
Molecular and functional extracellular vesicle analysis using 
nanopatterned microchips monitors tumor progression and 
metastasis

Peng Zhang1, Xiaoqing Wu2, Gulhumay Gardashova2, Yang Yang1, Yaohua Zhang3, Liang 
Xu2,4,5,*, Yong Zeng1,3,5,*,†

1Department of Chemistry, University of Kansas, Lawrence, KS 66045, USA.

2Department of Molecular Biosciences, University of Kansas, Lawrence, KS 66045, USA.

3Bioengineering Graduate Program, University of Kansas, Lawrence, KS 66045, USA.

4Department of Radiation Oncology, University of Kansas Medical Center, Kansas City, KS 
66160, USA.

5University of Kansas Cancer Center, Kansas City, KS 66160, USA.

Abstract

Longitudinal cancer monitoring is crucial to clinical implementation of precision medicine. There 

is growing evidence indicating important functions of extracellular vesicles (EVs) in tumor 

progression and metastasis, including matrix remodeling via transporting matrix metalloproteases 

(MMPs). However, the clinical relevance of EVs remains largely undetermined, partially owing to 

challenges in EV analysis. Distinct from existing technologies mostly focused on characterizing 

molecular constituents of EVs, here we report a nanoengineered lab-on-a-chip system that enables 

integrative functional and molecular phenotyping of tumor-associated EVs. A generalized, high-

resolution colloidal inkjet printing method was developed to allow robust and scalable 

manufacturing of three-dimensional (3D) nanopatterned devices. With this nanochip platform, we 

demonstrated integrative analysis of the expression and proteolytic activity of MMP14 on EVs to 

detect in vitro cell invasiveness and monitor in vivo tumor metastasis, using cancer cell lines and 

mouse models. Analysis of clinical plasma specimen showed that our technology could be used 

for cancer detection including accurate classification of age-matched controls and patients with 

ductal carcinoma in situ, invasive ductal carcinoma, or locally metastatic breast cancer in a 

training cohort (n = 30, 96.7% accuracy) and an independent validation cohort (n = 70, 92.9% 
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accuracy). With clinical validation, our technology could provide a useful liquid biopsy tool to 

improve cancer diagnostics and real-time surveillance of tumor evolution in patients to inform 

personalized therapy.

INTRODUCTION

Although early-stage cancer generally has a favorable prognosis, most cases are diagnosed 

with local or distant metastases that lead to ~90% of deaths from cancer (1). Poor survival of 

advanced cancer has been related to the lack of effective therapies and emergent drug 

resistance, attributed to molecular heterogeneity of tumors (2) and divergent clonal evolution 

during disease development and treatment (3, 4). Such diverse tumor dynamics pose a major 

challenge to clinical management of advanced cancer, which requires real-time assessment 

of disease states to inform decision-making and to optimize treatment. Although widely used 

in the clinic, radiographic imaging often fails to detect changes in tumor burden. Genomics 

centered on gene alterations faces challenges in capturing the real-time status of malignancy, 

such as invasive/metastatic phenotypes (5). Moreover, longitudinal surveillance of tumor 

evolution is crucial to clinical implementation of precision medicine; however, conventional 

tissue biopsy is invasive, constrained to a localized snapshot of the tumor, and often 

unrepeatable. Thus, new tools that complement current methods for accurate tracking of 

tumor dynamics are urgently needed to improve disease stratification, prognostic prediction, 

and early detection of metastasis for optimal treatment.

Liquid biopsy offers an attractive alternative for cancer diagnosis and treatment (6-8). 

Extracellular vesicles (EVs), including exosomes, are rapidly emerging as a new paradigm 

of liquid biopsy, owing to the distinct properties of these nanovesicles that are (i) enriched 

with selectively sorted original cell contents, (ii) actively released from live cells instead of 

shed from apoptotic or damaged cells, and (iii) relatively stable in bodily fluids (9, 10). EVs 

have been extensively identified as important cell communication mediators and implicated 

in tumor development and metastasis via various processes, such as epithelial-mesenchymal 

transition (EMT) (11), extracellular matrix (ECM) remodeling (12, 13), and formation of 

premetastatic niche (14-16). Relevant to this study, EVs derived from tumors and stromal 

cells in tumor microenvironments were found to carry matrix metalloproteinases (MMPs) 

(17-19), key regulators of the ECM. In particular, tumor-derived EVs, including exosomes, 

were shown to carry functionally active MMP14 that not only degrades type 1 collagen and 

gelatin but also promotes the expression and activation of other MMPs to enhance the 

remodeling of ECM (18, 19). Despite these provocative findings, very limited progress has 

been reported in exploring the clinical value of MMP-mediated functions of EVs in tumor 

progression and metastasis.

Clinical study of EVs is largely hindered by several key practical challenges, including the 

lack of standardized methods for efficient and unbiased EV isolation, general unavailability 

of ultrasensitive and robust biosensing systems for rapid analysis of large clinical cohorts, 

large sample consumption and assay cost, and poorly defined markers to distinguish tumor-

specific EVs from host cell EVs (20). Microfluidics have been extensively applied to address 

these challenges owing to its inherent advantages in sample consumption and analytical 
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performance (21-26). We recently developed a microfluidic colloidal self-assembly (μCSA) 

strategy for three-dimensional (3D) nanoengineering of microfluidic biosensors, which 

immensely improved the sensitivity for small EV (sEV) detection via overcoming the 

fundamental limits in mass transfer, surface reaction, and boundary effects (23). Compared 

to the existing microfluidic technologies, this work presents distinct innovations in device 

engineering and EV marker studies, focusing on improving the translatability for clinical 

applications. First, distinct from the μCSA-based strategy, we developed a generalized, high-

resolution colloidal inkjet printing method that obviates the need for surface pretreatment 

and is more amenable to mass production of 3D nanoengineered chips for large-scale 

clinical studies. Second, despite well-demonstrated applications to molecular analysis of 

EVs, microfluidic technology has not been explored to assess the functional activities of 

EVs as cancer signatures. We devised a nanoengineered lab-on-a-chip system for 

multiparametric analysis of EV concentration in circulation, subtype, and enzymolytic 

activity (EV-CLUE) with ultrahigh sensitivity that required minuscule sample input, 

enabling longitudinal monitoring of in vivo tumor growth in mice. Third, although EV-

mediated transport of MMP14 has been implicated in tumor invasion and metastasis, the 

clinical value of MMP14 as an EV marker remains largely unexplored. We systematically 

investigated the MMP14 expression and activity phenotypes of EVs for detecting tumor 

invasion and metastasis, using cell lines, mouse models, and clinical plasma specimen. We 

show that our nanochip-based assay could improve the diagnostic performance of EV MMP 

markers compared to standard assays. If validated by large-scale clinical studies, our 

technology may provide a useful liquid biopsy tool for longitudinal surveillance of tumor 

evolution in patients to improve cancer management and precision medicine.

RESULTS

3D nanopatterning of EV-CLUE chips by colloidal inkjet printing

The EV-CLUE chip is a polydimethylsiloxane (PDMS)/glass hybrid device composed of a 

pneumatic control circuit and an array of eight parallel microchambers patterned with 3D 

nanostructured microelements (Fig. 1A). The microchambers are flanked by two valves to 

form the enclosed microreactors for enzymatic detection. Three sEV assays are implemented 

on the integrated microchip in parallel. We have developed a fluorogenic activity assay that 

immuno-captures sEVs and specifically measures the proteolytic activity of sEV-carried 

MMP14 using a fluorescence resonance energy transfer (FRET) peptide probe (Fig. 1, A and 

a’). This peptide substrate for MMP14 is labeled with a fluorophore and a quencher that can 

be enzymatically cleaved by MMP14 to generate fluorescence signal. Two sEV enzyme-

linked immunosorbent assays (sEV-ELISAs) (22, 23) were also established on chip to 

quantify the MMP14 protein present on sEVs and the total sEV abundance by probing CD63 

and CD9 (Fig. 1, A and a’’). The eight-channel design permits simultaneous analysis of two 

samples, along with two negative control assays using the phosphate-buffered saline (PBS) 

blank to determine the background for the activity and expression assays, respectively. The 

chip fabrication process is similar to that reported in our previous work (22, 23) and detailed 

in Supplementary Materials and Methods. Figure 1B displays a completed microdevice, 

highlighting the array of printed sinusoidal micropatterns embedded inside the 30-μm-high 

assay chambers.
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In contrast to our μCSA strategy, here we have developed a general inkjet printing method 

for scalable manufacturing of 3D nanopatterned microchips. Colloidal inkjet printing is an 

attractive nanomaterial patterning technique (27) that controls the geometry and quality of 

patterns by exploiting surface modifications to delicately adjust the interactions between 

surface wetting and evaporation-driven CSA (28-31). This strategy limits the ability to print 

complex colloidal structures due to the challenges in controlling interfacial interactions 

during drying. We tried to optimize the protocol of conventional printing (30, 31) but failed 

to print an array of sinusoidal stripes (fig. S1). Compared to hydrophobic glass surfaces, low 

surface tension on hydrophilic surfaces is more favorable to printing continuous structures 

but can cause uncontrolled spread of the printed droplets, leading to poor printing resolution 

and severely distorted geometries. Evaporation of a drop of colloidal suspension on a 

hydrophilic surface produces a donut pattern due to the “coffee ring” effect. Adding 

formamide in the solvent can reduce the coffee-ring effect to produce more uniform 

assembly of colloids, but it also decreases surface tension, resulting in worse printing 

resolution and pattern quality.

