducting in vivo experiments, in vitro research is essential for assessing the biological
performance of nanobiocomposites. These investigations offer crucial information about the materials'
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efficacy, safety, and functional behaviour in a lab setting. Assays for cytotoxicity are frequently used to
assess the biocompatibility of nanobiocomposites. Cell viability and metabolic activity are evaluated
using methods like MTT, Live/Dead staining, and Alamar Blue assays to make sure the materials don't
negatively impact living cells. Relevant cell lines, such as fibroblasts, keratinocytes, and stem cells, are
cultivated on nanobiocomposite scaffolds in order to study cell growth and adhesion. These
investigations assess the material's capacity to promote cell adhesion, proliferation, and dissemination
all of which are essential for tissue regeneration. Another essential element is antimicrobial testing,
which uses techniques like disc diffusion, minimum inhibitory concentration (MIC), and zone of
inhibition assays to evaluate how well nanobiocomposites work against pathogenic microbes like
Staphylococcus aureus and Escherichia coli (Figure 2) [65,66].

Antimicrobial Testing of Nanobiocomposites
Assessing effectiveness against pathogenic microorganisms

——

N '_/ N
- /-
N LS \\ n‘f D ‘\
( | " o L‘.._ \ / oy &< » | >
- . -J._\ . - - fl." - Kc,j" _‘._:"
N ‘;}‘;“‘ / - — - *‘*.é’ AW - ‘5
; Disk Diffusion  Minimum Inhibitory I,

Staphylococcus aureus Escherichia coli

Concentration (MIC)

- UU0Y

]

O
Decreasing Concentration

Disk Diffusion Zone of Inhibition Assays

' - i )
‘y Materials Science ‘:g_: Nanotechnology " Clinical Evaluation

Figure 2. Antimicrobial testing of nanobiocomposites

The controlled and sustained release behaviour of medicinal drugs integrated into the
nanobiocomposites is also examined through drug release studies. To ascertain release kinetics and
guarantee the best possible treatment efficacy, these investigations usually use spectrophotometric or
chromatographic techniques (Table 3) [67-71].

Table 3. In Vitro Studies

Study Type Method/Technique Parameters Measured Significance
Cytotoxicity Assays MTT, Live/Dead, Alamar Blue | Cell viability, metabolic Determines
activity biocompatibility
Cell Proliferation & Cell culture studies Cell growth, attachment Supports tissue
Adhesion regeneration
Antimicrobial Testing Disk diffusion, MIC, ZOI Bacterial inhibition Prevents infection
Drug Release Studies Spectrophotometry, Release kinetics, drug Ensures controlled
Chromatography concentration delivery
In Vivo Animal Models

To assess the in vivo effectiveness and safety of nanobiocomposites in tissue regeneration and wound
healing, animal research is crucial. These investigations offer a realistic biological setting in which
intricate interactions between biomaterials and living tissues can be seen. Because of their affordability,
accessibility of use, and physiological similarities in wound healing mechanisms, rodent models—
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especially those of rats and mice—are frequently employed. Standardized full-thickness wounds are
made using excisional wound models, which are frequently used to track the rate and degree of wound
closure over time. The efficacy of nanobiocomposites in treating thermal injuries, which frequently
involve significant tissue damage and a high risk of infection, is investigated using burn wound models.
Because diabetic wound models mimic the impaired healing associated with diabetes, such as decreased
angiogenesis and extended inflammation, they are especially useful for modelling chronic wound
diseases. These models aid in evaluating nanobiocomposites' therapeutic potential in situations where
healing is impeded (Figure 3) [72-77].

Burn Wound i Diabetic
Models Nanobiocomposites  \Wound Models

2 s ;}

Burn Wound Model: Diabetic Wound Models

B« Thermal Injuries ,‘ o Chranic wound

: X conditions
» Extensive tissue damage l . ‘

\ <) | = Reduced angiogenesis
= High risk of infection 4 )
b /"« Prolonged inflammation

Assessing Therapeutic Potential
Under Compromised Healing Conditions

Figure 3. Comparing burn and diabetic wound models

Wound closure rate, histological analysis of tissue regeneration, collagen deposition, angiogenesis
(the creation of new blood vessels), and inflammatory response are important metrics assessed in these
investigations. These indications offer thorough information about the healing process and the materials'
ability to regenerate (Table 4) [78-83].

