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A B S T R A C T   

Tumor-derived extracellular vesicles (TEVs) have emerged as promising sources of diagnostic and prognostic 
biomarkers for nasopharyngeal carcinoma (NPC). However, the lack of high-sensitivity analytic methods for 
ultratrace membrane proteins on TEVs hamper their clinical application of TEVs. Herein, by combining aptamers 
that specifically bind to protein targets on TEVs, PCR-based exponential amplification and CRISPR/Cas12a real- 
time DNA detection, we developed a novel technique, termed the aptamer-CRISPR/Cas12a assay, to detect 
CD109+ and EGFR+ TEVs from cell lines and complex biofluids. The platform enables highly sensitive detection 
of CD109+ and EGFR+ TEVs at as low as 100 particles/mL with a linear range spanning 6 orders of magnitude 
(102-108 particles/mL), which was found to be sufficient to effectively detect TEV proteins directly in low- 
volume (50 μl) samples. Furthermore, clinical serum sample analysis verified that the combination of serum 
CD109+ and EGFR+ TEV levels yielded high diagnostic accuracy, with an AUC of 0.934 (95% CI: 0.868–1.000), a 
sensitivity of 84.1% and a specificity of 85.0%, in discriminating NPC from healthy controls. Moreover, the 
dramatic decrease in both biomarkers in responders after radiotherapy indicated their potential roles in radio
therapy surveillance. Given that the aptamer-CRISPR/Cas12a assay rapidly and conveniently detects ultralow 
concentrations of CD109+ and EGFR+ TEVs directly in serum, it could be useful in NPC diagnosis and prognosis.   

1. Introduction 

Nasopharyngeal carcinoma (NPC) is a common malignant tumor of 
the head and neck with a high annual incidence rate in endemic regions 
of East and Southeast Asia [1,2]. Although a significant reduction in the 
incidence and mortality of NPC has been achieved via timely treatment 
with radiotherapy and chemotherapy, relapse and resistance to radio
therapy have remained the dominant causes of treatment failure [2,3]. 
Therefore, new markers that enable early diagnosis and prognostic 

prediction of NPC are necessary. Extracellular vesicles (EVs), shed by 
most cells, have been described to exist in a wide variety of body fluids 
and bear specific biomarkers of tetraspanin proteins (CD63, CD9 and 
CD81) [4,5]. Tumor-derived EVs (TEVs) carry cargoes (proteins, nucleic 
acids, and lipids) reflecting genetic or signaling alterations in the parent 
cancer cells, thereby participating in cancer development and progres
sion, and thus are widely recognized as biomarkers for disease diagnosis 
and prognosis [4,6]. As reported in previous studies, the TEV membrane 
proteins epidermal growth factor receptor (EGFR), glypican-1 (GPC1) 
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and Epstein-Barr virus latent membrane protein 1 (LMP1) have been 
well identified to be valuable in the diagnosis and prognosis of lung 
cancer [7], pancreatic cancer [8], and NPC [9], respectively. 

Previous proteomic profiling of exosomes has demonstrated that 
CD109 is selectively enriched on TEVs [10]. CD109 is a member of the 
α2-macroglobulin/C3 family of thioester-containing proteins [11]. 
Several studies have found that CD109 is an excellent NPC biomarker, 
since high levels of CD109 expression have been observed in both NPC 
cell lines and tumor tissues but not in normal tissues [12,13]. EGFR, a 
transmembrane protein that is highly expressed in most human 
epithelial malignancies, is also highly expressed in NPC and serves as a 
promising therapeutic target for NPC due to its correlation with an 
aggressive phenotype and poor prognosis [14]. However, to our 
knowledge, the clinical value of CD109+ and EGFR+ TEVs in NPC has 
rarely been explored. 

Conventional EV protein analysis methods, such as flow cytometry, 
Western blotting and enzyme-linked immunosorbent assays (ELISAs), 
require large amounts of EVs before detection, which limits the appli
cation of these methods [15,16]. In particular, the extremely low 
expression levels of some tumor-specific markers on TEV membranes 
make these markers difficult to detect by most EV protein assays. Hence, 
there remains a great need to develop techniques to detect ultratrace EV 
proteins sensitively, feasibly and accurately. The recent emergence of 
biosensors, such as ExoProfile chip [17], nanoplasmonic exosome sen
sors [18], the SMC-MB platform [19], and ExoPCD-chip [20], has greatly 
improved the efficiency and sensitivity of EV separation and in situ 
molecular detection. These techniques have the advantages of being 
time saving and highly sensitive and requiring small sample volumes; 
however, these methods usually require specific equipment or are sus
ceptible to contamination. We previously established a method called 
the PLA-RPA-TMA assay that allows exosomes to be detected with high 
sensitivity and specificity; nevertheless, the lack of automatic quantifi
cation in real time has limited its application [21]. Therefore, we aimed 
to develop an easy-to-operate, ultrasensitive method to measure ultra
trace proteins on TEVs. 

