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Abstract

Impedance measurements of cell-based sensors are a primary characterization route for detection
and analysis of cellular responses to chemical and biological agents in real time. The detection
sensitivity and limitation depend on sensor impedance characteristics and thus on cell patterning
techniques. This study introduces a cell patterning approach to bind cells on microarrays of gold
electrodes and demonstrates that single-cell patterning can substantially improve impedance
characteristics of cell-based sensors. Mouse fibroblast cells (NIH3T3) are immobilized on electrodes
through a lysine-arginine-glycine-aspartic acid (KRGD) peptide-mediated natural cell adhesion
process. Electrodes are made of three sizes and immobilized with either covalently-bound or
physically-adsorbed KRGD (c-electrodes or p-electrodes). Cells attached to c-electrodes increase
the measurable electrical signal strength by 48.4%, 24.2%, and 19.0% for three electrode sizes,
respectively, as compared to cells attached to p-electrodes, demonstrating that both the electrode size
and surface chemistry play a key role in cell adhesion and spreading and thus the impedance
characteristics of cell-based sensors. Single cells patterned on c-electrodes with dimensions
comparable to cell size exhibit well-spread cell morphology and substantially outperform cells
patterned on electrodes of other configurations.
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1. Introduction

Cell-based hiosensors, also known as cytosensors, are hybrid systems that utilize living
biological cells as sensing elements to monitor physiological changes induced by internal
aberration or external stimuli, offering new opportunities for biomedical applications such as
drug evaluation, biothreat detection, and environmental pollutant monitoring (Stett et al.,
2003; Ziegler, 2000). They have the unique advantage over conventional chemical-, antibody-,
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or nucleic acid-based assays in that they provide insight into the physiological effect of an
analyte and are capable of detecting both known and unknown biomolecules (McFadden,
2002; Stenger et al., 2001). Cytosensors are commonly addressed electronically through
impedance characterization (impedance cytosensors). Impedance cytosensors offer
instantaneous and quantitative means to study cellular events, such as changes of ionic channels
in cell membrane, the variations of cell membrane integrity, and cell spreading, motility, and
growth (Arndtetal., 2004; Kovacs, 2003) and detect analytes by transducing cellular responses
into a measurable electrical signal (Asphahani and Zhang, 2007). Impedance cytosensors have
been investigated to detect both toxic and noxious agents (Ceriotti et al., 2007; Gilchrist et al.,
2005; Hartmann et al., 2007; Xiao and Luong, 2003) and monitor apoptosis-induced changes
in cell shape (Arndt et al., 2004; Yin et al., 2007). However, in traditional impedance
cytosensors, a large cell population is usually patterned over individual electrodes due to the
limited ability to control cell adhesion processes, and thus the number of cells and the
morphology of individual cells on one electrode are unpredictable. While averages of cell
properties, such as proliferation, motility, and cell-cell separation, can be monitored over the
cell population, it is impossible to examine individual cells and precisely monitor changes in
cell properties. Importantly, with multiple cells on one electrode, the measurements of
impedance changes as the cells respond to a stimulus become increasingly difficult. For
example, the individual cells on one electrode may react differently, and the noise due to cell-
cell interactions may suppress the acquired signal. Additionally, adhesion of multiple cells on
an electrode often lead to greater signal loss because of the current leakage along the pathways
between cells as a result of the direct exposure of the electrode to electrolyte (Huang et al.,
2004). Therefore, to circumvent these limitations, single-cell based sensors may prove to be
an appealing approach.

In this study, we use a ligand-mediated process to pattern single or multiple living cells on
microelectrodes (Veiseh et al., 2007) and demonstrate the influence of the patterning process
and electrode geometry on the impedance characteristics of the cell-based sensors. Electrodes
of three different sizes were made and surface-modified with adhesion peptides (KRGD)
through either physical adsorption or covalent bonding to mediate subsequent cell adhesion
and spreading. The morphology of cells adhered on electrodes of different sizes and surface
chemistries was examined, and the corresponding impedance characteristics of resulting cell-
based sensors were studied.

