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Candida Cell Heterogeneity Measured With a
Microwave Flow Cytometer

Neelima Dahal *?, Carl Ehrett, Jeffrey A. Osterberg

Abstract—Heterogeneity is an important property of a cell popu-
lation. Itis an intrinsic driving force behind biological evolution and
a main challenge for effective disease treatment, such as precision
solid cancer therapy. Various “omics” methods, mass spectroscopy-
based techniques, and flow cytometry have been developed for cell
heterogeneity characterization. But current methods are either
low throughput or invasive. In this work, we develop a simple
microwave flow cytometer to measure single C. tropicalis and C.
albicans, which are two of the most important Candida yeasts
that cause candidemia disease. The obtained scatter plots of cell
permittivity for both the species show a colinear relationship for
cells of different volumes, which indicates a largely conserved cell
molecular composition profile despite heterogeneous cell sizes. We
also apply microwave flow cytometer to measure antifungal drug
effect on C. tropicalis and C. albicans cell population and observe
that drugs induce significant heterogeneity increase. The results
show that microwave flow cytometry is a promising new method
for high throughput and noninvasive characterization of cell het-
erogeneity. More work is needed, including the determination of
biological significance of the observed microwave heterogeneity.

Index Terms—Cell heterogeneity, microwave sensing, permi-
ttivity, candida yeast, flow cytometry.

I. INTRODUCTION

ETEROGENEITY is a fundamental property of biologi-
H cal cells that contributes to cell development [1], differen-
tiation [2], tumorigenesis [3], and immune mediated responses
[4], among others. Understanding heterogeneity is one of the
greatest challenges of drug discovery since seemingly identical
cells can respond differently to drugs for disease treatment [5].
For advanced cell therapy products, such as those based on
mesenchymal stromal cells (MSCs), heterogeneity pervades at
multiple levels, from sample source to single cell [6]. Cellular
heterogeneity is also the main challenge in treating solid tumors,
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such as colorectal cancer [7], breast cancer [8], hepatocellu-
lar carcinoma [9], and lung cancer [10]. On the other hand,
cell heterogeneity, which is sometimes referred to as noise,
can provide information that is important for a wide range of
applications. For instance, intratumor heterogeneity (ITH) was
shown as a prognostic predictor to predict the risk of recurrence
of non—small-cell lung cancer [11].

Heterogeneity comes from genetic variation and nongenetic
characteristics [12]. Nongenetic variation, also known as phe-
notypic heterogeneity, describes variations that are observed
between individual cells in a genetically homogeneous popu-
lation [13]. The differences of cellular constituents, including
DNA, proteins, RNA, lipids, carbohydrates, and metabolites,
yield heterogeneous cell properties and functions. No two cells
are identical and cellular heterogeneity is universal, including
in isogenic or a clonal population of cells [14]. Therefore,
measuring and understanding cell heterogeneity at different
scales are important. Microscopes have been used for cell size
and shape characterization. Various molecular approaches have
been developed to characterize cell heterogeneity or profile [4] at
molecular levels. Single cell “omics,” such as DNA sequencing,
proteomics, metabolomics, epigenomics, and transcriptomics,
examines single molecules but is invasive, complicated and
at low throughput. So are mass spectroscopy-based methods,
which enable the detection of highly multiplexed analytes in
single cells. High content screening, digital pathology, and flow
cytometry are high throughput but require labels. Therefore,
new, high throughput, and noninvasive methods for cell hetero-
geneity characterization, classification and studies are of great
interest.

Microwave fields can probe cell organelles [15], and have
been demonstrated for single cell measurement, such as Chi-
nese hamster ovary cells (CHO) [16], human monocytes THP1
cells [17], Jurkat cell [18], and baker’s yeast cells [19]. The
measurements are accurate, label-free and non-invasive. In this
work, we show that accurate, quantitative and high-throughput
microwave dielectric spectroscopy is promising to be a new
method for cell heterogeneity characterization. We also report
cell size quantification using microscopy cell imaging to further
assist cell heterogeneity study.