The CRISPR system has been reported as a new technology for the 
detection of nucleic acids in bacteria [22,23] and viruses [24–26] in real 
time with high sensitivity at a low cost. CRISPR-Cas12a exhibited 
collateral cleavage activity on nontarget ssDNA after the formation of 
the ternary complex of Cas12a/crRNA/target DNA [27,28]. Notably, the 
Cas12a system could rapidly measure DNA targets with attomolar 
sensitivity by combining the properties of collateral cleavage activity 
and nucleic acid amplification technology [29–31]. Aptamers, 
single-stranded DNA or RNA oligonucleotides generated by the sys
tematic evolution of ligands by exponential enrichment (SELEX), have 
been widely used as antibody substitutes with the advantages of low 
molecular weight, relative ease of synthesis and high specificity [20,32, 
33]. An inexpensive strategy involving straightforward and rapid signal 
transformation via the binding of a protein to a nucleic acid can be 
conceived based on the specific binding of aptamers to their target 
proteins [34,35]. 

Herein, by combining aptamers that specifically bind to protein 
targets on TEVs, PCR exponential amplification and CRISPR/Cas12a 
real-time DNA detection, we developed a novel technique, termed the 
aptamer-CRISPR/Cas12a assay, to detect CD109+ and EGFR+ TEVs from 
cell lines and complex biofluids with high sensitivity and specificity. We 
further applied this method to detect the CD109+ and EGFR+ EVs in 
serum and investigate their role in diagnosis and prognosis in NPC 
patients. 

2. Materials and methods 

2.1. Chemicals 

The oligonucleotides were synthesized and PAGE-purified or HPLC- 
purified by Sangon Biotechnology Co., Ltd. (Shanghai, China). All the 

DNA sequences and modifications are listed in Table S1. siRNA CD109 
and negative control siRNA were obtained from RiboBio Co., Ltd. 
(Shanghai, China). Antibodies against the following antigens were used: 
CD9 (Proteintech, 20597-1-AP, Wuhan, China); EGFR (Proteintech, 
66455-1-Ig); β-actin (Proteintech, 20536-1-AP); CD109 (Affinity, 
DF2291-50, Cincinnati, USA); CD81 (SAB, 41779-2, College Park, USA); 
CD63 (Abcam, ab68418, Cambridge, UK); Alix (Abcam, ab186728), and 
TSG101 (Abcam, ab83). Antibodies were diluted in PBS solution (for 
capture) or blocking solution (a 3% bovine serum albumin (BSA) solu
tion, Sigma, St. Louis, USA; for detection). NEBuffer 2.1, T7 RNA poly
merase, T7 polymerase buffer, murine RNase inhibitor, and nucleotide 
triphosphates (NTPs) were obtained from New England Biolabs (Ips
wich, USA). Other chemical reagents were procured from Guangzhou 
Chemical Reagents Factory (Guangzhou, China). All reagents used in 
this study were of analytical grade and were used directly without any 
purification. 

2.2. Cell culture, EV isolation, and siRNA experiment 

The human NPC cell line SUNE2 (Chinese Academy of Sciences, 
Shanghai, China) was cultured in RPMI 1640 medium (Invitrogen, 
Carlsbad, USA) containing 10% heat-inactivated fetal bovine serum 
(FBS, Thermo Fisher Scientific, Waltham, USA), and the immortalized 
nasopharyngeal epithelial cell line NEPC1 Bmi-1 was cultured in 
keratinocyte-SFM medium (Thermo Fisher Scientific) in a thermostatic 
incubator at 37 ◦C with 5% CO2. 

EVs were isolated as described previously [21]. Briefly, SUNE2 cells 
were cultured to 80–90% confluence in conventional culture medium 
with 10% FBS and then rinsed three times with PBS, followed by incu
bation in FBS-free culture medium for 48 h. All the media were collected 
for EV isolation, and the details of ultrahigh speed centrifugation 
method are provided in the supplementary materials. 

The siRNA experiment was conducted as follows [36]. In brief, 5 ×
104 SUNE2 cells were plated in 6-well plates and transfected with 10 nM 
siCD109 1#, 2#, and 3# and siNC using RNAiMax (Invitrogen, Carlsbad, 
USA) when grown to 30–50% confluence. The FBS-free supernatant was 
collected as described above. 

2.3. Preparation of crRNA 

The ssDNA templates for the target crRNA, containing a T7 promoter 
sequence, target complementary sequence, and a crRNA scaffold, were 
synthesized. crRNA ssDNA templates were annealed to the T7 forward 
primer in 1 × PCR buffer (New England Biolabs) as the dsDNA template 
for the transcription reaction in vitro. The crRNA was transcribed at 
37 ◦C using the HiScribe T7 High Yield RNA Synthesis Kit (New England 
Biolabs) according to the manufacturer’s instructions, followed by 
phenol/chloroform extraction and ethanol precipitation. The concen
tration of the crRNA, dissolved in nuclease-free water, was quantified 
with a NanoDrop (Thermo Fisher Scientific), and the crRNA was then 
stored at − 80 ◦C. 

