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GRAPHICAL ABSTRACT

The device sequentially measures the volume-correlated impedance change of hundreds of
individual yeast cells after mixing with different media, e.g. dimethyl sulfoxide or DI water, from
separate inlets.
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ABSTRACT

This paper reports a microfluidic lab-on-chip for dynamic particle sizing and real time individual cell
membrane permeability measurements. To achieve this, the device measures the impedance change of
individual cells or particles at up to ten time points after mixing with different media, e.g. dimethyl
sulfoxide or DI water, from separate inlets. These measurements are enabled by ten gold electrode pairs
spread across a 20 mm long microchannel. The device measures impedance values within 0.26 s after
mixing with other media, has a detection throughput of 150 samples/second, measures impedance
values at all ten electrodes at this rate, and allows tracking of individual cell volume changes caused by
cell osmosis in anisosmotic fluids over a 1.3 s postmixing timespan, facilitating accurate individual cell
estimates of water permeability. The design and testing were performed using yeast cells (Saccharomyces
cerevisiae). The relationship between volume and impedance in both polystyrene calibration beads as
well as the volume-osmolality relationship in yeast were demonstrated. Moreover, we present the first
noninvasive and non-optically-based water permeability measurements in individual cells.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Osmoregulation and membrane mass transport is central to cell
biology in bacteria, plants and animals [1-3]. It plays a role in
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osmotic stress signaling in yeast [4], is critical for dialysis in the cells
of the nephron [5] as well as plant water regulation [6], is a primary
determinant for cryopreservation [7,8] and red blood deglyceroli-
zation success [9]. Because of this, there is a great need for accurate
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estimation of the kinetics of water and solute transport in indi-
vidual cells. Mass transport models have been developed and
refined since at least 1932 by Jacobs [10,11], which was followed by
work by Staverman [12,13], and then formalized from a thermo-
dynamical point of view by Kedem and Katchalsky [14,15] (among
many others). In each case, however, models have depended on the
challenging biophysical problem of accurate estimation of the
membrane permeability parameters.

It would be beneficial for a wide range of disciplines to have the
capability of rapidly estimating the water and solute membrane
permeability in individual cells to identify, for example, the degree
of heterogeneity in a population, or the existence of aberrant sub-
populations. Moreover, there are a number of cell types that fall in
the gap between microscopy methods and the classical Coulter
counter method, including sperm and red blood cells, for which
both mean and population distributions of membrane water and
solute permeability would facilitate significant inroads in protocol
design. For example, Lusianti et al. [16] show that instead of a 60-
min post-thaw red blood cell deglycerolization time, detailed un-
derstanding of membrane transport kinetics and rational degly-
cerolization design can reduce the total time to less than a minute.
However, they demonstrate that the success of this protocol criti-
cally depends on the sample (and possibly even cell) specific
permeability of the RBC to glycerol [16].

Classical methods for estimation of these parameters require
measurement of the dynamic total cell or cell water volume as a
function of time after the exposure to anisosmotic media [17], and
include recording mean cell radius via light microscopy [18], fluo-
rescence quenching in individual cells or in cell populations [19,20],
or radiolabeled water diffusion via electron paramagnetic reso-
nance [21]. Bright field microscopy methods are useful in large,
individual, and slowly reacting cells, including the Xenopus oocytes
studied by Jacobs in 1932 [22], and, now, many mammalian oocytes
[23—29]. However, these microscopy methods are difficult to apply
for cell populations, or for aspherical cells such as sperm or red
blood cells. To avoid these complications, a number of studies use
electronic particle counter (EPC) based techniques to measure
these volume changes after exposure to various media [30—32].

Essential for hematology by facilitating assessment of the
“complete blood count”, EPCs are ubiquitous in industrial, clinical
and research settings, facilitating label free, non-optically based,
rapid and accurate sizing of cells and particles [33—38]. While
designed and used predominately for static particle volumes, EPCs
are also used to find population level cell volume changes in
response to anisosmotic media. Cells in suspension are mixed in a
cuvette with a different media that causes cell volume changes, and
the recorded cell volume time-series facilitates population level
estimation of water and solute permeability, but not for any indi-
vidual cell or subpopulation [39,40]. These dynamic data can be a
useful diagnostic tool for red blood cell quality assessment [41] or
for the development of optimal cryopreservation protocols [42,43].
However, using commercial EPCs to make dynamic measurements
requires relatively large sample volumes that limit the ability to
rapidly mix and measure samples. Thus EPC technology has not
been applied to dynamically size many cells including, in particular,
red blood cells except in rare cases [44]. Moreover, relatively large
sample volume requirements also limit the application of this
technology to abundant cell types, precluding applications in rare
cells, such as those obtained through cell sorting [45].

