
Gating a Single Cell: A Label-Free and Real-Time Measurement
Method for Cellular Progression
Saw Lin Oo,† Shishir Venkatesh,† Abdul-Mojeed Ilyas,† Vaithinathan Karthikeyan,†

Clement Manohar Arava,† Eva Yi Kong,‡ Chi-Chung Yeung,§ Xianfeng Chen,∥ Peter K. N. Yu,*,‡

and Vellaisamy A. L. Roy*,⊥

†State Key Laboratory for THz and Millimeter Waves and Department of Material Science and Engineering, City University of Hong
Kong, Kowloon, Hong Kong, S.A.R.
‡Department of Physics, City University of Hong Kong, Kowloon, Hong Kong, S.A.R.
§Department of Chemistry, City University of Hong Kong, Kowloon, Hong Kong, S.A.R.
∥School of Engineering, Institute for Bioengineering, The University of Edinburgh, King’s Buildings, Mayfield Road, Edinburgh EH9
3JL, United Kingdom
⊥James Watt School of Engineering, University of Glasgow, Glasgow G12 8QQ, United Kingdom

*S Supporting Information

ABSTRACT: There is an ever-growing need for more advanced
methods to study the response of cancer cells to new therapies.
To determine cancer cells’ response from a cell-mortality
perspective to various cancer therapies, we report a label-free
and real time method to monitor the in situ response of
individual HeLa cells using a single cell gated transistor (SCGT).
As a cell undergoes apoptotic cell death, it experiences changes in
morphology and ion concentrations. This change is well in line
with the threshold voltage of the SCGT, which has been verified
by correlating the data with the cell morphologies by scanning
electron microscopy and the ion-concentration analysis by
inductively-coupled plasma mass spectrometry (ICPMS). This
SCGT could replace patch clamps to study single cell activity via
direct measurement in real time. Importantly, this SCGT can be used to study the electrical response of a single cell to stimuli
that leaves the membrane intact.

Multiparameter models from different perspectives are
required to understand the noisy and complex

responses of single cancer cells to various stimuli. Single cell
technology is essentially required for resolving cancer
heterogeneity with distinct morphological and phenotypic
profiles for individual cells.1 Single cell technologies can be
classified into single cell separation and single cell analysis.
Single cell separation is the basis of cell analysis which provides
data of cell’s genomic, transcriptomic, and proteomic profiles2

through methods like optical tweezers, flow cytometry,
microfluidics, and laser capture microdissection (LCM).
These approaches have the advantage of averaging out the
cellular responses and information, but with an important
disadvantage of not covering up the presence of cellular
functional subpopulations. Normally, cancer cell death occurs
through changes in cell morphology, destruction of ion
concentration equilibrium and development of apoptosis
bodies followed by cell rupturing.3 Observation of single
cells undergoing apoptosis in real time can provide insights
into the metabolic pathways and facilitates to build a
conceptual understanding of the whole process. The real

time and in situ measurements can help to comprehensively
track the changes occurring in live cancer cells over the entire
duration of an experiment. Particularly, studying their ion
channel activity makes it possible to track the development of
apoptotic stages as it provides deep insights in creating a
diagnostic tool on how to detect cancer.4

For single cell analysis, fluorescence microscopy is a
powerful tool which uses labeling tags for molecules to
optically track their ion concentration and estimate membrane
potential of the cell.5 Anionic/cationic fluorescent dyes are
used as optical indicators which help to understand both the
ion channel change and also the membrane potential.6

However, fluorescence microscopy requires significant cell
sample preparation procedures such as cell fixation and
permeabilization, cell components extraction, fluorescent tag
labeling, making a real-time and in situ monitoring of
responses to ionizing radiation impossible.7 Additionally, the
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labeling may affect the normal function of cells and ruin the
purpose of the study. While fluorescence microscopy is useful
in understanding the dynamics of gene expression and
transcription, it does not provide a holistic picture of cells.8

Alternatively, electrical measurements of single cells are
commonly achieved through whole-cell patch-clamp methods.9

