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a b s t r a c t

Exosomes (EXOs) have showed great potential in regenerative medicine. The separation of EXOs from

complex biological media is essential for the down-stream applications. Herein, we report a deoxyribonu-

cleic acid (DNA)-based micro-complex (DMC) containing polyaptamers, which realized the specific sepa-

ration of EXOs from cell culture media and the significant promotion of wound healing. The synthesis of

DMCs was based on a biomineralization process via rolling circle amplification (RCA) under the catalysis

of phi29 DNA polymerase. To endow DMCs with the ability to capture EXOs, the DNA template of RCA

was integrated with complementary sequence of aptamer that specifically recognized the CD63 proteins

on EXOs. The obtained DMCs contained polyaptamers that can specifically capture the EXOs in cell cul-

ture media. The EXOs-capturing DMCs were collected by centrifugation, achieving the separation of EXOs.

Mesenchymal stem cell (MSC)-derived EXOs (MSC-EXOs) were separated by this DMC-based strategy, and

the separated MSC-EXOs significantly enhanced the migration ability of cells. In particular, the significant

therapeutic efficacy of the DMCs with MSC-EXOs was verified in full-thickness wound excision mouse

models, in which the wounds completely healed in 10 days. We envision that this DMC-based separation

strategy can be a promising route to promote the development of EXOs in biomedicine.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Exosomes (EXOs) as a type of extracellular vesicles contain var-

ious bioactive molecules, such as ribonucleic acids, proteins and

lipids [1,2]. Studies have proven that the EXOs in organisms par-

ticipate the substance transportation among cells and regulate a

series of physiological processes [3,4]. With the development of

the biological functions of EXOs, EXOs showed great potential as

therapeutic agents for biomedical applications [5–10]. Recently,

a series of efficient physical approaches, such as mechanics and

electricity [11–14], and chemical therapeutic regents [15,16] had

been developed for wound healing. In particular, the mesenchy-

mal stem cell (MSC)-derived EXOs were proven to possess the

biological functions of reducing cell apoptosis, alleviating inflam-

matory response, promoting angiogenesis, and inhibiting fibrosis,

which showed great clinical application prospects in wound heal-

ing [17–19]. As the prerequisite of down-stream applications, the

separation of EXOs from complex biological systems, such as body

fluids or culture media, is of great significance [20–22]. However,
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challenges remain in the separation of EXOs, due to the natural

properties of EXOs, including the small sizes (usually 30–150nm)

and the similar densities to the medium. More notably, the struc-

ture and biological activity of EXOs are easily damaged by the ex-

ternal stimulation in separation process, such as shear force and

medium change. In addition, traditional technologies of EXO sep-

aration, such as ultracentrifugation and polymer-based precipita-

tion, usually require a large volume of samples, specialized equip-

ment and complicated operation. Therefore, developing new strate-

gies based on new materials is one of the most promising routes

to solve the problems in EXOs separation.

In recent years, deoxyribonucleic acid (DNA) nanotechnology

has been utilized in the field of biological separation. For instance,

some of the nanotechnologies were based on DNA aptamers, a cat-

egory of oligonucleotide sequences that can recognize target lig-

ands with high affinity and specificity [23–25]. By integrating the

aptamers that can recognize the biomarker on the target cells or

cell-derived vesicles, the DNA materials were endowed with the

capability to recognize the target cells and cell-derived vesicles

[26–28]. Remarkably, rolling circle amplification (RCA) as an effi-

cient enzymatic amplification of DNA has been used to produce the
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Scheme 1. Schematic illustration of DNA micro-complex (DMC) for exosome (EXO)

separation and wound healing. The DMCs were constructed via the biomineraliza-

tion process in rolling circle amplification with the catalysis of phi29 DNA poly-

merase. The polyvalent aptamers in DMCs specifically captured EXOs by recognizing

the CD63 proteins on the membrane. circDNA, circular DNA; dNTP, deoxyribonucle-

oside triphosphate; PPi4+ , pyrophosphate group; MSC, mesenchymal stem cell.

ultralong single-stranded DNA (ssDNA) with polyvalent aptamers

[29,30], which realized the specific separation of MSCs and T lym-

phocytes [31,32]. It is expected to develop new DNA materials that

are designed with the specific polyaptamers towards EXOs, achiev-

ing the separation of EXOs from complex biological media.

