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B I O P H Y S I C S

Exosome-templated nanoplasmonics 
for multiparametric molecular profiling
Xingjie Wu1*, Haitao Zhao1*, Auginia Natalia1,2, Carine Z. J. Lim1,2, Nicholas R. Y. Ho1,3,  
Chin-Ann J. Ong4, Melissa C. C. Teo4, Jimmy B. Y. So5,6, Huilin Shao1,2,3,5†

Exosomes are nanoscale vesicles distinguished by characteristic biophysical and biomolecular features; current 
analytical approaches, however, remain univariate. Here, we develop a dedicated platform for multiparametric 
exosome analysis—through simultaneous biophysical and biomolecular evaluation of the same vesicles—directly 
in clinical biofluids. Termed templated plasmonics for exosomes, the technology leverages in situ growth of gold 
nanoshells on vesicles to achieve multiselectivity. For biophysical selectivity, the nanoshell formation is templated 
by and tuned to distinguish exosome dimensions. For biomolecular selectivity, the nanoshell plasmonics locally 
quenches fluorescent probes only if they are target-bound on the same vesicle. The technology thus achieves 
multiplexed analysis of diverse exosomal biomarkers (e.g., proteins and microRNAs) but remains unresponsive to 
nonvesicle biomarkers. When implemented on a microfluidic, smartphone-based sensor, the platform is rapid, 
sensitive, and wash-free. It not only distinguished biomarker organizational states in native clinical samples but 
also showed that the exosomal subpopulation could more accurately differentiate patient prognosis.

INTRODUCTION
Cancer cells secrete diverse materials into the circulation, at various 
stages of the disease progression; these materials include membrane 
vesicles and free-floating molecules (1). Of these factors, exosomes 
have recently emerged as a promising circulating biomarker. Distin-
guished by their biophysical and biomolecular composition (2, 3), 
exosomes are nanoscale membrane vesicles (diameter, 30 to 150 nm) 
actively released by a variety of mammalian cells and most notably 
by dividing cancer cells. Exosomes contain a rich trove of molecular 
contents, either as inherited constituents from the parent cells or as 
membrane-associated molecules (4), that include proteins (5, 6), 
nucleic acids (7, 8), lipids, and various modifications (9, 10). As a 
robust messenger of intercellular communication, exosomes play an 
important role in mediating disease progression. Specifically, cancer 
cells actively produce and use exosomes to promote tumor growth. 
Exosomes are released most abundantly by rapidly dividing cancer 
cells (11). Exosomal contents not only mediate intercellular com-
munication but also condition the microenvironment to facilitate 
cancer metastasis (12, 13). This orchestrated release and functional 
activities highlight the clinical potential of exosomes as a more re-
flective circulating biomarker.

Despite this clinical potential, direct and specific analysis of exo-
somes in native biofluids remains technically challenging, especially 
for clinical translation (14, 15). In particular, clinical biofluids are 
compositionally heterogeneous and contain nanoscale vesicles and 
abundant nonvesicle, free molecules. Current detection of the exosome 
population from this complex mixture relies primarily on either 

biophysical or biochemical characterization, performed in an inde-
pendent or sequential manner (14, 16). In bin dimension and was 
equippediophysical preparation, vesicles of characteristic size could be 
isolated through conventional ultracentrifugation (16, 17) or advanced 
sorting strategies (18, 19); however, these approaches require extensive 
processing, face contamination with other similarly sized protein 
aggregates, and lack biomolecular confirmation of vesicle identities. 
On the other hand, biochemical assays generally use affinity enrichment 
to capture and measure vesicles based on common exosomal markers 
(20, 21). These methods tend to miss vesicle subpopulations and/or 
are susceptible to interference by biochemically identical but differen-
tially organized molecular targets (e.g., nonvesicle, free protein antigens).

Motivated by the unique features of exosomes, we developed a 
dedicated nanotechnology platform to enable multiparametric mo-
lecular profiling of vesicles—through the simultaneous evaluation 
of biophysical and biomolecular composition of the same vesicles—
directly in native clinical biofluids. Named templated plasmonics 
for exosomes (TPEX), the technology uses the formation of gold 
nanoshells, assembled and grown on vesicles in situ, to achieve spe-
cific analysis of exosomal biomarkers. For biophysical selectivity, 
the nanoshell formation is templated by vesicle membrane and tuned 
to distinguish exosome dimensions. For biomolecular selectivity, 
through matched and localized energy transfer (22, 23), the nanoshell’s 
unique plasmonic signature quenches fluorescent probes only if 
they are target-bound on the same vesicle. The resultant optical sig-
nals (i.e., absorbance and fluorescence) enable multiselective analy-
sis of diverse exosomal biomarkers [e.g., proteins and microRNAs 
(miRNAs)] but remain unresponsive to nonvesicle, free molecular 
targets. When implemented on a microfluidic, smartphone-based 
sensor, the TPEX technology achieved rapid and multiplexed anal-
ysis of exosomal targets with superior performance (1 l of sample 
in 15 min). We further applied the developed platform to examine 
native clinical ascites samples. The technology not only revealed 
exosomal biomolecular signatures against complex biological back-
ground but also showed that the exosomal subpopulation of bio-
markers, as compared to the total biomarkers, could more accurately 
differentiate cancer patient prognosis.
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RESULTS
TPEX platform
The TPEX platform is designed to distinguish and measure exoso-
mal markers (i.e., constituent and bound markers) from nonvesicle, 
free molecules. It consists of three functional steps: double labeling, 
development of templated nanoplasmonics, and signal detection 
(Fig. 1A and fig. S1). In the first step, a complex biological mixture 
(e.g., exosomes and free proteins) is incubated with fluorescent mo-
lecular probes (e.g., aptamers) and gold nanoparticles (AuNP). While 
AuNP remain monodispersed when associated with free proteins, 
because of the entropy-driven formation of protein corona (24), 
they assemble onto exosome periphery, through electrostatic inter-
actions with the exosomal membrane. Excess unbound probes and 
AuNP are not removed. In the next step, the AuNP serve as seeds 
for in situ nanomaterial growth. AuNP associated with free proteins 
(or unbound AuNP) experience a meager growth and show a mini-
mal red shift in their absorbance spectra. On the contrary, AuNP 
bound to exosomal surface develop into a nanoshell, templated by 