2. Experimental

2.1 Materials

The following materials and chemicals were used as received: Nano-Strip™ 2X (Cyantek,
Fremont, CA); 2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane (M,, = 460-590 Da)
(Gelest, Morrisville, PA); heat-inactivated fetal bovine serum (FBS), penicillin-streptomycin-
neomycin (PSN) antibiotic 100X mixture, and Prolong® Gold antifade reagent with DAPI
(Invitrogen, Carlsbad, CA); Dulbecco’s Modified Eagle Medium (DMEM), and 1X phosphate
buffered saline solution (PBS) (Gibco, Carlsbad, CA); Alexa Fluor 594-conjugated wheat germ
agglutinin (WGA; W11262) (Molecular Probes, Eugene, OR); lysine-arginine-glycine-
aspartic acid (KRGD) oligopeptide (SynBioSci, Livermore, CA); 11-mercaptoundecanoic acid
95% (11-MUA), 3-mercaptopropionic acid 99% (3-MPA), N-hydroxysuccinimide 97%
(NHS), 1-ethyl-3-(3-(dimethylamino)-propyl) carbodiimide (EDAC), trypsin-EDTA
(ethylenediamine tetra-acetic acid), Sigmacote™, and glutaraldehyde and paraformaldehyde
(Sigma-Aldrich, Milwaukee, WI). All the solvents including toluene and triethylamine were
HPLC grade and were purchased from Aldrich (Milwaukee, WI). Absolute ethanol was always
deoxygenated by dry N, before use. NIH3T3 cells were obtained from the American Type
Culture Collection (Manassas, VA).
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2.2 Surface modification and cell culture

Microarrays of gold electrodes were patterned on silicon oxide substrates by conventional
photolithography (see supplementary materials). Substrates were then modified following a
previously established procedure with minor modifications (Veiseh et al., 2004; Veiseh et al.,
2002). The gold/silicon oxide substrates were washed with acetone, ethanol, and DI water,
respectively, to remove the protective photoresist layer, placed in NanoStrip™ 2X at room
temperature for 30 min, rinsed thoroughly with DI water, and dried under nitrogen. The gold
regions of the piranha-treated substrates were reacted with a 20 mM mixture of alkanethiols
11-mercaptoundecanoic acid (MUA) and 3-mercaptopropionic acid (MPA) (1:10 v/v) for 16
hours to form a self-assembled monolayer (SAM). The silicon background was passivated with
methoxy-polyethyleneglycol-silane (methoxy-PEG-silane) solution prepared in nitrogen-
filled reaction flasks by adding 3 mM PEG-silane in anhydrous toluene containing 1%
triethylamine. The reaction proceeded under nitrogen at 60°C for 18 hrs. Loosely bound
moieties were removed from the surfaces by sonicating in toluene and ethanol for 5 min each,
followed by rinsing with DI water and drying under nitrogen. For surfaces to be covalently
linked with KRGD, substrates were immersed in an aqueous solution of 150 mM EDAC and
30 mM N-hydroxysuccinimide (NHS) for 30 min to attach the NHS ester intermediate to
activate carboxylate groups of the alkanethiol SAM to chemically bond primary amino groups
of KRGD, where the lysine residues displace the NHS group during the reaction. For substrates
to be linked with physically adsorbed KRGD, NHS/EDAC was not used. The substrates were
then sterilized with absolute ethanol for 15 min and exposed to KRGD peptide at a
concentration of 50 pg/mL in PBS of 8.2 pH at room temperature for 1 hr. To remove loosely
bound moieties after each step of the surface modification, the substrate was rinsed with its
original solvent and DI water, respectively.

