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Abstract

Tumor derived exosomes (TEXs) have emerged as promising biomarkers for cancer liquid biopsy. 

Conventional methods (such as ELISA and qRT-PCR) and emerging biosensing technologies 

mainly detect a single type of exosomal biomarker due to the distinct properties of different 

biomolecules. Sensitive detection of two different types of TEX biomarkers, i.e., protein and 

microRNA combined biomarkers, may greatly improve cancer diagnostic accuracy. We developed 

an exosome protein microRNA one-stop (Exo-PROS) biosensor that not only selectively captured 

TEXs but also enabled in situ, simultaneous detection of TEX protein–microRNA pairs via 

a surface plasmon resonance mechanism. Exo-PROS assay is a fast, reliable, low sample 

consumption, and user-friendly test. With a total of 175 cancer patients and normal controls, 

we demonstrated that TEX protein–microRNA pairs measured by Exo-PROS assay detected 

lung cancer and breast cancer with 99% and 96% accuracy, respectively. Exo-PROS assay also 

showed superior diagnostic performance to conventional ELISA and qRT-PCR methods. Our 

results demonstrated that Exo-PROS assay is a potent liquid biopsy assay for cancer diagnosis.
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Exosomes are one type of cell-secreted extracellular vesicle with a size between 

approximately 40 and 160 nm.1 They mediate intercellular communications by transporting 

various cargos including proteins, RNAs, DNAs, and lipids between cells. Exosomes 

originated from the endosomal pathway, therefore their cargos closely mimic the parent 

cells.1 Exosomes play important roles in cancer development, immune response regulation, 

metastasis, and drug resistance.2,3 They present abundantly in various body fluids including 

blood, urine, and saliva. Because of these favorable features, exosomes have emerged as 

promising biomarkers for cancer liquid biopsy.1–4

Exosomal proteins and microRNAs are the most widely investigated cancer biomarkers. 

Exosomal proteins are usually measured by Western blot, enzyme-linked immunosorbent 

assay (ELISA), flow cytometry, and liquid chromatography–mass spectrometry (LC-

MS). Exosomal microRNAs are typically detected by quantitative reverse transcription 

polymerase chain reaction (qRT-PCR), next-generation sequencing, and microarray. 

However, the clinical utility of these conventional methods is limited by low sensitivity, 

tedious and time-consuming processes, large sample volumes, and high cost. Most 

importantly, a major challenge faced by these methods is that they cannot distinguish tumor 

derived exosomes (TEXs) from their nontumor counterparts. Since TEXs are a small portion 

of total exosomes, the interferences from non-TEXs may result in the tests having poor 

sensitivity and specificity in cancer diagnosis.

To overcome these limitations, many biosensors have been developed for exosomal protein 

and microRNA detection.5–8 However, due to the distinct properties of biomolecules, 

these methods are only able to detect a single type of exosomal biomarker, i.e., either 

exosomal proteins or exosomal micro-RNAs. It is widely accepted that multiple biomarkers 

are required to achieve high sensitivity and specificity in cancer diagnosis, but most 

studies only employed multiple biomarkers of the same type. The use of two different 

types of biomarkers, i.e., protein and microRNA combined biomarkers, to further improve 

cancer diagnostic accuracy has just begun.9–11 However, traditional methods with poor 

sensing performances and tedious processes were applied in these studies to characterize 

the combined biomarkers, which greatly limit the clinical translational potential of these 

biomarkers.9–11 Considering the large population of cancer patients and patients at high 

risk of cancer, new and sensitive biosensors for simultaneous detection of TEX protein 

and microRNA biomarkers in a simple, fast, and user-friendly way are urgently needed 

to facilitate the translation of these combined biomarkers into clinical settings for cancer 

screening and diagnosis.

Herein, we report an exosome protein microRNA one-stop (Exo-PROS) biosensor that 

selectively captures TEXs from all exosomes, and, in situ, simultaneously detects TEX 

protein–microRNA pairs on a single platform. In an Exo-PROS assay, antibodies against 

tumor-overexpressed proteins are first used to capture TEXs. A surface plasmon resonance 

(SPR) sensing mechanism is then used to quantitatively measure the expression of TEX 

proteins. Next, molecular beacons (MBs), the sensing probes for microRNAs, are added 

to detect microRNAs of captured TEXs. After the hybridization of MBs with target 

microRNAs, the restored fluorescence signals from MBs are detected via surface plasmon 
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enhanced fluorescence spectroscopy (SPEFS) on the same platform. The expression of TEX 

microRNAs is proportionally related with the fluorescence intensities of MBs.

The analytical sensing performances of the Exo-PROS assay were first evaluated. Our 

results showed that Exo-PROS assay is a highly sensitive, fast (assay time: 4 h), reliable 

(coefficient of variation <10%), low sample consumption (as low as 1 μL serum), user-

friendly (only a pipet is required), and cost-effective test. The clinical utility of the 

Exo-PROS assay was then demonstrated using lung cancer and breast cancer as the 

disease models. In this work, Exo-PROS assay was used to measure the levels of TEX 

epidermal growth factor receptor (EGFR)-miR-21 pair and galectin-3-binding protein 

(LG3BP)-miR-210 pair in serum samples from 60 lung cancer patients (stage I–IV) and 

35 normal controls for lung cancer diagnosis. Exo-PROS assay was also used to detect 

the TEX Annexin A8 (ANXA8)-miR-342 pair in serum samples from 60 breast cancer 

patients (stage 0–IV) and 20 normal controls for breast cancer diagnosis. In both cancer 

models, TEX protein–microRNA pairs provided high sensitivity and specificity and >96% 

accuracy in distinguishing cancer groups from normal controls. TEX protein and microRNA 

combined biomarkers also showed higher diagnostic accuracy than single type biomarkers. 

Our results demonstrated that the Exo-PROS assay together with the use of two types of 

exosomal biomarkers are a potent and effective strategy to improve cancer diagnosis.

RESULTS AND DISCUSSION

Selection of TEX Protein–MicroRNA Pairs for Cancer Diagnosis.

The potential of Exo-PROS assay in cancer diagnosis was demonstrated in both lung 

cancer and breast cancer. For lung cancer diagnosis, we selected EGFR and LG3BP as 

the model protein biomarkers because they facilitate tumor growth and metastasis,12,13 

and they are promising diagnostic biomarkers validated in >350 lung cancer patients and 

lung cancer cell-derived exosomes.14–22 We selected miR-21 and miR-210 as the model 

microRNA biomarkers because both microRNAs regulate important signaling pathways of 

lung cancer.23,24 Recent meta-analyses involving >7000 lung cancer patients and >7000 

healthy controls strongly demonstrated the diagnostic values of these microRNAs in lung 

cancer.25–28

For breast cancer diagnosis, we selected ANXA8 as the protein biomarker because tissue 

microarray analyses of >1700 breast cancer cases showed ANXA8 is upregulated in breast 

cancer and closely correlated with tumor stage, grade, and positive lymph nodes.29,30 We 

selected miR-342 as the microRNA biomarker because miR-342 is downregulated in breast 

cancer. It regulates breast cancer progression, metastasis, and drug resistance, and the loss 

of miR-342 is associated with worse overall survival in breast cancer patients.31–34 Besides, 

miR-342 directly targets ANXA8 mRNA and down-regulates ANXA8 protein expression.35 

Because of the inverse relationship between the expression of ANXA8 and miR-342, the 

ratio between ANXA8 and miR-342 levels can be used to further enhance the differences 

between cancer and normal controls, and thus increase diagnostic sensitivity and specificity.
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Detection Mechanism of Exo-PROS Biosensor.

The Exo-PROS biosensor had a compact design and used SPR and SPEFS as the sensing 

mechanism (Figures 1a and 1b). To detect TEX protein–microRNA pairs, a biochip was first 

prepared by coating a glass slide with 2 nm Ti and 49 nm Au films. Then the surface of 

the biochip was modified with a mixture of PEG200-SH and biotin-PEG1000-SH. Finally, 

neutravidin and biotinylated antibodies against tumor overexpressed proteins including 

EGFR, LG3BP, and ANXA8 were sequentially applied to attach the antibodies on the 

surface of biochip through biotin–avidin interaction.

