Acs S
SENSORS

Subscriber access provided by UNIV OF SOUTHAMPTON

High Speed Single Cell Dielectric Spectroscopy
Daniel Spencer, and Hywel Morgan

ACS Sens., Just Accepted Manuscript « DOI: 10.1021/acssensors.9b02119 « Publication Date (Web): 04 Feb 2020
Downloaded from pubs.acs.org on February 12, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the

course of their duties.



Page 1 of 24

oNOYTULT D WN =

ACS Sensors

High Speed Single Cell Dielectric Spectroscopy

Daniel Spencer and Hywel Morgan*

Electronics and Computer Science, and Institute of Life Sciences University of Southampton, SO17 1BJ, UK.

*Corresponding Author: hm@ecs.soton.ac.uk.

Abstract

Single cell impedance cytometry is a label free analysis technique that is now widely
used to measure the electrical properties of cell, and to differentiate different sub-
populations. Current techniques are limited to measuring the impedance of a single
cell at one or two simultaneous frequencies. Also there are no methods that
extrapolate the intrinsic electrical properties of single cells. We demonstrate a new
approach that uses multi-frequency impedance measurements to determine the
complete intrinsic electrical properties of thousands of single cells at high throughput.
The applicability of the method is demonstrated by measuring the properties of red
blood cells and red cell ghosts, deriving the unique values of conductivity and
permittivity of the membrane and cytoplasm for each individual cell.

Keywords: Single cell analysis, microfluidics, dielectric spectroscopy, cytometry, impedance
analysis.

Single cell assay technologies are widely used in microfluidic systems. Single cell analysis enables
identification of rare events and observation of the widespread heterogeneity that appears in
biological populations.  Label-free particle analysis methods are of particular interest since they
reflect cell phenotype, such as intrinsic electrical, optical or mechanical properties. One widely used
label-free technique is impedance spectroscopy that measures the electrical characteristics of cells.
Traditionally, alternating current (AC) electrokinetic methods are used, specifically electrorotation
(ROT) and/or dielectrophoresis (DEP) [1-2]. AC electrokinetic methods provide comprehensive data
on the electrical parameters of cells but they are not high throughput, although recent techniques
have improved this [3-8].

To address these drawbacks, the technique of single cell impedance cytometry was developed, which
has become widely used for measuring the impedance of single cells [9-11] It is high throughput and
can analyse and differentiate many different sub-populations including human blood, leukaemic cells,
pathogens and as. Although high throughput, impedance cytometry has not been able to provide the
same level of detail as other AC electrokinetic techniques, i.e. the complete electrical properties of
single cells at high throughput.

In this paper we describe a new high speed single cell characterisation method that delivers the full
frequency-dependent properties of cells at rates of up to a thousand cells per second. The electrical
impedance is measured using 8 simultaneous frequencies. Inherent system non-linearities are
removed using normalisation algorithms and the electrical impedance data is analysed using
Maxwell’s mixture equation with the shell model to extract the unique dielectric parameter set for
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each cell. The utility of the technique was demonstrated by measuring the properties of thousands of
individual (spherical) red blood cells (RBCs) and ghosts (no haemoglobin in the cytoplasm).

