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ABSTRACT

Accurate and ultrasensitive evaluation of human epidermal growth factor receptor 2 (HER2) protein is key to
early diagnosis and subtype differentiation of breast cancer. Single-cell analyses to reduce ineffective targeted
therapies due to breast cancer heterogeneity and improve patient survival remain challenging. Herein, we re-
ported a novel droplet microfluidic combined with an instant cation exchange signal amplification strategy for
quantitative analysis of HER2 protein expression on single cells. In the 160 pm droplets produced by a tapered
capillary bundle, abundant Immuno-CdS labeled on HER2-positive cells were replaced by Ag * to obtain Cd?*
that stimulated Rhod-5N fluorescence. This uniformly distributed and instantaneous fluorescence amplification
strategy in droplets improves sensitivity and reduces signal fluctuation. Using HER2 modified PS microsphere to
simulate single cells, we obtained a linear fitting of HER2-modified concentration and fluorescence intensity in
microdroplets with the limit detection of 11.372 pg mL L Moreover, the relative standard deviation (RSD) was
4.2-fold lower than the traditional immunofluorescence technique (2.89% vs 12.21%). The HER2 protein on SK-
BR-3 cells encapsulated in droplets was subsequently quantified, ranging from 9862.954 pg mL ™" and 205.26 pg
mL™}, equivalent to 9.795 x 10° and 2.038 x 10° protein molecules. This detection system provides a universal
platform for single-cell sensitive quantitative analysis and contributes to the evaluation of HER2-positive tumors.
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1. Introduction

According to the latest global cancer data reported by the WHO’s
International Agency for Research on Cancer (IARC) in 2021, the
number of new cases of breast cancer in women was 2.3 million (11.7%),
overtaking lung cancer as the most common cancer [1]. But, breast
cancer mortality has slowly declined in the past decade due to advances
in early detection and targeted therapies [2]. Human epidermal growth
factor receptor 2 (HER2) is a transmembrane protein with tyrosine ki-
nase activity, whose overexpression plays an important role in the
tumorigenesis and invasion of the cancer cell. In accordance with St.
Gallen/Vienna 2021 consensus, in addition to being an important clin-
ical biomarker for targeted therapy [3], subtype identification and
prognostic strategy selection for early breast cancer could be guided by
HER2 protein [4]. Early detection of HER2 protein can effectively
improve the survival rate of HER2-positive patients [5-7].

The current HER2 protein detection method is mainly done by
invasive tumor biopsy using immunohistochemistry (IHC) and gold
standard fluorescence in situ hybridization (FISH) [8,9]. But these two
methods are dependent on fluorescence staining of the section patho-
logical analysis, which is time-consuming, semi-quantitative, and
cannot directly detect the protein marker levels in patients after surgical
treatment or in patients with recurrent and metastatic tumors. Addi-
tionally, cancer cell heterogeneity also poses a challenge in evaluating
the efficacy of HER2-targeted therapy [10]. The emergence of single-cell
quantization has provided critical insights into solving this problem.
Fluorescence flow cytometry (FCM) is the current benchmark for single
cell protein expression characterization with high efficiency in locating
and counting protein on the surface of individual cells in large hetero-
geneous populations [11]. However, the quantitative fluorescence
signal after staining cells with fluorescence-labeled antibodies is highly
dependent on the spontaneous fluorescence intensity, which is easily
indistinguishable from noise signals and impurities in the sample solu-
tion when detecting trace proteins, limiting the sensitivity [12,13]. And
the equipment is expensive and requires skilled personnel to operate
[14]. Hence, there is an wurgent need for a portable,
fluorescent-amplified, ultrasensitive quantitative assay strategy to pre-
cisely identify HER2 protein expression levels in single cells.