2.4. CD109+ and EGFR+ EVs detection using aptamer-CRISPR/Cas12a 

First, the plate was coated with 50 μl of a cocktail of anti-CD9 
(1:1000), anti-CD63 (1:1000) and anti-CD81 (1:1000) antibodies for 
2 h at 37 ◦C and blocked with 5% BSA for 2 h at room temperature or 
overnight at 4 ◦C. Then we added 50 μl of serial dilutions of SUNE2- 
derived EVs (108, 107, 106, 105, 104, 103, 102, 0 particles/mL, spiked 
in PBS) into the wells of a plate, and EVs were captured on the plate. 
After washing with wash buffer containing 0.01% Tween 20 and 5 mM 
MgCl2 in PBS, 10 nM CD109 aptamer (CD109-apt) was incubated with 
the target protein for 30 min at room temperature. The unbound 
aptamer was removed by washing six times with wash buffer, and the 
bound aptamer was used as a template for subsequent PCR with Phanta 
Super-Fidelity DNA Polymerase (Vazyme Biotech co., ltd). the details 
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are provided in the supporting information. Cas12a-crRNA complexes 
were preassembled by mixing 250 nM Cas12a, 500 nM crRNA, and 10 μl 
of PCR product together in 1 × NEBuffer 2.1 at 37 ◦C for 30 min. 
Collateral cleavage was initiated by adding 50 nM ssDNA reporter, and 
the fluorescence intensity was recorded in real time using a fluorescence 
plate reader (Tecan, Switzerland) for 1–2 h at 37 ◦C. 

The supernatant and clinical samples were also examined with the 
protocol described above. All the samples were centrifuged to remove 
insoluble impurities before detection. 

2.5. Clinical sample detection using aptamer-CRISPR/Cas12a 

Serum from pathologically confirmed NPC patients was obtained 
from Sun Yat-sen University Cancer Center (SYSUCC), including 44 
pretreated serum samples and 8 pairs of samples before and after 
radiotherapy. The last follow-up was in December 2019. Twenty vol
unteers who underwent routine physical examinations with negative 
results were also drawn from the health examination department at our 
center. The serum from all the enrolled subjects was centrifuged at 3600 
rpm for 8 min and then stored at − 80 ◦C until use. The clinical char
acteristics of patients with NPC and healthy controls are shown in 
Table S2, and details of the patients treated with radiotherapy are shown 
in Table S3. 

This study was reviewed and approved by the Institutional Review 
Board and Ethics Committee of SYSUCC (GZR2018-147). For patients 
treated in our center, as a general standard procedure, we obtained 
written informed consent for the use of clinical parameters and collected 
samples for further studies at the time of patient admission. The records 
were anonymous and deidentified before use. 

2.6. Statistical analysis 

Fluorescence intensity was performed by subtracting the initial 
fluorescence values at 0 min. For EVs detection, background-subtracted 
fluorescence was normalized to the target-specific fluorescence. Target 
specific fluorescence is the mean fluorescence value subtracting the 
fluorescence of the negative control (PBS, culture medium or 5% BSA) 
simultaneously performed with the same experimental procedure of 
samples at each time point. And we took the mean fluorescence value of 
3 measured values at the same time point for comparison. 

All statistical analyses were performed using SPSS 19.0 software, 
GraphPad Prism version 7.0 software and Microsoft Excel. A nonpara
metric Mann-Whitney U test was used to analyze the differences in 
CD109+ and EGFR+ EV concentrations between the two groups. CD109+

and EGFR+ EV concentrations in serum before and after radiotherapy 
were compared in patients with NPC with the paired t-test. The diag
nostic efficacy of CD109+ and EGFR+ EVs was evaluated using the area 
under the receiver operating characteristic (ROC) curve (AUC), sensi
tivity and specificity. To combine the biomarkers and assess their 
complementary effect, a new variable was estimated to predict the 
probability (p) for NPC based on an equation obtained by binary logistic 
regression. All tests were two tailed, and a P value less than 0.05 was 
considered statistically significant. 

3. Results 

3.1. Principle of the aptamer-CRISPR/Cas12a assay 

The principle of the aptamer-CRISPR/Cas12a assay to detect CD109+

EVs is illustrated in Fig. 1. First, antibodies against a cocktail of tetra
spanins (anti-CD9, CD63, CD81) are coated on the microplate to capture 
EVs. Washing away nonspecifically bound substance, CD109-apt [37] is 
added and binds to CD109+ TEVs. After washing off unbound 
CD109-apt, the bound CD109-apt, which is proportional to the initial 
concentration of CD109+ TEVs, is amplified exponentially by PCR in situ. 
Upon recognition of the dsDNA products of PCR guided by a crRNA, 
Cas12a is simultaneously activated and engages in the collateral cleav
age of a nearby ssDNA reporter (quenched fluorescence DNA probe), 
allowing real-time fluorescence quantitative detection of CD109-apt. 
The fluorescence intensity is directly proportional to the CD109-apt 
concentration, and thus, the levels of CD109+ TEVs are reflected indi
rectly. Nevertheless, in the absence of CD109+ TEVs, the CD109-apt is 
washed away due to the lack of a target molecule. Therefore, no DNA 
template is amplified by the subsequent PCR-CRISPR/Cas12a reaction, 
resulting in no fluorescence signal. The same principle used to detect 
CD109+ TEVs is also applied to EGFR+ TEVs detection, except for the 
use of EGFR-apt [38] and a specific crRNA for EGFR-apt. 

