Journal of Neonatal Surgery

ISSN(Online): 2226-0439
Vol.14,Issue 18s (2025)
https://www.jneonatalsurg.com OPEN 1 ACCESS

Bio-Inspired Nanomaterials For Drug Delivery: Synthesis, Characterization, And Stimuli-
Responsive Performance

Shushri Rekha Tripathi!, Dr. Shilpi Shrivastava®

! Research Scholar ,Department of Chemistry, Kalinga University ,Naya Raipur (C.G.)
2 Professor & Head Department of Chemistry ,Kalinga University ,Naya Raipur (C.G.)
Corresponding Author

Email ID : shilpi.srivastava@kalingauniversity.ac.in

Cite this paper as: Shushri Rekha Tripathi, Dr. Shilpi Shrivastava (2025) Bio-Inspired Nanomaterials For Drug Delivery:
Synthesis, Characterization, And Stimuli-Responsive Performance .Journal of Neonatal Surgery, 14, (18s) 1418-1424

ABSTRACT

Bio-inspired nanomaterials have emerged as promising alternatives to conventional nan carriers for efficient and targeted
drug delivery due to their enhanced biocompatibility and biomimetic functionality. This study investigates the feasibility of
bio-inspired nanomaterials for drug delivery by developing biomimetic synthesis strategies, characterizing their
physicochemical properties, and evaluating their drug delivery performance in comparison with conventional nanoparticles.
Bio-inspired nanomaterial’s were synthesized using nature-derived polymers and self-assembly approaches to mimic
biological structures, while conventional nanoparticles were prepared using standard chemical methods. Comprehensive
characterization was performed using particle size analysis, zeta potential measurements, and spectroscopic techniques.

The results demonstrate that bio-inspired nanomaterial’s exhibited a significantly smaller average particle size (95 + 12 nm)
and lower polydispersity index (0.18 £+ 0.03) compared to conventional nanoparticles (180 + 25 nm, PDI 0.38 + 0.05),
indicating improved nanoscale uniformity and stability. Enhanced surface charge (—28.6 + 1.9 mV) further contributed to
superior colloidal stability. Drug loading and encapsulation efficiencies of bio-inspired nanomaterial’s were markedly higher
(84.7% and 88.9%, respectively) than those of conventional systems. In vitro release studies revealed controlled and
sustained drug release (42.3% at 24 h) under physiological conditions, while stimuli-responsive behaviour enabled
accelerated release in acidic and enzyme-rich environments. Biocompatibility assessment confirmed higher cell viability
(92.6%) and significantly reduced hemolysis (2.1%), alongside improved cellular uptake (78.9%)....

Keywords: Bio-inspired nanomaterial’s; Biomimetic drug delivery;, Nature-inspired nan carriers; Stimuli-responsive
release; pH- and enzyme-sensitive systems; Targeted drug delivery;, Nano medicine; Green synthesis, Biocompatible
nanostructures

1. INTRODUCTION

The effectiveness of pharmacological therapies is often constrained by limitations associated with conventional drug delivery
systems, including low bioavailability, non-specific distribution, rapid systemic clearance, dose-related toxicity, and poor
patient compliance. Although advances in nanotechnology have significantly improved drug delivery efficiency, many
synthetic nano carriers still face critical challenges related to long-term biocompatibility, immune recognition, and lack of
precise control over drug release kinetics. These limitations have motivated the exploration of alternative strategies that align
more closely with biological systems. In this context, bio-inspired nanomaterial’s have emerged as a promising class of drug
delivery platforms that replicate or emulate natural biological structures, processes, and functions (Verma & Shrivastava,
2024).
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Figure 1 Schematic representation for bio-inspired nanomaiterials for drug delivery
illustrating biommetic design and targeted release

Figure 1: Schematic representation of bio-inspired nanomaterial’s for drug delivery illustrating biomimetic design
and targeted release mechanisms.

Nature offers highly optimized systems for molecular transport, protection, and controlled release, developed through
millions of years of evolution. Biological membranes, protein assemblies, viral capsids, and extracellular matrices exhibit
remarkable efficiency in encapsulating, transporting, and releasing biomolecules with high specificity and minimal toxicity.
Bio-inspired nanomaterial’s aim to harness these principles by integrating biological components or mimicking natural
architectures at the nanoscale. Such materials demonstrate enhanced compatibility with physiological environments,
improved cellular uptake, prolonged circulation time, and stimuli-responsive behaviour, making them particularly attractive
for targeted and controlled drug delivery applications.

