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Abstract

This study presented constriction microchannel based droplet microfluidics realizing
quantitative measurements of multiplex types of single-cell proteins with high throughput. Cell
encapsulation with evenly distributed fluorescence labelled antibodies stripped from targeted
proteins by proteinase K was injected into the constriction microchannel with the generated
fluorescence signals captured and translated into protein numbers leveraging the equivalent
detection volume formed by constriction microchannels in both droplet measurements and
fluorescence calibration. In order to form the even distribution of fluorescence molecules within
each droplet, the stripping effect of proteinase K to decouple binding forces between targeted
proteins and fluorescence labelled antibodies was investigated and optimized. Using this
microfluidic system, binding sites for beta-actin, alpha-tubulin, and beta-tubulin were measured
as 1.15 £ 0.59 x 10%,2.49 + 1.44 x 10°, and 2.16 £ 1.01 x 10° per cell of CAL 27

(Neent = 15486), 0.98 + 0.58 x 10%, 1.76 £ 1.34 x 10° and 0.74 4 0.74 x 10° per cell of Hep
G2 (N¢en = 18266). Neural net pattern recognition was used to differentiate CAL 27 and Hep
G2 cells, producing successful rates of 59.4% (beta-actin), 64.9% (alpha-tubulin), 88.8%
(beta-tubulin), and 93.0% in combination, validating the importance of quantifying multiple
types of proteins. As a quantitative tool, this approach could provide a new perspective for
single-cell proteomic analysis.

Keywords: single-cell analysis, droplet microfluidics, quantitative and multiple measurement,
constriction microchannel, proteinase K
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1. Introduction

Single-cell proteomic analysis play key roles in the stud-
ies with cell-cell variations which mainly includes fields of
tumour heterogeneity, immune functions, and stem cell dif-
ferentiation [1-4].

Optical flow cytometry has functioned as the golden instru-
ment to estimate proteomic expressions of single cells where
individual cells bound with antibodies labelled with fluores-
cence probes flush through a region of capillary under laser
excitation and fluorescence detection enabled by photomulti-
plier tubes [5—8]. Using microbeads with well-defined surface
binding sites as calibration, optical flow cytometry is capable
of quantitatively estimating single-cell surface proteins [9, 10]
while expressions of cytoplasmic and/or nuclear proteins of
single cells cannot be quantified because of lacking corres-
ponding microbeads with predefined intracellular binding sites
[11]. Recently, mass flow cytometry was developed to meas-
ure ~100 types of proteins of single cells simultaneously by
elemental metal isotopes, which still cannot provide numbers
of targeted proteins because of lacking calibration approaches
[12-14].

Since the feature size of microfluidics (10-100 pm) is com-
parable with biological cells, a variety of microfluidic plat-
forms including micro-engraving, barcoding microchip and
micro flow cytometry were reported for single-cell studies
of proteins [15-20]. For large-array microfluidic platforms,
single cells were firstly confined within microchambers or
microwells, lysed to release targeted proteins which were then
captured by pre-coated antibodies for measurements [21, 22].
Although these microfluidics based large arrays could quant-
itatively estimate single-cell proteins, they could not measure
individual cells travelling like a flow cytometry, leading to lim-
ited throughputs.

Meanwhile, micro flow cytometry was developed to replace
conventional flow cytometry where microfabricated flow
channels were leveraged to characterize proteins of indi-
vidual cells [23]. However, micro flow cytometry could still
quantify surface instead of cytosolic proteins without calibra-
tions. Recently, a flow cytometry incorporated with constric-
tion microchannels as calibration structures was developed
where fluorescence data of flowing individual cells were pro-
cessed to protein numbers [24, 25]. However, since the crit-
ical dimension of constriction microchannels was ~10 ym,
these microchannels were prone to channel blockage and
thus cannot function as a flow cytometry with high working
stability.

Aimed to deal with this limitation, this study presen-
ted a high-throughput platform of droplet microfluidics cap-
able of quantitative measurements of multiplex proteins of
single cells leveraging constriction microchannels as calib-
ration structures. More specifically, cell encapsulation with
evenly distributed fluorescence labelled antibodies stripped
from targeted proteins by proteinase K was injected into the
constriction microchannel. The generated fluorescence signals
were captured by multiple photomultiplier tubes and trans-
lated into protein numbers leveraging the equivalent detection
volume formed by constriction microchannels in both droplet

measurements and fluorescence calibration. In comparison to
previously developed quantitative approaches where stained
single cells were squeezed through constriction microchannels
which may lead to channel blockages, cell encapsulation in
droplets was adopted in this study, which can deform smoothly
through constriction microchannels without the potential con-
cern of channel blockage and thus it can function as a flow
cytometry with high throughputs.