Distinct from the conventional strategies, we established a “stacked coins” printing approach 

that exploits the coffee-ring phenomenon to print continuous 3D colloidal patterns on 

unmodified glass surface (Fig. 1C). We adjusted the droplet volume, substrate temperature, 

and jetting delay period such that colloidal ring patterns can be deposited individually and 

overlapped with each other, like offset stacked coins. Multicycle, repeated printing stacks the 

layers of packed colloids to create a 3D structure of designed geometries. Since drop spacing 

is a crucial factor that affects the final morphology of the printed structures, we investigated 

a range of 5 to 20 μm for printing with a 5% (w/w) solution of 1-μm silica colloids; the drop 

spacing of 10 μm appeared to yield the best printing quality (fig. S2). Using the optimized 

protocol, we demonstrated a five-cycle printing of 1-μm silica colloids to print a centimeter-

scale graphic design on a plain glass slide (Fig. 1D and fig. S3). The pattern exhibited either 

uniform iridescent structural colors or smooth spectra across the entire pattern due to Bragg 

diffraction, indicating the high quality of the printed nanomaterial structures (32).

We further tested the method for 15-cycle printing of micropatterns, such as arrays of 

sinusoidal strips, diamonds, and X shapes. As visualized by SEM and optical profilometry, 

our method produced 3D self-assembled colloidal patterns of designed geometries (Fig. 1, E 

to G). Surface profiling by 3D profilometry determined the pattern heights to vary from ~14 

to 22 μm. Such topological roughness is expected for inkjet printing and can be further 

optimized by tuning printing parameters. Nonetheless, rough morphology is favorable for 

this particular application because it confers greatly increased surface area to enhance EV 

immunocapture (22, 23). Testing X shapes consisting of 40-μm-wide bars, we estimated the 

geometric resolution of our printing method as ~20 μm (Fig. 1, G and H). High-

magnification SEM of the printed micropatterns verified the highly nanoporous structure of 

self-assembled silica nanoparticles (Fig. 1H, inset). Moreover, compared to the 

microchannel-confined CSA method, open-surface printing greatly improves the scalability 

and the success rate of device fabrication because it negates manual removal of the 

patterning chip, which can mechanically damage the deposited micropatterns. Overall, these 

results suggest that our inkjet printing technology provides a general approach capable of 
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high-resolution printing of large-area, complex patterns on hydrophilic surfaces without any 

chemical pretreatment.

Integrative molecular and functional phenotyping of sEVs by EV-CLUE chip

We first characterized sEV immunocapture by the EV-CLUE chip using a well-characterized 

colon cancer COLO-1 cell–derived EV standard (33). Similar to the ExoProfile chip that we 

established previously (22), the EV-CLUE system adapts the same sinusoidal patterns, 

which were printed inside the assay microchambers using the 15-cycle printing protocol. 

Fluorescently stained COLO-1 EVs were spiked at 106 μl−1 in 10-fold diluted healthy 

human plasma and injected into the chip coated with anti-CD81 monoclonal antibody 

(mAb). The confocal fluorescence microscopy images acquired at different depths 

demonstrated that COLO-1 sEVs were captured on both external and interior surfaces of the 

micropatterns (Fig. 2A) with a decreasing density gradient inward, indicating flow 

penetration through the 3D nanoporous structures. SEM imaging visualized high-density 

capture of sEVs on the mAb-modified silica nanoparticles and the typical spherical and cup-

shaped morphologies of captured sEVs (Fig. 2B). The size range of chip-captured EVs was 

estimated to be 40 to 160 nm from the SEM images, smaller than that of the 

ultracentrifugation (UC)–purified EVs (~50 to 350 nm) measured by nanoparticle tracking 

analysis (NTA). These observations for the printed nanostructures are consistent with the 

sEV capture performance of our μCSA-patterned devices (22, 23).

We evaluated the capture efficiency of EV-CLUE nanochips in comparison with the gold 

standard UC and the μCSA-engineered chips. EVs were purified from the conditioned 

culture media of cancer cell lines and characterized by NTA to prepare standards of know 

quantities (fig. S4). Recent studies have reported abundant expression of tetraspanin proteins 

(CD9, CD63, and CD81) in sEVs derived from a wide range of cell lines and biofluids and 

enrichment of some endosome-related proteins in the anti-tetraspanin immuno-captured 

sEVs versus other types of large EVs and sEV subpopulations (10, 34). Thus, tetraspanin-

targeting immunocapture has been proposed for specific isolation of endosome-derived 

exosomes, despite the possible presence of other tetraspanin-bearing sEV subtypes (10). 

Using an established depletion method (23), we assessed the anti-CD81 mAb-coated 

nanochips for capture of cancer cell–derived EVs spiked in healthy human plasma (106 μl
−1). The observed capture efficiencies were 78.2 ± 2.6% for SKOV3, 77.4 ± 3.1% for MCF7, 

72.9 ± 1.5% for MDA-MB-436, and 81.3 ± 3.4% for MDA-MB-231 (Fig. 2C). Such 

relatively consistent capture efficiency across various cell lines and cancer types permits 

downstream quantitative detection of captured sEVs and their molecular constituents. The 

capture performance of the printed chip was comparable to that of the μCSA-engineered 

device (80.3 ± 3.2% for SKOV3) and much higher than that of standard UC isolation (17.9 ± 

3.9%). sEV isolation using the bovine serum albumin–coated control chips resulted in low 

non-specific binding (<6.7%), indicating the effectiveness of our assay protocol to suppress 

the matrix effects on the nanopatterned chip (fig. S5).

On the basis of the nanochip immunocapture, we attempted to develop sandwich MMP 

ELISA and proteolytic activity assays for molecular and functional phenotyping of tumor-

derived sEVs. Here, we targeted MMP14 because it has been credited as a central regulator 
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of cell invasion via degradation of major components of ECM (fibrillar collagens, 

fibronectin, and vitronectin) and processing of intra- and extracellular proteins (soluble pro-

MMPs, cytokines, and growth factors) to promote matrix remodeling and invasive behavior 

of tumor cells (35). As a test case, three breast cancer cell lines were used: weakly invasive 

MCF7 cells as the control and two triple-negative breast cancer (TNBC) cell lines, MDA-

MB-436 and MDA-MB-231, with metastatic capability. Among three tetraspanins 

commonly used for sEV capture, CD81 yielded the highest detection sensitivity for these 

cell lines (fig. S6). Thus, our assays were configured to capture overall sEVs by anti-CD81 

mAb and to measure the expression and activity of sEV-bound MMP14 with specific mAb 

and peptide probes, respectively. Optimized from our previously developed protocol (22, 

23), the nanochip sEV-MMP14 ELISA permitted sensitive detection of the low-abundance 

MMP14+ subpopulation in MCF7-derived EVs, which was otherwise undetectable on a 

conventional flat-channel chip (Fig. 2D). Higher MMP14 expression was detected in EVs 

from metastatic MDA-MB-436 and MDA-MB-231 compared to that of MCF7 cells. The 

printing-based 3D nanostructuring of microfluidic chips improved detection sensitivity of 

sEV-ELISA. Overexpression of MMP14 in these metastatic breast cancer cell lines has been 

well documented (36-38). The chip detection of MMP14 was further verified by standard 

Western blot and microplate enzymatic activity assays (fig. S7).

The sandwich activity assay was then developed by combining sEV immunocapture with the 

detection of enzymatic activity of MMP14 using a FRET peptide substrate (Fig. 1A). Using 

a standard microplate assay kit, a commercially available fluorogenic probe was selected and 

verified for its specificity to MMP14 protein against three soluble and membrane MMPs 

commonly associated with breast cancer (18, 37, 39-41): MMP9, MMP15, and MMP16 (fig. 

S8, A and B). Chemical activation of recombinant pro-MMP14 protein by 4-

aminophenylmercuric acetate was required to gain enzymatic activity (fig. S8B). In contrast, 

similar MMP14 activity was detected for EVs of breast cancer cells with and without 

chemical activation (fig. S8C), indicating that sEV MMP14 was activated. Our findings are 

in line with the previous reports that EVs transport proteolytically active MMP14 to promote 

tumor invasion and metastasis in malignancies, including breast cancer (19, 42). Thus, we 

conducted the MMP14 activity assay without chemical treatment to measure the native 

activity of circulating sEVs. We further optimized the enzymatic reaction time for the on-

chip fluorogenic activity assay to afford a maximal signal/noise ratio (fig. S8D).

