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Microfluidics has been widely used in single cell analysis. Current protocols allow either spread or round
cells to be analyzed. However, the contribution of cell morphology to single cell analysis has not been
noted. In this study, four proteins (EGFR, PTEN, pAKT, and pS6) in the EGFR signaling pathway are
measured simultaneously using microfluidic image cytometry (MIC) in glioblastoma cells U87. The results
show that the MIC technology can reveal different subsets of cells corresponding to the four protein
expression levels no matter whether they are round or spread at the time of the measurements.
However, sharper distinction is obtained from round cells, which implies that cellular heterogeneity can
be better resolved with round cells during in situ protein quantification by imaging cytometry. This study
calls attention to the role of cell morphology in single cell analysis. Future studies should examine
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Introduction

Analyzing intracellular signaling pathways is essential to
understanding many cancer behaviors, such as tumorigenesis,
metastasis, and drug response. Traditionally, variations in
signaling pathways are detected by population-based
approaches, such as western blot, ELISA, immunohistochem-
istry, and flow cytometry. These approaches are helpful in
gaining general images by averaging all the information within
a population. However, they are inadequate to reveal variability
within the population and can even mask small changes that
may contribute to significant behaviors.'”* Therefore, single cell
analysis has become necessary to scrutinize the heterogeneity of
cellular signaling pathways more thoroughly and quantitatively.

Over the past years, single cell characterization has become
a powerful tool to dissect cellular heterogeneity of cancers.*”®
Details in signaling disturbance at single cell levels have
provided guidance to more accurate diagnosis and treatment
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regime. For example, Sun et al. measured four proteins
(epidermal growth factor receptor, EGFR; phosphatase and
tensin homolog, PTEN; phospho-AKT serine/threonine kinase
1, pAKT; phospho-ribosomal protein S6 kinase, pS6) in EGFR
signaling pathway with glioblastoma cells and patient samples
by microfluidic image cytometry (MIC)." The simultaneous
acquisition of the four protein levels revealed that patients with
low EGFR, PTEN, and pAKT, but high pS6 expression had much
longer survival. Advancement in flow cytometry has also
expanded this population-based method in single cell analysis.
Using multi-parameter flow cytometry (MFC), Kotecha et al.
were able to distinguish a STAT5-active subpopulation at single
cell levels in acute myeloid leukemia (AML)."* These STAT5-
active AML cells were responsive to low doses of GM-CSF and
represented a more malignant cell population. Both the above
technologies MIC and MFC are able to detect multiple proteins
in a single cell simultaneously. However, the MIC technology
has its advantages in fewer sample requirements and lower
reagent consumption. In addition, the MIC provides morpho-
logical correlation to expression levels that the MFC (or more
generally, flow cytometry) is unable to.

Currently, microfluidics-based single cell analysis has been
developed into various applications, including observing
signaling dynamics in living cells continuously."**” For diag-
nostic purposes, available protocols allow both round and
spread cells to be stained for imaging by fluorescent micro-
scope.’®*®*® Cells loaded for the MIC measurement can be
derived from hematological or solid tumor samples. While cells
from hematological samples are round and in their natural
shapes, cells from solid tumors are dissociated from their
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original tissue and are in unnatural morphology. Such solid
tumor derived cells can be further maintained in culture and be
examined till they attach and become fully spread, which
mimics more closely to their original morphology. Given the
delicate nature of single cell analysis, it is worth studying
whether signaling profiles differ when cell morphology changes
during the diagnostic manipulation.

To test the influence of cell morphology in single cell anal-
ysis by microfluidics, four cytosolic protein (EGFR, PTEN, pAKT,
and pS6) expression levels were measured in glioblastoma cells
U87 when their morphologies were either round or spread. The
expression levels from the different cell morphologies were
compared. Results showed that the signaling proteins could be
well distinguished whether they were examined in round or
spread morphology. However, round cells presented shaper
subsets separation based on the expression levels compared to
the spread cells. This study calls attention to the subtle contri-
bution to the analytical outcome by cell morphology during
single cell analysis. Further study would link these subtle
contributions with biological meanings.

Materials and methods
Design and fabrication of the microfluidic chips

The microfluidic chips with 24 channels were fabricated as
described in a previous study.' Briefly, polydimethylsiloxane
(PDMS) (Momentive) was moulded to form the channels of the
microfluidic chips that were mounted on poly-i-lysine (PLL)-
coated glass slides. The dimensions of the microfluidic chan-
nels were 8 mm (1) x 1 mm (w) x 120 pm (h). The channels were
filled with cells and culture media through an inlet and wastes
were removed from an outlet.

