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Abstract

Tumor-derived extracellular vesicles (EVs) play essential roles in intercellular communication 

during tumor growth and metastatic evolution. Currently, little is known about the possible roles of 

tumor-derived EVs in sarcoma because the lack of specific surface markers makes it technically 

challenging to purify sarcoma-derived EVs. In this study, a specific purification system is 

developed for Ewing sarcoma (ES)-derived EVs by coupling covalent chemistry-mediated EV 

capture/ release within a nanostructure-embedded microchip. The purification platform—ES-EV 

Click Chip—takes advantage of specific anti-LINGO-1 recognition and sensitive click chemistry-

mediated EV capture, followed by disulfide cleavage-driven EV release. Since the device is 

capable of specific and efficient purification of intact ES EVs with high purity, ES-EV Click Chip 

is ideal for conducting downstream functional studies of ES EVs. Absolute quantification of the 

molecular hallmark of ES (i.e., EWS rearrangements) using reverse transcription Droplet Digital 

PCR enables specific quantification of ES EVs. The purified ES EVs can be internalized by 

recipient cells and transfer their mRNA cargoes, exhibiting their biological intactness and potential 

role as biological shuttles in intercellular communication.

Keywords

covalent chemistry; extracellular vesicles; microfluidics; nanostructured substrates; sarcoma
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1. Introduction

Extracellular vesicles (EVs),[1,2] as a heterogeneous group of phospholipid bilayer-enclosed 

particles, can be released by all types of cells, especially tumor cells. Recently, the scientific 

community has begun to understand the importance of EVs as a mechanism and vehicle[3] 

for cellular interchange of bioactive molecules,[4] including proteins, DNA, and RNA.[5,6] 

Such interchanges can result in exchanges of genetic information and functional molecules,
[7] leading to the subsequent reprogramming of the recipient cells.[8–10] Tumor-derived EVs 

are regarded as “biological shuttles”[11] capable of transporting biomolecules to mediate 

intercellular communication, microenvironment modulation, and cancer metastasis. 

Therefore, in addition to exploring the diagnostic value of tumor-derived EVs,[12–14] there is 

growing interest in performing functional studies of tumor-derived EVs in cellular 

communication,[15,16] (e.g., EV uptake and cargo transfer). Since tumor-derived EVs exist in 

a background of non-tumor-derived EVs, selective purification of tumor-derived EVs—

while retaining the integrity of their enclosed biomolecular cargos—has been identified as a 

major technical barrier to conducting the functional studies of tumor-derived EVs.

Conventionally, EVs can be isolated from blood plasma or serum based on their physical 

properties by using enrichment methods, for example, ultracentrifugation,[17] precipitation,
[18] filtrations,[19] size-based microfluidics,[20–22] and lipid-based nanoprobes.[23] However, 

these approaches are not suitable for specifically enriching tumor-derived EVs from EVs in 

the background. Significant research endeavors[24,25] have been devoted to exploring 

antibody or aptamer[26,27]-based techniques[28–30] to enrich and to analyze tumor-derived 

EVs. For instance, GPC1 antibody-coated beads have been used to isolate pancreatic cancer-

derived exosomes;[31] a herringbone microfluidic device functionalized with EGFRvIII 

antibody has been demonstrated to enrich glioblastoma-derived exosomes.[32] Previously, 

our research team developed a “NanoVilli Chip,”[33] in which we engineered densely 

packed, anti-epithelial cell adhesion molecule-grafted silicon (Si) nanowire arrays to achieve 

efficient and reproducible immune-affinity capture of tumor-derived EVs. However, due to 

the meager number of antigens present on the surface of individual EVs, immune-affinity 

EV capture approaches, which are driven by the dynamic binding between a pair of antigens 

(on EVs) and antibodies (on the substrates), often suffer from poor EV capture performance 

and high background. Moreover, conducting functional studies of tumor-derived EVs 

requires the purification of tumor-derived EVs with biological intactness. Therefore, it is 

necessary to develop novel purification systems with the capacity of both sensitive and 

specific capture of tumor-derived EVs and their subsequent release.

Ewing sarcoma (ES) is a highly aggressive cancer that ranks as the second most frequent 

bone cancer during childhood and adolescence and is known for frequent metastases and 

poor prognoses.[34] Recently, ES EVs have been identified to be secreted by ES cells, 

actively participating in the tumorigenesis, progression, and metastasis of ES by not only 

reprogramming surrounding normal stromal cells but also promoting intercellular 

communication within the tumor cells themselves.[35,36] At present, few research efforts 

focus on isolating ES EVs, likely due to the lack of specific surface biomarkers to target. It 

is technically challenging to develop an efficient method for isolating ES EVs. As a result, 

only conventional methods—ultracentrifugation[37] and filtration[38]—have been adopted for 
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their isolation. However, these are incapable of purifying ES EVs out of the non-ES EV 

background. Recently, an integrated microfluidic digital analysis chip with a dual-probe 

hybridization assay was developed for the detection of ES-EV mRNA,[39] demonstrating the 

presence of EWS-rearranged mRNA in ES EVs. However, this platform was not designed 

for the specific enrichment of ES EVs and is incapable of recovering intact ES EVs for 

downstream functional studies.

To pave the way for conducting functional studies of ES EVs, we introduced a novel ES-EV 

purification system (i.e., “ES-EV Click Chip”) by coupling covalent chemistry-mediated EV 

capture/release within a nanostructure-embedded microchip (Figure 1). In conjunction with 

the use of a newly identified ES-specific surface marker, that is, leucine-rich repeat and 

immunoglobulin-like domain-containing protein 1 (LINGO-1),[40] ES-EV Click Chip is 

capable of purifying ES EVs, which can be used for downstream functional studies, that is, 

EV uptake and cargo transfer. More specifically, the covalent chemistry-mediated EV 

capture/release is built upon the combined use of click chemistry[41]-mediated capture of 

EVs (tagged with anti-LINGO-1 antibody) and subsequent disulfide cleavage[42]driven EV 

release. Further, the nanostructures embedded in microchip dramatically increase the device 

surface area[43,44] contacting/interacting with ES EVs, and the microfluidic chaotic mixer 

made of polydimethylsiloxane (PDMS) facilitates repeated physical contact[45] between 

silicon nanowire substrates (SiNWS) and the flow-through ES EVs. In contrast to previous 

antibody-mediated EV capture,[33] a pair of highly reactive click chemistry motifs,[46] that 

is, tetrazine (Tz) and trans-cyclooctene (TCO), are grafted onto the embedded SiNWS (via 

surface modification) and ES EVs (via TCO-antibody conjugation), respectively. 

Subsequently, the inverse electron demand Diels-Alder (IEDDA) cycloaddition[47] between 

Tz and TCO with a rate constant[48] of ≈104 m−1 s−1 mediates the rapid, chemoselective, 

and irreversible capture of TCO-anti-LINGO-1grafted ES EVs onto Tz-grafted SiNWS with 

improved capture efficiency and reduced background. After click chemistry-mediated ES-

EV capture, exposure to a disulfide cleavage agent—1,4-dithiothreitol (DTT)[49]—leads to 

the prompt release of ES EVs from the SiNWS by breaking the embedded disulfide bond. 

