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ABSTRACT

We have developed a lab-on-a-chip system for continuous and non-invasive
monitoring of microfluidic cell cultures using integrated high-frequency contactless
impedance spectroscopy. Electrically insulated microfabricated interdigitated electrode
structures were embedded into four individually addressable microchambers to reliably and
reproducibly detect cell-substrate interactions, cell viability and metabolic activity. While
silicon nitride passivated sensor substrates provided a homogeneous cell culture surface that
minimized cell orientation along interdigitated electrode structures, the application of high-
frequency AC fields reduced the impact of the 300 nm thick passivation layer on sensor
sensitivity. The additional implementation of multivariate data analysis methods such as
partial least square (PLS) for high-frequency impedance spectra provided unambiguous
information on intracellular pathway activation, up and down-regulation of protein synthesis
as well as global cellular stress responses. A comparative cell analysis using connective tissue
fibroblasts showed that high-frequency contactless impedance spectroscopy and time-resolved
quantification of IL-6 secretion using ELISA provided similar results following stimulation
with circulating pro-inflammatory cytokines IL-1p and TNFa. The combination of
microfluidics with contactless impedance sensing and time-resolved quantification of stress
factor release will provide biologist with a new tool to (a) establish a variety of uniform cell
culture surfaces that feature complex biochemistries, micro- and nanopatterns; and (b) to
simultaneously characterize cell responses under physiologically relevant conditions using a

complementary non-invasive cell analysis method.
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INTRODUCTION

In vitro cultivation of mammalian cells is an essential element of biological and
medical research efforts. Since its origin over a century ago, in vitro cell cultures have
deepened our understanding of many fundamental biological phenomena and have become an
essential tool for drug development and preclinical testing.! Today the majority of
approaches to analyze cell assays are based on endpoint detection methods that measure
absorption, steady-state fluorescence, luminescence or radio-labeled species. Drawbacks
associated with endpoint detection include a lack of dynamic information, underestimation of
data artifacts and the need for complex handling steps with multiple reagents leading to low
repeatability, reliability and accuracy.®

The recent trend towards improved, reliable and more biologically relevant assays has
thus provided new opportunities for label-free technologies. An advantage of label-free cell
detection methods is their ability to continuously sense cell-related changes of biophysical
parameters without spatial-interference, autofluorescence or quenching effects of labels.
Additionally, label-free technologies can provide information on Kinetics, affinity, specificity
and dose-response relationships, thus being an attractive tool for quality control and
troubleshooting.*® A well-established label-free analysis method is impedance spectroscopy,
which provides a powerful tool for cell monitoring. The detection principle of cell impedance
spectroscopy is based on the measurement of current alterations at a defined applied AC
voltage which provides quantitative information on dynamic cell events including cell
number variations, sensor coverage, morphological changes, cell viability, cell-to-substrate
and cell-to-cell interactions.” ® A variety of successful applications of cellular impedance

10, 11 and

13, 14 In

spectroscopy have been published including cell spreading® and toxicity studies,
monitoring of cell junction formation, barrier function,*? and stem cell differentiation.
recent years, the frequency-dependence of the cellular impedance signal has been increasingly

used to identify specific cellular functions including micromotions,*®

cell-to-cell junction
formation® and intracellular conductivity changes.!” For instance, in the low frequency range
(less than 1 kHz) impedance readings yield information on the extracellular
microenvironment and cellular movements, while in the mid-frequency range (less than 100
kHz) predominantly membrane components and cell wall integrity are detected. However, at
higher frequencies (above 500 kHz) the insulating capacity of the cell membrane can be
bridged by the AC electric field and thus also allows for intracellular readings.**

In order to provide stable and non-drifting signals over a wide frequency range we

employ contactless impedance measurements using passivated interdigitated electrode
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structures (IDES).!82 In our previous work we have already demonstrated that complete
sensor insulation physical removal from the liquid sensing environment helps to eliminate
bubble formation, electrode fouling and polarization events.??* Additionally, the application
of a thin passivation layer allows for the establishment of a uniform sensor surface, which is
important for mammalian cell cultures. It has been shown that mammalian cells are able to
align along fibers and microstructures, thus influencing cell behavior.?® 2° Therefore a
passivated sensor prevents unwanted cell orientation and alignment along the electrode
structures.

Despite the benefits of contactless impedance sensing a major drawback of applying
insulating passivation layers on top of electrochemical sensors is associated with a loss of
sensitivity. The decrease in sensor sensitivity is caused by electrical field entrapment in the
respective passivation layer and is dependent on the dielectric properties and applied
thickness of the passivation material. However, the influence of the insulating capacity can be
theoretically reduced using high-frequency AC electric fields that are able to bridge the
passivation layer. In the present research we employ impedance readings over a wide
frequency range using passivated impedance sensors thereby generating large amounts of
data. It has been shown that multivariate data analysis is a valid approach to extract the most
relevant information from impedance spectra.?’?® Here we apply partial least squares (PLS)
regression to reduce the data complexity and highlight relevant events in the impedance-time
curves. We show that the application of a thin 300 nm silicon nitride passivation layer in
combination with high-frequency AC fields and multivariate data analysis methods can be
used for cell analysis.