the vesicle dimension, to induce strong localized plasmonic reso-
nance in the infrared region (25). The TPEX platform leverages this 
disparity in the resultant nanomaterial morphology and plasmonic 
properties to achieve simultaneous and multiselective measurement 
of exosomal markers. Specifically, the spectral compatibility of the 
nanoshell is templated by exosome membrane and tuned to distin-
guish exosome dimensions (i.e., selective for exosome biophysical 
properties); the enhanced fluorescence quenching of molecular 
probes is observed only if they are target-bound and colocalized on 
the same vesicle as the formed nanoshell (i.e., selective for molecu-
lar markers). As free proteins cause minimal signal changes, the 
TPEX platform enables direct quantification of exosomal markers 
in native biofluids, obviating any purification.

To confirm the TPEX-induced changes in nanomaterial mor-
phology, we performed transmission electron microscopy (TEM) 
analysis, before and after gold growth (Fig. 1B). In the presence of 
free proteins (fig. S2A), AuNP (mean diameter, 9.2 nm) remained 
well dispersed and demonstrated a small particle growth after TPEX 

Fig. 1. Templated nanoplasmonics for multiparametric profiling of exosomes. (A) Schematic of the TPEX platform. The technology is designed to measure exosomal 
markers and comprises three functional steps. Exosomes are first labeled with fluorescent molecular probes and AuNP. While AuNP remain well dispersed when associated 
with nonvesicle, free proteins, they assemble onto exosome periphery, through electrostatic interactions. Excess unbound probes and AuNP are not removed. In the 
presence of gold salt, the AuNP serve as seeds for in situ gold growth. The dispersed AuNP experience a small growth and a slight shift in their absorbance spectra, leading 
to minimal changes in the fluorescence signals of probes. The exosome-bound AuNP, on the other hand, develop into a nanoshell; this nanostructure is templated by the 
vesicle dimension and demonstrates a large red shift in its plasmonic resonance to effectively quench the fluorescence signal of probes bound onto the same vesicle. The 
TPEX fluorescence signal is thus multiparametric, for both exosomal biophysical characteristics and biomarker compositions. (B) Transmission electron micrographs of 
TPEX products. In the presence of free proteins, AuNP remained well dispersed (before) and demonstrated a small particle growth after treatment with gold salt (after). 
When incubated with exosomes, AuNP bound to vesicle periphery (before) and developed into large spherical particles after gold growth (after). Scale bars, 20 nm. (C and 
D) Photographs of the microfluidic device and the smartphone-based optical detector. Absorbance and fluorescence measurements could be performed on the integrated 
platform through different light-emitting diode (LED) sources and filter configurations. Scale bar, 1 cm.
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reaction. When incubated with exosomes derived from human colo
rectal adenocarcinoma cell line (DLD-1) (fig. S2, B to D), AuNP 
bound to vesicle periphery. TEM analysis further confirmed the 
presence of large spherical particles after nanomaterial growth, con-
sistent with the formation of exosome-templated gold nanoshell 
(fig. S3, A and B). Absorbance spectra of the formed nanomaterials 
corresponded well with the TEM characterization (fig. S3, C and D). 
To facilitate TPEX measurements of complex clinical biofluids, we 
implemented the technology in a miniaturized microfluidic system 
(Fig. 1C). The device incorporates serpentine mixers for efficient 
labeling and torque-activated valves for fluidic control (fig. S4A) 
and was designed to streamline the TPEX assay operation (fig. S4B). 
Furthermore, the microfluidic system can be loaded onto a custom-
designed, smartphone-based optical detector (Fig. 1D), which en-
abled absorbance and fluorescence measurements through different 
configurations of light-emitting diode (LED) light source and filter 
setting. Image-based data acquisition and analysis could be achieved 
automatically through a smartphone interface.

Exosome-templated nanoplasmonics
To evaluate the size effect of biomarker template on TPEX plasmonic 
profile, so as to optimize the technology for exosome dimension, we 
first performed numerical simulations for a range of template diam-
eters (Fig. 2A). On the basis of TEM characterization of the formed 
nanostructures (Fig. 1B and fig. S3), a 9-nm gold nanolayer was 
simulated to grow on the surface of exosome-sized template. The 
simulation results showed that for exosome diameters (30 to 150 nm), 
the resultant plasmonic resonance peaks locate predominantly at 
>600 nm (mean peak position at 750 nm), distinct from that formed 
of smaller templates (e.g., bare AuNP or AuNP associated with free 
proteins) (Fig. 2A). The electrical field distribution and normalized 
absorbance spectra further confirmed that the exosome-templated 
nanoshells demonstrate a strong resonance (~ 479-fold enhancement) 
at 750 nm and the bare AuNP-templated nanoparticles at 540 nm 
(fig. S5, A and B).

To experimentally validate the simulation results, we prepared 
polydopamine (PDA) nanoparticles as different-sized templates 
with well-defined diameter distribution (fig. S5, C and D) and incu-
bated these templates with AuNP (mean diameter, 9.2 nm). The 
resultant absorbance spectra after templated nanomaterial growth 
confirmed the simulation results. In the absence of target template 
(i.e., bare AuNP), a single resonance peak was formed near 540 nm; 
when reacted with templates of increasing size, an additional res-
onance peak emerged at 750 nm (fig. S5E). We thus defined the 
TPEX absorbance measurement (A) as the ratio of absorbance at 
750 and 540 nm and its difference (A) before and after gold growth 
to evaluate the formation of large templated nanoshell. We found 
that using different-sized AuNP (fig. S6, A to C), we could fine-tune 
the responsive range of TPEX absorbance against templates of dif-
ferent diameters (Fig. 2B). We thus chose the 9-nm AuNP for all 
subsequent TPEX measurements to match the responsive range to 
exosome diameter (30 to 150 nm), thereby maximizing exosome-
induced signals and minimizing background interference from other 
smaller biological entities.

