Journal of Pharmaceutical Research and Integrated

Medical Sciences (JPRIMS)
ISSN: 3049-1681 | Vol. 03, Issue-10, October-2026 | pp.-38-51

ORIGINALARTICLE https://jprims.in/

Bio-Inspired Drug Delivery Systems: Lessons
from Nature for Pharmaceutical Innovation

Jhanna!, Aashish Kumar Netam?, Ayushi Lingayya®, Ajita Khichariya®, Sandhya®"

!Chhatrapati Shivaji Institute of Pharmacy, Durg, Chhattisgarh, India. PIN-491001.
2Department of Zoology, Bhanupratap Deo Govt PG College, Kanker, Chhattisgarh, India.
3Kamla Institute of Pharmaceutical Sciences, Shri Shankaracharya Professional University, Junwani, Bhilai, Durg,
Chhattisgarh, India. PIN-490020

*Corresponding Author E-mail: sandhyapharmal7@gmail.com

Abstract:

Bio-inspired drug delivery systems are a relatively new area of development in the field of pharmaceutical science
that applies the principles of nature to design a new system that will improve efficacy and safety in therapy. This is a
review of recent developments in bio-inspired delivery platforms and, in particular, animal-based preclinical studies.
Several biomimetic nanoparticles such as cell membrane-coated, exosome-mimetrics, virus-inspired, and
biomimetic polymers are critically analyzed. The areas of focus of this review include the methodology of
fabrication, targeting mechanism, biodistribution studies and therapeutic studies in animal models. The major
findings are that bio-inspired systems are much better in terms of drug stability, circulation time, and tissue
specificity as compared to systemic toxicity reduction. Even though such results are promising, they are subject to
such difficulties as scalability, reproducibility, and translational reliability. This review presents the contemporary
developments, limitations, and future research directions to clinical translation.
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1. Introduction

Modern therapeutics is prone to poor bioavailability, nonspecific systemic clearance, dose-
limiting toxicity, and difficulty in overcoming the challenges related to conventional drug
delivery system that restrict the effectiveness of modern therapeutics. Such limitations are
especially apparent when dealing with complex pathologies like cancer, neurological disorders,
and chronic inflammatory conditions, where it is absolutely vital to precisely target and to
regulate the shape of drug discharge to achieve therapeutic outcome. To address the challenges,
bio-inspired drug delivery systems have become a promising family of sophisticated platforms
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that imitate structural and functional characteristics of natural biological systems to increase
pharmacological performance'.

1.1.Background of the study

Traditional drug delivery vehicles are often crippled by serious drawbacks that comprise
insolubility in aqueous solutions, brief systemic elimination, indiscriminate tissue partitioning,
and dose restricting toxicity? . These issues tend to cause diminished treatment efficacies and
greater negative outcomes, especially in the treatment of complicated disorders like cancer,
neurodegenerative disorders, inflammatory disorders, and metabolic disorders. Regardless of
unremitting progress in the formulation of drugs, it is a significant challenge to the translational
medicine field to attain accurate targeting and be able to control the release of drugs®.

Figure 1: Bio Bio-inspired drug delivery systems

In nature, there are very advanced and evolutionally efficient methods in molecular transport,
cellular targeting, hostile environment protection and intercellular communication. Cells, viruses
and extracellular vesicles are biological systems that are incredibly efficient in overcoming
physiological barriers, identifying particular receptors, and transporting functional cargo to meet
its targets* . Based on these naturally occurring systems, bio-inspired drug delivery platforms
have become an attractive paradigm to counter the failure of the conventional therapeutics.

Recent advances in nanotechnology, materials science, and bioengineering have made it possible
to fabricate delivery systems that mimic biological properties of membrane camouflage,
ligandreceptor interactions, structural self-assembly, and adaptive responsiveness to
microenvironmental stimuli. These are cell membrane-coated nanoparticles, exosome-mimetic
vesicles, virus-inspired carriers, and biomimetic polymeric constructs’® . These systems are aimed
at optimizing the circulation time, avoiding immune detection, optimizing site-specific
localization, and controlled release of the drug.