Although impedance measurements have successfully been integrated into various
microtiter plates and microfluidic assay formats, the lack of understanding of complex
impedance data still limits proper interpretation of cellular phenotypic changes.?*? To
overcome these challenges we have combined impedance spectroscopy with time-resolved
ELISA of microfluidic cell cultures to generate biorelevant information on dynamic cell
population responses. To combine contactless cell impedance sensing with time-resolved
ELISA measurements we employed a microfluidic set up. Microfluidics allows for
miniaturization, automation and integration of fluid handling and various sensory systems.
Moreover, the control over cell-to-fluid volume ratios, fluid mechanical forces, continuous
nutrient supply and waste removal enables the creation of stable and near physiological cell
cultivation conditions. 3% Our novel muttilevel cell-on-a-chip performs contactless

impedance spectroscopy to monitor cell adhesion, cell-cell interaction and cellular activity
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without disturbing normal cell behavior, while time-resolved ELISA is used to detect the
release of cellular stress markers in the cell culture supernatant.

To experimentally demonstrate the practical application of our method for cell
analysis, high-frequency contactless impedance spectroscopy measurements were conducted
to detect (a) cell-mediated cytotoxicity activities of sub-lethal concentrations of DNA-
crosslinker, (b) global inhibition of the cellular protein biosynthesis activity, and (c) the
targeted activation of specific intracellular pathways. Additionally off-chip metabolic
pathway detection using time-resolved ELISA was performed to help correlate the otherwise
complex impedance signals to specific biological events. Figure 1a shows a conceptual
overview of the applied analytical approach. Practical application of the complementary
sensing approach was demonstrated by monitoring stress responses of connective tissue cells
to the systemic circulating proinflammatory factors TNF-oand IL-1f. Inflammation was
chosen as a relevant disease model since dynamic responses to inflammatory cytokines are
associated with a variety of human disease including (microbial) infections,®® allergies,*®

different forms of arthritis,*® ** cancer*? and many others.*®

MATERIAL AND METHODS
Lab-on-a-chip monitoring station

The high-frequency impedance measurement system shown in Figure 1b, ¢ comprised
of the microfluidic biochip sandwiched between the data acquisition board and the ceramic
thermostat, a power supply and a computer-interface unit all mounted on a bench top sized
board. An external syringe pump (KDS 400, KdScientific), valves (V-100D, 4-Way Valve
PEEK Diagonal Flow, Upchurch) and a degasser (100 pL loop, PN7505, Postnova Analytics)
were connected to the cell chip system while a lap top was used for system control and data
collection. The cell chip layout consisting of a microfluidic and a sensor layer is shown in the

I** and

center of Figure la. Microfabrication process has been described elsewhere in detai
included thermal evaporation steps to deposit a 3 nm chromium as adhesion and 50 nm gold
layers, photolithography using AZ MIR 701 positive photo resist (MicroChemicals GmbH)
and ion milling to fabricate interdigitated electrodes (IDES) on 30 x 30 mn¥ glass substrates
(Borofloat®, Schott). Sensor passivation was accomplished by depositing 300 nm silicon
nitride (SisN4) on top of impedance microelectrodes using plasma enhanced chemical vapor
deposition (PECVD). The interdigitated impedance microelectrodes covered a total area of 2
mm? featuring a finger geometry of 1 mm length with 5 or 20 pm width and gap. The four

microsensors were distributed at a maximum distances between adjacent measurement
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circuits. Additionally, all leads were designed to feature equal length and width (100 pm)
width resulting in atotal resistance R =31 Ohm, capacitance C = 1.4 pF, and inductance L =
25 nH. Cyclic voltammetry (CV) was used to assess passivation quality (300 nm SizsNg4) by
confirming complete absence of ohmic currents and faradaic contributions in the presence of
10 mM ferricyanide FCN (ferro- (60279, Fluka BioChemika) and ferricyanide (03357, Alfa
Aesar)) in phosphate buffered saline (PBS; Gibco®, Life Technologies) (see suppl.
information; Fig. S2a).

Microfiuidic channels were formed by pouring a mixture (10:1) of PDMS (Sylgard
184) silicone elastomer base and curing agent over the epoxy master molds while
polymerization was allowed to take place over a period of 4 hours at 70°C following a 10 min
degassing step in a vacuum chamber. The pre-cut PDMS microfluidic was extensively
cleaned using isopropanol and deionized water, activated in an oxygen plasma (Diener
Electronics; (30 sec at 40 W) and put in contact with the bottom substrate under a microscope.
A curing time of 24 hours at 50°C was implemented to allow complete cross-linking between
the activated PDMS and SisN4 surfaces.

It should be noted that the currently used version of the system has been developed as
a prototype for research in a laboratory environment with expertise in cell culture,
microfluidics, micro- and nanofabrication as well as statistical data analysis. However, in
analogy with existing commercially available set-ups for cell impedance spectroscopy (e.g.
ECIS™, Applied BioPhysics, Inc; XxCELLigence, ACEA Biosciences Inc), it can easily be
envisioned to advance the system into a highly automated and user friendly station that
requires minimal operator training.
Mammalian cell culture handling

Normal human dermal fibroblasts (NHDF; C-12300, PromoCell) were routinely
cultivated at 37°C in a 5% CO, humidified atmosphere as adherent monolayers in 25 cne cell
culture flasks (PAA) containing a cell density of approx. 50,000 cells/cm?. DMEM high
glucose medium with stable glutamine (PAA, E15-883) supplemented with 10% fetal calf
serum (FCS; A15-101, PAA) was used as cultivation medium. Immortalized (telomerase)
human dermal fibroblasts (HDFtert; CHT 008-0012) were purchased from EverCyte Inc.
(Austria) and cultivated in medium provided by the vendor. Confluent HDFtert layers
consisted of about 15,000 cells/cm?. For on-chip cell cultures the media were additionally
supplemented with 20 mM Hepes buffer (S11-001, PAA) and antibiotics (1% gentamicin
P11-004, PAA).

