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ARTICLE INFO ABSTRACT
Published: 13 Mar 2026 Erythrocyte-based drug delivery systems (EBDDS) have emerged as promising
Keywords: platforms which are biomimetic and are used for targeted and sustained therapeutic
Erythrocyte-based drug applications. Due to their numerous advantages including inherent biocompatibility,
delivery; Red blood cells; prolonged circulation time, low immunogenicity, and unique membrane architecture,
Biomimetic; Nanomedicine; erythrocytes act as natural carriers for encapsulation of drugs and other biological
Drug Encapsulation; molecules. Recent advances in nanotechnology have led to the development of
Targeted Therapy erythrocyte-derived and erythrocyte-coated nanoparticles that have shown enhanced
DOI: drug stability, improved immune evasion, and better site-specific delivery. Despite their
10.5281/zenodo.19008048 substantial potential, erythrocyte-based therapeutics face numerous challenges which

are related to their structural variability, limited drug loading capacity, immune
recognition, large-scale manufacturing and regulatory classification. This review
discusses the biological basis of erythrocytes as drug carriers, their engineering
strategies, potential therapeutic applications, key challenges, and regulatory
considerations.

INTRODUCTION Among  various  cell-based  approaches,
erythrocyte-based systems (EBS) are gaining
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significant interest for their potential applications
in drug delivery, immune modulation, and
regenerative medicine [1, 2]. The use of natural
biological carriers for disease management has
garnered significant attention from researchers and
scientists. Beyond proteins, peptides, enzymes,
and other macromolecules, erythrocytes,
commonly known as red blood cells, have been
explored as potential drug carriers, for various
therapeutic applications, including anticancer,
antibacterial, antiviral, and anti-inflammatory
treatments [3, 4]. Red blood cells generate small,
bubble-like nanovesicles that play both diagnostic

Their
system
release

and therapeutic roles in biomedicine.
prolonged circulation time,
compatibility, drug
mechanisms, ability to protect
pharmaceuticals from endogenous degradation
make them highly effective for targeted drug
delivery and diagnostics. This technology has been
widely utilized in various biomedical applications.

immune
controlled
and

The transition of erythrocyte-based drug delivery
systems (EBDDS) from preclinical studies to
clinical trials (CTs) demonstrates their potential as
innovative and efficient drug delivery platforms.
Biomimetic nanoparticles, in particular, have
demonstrated exceptional ability in targeting
specific sites and enhancing pharmaceutical
stability [5, 6]. As a result, they are emerging as a
promising approach for the diagnosis and
treatment of solid tumors, including gliomas, lung
cancer, breast cancer, colon cancer, and stomach
cancer.

1. Erythrocytes as biocompatible carriers

Erythrocytes are highly biocompatible and remain
in the bloodstream for extended periods, making
them effective carriers for targeted drug delivery
and regenerative medicine applications. Their
adaptability allows for modifications tailored to
patient-specific needs, ensuring drug release in
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response to specific stimuli such as changes in pH
or temperature. This versatility makes erythrocytes
promising carriers for a wide range of therapeutic
agents. Integrating erythrocytes into regenerative
medicine and drug delivery systems showed
immense potential, including patient

improved efficacy, precise
monitoring, and overall quality of life [7, §]. To
maximize the therapeutic effectiveness, and to
minimize the side effects,

safety,

treatment dose

researchers have
loaded anti-cancer drugs onto
erythrocytes, engineering them to release the drugs
selectively within tumor cells. In regenerative

successfully

medicine, erythrocytes serve as carriers for growth
factors and stem cells, facilitating tissue repair and
regeneration [9].