Cell culture in the microfluidic channels

The human glioma cell line U87 was purchased from the
American Type Culture Collection. U87 cell variants over-
expressing EGFR, PTEN, or EGFR with PTEN (U87-EGFR, U87-
PTEN, US87-PTEN-EGFR, respectively) were described previ-
ously.*** All the cells were cultured in DMEM containing 10%
fetal bovine serum and 1% penicillin/streptomycin (Thermo
Scientific) in a 5% CO,, 37 °C incubator. 500 cells per pL were
loaded into the microfluidic channels and were allowed to grow
overnight. For spread morphology, these cells were measured
directly. For round morphology, these cells were resuspended
by 0.25% trypsin-EDTA (Thermo Scientific) digestion for 1 min
at room temperature, loaded back into the microfluidic chan-
nels, and briefly centrifuged for attachment before
measurements.

On-chip immunocytochemistry

On-chip immunocytochemistry (ICC) was performed as previ-
ously reported.’ Briefly, the cells were first fixed by 4% para-
formaldehyde in the microfluidic channels at room
temperature for 15 min, washed with PBS for three times, per-
meabilized by 0.3% Triton X-100 for 15 min, blocked with 10%
normal goat serum, 3% bovine serum albumin and 0.1% N-
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dodecyl-B-maltoside for 12 hours at 4 °C, and immunolabeled.
The fluorophore-conjugated antibodies were an optimized
mixture of anti-EGFR (BD Pharmingen) labelled with LiCor/
HiLyte Fluor 750 (Dojindo Molecular Technologies), phycoery-
thrin conjugated anti-PTEN (BD Biosciences), Alexa Fluor 647-
conjugated anti-pS473-AKT (Cell Signaling Technology), and
Alexa Fluor 488-conjugated anti-pS235/5236-S6 (Cell Signaling
Technology).

Image acquisition and data analysis

Images of the immunolabeled cells were obtained by a Nikon
Eclipse Ti2 inverted fluorescent microscope with a CCD camera
similar to previously reported.’ The exposure time for the
spread cells was 10 s for LiCor/HiLyte Fluor 750 (EGFR), 1 s for
PE (PTEN), 2 s for Alexa Fluor 647 (pAKT) and 0.5 s for Alexa
Fluor 488 (pS6). For the spread cells, the exposure time was
shortened to avoid overexposure: 8 s for EGFR, 1 s for pAKT,
0.5 s for PTEN, and 0.2 s for pS6. Eight images were taken from
each channel, which covered the complete bottom surface of
a channel. All the images were used for analysis. Each channel
contained about 500 cells and cells from 5 channels were
combined for analysis. Fluorescent intensities in individual
cells were quantified by MetaMorph (Molecular Devices) using
the Multi-Wavelength Cell Scoring module. Background
subtraction for each frame was performed by assessing the
average intensity values in area with no cells. Fluorescent
intensity values were normalized by the cell-surface area. These
intensities were logarithmically transformed to give Gaussian-
like distributions. The transformed intensities were used for
subsequent analysis in OriginPro 2018 (OriginLab) and trans-
formed into 3D scatter charts.

Distance calculation and statistics

For calculating the distance between different subsets,
normalized fluorescent intensities were entered into OriginPro
2018. Hierarchical clustering analysis was performed. The
Euclidean distances between different subsets were obtained
and represented as mean =+ sd. Student's ¢-test was applied for
statistical analysis, where p < 0.05 was considered significant.
All the experiments were repeated in triplicate.

Results

The multi-parameter microfluidic chip was fabricated with
PDMS containing 24 channels (Fig. 1). U87 cells were intro-
duced into each channel. Quantitative ICC was achieved by
staining four proteins of the EGFR signaling pathway (EGFR,
PTEN, pAKT, and pS6). Antibodies against the four proteins
were conjugated with different fluorophores, enabling simul-
taneous detection of the four proteins and subsequent quanti-
fication based on fluorophore intensities. Four different cell
lines were chosen in this study, U87, U87-EGFR (overexpressing
EGFR), U87-PTEN (overexpressing PTEN), and U87-EGFR/PTEN
(overexpressing EGFR and PTEN).

