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ABSTRACT: To perform multiplex profiling of single cells and —_=
eliminate the risk of potential sample loss caused by (/== ‘

centrifugation, we developed a microfluidic flow cytometry ?31@w:: Py | '[T/]: R
and mass spectrometry system (#CytoMS) to evaluate the drug \—\:\\\@% os-Chip | | ‘ LIF ICP-MS
uptake and induced protein expression at the single cell level. It = e

involves a microfluidic chip for the alignment and purification -

of single cells followed by detection with laser-induced ,— sione iy e ‘ H
fluorescence (LIF) and inductively coupled plasma mass ¥ g% et U | = P
spectrometry (ICP-MS). Biofunctionalized nanoprobes (Bi- '# ;g ' ' single<en [ |

gold nanoparticle (AuNP) (K, = 0.23 nM), were engineered to -
selectively bind with protein tyrosine kinase 7 (PTK?7) on target SN
cells. PTK7 expression induced by oxaliplatin (OXA) uptake

was assayed with LIF, while ICP-MS measurement of '°°Pt

revealed OXA uptake of the drug in individual cells, which provided further in-depth information about the drug in relation to
PTK7 expression. At an ultralow flow of ~0.043 dyn/cm?® (20 yL/min), the chip facilitates the extremely fast focusing of
BioNPs labeled single cells without the need for centrifugal purification. It ensures multiplex profiling of single cells at a
throughput speed of 500 cells/min as compared to 40 cells/min in previous studies. Using a machine learning algorithm to
initially profile drug uptake and marker expression in tumor cell lines, #CytoMS was able to perform in situ profiling of the
PTK?7 response to the OXA at single-cell resolution for tests done on clinical samples from 10 breast cancer patients. It offers
great potential for multiplex single-cell phenotypic analysis and clinical diagnosis.
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ingle cell analysis of cancer has received much attention tion/ionization, secondary ion technique and electrospray
S in recent years, and significant progress has been ionization.””"" MS coupling with microfluidic chip can
made."” For example, further understanding on drug- minimize reaction volumes, reduce sample transfer steps,
resistance mechanisms,” tumor cell metastasis," and personal- stabilize single-cell stream, and improve detection sensitivity.'”
ized prognosis’ have been achieved through studying and In addition, microfluidic systems can enable sample

observing the heterogeneity in drug uptake and accompanying
protein expressions on individual tumor cells. Nevertheless,
there are still significant challenges with regard to the
throughput, multiplex biomarker detection, low retention rate
of precious samples, and accuracy of current single-cell assays.
Also, these assays normally involve sample preparation, i.e., Received:  December 19, 2023
centrifugation or mixing by pipet, that can result in cell loss or Revised:  January 29, 2024
cell damage.6_8 Accepted: January 31, 2024
Recent advances in mass spectrometry (MS) have enabled Published: February 15, 2024

metabonomic and proteomic analyses at the single-cell

resolution, through employing matrix-assisted laser desorp-

preprocessing before analysis of individual cells, e.g., secondary
flow effect for high-throughput single-cell separation/align-

ment'*'* and hydrodynamic filtration for staining/labeling
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Scheme 1. Working Principles of the Microfluidic System for Single Cell Alignment/Purification in the LIF/ICP-MS Assays”
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“After OXA exposure, the trypsinized cell suspension was incubated with BioNPs to enable the capture of these cells by the probe. The cells
conjugated with BioNPs were then aligned and purified in the microfluidic chip. Finally, the single cells were detected with LIF and introduced to
TRA-ICP-MS to perform efficient background-free multiplex single-cell analysis.

. 15,16 ) o
various probes on target cells."”'® Robust microfluidic

platforms were developed to measure cellular phenotyping
characteristics.'” Using a series of mass probes prepared by
assembling specific organic tags or antibodies on nanoparticles
(NPs) or magnetic beads, amplified and simplified mass signals
can enable the study of expression of multiple proteins and
metabolites on single cells.'"'®'? Unfortunately, direct
monitoring of drug uptake along with protein expression in
multiple single cells remains a significant challenge due to low-
throughput and matrix interfering effects.