Using the optimized assays, the analytical performance of the EV-CLUE technology was 

systematically calibrated. In addition to the MMP14 assays, a tetraspanin ELISA was 

assessed for quantifying the total sEV concentration by measuring the combined expression 

of CD9 and CD63. To this end, we titrated a serial dilution of UC-purified EVs from MDA-

MB-231 cells and observed a linear curve of the CD9 and CD63 expression as a function of 

the total EV concentrations measured by NTA (Fig. 2E). The curve starts to level off when 

the EV concentration decreases, yielding a low limit of detection (LOD) of ~16 EVs μl−1 

(calculated by dividing three SDs of the background by the slope of the calibration plot). 

These cell line results support the use of the CD9 and CD63 assay for quantitative detection 

of the total sEV concentration, which we validated further using human plasma samples. 

Compared with the combined CD9 and CD63 expression, the calibration curve for the sEV 

MMP14 expression (MMP14-E) indicated that the MMP14+ sEVs account for a small 
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fraction of the overall EV population and were detectable above a calculated EV 

concentration of ~5 × 103 μl−1 (Fig. 2E, inset). The MMP14 activity (MMP14-A) assay was 

observed to produce higher signals than the protein quantification, yielding a 10-fold lower 

LOD of ~5 × 102 EVs μl−1. The EV-CLUE chip was then assessed for integrative molecular 

and functional phenotyping of tumor-derived sEVs using three breast cancer cell lines. 

Using equal EV inputs, the sEV MMP14 expression and activity assays differentiated the 

metastatic capabilities of the cells, with higher detection signals conferred by the activity 

assay (Fig. 2F). CD9 and CD63 expression provided the highest analytical sensitivity for 

sEV detection but did not correlate with metastatic phenotypes. These findings highlight the 

necessity of highly sensitive detection of low-abundance, clinically relevant EV subtypes 

and suggest that activity analysis could provide a sensitive means to probe pathological 

phenotypes of tumor-derived sEVs.

Detection of in vitro invasiveness of isogenic cell lines

As a proof of concept of potential clinical application, we adapted the EV-CLUE technology 

for noninvasive measurement of tumor progression and metastasis using breast cancer as a 

disease model. Studies have identified multiple MMPs in breast cancer–derived EVs, among 

which MMP14 was the most frequently detected membrane-type MMP (18, 19, 43, 44). 

Here, we attempted to quantify MMP14 and two major membrane MMPs, MMP15 and 

MMP16, which have been detected in breast cancer cell lines and tissues (40), but not in 

EVs. Using standard microplate ELISA kits, MMP14 was readily detected in samples of 

~109 EVs purified from three cell lines and the plasma of a patient with metastatic breast 

cancer (Fig. 3A). The sEV MMP14 expression was observed to differentiate the variable 

metastatic potential of the cells and plasma sample, validating the chip-based measurements 

performed with less than 1/100 of the sample quantities. MMP15 expression was very low 

and could not be used to detect metastatic cells, whereas MMP16 was essentially 

undetectable (Fig. 3A). On the basis of our results and those of others, our subsequent 

studies have been focused on only MMP14.

The EV-CLUE chip was assessed for integrative molecular and functional phenotyping of 

tumor-derived sEVs using isogenic cell lines. We established two human antigen R (HuR) 

CRISPR knockout (KO) clones from MDA-MB-231. HuR is an RNA-binding protein 

known to promote tumorigenesis and invasion (45). As verified by Matrigel invasion assays, 

the invasiveness of MDA-MB-231 cells was largely reduced by knocking out HuR (Fig. 3B). 

Small interfering RNA knockdown of cellular MMP14 expression (fig. S9) was seen to 

suppress the invasiveness of metastatic MDA-MB-231 cells, as supported by other reported 

studies (46-48). However, Western blot analysis revealed that HuR KO did not impair the 

expression of MMP14 protein in cells, but rather attenuated the amount of MMP14 protein 

carried by the secreted EVs (Fig. 3C). The findings suggest that EV-transported MMP14 

plays a role in cell invasion. Therefore, although the mechanism of HuR-mediated regulation 

of EV transport of MMP14 remains to be elucidated, this HuR KO model provides a useful 

approach to validate our technology and to specifically assess EV MMP14 as a marker of 

cell invasion.
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Using the EV-CLUE chip, we conducted multiplexed molecular and functional phenotyping 

of EVs isolated from these isogenic cell lines in comparison with a lung metastatic subline 

of MDA-MB-231 (2LMP). In contrast to the total sEV abundance, the measured MMP14 

phenotypes of sEVs reflected the invasiveness of the parental and KO cell lines (Fig. 3D). 

Measurements of MMP14 activity conferred a two- to threefold increase in sensitivity over 

protein quantification. Quantitative comparison by regression analysis revealed a strong 

linear correlation between the sEV MMP14 proteolytic activity measured by the EV-CLUE 

chip and the number of invading cells counted in the Matrigel invasion assays (Pearson’s r = 

0.996; Fig. 3E). To assess the adaptability of our technology to other malignancies, we also 

tested a set of isogenic pancreatic cancer MIA PaCa2 cell lines and observed consistent 

performance of the EV-CLUE chip for detecting in vitro cell invasiveness (fig. S10). Overall, 

our findings support the potential utility of sEV MMP14 as a marker of tumor invasion and 

metastasis.

Noninvasive monitoring of tumor evolution in vivo using mouse models

We first assessed the feasibility of using the EV-CLUE technology for longitudinal 

monitoring of metastatic burden using a mouse model of human breast cancer metastasis. 

Experimental metastasis assays typically reduce variability and improve the statistical power 

of analyses by bypassing early steps in the metastatic cascade, therefore providing a robust 

in vivo model for technology assessment. We injected 106 2LMP-Luc cells (luciferase-

expressing lung metastatic subline of MDA-MB-231) into the lateral tail veins of athymic 

nude female mice and monitored the development and growth of tumors, primarily in the 

lungs, by imaging twice a week. Figure 4 (A and B) presents the representative images and 

tumor intensity plots acquired for the same mice at three stages: (i) before inoculation, (ii) 

initial detection of early metastasis, and (iii) nearly moribund with extensive lung 

metastases. Blood (~50 μl) was repeatedly collected from each mouse at each of the three 

stages to prepare plasma for microfluidic analysis. We identified and validated the antibodies 

for specific analysis of human-derived sEVs in blood plasma of the xenografted mice (table 

S1 and fig. S11). With these optimized assays, we demonstrated multiparametric analysis of 

human cancer-derived sEVs directly in 6 μl of mouse plasma per run, which enabled 

longitudinal monitoring of progressive tumor development in individual mice (n = 5; Fig. 4, 

C to E, and data file S1). To quantitatively evaluate sEV MMP14 as a marker of tumor 

burden, we compared the sEV phenotypes with the tumor intensity measured for 10 

xenografted mice at stage III of metastasis (Fig. 4F). Both sEV MMP14-E and MMP14-A 

were found to correlate with the tumor intensity at stage III, and the activity analysis 

provided a higher sensitivity than the expression analysis.

We further extended the in vivo mouse studies to a spontaneous metastasis model that 

recapitulates all of the steps in the pathogenesis of metastasis, to closely mimic the clinical 

reality. In this orthotopic model, 0.5 × 106 mouse 4T1-Luc breast cancer cells were injected 

into the mammary fat pad of 4-week-old female BALB/c mice (n = 16). Primary tumor 

growth was assessed by caliper measurements of the mammary xenografts to calculate 

tumor volume using the modified ellipsoidal formula (fig. S12) (49), while the development 

of metastases was monitored by bioluminescence imaging (Fig. 5A). Meanwhile, ~50 μl of 

blood from the tail vein of each mouse was collected before and after inoculation. When the 
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mice were euthanized at the end of week 5, 12 were found to have lung metastases (Fig. 5B). 