We utilized ES-EV Click Chips to purify ES EVs that are genetically characterized by 

harboring specific chromosomal translocations. These translocations generate fusions of 

EWSR1 to one of the ETS gene family members, including FLI1 (90–95%) and ERG (5–

10%),[50] providing specific molecular markers for detecting ES EVs.[51] By using 

immunogold-transmission electron microscopy (TEM), we confirm that LINGO-1 is 

expressed on the surface of ES EVs. We thus exploit the anti-LINGO-1 antibody to 

recognize ES EVs in ES-EV Click Chip purification system. We show that ES-EV Click 

Chips are able to efficiently purify ES EVs without any size bias, including exosomes, 

microvesicles, and oncosomes. Moreover, we demonstrate that the recovered ES EVs have 

well-preserved viability and RNA cargo contents, and can be used in downstream functional 

studies, that is, EV uptake and RNA cargo transfer, which are essential for exploring their 

physiological and pathological functions in intercellular communication.

Dong et al. Page 5

Adv Funct Mater. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Results and Discussions

2.1. Identification of LINGO-1 as a Specific Surface Marker of ES EVs

To determine the specificity of LINGO-1 (a transmembrane signaling protein considered as 

a new marker and therapeutic target expressed on ES tumor surface[40]) as an ES cell surface 

marker, we used immunofluorescence staining to evaluate the expression of LINGO-1 on ES 

cell lines (e.g., A673, ES-5838, and SK-ES-1 cell lines), and white blood cells (WBCs) 

isolated from healthy donors’ blood. For comparison, we also evaluated the expression of 

CD99 (a transmembrane glycoprotein commonly used as an ES cell surface marker[52,53]) 

on ES cell lines and WBCs. The fluorescent images (Figure 2A) showed that LINGO-1 was 

a specific surface marker expressed on all the three ES cell lines but not on WBCs, while 

CD99 was not specific for ES cells as it was also expressed on WBCs (Figure 2B). Then, ES 

EVs were isolated from the serum-free medium of ES cells, that is, A673 cells (female 

origin, harboring EWS-FLI1 type 1 rearrangement), ES-5838 cells (male origin, harboring 

EWS-ERG rearrangement), and SK-ES-1 cells (male origin, harboring EWS-FLI1 type 2 

rearrangement), by ultracentrifugation.[17] TEM characterization showed that ES EVs had 

cup or spherical-shaped morphologies (Figure 2C). They had a diameter range of 30–1150 

nm, of which 89% ranged in diameter of 30–150 nm. Then, immunogold-TEM was 

employed to detect LINGO-1 expression on ES EVs. As shown in Figure 2D, A673 EVs, 

ES-5838 EVs, and SK-ES-1 EVs were all labeled with multiple 10 nm gold nanoparticles 

(AuNPs) via mouse anti-LINGO-1 and goat anti-mouse IgG H&L 10 nm AuNPs. These 

results demonstrate the expression of LINGO-1 on the surface of ES EVs.

2.2. Fabrication of ES-EV Click Chip Purification System

The ES-EV Click Chip is composed of two components: i) a Tz-grafted SiNWS and ii) a 

PDMS-based chaotic mixer with a serpentine microchannel. Si nanowires with diameters of 

100–200 nm and lengths of 3–5 or 7–10 μm were fabricated via a combination of 

photolithographic patterning and silver (Ag) nanoparticle-templated wet etching.[54] The 

densely packed Si nanowires (spacings = 200–400 nm) provide large surface areas for 

immobilizing Tz moieties. Through a three-step modification process[55] (Figure S1, 

Supporting Information): i) vapor deposition of (3-mercaptopropyl) trimethoxysilane (MPS), 

ii) incorporation of a disulfide linker via ortho-pyridyl disulfide polyethylene glycol amine 

(OPSS-PEG-NH2), and iii) NHS ester reaction between Tz-sulfo-NHS ester and the terminal 

primary amine group on SiNWS, abundant Tz moieties were tethered onto the Si nanowires 

to generate the Tz-grafted SiNWS. PDMS-based chaotic mixers were fabricated with 

herringbone patterns by inductively coupled plasma-reactive ion etching (ICP-RIE).[45,56] 

The herringbone pattern spacings and microchannel widths/lengths/heights (2 mm × 60 mm 

× 70 μm) were configured to facilitate direct physical contact[56] between the functional 

SiNWS and EVs. Finally, a microfluidic chip holder was used to combine the PDMS-based 

chaotic mixer with the Tz-grafted SiNWS to make a complete ES-EV Click Chip, and an 

automated fluidic handler was employed to handle EV samples (Figure S2, Supporting 

Information).

Prior to EV capture studies, the complementary click chemistry moieties—TCO—were 

conjugated[57] onto goat antiLINGO-1 via the NHS ester reaction between TCO-PEG4-NHS 
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ester and the primary amine groups on anti-LINGO-1 to produce TCO-anti-LINGO-1 

conjugate. As a model system for testing the EV capture/release performance of ES-EV 

Click Chips, A673 EV samples were prepared by homogeneously re-suspending A673 EV 

pellets into serum-free medium and divided into several replicates (each 100 μL). The TCO-

anti-LINGO-1 conjugate was pre-incubated with A673 EV samples to allow the specific 

antigen-antibody interaction. Then, the obtained TCO-anti-LINGO-1-grafted A673 EV 

sample was run through the ES-EV Click Chip, resulting in the efficient, chemo selective, 

and irreversible capture of A673 EVs on the Tz-grafted SiNWS via the IEDDA 

cycloaddition[46] between Tz and TCO moieties. Afterward, to release the captured EVs, 

DTT (50 mm, 50 μL) was injected into ES-EV Click Chip. DTT-mediated thiol-disulfide 

exchange reactions cause the reduction and cleavage of the disulfide bonds linking ES EVs 

or spare Tz moieties to SiNWS, resulting in the prompt release of captured ES EVs from the 

SiNWS.

2.3. Characterization of the ES-EV Capture and Release Process

To demonstrate the feasibility of click chemistry-mediated EV capture on SiNWS, we used 

PKH26 red-fluorescent dye to label A673 EVs (Figure 3A). The PKH26-labeled A673 EV 

samples were injected into the ES-EV Click Chips in the absence and presence of TCO-anti-

LINGO-1 conjugate, respectively. After EV capture, SiNWS were disassembled from ES-

EV Click Chips and observed by fluorescence microscopy. The dimmer appearance of 

SiNWS under fluorescence microscopy (Figure 3B) shows that the PKH26-labeled A673 

EVs were unable to be captured on Tz-grafted SiNWS without TCO-anti-LINGO-1 

conjugate. In comparison, numerous conspicuous red fluorescent spots, that is, PKH26-

labeled A673 EVs, were captured on Tz-grafted SiNWS in the presence of TCO-anti-

LINGO-1 conjugate and distributed evenly in a herringbone pattern. These results 

demonstrate that ES-EV Click Chips capture ES EVs in a TCO-anti-LINGO-1 dependent 

manner. Next, to observe the EV distribution on Tz-grafted SiNWS with higher resolution, 

scanning electron microscopy (SEM) was employed to characterize the tops and cross-

sections of Si nanowire arrays. As shown in Figure 3C, both tips and sidewalls of Si 

nanowires had immobilized A673 EVs. Besides, Si nanowires with captured A673 EVs were 

mechanically detached from the substrate for TEM characterization. Figure 3D shows a 

TEM image of a single Si nanowire with various sizes of EVs captured on its tip and 

sidewalls. The results of EV distribution along the Si nanowires were consistent with the 

observation in our previous NanoVilli Chips.[33] Then, we used immunogold-TEM to detect 

the expression of CD63 (tetraspanins, a surface marker for EVs, preferentially small 

EVs[58]) on the captured A673 EVs. As shown in Figure 3E, EVs captured on a Si nanowire 

were successfully labeled with multiple 10 nm AuNPs. These results suggest that ES-EV 

Click Chips can effectively capture tumor-derived EVs without size bias and structural 

damage.