To measure the expression of TEX proteins, water and PBS were applied on the biochip to 

collect background signals (Iwater and IPBS). Then exosomes were added to allow the capture 

of TEXs by the antibodies. The capture of TEXs changed the local refractive index, affected 

the optical properties of the surface plasmon modes, and permitted optical detection of TEX 

proteins. After unbounded exosomes were washed off using PBS, the intensity of reflected 

laser light (ITEX) was recorded. A representative SPR curve for the measurement of TEX 

EGFR expression in the serum of a nonsmall cell lung cancer (NSCLC) patient is shown in 

Figure 1c. The expression of TEX proteins was calculated using the following equation:

TEXprotein expression= ITEX − IPBS

IPBS − Iwater
(1)

where ITEX, IPBS, and Iwater were the reflected laser intensities of TEXs, PBS, and water. 

The difference between IPBS and Iwater was used as the normalization factor to remove the 

biochip-to-biochip variation.

Next, to quantify the expression of TEX microRNAs, molecular beacons (MBs), the 

oligonucleotide hybridization probes for miR-21, miR-210, or miR-342 were added. MBs 

are oligonucleotides with a stem-loop structure. The loop has a complementary sequence 

to the target microRNA. The stems have a fluorophore and a quencher attached at each 

end. MBs can diffuse into captured TEXs and interact with micro-RNAs.10,36,37 The 

binding between MBs and target micro-RNAs separates the fluorophores from the quenchers 

and restores fluorescence signals from MBs (Figure 1a insert). In Exo-PROS sensor, the 

fluorescence signals are enhanced ~100 times by the SPR system, and therefore can be 

easily measured by a low-cost avalanche photodetector (APD) above the biochip (Figure 

1b). The fluorescence intensities before and after the addition of MBs were used to calculate 

the expression of TEX microRNAs via the following equation:

TEXmicroRNA expression= Iafter MB − Ibefore MB

Ibefore MB
(2)

where Ibefore MB and Iafter MB were fluorescence intensities collected before and after the 

addition of MBs.

Conventional techniques, such as ELISA and qRT-PCR can be used to measure the levels 

of TEX protein–microRNA pairs but in a much more tedious and high sample consumption 

way (Figure 1d). ELISA is typically used to measure the levels of exosomal proteins, but 

it requires at least 100 μL serum samples for one measurement. To measure the expression 
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of microRNAs in TEXs, immunomagnetic separation needs to be performed first to separate 

TEXs from other exosomes, then RNA is extracted from isolated TEXs, and finally qRT-

PCR is performed to measure the expression of microRNAs. This TEX immunomagnetic 

separation-RNA isolation-qRT-PCR (IMS-PCR for short) workflow requires at least 100 

μL serum samples and approximately 2 days to complete. Compared with ELISA and 

IMS-PCR workflow, the Exo-PROS assay offers one-stop, in situ characterization of TEX 

protein–microRNA pairs, and is a highly sensitive, simple, fast (~4 h vs 2 days), low sample 

consumption (as low as 1 μL vs 200 μL serum), and cost-effective test.

Characterization of Exosomes.

The exosomes were isolated from cell culture-conditioned medium and human serum 

samples. The size, size distribution and number concentration of exosomes were 

characterized by nanoparticle tracking analysis (NTA). Figure 2a and Supplementary Figure 

S1a showed the representative size distributions of exosomes isolated from the serum of 

a late-stage NSCLC patient and the cell culture medium of A549 NSCLC cells. The size 

of exosomes ranged from 64 to 165 nm, and the averaged concentration of exosomes 

isolated from serum samples was 1.61 × 1013 exosomes/mL (Supplementary Table S1). The 

morphology of exosomes was observed by cryotransmission electron microscopy (Cryo-

TEM) (Figure 2b). Exo-Check exosome antibody arrays and Western blotting were used 

to measure exosome positive markers (such as CD63 and CD81) and exosome negative 

markers (such as GM130 and GRP94). Results confirmed the presence and high purity of 

exosomes (Supplementary Figure S1b and S1c).

Sensing Performances of Exo-PROS Assay.

The analytical sensitivity, specificity, dynamic range, and repeatability of the Exo-PROS 

assay were characterized using exosomes derived from A549 NSCLC cells and MDA-

MB-231 breast cancer cells. Cell-derived exosomes were applied on the biochip at various 

concentrations ranging from 0 (blank control) to 1.25 × 1012 exosomes/mL. The blank 

control was the nanovesicles isolated from the plain cell culture medium. The levels 

of TEX EGFR-miR-21, LG3BP-miR-210, and ANXA8-miR-342 pairs were measured. 

Representative SPR curves that measured the levels of EGFR in A549 cell-derived exosomes 

at concentrations of 5 × 1010 and 2.5 × 1011 exosomes/mL were shown in Supplementary 

Figure S2a. Scanning electron microscopy (SEM) was used to confirm the capture of 

exosomes expressing EGFR (i.e., EGFR+ exosomes) on the biochip surface (Supplementary 

Figure S2b). Approximately 5-fold more exosomes were captured on the biochip when 

exosomes were applied at 5-fold higher concentration (i.e., 2.5 × 1011 exosomes/mL vs 5 × 

1010 exosomes/mL). The limit of detection (LOD) was calculated as the mean of the blank 

control plus 3-fold of standard deviation.38 As shown in Figures 3a, 3b and Supplementary 

Figure S2, the LOD of Exo-PROS assay for exosomal EGFR sensing was 3.5 × 109 

exosomes/mL and for EGFR+ exosomal miR-21 detection was 5 × 109 exosomes/mL. The 

dynamic range of Exo-PROS assay was from 5 × 109 to 1.25 × 1012 exosomes/mL, offering 

approximately 3 orders of magnitude. The LODs for TEX LG3BP-miR-210 pair were 2 

× 1010 and 5 × 1010 exosomes/mL, respectively (Supplementary Figure S3). The LODs 

for TEX ANXA8-miR-342 pair were 5 × 109 and 2 × 1010 exosomes/mL respectively 

(Supplementary Figure S4). The typical exosome concentration in serum is 1012–1013 
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exosomes/mL (Supplementary Table S1);39–41 therefore, the Exo-PROS biosensor may 

require as low as 1 μL serum sample for one assay, demonstrating its high sensitivity.

To compare the sensing performance of Exo-PROS assay with conventional methods, the 

expression of EGFR and miR-21 in A549 cell-derived exosomes at concentrations from 0 

(blank control) to 1.25 × 1012 exosomes/mL were measured by ELISA (Figure 3c) and 

IMS-PCR workflow (Figure 3d and Supplementary Figure S5). The LOD of ELISA for 

exosomal EGFR was 5 × 1010 exosomes/mL, which was 14-fold higher than Exo-PROS 

assay. The expression of EGFR+ exosomal miR-21 was successfully detected by IMS-PCR 

at the concentration of 5 × 109 exosomes/mL, which was comparable to Exo-PROS assay. 

However, no amplification process is required in Exo-PROS assay.

To evaluate the repeatability of the Exo-PROS assay, A549 cell-derived exosomes were 

applied on the biochip at the concentration of 1010 exosomes/mL. The expression of TEX 

EGFR-miR-21 pair was measured 12 times independently on 4 different days, 3 replicates 

per day. No significant difference was observed between measurements (Figure 3e, 3f). For 

exosomal EGFR, the interday coefficient of variation (CV) was 9.01% and the intraday 

CV was 7.84%. For EGFR+ exosomal miR-21, the interday and intraday CVs were 6.73% 

and 6.66%, respectively. These results demonstrated that the Exo-PROS assay had great 

repeatability.