Mouse fibroblast (NIH3T3) cell line was cultured in 75 cm? flasks at 37°C in a humidified
atmosphere with 5% CO,. The cell medium contains 10% FBS and 1% PSN antibiotic in
DMEM supplemented with 4 mM L-glutamine, 1.5 g/L sodium bicarbonate, and 4.5 g/L
glucose. The medium was changed every third day. For cell adhesion, 0.5 mL of NIH3T3 cells
at a concentration of 2 x 10° cells/mL was plated onto the peptide-patterned substrates. The
cells were allowed to adhere to the substrates for 24 hours under the standard culture conditions.
After electrical measurements were completed, the cells were fixed with Karnovsky’s fixative
for 30 minutes at room temperature for optical imaging using a differential interference contrast
(DIC) reflectance microscope (Nikon E800 Upright Microscope, New York, NY).

2.3 Fluorescence imaging of cell membranes and nuclei

Cell-patterned substrates were fixed with 4% paraformaldehyde solution. Following fixation,
cells were stained with Alexa Fluor 594-conjugated WGA (membranes) and 4',6-diamidino-2-
phenyindole (DAPI) (nuclei) according to the manufacturers’ instructions. Confocal images
were acquired using a DeltaVision SA3.1 wide-field deconvolution microscope (Applied
Precision, Inc., Issaquah, WA) equipped with DAPI and TRITC.

2.4 Instrumentation and electrical characterization of cells on electrode arrays

An Agilent 33220A waveform generator was used as the voltage source (Palo Alto, CA).
Electronic measurements were performed using a Stanford Research Systems SR-510 lock-in
amplifier (Sunnyvale, CA) and 1 um tip tungsten probes obtained from Signatone (Gilroy,
CA).

The integrated microelectrode array (IMA) patterned with NIH3T3 cells were retrieved from
cell culture and inspected under an optical reflectance microscope to ensure the cell attachment
to the detecting electrodes. Electrolyte solution was removed from the measurement pads at

the edges of the IMA chips. IMA chips were placed in an insulative holder that resided within
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a probe station to record electrical measurements. The input signal of a 100 mV (peak-to-peak)
sine wave at a frequency of 4 kHz was passed through a 1 MQ resistor to limit the current
amplitude to 100 nA. The alternating current potential was applied between the detecting and
counter electrodes by connecting tungsten probes to the measurement pads of the IMA chip.
Electrical characterization involved measuring the voltage amplitude between the detecting
electrode and counter electrode (AV) and the signal phase shift (A¢) using a lock-in amplifier.

3. Results and discussion

3.1 Cell adhesion on microelectrode arrays

Because cell adhesion triggers signals that regulate normal cell functions such as growth,
differentiation, and motility (Hynes, 1992), itis preferable to pattern cells onto microelectrodes
through natural cell adhesion rather than mechanical positioning, which helps retain cellular
viability (Veiseh and Zhang, 2006). This was accomplished in this study by immobilizing
KRGD peptides on microarrays of electrodes to mediate the subsequent NIH3T3 cell adhesion
and spreading. NIH3T3 cells were patterned on square electrodes of three different sizes (25
um, 30 um, and 110 um in side length) that were chemically modified with either covalently-
bound (c-electrodes) or physically-adsorbed (p-electrodes) KRGD. Here, electrodes with
physically-adsorbed KRGD served as control in this comparison study, as such a configuration
has been widely used to promote cell attachment and spreading (Luong, 2003). To inhibit
protein adsorption and cell adhesion on the insulative background, a layer of methoxy-PEG-
silane was deposited onto the silicon oxide regions. Optical images in Figure 1A shows NIH3T3
cells adhered on c-electrodes of three different sizes. Fluorescent images in Figure 1B illustrate
the difference in cell adhesion and spreading between NIH3T3 cells patterned on c-electrodes
and p-electrodes.