To characterize the release process of ES EVs, DTT was injected into the ES-EV Click 

Chip, which had captured PKH26-labeled A673 EVs. As shown in Figure 3F, DTT resulted 

in the immediate diminution of the red fluorescence, indicating that the captured A673 EVs 

could be effectively released from the SiNWS. TEM characterization showed that the 

purified A673 EVs had cup- or spherical-shaped morphologies and diameters of 30–900 nm, 
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of which 87% ranged in diameter of 30–150 nm (Figure 3G). The size distribution of the 

purified A673 EVs was also measured using dynamic light scattering (DLS). The recovered 

A673 EVs had a size distribution similar to that of A673 EVs before capture (Figure S3, 

Supporting Information). Moreover, the purified A673 EVs could also be labeled with 

multiple 10 nm AuNPs via immunogold staining of CD63 (Figure 3H), showing the integrity 

of the purified ES EVs.

2.4. Optimization of EV Capture/Release Performance of ES-EV Click Chips

To optimize the ES-EV capture performance of ES-EV Click Chips (Figure 4A), we injected 

TCO-anti-LINGO-1-grafted A673 EV samples into ES-EV Click Chips and extracted EV-

derived RNA by introducing 700 μL of QIAzol lysis reagent (Qiagen, USA). Subsequently, 

RNA was purified with miRNeasy Micro Kits (Qiagen, USA) and quantified by Qubit RNA 

HS Assay using a Qubit 3.0 Fluorometer. The ES-EV capture efficiency was evaluated by 

calculating the mass fraction of the RNA extracted from the captured ES EVs (RNAcap) 

compared to the RNA extracted from the initially added ES EVs (RNAadd). We evaluated the 

effects of different experimental parameters, such as Si nanowire substrate, flow rate, pre-

incubation time of TCO-anti-LINGO-1 and ES-EV samples, and concentration of TCO-anti-

LINGO-1, on ES-EV capture efficiency. The influence of Si nanowire length (0, 3–5, and 7–

10 μm) on ES-EV capture efficiency is shown in Figure 4B. With the increase of Si 

nanowire length, the ES-EV capture efficiency increased from 36% (Si nanowire = 0 μm) to 

84% (Si nanowire = 7–10 μm) in the presence of 0.1 pmol of TCO-anti-LINGO-1 with a 

flow rate of 0.2 mL h−1. We used SEM characterization and dissipative particle dynamics 

simulation[59] in the previous development of NanoVilli Chips[33] to study the EV capture 

process by Si nanowire matrix and demonstrated that a total Si nanowire length of 10 μm 

was enough to enhance the capture of tumor-derived EVs. Therefore, we used the 7–10 μm 

Si nanowire in the subsequent studies. Next, we evaluated the effects of flow rates of 0.1, 

0.2, 0.5, and 1.0 mL h−1 on ES-EV capture efficiency of ES-EV Click Chips. The results in 

Figure 4C show that the optimal flow rate was 0.2 mL h−1, consistent with the previously 

reported NanoVilli Chips.[33] We subsequently examined the pre-incubation time of TCO-

anti-LINGO-1 conjugate and A673 EV samples and found that 20 min was enough to obtain 

a satisfactory capture efficiency (Figure 4D). Prolonging pre-incubation time to 30 min had 

no significant benefit. The effect of the TCOto-anti-LINGO-1 mole ratio on EV capture 

efficiency was also tested with a result of the optimal mole ratio of 4:1 (Figure 4E).

Then, we compared the effects of different concentrations of anti-LINGO-1 conjugates on 

the capture efficiencies of ES-EV Click Chips and NanoVilli Chips. The schematic diagram 

of Figure 4F illustrates the different EV capture mechanisms of ES-EV Click Chips (i.e., 

click chemistry-mediated EV capture) and the previously reported NanoVilli Chips (i.e., 

immobilized antibody-mediated EV capture). According to the results shown in Figure 4G, 

only 27% of ES EVs were captured on ES-EV Click Chips in the absence of anti-LINGO-1, 

while 84% of ES EVs were captured on ES-EV Click Chips in the presence of 0.1 pmol of 

TCO-anti-LINGO-1. These results show that ES EVs are captured in a TCO-anti-LINGO-1 

dependent manner. The EV capture efficiency of ES-EV Click Chips was up to maximum 

efficiency of 94% in the presence of 1 pmol of TCO-anti-LINGO-1. A higher quantity of 

TCO-anti-LINGO-1 did not further increase EV capture efficiency. Besides, ES-EV Click 
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Chips had advantages of high efficiency and low antibody consumption over NanoVilli 

Chips, as NanoViili Chips need 500 times more biotin-anti-LINGO-1 (50 pmol) to achieve a 

capture efficiency of 78%. These can be attributed to the rapid, chemoselective, and 

irreversible click chemistry-mediated capture mechanism, as well as the significantly 

increased number of click reaction sites between TCO moieties grafted on EVs and Tz 

moieties functionalized on Si nanowire arrays, leading to the more efficient ES-EV 

immobilization on ES-EV Click Chips than NanoVilli Chips. Furthermore, the capture 

capacity of ES-EV Click Chips was examined by introducing different amounts of A673 

EVs into the devices, followed by the quantification of EV-derived RNA. The ES-EV Click 

Chips were saturated after capturing a quantity of A673 EVs, which were lysed to obtain 

200 ng of EV-derived RNA (Figure S4, Supporting Information).

After EV capture, DTT solution was injected into ES-EV Click Chips to release ES EVs 

from the SiNWS (Figure 4H). The EV release efficiency was calculated as the mass fraction 

of RNA extracted from the released ES EVs (RNArel) compared to the RNA extracted from 

the initially added ES EVs (RNAadd). We first used 50 μL of DTT (50 mm) to release ES 

EVs that were captured on the chips and evaluated the influence of flow rate (0.1, 0.2, and 

0.5 mL h−1) on the EV release efficiency. As shown in Figure 4I, a flow rate of 0.2 mL h−1 

enabled the captured EVs to be released in 15 min with a maximum efficiency of 68%. 

Neither a lower nor a higher flow rate increased EV release significantly. Next, we examined 

the effect of concentration (25, 50, and 70 mm) of DTT solution (50 μL) on EV release 

efficiency (Figure 4J). At a flow rate of 0.2 mL h−1, after DTT concentration increased to 50 

mm, a more concentrated DTT solution (70 mm) with a defined DTT volume and exposure 

time did not significantly improve EV release efficiency. Then, we increased the volume of 

DTT (50 mm) solution in order to improve the EV release efficiency via the increase in DTT 

amount and exposure time. Results summarized in Figure 4K show that the ES-EV release 

efficiency increased gradually with the increasing volume of DTT, up to a maximum 

efficiency of 90% when 100 μL of DTT (50 mm) ran through ES-EV Click Chips. Overall, 

these results indicate that the ES EVs captured by ES-EV Click Chips can be effectively 

released by DTT-driven disulfide cleavage.