2. Methodologies

2.1. Operating schematics

Figure 1 illustrates working principle of this high-
throughput droplet microfluidics incorporated with constric-
tion microchannels, which realized quantitative measurements
of multiplex proteins of individual cells. This microfluidic
platform mainly included a constriction microchannel (cross
sectional dimensions lower than a droplet) with a patterned
chromium window. As to optical components, a continues-
wave solid-state laser was used to provide light for fluores-
cence excitation and three photomultiplier tubes (PMT) with
corresponding filters were adopted to capture fluorescence
signals. In addition, individual cells bound with multiple
antibodies labelled with fluorescence probes were encapsu-
lated with proteinase K which decoupled the binding forces
between target proteins and corresponding antibodies, pro-
ducing even distributions of fluorescence labelled antibodies
within droplets.

In cell measurements, cell encapsulation with evenly dis-
tributed fluorescence labelled antibodies was deformed into
and occupied the sensitive region (constriction microchannel
with metal window) with generated fluorescent pulses cap-
tured by multiple photomultiplier tubes. Then, fluorescence
pulses were processed into 7 (inclining duration), 75 (steady
duration), T4 (declining duration), I¢; (fluorescent intensity at
wavelength 1), Iy, (fluorescent intensity at wavelength II), and
I3 (fluorescent intensity at wavelength III), where T, T, and
T4 were processed to droplet volume (Vy4) leveraging struc-
tural parameters of the constriction microchannel as follows:

™
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In which W, stands for metal window’s width, W, and H.
stand for constriction microchannel’s width and height.

In fluorescent calibration, solutions made by fluorescence
labelled antibodies with a gradient concentration were flushed
into the constriction microchannel with corresponding fluores-
cence intensities measured. Based on the equivalent volume of
the detection region in cell measurement and fluorescence cal-
ibration, the relationship between fluorescence concentration
and intensity was obtained, which was used to translate previ-
ously obtained fluorescence intensities of I, Iy and I¢3 into
protein concentrations of Cp1, Cpp and Cp3 at the single-droplet
level. When droplet volumes were taken into consideration,
numbers of multiple types of targeted proteins Npi, Ny and
Np3 of single cells were measured.
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Figure 1. Schematic of high-throughput droplet microfluidics
incorporated with constriction microchannels capable of
quantitative measurements of multiplex proteins of single cells. Cell
encapsulation with evenly distributed fluorescence labelled
antibodies stripped from targeted proteins by proteinase K was
injected into the constriction microchannel with key geometrical
parameters of droplet length of Lgq, microchannel width of W,
microchannel height of H., metal window width of Wy. The
generated fluorescence signals were captured by multiple
photomultiplier tubes and translated into protein numbers
leveraging constriction microchannels as the calibration structure.

2.2. Materials

Tumour cell lines used in this study (e.g. CAL 27 and Hep
G2) were from National Infrastructure of Cell Line Resources
of China (NICLRC). Reagents of culturing biological cells
(e.g. Dulbecco’s Modified Eagle Medium (DMEM), phos-
phate buffer saline (PBS), fetal bovine serum and antibiot-
ics) were from Thermo Fisher. Reagents of cell treatment
(e.g. paraformaldehyde, triton, and bovine serum albumin)
were from Sigma-Aldrich. Antibodies labelled with fluores-
cent probes included antibodies of beta-actin labelled with
Fluorescein isothiocyanate (FITC) (Abcam), antibodies of
alpha-tubulin labelled with P-phycoerythrin (PE) and anti-
bodies of beta-tubulin labelled with peridinin-chlorophyll-
protein complex (PerCP) (Novus). Proteinase K was pur-
chased from Thermo Fisher as the stripping agent. Note
that cytoskeleton proteins (e.g. beta-actin, alpha-tubulin and
beta-tubulin) were measured in this study since they were
widely used as housekeeping proteins in western blot and flow
cytometry.