Theory

Single Cell Electrical Model

The electrical properties of a single cell can be represented using an equivalent circuit [12-13] as
outlined in Figure 1a. In the simplest analytical model, the cell membrane is represented as a
capacitor, which is in series with a resistor-capacitor combination that describes the cytoplasm. In
general the cell membrane resistance is extremely high and is ignored (as in the figure). Also the
reactance of the cell cytoplasm is much higher than the cytoplasm resistance and is also ignored. The
equivalent impedance for the cell is in parallel with two further elements representing the suspending
medium. Actual values for these elements depends on cell properties together with the volume
fraction of the cell within the measurement system [9, 13]. Because the cell membrane has a very
high electrical resistance, at low AC frequencies (<1MHz) cells behave as insulating particles. Low
frequency impedance measurements therefore provide a direct measurement of (electrical) cell
volume. The cell lipid membrane is only a few nm thick, which translates into a high specific
membrane capacitance; typically of the order of 10mF/m?2. At intermediate frequencies, (1-5 MHz)
this membrane capacitance dominates the measured impedance spectrum. However, at higher
frequencies (>20MHz), the electric field capacitively couples across the membrane and the electrical
properties are dominated by the cell cytoplasm conductivity (the cytoplasm permittivity can be
ignored) and finally the nucleus (if present) at very high frequencies. Figure 1(b) and (c) illustrates
how the impedance spectrum in these three frequency windows changes following small
perturbations in cell electrical properties (shaded).
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Figure 1. (a) Equivalent circuit model of a simple cell without nucleus suspended in an electrolyte. Rcyt and Ccy: are two
circuit elements representing the inner part of the cell. R, and C,, are the resistance and capacitance of the suspending
medium (usually PBS). The cytoplasm capacitance is in series with the Cyem, the cell membrane capacitance (membrane
resistance is generally ignored). Fig 1 (b) and (c) show calculated examples of the Real and Imaginary parts of the
impedance of a spherical red blood cell (radius=2.75um, cytoplasm conductivity = 0.6 S/m, membrane permittivity = 4.5,
cytoplasm permittivity = 80go) suspended in PBS (conductivity = 1.6 S/m). The shaded regions correspond to three
frequency windows where differences in the cell electrical properties can be measured, corresponding to: membrane
capacitance (green, 3-7gg), cytoplasm conductivity (blue, 0.5-0.7 S/m) and cytoplasm permittivity (blue, 70-90¢).

The measured impedance spectrum for a cell can be analysed by fitting it to an equivalent circuit (Fig
1a), which then allows approximate values of the individual circuit elements to be determined [9].
Alternatively, the dielectric properties can be determined directly by fitting the spectrum to the so
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called shell model [14]. This model approximates the cell to a series of concentric shells, each with a
unique conductivity and permittivity. A cell might have one or more shells corresponding to the
membrane, cytoplasm, nuclear membrane, nucleoplasm etc; each interface gives rise to a single
dielectric dispersion. The cell shown in Fig 1 has a single shell and therefore two dispersions.

The dielectric properties of a mixture of particles can be related to the properties of the individual
particles and the suspending solution through Maxwell’s mixture theory (MMT). For spherical
particles dispersed in a suspending medium with a volume fraction ¢, the complex impedance of the
mixture is [14]:

(1)

mix m

~ ~ .0 . e
where € is a general complex permittivity, given by € =&— j—, with £ the permittivity, o the
w

conductivity, j2= -1, and w the angular frequency. Subscripts p and m refer to particle and medium
respectively.

In equation (1) the Clausius Mossotti factor (fcy) is defined as:

- E —-¢
fCM=—~p in (2)
£p+2£m

For a single shelled particles (i.e. a cell with a membrane), the complex permittivity is given by:

E-¢

V3 +2 i mem
L. £ +2¢
E, =€, - (3)
E—-E
y3 _ i mem
£ +2¢€

where y=R/(R -d).

In this equation, R is the radius of the cell, d the thickness of the cell membrane, and 51. and Emem the

complex permittivities of the interior (cytoplasm) and membrane respectively. This equation can be
extended by adding more shells; in general there n+1 relaxations for n shells.

Measurement principle

The microfluidic impedance cytometer consists of a microfluidic channel within which are several
micron-sized electrodes, as shown in Fig 2. When an AC voltage is applied to the electrodes, a flowing
cell perturbs the electrical current which is measured differentially (one electrode pair followed by a
second pair). This signal has an anti-symmetric Gaussian shape, where the peak magnitude
corresponds to the cell impedance at that frequency. In microfluidic impedance cytometry, the
electrical impedance is generally measured at two frequencies simultaneously; usually a low
frequency (e.g. 0.5MHz) to measure cell volume and a higher frequency (1-5MHz) to measure changes
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in membrane capacitance (c.f. Fig 1(b) & (c)). Unlike AC electrokinetic techniques, cells are suspended
in a high conductivity physiological buffer meaning they are minimally perturbed during the
measurement.