2.5. Detection of EWS Rearrangements in ES EVs by Coupling ES-EV Click Chips with 
Reverse Transcription Droplet Digital PCR

To demonstrate the feasibility of detecting EWS rearrangements using reverse transcription 

droplet digital PCR (RT-ddPCR) in ES EVs purified by the ES-EV Click Chips, artificial 

ES-EV plasma samples were prepared by homogeneously re-suspending ES EV pellets into 

healthy donors’ blood plasma (containing a significant quantity of normal cell-derived EVs) 

and divided into several replicates (each 100 μL). As illustrated in Figure 5A, ES-EV plasma 

samples were purified by ES-EV Click Chips, and RNA was extracted from the purified EVs 

and subjected to downstream RT-ddPCR for the quantification of EWS rearrangements 

(Figure S5 and Table S1, Supporting Information). The RNA extracted from the purified ES 

EVs (RNApur) was obtained by subtracting the RNA extracted from the background plasma 

(RNApla) from the total recovered RNA (RNArec). Then, the isolation efficiency was 

calculated as the mass fraction of RNApur compared to the RNA extracted from the initially 

added ES EVs (RNAadd). The specificity was evaluated through the copy number of EWS 
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rearrangements, which are specific molecular markers of ES and have a linear correlation (y 
= 18.56x, R2 = 0.998) with the amount of ES EV-derived RNA (Figure S6, Supporting 

Information). Figure 5B shows that there is a positive linear correlation between the amount 

of artificial A673 EV plasma samples and the detected copy number of EWS-FLI1 type 1 

rearrangement after ES-EV Click Chip purification.

Then, we compared the isolation efficiency and specificity of ES-EV Click Chips using 1 

pmol of TCO-anti-LINGO-1, TCO-anti-CD99, and TCO-anti-CD63 conjugates because 

CD99 had been used as an ES cell surface marker to isolate circulating tumor cells[52,53] and 

CD63 was used as a surface marker to isolate EVs (preferentially small EVs[58]). As shown 

in Figure 5C, TCO-anti-LINGO-1 had the highest isolation efficiency of 91% and detected 

819 copies of EWS-FLI1 type 1 rearrangement in comparison with TCO-anti-CD99 (70%, 

416 copies) and TCO-anti-CD63 (65%, 347 copies). Considering the fact that CD99 and 

CD63 are ubiquitously expressed on all EVs (i.e., ES EVs and background EVs in plasma 

samples), when the same quantity (1 pmol) of either TCO-anti-CD99 or TCO-anti-CD63 

was added to the plasma sample, only a portion of ES EVs in the plasma sample was labeled 

with antibody, leading to the low recovery rates of ES EVs. In contrast, the small quantity (1 

pmol) of TCO-anti-LINGO-1 (highly specific to ES EVs) is sufficient to label the ES EVs in 

the plasma sample, resulting in the high recovery rates of ES EVs. Therefore, anti-LINGO-1 

is superior to anti-CD99 and anti-CD63 in the efficiency and specificity of purifying ES EVs 

with ES-EV Click Chips. The coefficient of variation (CV)% of isolation efficiency 

calculated from five independent tests was 4.0% (Table S2, Supporting Information), 

representing the ES-EV purification reproducibility of ES-EV Click Chips.

We further compared the isolation performance of ES-EV Click Chips with 

immunomagnetic beads[60] and ultracentrifugation[37] (two commonly used EV enrichment 

methods), as well as the ExoQuick ULTRA EV Isolation Kit for Serum and Plasma (non-

specifically isolating total EVs using an EV precipitation mechanism). The results 

summarized in Figure 5D demonstrate that the efficiencies of isolating A673 EVs and copy 

numbers of EWS-FLI1 type 1 rearrangement of immunomagnetic beads (54%, 512 copies), 

ultracentrifugation (20%, 144 copies), and the ExoQuick Kit (26%, 156 copies) were 

significantly lower than that of ES-EV Click Chips (91%, 819 copies). Finally, we examined 

the general applicability of ES-EV Click Chips for purifying different ES EVs, including 

A673 EVs, ES-5838 EVs (harboring EWS-ERG rearrangement), and SK-ES-1 EVs 

(harboring EWS-FLI1 type 2 rearrangement). As summarized in Figure 5E, the chips 

achieved the efficient purification of ES-5838 EVs (90%, 762 copies) and SK-ES-1 EVs 

(86%, 731 copies). Altogether, these results show that ES-EV Click Chips have excellent 

performance for purifying ES EVs and enable the quantification of their specific molecular 

markers—EWS rearrangements. To demonstrate the potential clinical application of ES-EV 

Click Chips, we recruited four EWS rearrangement positive ES patients (confirmed by 

fluorescence in situ hybridization) and collected their plasma samples for this feasibility 

study. Control studies were performed on four healthy donors (HDs) in parallel. For each 

study, 0.3 mL of plasma sample was run through the ES-EV Click Chip under the optimal 

condition. After extracting RNA from the purified ES EVs, we successfully detected EWS 

rearrangements (copy number range from 35 to 216, Table S3, Supporting Information) 

using RT-ddPCR. All four HDs were negative for EWS rearrangements. These results 
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showed that ES-EV Click Chips can potentially be used for non-invasive detection of EWS 

rearrangements for ES patients.

2.6. Downstream Functional Studies of the Recovered ES EVs

The recovered ES EVs can be co-cultured with recipient cells and studied for EV uptake and 

RNA cargo transfer (Figure 6A). Several studies[61,62] have shown that DTTox (i.e., 

trans-4,5-dihydroxy-1,2-dithiane, a nontoxic intramolecular disulfide form) has no apparent 

cytotoxicity. Before conducting the EV uptake study, we examined the influence of DTTox 

effluent on cell viability. DTT (50 mm) was oxidized into nontoxic DTTox by running 

through an ES-EV Click Chip without performing EV capture. Subsequently, DTTox 

effluent was added into the cell culture medium of A673 cells and incubated at 37 °C for 24 

h. As a negative control group, DPBS solution was added into the cell culture medium of 

A673 cells. Afterward, the Cell Counting Kit-8 (CCK-8) assay was used to test cell viability. 

As shown in Figure 6B, DTTox effluent has a negligible effect on cell viability within 24 h.

To visualize the EV uptake process, PKH26-labeled ES-5838 EVs were purified by ES-EV 

Click Chips and co-cultured with A673 cells at 37 °C for 1, 2, and 4 h, respectively. A673 

cells alone served as the negative controls (0 h). In parallel, the PKH26 negative control 

samples (without ES-5838 EVs) were also purified by ES-EV Click Chips and co-cultured 

with A673 cells. For static fluorescence imaging, A673 cells were washed with DPBS three 

times, fixed with 4% paraformaldehyde (PFA), stained with 4′,6-diamidino-2-phenylindole 

(DAPI), and imaged using a 40× objective lens on a Nikon Eclipse Ti fluorescence 

microscope under bright field, lasers 405 nm (DAPI) and 561 nm (PKH26). As shown in 

Figure 6C, after co-culturing for 1 h, red fluorescent spots had bound to the surface of A673 

cells and appeared inside the cells, indicating that the recovered PKH26-labeled ES-5838 

EVs were taken up and internalized by A673 cells. With the extension of co-culturing time 

to 4 h, accumulating red fluorescent spots were observed inside A673 cells. In contrast, there 

was no red fluorescent signal in A673 cells of the corresponding negative control groups at 

1, 2, and 4 h (Figure S7, Supporting Information). We calculated the number of red 

fluorescent spots that were internalized by A673 cells after co-culturing for 1, 2, and 4 h. As 

summarized in Figure 6D, the medians of spots per A673 cell with internalization were 3, 8, 

and 16 spots for 1, 2, and 4 h groups, respectively. The linear fitting curve (y = 4.29x, R2 = 

0.998) indicated an increasing trend of EV uptake over time. The dynamic process of EV 

uptake and internalization by live A673 cells was also photographed once every 15 min for 

90 min using a 40× objective lens on the Nikon Eclipse Ti fluorescence microscope under 

bright field and laser 561 nm (Video S1, Supporting Information).

