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ABSTRACT: Silicon nanowire field-effect transistor (SINW S e FoL -
. i
FET) devices have been interfaced with cells; however, their * growth * R Fe

application for noninvasive, real-time monitoring of interfacial
effects during cell growth and differentiation on SiNW has not
been fully explored. Here, we cultured rat adrenal
pheochromocytoma (PC12) cells, a type of neural progenitor
cell, directly on SINW FET devices to monitor cell adhesion
during growth and morphological changes during neuronal
differentiation for a period of 5—7 d. Monitoring was
performed by measuring the non-Faradaic electrical impedance
of the cell-SiNW FET system using a precision LCR meter.
Our SiNW FET devices exhibited changes in impedance parameters during cell growth and differentiation because of the
negatively charged cell membrane, seal resistance, and membrane capacitance at the cell/SINW interface. It was observed that
during both PC12 cell growth and neuronal differentiation, the impedance magnitude increased and the phase shifted to more
negative values. However, impedance changes during cell growth already plateaued 3 d after seeding, while impedance changes
continued until the last observation day during differentiation. Our results also indicate that the frequency shift to above 40 kHz
after growth factor induction resulted from a larger coverage of cell membrane on the SINWs due to distinctive morphological
changes according to vinculin staining. Encapsulation of PC12 cells in a hydrogel scaffold resulted in a lack of trend in impedance
parameters and confirmed that impedance changes were due to the cells. Moreover, cytolysis of the differentiated PC12 cells led
to significant changes in impedance parameters. Equivalent electrical circuits were used to analyze the changes in impedance
values during cell growth and differentiation. The technique employed in this study can provide a platform for performing

Impedance Magnitude (k)
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investigations of growth-factor-induced progenitor cell differentiation.
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1. INTRODUCTION

Cell-based biosensors have been extensively studied in the past
decades because of their potential application in various fields
such as drug discovery,"” environmental screening,®® and food
safety.>*” These biosensors, which usually employ optical or
electrical detection schemes, exploit the native recognition
elements of cells to detect a broad range of known and
unknown agents and to obtain functional information on the
effect of these agents on a living system. Electrical biosensors
have been preferred over optical readout-based sensors because
of their high sensitivity and selectivity, ability to be used in
turbid solutions, amenability to miniaturization, real-time
response to external stimulation, and ability to convey the
intracellular condition.® Non-Faradaic electrical impedance
spectroscopy (EIS) has been typically used to characterize
the interfacial properties of biomaterials or cells associated with
conductive or semiconductive devices.” '* Such interfacial
information on the electrical characteristics external to the
sensing device is only limited to the nature of charged species
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(i.e., either positive or negative) and their concentration near
the sensing surface instead of induced changes in Faradaic
electrochemical reactions. Therefore, the measured signals of
non-Faradaic EIS are attributed to the insulating effects of cell
membranes of cells that grow on or attach to the sensing
surface.®* In addition, the changes in cell number and
isolation of charged particles from the sensing surfaces have a
great impact on impedance parameters, such as resistance and
capacitance.g‘u’lz’14

At present, cell-based biosensors are applied in electro-
physiological recordings on electrogenic cells based on
intracellular patch-clamp techniques'® and extracellular multi-
electrode arrays (MEAs). > 416 Patch-clamp-derived techniques
provide better signal-to-noise ratios; however, they are invasive,
require trained personnel or specialized laboratory equipment,
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have low throughput, and may not allow long-term
monitoring.”_22 On the other hand, noninvasive extracellular
MEA systems enable electrophysiological recordings on large
populations of cells for long-term observation. Nevertheless,
the relatively high impedance of the microscale electrodes
attenuates cellular signals, and the recorded synergistic signals
are difficult to be distinguished into specific signals from
individual cells.”'”'*??

In recent years, breakthroughs in nanotechnology have given
rise to new materials and devices that have enabled revolu-
tionary ways of probing cellular activities.”*~>*** Among these
nanoscale devices, silicon nanowire field-effect transistor
(SINW FET) devices have been widely studied and applied
with the aim of developing cell-based biosensors owing to their
high selectivity and sensitivity, real-time response, and label-free
detection capabilities.”"*>**”*” The high sensitivity of SINW
FETs is due to the combined effect of the high surface-to-
volume ratio of the SINW channel and FET amplification: small
changes in charge concentration in the immediate environment
greatly affect the conductivity of the channel, while FET
amplification in saturation mode enhances device performance
in weak-signal applications.”® Solutions from chemically or
electrically stimulated cells have been collected and dispensed
onto receptor-functionalized SiNW FET devices for the
indirect detection of specific biomolecules.”****° Electrogenic
cells have also been successfully interfaced with patch-clamp-
based SINW FETSs to monitor action potential changes caused
by electrical or chemical stimulation.'®***%*'=3* These studies
have shown that SINW FET devices can detect biomolecules
with high selectivity and sensitivity, as well as detect action
potential signals from individual cells with high temporal and
spatial resolution. However, noninvasive cellular monitoring
using SINW FET devices is necessary because patch-clamp-
based SiNW FET devices compromise the integrity of cells and
drastically decrease the duration of stable recording.'”

To provide a platform for long-term investigations of growth-
factor-induced progenitor cell differentiation, cell/SINW
interfacing was created and used in this study to examine
time-course changes in cell conditions. The use of SINW FETs
for the noninvasive time-course monitoring of cell adhesion and
morphological changes of rat adrenal pheochromocytoma
(PC12) cells, a type of neural progenitor cell, during growth
and neuronal differentiation, respectively, was demonstrated.
We monitored the changes in the electrical properties of the
cell-SiINW FET system using non-Faradaic EIS, an established
techniqgue for biomolecular detection and cell character-
ization.”™"'* We hypothesized that the high sensitivity of
the SINW FET to minute changes in the surrounding charges
can lead to measurable changes in the impedance magnitude
and impedance phase owing to the coupling of cells with
charged cell membranes onto the nanowire and/or the
screening of charged species in the surrounding solution by
the cells.