Finally, the most critical limitation of all commercially available
EPC is that they are designed to make one impedance measurement
on each individual cell. This is sufficient for static cells, but for those
undergoing active or osmotic volume change, cell volume mea-
surements made at any time only represent a sample from the full
population at that time point. Importantly, this does not give any
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insight into the distribution of biophysical responses within a cell
population. It is statistically advantageous to follow many single
cells’ dynamics, significantly improving parameter estimation,
reducing required cell counts, and importantly identifying cell
membership in subpopulations. These data may be critical in he-
matology, as aging blood responds differently osmotically
[41,46,47], and there is evidence that these subpopulations may
play a role in successful rapid deglycerolization of red blood cells
[44].

MEMS based EPCs [48—52] have a number of advantages over
traditional benchtop devices. They are generally low cost and
portable. They use small volumes of total cell suspension, and as
such can provide measurements on rare cells, and should facilitate
rapid measurement after mixing with anisosmotic media. However,
to date, no other MEMS based EPCs utilize multiple electrodes, and
as such provide only traditional static cell sizing. Our device ad-
dresses these issues, and, as we show here for the first time, allows
dynamic monitoring of volume changes in individual cells [53].

Biophysical modeling of cell mass transport in macroscale
Coulter counters as well as in optical methods typically assumes
instantaneous step-changes in extracellular media. A standard
experiment may be to monitor cell volumes after cells equilibrated
in isosmotic media are exposed to 10% DMSO, and standard
modeling assumptions are that cells experience an immediate
change in their extracellular environment. This approach causes
rapid and large cell volume changes that can be easily detected,
facilitating accurate estimation of water and solute permeabilities.
Therefore it is desirable in our device for cells to experience as
instantaneous mixing as possible, especially in cell types with very
high water permeability as they may partially equilibrate as the
concentrations mix.

To address the need for rapid and accurate estimation of
membrane water and solute permeability in individual cells, we
previously developed and tested the fabrication of a multi-
electrode-pair microfluidic Coulter counter with latex beads [54].
Here we refine our previous design and demonstrate our micro-
fluidic lab on chip sensor’s intended capability to measure single
yeast cell water permeability and osmotic characteristics by
monitoring their short time dynamic volume change after exposure
to anisosmotic extracellular media.

While this device has been described by us previously [55—58],
this paper demonstrates the functionality of a reusable microfluidic
lab on a chip for sizing dynamic particles. In particular, we describe
functional testing of the operating AC frequency, demonstrate the
volume-impedance relationship in both latex beads and in yeast
cells, detect the real time individual cell volume change quickly
after exposure to anisosmotic environments, and using these vol-
ume changes, infer individual membrane mass transport biophys-
ical characteristics. The cell volume changes are measured via
voltage changes among five electrode pairs along the micro-
channel, yielding cell size at the time that cells pass between each
electrode pair. To validate our device and demonstrate its potential,
we measured microbead and yeast cell (Saccharomyces cerevisiae)
impedance after mixing with different concentrations of ani-
sosmotic media at room temperature. To our knowledge, we are the
first to report the membrane permeability of individual cells
measured using a non-optical method.

2. Cell biophysical modeling

In this paper, we choose yeast cells as a test subject because of
the number of existing studies of transport in common baker’s
yeast, with models of yeast turgor and osmotic flux (c.f [59]. for
review). In particular, the differential equation describing osmoti-
cally induced total cell volume is a function of the intracellular
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hydrostatic pressure p (driving water flux into the cell), and the
total concentration difference across the membrane (driving water
flux out of the cell):

% = LpA (p - CpcRT (Ce _ Civ()i)) .

Vos

where vy is osmotically active volume, L, is water permeability, A is
cell surface area, p is intracellular hydrostatic pressure that we
assume to be zero, cpc is a conversion factor relating pressure units

to concentration units, R is the gas constant, c® and ¢! are external
and internal solute concentrations, v, is the initial osmotically
active volume (see Ref. [59] for derivation). Because we are using
yeast cells, the application of van ‘t Hoff’'s law here includes the
membrane turgor model

K) forV >V,

—¢eln
p(V, Vo, &) = (VO 2)

O0for V<V,

where ¢ is a parameter and Vjis the volume at which turgor be-
comes a factor [21].

This may be used in conjunction with Eq. (1) or independently
to calculate v, which calculates the final minimum cell volume
reached when exposed to higher concentration solute according to
van ‘t Hoff's law, in which v, is in a linear function of the reciprocal
of solute concentration:

ch(vi — vp)
Viin = U - - 3
min b+ c®r CS ( )

where v, is the osmotically inactive volume, v; is the initial turgid
volume, ¢§ and c}, are the initial external and internal osmotically
active solute concentrations.