Table 4. In Vivo Animal Studies

Model Type Description Purpose Key Parameters Measured
Rodent Models Small animal models General wound healing Healing rate, tissue response
(Rats/Mice) studies
Excisional Wound Model | Standardized open Monitor healing progression | Wound closure rate

wounds
Burn Wound Model Thermal injury model Assess burn treatment Infection control, tissue repair
Diabetic Wound Model Disease-induced model Simulate chronic wounds Angiogenesis, delayed healing
Evaluation Parameters Biological assessments Measure effectiveness Collagen deposition,
inflammation

Histological and Molecular Analysis

Understanding the cellular and biochemical processes underpinning wound healing and tissue
regeneration enabled by nanobiocomposites requires histological and molecular investigations. These
methods enable a thorough assessment of healing results by offering in-depth insights into tissue
architecture, protein expression, and gene regulation. Hematoxylin and Eosin (H&E) staining is
frequently used in histopathological examination to investigate tissue shape, cellular organization, and
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the course of wound healing. Important characteristics including granulation tissue development, re-
epithelialization, and inflammatory cell infiltration are identified by it. To identify and locate certain
proteins in tissue slices, immunohistochemistry (IHC) is utilized. Vascular endothelial growth factor
(VEGF) for angiogenesis, collagen for tissue strength, and inflammatory markers for immune response
are examples of biomarkers whose expression can be analyzed with this technology. These insights at
the protein level aid in assessing how well nanobiocomposites promote regeneration biologically
(Figure 4) [84-86].

Immunohistochemistry in Tissue Analysis

Detecting and localizing specific proteins within tissue sections
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Figure 4. Immunohistochemistry in tissue analysis

Gene expression study assesses the regulation of genes linked to wound healing processes and is
frequently carried out using polymerase chain reaction (PCR) techniques. This comprises genes related
to angiogenesis, extracellular matrix synthesis, and cell proliferation. Collectively, our investigations
demonstrate the therapeutic potential of nanobiocomposite materials and offer a multi-level knowledge
of tissue restoration (Table 5) [87].

Table 5. Histological and Molecular Analysis

Technique Purpose Parameters Measured Significance
Histopathology (H&E Tissue structure Cell morphology, tissue Evaluates healing progression
Staining) analysis organization
Immunohistochemistry (IHC) | Protein detection Collagen, VEGF, inflammatory | Assesses regeneration and

markers angiogenesis
Gene Expression Analysis Gene regulation Expression of healing-related | Confirms molecular-level
(PCR) study genes healing response

Data Analysis and Statistical Methods

Validating experimental results in nanobiocomposite-based wound healing and tissue regeneration
investigations requires the use of statistical techniques and data analysis. To guarantee dependability,
repeatability, and scientific precision, quantitative data from in vitro and in vivo investigations must be
methodically examined. To ascertain if observed variations between experimental groups are
meaningful or the result of random variation, statistical methods are useful.

When comparing more than two groups, researchers frequently utilize Analysis of Variance
(ANOVA), which enables them to assess the overall significance of treatment effects across various
samples or situations. T-tests are frequently used to compare two groups to ascertain whether

© STM Journals 2026. All Rights Reserved 304



Journal of Polymer & Composites
Volume 14, Issue 3
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

measurable parameters, such as cell viability, wound closure rate, or protein expression levels, differ
statistically significantly. These experiments are essential for verifying that nanobiocomposite
compositions are effective (Figure:5) [88-90].

Statistical Analysis in Evaluating Nanobiocomposites

ANOVA t-Test
Comparing More Than Two Groups Companng Two Groups M’
& [
1
| 1 5tatistic

il ﬁ

Protein expression levels

B

Wound closure rate

Cell viability

Assessing the Significance of Treatment Effects with Statistical Tests
Figure 5. Statistical analysis for nanobiocomposite evaluation

In order to analyses and visualize data, graphic analysis is essential. Plots, charts, and regression
analyses are commonly created using software programs like Origin and GraphPad Prism, which
facilitate the comprehension and presentation of complex data. To show central tendency and variability,
experimental results are usually expressed as mean + standard deviation. It is widely acknowledged that
results are statistically significant and not the result of chance when the significance criterion is p < 0.05
(Table 6) [90,91].

