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Applications and Future
Trends of Extracellular Vesicles
in Biomaterials Science and
Engineering
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Abstract

Extracellular vesicles (EVs) derived from natural resources and human cells are
innovative biomaterials with vast potential for a wide range of applications. The
applications of EVs are expanding rapidly, particularly in emerging fields such as
biomaterialomics, information transfer, data storage, and 3D bioprinting, where
principles of synthetic biology also come into play. These versatile structures exhibit
diverse morphologies and compositions, depending on their cellular origin. Asa
result, they have been incorporated as key components in both medical and engineer-
ing fields. Their integration into these materials has facilitated research in various
areas, including DNA and RNA storage, 3D printing, and mitochondrial transfer.
Whilst the sustainable production of EVs using validated and standardized methods
remains a significant challenge, it is crucial to acknowledge their tremendous poten-
tial and prepare for future scientific breakthroughs facilitated by EVs.
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1. Introduction

Extracellular vesicles (EVs) play a crucial role in facilitating communication
between different cellular compartments within the body by serving as carriers for
the transfer of lipids, proteins, and nucleic acids [1, 2]. These vesicles are released by
various types of cells and can be found in bodily fluids. Despite their sophisticated
functions, only a limited number of these functions have been explored thus far.

The term “platelet-dust” was coined by Wolf in 1967 during his research at the
University of Birmingham, UK, building upon previous studies that investigated the
effects of platelet extraction protocols on coagulation [3-6]. Wolf’s report focused
on the indistinguishable properties observed amongst different platelet fractions
obtained through the ultracentrifugation of plasma and serum, with regard to their
coagulation activity [6].
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Schematic representation of EVs subtypes: (a) microvesicles; (b) exosomes; (c) apoptotic bodies.

Researchers often categorize EVs (Figure 1) based on size, and exosomes
(20-200 nm) (Figure 2) are particularly noteworthy due to their unique DNA and
RNA content, which can be modified through cellular uptake. This ability enables
them to regulate cells and tissues. Additionally, smaller vesicles than exosomes
may intersect or co-release with microvesicles during the multivesicular endo-
somal pathway (0.1-1 pm). However, despite efforts to explore the diversity of EV
subtypes, there is a lack of substantial biomaterialomics data regarding real-time
release profiles [7]. Furthermore, no clear correlations have been established
between the functions of EV contents. For example, recent research revealed that
healthy-shaped mitochondria were found encapsulated in mitochondria-rich
EVs derived from autologous stem cells [8], whereas other EV subtypes can carry
mitochondria components such as mitochondrial DNA [9], or can transport mito-
chondrial proteins [10]. These subgroups, depending on the isolation techniques
and protocols employed, can be purified as a combination of two or three subtypes.
Although the relationship between motion tendency and cargo size has yet to be
explored, utilizing specific biological vesicle types may provide the most effective
means of targeted delivery.
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Figure 2.
Schematic representation of an exosome structuve.
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2. EVs in biocomputers: from synthetic biology to materials science

Biocomputers are emerging computing devices that utilize biological macromol-
ecules, such as DNA, RNA, and proteins, to perform computational tasks [11-14]. The
field of biocomputing originated with a ground-breaking study by Adleman in 1994,
which demonstrated that computational tasks could be carried out using DNA [12].
Since then, research has expanded to explore various approaches and applications of
biomaterial science and synthetic biology, including DNA computing, RNA comput-
ing, and protein-based computing [15]. Notably, the CELLO algorithm has led to the
development of genetic Boolean gates (Figure 3) and three-input Boolean circuits
[16], highlighting the natural biochemical properties of these biological molecules for
data storage, processing, and output.

Biocomputers rely on four main components: information storage [11, 17], infor-
mation processing [18], protein-based computation [19, 20], and output-and-readout
[21]. DNA consists of four nucleotide bases: adenine (A), cytosine (C), guanine (G),
and thymine (T), whilst RNA includes uracil (U) instead of thymine. By rearranging
these bases in different-length fragments, information can be encoded and stored.
Manipulating the conformation of DNA or RNA strands allows for data storage in
biocomputing [22, 23]. Furthermore, these strands can be designed to selectively bind
to specific target molecules or sequences, enabling logical operations such as AND,
OR, and NOT gates. By combining multiple DNA or RNA strands, complex computa-
tions can be performed [24, 25].

Proteins play a crucial role in biocomputing by acting as switches or logic gates
(Figure 3), facilitating signal processing and decision-making within a biocomputer
system. Specifically designed proteins can perform computational operations, and
enzymes can catalyze specific reactions [26]. Output in a biocomputer system can
be achieved by detecting changes in DNA, RNA, or proteins. Alternatively, output
signals can be analyzed through enzymatic reactions and translated into readable data
allowing for effective communication of computational results [27].

