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Abstract

Exosomes are membrane-enclosed extracellular vesicles derived from cells, carrying biomolecules 

that include proteins and nucleic acids for intercellular communication. Owning to their 

advantages of size, structure, stability, and biocompatibility, exosomes have been used widely as 

natural nanocarriers for intracellular delivery of theranostic agents. Meanwhile, surface 

modifications needed to endow exosomes with additional functionalities remain challenging by 

their small size and the complexity of their membrane surfaces. Current methods have used 

genetic engineering and chemical conjugation, but these strategies require complex manipulations 

and have only limited applications. Herein, we present an aptamer-based DNA nanoassemblies on 

exosome surfaces. This in situ assembly method is based on molecular recognition between DNA 

aptamers and their exosome surface markers, as well as DNA hybridization chain reaction initiated 

by an aptamer-chimeric trigger. It further demonstrated selective assembly on target cell-derived 

exosomes, but not exosomes derived from nontarget cells. The present work shows that DNA 

nanostructures can successfully be assembled on a nanosized organelle. This approach is useful for 
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exosome modification and functionalization, which is expected to have broad biomedical and 

bioanalytical applications.

Exosomes are nanosized (30–100 nm) membrane-enclosed extracellular vesicles that are 

derived from and secreted by many cell types, including leukocytes, epithelial cells, and 

cancerous cells.1,2 Serving an important role in cell communication, exosomes carry a full 

complement of biomolecules, including lipids, proteins, and nucleic acids.3–5 Owing to their 

high correlation with disease-related, especially cancer-related, alteration of physiological 

and pathological status, exosomes are widely postulated to be a potential source of 

biomarkers for bioanalytical applications and disease theranostics.6–9 Besides, as a type of 

naturally occurred nanocarrier, exosomes exhibit advantages in size, structure, stability and 

biocompatibility.10,11 For instance, nanosized exosomes can readily penetrate biological 

barriers, escape from phagocytosis, and accumulate in tissue microenvironments, such as 

tumors, via the enhanced permeability and retention effect. In addition, the bilayer 

membrane structure of exosomes is enhanced by deformable cytoskeleton and “gel-like” 

cytoplasm-derived content, making exosomes integral during trafficking and compatible for 

large quantities of soluble cargos. They are also nontoxic, immunologically inert, and 

resistant to nucleases in the bloodstream.12–14 Because of these and other unique 

characteristics, exosomes have been employed in the development of delivery systems for 

siRNAs, chemotherapeutics, and functional proteins.15,16

Although these intrinsic properties make exosomes excellent candidates as nanocarriers, 

their nanometer size range and biological complexity limit the further surface modifications 

and functionalizations, both prerequisites for endowing exosomal nanocarriers with targeting 

moieties, tracking markers, imaging agents or synergistic drugs. So far, surface modification 

strategies have mainly included two approaches: genetic engineering and chemical 

modifications.17,18 Genetic engineering transfects parent cells with encoded proteins of 

interest to generate exosomes with artificial receptors or other functional proteins.17,19,20 

This method is effective in introducing recombinant proteins on exosomal surfaces, however 

suffering from such intrinsic drawbacks as complicated manipulations and limited range of 

applicable proteins. Chemical modifications, on the other hand, employed hydrophobic 

interactions or covalent ligations to introduce chemical ligands or functional molecules onto 

exosomal surfaces.21–23 However, hydrophobic probes are randomly inserted on exosome 

surfaces, and thus lack of precision and specificity. And that covalent ligations usually 

requires harsh conditions for chemical reactions, which could possibly affect the structure 

and function of exosomes and give rise to safety concerns. Thus, a mild, precise, but 

versatile method for exosomal surface modification is highly desired.

As an emerging type of immuno-affinity moiety, aptamers have been attractive in the field of 

cell labeling, cell surface modification, and cell–cell interaction.24–26 Aptamers are single-

stranded oligonucleotides that bind to target molecules with great affinity and specificity. 

Generated via an in vitro selection process, they possess the advantages of easy chemical 

synthesis, biocompatibility and easy chemical modification with other functional agents.27,28 

More importantly, aptamers can be combined with other DNA-based reactions and 

technologies, like Watson–Crick hybridization, polymerase chain reaction, rolling cycle 
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reaction, and DNA-based nanotechnologies, to achieve a variety of biomedical applications 

on cell surfaces.29,30 Given the similarity between cell membrane and exosome membrane 

surfaces, aptamer-based molecular engineering should be useful in exosome surface 

modifications as well, to fulfill the demands of many biomedical applications.

We herein report an aptamer-based nanoassembly (NA) method for exosome surface 

modifications (Figure 1). The aptamer used in this work was generated from a modified in 

vitro selection, wherein two artificial nucleotides were added in the initial library to deliver 

aptamers with better efficiency and affinity.31 The current approach combines the molecular 

recognition between an aptamer and its molecular target with the hybridization chain 

reaction (HCR) initiated by the aptamer-chimeric trigger (Figure 1A). Hence, a selective in 

situ self-assembly is achieved on the surface of exosomes without any complex manipulation 

or harsh reaction condition. Remarkably, by achieving what was designed, a functional DNA 

nanostructure is assembled on a nanosized organelle. This unprecedented strategy lays the 

scientific groundwork for further exosome-related biomedical applications.