As an efficient point-of-care-testing (POCT) tool, microfluidic has
gained certain attention in the field of single-cell analysis due to its
advantages of high throughput and sensitivity, integration, automation,
and low consumption [15-19]. However, mixing homogeneous fluids is
difficult and prone to cross-contamination in traditional microfluidics.
Droplet-based microfluidics is an emerging technology developed in
recent years, that has been proved to be applicable for single-cell pro-
teomic analysis, genetic analysis, and screening [20-23]. The internal
reaction environment of droplets is stable and very localized, which
could use to encapsulate single cells for individual inspection, providing
an isolated environment within the pL level and eliminating the inter-
ference of environment and nonspecific cells [24-26]. Capillary-assisted
droplet microfluidic enables convenient, monodisperse, long-term sin-
gle-cell encapsulation and real-time analysis of droplets by using simple
pipette injection [27,28]. Moreover, the construction of multibarrel
capillary bundle structures is more conducive to the simultaneous for-
mation and coalescence of droplets by simple digital adjustment, which
has obvious advantages for the generation of droplets with controllable
morphology and composition [29,30]. This method eliminates the
pre-mixing of multiple reagents before droplet generation and provides
a new strategy for instantaneous reaction cases. However, each channel
of multibarrel capillary bundle relay on extra Teflon tubing inserted for
reagent input limited the size of tapered tip (usually a few hundred pm)
and the size of generated droplet. Meanwhile, the heterogeneity of
droplet size is still a struggle for the capillary assisted droplet micro-
fluidic, which affects the accuracy of single-cell detection.

The cation exchange reaction is an instantaneous conversion process
that replaces cation in the ionic nanocrystal with another cation while
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keeping the structural framework [31-33]. The strategy of ionic nano-
crystals releasing a large number of cations by Ag' replacement and
combining with cationic responsive fluorescent dye to amplify the signal
has been proven to be applicable for cancer cells, protein, and miRNA
detection [34-37]. At this point, instantaneous reaction avoids fluores-
cence quenching phenomenon. Moreover, the fluorescence reporter
molecules are evenly distributed in the detection solution avoiding the
detection error caused by the random position of the target analyte.
Compared with ordinary fluorescence detection methods, the cation
exchange reaction shows superiority in rapid and ultrasensitive detec-
tion of trace targets, which is particularly suitable for single-cell level
detection [38].

In this paper, we presented a high-throughput flow HER2 protein
quantification strategy for a single breast cancer cell via cation exchange
fluorescence signal amplification reaction in microdroplets. The Ag™,
Rhod-5N, and Immuno-CdS-cell complex mixture solution for the reac-
tion were simultaneously injected into a hydrophobic capillary bundle
structure to generate droplets of uniform size after instantaneous mix-
ing. All Cd*" participating in the composition of CdS quantum dots
(QDs) were replaced instantaneously by Ag" and coordinated with
Rhod-5N to generate intensity fluorescence in whole droplets, which
enhanced the detection sensitivity and repeatability. Furthermore,
combined with the characteristics that the micro- (photomultiplier tube)
PMT-based detection equipment can move flexibly along the output
channel, the fluorescence signal can be recorded at the completion of the
instantaneous cation exchange reaction, reducing the impact of long-
term contact between cells and reagents. The experimental dose of
each droplet is relatively fixed by capillary bundle injection, and the
fluorescence signal contrast of cell or not can be obtained without the
separation and collection of cations exchanged. Quantitative detection
of HER2 protein in a single cell was realized by recording the fluores-
cence intensity of various concentrations of HER2 protein immobilized
on a single microsphere surface. The sensitivity of the proposed strategy
for HER2 protein was 11.372 pg mL™}, and the amount of surface HER2
protein in single cells we detected can be calculated by the linear fit,
corresponding 9.795 x 10° and 2.038 x 10° biomarker protein mole-
cules. To our knowledge, there is no report on the detection of HER2
protein in single cells by cation exchange amplification fluorescence
reaction using droplet microfluidic. This strategy demonstrates good
application potential in ultrasensitive detection of trace substances in
single cells and differentiation of tumor heterogeneity.

