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ABSTRACT

Exosomes, nanosized extracellular vesicles containing biomolecular cargo, are increasingly
recognized as promising non-invasive biomarkers for cancer diagnosis, particularly for their
role in carrying tumor-specific molecular information. Traditional methods for exosome
detection face challenges of complexity, time consumption, and the need for sophisticated
equipment. This study addresses these challenges by introducing a novel droplet microfluidic
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platform integrated with a surface-enhanced Raman spectroscopy (SERS)-based aptasensor for
the rapid and sensitive detection of HER2-positive exosomes from breast cancer cells. Our
approach utilized an on-chip salt-induced gold nanoparticles (GNPs) aggregation process in the
presence of HER2 aptamers and HER2-positive exosomes, enhancing the hot spot-based SERS
signal amplification. This platform achieved a LOD of 4.5 logio particles/mL with a sample-to-
result time of 5 minutes per sample. Moreover, this platform has been successfully applied for
HER?2 status testing in clinical samples to distinguish HER2-positive breast cancer patients
from HER2-negative breast cancer patients. High sensitivity, specificity, and the potential for
high-throughput screening of specific tumor exosomes make this SERS-based droplet system a

potential liquid biopsy technology for early cancer diagnosis.

Exosomes are 30-200 nm phospholipid vesicles containing DNA, RNA, lipids,
metabolites, and proteins.! Exosomes are usually secreted by various of cells and present in
most body fluids, including blood, urine, saliva, and breast milk, playing a crucial role in
physiological and pathological processes.? Recent studies have shown that exosomes contain
tumor-specific molecular information and have important roles in regulating the tumor
microenvironment and tumor metastasis.>* For example, exosomes derived from breast cancer
cells in blood plasma exhibit overexpressed human epidermal growth factor 2 (HER2), which
promotes tumor cell proliferation and accelerates disease progression.>® Their abundance, easy
accessibility, and high stability in body fluids make exosomes ideal non-invasive biomarkers
for cancer diagnosis in liquid biopsy.’® However, traditional exosome detection methods such
as mass spectrometry,® enzyme-linked immunosorbent assay (ELISA),X!! and flow
cytometry? require complex and time-consuming procedures and sophisticated equipment,
limiting the feasibility of exosome detection for clinical use. Thus, there is an urgent need to
develop rapid, high-performance, and convenient detection methods for tumor-specific
ex0somes.

Over the past decade, numerous biosensing techniques, including fluorescence,***
colorimetric,® electrochemical,®'’, and field effect transistor (FET),!® have been utilized for
rapid and sensitive detection of exosomes. Among them, surface-enhanced Raman scattering
(SERS) has emerged as a promising tool due to its high sensitivity and fingerprint
characteristics.'>?° SERS offers inherent advantages over fluorescence, including minimal
photobleaching effects, broad excitation wavelength range, and multiplexing detection
capability.? Typically, the SERS-based detection method for exosomes can be categorized into
label-free and labelling approaches. While label-free approaches may lack sensitivity,>23

2



labelling with plasmonic nanoparticles co-functionalized with Raman reporters and bioactive
layers (e.g., antibodies and aptamers) can enhance signals but require additional labelling
procedures for SERS substrates, limiting their applicability for large-scale screening.?425
Nevertheless, SERS instrumentation, often involving sophisticated laser sources and
spectrometers, can be bulky, expensive, and require specialized training, which may restrict its
use in resource-limited point-of-care (POC) settings.?” Therefore, developing a portable and
user-friendly SERS platform with simplified sample preparation techniques remains
challenging in exosome detection.

Droplet-based microfluidics as a subcategory of microfluidics offers several advantages
over traditional microfluidics, providing uniform, controllable, and ultra-small droplets with
rapid generation.? These droplets act as individual microreactors, ensuring a contamination-
free and interfering-free environment for sensitive biological reactions and minimizing sample
dilution and loss, thus increasing detection accuracy.?® The high-throughput nature of droplet
microfluidics facilitates rapid screening and analysis of numerous individual samples, which is
essential for clinical diagnostics.® Integrating droplet microfluidics with fingerprinted SERS
enables reproducible, highly sensitive, and scalable detection of exosomes, making this
approach a powerful tool for early cancer diagnosis.®! Labeled SERS-based microdroplet
systems have been used to enhance the performance of aptamer and antibody-based
immunoassays.>*° However, all these studies require off-chip modification steps for SERS
nanotags. These additional steps lead to significant reagent consumption and labor-intensive
procedures, making them unsuitable for high-throughput and point-of-care (POC) diagnostics.
Furthermore, to our knowledge, SERS-based microdroplet platforms have not yet been
extended to exosome detection.