Biomineralization is a complex and dynamic process that can

transform the metal ions in solution into solid minerals under the

control of biological organic substances, which have progressed

from organically-controlled crystallization to biofunctional material

construction, opening up a new route for related research and ap-

plications [33]. Herein, we report a biomineralization-based DNA

micro-complex (DMC) that contains polyaptamers, realizing the

specific separation of MSC-derived EXOs (MSC-EXOs) from cell cul-

ture media, and demonstrate the therapeutic effect of the sepa-

rated EXOs in full-thickness wound excision mouse models.

The DMCs were constructed via a biomineralization process in

RCA, in which a circular DNA (circDNA) worked as the template to

produce a large amount of ssDNA with the tandem repeated se-

quences complementary to circDNA [34]. In our design, the com-

plementary sequence of an aptamer that specifically recognized

the tetraspanin (CD63) on EXO membrane was integrated in the

circDNA [35–37]. Upon the catalysis of phi29 DNA polymerase, the

ultralong ssDNA with polyvalent aptamers was produced; mean-

while, a large amount of pyrophosphate group (PPi4+) was pro-

duced due to the decomposition of deoxyribonucleoside triphos-

phates. Afterwards, the ultralong ssDNA, PPi4+, and magnesium

ion (Mg2+) in the system combined, achieving the construction of

DMCs (Scheme 1). The polyvalent aptamers in DMCs can specifi-

cally recognize and capture the MSC-EXOs in cell culture media;

the separation of EXOs on DMCs was then achieved by centrifuga-

tion. By spraying the EXOs-capturing DMCs on the wound region,

the viability and migration ability of cells were significantly en-

hanced, thus promoting the healing rate of wound (Scheme 1).

The circDNA was constructed by two short ssDNA (template

and primer, Table S1 in Supporting information) through anneal-

ing and enzymatic ligation. The result of 12% native-polyacrylamide

gel electrophoresis showed that the movement rate of circDNA was

slower than that of linear template (Fig. 1A), which was due to

the larger spatial hindrance caused by the more complex structure

Fig. 1. Synthesis and characterization of DMCs. (A) 12% native polyacrylamide gel

electrophoresis to verify the cyclizing of template. (B) Circular dichroism spectra of

aptamer and the complementary sequence of linear template (CS-template). (C) Dy-

namic light scattering assay of DMCs. (D) Transmission electron microscopy image

of DMCs.

and higher molecular weight of circDNA, indicating the successful

cyclization of the template. To prove the integration of the com-

plementary sequences of aptamer in the template, circular dichro-

ism spectra of both aptamer and the complementary sequence of

linear template (CS-template) were measured. As shown in Fig. 1B,

the positive Cotton effect peak of CS-template overlapped with that

of aptamer at 280nm, and the negative Cotton effect peak of CS-

template overlapped with that of aptamer at 242nm, indicating

the same secondary structure between CS-template and aptamer,

demonstrating the integration of the complementary sequences of

aptamer in linear template.

RCA was carried out under the catalysis of phi29 DNA poly-

merase for 6h, and then the DMCs were obtained by centrifuga-

tion. The result of dynamic light scattering showed that average

hydrodynamic diameter of DMCs was 1346.0 nm (Fig. 1C). To fur-

ther verify the successful synthesis of DMCs, the microtopography

of DMCs was observed by scanning electron microscopy, which

showed that the DMCs were uniform microscale spherical parti-

cles (Fig. S1 in Supporting information). In addition, both scanning

electron microscopy image and transmission electron microscopy

image showed the porous structure of DMCs (Fig. S1 and Fig. 1D),

which effectively increased the contact area of DMCs with EXOs

due to the high specific surface area, and was beneficial for the

separation of EXOs.