We further validated the optimized TPEX absorbance analysis 
(A) with biological samples. Exosomes derived from human colo
rectal adenocarcinoma (DLD-1) were spiked into vesicle-depleted 
fetal bovine serum (dFBS) and subjected to the TPEX reaction (fig. 
S2). The corresponding absorbance analysis reflected good selectivity 

for exosomes. Specifically, A demonstrated a large increment only 
in the presence of exosomes and showed negligible changes for re-
actions in phosphate-buffered saline (PBS) (i.e., bare AuNP) and 
that in dFBS (i.e., free proteins) (Fig. 2C, left). A similar selectivity 
was observed for the resultant changes in a particle diameter, as de-
termined by dynamic light scattering analysis, before and after gold 
growth (Fig. 2C, right). We attribute this good specificity of TPEX 
to its assay design, which exploits multiple biophysical properties 
of vesicles in forming distinct plasmonic profile; the negatively 
charged vesicle membrane facilitates electrostatic binding of AuNP, 
and the vesicle itself acts as a scaffold for developing size-compatible 
gold nanoshell whose plasmonic properties are templated by the 
vesicle diameter (fig. S6, D and E). Leveraging the specificity of 
TPEX absorbance analysis, we evaluated the system for determining 
exosome concentrations. Exosomes derived from various cell origins 
(DLD-1, HCT116, MKN45, and SNU484; fig. S7, A to D) were di-
luted to different concentrations, quantified by gold standard nano
particle tracking analysis (NTA), before being spiked into dFBS. 
Across all spiked samples tested, TPEX absorbance analysis could 
directly determine exosome concentrations (fig. S7, E and F) and 
demonstrated a good correlation (R2 = 0.931) to the gold standard 
measurements (Fig. 2D).

Multiplexed fluorescence detection of exosomal markers
We next expanded the technology for multiplexed detection of exo-
some molecular markers. We used the plasmonic properties of the 
TPEX nanoshell to quench colocalized fluorescent probes. To eval-
uate the technology, we first prepared PDA nanoparticles of various 
sizes and attached fluorescent dyes [Alexa Fluor 647 (A647)] on the 
PDA surface. We subjected the nanoparticles to TPEX reactions 
(i.e., AuNP incubation and gold growth) and monitored changes in 
their fluorescence intensity (F) and absorbance signal (A) (Fig. 3A). 
Both analyses showed a similar trend and demonstrated a template 
size-responsive range that was optimized for exosome diameters.

We next applied the TPEX fluorescence analysis for exosomal 
marker evaluation. Using CD63, a tetraspanin membrane protein 
found abundant in and characteristic of most exosomes (5, 26), as a 
positive control target, we prepared two samples to evaluate the 
technology specificity: whole exosomes that contain CD63 (derived 
from DLD-1 cell line) and free CD63 proteins (Fig. 3B). We incu-
bated the samples with fluorescent aptamers (anti-CD63 and scram-
bled control) for TPEX measurements. Each aptamer was modified 
with three identical fluorescent molecules (fig. S8A) to enhance 
its signal performance (fig. S8, B and C). We also evaluated three 
different types of fluorescent dyes [i.e., fluorescein isothiocyanate 
(FITC), rhodamine B (RB), and A647], selected for their distinct 
excitation and emission profiles, to examine the effect of resonance 
spectral matching for TPEX analysis. Across all fluorescent dyes 
tested, TPEX showed significant signals only in the presence of exo-
somes and displayed negligible signals to free CD63 proteins. Ap-
tamers modified with A647, which has an emission peak (665 nm) 
most closely matched to the TPEX absorbance (750 nm), demon-
strated the largest signal difference (Fig. 3B). Consistent with a 
published report (27), these observations suggest that the TPEX 
fluorescence quenching is influenced by electron transfer at the gold 
nanoshell surface (i.e., distance effect) and spectral matching (i.e., 
plasmon and fluorescence).

Using different fluorescent aptamers, we developed a multiplexed 
TPEX analysis for simultaneous detection of exosomal markers in a 
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single test. Exosomes derived from human cancer cells (i.e., DLD-1 
and MKN45) were incubated with different fluorescent aptamers, 
either individually (singleplex) or as a mixture (multiplex), for 
TPEX measurements (Fig. 3C). The multiplex fluorescence spec-
trum agreed with the singleplex spectra and could accurately reveal 
marker expression profiles. In addition, this multiplexed TPEX as-
say could be adapted for protein measurements with fluorescent 
antibodies and expanded for in situ analysis of miRNAs in whole 
exosomes (fig. S9). We further determined the technology’s molecular 
detection sensitivity through a titration analysis (Fig. 3D). Exosome 
counts were measured through NTA. The measured TPEX response, 
as determined by CD63 aptamer analysis, correlated to exosome 
counts and established a limit of detection of ~1500 exosomes. This 

observed sensitivity was >103-fold better than that of enzyme-linked 
immunosorbent assay (ELISA) analysis.

In situ analysis in complex background
Next, we evaluated the TPEX platform to measure exosomal marker 
signatures against the complex biological background of native bio-
fluids (i.e., human serum). We prepared mock clinical samples by 
spiking exosomes, derived from various human lines (i.e., DLD-1, 
HCT116, MKN45, GLI36vIII, and PC9) into vesicle-depleted human 
serum. On the basis of published literatures (26, 28), we measured 
the expression of the following protein markers: exosome marker 
CD63 and putative cancer markers including CD24, epithelial cell 
adhesion molecule (EpCAM), and mucin 1 (MUC1). We performed 