Herein, we developed a SERS-based droplet microfluidic platform based on on-chip
salt-induced gold nanoparticle (GNP) aggregation and Raman tags labelling processes for
detection of HER2-positive exosomes of breast tumor cells. Initially, individual droplets were
generated containing exosomes, aptamers, and gold nanoparticles (GNPs) and then injected
with salt/Raman tags. In the absence of target exosomes, the aptamer layer covered on the
surface of GNPs could prevent the aggregation of GNPs in high-salt conditions, resulting in no
change of SERS signal. In the presence of target exosomes, the HER2 aptamers will detach
from GNPs due to higher affinity between aptamers and target exosomes, leading to GNP
aggregation under high-salt conditions with SERS signal enhancement due to hot spots
generation. By monitoring the change of SERS signals, we can sensitively and specifically
detect Her2-positive exosomes derived from breast tumor cells with a LOD of 4.5 logio
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particles/mL in biomimetic samples. Moreover, the diagnostics ability of this platform was also
demonstrated in the plasma clinical samples of breast cancer patients for potential clinical
applications. To the best of our knowledge, this is the first study that uses a simple SERS-based
microdroplet platform with on-chip salt-induced GNP aggregation process and hot spot-based

signal amplification for quantitative tumor exosome detection.

RESULTS AND DISCUSSION

Mechanism of SERS-based Droplet Microfluidic Platform for Detection of HER2-Positive
Tumor Exosomes. The droplet-based microfluidic platform integrated with the SERS
aptasensor consists of four main parts: the droplet generator, the salt/Raman tags microinjection
section, the mixing section, and the SERS signal observation section (Figure 1). The first step
was to inject a mixture of gold nanoparticles (GNPs), exosomes (Exo), and HER2 aptamers
into the sample inlet, after which they were encapsulated within individual droplets at the
droplet generation junction. Depending on the presence or absence of target exosomes, the
droplets were classified as either target droplets (containing HER2-positive exosomes) or non-
target droplets (lacking HERZ2-positive exosomes). In target droplets, HER2 aptamers
specifically bind to the targeted HER2-positive transmembrane biomarker on the exosome
surface, leaving the GNPs unprotected. But in non-target droplets, HER2 aptamers are absorbed
on the surface of GNPs, acting as a protective layer to prevent the aggregaton of GNPs.
Subsequently, the salt/Raman tags solution is injected into each droplet by a microelectrode-
based injection unit in the microinjection section. Typically, in non-target droplets, the GNPs
remain unaggregated due to the protective aptamer layer that ensures electrostatic repulsion.
However, in the target droplets containing HER2-positive exosomes, the unprotected GNPs
will aggregate together with the Raman tags after the injection of salt solution in the droplets,
resulting in hot spot-enhanced SERS signals. The SERS signals of each droplet are then be
measured when the droplets pass through the SERS detection zone under a 785 nm laser. By
analyzing the SERS signals of each droplet, the target droplets with HER2-positive exosomes

can be identified with enhanced SERS signals.
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Figure 1. lllustration of the process of SERS-based droplet microfluidic platform for

detecting HER2-positive tumor exosomes.

Characterization of Exosomes and GNPs

Three breast tumor cell lines of SKBR3, MCF-7, and MDA-MB-231 were used in the
experiments, where SKBR3 represents HER2-positive breast tumor, and MCF-7, and MDA-
MB-231 represent HER2-negative breast tumor. The morphology of exosomes from all three
breast tumor cell lines showed membrane-bound structures with diameters of 130 nm, 163 nm,
and 198 nm by TEM imaging, respectively (Figure 2a). The concentration and size distribution
of exosomes were measured by a nanoparticle tracking analysis (NTA) system, and the results
showed that the average particle size of exosomes from the three cell lines ranged from 100 nm
to 200 nm, and the concentration was approximately 10.2 logio particles/mL (Figure 2b). The
membrane protein expression of exosomes was then explored using Western blotting. As shown
in Figure 2c, SKBR3 cell-derived exosomes have significantly high levels of HER2 expression,
which lays the foundation for the specific detection of exosomes using HER2 aptamers.
Moreover, CD63 is the common exosome biomarker on the surface of all three types of
exosomes, while HER2 and CD44 are overexpressed explicitly on the surface of SKBR3
exosomes and MDA-MB-231 exosomes, respectively. These findings were consistent with the