Table 6. Data Analysis and Statistical Methods

Method Purpose Application Outcome/Significance
ANOVA Compare multiple groups | Multi-sample experiments Identifies overall differences
t-test Compare two groups Pairwise comparisons Determines significance
Graphical Analysis | Data visualization Plotting trends and patterns | Enhances interpretation
Mean + SD Data representation Express variability Shows accuracy and consistency
p-value (<0.05) Significance testing Hypothesis validation Confirms statistical relevance

An organized and methodical summary of the many experimental techniques employed in the field
of nanobiocomposite-based wound healing and tissue regeneration is given by the tabulation of research
procedures. Researchers can compare approaches, comprehend their goals, and effectively interpret
results by classifying procedures into categories including material synthesis, characterization, in vitro
investigations, in vivo evaluation, histological analysis, and statistical methods. By condensing intricate
experimental processes into clear formats, tabulated data improves clarity and makes it easier to see the
connections between different approaches and the outcomes they produce. In multidisciplinary
research, where integration of biology, materials science, and clinical evaluation is necessary, such
tabulation is especially helpful. It enables the rapid selection of acceptable procedures for certain
research goals, such as choosing relevant biological assays to assess biocompatibility and antibacterial
activity or optimal synthesis methods for scaffold fabrication. Furthermore, by precisely defining
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experimental settings and observed results, tabular data promotes repeatability, which is crucial for
confirming findings across other investigations.

Furthermore, by emphasizing important performance metrics like mechanical strength, wound
closure rate, and cell viability, this organized display aids in data understanding and decision-making.
All things considered, tabular representation is a useful tool for planning, evaluating, and sharing
research approaches, which speeds up developments in nanobiocomposite-based tissue regeneration
and wound healing (Figure 6) (Table 7).

Structured Data Presentation for Decision-Making
Supporting Analysis in Nanobiocompasite-Based Wound Healing
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Figure 6. Data analysis for wound healing research

Table 7. Summary of Research Methodologies

Methodology Category

Technique

Purpose

Key Outcomes Measured

Material Synthesis

Electrospinning

Fabrication of nanofibers

Fiber diameter, porosity

Material Synthesis

Sol-Gel Method

Ceramic nanocomposites synthesis

Structural uniformity

Material Synthesis

Green Synthesis

Eco-friendly nanoparticle production

Biocompatibility, toxicity

Material Synthesis

Freeze-Drying

Porous scaffold formation

Water absorption, porosity

Material Synthesis 3D Bioprinting Tissue construct fabrication Structural precision
Characterization SEM Surface morphology Fiber structure
Characterization TEM Nanoparticle analysis Size, distribution
Characterization FTIR Chemical bonding Functional groups
Characterization XRD Crystallinity Phase identification
Biological Studies Cytotoxicity Assays | Biocompatibility testing Cell viability
Biological Studies Cell Proliferation Growth analysis Cell density

Biological Studies

Antimicrobial Tests

Infection control

Zone of inhibition

Biological Studies

Drug Release

Controlled delivery

Release kinetics

In Vivo Studies

Rodent Models

Healing evaluation

Wound closure rate

In Vivo Studies

Diabetic Models

Chronic wound simulation

Healing efficiency

Histological Analysis H&E Staining Tissue morphology Regeneration quality
Molecular Analysis PCR Gene expression Healing markers
Data Analysis ANOVA, t-test Statistical validation Significance levels
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RESULTS

In comparison to traditional wound care materials, recent developments in nanobiocomposite-based
wound healing have shown notable increases in treatment outcomes. The development of
multifunctional systems that tackle important issues including tissue regeneration, inflammatory
modulation, and infection control has been made possible by the integration of nanomaterials with
biopolymers. The outcomes of several in vitro and in vivo investigations demonstrate how well these
cutting-edge materials work to speed up the healing of wounds.

Enhanced Wound Closure and Tissue Regeneration

The faster rate of wound closure linked to nanobiocomposite-based dressings is one of the most
significant results seen in recent research. Rapid re-epithelialization is facilitated by the moist
environment and structural support offered by hydrogel-based composites and electro spun nanofibers.
Wounds treated with nanobiocomposites demonstrate noticeably faster closure than untreated or
routinely treated wounds, according to in vivo research utilizing rodent excisional wound models. This
improvement is ascribed to increased extracellular matrix deposition, cell motility, and proliferation
[92].