II. EXPERIMENTAL SETUP
A. Microwave Flow Cytometer

Fig. 1(a) shows a schematic of the microwave flow cytometer
used in this study. It uses a vector network analyzer (VNA) for
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Fig. 1. (a) A schematic of the microwave flow cytometer. Two power dividers,
PD1 and PD2 are used. MUT is material-under-test branch and Ref is reference
branch. (b) Typical broadband S2/ magnitude (measured). The notch frequencies
are measurement frequencies, such as those labelled with red circles. (c) A
microscope picture of the microstrip sensing electrode showing microfluidic
channel (blue) with height /,,,,,+ approximately 10 gm and width 100 gm, which
is also the microstrip line length /.

probing signal generation and detection with an interferometer
to enhance measurement limit-of-detection (LOD). Fig. 1(b)
shows a typical broadband S»; magnitude, and the measurement
is performed at the null points, also known as notch frequencies.
The measurement results presented in this paper were measured
at the frequency points labelled with red circles because they
provide a significant separation between viable and non-viable
cells. At higher frequencies, the permittivity difference between
viable and non-viable cells decreases, as discussed in [20]. The
lowest frequency point measured was 0.796 GHz. Since the
measurement presented in this paper was done over a span
of time, the change of the interferometer tuning status was
considered. The interference nulls were picked at the time of the
measurement, and calibration at that exact frequency point was
performed within a few hours of measurement. Prior to the next
cell measurement, the interference null points were re-evaluated,
and measurement was performed at those null points. A simple
microstrip line is used as a sensing electrode. Similar systems
have been previously reported, such as in [19] and [20]. The
VNA power was set at 0 dBm. Broadband measurements show
the power loss due to cell sample absorption is much less than
10% (—1 dB plus 3 dB power division). Furthermore, liquid
sample is in flow (not static). Therefore, microwave field effects
on cells are small and power absorbed by cells is also small. As a
result, heating was assumed to be negligible. The cell culture was
suspended in de-ionized water stored at room temperature, and
the measurement was performed at room temperature. Although
slight variation of room temperature is known to occur, calibrat-
ing measurement system and carrier medium every few hours

minimize potential issues. Furthermore, temperature change is
considered a slow process. Thus, for each batch of measure-
ment (e.g., within one hour), less environmental temperature
effects are expected. Therefore, temperature effects on cell
measurement are neglected. Any ionic effects are assumed to
be consistent for all single cell measurements because the cell
culture and cell dilution technique used was the same every time.
Ionic effect in the drug treated cells is likely of importance but
has not been investigated in this paper.

When a cell passes through the microstrip sensing zone
and interacts with the probing microwave fields, cell signals
are detected and recorded by the VNA. Detailed HFSS (high-
frequency structure simulator) simulation analysis shows ap-
proximately 6% maximum signal variation when the cell follows
different trajectories with slightly nonuniform probing fields
[19]. This variation will likely complicate cell heterogeneity
analysis.

Cell permittivity values at frequency f, ¢(f) = €’(f)-j €”(f),
are obtained by measuring two calibration fluids, cal », carrier
liquid, which is culture medium diluted with de-ionized water in
a 1:40 ratio, and carrier liquid with a single cell [19]. Any fluids
with known ¢(f) can be used as calibration fluids. The obtained
scattering parameters are then used to obtain the effective prop-
agation constant, v = a+j[3, of the probing microwave where o
is the attenuation constant and [ is the phase constant.

SoimuT — S2lcal1)
S21cal2 = S21call

Yyvmurlvur = In {(

% (e—’vcazzlcam _ e—"/caulcall) _ e—%azllcaz1:| (D)

The effective permittivity of the microstrip portion is obtained
by use of
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The effective permittivity assumes a homogeneous medium
surrounding the microstrip. Then, the permittivity of MUT,
emurT, 1s obtained through a look-up table approach, similar

to the one in [19].

