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Abstract

Lymph node metastasis (LNM) is a typical marker in oral squamous cell carcinoma (OSCC) indicating poor
prognosis. Pathological examination by artificial image acquisition and analysis, as the main diagnostic method for
LNM, often takes a week or longer which may cause great anxiety of the patient and also retard timely treatment.
However, there are few efficient fast LNM diagnosis methods in clinical applications currently. Our previous study
profiled the proteomics of extracellular vesicles (EVs) derived from postoperative drainage fluid (PDF) and showed
the potential of detecting specific EVs that expressed aspartate 3-hydroxylase (ASPH) for LNM diagnosis in OSCC
patients. Considering that the analysis of ASPH* PDF-EVs is challenging due to their low abundance (counting

less than 10% of total EVs in PDF) and the complex EV isolation process of ultra-centrifugation, we developed a
facile platform containing two microfluidic chips filled with antibody-modified microbeads to isolate ASPH* PDF-
EVs, with both the capture and retrieval rate reaching around 90%. Clinical sample analysis based on our method
revealed that a mean of 6x 10° /mL ASPH" PDF-EVs could be isolated from LNM* OSCC patients compared to
2.5%10° /mL in LNM™ OSCC ones. When combined with enzyme-linked immunosorbent assay (ELISA) technique
that was commonly used in clinical laboratories in hospitals, this microfluidic platform could precisely distinguish
postoperative OSCC patients with LNM or not in several hours, which were validated by a double-blind test
containing 6 OSCC patients. We believe this strategy has promise for early diagnosis of LNM in postoperative OSCC
patients and finally helps guiding timely and reasonable treatment in clinic.
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Introduction

Lymph node metastasis (LNM) indicates poor prognosis
in oral squamous cell carcinoma (OSCC) [1], which are
closely associated with high mortality rate of OSCC [2,
3]. The diagnosis of LNM typically relies on postopera-
tive pathological examination [4] and often takes a week
or even longer [5]. This long period time of delayed diag-
nosis, however, leads to significant challenges for disease
management. At first, postoperative OSCC patients fre-
quently endure significant psychological burdens when
they wait for diagnostic results [6, 7]. This psychological
quagmire, with manifestations ranging from depression
to self abandonment, may foster an antagonistic stance
towards therapeutic interventions, and thus compromis-
ing on patient healthcare and augmenting extra tasks of
medical professionals [8, 9]. Moreover, the emotional dis-
tress is also a precipitating factor in suicides among post-
operative OSCC patients in an intricately-intertwined
manner [10]. Secondly, it is of great benefits to apply
timely interventions or treatments such as radiotherapy
or chemotherapy when LNM in postoperative OSCC
happens [11, 12]. An expeditious and unambiguous
diagnosis can serve as a cornerstone for orchestrating a
seamless multidisciplinary treatment paradigm, therefore
navigating complex therapeutics with sufficient precision
and ultimately enhancing the clinical healthcare and out-
comes for postoperative OSCC patients [13]. Therefore,
fast diagnosis of LNM for postoperative OSCC patients
greatly facilitates appropriate strategies for both psycho-
logical and pathological intervention and thus can sig-
nificantly improve the prognosis and life quality of OSCC
patients [14, 15]. However, previous efforts such as com-
bining artificial intelligence (AI) with imaging technol-
ogy to fast diagnose LNM [16] face challenges relating to
poor accuracy and reliability [17].