Preclinical animal models can be used to play a central role in determining the viability of such
bio-inspired systems, before clinical translation® . The animal studies are important in the area of
pharmacokinetics, biodistribution, immune compatibility, therapeutic effects, and safety. The
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studies have been critical serving as the conduit between laboratory development and possible
clinical application and so the researchers are able to assess biological interactions in complex
living systems. Nonetheless, with promising results, scaling, reproducibility, chronic toxicity and

translational predictability issues remain’ .

1.2.0bjectives of the Review

The primary objective of this review is to systematically analyse and synthesize findings from
animal-based preclinical studies on bio-inspired drug delivery systems. Specifically, this review

aims to:
o summarize major bio-inspired design strategies employed in pharmaceutical delivery;
o evaluate experimental methodologies and therapeutic outcomes reported in animal
models;
J critically assess the strengths and limitations of current approaches; and
o identify key translational challenges and research gaps. By integrating evidence

across diverse studies, this review seeks to provide a comprehensive understanding of
the current landscape and developmental trajectory of bio-inspired delivery
platforms.

1.3.Importance of the Topic

The growing chronic and complex disease burden in the world requires the development of
sophisticated treatment approaches that can be used to target specific disease parts with minimal
systemic toxicity occurrence. Bio-inspired drug delivery systems have a potential to
revolutionize the field of medicine because they can use natural biological concepts to improve
the exactness and efficacy of treatment® . They prove to be next-generation solutions in the field
of pharmaceutical innovation, as they demonstrate the ability to enhance the stability of drugs,
extend their circulation, and target accumulation.

Moreover, the emphasis on the animal-based preclinical evidence is a viable assessment of
biological performance and translational viability. The integrated knowledge of these studies is
imperative in the direction of future research, the best design of the system, and the speed at
which this may advance to clinical implementation. Therefore, the review is part of the
developing literature that would bring gaps between biomimetic engineering and real-life
therapeutic implementation, which would facilitate safer and more efficient drug delivery
technologies’ .

2. Concept of Bio-Inspired Drug Delivery

Bio-inspired drug delivery systems are designed platforms which mimic structural, chemical or
functional characteristics of natural biological objects to enhance therapeutic effect. The bio-
inspired systems are especially beneficial in contrast to the conventional carriers that frequently
experience rapid clearance, lack specific targeting, and are unable to respond to physiological
conditions with adaptive response.

The main purposes of these systems are to increase the circulation lifetime, decrease
opsonization, allow site-specific deposition, and regulate the liberation of drugs. Typically used
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inspirations are cell membranes, extracellular vesicles, viral structures and naturally occurring
polymers!® . By incorporating these biological features into the synthetic constructs, scientists
are aiming to recreate the effectiveness of the natural transport systems whilst preserving the
engineering control of the size, composition and cargo.

In preclinical animal models, it has been shown that such biomimetic methods can be used to
substantially better the pharmacokinetic profiles and therapeutic indices of pharmaceutical
formulations, when compared to conventional formulations. Notably, these platforms can be
further used to enable modular design and add targeting ligands, imaging agents, and stimuli-
responsive elements'! . Consequently, bio-inspired delivery systems have become a convergence
of nanotechnology, biomaterials science, and pharmacology and represent flexible methods of
treating complicated diseases.

Table 1: Classification of Bio-Inspired Drug Delivery Systems

Bio-inspired Strategy | Natural Key Features Typical
Inspiration Applications
Cell membrane—coated | RBCs, platelets, | Immune evasion, | Cancer therapy,
nanoparticles cancer cells homotypic targeting inflammation
Exosome-mimetic Extracellular High biocompatibility, | Neurological
systems vesicles BBB penetration disorders, tumors
Virus-inspired carriers | Viral capsids Efficient scellular | Gene therapy,
entry intracellular
delivery
Biomimetic Mussel proteins, | Mucoadhesion, Oral, transdermal,
polymers/peptides bacterial surfaces | controlled release tumor targeting

2.1. Major Bio-Inspired Strategies Evaluated in Animal Models

Various prevailing bio-inspired paradigms have been investigated using animal subjects and all
use different biological principles. The following are the themes of these approaches.