Fig. 2. TPEX absorbance analysis. (A) Optical simulations with different-sized templates. On the basis of microscopy characterization of the formed TPEX nanostructures, 
we simulated the plasmonic resonance peaks of gold nanoshells developed on different-sized templates (left). For exosome-sized templates (30 to 150 nm; shaded red), 
the resultant plasmonic peaks locate predominantly at >600 nm. Red dotted line indicates the mean peak wavelength, formed from this range of template diameters, and 
locates to 750 nm. Electric field distributions at 750 nm were mapped for single AuNP (bare or particles associated with free proteins) and gold nanoshell (exosome-
templated), formed after gold growth (right). Ø indicates particle diameter after gold growth. The simulations confirmed that nanoshells templated to exosome dimension 
could generate a strong plasmonic resonance at 750 nm |E|, electric field norm. (B) Tuning of the TPEX responsive range to template diameter. We incubated differ-
ent-sized templates with AuNP of different diameters to form gold nanoshells. The TPEX absorbance measurement (A) is defined as the ratio of absorbance at 750 and 
540 nm and its difference (A) before and after gold growth. Using the 9-nm AuNP, the TPEX response range could be optimized to match exosome dimension, so as to 
maximize exosome-induced signals. (C) Experimental evaluation with biological samples. Exosomes derived from human colorectal adenocarcinoma (DLD-1) were spiked 
into vesicle-depleted fetal bovine serum (dFBS) and subjected to TPEX analysis with 9-nm AuNP. In all reactions, we measured the resultant absorbance (left) and diame-
ter changes (right). Diameter changes were performed through dynamic light scattering analysis. Only samples containing exosomes demonstrated a large signal increment, 
while reactions in phosphate-buffered saline (PBS) (i.e., bare AuNP) and that in dFBS (i.e., free proteins) showed negligible changes. (D) Correlation of TPEX absorbance 
analysis with exosome concentration. Exosomes derived from four cell lines (DLD-1, HTC116, MKN45, and SNU484) were counted through nanoparticle tracking analysis 
(NTA) and evaluated by the TPEX absorbance analysis. All measurements were performed in triplicate, and the data are displayed as means ± SD in (B) to (D). *P < 0.05 
and ***P < 0.0005, Student’s t test. NS, not significant; a.u., arbitrary units.
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TPEX analysis on the spiked samples through the miniaturized micro
fluidic system and smartphone detection platform (Fig. 1, C and D), 
which showed good performance correlation to commercial readers 
(fig. S10, A to C). For all serum-spiked samples, we also performed 
comparative analysis with conventional sandwich ELISA assays.

For each marker analyzed, when compared to the pure exosome 
signatures (obtained from the identical exosomes before spiking), 
the TPEX analysis showed a better concordance to reflect the ex-
pression trends across cell lines (Fig. 4A). Specifically, the TPEX 
analysis of the spiked samples showed a good correlation (R2 = 
0.9299; Fig. 4B, left) to the pure exosome signatures, while the ELISA 
measurements performed on the same spiked samples showed a 
significantly poorer correlation (R2 = 0.03211; Fig. 4B, right). We 
attribute this performance difference to TPEX’s multiselectivity 
(i.e., exosomal biophysical properties and biomarker compositions) 
in measuring exosomal markers directly against complex back-
ground. The ELISA analysis, however, is only marker sensitive and 

could be susceptible to free-floating forms of the target proteins 
[e.g., unbound proteins in human plasma (29)].

TPEX classification of clinical prognosis
To evaluate the clinical utility of TPEX, we lastly conducted a feasi-
bility study using patient ascites samples. We aimed at addressing 
the following questions: (i) if TPEX could be directly applied to 
clinical specimens for multiplexed measurements, (ii) the accuracy 
of TPEX in distinguishing exosomal targets, and (iii) if the TPEX 
signatures could differentiate additional clinical characteristics 
(e.g., prognosis). We obtained cancer ascites samples (n = 20; 
12 colorectal cancer and 8 gastric cancer) and used the miniaturized 
microfluidic and detector platform (Fig. 1, C and D) to perform 
multiplexed TPEX molecular analysis directly on these samples 
(1 l for each native sample) (Fig. 5A, top). As a comparison, we also 
performed conventional, singleplex ELISA analysis to measure total 
target proteins in all clinical samples (Fig. 5A, bottom). The TPEX 

Fig. 3. Multiplexed fluorescence analysis of exosome molecular markers. (A) TPEX fluorescence analysis. To evaluate whether TPEX nanoshell can be used to quench 
colocalized fluorescent probes, we prepared PDA nanoparticles as well-defined size templates and conjugated the particles with fluorescent dyes [Alexa Fluor 647 (A647)]. 
We treated the templates with TPEX reaction and measured the resultant changes in fluorescence (F; top) and absorbance (A; bottom). Both analyses showed a similar 
trend and demonstrated a template size-responsive range optimized for exosome diameters. (B) Assay specificity to exosome markers. We incubated whole exosomes 
(derived from DLD-1) that contain CD63 (top) and free CD63 (bottom) with fluorescent aptamers (anti-CD63 and scrambled control) for TPEX measurements. Only whole 
exosomes showed significant signals, while free CD63 samples demonstrated negligible signals. Of the different fluorescent dyes tested [fluorescein isothiocyanate 
(FITC), rhodamine B (RB), and A647], aptamers modified with A647 (emission of 665 nm, most closely matched to a TPEX absorbance of 750 nm) demonstrated the largest 
signal difference. (C) Multiplexed profiling of exosome markers. Exosomes were incubated with different fluorescent aptamers, either individually (singleplex) or as a 
mixture (multiplex), for TPEX analysis. The multiplex fluorescence spectrum agreed with the singleplex spectra (top) and showed accurate marker expression profiles 
across cell lines (bottom). (D) Molecular detection sensitivity. The limit of detection was determined by titrating a known quantity of exosomes and measuring their asso-
ciating TPEX signal for CD63. The detection limit of enzyme-linked immunosorbent assay (ELISA) was independently assessed on the basis of chemiluminescence. All 
measurements were performed in triplicate, and fluorescence analysis was normalized against respective sample-matched scrambled controls. The data are displayed as 
means ± SD in (A), (B), and (D). *P < 0.05, **P < 0.005, and ***P < 0.0005, Student’s t test.
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analysis (exosomal targets) showed different protein expression pro-
files to that measured by the ELISA analysis (total targets), consist
ent with published report (30). Across all clinical samples tested, 
the TPEX analysis of CD63 could reflect vesicle counts, as deter-
mined by gold standard NTA, while ELISA analysis of total CD63 
proteins showed a poor concordance to the counts (fig. S10, D to F).