In a conventional impedance cytometer a single pair of parallel facing electrode is used, as in Fig 2a.
In such a system the electric field between the electrodes is non-uniform meaning that the measured
impedance of a particle depends on its vertical position as it flows between the electrodes, i.e. the
impedance depends on the trajectory of the particle along the channel [13]. This gives rise to
significant errors in the measured impedance for particles that flow off-centre, significantly
broadening the coefficient of variation (CV) of the data. Figure 2(b) shows example signals for cells
travelling in the centre of the channel (blue) and cells moving along the top (yellow) or bottom (red)
of the channel. This error can be significantly reduced by using novel electrode arrangements that
introduce additional features into the signals, together with computational analysis of the measured
signals [16-17]. Although these methods almost eliminate the positional dependence of the signal,
there is a significant computational overhead where large data sets require post-processing by
convolution and template fitting. To address this we have developed a simpler system that allows real
time analysis of particle data using the improved electrode arrangement shown in Fig 2 (c). The error
in the impedance signal due to off-centre particles arises primarily from current leakage to nearest
neighbour electrodes as the electric field is distorted in the presence of a particle [15]. In this new
design, all non-signal electrode are connected to ground, minimising the leakage current and virtually
eliminating off-centre errors [18]. The simulated signals for this electrode arrangement are shown in
Fig 2(d), where only minor errors between centre and off-centre particles are seen. This approach
provides a hardware rather than software solution, significantly reducing the post-processing
overhead.

Fig 2 (e) shows example histograms for a mixture of different sized polystyrene particles measured
using both the conventional 2 electrode pair arrangement and the new 5-electrode pair arrangement.
The data is the cube root of the low frequency (500kHz) impedance, directly proportional to particle
diameter. The figure shows that the 5-electrode arrangement is a significant improvement on the
classical 2 electrode pair geometry producing almost Gaussian distributions in particle size. The
coefficient of variation (CV) for the beads measured using the 5 electrode system are 3.9, 3.4, 2.8 and
2.0 (for the 3.0, 4.5, 6.0 and 10um diameter beads) which are similar to manufacturer’s values (2.8,
3.4, 3.2 and 2.9 respectively).
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Figure 2. (a) Conventional microfluidic impedance cytometer experimental system using two pairs of electrodes and (b) the
differential current signal (determined from a Finite Element simulation — see ESI). Three traces are drawn corresponding to
a cell passing through the middle of the channel (blue), close to the top electrodes (yellow) and bottom electrodes (red). (c)
new 5 electrode arrangement and (d) corresponding simulated differential current for the same trajectories as in (b). (e)
experimental histogram of the electrical diameter (proportional to the cube root of electrical impedance at low frequency
(500kHz)) for a mixture of 3, 4.5, 6 and 10 um diameter particles. The measured CVs from smallest to largest beads are 3.9,
3.4, 2.8 and 2.0% which are similar to the manufacturers reported values of 2.8, 3.9, 3.2 and 3.0%.