Mammalian cell culture reagents
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On-chip viability staining was performed using the cell-wall permeable dye calcein
AM (C1430, Invitrogen). After rinsing the microreactors with PBS for 2 min, cells were
exposed to 1 uM calcein AM for 5 min. Following a second rinsing step culture medium was
perfused for a period of 30 min prior fluorescence imaging. Cell-surface interaction studies
were conducted using the soluble adhesion factor RGDS (H-Arg-Gly-Asp-Ser-OH, 03-34-
0002, Calbiochem). Aliquots of the stock solution (1.92 mM in deionized water) were stored
at -20°C and added to culture medium ata final concentration of 100 or 200 pM. The pro-
apoptotic substance cisplatin was purchased from Calbiochem (232120). Stock solutions of 10
mM or 33 mM in DMSO were freshly prepared before use. For inhibition of protein synthesis
cycloheximide (CHX) ready solution in DMSO (C4859-1ML, 100 mg/mL, Sigma) was used.
Interleukin 1-beta (IL1PB) and tumor necrosis factor alpha (TNFa) were used to induce
mflammatory cell responses. Human recombinant IL13 (19401, Sigma) was applied as 10
ng/mL (from a 10 pg/mL stock in water) and TNFa (H8916, Sigma-Aldrich) was used as 25
ng/mL from 5 pg/mL stock in PBS with 0.1% human serum albumin. The selective p-
adrenergic agonist isoproterenol was applied as 10 pM, purchased as hydrochloride (420355,
Calbiochem) and stored as 1.2 mM stock in water.
On-chip cell cultivation

For each experiment, the microfluidic biochip was initially chemically sterilized for 30
min using 70% EtOH at 2 pl/min flow rate, followed by sequentially pumping sterile
deionized water for 4h and medium for at least 2h through the microfluidic channels to
remove any residual alcohol from the microchannels. Prior cell seeding the microfluidic
chambers were precoated with 1 pg/mL freshly prepared fibronectin (F4759, Sigma-
Aldrich®) in PBS for 20 min. Following cell harvesting from standard culture flasks, cell
suspensions of the desired concentration were prepared and gently injected into the cell chips
using sterile plastic syringes (1 mL). As soon as 80-100% confluence was reached, cell
seeding was stopped and cells were allowed to adhere for 30 min in the absence of fluid flow.
This was followed by media perfusion through activation of fluid flow to remove dead or non-
adherent cells. Flow rates were adjusted to 4 pL/min to ensure continuous medium exchange.
Cell attachment, movement and spreading as well as viability were monitored using in-house
built electronics and data acquisition system.
High-frequency impedance sensing using contactless dielectric microsensors

The in-house designed hardware enabled impedance recording over a large frequency
range (500 Hz to 20 MHz) and was based on an asymmetric controlled bridge. The data

acquisition board was designed to have operational amplifier located in close proximity to the
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actual impedance microsensors to allow for low noise measurements at high frequencies.
Hardware components were designed to detect capacitance changes in the range of 1 pF to 10
nF with a resolution of 0.1%. The customized measurement software was developed by
Siemens AG and allowed for the adjustment of a variety of impedance measurement settings
including frequency range, step size with logarithmic or linear spacing of the frequencies,
idle time between measurements, gain for signal amplification and several options for
averaging of impedance readings. The software also contained a standard algorithm for noise
reduction. During cell culture experiments, for each of the four individually addressable
IDES sensor impedance and phase shift values at different frequencies (50 kHz to 5 MHz)
were sequentially recorded over time (measurement cycle was less 2 min for all four sensors
recording ca. 150,000 impedance data points over 24h).

Multivariate data analysis of impedance spectra

To assess the generated large impedance data sets multivariate data analysis methods
were applied to analyze the time-resolved impedance spectra. The PLS package R (R Project
for Statistical Computing),** was used to perform partial least squares (PLS) regression on
impedance-time data. PLS regression is an extension of multiple linear regression that is
particularly suited for problems with many, possibly correlated, predictor variables and few
observations. This characteristic makes PLS an interesting tool for many applications in
natural sciences. For instance PLS approaches have been successfully employed for analysis

45,46

of near-infrared (NIR) spectra®> %, molecular activity prediction from molecular structures®’,

tumor classification*®, analysis of high-dimensional genomic data*®"*°

and biological image
analysis®™" °2. Partial least squares regression is based on principal component analysis of both
the input matrix (impedance spectra) and the response matrix (output values of the model) to
identify the most important parameters out of both data matrices. In PLS regression, the
model parameters are chosen so that the sum of squared distances between data and prediction
values are minimized. Supplementary Figure S1 outlines the concept of PLS regression
performed on spectral impedance data. For our experimental data the resulting model was
evaluated using a training data set which consisted of cycles with known cell events. The one-

step PLS model for cell culture monitoring was based on one value per spectrum, indicating

whether cells are present (value near 1) or not (value near 0), which defines either “confluent
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cell layer” (value 1) or “no cells” (value 0). The employed multi-step model consisted of
values 0, 1, 2 that related to “no cells”, “confluent cell layer2 and “stressed cell layer” to
identify cellular responses to external stimuli, respectively. The optimized number of
principle components for each experiment was determined by root mean square error of
prediction (RMSEP) based on cross validation using leave-one-out algorithm.