B. Sample Preparation

Candida yeast, C. tropicalis (ATCC No. 13803) and C. albi-
cans (ATCC No. 13804) were purchased from American Type
Culture Collection (ATCC) and cultured in YPD (Yeast Extract—
Peptone—Dextrose) by following the recommended processes
described in [21]. C. tropicalis and C. albicans were chosen
since they are two of the five most important Candida yeasts
that cause more than 90% of candidemia cases in the US. Single
nonbudding C. tropicalis and C. albicans were easy to choose for
microwave measurement due to their round shape. The viable
and non-viable cells measured using microwave methods and
reported below were also tested using Trypan blue to confirm cell
viability. Only a small percentage, <1%, of viable cell sample
picked up blue stain confirming >99% cell viability. Agreeable
results were obtained for heat-shocked non-viable cells.
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Prior to microwave measurement, Candida cells were cul-
tured in 50 mL sterile YPD medium in an orbital shaker at
250 rpm and 30 °C overnight (approximately 18 hours). The
overnight culture, which would be in stationary phase due to 18
hours of incubation, was transferred to a 1.5 mL centrifuge tube
and stored at room temperature while conducting the experi-
ment. Cells were diluted with a ratio of 1:40 in de-ionized water
before injecting into the microfluidic channel for measurement.
This diluted cell sample was tested with Trypan blue at the end of
each microwave measurement to confirm cells remained viable.
The sample for drug effect measurement was prepared by first di-
luting cells in de-ionized water, then pipetting CSP-DMSO into
the sample tube, and then gently shaking the tube to thoroughly
mix. Measurements began 10 minutes after the drug treatment
and lasted for 30 minutes to 1 hour.

III. MICROWAVE MEASUREMENT OF C. TROPICALIS AND
C. ALBICANS: CELL HETEROGENEITY

Viable C. tropicalis and C. albicans samples were prepared
and measured at multiple frequencies. The measurement oper-
ation can be at a throughput up to ~100-cell/second at a single
frequency point. But each batch of measurement can take up
to two hours in our cell heterogeneity investigation. For the
study presented in Section III, approximately 100 each of single
non-budding C. tropicalis and C. albicans cells were measured
by transporting each cell back and forth in the sensing zone for 20
seconds. This allowed us to carefully observe, take microscopic
image and verify measurement repeatability of each cell by
capturing each cell measurement 1-3 times at a given frequency
point. For the study presented in Section IV, approximately
100-150 each viable, drug-treated, and non-viable cells were
measured where single budding and non-budding cells passed
the sensing zone in a continuous flow such that each cell was
measured only once. Two C. tropicalis cells, each approximately
7 pmin diameter, where one passed the sensing zone towards the
center and the other towards the edge of the microstrip ground,
had a2.7% Ae’ and 2 0.55% Ac” differences. The results show
that wide channels can be used with microstrip sensing electrode
for convenient cell transport and accurate cell measurement.
System operation stability and repeatability was evaluated in
detail and reported in [20].

A. Measured Permittivity of C. Tropicalis and C. Albicans

Fig. 2(a) and (b) show measured, absolute Ae’ and Ae” (Ae
=Ae’-jAe” =& puT-E media) Of Viable C. tropicalis at 1.32 GHz
and 1.85 GHz, respectively. The cells are grouped based on their
size with group 1 (blue dashed circle) representing the smallest
size and group 4 the largest size. Some cells in each group are
also labeled with their images shown. A few observations can be
made. First, there is a wide distribution of Ae”and Ae” as shown
in Table I where the distribution is calculated as A€’ gistribution
= (A5 ’high'A<E ’median)/Aa "median- A Maximum Ae ’ distribution
of 82.2% is seen at 1.85 GHz, and a maximum A& ” g;siribution
of 84.3% is seen at 1.32 GHz. Thus, cell heterogeneity is high.
Second, it seems that Aec’ vs Ae” scatter plot follows a linear
relationship and cell permittivity aggregates along straight lines,
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Fig. 2. (a) Measured permittivity of viable C. tropicalis at 1.32 GHz and an

illustration of QMV and MCPV. For C. tropicalis, the MCPV is much smaller
than QMV. (b) Measured permittivity of viable C. tropicalis at 1.85 GHz.

