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ARTICLE INFO ABSTRACT

Background: Colorectal adenocarcinoma cells (Caco-2) are a widely used model of intestinal barrier to study
cancer development, toxicological assessments, absorption and metabolism in food science or drug discovery.
Caco-2 spontaneously differentiate into a monolayer expressing several specific characteristics, typically showed
by mature enterocytes. For in vitro experiments, it is crucial to identify non-invasive and non-destructive
techniques able to evaluate the integrity and differentiation of the cells monolayer. Thus, we aimed to assess
these properties by analyzing electrical impedance measurements.

Methods: Caco-2 cells were differentiated for 21 days. The monolayer integrity and differentiation were pri-
marily evaluated by means of morphological, biochemical and molecular data. Impedance measurements in a
range of frequencies from 400 Hz to 50 kHz were performed using a dedicated set up, including customized
Aerosol Jet Printed carbon-based sensors.

Results: The trends of RI observed at three different frequencies were able to describe cell growth and differ-
entiation. In order to evaluate which frequencies better correlate with cell differentiation, Principal Component
Analysis have been employed and the concordance analysis between RI magnitude and morphological, bio-
chemical and molecular data, highlighted 40 kHz as the optimal frequency to assess Caco-2 cells differentiation
process.

Conclusion: We demonstrated the feasibility and reliability of applying impedance-based measurements not only
to provide information about the monolayer status, but also for cell differentiation monitoring.

General significance: This study underlined the possibility to use a dedicated sensor to assess the integrity and
differentiation of Caco-2 monolayer, as a reliable non-destructive alternative to conventional approaches.

Keywords:

Caco-2 cells

Barrier integrity

Cell differentiation
Enterocyte-like cells
Impedance-based sensors

1. Introduction

It has long been known that cell models are a useful tool for the
scientific research community. Among many others, Caco-2 cell line -
derived from a human colorectal adenocarcinoma - is being widely used
as a model of the intestinal barrier for the study of mechanisms un-
derlying cancer development [1], toxicology [2] and, above all, for the
analysis of absorption and metabolism processes in food science, nu-
trition [3] and drug discovery [4]. Indeed, Caco-2 cell line has been
proposed as a model to investigate absorption mechanism at intestinal

level, and many efforts have been performed to improve and standar-
dize this line as a suitable alternative to more expensive and complex
models such as the in vivo ones [5,6]. While deriving from colorectal
cells, one of the best advantages in using this line is its ability to
spontaneously differentiate into a monolayer when placed in culture,
expressing several morphological and biochemical characteristics ty-
pically showed by mature small intestinal enterocytes [7,8]. Numerous
studies revealed that differentiated Caco-2 cells grow in 21 days in a
polarized monolayer characterized by domes, with microvilli on the
apical side and tight junctions between adjacent cells. Furthermore they
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express enzymes typical of mature enterocyte (i.e. alkaline phospha-
tase, sucrase-isomaltase, cytochrome P450) and definite intestinal
transporters for sugar, oligopeptides, amino acids, vitamins and mi-
cronutrients [6,7]. Since the presence of an intact and differentiated
barrier is crucial for in vitro experiments, non-invasive and non-de-
structive techniques are discovered, thus to easily quantify the barrier
integrity and differentiation. Therefore, one of the mandatory objective
required by the scientific community is the development of a metho-
dology able to monitor the monolayer integrity and assess the differ-
entiation of Caco-2 cells, in an easy, non-invasive and non-destructive
way.

In this perspective, electrochemical sensors - able to detect specific
variations in current, potential, capacitance, conductivity and, pri-
marily, impedance signals - have been already demonstrated to be a
non-invasive reliable method capable to provide useful and accurate
information, concerning not only on cell adhesion [9], but also cell
growth [10] and differentiation [11] processes.

In particular, impedance-based sensors - used as convenient and
highly customizable technology - can provide real-time quantitative
feedback on physiological processes [12,13]. In general, this technique
requires the application of an alternating field voltage - with a constant
amplitude (usually between 5 and 10 mV) and a defined range of fre-
quency - to the measuring electrodes, and the measurement of the re-
sulting alternating current. The overall impedance (Z) can be thence
determined by applying Ohm's law [14,15]. Without cells the current
flows freely from the surface to the electrodes; conversely, cells ad-
herent on the electrode act as an insulator and impede the current flow,
thus increasing the overall impedance of the system. More specifically,
when cells are seeded on the substrate, they are almost spherical and
the area of contact between basal membrane and the substrate surface
is small, but it increases continuously while the cells spread. The cell
membrane is essentially insulating and restricts current flow, depending
also from its characteristic frequency. This non-invasive method can be
applied to living cells and allows them to be monitored during growth
and differentiation, since their morphological changes can be described
by variations in impedance measurements [16]. Impedance-based cell
monitoring appears as a promising tool not only for Caco-2 cells, but
also for any other cell types. Furthermore, even if the technique was
originally designed for two-dimensional applications, in the last dec-
ades, a huge interest has been addressed to translate it to three-di-
mensional sensing, thus to obtain information from cells directly em-
bedded in 3D scaffolds [17,18]. In this picture, the use of conductive
biomaterials [19,20] or of metallic external electrodes, both monopolar
[21] or interdigitated [22] has been exploited in several literature
works to perform impedance based cell monitoring of 3D cell cultures,
with specific emphasis on the optimization of spatial sensitivity [23].