In this method, the larger opening of the patch-clamp
electrode tip affords the lower resistance and thus better
electrical access to the inside of the cells. However, this
method results in the complete rupture of the cell-membrane,
thereby making long-time interval real-time and in situ
measurements difficult to achieve.10 Accompanying fluores-
cence microscopy with measurement of electrical properties of
the cells can provide insights into the cell mechanisms such as
ion channels and membrane potential, which are key in
explaining cell-fate like cell proliferation, apoptosis, and cell
division.11

In order to advance the existing methods of single cell
analysis, we have developed a new technique to monitor cells
in real time and in situ to monitor the important parameters
related to general behavior and response to various stimuli at
the single cell level. As this proposed method is real-time and
in situ, it is possible to track the cell mortality and determine

its progress along the apoptotic stages. This knowledge will
enable to monitor the diffusion across ion-channels, an
indicator of cell death progression, to design and optimize
therapeutic treatment options. The central component to this
method is single cell gated transistor (SCGT) to measure ion
concentration changes,12 capacitance, and membrane potential
changes with a high sensitivity. In our technique, we use a
single cell gate approach to physically and electrically insulate
the electronic transducer FET from the single cell gate detector
in which biological solutions are placed. The single cell gated
transistor (SCGT) can be placed inside an incubator
environment to monitor the activities of living cells for a
prolonged time and does not require labeling agents. As such,
the SCGT is a promising method for real-time and in situ
analysis of single cells.13

To verify our technique, we used the SCGT to study the
apoptosis process of single HeLa cells via observing the
threshold voltage shifts in real-time under in situ conditions. In
addition, the cell morphologies and ion concentrations are
recorded with scanning electron microscopy (SEM) and
inductively-coupled plasma mass spectrometry (ICPMS),
respectively, followed by establishing a correlation of the
data with the threshold voltage shifts from the SCGT. Through

Figure 1. Schematic diagram of the electrical measurement and cell immobilization: (a) transistor based electrical measurement system, (b) cell
immobilization process on the ITO electrode, (c) nanoneedle for single-cell electrical measurement, (d) AFM images for single HeLa cells, (e)
height and distance graph of the single cells AFM analysis, and (f) AFM 3D images for single HeLa cells.
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the study, we found that the shift in threshold voltage clearly
reveals the stage of apoptosis and explains the underlying
mechanism of cell death process. Overall, we provide a new
technology to conveniently determine single cancer cells’
responses to various cancer therapies without the need of using
expensive equipment and labeling agents.

■ EXPERIMENTAL SECTION
General Experimental Setup. Single cell measurement

was carried out by the experimental setup shown in Figure 1a.
Here the ITO-coated glass served as a single cell gate electrode
which is connected to the gate terminal of Toshiba
2SK30ATM n-channel JFET. The nanoneedle (Naulga NN-
EEUSNP-W500, length 3−5 μm with Parylene “C” coating)
was used to pierce through the cell membrane. All electrical
characterization was carried out using an Agilent 4155C
semiconductor parameter analyzer. The movement of the
nanoneedle was controlled using a micromanipulator stage
(Thorlabs RBL 13dl/m). Nikon objective lens with working
distance of 3.6 mm and magnification of 20× combined with a
Sony (SSC-C370P) color video camera was used for live
imaging of the HeLa cells and the nanoneedle. An 241Am
alpha-particle source with an activity of 5.02 μCi and average
energy of 5.16 MeV was used for cell irradiation14 and
irradiation doses of 27, 54, and 81 nGy is systematically
experimented. Prior to irradiation of the cells, the cell
concentration was determined using the hemocytometer.15,16

Subsequent changes in the cell’s morphology and its ion
concentration change according to the irradiation doses
applied are deeply analyzed through SEM and ICPMS,
respectively.
Materials. Dulbecco’s modified Eagle’s essential medium