other studies.® 3 GNPs were synthesized using a seed-mediated method according to previous



protocols.®” TEM analysis confirmed that the GNPs had a good round shape with an average
size around 15 nm (Figure 2d). After aptamer absorption, the size of GNP slightly increased
from 15.5 nm to 17.5 nm (Figure S1) and GNP/HER2 aptamer complex showed an absorption
peak at 260 nm, indicating the binding of aptamers on the GNP surface (Figure 2e). After the
addition of HER2-expressed SKBR3 exosomes, an obvious decrease in the absorption peak at
260 nm of GNP/HER2 aptamer complex was observed, suggesting the detachment of HER2
aptamers from the GNP surface due to the specific binding interaction with target exosomes
(Figure 2e). Dynamic light scattering (DLS) measurement also revealed a slight decrease in the
hydrodynamic size of the GNP/HER2 aptamer complex, from 18 nm to 15.5 nm, which is
similar to the size of bare GNPs (Figure 2f). Zeta potential measurement was used to
characterize the surface charge screening phenomenon of GNPs before and after the salting
process. The Zeta potentials of bare GNPs significantly increased from -26 mV to -10 mV under
high concentrations of salt, which had the potential to diminish the electrostatic repulsion

between GNPs, leading to their aggregation (Figure S2).
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Figure 2. (a) Negative staining TEM images of cancer cell-derived exosomes from
SKBR3, MCF-7, and MDA-MB-231 cell lines. (b) The size distribution of SKBR3 Exo,
MCF-7 Exo, and MDA-MB-231 Exo was obtained by NTA. (c) Western blotting analysis
of CD63, HER2, and CD44 proteins from the SKBR3 Exo, MCF-7 Exo, and MDA-MB-
231 Exo. (d) TEM images of isolated bare GNPs. UV-vis absorbance spectra (e) and
DLS measurement (f) of GNP, GNP/HER2 aptamer compex, and GNP/HER2 aptamer

compex isolated after mixing with SKBR3 Exo. The absorption peak at 260 nm indicated
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the aptamer absorption. All samples are washed 3 times to remove the excessive HER2

aptamers.

SERS-based Aptasensor for Detection of HER2-positive Exosomes

We hypothesized that the aggregation of GNPs would generate strong and increased plasmonic
hot spots, thereby enhancing the SERS intensity of Raman tags due to the enhancement factor
Miotal being sensitive to the local field strength within the hot spots.®® To prove our hypothesis,
5, 5'-dithiobis (2-nitrobenzoic acid) (DTNB, 2 uL, 3 pM) was used as Raman tags to maximize
the SERS signal contrast pre- and post-GNP aggregation. During the salting process, DTNB
molecules were incorporated into the vacancies on the GNP surface. In the presence of target
exosomes, the high-affinity interaction between aptamer and exosomes initiated salt-induced
GNP aggregation, positioning Raman tags between plasmonic nanostructures and fostering the
formation of more robust and increased hot spots, thereby amplifying SERS signals. Figure 3a
illustrates a significant increase in the overall SERS spectra of this aptasensor upon salt and
Raman labelling in the presence of SKBR3 exosomes, indicating the successful recognition of
HER2-positive exosomes and consequent salt-induced GNP aggregation. The colorimetric
measurement also showed a visible color change of GNPs from red to blue in the presence of
SKBR3 exosomes, indicating the aggregation of GNPs (Figure S3). The peak of DTNB in the
SERS spectrum is most prominent at 1339 cm™, which was selected as the characteristic peak
for signal readout due to the symmetric stretching of the nitro group.*