Fig. 1. Schematic illustration of the aptamer-CRISPR/Cas12a assay. CD109+ EV detection is displayed as an example. EVs, extracellular vesicles; apt, aptamer.  
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3.2. Establishment of the aptamer-CRISPR/Cas12a assay 

The aptamer-CRISPR/Cas12a assay consists of three parts: aptamer 
recognition, PCR amplification and CRISPR/Cas12a detection. The 
collateral cleavage activity of CRISPR/Cas12a not only leads to a drastic 
amplification of the signal but also allows DNA detection in real time by 
collateral cleavage of ssDNA reporter probes in the presence of the 
ternary complex of Cas12a/crRNA/target DNA (Fig. 2a). Our platform 
was developed based on the Cas12a endonuclease from Francisella nov
icida (Fig. S1a). First, we verified the collateral cleavage activity of 
CRISPR/Cas12a using two pairs of target sequences (activators 1 and 2) 
and their corresponding crRNA reported previously [28,31]. As shown 
in Fig. 2b, there were marked fluorescence signals in the target DNA 
groups (activators 1 and 2) but barely any fluorescence signal in the 
blank groups without target DNA, consistent with the previous study, 
indicating that CRISPR/Cas12a had collateral cleavage activity only in 
the presence of target DNA. 

The crRNA determines the specificity of the CRISPR/Cas12a system 
for the detection of target DNA. crRNA invasion is one of the main steps 
of Cas12a cleavage, and the length and composition of the 5’ end of 
crRNA exert the largest influence on the nuclease activity of Cas12a [39, 
40]; therefore, we selected the most suitable crRNA for our platform. We 
designed four crRNAs with different base pair lengths and sequences for 
CD109-apt detection, and three crRNAs for EGFR-apt detection. The 
crRNAs contained an aptamer recognition sequence immediately after 
the intrinsic sequence for CRISPR/Cas12a. As shown in Fig. 2c, d, the 

combination of CD109-apt and crRNA4# and of EGFR-apt and crRNA3# 
provided the best signal-to-background ratio for CD109-apt and 
EGFR-apt detection, respectively; thus, these combinations were 
selected for the aptamer-CRISPR/Cas12a assay. 

Then, we used the CRISPR/Cas12a technique to detect the PCR 
products of CD109-apt and EGFR-apt. As shown in Fig. S1b, in the 
presence of the target DNA, the fluorescence intensity evidently 
increased. The increased fluorescence intensity was proportional to the 
increased concentration of CD109-apt or EGFR-apt, suggesting that this 
platform could successfully detect the PCR products of CD109-apt and 
EGFR-apt in real time. To further visualize the collateral cleavage ac
tivity in our system, denaturing PAGE was performed. To achieve a full 
response of collateral cleavage, excessive PCR products were added, and 
we found that the ternary complex of Cas12a/crRNA/dsDNA (the PCR 
products of CD109-apt/EGFR-apt) cleaved ssDNA reporter probes, 
resulting in reduction in the levels of the ssDNA reporter probes in a 
time-dependent manner (Fig. 2e). These results indicated that our 
established CRISPR/Cas12a system could be used for real-time detection 
of target DNA. 

Before testing CD109+ EVs, the EVs were isolated from the condi
tioned medium of SUNE2 cancer cells and NPEC1 Bmi-1 normal 
epithelial cells by traditional ultracentrifugation. TEM and NTA assays 
verified the morphological characteristics of EVs (Figs. S2a and b). 
Furthermore, Western blotting confirmed the efficiency of EV isolation, 
showing that EVs were enriched with typical EV-specific marker pro
teins (Alix, CD63, CD9, CD81, TSG101) (Fig. 3a and Fig. S2c). Fig. 3a 

Fig. 2. Verification of the collateral cleavage of Cas12a. a Illustration of the collateral cleavage activity of Cas12a. The activator was mixed with the Cas12a/crRNA 
complex, and a ternary complex formed if the target DNA was present. Upon formation of the ternary complex, the quenched fluorescent ssDNA reporter was 
collateral cleaved, emitting fluorescence. b Fluorescence intensity histogram analysis of the CRISPR/Cas12a assay with the reported target DNA sequences (activator 
1 and activator 2) and corresponding crRNA and nuclease-free water (negative control, NC). c-d Fluorescence intensity histogram analysis of crRNA selection. Cas12a 
was activated by four crRNAs of CD109-apt (c) and three crRNAs of EGFR-apt (d). e Denaturing PAGE analysis of collateral cleavage activity activated by PCR 
products. The 20-nt collateral ssDNA probes were cleaved into short fragments, and the substrate level decreased over the reaction period. 
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also verified the expression level of the target protein CD109 and EGFR 
in SUNE2 EVs, but the protein content exhibited trace levels. 

