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Abstract

We present a microfluidic device, which enables single cells to be reliably trapped and cultivated
while simultaneously being monitored by means of multifrequency electrical impedance
spectroscopy (EIS) in the frequency range of 10 kHz-10 MHz. Polystyrene beads were employed
to characterize the EIS performance inside the microfluidic device. The results demonstrate that
EIS yields a low coefficient of variation in measuring the diameters of captured beads (~0.13 %).
Budding yeast, Saccharomyces cerevisiae, was afterwards used as model organism. Single yeast
cells were immobilized and measured by means of EIS. The bud growth was monitored through
EIS at a temporal resolution of 1 min. The size increment of the bud, which is difficult to
determine optically within a short time period, can be clearly detected through EIS signals. The
impedance measurements also reflect the changes in position or motion of single yeast cells in the
trap. By analyzing the multifrequency EIS data, cell motion could be qualitatively discerned from
bud growth. The results demonstrate that single-cell EIS can be used to monitor cell growth, while
also detecting potential cell motion in real-time and label-free approach, and that EIS constitutes a
sensitive tool for dynamic single-cell analysis.
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Introduction

Cellular heterogeneity is a fundamental characteristic in any population of cells [1-4]. With
the emergence of single-cell analysis methods, researchers have gained new insights into the
mechanisms and kinetics of single-cell processes in cell biology, systems biology, and
clinical biology [5-7]. The two most frequently used methods for single-cell analysis are
flow cytometry [8] and microscopy. Flow cytometry provides high-throughput readout of
cellular information based on fluorescent markers in suspended cells. However, cells of a
sampled population are measured at a defined time point while moving through the detector
of the instrument, and therefore, only momentary cellular information can be extracted. It is
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difficult to track individual cells over an extended time with high temporal resolution. Time-
lapse microscopy, in contrast, is a powerful method to obtain information on dynamic
cellular behavior and detailed information on intracellular components. The resulting data
can be assigned to monitored individual cells. Flow cytometry and microscopy imaging
require fluorescently labeled cells or cellular compartments [9, 10]. The labeling procedure,
either by directly applying fluorescent stains, or by transfection of genetically encoded
fluorophores into the cellular genome, may interfere with cellular functions.

The rapid development of microfabrication technologies has fueled the application of
microfluidic or lab-on-a-chip systems in the fields of biology, chemistry, and medical
diagnosis. Microfluidic systems, which may include multiple functions, provide new means
to manipulate and study single cells [11, 12]. For instance, alternating current (AC)
electrokinetics and electrical impedance spectroscopy (EIS) are electrical techniques that
can be used to identify individual cells based on their size and dielectric properties [13, 14]
in a noninvasive and label-free approach. AC electrokinetics, primarily electrorotation
(ROT) and dielectrophoresis (DEP), have been used to study the motion of cells exposed to
an external AC electric field [15-17]. The dielectric properties of cells can be extracted from
the measured ROT spectrum after an analysis based on a simplified single-shell model of the
biological cells [18]. However, the throughput of ROT is limited, since it usually takes
seconds to measure the rotation speed of a single cell. DEP, integrated within microfluidic
systems, is more applicable to the manipulation and separation of single cells than their
analysis [19, 20]. In contrast, EIS enables the frequency-dependent multiparameter readout
of cellular and even subcellular information in a high-throughput setting [21, 22] or
dynamically [23]. EIS provides information related to the cell size at lower frequencies
(from hundreds of kHz to MHz), related to the cell membrane capacitance at higher
frequencies (several MHz), and information on intracellular features at even higher
frequencies. By using microfabrication techniques, EIS can be integrated in microfluidic
systems to detect single cells at high throughput and with good sensitivity.

Microfluidic devices with integrated EIS functions have been developed already for single-
cell analysis in the past decade [13, 14, 21]. Most of those microfluidic devices, called
electrical impedance cytometers, were used to characterize suspended biological samples in
a flow-through setup. Holmes et al. has used impedance cytometry to identify T
lymphocytes, monocytes, and neutrophils and, later, count CD4+ T cells in human whole
blood for a point-of-care blood diagnostic system [24, 25]. Impedance cytometry has also
been used to characterize cell disease states [26] and identify the differentiation state of
single stem cells [27]. Chen et al. [28] and Zheng et al. [29] have designed a specific
impedance cytometer in which single cells were deformed to pass through a constriction
channel by aspiration. They used the measured impedance and transit time to classify
different cell types. In order to measure single cells continuously through EIS, the function
of cell seeding or cell immaobilization has to be integrated into microfluidic systems by
means of specifically designed electrode geometries or fluidic structures. Asphahani et al.
has cultured adherent cells on metal electrodes and recorded the cellular response to drug
treatment over a longer time period [30]. Ghenim et al. has monitored cell migration of
single cells through EIS [31]. The variations in the measured impedance could be attributed
to cell attachment, cell-substrate interaction, and cell motility. Park et al. [32] and Lan and
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Jang [33] have compared impedance magnitudes before and after capturing a single cell in a
microfluidic trap, which enabled them to identify the presence/absence of single cells.
Malleo et al. has shown the time-dependent measurements of single cell impedance in
response to dynamic chemical perturbations [34].