2. Experimental
2.1. Reagents and instruments

Cadmium chloride (CdCly-5H20) and N-Hydroxysulfosuccinimide
sodium salt (NHS) was obtained from Alfa Aesar (Shanghai, China).
Rhodamine5N (Rhod-5N), 3-mercaptopropionic acid (MPA, 99%),
Mineral continuous, ethanesulfonic acid (MES), and Carboxylated
Polystyrene microspheres (PS-COOH) (catalog #P107813) were pur-
chased from Aladdin Reagent Co., Ltd. (Shanghai, China). Silver nitrate
(99%), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride (EDC), and PBS buffer (pH7.4) were purchased from Sigma-Aldrich
(Shanghai, China). Tween-20 was purchased from Sinopharm Chemical
Reagent Co., Ltd (China). Mouse monoclonal Anti-HER2 antibody (cat-
alog #10004-MMO03), Anti-HER2 antibody (Biotin) (catalog #10004-
MMO01-B), and Human HER2 protein (catalog #10004-HO2H) was pur-
chased from Sino Biological Inc (China). Streptavidin/FITC (catalog
#SF068) were provided by Solarbio (Beijing, China). Quartz tube (600
pm inner diameter, 950 pm outer diameter) was purchased from
Guanghua Quartz Glass Co., Ltd (Jinzhou, China). Capillary (320 pm
inner diameter) (catalog #YN-320450) was purchased from Nuoheng
Optical Cable Co., Ltd (Handan, China). Micro-photomultiplier tube
(PMT) modules H12402 were purchased from Hamamatsu (Japan).

Microscopy images of droplets was obtained by Olympus BX51
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fluorescence microscope with a 10 x objective (Olympus, Japan). The
fluorescence microscopy images were captured by Olympus BX51 with a
modified Olympus U-MWG2 fluorescent module: excitation 473-491
nm, emission filter 502.5-547.5 nm, and a dichroic mirror: reflection
band: 350-491 nm, transmission band: 497.8-900 nm. Scanning elec-
tron microscope (SEM) images of tapered capillary bundle were char-
acterized via an ULTRA 55 microscope (ZEISS, Germany). The zeta
potential values of Immuno-CdS tags and Immuno-PS microspheres, and
the DLS measurement of Immuno-CdS tags were recorded on Litesizer
500 (Anto paar, Austria). Nicolet iS10 (Thermo Fisher, USA) was used to
record FITR spectra.

2.2. Fabrication of Immuno-CdS tags

First, the MPA-CdS QDs were prepared via disulfide reduction and
sulfhydryl amine coupling [39]. The detailed synthesis process was
described in S1. Subsequently, monodispersed CdS QDs nanoparticles
with surface carboxyl groups (50 mg mL ') were activated by 0.1 M EDC
and NHS in 500 pL 0.1 M MES buffer (pH 5.5) at 37 °C for 30 min. 5 pg
antibodies (Anti-HER2 antibodies) were hotheaded to incubated with
activated CdS QDs for 2.5 h under shaking. The un-conjugated anti-
bodies were removed by centrifugation and the un-reacted carboxyl
groups on the surface of CdS QDs were blocked by 1% BSA for 1 h. The
as-prepared Immuno-CdS tags were resuspended in 500 pL PBST solu-
tion (pH 7.4, 0.05% Tween-20) and stored at 4 °C for further use [40].

2.3. Assembly of the droplet generation chip

As shown in Fig. S2a, the designed co-flowing droplet generation
chip consists of five parts: a 3-mm diameter Teflon hose, a tapered
capillary bundle containing three capillaries stretched to 20 pm inner
diameter (The preparation method was illustrated in detail in S2), a pre-
hydrophobic quartz tube with 700 pm inner diameter, a cover plate
(Iength 41 mm x 26 mm width), and a liquid chamber (length 50 mm x
40 mm width) with three slots with diameters of 1 pm, 2 pm, and 3 pm,
respectively. Polymethyl methacrylate (PMMA) materials were pro-
cessed into the cover plate and liquid chamber by using a CNC machine.
Then, the capillary bundle, advanced hydrophobic quartz tube and
Teflon hose were embedded in the corresponding slots as reagent adding
channel, droplet output channel and continuous input channel, respec-
tively. The transparent PMMA plate was covered on top of the device for
sealing off continuous phase and observing of droplets generation
(Fig. S2b (i)). The UV curing adhesive was used to seal each joint.
Notable, the capillary bundle was suspended in the center of quartz tube
in the real assembled droplet generation chip shown in Fig. S2b (ii).