2. EXPERIMENTAL PROCEDURES

2.1. Fabrication of SiNW FET Devices and Culture Chambers.
Single-SiNW n-type FET devices were used for the observation of
PC12 cell adhesion, while multi-SiNW n-type FET devices were used
for the observation of PC12 neuronal differentiation. Both types of
SiNW FET devices were fabricated in National Nano Device
Laboratories (Hsinchu, Taiwan) using a “top-down” process similar
to that used in our previous study.>® The general procedure comprises
the following steps: Standard 6 in. p-type Si wafers were coated with
insulating layers, composed of SiO, (100 nm) and Si;N, (30 nm), and
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a layer of polysilicon (poly-Si; 100 nm) using CVD. The poly-Si layer
was annealed at 900 °C for 24 h to enhance crystallization. To form
the SINW and source and drain terminals of the devices, photoresist
(PR) was patterned over the poly-Si layer using an i-line stepper. The
poly-Si was etched using an inductively coupled plasma (ICP) etcher
(TCP 9400, Lam Research) with a HBr/Cl,/O, chemistry. The
dimensions of the SINWs were further reduced by first performing dry
oxidation of the poly-Si to form 20 nm thick SiO, and then by etching
the SiO, using hydrofluoric acid (HF). For heavy doping of the source
and drain terminals, nonsource/drain areas were covered with a PR
layer, then phosphorus ion implantation (5 X 10'° ions cm™) was
performed at 30 keV. The wafers were annealed at 900 °C for 1 h to
activate the dopants. A layer of Si;N, (300 nm) was deposited on the
wafers via physical evaporation for passivation. PR was coated over the
wafer except on the areas reserved for the source and drain contact
pads, and then the passivation layer over the contact pads was
removed using ICP etch (TCP 9600, Lam Research). Layers of Ni (15
nm) and Ti (15 nm) were deposited over the source and drain using
physical vapor deposition (PVD). Rapid thermal annealing was
performed at 400 °C for 1S min to achieve reliable metal—Si ohmic
contact via metal silicide formation. Unreacted Ni and Ti were
removed using H,SO, etching. Finally, the passivation layer (Si;N,)
over the SINWs was removed by coating non-SiNW areas with PR
followed by ICP (TCP 9600). The final dimensions of the SINWs in
the single-SINW FET devices and multi-SINW FET devices were
~200 nm X 3 gm and 50 nm X S0 um (width X length), respectively.
Figure S1 (in Supporting Information) shows the scanning electron
microscope (SEM) images of single- and multi-SINW FET devices.
The total number of SINWs in the multi-SiNW FET devices was 26,
resulting in a total width of ~48 ym (including the spaces between the
NWs).

Polystyrene cloning cylinders (47 mm inner diameter X8 mm
height, Scienceware, Bel-Art), which served as cell culture chambers,
were attached on the SiNW FET chips using polydimethylsiloxane
(PDMS; Sylgard 184 Silicone Elastomer Kit, Dow Corning) as a glue.
PDMS caps were also fabricated to cover the cloning cylinders with
cells during electrical measurements. The PDMS glue and caps were
prepared according to manufacturer’s instructions.

Poly-p-lysine (PDL; Mw 70000—150000, Sigma-Aldrich) was
immobilized in the areas enclosed by cylinders using (3-aminopropyl)-
trimethoxysilane (APTMS; Sigma-Aldrich) as the linker molecule. To
form an APTMS self-assembled monolayer (SAM) on the SINW FET
devices, chips were first cleaned with deionized (DI) water and 95%
ethanol and then immersed in a 1% ethanolic solution of APTMS for 1
h at room temperature (RT). After SAM formation, the chips were
rinsed with 99.9% ethanol twice to remove excess silane reagent. The
chips were then heated in a 60 °C oven for 5 min to aid in further
formation of siloxane bonds. For PDL immobilization, N-ethyl-N'-(3-
(dimethylamino)propyl)carbodiimide (EDC; Sigma-Aldrich), N-hy-
droxysuccinimide (NHS; Sigma-Aldrich; EDC—NHS ratio = 4:1, total
concentration = 10 mg/mL), and PDL (100 pg/mL) were dissolved in
citrate buffer solution (CBS, pH 5.0). The APTMS-modified chips
were then immersed in the PDL/EDC/NHS solution for 2 h at RT to
allow the carbodiimide coupling reaction to complete. APTMS/PDL-
modified surfaces were washed with phosphate buffered saline (PBS,
0.01 M; Biowest) twice and stored at 4 °C while immersed in PBS
until use.

2.2. Culture, Seeding, and Neuronal Differentiation of PC12
Cells. PC12 cells (ATCC CRL-1721) were cultured in a growth
medium consisting of the following: Roswell Park Memorial Institute
(RPMI) 1640 medium with L-glutamine (85% v/v), horse serum (HS,
10% v/v), fetal bovine serum (FBS, 5% v/v), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer (25 mM), sodium pyruvate (1
mM), and penicillin—streptomycin (100 U/ml). All media reagents
were acquired from Life Technologies. The cells were maintained in a
37 °C incubator with 5% CO, until use. Medium was changed every
2-3 d and passaged upon reaching 80% confluency.

The medium for PC12 differentiation was composed of RPMI 1640
medium with 1-glutamine (85% v/v) and nerve growth factor (NGF;
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Figure 1. Non-Faradaic EIS measurement setup for monitoring PC12 cell growth and neuronal differentiation. PC12 cells were seeded on APTMS/
PDL-modified SINW FET devices. Changes in the impedance of the cell-SINW FET system were determined using a precision LCR meter
connected to the source and drain terminals of the SINW FET device. A Ag/AgCl reference electrode was used as a solution gate. A LabVIEW
program was used to control the LCR meter and to record the impedance data. (Note: Components in the figure are not drawn to scale.).

10 ng/mL; NGF-2.5S from murine submaxillary gland, Sigma-
Aldrich).

Cell growth and neuronal differentiation of PC12 cells were
monitored in the APTMS/PDL-modified chips with cylinders
described above. PCI2 cells (~45000) in growth medium (100 yL)
were seeded in each cylinder, resulting in a cell density of ~2.5 X 10°
cells/cm? For PC12 neuronal differentiation, the cells were first
cultured in growth medium for 24 h before starting differentiation in
the NGF-supplemented medium. After every measurement, half of the
growth/differentiation medium was replaced with fresh medium, and
then cells were placed in a 37 °C incubator with 5% CO,. At the end
of the observation period, the differentiated PC12 cells were washed
with DI water to cause osmotic-stress-induced cell death.