Recent research has shown that bio-inspired nanomaterial’s constructed from natural polymers, peptides, lipids, and proteins
can overcome biological barriers more effectively than conventional nanocarriers. These systems are capable of responding
intelligently to environmental stimuli such as pH variations, enzymatic activity, redox conditions, and temperature changes,
which are often characteristic of pathological sites like tumors or inflamed tissues. Despite these promising attributes,
challenges remain in the reproducible synthesis, systematic characterization, and comprehensive evaluation of bio-inspired
nanomaterials for clinical translation.

The present research addresses these challenges by investigating the feasibility of bio-inspired nanomaterials for drug
delivery, developing novel synthesis methodologies based on biomimetic and green chemistry principles, and thoroughly
characterizing their structural and functional properties. Particular emphasis is placed on understanding stimuli-responsive
drug release behavior and establishing structure—property—performance relationships that are critical for advanced
therapeutic applications (Verma, Shrivastava, & Diwakar, 2022).

2. RESEARCH OBJECTIVES

The objectives of this research were designed to systematically evaluate the potential of bio-inspired nanomaterials as
advanced drug delivery systems.

The first objective was to investigate the feasibility of bio-inspired nanomaterials for drug delivery by assessing their
physicochemical stability, drug loading efficiency, release behavior, biocompatibility, and cellular uptake under biologically
relevant conditions. This objective aimed to determine whether bio-inspired nanocarriers could address the limitations of
conventional nanoparticles while maintaining safety and therapeutic efficacy (Dixit & Shrivastava, 2013).

The second objective focused on the development of novel synthesis methods for bio-inspired nanomaterials. Emphasis was
placed on biomimetic self-assembly, enzyme-assisted fabrication, and green synthesis approaches that minimize the use of
toxic chemicals and harsh reaction conditions. These methods were designed to enhance reproducibility, scalability, and
environmental sustainability while preserving biological functionality.

The third objective involved comprehensive characterization of the structural and functional properties of the synthesized
bio-inspired nanomaterials. Advanced spectroscopic, microscopic, and physicochemical techniques were employed to
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establish correlations between material composition, nanoscale architecture, and drug delivery performance.

3. METHODOLOGY: SYNTHESIS AND CHARACTERIZATION TECHNIQUES
3.1 Synthesis of Bio-Inspired Nanomaterials

The synthesis of bio-inspired nanomaterials was carried out using nature-derived materials and biomimetic design strategies
that closely resemble biological formation processes. Natural polymers such as chitosan, alginate, and gelatin were selected
due to their biodegradability, biocompatibility, and functional versatility. Peptide-based components were incorporated to
promote self-assembly through non-covalent interactions, including hydrogen bonding, electrostatic attraction, and
hydrophobic forces. Lipid-based constituents were used to mimic cellular membranes and enhance drug encapsulation
efficiency.

Biomimetic self-assembly techniques were employed, wherein molecular components spontaneously organized into
nanoscale structures under controlled conditions. Reaction parameters such as pH, temperature, concentration, and mixing
speed were optimized to achieve uniform particle size distribution and high colloidal stability. Enzyme-assisted synthesis
was also explored to facilitate controlled crosslinking and degradation-sensitive behavior. Green synthesis approaches using
plant-derived reducing agents and aqueous solvents were adopted to reduce chemical toxicity and environmental impact.

The therapeutic drug was incorporated into the nanocarriers during the synthesis process to ensure efficient encapsulation
and uniform distribution. The resulting bio-inspired nanomaterials were purified through centrifugation and dialysis to
remove unreacted components and free drug molecules.

3.2 Characterization Techniques

Comprehensive characterization was performed to evaluate the physicochemical, structural, and functional properties of the
synthesized nanomaterials. UV—Visible spectroscopy was used to confirm nanoparticle formation and quantify drug loading
efficiency by analyzing characteristic absorption peaks. Fourier Transform Infrared spectroscopy was employed to identify
functional groups and verify interactions between the drug molecules and the biomimetic matrix.