Cell cycle analysis and viability using flow cytometry (FACS)

BD FACSCanto Il analyzer (equipped with blue, red and violet lasers) with BD
FACSDiva data acquisition software was used to assess cell cycle arrest and viability. Unless
stated otherwise 10,000 events were counted for each sample. LIVE/DEAD®
viability/cytotoxicity kit for mammalian cells including calcein AM and ethidium
homodimer-1 (MP 03224, Molecular Probes — Invitrogen™) was used for cisplatin toxicity
testing according to manufacturer’s instructions. Cells were seeded to confluence in 12 well
plates and cultivated for 24 h before increasing cisplatin concentrations up to 1 mM were
added (total DMSO content was 3% in each well) to the cell culture medium. After 24 h
incubation cells were harvested, stained and analyzed. All samples were run in triplicates.
Flow cytometric cell cycle analysis method was used to quantify cells in gap 0/gap 1
(GO/G1), synthesis (S) and gap 2 / mitosis (G2/M) phase. For cell cycle analysis cells were
harvested and fixed with 2% paraformaldehyde for 10 min. Then cells were permeabilized
using 0.2% triton X 100 (H5142, Promega), resuspended in PBS with 0.2% bovine serum
albumin, stained with 5 pg/ mL DAPI (4',6-diamidin-2-phenylindol, D1306, Invitrogen) from
a5 mg/ mL stock in water and analyzed. Histograms of blue fluorescence intensity showed a
GO/G1 peak (2N) and a G2/M peak (4N) with a 2x higher fluorescence. S-phase cells
appeared between the two peaks. GO/G1 population was calculated as twice the cell number
between center of peak 1 and its left shoulder. G2/M population was calculated as twice the
cell number between center of peak 2 and its right shoulder. The remaining cells were
declared as S phase population (100% minus percent in GO/G1lminus percent in G2/M).
Biochemical screening for cytokine release using time-resolved ELISA

For quantification of the inflammation marker interleukin-6 (IL-6) an ELISA kit for
human IL-6 (READY-SET-GO #88-7066-88, eBioscience) was used according to the
manufacturer’s instructions. Aliquots of 20 pL supernatant from the cell cultivation chambers
were subsequently collected and stored at -80°C until analysis. For colorimetric read-out an
infinite 200 plate reader (Tecan AG) with Tecan i-control software (V 1.6.19.2) and 450 nm
absorbance filter was used (4 readings/well). Samples were analyzed in duplicates and

whenever necessary, pre-diluted (2 to 10-fold) to be within the defined concentration range.

9
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RESULTS AND DISCUSSION
Characterization of the lab-on-a-chip system for high-frequency impedance cell analysis
One aim of this research was the development and characterization of a hybrid cell
chip technology capable of continuously monitoring dynamic mammalian cell population
responses to systemic circulating inflammation markers using contactless high-frequency
impedance spectroscopy. To provide a uniform cell culture substrate that minimizes cell
orientation along the interdigitated electrode structures (Figure 2a i), impedance biosensors
were covered with a 300 nm SisN4 layer. Figure 2a shows microscope images of microfluidic
NHDF cultures on microelectrodes taken after 6 hours (including seeding, attachment and
spreading) in (i) the absence and (i) presence of an insulation layer. Complete sensor
insulation was confirmed using CV in the presence of the electroactive compound FCN (see
suppl. information; Fig. S2a). Additional characterization was performed by measuring
frequency-spectra of the open system (without chip), passivated IDES with deionized water
and three isotonic solutions including PBS, medium and medium supplemented with 10%
fetal bovine serum (see suppl. information; Fig. S2b and c). Impedance signals of cell culture
medium revealed excellent signal stability during several days of operation and exhibited less
than <0.1% noise contribution to the base line impedance-time trace - typically between
0.01% at high frequencies (above 1 MHz) and 0.04% at lower frequencies (100 kHz) (data not
shown). To evaluate frequency-dependency of contactless cell impedance sensing, anchorage-
dependent human cell cultures were initially assessed using two IDES sensor geometries
(finger width and gap of 5 pm or 20 pm). Results of the frequency analysis are shown in
Figure 2b where relative impedance differences (n=4) in the absence and presence of human
dermal fibroblasts are plotted over the entire frequency range (10 kHz to 20 MHz). Although
both the 5 pm and 20 pm microsensors exhibited highest signal changes between 1 MHz to 5
MHz the larger IDES geometry revealed better performance over the entire frequency range
that point at an improved electrical field distribution within the confluent cell monolayer.
Additionally, calculated signal-to-noise ratios (|Z|_cell-|Z|_medium/ 3xStDev (|Z|_medium);
n=7) listed in Table 1 showed higher sensitivity in the higher frequency range in the presence
of the larger (20 pm) impedance sensor design. In an attempt to facilitate physical
interpretation of the measured impedance spectra an electrical equivalent circuit was
established using complex non-linear least square fitting with a freeware program (EIS
Spectrum Analyser 1.0). Initial computational results using PBS impedance spectra

confirmed that the chosen electric circuit diagram (see suppl. Information; Fig. S3), which

10



Page 11 of 30 Analyst

©CoO~NOUTA,WNPE

also accounts for gold leads, the passivation layer and the electrolyte concentration, can be
used to estimate resistive and capacitive contributions to the high-frequency impedance
signal. For instance, at the present configuration the resistive part of the impedance involving
electrolyte contributions dominates above 2 MHz where phase values shifted towards zero (0)
degrees, thus indicating that the influence of the passivation layer can largely be neglected
above the critical frequency (2 MHz).