As a control for the cell growth experiment, we encapsulated PC12
cells in a three-dimensional (3D) scaffold composed of a poly-
(ethylene glycol) diacrylate (PEGDA) hydrogel. The PEGDA
matrices, which were solidified on the surface of the SiNW FET
devices, created an indirect contact between the PC12 cells and the
SiNWs, but allowed the permeation of growth medium because of its
porous structure and hydrophilic nature. The formulation of the
PEGDA hydrogel used for the control samples was similar to that
described in our previous study,” with some modifications. The
hydrogel in this study consisted of the following: PBS (20% v/v), PEG
(13.3% w/v; Mw 3,350, Sigma-Aldrich), PEGDA (66.7% w/v; Mw
700; Sigma-Aldrich), triethanolamine (100 mM; Alfa Aesar), and 2,2-
dimethyl-2-phenyl-acetophenone (Sigma-Aldrich) in 1-vinyl-2-pyrroli-
done (600 mg/mL, 4% v/v; Sigma-Aldrich). Growth medium and
PDL (100 pug/mL) were added in the PEGDA precursor solution
(medium—precursor solution ratio = 1:1). PC12 cells were added in
PEGDA/medium/PDL precursor solution, resulting in a cell density
of ~1 X 107 cells/mL. Cross-linking of the hydrogel on the devices
was performed by exposure of the solution to a 23 W visible light
source for 5 min.

2.3. Non-Faradaic EIS of the Cell-SiNW FET System. Before
monitoring cell-related phenomena, we first performed impedance
measurements with a SINW FET device before surface modification,
after APTMS modification, and after immobilization PDL to
qualitatively confirm the success of each step-modification process.
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We measured the impedance for each condition in three different
environments (air, DI water, and growth medium) to determine if the
modification layers would influence the response of the devices to
charged species in the measurement media.

Monitoring of PC12 cell growth was performed by measuring
impedance changes in single-SINW FET devices during a culture
period of 5 d. Before measurements were performed for the cell
cultures, impedance measurements were first performed after
APTMS/PDL modification in growth medium. After PCI2 cells
were seeded, impedance measurements were performed at Days 0, 1,
3, and S postseeding. Day 0 measurement was performed S h after cell
seeding. A total of three SINW FET devices were used. The same
measurement procedures were followed for the cell-laden PEGDA
hydrogel.

For PC12 neuronal differentiation, monitoring was performed by
measuring impedance changes in multi-SINW FET devices during a
differentiation period of 7 d. Before impedance measurements were
performed for the differentiated cells, the impedance of the SINW FET
devices after APTMS/PDL modification in growth medium was first
measured. After the growth medium was replaced with differentiation
medium, impedance was measured at Days 0, 1, 2, 4, S, and 7 after
initial NGF treatment. Day 0 measurement here was performed right
after exposure of cells to differentiation medium. After Day 7
measurements, impedance measurements were performed after cell
death was induced among the differentiated PC12 cells by DI water. A
total of three devices were used for monitoring PC12 differentiation.

Impedance measurements were performed using E4980A precision
LCR meter (Agilent Technologies) in frequency sweep mode. Agilent
E4980A was operated at 2 mVyys with a frequency range of 20 Hz to
2 MHz. Frequency sweep was performed with 100 sample points with
log 10 scale. The LCR meter was connected to the SINW FET devices
using a four-terminal pair configuration: the high-current/high-
potential and low-current/low-potential paired terminals were
connected to the source and drain terminals, respectively, via coaxial
cables. The SINW FET devices were operated with a bias voltage of 10
mV in the subthreshold region, which has also been shown to provide
the optimal sensitivity for nanowire FET biosensors.>**” A Ag/AgCl
reference electrode was used as a solution gate to minimize external
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Figure 2. Bode plots of impedance magnitude (a) and impedance phase (b) for a representative SINW FET device in air, DI water, and growth
medium before surface modification, after APTMS modification, and after PDL immobilization. The distinguishable signals can be seen in

impedance spectroscopy over the frequency span from $ to 10 kHz.

noise. A LabVIEW program in a computer was used to control the
settings of the LCR meter and to record the data for both impedance
magnitude and impedance phase. Figure 1 shows an illustration of the
impedance measurement setup for monitoring PC12 cell growth and
neuronal differentiation.

Analysis for statistical significance of the means was performed
using one-way analysis of variance (ANOVA) with Bonferroni’s test.

2.4. Microscopic Observation of PC12 Cells. For microscopic
observation of PC12 cell growth and neuronal differentiation, cells
were seeded on SiNW FET chips and cultured for S and 7 d,
respectively. After the culture period, the PC12 cell growth and
differentiation samples were first washed with PBS twice and then
fixed with 2.5% glutaraldehyde for 1 h. The fixed cells were dehydrated
by immersion in a graded series of ethanol (20 min each). Finally, the
dehydrated samples were coated with gold using a sputtering coater
and then observed using a field emission scanning electron microscope
(FESEM; JSM-6700F, JEOL).

To visualize the direct contact between undifferentiated/differ-
entiated PC12 cells and SiNWs and PC12 cell growth in the PEGDA
hydrogel, cells were further examined by fluorescence microscopy.
Cells were fixed with 4% paraformaldehyde for 1 h and stained with 1
ng/mL 4',6-diamidino-2-phenylindole (DAPI; Millipore) and 0.4 U/
mL rhodamine phalloidin (RP; Millipore) in 1% bovine serum
albumin (BSA) in PBS for 1 h. Cells were then immunochemically
stained with mouse antivinculin monocolonal antibody (1:200,
Millipore), followed by FITC-conjugated antimouse secondary
antibody (1:200, Millipore). Samples were washed twice with 1%
BSA/PBS and examined under confocal laser scanning microscopes.
Visualization of the direct contact on SINW was examined using Leica
SPS upright confocal microscope, and observation of PC12 cell growth
in the PEGDA hydrogel was performed using Carl Zeiss LSM 510
inverted confocal microscope.