2.1.1. Cell Membrane—Coated Nanocarriers

One of the best-investigated bio-inspired delivery platforms is cell membrane coated
nanoparticles. Under this mechanism, red blood cell, platelet, leukocyte or cancer cell
membranes are used to cover synthetic nanoparticle cores. This membrane camouflage retains
endogenous surface proteins, which permit immune-evasion and biological-recognition.

Murine tumor model Preclinical experiments with red blood cell membrane-coated nanoparticles
have found that these particles have an extended systemic circulation, and are actively taken up
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less by macrophages. The membrane coatings on the platelets improve the adhesion to the
damaged vasculature and inflamed tissues, which localises when needed, such as at the site of
disease'? . The homotypic targeting is made possible by cancer cell membrane coatings whereby
nanoparticles accumulate preferentially in tumors of the same cell type.

Animal studies always claim superior accumulation of tumor, better therapeutic performance,
and less off-target toxicity than uncoated nanoparticles. Nevertheless, there are still issues in
terms of variability of membrane sources, batch-to-batch reproducibility, and large scale
manufacturing. Besides, the long-term immunological effects of repeated administration are not
clearly known!? .

2.1.2. Exosome-Mimetic Delivery Systems

Exosome-based systems seek to mimic the cellular functionality of extracellular vesicles as an
intercellular communicant. These vesicles inherently have biocompatibility, low immunogenicity
and inherent targeting properties and so, they are of interest in drug delivery.

Exosome-mimetic carriers have been shown to be efficiently penetrated into the tissues and have
the capacity to penetrate biological barriers such as blood-brain barrier in animal models.
Preclinical studies have been conducted using such properties in neurological disorders and in
metastatic cancers!#. What is even more important is that therapeutic payloads that are delivered
through these systems have better cellular uptake and better functional outcomes than traditional
nanocarriers.

Although these have the stated benefits, they have drawbacks such as low natural source yield,
vesicle heterogeneity, and characterization difficulties. Mimetic exosome systems based on
synthetic exosomes partially overcome the scalability, but at the cost of biological fidelity.

2.1.3. Virus-Inspired Nanoparticles

The highly organized structures and effective cellular entry mechanisms of viral particles are
used in the production of virus-inspired nanoparticles. The engineered systems resemble the size
and structure of viruses and surface functionality without the pathogenic genes contained
therein!’ .

Animal experiments have shown that virus-mimicking carriers are better than others at
intracellular delivery of genes and small-molecule drugs because of maximized endocytosis and
endosomal escape. These are of special importance to gene therapy and intracellular drug
targeting.
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Figure 2: Virus-inspired nano particles

Nevertheless, there is a serious issue of immunogenicity. Viral mimics do not always need to be
infectious to induce an immune response, which may restrict chronic administration. Also, their
translational potential is complicated by the complex fabrication processes and regulatory issues.

2.1.4. Biomimetic Polymers and Peptide-Based Systems

Biomimetic polymers and biomimetic carriers based on peptide are inspired by the naturally
occurring materials like mussel adhesive proteins, bacterial surfaces, and self-assembling
peptides'® . The aim of these systems is to have an improved mucoadhesion, environmental
responsiveness, and controlled release.

Experiments in animals demonstrate that these platforms enhance retention at mucosal surfaces,
allow prolonged release of drugs and site-specific accumulation in inflamed or cancerous tissues.
Particularly, peptide systems have high accuracy in molecular programmability and
biodegradability.