The cell culture media used for EXO separation were obtained

after culturing MSCs for two days, and then pre-treated by gra-

dient centrifugation to remove impurities, such as cells and cell

debris, after which the EXOs were retained in the media due to

their similar density to media. The separation process of EXOs in-

cluded three steps (Fig. 2A): (i) the DMCs were added into the pre-

treated media, and the polyvalent aptamers on DMCs selectively

recognized and bound with the CD63 proteins on EXOs, achieving

the specific capture of EXOs by DMCs; (ii) the mixture was treated

by centrifugation, and the DMCs with EXOs were centrifugated to

the bottom of tube due to the higher density of DMCs than me-

dia; (iii) the supernatant of media was removed, and the DMCs

with EXOs (DMC@EXO) were washed and dissolved by phosphate

buffered saline (PBS). To test the stability of DMCs in the process of

EXO separation, DMCs were incubated in 10% serum at 37 °C. The

2



J. Zhao, J. Tang, Z. Cui et al. Chinese Chemical Letters 35 (2024) 109303

Fig. 2. Separation of MSC-EXOs by DMCs. (A) Schematic illustration of the separa-

tion process of MSC-EXOs by DMCs. (B) Statistics of fluorescence intensity of the

EXOs captured by nDMCs and DMCs. nDMCs, DMCs without aptamer. Statistical

analysis was performed using by two-tailed unpaired t-test. Data were presented as

mean ± S.D. (n=3 independent samples). ∗P < 0.05. (C) Nanoparticle tracking anal-

ysis of EXOs. (D) Transmission electron microscopy image of EXOs. (E) Representa-

tive bands of Western blot assay for exosomal markers (CD63) and non-exosomal

markers (calnexin and Rab5).

results of gel electrophoresis showed that the degradation rate of

DMCs was only 10% after 24h (Fig. S2 in Supporting information),

indicating the good stability of DMCs in the serum-containing me-

dia.

The influence of polyvalent aptamers in DMCs on separating

EXOs was investigated. There was a type of DMCs without ap-

tamers (nDMCs) synthesized with a new template (Template-n in

Table S1) as the control. The DMCs and nDMCs were added in the

media to separate MSC-EXOs, respectively, in which the EXOs were

stained by lipophilic dye (CM-DiI). The capabilities of DMCs and

nDMCs on separating EXOs were evaluated by measuring the flu-

orescence intensity of EXOs in the media before and after sepa-

ration. As showed in Fig. 2B, the average fluorescence intensity of

the EXOs separated by DMCs was significantly higher (1.4 times)

than that of the EXOs separated by nDMCs, demonstrating that the

specific recognition of polyvalent aptamers to EXOs efficiently en-

hanced the capability of DMCs on separating EXOs.

The size, morphology and biomarkers of the EXOs in cell culture

media were characterized [38]. The size of EXOs was 139.5±1.9 nm

measured by nanoparticle tracking analysis (Fig. 2C), and the

saucer-shaped morphology of EXOs was observed in transmission

electron microscopy image (Fig. 2D), matching the typical struc-

tural characteristics of EXOs. The biomarker CD63 of EXOs was

detected by western blot assay (Fig. 2E) [36]. The non-exosomal

markers, calnexin that was located in endoplasmic reticulum and

Rab5 that was located in early endosome and plasma membrane,

were detected in cell lysate, with much higher expression than

EXOs.

MSC-EXOs have been proven to possess the bioactivities of pro-

moting the proliferation of cells [19]. To prove whether the EXOs

separated by the DMC-based strategy remained to promote the

proliferation of cells, the cell counting kit-8 (CCK-8) assay was per-

formed to evaluate the proliferation ability of cells after different

Fig. 3. Enhancement of cell migration verified by transwell assay. (A) Represen-

tative fluorescence microscopy images to observe the internalization of CM-DiI-

stained EXOs by SMCs. (B) Statistical analysis of fluorescence intensity in (A).