3. RESULTS AND DISCUSSION

The impedance measurement setup employed in this study
provides a direct measurement of the electrical characteristics of
the SINW FET device itself while applying a bias voltage
between source and drain. The electrical characteristics of
immobilized substances and/or solution are probed by means
of the potentiometric gating effect of their charged species on
the SINW channel. Total impedance (Z) can be expressed in
terms of the impedance magnitude (1Zl) and impedance phase
(0), where a voltmeter and an ammeter generally measure
vectors (magnitude and phase angle) of the signal voltage and
current, respectively. The impedance magnitude and impe-
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dance phase at varied frequencies are measured by the LCR
meter in this study using the autobalancing bridge method. The
detailed definitions and illustrations regarding non-Faradaic
impedance values can be found in Supporting Information. The
LCR meter measurement setup provides a simple means of
probing the adhesion and spreading of anchorage-dependent
cells, which can serve as indicators of cell viability and changes
in morphology according to the equivalent electric circuit of the
cell-biosensor system, as what has been done in other
impedance spectroscopy studies using cell-based FET devi-
ces.'»'”?” Aside from these applications in probing cell
conditions, the nanoscale interfaces of modified biomolecules
and SINW as well as of cells and biomolecules, can be explored
using EIS by observing the changes in the values of the
equivalent electric components.”

3.1. Effect of Nanoscale-Modified Surfaces on
Impedance. In a cell-based biosensor, effective transduction
of a signal or condition of the coupled cell necessitates good
interfacing between the biological component and the sensing
element. For instance, a strong, tight seal between a neuron and
an electrode is ideal to prevent leakage of currents into the
surrounding medium”'* and to prolong the functional activity
of the sensor.'” To promote cell adhesion, sensor surfaces are
usually surface-modified with extracellular matrix (ECM)
components,®>*® polycationic molecules,””***' or adhesion
ligands.** In this study, we induced cell adhesion onto the
SINW FET surface using covalently immobilized PDL, a
polycationic molecule commonly used for the surface treatment
of tissue culture plates. It is believed that polylysine promotes
cell adhesion through its primary amine groups, which bear a
positive charge (—NH;") in aqueous solutions with physio-
logical pH;43’44 the overall positive charge results in electro-
static attraction of negatively charged cell membranes.***
Although PDL may not directly associate with cell adhesion
molecules, it has the advantages of reducing interference with
cell physiology owing to its synthetic nature and withstanding
proteolytic cleavage because of its D-enantiomeric config-
uration.* Covalent immobilization of PDL was favored over
adsorption to create a tighter junction that can withstand
motility forces exerted by cells.*

In our previous study,** we verified the successful covalent
immobilization of PDL or poly-L-lysine (PLL) on our fabricated
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Figure 3. Microscopic observation of cell conditions. (a) An SEM image of a PC12 cell attached on a single-SINW FET device after S d of culture.
The single-SINW channel beneath the PC12 cell is drawn for illustration. (b) An SEM image of differentiated PC12 cells on a multi-SiNW FET
device after 7 d in differentiation medium. (c)—(j) The results of fluorescent examination of undifferentiated/differentiated cells on SINW FETs and
3D cell growth in PEGDA hydrogel. (c) and (e) RP and DAPI fluorescent staining (red and blue, respectively) with antivinculin expression (green)
of undifferentiated and differentiated cells, respectively. Antivinculin staining of undifferentiated and differentiated cells on single-SiINW and multi-
SiNW are displayed in (d) and (f), respectively. PC12 cells cultured in a PEGDA hydrogel at the top (g), middle (h), and bottom (i) portions of a
~100 pm thick slice of the scaffold are also shown. Fluorescent staining for vinculin expression did not appear at the bottom of hydrogel in close
proximity with the sensing area (j). RP- and DAPI-stained areas represent the actin-rich cytoskeletons and nuclei, respectively, of the PC12 cells. The
cells were seeded at a density of ~1 X 10 cells per cm® of the hydrogel.

SiNW FET devices via APTMS coupling using electron
spectroscopy for chemical analysis and PLL—fluorescein
isothiocyanate staining. The APTMS/PDL-modified SiNW
FET chips supported the growth and proliferation of PC12
cells, which proves that such surface modification imparted a
functional biointerface to the devices. In this study, we
confirmed the successful modification of the SINW FET
devices with APTMS and with APTMS/PDL using the changes
in the impedance of the devices after each step-modification.
Figure 2 shows the frequency-sweep impedance data for air, DI
water, and growth medium before and after surface
modification with an APTMS SAM and covalent attachment
of PDL molecules. The frequency range of ~5—10 kHz is
shown because greater signal difference was observed in this
range based on the full impedance spectra (Figure S2, in
Supporting Information). It can be seen that the impedance
magnitude consistently increased in the order of growth
medium, air, and DI water for all surface modification
conditions between ~5—10 kHz. On the other hand,
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impedance phase consistently became more negative in the
order of growth medium, DI water, and air for all surface
modification conditions in this frequency range. The increase in
impedance magnitude and negative shift in impedance phase
for all environments after each modification step are probably
due to the increasing thickness of the modification layers on the
SiNW FET devices. These layers resulted in a capacitive
contribution to the overall impedance as can be inferred from
the shift of the impedance phase to more negative values. This
capacitive layer can also be viewed as an insulating layer that
reduced the potentiometric gating effect of free ions in the
environment on the SiNW channel, leading to a decrease in
local carrier concentration and an increase in impedance
magnitude.

Despite the apparent screening effect caused by the
increasing thickness of the modification layers, it can be seen
from the graphs in Figure 2 that the unmodified, APTMS-
modified, and APTMS/PDL-modified SiNW FET devices can
still effectively distinguish between ion concentrations in an
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Figure 4. Impedance spectroscopy for observation of cell growth. Bode plots of impedance magnitude (a) and impedance phase (b) are shown for a
representative SINW FET device during PC12 cell growth for S d. Changes in impedance magnitude (c) and impedance phase (d) of different SINW
FET devices (n = 3) were analyzed at an input frequency of 716 Hz. Average values are plotted as a line to show the apparent trend in the impedance
parameters. (*p < 0.05; **p < 0.01; the statistical significance is relative to the condition of cells in medium at Day 0).

environment. The higher concentration of charged species
(dissociated inorganic salts, amino acids, proteins) in the
growth medium resulted in a lower impedance magnitude and
less negative impedance phase for medium than for DI water
and air in all the devices. In addition, the difference in
impedance magnitude between air and growth medium is
greater than that between air and DI water, especially in
APTMS-modified and APTMS/PDL-modified devices. This
shows the ability of the devices to correctly distinguish between
environments of different ionic concentrations. This also
confirms the successful surface modification with APTMS and
APTMS/PDL, which should improve the affinity of the
modified surface to charged species because of existence of
protonated amine groups.*® These results are consistent with
our previous findings that the changes in output voltage of a
SiNW FET measurement system were greater in PBS (at
different pH values) than in DI water relative to air, and that
APTMS-modified SiNW FET devices give greater signal
changes than unmodified devices.”