Antimicrobial Efficiency

Strong antibacterial activity has been shown by nanobiocomposites including metallic nanoparticles
like silver (Ag), zinc oxide (ZnO), and copper oxide (CuO) against common wound pathogens like
Escherichia coli and Staphylococcus aureus. Antimicrobial assay findings show a significant decrease
in bacterial load and an increase in the zone of inhibition. This characteristic is essential for avoiding
biofilm formation and infections, both of which are significant obstacles to wound healing [93-99].

Improved Biocompatibility and Cell Response

Studies on cytotoxicity and cell proliferation show that nanobiocomposites are highly biocompatible,
promoting the adhesion and growth of fibroblasts, keratinocytes, and stem cells. Because they resemble
the extracellular matrix, materials made with natural polymers like chitosan, collagen, and gelatin
exhibit improved cellular interactions. Green-synthesized nanoparticles also lessen toxicity, which
makes these systems safer for use in biomedical applications [100-102].

Controlled Drug Release Behavior

The capacity of nanobiocomposites to deliver controlled and prolonged release of therapeutic
substances is another significant development. According to drug release studies, these materials can
sustain a consistent release profile throughout time, which lessens the requirement for frequent dressing
changes. Growth factors, anti-inflammatory medications, and antibacterial medicines are all made more
effective by this regulated distribution, which improves overall healing results [103-106].

Promotion of Angiogenesis and Collagen Deposition

Nanobiocomposites greatly increase angiogenesis and collagen synthesis, according to histological
and molecular investigations. Treated wounds have been found to have higher amounts of collagen
deposition and increased expression of vascular endothelial growth factor (VEGF). The development
of new blood vessels and the fortification of the regenerated tissue depend on these elements. The
mending tissue will receive enough oxygen and nutrients thanks to the enhanced vascularization
[107,108].

Reduction of Inflammation and Oxidative Stress

Additionally, nanobiocomposites are essential for regulating the inflammatory response. Research
indicates that wounds treated with nanocomposite materials exhibit a decrease in oxidative stress
indicators and pro-inflammatory cytokines. By scavenging reactive oxygen species, antioxidant
nanoparticles like cerium oxide aid in minimizing cellular damage and accelerating the healing process
(Table 8) [109-111].
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Table 8. Key Results from Recent Studies

Parameter Evaluated

Nanobiocomposite Feature Observed Outcome Impact on Wound Healing

Wound Closure Rate Electro spun nanofibers, hydrogels | Faster wound contraction | Accelerated healing

Antimicrobial Activity | Ag, ZnO nanoparticles Increased zone of Infection prevention
inhibition

Cell Viability & Biopolymer-based composites High cell growth Enhanced tissue

Proliferation regeneration

Drug Release Profile Nanoparticle-loaded systems Sustained release Reduced dressing frequency

Angiogenesis Growth factor incorporation Increased VEGF Improved blood supply
expression

Collagen Deposition ECM-mimicking scaffolds Higher collagen levels Stronger tissue formation

Inflammatory Response | Antioxidant nanoparticles Reduced cytokine levels | Faster recovery

Oxidative Stress Cerium oxide nanoparticles ROS scavenging Cell protection

Comparative Performance with Conventional Dressings

Nanobiocomposites continuously perform better than conventional wound dressings in terms of
functional qualities and healing effectiveness. Nanobiocomposites offer a complete solution by
combining several therapeutic functionalities into a single platform, while conventional materials lack
regulated drug delivery capabilities and antibacterial activity (Table 9) [112-114].

Table 9. Comparison with Conventional Dressings
Feature

Conventional Dressings | Nanobiocomposites

Antimicrobial Activity | Limited or absent Strong and sustained

Drug Delivery Not available Controlled and targeted
Moisture Retention Moderate Excellent
Biocompatibility Basic High

Healing Rate Slow Accelerated

Structural Support Limited ECM-mimicking

DISCUSSION

The findings unequivocally show that nanobiocomposites are a major breakthrough in tissue
regeneration and wound healing. They can concurrently treat several parts of the healing process, such
as tissue regeneration, inflammation reduction, and infection control, due to their multifunctional
nature. By encouraging normal cellular processes, their capacity to imitate the extracellular matrix
further increases their efficacy [115-120].

Nevertheless, some obstacles still exist in spite of these encouraging results. The reproducibility and
scalability of results can be impacted by variations in synthesis techniques, possible nanoparticle
toxicity, and a lack of standardized evaluation procedures. Furthermore, the majority of research is
restricted to preclinical models; additional clinical trials are required to confirm its effectiveness and
safety in humans [121-125].