Furthermore, it has been recognized that EVs are able to transfer their RNA cargoes to 

recipient cells both in vitro and in vivo.[8] Because the male ES-5838 cell-derived EVs 

harbor unique EWS-ERG rearrangement and sex-determining region of the Y-chromosome 

(SRY) transcripts, which are not present in female A673 cells, the EWS-ERG rearrangement 

and SRY expression could be used as specific molecular markers for quantification of 

ES-5838 EVs that were internalized by A673 cells. Therefore, after co-culturing with 

ES-5838 EVs for 1, 2, and 4 h, A673 cells in wells were washed with DPBS three times, 

treated with 0.25% trypsin-EDTA at 37 °C for 1 min and washed thoroughly with the citric 
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acid buffer to remove the unbound EVs and cell surface-bound EVs. After centrifugation at 

300 g for 10 min, A673 cell pellets were lysed by 700 μL of QIAzol lysis reagent and 

purified with miRNeasy Mini Kits (Qiagen). The purified RNA was subjected to RT-ddPCR 

quantification. Both EWS-ERG rearrangement and SRY transcript were detectable in A673 

cells with ES-5838 EV uptake. As summarized in Figure 6E,F, the average copy numbers of 

EWS-ERG rearrangement and SRY transcript were (35 copies, 25 copies), (74 copies, 49 

copies), (145 copies, 95 copies) for 1, 2, and 4 h groups, respectively. The linear fitting 

curves showed that the accumulation of EWS-ERG rearrangement (y = 36.35x, R2 = 0.999) 

and SRY transcript (y = 23.88x, R2 = 0.999) in the recipient cells occurred in a time-

dependent manner. Altogether, these results demonstrate that the ES EVs recovered from 

ES-EV Click Chips exhibit well-preserved viability and can successfully transfer their RNA 

cargo contents to recipient cells.

3. Conclusion

We have developed and demonstrated a novel ES-EV purification system—ES-EV Click 

Chip—by coupling covalent chemistry-mediated EV capture/release within a nanostructure-

embedded microchip. This device exploits specific anti-LINGO-1 recognition, sensitive 

click chemistry-mediated EV capture, and disulfide cleavage-driven EV release on a 

SiNWS-embedded microfluidic platform, realizing the highly efficient purification of ES 

EVs while maintaining their well-preserved integrity and biological activity. We used 

fluorescence microscopy, TEM, SEM, and DLS characterization to demonstrate the EV 

capture and release features of ES-EV Click Chips. The ES-EV Click Chip platform has 

several distinct advantages. i) ES-EV Click Chips were optimized to have higher capture 

efficiency and lower antibody consumption compared with the previously reported 

NanoVilli Chips.[33] This improvement is attributed to the rapid, chemoselective, and 

irreversible click chemistry-mediated capture mechanism, as well as the significantly 

increased number of click reaction sites between TCO moieties grafted on EVs and Tz 

moieties functionalized on Si nanowire arrays. ii) Compared to other potential capture 

agents, such as anti-CD99 and anti-CD63, the use of anti-LINGO-1 in ES-EV Click Chips 

significantly improves the efficiency and specificity of ES-EV enrichment. iii) Furthermore, 

the mild reagent DTT-mediated disulfide bond cleavage enables the subsequent release of 

ES EVs with high efficiency. Compared with other EV capture and release strategies on 

nanostructured substrates (e.g., the immune-affinity EV capture/proteinase K and 

temperature-responsive dual EV release strategy[32] and the non-specific exosome trapping/

porous silicon nanowire dissolving strategy[63]), ES-EV Click Chips could purify ES EVs 

under milder conditions with high specificity and isolation efficiency, enhanced 

reproducibility, reduced cost and time consumptions, as well as recovering tumor-derived 

EVs with well-preserved integrity for downstream functional studies. We demonstrated that 

ES-EV Click Chip could purify ES EVs without any size bias and recover them with well-

preserved viability and RNA cargo contents. The recovered ES EVs can be rapidly 

internalized and shuttle their RNA cargoes to recipient cells, which can be leveraged to 

explore their physiologic and potential pathologic roles in intercellular communication.
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4. Experimental Section

Fabrication of ES-EV Click Chip Devices:

ES-EV Click Chip device consists of i) a Tz-grafted SiNWS and ii) a PDMS-based chaotic 

mixer. First, SiNWS with densely packed Si nanowires (diameters = 100–200 nm, spacings 

= 200–400 nm, lengths of 3–5 or 7–10 μm) were prepared by a combination of 

photolithographic patterning and AgNP-templated wet etching[54] according to the following 

procedures: i) (100) p-type Si wafers (Silicon Quest International) were spin-coated with a 

thin-film photoresist (AZ 5214, AZ Electronic Materials USA Corp.) and exposed to 

ultraviolet light; ii) the wafers were immersed into etching solution with hydrofluoric acid 

(4.6 m, Sigma-Aldrich) and silver nitrate (0.2 m, Sigma-Aldrich); and iii) the wafers were 

treated with boiling aqua regia (i.e., hydrochloric acid/nitric acid, 3:1 v/v, Sigma-Aldrich) to 

remove the silver film. The resultant SiNWS were incubated with a piranha solution 

(sulfuric acid/hydrogen peroxide, 2:1 v/v, Sigma-Aldrich). Next, Tz moieties with disulfide 

linkers were functionalized onto the SiNWS via a 3-step chemical modification[55] process: 

i) exposing the SiNWS to silane vapor of MPS (95%, 200 μL, Sigma-Aldrich) in a sealed 

vacuum desiccator for 45 min; ii) incubating the SiNW with 200 μL of dimethyl sulfoxide 

(DMSO) solution containing OPSS-PEG-NH2 (3.8 mm, Nanocs Inc.) for 2 h at room 

temperature; and iii) further incubating the SiNW with 200 μL of PBS solution containing 

Tz-sulfo-NHS ester (3.8 mm; Click Chemistry Tools) for 1 h at room temperature. Thus, Tz-

grafted SiNWS were produced and ready to use.

Second, PDMS-based microfluidic chaotic mixers[45] were prepared by ICP-RIE.[56] Briefly, 

i) a master wafer was photolithographically prepared by spin-coating a layer of negative 

photoresist (MicroChem Corp.) with a thickness of 100 μm onto a silicon wafer; ii) after 

exposure to UV light with a photomask containing a 2.0-mm-width serpentine rectangular 

microfluidic channel, the second layer of negative photoresist was spin-coated with a 

thickness of 40 μm; iii) using a Mask Aligner (Karl Suss America Inc.), the second 

photomask containing herringbone ridges was aligned between the former pattern and the 

one to be imprinted; iv) the Si master was exposed to trimethylchlorosilane (99%, Sigma-

Aldrich) vapor for 1 min and transferred to a petri dish; v) for replica molding, well-mixed 

PDMS precursor (RTV 615 A and B in a 10:1 ratio; GE Silicones) was filled into the petri 

dish, degassed, and incubated in an oven at 80 °C to make a 5-mm-thick PDMS-based 

chaotic mixer; and vi) the produced PDMS-based chaotic mixer was peeled off and punched 

with two through-holes at the ends of the serpentine rectangular microfluidic channel for 

insertion of tubing. Finally, the above Tz-grafted SiNWS and PDMS-based chaotic mixer 

were combined in a custom-designed chip holder to give an ES-EV Click chip device. Then, 

ES-EV Click chip device was placed in an automated digital fluidic handler to control the 

loading and flow of reagents and EV samples.