Using individual patient survival data, as determined from 
the length of survival after ascites collection, we used the TPEX 
and ELISA measurements to develop regression scoring models 
for classification of disease prognosis. We validated these models 
using leave-one-out cross-validation and compared the perfor-
mance of these models (mix) and individual markers through 
receiver operating characteristic (ROC) curve analysis (Fig. 5, 
B and C). The TPEX model showed a higher accuracy in outcome 
classification, across both cancer types [area under curve (AUC), 
0.970; Fig. 5B], while the ELISA analysis of total target proteins 
showed a lower accuracy (AUC, 0.758; Fig. 5C). We attribute this 
improved TPEX performance to the following possibilities. Ascites 

contain target protein markers in different organizational states 
(e.g., exosome-bound and unbound). Recent studies have shown 
that these proteins are released through different mechanisms and 
play different roles in disease progression, suggesting the potential 
utility of exosomes as a more reflective indicator of disease aggres-
siveness and poor prognosis. Specifically, while free-floating mem-
brane proteins are generally released during cell death, exosomes 
are secreted during active tumor growth and carry multiple cargoes 
to promote metastasis (12, 13). TPEX’s ability to distinguish and 
measure these reflective vesicle indicators could thus facilitate better 
disease stratification.

DISCUSSION
Exosomes play an important role in mediating disease progression. 
Among other heterogeneous circulating factors found in bodily 
fluids, their orchestrated release by actively dividing cancer cells 
and functional activities in conditioning tumor microenvironment 

Fig. 4. Exosome analysis in complex background. (A) TPEX analysis of mock clinical samples. Samples were prepared by spiking exosomes, derived from six human 
lines into vesicle-depleted human serum. In these spiked samples, we measured exosome marker CD63 and putative cancer markers including CD24, EpCAM, and MUC1. 
All protein measurements of the spiked samples were performed by multiplex TPEX analysis on a microfluidic platform, as well as conventional singleplex sandwich ELISA. 
The analyses were compared against marker signatures of pure exosomes (obtained from exosomes before spiking). For each marker analyzed, the TPEX analysis showed 
a better concordance to reflect the expression trends across cell lines. (B) Correlation of TPEX measurements with pure exosome signatures. The TPEX detection showed 
a good correlation to the pure exosome analysis (left), while the conventional ELISA measurements performed on the same spiked samples showed a significantly poorer 
correlation (right). All measurements were performed in triplicate, against respective sample-matched scrambled controls. The data are assay-normalized and displayed 
as means in (A) and as means ± SD in (B).
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highlight the clinical potential of exosomes as a more reflective bio-
marker (12, 13). Despite these recent discoveries, direct and specific 
analysis of exosomes in native clinical specimens remains challeng-
ing because of limitations of existing analytical approaches (14). 
Specifically, exosomes are distinguished by unique biophysical and 
biomolecular properties; current detection of the exosome popula-
tion, however, relies primarily on either biophysical or biochemical 
characterization, performed in an independent or sequential man-
ner (16). This analysis not only tends to miss vesicle subpopulations 

but also fails to provide simultaneous, multiparametric analysis of 
vesicle biophysics and biomolecular composition.

To overcome these challenges, we developed the TPEX platform 
as a dedicated analytical platform for multiselective molecular profil-
ing of exosomes directly in clinical samples, through simultaneous 
and in situ evaluation of biophysical and biochemical compositions 
of the same vesicles. As compared to conventional analytical tech-
nologies, which enable univariate biophysical or biomolecular char-
acterization, TPEX is well suited for rapid and multiparametric 

Fig. 5. TPEX analysis of patient prognosis. (A) Analysis of protein markers in clinical cancer ascites (n = 20; 12 colorectal cancer and 8 gastric cancer) using multiplex 
TPEX for measurement of vesicle-associated target markers (top) and conventional singleplex ELISA for measurement of total target markers (bottom). TPEX analysis 
showed different protein expression profiles as compared to the ELISA analysis. (B and C) Receiver operating characteristic (ROC) curves of the TPEX (B) and ELISA (C) re-
gression models on ascites samples of colorectal cancer (left), gastric cancer (middle), and both cancer types (right). ROC curves were constructed using individual markers 
or a combination of the target markers (mix). The TPEX analysis showed a higher accuracy in prognosis classification across both cancers as compared to the ELISA assay. 
All measurements were performed in triplicate, against respective sample-matched scrambled controls. The data are assay-normalized and displayed as means in (A).
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analysis of exosomes (fig. S10G): (i) the assay design is multi-
selective, for exosome biophysical properties (e.g., membrane enve-
lope and characteristic dimensions) and colocalized biomolecular 
contents of the same vesicles; (ii) the technology can be adapted to 
measure diverse exosomal biomarkers (e.g., proteins and miRNAs) 
but remain unresponsive to nonvesicle, free molecules; and (iii) its 
implementation with the smartphone-based sensor not only en-
ables multimodal analysis (e.g., absorbance and fluorescence) but 
also streamlines the assay process to obviate any washing steps. The 
entire assay can be completed in as little as 15 min while requiring 
1 l of native sample. Using the developed technology, we demon-
strated that the TPEX platform could distinguish biomarker organi-
zational states (i.e., exosome-associated versus total biomarkers) 
and that the exosomal subpopulation of biomarkers could reveal 
improved correlations, previously masked by total measurements, 
to enable better patient stratification.

The scientific applications of the developed technology are po-
tentially broad. With its robust ability to differentiate biomarker 
organization in native clinical samples, the TPEX technology could 
be readily expanded to measure other molecules and modifications 
and investigate their incorporation and/or association with diverse 
vesicles. Since the nanoshell growth is templated by vesicle biophysics, 
its plasmonic properties could be tuned to measure other extracel-
lular vesicles of distinct sizes (e.g., oncosomes) (31) and molecular 
subtypes (e.g., derived from different cell origins) (3). Further tech-
nical improvements through incorporating other molecular probes 
(32) and advanced recognition mechanisms (33, 34) could enhance 
the analytical performance of the technology to measure even rare 
and complex molecular modifications. These studies will not only 
facilitate comprehensive vesicle characterization but also provide 
additional insights about compositional changes of secreted factors 
during disease progression.