Liquid biopsy is increasingly employed in cancer
molecular analysis, thereby facilitating the implementa-
tion of precise oncology approaches [18]. Liquid biopsy
surpasses traditional imaging modalities in the diagno-
sis of both early-stage cancer and occult LNM, demon-
strating notable virtues [19, 20]. It not only circumvents
radiation exposure but also exhibits favorable economic
feasibility. Furthermore, its capability for serial assess-
ment facilitates tracking treatment dynamics and prog-
nostic forecasting in LNM, thereby optimizing clinical
care for LNM patients [21]. Extracellular vesicles (EVs)
are cell-secreted tiny spheres carrying various biomol-
ecules such as proteins, lipids, DNA and RNA, which
play a critical role in mediating intercellular commu-
nication [22]. In tumor microenvironment, abundant
cancer-related EVs that contain information of cancer
progression and metastasis are released into biofluids by
the primary tumor [23]. Therefore, liquid biopsy based
on EVs from peripheral blood or other body fluids is
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emerging as a fast, convenient and non-invasive technol-
ogy for early diagnosis and precise prognosis of various
cancers [20]. Recent studies demonstrate that tumor cell-
derived EVs promote metastasis to sentinel lymph nodes
and showed the potential of EV analysis for diagnosing
LNM, for example, high levels of miRNA-21 and IncRNA
in serum-derived exosomes can reflect LNM of laryn-
geal squamous cell carcinoma [24]. Our previous study
characterized the protein profile of EVs collected from
the postoperative drainage fluid (PDF) of OSCC patients
after neck dissection [25]. Results revealed the distinct
difference of PDF-EVs protein expression between OSCC
patients with/without LNM, validating that some specific
PDF-EVs can be an indicator for LNM in OSCC. Con-
ventionally, PDF is usually discarded as medical waste
despite of its large volume and easy access [26], but our
research unearths its diagnostic and predictive value in
providing EVs that comprise abundant LNM information.

However, a major challenge in analyzing EVs from PDF
for clinical LNM diagnosis lies in the limited abundance
of specific EVs [27]. Traditional EV isolation methods
include ultra centrifugation (UC) [28], differential ultra
centrifugation (dUC) and membrane filtration [29], all of
which suffer from low efficiency and poor selectivity [30].
With the advantage of precisely manipulating a trace of
liquid, the fast-developing technique of microfluidics
becomes a powerful tool for EV isolation, purification
and analysis from various kinds of body fluids [31, 32].
Herein, we introduce a microfluidic platform utilizing
antibody-grafted microbeads to isolate and purify EVs
that highly express aspartate p-hydroxylase (ASPH) from
neck dissection PDF of OSCC patients, which shows the
potential for fast LNM diagnosis in postoperative OSCC
patients (Fig. 1). At first, ASPH expression of PDF-EVs
was confirmed to correlate with LNM in OSCC through
database investigation, bioinformatic analysis and patho-
logical assays. To isolate PDF-EVs, 10 pm silica (SiO,)
microbeads grafted with anti-EpCAM (epithelial cell
adhesion molecule) and anti-ASPH were loaded in two
microfluidic chips, respectively, and filtrated by micro-
pillar arrays inside the chips. When PDF collected from
OSCC patients flowed through the chips, ASPH* PDF-
EVs could be captured and purified by the immuno-affin-
ity of those antibody-modified microbeads through the
chip cascades, subsequently released due to the fluidic
hydrodynamics and pH variation, and finally collected
for downstream analysis of imaging and bioassays. As
a proof of concept showing clinical practice, PDF from
OSCC patients with/without LNM were blind-treated.
Results validated the potential of our strategy for predict-
ing LNM risk in postoperative OSCC patients, demon-
strating its ability in guiding timely and precise treatment
of OSCC patients.
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Fig. 1 Schematic of diagnosing LNM in postoperative OSCC patients by PDF-EV analysis based on microfluidic isolation using antibody-grafting mi-
crobeads. PDF is collected after neck dissection and ASPH* PDF-EVs are isolated and purified through microbead-based immuno-affinity capture and
release in microfluidic chips. Subsequent ELISA analysis of ASPH* PDF-EVs enables fast diagnosis of LNM risk in postoperative OSCC patients. LNM, lymph
node metastasis; OSCC, oral squamous cell carcinoma; PDF, postoperative drainage fluid; EVs, extracellular vesicles; ASPH, aspartate B-hydroxylase; ELISA,

enzyme-linked immunosorbent assay

Experimental section

Proteomic analysis of EVs using liquid chromatography-
mass spectrometry/mass spectrometry (LC-MS/MS)

The proteomic profiles of the PDF-EVs were determined
by Wuhan GeneCreate Biological Engineering Co., Ltd.
For more detailed information, please refer to our previ-
ous work [25].