TABLE I
Ae DISTRIBUTION OF C. TROPICALIS AT 1.32 AND 1.85 GHz

1.32 GHz 1.85 GHz
A€ 1w 0.098 0.12
A& high 0.41 0.42
Ae”luw 0.085 0.078
A& pign 0.43 0.34
A median 0.23 -j0.23 0.23 -j0.19
A& dicributi 76.4% 82.2%
A& diswibution 84.3% 72.9%

i.e., the dashed red lines that pass the origin (0, 0). If we examine
each individual cell by drawing a line that connects its (Ae’,
Ag”) and the origin (00), such as cell #23 and the yellow solid
line in Fig. 2(a), cell permittivity (Ae’, Ae”) can be described as
(p, 6) in a polar coordinate system. A scaled version of cell #23
is expected to have a permittivity value on the yellow line, but
at different p. If the scaled cell has a zero volume, then its (Ae’,
Ag”) must be at origin (00). Visual observation of cell images in
Fig. 2 and preliminary image analysis in Section B below concur
with the observation. On the other hand, two C. tropicalis cells
that have the same p but with different 4 are likely to have similar
size but with different molecular composition since different
molecules have different dynamics, such as different Ae”/Ae’
at a given frequency. Therefore, it is reasonable to assume that
p and @ indicate cell size or the quantity of molecules (QM)
and the overall molecular composition profile (MCP) of a cell,
respectively.

Therefore, the red-dashed lines in Fig. 2(a) and (b) likely
represent the average permittivity or population property of
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Fig. 3. Measured permittivity of viable C. albiacns at 1.85 GHz along with a
few selected images. The cells are visually verified as single nonbudding cells.

C. tropicalis. The linear Ae’ vs Ae” relationship also suggests
that the MCP of C. tropicalis cells is largely conserved even
when cell sizes are significantly different. Thus, it seems reason-
able to separate C. tropicalis heterogeneity into QM variation
(QMV) and MCP variation (MCPV), as illustrated in Fig. 2(a).
Additionally, the distributions of QMV and MCPYV, also illus-
trated in Fig. 2(a), can be modeled and characterized.

Cell permittivity is bounded by two lines such as the two
dashed blue lines parallel to the population property line as
shown in Fig. 2(a). The distance between the two lines, 2xde,
is an indicator of MCPV. Corresponding projections of de’
and de” describe the MCPV magnitude, which are much
smaller than the 113.8% and 110% QMYV for C. tropicalis at
1.32 GHz and 1.85 GHz, respectively. QMYV is calculated as

\/ Ae o 2 Al 2. Cells that are not on the
average permittivity lines, such as cell #23, have slightly differ-
ent MCP, as indicated by the angle 6; and 6, at 1.32 GHz and
1.85 GHz, respectively. Moreover, («v1-01) is larger than (ag-62)
indicating frequency dependent MCPV values even though the
actual cell MCP is expected to be conserved. Additionally, more
detailed examination of Fig. 2(a) shows non-linear contours
of cell permittivity distribution. Further examination of Fig. 2
shows that cells in group 1 have slightly larger 6 variations than
cells in group 4. This might be biologically reasonable since
larger cells have more traits in common that enable them to
grow larger.

Another example of cell QMV and MCPYV is shown in Fig. 3
for C. albicans at 1.85 GHz. The variation in A¢’ ranges from ap-
proximately Agylow,1‘85GHz =0.06t0 Ae ’high,Z‘SSGHz =0.27,
and in Ae” from Ae” oy, 1.85cH. = 0.031 to Ae " high,1.85GHz
= (.18 at 1.85 GHz. The overall distribution in Ae” and Ae”
are 70.2% and 75.5%, respectively. It is shown that Ae,,,;,, and
Aénax for nonbudding C. tropicalis cell are larger than that of
nonbudding C. albicans due to larger cell size of C. tropicalis
cells compared to that of C. albicans.

B. Cell Size and Permittivity

To quantify cell sizes, the microscopy images of Candida cells
shown in Figs. 2 and 3 are examined using MATLAB image
processing tool to determine the relative size of each cell. Two
independent methods were employed — bounding box method

Cell 17, Area = 7743 Cell 22, Area = 8160

9- ;'a. <
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§D
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Fig.4. Cell size estimation by first converting rgb image to gray image, which
is then converted into binary image. (a) The area reported here is the area of the
box that surrounds the cell image. (b) Further denoising the binary image, and
then finding the convex hull of the resulting segmented image.