The EV-CLUE technology enabled multiplexed analysis of the longitudinal plasma samples 

collected from each mouse (data file S1 and fig. S13). In contrast to the experimental model, 

the total sEV abundance did not appear to be a potent indicator of tumor development in the 

spontaneous model (Fig. 5C and fig. S14A). This discrepancy is attributed to the fact that the 

experimental metastasis assay probed human xenograft-derived sEVs against the 

background of mouse sEVs, whereas in the spontaneous model, the total sEV assay also 

detected many wide-type sEVs that masked the dynamics of tumor-derived vesicles. Both 

sEV MMP14-E and MMP14-A were observed to increase along with tumor growth and 

metastasis in individual mice (Fig. 5, D and E). Our method detected significant increases in 

the population means of the MMP14 markers over 1-week tumor development (P = 0.003 

for MMP14-E and P = 6.8 × 10−4 for MMP14-A in week 5; fig. S14, B and C). Although the 

single-mouse longitudinal sEV analysis revealed increased sEV MMP14-E and MMP14-A 

in several mice (week 4; fig. S13), the population means showed no significant difference 

(week 4, MMP14-E: P = 0.18; MMP14-A: P = 0.26; fig. S14, B and C), owing to the large 

interindividual heterogeneity observed. Regression analysis of the data for all 16 mice 

resulted in a strong linear correlation between the sEV MMP14-E and MMP14-A 

measurements (Pearson’s r = 0.956, Fig. 5F). These results, combined with the in vitro cell 

analysis and the experimental metastasis assays, validate the sensitive and specific molecular 

and functional profiling of tumor-derived sEVs using our technology.

Next, we compared the longitudinal sEV measurements between subgroups of mice that 

developed primary tumor (n = 4) or primary tumor with lung metastasis (n = 12). In contrast 

to the total sEV concentration (P = 0.26), both sEV MMP14-E (P = 1.4 × 10−4) and 

MMP14-A (P = 9.7 × 10−6) exhibited significantly faster overall rates of increase in the mice 

developing metastases than those with only primary tumors (Fig. 5G). Statistical 

comparisons at individual time points also showed that monitoring the change in sEV 

MMP14 activity provided better statistical power to differentiate the two mouse subgroups 

than monitoring MMP14 expression (fig. S15), suggesting the potential of the functional 

activity of sEVs for detection of tumor metastasis. To further assess the correlation between 

the sEV phenotypes with metastasis, we compared the sEV results with the number of lung 

metastasis nodules measured at week 5 (Fig. 5H) and the volume of primary tumor 

measured from weeks 2 to 5 for the four mice, which developed only primary tumors (Fig. 

5I). Consistently, the sEV MMP14 markers exhibited significantly stronger correlation with 

the lung metastases (Pearson’s r = 0.950 for MMP14-E and r = 0.928 for MMP14-A) than 

the mammary xenografts (Pearson’s r = 0.690 for MMP14-E and r = 0.647 for MMP14-A). 

Spontaneous metastasis model studies support the feasibility of sEV MMP14 phenotype 

analysis as a potent biomarker of aggressiveness and metastatic potential of tumors and the 

superior analytical performance of the nanoengineered chip. We also demonstrated that our 

EV-CLUE technology enables minimally invasive, real-time monitoring of the dynamics of 

tumor development in individual mice.

Clinical analysis of breast cancer patient cohorts

We next assessed the EV-CLUE technology for clinical application to human malignancies, 

using plasma samples collected from a training cohort of patients with stage 0 to III breast 
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cancer (n = 22) and age-matched noncancer controls (n = 8). The patient cases involved 

three groups of distinct clinical stages: preinvasive ductal carcinoma in situ (DCIS; n = 8), 

nonmetastatic invasive ductal carcinoma (IDC; n = 7), and locally advanced IDC with lymph 

node metastases (n = 7), each of which consists of diverse histological and molecular 

subtypes, including TNBC, to represent tumor heterogeneity (table S2). Figure 6A 

summarizes the measurements of individual sEV markers for each subject (data file S2) and 

the SUM3 signature defined by the unweighted sum of three markers (50, 51). The detection 

of sEV MMP14 was verified by Western blot analysis of UC-purified EVs, which detected 

high expression of CD81 in EVs from controls and patients and low-abundance sEV 

MMP14 in patients, with a notably elevated abundance in the metastatic cases (Fig. 6B). As 

shown in Fig. 6C, the total sEV concentration was not significantly different between the 

cancer and control groups (two-tailed Mann-Whitney U test, P = 0.63), whereas sEV 

MMP14 markers differentiated the two groups (P = 1.1 × 10−4 for MMP14-E and P = 4.1 × 

10−6 for MMP14-A), despite large interindividual variations. It is noted that multiparametric 

combination with the functional activity marker improved the performance of molecular 

phenotyping of sEVs for cancer detection [P = 1.0 × 10−5 for SUM2 (MMP14-E + MMP14-

A) versus P = 1.0 × 10−5 for MMP14-E and P = 0.005 for SUM3 versus P = 0.27 for SUM1 

(CD9 and CD63 + MMP14-E); Fig. 6C and fig. S16].

We quantitatively evaluated the diagnostic metrics of the biomarkers individually and in 

combinations using a multivariate receiver operating characteristic (ROC) curve analysis 

strategy based on linear discriminant analysis (LDA) (51, 52). The training set data were 

processed by LDA to create a discriminant function model for classification of two sample 

groups. The predicted probabilities yielded from this binary classification procedure were 

used as the single test variable for ROC analyses. As summarized in Fig. 6D and table S3, 

among three markers, sEV MMP14-A showed the best diagnostic performance for the 

training cohort with 0.977 [95% confidence interval (CI), 0.845 to 1] area under the curve 

(AUC), 95.5% sensitivity (95% CI, 77.2 to 99.9%), 100% specificity (95% CI, 63.1 to 

100%), and 96.7% accuracy (95% CI, 82.8 to 99.9%). Evaluation of combinations of the 

markers showed that multivariate detection with the marker panels afforded comparable or 

better diagnostic power than univariate detection using single SUM signatures [COM3 

(0.977 AUC, 100% sensitivity, 87.5% specificity, 96.7% accuracy) versus SUM3 (0.830 

AUC, 81.8% sensitivity, 87.5% specificity, 83.3% accuracy)]. While providing about the 

same performance as sEV MMP14-A to detect cancer against control, the three-marker 

panel COM3 improved the classification of patients at variable disease stages.

Figure 6E depicts the assessment of our method for detecting the controls and three 

subgroups of patients: preinvasive DCIS, nonmetastatic IDC, and locally metastatic IDC. We 

observed an overall significant increase in sEV MMP14-E [Kruskal-Wallis one-way analysis 

of variance (ANOVA), P = 4.9 × 10−5] and MMP14-A (P = 1.4 × 10−5) and the SUM3 

signature (P = 4.3 × 10−4) with progressive disease stages. Post hoc Dunn’s pairwise 

multiple comparisons test revealed significant differences between three group pairs: control 

versus IDC (MMP14-E, P = 0.04; MMP14-A, P = 0.0024), control versus metastatic IDC 

(MMP14-E, P = 3.2 × 10−5; MMP14-A, P = 2.8 × 10−5), and DCIS versus metastatic IDC 

(MMP14-E, P = 0.0084; MMP14-A, P = 0.014; Fig. 6E). Moreover, the sEV MMP14 

markers were able to discriminate the combined group of invasive and locally advanced IDC 
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cases from the control or preinvasive DCIS group (fig. S17). To further explore the capacity 

of our method for diagnosis and stratification of breast cancer, we conducted discriminant 

analysis of the sEV phenotypes individually and in combination for classification of the 

training cohort. The quadratic method was chosen to generate the discriminant models as the 

equality test of within-group covariance matrices failed. The classification results obtained 

with the three-marker panel COM3 are visualized in Fig. 6 (F to H) and results are 

summarized in fig. S18. It was seen that the discriminant analysis of COM3 correctly 

classified individual subjects into the four groups except for one DCIS case misidentified as 

a control (Fig. 6F). The classification results were quantitatively presented as a confusion 

matrix (Fig. 6G), showing an overall accuracy of 96.7% (95% CI, 82.8 to 99.9%), which was 

better than that of sEV MMP14-A alone (86.7%; fig. S18). Such improvement demonstrates 

the advantage of the multiparametric sEV marker panel versus single markers for multiclass 

diagnostics. To further characterize the effectiveness of our method to discriminate 

subgroups, we plotted the scores of each subject for the first two canonical variables 

computed from the discriminant analysis (Fig. 6H). It was clearly visualized that the training 

samples were classified into four groups with notably better separation among the patient 

groups at progressing disease stages. A correlation circle was also created by projecting the 

input variables (sEV markers) in the factors space (fig. S19), showing strong positive 

correlation of the sEV markers to the first canonical variable that highlights their 

contribution to accurate disease classification. The correlation circle also revealed a weak 

but positive correlation of the CD9 and CD63 expression to the canonical variables, which 

explains its role in improving the accuracy of the multiclass diagnostics when combined 

with the sEV MMP14 markers (fig. S18).