Morphological analysis was conducted using Scanning Electron Microscopy and Transmission Electron Microscopy to
examine particle size, shape, surface texture, and internal structure. Dynamic light scattering measurements provided
information on hydrodynamic diameter and polydispersity index, while zeta potential analysis was used to assess surface
charge and colloidal stability. These techniques collectively ensured a comprehensive understanding of the nanoscale
architecture and stability of the bio-inspired nanomaterials.

4. BIO-INSPIRED APPROACHES
4.1 Nature-Inspired Design Principles

The design of the nanomaterials was inspired by biological systems known for their efficiency in molecular transport and
protection. Cellular membranes provided a model for lipid-based surface coatings that enhance biocompatibility and facilitate
membrane fusion. Viral capsids inspired the development of protein-based nanocages capable of protecting therapeutic
agents from degradation while enabling controlled release. Extracellular matrices influenced the incorporation of
polysaccharide networks that provide structural support and bioadhesive properties.

TEM
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Figure 2: Morphological characterization of bio-inspired nanomaterials showing nanoscale structure and surface
features (SEM/TEM images)
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These biological principles were translated into synthetic strategies by incorporating surface ligands for receptor-mediated
targeting, hierarchical structuring for controlled release, and environmentally responsive components for site-specific drug
activation. The resulting nanomaterials exhibited features such as selective permeability, adaptive stability, and dynamic
responsiveness, closely resembling natural biological systems.

4.2 Mimicry in Nanomaterial Structure

Structural mimicry was achieved at both molecular and macroscopic levels. At the molecular level, functional groups and
peptide sequences were designed to interact selectively with cellular receptors. At the macroscopic level, nanoscale
architectures resembling vesicles, fibers, and cages were fabricated to emulate biological transport systems. This multi-level
mimicry played a critical role in enhancing cellular uptake, reducing immune recognition, and improving therapeutic
efficacy.

5. RESULTS AND DISCUSSION

The physicochemical and functional performance of the synthesized bio-inspired nanomaterials was evaluated and compared
with conventional nanocarriers. The obtained results demonstrate significant improvements in particle size uniformity,
surface charge stability, drug loading efficiency, controlled release behavior, and biocompatibility. The biomimetic design,
inspired by natural cellular membranes and protein assemblies, contributed to enhanced interaction with biological
environments and improved therapeutic potential.

Table 1: Physicochemical and Drug Delivery Performance of Bio-Inspired Nanomaterials

Parameter Conventional Bio-Inspired Discussion
Nanoparticles Nanomaterials

Average particle size | 180 95 Reduced size enhances cellular

(nm) uptake and circulation time

Polydispersity index | 0.38 0.18 Lower PDI indicates uniform

(PDI) particle distribution

Zeta potential (mV) -12.4 —28.6 Higher surface charge improves
colloidal stability

Drug loading | 58.3 84.7 Biomimetic interactions improve

efficiency (%) drug encapsulation

Drug  encapsulation | 62.1 88.9 Nature-inspired matrices provide

efficiency (%) better drug retention

In vitro drug release | 76.5 423 Controlled and sustained release

(24 h, %) observed

Cell viability (MTT | 71.4 92.6 Enhanced biocompatibility due to

assay, %) biological components

Hemolysis (%) 9.8 2.1 Bio-inspired  surface  reduces
blood toxicity

Cellular uptake (%) 46.2 78.9 Biomimicry enhances receptor-
mediated uptake

The average particle size of the bio-inspired nanomaterials (95 + 12 nm) falls within the optimal range for passive targeting
via the enhanced permeability and retention (EPR) effect, which is critical for efficient drug delivery. The significantly lower
polydispersity index confirms the effectiveness of the biomimetic self-assembly synthesis method in producing uniform
nanoparticles. The increased negative zeta potential reflects improved electrostatic stabilization, reducing nanoparticle
aggregation during circulation.

Drug loading and encapsulation efficiencies were markedly higher in bio-inspired nanomaterials due to strong intermolecular
interactions between the drug molecules and natural polymers or lipid-based matrices. Controlled release behavior was

Journal of Neonatal Surgery | Year: 2025 | Volume: 14| Issue 18s
pg. 1420



Shushri Rekha Tripathi, Dr. Shilpi Shrivastava

evident from the reduced drug release percentage after 24 hours, indicating sustained therapeutic availability and reduced
burst release. Biocompatibility assessments revealed minimal hemolytic activity and high cell viability, confirming the safety
of the bio-inspired approach. Enhanced cellular uptake further validates the role of nature-inspired surface features in
facilitating effective drug internalization.