To evaluate the specificity of Exo-PROS assay in exosomal protein detection, the biochip 

was modified with anti-IgG control antibodies. A549 cell-derived exosomes were applied 

at the concentration of 1.25 × 1012 exosomes/mL. MDA-MB-231 cell-derived exosomes 

were applied at the concentration of 1011 exosomes/mL. The expression of exosomal 

EGFR, LG3BP, and ANXA8 was measured. Little signals were observed from the anti-IgG 

control antibodies (Supplementary Figure S6). To evaluate the specificity of Exo-PROS 

assay in exosomal microRNA detection, the glass slides were modified with anti-EGFR, 

anti-LG3BP, or anti-ANXA8 antibodies to capture exosomes expressing EGFR, LG3BP 

or ANXA8. Then, molecular beacons with sequence complementary to cel-miR-39 (MB-

cel-miR-39) were added. Compared with MB-miR-21, MB-miR-210, and MB-miR-342, 

negligible signals were detected with the MB-cel-miR-39 (Supplementary Figure S6). In 

addition, in our previous studies, we designed MBs that had mismatched sequence to 

miR-21 and demonstrated the sensing specificity in distinguishing target microRNAs from 

other microRNAs in the exosomes.40,42 These results showed that Exo-PROS assay had 

excellent sensing specificity in detecting TEX protein–microRNA pairs.

Evaluation of Diagnostic Performance of Exo-PROS Assay Using Cell-Derived Exosomes.

The diagnostic performance of Exo-PROS assay in detecting lung cancer and breast 

cancer was evaluated using cell-derived exosomes. For lung cancer diagnosis, exosomes 

isolated from the culture media of A549 NSCLC cells and BEAS-2B human normal 

bronchial epithelial cells were applied on the biochips at the concentration of 1.25 × 

1012 exosomes/mL. The expression of TEX EGFR-miR-21 and LG3BP-miR-210 pairs 

was measured (Figure 4a, 4b). Significant differences were observed for both TEX protein–

microRNA pairs between A549 NSCLC cells and BEAS-2B normal cells. Exosomes 

derived from A549 cells had 4.12-fold and 3.56-fold higher levels of EGFR and miR-21 
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than those from BEAS-2B cells. A549 cell-derived exosomes had 2.49-fold and 2.82-fold 

higher levels of LG3BP and miR-210 than BEAS-2B cell-derived exosomes. For breast 

cancer diagnosis, exosomes isolated from the culture media of MDA-MB-231 breast cancer 

cells and MCF-10A normal cells were applied on the biochips at the concentration of 

1011 exosomes/mL. The expression of TEX ANXA8-miR-342 pair was measured. The 

expression of ANXA8 was 2.07-fold higher in exosomes from MDA-MB-231 cells than 

those from MCF-10A cells (Figure 4c). The expression of ANXA8+ exosomal miR-342 

was 2.40-fold lower in MDA-MB-231 cell-derived exosomes than MCF-10A cell-derived 

exosomes (Figure 4d). These results demonstrated that Exo-PROS assay successfully 

distinguished cancer groups from normal controls by detecting significantly different levels 

of exosomal protein–microRNA pairs in cancer cell-derived exosomes than normal cell-

derived exosomes.

To demonstrate Exo-PROS assay is superior to conventional methods, ELISA and IMS-PCR 

workflow were used to quantify the levels of EGFR-miR-21 pair and LG3BP-miR-210 pair 

in the same exosome samples from A549 and BEAS-2B cells (1.25 × 1012 exosomes/mL). 

In A549 cell-derived exosomes, the levels of EGFR and LG3BP were 2.24-fold and 1.61-

fold higher than those of BEAS-2B cell-derived exosomes (Figure 4e). The levels of EGFR+ 

exosomal miR-21 and LG3BP+ exosomal miR-210 of A549 cell-derived exosomes were 

1.33-fold and 2.04-fold higher than those of BEAS-2B cell-derived exosomes, however, 

the differences were not significant (Figure 4f). Compared with ELISA and IMS-PCR 

workflow, Exo-PROS assay detected larger differences in the expression of exosomal protein 

and microRNA pairs between A549 NSCLC cells and BEAS-2B normal cells, indicating 

that Exo-PROS assay had higher sensitivity than conventional methods.

Evaluation of Diagnostic Performance of Exo-PROS Assay in Lung Cancer Diagnosis.

The clinical utility of Exo-PROS assay was demonstrated in lung cancer diagnosis. A total 

of 35 normal controls and 60 treatment naïve lung cancer patients (stages I–IV) were 

enrolled in this study. The patient characteristics were provided in Supplementary Table S1. 

Normal controls were 15 patients at low risk of lung cancer and 20 patients at high risk of 

lung cancer. All patients at high risk of lung cancer had >30 pack years of smoking, and a 

majority of them had pulmonary diseases including pneumonia, asthma, chronic bronchitis, 

and emphysema/COPD. For lung cancer group, both NSCLC patients (n = 52) and small 

cell lung cancer (SCLC) patients (n = 8) were included. For NSCLC, both adenocarcinoma 

and squamous cell carcinoma were included. Patients in the normal and cancer groups were 

matched in gender, age, and race. Exosomes were isolated from 50 μL serum samples, 

resuspended in 50 μL PBS and characterized by NTA. As shown in Supplementary Figure 

S7, no significant difference was observed in the size and number concentration of serum-

derived exosomes between normal controls at low risk of lung cancer (n = 15) and lung 

cancer patients (n = 60). Exosomes from normal controls at high risk of lung cancer (n = 

20) had larger size than those from lung cancer patients (n = 60) (134 nm vs 108 nm; p < 

0.001) but had similar number concentration as those from lung cancer patients. The levels 

of TEX EGFR-miR-21 and LG3BP-miR-210 pairs were measured using the Exo-PROS 

assay (Figures 5a, 5b). The expression of all four biomarkers was significantly higher in 

exosomes from lung cancer patients than normal controls. The expression of EGFR and 
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miR-21 was 1.76-fold and 2.64-fold higher in exosomes from lung cancer patients than 

normal controls. The expression of LG3BP and miR-210 was 2.74-fold and 2.64-fold higher 

in exosomes from lung cancer patients than normal controls. These results demonstrated that 

TEX EGFR-miR-21 and LG3BP-miR-210 pairs measured by Exo-PROS assay were able to 

distinguish lung cancer patients from normal controls. Power analysis indicated that we had 

enough samples to achieve 80% power to detect a fold change of 1.5 when the fold change 

under the null hypothesis was 1 and the significance level was 0.05.

Receiver operating characteristic (ROC) analysis was performed to determine the sensitivity, 

specificity, and area under curve (AUC) of each biomarker and combined biomarkers 

measured by Exo-PROS assay in distinguishing normal controls from lung cancer patients 

(Figure 5c and 5d). When comparing normal controls at low risk of lung cancer with lung 

cancer patients, each individual biomarker showed AUC ≥ 0.92. When all four biomarkers 

were combined, the Exo-PROS assay successfully discriminated lung cancer patients from 

normal controls at low risk of lung cancer with sensitivity of 1.00, specificity of 1.00 and 

AUC of 1.00. When comparing normal controls at high risk of lung cancer with lung cancer 

patients, LG3BP-miR-210 pair showed higher diagnostic accuracy than EGFR-miR-21 pair 

and achieved AUC ≥ 0.94. With all four biomarkers, the Exo-PROS assay differentiated lung 

cancer patients from normal controls at high risk of lung cancer with sensitivity of 0.92, 

specificity of 1.00 and AUC of 0.99. When both low risk and high risk normal controls were 

considered, each individual biomarker measured by Exo-PROS assay detected lung cancer 

with AUC ≥ 0.81. When all four biomarkers were combined, Exo-PROS assay detected lung 

cancer from normal controls (both low risk and high risk) with sensitivity of 0.95, specificity 

of 0.97 and AUC of 0.99. In addition, best subset selection analysis using the bestglm R 

package43 was performed to determine the best combination of these biomarkers for lung 

cancer diagnosis. TEX EGFR-miR-21 pair and LG3BP+ exosomal miR-210 were the best 

biomarker combination that provided sensitivity of 0.95, specificity of 0.97, and AUC of 

0.99 in differentiating lung cancer patients from normal controls (both low risk and high risk 

patients).