The technology could also be developed and adapted for diverse 
clinical benefits. Specifically, the TPEX platform could be applied 
to find new biomarker signatures and refine existing clinical bio-
markers, through the incorporation of multiparametric analysis of 
biomarker organization, vesicle biophysics, and molecular compo-
sition (14). These developments will not only distinguish biomarker 
subpopulations but could also shed light on the biophysical and/or 
biochemical properties of the associated biomarkers, thereby pro-
viding a new avenue to establishing accurate composite signatures 
(35). For clinical translation, the developed technology and com-
posite signatures should be rigorously validated in large-scale clini-
cal studies, across a spectrum of diseases (e.g., cancers of different 
origins and molecular subtypes). The TPEX platform is well suited 
for clinical validation trials; it is fast, sensitive, and wash-free. With 
its demonstrated robustness in native patient specimens, the system 
could be applied to small volumes of clinical samples (e.g., ascites 
and serum) to enable rapid data collection and multiparametric 
biomarker evaluation. Further technical developments, through the 
incorporation of advanced microfluidics (36–38) and array-type 
sensor integration (35), could enable highly parallel processing and 
facilitate large-scale clinical validation.

METHODS
Cell culture
All human cancer cell lines were obtained from American Type 
Culture Collection. DLD-1, HCT116, and GLI36vIII were grown in 

Dulbecco’s modified Eagle’s medium (HyClone) supplemented 
with 10% FBS (Gibco) and 1% penicillin-streptomycin (Gibco). 
MKN45, SNU484, and PC9 were cultured in RPMI 1640 medium 
wmycin. All cell lines were tested and free of mycoplasma contami-
nation (MycoAlert Mycoplasma Detection Kit, Lonza, LT07-418).

Exosome isolation and quantification
Cells at passages 1 to 15 were cultured in vesicle-depleted medium 
(containing 5% dFBS) for 48 hours before vesicle collection. All me-
dia containing extracellular vesicles were filtered through a 0.2-m 
membrane filter (Millipore), isolated by differential centrifugation 
(first at 10,000g and subsequently at 100,000g). For independent 
quantification of vesicle concentration, we used the NTA system 
(NS300, NanoSight). Vesicle concentrations were adjusted to obtain 
~50 vesicles in the field of view to achieve optimal counting. All 
NTA measurements were performed with identical system settings 
for consistency.

Synthesis and characterization of AuNP
All chemicals used for synthesis and modification were purchased 
from Sigma-Aldrich, unless otherwise stated. AuNP were prepared by 
a sodium citrate approach (39). Briefly, different-sized AuNP were 
synthesized by varying the amount of sodium citrate in the reaction. 
In a typical synthesis, to prepare AuNP with a diameter of 9 nm, 50 ml 
of sodium citrate tribasic dehydrate (0.6 mg/ml) was heated to boil. 
Subsequently, 250 l of gold(III) chloride trihydrate (HAuCl4·3H2O; 
20 mg/ml) was quickly injected into the boiling solution and reacted 
for 30 min to produce AuNP. After cooling to room temperature, 
9 ml of the prepared solution was mixed with 1 ml of polyethylenimine 
(PEI; 10% in water) to replace the surface ligand on AuNP. The 
PEI-coated AuNP were then centrifuged at 20,000g for 1 hour to 
remove excess reactants and resuspended and kept at 4°C for future 
use. For AuNP characterization, we measured particle core diameters 
with TEM (JEOL 2010F). Hydrodynamic diameter and zeta poten-
tial of AuNP were determined with Zetasizer Nano ZS instrument 
(Malvern). Measurement runs (3 × 14) were performed. Z-average 
diameter and polydispersity were analyzed. For every measure-
ment, the autocorrelation function and polydispersity index were 
monitored to ensure sample quality for size determination. Optical 
absorbance of AuNP was measured spectroscopically (Tecan).

Synthesis and characterization of PDA particles
To prepare different-sized PDA nanoparticles as target templates, 
1 ml of dopamine hydrochloride (0.5 mg/ml in water) was mixed 
with a varying volume of sodium hydroxide solution (4 mg/ml; 
volume varied from 1 to 50 l). The mixture was incubated at 25°C 
under stirring condition for 12 hours to produce PDA particles with 
well-defined diameters. All particles were stored at 4°C for sub-
sequent use. Particle size distribution was determined by dynamic 
light scattering analysis, as described above. To label PDA particles 
with respective fluorophores (e.g., FITC, RB, and A647), fluorescent 
dyes dissolved in dimethyl sulfoxide were added to the PDA solu-
tion (0.5 mg/ml). The mixture was incubated at 25°C for 12 hours, 
before sample purification. Fluorescence intensity was measured 
through a microplate reader (Tecan).

Preparation of fluorescent aptamers
DNA sequences, modified with a primary amine group at the 3′ end, 
were purchased from Integrated DNA Technologies and dissolved 
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in water to a final concentration of 10 M. Sequences include CD63 
(CACCCCACCTCGCTCCCGTGACACTAATGCTA), CD24 
(TATGTGGGTGGGTGGGCGGTTATGCTGAGTCAG-
CCTTGCT), EpCAM (CACTACAGAGGTTGCGTCTGTC-
CCACGTTGTCATGGGGGGTTGGCCTG), and MUC1 (GCA 
GTTGATCCTTTGGATACCCTGG). To enhance the fluorescence 
performance of the aptamers, we labeled a single aptamer sequence 
with three fluorescent molecules. Specifically, 100 l of aptamer 
solution was reacted with 10 l of N,N-methylenebisacrylamide 
(1 mM) for 12 hours at 37°C to produce acrylated aptamer. This 
purified reaction was added to an excess of four-arm poly(ethylene 
glycol) with free amines (4 arm–PEG2K-NH2; molecular weight, 
2000; 100 M, 40 l) for 12 hours at 37°C. Last, fluorescent dyes 
(e.g., A647) were conjugated to the free amines on the PEGylated 
aptamers. After each reaction step, the modified aptamers were pu-
rified by a centrifugal filter (Amicon; molecular cutoff, 3000) to re-
move excess reactants. Purified fluorescent aptamers were kept at 
−20°C for future use.