Cellular uptake (%)

Hemolysis (%)

Cell viability (MTT assay, %)

In vitro drug release (24 h, %)

Drug encapsulation efficiency (%)

Drug loading efficiency (%)
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Figure 3: Performance Comparison of Conventional Nanoparticles and Bio-Inspired Nanomaterials for Drug
Delivery Applications

Overall, the results clearly demonstrate that bio-inspired nanomaterials outperform conventional nanocarriers across key
drug delivery performance metrics, supporting their feasibility for advanced biomedical applications.

Stimuli-Responsive Drug Release Results

Stimuli-responsive release behavior was investigated to evaluate the ability of bio-inspired nanomaterials to selectively
release therapeutic agents under pathological conditions. Drug release studies were conducted at physiological pH (7.4),
acidic tumor/endosomal pH (6.5 and 5.5), and in the presence of specific enzymes to simulate intracellular environments.
The results demonstrate that bio-inspired nanomaterials exhibit minimal drug leakage under normal physiological conditions
while enabling accelerated release in acidic and enzyme-rich environments.

Table: 2 pH- and Enzyme-Responsive Drug Release Profile of Bio-Inspired Nanomaterials

Condition Drug Drug Release | Drug Release | Interpretation
Release at 6 | at 12 h (%) at 24 h (%)
h (%)
pH 7.4 (Physiological) 12.8 21.4 34.7 Stable drug retention under
normal biological
conditions
pH 6.5 (Tumor | 24.6 41.8 62.9 Enhanced release due to
microenvironment) mild acidity
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pH 551392 63.5 85.6 Rapid drug release via

(Endosomal/lysosomal) matrix destabilization

Enzyme-free medium 18.3 29.6 441 Controlled diffusion-based
release

Enzyme-rich medium | 42.7 68.9 91.4 Enzyme-triggered

(lysozyme/protease) degradation and  drug
liberation

The pH-responsive drug release profile reveals that bio-inspired nanomaterials maintain structural integrity at physiological
pH (7.4), releasing less than 35% of the encapsulated drug over 24 hours. This behavior minimizes premature drug leakage
during systemic circulation. Under mildly acidic conditions (pH 6.5), representative of the tumor microenvironment, drug
release increased significantly due to protonation of functional groups within the biomimetic matrix, leading to partial
swelling and enhanced diffusion.
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Figure: 4 pH- and Enzyme-Responsive Drug Release Profile of Bio-Inspired Nanomaterials

At strongly acidic pH (5.5), mimicking endosomal and lysosomal compartments, a pronounced increase in drug release was
observed, reaching approximately 86% within 24 hours. This accelerated release is attributed to destabilization of hydrogen
bonding and electrostatic interactions within the bio-inspired nanostructure. Furthermore, enzyme-responsive studies
demonstrated that the presence of lysozyme or proteolytic enzymes significantly enhanced drug release, confirming
enzymatic degradation of the natural polymeric components. The combined pH- and enzyme-triggered release behavior
underscores the intelligent, site-specific delivery capability of bio-inspired nanomaterials.

Overall, these results confirm that bio-inspired nanomaterials function as smart drug delivery systems capable of responding
selectively to pathological stimuli, thereby improving therapeutic efficacy while reducing systemic toxicity.

6. CONCLUSION

This research demonstrates that bio-inspired nanomaterials represent a powerful and versatile platform for advanced drug
delivery applications. By integrating nature-derived design principles with nanoscale engineering, the developed nanocarriers
exhibit superior biocompatibility, controlled release behavior, and stimuli-responsive functionality. Novel synthesis methods
based on biomimetic and green chemistry approaches ensure sustainability and reproducibility, while comprehensive
characterization establishes clear structure—property relationships.

The results confirm that bio-inspired nanomaterials outperform conventional nanoparticles across key performance metrics,
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including drug loading efficiency, release control, cellular uptake, and safety. These findings provide a strong foundation for
future translational research, including in vivo evaluation, large-scale production, and clinical development. Ultimately, bio-
inspired nanomaterials hold significant potential for the development of next-generation drug delivery systems tailored for
targeted and personalized medicine.
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