In the experimental part of the paper, we collected individual
yeast impedance data during volume equilibration by varying
mixing media osmolality, and use these data to fit for parameters in
the turgor model (Eq. (2)) and then fit the dynamic volume change
Eq. (1) to calculate water permeability L,. We compare our turgor
model and fits to the literature, and L, values to those presented in
the literature.

3. Design and modeling

The microfluidic lab on a chip sensor was previously designed to
detect the dynamic cell impedance changes as a function of time
after mixing cell suspensions with different extracellular media as
shown in Fig. 1 [55—58]. In brief, the device is capable of three
major actions: fluidic mixing, cell focusing, and impedance detec-
tion. Cells introduced via a single centered inlet and extracellular
media introduced via two outer inlets converge into a T-shaped
channel and progress into a short serpentine shaped channel for
mixing (Fig. 1). This is followed by a ramp-down electrode pair
defining the focusing region. This focusing region was then con-
nected to the measuring region, and on to the outlet. To measure
volume as a function of time, we placed 10 electrode pairs along the
device channel such that each electrode pair recorded the imped-
ance of cell at the time it passed through. At constant flow rates
each electrode pair corresponds to a different time point in the
volume versus time dynamics of each cell or particle. Corre-
sponding impedance changes were tracked as a function of time at
each electrode pair along the channel. The distribution of elec-
trodes along the channel was designed to take measurements more

Analytica Chimica Acta 1163 (2021) 338441

frequently at the beginning—often the most transient phase of cell
volume change.

In this paper, we have further optimized the modeling of mixing
efficiency and mixing time as a function of flow rate. Our device is
now capable of detecting the dynamic impedance change after
mixing cell suspensions with different extracellular media within
0.26 s from the start of mixing. We also present further optimiza-
tion of the fabrication processes resulting in a reliable device
without any possibility of fluid leakage. Here we have calibrated our
device using microbeads of six different sizes, and determined a
linear relationship between bead diameter and impedance. Finally,
we have demonstrated the voltage-volume relationship in
S. cerevisiae populations and studied individual yeast cell
permeability.

3.1. Microfluidic sensor Modeling

The mixing region was designed with a passive mixer (length
400 pm; width 100 pm) facilitating diffusion-induced mixing of
different extracellular media and cells. The mixer had two extra-
cellular media channels with a width 2x larger than the cell sus-
pension flow channel, intersecting normal to the cell suspension
flow channel to significantly improve the mixing efficiency—an
important factor that determines the sensitivity of system. A
simulation result of mixing efficiency and mixing time versus flow
rate is shown in Fig. 2. This figure indicates that at a flow rate of
0.6 ul/min, a mixing time is 0.26 s and a mixing efficiency of 97%
was reached. Fig. 2 also shows that a proper flow rate must be
chosen to achieve a good mixing efficiency while keep the mixing
time as small as possible. The mixing efficiency and mixing time
under flow rates from 0.2 to 0.9 pl/min were simulated using the
COMSOL finite element tool under a steady-state condition: a
concentration of 50 mol/m3 was set to the two outer inlets while
the center inlet was set to 0 mol/m3. The fluid flows are set to be
laminar and incompressible, and the boundary is non-slip.

3.2. Single cell detection modeling

In order to achieve both rapid measurement post mixing and an
approximately 2 s transit time (time from first to last measure-
ment) at a flow rate of 0.6 pl/min, the detection channel is designed
with a length (between the first and tenth electrode) and width of
20 mm and 25 pm, respectively. It consists of gold electroplated
vertical electrode pairs to generate a uniform electric field over the
entire height (15 pm) of the microchannel. Each vertical electrode
has a width and a length of 100 pm and 100 pum, respectively. In
device testing, cells suspended in media flow between a pair of
electrodes.

The detection region in our device has 10 electrode pairs
measuring the voltage across the channel and the associated
voltage change when a particle passes through, AV, can be con-
verted to impedance change (AZ) as a function of time. The relation
between voltage and impedance change is given by

AZ AV
- =7 4
Zch VchGamp ( )

where AZ is the impedance change when a particle passes between
the electrode pair, Z, is the baseline impedance between the
electrode pair without a particle V, is the baseline voltage be-
tween an electrode pair of the channel without a single particle
passing through, and Gampis the amplifier gain in the testing circuit.
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Fig. 1. Microfluidic Lab on a chip sensor structure: (a) Schematics of the microfluidic Lab on a chip sensor structure. The blue color microchannel has three inlets intersecting into a
T-shape micromixer, and yellow color electrode pairs are positioned along the channel. (b) A magnified view of the mixing region, focusing region and detection region. A ramp
shaped electrode pair generates a negative dielectrophoresis (n-DEP) forces that are used for focusing mechanism, gold electroplated vertical electrodes with a height of 15 pm are
used for detecting particles passing though. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. The results from a COMSOL simulation of the mixing efficiency and mixing time
as a function of flow rate. At a flow rate of 0.6 uL/min, a mixing time is 0.26 s and a
mixing efficiency of 97% was reached. The mixing efficiency is a tradeoff with mixing
time.