Materials of device fabrication included negative photores-
ist of SU-8 (MicroChem), positive photoresist of AZ
Electronic, polydimethylsiloxane (PDMS) of SYLGARD 184

(Dow Corning) and aquapel (PPG Industries). Reagents of
droplet generation included HFE 7500 supplemented with
008-FluoroSurfactant (Ran Biotechnologies) and iodixanol
(OptiPrep™, Sigma-Aldrich).

2.3. Culturing and treatment of cells

A cellincubator (37 °C, 5% CO,, Forma 3111, Thermo Fisher)
was used to culture tumour cell lines of CAL 27 and Hep G2
with DMEM + 10% fetal bovine serum + 1% oi antibiotics.
Intracellular staining was conducted with key steps of fixation
by 2% paraformaldehyde (15 min @ 4 °C), membrane per-
meabilization by 0.07% triton (15 min @ 4 °C), blocking by
5% bovine serum albumin (30 min @ 25 °C) and staining by
a mixture of antibodies (FITC conjugated antibodies targeting
beta-actins, PE conjugated antibodies targeting alpha-tubulins
and PerCP conjugated antibodies targeting beta-tubulins) with
a 1:100 dilution for 4 h at 37 °C. After staining, cells were
resuspended in solutions of 30% iodixanol to match densit-
ies. Proteinase K was dissolved in PBS with a group of con-
centrations for comparison (0.25 mg ml~!, 1 mg ml~! and
5 mg ml~!), which was supplemented with 30% iodixanol to
match the density of cell solution.

2.4. Designing and fabricating microfluidic devices

In designing the constriction microchannel based droplet
microfluidics, there were three critical geometrical paramet-
ers, which were the width of the constriction microchannel
(W,), the height of the constriction microchannel (H.) and
the width of the metal window (W,). In order to ensure that
deformed droplets could effectively fill the sensitive portion
of the constriction microchannel, whose cross-section dimen-
sions have to be lower than individual droplets and the width
of the metal gap needs to be as small as possible. In this study,
by considering limitations of microfabrications, 25 pm height
and 20 pm width of the constriction microchannel and 5 ym
for the width of the metal window were chosen in this study
under the condition of ~50 ym diameter of droplets.

In the fabrication of the constriction microchannel based
droplet microfluidics, conventional microfabrication (e.g.
hard/soft lithography and PDMS—-PDMS bonding) was adop-
ted in this study. In step one, photoresist of SU-8 was spin
coated on a glass slide with following patterning enabled
by hard lithography to form a mold master of constriction
microchannels with a height of 25 um. In step two, silic-
one elastomers with 1:15 ratio of curing and base agents was
casted to the mold master of SU-8 as soft lithography to
transfer the constriction microchannels to the PDMS layer.
In step three, the chromium window was made by evaporat-
ing a chrome layer of 150 nm in thickness, followed by chro-
mium etching with patterned AZ 1500 photoresist as the mask.
Then, a thin PDMS film (~1 pm) was spined on the chro-
mium window to reserve a uniform surface property with the
PDMS layer. In step four, PDMS layers with features of con-
striction microchannels and chromium windows were bonded
together after the treatment of oxygen plasma to form enclosed
channels.
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2.5. Operating devices

In operation, key optical components included a microscope
of IX 81 (Olympus), a light source of a laser of OBIS
(488 nm, 150 mW, Coherent) and three photomultiplier
tubes (H10723-01, H10723-20 and H10722-20, Hamamatsu)
coupled with bandpass filters of 534/30 nm, 575/25 nm and
692/40 nm, respectively.

Before detection, the microfluidic device with constric-
tion microchannels was positioned on the microscope for
photobleach under the laser power of 35 mW for 30 min.
In operation, a pressure of ~20 kPa from a pressure cal-
ibre of Druck PACE-5000 functioned as the driving force to
aspirate cell encapsulations with evenly distributed fluores-
cence labelled antibodies or calibration solutions with gradi-
ent concentrations through the constriction microchannel. The
laser power for optical detection was set as 5 mW and a
data acquisition of USB-6349 at a sample rate of 100 kHz
(National Instruments) was used to process the optical data
measured by PMT. Note that in experiments of optimizing pro-
teinase K, after the formation of droplets encapsulating stained
single cells and proteinase K (0.25 mg ml~', 1 mg ml~! or
5 mg ml—"), they were incubated for Oh, 3 h, 6 h, 12 hor 24 h
before flushed into constriction microchannels for fluorescent
detection.