The EV-CLUE technology was further applied to an independent validation cohort of plasma 

samples from age-matched cancer-free controls (n = 12) and patients with breast cancer (n = 

58; 18 DCIS, 20 nonmetastatic IDC, and 20 locally advanced breast cancer with lymph node 

metastases; Fig. 7A). Correlation analyses of the sEV MMP14-E and MMP14-A data found 

no significant difference between the training and validation cohorts (P = 0.46) using one-

way analysis of covariance (ANCOVA) and yielded a high Pearson coefficient of 0.956 for 

two cohorts combined (fig. S20), indicating the adaptability of our assays to specific and 

reliable analysis of clinical plasma samples. Patients with different histological and 

molecular subtypes (table S2) were distinguished from controls by probing sEV MMP14-E 

and MMP14-A (P = 1.0 × 10−7 and P = 2.6 × 10−11, respectively, two-tailed Mann-Whitney 

U test; Fig. 7B). The validation set data were fed into the discriminant function model 

established with the training cohort to test its validity for clinical diagnosis. The 

postprobabilities predicted for the validation cohort without a known a priori disease state 

were used to conduct ROC analysis (Fig. 7C and table S3). Consistent diagnostic 

performance of three sEV parameters was observed between the training and validation 

cohorts in terms of AUC (0.926 versus 0.930 for MMP14-E and 0.977 versus 0.986 for 

MMP14-A) and accuracy (86.7% versus 85.7% for MMP14-E and 96.7% versus 92.9% for 

MMP14-A).

Using different statistical approaches, the validation cohort data were then evaluated for 

detection of the progression stages of breast cancer. Compared to the training cohort, a 

considerable improvement in differentiating the four groups of subjects in the validation 
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cohort was observed with the Kruskal-Wallis one-way ANOVA followed by the post hoc 

Dunn’s multiple comparisons test (Fig. 7D). In particular, as opposed to the training cohort, 

here we detected a significant increase in sEV MMP14-E (P = 0.0078) and MMP14-A (P = 

0.013) in the metastatic group versus the localized IDC group. We also observed enhanced 

statistic distinction between the combined malignant group and the control or DCIS group in 

the validation cohort, when probing the MMP14+ sEVs (fig. S21). Such improvement could 

be attributed to the larger sample size of the validation cohort that reduces the sampling 

variances. Classification analysis of the validation cohort data was then performed with the 

discriminant function model derived from the training cohort to test its reliability for 

multiclass diagnosis of breast cancer. The classification accuracy for the training and 

validation cohorts was consistent (86.7% versus 81.4% for MMP14-A; fig. S18). Among the 

biomarker combinations tested here, discriminant analysis of COM3 yielded the best 

classification performance (Fig. 7, E to G). It is noted that all IDC and metastatic IDC cases 

in the validation cohort were correctly detected, and only two noninvasive DCIS cases were 

misclassified as invasive, leading to an overall accuracy of 92.9% (95% CI, 84.1 to 97.6%; 

Fig. 7, E and F). This observation was also reflected in the canonical score plot, which 

displays separation among the four groups in the validation cohort in the 2D discriminant 

factor space defined by the training samples (Fig. 7G).

The nanochip-based integrative phenotyping of circulating sEVs was systematically 

validated by the measurements of the same samples with a variety of gold standard 

approaches. EVs were isolated by UC from a subset of control and breast cancer samples 

randomly selected from the training and validation cohorts (n = 10 for each subgroup) and 

characterized by the NTA and Bradford assays. The NTA results displayed variable mean 

diameters of ~100 to 160 nm with the major size distribution ranging from ~60 to 400 nm 

(fig. S22). To assess the CD9 and CD63 assay for quantifying the total EV concentration in 

human plasma, we plotted the nanochip signals against the EV abundance counted by NTA 

for these 40 plasma samples (fig. S23). Regression analysis resulted in a strong linear 

correlation between the two methods (Pearson’s r = 0.931). This plasma analysis, together 

with the cell line studies, demonstrates our tetraspanin-based assay as a means to 

quantitatively estimate the abundance of circulating EVs. It should be noted that the 

applicability of this method may be limited by the heterogeneous tetraspanin expression on 

EVs and thus needs to be validated in individual cases. We compared the EV numbers and 

sizes measured by NTA across the control and patient groups, which showed no significant 

difference (P = 0.53 and P = 0.47, respectively; fig. S24, A, and B). The total EV protein 

expression measured by the Bradford assay detected the difference between the control 

group and each of the patient groups, but not among the patient groups (fig. S24C). 

Compared to these measurements of general EV properties, the nanochip method targeting 

tumor-associated markers on sEVs greatly augmented diagnostic performance.

To further demonstrate the advantageous performance of our technology, we attempted to 

compare it to standard microplate ELISA for targeted analysis of sEV MMP14 marker. Sixty 

samples (n = 15 for each subgroup) from the two cohorts were measured by a commercial 

microplate EV ELISA kit. This standard assay yielded a similar sEV MMP14-E pattern to 

the nanochip analysis but with much lower signal intensity (fig. S25A). Comparing the data 

obtained with the two methods, a strong linear correlation (Pearson’s r = 0.991) was 
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revealed at the high-concentration range, and the lower concentrations were only detectable 

with the nanochip method (fig. S25B). ROC analysis showed that the nanochip analysis of 

sEV MMP14-E improved diagnosis of the patients with breast cancer compared to the 

standard ELISA (AUC, 0.934 versus 0.800; fig. S25C). Moreover, our technology was able 

to differentiate the individual groups of control and DCIS combined, IDC, and metastatic 

cases, whereas the standard ELISA only detected the metastatic group (fig. S25D). These 

comparative results further support the ability of our technology to enhance the diagnostic 

performance while reducing the sample consumption and assay time by a factor of >5, 

owing to its improved detection sensitivity. Last, to examine the potential of plasma-borne 

sEVs as liquid biopsy of solid tumors, breast tissues from four of the patients were assayed 

with standard hematoxylin and eosin (H&E) and immunohistochemistry (IHC) staining (fig. 

S26). The expression of MMP14 was barely to weakly detectable in the tumor tissues from 

the two DCIS cases. For the other two patients with IDC and metastatic IDC, respectively, 

there was an apparent increase in staining intensity with weak to moderate MMP14 

expression observed in the carcinoma compartment of the primary tumors. For comparison, 

we stained the tumor-adjacent normal breast tissue available from the same IDC patient, 

which displayed the absence of detectable MMP14 expression. These IHC assay results 

appear to support the correlation between the biomarker profiles of circulating sEVs and 

solid tumors and, thus, the potential applications of sEVs as a noninvasive surrogate biopsy 

of tumors. Collectively, the studies of clinical cohorts suggest the potential adaptability of 

our integrative molecular and functional sEV phenotyping technology to improve 

postdiagnosis surveillance of cancer status for early detection of tumor invasion or 

metastasis.

DISCUSSION

Nanoengineering of microdevices augments the sensitivity, accuracy, and speed of 

bioanalysis via constructing multiscale systems to combine the advantages of micro- and 

nanoscale flow dynamics and biochemical reactions (25, 53). This is usually accomplished 

by top-down nanofabrication using standard nanolithography or other sophisticated physical/

chemical methods, as well as by bottom-up surface patterning with nanomaterials. These 

methods often produce 2D nanofeatures with respect to the dimensions of microscale 

sensors. Moreover, a key barrier toward practical nanomanufacturing arises from the limited 

scalability and standardization of these methods, which often involve expensive, 

sophisticated facilities, and labor-intensive fabrication procedures. Our pilot studies to 

address these limitations yielded a microchannel-based μCSA strategy for bottom-up 3D 

nanoengineering of microelements to improve the sensitivity of protein profiling of sEVs 

(22, 23). While enabling simple and high-quality 3D nanopatterning, this prototyping 

method uses manual processes, which can result in high cost, batch-to-batch variation in 

yield, and limited compatibility with mass production.

Here, we expanded the CSA-based multiscale engineering strategy by developing a general, 

high-resolution colloidal inkjet printing method using an industrial-grade material printer. 

Inkjet printing is cost-effective, flexible, and scalable and, thus, has been extensively 

developed for scientific and industrial applications (27, 54, 55), including surface patterning 

of nanomaterials (28-31). However, these techniques have three major limitations that need 
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to be overcome for our applications. First, they are often limited to low-resolution printing 

of 2D colloidal patterns with a thickness of a few micrometers. Increasing ink concentration 

and jetting droplet volume can print thicker materials. However, concentrated particles can 

easily clog small inkjet nozzles required for high-resolution printing, and the use of large 

jetting droplets also limits the printing resolution. Second, largely uncontrolled solvent 

evaporation results in uneven distribution of nanoparticles during CSA and even broken, 

irregular patterns, making it challenging to print large-scale, continuous features. Last, to 

better control the geometry and quality of printed patterns, current techniques rely on 

delicately tuning surface modifications and ink composition to adjust the interactions 

between surface wetting and evaporation-driven CSA (30, 31). This strategy suffers from 

difficulties in controlling interfacial interactions during drying and limits the applications to 

biosensing, which often demand variable surface chemistry. To overcome these limitations, 

our method uses a multilayer “stacked coins” printing strategy that enables precise printing 

of complex 3D nanostructured patterns on plain glass surface with a ~20-μm geometric 

resolution. Such resolution is sufficient to print most existing micromixing architectures in 

microfluidic devices (56) to leverage biosensing performance. In addition, its ability to 

directly print on unmodified glass surfaces simplifies device manufacturing and broadens the 

adaptability to biosensing applications, which often demand variable surface chemistries. 