To demonstrate that Exo-PROS assay outperformed conventional methods, the levels of 

TEX EGFR-miR-21 and LG3BP-miR-210 pairs in selected normal controls (n = 20) and 

NSCLC patients (n = 40) were measured using both Exo-PROS assay and the ELISA and 

IMS-PCR workflow (Supplementary Figure S8a–d). For ELISA and IMS-PCR workflow, 

exosomes were isolated from 200 μL serum and split evenly between ELISA and IMS-

PCR. Among all biomarkers, only exosomal LG3BP showed significantly higher expression 

(1.87-fold increase) in NSCLC patients than normal controls. The expression of exosomal 

EGFR, miR-21, and miR-210 was not significantly different between NSCLC patients and 

normal controls. ROC analysis was performed to compare the diagnostic performances of 

each biomarker and combined biomarkers measured by Exo-PROS assay and conventional 

ELISA and IMS-PCR workflow (Supplementary Figure S8e–g). Not only each individual 

biomarker but also the combined biomarkers measured by Exo-PROS assay showed superior 

sensitivity, specificity and AUC to ELISA and IMS-PCR workflow in distinguishing normal 

controls from lung cancer patients. These results demonstrated that Exo-PROS assay is more 

sensitive, specific, and accurate than conventional ELISA and IMS-PCR methods in lung 

cancer diagnosis.
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Evaluation of Diagnostic Performance of Exo-PROS Assay in Breast Cancer Diagnosis.

Breast cancer was used as the second cancer model to evaluate the clinical utility of Exo-

PROS assay in cancer diagnosis. Total 20 normal controls and 60 treatment naïve patients 

with stage 0–IV breast cancer were recruited in this study. The patient characteristics 

were provided in Supplementary Table S2. Patients with HR +/HER2−, HR−/HR2+, and 

triple negative breast cancer were included. All patients and controls were female because 

breast cancer in male is rare. Patients in both groups were matched in age and race. To 

demonstrate that Exo-PROS assay can directly capture exosomes from serum with no need 

for exosome isolation, 10 μL serum were diluted in 40 μL PBS and immediately applied 

on the biochip without exosome isolation step. The expression of TEX ANXA8-miR-342 

pair was measured by the Exo-PROS assay. Figure 6a shows the representative SPR curve 

for the detection of exosomal ANXA8 in the serum from a stage I breast cancer patient. 

SEM was used to confirm the capture of exosomes expressing ANXA8 (i.e., ANXA8+ 

exosomes) on the biochip surface (Figure 6b). Significantly higher levels of ANXA8 and 

lower levels of miR-342 were detected in sera from breast cancer patients than those from 

normal controls (Figure 6c). The expression of exosomal ANXA8 in sera from breast cancer 

patients was 1.69-fold higher than that of normal controls. After normalization by the 

expression of ANXA8 to further increase the difference between cancer patients and normal 

controls, the levels of ANXA8+ exosomal miR-342 in sera from breast cancer patients was 

5.00-fold lower than that of normal controls. Power analysis indicated that we had enough 

samples to achieve 80% power to detect a fold change of 2 when the fold change under 

the null hypothesis was 1 and the significance level was 0.05. Results from ROC analysis 

showed that exosomal ANXA8 had sensitivity of 0.67, specificity of 0.85 and AUC of 

0.83 in distinguishing breast cancer from normal controls. ANXA8+ exosomal miR-342 

differentiated breast cancer from normal controls with sensitivity of 0.95, specificity of 0.90 

and AUC of 0.96. When these two biomarkers were combined, the sensitivity, specificity 

and AUC were 0.98, 0.90, and 0.96 respectively (Figure 6d and 6e). All results collectively 

demonstrated that Exo-PROS assay can directly capture exosomes from serum samples 

without requiring exosome isolation and is an effective assay for breast cancer diagnosis.

Current cancer screening and diagnostic tests, such as low dose computed tomography 

(CT) for lung cancer and mammography for breast cancer, are challenged by high false 

positive/negative rates, limited tumor information, uncomfortable procedures, and risk of 

radiation exposure.44–46 Tissue biopsy is the gold standard for cancer diagnosis; however, it 

is an invasive procedure and repeated sampling is quite challenging. Liquid biopsy detects 

circulating cancer biomarkers, complements medical imaging and risk factor data, and 

allows sequential monitoring of cancer development, and thus it has shown great promise as 

in vitro diagnostics for cancer.47,48

TEXs play important roles in every step of cancer development, immune regulation, 

metastasis and drug resistance, therefore, TEXs are promising biomarkers for cancer liquid 

biopsy.1–4 Among various cargos, exosomal proteins and microRNAs have shown high 

sensitivity and specificity in diagnosing many cancers. Conventional technologies such 

as ELISA and qRT-PCR are widely used to characterize exosomal proteins and RNAs. 

However, these methods are limited by low sensitivity, tedious processes, and high sample 
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consumption. To overcome these limitations, many biosensors have been developed for 

exosomal protein analysis, such as SPR sensors,39,49 nPLEX sensor,50 Exo-Screen,51 

EV array,52,53 iMEX sensor,54 uNMR sensor,55 hMFEX sensor,56 SERS sensors,57,58 

FET sensors,59,60 and nanopatterned microfluidic chips.61,62 For exosomal microRNA 

analysis, biosensors such as tethered cationic nanoparticles (tCLN)-based sensors,41,42,63 

SPR sensors,64,65 electrochemical biosensors,66–68 SERS sensors,69,70 and micro-fluidic 

devices71–73 have been developed. Even though these emerging techniques have greatly 

improved detection performances over conventional methods, they were only able to detect 

one type of exosomal biomarkers, i.e., either exosomal proteins or exosomal microRNAs. 

None of them established in situ and integrated sensing of two types of TEX biomarkers. 

Recently, Zhou et al. further developed the tCLN based assay reported by our group42 

to detect exosomal microRNAs, mRNAs, and proteins simultaneously.74 However, this 

advanced tCLN assay lacked the capability of capturing TEXs, instead, it only measured 

the levels of RNAs and proteins from all exosomes. To date, three studies demonstrated 

that the use of protein and microRNA combined biomarkers greatly improved diagnostic 

accuracy in cervical cancer,9 prostate cancer,10 and pancreatic cancer.11 Among them, 

two studies used conventional methods, such as ELISA, beads-based immunoassay and 

qRT-PCR to characterize proteins and microRNAs.9,11 Cho et al. developed a magnetic 

beads-based assay, in which magnetic beads were first used to capture TEXs from prostate 

cancer cell-derived exosomes, and fluorescent dye-conjugated antibodies and molecular 

beacons were then used to detect TEX protein and microRNA combined biomarkers.10 

However, Cho et al. only tested this assay using cell-derived exosomes and did not validate 

its diagnostic performances using blood samples from cancer patients. In blood samples, 

interferences from exosomes released by normal cells represent a major challenge in TEX 

marker detection and impair the diagnostic accuracy. We showed in this study that ELISA 

and magnetic beads-based assay are less sensitive in cancer diagnosis, especially when 

detecting TEX protein and microRNA biomarkers in serum samples from patients (Figure 4 

and Supplementary Figure S8). Therefore, the clinical translational potential of the magnetic 

beads-based assay developed by Cho et al. is uncertain.

We developed the Exo-PROS biosensor to enable sensitive detection of TEX protein–

microRNA combined biomarkers and thus further improve cancer diagnosis accuracy. 