However, the kinetics of polymer degradation, mechanical stability, and the toxicity of the
possible metabolites need to be investigated!” . Also, there is still a challenge in translating the
laboratory scale synthesis to the industrial manufacturing process.

3. METHODOLOGIES USED

The majority of preclinical studies are based on murine or rat models to test the biological
performance and therapeutic effects. Typical experimental outcomes are:

e Pharmacokinetics and biodistribution measured by fluorescence imaging, radiolabeling,
Oor mass spectrometry.
e Targeting efficiency determined by tissue accumulation and cellular uptake experiments.
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e The therapeutic effect assessed by disease-specific parameters like shrinking of the
tumor, behavioral change, or inflammatory response.

e Safety profiles identified based on hematological analysis, histopathology, and acute
toxicity studies or chronic toxicity studies.

These techniques are informative about the behavior in vivo, although there is a considerable
variance in studies of species of animals, dosing schedules, imaging, and timelines of
evaluation'® . This heterogeneity makes it difficult to compare and conduct meta-analysis.
Additionally, small animal models, used as an alternative, might not be able to effectively predict
the pharmacological action of large organisms, and this point sets precedence to the
standardization of procedures and multi-species testing.

3.1. Critical Evaluation

The bio-inspired drug delivery system has become an emerging promising therapy paradigm
with significant control advantages, including precision of targeting, safety, and versatile
structure. Using natural biological pathways, these platforms have shown an improved disease-
site accumulation and superior therapeutic effect in preclinical models, and allow the therapeutic
capabilities to be incorporated and diagnostic capabilities to be incorporated on a modular
basis'® . Nevertheless, even with these strengths, there are significant weaknesses, such as a lack
of long-term safety data, variability during manufacturing, and scaling limitations, and
uncertainty about clinical translation. The subsequent paragraphs have highlighted the main
strengths and weaknesses that characterize presently the developmental scenario of bio-inspired
drug delivery technologies.

e Strengths

The bio-inspired drug delivery systems continually show an improvement in targeting, reduced
systemic toxicity and therapies indexes in the animal models. They can be used to accumulate in
disease sites and reduce off-target exposure due to their capability to use biological recognition
pathways. Also, theranostic applications can be integrated with diagnostic and therapeutic
functions by means of modular design strategies.

e  Weaknesses

Although the results are promising, a number of shortcomings are still present. There is limited
data on long term safety especially of immune memory and chronic exposure. The standards of
manufacturing are not standardized, and there is a problem of reproducibility. Massive
production is technically challenging particularly to membrane-based systems and vesicle-
derived systems.

Table 2 provides a narrow scope perspective of the most important literature on bio-inspired
drug delivery systems, describing the shift in biomimetic approaches in the system design and
use of biomimic strategies in the translational context. The studies, as a whole, highlight
membrane-coated nanoparticles, biomimetic carriers, biomaterials based on natural polymers,
and systems driven by biomolecules as the focal points towards enhancing the efficiency of
targeting and the therapeutic capabilities. The reviewed articles cover the basic principles of
design, fabrication methods, as well as biomedical applications in real life, and also discuss such
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new challenges as scalability and clinical translation. Comprehensively, the table shows a

gradual transition to the incorporation of biology and materials science to create intelligent and

adaptive drug delivery platforms, which highlights the maturity and interdisciplinarity of the
given field of research.

Table 2. Review of Literature on Bio-Inspired Drug Delivery Systems

Author Name Topic Covered Research Study Title
Neubi et al. | Bio-inspired drug delivery strategies | Bio-inspired drug delivery systems:
(2018)2° for targeted cancer therapy, including | an emerging platform for targeted
membrane-coated nanoparticles and | cancer therapy
biomimetic carriers
Tong et al. (2020)*! | Progress and recent advances in | Research progress in bioinspired drug
bioinspired drug delivery systems, | delivery systems

focusing on design principles and
translational challenges

Villalba-

Bio-inspired biomaterials and their

Bio-inspired biomaterials and their

Rodriguez et al. | applications in drug  delivery, | drug delivery perspectives — A review
(2017)* highlighting natural polymers and
biomimetic platforms
Tomi¢ (2023)* Comprehensive overview of bio- | Bio-inspired drug delivery systems
inspired drug delivery approaches,

including fabrication methods and

therapeutic applications

Barman & Das

Bio-inspired product development and

Bio-Inspired Products and

(2024)* technological innovation with | Technology Innovation — The Present
relevance to pharmaceutical and | and Future
biomedical applications