System Normalisation

The measured frequency-dependent impedance for a single cell includes effects from the
measurement hardware (non-linear behaviour of the electronics and chip parasitics), which need to
be compensated. When a cell is placed between two electrodes, the complex impedance of the
mixture, ZW, is related to the complex permittivity of the mixture according to the following equation:

. 1
At it @)

Here the geometric cell constant x depends on the dimensions of the measurement volume, including
electrode width and spacing. Because the electric field is non-uniform x cannot be determined
precisely, although analytical methods have been developed [19] but these are not applicable to the
geometry of Fig 2(c). Furthermore, non-linearities in the measurement electronics and chip, together
with the non-linear double layer capacitance means direct measurement of &,,;, is impossible. To
address this problem, the system was calibrated by measuring inert particles with well-known
dielectric properties. The measured impedance spectrum for these calibration particles provides a
unique transfer function for each individual cytometer chip. Polystyrene particles are optimally suited
to this, since they have a well-defined size (CV <1%) and electrical properties with typical permittivity,
€, = 2.5¢,. They carry a net surface charge, but their effective conductivity is insignificant compared
to the suspending medium (assuming a surface conductance of 1nS, 6,= 0.3mS/m << o,; PBS =
1.6S/m). However, although the beads have fixed permittivity and conductivity their polarizability is
not frequency independent and it is important to take this into account during the normalisation. At
high frequencies, the beads exhibit a dielectric relaxation, with a characteristic frequency given by:
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10,+ 20
:2nep+26m (5)
P m

For the particles and suspending medium used in this work, this frequency is 355MHz implying that
frequencies greater than 10MHz could be influenced by this relaxation (a classical Debye relaxation is
approximately two decades wide in frequency).

Experimentally, the impedance of a cell is determined from the differential current (Aipam-de) as it
passes between the measurement electrode pair (see Fig 2). This complex current is related to the
impedance of the mixture (particle plus medium) according to the following equation:

. VS(w) VS(w) . o
Alparticle = 7 - 7 = jwkVS(w) (&n — Emix) (6)
m mix
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where a complex system transfer function S‘(w) is introduced to account for the non-linear frequency-
dependent phase and gain of the measurement system, together with the double layer capacitance
(or constant phase element) at the electrode-electrolyte interface. In this equation V is the applied
voltage and &, is given by equation (1).

Equation (6) was used to calculate example spectra for model biological cells; a sphered RBC and an
RBC ghost, using typical literature parameters for cell properties (see figure legend) and assuming no
non-uniformity in the measurement system (S“(a)) = 1). The real and imaginary differential currents
are plotted in Figure 3 (a) & (b) (blue lines, left hand axis). Both the sphered RBC and ghost show
similar spectra for frequencies up to 10MHz. However significant differences between the two cells
are seen for higher frequencies due to differences in internal conductivity. The sphered RBCs do not
contain haemoglobin and have a conductivity that matches the external medium conductivity. Figure
3 also shows the presence of a second relaxation (more visible in the imaginary part) for the sphered
RBCs, which is absent for the ghosts because these have approximately the same internal conductivity
as the suspending medium.

Equation 6 was also used to calculate the differential current for a bead (Afbead), and values for the
ratio of cell to bead current (Afcell/Afbead) are plotted in Figure 3 (red lines, right hand axis) for the
same sphered RBCs and ghosts. If beads are measured in the same mixture as cells, the transfer
function jwxVS8(w) from equation (6) is the same in both cases and the ratio of Algey/Alpeqq is
independent of the applied voltage, system dimensions or measurement non-linearity:

Aoy JrVS(w) (Em — Emix(cenry) _ Em— Emix(ce)

(7)

Azbead - ]wKVS(w)(ém - ‘Z—‘mix(bead)) - En— émix(bead)

Figure 3 clearly shows that the dielectric relaxation of the calibration bead has a significant effect on
the spectrum, particularly at high frequencies (>10MHz) as seen by the difference between the left
and right hand axis. Failure to include this effect would lead to errors in the determined dielectric
parameters.