4. Microfluidic lab a chip device fabrication

As described previously [60], the device fabrication process in-
cludes thin film sputtering, metal electroplating, SU-8 channel
lithography and patterning, and PDMS bonding. The devices were
fabricated with a height different from our previous devices, and
the fabrication process was optimized to develop more reliable
devices. Fabrication started with a single glass slide as follow. (1) A
thin layer of SU-8 was spin coated with a thickness of 3 pum,
exposed to UV light for 10 s, and hard baked for 30 min. This was
followed by UV light exposure to form an adhesion layer for future
SU-8 microchannel bonding. This layer was used in order to
improve the adhesion between the glass substrate and the subse-
quent SU-8 layer that is used to form the microchannel. (2) Two
layers of chromium (Cr) and gold (Au) were deposited using

magnetron sputtering (See Fig. 3a). The Au layer was patterned,
using Shipley 1813, and potassium iodine Au Etchant solution of
K:I;H,0 = 4:1:40, to form a seed layer for electroplating, electrode
traces and bonding pads. The thickness of Cr and Au were 60 nm
and 200 nm, respectively. (3) A photoresist mold was formed using
AZ4620 photoresist (See Fig. 3a’) and Au with a thickness of 15 pm
was electroplated to create the focusing and detection electrode
pairs. (4) The AZ photoresist was washed away by acetone followed
by IPA and DI water, and the Cr layer was etched (See Fig. 3b and b’).
(5) The microchannel was defined using SU-8 2025 with a thickness
of 20 um. Before SU-8 photoresist coating, the slides were flashed
with IPA thoroughly and dried. After pattering, the microchannel
was hard baked on a hotplate at 150 °C for 30 min to further sta-
bilize the feature and completely remove the remaining solvent
(Fig. 3c and ¢’). Scanning Electron micrographs (SEMs) of the device
are shown in Fig. 4. (6) PDMS slabs were made to serve as a top
cover for the device along with fluidic connectors. The PDMS was
initially mixed with its curing agent and poured into petri-dish
with/without fluidic connectors glued vertically to them at the lo-
cations corresponding to the inlet and outlets, and was cured
overnight. The PDMS slab without fluidic connectors was punched
through to form an opening for the inlets and outlet. (7) An oxygen
plasma treatment was applied on the PDMS cover (without fluidic
connectors) to create silanol groups (-OH) in order to change its
surface to hydrophilic and then SU-8 was spin coated onto it to
serve as glue. This SU-8 layer was used in order to make an adhe-
sion layer between microchannel and bottom PDMS slab. (8) The
microchannel was then aligned with the PDMS cover manually. A
pressure was applied to the PDMS slab to form strong bond with
bottom SU-8 channel. Then, the device was exposed to UV light for
30 s and hard baked at 120 °C for 20 min to improve the bonding by
further curing the SU-8 layers. Thus, the PDMS/SU-8 cover was
cross-linked with the SU-8 microchannel, forming a strong bond
(Fig. 3d). Then after connectors (barbed connectors 1/16” to 1/16”
black nylon) and tubes (1/16” ID x 1/8” OD x 1/32” wall silicone
Med-X tubing, United States Plastic Corporation) were bonded into
top PDMS slab, both of the top PDMS and the device were treated
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Fig. 3. Microfluidic lab on a chip device fabrication process and its corresponding optical images: (a) Cr and Au patterning for electrode layer (b) Au electroplating and Cr etch (c)
SU-8 microchannel patterning (d) PDMS and fluid connector cover (a’) corresponding optical images for fabrication step a (b’) corresponding optical images for fabrication step b (c’)
corresponding optical images for fabrication step c.
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Fig. 4. SEM micrographs of (a) the fabricated microfluidic sensor before sealing the device with PDMS cover, (b) a magnified view of focusing and detection regions, (c) a single
detecting electrode, (d) a magnified view of mixing region.
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Fig. 5. Optical images of the fabricated microfluidic sensor. (a) A finished device, and (b) a packaged device.

with oxygen plasma, creating silanol groups to yield a covalent
bond between two PDMS slabs and seal them tightly (Fig. 5a). (10)
The device was fixed and wire bonded to PCB for electrical con-
nections. Finally, the SU-8 biocompatible treatment was performed
by using a 30 s flood of UV exposure at 14.75 mW/cm?, followed by
hotplate baking at 150 °C degree for 1 h, and then an oxygen plasma
treatment for 30 s. Epoxy glue was used to improve the reliability of
the device, and to eliminate any leakage possibility between con-
nectors and PDMS cover (Fig. 5b).