Then, we investigated the sensitivity of the SERS-based aptasensor for HER2-positive
exosomes. Figure 3b shows that the DTNB peak intensity increased as the concentration of
SKBR3 exosomes increased from 3.5 logio particles/mL to 7.5 logio particles/mL. Based on the
control signal plus three times the noise signal, the LOD of the SERS-based aptasensor was
calculated to be 4.76 logo particles/mL (Figure 3c). To test the specificity of this SERS-based
aptasensor, we evaluated non-cancerous and HER2-negative exosomes as controls using
different aptamers (e.g., CD63, HER2, and CD44 aptamers) (Table S1). When detecting
SKBR3 exosomes, the DTNB-peak intensity of the aptasensor dramatically increased using
CD63 and HER2 aptamers (Figure 3d, top). Conversely, when detecting non-cancerous
exosomes, representative of exosomes from normal cells, the vigorous DTNB-peak intensity of
the aptasensor was only observed using CD63 aptamers (Figure 3d, bottom). Interestingly, this
aptasensor demonstrated strong SERS signals when detecting MDA-MB-231 exosomes with
both CD63 and CD44 aptamers, whereas MCF-7 exosomes showed positive signals exclusively
with CD63 aptamers (Figure S4). The concentration-dependent effects for detecting different

exosomes were respectively investigated with increasing exosome concentrations from 3.5 to
7



7.5 loguo particles/mL using CD63, HER2, and CD44 aptamers (Figure S5). These findings not
only underscored the high specificity of our SERS-based aptasensor for detecting SKBR3
exosomes but also demonstrated its versatility in adapting to various biomarkers for broader
diagnostic applications.

To explain the improvement in detection sensitivity, we investigated GNP aggregation
using TEM and the Finite-Difference Time-Domain (FDTD) method. TEM confirmed GNP
aggregation, while FDTD simulations revealed that larger aggregates formed more plasmonic
hot spots and significantly increased Raman enhancement factors due to interparticle coupling
(Figure 3e). We calculated the average Raman enhancement factor for monomers, trimers, and
pentamers as 21, 158, and 256, respectively (Figure S6). The results indicated that increased
GNP aggregation led to more efficient light confinement and higher Raman signal enhancement,
demonstrating the exceptional sensitivity of our SERS-based aptasensor for the detection of

HER2-positive exosomes.
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Figure 3. The SERS-based aptasensor for SKBR3 exosome detection using 5,5'-dithiobis
(2-nitrobenzoic acid) (DNTB) as Raman tags. (a) The whole SERS spectra of the
aptasensor in the presence of SKBR3 exosomes containing additional salt/DNTB. (b)
The DTNB characteristic peak intensity at 1339 cm™ of the aptasensor with increasing
concentration of SKBR3 exosome from 3.5 to 7.5 logio particle/mL. (c) Linearity
evaluation of DTNB-peak intensity versus the concentration of SKBR3 exosome. (d)
Selectivity study of the SERS-based aptasensor for SKBR3 exosome. The DTNB-peak
intensity of the aptasensor for the detection of SKBR3 exosomes (top) and non-cancerous
exosomes (bottom) using CD63, HER2, and CD44 aptamers, respectively. (e) TEM
images of aggregated GNPs incubated with HER2 aptamer and SKBR3 exosome (Left).
The corresponding Finite-Difference Time-Domain (FDTD) SERS enhancement

simulation of GNP. The nanoparticle radius is set as 10 nm (Right).
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Establishment and Optimization of the SERS-based Droplet Microfluidic Platform

To enhance sensitivity and throughput, we further integrated our SERS-based aptasensor with
a droplet-based microfluidic platform to achieve automated, sensitive, and high-throughput
detection of tumor exosomes. The fabrication of the droplet-based microfluidic platform
adhered to the methodology outlined in our prior investigation.? The chip design encompassed
four primary elements: a droplet generator, an electrode-induced microinjection zone, a curved
mixing channel, and a droplet detection zone (Figure 4a). Typically, water-based single droplets
containing aptamers, exosomes, and GNPs were generated at a water/oil flow-focusing junction
(Figure S7), going through an injection zone where the Raman reporter DTNB and salt solution
at fixed concentrations were injected with the assistance of an applied electric field (Figure 4b).
The droplets then entered a curved mixing channel, inducing vortex flow that facilitated mixing
for subsequent SERS signal measurement in the droplet detection zone. Based on the 785 nm
laser-induced SERS detection system, HER2-positive tumor exosomes could be sensitively and
rapidly detected within the droplet.