Owing to its low matrix effect, high sensitivity, and wide
dynamic range,” time-resolved inductively coupled plasma
mass spectrometry (ICP-MS) has great potential for single-cell
analysis and has been extensively used to phenotype at the
single-cell resolution.”* ~>* Further, extensive efforts were made
in single-cell profiling using cytometry (CyTOF). It combines
the merits of flow cytometry and ICP-MS, which can explore
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multiparameters of individual cells with high sensitivity and
resolution.'">* However, CyTOF is very costly, and it is not
readily available in most general laboratories. Also, the highly
integrated interface between flow cytometry and time-of-flight
mass spectrometry means that cells cannot be easily recovered
and recultured after cytofluorescence data acquisition and
counting. The cells are directly ionized and then introduced to
TOF-MS. Therefore, the more economical approach of
coupling laser-induced fluorescence (LIF) with ICP-MS was
proposed for acquiring high-throughput multidimensional data
from single cells. The multiple MS fluorescent probes, e.g.,
aptamer nanoparticle probe and Mito-Tracker Green, were
used to label target biomarkers or organelles of cells to enable
monitoring and displaying information on single cells.””
Aptamers Sgc8 and SYL3C were able to identify PTK7 and
Epithelial Cell Adhesion Molecule (EpCAM), respectively.”®
Probes may be readily achieved by attaching these aptamers

https://doi.org/10.1021/acsnano.3c12803
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Figure 1. Fabrication and characterization of BioNPs. (A) TEM images and (B) AFM images of the BioNPs nanoprobes along with their size
distribution. (C) Nanoparticle tracking analysis (NTA) confirmed that AuNPs were conjugated with Sgc8 aptamers. (D) The evaluation of
the dissociation constants of BioNPs and Sgc8-AuNPs to MCF-7 cells. (E) Scrutinizing the treatment time of BioNPs nanoprobes
conjugating on MCF-7 cells. Incubation of the probe with the cells can be completed in 20 min. DAPI, Dil, and 6-FAM represent the
nucleus, cell membrane and BioNPs probe, respectively. (F) The relative fluorescence intensity of BioNPs conjugated on various cell lines.
(G) The relative expressions of PTK?7 in various cell lines by real-time PCR (qPCR). The data indicate mean + standard deviation (SD).
Three independent groups tested by using biological replicates (n = 3) were used for each data point.

with modified fluorescent groups onto metal nanoparticles.
These probes facilitate simultaneous collection and analysis of
information on cell counting, fluorescence sensing and MS
detection of individual cells.'®*” Fluorescence/MS signals of
probes enable assaying the expression level of target proteins
on single cells and have been widely applied as binding ligand
in tumor cell analysis.'®**** In addition, machine learning
algorithms have been demonstrated to be able to perform
functional phenotype profiling of bioparticles.29 However,
during flow, specific binding of recognition-ligands on cells
may be adversely affected by larger shearing stress at high flow
rate,’® and massive cell sampling may result in cell loss due to
the centrifugal operation employed in sample purification.’!
Thus, integration of a microfluidic chip with MS to conduct
simultaneous sample preprocessing and detection under low
flow rates will yield better single-cell information so as to
enable more effective and comprehensive multiplex profiling of

cell phenotype and heterogeneity.

focusing

Here, we proposed a microfluidic flow cytometry/mass
spectrometry system (#CytoMS) consisting of a single cell

microfluidic chip coupled with LIF and ICP-MS

detection as illustrated in Scheme 1 and Figure S1. Our
#CytoMS enables simultaneous high-throughput multipara-
meter detection of biomarker expression and agent uptake at
the single-cell resolution. A specially designed microfluidic chip
was connected horizontally to ICP-MS for aligning and
sampling single cells with no background interference. The
chip enables excellent single-cell alignment and purification
under ultralow flow condition, which ensures unicellular
profiling with high throughput, temporal, and signal/noise
ratio and is fully compatible with downstream analysis of living
cells. This chip does not require tedious centrifugation and,
thus, avoid sample loss while reducing the time for purification
step. Furthermore, accurate fluorescence signal collection was
achieved for the analysis of protein heterogeneity by using
high-resolution LIF View Finder. For effective labeling of

PTK?7 biomarkers, which is a sensitive mediator of oxaliplatin
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(OXA) on the surface of single cells,* a panel of BioNPs
probes were fabricated by self-assembling ca. 3000 Sgc8
aptamers onto each single AuNP. Based on LIF detection of
the probes, high-throughput evaluation of PTK7 expressed on
individual cell could be achieved from the amplified
fluorescence arising from 6-FAM conjugating at 3’ end of
Sgc8. At the same time, the MS signal of the '°Pt isotope
provided information on the presence of OXA in single cells,
thus facilitating sensitive and high-throughput protein-drug
evaluation at the single cell level.