5. Validation and testing
5.1. Experimental setup

The experimental testing setup consists of the following (See
Fig. 6a). Two syringe pumps (Harvard Apparatus PHD ULTRA, Har-
vard Apparatus) with two syringes (3 mL Syringe Sterile with Luer

-
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Fig. 6. (a) The experimental testing setup. The arrows and captions indicate each
component. (b) The electrical testing circuit for one channel. In particular, the device is
connected to a voltage divider, resulting impedance data is filtered by a high pass filter
and then is recorded by USB DAQ.

Slip Tip, BH Supplies) were used to inject the cells or microbeads
from the center inlet and extracellular media into the outer two
inlets. Two function generators (Hewlett Packard 33120A) were
used to apply an AC signal for both the focusing and detection
electrodes. One DC power supply (Agilent E3646A) was used to
supply DC voltage to the instrumentation amplifier (Analog Devices
AMPO02). An inverted microscope was used to observe the mixing
region, focusing region, cells flowing in the microchannel, and the
electrode pair condition. In addition, we have designed and built an
electrical circuit to measure the impedance changes of microbeads
and cells in the detection region (Fig. 6b). An AC signal was applied
to the device that was connected to a voltage divider. The real time
voltage data across the channel was amplified by an instrumenta-
tion amplifier, filtered using a high pass filter and recorded using a
data acquisition board (NI, DAQ USB-6216). Using National In-
struments Labview and an AC voltage source, we tracked the
impedance of latex beads and individual yeast cells as they flowed
through the channel between five (of the ten) electrode pairs (pairs
1, 2, 3, 6, and 10). Prior to impedance measurements using the
detection electrode pairs, an AC source with 6 V peak to peak at
10 MHz was applied to the focusing electrode pair in order to
generate a p-DEP force to focus the microbeads or cells to the
centerline of the channel.

5.2. Cell Culture and experimental solutions

Commonly available Fleischmann’s ActiveDry Yeast was used as
the experimental cell type. For cell culture, the dry yeast were
placed in warm water (55 °C) with 5% sucrose overnight at room
temperature. After overnight cultivation and growth, yeast cell
aggregates and debris drop down to the bottom of the container
leaving a single cell suspension in the clearer fluid at the top. The
yeast cell stock solution was extracted from clearer fluid from top of
the cultivation container. Prepared 10x PBS (phosphate buffered
saline; Sigma-Aldrich) was diluted with DI water into the required
final PBS concentrations. The experimental yeast cell suspensions
were formed with 3 mL yeast cell stock solution and 20 mL of the
PBS solution. The microbeads and yeast cell concentrations varied
from around 10° to 10% cells/mL, and most experiments were
conducted at around 107 cells/mL.

5.3. Frequency analysis

Latex microbeads (Beckman Coulter) with a diameter of 5 um in
DI water were injected into inlets, and the voltage change under
four different operating frequencies 100 Hz, 1000 Hz, 10 kHz and
100 kHz were measured to determine optimal AC source frequency
for cell volume impedance measurement.
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Fig. 7. Schematic illustration of impedance as a function of time over five channels: beads going through all five electrode pairs as a function of time with a flow rate of 0.4 pl/min.

5.4. Establish impedance-volume relationship and electrode-to-
electrode variability

Latex microbeads with diameters of 4 ym, 6 um, 8 pum, and
10 um (Sigma-Aldrich) and 5 pm (Beckman Coulter) in 1x PBS were
measured with the device set up to use a series of five (of the ten)
electrode pairs (see Fig. 7). The inter-electrode-pair transit time
was calibrated by using the initial voltage peak at each electrode-
pair along the channel. Subsequent signals for individual beads
were correlated among the five electrode pairs by this transit time
estimate. Variation in transit time among channels was estimated.

5.5. Volume testing in yeast cells

Isolated yeast cells suspended in 1x PBS were injected into the
center channel while the two outer media ports were injected with
0.75x, 1x, 1.5%, 2x 3x, 5%, 6x and 10x PBS. Because each outer inlet
media flow volumes is 10 times bigger than the volume flow of the
cell inlet, the resulting post-mixing concentration will be equiva-
lent to the outer media concentration, a result confirmed by
COMSOL Multiphysics 3.5a simulation. Five electrode pairs were
used to record the voltage change as cells passed through the
electrodes for each concentration. Cell volumes were estimated
using the impedance-volume relationship defined in the previous
experiment, initial isosmotic cell volumes were assumed to be
given by the value at the first electrode pair (approximately 0.26 s
after onset of mixing with the anisosmotic media), and the equi-
librium volume was defined to be the average of the final two
electrode pair values. To validate these results, yeast in 1x, 1.5x, 3x,
5%, and 10x PBS were placed on glass slides with coverslip and
imaged at 40x magnification. Resulting photomicrographs (see
Fig. S1) were analyzed for particle volume assuming elliptical shape
in Ref. [60], where all visible particles, regardless of size and shape
were identified and volume was calculated by finding the equiva-
lent spherical radius from the measured area.