(a) x107 o (b) x10” g
- 6 0.6 < E
=1 o _m
m <
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0 0 [} =
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Log10 Frequency (Hz) Log10 Frequency (Hz)

Figure 3. Calculations of the real (a) and imaginary (b) part of the peak differential current for a cell measured between the
two electrodes. The left hand axis shows the absolute differential current (blue lines) for ghosts (solid line) and sphered
RBCs (dotted line). The right hand axis is the differential current for the cell divided by the differential current for a bead
(including the frequency dependent polarizability of the bead) in the same system. The left and right axis are aligned using
the real part of the differential current at low frequency. Both spherical RBCs and RBC ghosts were modelled assuming the
same volume (90fL), membrane thickness (4.5nm) and permittivity (4.5¢), cytoplasm permittivity (80gq); with different
internal conductivities (ghost o; = 1.6 S/m, sRBC 6;=0.6 S/m). Bead volume =180fL, &= 2.5g; 0;=2Ks/r with Ks=10S.

Equations (1) and (7) can be combined to give:

Alcey _ FemceeyPeert (F cmepeadyPhead — 1)

(8)

Aipead — Fempeany®bead (FemicenyPeen — 1)
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which for small volume fractions (¢ <0.01), simplifies to

f CM(cell) Pcell

Aicell/Aibead - fCM(bead) Pbead (9)

This illustrates that the unknown dielectric properties of the cell (fCM(Ce”)) along with the size (from

3
Peell Teell

the volume ratio of the cell to bead ( ) can be found by multiplying the experimentally

Pbead = rzead
measured parameter (Aigey/Aipeqq) by a calibration factor (fCM(bead)):

3
Teell

femeeetrys— = fFempeady X Al o/ Dlpeaa (10)

3
Thead

Note that the small volume fraction (¢ <0.01) limit means that this method only works for systems
with a high signal to noise ratio (SNR) where the channel dimensions are much larger than the cell.

Methods and Materials

Impedance chips

Microfluidic chips were fabricated as described elsewhere [15]. Briefly, metal (Pt) electrodes were
lithographically patterned onto glass substrates, with channels 40 um wide and 30 um high made from
SU8 followed by full wafer bonding. The electrodes are all 30pum wide with 10um gap. Fluidic and
electrical connections were made using custom 3-D printed acrylic interconnects.

Cells were resuspended at a concentration of approximately 500 cells/uL to reduce the probability of
doublets in PBS and pumped through the channel with a syringe pump at a flow rate of 40 uL/min.
Impedance was measured using a Zurich Instruments impedance scope (HF2IS) and custom PCB front
end amplifier board. Either 2 or 8 frequencies were applied simultaneously to the electrodes. A signal
of 4 Vo was used and the differential current sampled at either 56k (8 frequencies) or 230k (2
frequencies) samples per second. Data was processed using custom software written in MATLAB. The
impedance of each particle was determined from the peak signal amplitude by convolution for each
applied frequency.

RBC processing

RBCs were collected from fingerprick blood from healthy volunteers. In order to simplify analysis and
eliminate artefacts due to random orientation of oblate red blood cells, the RBCs were first made
spherical following the protocol in [20]. Briefly whole blood was diluted into PBS (10,000:1 v/v)
containing 0.3mg/mL Sodium dodecyl sulfate (SDS) and 0.1% glutaraldehyde. SDS is an anionic
surfactant that reduces surface tension and at low concentrations spheres the cells. Glutaraldehyde
is a common crosslinking agent that has a number of different molecular forms in aqueous solution
and reacts with functional groups of proteins including amine, thiol, phenol, and imidazole [21] which
cross-links proteins in both the cell membrane and cytoplasm. The sphered RBCs were washed and
re-suspended in PBS for measurement. Red cell ghosts were used to measure changes in cytoplasmic
properties of cells. These are essentially spherical red cells without haemoglobin with the same
electrolyte inside and out. To obtain ghosts, erythrocytes were first lysed in low-ionic concentration
Sodium Phosphate (5mM). The membranes were centrifuged and the supernatant discarded. PBS was
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then added to the pellet to initiate resealing of the cells. These were fixed by the addition of 0.1%
glutaraldehyde (to match the fixed RBCs), washed and resuspended in PBS.