To begin with, cancerous exosomes were isolated following the previously published 

protocol.32 Briefly, culture medium of HepG2 cell line was collected and centrifuged. The 

supernatant was filtered with a 0.22 µm filter, and ultracentrifuged to collect the exosomes. 

Nanoparticle tracking analysis (NTA) and transmission electron microscopy (TEM) imaging 

gave the size distribution of collected exosomes at between 50 and 100 nm (Figure S1, S2), 

corresponding to the reported size distribution range that distinguishes exosomes from other 

cell-derived vesicles.2,3

Aptamer binding on exosomes was screened from the artificial nucleotides-contained 

aptamers previously selected targeting HepG2 cells.31 Biotinylated aptamers were tested 

using exosomes immobilized on aldehyde/sulfate latex beads, followed by staining with 

streptavidin-phycoerythrin (SA-PE), and fluorescence determined by flow cytometry (Figure 

S3). Among aptamers selectively targeting liver cancer cells (HepG2) over non-cancerous 

liver cells (Hu1545), seven were found to bind HepG2 exosomes (Figure S4). But only 

aptamer LZH8, containing an expanded nucleotide P (Table S1), demonstrated excellent 

binding affinity and satisfactory specificity (Figure 2A). An immunogold experiment was 

further conducted to visualize the binding between LZH8 aptamer and HepG2 exosomes 

(Figure S5). Biotinylated aptamers were incubated with exosomes, followed by using 

streptavidin-conjugated gold nanoparticles (SA-AuNP, 10 nm) to further label the exosomes. 

The TEM image manifested attachment of AuNPs on the exosome surface, demonstrating 

the binding ability of aptamer LZH8 to HepG2 exosomes (Figure 2B). Notably, several 

aptamers showed excellent selectivity on HepG2 cells over Hu1545 cells,31 but they were 

not selective between these two types of exosomes. This indicates that the expression levels 

of these target proteins on cell surfaces differ from those on exosome surfaces. Although 

further identification of these proteins is outside the scope of the present paper, it is an 

ongoing subject of interest in our lab.

To build the proposed NA, the aptamer-chimeric trigger, or LZH8-trigger, was designed and 

tested its ability to trigger HCR when monomers (M1 and M2) are well designed (Figure 

1A). Two annealed hairpin-structured monomers were inactive in buffer solution in the 
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absence of the trigger, as each intermolecular complementary sequence was blocked by 

forming intracellular hairpins. When LZH8-trigger introduced, HCR was initiated that M1 

was opened and hybridized by LZH8-trigger, followed by iteratively opening and 

hybridizing M2 and M1 monomers to form an elongated nanostructure. An agarose gel 

confirmation shows that LZH8-NA migrated much slower than single or mixed M1 and M2, 

and left a bright product signal band at the very top of the gel, indicating that a long and 

stable LZH8-NA had been formed in buffer solution after overnight incubation (Figure S6). 

The LZH8-NA channel containing bands with different sizes shows that different degrees of 

polymerization formed different lengths of the NAs.

We then investigated if a NA could be built in situ on exosomal surfaces (Figure 1B). The 

LZH8-trigger was first incubated with exosomes to allow aptamer recognizing and binding 

on exosome surface targets. M1 and M2 monomers were then introduced to self-assemble 

the LZH8-NA. The time-dependent formation of LZH8-NA was monitored by dynamic light 

scattering (DLS). Figure 3A shows that the average size of exosome-LZH8-NA became 

larger, and the size distribution became broader with increasing incubation time. This result 

indicated that the lengths of LZH8-NA increased with time, forming longer, yet stable, NAs, 

while the different degrees of polymerization gave broader distribution range. TEM imaging 

shows similar results that overnight modified exosomes have sizes in the hundreds of 

nanometer scale (Figure 3B). Combining all these evidence, it was clearly proved that in situ 

assembly of LZH8-NA could be achieved on exosomal surfaces.