Since our platform used aptamers as the initial recognition element 
to detect surface proteins on EVs, we tested aptamer recognition with 
target proteins using immunofluorescence assays and ELISA (apt- 
ELISA). After incubation with biotin-labeled CD109-apt/EGFR-apt fol
lowed by incubation with streptavidin-Cy3, SUNE2 EVs exhibited bright 
red fluorescence, whereas NEPC1 Bmi-1 EVs showed only very weak red 
fluorescence (Fig. 3b), in consistence with the Western blotting results 
(Fig. 3a). Then, serial dilutions of SUNE2 TEVs (1010, 109, 108 particles/ 
mL) spiked in PBS were used as samples, and PBS served as a negative 
control. The OD values determined by apt-ELISA were statistically sig
nificant until the EV concentration reached 1010 particles/mL for 
CD109+ TEVs and 109 particles/mL for EGFR+ TEVs (Fig. 3c). These 
data suggest that apt-ELISA can detect CD109+ and EGFR+ TEVs but has 
low sensitivity. Then we tested the feasibility of the apt-ELISA-PCR assay 
and monitored the reactions in real time by the inclusion of a nucleic 
acid dye, SYBR Green I. As shown in Figs. S3a, b, a fluorescence signal 
was observed in samples containing different concentrations of SUNE2 
supernatant (10%, 50%, 100%), but no fluorescence signal was observed 
in the blank sample (RPMI 1640). Electrophoresis also showed that the 
target bands were present in only the SUNE2 samples and not in the 
blank samples, and the band brightness was related to the sample con
centration, suggesting that apt-ELISA-PCR was successfully performed 
(Fig. S3c). 

Finally, we used this new platform to detect CD109+ TEVs in the 
sample of purified TEVs from the SUNE2 cell supernatant. After binding 
to CD109 on EVs, CD109-apt was amplified with PCR in situ, followed by 
CRISPR/Cas12a real-time detection. Compared to the PBS control 

group, the sample group (108, 106 particles/mL) exhibited a significant 
increase in fluorescence intensity, indicating the feasibility of our 
aptamer-CRISPR/Cas12a assay (Fig. 3d). The aptamer-CRISPR/Cas12a 
assay was then tested in the conditioned medium from the FBS-free 
cell supernatant. Compared to the negative control (NPEC1 Bmi-1) 
and blank control (RPMI 1640), the SUNE2 sample showed a signifi
cantly higher fluorescence signal, which was consistent with the results 
of immunofluorescence and Western blotting (Figs. S4a–c) showing that 
CD109 expression was detected in EVs from SUNE2 cells but barely 
detected in NEPC1 Bmi-1 cells. Similarly, using this method, EGFR+ TEV 
detection in SUNE2 and NPEC1 Bmi-1 supernatants was consistent with 
EGFR expression levels in EVs determined by Western blotting and 
immunofluorescence. These data demonstrate that our platform can 
detect CD109+ and EGFR+ TEVs. 

3.3. Optimization of experimental conditions for the aptamer-CRISPR/ 
Cas12a assay 

We optimized the experimental conditions for the aptamer-CRISPR/ 
Cas12a assay to obtain a better signal response. Some critical factors that 
influence the assay include the amounts of Cas12a, crRNA, and aptamer 
input and the incubation time of the aptamer with the target. 

The concentration-dependent fluorescence intensity peaked at 500 
nM crRNA and then decreased (Fig. S5a). Then, we compared the 
cleavage activity of different concentration of the Cas12a protein, and 
Cas12a at a concentration of 250 nM exhibited the most apparent and 
stable cleavage activity among all four groups. Interestingly, at a higher 
level of Cas12a (500 nM), the cleavage activity decreased instead, 
indicating that diffusion hindrance due to the large size of Cas12a may 

Fig. 3. Establishment of the aptamer-CRISPR/Cas12a assay. a CD109 and EGFR protein expression in SUNE2 EV lysates (40 μg per lane). b Fluorescence images of 
CD109-apt/EGFR-apt binding to SUNE2 EVs and NPEC1 EVs. PBS was used as a negative control. c Detection of CD109+ TEVs and EGFR+ TEVs by apt-ELISA (108, 
109, 1010 particles/mL). d Fluorescence intensity histogram analysis of the aptamer-CRISPR/Cas12a assay to assess samples spiked with 108, 106, and 0 particles/mL 
SUNE2 EVs. Data are based on three replicates; error bars = standard errors. NEPC1, NEPC1 Bmi-1. 
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be the underlying reason (Fig. S5b) consistent with a previous report by 
Dai et al. [41]. For optimization of the CD109-apt concentration, the 
best sensitivity for CD109+ TEV detection was observed at a concen
tration of 10 nM (Fig. S5c). The effects of the CD109-apt binding time 
were also explored, and Fig. S5d shows the fluorescence peak intensity 
at 30 min. Ultimately, we applied these optimized experimental condi
tions to the following studies. 

3.4. Feasibility of aptamer-CRISPR/Cas12a for TEV quantification 

We tested the feasibility of the new platform. First, the limit of 
detection (LOD) of the CRISPR/Cas12a and PCR-CRISPR/Cas12a tech
niques was assessed using synthetic CD109-apt and EGFR-apt. As shown 
in Fig. S6, the CRISPR/Cas12a technique reached a sensitivity of 0.1 nM, 
whereas PCR-CRISPR/Cas12a could achieve an extremely high 

sensitivity of 10 aM, consistent with previous reports [42]. It showed a 
good linear relationship between fluorescence intensity and aptamer 
concentration (Fig. S6). Then, we examined the alteration in fluores
cence intensity in the presence of serial dilutions of SUNE2 TEVs. The 
LOD of aptamer-CRISPR/Cas12a for CD109+ TEV detection was 102 

particles/mL (Fig. 4a). A linear correlation (Y = − 1163 + 2284 lg(X), R2 

= 0.958, where Y is the fluorescence intensity and X is the concentration 
of CD109+ EVs) between the concentration of CD109+ TEVs and fluo
rescence intensity ranging from 102 to 108 was observed (Fig. 4b). The 
LOD of aptamer-CRISPR/Cas12a was approximately seven orders of 
magnitude lower than that of ELISA (Fig. 3b). Evidently, the very low 
LOD is due to not only the exponential amplification by PCR but also the 
amplification by CRISPR/Cas12a. Similarly, the linear range for EGFR+

exosome detection was 102-108 particles/mL with an LOD of 102 par
ticles/mL. The linear equation was Y = 432.1 + 88.95 lg(X) (R2 = 0.956) 