5.6. Measurement of water permeability in yeast cells

Yeast cells in 1x PBS were injected into the center channel, and
10% dimethyl sulfoxide (DMSO; Sigma-Aldrich) dissolved in 1x PBS
was injected into the outer two channels. We have used five elec-
trode pairs (pairs 1, 2, 3, 6, and 10) to track the yeast cell volume
change as a function of time with maximum measuring frequency.
The resulting volume versus time data for individual yeast cells at
23 °C were fit using the water transport model defined in Egs. (1)
and (2). Note that in our hands the yeast cells have an inherently
large variation in volume and thus SA:V ratio, which directly affect
the water permeability term P,,. We used DMSO as our osmolyte to

maintain constant electrolyte concentrations for experiments.
DMSO is membrane permeable to most cells, but we neglect its
contribution to the intracellular osmolality because during the
approximately 2 s post mixing measurement the DMSO permeation
into the cell that would affect the intracellular total osmolality is
minimal, and thus the estimation of P, is unaffected. This is in line
with protocols used by, for example Schaber and Klipp who use
membrane permeable glycerol as the relatively impermeant
osmolyte [58]. Yeast have an extremely high hydraulic conductivity
(Dumont et al., 2004) [61], and as such, their osmotic response in
the short term will be dominated by the loss of water, as evidenced
in our study. This is exacerbated by the large surface area to volume
ratio of the relatively small yeast cells.

6. Results
6.1. Frequency analysis

Voltage amplitude as a function of frequency is shown in Fig. 8.
In particular, we found that the voltage change amplitude at 100 Hz
frequency is large but with a standard deviation (STD) of almost
0.6 Hz corresponding to relatively inaccurate volume estimation.
For higher frequencies above 10 KHz, the standard error is very
small but the voltage change amplitude is also small, reducing the
device sensitivity. Furthermore, from eqn. (3) in the modeling part,

2.5
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10° 10° 10°* 10°
Frequency (Hz)

Fig. 8. Mean voltage amplitude and STD for 5 pm diameter latex beads under different
operating frequencies. While the mean amplitude is bigger at lower operating fre-
quency, its SEM is proportionately large. On the other hand, the mean amplitude is
smaller while SEM is also smaller under higher operating frequency.
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when particle diameter is comparable to microchannel width, stray
capacity, double layer resistance and cell impedance dominate
overall particle resistance between electrode pairs. Though we use
DI water as the carrier media in this experiment, the result should
be applicable to other carrier media. Therefore, we have selected
the 1 kHz operating frequency, balancing sensitivity and precision.

6.2. Establish impedance-volume relationship and electrode-to-
electrode variability

Example voltage responses to latex microbeads at all five elec-
trodes are shown in Fig. 9. The mean + SEM of measured voltage of

the five microbead sizes, at each electrode pair, are shown in Fig. 9a
and Table 1. After multiple regression, we found that mean
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Fig. 9. (a) Mean + SEM value of voltage as a function of bead diameter and electrode
pair (note that groups of five points at each bead diameter all correspond to the same
diameter). At each bead diameter, individual beads were measured at five electrode
pairs, corresponding to five distributions. b) Normalized traces of individual bead
volumes through five electrode pairs. There is inherent variance in bead diameter but
the small electrode-to-electrode variance is shown by the nearly parallel traces along
the channel.
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Table 1
Mean voltage value and sem data for different sizes of microbeads in five electrode
pairs of experiment b.

Size (um) Mean (V) SEM

4 0.47 0.007
5 0.60 0.009
6 0.69 0.010
8 0.99 0.009
10.1 1.24 0.013

impedance increased linearly with diameter and there was no
mean difference among electrode pairs (R>=0.92, p < 0.05 for all
data). Moreover, in Fig. 9b, we show repeated measurement of 4 pm
and 8 pum beads through all five electrode pairs normalized to the
initial impedance of the first electrode pair. The percent error of the
volume normalized mean among electrodes for all bead sizes was
1%, and mean + SE for each bead size along all electrodes is given in
Table 1. Note that the 5 um beads are from a different distributor
with tighter bead-size tolerance (Beckman Coulter, Inc.), attesting
to the fact that the measurement errors are attributable to intrinsic
bead size differences and not our device.