Next, sensor to sensor variations within a single microchip were investigated during
the formation of confluent fibroblast cell layer over a period of 16 h in the four adjacent cell
culture chambers. While similar impedance set-off values were found between neighboring
sensors (sensor positioning is shown in the inset of Figure 1c), the more distantly located
impedance sensors displayed set-off values of 611 Ohm and 664 Ohm (at 5 MHz) that point at
fabrication inconsistences in the passivation thickness across the biochip. Despite the
difficulty of introducing identical cell numbers in each microchamber, comparable adhesion
curves were obtained (at 5 MHz) for all four microsensors (see Figure 3a). Additional
evaluation of the contactless high-frequency cell impedance chip system included cell-
substrate interaction and cytotoxicity measurements in subsequent experiments. Figure 3b
shows high-frequency impedance measurements of NHDF cell cultures that were also
challenged with the soluble integrin binding peptide RGDS (red lines). RGDS is a soluble
peptide that contains the integrin binding sequence RGD (ARG-GLY-ASP) and plays an
important role in vivo as an extra cellular matrix motif that controls cell-matrix interaction.
RGDS was applied at two concentrations 100 and 200 pM and resulted in a marginal
impedance increase of less than 5 Ohms, indicating reduced cell attachment resulting in
minimal sensor coverage. Additionally, two different cell densities (100% and 50%
confluence or 25,000 cells/cn?) were employed to assess the effect of sensor coverage on
impedance signals as seen in Figure 3b (black traces). While microscope images (see also
suppl. information; Fig. S4) confirmed the inability of NHDF cells to attach to the
microreactor surface during exposure of the cell adhesion blockers, the 50% reduction of cell
number resulted in an impedance decrease from 30 Ohm to 15 Ohms. The observed
impedance decrease confirmed the ability of the contactless biosensor to detect variations of
cell surface coverage within the microreactors. Furthermore, cell recovery experiments shown
in Figure 3c revealed a rapid impedance signal increase within the first 6 h following the
removal of RGDS from the cell culture medium. However the obtained significantly lower
impedance plateau after 8 h points at a reduced surface coverage pointing at a reduced cell

viability and inability to fully attach to the microchip surface. Overall, the experiments
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confirmed high sensitivity of the sensor system towards changes in surface coverage. In the
case of 200 uM RGDS image analysis showed that 10 to 15% of the sensor area was covered
with cells yielding a small but still detectable signal increase of 2.5to 5 Ohms at 5 MHz.
These results are in line with cell sensitivity found in a similar setups®® and indicate a
detection limit of about 5,000 cells/ cn? or 100 cells located above the IDES.

Final biosensor characterization involved the application of the cytostatic agent
cisplatin known to trigger programmed cell death by crosslinking DNA to also confirm the
ability to detect cell damage and apoptosis. Standard viability/ cytotoxicity assays were first
employed to determine dose-response relationship using flow cytometry (see suppl.
information; Fig. S5a) resulting in a dose (LDso) of 300 M where approx. 50% of the
fibroblast cell population died after 24 h exposure to cisplatin and a minimum inhibitory
concentration (MIC) of approx. 50 M. The addition of 300 uM cisplatin at two different time
points (12 h and 25 h) to the microfluidic cell culture showed reproducible impedance
decreases of -1.3+ 0.3 mOhm/min (see Figure 4a), while control measurements using cell-
free medium exhibited no significant impedance differences in the absence and presence of 1
mM cisplatin (data not shown). However, cellular responses to MIC level concentration of
cisplatin (80% viability after 24 h) could not be detected by the high-frequency impedance
analyzer. Normalized impedance curves of NHDF cell cultures of which two cell chambers
were treated with 50 M cisplatin over a 16 h culture period showed no clear signal changes
in response to the drug (impedance data at 5 MHz is shown in Figure 4b and 120 kHz suppl.
information; Fig. S5b). Also visual inspection did not reveal any morphological differences
between treated and untreated cells (images not shown).