Finally, we performed clinical validation by evaluating OXA
uptake and agent-protein interaction in circulating tumor cells
(CTCs) obtained from cancer patient’s blood after treatment
with platinum drugs by monitoring signal (cps) of **Pt at the
single-cell resolution. ;CytoMS was demonstrated to be able
to evaluate OXA uptake and PTK7 expression at the single-cell
level based on ten breast cancer patients’ CTCs. In addition,
machine learning algorithms, i.e., linear discriminant analysis
(LDA) and receiver operating characteristic (ROC) curves,
were performed and proven reliable for cell phenotyping and

heterogeneity profiling.

RESULTS AND DISCUSSION

Flow of Single Cell after Purification. It is widely
recognized that Dean-like secondary flow effect and hydro-
dynamic filtration (HDF) effect were employed for particle
alignment and sample medium exchange, respectively.16 The
inertial alignment arises from secondary flow acting on
bioparticles, which boosts migration laterally to equilibrium
positions in the spiral channel under combination of inertial lift
force (F,) and Dean drag force (Fp).” Periodic dimensional
confinement in the spiral microchannel has proven to boost
Dean flow effect, thus enabling particle alignment for
subsequent application for single cell analysis.”’ In addition,
noticeable flow rate gradients can be generated near the
filtration pillars arising from the HDF structure where large
particles stay in the low flow rate region in the main channel,
while small particles and carrier-medium of large particles pass
through the filter to the high flow rate region. Thus, HDF
structure is regularly used for exchanging the carrier-medium
of large particles.'” Based on the above principle, the device
was designed and fabricated as an integrated multiparameter
single-cell sampling/analyzing system with LIF and ICP-MS
detection.’”®" In this work, a one-stop sampling chip (OS-
Chip) was designed, as shown in Scheme 1. It consisted of a
series of components: (1) two inlets for introducing sample
exposed to OXA and incubated with BioNPs (Inlet 1) and
rinsing solution (Inlet 2); (2) an enhanced spiral channel
consisting of periodic high-curvature curves and dimensional-
confinement pillars for the generation of single-cell stream; (3)
an omnipotent purifier for sample purification; (4) a LIF View
Finder for fluorescence data collection; (5) a horizontal
capillary to connect the microchip to ICP-MS. Low aspect
ratio (i.e, AR = H/W = 30 um/300 pm = 1/10, where H and
W represent the height and the width of the spiral channel,
respectively) was applied for enhancing focusing and alignment
of cells.”* This configuration strengthens the secondary-flow
and HDF effects to promote single-cell alignment and
purification. In addition, the LIF View Finder enabled the
LIF detector to precisely collect the fluorescence signal from
fluorescent aptamer probes tagged on the tumor cells.
Subsequently, these cells were transported horizontally via
the horizontal capillary to the ICP-MS for high-temporal
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resolution elemental analysis for isotopes of '*’Au or '*°Pt.
This provided a more stable single-cell stream when compared
to the conventional vertical configuration. Here, a series of
signals from individual cells may provide detailed information
on cellular heterogeneity in terms of cell counting,
phenotyping, protein expression, and dosing monitoring/
controlling. Further description on tumor recognizing probes,
single-cell sampling device, and parametric evaluation of LIF
and ICP-MS will be elaborated in the following sections.

Fabrication and Characterization of BioNPs. BioNPs
nanoprobes were functionalized with thiolated aptamers
(Sgc8) using classical method (Figure 1A-C).*° The size
change of the gold nanoparticles before and after modification
was evaluated by three methods (TEM, AFM, and NTA),
which indicated that the aptamers were successfully conjugated
to the gold nanoparticles. Compared with the standard gold
nanoparticles, the average diameter of the modified probes
increased by about 8 nm. Aptamers Sgc8 can selectively bind
with the biomarker protein PTK7 expressed on the surface of
tumor cells. The conjugate of nanoprobe-tumor cell was
produced via the multivalent effect, due to the sufficient affinity
by ca. 3000 Sgc8 aptamers loaded on each single AuNP of 60.8
nm (Figures S1IA-C). The K value of Sgc8 in the BioNPs was
0.23 + 0.050 nM against MCF-7 cells (Figure 1D), which
exhibited ca. 170-fold promotion of the binding affinity with
respect to that of the monovalent aptamers of Sgc8 (38.38 +
7.68 nM). Competition analysis shows that the BioNPs could
bind more stably to the biomarker compared with the aptamer
(Figure S1D). In comparison with previous study,'®*® BioNPs
exhibited 100% capture efficiency with even greater binding
capacity against the previously reported Sea urchin-DMA-
AuNPs (K4=~0.35 nM, 30 min, Figure 1E). A reduction of
treatment time for PTK7" cells was also achieved (20 min) due
to more aptamers being labeled on the surface of larger
nanoparticles.'® Furthermore, fluorescence intensities of MCF-
7 cells were negatively correlated with OXA concentration,
which illustrated the decrease expression level of PTK7 with
increased OXA concentration (Figure S1C). In Figures 1F and
S1, the fluorescence intensities of various cell lines were
different when incubated with the same concentration of
oxaliplatin. The intensity of MCF-7 cells (PTK7") was higher
than that of other biomarker protein-positive cell lines (LoVo
cells) conjugated with BioNPs nanoprobes. In addition,
minimal fluorescence was observed from PTK7-negative cells
(white blood cells and red blood cells). Furthermore, the
results of the real-time PCR (qPCR) analysis were consistent
with the conclusions obtained from the fluorescence imaging
analysis (Figure 1G). These observations indicated that
fluorescence variation of specific BioNPs probes may provide
information for distinguishing the cell subgroups and related
protein expression level.