3.2. Microscopic Observation of Cell Conditions. The
PC12 cell line, which is a well-known model system for neural
cells and neuronal differentiation, was used for monitoring cell
adhesion. PC12 cells were chosen because neuronal differ-
entiation was also intended to be performed for sensing of
morphological changes in cells. Figure 3a,b shows the SEM
images of a representative single-SINW FET device interfaced
with a PC12 cell and a representative multi-SiNW FET device
interfaced with differentiated PC12 cells, respectively. It can be
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seen that the PC12 cell is firmly attached on the APTMS/PDL-
modified device after 5 d of culture in Figure 3a. The
differentiated PC12 cells cultured for 7 d appear significantly
more flattened in Figure 3b compared with the undifferentiated
PC12 cells (Figure 3a). In addition to the neurites extending
from the PCI2 soma, this characteristic flat morphology of
differentiated PC12 cells contribute to greater coverage of the
multi-SiINW structure.

Because of the high ionic concentration of growth medium,
the Debye—Hiickel length is ~1 nm in this study. If the sensing
principle relies on the surface charges of the cells, it means that
the cell-SINW junction should be very tight. Further
examination of direct contact between undifferentiated/differ-
entiated PC12 cells and SiNWs and PC12 in PEGDA hydrogel
and SiNWs was performed, as shown in Figures 3c—j.
Immunostaining with monoclonal antivinculin antibody was
performed (Figures 3c—f) to demonstrate the direct contact
between cells and sensing areas. In Figure 3df, vinculin
expression (green fluorescence) shows that both undiffer-
entiated and differentiated PC12 cells firmly anchored onto the
surfaces of sensing devices, either single-SINW or multi-SiNW,
through integrins.39’44 Furthermore, the vinculin fluorescence
confirms a larger contact area of differentiated PC12 cells
(Figure 3f) in comparison with undifferentiated cells (Figure
3d).

To confirm if the changes in impedance parameters during
PC12 cell adhesion are due to the negatively charged cell
membrane and screening of charges in the solution, we

DOI: 10.1021/acsami.5b01878
ACS Appl. Mater. Interfaces 2015, 7, 9866—9878


http://dx.doi.org/10.1021/acsami.5b01878

ACS Applied Materials & Interfaces

Research Article

(a)2.5M 4 —a— Growth medium (b)__‘,2 i
—e— Cells in PEGDA + Medium Day 0
= 2m4 —a— Cells in PEGDA + Medium Day 1 74
= —+— Cells in PEGDA + Medium Day 3| —~
- —+— Cells in PEGDA + Medium Day 5 5
2 15M4 @ 76
- o
= =
s o .78
= ]
8 1M S 80
€ o
£ s —a— Growth medium
2 .82
2 E —e— Cells in PEGDA + Medium Day 0 "
E —a— Cells in PEGDA + Medium Day 1 R
841 —+— Cells in PEGDA + Medium Day 3
500k . —&— Cells in PEGDA + Medium Day 5
' Y rere) - — i e SSSESSUSSSSS——
200 400 600 800 1k 1.2k 200 400 600 800 1k 1.2k
f(Hz) f(Hz)
(c) NW1 d of
W2 % NW1
150K 1 NW3 Nw2
—e— Mean (+/- SE) s NW3
g 24 —e— Mean (+/- SE)
@ . X i
= =
& v -4
N =
T =
64
0
T ¥ T ¥ T T L4 T T -  § e T L T = T
ot TSI 5um DY 0 5umDBY | o sum DY 3y gum DaY S Growih mgﬁ\{“ t\\edlw“Gg;tDMed“-“&g:{‘ jwm D ,:Y}Med\u‘“ pay s
catsin PEC s in PECE g in PEC Cals in PE cellsin PEG calis n PEC 1 in PECY g in PEG

Figure S. Verification of impedance spectroscopy of cell growth using PC12 cells embedded in a PEGDA hydrogel. Bode plots of impedance
magnitude (a) and impedance phase (b) are shown for a representative SINW FET device during measurement with the cell-laden PEGDA hydrogel
for S d. Changes in impedance magnitude (c) and impedance phase (d) of different SINW FET devices (n = 3) were analyzed at an input frequency
of 716 Hz. Average values are also plotted as a line to show the apparent trend in the impedance parameters.

encapsulated PC12 cells in a 3D scaffold composed of a
PEGDA hydrogel. The hydrogel scaffold encapsulated the cells,
preventing their direct contact with the SINW FET devices. But
the scaffold encouraged permeation of the growth medium
because of its high porosity and high wettability.” Thus, the cell-
laden PEGDA hydrogel served as a convenient control by
allowing us to both prevent cell adhesion and investigate the
effect of growth medium on the impedance of the SINW FET
devices. PEG-derived hydrogels have been shown to support
cell growth,g’47 and in this study, we also observed PC12
proliferation in the 3D PEGDA hydrogel using confocal
fluorescence microscopy with RP and DAPI staining in Figure
3g—i. However, staining for vinculin expression did not show
the characteristic green fluorescence at the bottom of the
hydrogel (in Figure 3j), where the sensing devices were located.
A video of the fluorescence observation of a 100 um thick slice
of the cell-laden hydrogel scaffold is included in the Web site
(“PC12 in PEGDA Hydrogel.avi”).