Evaluation of EV isolation by antibody-grafted microbeads
At first, the cell culture medium or PDF obtained from
patients was pre-centrifuged to remove potential cells
or cellular debris. Subsequently, 0.1 g of the as-prepared
antibody-grafted microbeads was added into the super-
natant of the cell culture medium or PDF, stirred and
incubated for one hour to bond specific EVs. After then,
the microbeads were collected by gentle centrifugation
and washed with PBS for 3 times. To release the captured
EVs from the surface of the microbeads, glycine-HCl was
added into the suspension of the EVs-microbeads com-
plex at the final concentration of 0.1 M, and then 1 M
Tris-HCI was added dropwise to set the pH value at 7.4
for the final solution. After removing the microbeads by
gently centrifuging, the suspension containing target EVs
was obtained.

Evaluation of EV isolation by the microfluidic chips

Before implementing EV isolation, all the microfluidic
chips were rinsed with phosphate buffer saline (PBS) for
3 times using syringe pumps (TS-1 A, Longer, China)
with flow rate of 1 mL/min, and then the microchips
were filled with PBS to carefully remove air bubbles,
especially those existing among the micropillars. Next,
0.1 g of the antibody-grafted microbeads were suspended
in the mixture of PBS and glycerol with the volume ratio
of 1:1, injected into the microchips with the flow rate of
200 pL/min and immobilized by the micropillar arrays.
After then, 1 mL PBS was pumped into the microchips at
200 pL/min to remove residual glycerol.

Subsequently, 1 mL prepared samples (the pretreated
cell culture medium or PDF) were injected into the
microfluidic chips at different flow rates using syringe
pumps. When EV isolation finished, the microchan-
nels were washed with 1 mL PBS at the flow rate of 200
pL/min to remove excessive sample solution. To release
EVs from the filtered microbeads inside the microchips,
1 mL 0.1 M glycine-HCI solution was pumped into the
microchips at different flow rates, and the solution was
collected into a tube and the pH value was set at 7.4 by
adding 1 M Tris-HCL For isolating ASPH* PDF-EVs,
this isolation process was repeated successively using
two microfluidic chips filling with anti-EpCAM-grafted
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microbeads and microbeads,

respectively.

anti-ASPH-grafted

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 8.0 software. Two-tailed unpaired t-tests were used
to analyze between two groups. One-way ANOVA analy-
sis of variance was used to analyze multiple groups. All
results are presented as mean+SEM. The Tukey’s post-
hoc test was used following ANOVA. Statistical signifi-
cance was set at <0.05.