Preparation of TCO-Antibody Conjugates:

The TCO-anti-LINGO-1 conjugate was produced by incubating TCO-PEG4-NHS ester (4 

μm, Click Chemistry Tools) with polyclonal goat IgG human LINGO-1 antibody (1 μm, 

R&D Systems Inc.) in PBS solution (pH 7.4) at room temperature for 30 min. TCO-anti-

CD99 and TCO-anti-CD63 conjugates were prepared accordingly by incubating TCO-
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PEG4-NHS ester (4 μm, Click Chemistry Tools) with polyclonal goat IgG human CD99 

antibody (1 μm, R&D Systems Inc.) and monoclonal mouse IgG1 human CD63 antibody (1 

μm, R&D Systems Inc.), respectively. The resultant TCO-antibody conjugates (1 μm) in 

PBS solution were stored at −20 °C until use.

Culture of ES Cell Lines:

ES cell lines, that is, A673 cells (female origin, harboring EWS-FLI1 type 1 rearrangement) 

and SK-ES-1 cells (male origin, harboring EWS-FLI1 type 2 rearrangement) were obtained 

from the American Type Culture Collection (ATCC) and regularly tested negative for 

mycoplasma contamination. ES-5838 cells (male origin, harboring EWS-ERG 

rearrangement) were provided by Dr. James S. Tomlinson’s Lab (UCLA). These cells were 

grown in 18 Nunc EasYDish dishes (150 mm, Thermo Fisher Scientific) with Dulbecco’s 

Modified Eagle’s Medium (Thermo Fisher Scientific), fetal bovine serum (10% v/v, Thermo 

Fisher Scientific), GlutaMAX-I (1% v/v, Thermo Fisher Scientific), and penicillin–

streptomycin (100 U mL−1, Thermo Fisher Scientific) in a humidified incubator with 5% 

CO2 at 37 °C for 3 days.

Immunofluorescence Characterization of LINGO-1 and CD99 Expression on Cells:

To demonstrate the specificity of LINGO-1 expression on ES cells, WBCs were isolated 

from the peripheral venous blood sample of a healthy donor with approval from UCLA 

Institutional Review Board (IRB, #00000173) and served as the control group of ES cells. 

A673 cells, ES-5838 cells, SK-ES-1 cells, and WBCs on glass coverslips were detected with 

the following immunocytochemistry (ICC) protocol. First, cells were fixed with 4% PFA 

fixative solution (Electron Microscopy Sciences) for 20 min and subsequently incubated 

with 0.1% Triton X-100 for 10 min at room temperature. Next, these cells were incubated 

overnight at 4 °C with the primary antibody, that is, polyclonal goat IgG human LINGO-1 

antibody (1:100 v/v) or polyclonal goat IgG human CD99 antibody (1:40 v/v), in 200 μL of 

PBS containing 2% donkey serum (Jackson ImmunoResearch). After washing with PBS, 

these cells were incubated with the secondary antibody, that is, donkey anti-goat IgG (H+L) 

(Alexa Fluor 647, 1:500 v/v; Invitrogen) in 200 μL of PBS containing 2% donkey serum at 

room temperature for 1 h. After washing with PBS, these cells were treated with DAPI 

solution (1:1000 v/v, Invitrogen). Thereafter, these cells were imaged using a 40× objective 

lens on a Nikon Eclipse 90i fluorescence microscope.

Isolation and Preparation of ES-EV Samples:

ES cells were cultured in serum-free medium for 24 h. A total of 234 mL of medium was 

collected in six Falcon 50 mL conical centrifuge tubes (Thermo Fisher Scientific) and 

centrifuged at 4 °C and 300 g for 10 min to remove cells and cellular debris. The supernatant 

was centrifuged at 4 °C and 4600 g for 30 min to eliminate large particles. Thereafter, the 

supernatant was transferred to six Ultra-Clear Tubes (38.5 mL, Beckman Coulter, Inc., 

USA) and centrifuged at 4 °C and 100 000 g for 2 h using Optima L-100 XP Ultracentrifuge 

(Beckman Coulter, Inc, USA). For making model EV samples, the resultant EV pellet was 

resuspended in 2 mL of serum-free medium and divided into 20 equal parts (each 100 μL). 

For making artificial EV plasma samples, the EV pellet was resuspended in 2 mL of blood 

plasma collected from a female healthy donor with approval from the UCLA Institutional 
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Review Board (IRB, #00000173), and divided into 20 aliquots (each 100 μL). These ES-EV 

samples were stored at −80 °C for future use.

EV Labeling with PKH26 Red-Fluorescent Dye:

ES EVs were labeled with PKH26 red fluorescent cell linker kit (Sigma-Aldrich) according 

to the instructions with some modifications.[64] Briefly, EV pellets were resuspended in 500 

μL of Diluent C. Separately, 500 μL Diluent C was mixed with 2 μL of PKH26 red-

fluorescent dye (1 mm) to prepare a 2× dye (4 μm) solution. After mixing the EV and 

PKH26 solution for 5 min at 4 °C, 1 mL of 1% bovine serum albumin (BSA, Sigma-

Aldrich) was added to bind excess dye. Then, the PKH26-labeled EVs were washed with 

PBS through ultracentrifugation at 4 °C and 100 000 g for 2 h to remove the free PKH26 

dye. The pellet was resuspended in PBS and divided into several replicates. Meanwhile, as a 

negative control, PKH26 dye alone (without ES EVs) was also washed with PBS by 

ultracentrifugation and diluted in PBS to make the PKH26 negative control sample.

ES-EV Capture and Release by ES-EV Click Chips:

Prior to capture, the ES-EV sample (100 μL) was pre-incubated with the TCO-anti-

LINGO-1 conjugate for 20 min at room temperature. Meanwhile, 200 μL of PBS was 

injected into ES-EV Click Chip at a flow rate of 1 mL h−1 to test leaks. The resultant TCO-

grafted EV sample was then introduced into ES-EV Click Chip at an optimal flow rate of 0.2 

mL h−1 and captured on the Tz-grafted SiNWS via the click chemistry-mediated EV 

capture. Afterward, to release the EVs captured on chips, a DPBS solution (50–100 μL) 

containing DTT (50 mm) was injected into ES-EV Click Chip at an optimal flow rate of 0.2 

mL h−1. The released EVs were collected into a 1.5-mL ribonuclease (RNase)-free 

Eppendorf tube.

TEM Characterization:

The ES EVs in solution or on Si nanowires mechanically detached from the SiNWS after 

EV capture/release were fixed in 4% PFA for 30 min at room temperature. Next, 5 μL of 

samples were placed onto formvar and carbon-coated copper grids (200-mesh) and 

incubated for 5 min. After blotting the excess samples with filter paper, grids were 

negatively stained with 2% uranyl acetate for 10 min. After rinsing with deionized water 

three times, samples were dried and imaged using a JEM1200-EX (JEOL USA Inc.) at 80 

kV.

For immunogold-TEM, 5 μL of samples were placed onto formvar and carbon-coated nickel 

grids (200-mesh) and incubated for 5 min. After wiping off the excess samples, grids were 

blocked in a blocking solution containing 0.4% BSA for 30 min and rinsed with deionized 

water three times. Then samples were incubated with monoclonal mouse IgG1 human 

LINGO-1 antibody (clone # 332237, 1:1000 v/v, R&D Systems Inc.) or monoclonal mouse 

anti-CD63 (1:500 v/v, Abcam) for 1 h. Meanwhile, samples were incubated with the 

blocking solution as negative controls. After rinsing with deionized water three times, the 

samples were incubated with goat anti-mouse IgG H&L 10-nm gold (1:40 v/v, Abcam) for 1 

h. Thereafter, grids were rinsed and negatively stained with 2% uranyl acetate, followed by 

drying and TEM imaging.
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SEM Characterization:

To characterize the distribution of EVs on Si nanowire arrays after capture/release, SiNWS 

were cut to expose the cross-sections of Si nanowire arrays and incubated with 4% PFA for 

1 h at room temperature. Next, the substrates were dehydrated by sequentially immersing in 

30%, 50%, 75%, 85%, 95%, and 100% ethanol solutions for 10 min per solution. After 

drying, the substrates were sputter-coated with gold and imaged under a ZEISS Supra 40VP 

SEM at an accelerating voltage of 10 keV.