To the best of our knowledge, EIS has not yet been used for real-time monitoring of cellular
dynamics, e.g., cell growth, at single-cell resolution. In this work, we have integrated EIS
into a microfluidic device for single-cell analysis. The concept of single-cell manipulation
has been characterized and validated previously [35, 36] and has been adapted and extended
with specifically designed electrodes. The device features reliable immobilization and the
possibility to cultivate of single cells under controlled environmental conditions while
performing real-time impedance measurements of the immobilized cells. Polystyrene beads
have first been used to characterize the EIS function through size measurements of beads.
Then, budding yeast, Saccharomyces cerevisiae, has been employed as a biological model
organism in subsequent experiments. Different cell shapes during cell growth could be
discriminated by using multifrequency EIS data. Moreover, cell immobilization in different
orientations could be discerned. Finally, we have been able to continuously monitor the
budding process and to detect potential movements of immobilized single yeast cells during
measurements by extracting representative vectors from the multifrequency EIS data.

Materials and methods

Design and fabrication of the device

Figure 1a, b schematically shows the microfluidic single-cell EIS device and a 3D close-up
of a cell trap. The fluidic network of the device consists of a cell-culturing channel (150 pm
wide), a suction channel (300 um wide), and 10 cell traps that are formed as bottleneck-like
horizontal orifices with 4-pm-wide necks. The cell traps, interconnecting the cell-culturing
and suction channels, are located at one sidewall of the cell-culturing channel. Only one trap
is used and monitored at a time during impedance measurements. The cell suspension and
medium are continuously delivered into the cell-culturing channel at a flow rate of 0.5 pl/
min. To capture cells, an underpressure in the range of —30 to —5 mbar is applied to the
suction channel via a precise pressure controller, and single cells are dragged towards the
side of the channel by hydrodynamic forces. As soon as a single cell is captured at the
monitored trap, the pressure is raised to and maintained at a value between +5 and +15 mbar
to prevent the capturing of additional cells. The flow (total flow rate of 1 pl/min) generates a
relatively high pressure in the cell-culturing channel, so that there is still a sufficient pressure
difference across the trap to reliably retain the immobilized cell at the trap, although the
pressure has been raised to positive values (overpressure). The required pressure values have
to be optimized at the beginning of each set of experiments.

The EIS function is integrated into the microfluidic device by patterning a common
electrode (20 um wide) serving as the stimulus electrode in the cell-culturing channel and
individual electrodes (20 um wide), working as recording electrodes, at each respective trap.
When a cell is immobilized at a trap, the impedance is measured by using the stimulus
electrode and the corresponding recording electrode. The narrow neck of the bottleneck-like
orifice has two functions. First, it prevents cells from passing into the suction channel, since
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the width of the neck is smaller than the diameter of the used cells. Second, the orifice
constrains the electric current to flow through the small opening of the neck towards the
recording electrodes. Any variation of the cross-sectional opening of the neck caused by
bead/cell immobilization or cell growth will lead to a substantial change in the impedance
signal and so that there is a high sensitivity of the impedance measurement to any change in
the orifice. Potential electric crosstalk between adjacent electrodes is reduced with a SiN
insulation layer, which has been deposited over the whole chip surface to cover all metal
tracks. This SiN layer has been reopened only in the sensing regions close to the traps to
define the electrodes and along the chip border to provide access to the electrical contact
pads.