Exo-PROS biosensor effectively separates TEXs from other exosomes using cancer 

overexpressed markers. It then utilizes SPR sensing mechanism to allow one-stop, in situ 
characterization of TEX protein and microRNA biomarkers in a sensitive manner (Figure 

1). The removal of interferences from nontumor-derived exosomes and the use of TEX 

protein and microRNA combined biomarkers offer superior sensitivity and specificity in 

cancer diagnosis. Besides, the Exo-PROS assay has high analytical sensitivity with the LOD 

as low as 3.5 × 109 exosomes/mL, suggesting that this assay may require as low as 1 μL 

serum (Figure 3). We note that although A549 cell-derived exosomes were used in LOD 

determination, cell-derived exosomes are also heterogeneous and carry different biomarkers, 

which resemble the exosomes in blood.75 We recognize that the LOD of Exo-PROS assay is 

not the lowest among all emerging biosensors, however, the major advantage of Exo-PROS 

assay is detecting two different types of TEX biomarkers simultaneously to significantly 

improve diagnostic accuracy, and the use of 10 μL serum per test is considered quite 
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feasible in clinical settings. Exo-PROS assay also showed great analytical specificity and 

repeatability with intra- and interday CV less than 10% (Figure 3 and Supplementary 

Figure S6). Compared with ELISA and IMS-PCR workflow, Exo-PROS assay is ~14-fold 

more sensitive (3.5 × 109 vs 5 × 1010 exosomes/mL), ~10-fold faster (4 h vs 2 days), 

and consumes ~20-fold less sample volume (10 vs 200 μL). The Exo-PROS assay has a 

user-friendly design. Only a micro-pipette is needed to perform this assay without requiring 

intensive training. The Exo-PROS biosensor is a compact system and has small footprint. 

These features allow the quick adaptation of Exo-PROS assay to clinical settings.

The diagnostic performance of Exo-PROS biosensor was demonstrated using both lung 

cancer and breast cancer as disease models. For lung cancer diagnosis, TEX EGFR-miR-21 

and LG3BP-miR-210 pairs were selected as the biomarkers because they are actively 

involved in lung cancer development and have been widely reported as diagnostic and 

prognostic markers in lung cancer.12–28 Exo-PROS assay detected significantly higher 

levels of EGFR-miR-21 and LG3BP-miR-210 in A549 cell-derived exosomes than normal 

BEAS-2B cell-derived exosomes (Figure 4a and 4b). Similarly, the levels of these four 

biomarkers were significantly higher in exosomes isolated from sera of lung cancer patients 

(n = 60, stage I–IV) compared with normal controls (n = 35 including patients at both low 

risk and high risk of lung cancer) (Figure 5). ROC analysis showed that each individual 

biomarker detected lung cancer with high sensitivity and specificity. When TEX EGFR-

miR-21 pair and LG3BP+ exosomal miR-210 were used as combined biomarkers, the 

Exo-PROS assay achieved diagnostic sensitivity of 0.95, specificity of 0.97, and AUC of 

0.99 in distinguishing lung cancer patients from normal controls. Among 60 lung cancer 

patients, two major lung cancer subtypes, i.e., NSCLC (n = 52) and SCLC (n = 8) were 

included, and 30 out of 60 patients were patients with early stage (stage I/II) tumors. Among 

35 normal controls, 20 patients were smokers at high risk of lung cancer with pulmonary 

diseases. The Exo-PROS assay was able to distinguish both lung cancer subtypes from 

normal controls especially smokers at high risk of lung cancer, and detect small, early stage 

tumors, demonstrating that it is a potent liquid biopsy test for lung cancer screening and 

early detection.

For breast cancer diagnosis, TEX ANXA8-miR-342 pair was used as the biomarkers. 

ANXA8 is up-regulated in breast cancer and plays a key role in inducing ductal carcinoma 

in situ (DCIS), suggesting that it is a promising biomarker for early detection of breast 

cancer.29,30 However, miR-342 is down-regulated in breast cancer and directly regulates 

the expression of ANXA8.31–35 This inverse relationship between ANXA8 and miR-342 

further increases the difference between breast cancer patients and normal controls, and 

thus may help improve diagnostic accuracy. As expected, Exo-PROS assay detected higher 

levels of ANXA8 but lower levels of miR-342 in exosomes derived from MDA-MB-231 

than those from MCF-10A cells (Figure 4c and 4d). Exo-PROS assay can directly capture 

exosomes from serum without requiring exosome isolation. With 10 μL serum, Exo-PROS 

assay detected significantly higher expression of ANXA8 and lower expression of ANXA8+ 

exosomal miR-342 in sera from breast cancer patients (n = 60, stage 0–IV) than those 

from normal controls (n = 20) (Figure 6). The ANXA8 and miR-342 combined biomarker 

differentiated breast cancer patients from normal controls with sensitivity of 0.98, specificity 

of 0.90 and AUC of 0.96. For the 60 breast cancer patients, all molecular subtypes (i.e., 
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HR+/HER2−, HR−/HR2+, and triple negative) were included. Among them, 15 were stage 

0 patients and 15 were early stage (stage I/II) patients. The Exo-PROS assay successfully 

detected breast cancer with various molecular subtypes, especially those at early stage, 

suggesting that it is an effective assay for breast cancer diagnosis.

We note that based on literature review, EGFR-miR-21 and LG3BP-miR-210 pairs were 

selected as the biomarkers for lung cancer diagnosis and ANXA8-miR-342 pair was used 

for breast cancer diagnosis. However, these biomarkers are not cancer specific biomarkers. 

For example, EGFR, miR-21, LG3BP, and miR-210 were also reported to be dysregulated 

in breast cancer and may serve as biomarkers for breast cancer diagnosis.76–82 We measured 

the levels of TEX EGFR-miR-21 and LG3BPmiR-210 pairs in sera from breast cancer 

patients. As shown in Supplementary Figure S9, significantly higher levels of TEX EGFR-

miR-21 and LG3BP-miR-210 pairs were observed in sera from breast cancer patients (n = 

10, stage 0–IV) than female normal controls (n = 16) (p < 0.05). When all four biomarkers 

were used as the combined biomarkers, the Exo-PROS assay distinguished breast cancer 

patients from female normal controls with sensitivity of 1.00, specificity of 1.00 and AUC of 

1.00. We recognize that the sample size of breast cancer patients was small, therefore, future 

studies with large cohort of breast cancer patients and normal controls are needed to further 

validate these biomarkers in breast cancer diagnosis. Because many biomarkers are cancer 

associated biomarkers instead of cancer specific biomarkers, in real world cancer screening 

and diagnosis, Exo-PROS assay can be used together with medical imaging, such as low 

dose CT for lung cancer and mammography for breast cancer, to further improve diagnostic 

accuracy.

The diagnostic performance of Exo-PROS assay was also compared with conventional 

methods. In lung cancer diagnosis, ELISA detected significantly higher levels of EGFR and 

LG3BP in exosomes derived from A549 NSCLC cells than BEAS-2B normal cells (Figure 

4e). However, ELISA detected less difference than Exo-PROS assay in the expression 

of EGFR and LG3BP between A549 cell-derived exosomes and BEAS-2B cell-derived 

exosomes. No significant difference was observed in the expression of EGFR+ exosomal 

miR-21 and LG3BP+ exosomal miR-210 measured by IMS-PCR between A549 cell-derived 

exosomes and BEAS-2B cell-derived exosomes (Figure 4f). With serum samples from 

NSCLC patients (n = 40) and normal controls (n = 20), TEX EGFR-miR-21 pair and 

LG3BP+ exosomal miR-210 measured by ELISA and IMS-PCR workflow showed poor 

performances in detecting lung cancer with AUCs ranging from 0.55 to 0.61 (Supplementary 

Figure S8). Only TEX LG3BP showed relatively good diagnostic accuracy with AUC 

of 0.83, which is still lower than that of Exo-PROS assay (AUC = 0.98). These results 

demonstrated that Exo-PROS assay has better diagnostic performance than ELISA and 

IMS-PCR workflow. The reason may be because the sensing target (i.e., exosomes) has a 

diameter of ~100 nm, which is relatively large and easier to be detected by SPR mechanism 

than the colorimetric detection mechanism in ELISA. For IMS-PCR workflow, multiple 

steps are involved so material loss is a big challenge. We used 100 μL serum in IMS-PCR 

workflow, which is 10-fold higher than that of Exo-PROS assay. However, the Cq values 

were typically high (~35) and close to the detection limit of qRT-PCR, which may make 

IMS-PCR workflow less sensitive than Exo-PROS assay.
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CONCLUSION

In summary, we developed an Exo-PROS biosensor to selectively capture TEXs from 

all other exosomes and utilize a SPR sensing mechanism to perform in situ, one-stop 

quantification of TEX protein and microRNA combined biomarkers for cancer diagnosis. 