(C) Cell counting kit-8 assay to investigate the influence of MSC-EXOs separated by

DMCs on the proliferation ability of cells. Statistical analysis was performed using

ordinary one-way ANOVA. Data were presented as mean ± S.D. (n=5 independent

samples). n.s., P > 0.05; ∗∗∗∗P < 0.0001.

treatments. Smooth muscle cells (SMCs) were proved to play an

important role in the regulation of growth factors and cytokines

for wound healing, which was essential for granulation tissue for-

mation [39], and used in the following experiments. Before the ex-

periments, the cytotoxicity of DMCs was evaluated by CCK-8 as-

say. SMCs were treated with different final concentration of DMCs

from 0.125μg/μL to 2μg/μL, and the results of CCK-8 assay showed

that the viability percentage of SMCs remained higher than 80%

compared with the PBS group (Fig. S3 in Supporting information),

indicating the low cytotoxicity of DMCs. Consequently, the final

concentration of DMCs used in the following cell experiments was

2μg/μL. Then, to ensure that the EXOs separated by DMCs can pro-

duce the promotion effect to cells, the cell internalization of EXOs

was investigated. The EXOs were stained by CM-DiI before sepa-

ration. The analysis results of cell internalization showed that the

fluorescence intensities in cells gradually increased in 24h (Fig.

3A), and the average intensity at 24h was 3.4 folds of that at

4h (Fig. 3B), demonstrating the efficient cell internalization of the

EXOs separated by DMCs. There were four groups in cell prolif-

eration assay, in which the SMCs were treated with PBS, DMC,

nDMC after separating EXOs (nDMC@EXO), and DMC@EXO for 24h,

respectively. After analysis, the average proliferation percentage

in DMC@EXO group was significantly higher than that in other

groups (Fig. 3C, Fig. S4 and Discussion S1 in Supporting informa-

tion), 2.7-fold higher than that in PBS group, 0.5-fold higher than

that in DMC group, and 0.6-fold higher than that in nDMC@EXO

group, respectively. These results indicated that the MSC-EXOs sep-

arated by DMCs remained the bioactivities to promote the pro-

liferation of SMCs, and the difference between nDMC@EXO group

and DMC@EXO group further demonstrated that the polyvalent ap-

tamers in DMCs can efficiently separate the EXOs from cell culture

media.

The migration of cells played important roles in tissue repair-

ing. To investigate the influence of the MSC-EXOs separated by

DMCs on the migration ability of SMCs, transwell assay was per-

formed. The SMCs were seeded in the upper chamber with serum-
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Fig. 4. Enhancement of cell migration verified by transwell assay. (A) Represen-

tative microscopy images of the SMCs treated with PBS, DMC, nDMC@EXO and

DMC@EXO, respectively. SMCs were treated by crystal violet staining before imag-

ing. (B) Statistics of the migrated cells in the transwell assay. Statistical analysis

was performed using ordinary one-way ANOVA. Data were presented as mean ±
S.D. (n=5 independent samples). ∗∗∗∗P < 0.0001.

Fig. 5. Enhancement of cell migration verified by scratch assay. (A) Microscopy im-

ages of the scratches treated with PBS, DMC, nDMC@EXO and DMC@EXO, respec-

tively. (B) Statistics of gap area in the scratch assay. Statistical analysis was per-

formed using ordinary one-way ANOVA. Data were presented as mean ± S.D. (n=5

independent samples). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

free culture media, and then treated by PBS, DMC, nDMC@EXO, and

DMC@EXO, respectively; the lower chamber was added with cul-

ture media containing 10% serum. Due to the concentration differ-

ence of nutritional composition, the SMCs migrated to the bottom

of upper chamber. After crystal violet staining, the migrated SMCs

on the upper chamber were observed by microscopy. As showed

in Fig. 4A, there were significant increase of migrated SMCs af-

ter DMC@EXO treatment. The statistical results indicated that the

migrated SMCs in DMC@EXO group was 0.7-fold higher than that

in PBS group, 0.6-fold higher than that in DMC group, and 0.2-

fold higher than that in nDMC@EXO group, respectively (Fig. 4B),

demonstrating that the MSC-EXOs separated by DMCs efficiently

enhanced the migration ability of SMCs.

To further verify the enhancement effect of DMC@EXO on cell

migration, scratch assay was performed. The SMCs in a 6-well

plate were treated by PBS, DMC, nDMC@EXO, and DMC@EXO, re-

spectively. The scratches were observed by microscopy every 12h.