The microfluidic single-cell EIS device was fabricated by using a hybrid multilayer process
as schematically shown in Fig. 1c: (1) 200-nm-thick Pt electrodes with a 20-nm-thick TiW
adhesion layer underneath were patterned on the Pyrex glass wafer by a lift-off process. (2)
A 500-nm SiN, insulation layer was deposited on the entire wafer by plasma-enhanced
chemical vapor deposition (PECVD). (3) This SiN layer was reopened at the sensing and
contact pad regions by reactiveion etching (RIE). (4) A 30-um-thick layer of SU-8 3025
photoresist (MicroChem, Co., USA) was spin-coated on top of the wafer and patterned to
define the microfluidic channels and traps. By using a mask aligner, SU-8 patterns were
precisely aligned with the Pt electrodes on the substrate. This alignment ensures accurate
positioning of the cell traps between the stimulus and recording electrodes. (5) The wafer
was then diced into single chips. The SU-8 surface of each chip was modified with (3-
aminopropyl)triethoxysilane (APTES) (Sigma-Aldrich Co., USA) in a vapor phase
silanization process. (6) In order to seal the microfluidic channels irreversibly, each chip
with the modified SU-8 surface was ultimately bonded to an unstructured
poly(dimethylsiloxane) (PDMS) (Sylgard® 184, Dow Corning Co., USA) cover with
punched holes for fluidic inlets and outlets. The used materials, glass, SU-8, and PDMS
feature excellent light transmittance, except for the 500-nm SiN, layer, which is slightly
yellow. However, the SiN, has been etched away in the sensing regions, so that completely
transparent regions for optical observation of cell morphology are collocated with cell-
trapping sites.

Experimental setup

The assembled microfluidic device was placed on a custom-made aluminum holder, which
fits onto an inverted microscope stage (Olympus 1X81, Olympus Co., Japan) for imaging.
The device was clamped tightly between the aluminum holder and a
poly(methylmethacrylate) (PMMA) cover by using screws. A printed circuit board (PCB),
comprising manual switches and spring-loaded contacts, was positioned on top of the
PMMA cover. These spring-loaded pins contacted the electrode pads on the device when
screwed to the aluminum holder. A commercial impedance spectroscope (HF2IS, Zurich
Instruments AG, Switzerland) and a transimpedance amplifier (HF2TA, Zurich Instruments
AG, Switzerland) were connected to the electrodes on the device via the PCB. For fluidic
access, poly(tetrafluoroethylene) (PTFE) tubing (Bohlender GmbH, Germany) was
connected through holes in the PMMA cover to the inlets and outlets of the device.
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Beads, cell suspensions, and media were initially loaded into glass syringes (ILS Innovative
Labor Systeme GmbH, Germany) and then delivered to the cell-culturing channel by using
syringe pumps (neMESY'S, Cetoni GmbH, Germany). The underpressure for capturing cells
was applied to the pressure port of the suction channel by using a pressure controller (DPI
520, Druck Ltd., UK), supplied with in-house compressed air and vacuum. The instruments,
including the impedance spectroscope, syringe pumps, and pressure controller, were
controlled with a personal computer.

Bead and cell preparation

Commercial monodisperse polystyrene (PS) beads (Fluka, Sigma-Aldrich Production
GmbH, Switzerland) with standard diameters of 8 and 10 pm (CV of the diameter
calibration is 1.2 %, by manufacturer) were first employed for the EIS characterization
inside the microfluidic device. Beads were mixed with 0.01 M phosphate-buffered saline
(PBS) solution (Sigma-Aldrich Co., USA). Bead clusters in the suspension were
mechanically separated into individual beads through ultrasonic agitation (Bioblock®
Scientific 86480, Fisher Scientific GmbH, Germany). Finally, the resulting bead suspension
was loaded in a syringe.

Standard methods were used to grow cultures of budding yeast cells (S. cerevisiag). The
used yeast cells were a diploid wild-type strain. Cells were grown in a complete synthetic
medium made of 0.17 % yeast nitrogen base (YNB) (Difco™, BD GmbH, Germany), 0.5 %
ammonium sulfate (Sigma-Aldrich Co., USA), and 2 % glucose sulfate (Sigma-Aldrich Co.,
USA) at 30 °C. The prepared yeast cell suspension was diluted to reach a concentration of
approximately 1x106 cells/ml in the cell-culturing medium. Before delivering the cell
suspension and cell-culturing medium into the chip, the fluidic channels were flushed with
1 % bovine serum albumin (BSA) (Sigma-Aldrich Co., USA) solution in order to achieve a
bubble-free channel network and a protein-coated channel surface to reduce stickiness for
cells.

Electrical impedance spectroscopy

For an experiment, a bead/cell was captured at a trap, and an AC signal ( V4, amplitude 1
V), swept over a frequency range from 10 kHz to 10 MHz and including 92 sampling
frequencies, was applied to the stimulus electrode by the impedance spectroscope. The
resulting signal, received by the respective recording electrode, was amplified (gain G) and
converted to a voltage signal (Ve ) through the transimpedance amplifier, and, ultimately,
recorded by the impedance spectroscope. This recorded complex signal was displayed in the
format of separated magnitude (A ) and phase (@) signals. In parallel, a bright-field image
of the immobilized bead/cell was taken by means of the inverted microscope. Afterwards,
the bead/cell was released by simply increasing the pressure in the suction channel. To
measure the baseline characteristics (Azand 6, ), which must be consistent during a series of
measurements, the same impedance measurement was performed for the empty trap before
and after particle immobilization. This measurement procedure was repeated for each
immobilized bead/cell and provided a set of electrical impedance data with corresponding
images for subsequent analysis. The budding process of immobilized yeast cells was
monitored by using both EIS and time-lapse imaging at an interval of 1 min. The reference
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measurements of the empty trap were carried out before and after the cell impedance
recording.