To confirm the effective encapsulation of exosomes within individual droplets, we
utilized DiD Cell-Labeling dye for fluorescent labeling and observed the fluorescence signal
within the droplets. Figure 4c showed that the fluorescence signals of the stained exosomes
colocalized within the droplets, confirming successful encapsulation. We also examined the
correlation between injection channel pressure and droplet volume to ensure the precise and
stable injection of Raman tags and salt solution. It was observed that the droplet volume
increased linearly with the increase of the jet channel pressure, particularly from 202.2 mbar to
204.9 mbar, which resulted in an increase in the droplet diameter from 49.3 to 58.5 um (Figure
4d). The collected microdroplets exhibited uniform spherical size with <2% variation in radius,
indicating high reproducibility of the droplet-based microfluidic channel. The injection
concentration of the salt/Raman tag mixture was optimized to 0.5 M NaCl and 1mM DTNB at
an injection channel pressure of 204.25 mbar, maximizing the SERS signal intensity of the
droplets containing SKBR3 exo at 7 logio particles/mL (Figure 4e). The concentration of NaCl
and DTNB in each droplet was calculated to be 140 mM and 285 pM, respectively. This
optimization demonstrated the capability of our platform to precisely control injection and fine-

tune the Raman tag/salt solution concentrations in each droplet.
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Figure 4. Establishment and optimization of the SERS-based microdroplet platform. (a)

The structure and principle of the droplet based microfluidic chip integrated with SERS-

based aptasensor for exosome detection. The optical microscope images show the

detection zone with a focused LASER spot and the other parts of the droplet-based

microfluidic chip, including (1) Droplet generation zone, (2) Salt/Raman tags injection

zone, and (3) Mixing zone. (b) The electrode-assisted salt/Raman tags injection process.

(c) The fluorescence image overlayed on a bright field image of the generated droplet.

The SKBR 3 exo was labeled with DiD Cell-Labeling dye, and the exo concertation was

fixed at 7 logo particles/mL. (d) The droplet volume change (nL) under different applied

pressures in the injection channel. (¢) The SERS intensity collected from positive

droplets under different injection pressures.

SERS-based Droplet Microfluidic Platform for Detection of Tumor Exosomes Derived

from the Cell Line.

The optimized SERS-droplet microfluidic platform was used for sensitive and high-throughput

detection of HER2-positive exosomes. The SERS-based aptasensor was encapsulated into

single droplets and measured through continuous on-chip SERS signal readout under a 785 nm

laser after the Nacl/Raman tags solution injection. The exposure time for each droplet was fixed

at 0.5 seconds, ensuring consistent acquisition parameters. The background subtraction was

applied to the collected DTNB-SERS signal at 1339 cm™ to ensure data accuracy (Figure S8).
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In negative droplets, the GNPs were expected to remain monodispersed due to the protective
effect of the aptamer layer against salt, resulting in a weak SERS signal intensity. Conversely,
in positive droplets, the strong binding affinity between HER2 aptamers and SKBR3 exosomes
was expected to cause salt-induced aggregation of unprotected GNPs, generating hot spots and
amplifying the SERS signal (Figure 5a). The SERS spectra and DTNB-peak intensities of the
positive droplets were recorded and analyzed against increased concentrations of SKBR3
exosomes, ranging from 3.5 to 5.5 logio particles/mL in Figure 5b and 5c, respectively. The
limit of detection (LOD) was estimated to be 4.5 logio particles/mL using the control signal
plus three times the noise signal. To further compare this sensitivity with existing exosome
detection methods, we used nano-flow cytometry to detect the SKBR3 exosomes with various
concentrations. As shown in Figure S9, the nano-flow cytometry could only detect SKBR3
exosomes at concentrations around 8 logio particles/mL, which was significantly higher than
the LOD at 4.5 logio of our SERS-droplet microfluidic platform. Moreover, the total detection
time for nano-flow cytometry was more than 1.5 h, and it required sample pre-labeling and
washing procedures, making it time-consuming and labor-intensive. However, our SERS-
droplet microfluidic platform achieved a rapid sample-to-result time, estimated at 5 minutes per
sample.