Multivariate data analysis of high-frequency impedance spectra

In an attempt to further improve sensitivity of the developed cell chip system,
multivariate data analysis of time-resolved impedance spectra was employed to help clarify
ambiguous single frequency data. Frequency analysis in Figure 2b already indicated that
cellular information is contained using frequencies ranging from 100 kHz to 10 MHz. Partial
least squares regression (PLS) was selected as analysis method, because it is known to
eliminate irrelevant signal variations such as noise, drift and artifacts thus emphasizing on
biological factors that cause impedance changes. The PLS method was initially validated
using a number of impedance spectra obtained in the absence and presence of NHDF cell
adhesion measurements (data not shown) and then employed to analyze indefinable
impedance measurements. As an example, Figure 5a shows PLS analysis of NHDF cultures

treated with sub-lethal concentration of cisplatin. Results of the multivariate impedance data
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analysis indicate that the employed PLS method allows for discriminating between MIC level
concentration of cisplatin (50 uM) treated and control measurements. Also, cell population
responses to a non-toxic concentration of cycloheximide (CHX) were investigated in
subsequent experiments to better highlight the benefits of using the PLS analysis method.
CHX is a well-known bacterially derived inhibitor of eukaryotic protein synthesis that
interferes with translational protein elongation by blocking translocation of tRNA and mRNA
at the ribosome. CHXis typically applied in working concentrations between 1 and 100 pg/
ml to inhibit >90% of protein biosynthesis.>* Figure 5b shows PLS analysis of impedance-
time traces (impedance data at 5 MHz is show in suppl. Information; Fig S6a) of two NHDF
cell cultures that were repeatedly challenged over a period of 6 days with CHX. The
alternating exposure to a low CHX concentration of 1 pg/ ml (starting after 48 h) yielded
reproducible and reliable cell responses during three consecutive 12 h treatment and 12 h
recovery periods. Control measurements of cell-free and untreated samples (see suppl.
information; Fig. S6b and S6c¢) did not show any significant signal changes. Visual inspection
of the cell cultures revealed no discernible morphological differences between normal and
CHX treated cells. To further demonstrate the ability of contactless high-frequency
impedance spectroscopy to also detect defined intracellular events, dynamic cell responses to
a target specific stimulant was investigated in subsequent experiments. Isoproterenol was
chosen as a single receptor target model because it is known to selectively stimulate -
adrenergic receptors of intracellular adenyl cyclase, thus effectively activating the conversion
of adenosine triphosphate (ATP) to cyclic- 3',5'- adenosine monophosphate (c-AMP).%%:%6
Although impedance raw data could readily identify NHDF cells culture responses following
alternating isoproterenol treatments, additional PLS analysis shown in Figure 5c further
emphasized the dynamic cellular responses.

Encouraged by the above results the serum component (FCS) of the cell culture
medium was removed in subsequent experiments to analyze starvation responses from healthy
cell cultures. A limited nutrient supply results in a lowered protein biosynthesis and decreased
cellular activity that cannot be readily identified by microscopic observation and therefore
requires more complex cell analysis methods such as FACS, ELISA and others. In a first set
of experiments, high-frequency impedance spectroscopy and PLS data analysis was used to
assess dynamic cellular starvation responses, while time-resolved ELISA was conducted to
verify changes in cellular metabolism. Since inflhmmation responses such as the release of
cytokines by human synovial, dermal, lung and other tissue fibroblast play a key role in their

natural function, quantitation of IL-6 production was chosen as an indicator of cellular
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activity. PLS analysis of impedance-time traces showed a rapid signal decrease during the 12
h serum starvation period that is followed by a recovery after the addition of 10 % FCS (see
Figure 6a). Concurrently, corresponding time-resolved ELISA of fibroblast cell culture
supernatant revealed complete elimination of cellular IL-6 production and release within a 12
h serum-starvation period (see Figure 6b). Since additional flow cytometry analysis showed
no induction of cell cycle arrest by serum starvation over period of 48 h (see suppl.
information; Fig. S7a), these results indicate down and up-regulation of IL-6 biosynthesis.
Table 2 lists additional flow cytometry results of NHDF cell cultures that have been starved
for a period of 0 to 72 h prior addition of 10 % serum containing medium for subsequent 26 h.
Only extended starvation periods (>48 h) revealed a significant increase in cell numbers in the
G2/M phase. These results demonstrated that a 12 h serum-starvation did not lead to a
detectable cell cycle arrest thus confirming the decreased interleukin biosynthesis activity as
indicated by the time-resolved ELISA. To further investigate dynamic cellular responses to
serum starvation, high-frequency impedance spectroscopy following repeated and alternating
removal of 10% FCS was conducted (see also suppl. information; Fig. S7b). PLS-analysis
during repeated serum-starvations is shown in Figure 6c where the application of serum-free
medium was alternated every 12 h. It is important to note that only the time-dependent signal
change carries biological information, while the direction of signal change solely depends on
the employed computational PLS model. The similar and reproducible trend which can be
clearly seen between the four microfluidic cell cultures also correlated well with the on- and
off switching of the I1L-6 synthesis machinery as shown by the time-resolved ELISA (Figure
6d).
Monitoring cellular stress responses to systemic proinflammatory factors

Next, practical application was demonstrated by monitoring global stress responses of
connective tissue cells to systemic circulating proinflammatory factors. It is well known, that
inflammation responses of in vitro cell cultures can be artificially induced by a variety of pro-
inflammatory cytokines such as interleukin IL-1 B and tumor necrosis factor alpha (TNFa).
The main response of fibroblasts to inflhammatory stimuli includes remodeling of the extra
cellular matrix (ECM). The underlying mechanisms involve up-regulation of matrix
metalloproteinases (MMPs), which degrade various ECM compounds, as well as reduced
expression of the ECM compounds collagen and fibronectin.>” 8 These tissue remodeling
processes result in significant cell population changes including variations in cell
morphology, altered cell-substrate interaction and changes in cell-to-surface distance that are