Future studies should concentrate on assuring regulatory compliance, enhancing large-scale
production methods, and optimizing material composition. The functionality of nanobiocomposites may
be further improved by including intelligent technologies like biosensors and stimuli-responsive devices
[126-130].

Overall, the findings and conversations demonstrate that systems based on nanobiocomposites
function better than conventional wound care materials. They are a viable option for advanced wound
care because of their capacity to improve wound closure, inhibit infection, boost cell proliferation, and
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encourage tissue regeneration. To reach their full potential in practical healthcare applications, more
research and clinical validation will be necessary [131-136].

CONCLUSION

In the areas of tissue regeneration and wound healing, nanobiocomposites represent a revolutionary
and quickly developing strategy that provides creative answers to persistent clinical problems. Due to
ongoing infections, protracted inflammation, and compromised tissue regeneration mechanisms,
chronic wounds—such as diabetic ulcers, burns, and pressure sores are frequently challenging to treat.
These complex problems are often not adequately addressed by conventional wound care techniques.
Nanobiocomposites, on the other hand, offer multifunctional platforms that can concurrently target
many parts of the healing process by combining biopolymers with nanoscale materials.

The potent antibacterial qualities of nanobiocomposites are among their most important benefits. A
wide range of pathogens can be effectively inhibited by including nanoparticles like copper oxide, zinc
oxide, and silver, which lowers the risk of infection and biofilm formation. Furthermore, by regulating
the production of anti-inflammatory molecules and lowering oxidative stress by scavenging reactive
oxygen species, these materials can modify inflammatory responses. In chronic wounds, where high
inflammation frequently hinders healing, this dual action is especially crucial.

The efficiency of nanobiocomposites has been considerably improved by recent developments in
fabrication technology. For example, electro spun nanofibers closely resemble the extracellular matrix's
architecture, offering the perfect setting for cell adhesion, proliferation, and differentiation. Similar to
this, hydrogels packed with nanoparticles provide superior moisture retention and regulated medication
delivery, preserving a favorable wound environment. While smart nanocomposites with stimuli-
responsive qualities can release therapeutic compounds in reaction to environmental triggers like pH,
temperature, or infection, the creation of self-healing materials guarantees the structural integrity and
durability of wound dressings.

The therapeutic potential of nanobiocomposites has been greatly enhanced by the incorporation of
bioactive compounds. Angiogenesis and tissue regeneration are aided by growth factors including
platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF). Furthermore,
stem cell-based strategies, such as the use of stem cells or the exosomes they release, have demonstrated
impressive potential in improving tissue repair and lowering inflammation. Together with
nanomaterials, these physiologically active elements enhance tissue functionality and hasten healing.

Before nanobiocomposites are widely used in therapeutic settings, a number of issues need to be
resolved despite these encouraging advancements. The possible toxicity of some nanoparticles,
especially at greater concentrations or with extended exposure, is one of the main worries. For patient
safety, ensuring biocompatibility and reducing side effects are essential. Furthermore, because different
synthesis techniques might impact the characteristics and performance of nanobiocomposite materials,
large-scale production and standardization of these materials continue to be difficult. Another major
obstacle is getting regulatory approval, which requires extensive preclinical and clinical research to
prove safety, effectiveness, and repeatability.

Furthermore, the expense of sophisticated nanobiocomposite systems can restrict their availability,
especially in environments with limited resources. Ensuring fair access to these cutting-edge medicines
will require addressing these logistical and financial obstacles. Future studies should concentrate on
creating scalable, affordable manufacturing methods as well as standardized evaluation and quality
control procedures.

All things considered, nanobiocomposites have great potential to transform regenerative medicine
and wound care. Their versatility and capacity to integrate cutting-edge biological and smart

© STM Journals 2026. All Rights Reserved 309



Recent Advancements in Nanobiocomposite-Based Wound Healing Yadav et al.

technologies make them an effective tool for enhancing patient outcomes. To overcome present
constraints and realize the full potential of nanobiocomposites, further multidisciplinary research as
well as developments in material science, biotechnology, and clinical validation will be essential. It is
anticipated that as these technologies develop further, they will become increasingly important in
improving the quality of life for patients with complicated and persistent wounds.
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