Fig. 4. Performance of the aptamer-CRISPR/Cas12a assay. a Serially diluted TEV samples obtained by ultracentrifugation and verified by TEM and NTA (102-108 

particles/mL, spiked in PBS) were assayed for CD109+ TEV detection by the aptamer-CRISPR/Cas12a assay. The fluorescence value was determined at the same time 
point. b The linear range of the aptamer-CRISPR/Cas12a assay for the detection of CD109+ EVs was 102 to 108 particles/mL, and the linear equation was Y = − 1163 
+ 2284 lg(X) (R2 = 0.958). c Serially diluted TEV samples (102-108 particles/mL) were assayed for EGFR+ TEV detection by the aptamer-CRISPR/Cas12a assay. 
d The linear range of the aptamer-CRISPR/Cas12a assay for the detection of EGFR+ EVs was 102 to 108 particles/mL, and the linear equation was Y = 432.1 + 88.95 
lg(X) (R2 = 0.956), where Y is the fluorescence intensity and X is the concentration of EVs. Data are based on three replicates; error bars = standard errors. 
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(Fig. 4c, d). With the average number of exosomes in biological samples 
ranging from 1 × 105 to 3 × 109 particles/mL [43], we believe that our 
approach (LOD = 102 particles/mL) is potentially suitable for analyzing 
TEVs in 50 μl samples and may have useful clinical applications. 

3.5. Verification of the specificity of the aptamer-CRISPR/Cas12a assay 

To evaluate the specificity of the collateral cleavage activation of 
Cas12a, we synthesized CD109-apt mutant sequences bearing various 
mismatches at different binding site positions (Fig. 5a). As shown in 
Fig. 5b, mutations of the 1st-6th bases of the guide sequence resulted in a 
clear decline in the fluorescence signal, consistent with previous 
research [42]. These results corroborate that Cas12a/crRNA4#, in 
principle, matches CD109-apt with high specificity and that the 

mismatched sequence impairs the efficiency of Cas12a collateral 
cleavage activity. Furthermore, siCD109 1#, 2# and 3#, were trans
fected into SUNE2 cells to downregulate CD109 expression. Western 
blotting confirmed that siCD109 1# significantly downregulated CD109 
protein expression compared to siCD109 2#, 3# and the siRNA control 
(siNC) (Fig. 5c). Then, we measured the levels of CD109+ TEVs in cul
ture media from SUNE2 cells treated with siCD109 1#, 2#, and 3# and 
siNC by the aptamer-CRISPR/Cas12a assay. As shown in Fig. 5d, the 
fluorescence intensity of the siCD109 1# group was much lower than 
that of the other three groups (siCD109 2#, 3#, siNC), in line with the 
results of Western blotting. Our data reveal that 
aptamer-CRISPR/Cas12a is specific for CD109+ TEV detection. 

We further tested the detection performance of our platform in 
complex samples. Supernatants from nasopharyngeal cancer cells (HK1, 

Fig. 5. Evaluation of the specificity of the aptamer-CRISPR/Cas12a assay. a Schematics showing the sequence variation at different positions in CD109-apt. b 
CRISPR/Cas12a detection of single-strand and double-strand CD109-apt with mismatches at different positions (1–2, 3–4, 5–6, 1–4, 3–6). c Western blot analysis of 
the level of CD109 in SUNE2 cells after transfection with siNC and siCD109 1#, 2#, and 3#. d Histogram analysis of CD109+ EVs in the supernatant of SUNE2 cells 
treated with siCD109 1#, 2#, and 3# and siNC. e Histogram analysis of CD109+ EVs in the supernatants from NPC cells (HK1, HONE1, and SUNE2 cells) and normal 
nasopharyngeal cells (NEPC1 and NEPC2 cells). Data are based on 3 replicates; error bars = standard errors. f Histogram analysis of CD109+ EV and EGFR+ EV levels 
in sera from NPC patients and healthy controls. Data are based on 3 replicates; error bars = standard errors. NEPC2, NEPC2 Bmi-1. 
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HONE1, SUNE2) and normal nasopharyngeal cells (NEPC1 Bmi-1, 
NEPC2 Bmi-1) were subjected to the aptamer-CRISPR/Cas12a assay. 
CD109+ EV and EGFR+ EV levels in NPC supernatants were much higher 
than those in normal nasopharyngeal cells (Fig. 5e). We also determined 
the CD109+ EV and EGFR+ EV levels in the serum of NPC patients and 
healthy people. As shown in Fig. 5f, the CD109+, as well as EGFR+, EV 
levels in NPC patients were much higher than those in healthy controls. 
From these results, we could make a preliminary conclusion that the 
CD109+ and EGFR+ EV levels showed a great discrimination ability 
between NPC patients and healthy people due to the specificity of the 
aptamer. 