and convex hull method. In the bounding box method, cell size
is estimated by computing the area of the box binding the cell
image as shown in Fig. 4(a) in which the original microscopy
cell image is shown on the left, and the processed image along
with the cell number and unitless area is shown on the right. In
the convex hull method, only the area inside the convex hull of
the segmented cell image is computed to determine the cell size,
which is also reported as a unitless area. The convex hull method
is thus a more suitable method to estimate cell size. However, due
to the low resolution of the microscopy cell image, the convex
hull method is not very accurate when the cell outline is not well
defined as is the case with cell 22 shown in Fig. 4(b). For the
same cell, in the bounding box method, cell area computation
considers the entire cell if some cell outline is present in the
microscopy cell image. The bounding box method is the most
suitable for round shaped cells; same oblong cell with different
orientation would otherwise result in different cell area. Since C.
tropicalis and C. albicans are round shaped, we assume that cell
orientation has insignificant effect on cell size/area computation
using bounding box method.

Shown in Fig. 5(a) and (b) are the normalized (by maximum
value) cell area obtained using the bounding box method de-
scribed above for the cells in the different size groups identified
in Fig. 2. The QMYV that was hypothesized in the earlier section
based on visual cell image comparison is quantified here. The
average normalized cell area (0.95) is the largest for group 4
cells, and the smallest (0.49) for group 1 cells. The best fit
line is the same as shown in Fig. 2(a) and (b) for 1.32 and
1.85 GHz, respectively. The number overlapping the red marker
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Fig.5. Measured permittivity of viable C. tropicalis, along with the images of

the measured cells. The numbers within the plot correspond to the normalized
cell area computed using bounding box method. (a) At 1.32 GHz. (b) At
1.85 GHz.

in the plot is the corresponding normalized cell area, and only
the grouped cell data is shown for clarity. Normalized cell radius
(r) was calculated by rearranging the equation for the area of
a circle, A = 47r? where A is the normalized cell area. Then
normalized cell volume (V) was approximated using the equation
V = (4/3)r°, assuming spherical shaped cells. The largest
and the smallest cell volumes were Vi.x = 0.094 and V.
= 0.0256, respectively which showed a 114.4% distribution in
cell volumes. The corresponding QMV as reported earlier was
113.7% at 1.32 GHz and 110% at 1.85 GHz, which shows a great
correlation between the estimated cell volume and measured cell
QMV.

Shown in Fig. 6(a) is the cell size analysis of C. albicans
using the bounding box method. The original microscopy cell
image is shown on the left, and the processed image within a
bounding box is shown on the right. The larger cells are shown
in the top row, and the smaller ones in the bottom. As previously
mentioned, the area reported by the bounding box method is
unitless and is normalized in Fig. 6(b).

IV. DRUG INDUCED CELL HETEROGENEITY CHANGE

Antifungal drug called Caspofungin (CSP) diacetate dis-
solved in dimethyl sulfoxide (DMSO) was used to treat Candida
cells. Drugs of different doses were used to treat approximately
10° cells in 1 mL sample volume. Microwave measurements
started 10 minutes after drug application, and 40-60 cells were
examined in 30—60 minutes. For CSP, the limited measurement
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Fig. 6. (a) Cell size estimation by first converting rgb image to gray image,

which is then converted into binary image. (b) Measured permittivity of viable C.
albicans at 1.85 GHz, along with the images of the measured cells. The numbers
within the plot correspond to the normalized cell area computed using bounding
box method.

time duration was expected to not cause significant issues as
discussed in [20].

Shown in Fig. 7(a) is the cell measurement post CSP treat-
ment compared to the viable and non-viable cells of the same
C. tropicalis species at 0.796 GHz. The non-viable cells were
obtained by heat shocking viable cells at 90 °C for 1 minute.
The permittivity measurement of drug treated cell population
lies in between the permittivity measurements of viable and
non-viable cells, and a larger distribution in permittivity is seen.
To analyze the spread of each data group, the data is translated by
a small constant (e, e3) so that the resulting polar coordinates
p and 6 (corresponding to the length and width of each group)
are de-correlated. This is equivalent to translating the data so
that a linear fit of each group intersects the origin. For each
group, (€1, e2) is found by minimizing the expression (3) below.
Having found de-correlated p and 6 values for each group, we
can analyze the length and width of each group.