2.4. Establishment of real-time fluorescence signal detection platform

An excitation laser beam with a wavelength of 532 nm is focused on
the continuously moving droplets within the output channel. At the
same time, the emission fluorescent signal with a wavelength around
577 nm is collected by an objective (Olympus MPlanFL N20X/0.45) and
guided into micro-PMT modules (Hamamatsu H12402) for high-
sensitivity photoelectric sensing detection. The electrical signal from
the PM detector was connected to the Hamamatsu photon counter sys-
tem with a 50 ps of minimum sampling interval and a 50 pA Im~! of
minimum luminous sensitivity.

2.5. Cell culture

The SK-BR-3 (human breast adenocarcinoma cells) were purchased
from ATCC and cultured in DMEM supplemented containing 10% FBS,
100 IU mL ! of penicillin, and 100 mg mL ™" of streptomycin at 37 °C in
a humidified incubator with 5% CO,. After digestion with trypsin (wt
0.25%) for 2 min, fresh culture medium was added to obtain the cell
suspension. Cells were collected by centrifugation at 1000 rpm for 5 min
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and resuspended by PBS buffer for counting (1.14 x 107 cells mL™!) and
immediately use.

3. Results and discussion

3.1. Principle of the instant signal amplification-based droplet
microfluidic for single-cell HER2 detection

Fig. 1 illustrates the structural composition and operation principle
of the proposed droplet microfluidic system for single breast cancer cell
detection. To achieve the instantaneous and ultrasensitive detection of
HER2 protein in single cells, we introduced the cation exchange signal
amplification strategy based on MPA-CdS QDs into the droplets as an
alternative to conventional fluorescent labeling with the characteristic
of uniform luminescence in droplet. Firstly, anti-HER2 antibodies
modified CdS attached rapidly and in large quantities to the surface of
breast cancer cells, forming the immuno-CdS-cell complex structure.
Then, a AgNOs solution, a Rhod-5N, and the diluted complex were
synchronized injected into the tapered capillary bundle of the designed
droplet generation chip, respectively. Under the limitation of the
diameter of the tapered end of the capillary bundle, homogeneous
microdroplets that encapsulated single cells were formed in succession
when the flow of capillary bundle met a continuous phase from the
vertical direction capillary at the device cavity. As the droplets
continued to flow through the output glass tube for a few seconds,
thousands of Cd?* were instantaneously released by Ag™ and reacted
with Rhod-5N to generate an intensive fluorescence signal at 532 nm
excitation wavelength. Finally, the amplified fluorescent signal was
measured using a photon counter system with a micro-PMT module and
used for real-time and quantitative analysis of single-cell HER2 protein.

3.2. Characterization of immuno-CdS tags

As characterized in Fig. 2a of transmission electron microscopy
(TEM) image, the average size of aqueous synthesis of CdS QDs using
MPA as stabilizer was 4 nm in diameter. Powder X-ray diffraction (XRD)
was used to confirm the crystal structure and phase purity of the main
synthetic product. Fig. 2b shows the typical XRD pattern of the CdS
nanoparticles. The diffraction peaks at 20 values of 26.45°, 43.87°,
51.96°, and 70.3° refer to (111), (220), (311), and (331) planes of CdS
cubic sphalerite structure, respectively, which could all be indexed to
the standard PDF card (JCPDS No. 65-2887). Under excitation light of
365 nm, the synthetic CdS QDs exhibit red fluorescence with an emission
peak at ~670 nm in Fig. 2c. HER2 antibody was directly modified onto
the CdS QDs surface due to the abundant activated carboxyl group via
the EDC/NHS-based coupling reaction to specific recognized HER2 high
expression cells. Fig. 2d displayed the Fourier transform infrared (FTIR)
spectroscopy results revealed that HER2 antibody had been conjugated
onto the CdS surface. The dynamic light scattering (DLS) and Zeta po-
tential results in Fig. S3 also confirmed the successful fabrication of the
immuno-Cds tags with the average diameter of CdS QDs increased from
4 nm to 11 nm and the zeta potential value of CdS changes from —8.2
mV to —29.6 mV after antibody modification.