Recently, the research on the use of exosomes in biocomputing has gained
momentum, initially focusing on cell membranes and their potential as gates and
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Figure 3.
A typical example of an AND gate in digital circuits, where the two A and B inputs are exosomes. Proteins can
act as switches or logic gates.
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signal processors. Fan et al. reported on the cost-effective and efficient utilization

of exosomes for “Boolean response” in biocomputing. They proposed that the cell sur-
face, with its complex array of surface molecules, could be harnessed for DNA com-
puting, allowing for the design of intricate logic gates beyond traditional approaches
[28, 29]. This concept involves using DNA aptamers to target biomarkers present on
exosomes, triggering subsequent output signals through Boolean computation [30].

Huang et al. explored the use of nanovesicle surfaces as DNA-based logic gates,
enhancing the targeting efficiency of encapsulated graphene carbon dots. They
demonstrated the programmable elementary functions of nanovesicles derived
from HCT116, a human colon cancer cell line, opening up possibilities for advanced
biomedical applications [31]. Furthermore, exosome content derived from blood or
cells can be detected from a biocomputing perspective. Oishi and Saito conducted
research on hybridized gold nanoparticles (GNPs) that functioned as intra-particle
DNA circuits, referred to as “DNA-walkers.” Their study focused on the detection of
miR-21 within or without fetal bovine serum (FBS)-derived exosomes, demonstrat-
ing the potential of this biosensor application for profiling endogenous miRNA in
clinical samples from serum or cell lysates [32]. Recent studies have also shown that
surface proteins of exosomes can be detected, or DNA/RNA computing devices can
be employed for exosome detection [26]. Yu et al. designed a novel logic gate utilizing
two types of hairpin DNAs that target specific surface proteins on different cancer
cell lines. They successfully detected the presence of tyrosine kinase-like 7 (PTK7)
and prostate-specific membrane antigen (PSMA) on CCRF-CEMsEV membranes,
highlighting the potential of this approach [33].

More recent studies have revealed that natural vesicles, including EVs and
exosomes, function as nano-machines on cell surfaces, capable of participating in bio-
computation through active targeting strategies, in addition to passive accumulation
[26]. In an earlier study by Yoshina et al., egg phosphatidylcholine vesicles ranging
from 30 to 200 nm were investigated. The researchers utilized oligonucleotide-
tethered arrays of mobile vesicles, allowing for the separation of vesicle mixtures
based on their sequence-specific binding to head-labeled antisense oligonucleotides.
This approach enabled the sorting of vesicles based on their specific surface binding
properties [34].

Building upon this concept, a technique was developed to create nano-bio-
computing lipid nanotablets (LNTs), where DNA was used as surface ligands on small
unilamellar vesicles. These DNA ligands served as input “molecular barcodes” that
triggered biotin-streptavidin interactions through a supported lipid bilayer (SLB).
The nano-bio-computing LNTs demonstrated sophisticated performance in capturing
vesicle interactions, allowing for high-resolution spatiotemporal imaging and com-
putational analysis [35]. Furthermore, Hao et al. provided a comprehensive review
of promising studies utilizing DNA technology to amplify signals upon binding to
tumor-derived exosomes, highlighting its potential for various applications [30].

In a study by Meng et al., a ratiometric electrochemical OR gate assay was devel-
oped for non-small cell lung cancer (NSCLC)-derived exosomes. DNA tetrahedrons
were designed as aptamers and immobilized onto gold nanoparticles to detect
NSCLC-derived exosomes. These exosomes were obtained from clinical samples, and
the study demonstrated that the signal input and DNA OR logic gate could be har-
nessed for precise nanomedicine applications [36].

DNA storage offers remarkable advantages for long-term data storage (Figure 4),
such as dense-durable-enormous capacity and low power consumption. However, it
does have some limitations, including slow read/write speeds and the requirement
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Figure 4.
Schematic representation of exosome usage in biocomputing applications.

for specialized equipment or steganography abilities [37]. Notably, EVs and exosomes
have been commonly utilized as a traditional and straightforward method for DNA
storage, particularly for long-term storage at temperatures between —20°C and —80°C
[38]. Furthermore, modern DNA data storage approaches involve dividing and
encapsulating DNA within small vesicles called Data Blocks (DBs) to mitigate error
rates by decreasing the oligos size [39, 40]. Recent studies have specifically focused on
utilizing EV subtypes, particularly exosomes, for DNA or RNA storage [41, 42].

A study by Madisen et al. demonstrated that dry DNA could be stored for
extended periods by using cell pellets derived from plasma, with intact DNA being
preserved for 7-13 years in a solution at —20° [43]. Currently, biological membranes
represent a growing field of interest for DNA storage, inspiring material scientists in
applications related to the “Internet of Things” to devise a so-called “DNA-of-things”
(DoT) storage architecture incorporating DNA storage into 3D-printed everyday
materials [18, 44, 45]. In conclusion, synthetic biology is expected to increasingly
focus on utilizing EVs and exosomes as versatile tools for data storage [46—48].