E \/(61 - 6’1)2 + ((62 — 62)2>.tan’1ﬂ

€1 — €1

_E \/(61 —e1)? + ((62 - 62)2) B (tanlziz>

3)
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Fig. 7. (a) Microwave measurement of C. tropicalis exposed to CSP at
0.796 GHz. (b) Data converted to polar coordinates to analyze p and 6 of each
measurement group namely viable, drug treated, and non-viable C. tropicalis
cells.

TABLE 11
C. TROPICALIS DISTRIBUTION COMPARISON FOR VIABLE, DRUG TREATED, AND
NON-VIABLE CELLS

Viable CSP Non-Viable
Pomean 0.4253 0.3148 0.3133
Pstd 0.1537 0.1069 0.0955
O ean 1.0991 0.7781 0.0554
O 0.0535 0.1512 0.0455

Shown in Fig. 7(b) is the data obtained from Fig. 7(a) using
polar coordinates as outlined above. The resulting distribution
is summarized in Table II. The width (6) of the CSP treated
C. tropicalis cells is three times larger than those of viable
and non-viable cells. This indicates a large drug-induced cell
heterogeneity. Also of interest is the largest length (p) of the
viable cells, approximately 1.5 times larger than those of CSP
treated and non-viable cells. This is likely due to the cell size
of the viable population being larger than the other groups.
As discussed in [19] and [20], heat shocking permeates cell
membrane which reduces the average cell size. Likewise, CSP
antifungal effect is due to blockade of the cell wall synthesis
[22], and hence produces similar effects as heat shocking.

Shown in Fig. 8(a) is the cell measurement post CSP treatment
compared to the viable and non-viable cells of the same species
for C. albicans at 2.38 GHz. A similar polar coordinate is done
and shown in Fig. 8(b). The resulting distribution is summarized
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Fig. 8. (a) Microwave measurement of C. albicans exposed to CSP at
2.38 GHz. (b) Data converted to polar coordinates to analyze p and 6 of each
measurement group namely viable, drug treated, and non-viable C. albicans
cells.

TABLE III
C. ALBICANS DISTRIBUTION COMPARISON FOR VIABLE, DRUG TREATED, AND
NON-VIABLE CELLS

Viable CSP Non-Viable
Pomean 0.2773 0.3525 0.3525
Psid 0.1223 0.1530 0.1461
Omean 0.4740 0.2518 0.1832
Osia 0.0734 0.1004 0.0484

in Table III. The width of the CSP treated C. albicans cells is
approximately 1.4 times and 2 times larger than that of viable
and non-viable cells, respectively. Both these factors are smaller
than the one observed for C. tropicalis drug effect. Thus, drug
induced cell heterogeneity occurs at varying degrees for different
Candida species. The length of the viable, drug-treated, and
non-viable cells are similar unlike the case with C. tropicalis. C.
albicans cell wall porosity is significantly lower than that of C.
tropicalis. Hence a larger concentration of drug, 50 ug per 10°
cells, is needed for C. albicans compared to 1 pg per 10° cells
for C. tropicalis to induce 50% cell death (MIC5(). Moreover,
the Candida cell wall is a very complex structure consisting of
many layers, each of which has its own response to CSP. Some
of these responses are similar for the two Candida species, while
others are different which could result in the differences in drug
induced cell heterogeneity for C. tropicalis and C. albicans.
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Fig. 9. Histogram of number of cells on the y-axis and (a) 6 on the x-axis
(b) p on the x-axis for C. tropicalis viable, CSP treated, and non-viable cells at
0.796 GHz.
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Fig. 10. Histogram of number of cells on the y-axis and (a) 6 on the x-axis
(b) p on the x-axis for C. albicans viable, CSP treated, and non-viable cells at
2.38 GHz.