As showed in Fig. 5A, the scratches in the four groups gradu-

ally healed as time. After analysis, there was a significant increase

of scratch healing rate in DMC@EXO group compared with other

groups (Fig. 5B). At 72h, the scratch healing rates were 65.8% (PBS),

66.0% (DMC), 67.3% (nDMC@EXO), and 77.8% (DMC@EXO), respec-

tively. These results above demonstrated that the MSC-EXOs sepa-

rated by DMCs remained the bioactivities to enhance the migration

ability of cells, which was essential in wound healing.

Bacterial infection was also an important issue that affected

the healing rate of wound. It has been reported that Mg2+ played

an antibacterial role in regenerative medicine [40,41]. Therefore,

the antibacterial function of Mg2+-contained DMCs was inves-

tigated, and a type of DMCs containing Ca2+ instead of Mg2+

(DMC(Ca)) was synthesized as control. The Escherichia coli suspen-

sion was added into a 96-well plate, and then treated by PBS,

DMC(Ca), DMC, and DMC@EXO, respectively. Afterwards, the mix-

ture was added into Luria-Bertani media for extended culture, and

the OD600 of media was measured after 12h to monitored the

growth of E. coli. The results showed that the average OD600 in

DMC group was significantly lower than that in the groups of PBS

and DMC(Ca), which was 69.4% of that in PBS group and 83.8% of

that in DMC(Ca) group (Fig. S5 in Supporting information), indicat-

ing the efficient inhibition of DMCs on the growth of E. coli. These

results demonstrated that DMCs had a certain antibacterial func-

tion, which was beneficial to wound healing.

To investigate the therapeutic efficiency of DMC@EXO in wound

healing, full-thickness wound excision mouse models were estab-

lished. The animal experiments were approved by Ethics Commit-

tee of Tianjin University in compliance with the Animal Manage-

ment Rules of the Ministry of Health of the People’s Republic of

China. The results of hemolysis assay showed that the hemolysis

percentage after treatment of DMCs was maintained lower than

5%, indicating the good hemocompatibility of DMCs (Fig. S6 in Sup-

porting information). The models were divided into four groups,

and treated with PBS, DMC, nDMC@EXO, and DMC@EXO every

3 days, respectively. The situations of wound healing in the four

groups were monitored every 2 days (Fig. 6A), until a wound com-

pletely healed. The relative wound area at different time points

was then calculated according to the photographs. The analysis re-

sults showed that there was significant difference on wound heal-

ing rate between DMC@EXO group and other groups after the

fourth day (Fig. 6B). At the tenth day, the average wound heal-

ing rates were 90.8% (PBS), 90.6% (DMC), 95.6% (nDMC@EXO), and

99.6% (DMC@EXO), respectively, showing accelerated wound heal-

ing after treatment with the EXOs separated by DMCs.

In summary, we constructed a microscale DNA-based material

to separate EXOs from cell culture media for wound healing. The

polyaptamers in DMCs were produced via RCA, which endowed

DMCs with the capability to specifically capture the EXOs in me-

dia. The results of cell experiments, including transwell assay and

scratch assay, verified that the MSC-derived EXOs separated by

DMCs remained the bioactivities to promote the migration of cells,

which was the important influencing factor in wound healing. In

the full-thickness wound excision mouse model, it was demon-

strated that the treatment of the DMCs with EXOs accelerated

the wound healing, achieving the complete healing of wound in

10 days.

Compared with other methods of EXO separation, there were

three advantages of this DMC-based separation system: (1) The

synthesis of separation medium was completed in one-pot, no

need for complicated chemical modifications or operations. (2) The

separation of EXOs was easily achieved by centrifugation at a low

sweep (9705×g) for 5min, no need for large precision equipment.

(3) Due to the programmability of DNA, more functional DNA

units can be introduced into this DMC-based separation system

for expanding its biomedical applications such as disease-related

biomarker detection [42], achieving the integration of separation
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Fig. 6. Promotion of wound healing in full-thickness wound excision mouse mod-

els. (A) Pictures of the wounds treated with PBS, DMC, nDMC@EXO and DMC@EXO,

respectively. (B) Statistics of wound area in (A). Statistical analysis was performed

using ordinary one-way ANOVA. Data were presented as mean ± S.D. (n=5 inde-

pendent samples). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

and application. We envision that this work can provide a new

method for EXO separation, and facilitate the development of EXO-

based treatments.
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