Considering the described approach and focusing on Caco-2 cells,
we hypothesized that both the integrity of the monolayer and the cell
differentiation could be monitored by evaluating the corresponding
changes in the overall impedance [13,24]. Thus, the resulting value of
overall impedance could give information concerning the capacitance
of the cell layer, which can be related to cell differentiation, in addition
to the trans-endothelial electrical resistance (TEER) — a parameter used
to evaluate the integrity of the monolayer [25-27].

In this perspective, the aim of this work was to perform impedance
measurements to specifically monitor growth and differentiation of
Caco-2 cells by using dedicated sensors. More in detail, carbon-based
interdigitated electrodes were outlined on polyimide substrate by
means of an innovative Aerosol Jet Printing (AJP) methodology. Final
sensors were seeded with cells, and impedance measurements were
performed at different time intervals during the differentiation process
(1-3-7-10-14-17-21 days after seeding). In addition, the relevance of
such measurements in monitoring Caco-2 differentiation to enterocytes-
like cells was evaluated comparing impedance measurements at dif-
ferent frequencies with the morphological, biochemical and molecular
data.
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2. Materials and methods
2.1. Cell culture

Commercial Caco-2 cell line (Sigma Aldrich,Merck KGaA) were
routinely cultured in 100 mm dishes at 37 °C in humidified 5% CO,
atmosphere. Dulbecco modified Eagle's medium was supplemented
with 10% heat-inactivated fetal bovine serum, 2mM glutamine, 50 ug/
ml penicillin and 100pg/ml streptomycin. For the differentiation ex-
periments, cells were seeded at a density of 6 X 10* cells/cm? [28],
cultured at 80% of confluence density and maintained for 21 days in
complete medium, changing the medium three times a week [29]. All
cell culture reagents were acquired from Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany.

2.2. Morphological assessment

In order to have a first feedback of the status of cell differentiation,
initial morphological differences at different passages were evaluated
by simply observing cell morphology changes with the microscope
(Olympus, Italy) and counting domes, a characteristic feature used to
evaluate Caco-2 to enterocyte-like differentiation [30]. Furthermore,
the number and the dimension of domes evaluated with Fiji software
(ImageJ Software).

2.3. Real-time PCR

Real-time PCR (rtPCR) was performed to quantify the expression of
the following gene: sucrase-isomaltase (SI), intestinal alkaline phos-
phatase (ALPI), cytochrome P450 intestinal isoform (CYP3A4), claudin-
4 (CLDN4), solute carrier family 15 member 1 (SLC15A1) and solute
carrier family 11 member 2 (SLC11A2). After different days of differ-
entiation (1-3-7-10-14-17-21), cells were harvested through trypsini-
zation and the pellets were kept at —20 °C until RNA extraction. RNA
was extract using TRIzol, chloroform and isopropanol (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany). RNA (2 pg) was retro-transcribed
using M-MLV reverse transcriptase (Promega, Madison, Wisconsin,
USA), using random hexamers and the cDNA was then subjected to real-
time PCR analysis with ViiA 7 Real-time PCR system (Applied
Biosystems), using the iTaq™ Universal SYBR® Green Supermix (BIO-
RAD, USA). The following specific primers (6 pmol) were used:

SI (s: AATCCTTTTGGCATCCAGATT, as: GCAGCCAAGAATCCCA
AAT),

ALPI (s: CATACCTGGCTCTGTCCAAGA, as: GTCTGGAAGTTGGCCT
TGACQ),

CYP3A4 (s: GATGGCTCTCATCCCAGACTT, as: AGTCCATGTGAAT
GGGTTCCO),

CLDN4 (s: TCCGCCAAGTATTCTGCTG, as: CGTGGCACCTTACACG

TAGTT),

SLC15A1 (s: TCTCTGTCACGGGATTGGA, as: CTGCCTGAAGCACCG
ACT),

SLC11A2 (s: CACCGTCAGTATCCCAAGGT, as: CCGATGATAGCCAA
CTCCAC),

TBP (s: GAACATCATGGATCAGAACAACA, as: ATAGGGATTCCGGG
AGTCAT).

The PCR program was initiated by 10 min at 95 °C before 40 cycles,
each one of 1sat 95°C and 30sat 60 °C. Experiments were done in
biological and technical triplicate and expression data were normalized
using the Ct of the internal control TBP [29,31].