3.3. Changes in Impedance during PC12 Cell Growth.
Observation of cell adhesion during growth on sensing
elements is usually a preliminary step in the impedimetric
monitoring of the effect of drugs on cells.""'** This is
performed not only to establish a baseline data against with
subsequent changes caused by the drugs can be compared, but
also to ensure that viable, functional cells exist on the sensor
surface. After the successful covalent immobilization of PDL on
the SiNW FET devices, we confirmed the creation of a
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functional biointerface by seeding PC12 cells and monitoring
SiNW FET impedance changes that may be correlated with the
attachment and growth of the cells. Figure 4 shows the Bode
plots and time-course graphs of impedance magnitude and
impedance phase during PC12 cell growth on the SiNW FET
devices for 5 d. On the basis of the full impedance spectra
(Figure S3, in Supporting Information), significant changes in
the impedance parameters can be observed in the lower
frequency range (~150 Hz—1 kHz), as shown in the
representative graphs in Figure 4a,b. In particular, based on
the three SiNW FET devices that were used, the largest
impedance changes occurred at ~716 Hz; thus, we used the
impedance values at 716 Hz to monitor time-dependent PC12
cell growth, as shown in Figures 4c,d. Note that the actual
impedance values are shown in Figure 4a,b, while the change in
impedance magnitude (AlZI) and impedance phase (A) with
respect to growth medium value (baseline) are shown in Figure
4¢,d. To better visualize the trend in signal changes, Figure 4c,d
show a trendline with points and error bars corresponding to
the mean and the standard error of the mean (SE), respectively.
It can be seen that error bars in the trendlines are relatively
large; however, the trends in signal changes still appear
consistent for almost all SINW FET devices. The sample-to-
sample signal variations may be attributed to variations in
device fabrication, APTMS/PDL modification, and/or cell/NW
interfacing,
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Figure 6. Impedance spectroscopy for observation of cell differentiation. Bode plots of impedance magnitude (a) and impedance phase (b) are
shown for a representative SINW FET device during PC12 neuronal differentiation for 7 d. Changes in impedance magnitude (c) and impedance
phase (d) of different SINW FET devices (1 = 3) were analyzed at an input frequency of 41 kHz. Average values are also plotted as a line to show the
apparent trend in the impedance parameters. (*p < 0.05; **p < 0.01; **¥p < 0.001; the statistical significance is relative to the condition of cells in
NGF medium at Day 0 and between “cells + DI water” and “cells in NGF medium at Day 7”).

As can be seen in Figures 4c,d, there is an increase in the
impedance magnitude and a negative shift in the impedance
phase after seeding the PCI12 cells on the devices. As the
culture d progressed, the impedance magnitude continued to
increase, and impedance phase continued to shift to more
negative values, with both parameters reaching a plateau 3 d
after cell seeding. The observed increase in the impedance
magnitude after cell seeding might be due to either the coupling
of the negatively charged cell membrane with the SiNW
channel or the shielding of the SINW from charged species in
the medium by the attached cell. The observed increase in the
impedance magnitude after cell seeding can be attributed to the
overall negative charge of cell membranes: when the cells firmly
attached onto the SiINW FET devices (in Figures 3a,c,d), the
negatively charged membranes repelled the electrons (majority
carriers) in the n-type SINW channel, leading to a decrease in
local carrier concentration and an increase in impedance
magnitude. A previous study has confirmed this net negative
surface charge on the plasma membrane of PCI12 cells,
attnbutmg such charges to monovalent acidic functional
groups.*® On the other hand, the screening of charges by cell
coverage resulted in a reduced potentiometric gating effect on
the SINW. As can be seen in Figure 4d, the impedance phase
shifted to more negative values as the culture period
progressed, which is indicative of increasing dominance of
capacitance. This was probably due to the increasing capacitive
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contribution of the cell membrane during cell growth on the
devices, in addition to the capacitive effect of the immobilized
molecules on the SiNW surface, as earlier described.'®™'**®
The continued changes in the impedance parameters until Day
3 might have been caused by the flattening of the PC12 cells in
a planar culture, a phenomenon that has also been observed in
other anchorage-dependent cells.**° In this study, the PC12
cells began to slightly flatten even only after 24 h postseeding
(Figure S4, in Supporting Information). Alternatively, the
changes in impedance parameters can also be explained by a
decrease in the distance of interface between the cell membrane
and the SiNW, which leads to a higher seal resistance.”!” This
could have occurred in the experiment since flattening of cells
can indicate improved cell adhesion.”'”*"** However, PC12
cells can only flatten to a certain extent, if not induced to
differentiate to the neuronal phenotype. This might be the
reason why the impedance changes appeared to have stabilized
3 d after cell seeding.

To confirm if the changes in impedance parameters during
PC12 cell adhesion are due to the negatively charged cell
membrane and screening of charges in the solution, PC12 cells
were encapsulated in a 3D PEGDA hydrogel in SINW FET
devices. Figure S shows the Bode plots and time-course graphs
of the impedance parameters during measurements with the 3D
cell culture in PEGDA hydrogel for S d. On the basis of the full
impedance spectra (Figure SS, in Supporting Information), the
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largest signal changes resulting from cell-laden PEGDA
hydrogel are in the lower frequency range, as shown in Figure
Sa,b. In Figure Sc,d, the graphs of impedance magnitude and
impedance phase for three SINW FET devices are shown for
the frequency 716 Hz. This frequency is the same as the one
used for the analysis of two-dimensional (2D) PCI12 cell
growth and is within the frequency range where signal changes
can be observed (Figure Sab). It can be seen that the SINW
FET devices showed an abrupt increase in impedance
magnitude and negative shift in impedance phase after
photopolymerization of the PEGDA hydrogel on the chip.
The sudden negative shift in impedance phase is due to the
addition of a capacitive layer of hydrogel on the SiNW FET
devices. Therefore, the significant initial changes in the
impedance parameters after addition of the cell-laden PEGDA
hydrogel on the devices were probably due to the screening of
charged species in the surrounding medium. In the following
days, both impedance magnitude and impedance phase did not
show significant changes. This is unlike the gradual changes
observed during 2D PC12 cell culture on the SINW devices.
On the basis of the sparse distribution of PC12 cells in the
hydrogel (Figure 3i) and the indirect contact with SINW
(Figure 3j), the difference in the trends of impedance
parameters for PC12 cell culture in 2D and 3D environments
is because the cells in the PEGDA hydrogel were not in direct
contact with the SINW FET devices. On the other hand, Bode
plots of 1Zl and € for representative SINW FET devices with
blank PEGDA hydrogels measured for S d are shown in Figure
S6 (in Supporting Information). It can be seen that the AlZI
and the A@ plots for the blank hydrogel samples also
demonstrated the same trends as the 3D cultures. Con-
sequently, the PC12 cells embedded in the PEGDA hydrogel
did not influence the impedance measurements for the 3D
cultures.