6.3. Volume responses of yeast cells

The yeast cell volumes were compiled in a Boyle van 't Hoff plot
(Fig. 11), where normalized equilibrium cell volumes are plotted
against the inverse relative PBS concentration. We fit our data to a
turgor model presented in Ref. [59] using eqn. (2), finding the
volume concentration relationship and found a non-turgid volume,
Vo, of 72% and a non-osmotically active volume, V}, of 42%, and a
ratio of initial turgor to the elastic modulus, Pg/e, of 1.12. The
impedance curves in Fig. 10 and Fig. 11 demonstrate expected
smooth impedance changes indicating that the cells were stressed
or not damaged. To wit, a cell that is not membrane-intact will not
respond osmotically. This provides both a quality assurance and a
diagnostic tool. We did not recover cells after measurement to
check for cell viability.

6.4. Measurement of water permeability in yeast cells

Sample yeast volume responses to DMSO data and best fits to
the model defined in equation (6) are shown in Fig. 10a and the
results for individual yeast cells as a function of fit initial radius are
shown in Fig. 10b. The results show the impedance of yeast cells
decreases for the first 3 electrodes, corresponding to the first 0.3 s
after initial volume change before the cells reached quasi-
equilibrium. Fig. 10 demonstrates that the time intervals between
the measured impedance from different electrodes are propor-
tional to the distance between them. This result clearly indicates
stable and successful control of flow rate.

7. Discussion

In our experiments, impedance data is collected when single
particle passes through an electrode pair at a time point as illus-
trated in Fig. 7. Because of the different spacing between electrode
pairs, the impedance data are also collected at different time points
accordingly.

In the frequency analysis experiment, microbeads are used
instead of cells because of their uniform sizes that can be used to
calibrate the device. We have tested yeast cells at 1 kHz in all
relevant carrier fluids. From the following experiment B, C, D data,
there is no obvious amplitude value or error bar shift, so these data
suggest that this AC frequency can also be applied to different kinds
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Fig. 10. (a) Representative plots of individual yeast cell volumes (dots) as a function of time after exposure to 10% DMSO. Each time point corresponds to a yeast cell passing one of
the five electrode pairs. Best fit curves are shown and the unscaled permeability value is given. (b) The aggregated best fit unscaled water permeability is given as a function of initial

unscaled radius.

and concentration of solutes. In our volume calibration experiment,
we found the mean voltage change value increases linearly with
bead diameter [62]. This is not the same as would be expected of
conventional Coulter counter designs [59], but has been observed
in other microfluidic EPC.

The almost parallel lines shown in Fig. 9b and the small percent
error of the mean (~1%) demonstrate that the five electrode pairs
have the ability to measure voltage change, and thus particle or cell
volume, consistently. Finally, the ability to resolve differences in
intrinsic population variance demonstrated by the difference be-
tween the standard error in the beads sourced from two different
sources, we believe that much of the voltage change error can be
attributed to the intrinsic bead size population differences from
different distributors.

While a number of reports of MEMS devices to count cells exist,
to our knowledge, the specific volume relationship sought in this
manuscript for MEMS coulter counters has only been studied with
beads [62], where Richards et al. report that voltage change is
proportional to diameter. This is counter to the usual expectation
from the Coulter principle that voltage change is proportional to
particle volume. However, this difference is explained in part by
DeBlois et al. (1977) [63] who define the voltage response as an
unknown function of bead diameter to channel width that amounts
to a fairly linear response when bead diameter is close to aperture
diameter [63].

To validate our intended application, dynamic sizing of living
cells undergoing rapid volume changes, we used commonly avail-
able yeast cells. There have been a number of studies investigating
the osmotic properties of yeast, and coupled with their ease of
procurement, they seemed to be an ideal test case. We fit the
response of yeast cells equilibrated in anisosmotic saline (PBS) so-
lutions to Egs. (1) and (2) to determine the relationship between
volume and concentration in a Boyle van ‘t Hoff plot shown in
Fig. 11. Yeast are nonlinear osmometers, and as such evince a turgor
upon swelling past a critical volume. We found that when all par-
ticles were included in the analysis, there was a very large range of
values of particles that were osmotically active (and thus were
assumed cells) that upon careful inspection of the photomicro-
graphs, seem to be liposomes, micells, etc. That our device detects
debris is not surprising, and we are not the first to measure the

osmotic response of such debris with a Coulter counter. In fact,
Higgins and Karlsson (2008) [64] found similar effects of osmoti-
cally active debris using a benchtop Coulter counter and mouse
insulinoma cells. The unfiltered data, when fit to the turgor model
provided by Schaber and Klipp [58], suggest a too-low osmotically
inactive volume. However, when a threshold protocol similar to
that proposed by Higgins and Karlsson [64] was applied, mean
volumes (as measured by microscopy) and, importantly the os-
motic response align fairly well literature values (see Fig. 11B). In
Fig. 11B, we note that there is some difference in 1.5x and 3x PBS
anisomotic media. This discrepancy at these tonicities could be due
to the changing impedance of the carrier media, or it could be due
to the inherent challenges in estimating volumes from photomi-
crographs when the cells are not spherical. It is promising, however,
that the minimal volume when regressed to infinite osmolality is
equal to that given by both literature and our own photomicro-
graph data.