Next, we determined if NAs could be fluorescently functionalized delete on exosomal 

surfaces. To this end, fluorescein (FITC) was labeled on LZH8-trigger and two monomers as 

fluorescent reporters. 1011 exosomes were reacted with 10 µL aldehyde/sulfate latex beads 

(40 mg/mL) to immobilize exosomes. The time-course of fluorescence augmentation was 

investigated by flow cytometry (Figure S7). With different formation times, from 0.5 to 8 h, 

fluorescence intensity kept increasing, with nearly 5-fold increase, when comparing the 

fluorescence signal of 8 h with that of the beginning (Figure 3C,D). It was also found that 

fluorescence increased steadily under 4 °C, whereas diminished as formation time increased 

under 37 °C (Figure S8). This can be explained by the fact that exosomes under 37 °C are 

not as stable as those under 4 °C, given longer formation time.33

One advantage of using this method for exosome surface modification is that the aptamer-

triggered NA is selectively assembled on target exosomes, but not on the nontarget 

exosomes, and this directly results from specific molecular recognition between aptamer and 

its target protein. To verify this point, we tested the fluorescent NA for fluorescence 

enhancement on surfaces of target HepG2 exosomes and nontarget Hu1545 exosomes 

(Figure 4A–D). 1011 exosomes of each type were reacted with 10 µL, 40 mg/mL aldehyde/

sulfate latex beads for immobilization. The resultant immobilized exosomes were used to 

interact with LZH8-trigger, or scrLZH8-trigger to give the background, followed by NA 

assembly. This experiment showed that the fluorescence was increased 10-fold when LZH8-

NA-FITC was assembled on HepG2 exosome surfaces, compared with that of LZH8-trigger-

FITC. Aldehyde/sulfate latex beads immobilized with 1010 and 109 exosomes were also 

tested to explore the lower limit. Decreased fluorescence by nearly 5-fold enhancement, 

compared with LZH8-trigger-FITC, was detected from beads with 1010 initiating HepG2 
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exosomes. But no fluorescence enhancement was observed on beads with 109 initiating 

exosomes, showing the lower limit of detection. On the other hand, on Hu1545 exosomes, 

neither LZH8-NA nor LZH8-trigger gave any fluorescence for any of the groups. These 

results showed the selectivity of this strategy.

To study further the selectivity of this fluorescent NA, exosomes were collected from 

another eight different types of cell lines, and 1011 exosomes of each type were used for 

immobilization and fluorescence investigation (Figure S9). Exosomes of HepG2 and Hep3B 

liver cancer cells provided similar fluorescence enhancement by introducing LZH8-NA-

FITC, showing that these two liver cancer cells share the same target protein of LZH8. It 

was interesting to observe that a prostate cancer cell line, PC3, showed measurable 

fluorescence only upon the introduction of LZH8-NA-FITC. This demonstrates the strength 

of this method for detecting proteins at lower expression level. For other types of exosomes, 

LZH8-NA-FITC reported no detectable fluorescence enhancement.

To sum up, we have successfully developed a novel method of in situ selective DNA 

nanoassembly on membrane surfaces of nanosized exosomes. Other than fluorescent NAs 

demonstrated in this work, this strategy could also be used to build other NAs carrying 

various reporters and functionalities, such as tracking markers, imaging agents or 

therapeutics, taking advantage of properties of DNA molecules. These NAs showed potential 

for the functionalization of exosomes, thus extending applications of exosome-based disease 

theranostics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of aptamer-based DNA nanoassemblies on the surfaces of exosomes. (A) 

Schematic showing aptamer-chimeric triggered hybridization reaction. Sequences of 

chimeric aptamer trigger and building monomers are shown in the table. (B) Schematic 

showing aptamer-triggered in situ NAs on exosome surfaces.
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Figure 2. 
Aptamer with expanded nucleotide toward liver cancer cells recognizing liver cancer cell-

derived exosomes. (A) Flow cytometry analysis of fluorescent labeling on immobilized 

exosomes. LZH8-biotin was used to label exosomes derived from HepG2 hepatocellular 

carcinoma cells (top) and Hu1545 immortalized liver cells (bottom), stained with SA-PE. 

Scrambled LZH8 (scrLZH8) was used as a negative control. (B) Transmission electron 

microscopy (TEM) imaging of immunogold labeling of exosomes using aptamer.
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Figure 3. 
Time-course of in situ nanoassembly on membrane surface of exosomes. (A) DLS 

measuring size distributions of exosomes upon different times of NA formation. (B) TEM 

images showing exosomes with NA built overnight. (C) Flow cytometry monitoring 

fluorescence on exosomes upon different times of fluorescent NA formation. (D) Bar graph 

showing mean fluorescence intensity of FITC on exosomes versus different fluorescent NA 

formation times.
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Figure 4. 
Selectivity of in situ fluorescent NA on membrane surface of exosomes and fluorescence 

enhancement on target exosomes. (A) Comparing fluorescence of LZH8-trigger-FITC and 

LZH8-NA-FITC upon binding on immobilized HepG2 exosome. (B) Comparing 

fluorescence of LZH8-trigger-FITC and LZH8-NA-FITC binding on HepG2 exosome with 

different initial amounts of exosomes immobilized on aldehyde/sulfate latex beads. (C) 

Comparing fluorescence of LZH8-trigger-FITC and LZH8-NA-FITC upon binding on 

immobilized Hu1545 exosome. (D) Comparing fluorescence of LZH8-trigger-FITC and 

LZH8-NA-FITC binding on Hu1545 exosome with different initial amounts of exosomes 

immobilized on aldehyde/sulfate latex beads.
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