detectable by impedance spectroscopy. This means that impedance measurements

14
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simultaneously detect a broad range of cellular responses and do not provide specific
information on the underlying biological origin of a signal change. Since IL-6 is a well-known
biomarker for inflammatory cell responses of fibroblast cultures, we performed time-resolve
ELISA tests to link impedance data to IL-6 expression. In a final set of experiments cellular
stress responses of normal (NHDF) and immortalized (HDFtert) fibroblast cell cultures were
investigated following stimulation using the proinflammatory cytokines IL-1p and TNFa. The
applied concentrations of 10 ng/ ml for IL-1p and 25 ng/ ml for TNFo were chosen as typical
concentrations found in literature for induction of inflammatory cell responses in fibroblast
cultures.>®®! Figure 7a shows PLS analysis of cellular stress responses of fibroblasts
(HDFtert) that were treated with 10 ng/ mL IL-1p for a period of 12 h during a 24 h culture
period. Results of the study demonstrated that PLS is able to clearly identify differences in the
impedance spectra between the control measurement and the IL-1B exposed fibroblast cell
culture. In a next set of experiments repeated cell responses and recovery kinetics following
sequential IL-1p stimulations was investigated using four confluent NHDF cell cultures. Prior
to the application of alternating IL-1p exposures setup, the four NHDF cell cultures were
preincubated with low-serum (2 % FBS) containing medium for a period of 24 h to decrease
baseline IL-6 production (see also Figure 6b). PLS analysis shown in the upper panel of
Figure 7b revealed a reproducible signal pattern that correlated well with detected IL-6 release
using time-resolved ELISA (lower panel of Fig. 7b). Results of this study showed that
increasing and decreasing IL-6 secretion by fibroblasts matched obtained PLS analysis, thus
demonstrating for the first time that transient biological responses can be readily identified
using a label-free and non-invasive analysis method. In a similar set of experiments
immortalized fibroblasts were exposed to TNFa to demonstrate the ability of the high-
frequency impedance cell chip to detect global stress responses to systemic and circulating
proinflammatory factors. Figure 7c shows PLS analysis control and 25 ng/ mL TNFa treated
cell cultures. Despite the obtained signal variations a clear difference between stimulated and
non-stimulated cell cultures were found. Additional time-resolved ELISA quantitation of IL-6
secretion shown in Figure 7d confirmed that HDFtert fibroblasts can be stimulated in the
presence of IL-1p and TNFa. These results demonstrate that our complementary cell analysis
method can be used to monitor the complex and dynamic responses of connective tissue cells

with systemic and circulating proinfllmmatory factors.

CONCLUSION
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We have developed a complimentary non-invasive cell analysis method to assess the
transient cell responses of connective tissue cells following stimulation with circulating
proinflammatory responses using high-frequency contactless spectroscopy in combination
with time-resolved ELISA. A key-feature of the biochip was the deposition of a 300 nm
silicon nitride passivation layer on top of the electrodes (a) to support efficient PDMS
bonding and reliable fabrication of hybrid biochips; (b) to prevent charge transfer which
could lead to protein denaturation (c) to improve PDMS-microfluidics to sensor substrate
bonding specifically along the gold leads; (d) to provide a uniform cell culture surface that
can easily be modified with cell adhesion peptides using standard linker chemistries; and (e)
to minimize cell orientation along interdigitated electrode structures, which we have also
occasionally observed in our cell chip systems. To compensate for the loss of sensitivity using
passivated electrodes, high-frequency AC fields were applied to bridge the insulation
capacity. Computational analysis suggested that above a critical frequency the influence of the
passivation layer can be neglected, thus resulting in highest sensor sensitivity for cell
analysis.®? Performance evaluation of our cell chip system showed long term stability, good
reproducibility and adequate sensitivity and selectivity towards cellular structures. To achieve
a higher sensitivity towards lower cell numbers or even single-cell resolution, a different
electrode design is required as shown by several publications that have demonstrated the
feasibility of impedance spectroscopy for single-cell analysis.®® ®*

Our results further indicate that the application of multivariate data analysis methods is
particular useful in highlighting dynamic cell behavior. The combination of microfluidics
with time-resolved analysis of biomarker release further allowed the correlation between
observed impedance changes with biological responses, thus providing biorelevant
information on health status of the cell culture. Altogether, cell cycle analysis using flow
cytometry, quantitation of cytokine production and release using time-resolved ELISA and
microscopy suggest that contactless impedance sensors allow the reliable detection of rapid

cell kinetics and intracellular activities with good time resolution and selectivity.
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1

2

2 FIGURE LEGENDS

2 Figure 1: (A) Schematic drawing of the microfluidic biochip consisting of four individually

; addressable cell cultivation chambers and step-by-step cell analysis: Step 1 includes
20 the generation of time-impedance data using passivated (300 nm SizsNy)

11 microimpedance sensors (IDES) that lead to 3D impedance spectra. Step 2 involves
i?, statistical data analysis and data reduction using partial least squares (PLS) analysis
1‘5" (data of 8 h serum starvation (no FCS) shown). Step 3 and 4 includes biochemical

is screening for cytokine secretion in the cell culture supernatant using time-resolved
18 ELISA and exposure to additional cellular stress factors. (B) Benchtop-sized high-

;g frequency impedance cell monitoring platform consisting of the microchip located in
§§ an electrical ceramic heater, measurement board and laptop. (C) Picture of the in-

gi house built measurement board to perform impedance spectroscopy over a

gg frequency range from 10 kHz to 20 MHz. The inset shows the microfabricated cell
27 chip with four individual cell chambers and impedance sensors.