Results and discussion

ASPH* PDF-EVs as a predictor for LNM in OSCC

ASPH is a type II transmembrane protein that can pro-
mote cancer progression and metastasis by inducing the
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formation of cancer stem cells, and it has been consid-
ered as a potential therapeutic target for various cancers
[33, 34]. After analyzing the data of OSCC patients from
the public database The Cancer Genome Atlas (TCGA)
using bioinformatic methods, it was found that mRNA
level of ASPH in OSCC tissues was significantly higher
than that in adjacent tissues (Fig. 2A). Further investiga-
tion showed that OSCC patients with highly-expressed
ASPH had a lower survival rate compared to those with-
out significant ASPH expression (Fig. 2B). Given the fact
that LNM indicated poor prognosis in OSCC patients
[35], we speculated that ASPH expression was probably
correlated with LNM. For validation, tissue samples from
OSCC patients with/without LNM, respectively were
collected and immunohistochemically stained. As shown
in Fig. 2C, it could be seen that ASPH expression in the
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Fig. 2 ASPH* PDF-EVs as a predictor for LNM in OSCC. (A) ASPH expression in OSCC tumor tissue is significantly higher than in normal tissue. (B) High
ASPH expression predicts a shorter survival duration for OSCC patients. (C) ASPH is highly expressed in metastatic LN and primary lesions with metastasis,
while its expression is significantly lower in adjacent cancerous tissues and normal lymph nodes. Scale bar, 20 pm. G1, LNM+ / paracancerous tissue; G2,
LNM+ / OSCC; G3, LNM+ / Non-metastatic LN; G4, LNM+ / Metastatic LN; G5, LNM- / paracancerous tissue; G6, LNM- / OSCC; G7, LNM-/ Non-metastatic
LN. (D) Protein mass spectrometry analysis revealed that the ASPH expression level in PDF-EVs from OSCC patients with LNM was higher than that from
OSCC patients without LNM. *P<0.05, **P<0.01, ***P<0.001. ASPH, aspartate B-hydroxylase; PDF, postoperative drainage fluid; EVs, extracellular vesicles;
LNM, lymph node metastasis; LNM, lymph node metastasis; OSCC, oral squamous cell carcinoma
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primary lesion of metastatic patients was higher than
that of non-metastatic patients, and interestingly, ASPH
expression in metastatic lymph nodes was also higher
than that in the primary lesion. All the results indicated
a correlation between high ASPH expression and poor
prognosis of OSCC such as LNM. In our past study [25],
proteomic analysis revealed that PDF-EVs had significant
difference in protein expression between patients with/
without LNM (Figure S1) and corresponding volcano
plot demonstrated that ASPH expression in PDF-EVs
was significantly higher in OSCC patients with LNM
compared to patients without LNM (Figure S2). Both the
analysis inferred that PDF-EVs highly expressing ASPH
were expected to indicate LNM, which was further vali-
dated by examining the ASPH expression in EVs that
were isolated from PDF of typical OSCC patients with/
without LNM, respectively (Fig. 2D). Therefore, ASPH™"
PDEF-EVs is experted as a key role for predicting potential
LNM through a non-invasive liquid biopsy manner.

Capture and release of ASPH+ PDF-EVs using antibody-
grafted microbeads

Due to the low abundance and extremely tiny size,
directly isolating EVs from PDF was very challenging
[36]. In this work we employed antibody-grafted micro-
beads as the core isolation components to specifically
capture EVs through the antigen-antibody immuno-
affinity (Fig. 3A). These microbeads with the diameter of
10 pm (Figure S3) were chemically modified with strep-
tavidin for grafting biotinylated anti-EpCAM or anti-
ASPH according to our previous work [37, 38]. EpCAM
is highly expressed on the surface of most EVs and thus is
used as a typical surface marker for separating EVs [27].
Therefore, we firstly utilized anti-EpCAM to enrich EVs
and exclude potential interference such as debris in PDF.
Anti-ASPH was used to further isolate specific ASPH*
EVs. It was noteworthy that by rinsing the modified
microbeads with 0.1 M glycine-HCl (pH=3.0), EVs could
effectively detach from the microbead surface [30]. After
neutralized at pH="7.4 by using 1 M Tris-HCI (pH=9.0),
the released EVs were able to be retrieved without dam-
age. As shown by scanning electron microscopy (SEM)
in Fig. 3B, corresponding PDF-EVs could be effectively
captured on the surface of anti-EpCAM or anti-ASPH
modified microbeads, and after treated by glycine-HCI,
most of the attached PDF-EVs could be released from the
microbeads, whether they were immuno-bonded by anti-
EpCAM or anti-ASPH.

To further verify PDF-EVs, TEM, NTA and western
blot were implemented on the released EVs after micro-
bead-based EV isolation. It could be observed that the
morphology of PDF-EVs kept sphere (Fig. 3C), which was
consistent with our previous description [25]. NTA mea-
surement showed that the particle size of the released
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PDF-EVs mainly distributed in the range of 95-115 nm,
and we inferred that the 196 nm region was mainly
attributed to the influence of aggregation (Fig. 3D). Using
western blotting, we investigated the characteristic pro-
teins of the collected samples (from clinical PDF and the
supernatant of SCC-9 cell line, respectively) after release
treatment (Fig. 3E). The results showed that ALIX and
CD9, the markers of EVs, were observed in both SCC-9
and PDF samples, while cell markers of GM130 and Cal-
nexin did not exist in both two samples, indicating that
the isolated spheres by the immuno-microbeads were
EVs rather than cell debris.