2.6. Analysing data

The sampled fluorescence signals were firstly processed by
a ten-point median filter to get rid of shot noises generated
by PMT. Then, pulses representing traveling droplets embed-
ded with stained cells were distinguished by a threshold value
which was the basal value without droplets plus ten times of
deviations. Note that since empty droplets did not encapsu-
late fluorescence molecules, they cannot be distinguished from
the basal line and thus they were no longer considered in this
study.

For individual pulse, it was segmented into an inclining por-
tion, a relatively steady portion and a declining portion lever-
aging least-square curve fitting of a ladder shape. For the relat-
ively stable domain, under the condition that the peaking level
of fluorescence was 1.5 times higher than the mean level of
fluorescence, this pulse was regarded as an even encapsula-
tion of antibodies with fluorescence probes. Other pulses were
regarded as droplets where fluorescence labelled antibodies
still bound with targeted proteins within single cells.

For droplets with evenly distributed fluorescent probes, six
key parameters including three time parameters which were
T, T, and Ty, and three intensity parameters which were Iy,
I, and I3 were obtain by fitting curves. Then, three time para-
meters were used to calculate droplet volume of V4 following
equation (1) in section 2.1 Operating Schematics.

As to data processing in fluorescence calibration, lin-
ear curve fitting was firstly conducted for nine groups of
preliminary data (e.g. Iy; @ 534 nm vs. FITC, Iy; @ 534 nm
vs. PE, Iy; @ 534 nm vs. PerCP, I, @ 575 nm vs. FITC, I,
@ 575 nm vs. PE, Iy, @ 575 nm vs. PE, I;3 @ 692 nm vs.
FITC, I3 @ 692 nm vs. PE, I3 @ 692 nm vs. PerCP) to form

a 3 x 3 compensation matrix made of nine coefficients with
normalization. Then three intensity-parameters of I, I, It3
of a travelling droplet were multiplied with the compensation
matrix to form compensated fluorescence intensities at single
wavelength, which were Iy} @ 534 nm, Iy, @ 575 nm and I3
@ 692 nm. Based on coefficients of It; @ 534 nm vs. FITC,
Iy, @ 575 nm vs. PE and I3 @ 692 nm vs. PerCP, these fluor-
escence intensities were translated into concentrations of the
three detection targets (Cp1, Cp2, Cp3). The final results of the
numbers of detected proteins (Npi, Np2, Np3) were obtained
by combining the intermediate results of droplet volumes of
V4 and protein concentrations of Cpy, Cpa, Cp3.

2.7 Statistics

All the experiments were conducted at least with three groups.
Additionally, Neural Net Pattern Recognition App was used
to conduct cell-type classification (MATLAB 2018b, Math-
Works). For the classifications of CAL 27 and Hep G2, expres-
sions of beta-actins, alpha-tubulins and beta-tubulins at the
single-cell level were used as single or combined inputting
datasets, which were then divided into 70% for training, 15%
for validation, and 15% for testing. The classification result
was represented by a confusion matrix, in which the value at
the lower right corner represented the proportion of correctly
classified samples to the total samples, which was termed as
‘successful rate’. More specifically, 50% of the successful rate
indicated that two samples were identical while a successful
rate of 100% suggested that two samples were 100% different.

3. Results

Droplet microfluidics has gained a lot of attentions recently
since it leverages two immiscible liquids to form large
amounts of monodisperse tiny rooms, which are especially
suitable for single-cell analysis [26-28]. As to droplet based
single-cell proteomic analysis, the majority of previous stud-
ies focused on the measurements of secreted proteins which
were bound with co-encapsulated microbeads within droplets
[29-32]. As to the measurements of membrane or intracellular
proteins of single cells, droplet microfluidics has functioned
as a qualitative rather than quantitative tool because of lack-
ing calibration methods of translating fluorescence signals into
numbers of single-cell proteins [11, 33].