26

30

31

gg Figure 2: (A) Bright field images of NHDF cells cultivated for 6h on gold IDES (5 pm
34 geometry; 50 nm height) either without (i) or with (i) a 300 nm SisN,4 passivation
32 layer. Scale bars represent 400um. (B) compares sensitivity of two different sensor
g; geometries (5 pm (red) and 20 pm (black)) towards cell adhesion over a range of
zg frequencies. The relative change of |Z| between cell-free and fully cell-covered
j; sensors was calculated from 4 individual sensors.

43

j;‘ Figure 3: (A) Time-impedance traces (at 5 MHz) of cell seeding (at 2h), adhesion and
j? formation of cell layers in 4 microreactors. Impedance differences (A|Z]) are
jg calculated for each microsensor between cell-free and fully covered sensor surface.
50 (B) NHDF cells were seeded at time point 0 in the absence (black lines; control) or
g; presence of 100 or 200 UM of the soluble integrin binding peptide RGDS (red lines).
gi In addition to NHDF cells forming a confluent layer (100%), also half the cells
gg (50%) were seeded to demonstrate the impact of cell numbers on impedance
g; adhesion curves. (C) NHDF cells were seeded with a 100 pM RGDS containing
28 medium (red) or a control culture medium (black). After 84 min (arrows), the culture

medium was replaced with RGDS-free medium in both cases. A partial recovery of

RGDS-pretreated cells was monitored.
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Figure 4.

Figure 5:

Figure 6:

Figure 7:
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(A) Normalized impedance-time traces (5 MHz) of NHDF cultures following
exposure to 300 M (LDsp) cisplatin added after 12 h (red) and 25 h (black) as
indicated by arrows. (B) Normalized impedance-time traces of three confluent
NHDF cultures in the absence (black) and presence (red) of 50 uM cisplatin (arrow).

Curves are normalized to impedance values prior cisplatin exposure.

(A) PLS analysis of the 50 UM cisplatin treated NHDF cell cultures. Arrow
indicates addition of cisplatin. (B) PLS analysis of NHDF cell cultures exposed to
repeated 1 pg/mL cycloheximide treatment of 12 h. Bars indicated perfusion with
cycloheximide containing (CHX) or control medium (C) PLS analysis of target

specific cell responses to repeated exposure to 10 UM isoproterenol.

(A) PLS analysis of fibroblast cell culture response (arrow indicates cell seeding)
following 12 h serum starvation. (B) Quantification of interleukin 6 (IL-6) release
measured in aliquots of supernatant collected from microfluidic NHDF cultivation
using time-resolved ELISA. (C) PLS analysis of repeated and alternating serum
starvation (no FBS) of four NHDF cell chambers induced after 30 h in culture.
Serum starvation was started in the chambers indicated in red (a) and after 12 h
switched to chambers indicated in black (b). Then the pattern was repeated. The
vertical line indicates medium changes at 59 h for all chambers. (D) ELISA
quantification of IL-6 in supernatants collected from microfluidic cell culture shown

in C). The red and black lines match with the respectively colored samples in C).

(A) PLS analysis of impedance spectra following 10 ng/mL IL-1p (red) treatment
of microfluidic HDFtert fibroblast cell cultures. (B) PLS and time-resolved ELISA
measurements of 24 h with 2% FBS pre-treated NHDF cells that have been
alternatingly exposed to 10 ng/mL IL-1p (periods are indicated by black and red
bars) between different chambers. Lower panel shows time-resolved ELISA
quantification of IL-6 secretion during IL-1B exposures. (C) PLS analysis of
impedance spectra using HDFtert fibroblasts cultivated in a flow chamber and
exposed to 25 ng/mL. TNFa. (D) Time-resolved ELISA quantification of IL-6

secretion during TNFa exposure.
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Table 1: Impedance changes of a confluent cell layer compared to background noise from n =

Analyst

4 sensors for two different IDES geometries.

selected Signal to noise ratio (S/N) of two IDES sensors
frequency

f 5x5 um 20x20 pm
158 kHz 51+£3.1 35.6+3.9
316 kHz 8.7x£13 445 +£53
631 kHz 125+ 3.0 539+3.1
1.26 MHz 16.6+75 559+7.3
2.51 MHz 20.2+£6.4 67.4 £ 18.0
5 MHz 16.3+2.9 48 + 18
10 MHz 8.4+27 35.1+10.7

* Averaged impedance values of four repetitive measurements

Table 2: Cell cycle distribution of NHDF serum starved NHDF cell cultures as mean cell

count * standard deviation.

Starvation time

cell population [%]

(+26 h 10% FBS) GO/G1 S G2/M
oh 578+4.7 137+23 285+ 45
6h 553+0.7 13.6+4.7 31.0+48
12 h 58.6+2.1 11.9+27 294+18
24 h 53.9+5.6 10.6+ 4.3 355+95

48 h 48.9 0.9 10022 41.1+1.7
72 h 38.9+2.1 114+ 14 49.7 £3.5

* Averaged values of 6 repetitive measurements
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High-frequency impedance spectroscopy combined with time resolved biomarker quantification and
multivariate data analysis enables sensitive monitoring of cell population dynamics.
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