2. Drug loading strategies

There are multiple strategies that exist to formulate
therapeutic agents using erythrocytes. These
include embedding drugs within erythrocyte
membrane, modifying cell surfaces to target
specific tissues, and encapsulating therapeutic
agents within the cytoplasm. In the field of bio-
delivery, red blood cells (RBC) have attracted
significant interest due to their unique biological
and physicochemical features. RBCs, which are
responsible for oxygen transport, are the most
abundant cells in the human body. They originate
from erythroblasts in the bone marrow and
circulate in the bloodstream for approximately 70
- 140 days. RBCs constitute nearly 70% of all adult
human cells, providing an extensive surface area
for drug delivery. Their distinctive membrane
structure combines cytoskeletal flexibility with
internal viscosity, allowing them to navigate
capillaries while withstanding shear stress. This
unique composition grants RBCs exceptional
deformability [10, 11].

The erythrocyte membrane contains numerous
proteins that regulate redox homeostasis, respond
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to neurotransmitter stimulation and metabolism,
from macrovesicles, and mediate the uptake and
degradation of bioactive compounds. Due to their
biocompatibility, and
extended lifespan, RBCs are ideal for applications

low immunogenicity,
in nanomedicine. These properties make them
particularly suitable for encapsulating drugs at
targeted organ sites [12, 13]. Additionally, RBC-
based drug delivery  systems
pharmacokinetics by prolonging therapeutic
activity following surgical procedures. The most
common technique for drug encapsulation within
the RBCs is the hypotonic method, in which cells
expand under hypnotic conditions, creating
temporary pores in their membranes. This allows
drugs and nanomaterials to enter the erythrocytes
and accumulate. To ensure biocompatibility and
controlled drug release, the encapsulated payload
must undergo a carefully regulated sealing

enhance

process.

3. Challenges in
delivery (EBDD)

erythrocyte-based drug

Variations in erythrocyte morphology and
structural integrity can pose challenges for
synthetic RBC-based carriers, potentially limiting
their interaction with living systems and this factor
posed a challenge in generating an effective
database for regulatory submission [14, 15].
Despite these challenges, RBC-based drug
formulations enable precise drug delivery to
targeted tissues, with controlled and monitored
release rates that prevent premature degradation or
systemic exhaustion. EBDD has revolutionized
regenerative medicine by introducing new
strategies to treat a wide range of diseases and
injuries. Researchers have successfully loaded
anti-cancer drugs into erythrocytes, engineering
them to selectively adhere to malignant cells for
targeted therapy. This approach enhances
therapeutic efficacy by modifying erythrocyte
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surfaces to ensure precise binding to cancer cells,
enabling localized drug action [16].

Several challenges remain in using erythrocytes
for cell-based therapies as the immune system may
recognize and reject modified erythrocytes,
limiting their circulation lifespan. Additionally,
drug-loading capacity constraints and potential
cell degradation may reduce their long-term
effectiveness. Addressing these challenges is
critical for optimizing EBDD. Red blood cell
membrane-coated nanoparticles provide solutions
by enhancing the drug-loading efficiency and
extending circulation times in the bloodstream.
Another innovative approach involves genetically
modified erythrocytes with extended survival and
immune evasion properties, increasing their
suitability for prolonged treatment [17, 18].

The potential of EBDD extends to the
management of chronic diseases, where long-term,
personalized treatment strategies are essential.
Erythrocyte-based therapeutics offer promising
avenues for improving treatment specificity and
in various disorders. Furthermore,
bioengineering
nanotechnology enable the development of
personalized medicine, allowing erythrocyte-
based therapies to be customized for individual
patients [30]. These erythrocyte-based
formulations are an attractive option for medical
treatment by improving drug administration and

efficacy

advancements in and

minimizing systemic side effects. Researchers are
actively developing EBDDS to target tumor sites
while minimizing off-target toxicity. Additionally,
gene-editing tools could potentially be delivered
via erythrocytes to address hereditary diseases,
offering a novel approach to precision medicine
[19, 20].