Compared to our prior manual μCSA method, this printing-based process using a 

commercial-grade printer substantially enhanced the production scale, success rate, and 

robustness of device fabrication. This aids our efforts toward developing industry-compatible 

manufacturing of 3D nanoengineered bioassay devices.

Building on the advance in chip fabrication, our study aimed to develop new bioanalytical 

capabilities to facilitate the progress of EV biology and clinical biomarker development. In 

contrast to existing microfluidic technologies that focus solely on molecular characterization 

of EVs, here we report a 3D nanoengineered lab-on-a-chip system that integrates an 

ultrasensitive proteolytic activity assay with quantitative protein immunoassays to define the 

biofunctional signatures of circulating EVs associated with tumor invasion and metastasis. 

Using different cell lines, mouse models, and clinical samples, we demonstrated that 

compared to the protein immunoassay, the activity assay augments the sensitivity for 

detection of sEV MMP14, enhancing its performance for cancer diagnosis and monitoring. 

Small sample consumption is another practical advantage of our EV-CLUE system. Mouse 

models are indispensable tools for cancer research and drug development. Current EV 

research involving longitudinal studies of mouse models often requires sacrificing a group of 

mice at each time point to collect sufficient sample quantity for standard bioassays. This 

approach is expensive, and interindividual heterogeneity can confound data analysis or lead 

to misleading observations. Our EV-CLUE system enables periodical measurements of small 

volumes of blood collected minimally invasively from individual mice to monitor tumor 

growth and metastasis in vivo. As a specific example, we demonstrated the blood test-based 

surveillance of human cancer cell line xenograft growing in each mouse through examining 

both total abundance and the MMP14+ subtype of human-derived sEVs in mouse plasma. 

With a spontaneous mouse metastasis model, we showed that our method enabled single-

mouse longitudinal sEV analysis to detect large interindividual heterogeneity and to capture 

distinct trajectories of tumor development in individuals that could otherwise be masked by 
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the ensemble measurement of different populations. Overall, these studies support our 

technology as a valuable tool to benefit animal studies of human diseases, especially for 

challenging or expensive patient-derived xenografts (PDXs) and transgenic models.

Enabled by the technical advances, this work presents a systematic assessment of clinical 

value of sEV MMP14 for tumor surveillance, using breast cancer as the disease model. EV-

mediated transport of proteases is a newly discovered mechanism underlying tumor invasion 

and metastasis (44). Increasing evidence has suggested that EVs are a major route for 

cellular secretion of membrane-type metalloproteases, predominantly MMP14, into the 

extracellular space, which mediates diverse proteolytic activities of cells (18, 19, 43, 44). It 

was shown that knockdown of MMP14 expression, inhibition of MMP14 proteolytic 

activity, or inhibition of exosome biogenesis resulted in largely decreased activity of cancer 

cells to degrade ECM (42, 57). Consistently, we detected considerable expression of 

activated MMP14 on the purified EVs of breast cancer cell lines, which agrees with the 

previous observation of EV-bound MMP14 activating pro-MMPs and degrading matrices 

(19, 42). Furthermore, MMP14 knockdown and HuR KO cells support the possible 

contributions of sEV MMP14 to cell invasion and its potential as a biomarker of tumor 

progression and metastasis.

The molecular mechanisms governing activation and EV-mediated trafficking of MMP14 

remain largely unknown. This process is known to involve endocytic internalization of 

membrane MMPs, conversion into functionally active forms, recycling back to plasma 

membrane, packing into intraluminal vesicles, and secretion as EVs (19). Growing evidence 

has shown that the traffic of MMP14 is controlled by diverse regulatory pathways and 

molecular machineries that may be differently programmed in tumor cells to drive ECM 

degradation and cell invasion depending on their pathological conditions and oncogenic 

stimuli. For instance, the vesicular soluble N-ethylmaleimide–sensitive factor attachment 

protein receptor (v-SNARE) family is a key component in the core machinery controlling 

intracellular trafficking and membrane fusion. The late endosomal v-SNARE, vesicle-

associated membrane protein-7, along with a subset of Rab guanosine triphosphatases 

(Rab27a and Rab5a), was found to form regulatory circuitries for spatially confined delivery 

of MMP14, which is crucial to the formation and function of invadopodia, membrane 

structures formed by invasive cells to protrude into ECM (58, 59). Providing key docking 

sites for multivesicular bodies, invadopodia enhances secretion of MMP14-enriched 

exosomes that not only supports invadopodia formation but also promotes pericellular 

proteolysis of ECM to drive tumor progression and metastasis (42). In addition to the 

exosome biogenesis-associated routes, another v-SNARE, VAMP-3, has been recognized as 

a regulator for specified sorting and delivery of endosomal MMP14 into shedding 

microvesicles at plasma membrane to support cancer cell invasion (60). VAMP3-mediated 

MMP14 exocytosis was found to be regulated by WD repeat and FYVE domain containing 

2 (WDFY2), a protein involved in the early endocytic pathway (61). WDFY2 KO leads to 

enhanced secretion of MMP14+ vesicles and promoted ECM degradation and cell invasion. 

Differential dysregulation of these regulators, such as Rab5 overexpression and WDFY2 

loss, is often implicated in human cancers, reinforcing the diverse and dynamic nature of the 

regulatory circuitries of MMP14 trafficking during oncogenic transformation. In our studies, 

it appeared that MMP14 was not a direct target of HuR; however, the KO of HuR down-
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regulated EV trafficking of MMP14. Such HuR-regulated EV transport of MMP14 might 

constitute a component of the HuR-dependent regulatory network that promotes tumor 

development and metastasis. The mechanism underlying the HuR-mediated regulation of EV 

MMP14 is beyond the scope of this work and is still under investigation. Our in vitro results 

resonate with the existing evidences that suggest that MMP14-enriched EVs serve as a 

functional indicator of tumor invasion and metastasis. This is further supported by our in 

vivo studies of mouse models of breast cancer metastasis.

Previous mechanistic studies have shown the biomedical significance of MMP14-mediated 

function of EVs, mostly using cell lines and animal models; however, clinical value remains 

largely undetermined. We assessed the feasibility of probing sEV MMP14 from clinical 

plasma samples for diagnosis and staging of breast cancer, the most prevalent malignancy 

and the leading cause of cancer-related death in women (6). The 5-year survival rate for 

women with localized breast cancer (stage 0 to IIa) is 99% and drops down to 85 and 27% 

for women with regional lymph node metastases (stage IIb and III) or distant metastases 

(stage IV), respectively (62). About 25% of cases are diagnosed with in situ breast cancer, of 

which ~81% are DCIS. Without timely diagnosis and treatment, 20 to 50% of these in situ 

cases progress to invasive breast cancer with distant metastases (63, 64). However, molecular 

mechanisms underlying early-stage progression of breast cancer remain elusive. Prior 

studies have suggested that the genetic alternations driving potential invasion may be present 

at early stage and showed that transcriptomic profiles were virtually indistinguishable among 

the distinct stages of progression (65, 66). Because there are no effective markers to predict 

the risk or detect progression to invasive lesions, it remains challenging to accurately stratify 

DCIS lesions to improve treatment and eliminate unnecessary overtreatments. Thus, more 

informative and robust markers are pressingly needed to improve clinical management of 

breast cancer.