Most recently, a droplet platform was reported to realize
quantitative estimation of single-cell proteins leveraging con-
striction microchannels as calibration structures, which, how-
ever, cannot work properly under the condition of uneven
distributions of fluorescence within droplets and also can
only measure single rather than multiplex proteins [34]. In
order to deal with this problem, in this study, proteinase
K was incorporated with stained individual cells to form
evenly distributions of fluorescence within droplets, which
were forced to travel through constriction microchannels with
multiplex types of single-cell proteins quantified leveraging
multiple photomultiplier tubes with fluorescence crosstalk
compensated.
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Figure 2. (A) Raw intensities of fluorescence for droplets
embedded with individual CAL 27 cells bound with anti-beta-actin
antibody labelled with the fluorescent probe of FITC,
anti-alpha-tubulin antibody labelled with the fluorescent probe of
PE, and anti-beta-tubulin antibody labelled with the fluorescent
probe of PerCP. (B) For individual droplet, three fluorescence pulses
with ladder shapes were captured and then key markers of It;, It,
I3, Ty, Ts, and T4 were located using ladder-shape fitting.

Figure 2(a) shows preliminary intensities of fluores-
cence for droplets embedded with individual CAL 27 cells
which travelled through the constriction microchannel. For
each droplet with embedded single cells, three pulses with
wavelengths of 534 nm of FITC for beta-actins, 575 nm of
PE for alpha-tubulins and 692 nm of PerCP for beta-tubulins
were measured. By fitting with ladder pulses, six markers of
T:, T, Ty, It1, I, and I3 were collected (see figure 2(b)).

Based on the results of measuring droplets encasulating
individual CAL 27 cells, T;, T, and T4 were quantified as
1.17 £+ 0.35, 26.89 £+ 7.68 and 1.16 £ 0.58 ms. Thus, the
processing speed of this microfluidic approach was estim-
ated as 10-100 cells per sec since the time durations of
individual pulses were ~10 ms. In addition, /¢, I, and Ig3
were quantified as 1.80 = 0.76 mV, 62.87 £ 37.62 mV and
27.71 £ 3.66 mV. Note that since these three parameters were
determined by fluorescence intensities of FITC @ 534 nm, PE
@ 575 nm and PerCP @ 692 nm respectively, these values of
It1, I, and I3 cannot be effectively compared, which need to
be translated into protein concentrations within droplets and
protein numbers of individual cells.

In this constriction microchannel based droplet micro-
fluidics, fluorescence labelled antibodies should be effectively
stripped from individual cells to form an even distribution of
fluorescence molecules within each droplet. This was full of
challenges since the most effective stripping agents were based
on surfactants (e.g. sodium dodecyl sulfate (SDS)) which sig-
nificantly decrease the stability of droplets. As to conventional
strippers used in western blotting, they were formulated with

the addition of strong acids or bases, which not only comprom-
ised the stability of droplets but also had side effects on the
performance of fluorescence probes.

In order to address this issue, proteinase K from a family
of endolytic proteases was adopted in this study and its effect
on stripping fluorescence labelled antibodies within droplets
was investigated. Figure 3 shows percentages of encapsulat-
ing CAL 27 cells with fully stripped antibodies and thus evenly
distributed fluorescence under a variety of incubation time and
concentrations of proteinase K. Based on this figure, it was
observed that with increases in concentrations of proteinase
K and incubation durations, percentages of cell encapsulation
with even fluorescence distributions were increased accord-
ingly and under the condition of 1 mg ml~! proteinase K and
an incubation duration of 6 h, 100% cell encapsulation demon-
strated even fluorescence distributions for all the three types
of proteins. These results validated the functionality of pro-
teinase K in stripping fluorescence labelled antibodies from
targeted proteins within cells and thus 1 mg ml~! proteinase
K with an incubation duration of 6 h was included in further
experiments to characterize multiple protein expressions for
both CAL 27 and Hep G2 cells. Note that for Hep G2 cells,
1 mg ml~! proteinase K with an incubation duration of 6 h
was directly used without optimization, which was observed
to also produce 100% droplets with evenly distributed
fluorescence.