Results

Feature extraction

In order to determine the electrical properties of single cells, the frequency dependent data set for
each cell was first fitted using MMT by minimising the mean square error between equation (1) and
the experimental data set with the MATLAB function “patternsearch”. Pattern search is a direct search
function, similar to a brute force method, which searches across a mesh that is defined between the
maximum and minimum constraint of each parameter.

The fitting takes the measured impedance signal (Afce”/AZbead) and using equation (10) calculates the
complex permittivity of the mixture (equation (1)) and the ratio of cell to bead volume fraction,
minimising this function. To validate the fitting method, data sets for 1000 different cells were
simulated by creating &nix(cewry using a random radius, membrane, and cytoplasmic permittivity and
conductivity between the search parameter limits at the 8 frequencies used in the single cell
experiments (see section 4.3). The values returned by the search function closely matched the values
used to create the simulated data set, with a coefficient of variation <0.5%.

Population average data

The RBC is the simplest “model cell” with no nucleus and a membrane with a well-defined capacitance
of around 7 to 10mF/m?2. The mean volume of the cell is well maintained at around 80 to 100fL. Figure
4 (a & b) shows a typical impedance spectrum for a population of spherical RBCs and ghosts, after
normalisation of the data using 7um diameter polystyrene beads. The real (Fig 4a) and imaginary (Fig
4b) part of the impedance signal is plotted over a frequency window from 250KHz to 80MHz. This
data set was collected using two simultaneous frequencies; one frequency fixed at 18MHz, and a
second variable signal that was swept between 250kHz and 80MHz. The 18 MHz frequency was used
as a reference channel in all frequency sweep experiments as it provides a means to differentiate (and
gate) cells from beads. Cells were suspended in PBS and continuously flowed through the cytometer
channel whilst the second frequency was swept across the spectrum. Each data point is therefore the
average impedance for approximately 1,000 cells. The data shows the distinct Maxwell-Wagner
relaxation of the cell membrane, as observed by classical dielectric spectroscopy (9,12-13).

The data was normalised following the method outlined in section 2.2 and then fitted to the single
shell model (equations 1- 3); the fit is shown by the lines in the figure. Two different fits are shown:
the solid line was obtained by setting all dielectric parameters free in the minimisation algorithm,
whilst the dotted line (visible at high frequencies in Fig 4(b)) was obtained by fixing the cytoplasmic
permittivity to the suspending medium permittivity (e, = 80g,), i.e. the internal permittivity of the
ghosts. In this case a small discrepancy is seen in the imaginary part at high frequencies. From the
data set, the mean size and dielectric parameters for the population of spherical red blood cells and
ghosts was determined, summarised in Table 1 (all parameters free in the fit). The average membrane
capacitance for the sphered RBC was found to be 8.84mF/m?, with the ghosts slightly lower at
8.55mF/m2. This is a minor difference and could be because the sphered RBCs were exposed to
detergent (SDS) which may have made the membrane slightly thinner. The internal conductivity of
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Figure 4. (a-b) Experimentally measured differential current as a function of frequency for a population of sphered red blood
cells (red triangles) and ghosts (blue triangles). Polystyrene beads were measured at the same time and used to normalise
the system. The y-axis is the real and imaginary components of the Clausius Mossotti factor (fCM) multiplied by the ratio of
volume fractions for cell to bead. fcM best fit shown as lines. The solid lines are obtained with all parameters free (r, €m, €

Log10 Frequency (Hz)

Log10 Frequency (Hz)

o;) while the dotted lines (visible in the imaginary part) are obtained with the permittivity fixed at 80¢.

Table 1. Summary of fits to the data set in Figure 4. Suspending medium conductivity = 1.65/m, permittivity = 80¢,.