To test the specificity of the SERS-based microdroplet platform, we simulated clinical
scenarios of mixture of SKBR3 and non-cancerous exosomes at different ratios (SKBR3: non-
cancerous; 1:1, 1:10, 1:10%, 1:10%, 1:10% 1:10° 1:10°) to detect HER2-positive exosomes
(Figure 5d). Here, the concentration of non-cancerous exosomes was fixed at 9.5 logio
particles/mL, while the concentration of SKBR3 exosome was decreased from 9.5 to 3.5 logio
particles/mL. The results showed that the presence of non-cancerous exosomes did not
significantly affect the intensity of the HER2-positive signal. As the mixing ratio decreased, the
signal intensity also decreased, which was consistent with the sensitivity study. Our SERS-
based microdroplet platform could distinguish SKBR3 exosomes from non-cancerous
exosomes at a ratio as low as 1:10° (i.e. 0.001% of total exosomes) in the biomimetic samples.

To further investigate the screening capability of the SERS-based microdroplet platform,
a comprehensive screening analysis of nanosensors based on 3 aptamers (CD44 apt, HER2 apt
and CDG63 apt) for exosomes from 4 cell-lines (hon-cancerous, MCF-7, SKBR3, and MDA-
MB-231) was conducted (Figure 5e). The same concentration at 5.5 logio particles/mL was used
for all the 4 types of exosomes during the experiments. As expected, nanosensors with HER2
apt could specifically detect droplets with SKBR3 exosomes and showed low signals for the
other 3 types of exosomes in the screening plot. Moreover, nanosensors with CD44 apt could
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specifically detect droplets with MDA-MB-231 exosomes and showed low signals for the other
3 types of exosomes. Finally, nanosensors with CD63 apt showed high signals for droplets with
all the 4 types of exosomes since CD63 is the common exosome biomarker. The corresponding
guantitative analysis of the collected SERS signal intensity from droplets is shown in Figure 5f.
These findings revealed that our SERS-based microdroplet platform has the potential for rapid
screening of variouis specific tumor exosomes by modifying the aptamers on the nanosensors.

Then, we simulated the screening process using different proportions of positive
droplets and negative droplets. First, to establish the baseline for HER2 droplet screening, we
conducted a statistical analysis by adding three standard deviations to the mean reference signal
intensity of the HER2-negative droplets. Then, we mixed various ratios of SKBR3 exosome
droplets with non-cancerous exosome droplets and measured the SERS intensity from 100
random droplets. Since each droplet only required 0.5 s of exposure time, the total measurement
time for 100 droplets was 50 s. When the ratio of SKBR3 exosome droplet to non-cancerous
exosome droplet was 10% to 90%, 9 spike signals (9%) were successfully recorded after 100
measurements, which closely mirrored the initial mixing ratio (10%) (Figure S10). When the
ratio was reduced to 5% SKBR-3 exosome droplets to 95% non-cancerous exosome droplets,
4 spike signals (4%) were detected out of 100 droplets, again largely reflecting the initial mixing
ratio (Figure 5g). These signal spikes were considered indicative of HER2-positive droplets,
and their occurrence was summarized in Figure 5h. These results further supported the efficacy
of our platform for accurate screening HER2-positive exosomes in low mixing ratio. Moreover,
the screening ability of our SERS-based microdroplet platform against different types of
cancerous droplets was also evaluated by mixing droplets containing SKBR3 exosome and
MCF-7 exosome at a ratio of 5% to 95% (Figure 5i). Four spike signals were detected after 100
droplet measurements, indicating that our SERS-droplet microfluidic platform holds potential
for differentiating HER2-positive tumors from HER2-negative tumors among breast cancer
patients. Additionally, the high-throughput capability of our microfluidic chip allowed for the
rapid screening of hundreds of droplets per minute, making it suitable for large-scale clinical