Using two independent cohorts, we showed that the plasma concentration and proteolytic 

activity of MMP14+ sEVs can be used to distinguish the affected patient group (stage 0 to 

III) from the control group. Our activity assay yielded the best diagnostic performance, and 

sEV MMP14 expression and activity appeared to correlate with progressive disease stages, 

supporting the possibility for longitudinal surveillance of breast carcinomas. We also 

demonstrated the feasibility of these markers for differentiating noncancer controls or in situ 

carcinoma from invasive and locally advanced cases, which is the first major stratification of 

breast cancer types to guide clinical treatment. To further enhance the performance of our 

method for breast cancer diagnosis and stratification, discriminant analysis of the training 

cohort (n = 30) was performed to derive a discriminant function model, which was then 

tested for classifying the patients in the validation cohort (n = 70) without a known a priori 

disease state. Combining three sEV parameters tested (total concentration, MMP14-E, and 

MMP14-A), a high overall accuracy of 92.9% (95% CI, 84.1 to 97.6%) was obtained for 

classifying all four groups in the validation cohort. Overall, our clinical specimen analysis, 

combined with the cell line and mouse model studies, demonstrated the feasibility of the 

MMP14-targeted molecular and functional sEV phenotyping for predicting invasive 

potential, detecting early progression or metastasis with high sensitivity and specificity, and 

informing individualized treatment of breast cancer.
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The current study represents a feasibility study to evaluate the potential clinical utilities of 

the EV-CLUE system based on sEV MMP14 in cancer diagnosis and monitoring. This 

technology may be limited in detecting precancerous and pre-EMT conditions, due to the 

low abundance of tumor-derived EVs available in blood and the limited diagnostic 

performance of single biomarkers. Our integrated and expandable multichannel device could 

be multiplexed to analyze multiple functional proteases implicated in tumor invasion and 

metastasis (44), such as tissue inhibitors of metalloproteinases, to develop sensitive and 

specific liquid biopsy-based biomarker panels. Blood derivatives (plasma and serum) have 

been the most commonly used specimen in the studies of EV biomarkers, due in part to their 

wide clinical availability (20). As the goal of our technology development is to enhance 

system robustness and clinical adaptability, current device was designed to analyze plasma 

rather than whole blood, which simplifies the chip design, fabrication, and operation 

procedures. We envision that our chip can be expanded for whole-blood analysis due to its 

inherent amenability to multifunctional integration and the availability of microfluidic 

modules for plasma extraction (67) or direct EV isolation (68) from whole blood. The 

widely used tail vein injection and orthotopic mammary fat pad models provide a relevant 

means to assess and validate our technology to monitor tumor invasion and metastasis, 

despite their biological/clinical limitations. More in-depth studies, such as mechanistic and 

biomarker studies focused on DCIS-derived local tumor progression, will benefit from other 

mouse models of breast cancer that could more closely recapitulate the underlying biology, 

including the intraductal injection and PDX models. Moving our technology toward clinical 

applications will require rigorous validation with much larger cohorts and longitudinal 

studies of the development of high-risk in situ breast carcinomas into invasive or metastatic 

lesions. The amenability to robust and scalable device manufacturing of the inkjet printing 

technique developed here would greatly facilitate such large-scale translational and clinical 

studies.

MATERIALS AND METHODS

Study design

This study sought to investigate EV-transported MMP14 as a potential biomarker for 

monitoring tumor progression and metastasis using a 3D nanopatterned EV-CLUE lab-on-a-

chip system. We developed a high-resolution colloidal inkjet printing technique for robust 

and scalable 3D nanopatterning to augment the potential translatability of our technology. 

The EV-CLUE chip was designed to integrate the EV ELISA and MMP14 activity assays in 

parallel for multiparametric analysis of the total concentration and MMP14 expression and 

activity of EVs in blood plasma. The nanochip-based assays were assessed and optimized to 

measure in vitro cell invasiveness using cancer cell lines and the isogenic breast and 

pancreatic cancer cell clones created by CRISPR-Cas9 editing. With the experimental and 

spontaneous mouse models of breast cancer metastasis, the EV-CLUE chip was validated for 

longitudinal monitoring of in vivo tumor growth and metastasis in single mice. For the 

animal studies, on-chip analyses were blinded to the independently prepared plasma 

samples. Last, we assessed the feasibility of our technology and the sEV MMP14 markers 

for clinical detection and staging of breast cancer using plasma samples from two 

independent training (n = 30) and validation cohorts (n = 70) composed of age-matched 
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cancer-free controls and patients with DCIS, nonmetastatic IDC, or locally metastatic breast 

cancer. The sample size of the small training cohort was computed to meet the desired 

statistic errors (type I, 0.05; type II, 0.2) with an AUC of 0.8 and a control/patient ratio of 

0.5, as described before (23). A machine learning–based diagnostic was combined with the 

chip-based functional EV analysis to enhance the clinical sensitivity and specificity for 

patient classification. Furthermore, extensive comparative and correlation studies with 

standard analytical methods were performed to validate the EV-CLUE measurements. Three 

technical replicates were conducted for all measurements.

Statistical analysis

Mean, SD, SEM, and LOD were calculated with standard formulas. Deming linear fitting 

was performed at the 95% confidence level to determine the Pearson correlation coefficient 

between different variables. To determine whether parametric or nonparametric tests will be 

used, we conducted normality test and found that the assumption of normality cannot be 

rejected for the cell line and mouse model data but is rejected for the human studies, at P < 

0.05. Hence, for cell line experiments, two-tailed Student’s t test was performed for two-

group comparison and one-way ANOVA with post hoc Tukey’s pairwise multiple 

comparisons test for multigroup comparison. For mouse models, longitudinal tumor growth 

was conducted with one-way repeated measures ANOVA with post hoc Tukey’s test. The 

mouse groups with or without lung metastasis were assessed by two-way ANOVA followed 

by Tukey’s test. For human specimen, group difference was assessed using nonparametric, 

two-tailed Mann-Whitney U test for two groups or Kruskal-Wallis one-way ANOVA with 

Dunn’s pairwise multiple comparisons test for multiple groups. An LDA-based ROC 

analysis was adopted to evaluate the diagnostic metrics of biomarkers. The training set data 

were first processed by LDA to classify the subjects into the control and cancer groups, and 

the resultant discriminant function model was used for binary classification of the validation 

cohort without a known a priori disease state. The predicted probabilities yielded for both 

training and validation cohorts were used to conduct ROC curves. Optimal cutoff points 

were selected using the maximum Youden’s index to determine the sensitivity, specificity, 

and accuracy of disease diagnosis. For multigroup classification, quadratic discriminant 

analysis was conducted as the equality test of within-group covariance matrices failed. The 

training cohort was first analyzed to generate the discriminant function model, which was 

used to classify the patients in the validation cohort; 95% CIs for AUC were determined 

using the DeLong method and exact CIs for sensitivity, specificity, and accuracy were 

calculated based on the binomial distribution. All statistical analyses were performed at a 

95% confidence level using Excel 2018, OriginPro 2019, and GraphPad Prism 8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Colloidal inkjet printing creates the 3D nanopatterned EV-CLUE chip.
(A) Design of the EV-CLUE chip composed of a pneumatic control circuit and an array of 

eight parallel assay reactors patterned with 3D nanostructured colloidal microelements to 

enhance immunocapture of circulating sEVs. The pneumatically operated chip integrates 

three parallel sEV assays: (a’) MMP14 proteolytic activity assay using a specific FRET 

peptide probe and (a”) ELISA quantitation of sEV MMP14 protein expression and the total 

sEV concentration determined by CD63 and CD9 in parallel. The eight-channel design 

allows parallel analysis of two samples, combined with the control assays with PBS blank to 

determine the background signal for both expression and activity assays. (B) Digital photo 

of an EV-CLUE chip showing the microreactor array embedded with the printed 3D 

nanostructures. Scale bar, 1 cm. (C) Schematic of the “stacked coins” colloidal inkjet 

printing approach for fabrication of 3D self-assembled microelements on an untreated 

hydrophilic glass substrate. (D) Demonstration of a large-area, complex colloidal crystal 

pattern printed on a standard microscope slide (2.54 cm wide) with a five-cycle printing of 
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1-μm silica colloids. The printed nanomaterial patterns display angle-dependent structural 

colors under white light illumination. (E to G) SEM images and corresponding optical 

profilometry plots of various micropatterns composed of an array of (E) sinusoidal strips, (F) 

diamonds, and (G) X shapes, respectively, deposited by 15-cycle inkjet printing of 1-μm 

silica colloids. (H) SEM image of a micropattern deposited by the high-resolution stacked 

coins colloidal printing. The magnified image highlights the nanoporous morphology of the 

self-assembled nanoparticle microstructures. Scale bars, 20 μm (top) and 1 μm (bottom).
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Fig. 2. Characterization of the EV-CLUE chip for immunoisolation and integrative molecular 
and activity phenotyping of sEVs.
(A) 2D confocal images at variable depth and (B) representative SEM images of colon 

cancer COLO1 cell–derived sEVs captured on and inside the self-assembled nanoporous 

silica micropatterns printed on the substrate. Dil dye-stained COLO1 EVs (106 μl−1) were 

assayed for confocal fluorescence microscopy. Scale bars, 500 nm (B) and 100 nm (B, 

inset). (C) Comparison of sEV capture efficiency for standard UC and the nanochips 

fabricated by the μCSA and colloidal inkjet printing methods. Fluorescently stained EVs of 

cancer cell lines were spiked in healthy human plasma at 106 μl−1. (D) Comparison of the 

flat-channel and nanopatterned chips for specific detection of MMP14 in UC-purified 

vesicles (106 μl−1) from breast cancer cell lines. Two-tailed Student’s t test was used for 

two-sample comparison, P < 0.05. (E) Calibration of the EV-CLUE chip by measuring the 

total sEV concentration (determined by CD9 and CD63), MMP14 expression (MMP14-E), 

and MMP14 proteolytic activity (MMP14-A) of MDA-MB-231 EVs. Inset: Determination 

of LODs for the MMP14 activity assay from 3 SDs of the backgrounds (dashed lines). (F) 