One-Stop Horizontal Single-Cell Sampling. To analyze
single cells, it is imperative to construct a platform for single-
cell sampling and fluorescent-signal acquisition. For this
purpose, the cell focusing and alignment capability and
efficiency were evaluated for five different spiral chip
configurations. Full details of the performances and discussion
can be found in the Supporting Information (Figures S3—S7).
Arising from the high-curvature channel (HcC) in the D3-ESC
chip configuration, particles were found to undergo alignment
in the periodic confinement space, which then resulted in
significantly enhanced Dean-like secondary flow effect to
facilitate generation of single particle stream (Figure 2A, Re =

https://doi.org/10.1021/acsnano.3¢12803
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Figure 2. Evaluation of OS-Chip. (A) Fluid velocity field of nine cross sections (1—9) in the y-axis along the micropillar-HcC-micropillars at
a flow rate of 10 yL/min and Re = 1.01. (B) F,, values in the D3-ESC configuration under various flow rates of S, 10, 20, 50, 100, 300, 500,
800, 1000, and 1200 gL/min (Re = 0.51, 1.01, 2.01, 5.04, 10.07, 30.21, 50.35, 80.57, 100.70, and 120.80). (C) Simulation results of the
single-cell trajectory achieved in the purifier with P2 configuration. (D) The actual flow rates in Outlets 1 and 2. An independent t-test is
performed to obtain statistical pairwise differences between Outlets 1 and 2 (***p < 0.001). (E) Evaluation of the purification performance
for the P2 by using different concentrations of AuNPs suspension collected from the Outlet 2. Residual Rate represents residual quantity of
AuNPs in the collected medium from Outlet 2. (F) The comparison of transport efficiency or measurement efficiency for the single cells
between the vertical and horizontal sampling modes. (G) Photograph of the OS-Chip with two dyes (blue and red) loading in two inlets
(Inlet 1 and Inlet 2). Shear stress gradient (H) and shear stress of the whole cell path (I) in the microfluidic chip. Three independent chips

prepared by using biological replicates (n = 3) were used for each data point.