Cellular membrane fluorescent images show that cells are poorly spread on the surfaces of p-
electrodes (25 um and 30 um). Cell spreading is governed by the availability of adhesion sites
on the surface (Veiseh et al., 2007). Due to weak binding between KRGD molecules and p-
electrodes, physically-adsorbed KRGD molecules are vulnerable to detachment from the
electrode upon exposure to cell culture medium and during the cell spreading process, an event
that reduces the effective binding sites for cell spreading across the electrode (Veiseh et al.,
2007). The cell on the c-electrode exhibits well-spread conformation and covers the entire
surface area of the electrode as a result of strong covalent bonding of KRGD molecules to the
electrode surface which provides a large number of robust adhesion sites for cell spreading.
On the larger electrodes (110 um), multi-cell adhesion was observed. However, much fewer
cells were seen on the c-electrode than on the p-electrode due to the higher degree of cell
spreading on the former.

3.2 Electric voltage measurements

A primary objective in development of cell-based sensors is to reduce the electrical signal loss
resulted from current leakage along undesired shunt pathways (e.g. direct electrode-to-
electrolyte exposure), thereby increasing the signal-to-noise ratio (SNR). Figure 2 shows the
measured voltage magnitudes of electrode arrays before and after cells were patterned on the
electrodes. Prior to cell patterning, baseline (i.e. cell-free) voltage and phase measurements
were made in cell culture medium solution only. Voltage and phase data were then recorded
for NIH3T3 cells adhered on the electrodes. Only voltage magnitude data is presented here
since no appreciable phase shifts were observed at the source signal frequency of 4 kHz; the
resistivity dominates the impedance measurements for the electrode/cell configurations
presented in this study. The signal magnitude for cells adhered on c-electrodes of 25 um, 30
um, and 110 pum in side length shows an increase of 48.4%, 24.2%, and 19.0%, respectively,
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compared to cells adhered on p-electrodes of the same sizes. The result also indicates that the
signal enhancement is more significant for electrodes of smaller sizes.

3.3 Circuit model

To determine the cellular impedance values from the measured voltage data, a circuit model
of the cell-electrode heterostructure was constructed, as shown in Figure 3. A point-contact
model is used to represent the cell-electrode interface or junction (Fromherz, 1999). Z; and
Z, represent electrode-peptide-electrolyte interfacial impedances at the detecting and counter
electrodes respectively, and cellular impedance, Zg, is designated as the combination of the
top membrane impedance, Z3, and the bottom membrane impedance, Z4 (Zge) = Z3 + Z4). The
cytoplasmic impedance is neglected compared to the membrane impedance of a normal cell
(Mossop et al., 2004;0mori et al., 2006). Because a large portion of the outer and periphery
regions of the electrode are often separated from the cell membrane by a cleft filled with
electrolyte of culture medium, a finite seal resistance or cell-to-substrate resistance exists and
is represented by Rj in the model. Ryoution represents the resistance of the electrolyte solution,
whose value is dependent on the ion concentration in the solution. In the practical designs of
cell-based sensors, counter electrodes often are designed to have much larger surface areas
than detecting electrodes (e.g. Fig. 1A), resulting in a Z, much smaller than the cellular
impedance Zq and the surface interfacial impedance of the detecting electrodes Z,, thus
enhancing the detection sensitivity (Giaever and Keese, 1991;Lo et al., 1995). The impedance
of the culture medium (Rsojution) IS also substantially lower than Z; and Z, due to the electrolyte
nature of the culture medium solution. For multi-cell adhesion on larger detecting electrodes
(e.g. Fig 1B), current that passes through the gaps between neighboring cells is taken into
account by adding the total junctional resistance between neighboring cells (Ryp), which is in
parallel to total impedance of cells (Zcgys)-

The cleft between the cell membrane and electrode surface is formed due to the finite binding
force and the presence of the molecules that protrude from the cell membrane (e.g. integrins,
glycocalix), keeping the lipid core of the membrane at a certain distance from the surface. This
electrolyte-filled cleft, combined with the surface area uncovered by the cell, constitutes a shunt
path with a “seal resistance” Rj bypassing the cell on the electrode. Clearly, if this seal
resistance is too small compared to Zgg; (i.e., Ry K Zggp) due to a large cleft (Kataoka et al.,
2002) or uncovered surface area, Ry dominates the impedance of the parallel circuit and the
variation of the impedance due to changes in cell properties may not be readily detected.
Additionally, the resulting measured voltage will be small due to the combined low resistance.
Thus cell adhesion and spreading directly affect the impedance properties of cell-based sensors,
and a tight cell binding to the electrode and a high surface coverage of the electrode by the cell
may increase Ry and thus the sensitivity and detectability.