3.3. Optimization of the instant signal amplification in microdroplets

As a dual functional tag in the droplet detection system, the immuno-
CdS tags contributed to specific binding to target breast cancer cells and
providing Cd%* for fluorescence signal amplification in droplets. Suc-
cessful cation exchange reaction is a significant factor in improving the
sensitivity of droplet microfluidic flow detection systems. We investi-
gated the fluorescence signals of 500 pM AgNOs and 2 pM Rhod-5N
mixture in the presence and absence of Cd?* in a droplet. As shown in
Fig. 3a, the fluorescence signals in the presence of Immuno-CdS tags
were increased ~9.71 fold on average. Fig. 3b revealed the cation ex-
change fluorescence intensity increased linearly with the Cd**
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Fig. 1. Schematic diagram of the instant signal amplification-based droplet microfluidic, including four parts: a) the droplet generation unit, the b) detail of the
tapered capillary bundle structure in droplet generation unit, ¢) Micro-photomultiplier tube (PMT) detection part, d) the principle of cation amplification reaction in

a droplet.
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concentration (0.05-0.6 pM) and tended to saturate above 0.4 pM in a
finite droplet, which confirmed the feasibility of cation exchange
amplification in the droplet detection system for quantitative detection.
0.5 pM of Immuno-CdS tags was used in the next experiment. The signal
intensity was relative to the size of the droplets controlled by the ve-
locity of the continuous and dispersed phases. In Fig. 54, a series of flow
rates of continuous phase including 2.5, 5, 10, and 20 pL min~! and the
flow rate of dispersed phase including 0.5, 1, 2.5, 5, and 10 pL min
were tested to generate the microdroplets in different sizes ranging from
70 to 245 pm. The corresponding fluorescent signals collected in real
time in Fig. 3c decreased with the decrease of droplets. However, when
the continuous phase velocity and dispersed phase velocity reached 20

pL min~! and 10 pL min~, respectively, the short interval from droplet
formation to detection makes the cation exchange reaction not fully
occur, resulting in a low signal collected. Hence, the continuous phase
velocity of 10 pL min~! and the dispersed phase velocity of 5 pL min !
were selected to ensure the high flux generation of droplets (~160 pm)
and the high efficiency of fluorescence detection. The throughput was
approximately 137 droplets per min. Additionally, we collected droplet
signals at 10 different positions in the output quartz tube after droplet
formation to obtain the optimal detection distance. Fig. 3d was the
corresponding fitting curve indicating that the fluorescence signal was
correlated with the distance and was stable at more than 5.5 cm. It
represents the signal amplification response was completely
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Fig. 4. a) Fluorescence microscopy images of droplets: (i) bright field and (ii) dark field images not containing single cells, (iii) bright field and (iv) dark field images
containing single cells. b) The photon number or fluorescence intensity of the moving droplets generated in the droplet microfluidic flow detection system. c)
Classification of the photon number. d) Specificity of the droplet microfluidics flow detection system based on cation exchange reaction.
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accomplished during 5.5-7 cm, which can be considered the optimal
range for signal acquisition. The time required to complete the reaction
was the signal acquisition position divided by the flow rate. The
instantaneous process from droplet formation to fluorescence detection
further reduces the influence of environmental factors on detection
results.

3.4. Detection of HER2 protein on single cell

The single-cell detection capability of the droplet microfluidic flow
detection system was evaluated by detecting Calcein AM (490 nm
excitation wavelength) staining breast SK-BR-3 cells in droplets. The cell
suspension was prediluted 10° times with PBS buffer (10 mM, pH 7.4) to
ensure the number of cells in a droplet was <1 on average. Fig. 4a was
the fluorescence microscope images of droplets with and without con-
taining cells. Notably, only one cell with significant green fluorescence
was successfully encapsulated in a droplet, accounting for about 40.35%
of all droplets generated in 1min. The cell encapsulation performance
ensures autonomous single-cell detection by regulating the concentra-
tion of cells before being injected into the capillary bundle, which pro-
vide a novel and common platform for detecting biomarker protein in
single cells.