Staining of spread cells was first tested. The cells were loaded
into the microfluidic channels and allowed to settle overnight
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Fig. 1 Schematic of the microfluidic device and multi-parameter
staining of the EGFR signaling pathway. U87 cells were loaded into
a microfluidic chip containing 24 channels. The cells were simulta-
neously stained with antibodies conjugated with different fluo-
rophores against EGFR (blue), PTEN (yellow), pAKT (purple), and pS6
(green), which are four proteins in the EGFR signaling pathway. EGFR,
epidermal growth factor receptor; PI3K, phosphoinositide 3 kinase;
PIP2, phosphatidylinositol (4,5)-bisphosphate; PIP3, phosphatidylino-
sitol (3,4,5)-trisphosphate; PTEN, phosphatase and tensin homolog;
pAKT, phospho-AKT serine/threonine kinase 1; mTOR, mechanistic
target of rapamycin kinase; pS6, phospho-ribosomal protein S6 kinase.

for complete attachment to the surface of the channels, with the
cells fully spread as their typical flat morphology. When the cell
lines were stained separately, overlays of the four-antibody
staining showed that U87-EGFR cells overexpressing EGFR
were markedly stained by EGFR, while the staining for pSé,
PTEN, and pAKT was also seen though the intensities were not
as much as those of the EGFR staining. Likewise, U87-PTEN and
U87-EGFR/PTEN stained mostly for PTEN and EGFR/PTEN,
respectively [Fig. 2(a)]. When the cell lines were mixed with
equal numbers of cells after staining (i.e. separated spread
cells), the presence of four subsets could be revealed, reflecting
the four cell lines [Fig. 2(b)]. Quantitative analysis of the fluo-
rophore intensities by 3D scatter charts in the separated spread
cells, plotted against the expression levels of either pS6/EGFR/
PTEN or pAKT/EGFR/PTEN, resulted in four subsets represent-
ing the four cell lines [Fig. 2(b)]. In the charts, each dot repre-
sented a single cell and the locations of the dots reflected the
expression levels (fluorophore intensities) of the proteins. For
example, purple dots were U87-EGFR/PTEN cells that overex-
pressed EGFR and PTEN and were located at high EGFR and
PTEN levels.

When equal numbers of the four cells were mixed before
staining (mixed spread cells), the same analysis could also
reveal four subsets [Fig. 2(c)]. When plotted with fluorophore
intensities of pS6/EGFR/PTEN, the four subsets were separated
not as well as those that were plotted with pAKT/EGFR/PTNE
fluorophore intensities. Notably, the separated and the mixed
cell lines shared similar subset patterns, demonstrating that the
MIC technology could distinguish cells of different origins.

Next, staining of round cells was investigated. For this
purpose, the four U87 cell lines were cultured overnight fol-
lowed by trypsin treatment for resuspension. The resuspended
cells were briefly centrifuged to settle after loading into the
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Fig. 2 Microfluidic image analysis of spread cells. (a) Overlays of four-
antibody staining (pS6, green; PTEN, yellow; pAKT, purple; and EGFR,
blue) in four separated U87 cell lines (U87, U87-PTEN, U87-EGFR,
U87-PTEN-EGFR) or in a mixture of the four cell lines. 3D scatter
charts plotted by the fluorescent intensities of pS6, PTEN, pAKT, and
EGFR staining in the separated cell lines (stained before mixing) (b) or in
the mixed cell lines (stained after mixing) (c). The fluorescent intensi-
ties of three out of the four antibody staining were plotted in each
chart. In the separated cell lines, the four colors represented U87
(green), U87-PTEN (yellow), U87-EGFR (blue), and U87-EGFR/PTEN
cells. The colored dots in the charts represented the cells and their
locations corresponded to the fluorescent intensities. The cells were
cultured overnight in the microfluidic channels before on-chip
immunocytochemistry. The mixed cell lines contained the same
number of cells from each separated cell lines. Scale bars, 50 um.

microfluidic channels and were immediately stained for anal-
ysis. At the time of staining, the cells were round as they were in
suspension. The expression of the four proteins (EGFR, PTEN,
PAKT, and pS6) could be detected in either separated or mixed
cell lines [Fig. 3(a)], similar to those seen with the spread cells.
However, when 3D scatter charts were evaluated, the cell lines
were better separated no matter whether they were in the
separated [Fig. 3(b)] or in the mixed form (Fig. 3(c)), compared
with the results with the spread cells [Fig. 2(b) and (c)]. The
expression levels (as demonstrated by fluorophore intensities)
of the four proteins in different cell lines were detected as ex-
pected, i.e. U87-PTEN with more PTEN staining, U87-EGFR with
more EGFR staining, and U87-EGFR/PTEN with more EGFR/
PTEN staining.