The Exo-PROS biosensor is a sensitive (low LOD and 3-log linear range), fast (~4 h), low 

sample consumption (as low as 1 μL), reliable (<10% CV), and user-friendly (only requires 

a pipet) test. With a total of 175 patients and controls, we demonstrated that the Exo-PROS 

assay detects both lung cancer and breast cancer with AUC ≥ 0.96. The Exo-PROS assay 

also outperformed conventional methods, such as ELISA and IMS-PCR workflows. In the 

future, we aim to further improve the sensing performance of Exo-PROS assay to realize 

multiplex and high throughput sensing. Different combinations of TEX protein–microRNA 

pairs, such as the LG3BP-miR-21 pair, will be evaluated to investigate which combinations 

may offer further improved diagnostic accuracy. The clinical utility of the Exo-PROS assay 

will be validated using a larger cohort of patients. Exo-PROS assay is a universal sensing 

platform, antibodies and molecular beacons can be easily changed to detect various TEX 

proteins and microRNAs, therefore, we will also explore the applications of Exo-PROS 

assay in the diagnosis of other cancers and in other aspects of cancer care, such as treatment 

response monitoring and prognosis.

MATERIALS AND METHODS

Materials.

SYLGARD 184 silicone elastomer kit (PDMS, 2065622) was purchased from Dow 

Corning Corp (Midland, MI, United States). Methyl-(polyethylene glycol)4-thiol (PEG200, 

MW 224 Da, 26132) and NeutrAvidin protein (31000) were purchased from Thermo 

Fisher Scientific (Waltham, MA, United States). Thiol-PEG1000-biotin (biotin-PEG1000, 

MW 1000 Da, PG2-BNTH-1k) was purchased from Nanocs (Boston, MA, United 

States). Biotinylated anti-EGFR antibodies (ab24293), biotinylated mouse IgG2b (kappa 

monoclonal Isotype Control) antibodies (ab18418) and human EGFR ELISA kit 

(ab100505) were purchased from Abcam (Cambridge, MA, United States). Biotinylated 

anti-LG3BP antibodies (LS-C686310–1), human LG3BP ELISA kit (LS-F39884–1), and 

anti-ANXA8 antibodies (LS-C403822–200) were purchased from LSBio (Seattle, WA, 

United States). The MBs were synthesized by Alpha DNA (Quebec, Canada). The sequence 

of miR-21-sensing MB is 5′-Cy5-CGCGATCTCAACATCAGTCTGATAAGCTAG-

ATCGCG-BHQ3–3′. The sequence of miR-210-sensing 

MB is 5′-Cy5-CGCGATCTCAGCCGCTGTCACACGCACAGGATCGCG-BHQ3–

3′. The sequence of miR-342-sening MB is 5′-
Cy5-CGCGAT-CACGGGTGCGATTTCTGTGTGAGAGATCGCG-BHQ3–3′. The 

sequence of cel-miR-39-sensing MB is 5′-Cy5-CGCGATCCAAGC-

TGATTTACACCCGGTGAGATCGCG-BHQ3–3′. RPMI 1640 medium (11875093), 

DMEM medium (11995073), DMEM/F-12 medium (11330032), fetal bovine serum (FBS, 

26140–079), penicillin–streptomycin (PS, 15140–122), total exosome isolation (from cell 

culture medium) kit (4478359), total exosome isolation (from serum) kit (4478360), 

exosome–streptavidin isolation/detection reagent (Dynabeads magnetic beads, 10608D), 
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and EZ-Link Micro Sulfo-NHS-LC-Biotinylation kit (21935) were purchased from Thermo 

Fisher Scientific. Exo-Check Exosome Antibody Arrays (EXORAY200A-4) was purchased 

from System Biosciences (Palo Alto, CA, United States). WesternBright Sirius HRP 

substrate (K-12043-C20) was purchased from Advansta (San Jose, CA, United States). 

Total RNA Purification Kit (37500) was purchased from Norgen Biotek (Thorold, Canada). 

MiRCURY LNA RT Kit (339340), miRCURY LNA SYBR Green PCR Kit (339346), 

miR-21–5p miRCURY LNA miRNA PCR Assay (YP00204230), miR-210–3p miRCURY 

LNA miRNA PCR Assay (YP00204333), and miR-191–5p miRCURY LNA miRNA PCR 

Assay (YP00204306) were purchased from Qiagen (Germantown, MD, United States).

Setup of Exo-PROS Biosensor.

As shown in Figure 1, the Exo-PROS biosensor was consisted with a 647 nm polarized 

laser, a motorized rotor, a prism, a biochip, a photodetector, and a home-built fluorescence 

photodetector consisting of a lens/filter tube and an APD. The prism was held in the center 

of the motorized rotor, on top of which sit the biochip. The laser was shed through the 

prism, and the reflected light intensity was recorded by the photodetector on the other side to 

characterize the expression of exosomal proteins. The home-built fluorescence photodetector 

was placed on top of the biochip to detect the restored fluorescence signals from MBs to 

quantify the expression of exosomal microRNAs.

Fabrication of Exo-PROS Biochip.

Sapphire glass slides (25.4 mm (L) × 25.4 mm (W) × 0.5 mm (H); Suzhou Crystal Silicon 

Electronic & Technology, China) were cleaned with acetone, methanol and deionized water 

(DI water) with 10 min sonication for each washing step. Then a 2 nm Ti adhesion layer 

and a 49 nm Au film was deposited on the sensing area of the sapphire glass slides 

via electron-beam evaporation (Kurt J. Lesker Company, USA). The deposition rate was 

controlled at 1 Å/s. Finally, A PDMS layer with a 5 mm hole was bound on the glass slide to 

serve as the sample reservoir.

Surface Modification of Exo-PROS Biochip.

The surface of the biochip was first coated with PEG by incubating with 100 μL PEG 

mixture (PEG200:biotin-PEG1000 = 3:1 molar ratio, 10 mM) for 1 h at RT. After washing 

off excess PEG with PBS, 100 μL 50 μg/mL NeutrAvidin was added and incubated for 

1 h at RT. After washing off excess NeutrAvidin with PBS, 50 μL 50 μg/mL biotinylated 

anti-EGFR antibodies, anti-LG3BP antibodies, anti-ANXA8 antibodies or anti-IgG control 

antibodies were added and incubated at 4 °C overnight to conjugate antibodies on the 

surface of the biochip. After washing off excess antibodies with PBS, the biochip was ready 

for use.

Cell Culture.

A549 human NSCLC cells, BEAS-2B human normal bronchial epithelial cells, MDA-

MB-231 breast cancer cells and MCF-10A normal breast epithelial cells were obtained 

from American Type Culture Collection (ATCC, Manassas, VA, United States). A549 and 

BEAS-2B cells were cultured in RPMI 1640 medium containing 10% v/v FBS and 1× 
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PS. A549 and BEAS-2B cells were seeded at 1.0 × 106 and 1.5 × 106 cells/P100 dish, 

respectively, and subcultured every 2–3 days. MDA-MB-231 cells were cultured in DMEM 

medium containing 10% v/v FBS and 1× PS. MDA-MB231 cells were seeded at 1.5 × 106 

cells/P100 dish and subcultured every 2–3 days. MCF-10A cells were cultured in DMEM/

F-12 medium containing 10% v/v FBS and 1× PS. MCF-10A cells were seeded at 2 × 106 

cells/P100 dish and subcultured every 2–3 days.