Radius (pm) Volume Crmem(mF/m?) Ecyt Oyt

(fL)
Sphered RBC 2.7 83 8.89 65 0.52
Ghost 2.8 91 8.40 99 1.40

The dielectric properties of human RBCs has been extensively measured by conventional dielectric
spectroscopy and falls within a wide range, between 7mFm~2 to as high as?; see Table 2. These wide
variations may reflect the way in which samples were prepared. Comparing Table 1 and 2 shows that
our data falls within the range reported by most authors based on measurements using both classical

dielectric spectroscopy and single cell electrorotation methods.

Table 2. Summary data for literature values of red blood cell dielectric parameters.

Crmem(MF/m?) | gcyt Gey (S/m) | Technique

[22] Beving 1994 9-10 - 0.458 Dielectric  spectroscopy
(bulk)

[23] Asami 1988 (mouse) 8.6 52 0.32 Dielectric  spectroscopy
(bulk)

[24] Gimsa 1996 8.2 212 0.5 Electrorotation

[25] Lisin 1996 (Ghosts) 13.7 - Impedance spectroscopy

[25] Lisin 1996 (Erythrocyte) | 14.3 - Impedance spectroscopy

[26] Bordi 2002 7-9 - 0.5-1.0

[27] Bao 1994 9 - 0.41

Single cell spectroscopy

Having demonstrated that microfluidicimpedance cytometry can be used to accurately determine the
mean dielectric properties of a homogeneous population of cells, we then extended this principle to
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measurement of single cells. In this case, rather than use two frequencies, eight frequencies were
applied simultaneously to the impedance cytometer electrodes. These frequencies were spaced
logarithmically apart between 250kHz and 50MHz. Samples containing sphered red blood cells and
ghosts together with reference beads were suspended in PBS and measured as above.

To determine the dielectric properties of individual cells, each single cell spectrum was post-processed
by normalising against the mean bead impedance (measured simultaneously) followed by fitting to
the shell model using an automated routine in MATLAB. The resulting single cell parameters were
then plotted as a set of scatter plots comprising membrane capacitance, cytoplasm conductivity,
cytoplasm permittivity and size (electrical radius). These are shown in figures 5 a-c. Each scatter plot
consists of 1,000 individual spherical RBCs and 1,000 ghosts.

Examination of Figure 5 shows that the spread in membrane capacitance for the individual sphered
RBCs overlaps with the ghosts, consistent with the data for the mean population. Some outlier cells
can be identified with an unusually low membrane capacitance. These cells only occur in the ghost
population and could be due to double thickness membranes formed during the lysis-resealing
process. The data fitting was checked for each of these outliers; Fig S1 shows example spectra of
outliers (columns 2-4) where as expected the relaxation frequency is higher in frequency compared to
the main population (examples in column 1). For cells suspended in high conductivity suspending
media a membrane conductivity of less than 103S/m has virtually no influence on the electrical
impedance [28]. During the fit, the membrane conductivity is set to zero so that the few outlier cells
may have damaged “electrically leaky” membranes with very high conductivity. Finally, Fig 5(d) shows
and example spectrum for a single ghost, demonstrating the excellent fit to the single shell model.

(a) (b)
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Figure 5. (a-c) Scatter plots showing single cell parameters comprising size (electrical radius) against (a) membrane
capacitance, (b) cytoplasm conductivity and (c) cytoplasm permittivity measured for 1,000 individual spherical RBCs and
1,000 ghosts. (d) shows an example electrical impedance spectrum for a ghost cell demonstrating excellent fit to the single
shell model.

To confirm the validity of this approach, Figure S2 shows spectra comparing the mean impedance data
for each discrete frequency block with the population average data where each frequency is measured
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separately (average for all cells in the population). The average of the single cell electrical parameters
is shown in table 3, and closely matches the average of the single cell data shown in figure 5(a-c).

Table 3. Summary data for measured red blood cell dielectric parameters, comparing population average data (section
4.2) with the average of the single cell data (section 4.3).