In the measurements of multiple types of single-cell
proteins, fluorescence calibration was a key component.
Figure 4 illustrates calibration results of fluorescence intens-
ity at 534 nm vs. concentration of anti-beta-actin antibody
labelled with fluorescent probes of FITC, fluorescence intens-
ity at 575 nm vs. concentration of anti-alpha-tubulin anti-
body labelled with PE, and fluorescence intensity at 692 nm
vs. concentration of anti-beta-tubulin antibody labelled with
PerCP. These results indicated that linear correlations were
found between fluorescence intensities and fluorescence
antibodies, which were Iy; = 0.09 x Cgrc + 0.27 at
534 nm, Iy, = 1659 x Cpg + 1.63 at 575 nm and
I3 =2.99 X Cpercp + 18.12 at 692 nm. Note that the intercepts
of the curves represented the offset voltages of the photomul-
tipliers, which were the mean values of the basal fluorescence
intensities in the absence of droplets.

Based on aforementioned calibration curves, preliminary
fluorescence intensities (e.g. It;, Iy, and It3) were processed
into single-droplet concentrations of anti-beta-actin antibodies
labelled with the fluorescent probe of FITC, anti-alpha-tubulin
antibodies labelled with the fluorescent probe of PE, anti-
beta-tubulin antibodies labelled with the fluorescent probe of
PerCP, which were 16.96 + 8.47 nM, 3.76 & 2.31 nM and
3.13 &+ 1.27 nM for CAL 27 cells and 17.59 + 10.82 nM,
3.22 4+ 2.66 nM and 1.28 4+ 0.77 nM for Hep G2 cells,
respectively (see figure 5). In addition, based on equation (1),
time parameters (e.g. Ty, T, and T4) were processed into
droplet volumes of 116.8 £+ 33.2 pL for CAL 27 cells and
96.8 £ 28.7 pL for Hep G2 cells. Based on these results,
it was observed that for both CAL 27 cells and Hep G2
cells, the expressions of beta-actins were much higher than
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Figure 3. Percentage of droplets encapsulating individual CAL 27 cells with evenly distributed fluorescence labelled antibodies ((A)
FITC-beta-actin, (B) PE-alpha-tubulin, and (C) PerCP-beta-tubulin) under a variety of incubation time and concentration of proteinase K,
which functioned as the stripper to decouple the binding forces between targeted proteins and corresponding fluorescence labelled
antibodies.
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Figure 4. Liner calibration curves of (A) fluorescence intensity at 534 nm vs. concentration of anti-beta-actin antibody labelled with the

fluorescent probe of FITC, (B) fluorescence intensity at 575 nm vs. concentration of anti-alpha-tubulin antibody labelled with the
fluorescent probe of PE, and (C) fluorescence intensity at 692 nm vs. concentration of anti-beta-tubulin antibody labelled with the

fluorescent probe of PerCP.
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8 of alpha-tubulin and 0.6-3.0 x 10° per cell of beta-tubulin
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w
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Figure 5. 2D scatter plots of concentrations of beta-actin labelled
with FITC, alpha-tubulin labelled with PE and beta-tubulin labelled
with PerCP vs. droplet volume for individual CAL 27 and Hep G2
cells.

alpha-tubulins and beta-tubulins of single cells. While the
expressions of alpha-tubulins and beta-tubulins were com-
pared, CAL 27 cells demonstrated comparable values while in

[25, 34]), which to an extent validated the performance of the
droplet platform reported here.

Figure 6(b) shows confusion matrixes based on neural net
pattern recognition to differentiate CAL 27 vs. Hep G2 cells
under single parameters of beta-actin, alpha-tubulin and beta-
tubulin only or three parameters in combination. When single
parameters were used for the cell-type classification, limited
successful rates were found, which were 59.4% based on beta-
actin only, 64.9% based on alpha-tubulin only and 88.8%
based on beta-tubulin only. When these three parameters were
used in combination, the successful rate of differentiating
CAL 27 from Hep G2 was increased to 93.0%. These res-
ults confirmed the importance of quantifying multiple types
of proteins which can prove a more comprehensive evalu-
ation of single cells in comparison to results using one protein

type.
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Figure 6. (A) 3D scatter plots of the three types of proteins (beta-actin, alpha-tubulin and beta-tubulin) of individual CAL 27
(ncenn = 15486) and Hep G2 (n¢en = 18 266) cells. (B) Confusion matrixes to differentiate CAL 27 vs. Hep G2 cells under single parameters
of beta-actin, alpha-tubulin and beta-tubulin only or three parameters in combination where the values in the bottom right corner indicated

successful rates of classifying CAL 27 and Hep G2.
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