diagnostics.
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Figure 5. The SERS-based microdroplet platform for detection of Her2-positive
exosome extracted from the cell lines. (a) Schematic representation of positive and
negative droplets containing SERS-based aptasensors in the presence or absence of Her2-
positive exosomes, respectively. (b) The DTNB-SERS spectra were collected from
positive droplets containing different concentrations of SKBR3 exosomes (from 3.5 to
5.5 logio particlessrmL) on the chip. (c) The corresponding DTNB-peak intensity was
collected from the increasing concentration of SKBR3 exosome. (d) The SERS-based
microdroplet platform for detecting HER2-positive exosomes from biomimetic samples.
(e) Different exosomes (e.g., non-cancerous, MCF-7, SKBR3, and MDA-MB-231 exos)
detection in droplets using different aptamers (e.g., CD 63, HER2, and CD 44 aptamers).
The DTNB-peak intensities were measured every 20 droplets. (f) The corresponding
quantitative analysis of the collected DTNB-peak intensities from droplets. The DTNB
peak intensities of 100 random droplets containing the aptasensor with SKBR3 exosomes
and non-cancerous exosomes (g) or SKBR3 exosomes and Her2-negative exosomes (i)
were analyzed. The mixing ratio of the two types of droplets was 5% SKBR3 exosomes
and 95% non-cancerous exosomes or HER2-negative exosomes, respectively. (h) The
corresponding recovery curve of HER2 apt/SKBR3 exo droplets and Her 2 apt/ non-

cancerous exo droplets mixed in 5%:95% v/v.
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We further evaluate the diagnostic ability of the developed SERS-droplet microfluidic platform
for the detection of HER2-positive exosomes in the plasma clinical samples from HER2-
positive breast cancer patients. From the SERS spectra, the amplitude of the characteristic
DTNB-SERS peak at 1339 cm™ for HER2-positive breast cancer patients was significantly
higher than those of the HER2-negative breast cancer patient and the healthy subject (Figure
6a). In fact, the concentration of HER2-positive exosomes extracted from the plasma of HER2-
positive breast cancer patients was measured to be around 9.2 logio particles/mL using nano-
flow cytometry (Figure S11), which was significantly higher than the LOD around 4.5 logio
particles/s/mL of this SERS-droplet microfluidic platform for detection of HER2-positive
exosomes. This demonstrated the diagnostic ability of this platform for clinical samples.
Clinically, any patient who is diagnosed with breast cancer should be tested for HER2 status
because the results significantly impact treatment recommendations.** To study the detection
reliability of differentiating HER2-positive patients from HER2-negative breast patients, we
analyzed the exosomes based on the SERS spectra from 5 HER2-positive breast patients (n=5)
and 5 HER2-negative breast cancer patients (n=5) randomly chosen from the Third Affiliated
Hospital of Sun Yat-sen University, Guangzhou, China. The DTNB-SERS peak intensities for
samples from all HER2-negative breast cancer patients were markedly lower than those of
HER2-positive breast cancer patients (Figure 6b), which was consistent with the clinical
diagnosis results. Subsequently, Principal Components Analysis (PCA) was performed on the
samples grouped for differential comparison, revealing distinct profiles between HER2-positive
breast patient and HER2-negative breast cancer patient groups (Figure 6c¢). The above results

demonstrated the reliability of this platform for HER2 status testing in clinical samples.
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Figure 6. The SERS-based microdroplet platform for the detection of HER2-positive exosomes
extracted from plasma in the clinic. (a) The SERS spectra of the aptasensor in the presence of
exosomes extracted from healthy individuals, HER2-positive, and Her2-negative patients. (b)
Analysis of DTNB-SERS spectra collected from Her2-negative patients (n=5) and Her2-

positive patients (n=5). (c) PCA of SERS spectra. The data were classified using 95%
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confidence ellipses. The differences in the data were analyzed by PC1 and PC2 (accounting for
97.8% and 0.4% of the variance, respectively), accounting for 98.2% of the total variance.

Conclusion

In this project, we developed a rapid and sensitive SERS-droplet microfluidic platform for the
detection of HER2-positive exosomes in both cell lines and clinical samples. By using the on-
chip salt-induced GNP aggregation and Raman tag labeling process, this platform achieved a
remarkable LOD of 4.5 logio particles/mL with a sample-to-result time of 5 minutes per sample.
In addition, our platform has been successfully applied to test HER2 status in clinical samples,
effectively distinguishing HER2-positive and HER2-negative breast cancer patients. However,
the significance of our study extends beyond breast cancer diagnostics. The developed SERS-
droplet microfluidic platform can be used to detect various cancer-specific exosomal

biomarkers, providing a promising approach for non-invasive cancer diagnosis.
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