4. Ethical and regulatory considerations
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Regulatory framework govern the approval and
commercialization of pharmaceuticals and
therapeutic agents, ensuring safety and efficacy.
However, safety concerns also raise -ethical
challenges. In recent years, significant
advancements in cancer treatment have led to the
development of novel therapies, such as the
immunotherapy (both active and passive), stem
cell treatments, and nanocarrier-based delivery
systems [21, 22]. Conventional cancer treatments,
such as the chemotherapy and radiation therapy,
often suffer from adverse effects and lack of
specificity. The introduction of biocompatible
EBDDS aims to address these limitations by
improving drug targeting and circulation longevity
while minimizing immune system clearance [23,
24]. Owing to their ability to deliver therapeutics
with high specificity, erythrocytes have emerged
as a valuable tool in both therapy and diagnostics.
They can function as bioreactors, carrying a wide
range of therapeutic agents. However, despite
these advancements, the erythrocyte-based
therapies present significant ethical, legal, and
regulatory challenges owing to the complexity in
developing formulation, establishing it’s stability
and testing for application. Legal barriers
surrounding marketing approval could delay or
obstruct the commercialization of many promising
treatments, even the highly advanced ones [25,
26].

5. Global regulatory frameworks for
erythrocytes-based formulations

International regulatory frameworks play a crucial
role in the approval and commercialization of
drug delivery Regulatory
considerations greatly affect the licensing and
development process and should be considered
while new approaches to drug distribution are

novel systems.

developed and approved. These technologies have
to follow the prescribed guidelines and regulations
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established by regulatory authorities
different countries if they are to be accessible to
stakeholders and patients everywhere [27]. This
covers establishing that the treatment is safe and
efficient as well as ensuring that it conforms with
and guidelines thereof.
International regulatory sanctions facilitate the
distribution and production of a wide range of
treatments, thereby simplifying their convenience
for patients. Global cooperation and interaction
among researchers, developers, and regulatory
authorities is essential for the successful creation
and application of these innovative treatments [28,

acCross

international laws

29]. For instance, to collect information on how
safe and effective a new gene treatment is for a rare
genetic disease, a pharmaceutical company needs
to conduct CTs at multiple locations. To ensure
that the treatment meets the required standards, it
is important to work closely with the regulatory
officials in each country. This teamwork will
speed up the approval process and ensure global
accessibility of these life-saving treatments. [30,
31].

Global coordination is important in the
development and acceptance of novel therapeutic
approaches. The evolution of medical technology
benefits significantly from international CTs and
regulatory  partnerships. Understanding the
advantages and limitations of global cooperation
in the pharmaceutical industry can provide
valuable insights for future drug development
initiatives [32]. For instance, a pharmaceutical
company doing research on a novel cancer
treatment might collaborate with research centres
across multiple countries to diversify patient
enrolment and collect comprehensive efficacy
data. By addressing specific legal and regulatory

challenges while adhering to international
standards, companies can accelerate the
development and availability of life-saving

medical treatments [33].
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Technological advancements are driving the
development of various treatments, including cell,
tissue, and gene therapies. These innovations have
garnered significant interest due to their potential
to address numerous medical conditions and
physical disorders. Examples include enhanced
donor cells, engineered oncolytic viruses,
hematopoietic stem cells, skin grafts, novel gene-
editing techniques, and customized tissues [34,
35]. These therapies have proven beneficial in
treating a wide range of diseases and conditions,
including blood cancers, burns, thalassemia, sickle
cell disease, spinal muscular atrophy, certain
tumors, and specific genetic disorders. As the
number of cell, tissue, and gene therapy products
continues to grow, regulatory oversight is essential
to ensure their ethical production and compliance
with quality, safety, and efficacy standards.
Effective regulation requires robust classification
systems and in-depth understanding of their
origins, manufacturing processes, and intended
applications of these products. Additionally,
regulatory frameworks must balance oversight
with innovation, ensuring that rules do not hinder
the development or accessibility of these therapies.
In this context, the World Health Organization
(WHO) strongly advocates for regulatory
harmonization and reliance to facilitate global
access to these advancements [36].