DLS Characterization:

The size distributions of EVs before capture and after release were measured using Malvern 

Zetasizer Nano ZS. EV samples were diluted 1:10 or 1:20 in the cuvette and analyzed by 

Malvern Zetasizer Nano ZS to give the size distribution.

Extraction and Quantification of RNA from ES EVs:

For EVs captured on ES-EV Click Chips, RNA was extracted by introducing 700 μL of 

QIAzol lysis reagent at a flow rate of 0.5 mL h−1 for 200 μL and then 60 mL h−1 for the 

leftover 500 μL. The outflow was collected in a 1.5-mL ribonuclease (RNase)-free 

Eppendorf tube. For EVs before capture and after release in solution, 700 μL of QIAzol lysis 

reagent was added to lyse EVs in 1.5-mL ribonuclease (RNase)-free Eppendorf tubes. The 

extracted EV-derived RNA was purified with miRNeasy Micro Kits (Qiagen), according to 

the manufacturer’s protocol. During the RNA purification process, DNase I (RNase-free, 

Thermo Fisher Scientific) was used to digest DNA for 15 min at room temperature. Finally, 

RNA was dissolved in DNase/RNase-free water and centrifuged off the RNeasy MinElute 

Spin Columns into 1.5-mL ribonuclease (RNase)-free collection tubes. The RNA was 

quantified with Qubit 3.0 Fluorometer (Thermo Fisher Scientific, USA) and Qubit RNA HS 

Assay according to the manufacturer’s instructions.

RT-ddPCR Detection:

RNA was reverse-transcribed to cDNA with a Maxima H Minus Reverse Transcriptase Kit 

(Thermo Fisher Scientific, USA) according to the manufacturer’s protocol. The reverse 

transcription reaction was performed at 55 °C for 30 min and 85 °C for 5 min. Thereafter, 

cDNA was detected with ddPCR Supermix for Probes (No dUTP, Bio-Rad). EWS 

rearrangements were detected using self-designed primers and probes (Table S1, Supporting 

Information). SRY transcript was detected using a commercial primer/probe kit (Catalog# 

4331182; Assay ID: Hs00976796_s1, Thermo Fisher Scientific). Droplets containing ddPCR 

reaction were transferred into a 96-well plate and sealed. ddPCR reaction was performed at 

96 °C for 10 min, followed by 40 cycles (94 °C for 30 s and 60 °C for 60 s) and 98 °C for 10 

min. The DNA amplicons contained in droplets were detected by a QX200 Droplet Reader 

in combination with a QuantaSoft software package.

Comparison with Immunomagnetic Beads, Ultracentrifugation, and ExoQuick ULTRA EV 
Isolation Kit:

For immunomagnetic bead separation, Tz-grafted magnetic beads were prepared by 

incubating 2.8 μm Dynabeads M-270 Amine (2 × 108 beads, 100 μL, Thermo Fisher 
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Scientific) with Tz-sulfo-NHS ester (0.32 mg, Click Chemistry Tools, USA) in PBS buffer 

for 1 h at room temperature. Each artificial A673 EV plasma sample was pre-incubated with 

the TCO-anti-LINGO-1 conjugate (1 pmol) for 20 min and incubated with Tz-grafted 

magnetic beads (2 × 107 beads) at room temperature for 30 min to isolate A673 EVs. For 

ultracentrifugation, each artificial A673 EV plasma sample was centrifuged at 100 000 g for 

2 h using Optima L-100 XP Ultracentrifuge. For the commercially used EV isolation assay, 

each artificial A673 EV plasma sample was isolated and purified using the ExoQuick 

ULTRA EV Isolation Kit (System Biosciences) according to the manufacturer’s protocol. 

For all the methods, RNA was extracted from the isolated EVs and quantified using Qubit 

3.0 Fluorometer (Thermo Fisher Scientific), followed by quantification of EWS-FLI1 type 1 

rearrangement using RT-ddPCR detection. Healthy-donor plasma samples without A673 

EVs were processed in parallel to give the systems’ RNA background.

CCK-8 Cell Viability Assay:

A673 cells (5 × 103 cell/well) were evenly plated into a sterile 96-well cell culture plate with 

the cell culture medium (250 μL per well) and pre-incubated in a humidified incubator with 

5% CO2 at 37 °C for 24 h. For the DTTox effluent-added group, 50 μL of DTTox effluent 

was added into the culture medium of each well and incubated with A673 cells for 24 h. For 

the negative control, 50 μL of DPBS solution was added and incubated with A673 cells for 

24 h. Thereafter, CCK-8 (Sigma-Aldrich) assay was used to test the effect of DTTox effluent 

on cell viability. The cell culture medium of A673 cells in each well was replaced with 10 

μL of CCK-8 solution and 100 μL of serum-free medium. Meanwhile, a blank well without 

A673 cells was also added with 10 μL of CCK-8 solution and 100 μL of serum-free medium 

to serve as the blank of CCK-8 assay. After incubating for 4 h, the solution of each well was 

transferred to a Costar 96 Flat Transparent plate and placed into the Tecan Infinite 200 PRO. 

The optical density (OD, absorbance) at 450 nm was measured with an i-control Microplate 

Reader. The cell viability (%) was calculated as the ratio of the OD450 value of the DTTox 

effluent-added group (deducting the blank OD450 value) to that of the negative control group 

(deducting the blank OD450 value).

Downstream Functional Studies:

A673 cells (5 × 103 cell/well) were evenly plated into a sterile 96-well cell culture plate with 

the cell culture medium (250 μL per well) and pre-incubated in a humidified incubator with 

5% CO2 at 37 °C for 24–48 h. Then, the cell culture medium was replaced with serum-free 

medium (250 μL per well) to study EV uptake. Before the addition of ES-5838 EVs, the 

wells with A673 cells alone served as the negative controls (0 h). After being released from 

ES-EV Click Chip, PKH26-labeled ES-5838 EVs (50 μL) were added to the wells and co-

cultured with A673 cells at 37 °C for 1, 2, and 4 h, respectively. In parallel, the PKH26 

negative control sample was also purified by ES-EV Click Chips and co-cultured with A673 

cells at 37 °C for 1, 2, and 4 h, respectively.

Fluorescence Imaging of Uptake Process of ES EVs into Recipient Cells:

For static fluorescence imaging, A673 cells were washed with DPBS three times, fixed with 

4% PFA for 10 min, stained with DAPI [1:1000 v/v] for 10 min, and imaged using a 40× 

objective lens on a Nikon Eclipse Ti fluorescence microscope under bright field, lasers 405 
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nm (DAPI) and 561 nm (PKH26). For dynamic monitoring of the ES-5838 EV uptake and 

internalization process by live A673 cells, the 96-well cell culture plate was placed on the 

3D automatic objective table and photographed once every 15 min for 90 min using a 40× 

objective lens on the Nikon Eclipse Ti fluorescence microscope under bright field and laser 

561 nm (PKH26).