3.4. Changes in Impedance during PC12 Neuronal
Differentiation. After confirming that SINW FET devices can
successfully monitor the adhesion of cells during cell growth,
we tested the feasibility of using these devices to observe time-
course morphological changes induced by exogenous agents on
cells. For this, we also used PC12 cells and triggered their
differentiation (or morphological change) using NGF as the
exogenous agent. Multi-SINW FET devices were used in the
experiments instead of single-SINW FET devices because of the
larger sensing area available onto which PC12 cells can attach
and spread during neuronal differentiation.

Figure 6 shows the Bode plots and time-course graphs of the
impedance parameters during the seven-day neuronal differ-
entiation of PC12 cells. The graphs in Figure 6a,b represents
the frequency sweep spectra of the impedance magnitude and
impedance phase, respectively, for the frequency range of 10—
100 kHz, which is where the signal changes in impedance
magnitude are more apparent based on the full impedance
spectra (Figure S7, in Supporting Information). From these
graphs, changes in both impedance magnitude and impedance
phase appear to be more consistent above 40 kHz. We selected
41 kHz and plotted the time-course changes in the impedance
parameters at this frequency for three SINW FET devices, as
shown in Figure 6¢,d.

Figure 6¢,d shows an initial decrease in impedance
magnitude and positive shift in impedance phase at Day 0 of
PC12 differentiation, which was different from what we
observed when cells were seeded in the cell adhesion
experiment. This can be mainly explained by the added NGF
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in the medium, which has a net positive charge at physiological
pH,>* although the removal of serum proteins may have also
decreased the concentration of negatively charged species in the
differentiation medium. After these initial changes in the
impedance parameters, we see a consistently increasing trend in
impedance magnitude and a shift to increasingly negative values
in impedance phase in all three SINW FETs utilized. The
trends in the impedance parameters during PC12 differ-
entiation in the first few days of culture are similar to those for
2D PC12 cell growth. This similarity is most likely due to the
same causative phenomenon for the impedance changes, which
is the negatively charged cell membrane and shielding of the
SiNW channel from the charges in the surrounding medium by
the cells. Nevertheless, an important difference between the
time-course measurements in undifferentiated and differ-
entiated PC12 cells is that the trends observed in the
differentiated PC12 cells continue until Day 7, unlike those
in undifferentiated PC12 cells, which already plateaued at Day
3. For differentiated PC12 cells, the continued trend in
impedance parameters is consistent with the known morpho-
logical changes of PC12 cells in response to NGF, such as
flattening, extension of neurites, and formation of neuronal
networks, which reach completion after ~7 d of NGF
exposure.”* Our results indicate that the increased frequency
shift after growth factor induction is due to distinctive
morphological changes in the PCI12 cells, giving rise to a
larger coverage of the cell membrane on the SiNWs according
to the antivinculin staining (Figure 3f).

At the end of the differentiation period, the PC12 cell culture
was exposed to DI water to induce cytolysis. The original signal
changes in impedance magnitude and impedance phase after DI
water treatment are also shown in the full impedance spectra in
Figure S7ab, respectively (in Supporting Information). This
osmotic-stress-induced cell death was expected to cause
detachment of cells from the SINW FET devices, which should
restore the impedance values to their original preseeding levels.
In Figure 6¢,d, it can be seen that the impedance magnitude
and impedance phase significantly decreased and became less
negative, respectively. However, their values are significantly
lower (or less negative for phase) compared with the values for
growth medium, which is contrary to the expected higher
impedance magnitude and more negative impedance phase for
DI water, as can be inferred from Figure 2. These results
indicate that the impedance changes were not caused by the
different measurement solutions but by some other factors,
which were most probably the detachment of dead cells and the
rupturing of their cell membranes because of cytolysis. Cell
detachment removed the influence of the negatively charged
cell membranes on the SiNW channels, which would have
restored the impedance levels to their preseeding values in
growth medium. On the other hand, rupturing of the cell
membranes released cell lysates such as proteins into the DI
water. Since proteins can become charged, this might have
caused the lower impedance magnitude and less negative
impedance phase for DI water compared with the growth
medium. Consequently, we can conclude that the trends in the
impedance parameters during the culture period were indeed
due to PC12 neuronal differentiation on the devices.

3.5. Interpretation of Impedance Changes for Differ-
ent Cell Conditions Using Equivalent Circuits. One
advantage of non-Faradaic EIS over optical approaches is the
interpretation of measurements by modeling the interfacial
effect of modified layers or the contacts between cells and
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sensing devices.*'>'**” Impedance parameters obtained from
non-Faradaic EIS were used in this study to investigate the
interfacial effects of cell growth/differentiation on the SINW
FETs. According to the definition of impedance values in
Supporting Information, resistance and capacitance are the
main parameters affecting the impedance magnitude and phase.
Table 1 shows the summary of observed trends in impedance

Table 1. Summary of Observed Trends in Impedance
Parameters

impedance parameters

@ @
1ZI [ R, (6
direct PC12 cell  increasing negative then  increasing decreasing
contact (5 d) then pla- plateau then pla- then pla-
teau teau teau
indirect PC12 cell almost no almost no almost no almost no

contact (5 d) change change change change

PC12 cell differ-
entiation (7 d)

more and
more nega-
tive

increasing increasing decreasing

“R, and C, refer to a resistor and a capacitor model, respectively,

connected in parallel.

parameters for surface-modified SiNW, direct PC12 cell
contact, indirect PC12 cell contact (via PEG encapsulation),
and PC12 cell differentiation. After surface modification,
impedance magnitude increased, and impedance phase
approached more negative values (Figure 2). Although it is

the resistance from the modified SAM layer (R,) that generally
affects the impedance values, it seems that the SAM layer also
contributed a capacitance (C;) and had a large impact on the
impedance phase. On the other hand, the impedance
magnitude during PC12 proliferation (Figure 4) and differ-
entiation (Figure 6) abruptly increased because cell adhesion
and neurite outgrowth resulted in direct contact of the cell
membrane with the sensing area. While the cells completely
covered the modified SiNWSs, cell membranes further
contributed additional resistance and capacitance.”” >
Changes in impedance magnitude could be easily distinguished
at certain frequencies owing to the resistance and capacitance
effects from cell membranes. By the same token, capacitance
significantly affected the impedance phase, as can be seen in
Figures 4 and 6. Figure 7 illustrates the equivalent electric
components for the surface-modified SINW, direct PC12 cell
contact, indirect PC12 cell contact, and PC12 cell differ-
entiation. A more detailed discussion of the theoretical
equivalent electric circuit of the measurement setup consisting
of a biological cell attached on an APTMS/PDL-modified
SiNW FET can be found in Supporting Information (Figure
S8).