Under the optimized detection conditions, the SK-BR-3 cell suspen-
sion was used to specifically identify HER2 proteins on the surface of
single cells. As displayed in Fig. S5 obtained by confocal laser scanning
microscopy (CLSM), the FITC-SA with red fluorescence was clearly
distributed around the surface of breast SK-BR-3 cells after the combi-
nation of anti-HER2 antibody (Biotin) (Figs. S5a-b), whereas not in the
absence of biotin-labeled antibody (Figs. S5c—d). The highly effective
binding of specific antibodies suggested that HER2 protein was highly
expressed in this cell line. Based on the LOD value of the detection
system calculated by the IUPAC formula (LOD = blank control + 3 x
SDplank, Where blank control and SDyjank are the average fluorescence
intensity and standard deviation, respectively) from real-time cation
exchange amplification signals of blank control droplets produced by
different droplet generation chips as shown in Fig. S6, we randomly
collected a test group of droplet signals, subsequently. As shown in
Fig. 4b, there was a significant difference between the fluorescent signal
of the 113 droplets containing a cell and without cells in the sample
points generated within 50 ms. By statistical analysis in Fig. 4c, all the
droplets were clearly divided into single-cell encapsulation and cell-free
encapsulation. Moreover, the signal intensities directly reflect HER2
protein content on the surface of individual cells to a certain degree. The
higher expression of the HER2 protein contributes to the more Immuno-
CdS tags binding, the higher the fluorescence signal stimulated by cation
exchange. We also assessed the specificity of the detection system using
several common cell lines with no HER2 protein expression as in-
terferers, including 4T1 (Murine breast cells), A549 (Human lung
adenocarcinoma cells), HepG-2 (Human hepatocellular cells), H9c2
(Cardiomyocytes), PC12 (Pheochromocytoma cells) and MC3T3-E1
(Osteoblastic cells). Fig. 4d revealed that all interference groups
showed similar fluorescence intensity to the blank control, whereas a
distinct signal appeared in the HER2 protein group, indicating the high
specificity toward the target biomarkers among cells. Hence, the pro-
posed detection system was capable of simply detecting specific proteins
on single-cell and identifying subtle distinctions of target analytes.

3.5. Quantitative detection of HER2 protein in a single cell

To simulate the expression of HER2 protein on a single breast cancer
cell membrane, various concentrations of HER2 protein (from 1 x 10°
pg mL! to 0 pg mL™!) were immobilized on carboxylated PS micro-
spheres (diameter 10 pm) surface to incubated with excess Immuno-CdS
tags. The preparation process of antigen-modified-PS microspheres was
consistent with Immuno-CdS tags. The Zeta potential of PS microspheres
decreased with increasing HER2 protein amount in Fig. S7, indicating
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the completion of PS microsphere model. In this part, according to the
pre-experiment of the monodisperse fluorescent PS microspheres (580
nm excitation wavelength) with the same diameter and concentration,
encapsulating a single PS microsphere in a droplet could be realized
when the PS microspheres concentration is reduced to 0.1%ow/v (Fig. 5a
i-iii). And the encapsulation rate was approximately 9.54%, which
conformed to the Poisson distribution [41]. The cation exchange
amplification fluorescent signal of droplets containing a PS microsphere
was randomly real-time collected 20 times and averaged to reduce the
sampling errors. As shown in Fig. 5b, the fluorescent intensity decreased
gradually with decreasing HER2 protein concentration and was well
distinguishable within 0-1 x 10° pg mL™!. Moreover, the fluorescent
intensity remarkably correlated linearly with the HER2 protein within
the dynamic range of 31.25-1 x 10° pg mL™1. The detection limit of
HER2 protein in this experiment was 11.372 pg mL™", based on calcu-
lation with concentration corresponding to three times the standard
deviation of the 0 pg mL™' measurement. The HER2 protein on the
surface of one cell was roughly quantified by bringing the fluorescent
signal of the droplets containing a cell into the linear relationship,
distinguished the delicate difference between cells. According to the
calculation formula in S3, the maximum and minimum values were
9862.954 pg mL~! and 205.26 pg mL ™}, which was equivalent to 9.795
x 10° and 2.038 x 10° biomarker protein molecules in one micro-
droplet, respectively. And the average of HER2 protein in the droplets
containing single cells was 2817.838 pg mL ™}, corresponding to 2.798
x 10° molecules, which is consistent with the single-cell level assess-
ment of HER2 expression in tissue sections [42].