1.01, 10 uL/min).">** To validate the profound vortex
strengthening and fluid motion, a numerical model on the
D3-ESC was developed and simulated with a flow rate of 10
p#L/min. For cross-section of 1/9 by S, corresponding to
central region of the two wider micropillars and HcC, obvious
Dean vortices were generated (Figure S8). This led to Dean-
like secondary flow train and boosted progressive alignment to
continuous single particle stream.’® Significantly, periodic
HcCs resulted in sustained focusing of particles, as compared
to a conventional spiral microdevice that reduces the curvature
in the outer loops/channels, which may disrupt single-cell
alignment. For further evaluation of the capability of D3-ESC
in generating single stream of particles, fluorescence microbe-
ads with diameter of 19.3 um were used to perform focusing
experiments under various flow conditions (Re = 0.51—-201.42,
5—2000 uL/min). Figures 2B, S9, and S10 illustrated that
particles were stably concentrated to generate single stream
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near the inner side of the channel within a wide range of flow
rates (Re = 0.51—50.35, 5—500 yL/min). The average width of
the particle trajectory was 21.04 & 3.94 um, and F_, value was
found to be 0.94 + 0.13. However, with the increase in Re, the
position of particle focusing will induce outward movement
within the range of Re = 80.57—120.79, and the width of
trajectory will then broaden or even split into two streams for
Re > 150.10. This observation is in accordance with the results
reported in a previous study.’’ It is probable that excessive
lateral flow velocity in y-axis has led to formation of two pairs
of Dean vortices or two equilibrium positions.” It is
noteworthy that the present study has achieved high-
throughput cell focusing at an extremely low flow rate of S
uL/min with Re = 0.51 and a cell density of 10° cells/mL
(Figure S11). This benefits from the specially designed D3-
ESC configuration of the microfluidic chip, which significantly
promotes excellent generation of Dean-like secondary flow.
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Figure 3. Analytical performance of yCytoMS. (A) Photograph of the uCytoMS system. The inset represents the frequency histogram and
Gauss fit of the peak for single fluorescent particle signals. It indicates that the system is able to quantify fluorescent response of individual
particles. ICP-MS temporal profile (B) and intensity distribution (C) of '*’Au spikes of AuNPs solution for the detection of single BioNPs
probes (n = S, the confidence limit is 95%). (D) Fluorescence burst data of single Apt-AuNPs probes during a S s time window achieved
from LIF. (E) Frequency histogram of peak height of single BioNPs probe Gauss fit from LIF. (F) Heatmap of the number of probe labeling
on 90 single-cells from nine cell lines. (G) ROC curves showing the high accuracy (AUC = 1) of the SUM signature in cell phenotyping.
SUM means integrated dual-mode detection of LIF and ICP-MS with higher accuracy than LIF (AUC = 0.891) or ICP-MS (AUC = 0.383)
alone for cell analysis. (H) Close-up of the green and blue triangles marked signals in Figure S30A,B, along with LIF (red line) and ICP-MS
(gray line) data coincidence after correction with the Correction time. (I) Content of the OXA and the fluorescence burst data of the same §
single-cells from nine cell lines. (J) LDA canonical score plots for the response of the BioNPs assemblies to single cells from nine cell lines.
Three independent groups to be tested by using biological replicates (n = 3) were used for each data point.

Huge amounts of interferents in single-cell samples may
seriously affect the accuracy of subsequent fluorescence/ICP-
MS detection. These can include the committed free or
unbound BioNPs, cell debris produced after digestion as well
as complex organic/inorganic salt matrix.** Thus, six model
purification chips were designed and fabricated, among which
purification chip P2 was chosen for rinsing the interferents
after performing the comparison tests. Full details were
discussed in the Supporting Information and illustrated in
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Figures S12—S17. Here, the fluorescent particles and staining
MCEF-7 cells were sifted out from the particle/cell suspension
to the Outlet 2 with sample loss of 0.69 + 0.089% (Figures
S17C and S18). This observation is in agreement with the
result of particle-tracing simulation as illustrated in Figure 2C.
While centrifugation has traditionally been considered the
most common method for washing samples, the centrifugation
process has been known to cause sample loss as well as
reduced sample viability.31 To verify this, we performed
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multiple centrifugations on the cells. As shown in Figure S17D,
after five centrifugations, the loss of cells was nearly 60%, while
cell viability decreased from 93.6% to 82.3%. This is the reason
why there are a growing number of centrifugation-free
techniques being developed to directly process and assay
samples. In addition, the flow rates at Outlet 1 and Outlet 2
were 53.90 and 6.12 pL/min, respectively (Figures 2D and
S19), which ensure a >3-fold concentration of the cell and
match the requirement for LIF detection of the single cells and
their subsequent sampling into ICP-MS by the micronebulizer.
Thereafter, a range of concentrations of BioNPs probe
suspension, OXA-containing medium, trypsinized medium
containing massive vesicles, and whole blood with various
hematocrit (Hct) were tested to determine the purification
capability of the microfluidic chip for downstream single cell
evaluation in these complex matrices. The results presented in
Figures 2E and S19—S523 show removal of probes as high as 10
nM with a 0% residual rate. In addition, massive vesicles-
containing trypsinized medium, OXA-containing medium, and
diluted whole blood with model cells (Hct = 2.5%—15%) were
all effectively removed. The above observations clearly
indicated that the P2 microfluidic device is able to depurate
the excessive interferents including nanoscale contaminants,
complex matrix in biological samples, as well as ionic species or
drug molecules.