A surface-modified SINW can be represented by a parallel
connected resistance (R;) and capacitance (C;) due to the SAM
modification, as shown in Figure 7a.>%” For direct PC12 cell
growth on the SINWs, a variable resistance (R.) and variable
capacitance (C.) is added, representin§ the interface between
the cells and the modified SINW.”'*'* The equivalent circuit

(a)

® Medium

Source

rpoL @

Source

(b)

® vedium ©

Charged particles ®

(d)

Figure 7. Equivalent electric circuit of the cell/SINW interface. The sensing conditions and equivalent circuits are illustrated for the surface-modified
SiNW (a), PC12 cell growth in direct contact with SINW (b), indirect PC12 cell contact (c), and PC12 cell differentiation (d). The black arrows
represent the dominant effects on the conductance of the SINW. (R: resistance of SAM layer; C,: capacitance of SAM layer; R_: variable resistance of
cell membranes during PC12 cell growth; C.: variable capacitance of cell membranes during PC12 cell growth; Ry, resistance of PEGDA hydrogel;

Cq

membranes during PC12 differentiation.).

9875

o capacitance of PEGDA hydrogel; Ryg: variable resistance of cell membranes during PC12 differentiation; Cyy: variable capacitance of cell
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representing the parallel components R, and C; for the SAM
modification and the variable R_ and C, for the cell membranes
of the undifferentiated PC12 cells covering the modified SINWs
(Figure 3a) is depicted in Figure 7b. Figure 7c shows the
equivalent circuit for indirect cell contact under the condition
of suspension cell growth in PEGDA hydrogel. The addition of
PEGDA hydrogel resulted in large changes in impedance
magnitude and phase at the start of the measurement because
of Ry and C.. However, the changes in impedance magnitude
and phase had no obvious trends in the subsequent days
because of the indirect contact between cells and modified
SiNW. For the differentiation of PC12 cells, the equivalent
circuit is shown in Figure 7d. Aside from the parallel R, and C;
for the surface-modified SINW, a parallel circuit of variable
resistance Ry and variable capacitance Cg is included. The
larger contact area of differentiated PC12 cells on the SINWs
prevented charged particles from directly affecting the
conductivity of SINW and resulted in significant changes in
impedance values. The NGF treatment in the first 2 d resulted
in significant changes in impedance magnitude but not in phase
owing to Ry from the contact area of the initially differentiated
cell. Thereafter, increasing values of Ryg from well-differ-
entiated cells further prevented the charged particles from
reaching the SiNWs, and larger changes in impedance
magnitude were recorded. The significant negative change in
impedance phase at Day 7 for cell differentiation can be
ascribed to Cgg due to the larger contact of the well-
differentiated cells with the SINW.

Our results show that non-Faradaic EIS has an advantage of
simultaneously observing signals from SINW FET devices over
a wide frequency span in comparison with measurement at a
certain fixed frequency.32 It is apparent from Figure 6c,d that
the changes in the impedance parameters and the variations of
the data among the different devices used are much smaller for
the multi-SINW FET devices compared with the single-SiNW
FET devices (Figure 4c,d). These differences are probably due
to the larger exposed channel area in multi-SiNW, which might
have helped in improving the coupling of the cells. Therefore,
although single-SINW FET devices are useful in probing
individual cells, it seems that multi-SiNW FET devices yield
better results for cell adhesion and cell spreading studies.

4. CONCLUSIONS

The application of SINW FET devices for noninvasive time-
course investigation of neuronal cell growth and differentiation
using non-Faradaic EIS has been demonstrated. Using a
precision LCR meter system, changes in the impedance of
the cell-SiNW FET system caused by the attachment and
differentiation of PC12 cells were observed. After modification
with an APTMS SAM and PDL, our SiNW FET devices still
demonstrated sensitivity to charged species in the environment
by showing distinct responses for air, DI water, and growth
medium. The APTMS/PDL-modified SiNW FET devices were
able to monitor PC12 cell adhesion during cell growth by
exhibiting changes in both impedance magnitude and
impedance phase. The SINW FET devices were also able to
monitor morphological changes during PC12 neuronal differ-
entiation on multi-SINW FET devices by showing similar
changes in the impedance parameters. Cell adhesion and
neuronal differentiation could be distinguished using the time-
course stabilization of the impedance parameters for the former
and continued temporal changes of the parameters for the
latter. The changes in impedance magnitude and impedance
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phase have been attributed to the high sensitivity of the SINW
devices to charged species and molecular layers in their
immediate environment. In the case of monitoring the PC12
cells, changes in the impedance parameters were caused by the
charged cell membrane and seal resistance at the cell/SINW
interface. The negatively charged cell membrane, in particular,
varied the local carrier concentration in the SINW channels
depending on the extent of cell attachment onto or cellular
coverage of the SINW area.

The ability of the SINW FET devices to monitor cell growth
and differentiation, which lead to spreading on the sensor
surface, can be also applied for investigating anomalous and
nonelectrogenic cell behavior in toxin and drug screenings and
for observing differentiation of stem cells. Single-SiNW FET
devices can be used if individual cellular observations are
desired, while multi-SiNW FET devices can be utilized if larger
cells need to be probed or if the response of a group of cells
needs to be determined. The measurement procedure is very
straightforward and requires only a precision LCR meter. In
combination with the amenability of SINW FET devices to
mass production and device integration, the cell-based
biosensing technique proposed in this study can lead to the
realization of low-cost sensing devices with potential
applications in the fields of medicine, environmental science,
and security.
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