Deduced from Ohm’s law, the measured impedance can be expressed as follows:

Z=(Veti - G)/Veee (1)

Vrcc:A : ej0 (2)

Vi and G are known values of the measurements. The impedance, Z, is therefore inversely
proportional to the measured voltage V. Hence, the magnitude (A) and phase (6) signals
recorded by the impedance spectroscope can be directly used to display impedance
variations during the experiments. In order to eliminate the variations of the electrode
impedance and the surrounding bulk medium resistance, differential values have been
employed: The impedance changes resulting from the immobilized bead/cell were calculated
relative to the values of the signals of the empty trap. The relative magnitude (A=A/A) was
defined by dividing the magnitude signal when a bead/cell was trapped, through the
magnitude signal of the empty trap. The relative phase (6,=6-6.) was defined by subtracting
the phase signal of the empty trap from that of the trap with an immobilized bead/cell.

Data analysis of multifrequency EIS signals

To analyze if the EIS signals alone contain enough information to determine the orientation
and growth state of each cell, we represented each measurement of a cell as a vector in a
184-dimensional feature space (92 dimensions for the relative magnitude and 92 dimensions
for the relative phase at 92 frequencies). Having more dimensions than data points might,
however, pose problems for classification through, e.g., over fitting. Therefore, we projected
all data points into a low-dimensional subspace: we used principal component analysis
(PCA) [37], an established orthogonal projection method. We computed the covariance of all
data points and projected each data point on its first two eigenvectors, the “principal
components” (PCs). We estimated the number of necessary PCs so that more than 80 % of
the variance of the original data was represented in the projected subspace. All data points in
the subspace were then classified using linear discriminant analysis (LDA) [38] and leave-
one-out cross validation. If the group, which a cell was assigned to, was identical to the
original group, we counted it as a correct classification, otherwise as an error.

Next, we investigated if cell motion and bud growth could be discriminated according to the
associated impedance signal variations. In contrast to the method detailed above, we here
used temporally resolved data, i.e., multiple measurements per cell. We computed, for each
cell individually, the first PC over all measurements. We averaged all first PCs of cells that
were visually identified as either growing or moving and obtained two vectors, which were
normalized to unit length: ggrowth and Pmotion - The two vectors represent the dimensions,
along which the cell motion and bud growth cause largest variations in the EIS data. For
better visualization, these two vectors were orthogonalized:
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p growth —Pgrowth — Pmotion <P growthy Pmotion > (3)

Prmotion =Pmotion — Pgrowth <pmoti0n:pgrowth> 4)

Then, all recorded impedance data points were projected in the the space spanned by fgrowth
and Bmotion, to recognize and qualify the effects of bud growth and cell motion.

Results and discussion

Characterization of EIS

To characterize the functionality and sensitivity of the microfluidic single-cell EIS device,
we performed impedance measurements of immobilized PS beads with two different
diameters, 8 and 10 um. Figure 2 shows two images of immaobilized beads as well as the
measurement results of 72 beads in total, plotted as relative magnitude at 1 MHz. One
megahertz was chosen as a common frequency in the bead characterization here and the cell
measurements later on. The two groups of beads can be clearly discriminated, as can be seen
in Fig. 2b. The mean value of the relative magnitude at 1 MHz in the case of 10-um beads is
0.885%0.0011, which is lower than that of 8-um beads, 0.904+0.0012. The signal difference
between the two groups of beads is caused by the difference in the cross-sectional opening
of the cell-trapping orifice obstructed by the immobilized beads. A 10-um bead obstructs
more of the orifice cross-sectional area than an 8-pum bead, thereby remaining a smaller
cross-sectional opening, through which the electric current flows. Therefore, the measured
impedance is higher when a 10-um bead is immobilized, which leads to a lower relative
signal magnitude (A.=A/A) than that upon immobilization of an 8-um bead. Moreover, the
small CV (~0.13 %) within each group of beads demonstrates the high sensitivity and
precision of the microfluidic single-cell EIS device in measuring the size of immaobilized
particles.