Since cell heterogeneity is more mimicked by mixing the
cells before staining, the mixed spread and the mixed round
cells were compared by average intensity distance (AID). For
calculating the AIDs between different subsets, normalized
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Fig. 3 Microfluidic image analysis of round cells. (a) Overlays of four-
antibody staining (pS6, green; PTEN, yellow; pAKT, purple; and EGFR,
blue) in four separated U87 cell lines (U87, U87-PTEN, U87-EGFR,
U87-PTEN-EGFR) or in a mixture of the four cell lines. 3D scatter
charts plotted by the fluorescent intensities of pS6, PTEN, pAKT, and
EGFR staining in the separated cell lines (stained before mixing) (b) orin
the mixed cell lines (stained after mixing) (c). The fluorescent intensi-
ties of three out of the four antibody staining were plotted in each
chart. In the separated cell lines, the four colors represented U87
(green), U87-PTEN (yellow), U87-EGFR (blue), and U87-EGFR/PTEN
cells. The colored dots in the charts represented the cells and their
locations corresponded to the fluorescent intensities. The cells in
suspension were loaded into the microfluidic channels and briefly
centrifuged before on-chip immunocytochemistry. The mixed cell
lines contained the same number of cells from each separated cell
lines. Scale bars, 50 um.

fluorescent intensities were entered into OriginPro 2018. Using
the hierarchical clustering analysis, the Euclidean distances
between different subsets were obtained. The AIDs of the U87
subset to the other three subsets were compared between the
mixed spread and the mixed round cells. When plotted with the
intensities of pAKT/PTEN/EGFR [Fig. 4(a)], for the spread cells,
the distance of U87 subset to the other three subsets were 0.325
+ 0.057 (to the U87-PTEN), 0.925 £ 0.122 (to the U87-EGFR),
1.059 + 0.067 (to the U87-EGFR/PTEN); for the round cells,
0.672 + 0.159 (to the U87-PTEN), 1.140 + 0.031 (to the U87-
EGFR), 1.322 + 0.294 (to the U87-EGFR/PTEN). The distances
of the round cells were significantly longer (p < 0.001) than the
spread cells, reflecting sharper distinction of the mixed round
cells. Similarly, the distances of the mixed round cells were
distinguished better (p < 0.001) when plotted with pS6/PTEN/
EGFR [Fig. 4(b)]. For the spread cells, the distance of U87
subset to the other three subsets were 0.251 £ 0.064 (to the U87-
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Fig. 4 Comparison of mixed cell differentiation of the spread and the
round cells. In the mixture of the four cells, the average fluorescent
intensity distances (AID) of the U87-PTEN, the U87-EGFR, and the
U87-EGFR/PTEN cells to the U87 cells were compared between the
spread and the round cells. Round cells show longer distances to the
U87 cells than the spread cells (*p < 0.001), either measured by EGFR/
PTEN/pAKT (a) or by EGFR/PTEN/pS6 intensities (b).

PTEN), 0.928 + 0.185 (to the U87-EGFR), 1.051 + 0.072 (to the
U87-EGFR/PTEN); for the round cells, 0.745 + 0.359 (to the U87-
PTEN), 1.167 + 0.094 (to the U87-EGFR), 1.402 + 0.293 (to the
U87-EGFR/PTEN).

Discussion

In this study, the effects of cell morphology on microfluidic
image cytometry were assessed. Based on our previous results,*
when the fluorophore intensities were analyzed quantitatively
by 2D contour plots, similar conclusions could be drawn in
spread and round cells, i.e. four subsets corresponding to the
four U87 cell lines were resolved. However, the power of the
microfluidic image cytometry relies on its simultaneous anal-
ysis of multi-parameters. Two-dimensional plots only allow two
parameters to be analyzed each time, which compromises the
power of the MIC technology. Therefore, this study analyzed one
additional parameter that resulted in significant differences
between different cell morphologies that the previous study
didn't show. This implies that subtle variations would be better
resolved by simultaneous evaluation of multiple parameters.
Furthermore, cell morphology should be considered during
single cell analysis.