Optical simulation
Full three-dimensional (3D) finite-difference time-domain (FDTD) 
simulations were performed using a commercial software package 
(FDTD Solutions, Lumerical). On the basis of TEM analysis of the 
formed nanostructures, the exosome-templated gold nanoshell was 
modeled as a core-shell structure, with a dielectric core of refractive 
index of 1.4 (40), surrounded by a 9-nm-thick gold shell. The com-
plex dielectric constants for gold were obtained from reference (41). 
In simulating the field distribution of AuNP bound to free proteins, 
as experimentally characterized with dFBS, AuNP with a final dia
meter of 14 nm after growth was modeled to attach to a 3-nm pro-
tein. A uniform mesh of 2 nm was applied in all directions. In all 
simulations, the formed gold nanostructures were illuminated with 
a plane wave from the top, and the transmitted (absorbance) spec-
trum was recorded at the bottom. We used the simulated electric 
field distribution and absorbance spectra to identify the correspond-
ing resonance peaks of nanostructures templated by exosomes and 
free proteins, respectively.

TPEX absorbance assay
To experimentally evaluate and validate the optical simulations, we 
first performed the TPEX assay on PDA nanoparticles of different 
diameters. We used these PDA nanoparticles as target templates 
with well-defined size distribution. Briefly, we incubated 5 l of 
PDA solution with 5 l of AuNP solution for 15 min at room tem-
perature to enable self-assembly of AuNP on PDA surface. Without 
any purification, we added to this reaction a mixture containing 10 l 
of hydrogen peroxide (3%), 35 l of PBS buffer, and 40 l of gold 
salt (HAuCl4·3H2O; 1 mg/ml). We incubated the reaction for 15 min 
to enable templated in situ gold growth. Absorbance spectra were 
recorded before and after gold growth to compare the experimental 
results against that of the simulations. To investigate the effect of 
AuNP diameter in tuning the TPEX absorbance response, we incu-
bated the PDA nanoparticles with different-sized AuNP, before 
subjecting the reactions to gold growth. We chose the 9-nm AuNP 
for all subsequent TPEX measurements, so as to match and maximize 
the TPEX responsive range to published exosome diameter. We fur-
ther applied this optimized TPEX assay on biological samples. We 
prepared extracellular vesicles and dFBS through differential cen-
trifugation, as described above. All samples were characterized by 

NTA and dynamic light scattering analysis. Biological samples were 
treated with AuNP and subjected to gold growth, as described above 
in the PDA reactions. Corresponding absorbance spectra, before 
and after gold growth, were measured spectroscopically.

TPEX fluorescence assay
For detection of molecular markers, we developed the TPEX fluo-
rescence assay. We optimized the assay with fluorescent anti-CD63 
aptamers. Using exosomes isolated from cell lines and free CD63 
proteins (Proteintech), we incubated these samples with 0.5 l of 
fluorescent aptamer (10 M) for 30 min. Subsequently, 5 l of 
AuNP (9 nm) was added to this reaction and incubated for 15 min. 
Without any purification, we added 10 l of hydrogen peroxide 
(3%), 35 l of PBS buffer, and 40 l of gold salt (HAuCl4·3H2O; 
1 mg/ml) to this reaction, as described above. For multiplexed fluo-
rescence detection, different fluorescent aptamers were added to 
the sample and incubated simultaneously before AuNP incubation. 
For all TPEX fluorescence measurements, we included a sample-
matched control, which was incubated with scrambled aptamers. 
Fluorescence intensities, before and after the TPEX reactions, were 
measured.

TPEX analysis
On the basis of optical simulation and experimental validation, we 
defined the TPEX absorbance and fluorescence measurements as 
follows:

	​ A = ​ A​ after​​ − ​A​ before​​​	

where Aafter is the TPEX absorbance signal (A) after AuNP incuba-
tion and gold growth and Abefore is the TPEX absorbance signal (A) 
after AuNP incubation but before gold growth.

	​ A = ​ A​ 750​​ / ​A​ 540​​​	

where A750 and A540 are absorbance intensities at a wavelength of 750 
and 540 nm, respectively.

	​ F = 1 − ​F​ sample​​ / ​F​ control​​​	

where Fsample  is the fluorescence intensity of the sample, incubated 
with target probe of distinct emission spectrum, after gold growth, 
and Fcontrol is the fluorescence intensity of sample-matched control, 
incubated with scrambled fluorescent probe, after gold growth.

TPEX antibody and miRNA detection
For TPEX measurement with antibodies, we isolated exosomes 
from various cell lines and incubated the samples with fluorescent 
antibodies (anti-CD63, BD Biosciences, and anti-CD24, eBioscience; 
1 g/ml). Without any purification, we added AuNP and gold salt 
mixture to this reaction, as described above, and measured the re-
sultant changes in fluorescence. All measurements were compared 
against gold standard ELISA analysis using the same antibodies (see 
below for details).

For TPEX miRNA detection, whole exosomes were subjected to 
additional fixation and permeabilization (BD Biosciences), before 
being labeled with fluorescent DNA probes against miRNA targets 
(Integrated DNA Technologies; 10 M). Without any purification, 
we added AuNP and gold salt mixture to this reaction, as described 
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above, and measured the resultant changes in fluorescence. All 
measurements were compared against gold standard TaqMan assays 
(Thermo Fisher Scientific) through polymerase chain reaction (Applied 
Biosystems).

Microfluidic device fabrication
A prototype microfluidic device comprising three regions (fig. S4A) 
was fabricated through standard soft lithography. Briefly, 50-m-
thick cast molds were patterned with SU-8 photoresist and silicon 
wafers using a cleanroom mask aligner (SUSS MicroTec) and devel-
oped after ultraviolet (UV) exposure. Polydimethylsiloxane (PDMS; 
Dow Corning) and cross-linker were mixed at a ratio of 10:1 and 
casted on the SU-8 mold. The polymer was first cured at 75°C for 
30 min. Then, multiple nylon screws and hex nuts (RS Components) 
were positioned on the PDMS film over their respective channels 
and embedded in the PDMS, before a final curing step.