Detection of Gene Transcripts in Recipient Cells after EV Uptake:

For detecting the EWS-ERG rearrangement and SRY transcript of ES-5838 EVs internalized 

by A673 cells after co-culturing, A673 cells were washed with DPBS three times and treated 

with 0.25% trypsin-EDTA (Thermo Fisher Scientific) at 37 °C for 1 min and washed 

thoroughly with the citric acid buffer to remove the unbound EVs and cell surface-bound 

EVs. A673 cells were centrifuged at 300 g for 10 min. The cell pellets were lysed by 700 μL 

of QIAzol lysis reagent and purified with miRNeasy Mini Kits (Qiagen) according to the 

manufacturer’s protocol. The purified RNA was subjected to RT-ddPCR detection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of “ES-EV Click Chip” and its working mechanism based on covalent 

chemistry-mediated purification of ES EVs. i) Click chemistry (between Tz and TCO)-

mediated specific EV capture in the presence of the anti-LINGO-1 antibody; ii) disulfide 

cleavage-driven rapid EV release upon exposure to DTT; iii) subjecting the purified ES EVs 

to downstream functional studies, that is, EV uptake and RNA cargo transfer.
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Figure 2. 
Detection of LINGO-1 expression on ES cell lines and ES EVs. A) Immunofluorescence 

images showing that LINGO-1 (red) was expressed on the cell plasma membrane of A673 

cells, ES-5838 cells, and SK-ES-1 cells, with a granular pattern, but not on WBCs isolated 

from healthy donors’ blood. Nuclei of cells were stained with DAPI (blue). B) 

Immunofluorescence images showing that CD99 (red) was expressed on the cell membrane 

of A673 cells, ES-5838 cells, and SK-ES-1 cells, as well as WBCs, with a linear pattern. 

Nuclei of cells were stained with DAPI (blue). C) Size distribution of ES EVs (n = 886) 

measured by TEM. Inset is a TEM image of ES EVs. D) Schematic diagram (left) and TEM 

images (right) for detecting LINGO-1 expression on ES EVs, including A673 EVs, ES-5838 

EVs, SK-ES-1 EVs (colored in red), using immunogold staining of LINGO-1. The yellow 

arrows point to the AuNPs labeled on the ES EVs.
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Figure 3. 
Characterization of the ES-EV capture and release process. A) Schematic illustration 

showing that click chemistry-mediated capture of PKH26-labeled A673 EVs on ES-EV 

Click Chips in the presence of TCO-anti-LINGO-1 conjugate. B) Fluorescence images of 

PKH26-labeled A673 EVs (red fluorescent spots) that were immobilized on Tz-grafted 

SiNWS in the absence (left image) and presence (right image) of TCO-anti-LINGO-1 

conjugate. C) SEM images displaying A673 EVs captured on the tips of Si nanowire arrays 

(left image) and the sidewalls of Si nanowires (right image). D) Schematic diagram (left) 

and TEM image (right) showing A673 EVs immobilized on a detached Si nanowire. E) 

Schematic representation (left) and TEM image (right) illustrating the immunogold staining 

for the detection of CD63 expression on the A673 EVs captured on a Si nanowire. F) 

Schematic diagram (left) and fluorescence image (right) showing the DTT-mediated release 

of PKH26-labeled EVs from the ES-EV Click Chip, resulting in the immediate diminution 

of PKH26-labeled A673 EVs (red fluorescent spots) on the SiNWS. G) Size distributions of 

A673 EVs (n = 615) purified by the ES-EV Click Chip. Inset is a TEM image of the purified 

A673 EVs. H) Immunogold-TEM image showing the expression of CD63 on the purified 

A673 EVs, indicating the integrity of the purified ES EVs.
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Figure 4. 
Evaluation and optimization of EV capture/release performance of ES-EV Click Chips. A) 

Schematic diagram depicting that ES EVs (spiked into the serum-free medium) are 

subjected to a ES-EV Click Chip for evaluating the EV capture efficiency. B) EV capture 

efficiencies using different substrates. C) Effect of the flow rate on EV capture efficiency (Si 

nanowire length = 7–10 μm, TCO-anti-LINGO-1 = 0.1 pmol). D) Effect of the pre-

incubation time of TCO-anti-LINGO-1 conjugate and EV samples on EV capture efficiency. 

E) Effect of TCO-to-anti-LINGO-1 mole ratio on EV capture efficiency. F) Schematic 

illustrating EV capture mechanisms of ES-EV Click Chips and NanoVilli Chips, 

respectively. G) EV capture efficiencies of ES-EV Click Chips and NanoVilli Chips with 

different amounts of TCO-anti-LINGO-1 and biotin-anti-LINGO-1, respectively. EV capture 

efficiency without any antibody was also evaluated on ES-EV Click Chips as a control. H) 

Schematic diagram illustrating that DTT is injected into ES-EV Click Chips for evaluating 

EV release efficiency. I) Effect of the flow rate on EV release efficiency with 50 μL of DTT 

(50 mm). J) Concentration optimization of DTT solution (50 μL) for EV release. K) The 

increase of DTT (50 mm) volume for improving the EV release efficiency.
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Figure 5. 
Detection of EWS rearrangements in ES EVs by coupling ES-EV Click Chips with RT-

ddPCR. A) Schematic depicting the general workflow of ES-EV Click Chips to evaluate 

isolation efficiency and detect EWS rearrangements using artificial ES-EV plasma samples. 

B) Linear correlation between the amount of artificial A673 EV plasma samples and the 

detected copy number of EWS-FLI1 type 1 rearrangement after ES-EV Click Chip 

purification. C) Comparison of the isolation efficiency and specificity of ES-EV Click Chips 

using 1 pmol of TCO-anti-LINGO-1, TCO-anti-CD99, and TCO-anti-CD63 conjugates. D) 

Comparison of the isolation efficiency and specificity of ES-EV Click Chips, 

immunomagnetic beads, ultracentrifugation, and ExoQuick ULTRA EV Isolation Kit using 

artificial A673 EV plasma samples. E) The general applicability of ES-EV Click Chips for 

purifying different ES EVs, including A673 EVs (harboring EWS-FLI1 type 1 

rearrangement), ES-5838 EVs (harboring EWS-ERG rearrangement), and SK-ES-1 EVs 

(harboring EWS-FLI1 type 2 rearrangement), from artificial plasma samples.

Dong et al. Page 25

Adv Funct Mater. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Downstream functional studies using the ES EVs purified by ES-EV Click Chips. A) 

Schematic illustrating the functional study by co-culturing the purified ES-5838 EVs and 

A673 cells, resulting in the ES-5838 EV uptake and mRNA cargo transfer into A673 cells. 

B) Effect of DTTox effluent on cell viability (%), which was calculated as the ratio of the 

OD450 value of the DTTox effluent-added group (deducting the blank OD450 value) to that 

of the negative control group (deducting the blank OD450 value). C) Representative 

fluorescence micrograph images of A673 cells co-cultured with the purified PKH26-labeled 
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ES-5838 EVs (red) for 0, 1, 2, and 4 h. Nuclei of A673 cells were stained with DAPI (blue). 

D) Box plots showing the number of red fluorescence spots per A673 cell with internalized 

ES-5838 EVs after co-culturing for 0, 1, 2, and 4 h. The upper and lower box borders 

indicate the 25th and 75th percentiles, the horizontal line going through the box is the 

median, and the small solid square in the box (■) is the mean. The red line is the linear 

fitting curve made by the mean value. E) Copy number of EWS-ERG rearrangement (a 

specific molecular marker of ES-5838 EVs) detected within A673 cells after co-culturing 

with ES-5838 EVs for 0, 1, 2, and 4 h. F) Copy number of SRY transcript (a specific 

molecular marker of ES-5838 EVs) detected within A673 cells after co-culturing with 

ES-5838 EVs for 0, 1, 2, and 4 h.
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