3.6. The aptamer-CRISPR/Cas12a assay for clinical samples and serum 
CD109+ and EGFR+ TEVs as diagnostic biomarkers for NPC 

To verify the accuracy of the established aptamer-CRISPR/Cas12a 
system for the measurement of TEVs, we conducted a recovery test, 
and details are provided in the supplementary materials. As shown in 
Table S4, the recovery rate ranged from 82.4% to 117.6%, indicating the 
accuracy of this platform. 

The serum levels of CD109+ and EGFR+ TEVs in 20 healthy people 
and 44 NPC patients were measured with the aptamer-CRISPR/Cas12a 

assay to evaluate the diagnostic value of the assay. Due to the lack of 
standards for CD109+ and EGFR+ TEVs, the background-subtracted 
(Bkgd-subtracted) fluorescence intensity was used as a measurable in
dicator of target concentration. As shown in Fig. 6a, the levels of 
CD109+ and EGFR+ TEVs in NPC patients were significantly higher than 
those in healthy controls (P＜0.001 in both the CD109 and EGFR 
groups). The AUCs of CD109+ and EGFR+ TEVs for distinguishing pa
tients with NPC from healthy people were 0.758 (95% confidence in
terval (CI): 0.615–0.901), with a sensitivity of 72.7% and a specificity of 
70.0%, and 0.870 (95% CI: 0.784–0.956), with a sensitivity of 81.8% 
and a specificity of 80.0%, respectively. A probability curve combining 
CD109+ and EGFR+TEVs was constructed based on binary logistic 
regression (Logit (p = NPC) = − 13.348 + 0.002 CD109 + 0.004 EGFR) 
and shoed good differentiation ability between NPC and healthy subjects 
(Fig. 6b) with an AUC of 0.934 (95% CI: 0.868–1.000), a sensitivity of 
84.1% and a specificity of 85.0%. 

Generally, the levels of tumor markers change significantly after 
therapy and thus provide a favorable predictor for therapy surveillance. 
Therefore, we compared the levels of CD109+ and EGFR+ TEVs before 
and after radiotherapy in NPC patients. In all the responders whose tu
mors shrank significantly after radiotherapy (cases 1–6 in Table S3, the 
left images of Fig. 6c was set as an example), the levels of CD109+ and 

Fig. 6. Serum sample detection with the aptamer-CRISPR/Cas12a assay. a Levels of CD109+ and EGFR+ EVs in the serum of patients with NPC (T, n = 44) and 
healthy controls (N, n = 20) are plotted as a distribution (the P value was calculated using the Mann-Whitney U test). b ROC curves to assess the efficiency of CD109+

and EGFR+ EVs in diagnosis and their combined detection. c Pre- (up) and posttreatment (down) MRI images of responder and nonresponder to radiotherapy. 
d Display diagram of CD109+ and EGFR+ EV levels detected in NPC patients before and after radiotherapy. e Trend graph of CD109+ and EGFR+ EV levels detected in 
NPC patients before and after radiotherapy. Red lines represent the nonresponders, and blue lines represent the responders. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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EGFR+ TEVs exhibited a marked decline (Fig. 6d, P＜0.005). Notably, 
for the radiotherapy nonresponders (cases 7 and 8 in Table S3, the right 
images of Fig. 6c was set as an example), the levels of CD109+ and 
EGFR+ TEVs increased compared to the pretreatment baseline or 
remained stable. These findings showed that serum CD109+ and EGFR+

TEVs could be promising diagnostic and prognostic markers for NPC and 
useful for monitoring the efficacy of radiotherapy. 

4. Discussion 

In this study, we reported a novel platform using the CRISPR/Cas12a 
system to directly detect surface protein on NPC-derived EVs without EV 
isolation. Circulating TEVs in the bloodstream are promising biomarkers 
for cancer diagnostics and prognosis monitoring in a non-invasive 
manner. However, to detect trace-proteins on TEVs, most methods 
require a large volume of sample and lengthy isolation and purification 
procedures, such as ultracentrifugation and ultrafiltration, which are 
difficult to access in clinical practice [33]. Therefore, TEV detection 
methods with higher sensitivity and non-isolation are needed. The 
CRISPR system has become a promising RNA-guided and RNA-targeting 
application for nucleic acid detection in recent years. Among the diverse 
CRISPR/Cas system, the Cas12a effector can detect viral and bacterial 
dsDNA and ssDNA without reverse transcription and would be clinically 
useful [28,31]. FnCas21a showed good performance in nucleic acid 
detection [42], and we have validated its collateral cleavage activity. 
CRISPR/Cas12a can detect target sequence at 0.1 nM, and as low as 10 
aM when combined with PCR, which was superior to SYBR GREEN 
quantitative PCR alone [42]. Despite extensive development in nucleic 
acid detection, the CRISPR/Cas12a system has rarely been explored as 
an exciting opportunity for protein detection. Our assay employed an 
aptamer as identification element for target proteins on EVs, converting 
protein signals into nucleic acid signals. Moreover, aptamers selected by 
SELEX share the virtues of comparable specificity and affinity to anti
bodies, simple synthesis, low cost, small batch variation and good sta
bility in sera [33]. After targeting proteins on TEVs, aptamer signals 
were amplified by further PCR and the collateral cleavage ability of 
Cas12a. The signal amplification efficiency of the 
aptamer-CRISPR/Cas12a assay was successfully demonstrated by iden
tifying base mutation of the aptamer and concentration series of TEVs. 
Previous research has shown that the PAM sequence and the region of 
the 1st-7th bases in crRNA are essential for Cas12a recognition [42,44]. 
Additionally, mutation of the aptamer at bases 1–6 of the guide sequence 
impaired the efficacy of the collateral cleavage activity of Cas12a 
(Fig. 5b). In addition to its ultra-high sensitivity and specificity, our 
method could detect various target proteins because of the replace
ability of the aptamer targeting the protein and their corresponding 
crRNA. Considering that the PAM sequence, which is recognized by 
Cas12a enzymes, is absent in some ssDNA aptamers, PCR primers can be 
specifically designed to introduce the PAM sequence [42]. This process 
allows for sequence-independent detection of any aptamer targeting the 
protein of interest. 