Utilizing NTA for measuring the quantity of EVs in
various solutions, the efficiency of those antibody-modi-
fied microbeads for capturing and releasing EVs could be
calculated as following:

Capture rate = (number of EVs in original PDF
— number of EVs left after microbead isolation) /
(number of EVs in original PDF) (%).

Release rate = (number of EVs released from the
microbeads) / (number of EVs in original PDF -
number of EVs left after microbead isolation) (%).

Herein, we employed anti-EpCAM-modified microbeads
to demonstrate the ability of immuno-microbeads for
capturing and releasing corresponding EVs. As shown
in Fig. 3F and G, despite the fact that the concentration
of microbeads varied from 1x10* to 1x107 /mL, it had
impact on neither the capture nor the release rate, both of
which exceeded 90%. We inferred that 1x10* /mL micro-
beads were already enough to provide sufficient surface
area for grafting antibody and thus bonding almost all the
EVs suspended in 1 mL PDEF, and the bonding between
EVs and antibody-modified microbeads could be effec-
tively broken by glycine-HCI solution to release almost
all the captured EVs on the microbeads. Given the simi-
larity between anti-EpCAM and anti-ASPH, we regarded
the anti-ASPH microbeads had the same ability for cap-
turing and releasing ASPH* PDF-EVs. Therefore, these
immuno-microbeads could function as the core com-
ponent for the subsequent microfluidic ASPH* PDF-EV
isolation, since that they greatly increased the surface
area inside the microfluidic channels which enabled
effective contact between ASPH* PDF-EVs and the isola-
tion interfaces.

ASPH* PDF-EVs isolation and purification based on
microfluidic cascades

After validating the capability of antibody-grafted
microbeads for capturing and releasing ASPH* PDF-
EVs, specific microfluidic chips were fabricated for fur-
ther EV isolation and purification. In the microfluidic
chip (Fig. 4A), there were four individual microchannels
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Fig. 3 Capture and release of PDF-EVs by antibody-grafted microbeads. (A) Schematic illustrating the working principle for the capture and release of
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Fig. 4 ASPH* PDF-EVs isolation and purification based on microfluidic cascades. (A) Photographs showing the microfluidic chip in this work. The en-
larged microscope image demonstrates the micropillar arrays fabricated inside the chip. Scale bar, 200 um. (B) Microscope images displaying the side
views of the micropillars and microchannels. Scale bars, 200 um (top) and 50 pm (bottom). (C) SEM image showing a micropillar array fabricated inside
the microfluidic chip. Scale bar, 50 um. (D) Schematic showing the design of the microfluidic chip and the micropillar arrays that form “fences”to filter the
microbeads. (E) The micropillar arrays play as a“fence”for filtering the microbeads. Scale bar, 200 um. (F) Despite that some microbeads may pass through
the micropillar arrays, they are finally filtered by downstream micropillar arrays. Scale bar, 25 um. (G) The effect of flow rate on EV capture rate of the mi-
crofluidic chip. (H) The effect of flow rate on EV release rate of the microfluidic chip. PDF, postoperative drainage fluid; ASPH, aspartate 3-hydroxylase; EVs,

extracellular vesicles; SEM, scanning electron microscope

(whose width was 3530 um and length was 4 cm) which
could simultaneously treat the injected sample liquid in a
parallel manner and thus increase the thoughput. Inside
each microchannel, there were 19 rows of micropillar
arrays (with 11x6 square micropillars (10 pum wide) in
every array) to form “fences”. These micropillars were as
high as the microchannels (approximately 25 pm) and
the distance between two adjacent micropillars was 8 um
(Fig. 4B and C). Therefore, when the 10 pm-diameter