When the four cell lines were separately stained before
mixing, the 3D scatter charts using three out of the four proteins
were able to show four cell subsets. Given the heterogeneous
nature of the U87 cell lines, it is not surprising that different
combinations of the proteins generated different resolutions of
the four cell lines (e.g. EGFR/PTEN/pS6 vs. EGFR/PTEN/pAKT).
To mimic a glioma tissue, the four cell lines were mixed
before staining. Again, the four cell lines were retrieved as four
subsets. Comparing the results of the separated and the mixed
cell lines, there was no obvious difference regarding the degree
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of resolution. This demonstrated that the resolution of the MIC
technology remained at acceptable levels in highly heteroge-
neous samples. It is also of note that overlaps among the
subsets did exist in the four artificially overexpressing cell lines.
This could be due to the variations in the expression levels of
the overexpressed proteins within a given cell line, the highly
heterogeneous nature of a given cell line that induced variations
in the expression levels of the overexpressed protein, or the
combination of the above two possibilities.

While cell heterogeneity wouldn't compromise the power of
the MIC technology, this study showed that cell morphology
could influence how well the heterogeneity could be reflected.
In the 3D charts, better resolution was achieved with the round
cells. The round cells were measured almost at the same time as
the spread cells, though resuspension of the cells accounted for
some delay. Besides cell morphology, another factor that may
contribute to the resolution difference was the trypsin treat-
ment during the cell resuspension step for the preparation of
the round cells. Trypsin treatment digests protein linkages at
the outer surface of the cells. Any changes of protein expression
within the cells may be negligible. In other words, trypsin
treatment may not change protein levels within the cells in this
study, especially under very mild treatment (e.g. for cell resus-
pension with low concentration of trypsin-EDTA for 1 min at
room temperature). Even for the only surface protein EGFR in
this study, it is also not expected to be digested by our resus-
pension protocol. Indeed, in a parallel experiment cells were
mechanically resuspended without the trypsin digestion and
were compared with those with the trypsin digestion. The result
showed no difference (data not shown). The other three
proteins in the EGFR signaling pathway are in the cells and their
levels in the round or in the spread cells may be considered the
same. Therefore, the resolution differences observed may truly
reflect the effect of cell morphology on the analysis outcome. If
a study is divided into three phases: treatment, observation, and
analysis, it is also worth mentioning that the focus of this study
is on the observation phase. Most of the previous studies have
set the focuses on treating the cells differently,*** which allows
different cells to enter the observation phase, leading to an
expectation of different results from different treatment. In
contrast, the same cells entered the observation phase in this
study, which would set the expectation that same results should
be observed. However, this study shows that post-treatment
handling can lead to different observations.

For cells with delicate tuning mechanisms, their expression
profiles may generally look similar. Small differences in protein
levels may lead to different cell fates and different responses to
intervention. In an era of precision medicine, more precise
molecular diagnosis is necessary. Thus, manipulation of the
cells when they are isolated from their origin can have impor-
tant influence on data interpretation.

Our results that cell morphology played an important role in
protein expression would be helpful when conducting analysis.
For example, cells may be firstly examined in their spread and
round forms to make judgment on the choice of the detection
methodology. When the differences between the two forms are
insignificant, it would be better not to disturb the spread cells
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(by detachment) to conduct an analysis. However, when cells
under investigation show significant differences by the different
morphologies, more and different approaches are necessary to
support if the cell morphology changes indeed influence result
interpretation.

Finally, different experimental regime may require different
cell morphology. Spread cells were used in our previous study of
cell cycle analysis by DAPI staining of nuclear DNA.>® The reason
is that our pilot study revealed better resolution and reflection
of cell cycle phases with spread cells, instead of round cells. The
explanation to the differences in this and the previous study
may rely on the location and the intensity of the signals. In cell
nuclei, the condensed DNA can mask some of the DAPI signals
when the cells are round, however, by flatten the cells, the DNA
is more uniformly distributed in cell nuclei and the microscope
can detect more signals. For cytosolic signaling proteins, they
are scattered and the signals are much weaker compared with
the DAPI signals in cell nuclei. Therefore, round cells serve to
concentrate and intensify the signals, which results in clearer
distinction (shown as longer distances between subsets in this
study) among heterogeneous cell population. Along this line,
when signals from nucleic DNA and cytosolic proteins are
required at the same time (e.g. to correlate cell cycles measured
by DNA contents with cell cycle phase specific cytosolic protein
levels), optimized balance on which morphology fits better
should be considered.

Conclusions

This study demonstrates the significance of cell morphology
(spread or round) on the detection of fine differences of the
cells, which is important for the molecular diagnosis in the era
of precision medicine.
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