Regulations governing erythrocyte-based
formulations vary significantly across countries. In
the United States (US), the Food and Drug

Administration ~ (FDA)  requires  rigorous
preclinical and clinical evaluations before
approving these products for human use.

Similarly, in the European Union, the European
Medicines Agency (EMA) oversees the approval
process under a unified regulatory framework.
Manufacturers of erythrocyte-based therapeutics
must adhere to country-specific regulations to
legally market and distribute their products [37,
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38]. National regulatory differences influence the
production and distribution of these therapies,
creating challenges for manufacturers seeking
global market entry. Regulatory agencies such as
the FDA and EMA, ensure the safety and efficacy
of  erythrocyte-based  products. = However,
navigating diverse regulatory landscapes presents
significant hurdles for manufacturers, as
compliance with different national guidelines is
necessary for international commercialization.
These variations in regulations can impact patient
access to novel blood-derived therapies, and future
regulatory  changes profound
implications for the industry.

may have

6. Impact of regulatory frameworks on
market access

Manufacturers aiming to enter new markets must
navigate complex regulatory landscapes, often
facing delays in product approval and
commercialization. Failure to meet regulatory
standards may prevent life-saving treatments from
reaching patients in need. To address these
challenges, regulatory agencies must work toward
aligning and streamlining their guidelines to
facilitate the global distribution of erythrocyte-
based therapies. For example, the launch of a new
blood cell-based medication may be delayed due
to varying regulatory requirements in the US, the
European Union (EU), and Asia. Pharmaceutical
companies may need to conduct additional CTs
and comply with region-specific approval
processes, increasing costs and limiting global
access to the medication. Regulations greatly
impact product development timelines and market
entry, requiring companies to allocate substantial
resources to meet regulatory compliance [39, 40].
These challenges can slow innovation, extend
research and development timelines, and increases
costs, ultimately limiting patient access to critical
therapies [41]. Establishing global regulatory
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standards could expedite the approval process,
ensuring that patients worldwide benefit from new
treatments. A unified regulatory framework would
enable pharmaceutical companies to launch
erythrocyte-based products more efficiently,
improving accessibility and patient outcomes. For
instance, a company developing a new blood cell-
based therapy may need to conduct multiple CTs
and obtain regulatory approvals in different
jurisdictions. Harmonizing these regulatory
requirements would reduce delays, lower costs,
and accelerate patient access to
treatments [42, 43].

innovative

A well-defined regulatory framework for cell-
based therapies has the potential to revolutionize
medicine by enabling precise and personalized
treatment approaches for
However, clear and consistent regulations are
essential to ensure the safety and efficacy of these
therapies. This regulatory should
encompass guidelines for the sourcing,

various diseases.

system

manufacturing, and quality control of cell-based
products, as well as post-market surveillance to
monitor patient outcomes over time. Regulatory
authorities  must  also open
communications with researchers and industry
leaders to stay informed of scientific
advancements and adapt regulations accordingly.

maintain

CONCLUSION

In conclusion, EBDDS represent a promising and
evolving platform in nanomedicine and cell-based
therapeutics. Numerous advantages associated
with erythrocytes make this system highly
attractive for the delivery of a variety of
therapeutic agents. Advancements in drug loading
techniques, = membrane  engineering, and
fabrication of erythrocyte membrane-coated
nanoparticles have further expanded their
applications in across various domains including
oncology, infectious diseases, inflammatory
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disorders, and regenerative medicine. These
biomimetic platforms demonstrate enhanced
therapeutic stability, improved pharmacokinetics
and reduced systemic toxicity in comparison to the
conventional drug delivery systems. However
various challenges, in particular, their regulatory
classification, quality control standardization, and
harmonization are crucial for the acceleration of
their clinical translation and commercialization
process. Interdisciplinary  collaboration is
warranted among  researchers, clinicians,
bioengineers, and regulatory agencies to address
these limitations. These therapies have the
potential to emerge as safe, efficient, and patient
specific treatment strategies in future.
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