Electrical Electrical | Cpem(mF/m?) Ecyt Oyt (S/m)
radius volume (fL)
Sphered RBC (Average 2.7 83 8.89 65 0.52
measurement)
Sphered RBC (Single cell 2.7 85 9.19 63 0.53
measurements average)
Ghost (Average 2.8 91 8.40 99 1.40
measurement)
Ghost (Single cell 2.8 90 8.66 106 1.37
measurements average)

Discussion and conclusions

This work has demonstrated a new approach for high speed single cell characterisation to determine
the full frequency-dependent properties of each unique cell. Cells were measured at a throughput of
around 400 cells/s (frequency sweep) and 200 cells/s (single cell spectroscopy). The method was
tested using spherical RBCs as the simplest “model cell” with no nucleus and well characterised
electrical properties. While many biological cells can be approximated to a spherical particle, RBCs are
usually a discoid shape. In this work the RBCs were sphered in order to simplify the analysis. Ghost
cells were also used since their membranes reseal to a spherical shape and entrap a “cytoplasm” with
well-defined dielectric properties.

Glutaraldehyde was used to prepare the iso-volumetrically sphered RBCs, and for consistency the
ghost membranes were also fixed with the same concentration of glutaraldehyde. Changes in the
electrical properties of single RBCs exposed to different concentrations of glutaraldehyde have been
noted by other authors [29-30]. Gagnon et al used glutaraldehyde to enhance differences in the
electrical properties of aged Bovine RBCs, and reported a decrease in the membrane permittivity from
10.5¢, to 3.8¢, along with a decrease in cytoplasm conductivity after fixing with glutaraldehyde [29].
The RBCs were artificially aged in high conductivity saline solution (0.85% NaCl, ~1.25/m) which is
higher than the RBC cytoplasm conductivity and therefore long term storage could have increased
cytoplasm conductivity. Furthermore, cells were measured in low conductivity buffer (the zwitterion
aminohexanoic acid, 3M) which decreases cytoplasm conductivity by a factor of 10. Cheung et al
reported an increase in the electrical opacity (>5MHz) of RBCs measured in PBS with increasing
glutaraldehyde concentration from 0.002% to 2%, indicating that glutaraldehyde decreases cytoplasm
conductivity [30]. This effect could however be due to differences in the shape and orientation of cells
in the measurement region because the unfixed cells may deform in the narrow constriction. Bone et
al reported a small decrease (6%) in the dielectric decrement (membrane capacitance), for a
suspension of RBCs after fixing with glutaraldehyde, but at a high concentration of 5% [31]. In this
work the same concentration of glutaraldehyde was used to prepare both the RBCs and ghosts so that
any effect on the cells would be expected to be minimal and the same for both cell types
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This paper has demonstrated and validated a new technique on a well-defined population of cells of
spherical geometry. Actual RBC are discoid shapes which can be modelled using an ellipsoidal model
[32], however for single cell characterisation the orientation of each cell would need to be known, or
alternatively the cell focused into a preferred orientation (for example using dielectrophoresis [33]).
Further developments might include multiple sets of electrodes to measure the impedance along
several orthogonal directions, but this is beyond the scope of this paper.

The single shell model can be extended to a double shell model for nucleated cells (e.g. white blood
cells). The nuclear membrane constitutes a second thin shell, surrounding a uniform sphere with fixed
conductivity and permittivity. However, the dielectric properties of nucleated cells was not measured
in this work as accurate modelling requires a much wider measurement window, extending to
300MHz. Furthermore, the parameter set becomes too large to obtain reliable fits to the data,
particularly as the nuclear envelope is electrically leaky and the size of the nucleus is unknown.
Nevertheless, the single cell analysis technique presented in this paper provides a new method that
for the first time enables the dielectric properties of tens of thousands of single cells to be uniquely
determined in an extremely short time window, thus enabling the identification of rare or outlier cells
in a population which hitherto would not have been possible.
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