microbeads were carried downstream by the fluid flow,
they were filtered by the micropillar “fences” (Fig. 4D and
E) while the pure liquid could pass through the micro-
pillar arrays (Movie S1). Despite that some microbeads
might flow through one row of the micropillar arrays due
to the high hydrodynamic force caused by fast flow rate
(Fig. 4F), they would be further filtered by other down-
stream micropillar “fences” and thus high filling effi-
ciency of the antibody-grafted microbeads was realized
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inside the microfluidic chips. In order to ensure the suffi-
cient capture of EVs from PDF, we filled excessive micro-
beads (about 107) inside the microfluidic chip. In order
to avoid possible blocking when filling a large amount of
microbeads, there was a 250 um-wide opening for the
flowing of excessive microbeads that accumulated before
the micropillar “fence’, as demonstrated in the inset sche-
matic of Fig. 4D. It was noteworthy that the accumulation
of the microbeads inside the microfluidic chip not only
increased the surface for modifying antibodies compared
to the empty microchannel, but also enhanced the mix-
ture and vortex of the fluid flow in the microchannels
that could benefit the contact and bonding between PDF-
EVs and the microbeads, and thus finally improved the
performance of our microfluidic platform for isolating
PDEF-EVs.

In order to implement the isolation and purifica-
tion of ASPH* PDF-EVs, we employed a strategy using
a cascade of two aforementioned microfluidic chips.
The first microfluidic chip was filled by anti-EpCAM-
grafted microbeads to isolate PDF-EVs, given the fact
that EpCAM was the typical marker protein of EVs that
was highly-expressed on the EVs surface. This process
could reduce the interference of cell debris suspended in
PDE. Subsequently, the first microfluidic chip was rinsed
with a solution buffer (0.1 M glycine HCl (pH=3)) and
the captured PDF-EVs were released and collected into
a tube containing 1 M Tris-HCl (pH=9.0) to neutralize
at pH 7.4. To further isolate and purify ASPH* PDF-EVs,
the collected PDF-EVs were introduced into the second
microfluidic chip filling with anti-ASPH-grafted micro-
beads. Due to the immuno-affinity between the antibody
and ASPH protein expressed on the EV surface, sole
ASPH* PDF-EVs could be effectively isolated and other
kinds of EVs flowed away with the buffer solution. After
finishing the sample treatment, ASPH* PDF-EVs could
be released in the same way as aforementioned for fur-
ther analysis.

To investigated the influence of different flow rates on
the EV capture and release rate using microfluidic chips,
we employed microfluidic chips filled by anti-EpCAM
modified microbeads to isolate EVs as a proof of concept.
The concentration of EVs collected from cell line samples
was adjusted to (1+0.05) x10®/mL based on NTA mea-
surement, and by detecting the amount of EVs in solu-
tions collected from different ports, the EV capture and
release rate of the microfluidic chip could be calculated
as following:

Capture rate = (number of EVs in inlet solution —
number of EVs in outlet solution) / (number of EVs
in inlet solution) (%).
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Release rate = (number of EVs released in outlet
solution) / (number of EVs in inlet solution — num-
ber of EVs in outlet solution) (%).

Our results indicated that when the flow rate var-
ied between 50 and 150 pL/min, the capture rate kept
around 90% and changed little. However, when the flow
rate increases to 200 puL/min, the EV capture rate of the
microfluidic chip decreased to 82.47+1.59% (Fig. 4QG).
This decrease could be attributed to the fact that exces-
sively faster flow rate hindered the specific capture of
EVs by the antibodies on the surface of the microbeads
due to less time for affinity reactions. Subsequently, we
measured the release efficiency of the captured EVs. We
observed that when the flow rate of glycine-HCl solu-
tion inside the microfluidic chip varied between 50 and
200 pL/min, it did not significantly affect the EV release
(Fig. 4H). Overall, we adopted the flow rate of 100 uL/
min for sample injection and 200 pL/min for glycine-HCl
solution, and thus costed less than half an hour when
dealing with 1 mL PDF sample to collect ASPH* PDF-
EVs from OSCC patients.