(DMEM), fetal bovine serum (FBS), and trypsin and
phosphate-buffered saline (PBS) solutions (Gibco Grand
Island, NY) were purchased from Thermo Fisher Scientific,
Hong Kong, for cell culture and growth. For substrate
modification, 3-aminopropyl triethoxysilane (APTES), 1-
ethyl-3-[3-dimethy-laminopropyl] carbodiimide hydrochloride
(EDC), and N-hydroxy-succinimide (NHS) were purchased
from Sigma-Aldrich. Sylgard 184 Silicone Elastomer Kit
(polydimethylsiloxane) was purchased from Dow Corning.
Cell Culture. HeLa cells obtained from a human epithelial

carcinoma cell were grown in Dulbecco’s modified Eagle’s
essential medium (Gibco, Grand Island, NY) with 10% fetal
bovine serum (FBS) inside the 5% carbon-dioxide (CO2)
incubator under constant temperature of 37 °C.17

Substrate Cleaning. Glass substrates coated with 30 ohm/
square, indium tin oxide (ITO) were cut into 1.5 in. squares
and cleaned sequentially using 5% Decon 90, ethanol, acetone,
and deionized water for 15 min each in bath sonicator,
followed by drying with high-purity nitrogen gas.18

Preparation of PDMS Well on ITO Substrate. Sylgard
184 Silicone Elastomer Kit was used for making polydime-
thylsiloxane (PDMS) wells. First, the uncured resin was mixed
homogeneously with curing agent in a 10:1 weight ratio.19,20

Then, the mixture was degassed in vacuum (base pressure, 700
mmHg) to remove bubbles. The clear and homogeneous
solutions were poured onto molds to create wells with an
inside diameter of 12 mm. PDMS was then cured by baking at
85 °C for about 30 min. The PDMS wells were peeled off from
the mold and bonded to the cleaned ITO substrate.21

Immobilization of HeLa Cells on ITO Substrate. The
ITO substrates with PDMS wells were cleaned with 100%

ethanol and DI water. After drying with nitrogen gas, the
samples were subjected to UV−ozone treatment (Jelight
Company 144AX-220) for 30 min to generate hydroxide
bonds on the surface.18 Treated ITO substrates were incubated
in a solution of APTES in methanol (2%) for 30 min to modify
the substrates. Then, the modified substrates were treated with
a NHS/EDC solution (NHS, 3 mg mL−1; EDC, 2 mg mL−1)
for 1 h at ambient temperature22 and rinsed with 1× PBS
buffer solution to remove the unbound/unreacted molecules.22

NHS/EDC modified substrates were incubated with a
suspension of living HeLa cells in DMEM with 10% FBS
inside the 5% CO2 incubator under constant temperature of 37
°C for about 24 h.23 After incubation, the samples were gently
rinsed with copious amount of 1× PBS buffer (<2 mL) to
remove the old medium or loosely attached cells. The rinsed
samples were kept in growth medium at 37 °C for further
analysis.24 Immobilization process of HeLa cells on ITO
substrates are shown in Figure 1b.

Transfer of Cells from Stock Medium to Modified
ITO-Coated Glass Substrates. To transfer the cells from the
cell culture Petri-dish to ITO coated glass with PDMS wells,
first the medium was removed from the cell culture Petri-dish.
Subsequently, the cells were washed by 1× PBS to remove
dead cells. Then, the cells were released from the Petri-dish by
washing with 0.25% trypsin solution for 2 min inside the
incubator at 37 °C. Then, trypsin was removed and DMEM
with 10% FBS was added to the cell suspension. This
suspension was diluted to attain a cell concentration of 3 ×
104 cells mL−1. This cell suspension was then transferred onto
the modified ITO-coated glass. The substrates were sub-
sequently incubated for 24 h. The pH throughout the whole
experiment was maintained at 7.4, and all the previous steps
were performed in the biosafety fume hood.25

Preparation of Unirradiated Cells. The “control”
unirradiated cells were also left exposed without medium for
1, 2, and 3 min. However, no radiation was applied to these
control unirradiated cells. Then 800 μL of fresh medium was
filled into the PDMS wells. Then substrates were subsequently
loaded into the incubator for further characterization.