Integrative multiparameter analysis of purified EVs (106 μl−1) from three breast cancer cell 

lines with different invasiveness. Statistical difference was determined by one-way ANOVA 

with post hoc Tukey’s pairwise multiple comparisons test, P < 0.05. Anti-CD81 capture 

mAb was used in all cases. All data were presented as mean values with error bars of 1 SD 

(n = 3).
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Fig. 3. Functional phenotyping of sEVs by EV-CLUE detects tumor cell invasiveness.
(A)Measurement of the expression of MMP14, MMP15, and MMP16 on breast cancer-

derived EVs. One hundred microliters of purified EVs (107 μl−1) from three cell lines and 20 

μl of patient plasma (diluted 1:5 in PBS) were assayed using the commercial microplate 

ELISA kits. Statistical analysis was conducted with one-way ANOVA with post hoc Tukey’s 

test, P < 0.05. (B) Microscopic images of Matrigel invasion assays for the parental MDA-

MB-231 cell line, an isogenic control, and two HuR KO clones. Scale bars, 200 μm. (C) 

Western blot analysis of HuR and MMP14 proteins in the isogenic MDA-MB-231 cell lines 

and their EVs purified by UC. Cell lysate (30 μg) and ~1010 EVs from each cell line were 

assayed with α-tubulin and CD81 as the loading controls, respectively. (D) Radar plot of the 

nanochip analyses of the total sEV (CD9 and CD63), MMP14-E, and MMP14-A of sEVs 

isolated from culture media of MDA-MB-231, 2LMP (lung metastatic subline of MDA-

MB-231), control, and HuR KO clones. Ten microliters of purified EVs (106 μl−1) was used 

in each assay on a chip. Signal intensity was subtracted by the corresponding background. 

(E) Correlation of the measured sEV MMP14 proteolytic activity with the number of 

invasive cells counted in the Matrigel assays. The linear fitting was performed using the 

Deming regression model at the 95% confidence level. In all cases, anti-CD81 mAb was 

used for sEV capture, and each sample was measured in triplicate. All data were presented 

as means ± SD (n = 3).
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Fig. 4. Integrative sEV phenotyping for monitoring tumor development in mice using an 
experimental metastasis model of human breast cancer.
(A and B) An experimental metastasis model in athymic nude mice was established by 

injecting 106 2LMP-Luc cells into the tail veins of 4-week-old female nude mice. 

Progression of the lung tumors was monitored by bioluminescent imaging. (A) 

Representative images and (B) corresponding tumor intensity plots were acquired for each 

mouse at three stages: (i) before inoculation, (ii) initial detection of early metastasis, and (iii) 

nearly moribund with extensive lung metastases. (C to E) Multiplexed total sEV (CD9 and 

CD63), MMP14-E, and MMP14-A analyses of circulating sEVs in mouse plasma using EV-

CLUE. Blood (~50 μl) was collected from tail vein at each stage. Plasma (6 μl) was diluted 

in PBS by five times and analyzed on chip using the anti-human mAbs validated for specific 

detection of human tumor xenograft-derived sEVs. Each sample was assayed in triplicate to 

determine the mean and SD (error bars). P values were determined by one-way repeated 

measures ANOVA with post hoc Tukey’s pairwise multiple comparisons test, P < 0.05. (F) 

Correlation of the sEV MMP14 expression and activity measured for 10 xenografted mice at 

stage III with the tumor sizes measured by bioluminescent imaging. All data were presented 

as means ± SD (n = 3). Deming linear fitting was performed at the 95% confidence level.
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Fig. 5. Longitudinal monitoring of tumor evolution in a spontaneous breast cancer metastasis 
model.
(A)Representative bioluminescence images of mice without and with lung metastasis 

developed at week 5. A spontaneous metastasis model in BALB/c mice was established by 

injecting 0.5 × 106 4T1-Luc cells into the mammary fat pad of 4-week-old female BALB/c 

mice, and the tumor burden was monitored by bioluminescence imaging. (B) Representative 

digital photos of lungs isolated from the mice euthanized 5 weeks after tumor inoculation 

showing metastatic nodules (blue arrowheads). (C to E) Time-lapse, multiplexed 

measurements of the total concentration (CD9 and CD63), MMP14-E, and MMP14-A of 

circulating sEVs in individual mice (n = 16) using the EV-CLUE technology. Repeated tail 

vein collection of ~50 μl of blood from the same mouse was conducted at the indicated time 

points before and after inoculation. Plasma (6 μl) prepared from the blood samples was 

diluted by five times and assayed directly on different chips in triplicate to determine the 

mean and SD (error bars). The averaged results of all samples collected at individual time 

points were projected on the X-Z plane (means ± SEM). P values were determined by one-

way repeated measures ANOVA at P < 0.05. (F) Correlation between the sEV MMP14-E 

and MMP14-A measured for all plasma samples in (C) to (E). (G) Time-lapse curves of the 

measurements (means ± SEM) of three sEV markers in the mice that developed primary 

tumor only (n = 4) or with lung metastasis (n = 12). P values were determined by two-way 
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ANOVA at the 95% confidence level. (H) Correlation of the sEV markers measured for 16 

mice at week 5 with the count of lung metastasis nodules. (I) Correlation of the sEV markers 

with the primary tumor volume measured from weeks 2 to 5 for four mice that developed 

only primary tumors. The data in (H) and (I) were presented as means ± SD (n = 3 technical 

repeats). Linear Deming fitting in (F), (H), and (I) was performed at the 95% confidence 

level.
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Fig. 6. Integrative sEV phenotyping of human breast cancer in a training cohort.
(A) Heat map of the molecular and activity profiles of plasma sEVs from a training set 

involving age-matched cancer-free controls (n = 8) and patients with preinvasive DCIS (n = 

8), localized IDC (n = 7), or locally metastatic IDC (n = 7). Signals were averaged over 

triplicate measurements of each sample and normalized against the 99th percentile of all 

signals after the background subtraction. The color intensity displays the mean of the 

triplicate measurements of each sample on different chips. SUM3 signature denotes the 

unweighted sum of three markers. (B) Western blot analysis of MMP14 in plasma EVs 

purified by UC from a control and patients with breast cancer (BrCa) of various stages. EVs 

(~1010) from each sample was assayed with CD81 as the loading control. (C) Scatterplots of 

the sEV markers and SUM3 signature for detecting BrCa against the control. 

Nonparametric, two-tailed Mann-Whitney U test was used for two-group comparison. (D) 
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ROC curves for LDA of three sEV markers, a three-marker panel (COM3), and the SUM3 

signature for breast cancer diagnosis. (E) Scatterplots of the sEV markers and SUM3 

signature for differentiating individual groups at progressing disease stages. Kruskal-Wallis 

one-way ANOVA with post hoc Dunn’s test for pairwise multiple comparisons was used to 

determine the overall and each group pair’s P value. (F to H) Classification of the training 

cohort by discriminant analysis of the three-marker panel COM3 was summarized in (F) the 

heat map of classification probabilities, (G) confusion matrix, and (H) canonical score plot 

of the first two canonical variables that together capture 99.93% of the variance. The middle 

line and error bar in (C) and (E) represent the mean and 1 SEM, respectively. All statistical 

analyses were performed at 95% confidence level.
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Fig. 7. Validation of integrative functional sEV phenotyping for noninvasive diagnosis and 
monitoring progression and metastasis of BrCa.
(A) Heat map of three sEV markers and their SUMs measured from plasma sEVs from an 

independent validation cohort of age-matched cancer-free controls (n = 12) and patients with 

DCIS (n = 18), nonmetastatic IDC (n = 20), and locally metastatic cases (n = 20). The assays 

and data processing were the same as those for the training cohort (Fig. 6A). (B and C) 

Evaluation of the sEV markers individually and in combinations for breast cancer diagnosis. 

Two-tailed Mann-Whitney U test was used for two-group comparisons in (B). (D) 

Evaluation of the sEV markers and SUM3 signature for differentiating individual groups at 

progressing disease stages. Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test for 

pairwise multiple comparisons was used to determine the overall and each group pair’s P 
value. (E to G) Multivariate classification to assess the combined three sEV markers for 

identifying the control and patient groups with preinvasive, invasive, and metastatic BrCa, as 

presented by (E) the heat map of classification probabilities, (F) confusion matrix, and (G) 
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canonical score plot of the first two canonical variables derived from the discriminant 

analysis of the training cohort. The middle line and error bar in (B) and (D) represent the 

mean and 1 SEM, respectively. All statistical analyses were performed at 95% confidence 

level.
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