Evaluation of the microfluidic platforms and clinical
sample analysis

To evaluate the performance of the microfluidic plat-
form for specifically isolating ASPH* EVs, at first, two
cell lines, SCC-9 and HaCaT, were employed as mod-
els. SCC-9 is a human tongue squamous cell carcinoma
cell line with lymph node metastasis ability [25, 39, 40],
while HaCaT is a type of human epithelial cell line com-
monly used to represent oral mucosal cells and is deemed
to be lack of LNM capability [41]. It could be seen that
SCC-9 secreted more ASPH* EVs than HaCaT, validated
by nano-flow cytometry analysis and ELISA analysis (Fig-
ure S4). After pre-centrifuged to remove potential debris,
the culture supernatant of these two types of cells was
co-incubated with anti-ASPH modified microbeads for
isolating ASPH™ EVs. According to SEM images and cor-
responding NTA analysis (Figure S5A and B), it could be
seen that more ASPH* EVs were captured on the surface
of anti-ASPH modified microbeads as well as released
for SCC-9 cells compared to HaCaT cells. Considering
that ELISA was much more commonly-used in clinical
laboratories in hospitals rather than NTA, we also imple-
mented ELISA for analyzing the released ASPH* EVs
from the immuno-microbeads, and the result was consis-
tent with that of NTA (Figure S5C). Therefore, we could
infer from all the above results that our microfluidic plat-
form employing the immuno-microbeads as the core EV
isolation component could effectively enrich ASPH* EVs
and thus was able to distinguish cell lines with different
LNM abilities.
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Subsequently, clinical samples from 26 postoperative = PDF-EVs of both groups counted less than 7% of the
OSCC patients (13 with LNM and 13 without LNM, Table  overall EV quantity in PDF, demonstrating that the isola-
S1) were analyzed using this EV-based microfluidic LNM  tion of ASPH* PDF-EVs was very difficult. Subsequently,
diagnosis strategy. At first, we analyzed the proportion of ~ PDF samples obtained from the patients were pre-centri-
ASPH* PDF-EVs in both groups of patients with LNM  fuged to remove large particles such as cells and debris
and without LNM using nano-flow cytometry, and the and then were treated by our microfluidic platform. By
results showed that the proportion of ASPH* PDF-EVsin  imaging the anti-ASPH microbeads obtained from the
the PDF of the LNM +group (6.58%) was higher than that  microfluidic chips, as shown in Fig. 5B, it could be seen
of the LNM- group (3.39%) (Fig. 5A). However, ASPH*  that there was significantly much more ASPH* PDF-EVs
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Fig.5 Evaluation of the EV-based microfluidic strategy for LNM diagnosis for postoperative OSCC patients. (A) Nano-flow cytometry analysis comparing
the level of ASPH* PDF-EVs between LNM+and LNM- OSCC patients. (B) SEM images showing anti-ASPH modified microbeads capturing ASPH* PDF-
EVs from PDF of LNM +and LNM- OSCC patients. Scale bars, 2 um. (C) NTA data showing the concentration of ASPH* PDF-EVs released from microfluidic
chips treating PDF of 13 LNM+and 13 LNM- OSCC patients. (D) Heat maps of the OD value of ASPH* PDF-EVs from ELISA tests of the 13 LNM+and 13
LNM- patients. (E) Statistical analysis of the OD 450 nm value of ASPH* PDF-EVs from ELISA tests of the 13 LNM+and 13 LNM- patients, and OD (450 nm)
value =200 were determined as the threshold for defining LNM+and LNM-. (F) The AUC for the counts of ASPH* PDF-EVs between OSCC patients with
and without LNM was 0.87, indicating an excellent diagnostic value (95% confidence interval: 0.72-1.01, P<0.01). (G) Enhanced CT images of the neck of
Patients 1-6 for blind tests. (H) The OD value of ASPH* PDF-EVs isolated in Patients 1-6 based on our strategy. (I) Pathological examination results of LN
in Patient 1-6. Scale bar, 2 um. ***P<0.001; ****P<0.0001. PDF, postoperative drainage fluid; ASPH, aspartate 3-hydroxylase; EVs, extracellular vesicles; SEM,
scanning electron microscope; LNM, lymph node metastasis; LN, lymph node; OSCC, oral squamous cell carcinoma; ELISA, enzyme-linked immunosor-