Measuring cell growth states of budding yeast through EIS

Cell growth of budding yeast is accompanied with corresponding morphological changes.
Cells can be classified into unbudded and budded cells in a first simple approach. We
observed that cells with small buds tend to lie down flat on the horizontal substrate with the
bud pointing inside or outside the trapping orifice as a consequence of hydrodynamic forces.
In contrast, cells at a more advanced growth state with larger buds, i.e., with buds of a
diameter larger than the width of the cell-trapping orifice, can be retained at the trap in a
vertical position. Figure 3 shows representative microscopy images of typical orientations of
immobilized single yeast cells and their corresponding cross-sectional views in schematics,
including an unbudded cell (UB, Fig. 3a), a horizontally immobilized cell with the bud
inside the trap (HBI, Fig. 3b), a horizontally immobilized cell with the bud outside the trap
(HBO, Fig. 3c), and a vertically immobilized cell with the bud and mother cell stacked
vertically (VB, Fig. 3d).
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For an empty trap (Fig. 3e), the measured impedance includes the electrical double-layer
capacitances (Cyi1, Cyi2) and the resistances (Re1, Rep) Of both electrodes, and the
impedance (4 ) of the bulk medium across the empty trap, which consists of a resistance
(Re) and a capacitance (Gg) in parallel. Thus, the impedance across the stimulus and
recording electrodes is as follows:

1 1
Ze:Rel*FPLe2+.—7L . +Zte
JwCan  jwCai2 (5)

For a trap with an immobilized cell as shown in Fig. 3a—d, an additional element, the
impedance (Z or Z;") of the immobilized cell, is added in parallel to the impedance (Z or
Z¢') of the bulk medium across the trap. The cell impedance is composed of the cell
membrane capacitance (Cpne Or Cye’) and the Ohmic cell resistance (R, or &.’). Hence, the
modeled impedance of a trap with an immobilized unbudded cell in Fig. 3a is the following:

1
Zuwpe=Re1+Reo+——F— Zie || Z,
ubc Sha e2+jwcd11 +],w0d12 +Zie H ¢ (6)

The modeled impedance of a trap with a budded cell in Fig. 3d can be expressed as follows:

1
Zne=Re1+Rea+- +——+Z{||Z,
C el e2 JWCdll ,]U-)Cdlz t || (7)

From the three formulas above, we can see that several factors collectively influence the
measured impedance of a trap with an immobilized cell: The impedance of the electrodes,
the impedance of the bulk medium across the trap (Ze, Ze, or Z), and the impedance of
the immobilized cell (Z or Z"). Generally, the impedance of electrodes, including the
resistances (Re1 and Rep) and the double-layer capacitances (Cyj1 and Cypp), are present in
measurements at low frequencies, typically below 100 kHz. This portion of the impedance
stays relatively constant whether there is a cell immobilized or not, because it depends on
the characteristics of the electrode and the surrounding medium. When a cell is immobilized,
the impedance of the bulk medium across the trap, Z. or Z.', increases, since the yeast cell
with its volume blocks a significant portion of the trapping orifice and forces the electric
current to flow around the obstacle through a reduced opening. The impedance, therefore, is
dominated by the parallel resistance of the cell and the trap, which will consequently show a
variation in the magnitude spectrum of the EIS signals at frequencies typically below 1
MHz. At higher frequencies, from hundreds of kilohertz on, the electric current starts to
penetrate the cell wall and plasma membrane partially. Thus, the capacitance of the cell
membrane will lead to a variation in the phase spectrum especially around several
megahertz, in clear contrast to the phase spectrum of an empty trapping site. This variation is
most pronounced for a VB cell (Fig. 3d), which blocks the largest fraction of space of the
trapping orifice and features more cell membrane areas in comparison to a UB cell.
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Therefore, it is expected that UB and VB cells are distinguishable according to their
impedance magnitude and phase signals.

Figure 4 shows the results of impedance measurements of immobilized cells in all four
orientations that have been mentioned above and of the empty trap as reference. Among the
four groups of cells, one can observe differences in the magnitude spectra of EIS signals,
especially at low frequencies from 100 kHz to a few megahertz, while the differences in the
phase spectra are more pronounced at high frequencies above 1 MHz (Fig. 4a). The relative
magnitude and phase signals in Fig. 4b, c give a better representation of those signal
differences. Selected frequencies at which the relative magnitude and phase vary most
between the four groups have, therefore, been chosen to classify the orientations of
immobilized cells. The largest differences can be observed in the relative magnitude spectra
at around 1 MHz and in the relative phase spectra at around 4 MHz. By using the
corresponding data at those two frequencies, VB cells can be clearly separated from the
other cells, as shown in Fig. 4d. The differences between the EIS signals of the VB cells and
the other groups of cells mainly arise from the additional volume of the bud. Compared to
horizontally immobilized cells, the vertical stack of bud and mother cell of a VB cell
obstructs a larger cross-sectional area of the cell-trapping orifice, which is reflected in the
EIS signals. In some cases, VB-classified cells do not feature a perfectly vertical stack of
bud and mother cell. An example is inserted as a picture in Fig. 4d. The values of the EIS
signals are, in this case, closer to those of horizontally immobilized cells.