Sample Preparation for Scanning Electron Micros-
copy. For the SEM analysis, 3 × 104 cells on plastic tissue
coverslips (Thermanox TMX Coverslips) were fixed in 2.5%
glutaraldehyde and 2% paraformaldehyde in PBS solution for 2
h, washed in PBS for five times (100, 100, 100, 50, and 25%)
and two times in double deionized water (100%, 100%) for 10
min each.26 After that, samples were dehydrated with
increasing concentration of ethanol (30, 50, 70, 80, 90, 95,
100, and 100%). Subsequently, the samples were immersed in
the mixture of ethanol and acetone (3:1, 1:1, 1:3), and three
times in 100% acetone for 10 min each. After dehydration, the
specimens were critical point dried in liquid CO2 (BAL-TEC
CPD 030 Critical Point Dryer) for about 1 h. Finally, the
specimens were mounted on the aluminum stubs and sputter
coated with 10% Au using BAL-TAC SCD050 instruments.27

Images were taken by using Phillips XL30ESEM FEG scanning
electron microscope at an accelerating voltage of 10 kV under
vacuum (base pressure, 10−5 Pa).

Inductively Coupled Plasma Mass Spectrometry
(ICPMS). This is a technique for the detection of ion
concentration in solution.28 In this work, Optima 2100 DV
ICP-OES system was used for potassium ion (K+) concen-
tration analysis. Before analysis, 3 × 104 cells were cultured on
each 10 mL Petri dish for radiation and control measurements.
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Samples were kept inside the incubator for 24 h with 5% CO2
and 37 °C. After 24 h, three samples were used for radiation
and another three samples were used for control measure-
ments. Before irradiation, old medium solution was removed
and washed with 1× PBS for removing dead cells and other
impurities. After being washed with (2 mL) PBS solution, the
cells (3 × 104) were irradiated with the 241Am α-particle source
for different periods such as 27 nGy, 54 nGy, and 81 nGy. For
the control samples, removed the old medium solution from
the cell surface, washed with 1× PBS and kept the samples
without medium for 1, 2, and 3 min. The medium was
collected from both irradiated and control samples for each 1,
4, and 8 h. Finally, the samples were diluted 100 times for
potassium ion (K+) analysis.

■ RESULTS AND DISCUSSION

Single Cell Electrical Measurements. The real time
measurement of single cell is achieved in the SCGT sketched
in Figure 1a. In the setup, single cells are first immobilized on
an ITO glass substrate via the procedures presented in Figure
1b and then a nanoneedle with a tip diameter of 60 nm will be
pierced to a single HeLa cell with a depth of approximately 2.5
μm into the cell membrane with the help of micromanipulator
which prevents the nanoneedle and ITO substrate to
electrically short. The device design is based on our atomic
force microscopy (AFM) measurement of the morphological
information on HeLa cells (Figure 1d−f. During the
measurement, HeLa cells are first irradiated to induce

Figure 2. Threshold voltage and time graphs (a) Vth and time graph for 27 nGy irradiated cells and control. (b) Vth and time graph for 54 nGy
irradiated cells and control. (c) Vth and time graph for 81 nGy irradiated cells and their control cells. The statistical analysis was performed on data
obtained from three different samples.

Figure 3.Modeling simulation graph (a) shows the threshold voltage shifts graph with respect to ion concentration and channel width or depth (b)
and (c) shows the comparison of experimental and simulated I−V curves.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.9b03136
Anal. Chem. 2020, 92, 1738−1745

1741

http://dx.doi.org/10.1021/acs.analchem.9b03136


apoptosis and the voltage will be constantly monitored to
understand the apoptotic pathway mechanism.
Real time measurement of single cell gated transistor

(SCGT) transconductance curves is recorded as the gate
voltage (VGS) swept from −8 to 0 V and the drain to source
voltage (VDS) is held constant at 10 V. The measurements are
carried out inside the incubator with 37 °C and 5% CO2