Impressively, our new platform reached an ultra-high sensitivity of 
100 particles/mL with a wide linear range without the need for pre- 
isolation and purification of TEVs, indicating its potential application 
in clinical analysis. In biological samples, the concentration of EVs was 
higher than 1 × 105 particles/mL [43], which indicates that our method 
was completely sensitive for the detection of EVs in serum. We also 
evaluated the cost of our methodology for testing surface protein on EVs. 
Replacement of the recognition antibody with a simple-synthesis, 
low-cost aptamer, the aptamer-CRISPR/Cas12a assay costs as low as 
$0.35/test for the detection of each EV protein marker in one serum 
sample (Table S5), offering unprecedented potential for clinical appli
cation. In comparison to the recently reported methods for TEV detec
tion (Table S6), our new TEV detection strategy is cost-effective (by 
using aptamers as a substitute for antibodies) to operate with enhanced 
sensitivity and a wider linear range. 

Moreover, we compared the levels of CD109+ and EGFR+ EVs and 
observed that both subpopulations of EVs were enriched in serum of 
NPC patients when compared to healthy people. Additionally, CD109+

and EGFR+ EVs could discriminate NPC patients from healthy controls, 
and CD109+ EVs in combination with EGFR+ EVs were a highly sensitive 
and specific biomarker for NPC patients. It has been reported that CD109 
is a GPI-anchored glycoprotein overexpressing in a wide variety of tu
mors [45–47]. CD109 may promote tumor initiation and metastasis by 
enhancing the EGF or the JAK-STAT3 pathway [48]. Importantly, 
CD109+ EVs have not been previously reported in NPC as a diagnostic 
marker. Furthermore, radiotherapy responders showed a downward 
trend of protein loading levels on EVs after radiotherapy, while radio
therapy nonresponders did not show this trend, supporting the effective 
monitoring value of CD109+ and EGFR+ EVs in NPC patients pre- and 
post-radiotherapy. We assume that CD109+ and EGFR+ EVs levels are 
related to radiotherapy assistance. Previous studies have also shown that 
CD109 and EGFR are correlated with decreased survival rates, resistance 
to radiotherapy and increased rates of distant metastases in cancer pa
tient [49,50]. 

Despite these satisfactory results, the aptamer-CRISPR/Cas12a assay 
has several limitations. First, aptamer-CRISPR/Cas12a currently profiles 
one marker per run. Considering that these two molecules (CD109 and 
EGFR) may appear simultaneously on one EVs, this feature is likely to 
impact the accuracy of the detection results. Additionally, two aptamer 
signals were transferred into the same fluorescence signal, demon
strating an inability to distinguish a certain amount of each target. 
Future technical advances are required to achieve multi-target detec
tion. Second, we used PCR as an amplification tool, which requires 
heating and cooling cycles. PCR amplification has been highly useful 
and effective, but it strongly relies on heat-stable DNA polymerases for 
the heating and cooling cycles, restricting its use in point-of-care testing 
(POCT) [51]. To solve these issues, in our future research, we will 
substitute PCR with isothermal amplification techniques, such as 
recombinase polymerase amplification (RPA), which can achieve 
one-step amplification and detection [31]. However, the detection cost 
will increase because of the high cost of RPA. Multiple detection can also 
be achieved through the combination of Cas12a and Cas13a. It has been 
reported that Cas13a/b enzymes possess cleavage dinucleotide prefer
ences on homopolymer reporters and can distinguished multiple viruses 
using multi-channel techniques [30]. 

5. Conclusions 

Taking these findings altogether, we have successfully developed a 
novel aptamer-based CRISPR/Cas12a assay to detect serum CD109+ and 
EGFR+ TEVs by using a combination of aptamers, PCR and CRISPR- 
Cas12a technology. This method is able to detect ultratrace EV surface 
proteins with high sensitivity, a wide linear range (102-108 particles/ 
mL) and high specificity. It also allows EV membrane proteins to be 
directly detected in samples with a small volume, making it suitable for 
clinical application. The combination of CD109+ and EGFR+ TEVs could 
be a good biomarker for NPC diagnosis and radiotherapy surveillance. 
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