Numerical simulations were also performed to investigate
the fluid motions at the interface of vertical and horizontal
sampling modes to ICP-MS (Figures S24A,B). For conven-
tional microchip-ICP-MS interfacing, a tubing is generally
inserted vertically at the outlet of the chip for sampling the
aligned single-cell stream. In such a case, it can inevitably cause
sudden changes in the flow field and disrupt the aligned single-
cell stream. This may present obstacle for achieving high-
efficiency single-cell transportation and analysis.’”® In
contrast, the stable flow field distribution in a horizontal
sampling mode enables a reliable aligned single-cell stream, as
shown in Movie S1, and significant promotion for the single-
cell transport efficiency has been observed (Figure 2F). As
such, the OS-Chip was constructed as characterized by the dye
experiments (Figures 2G and $S24C). With optimized low flow
conditions (Inlet 1:Inlet 2 = 20:40 uL/min), the cells were
hardly damaged in the alignment/purification process under an
average shear stress of 0.043 dyn/cm’ (Figures 2H—I and
$25). The uCytoMS system was constructed by coupling the
OS-Chip to LIF and ICP-MS (Figure 3A). MCF-7 cells after
exposure to 10° mL™" of AuNPs suspension (60.8 + 7.5 nm in
diameter) were detected by measuring the isotope of ’Au
(Figure S26). A cell transport efficiency of 90.6 + 7.6% was
derived (n = S, confidence limit of 95%) by adopting an Enya
Mist nebulizer with a 30-folds higher sampling efficiency than
the conventional concentric nebulizer. Surprisingly, the cell
transport efficiency may even be improved up to 96.0 + 10.3%
(n = 3, confidence limit of 95%) by reducing the flow rate of
Inlet 1 to S uL/min. Considering that the sampling throughput
is a vital parameter in single-cell processing and assaying, the
inlet flow rates may be adjusted based on the specific
requirements of the study. For fluorescence monitoring of
the single cells, the LIF View Finder was connected to the end
of Outlet 1. The narrow channel ensured a stable single-cell
flow path and reliable single-cell fluorescence signal acquis-
ition. The present OS-Chip mode enabled single-cell align-
ment and purification at 500 cells/min under ultralow flow
conditions, which is 20-fold higher in comparison with
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previous studies (Table S2) involving multidimensional
unicellular profiling strategies.' It achieved a more concise
configuration of the purifying unit with higher purification
efficiency. LIF View Finder and appropriate interface further
ensured almost-lossless measurement efficiency for single-cell
sampling and profiling.

Evaluation of pCytoMS in Analytical Performance. It
is important to maintain a steady spike intensity when
operating the pCytoMS system. For this purpose, fluores-
cence/MS signal of single-probe (Figure 3B—E), cell density,
and Fluorescence/MS correction time (26.080 + 0.449 s) were
scrutinized with full details given in Figures $27—S29 and
Table S1. Briefly, dwell time (fz,;) of 0.1 ms, cell number
density of 2.5 X 10* cell/mL, and laser strobing of 10 kHz were
employed for our studies.”” These ensured consistent matching
of the fluorescence/MS data collection with that of single-cell
events.

For the purpose of evaluating the performance of single-cell
detection and phenotypic analysis of the yCytoMS system, five
PTK7-highly expressed cancer cell lines (MCF-7, A-549,
MDA-MB-231, LoVo, and HeLa cells), three PTK7-low
expressed cancer cell lines (HepG2, HuH-7, and SK-Hep-1
cells), and one PTK7-negative cell line (Ramos cells) were
chosen as the model cells. The cells were trypsinized and ca.
1500 cells were ushered into the microchannel at 20 pL/min,
followed by flowing through the LIF View Finder and to ICP-
MS for measureing the expression levels of PTK7 and the
dosage of OXA in various single cells (Figures S30 and S31).
By using the optimized data filtering based on iterative
algorithm as reported in our previous work,”*" 1389/1483,
1185/1336, 1405/1392, 1319/1425, 1352/1023, 1440/1483,
1432/1097, 1485/1182, and 968/968 effective single-cell
fluorescence bursts/'**Pt spike signals corresponding to
MCF-7, A549, MDA-MB-231, LoVo, HeLa, HepG2, HuH-7,
SK-Hep-1, and Ramos cells, respectively, were acquired within
a sampling time interval of 180 s. It is directly related to the
total mass of the OXA at the single cell level and the number of
BioNPs probes labeled with PTK7 being expressed on the cell
surface (Figure S31C). Figure 3F shows that the number of
probes labeling on PTK7-highly expressed cell lines was much
more than those on PTK7-low expressed cell lines, and much
less was observed on PTK7-negative cell lines. The receiver
operating characteristic (ROC) curve was adopted for
evaluating the reliability of yCytoMS. The results indicated
that with respect to detection either by ICP-MS or LIF only,
the present detection strategy by both LIF and ICP-MS
exhibited better accuracy and resolution for cellular phenotyp-
ing (AUC = 1 in total ROC, Figure 3G). The single-cell LIF-
ICP-MS signal after screening against the correction time is
given in Figures 3H and S29, which ensures subsequent
fluorescence and MS data analysis for the corresponding LIF
and ICP-MS detection for the same single cell. The compatible
fluorescence/MS spectrum matching from nine cell lines
further revealed the validation of protein expression and drug
uptake (Figure 3I). The results clearly illustrated that PTK?7
expression varied significantly even among the same cell line,
indicating that cell-to-cell heterogeneity and analysis stochas-
ticity are always present in profiling any cell population.””*’
For single LoVo cells, the number of probes was fewer than
other PTK7" cell lines, while the contents of platinum were
found to be more than others. On the other hand for single
MCE-7 cells, the number of probes were more than other
PTK7" cell lines, while the contents of platinum were found to
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Figure 4. Evaluation of performance of #CytoMS on clinical samples. (A) Quantification of CTCs in 50 uL of blood samples from patients
and healthy controls. (B) The numbers of CTCs were detected respectively from 50 L of cancer patient blood with detection by LIF and
ICP-MS. (C) The scatter plot for uCytoMS profiling of individual patient CTCs. (D) LDA canonical score plots for the response of the
BioNPs assemblies to single CTCs from ten patients. The data indicate mean + standard deviation (SD). Three independent groups to be
tested by using biological replicates (n = 5) were used for each data point. The Student’s t test was used to compare the means of two groups