Using the circuit model, single cell (and multiple cells) related impedance values are

determined from the experimentally measured voltage values (e.g. Fig. 2). The overall

impedance of the circuit for a single-cell patterned electrode can be expressed as:
ZC(’”RJ

ZC(,//-*-RJ (1)

ZL'()[[feleclr()de = [ (Z 1 +ZZ )+R.s'()lulion] +

For multiple cells attached to a single electrode, the overall impedance can be formulated as
follows:
RI)ZL'eI[ .\'R J
ZeellsR,+RpR, +RpZ ceits 2

Zcells—electrode= [ (Z1+Z2)+Rsonuion] +

The counter electrode impedance Z, are negligible in equations (1) and (2) compared to the
rest of the terms, because of its large surface area (Greve et al., 2003; Huang et al., 2004).

Biosens Bioelectron. Author manuscript; available in PMC 2009 March 14.
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The probe current of the sensing circuit was clamped to 100 nA by the 1 MQ limiting resistor
(Fig. 3). The baseline impedance or cell-free electrode impedance can be calculated from the
following formula:
Zcell—free: [(Zl +ZZ)+R.¥0lulion] :VI)a.s'elineL % Lim;/

applied — V baseline 3)
where Vpaseline IS the measured voltage across the cell-free detecting electrode and counter
electrode and Ry jmit is the current-limiting resistor. The computation of the electrode/cell
impedance, Zggi(s)-electrodes aNd the related cleft/seal resistance, Ry, is implemented by
assuming a uniform sheet resistance across the bottom of the entire cell spreading over the
detecting electrode and incorporating the shunt-connection between the membrane
impedances. Zceji(s)-electrode Values are evaluated using the respective measured voltages across
the detecting electrode and counter electrode (Vmeasured) Using the following formula:

Limit

Zeell (s)—electrode = Vineasured
Vapplied - Vmea.x‘ured (4)

ATfter Zcei(s)-electrode and baseline impedance are obtained, R; values are calculated using
equations (1) and (2). Combined cell-and-cleft impedance values are calculated by subtracting
Zcell-free from Zeeii(s)-electrode- The difference between the cell-free electrode impedance and
cell-covered electrode impedance represents the combined cell impedance and cleft/seal
resistance.