Shown in Fig. 9(a) and (b) are the total number of cells cor-
responding to a range of p and 6 values, respectively for viable,
drug treated and non-viable C. tropicalis. Similar diagrams for
C. albicans are shown in Fig. 10(a) and (b). Since the number
of cells measured for the different groups within each species
was not the same, the y-axis is normalized. For C. tropicalis cell
numbers plotted against p, an almost symmetrical distribution
is seen for viable cells, and skew right distribution is seen for
drug treated and non-viable cells. As discussed previously, p
represents the QMV implying a normal distribution of cell size
of viable population. Both CSP and heat shocking permeate cell
membrane, so the skew right distribution of drug treated, and
non-viable cells imply a reduction in cell size (i.e., QM) of the
general cell population in each group. This reduction in size,
however, is only slightly noticeable when microscopic images

of cell populations are compared. Since the cell size has a large
range [23], individual cells from each group cannot be visibly
identified. The MCPV, 6, also has a right skew distribution for
non-viable cells and most of these cells have a narrow range
of . This is due to the permeable cell membrane allowing cell
cytoplasm to exchange with the surrounding de-ionized water,
thereby reducing the differences in cell molecular composition.
The viable cells have an almost symmetrical distribution which
is taller and narrower compared to the p diagram. This is ex-
pected because QMV is larger than MCPV. The drug treated
0 diagram shows a tall and wide skew left distribution. The 6
diagram of non-viable cells shows a skew right distribution like
its p diagram counterpart.

The p diagram of viable C. albicans shows skew right distribu-
tion, but the few cells on the right could be due to multiple cells
passing the sensing zone at once. The drug treated cell distribu-
tion shows a bimodal distribution (two peaks). The non-viable
cells show an almost symmetrical distribution, and the cells on
the far right could be due to several instances of multiple cells
passing the sensing zone. As discussed previously, the permeable
cell population resulting from heat shocking is slightly smaller
than the corresponding viable cell population. So, a larger p is
expected for viable cells.

While p diagram can be affected by multiple cells passing at
once, f diagram shows reasonable results. Viable cells show a
skew left and non-viable cells show a skew right distribution,
and this agrees with C. tropicalis observation above. A bimodal
distribution is seen for drug treated cells, and this could be
indicative of the presence of at least two subpopulations of C.
albicans that differ distinctly in their MICs to CSP [24].

V. DISCUSSIONS AND CONCLUSION

The obtained results show cell permittivity As(Ae’, Ae”)
or e(p, 0) is likely a new trait for cell heterogeneity study.
Nevertheless, there are many issues that need significant further
work to address. For instance, cell shape induces (p, #) change
as discussed in [25] as well. The above discussions did not
consider such cell properties, which also constitute cell hetero-
geneity. Clearly, future work is needed to clarify e-based MCPV
and cell shape variation. Additionally, to understand and clarify
the biological significance of the obtained e-heterogeneity is a
difficult challenge. For example, it seems that viable C. tropicalis
in Fig. 7(a) has two subpopulations since cells with Ae”<0.4
or Ae”>0.4 have different population MCPs. Drug treated
C. albicans in Fig. 8(a) shows subpopulations that are drug
resistant, drug tolerant and drug susceptible. Nevertheless, the
observations need to be verified with biochemistry methods.

The argument for separating QMV and MCPV implies that
angle « in Fig. 2 is likely cell type/species dependent since cell
MCP is considered conserved for a given cell species. Such MCP
conservation is the foundation for label free cell identification
with Raman spectroscopy and mass spectroscopy, which has
become a new standard method in microbiology laboratories.
However, « value at a single frequency alone is unlikely cell
type/species specific. Instead, a collection of o over a wide
frequency range may enable cell species identification.
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In summary, a microwave flow cytometer was built to accu-
rately measure the permittivity values of single and nonbudding
C. tropicalis and C. albicans (separately) in flow. The obtained
cell permittivity values, Ae’ vs Ae”, is used as a new cell trait for
heterogeneity investigation. Visual observations and microscope
imaging analysis indicate that Ac heterogeneity is mainly due to
the variation of molecular quantities, not molecular composition
profile, in cells. Therefore, it is reasonable to separate cell het-
erogeneity into QMYV and MCPV to help understand cell popula-
tion characteristics. Measured drug-treated C. tropicalis and C.
albicans show significantly increased heterogeneity. Thus, high
throughput microwave measurement of single cells is promising
to be a non-invasive and label-free technique for cell heterogene-
ity characterization and screening. It complements currently
available “omics” and other methods. Nevertheless, significant
work is needed to simultaneously obtain multi-frequency Ae(f)
of cells in a population and clarify the biological significance of
Ag(f) based cell heterogeneity, among others.
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