15 for 8
h (h) for each of the irradiated (apoptotic cells) and control
(living cells) samples. The threshold voltage curves of
apoptotic cells and normal healthy living cells present clear
difference, as shown in Figures S1 and S2a,b. The same
threshold voltage measurement is subsequently performed for
α-particle irradiated HeLa cell samples with different doses of
27, 54, and 81 nGy. Figure S2c−e shows the change in the
threshold voltage curve at different time intervals after
irradiation, revealing obvious shift toward negative values
with prolonging irradiation time. Furthermore, the real time
measurement of the threshold voltage recorded for 8 h signifies
the threshold voltage shift between the irradiated and control
cell with respect to the doses as shown in Figure 2a−c.
The observed shifts in threshold voltage are the response of

n-channel JFET from induced positive charges on single cell
gate by the irradiated HeLa cell, which is the combined effect
of morphology and ion concentration changes.12,31 However,
as one can see, the threshold slope does not change much
while the threshold voltage shifts significantly in Figure S2c−e.
This drastic change in the threshold voltage signifies the
increase in the ion transfer across the cell as the morphology
changes.
During apoptosis, there is an increased activity in potassium

ion channels, leading to increase in efflux of potassium ions
and consequently shrinking the cell volume which has been
well reported.32 The change in K+ ion concentration is
hypothesized as the reason behind the shift in threshold
voltage as a consequence of increased apoptosis-related
activities stimulated by irradiation. The results in Figure 2
collectively explains that the increase in the postirradiation
time leads to the increase in apoptosis-related activities in the
cell.
This change in ion concentration influences the VGS and n-

channel width or depth due to a decrease in the depletion layer
causing the threshold voltage shift. A mathematical modeling

of the threshold voltage with respect to the change in the ion
concentration and n-channel width or depth is performed and
the results are shown in Figure 3. The finding indicates that the
threshold voltage maintains a good linear relation with the ion
concentration.33

Similarly, in Figure 4a, we observe that increasing the
radiation dose leads to shifting of threshold voltages to
negative values. From this, it is inferred that increasing dose
leads to increase in apoptosis-related activities within the cell.
The cell death caused by irradiation are counted using a
hemocytometer under microscope and the results are shown in
Figure 4b. Over 55−60% of the cells are dead upon irradiation
doses of 54 and 81 nGy.

Morphological Apoptotic Changes. HeLa cells in
general have a polygonal shape, with the characteristic features
of numerous microvilli and lamellipodia extensions, as shown
in Figure S3a′−c′. Whereas, the irradiated HeLa cells is
observed as spherical in shape with less number of microvilli
and small apoptotic bodies present on the cell membrane as
shown in Figure 5a′ and g′−i′. In our observation, with
increase in the irradiation doses, the change in cell surface
morphology is obvious which leads to reduced lifetime of the
cell. For the irradiation dose of 54 nGy, the stages of
development in apoptotic bodies is clearly visible within 1 h,
and a decrease in cell volume is observed after 4 h. At a
postirradiation time of 8 h, a significant change in their surface
morphology with cell shrinkage and an increased number of
dead cells are observed.
These changes were observed to happen faster at the

irradiation dose of 81 nGy and finally 8 h postirradiation, the
cells shrink, and postapoptosis debris is seen which confirms
the cell death process through apoptosis.29 This is attributed to
the release of potassium ions and formation of apoptotic
bodies.30 These changes in cell morphology stages with change
in irradiation doses are clearly shown in the Figure 5. α-Particle
irradiation induced cell morphology changes with respect to
the irradiation dosage and postirradiation time are studied
using SEM. The results are shown in Figure 5, while those for
the control cells are shown in Figure S3. Together, these
results show the real time and in situ response of a single HeLa
cell undergoing apoptosis stages under different doses of α-
particle irradiation.