HBI cells can be discriminated from the data clusters of UB, HBI, and HBO cells by means
of the relative magnitude and phase signals at other frequencies, as shown in Fig. 4e.
Distinct signal differences of immobilized HBI cells occur at around 100 kHz in the relative
magnitude spectra (Fig. 4b) and at around 900 kHz in the relative phase spectra (Fig. 4c),
compared to those of VB, HBO, and UB cells. Plotting the signals of all measured cells at
these two frequencies allows for separating three clusters of cell orientations. The buds of
HBI cells are oriented horizontally towards the inside of the trap. This orientation of buds, in
contrast to the vertically stacked buds, obstructs less of the cross-sectional opening of the
cell-trapping orifice and consequently leads to a smaller impedance change. Further,
compared to UB cells, the buds of HBI cells are still situated in the opening of the orifice,
thereby influencing the impedance values. However, some cells with small buds, as for
example, the cell shown in the left image inserted in Fig. 4e, are difficult to distinguish from
UB and HBO cells solely on the basis of EIS data.

It is difficult to discriminate HBO cells from UB cells by simply looking at the spectra of the
relative signals over the whole frequency range, since the buds of HBO cells are often
dragged to the downstream side of the trap by flow-induced hydrodynamic forces (see Fig.
3c). In such a scenario, a bud, even though it may feature a big volume, does not produce
any effective contribution to cross-sectional obstruction of the cell-trapping orifice, so that
no distinctive feature or change in the EIS signal is observed. The multifrequency EIS data
were, therefore, analyzed by means of PCA. Since VB cells can be directly discriminated
through the EIS data (Fig. 4d), only UB, HBI, and HBO cells have been classified by LDA
based on the first and second PCs (accounting for 89 % of the variance), through PCA, as
shown in Fig. 4f. The three orientations of immobilized cells can be classified into 3 groups
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with 14 out of 57 misclassifications (20 % average error rate per class, leave-one-out cross-
validation, 67 % chance error rate). It can be seen that some HBO and UB cells are not
located with their class boundaries, which shows the limitation of the current system. Some
of the misclassifications can be explained by the small size of the bud, which, for an HBO-
classified cell, lies outside of the trap and only minimally contributes to an impedance
variation. Therefore, HBO cells with small buds show, over all frequencies, EIS signal
values that are similar to those of UB cells.

Overall, all four orientations of immobilized single yeast cells can be discriminated either by
directly using the relative impedance signals at specific frequencies or by using statistical
analysis of the multifrequency EIS data. VB cells display more distinct features that can be
used for classification in comparison to other cell orientations. Therefore, the vertical
immobilization of single yeast cells yields the highest sensitivity for monitoring cell growth
and the budding process by means of EIS and will be used in the next sections.

Real-time monitoring of bud growth through EIS

Budding yeast, S. cerevisiae, proliferates in that the new cell (daughter) develops from a bud
on the old cell (mother) at one particular site. The dynamic budding process of vertically
immobilized budding cells was recorded in real-time by using simultaneously EIS and time-
lapse imaging. Figure 5a shows the microscopy images of an immobilized yeast cell at the
beginning and end of a recording. Figure 5b shows five independent EIS-based recordings of
the budding process of five different yeast cells plotted as the variation of relative magnitude
at 1 MHz versus time. It can be clearly seen that the relative magnitude signals of all five
cells decrease over the recording period. The magnitude decrease is attributed to the growth
of the bud, which obstructs more and more cross-sectional area of the cell-trapping orifice
and, consequently, induces an increase in the measured impedance. The bud growth can be
clearly detected through the signal variations in the impedance measurements, even within a
comparably short time period (Rec 2). In contrast, the size increase of a bud during 5 min is
hardly measurable by optical images (Fig. 5a). The relative magnitude variation between the
empty trap before and after the recordings at 1 MHz in Figs. 5 and 6 is below 1x1073, a
value, which is much smaller than the signal variations derived from the cellular dynamics.
The measured signals can, therefore, be clearly assigned to bud growth and demonstrate
sufficient stability, sensitivity, and temporal resolution of the EIS method for real-time
monitoring of vertically immobilized yeast cells.