3. EVs in 3D bioprinting, and mitochondrial transfer

The largest portion of the body consists of soft tissues, including the skin, organ
surfaces, and the eyes. Despite the advancements in versatile reconstruction materi-
als, there are still significant challenges to overcome for true cell-based regenera-
tion, necessitating the development of new biomaterials [49, 50]. One of the major
obstacles in 3D tissue regeneration is the weak adhesion, immunologically non-inert
nature, and long-term corrosion of materials, which hinders effective tissue repair
[49]. Moreover, static or semi-static nature of these materials often results in insuf-
ficient information and energy for damaged tissues during the regeneration process,
leading to inadequate tissue repair and unsatisfactory clinical outcomes [51].

Whilst some personalized cell-based trials have been conducted, the survival
of cells on gliding and hydrophobic materials for long-term regeneration remains a
challenge [49, 51]. However, crude EVs and exosomes show promise as self-dynamic
regeneration guides and self-energy centres within biomaterials [51-53]. Motile exo-
some structures have the potential to deliver non-coding RNAs for cell-based regen-
eration, whilst motile mitochondria encapsulated in EVs can serve as energy centres
during tissue repair [54, 55]. Zhang et al. in their review paper stated that secretion
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of EVs increases in cells under hypoxia, resulting in indirect changes of the mitochon-
drial function of the receptor cells via the uptake of EVs content by the receptor cells
facilitating tumor progression and ischemic damage. On the other hand, EVs derived
from healthy cells can have a protective effect on the mitochondria of the recipient
cells. Although it has been shown that EVs can have an effect on mitochondria regula-
tion, it is still unclear whether the EVs content enters directly into the mitochondria
of the recipient cells and whether exosomes and microvesicles play a different role

in mitochondria regulation [56]. In an interesting review paper, Liu et al. [57] stated
that intact mitochondria could be also present within exosomes, for example, the
exosomes derived from airway myeloid-derived regulatory cells. Although, the size
of mitochondria is larger than exosomes and, therefore, the case of encapsulated
mitochondria in exosomes seems to be an unlike event, under certain conditions,
mitochondria could be present in exosomes because the morphology of mitochondria
is adapted to the demands of mitochondrial fusion, fission, and transport [58].

3D bioprinting is a promising technique that can standardize the production of
tissue regeneration using crude EVs. This cell-free bioink production strategy can
enhance tissue regeneration by providing self-elastic and self-bioenergetic sustainable
biomaterials for 3D soft tissue repair [9, 59-61].

Mesenchymal Stem Cell-derived exosomes have gained significant attention in
various regeneration products, thanks to their versatility in clinical applications
similar to stem cells themselves [62]. However, a systematic review by Tan et al.
emphasized the need for improved validation of animal studies with MSC-derived
EVs before conducting human clinical trials, highlighting the importance of generat-
ing EV subtypes that are readily accepted and compatible for regenerating damaged
cells [50, 63].

Therefore, there has been a growing focus on using EV subtypes, particularly
MSC-derived exosomes, in 3D printing applications. Holkar et al. demonstrated
that incorporating MSC-derived EVs within 3D hydrogel scaffolds can enhance their
osteochondral healing potential [64]. Similarly, Huang et al. reported that incorporat-
ing exosomes into 3D printing scaffolds can effectively promote osteogenesis, angio-
genesis, and cartilage repair [65-67].

In another study, Born et al. utilized methacrylated gelatin as a bioink along with
EVs derived from mesenchymal stem/stromal cells (MSCs). The researchers investi-
gated the in vitro bioactivity and release of EVs from the photo-cross-linked gel after
3D printing. The results demonstrated that EV bioinks retained the bioactivity of the
gel and facilitated sustained release of EVs [68].

Bar et al. conducted a study on 3D-printed cardiac patches for the delivery of
miR-199a-3p. They activated THP-1-derived macrophages (M®) and isolated their
EVs. The EVs were then evaluated for bioavailability and incorporated into a RGD-
modified alginate solution as a bioink after electroporation of miRNA into the EVs.
The researchers used a FRESH-hydrogel solution for printing and found that the
EV-based patches exhibited increased bioactivity for up to 5 days, although there is a
need to improve their mechanical properties [69].

4. Concluding remarks

The field of Biomaterials Science and Engineering has evolved beyond the
notion that “simplest is the best way.” The Chengdu Declaration has introduced new
definitions and concepts such as biomaterialomics, tissue-inducing materials, and
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bioink. Additionally, computational tools have enabled the synthesis of sophisticated
biomaterials, necessitating the incorporation of extensive data and the utilization of
machine learning and deep learning techniques by biomaterials scientists. Within this
context, exosomes have emerged as an important tool in biomedical science, span-
ning a wide range of applications from 3D bioprinting to biocomputing [60, 70]. In
the near future, biomaterialomics will pave the way for new studies, and exosomes
will play a significant role within this field. Feng et al. introduced the term BioHEAs,
highlighting the potential replacement of biological high-entropy alloys with high-
entropy alloys incorporated with exosomes [71]. Considering these advancements, it
is clear that EVs and their subtypes will serve as fundamental components in the field
of Biomaterials Science and Engineering. Whilst the sustainable production of EVs
using validated and standardized methods and range of engineering and biomaterials
remains a significant challenge, it is crucial to acknowledge their tremendous poten-
tial and prepare for future scientific breakthroughs facilitated by EVs.
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