We also compared the performance of this cationic amplification
system with traditional fluorescent labeling method using the same
antibody when applied to carboxyl-activated PS microspheres. As
revealed in Fig.5c, the former produced 4.8 times as many fluorescent
signals as the latter. And the 4.2 folds RSD interpolation demonstrated
the application of cation exchange reaction effectively reduced the
relative error caused by the random position of the target analyte in the
droplets by releasing the reporter molecules into the droplets for uni-
form amplified fluorescence. This pattern improved the accuracy of
cation exchange-based droplet microfluidic system detection.

Compared to other recently reported biosensors for HER2 protein
detection, our proposed droplet microfluidics chip based on the cation
exchange amplification achieved single-cell autonomous detection and
performed better in sensitivity and quantification (Table 1). Moreover,
this method of obtaining standard curves from microsphere simulations
allows quantitative detection of other important biomarkers on the cell
surface. It is of great significance in the quantitative analysis of cancer
cell-specific proteins or other single-cell analysis fields. However, there
are still barriers to detecting tiny droplets (less than 50 pm), such as
those containing bacteria. Further improvement of fluorescence collec-
tion method and efficiency can make it a common platform for single
cell detection.

4. Conclusion

In this work, we proposed a novel microfluidic droplet-based fluo-
rescence amplification detection system for single breast cancer cell
detection via cation exchange reaction. After modification with specific
HER2 antibodies, CdS QDs densely adhered to the target cell surface. A
large number of Cd?>* was exchanged instantaneously by cation ex-
change reaction, and combined with Rhod-5N distributed evenly in
droplets to obtain amplified and stable fluorescence signals. The
detection system can perform instantaneous detection from reagents
mixing to signal amplification to avoid the influence of complex envi-
ronments on cells. In terms of detection, the LOD of HER2 protein
determined from droplets encapsulated single PS microsphere was as
low as 11.372 pg mL 1. The fluorescence signal of HER2 protein on the
cell surface can be converted into the corresponding concentration
through the calibration line, ranging from 9.795 x 10° and 2.038 x 10°



X. Liu et al.

Analytica Chimica Acta 1251 (2023) 340976

2.5k
Fitting parameters
y=a+b* 2.5k
2.0k a=98519
® b = 392.458 2.0k
s R?= 0.965
8 15k{ ———— 2 1.5k
© S
¥ -
S 2 1.0k
1.0k + e
500.0
500.0 4=
T/I‘ T T T T T 0.0
0 2 3 4 5 6

Log HER2 protein (pg/mL)

| il

Fig. 5. a) Fluorescence microscopy images of fluorescent PS microspheres wrapped in droplets: (i) bright imaging, (ii) dark-field imaging and (iii) bright field, and
dark field overlap imaging. b) Calibration line of different concentrations of HER2 protein modified on PS microspheres. ¢) Comparison between fluorescence
detection of cation exchange reaction and fluorescent labeling method in droplets using PS microspheres.

Table 1

Characteristics of the cation exchange-based droplet microfluidic flow detection
system compared with other recently reported HER2 protein detection
techniques.

Detection technique Target Detection Reference
characteristics
Immunofluorescence single-cell level  Quantification of Onsum
on FFPE patient ~ HER2 expressing et al., 2013
samples level [42]
LC-MS/MS-based HER2-positive LOQ: 25 pmol L™} Zhou et al.,
proteomics breast cancer 2018 [43]
cells
Electrochemical HER2 proteins LOD: 0.28 ng mL ! Lah et al.,
immunosensor 2019 [44]
Electrochemical Human serum LOD: 45 pg mL ™ Wang et al.,
immunosensor 2021 [45]
Optical sensor (SPR) HER2 proteins LOD: 0.6 pgmL'in  Loyezetal.,
label-free, 9.3 ng 2021 [46]
mL~! in label
Abs-Lu probes-based SC-  individual cells Distinguish between  Asensio
ICP-MS HER2 negative and et al., 2021
positive cells [47]
Cation exchange- individual LOD: 11.372 pg This work
based droplet cells mL~?,

Quantification of
HER2 protein on the
cell surface

microfluidic

protein molecules. The high performance of the instant cation exchange
signal amplification-microdroplet system in trace detection of single-cell
protein surface proteins makes it promising to be a powerful tool for the
study of intracellular heterogeneity and diagnosis of tumor subtypes.
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