(A).

be less than others. It is probably because that the variations in
the proteins and transport mechanisms of oxaliplatin in the
different cell lines, or there are more OXA targets in DNA of
colon cancer cells than of the other cancers such as breast
cancer, so that OXA would accumulate, in turn, to lead to
decreased expression level for PTK7."' Few probes were
labeled on HepG2 cells due to low PTK?7 expression, but the
accumulation of OXA was highest, probably due to the drug
amassing in the liver after the medication was metabolized
within the body."”” However, the PTK7 expression on some
individual cells was opposite to the overall trend. This indicates
that the system can detect rare cells and provide more detailed
and evidence-based specific information for personalized
clinical diagnosis and treatment. Furthermore, LDA was
applied to the uCytoMS response matrix comprising nine
fluorescence units of BioNPs probe X nine masses of OXA.*
Figure 3] illustrated that all the cell lines were clearly
categorized into six individual clusters, which illustrated the
competency of the sensitive yCytoMS for phenotyping various
tumor cell lines at the single-cell resolution. It is noteworthy
that two breast cancer cell lines instead of three hepatoma cell
lines were separated into two independent clusters. It
suggested that the multiplex strategy has potential for subgroup
analysis of homologous tumor cell lines with highly expressed
biotarget, which can be promising for future applications for
cancer screening.

To assess the clinical profiling feasibility using pCytoMS,
blood samples from ten breast cancer patients and five healthy
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volunteers were treated and analyzed (Table S3). The
treatment processes are given in the “Blood Processing”
section and the Supporting Information under the section of
immunofluorescence staining. It was illustrated in Figures 4A
and S32 that CTCs were identified in all the patients with 1—4
CTCs per S0 uL of blood (with a mean of 1.24 + 0.96), while
no CTCs were identified in the healthy controls. It is very
interesting to see that LIF identified relatively more CTCs than
ICP-MS probably due to the direct recognition strategy with
LIF (Figure 4B). Thus, lossless single-cell sampling of ICP-MS
is extremely critical for future development in analyzing rare
cells to collect as much MS data as possible. Figure 4C
indicates that the obtained plot of MS data reflects the
heterogeneous signaling states of the CTCs identified. In
P05S’s solitary CTC, a pronounced concentration of
oxaliplatin was observed, coupled with a diminished expression
of PTK?7. This phenomenon could potentially be attributed to
the advanced stage of the patient’s breast cancer. The extended
duration of chemotherapy might have facilitated an increased
accumulation of the drug, thereby exhibiting a degree of
therapeutic effectiveness. These data provided important and
critical information that will be needed to facilitate individual
diagnosis of cancer patients. Furthermore, it was seen that the
LDA plots categorized the ten cancer patients into three
individual clusters (Figure 4D), which verified that the
#CytoMS provided differentiation in the clinical exploration.
It is noticed that the clusters of P091 and P102 were very close,
which may be related to the potential bone metastases in these
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three patients.”**> On the other hand, the widest cluster ranges

of P162, P086, and P072 were probably due to the extremely
high degree and extent of lymph node involvement. The
uCytoMS performed simultaneous quantification of PTK7
expression and platinum-based drug content in individual
CTCs, providing nuanced insights into tumor cell metastasis.
Elevated platinum levels alongside sustained PTK7 expression
implied limited efficacy, contrasting with reduced PTK7
expression, signaling a positive therapeutic response. Variations
in PTK7 and drug content among single CTCs from the same
blood sample may indicate patient improvement or deterio-
ration, necessitating a comprehensive evaluation. While clinical
implementation is a future endeavor, our system’s contribution
to patient-specific CTC analysis at the single-cell level
establishes a fundamental framework for informing personal-
ized treatment strategies.