Real-time monitoring of cell motion/growth through EIS

In order to monitor the entire budding process of S. cerevisiae by using EIS, a mother cell
with a tiny bud has to be captured, held in place, and will then be recorded. The continuous
medium flow along the traps may, however, cause a movement of the immobilized cell, since
the bud is initially too small to be clamped in the cell-trapping orifice. Figure 6a shows time-
lapse images of a cell starting with a tiny bud and then growing the bud size during 42 min.
During the recording, we can observe several movements. At 7 min, the bud together with
the mother cell starts to rotate into a more upright position so that the contours of the bud in
the optical image partially overlap with that of the mother at around 12 min. This rotation
leads to a sudden drop in the magnitude signal of EIS recording (Fig. 6b), as the cell with
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the bud in a more vertical orientation obstructs more of the orifice opening. The medium
flow then pushes the growing bud towards the right side of the orifice, where the further
growth of the bud becomes almost invisible in the impedance measurement. Between 29 and
30 min, the immobilized cell again undergoes an upward rotation, which results in a stronger
overlap of the bud and mother cell contours in the optical image. This rotation also triggers a
steep decrease in the magnitude signal.

Moreover, some cells with an already large bud, which had been initially trapped vertically
(VB), also moved and changed their orientations during EIS recording. This motion and
reorientation can be attributed to the growth of buds, which squeezed the mother cells out of
the trap. Figure 6¢ shows the time-lapse images of such an event. At 0 min, a budding yeast
cell has been immobilized with its bud and mother cell stacked vertically. As the bud grows
within the first 5 min, the mother cell is squeezed out of the trap and then remains in the
resulting position until the end of the recording (18 min). This cell movement is analogous
to a class transition from VB to HBO. Accordingly, the relative magnitude in the real-time
EIS recording increases during the movement of the mother cell (Fig. 6d). Once in the
horizontal position, the signal remains relatively constant. Compared to the growth-only
recordings in Fig. 5b, the curve in Fig. 6d shows different characteristics: the move of the
mother cell into a more horizontal position decreases the fraction of obstructed cross-
sectional opening area of the cell-trapping orifice, thereby decreasing the measured
impedance, which, consequently, gives rise to an increase of the relative magnitude signal.

As is evident from the results above, any motion of the immaobilized budding yeast cell, of
the mother cell or of the bud, affects the EIS signals to a much larger extent than the
potential signal variation during growth or upon a size increase of the bud. However, this
issue can, to some extent, be addressed by using the complete multifrequency EIS data set
and conducting a statistical analysis as described in the “Data analysis of multi-frequency
EIS signals” section. Two vectors, which represent cell growth and cell motion, have been
extracted from all data sets and the associated image information (cell relative position with
respect to orifice). Then the recordings of Figs. 5 and 6 have been projected with respect to
these two vectors. The results are shown in Fig. 7. We cans see that the data points of the
bud-growth recordings are aligned with the growth vector, whereas the data points of the
recordings that include cell motion are prevailingly aligned along the motion vector. Since
the cell in Mot 1 moves from a horizontal position to a more vertical position, whereas the
cell in Mot 2 transits from a VB to a HBO orientation, the data points of the two recordings
align along opposite directions in Fig. 7. Moreover, the more horizontal sections of Mot 1
reflect the bud growth of the cell, which can be correlated to the respective periods in Fig. 6b
(12-29 and 30-42 min). The multifrequency EIS recording data can be used to qualitatively
correlate the variation in impedance signals to cell activities, i.e., cell growth and cell motion
for the given device and immobilization scenario.

Conclusion

A microfluidic device that combines immobilization and localized multifrequency electrical
impedance measurements of single cells has been presented in this work. Monodisperse

Anal Bioanal Chem. Author manuscript; available in PMC 2017 May 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Zhu et al. Page 12

polystyrene beads have been used to characterize the device and yielded results that
demonstrate the high precision of measuring the size of particles through EIS.