3.4 Impedance of cell-electrode hetero-structure

In this study, by using electrodes with dimensions comparable to cell size and the natural cell
adhesion mediated by adhesion ligands covalently bound on electrodes, single cell patterns
with tight binding and full cell spreading over the entire electrode surface were achieved (Fig.
1), which effectively reduced electrode surface area exposed to electrolytic buffer and increased
signal intensity. Using the circuit model presented in Figure 3 and the equations above, the
values of cell-free electrode impedances, cell-covered electrode impedances, the values of
percent changes in impedance (i.e., (Zceli(s)-electrode — Zcell-free)/Zcell-free) and cleft/seal
resistance per unit electrode area (Rj/Aclectrode) Were derived from the measured data (i.e.
Vpaseline aNd Vmeasured) @S shown in Table 1. Significantly higher seal resistance, Rj, is achieved
for cells adhered on c-electrodes than cells on p-electrodes, as expected, and R increases as
the electrode size decreases. Particularly, for the electrode with a side length of 25 um, the
difference is more than 10 fold. The significant increase in seal resistance on c-electrodes can
be attributed to (1) covalently-bound adhesion ligands providing more robust binding sites for
cell adhesion (Veiseh et al., 2007) and thus decreasing the distance between the cell membrane
and the electrode, and (2) the well-spread cells (Fig. 1) reducing the uncovered electrode surface
area exposed to the electrolyte and thus the current leakage. It should be noted that the
difference between the cell-covered electrode impedance and cell-free electrode impedance,
I.8., Zeeli(s)-electrode — Zcell-free, IS the impedance actually attributable to the adhered cell. This
impedance difference should be large enough compared to the baseline impedance (Zceli-free)
to identify the presence or absence of the cell on the electrode and to detect small changes on
cell properties. For example, the single-cell electrodes exhibit substantial impedance changes
upon cell adhesion (Supplementary Fig. 2A), while the multi-cell p-electrode exhibits an
impedance change of only 3.8% increase above the baseline, which may be too small compared
to the baseline impedance to obtain reliable measurements. Additionally, the impedance
changes due to cell adhesion are substantially larger for the c-electrodes than the corresponding
p-electrodes of the same sizes. Noticeably, the impedance change of the c-electrode due to cell
adhesion is approximately 5.6 times larger than the impedance change of the p-electrode at the
electrode size of 25 um. Similarly, the electrode size influences the seal resistance per unit
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area, and the seal resistance of the c-electrode is approximately 11.8 times larger than that of
the ps-electrode at the electrode size of 25 um (Supplementary Fig. 2B).

4. Conclusions

We presented a technique that patterns cells on arrays of gold electrodes through ligand-
mediated cell adhesion, and demonstrated that cell adhesion and spreading significantly
influences the impedance characteristics of cell-based sensors. It is established through
comparison studies that a tight cell binding on the electrode surface and full cell spreading to
cover the surface area substantially improves impedance characteristics of cell-based sensors,
which enables the detection of small cellular changes in response to external stimuli such as
presence of drugs or toxins. The study suggests that patterning single cells on electrodes with
dimensions as small as cell size through the mediation of covalently-bound short peptides
would result in optimal cell binding and detection sensitivity. Single cell-based sensors allow
for fundamental studies of cell biology without interference of cell-cell interactions, require
minimal sample volumes for analyte detection, and offer rapid statistical analyses, high
throughput data acquisition and portability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Covalent B Physical Adsorption Covalent

25 um

30 um

110 um

Figure 1.

(A) Epi-DIC images of NIH3T3 single cells patterned on 25 um and 30 um detecting electrodes
and multiple cells patterned on a 110 um detecting electrode modified with covalently-bound
KRGD. (B) Fluorescent images of nuclei- (blue) and membrane- (green) stained NIH3T3 cells
on electrodes of three different sizes and modified with physically-absorbed (left, p-electrode)
or covalently-bound (right, c-electrode) KRGD. The scale bar is 25 um in (A), and 5 um for
25-um and 30-pm electrodes and 20 um for 110-um electrodes in (B).
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Figure 2.

Voltage magnitudes of cell-free and NIH3T3 cell-covered electrodes with surface areas of 625
pm? (25 pm x 25 pm), 900 pm?2 (30 um x 30 pm), and 12100 pm? (110 pm x 110 pm). The
electrodes were pre-coated with either covalently-bound (c-electrodes) or physically-absorbed
KRGD peptides.
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Circuit model and electric impedance characterization of cell-based sensors: (a) single-cell
impedance measurements and (b) multi-cell impedance measurements. Z4: electrode-SAM-
peptide impedance, Z,: counter-electrode-SAM-peptide impedance, Z3: cell membrane
impedance (bottom), Z,: cell membrane impedance (top), Z.g: total single-cell impedance
(Z3 + Z4), Ry total resistance between neighboring cells, Zqs: impedance of cells, Ry//Zcgys:
impedance of monolayer of cells, Ry: cleft/seal resistance, Rqgjution: SOlUtion resistance, and
Rjimit: limiting resistance.
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