Hou & Yu (2025)%° | Biomolecule-driven smart drug | The convergence of biology and

delivery systems integrating biology
and materials science for advanced
therapeutic delivery

material science: Biomolecule-driven
smart drug delivery systems
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4. DISCUSSION

The Discussion section summarizes important findings of animal-based preclinical tests in an
attempt to critically analyze the performance, translationality, and future research of bio-inspired
drug delivery systems?® . Using evidence-based approaches through a multiplicity of biomimetic
platforms containing cell membrane-coated nanoparticles, exosome-inspired carriers, virus-
inspired systems, and biomimetic polymers, this section decodes therapeutic result(s) by
comparing them to design principles and experimental approaches?’ . It focuses on the
importance of understanding how biological inspiration can improve targeting efficiency,
biodistribution or safety profiles and overcome shortcomings originating in model variability,
manufacturing complexity, and evaluations not yet finished®® . Moreover, this part discusses the
general implications of these findings on the pharmaceutical innovation dimension and critical
research gaps that need to be filled to enable clinical translation® .

4.1.Interpret and analyse the findings.

The cumulative data obtained with the preclinical experiments of the animals prove that bio-
inspired drug delivery system is absolutely superior to the traditional formulations in the aspect
of targeting, the duration of circulation and the therapeutic efficacy® . After imitating the natural
biological processes of membrane camouflage, receptor-mediated recognition, and vesicular
transport, these platforms demonstrate improved biodistribution profile and lower off-target
accumulation. In various types of disease models such as cancer, neurological, and inflammatory
diseases, bio-inspired carriers have been shown to deliver a better payload and show better
therapeutic activity’! .

Nanoparticles coated with cell membrane have a long systemic circulation and immune escape,
making it an effective targeting of the pathological site’? . Exosome-mimetic systems offer
inherent biocompatibility and efficient penetration through the biological barriers especially the
bloodbrain barrier. Nanoparticles based on viruses have been designed to have optimized cellular
uptake facilitating effective intracellular drug and gene transfer’ . The biomimetic polymers and
peptide based systems exhibit regulated release characteristics and localised retention. Taken
together, the results point to the versatility and flexibility of bio-inspired strategies to various
therapeutic scenarios®* .

Nonetheless, although these positive preclinical findings have been achieved, the variability in
the way studies were conducted prevents the direct comparison between studies®® . The variation
in animal species, model diseases, dosing and the use of imaging techniques adds heterogeneity
which makes it difficult to come up with standard benchmarks®*® . Furthermore, most studies
focus on the short-term effectiveness but gives minimal coverage to long-term safety and
immunological effects. Consequently, despite the evident benefits of bio-inspired systems at the
preclinical stage, it is not yet clear whether they are reliable at the translational level®’ .
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4.2. Implications and Significance

The proved effectiveness of bio-based drug delivery systems in animal models has an enormous
potential impact on the innovation of pharmaceuticals®® . These systems target the age-old
problems in drug delivery such as rapid clearance, nonspecific distribution and dose limiting
toxicity®” . They can utilize the natural recognition pathways that they can targeted with high
precision and with minimal systemic exposure, thereby enhancing therapeutic indices*’ .

Clinically, these developments would change the paradigm of treatment of complicated diseases
requiring local or intracellular drug activity*! . Moreover, bio-inspired platforms are modular,
which enables the incorporation of diagnostic agents, which opens up the possibilities of
theragnostic applications*? . These systems marked a move away towards biologically intelligent
therapeutics, as the convergence of nanotechnology, biomaterials engineering, and
pharmacology is also expressed in nanotechnology*’ .