CONCLUSIONS

A microfluidic cytometry/mass spectrometry system (uCy-
toMS) was constructed for enabling in situ high-throughput
analysis of drug uptake and associated protein expression on
single cells by the multiscale integration of BioNPs engineer-
ing, microfluidic single-cell alignment, and fluorescence/ICP-
MS dual mode detections. The high-affinity BioNPs probes
bound selectively with biomarker PTK7 on tumor cells, which
enabled LIF sensing of PTK?7 expression level induced by OXA
uptake, and the dosage of OXA uptake was evaluated by the
measurement of '**Pt isotope with ICP-MS. The expression of
PTK7 may be further elucidated by correlating with AuNPs
conjugated on a single cell. The microchip facilitated
purification and alignment of single cells at ultralow flow
conditions, and the horizontal interface ensures superefficient
matching of the single-cell focusing microfluidic unit to ICP-
MS. The system efficiently eliminated the drawbacks of cell
damage, sample loss, and time-consuming process of conven-
tional centrifugation pretreatment, and it provides extremely
high cell transport efficiency. The system assisted deciphering
and phenotyping of the heterogeneity of nine cell lines and
CTCs from 10 breast cancer patients at single-cell resolution
with free background interference. Taken together, our single-
cell analysis will not only enhance characterization of cancer
heterogeneity, but also potentially lead to better assessment of
treatment efficacy and hopefully to better clinical outcomes.

METHODS

Cell Culture and Sample Preparation. The cell lines employed
for the present study were acquired from the Cancer Institute and
Hospital of Chinese Academy of Medical Science (Beijing, China).
These cell lines include two living breast cancer cell lines, MCF-7 and
MDA-MB-231, three hepatoma cell lines, HepG2, HuH-7, and SK-
Hep-1, one lung carcinoma cancer cell, A549, one colorectal cancer
cell, LoVo, one cervical cancer cell, HeLa, and one lymphocytoma
cell, Ramos. The cells were cultured in the DMEM and 1640 medium
containing 10% fetal bovine serum (FBS) and 100 U/mL penicillin
and 100 U/mL streptomycin. The culturing was performed in an
incubator at 37 °C under 5% CO,, and the cells were trypsinized and
reseeded every 2 days. The cell number was counted by a cell counter
(Countess II, Thermofisher, USA) to obtain optimal cell density for
ICP-MS analysis (n = 3). For single-cell analysis, the cell suspension
was appropriately diluted with a PBS solution containing 1% (w/v)
Tween-20.

For exploring the effect of oxaliplatin (OXA) on the expression of
PTK?7 on the surface of cells, OXA solutions (50 yg/L, incubation for
2 h) in DMEM media were used for cell culture. After culturing, the
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cells were trypsinized without any centrifuging and washing process
and divided into two parts. One part was centrifuged at 900 rpm for 4
min and washed four times with PBS solution to prepare cell
suspension for control testing. Another part was introduced into the
microfluidic chip directly after treatment with BioNPs for 20 min (10
UL of probes:10° cells). Afterward, the cell suspension was sprayed
into aerosol by using an Enya Mist nebulizer and horizontal micro
spray chamber after aligning from the OS-Chip, and introduced into
the ICP torch for time-resolved ICP-MS measurement.

Blood Processing. Whole blood samples from volunteers and
cancer patients (pathologically or clinically confirmed) were obtained
from Liaoning Cancer Hospital and Institute (#1) and General
Hospital of the Northern Theater Command (#2—#10) (Table S1).
This study was approved by the Animal and Medical Ethics
Committee of Northeastern University (NEU-EC-2021B006S). The
blood samples were drawn into evacuated EDTA-coated collection
tubes. All the blood samples were diluted 4 times with PBS, treated
with BioNPs and processed by the microchip within 24 h by injecting
200 uL of diluted whole blood into the chip at a flow rate 20 yL/min.
In addition, sufficient BioNPs ensure that every artificial CTC in
blood is identified and labeled (10 uL of probes/200 uL of diluted
whole blood).
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