bent assay; AUC, area under the curve
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captured by microbeads from OSCC patients with LNM
compared to those without LNM. After releasing and
retrieving the EVs from the microfluidic chips, the con-
centration of ASPH*PDF-EVs was measured using NTA,
and it was confirmed that the concentration of ASPH*
PDF-EVs in the PDF of OSCC patients with LNM (about
6x10° /mL) was significantly higher than that of OSCC
patients without LNM (about 3x10° /mL) (Fig. 5C). In
order to facilitate the broad application of this EV-based
microfluidic LNM diagnosis in clinical laboratories in
hospitals, ELISA was demonstrated to quantitatively ana-
lyze the solutions containing ASPH* PDF-EVs released
from those microfluidic chips, as shown in Fig. 5D and
E. ELISA results also validated the higher ASPH pro-
tein expression in PDF-EVs from OSCC patients with
LNM when comparing to those without LNM. In order
to distinguish OSCC patients with / without LNM using
ASPH* PDF-EVs as the indicator, we carefully analyzed
the ELISA data and found that the OD 450 nm value of
ASPH* PDF-EVs isolated in OSCC patients with LNM
ranged from 220 to 290 (247.8+16.4), while there were
much less ASPH* PDF-EVs only ranging from 130 to 182
(158.6+16.436) in OSCC patients without LNM. Further-
more, we conducted area under the curve (AUC) analy-
sis (Fig. 5F). The AUC of the counts of ASPH* PDF-EVs
between OSCC patients with and without LNM was 0.87,
indicating that it had an excellent diagnostic value (95%
confidence interval: 0.72—-1.01, P<0.01). Therefore, we
set the ASPH* PDF-EVs threshold for identifying OSCC
with LNM as >200 based on our strategy to reflect the
risk of LNM in postoperative OSCC patients. For valida-
tion, PDF samples from 6 OSCC patients (Table S2) were
collected and blind tested using our strategy. At the very
beginning, none of the 6 patients was found to have LNM
according to imaging examinations (Fig. 5G). Subse-
quently, their PDF was collected and analyzed by the EV-
based microfluidic diagnosis strategy and results showed
that the OD (450 nm) value of ASPH' PDF-EVs from
Patient 1, 4 and 5 were less than 200 (118, 166 and 132,
respectively), while the PDF of Patient 2, 3 and 6 con-
tained more ASPH* PDF-EVs (OD (450 nm) value=246,
301 and 275, respectively) (Fig. 5H), indicating a higher
risk of LNM for Patient 2, 3 and 6. Finally, pathological
analysis from their surgical excision confirmed the pres-
ence of LNM in Patient 2, 3 and 6 rather than Patient 1,
4 and 5 (Fig. 5I). This blind test demonstrated the poten-
tial ability of our ASPH" PDF-EVs based microfluidic
strategy for accurate detection of LNM in postoperative
OSCC patients in clinical practices.

Conclusion

Fast diagnosis of LNM for postoperative OSCC patients
can benefit the timely treatment and improve prognosis.
In this work, we developed a strategy quickly diagnosing
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LNM in OSCC patients after neck dissection by isola-
tion, purification, release and purification of ASPH*
PDF-EVs based on a microfluidic cascade. In previous
clinical practices, PDF was always considered as medi-
cal waste and its value as an indicator of disease progres-
sion has been neglected for a long time. Our study used
microfluidic technology to analyze specific EVs inside the
PDF after neck dissection for the first time and demon-
strated the promise of ASPH" PDF-EVs as a new kind
of liquid biopsy indicating LNM in OSCC. And by using
multiple microfluidic chips as a cascade, ASPH* PDF-
EVs are expected to be analyzed to enable fast diagnosis
with higher precision or sensitivity. We believe that this
platform will help guide the precise treatment of patients
with LNM in OSCC and formulate treatment strategies
for patients with different LNM risk levels. Furthermore,
we also expect the technique will help promote the pres-
ervation of lymph nodes in OSCC patients and finally
improve their survival and quality of life.
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