Isolation of Exosomes from Cell Culture-Conditioned Media.

To obtain cell-derived exosomes, A549, BEAS-2B, MDA-MB-231, or MCF-10A cells were 

cultured in 10 mL cell culture medium for 2 days to allow the cells to reach ~80% 

confluence. Then the cell culture medium was removed, and the cells were washed with 

PBS twice to fully remove the cell culture medium. The cells were then cultured in 11 mL 

starving cell culture medium containing no FBS for 2 days. The cell-culture conditioned 

medium was collected, centrifuged at 4000g for 30 min at 4 °C to remove cells, and 

centrifuged at 10,000g for 1 h at 4 °C to remove cell debris. The supernatant was collected 

to isolate exosomes using total exosome isolation (from cell culture medium) kit. Following 

the manufacturer’s protocol, the total exosome isolation kit was thoroughly mixed with cell 

culture-conditioned medium at a volume ratio of 1:2 and incubated at 4 °C overnight. The 

mixture was then centrifuged at 10,000g for 1 h at 4 °C. The precipitated exosomes were 

resuspended in PBS for further analysis. To obtain the blank control, the above procedure 

was repeated with no cells seeded in the Petri dishes.

Human Serum Samples.

Deidentified serum samples and clinical data from normal controls, lung cancer patients, 

and breast cancer patients were obtained from the Data Bank and BioRepository Shared 

Resource (DBBR) at Roswell Park Comprehensive Cancer Center. The use of human serum 

samples in this study has been approved by Institutional Review Boards (IRBs) of both 

Roswell Park Comprehensive Cancer Center and University at Buffalo.

Isolation of Exosomes from Human Sera.

Exosomes were isolated from human serum samples by the total exosome isolation kit 

(from serum). Following the manufacturer’s protocol, the total exosome isolation kit was 

thoroughly mixed with human serum at volume ratio of 1:5, and incubated at 4 °C for 30 

min. After incubation, the mixture was centrifuged at 10,000g for 10 min at RT to precipitate 

exosomes. The exosome pellet was resuspended in the same volume of PBS as the volume 

of the input serum.

Characterization of Exosomes.

The nanoparticle tracking analysis (NTA) system (NanoSight, LM10, Malvern Instruments 

Ltd.) was used to determine the size, size distribution and concentrations of exosomes. 

Exosomes isolated from cell cultureconditioned media and human sera were first diluted 

in PBS until 50–100 nanoparticles could be tracked in the field of view of NTA system. 

The equipment parameters of NTA system were identical for all measurements, where 
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the detection threshold, the screen gain and the camera level were set at 6, 8, and 14, 

respectively.

The morphology of exosomes was characterized by Cryo-Transmission Electron Microcopy 

(Cryo-TEM). Briefly, 5 μL exosomes were first added on glow discharged lacey carbon 

coated copper grids (400 mesh, Pacific Grid-Tech, San Francisco, CA, United States), and 

then snap-frozen in liquid ethane using the automated vitrification device (FEI Vitrobot 

Mark IV, FEI, Hillsboro, OR, United States). The vitrified exosomes were moved to a Gatan 

Cryo holder (Model 626.DH) and characterized by an FEI Tecnai G2 F20 ST TEM (FEI, 

Hillsboro, OR, United States).

The quality of exosomes was examined using Exo-Check Exosome Antibody Arrays 

following the manufacturer’s protocol and Western blotting. Exosome markers including 

CD63, CD81, ALIX, FLOT1, ICAM1, EpCam, ANXA5, and TSG101 were measured to 

confirm the presence of exosomes. The GM130, GRP94, and β-tubulin were used to confirm 

no cellular contamination in exosome samples.

The exosomes captured on the biochip were characterized by the field emission Scanning 

Electron Microscope (SEM, SU-70, Hitachi High Technologies) with an Energy-Dispersive 

X-ray Spectrometer (EDS, Oxford Instruments, UK). Briefly, after the capture of exosomes 

via antibodies, the biochip was washed with PBS 3 times to remove unbound exosomes. 

Then the PBS was thoroughly aspirated from the biochip. The biochip was air-dried at 4 °C 

and carbon-coated. The surface-bound exosomes were observed by SEM.

Characterization of TEX Protein–MicroRNA Pair by Exo-PROS Assay.

To measure TEX proteins by the Exo-PROS biosensor, 50 μL DI water was applied on the 

biochip. The SPR mode was then initiated, and the reflected light intensity of water (Iwater) 

was measured. Then the DI water was replaced with 50 μL PBS, and the reflected light 

intensity of PBS (IPBS) was measured. After removing the PBS, 50 μL exosomes or serum 

samples (10 μL serum and 40 μL PBS mixture) were applied and incubated for 1 h at RT 

to allow the capture of TEXs via antibodies. After unbound exosomes were removed by 

3 times of PBS washing, the reflected light intensity of TEXs was collected (ITEX). The 

expression of TEX proteins was calculated using eq 1.

Following the quantification of TEX proteins, MBs were added to detect TEX microRNAs. 

Briefly, the baseline fluorescence intensity before MBs addition was first measured 

(Ibefore MB). Then 100 μL 3 μM MBs were added on the biochip. After the biochip was 

incubated at RT for 1.5 h, excess MBs were removed by 3 times of PBS washing. 50 μL PBS 

was added and the fluorescence intensity was measured (Iafter MB). The expression of TEX 

microRNAs was calculated using eq 2.

Characterization of TEX Proteins by ELISA.

The expression of TEX EGFR and LG3BP was measured by ELISA following the 

manufacturers’ protocols. Briefly, exosomes isolated from cell culture-conditioned media 

or serum samples were diluted and applied on the ELISA plates. For EGFR ELISA assay, 

the plate was incubated at 4 °C overnight. For LG3BP ELISA assay, the plate was incubated 
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at 37 °C for 90 min. After thoroughly washing off unbound exosomes, biotinylated detection 

antibodies were added. For EGFR, the plate was incubated at RT for 1 h. For LG3BP, the 

plates were incubated at 37 °C for 1 h. After thoroughly washing off excessive detection 

antibodies, horseradish peroxidase (HRP)–streptavidin (i.e., Avidin–Biotin HRP complex) 

was added. For EGFR, the plate was incubated at RT for 45 min. For LG3BP, the plate was 

incubated at 37 °C for 30 min. After thoroughly washing off excessive HRP–streptavidin, 

3,3′,5,5′-tetramethylbenzidine (TMB) substrates were added and incubated for 30 min in 

dark. Stop solution was finally added and the absorbance at 450 nm of each well was 

immediately measured by a microplate reader (Sunrise, Tecan, Morrisville NC).

Characterization of Exosomal MicroRNAs by IMS-PCR Workflow.