On a larger scale, animal testing of these platforms enhances the trust in the ideas of biomimetic
design and promotes their further evolution** . These results highlight the significance of
preclinical modelling to optimize the formulation parameters and to determine the biological
interactions before clinical translation. Bio-inspired drug delivery systems are therefore an
excellent alternative to the development of the future generation of pharmaceuticals **4¢ .

4.3. Research Gaps and Future Directions

e Absence of standardized assessment systems is still a significant challenge because the
variation in animal models, outcomes, and trial designs restrict cross-study comparability
and systematic performance evaluation.

e This is due to inadequate research on long-term toxicity and immunogenicity, most of the
studies focus on the acute effects but not chronic effects of exposure.

o Lack of methods of fabrication that can be duplicated especially in membrane-derived
and vesicle-based systems is a cause of concern as to whether there is quality control and
consistency of batches.

e Scalability has remained a problem, as most bio-inspired platforms rely on the multistage
process, which is hard to scale to industrial manufacturing.

e The future research needs to focus on comparative studies in more than one animal
model (including large animals) to enhance the predictability in translation.

e Real-time biodistribution, clearance and therapeutic response require integration of
superior imaging and tracking technologies.

5. CONCLUSION

The bio-inspired drug delivery systems have become a potent paradigm in the contemporary
therapeutics as they provide novel approaches to the problems of drug stability, specificity in
targeting, and systemic safety. Based on the biological processes occurring in nature, these next-
generation platforms combine biomaterials science, nanotechnology and pharmacology to
improve in vivo performance and therapeutic targeting. In this regard, the current review
summarizes recent animal-based preclinical studies to critically analyse the design
considerations, functionality merits and translational capability of the biomimetic delivery
systems. This conclusion recaps the main key insights obtained during the synthesis of the
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experimental results of various platforms and disease models, highlights the overall importance
of such technologies, and provides research and clinical development strategies in the future.

5.1. Summary of Main Insights and Conclusions

This review has broadly explored animal-based preclinical research on bio-inspired drug
delivery systems, and it has brought out its ability to address major drawbacks of traditional
pharmaceutical formulations. Through biomimetic self-assembly, receptor-mediated targeting,
vesicular transport, and membrane camouflage, these platforms are shown to exhibit greater drug
stability, longer circulation, increased and more precise targeting, and better therapeutic efficacy
in a variety of disease models. Exosome-mimetic carriers such as cell membrane-coated
nanoparticles, virus-inspired systems and biomimetic polymers are all examples of how bio-
inspired approaches can enhance drug performance in vivo.

5.2.Importance of the Review

e Discusses the growing significance of bio-inspired delivery systems as breakthroughs in
pharmaceuticals.

e To support their future in next generation precision medicine, they provide proof, through
animal studies, of their ability to decrease systemic toxicity and improve therapeutic
efficacy.

e Asserts the importance of preclinical modeling in bio mimetic approaches to drug
validation and rational design, prior to clinical translation.

e Sums up the varying experimental results to describe a systematic review of existing
developments, constraints, and limitations of future research in this fast-changing field.

5.3.Recommendations and Future Perspectives

e Institute standardized preclinical assessment models that will enhance consistency,
reproducibility, and cross-study differences.

e Do extensive long-term toxicity and immunogenicity testing to determine long term
safety and biological compatibility.

e Establish repeatable and scalable fabrication approaches to facilitate bio-inspired
delivery platform industrial translation.

e Conduct comparative research on various animal models, such as large animals, in order
to improve translational precision.

e Introduce real-time evaluation of biodistribution and therapeutic effect based on the
advanced imaging and tracking.

e Encourage early regulatory consistency and interdisciplinary cooperation among
biomaterials scientists, pharmacologists, engineers and clinicians to hasten clinical
execution.
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