Figure 4. (a) Threshold voltage and radiation dose graph. (b) Hemocytometer count of dead cells %, with dose rate and time after radiation.
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The mechanism responsible for threshold voltage shifts is
schematically shown in Figure 6. It can be seen in Figure 6a
that an exposure of a HeLa cell to α-particle induces damage to
its K+ ion channels in the plasma membrane, thereby resulting
in efflux of K+ ions and depolarization of the cell membrane.34

To compensate for this depolarization, the Na+ ion channel
opens causing the influx of Na+ ions into the cell4,30 (Figure
6b). However, this influx of Na+ ions is still smaller than the
efflux of K+ ions, ultimately causing the well-known cellular
morphological change termed as “apoptotic volume decrease”
(AVD).4,35,36 Due to the increase in the concentration of
positively charged ions and formation of apoptotic bodies, the

threshold curves show negative shift at postirradiation times of
1 and 4 h, as shown in Figure 6a′,b′. The apoptotic volume
greatly decreases after 8 h, thereby increasing the concen-
tration of ions. This progresses into more advanced apoptosis
stages and finally results in the formation of apoptotic bodies
on the plasma membrane and eventual cell-death37 (Figure
6c). Again, the threshold voltages shift correspondingly to
increase in the concentration of positive ions (Figure 6c′).
The change in the K+ ion concentration at different

postirradiation times were also studied using ICPMS for
each irradiation dosage. The increase in the ion concentration
level at different post irradiation time infers to the level of

Figure 5. SEM images for irradiated cells: (a,a′) 27 nGy irradiated cells with 1 h postirradiation time, (b,b′) 1 min (27 nGy) irradiated cells 4 h
postirradiation time, (c,c′) 27 nGy irradiated cells 8 h postirradiation time, (d,d′) 54 nGy irradiated cells 1 h postirradiation time, (e,e′) 54 nGy
irradiated cells 4 h postirradiation time, (f,f′) 54 nGy irradiated cells 8 h postirradiation time, (g,g′) 81 nGy irradiated cells 1 h postirradiation time,
(h,h′) 81 nGy irradiated cells 4 h postirradiation time, and (i,i′) 81 nGy irradiated cells 8 h postirradiation time.
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apoptosis. The results from ICPMS analysis shown in Figure
7a−c indicate release of K+ ion due to the damage of the ion
channel after exposure to α-particles, whereas, the concen-
tration of Ca+ and Cl− are in very small traces compared to the
K+ ion concentration. These results conclude that K+ channels
play an important role in initiating cell morphological changes
and apoptosis-related activities of the cell.36,38,39 Therefore, the
K+ channel has a role in apoptosis regulation, and it has been
proposed as a potential regulator of cancer cell death and a
promising anticancer therapy target.40

■ CONCLUSIONS

In this work, we developed a method of using SCGT to
monitor the apoptosis process of single HeLa cells induced by
α-particle irradiation. We observed that the threshold voltages
of the SCGT shift toward negative values, and the magnitude
of this shift maintains a good linear relation with the ion
concentration and closely associated with the cell morphology

change during the apoptosis process. The measurement can be
conveniently performed in a cell incubator without needing
expensive equipment and labeling agents. With these
advantages, we expect that the small dimensions of the
nanoneedle combined with the high sensitivity of our SCGT
can become a powerful tool for the analysis of single cell
responses to various stimuli and facilitate the design of
advanced therapies.
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Additional information on electrical control measure-
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morphological changes; Figure S1, control measurement
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Figure 6. Schematic of mechanism and illustration of threshold voltage shifts due to the ion concentration changes: (a) irradiated HeLa cell and
(a′) threshold voltage curve within 1 h; (b) early stage of apoptotic and (b′) threshold curve after 4 h post irradiation time; and (c) formation of
apoptotic bodies and threshold voltage shift after 8 h postirradiation time (c′).

Figure 7. Potassium ion concentration graphs: (a) potassium ion concentration for 27 nGy irradiated cells and their control cells, (b) potassium
ion concentration for 54 nGy irradiated cells and their control cells, and (c) potassium ion concentration for 81 nGy irradiated cells and their
control cells.
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