Exosomes were first isolated from cell culture-conditioned media or 100 μL serum samples 

as described above. Exosomes expressing EGFR and LG3BP (i.e., EGFR+ exosomes and 

LG3BP+ exosomes) were then isolated from total exosomes by exosome–streptavidin 

isolation/detection reagent (Dynabeads magnetic beads) following the manufacturer’s 

protocol. Briefly, biotinylated anti-EGFR antibodies or biotinylated anti-LG3BP antibodies 

were conjugated on the Dynabeads magnetic beads by incubating 4 μg of biotinylated 

antibodies with 1 mL bead solution containing 107 Dynabeads magnetic beads for 1 

h at RT. Then 2 × 106 antibody-conjugated magnetic beads were mixed with 100 μL 

exosomes at 4 °C overnight on the shaker with gentle mixing. After incubation, the 

bead-bound EGFR+ exosomes or LG3BP+ exosomes were separated from the unbound 

exosomes on the magnetic rack and resuspended in 100 μL PBS. Total RNA from EGFR+ 

exosomes or LG3BP+ exosomes was extracted using total RNA purification kit following 

the manufacturer’s protocol. The extracted RNA was eluted in 45 μL water. Then 6.3 μL 

extracted RNAs were reverse transcribed into cDNAs by miRCURY LNA RT Kit. The 

cDNA is diluted 20 folds with water and 6 μL diluted cDNA is used per 15 μL PCR reaction 

using miRCURY LNA SYBR Green PCR kit. The expression of miR-21 and miR-210 

was measured using miR-21–5p miRCURY LNA miRNA PCR Assay and miR-210–3p 

miRCURY LNA miRNA PCR Assay. miR-191–5p was used as the endogenous control83–85 

and its expression was measured using miR-191–5p miRCURY LNA miRNA PCR Assay.

Statistical Analysis.—PASS software was used to perform power analysis. Binary 

logistic regression and ROC analysis were performed on the comparisons between cancer 

groups and normal controls using biomarkers individually or jointly. The pROC package 

in the R software was used.86 Cut-offs with the highest sum of sensitivity and specificity 

were first identified, and then AUC, sensitivity, and specificity corresponding to the selected 

cutoff were calculated. In addition, for data from lung cancer patients, we did the best subset 

selection analysis using the bestglm R package43 where the best subset of biomarkers that 

discriminates normal controls from lung cancer patients were identified using the best subset 

model selection approach and the Akaike information criterion.
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Figure 1. 
Overview of the Exo-PROS assay. (a) Sensing mechanism of Exo-PROS assay. A gold 

coated glass slide is coated with PEG and antibodies against tumor-overexpressed proteins. 

The capture of TEXs by the antibodies changes the local refractive index and allows the 

detection of TEX proteins via SPR mechanism. Next, molecular beacons are added to 

diffuse into TEXs and bind to target microRNAs. The restored fluorescence signals from 

molecular beacons allow the detection of TEX microRNAs. Insert: Sensing mechanism 

of molecular beacons. (b) A photo of the Exo-PROS biosensor. (c) A representative SPR 

curve for measuring TEX EGFR expression in the serum from a Stage I NSCLC patient. 

(d) Conventional ELISA and TEX ImmunoMagnetic Separation-RNA Isolation-qRT-PCR 

(IMS-PCR for short) workflow to detect TEX protein–microRNA pairs.
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Figure 2. 
Characterization of exosomes. Exosomes were isolated from 50 μL of serum from a 

late stage NSCLC patient. (a) Size and size distribution of exosomes (10,000× dilution) 

were characterized by nanoparticle tracking analysis (NTA). Insert: Screenshot from the 

recorded video of exosomes during NTA. (b) Morphology of exosomes was characterized by 

CryoTEM.
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Figure 3. 
Sensing performance of Exo-PROS assay. To determine the limit of detection and linear 

range of Exo-PROS assay, the levels of EGFR and miR-21 in A549 cell-derived exosomes 

at concentrations of 0 (blank control) to 1.25 × 1012 exosomes/mL were measured by (a, 

b) Exo-PROS assay, (c) ELISA, and (d) IMS-PCR workflow. For exosomal EGFR, the 

LOD of Exo-PROS assay was 14-fold lower than ELISA (3.5 × 109 exosomes/mL vs 5 

× 1010 exosomes/mL). For EGFR+ exosomal miR-21, the LOD of Exo-PROS assay was 

same as IMS-PCR (5 × 109 exosomes/mL). Exo-PROS assay showed 3-log linear range. (e, 

f) To determine the repeatability of Exo-PROS assay, the levels of EGFR and miR-21 of 

A549 cell-derived exosomes (1 × 1010 exosomes/mL) were measured on 4 different days, 

3 replicates per day. For exosomal EGFR, the interday CV and intraday CV were 9.01% 
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and 7.84%, respectively. For EGFR+ exosomal miR-21, the interday and intraday CVs were 

6.73% and 6.66%, respectively.
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Figure 4. 
Evaluation of diagnostic performance of Exo-PROS assay using cell-derived exosomes. 

Exosomes from A549 NSCLC cells and BEAS-2B normal cells were applied at the 

concentration of 1.25 × 1012 exosomes/mL (n = 3). Exosomes from MCF-10A normal 

cells and MDA-MB-231 breast cancer cells were applied at the concentration of 1011 

exosomes/mL (n = 3). (a, b) Exo-PROS assay detected significantly higher levels of EGFR-

miR-21 pair and LG3BP-miR-210 pair in A549 cell-derived exosomes than BEAS-2B 

cell-derived exosomes. (c, d) Exo-PROS assay detected higher expression of ANXA8 and 

lower expression of miR-342 in MDA-MB-232 cell-derived exosomes than those from 

MCF-10A cells. (e, f) To demonstrate that the Exo-PROS assay is superior to conventional 

methods, ELISA and IMS-PCR were used to measure the expression of EGFR-miR-21 
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and LG3BP-miR-210 pairs in the same exosome samples from A549 and BEAS-2B cells 

(1.25 × 1012 exosomes/mL, n = 3). ELISA detected significantly higher levels of EGFR 

and LG3BP levels in A549 cell-derived exosomes than BEAS-2B cell-derived exosomes; 

however, IMS-PCR workflow detected no significant difference in the expression of EGFR+ 

exosomal miR-21 and LG3BP+ exosomal miR-21 between A549 cell-derived exosomes and 

BEAS-2B cell-derived exosomes. Results showed that the Exo-PROS assay distinguished 

lung cancer and breast cancer groups from normal controls and showed better diagnostic 

performance than ELISA and IMS-PCR workflows.
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Figure 5. 
Evaluation of the diagnostic performance of Exo-PROS assay in lung cancer. Exosomes 

were isolated from 50 μL sera from normal controls (n = 35, 15 low risk and 20 high 

risk of lung cancer) and lung cancer patients (n = 60, 52 NSCLC and 8 SCLC, stage 

I–IV). The levels of TEX EGFR-miR-21 and LG3BP-miR-210 pairs were measured by 

Exo-PROS assay (a, b). The Exo-PROS assay detected significantly higher levels of TEX 

EGFR-miR-21 and LG3BP-miR-210 pairs in sera from lung cancer patients than normal 

controls (p < 10−5). (c, d) ROC analysis was performed to determine the sensitivity (SEN), 

specificity (SPE), and AUC of each biomarker, best subset of the biomarkers, and all 

markers combined in distinguishing lung cancer patients from normal controls at a low risk 

of lung cancer, normal controls at a high risk of lung cancer, and all normal controls. The 

Exo-PROS assay showed high diagnostic accuracy in distinguishing lung cancer patients 

from normal controls.
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Figure 6. 
Evaluation of the diagnostic performance of Exo-PROS assay in breast cancer. 10 μL sera 

from normal controls (n = 20) and breast cancer patients (n = 60, stage 0–IV) were diluted 

in 40 μL PBS and directly applied on the biochip. The levels of TEX ANXA8-miR-342 

pair were measured by Exo-PROS assay. (a) A representative SPR curve for the detection 

of exosomal ANXA8 in the serum of a stage I breast cancer patient. (b) SEM confirmed 

the capture of ANXA8+ exosomes on the biochip. (c) The Exo-PROS assay detected 

significantly higher levels of exosomal ANXA8 and lower levels of ANXA8+ exosomal 

miR-342 in sera from breast cancer patients than normal controls (p < 10−5). (e) ROC 

analysis was performed to determine the sensitivity (SEN), specificity (SPE), and AUC of 

each biomarker and two markers combined. (e) Exo-PROS assay successfully distinguished 

breast cancer patients from normal controls. When two biomarkers were combined, the 
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Exo-PROS assay detected breast cancer with a sensitivity of 0.98, specificity of 0.90, and 

AUC of 0.96.
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