Microfluidic TPEX assay
Operation steps of the microfluidic assay are illustrated in fig. S4B. 
In a typical procedure, 1 l of biological sample and 0.3 l of fluo-
rescent aptamer solution (10 M) were loaded into the microchannel 
through inlet 1 and inlet 2, respectively. This solution was mixed 
thoroughly in the serpentine channel to facilitate aptamer labeling 
of exosomal membrane biomarkers. A mixture containing 1 l of 
AuNP, 2 l of hydrogen peroxide (3%), and 8 l of PBS buffer, pre-
loaded at inlet 3, was introduced to the reaction and allowed to mix 
for 5 min in the microchannel at a flow rate of 2 l/min. Last, 7 l of 
gold salt (HAuCl4·3H2O; 1 mg/ml), preloaded at inlet 4, was added 
to the reaction and allowed to mix for 3 min in the microchannel. The 
resultant fluorescence intensity was recorded through a smartphone-​
based optical sensor.

Smartphone-based sensor
To enable smartphone analysis of the microfluidic TPEX assay, we 
developed a sensor that comprised four components (Fig. 1C): a 
3D-printed optical cage, a three-color LED source, three optical filters, 
and a magnification lens. The optical cage was fabricated from a 
UV-curable resin (HTM 140) using a desktop 3D printer (EnvisionTEC, 
Aureus). The LED light source (Chaoziran S&T) was customized with 
three LED diodes, with central wavelengths at 365, 540, and 750 nm, 
respectively (fig. S10A). Three bandpass filters with center wave-
lengths of 520, 590, and 665 nm were used for measurements of 
FITC, RB, and A647, respectively. The magnification lens (Thorlabs, 
LA4280) was placed before the smartphone camera to improve the 
image quality. The assembled system measured 45 mm (width) by 
45 mm (length) by 50 mm (height) in dimension and was equipped 
with two sliding slots for quick attachment to smartphones (Apple). 
Sensor performance was evaluated against a commercial microplate 
reader (Tecan) for different fluorescent dyes and intensities (fig. S10C).

Western blotting
Exosomes isolated by ultracentrifugation were lysed in radioimmuno
precipitation assay buffer containing protease inhibitors (Thermo 
Fisher Scientific) and quantified using bicinchoninic acid assay 
(Thermo Fisher Scientific). Protein lysates were resolved by SDS–
polyacrylamide gel electrophoresis, transferred onto polyvinylidene 
fluoride membrane (Invitrogen), and immunoblotted with anti-
bodies against protein markers: CD63 (Invitrogen), Alix (Cell Signal-
ing Technology), HSP70 (BioLegend), LAMP-1 (BD Biosciences), 

Flotillin 1 (BD Biosciences), and TSG101 (BD Biosciences). Follow-
ing incubation with horseradish peroxidase–conjugated secondary 
antibody (Cell Signaling Technology), enhanced chemiluminescence 
was used for immunodetection (Thermo Fisher Scientific).

Enzyme-linked immunosorbent assay
Capture antibodies (5 g/ml) were adsorbed onto ELISA plates 
(Thermo Fisher Scientific) and blocked in PBS containing 1% bovine 
serum albumin before incubation with samples. After washing with 
PBS with 0.05% Tween 20, detection antibodies (1 g/ml) were added 
and incubated for 2 hours at room temperature. Following incuba-
tion with horseradish peroxidase–conjugated secondary antibody 
(Thermo Fisher Scientific) and chemiluminescent substrate (Ther-
mo Fisher Scientific), chemiluminescence intensity was determined 
(Tecan).

Transmission electron microscopy
Sample solutions were directly deposited onto the surface of formvar-
carbon film-coated copper grid (Latech). Dried samples were imaged 
with a transmission electron microscope (JEOL 2010F).

Clinical measurements
The study was approved by the National University Hospital 
(2016/01088) and SingHealth (2015/2479) Institutional Review 
Boards (IRBs). All individuals were recruited according to IRB-
approved protocols after obtaining informed consent. Ascites sam-
ples were collected from patients with colorectal cancer and gastric 
cancer, centrifuged at 500g for 10 min, and filtered through a 0.2-m 
membrane filter (Millipore). All samples were deidentified and 
stored at −80°C before TPEX measurements.

For clinical TPEX analysis, ascites samples were used directly. 
We incubated the ascites samples with fluorescent aptamers against 
different biomarkers and subjected the samples to TPEX reactions 
(i.e., AuNP incubation and in situ gold growth). For all TPEX mea-
surements, we included a patient sample-matched, scrambled con-
trol. TPEX analysis was performed relative to this control to account 
for nonspecific binding of aptamers. Clinical evaluation of patient 
characteristics was determined independently. Specifically, patient 
prognosis was determined by the overall survival from the time of 
collection of ascites. Patients were deemed to have a good prognosis 
when the overall survival was more than 10 months. Conversely, 
patients were determined to have a poor prognosis if the overall 
survival was less than 5 months. All TPEX measurements were per-
formed blinded from these clinical evaluations.

Statistical analysis
All measurements were performed in triplicate, and the data were 
displayed as means ± SD. Significance tests were performed via a 
two-tailed Student’s t test. For intersample comparisons, multiple 
pairs of samples were each tested, and the resulting P values were 
adjusted for multiple hypothesis testing using Bonferroni correction. 
An adjusted P < 0.05 was determined as significant. Correlation 
analysis was performed with linear regression to determine the 
goodness of fit (R2). For clinical analysis, we used the TPEX and 
ELISA measurements to develop multiple linear regression scoring 
models for the classification of disease prognosis. To avoid over-
fitting and evaluate performance, we conducted leave-one-out cross-
validation. For a single marker, ROC curves were determined from 
the marker expression. For multimarker analysis, ROC curves were 
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plotted on the basis of the regression scorings. Statistical analyses 
were performed using R (v.3.5.0) and GraphPad Prism (v.7.0c).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/19/eaba2556/DC1

View/request a protocol for this paper from Bio-protocol.
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