In the present manuscript, this leads to a complicated inter-
pretation. On one hand, our bead data have an undeniably linear
voltage-diameter relationship aligning with Richards et al. (2012)
[62], but using this to determine calibration factors for yeast data
lead to predicted yeast volumes that are orders-of-magnitude too
large for yeast (c.f. Bryan et al., 2010) [65], and volume changes that
were too great upon exposures to anisosmotic conditions [58].
However, because our MEMS voltage data, when treated as pro-
portional to volume for unfiltered yeast cells, aligned remarkably
with volumes obtained via photomicrographs, and that when these
data were high-pass filtered at a minimal volume threshold they
align nearly perfectly with the published relative volume response
of yeast [58], we conclude that our device is working as intended to
identify the volume response of individual cells. We don’t have a
theoretical explanation for why this could be different in cells, but it
could be due to double layer resistance, stray capacitance effects,
effects of organelles, etc. whose effects on predicting volume re-
sponses in cells are not explored in the MEMS literature and are not
relevant in the larger scale benchtop Coulter counter literature.

Our cell suspensions are quite dilute, and as such, clumping is
not likely. Moreover, after conducting a number of trials where cells
were passed through the channel while observing through a mi-
croscope, we have not observed any cell clumping during
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Fig. 11. A) Boyle Van ‘t Hoff plot of yeast measured in the MEMS Coulter counter (black markers) and corresponding photomicrograph obtained values (grey markers). Mean
equilibrium relative cell volume (Va1 /Vinitial, Where individual volume traces are shown in (C)) is plotted as a function of inverse relative PBS concentration, error bars indicate
SEM. A nonlinear regression with Eqs. (2) and (3) was performed with free variables Vy, V}, Vj, and €, where these parameters are defined elsewhere. Here we found Vy = 0.72,
Vb =0.42, Vi = 1.79, and € = 11,180. B) Same as A, except with a high-pass volume filter applied, and volume data from Schaber and Klipp [58] (solid circles), a regression was applied
and here we found Vo = 0.90, V}, = 0.59, V; = 2.12, and e = 47,300. A high pass filter was applied to the MEMS data, shown with red squares, where error bars indicate SEM. C) The
individual volume traces that give volume responses to listed “xPBS” concentrations. Each color indicates an individual cell response over time. (For interpretation of the references

to color in this figure legend, the reader is referred to the Web version of this article.)

measurement and data analysis. The device is washed for 1 h to
clear any cells or solution from the channel, and then reused. In this
project, the device was reused many times over a period of two
weeks to measure the voltage of microbeads with various di-
ameters. There is no lower limit to cell concentration, and the upper
limit will be only limited by the relationship between spacing, flow
rate, and data handling capabilities. Throughput, in theory, has no
limitation, as higher fluid flow rates can be achieved by extending
the length of the channel proportionately, allowing higher flow
rates with the same transit time. However the flow rate is bounded
by the concomitant pressure increase that will eventually result in
cell death.

The impedance curves in Fig. 10a demonstrate expected smooth
impedance/cell volume changes indicating that the cells were not
damaged. This provides both a quality assurance and a diagnostic
tool. Moreover, if cells are damaged during measurements, the
device design can be modified by changing the driving pressure,
and channel dimensions until such damage is eliminated. The
figure also demonstrates that the time intervals between the
measured impedance from different electrodes are proportional to
the distance between them. This result clearly indicates stable and
successful control of flow rate. We believe that these are the first
reports of individual cell permeabilities using electrical impedance

techniques and we anticipate that any mammalian cell type will be
considerably more uniform in volume than yeast, as it has been
shown that yeast do not behave as linear osmometers throughout
the osmotic range, confounding analysis compared to what is ex-
pected for RBC.

8. Conclusion

A microfluidic sensor has been designed, fabricated and tested,
five electrodes’ voltage change data were recorded and plotted for 6
sizes of microbeads to calibrate the device and validate there is no
mean voltage change difference between each electrode pair. The
calibration testing result shows that voltage change amplitude has
a linear relationship between particle diameters. Yeast cells sus-
pended in 1x PBS mixed with 10% DMSO and different concentra-
tion PBS solutions were monitored with five electrode pairs to
study single cell permeability and biophysical characteristics. The
results for individual yeast cells as a function of a fit initial radius
was also demonstrated. The results show that this device has the
capability to differentiate particles based on their sizes and monitor
real time single cell volume change within 0.26 s from initial
mixing for single cell permeability and biophysical characteristic
study.
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