The experiments using budding yeast cells, S. cerevisiae, have validated the functionality
and sensitivity of the EIS-integrated microfluidic device. The yeast cells have been captured
in different orientations as a consequence of the specific configuration of the cell traps and
of the cell morphologies (with buds or without buds). VB and HBI cells have been
discriminated from other immobilized single yeast cells directly by using the raw data of the
impedance measurements. By analyzing the multifrequency EIS data with PCA, HBO and
UB cells have been classified with 20 % misclassification. Among the four potential
orientations of immobilized cells, VB cells, where the bud and the mother cell are stacked
vertically, can be most sensitively monitored by impedance measurements. The signal
contribution of the buds is largest in VB orientation so that this orientation has been chosen
to perform real-time monitoring of bud growth. The budding process of vertically
immobilized yeast cells has been successfully monitored by using EIS. Only cells with a
large enough pre-developed bud can be vertically immobilized and reliably measured as a
consequence of the geometry of the cell traps, and the accessible recording periods are
relatively short (10 min). Moreover, the immobilized yeast cells are subject to movements
induced by either the medium flow or the growth of bud. These movements significantly
influence the EIS signals and may completely mask a bud-growth-induced signal variation.
By extracting vectors, which represent cell growth and cell motion, from the multifrequency
EIS data, a potential movement of immobilized single cells can be identified during the cell
growth process.

In summary, the results demonstrate that multifrequency EIS enables real-time monitoring of
cell growth and cell motion at immobilization sites. We believe that EIS provides a sensitive
approach for dynamic analysis of single-cell proliferation in real-time and label-free
monitoring. The microfluidic device and the immobilization geometry (defined cell
orientation and stable cell positioning) will have to be optimized so as to allow for long-term
impedance recordings without cell movement.
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Microfluidic single-cell EIS device and its fabrication process. a Schematic top view of the
device without PDMS cover for better visibility. b A close-up of the area for single-cell
immobilization and impedance measurements. The /nset shows a 3D close-up of a single-
cell trap with an immobilized cell. ¢ Fabrication sequence of the microfluidic device. Cross-
sectional view along the dashed line AA” highlighted in b (dimensions are not to scale, see

text for details)
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Characterization results of the microfluidic single-cell EIS device by using PS beads. a

Images of immobilized single 10- and 8-um beads at a trap. Scale baris 5 um. b Histograms
of impedance measurements of 10-um (7=31) and 8-um (/7=41) beads plotted as the relative
magnitude A=A/A,
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Fig. 3.

In?ages of immobilized single yeast cells in all observed orientations and their corresponding
cross-sectional views in schematics with the impedance components of the equivalent
circuits. a UB, unbudded cell. b HBI/, horizontally immobilized cell with bud inside the trap.
¢ HBO, horizontally immobilized cell with bud outside the trap. d VB, vertically
immobilized cell with mother cell and bud stacked vertically. e Empty trap. Buds are marked
with arrowheads. Scale baris 5 pm
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Fig. 4.

Multifrequency EIS of immabilized single yeast cells: UB (7= 34), HBI (#=10), HBO
(n=13), and VB (n=11), with reference measurements of the empty traps. a Magnitude and
phase spectra of raw signals over the swept frequency range from 10 kHz to 10 MHz. b, ¢
Relative magnitude and phase spectra. The color curves and shaded regionsin a, b, and ¢
represent the mean values and standard deviations in the measurements, respectively. d
Separation of VB cells by using the relative magnitude at 1 MHz versus the relative phase at
4 MHz shown in a scatter plot. e Separation of HBI cells by using the relative magnitude at
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100 kHz versus the relative phase at 900 kHz shown in a scatter plot. /nserts show images of
cell samples. Buds are marked with arrowheads. Scale baris 5 pum. f Discrimination of UB,
HBI, and HBO cells by means of LDA on the full multifrequency data set (projections on
first two PCs shown). Colored areas depict the regions in which a cell sample is assigned to
the respective group, and dashed lines show classification boundaries
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Fig. 5.

Real-time EIS recordings of the budding process of five immobilized single yeast cells. a
Images of an immobilized budding yeast cell at the beginning and the end of Rec 2. Buds are
marked with arrowheads. Scale baris 5 um. b Growth curves displayed as variations in
relative magnitude signals at 1 MHz versus time
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Fig. 6.

Real-time EIS recordings of cell motion of immobilized budding yeast cells. a Images at
defined time points showing an immobilized cell with its bud growing and moving around in
the trap. b Recorded bud growth and movement, displayed as relative magnitude signal at 1
MHz versus time. ¢ Images at specific time points showing the bud of an immobilized cell at
the trap with the mother cell moving towards the outside of the trap. d Recorded cell
movement displayed as relative magnitude signal at 1 MHz versus time. In aand c, buds are
marked with arrowheads, and the scale baris 5 pm
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Fig. 7.

Pr?njection of multifrequency EIS data with respect to cell growth and cell motion vectors,
which show the possibility to discriminate cell activities during the overall recording
duration. Rec 1 to Rec 5 are from the five bud-growth recordings in Fig. 5. Mot 1 and Mot 2
represent the two cell motion/growth recordings in Fig. 6. For each recording, the temporally
first data point was set to (0, 0) for better illustration
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