2.4. Alkaline phosphatase assay

ALPI activity was assayed using the substrate p-Nitrophenyl phos-
phate (p-NPP) and evaluating the yellow product p-Nitrophenol (p-NP)
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formation (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) detected
spectrophotometrically at 405 nm. ALPI was measured during differ-
entiation (1-3-7-14-17-21 days after seeding), by applying a standar-
dized method on cell homogenates adapted from [32]. Briefly, after
washing the cells at 4 °C with PBS with 1 mM CaCl, and 1 mM MgCl,,
Caco-2 cells were harvested with scraper into 500 pul of ALPI collection
buffer (10 mM Tris-HCl, 150 mM NaCl ph 8.0) on ice. Then, cells were
sonicated 5 times for 5, quantified with Bradford's method (BIO-RAD,
USA) and kept at —20 °C until the enzymatic assay. The activity was
measured transferring cell homogenate in pNPP solution (2.5 mg/ml
PNPP dissolved in Tris 0.2M pH9.5) in a reaction tube and then in-
cubating at 37 °C. At various time intervals (2-4-6-8 min) 100 pl of
reaction were transferred from the reaction tube to the 96-well plate
containing 25ul of 0.5M NaOH. Enzyme activity was calculated by
means of a standard curve prepared with different concentration of pNP
(0-50-100-200-300-400-500-600 pM). Data were expressed as pg of
pNP normalized over the amount of ug of total protein and experiments
have been performed in triplicate.

2.5. Sensors production

For the production of the sensors, Kapton® MT polyimide film with a
thickness of 25um was purchased from DuPont (USA) whereas an
electrically conductive carbon-based ink (EXP 2652-28, sheet re-
sistivity 100 €2/s5q./mil) was acquired from Creative Materials (USA).
Since the final aim of this work was to monitor the adhesion, growth
and differentiation of a large population of cells, an interdigitated
geometry was designed by a commercial CAD (AutoCAD 2017) [33],
taking into account the necessity to realize a sensor compatible with 24
multiwells plates for cell cultures. The defined electrodes geometry was
printed with the carbon-based ink by an AJP (AJ printer 300-UP, Op-
tomec, USA). This technique works with liquid suspensions which are
nebulized thanks to a carrier gas, and then focused on the substrate
realizing features in the range of 100 nm-10 pm in thickness and 10 pm
to 5mm for line width. The developed sensors have a diameter of
13 mm including 2 interdigitated electrodes (Fig. 2A). In order to fit the
plate, printed polyimide substrate was cut into circles (diameter
14 mm) with a mechanical puncher. Particular care was put in the
design and printing of the interdigitated electrodes thus to obtain tracks
50 pm wide, thanks to the lateral resolution ensured by the AJP (around
10 um). This level of accuracy of the printing process ensured to reach
dimensions of each electrode fingers in the order of magnitude of cells
(around 10 um). Thus, the number of cells sensed by each finger could
be reduced and the overall sensitivity to evaluate their number and
reciprocal position increased, in comparison with screen printed or
inkjet-printed sensors, where best resolution is around 50-100 pm. In
order to reduce the overall resistance of each interdigitated electrodes
(< 1kQ), two subsequent layers of carbon-based ink were deposited.
After the deposition, sensors were cured for 15min at 150 °C. The
sensors were then sterilized and fixed to the bottom of wells with a
biocompatible high vacuum grease that prevented their floating in the
culture medium.

2.6. Impedance measurements

Impedance measurements in term of magnitude and phase angle
were carried out by considering a standardized protocol and using a
commercial portable potentiostat (Palmsens PS Trace, PalmSens BV,
Netherlands) applying a sinusoidal voltage to the sample and measuring
the current response in the range of frequencies from 400 Hz and
50 kHz. Measurements were performed before and after cell seeding, in
order to correlate variations in the electrical properties with cell ad-
hesion, growth and differentiation. All the pre-seeding tests were car-
ried out with the medium after performing poly-L-lysine (Sigma-
Aldrich, Merck KGaA, Darmstadt, Germany) coating, thus to obtain a
value of reference, to be compared with after-seeding measurements.
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The measurements realized after cell seeding (6 x 10* cells/cm?) were
performed at different time points (1-3-7-10-14-17-21 days after
seeding), in order to follow the variation of impedance characteristic
spectra (i.e. impedance magnitude and phase angle with respect to
frequency) during the differentiation process. Experiments were per-
formed in quadruplicate. Data were analyzed by evaluating the im-
pedance magnitude at low, medium and high frequencies (400 Hz,
4kHz and 40 kHz), in order to assess the most sensitive ones for cells
growth and differentiation monitoring. Results have been then ex-
pressed as relative impedance magnitude (RI), calculated as
RI = (( | Z | with cells — | Z | without cells))/ | Z | without cells *100) [34].

2.7. Equivalent circuit modeling

For further analysis of impedance spectra alterations, phase angle
and magnitude spectra were fitted on an electronic equivalent circuit
model, used to describe tissue-electrode interface [15,35]. Parameters
of the equivalent circuit were determined by means of a two-step op-
timization procedure considering the measurements performed by
sweeping all the frequencies from 400 Hz to 50 kHz. First, the con-
tribute of the not-seeded sensors was modeled considering a reduced
equivalent circuit, i.e. including electrodes and solution electrical
contributes (resistance Rce);, capacitance Cce of the electrode, and re-
sistance Rpegium Of the solution), but without considering the cell-spe-
cific contribution. Subsequently, the cell-covered electrodes were ana-
lyzed by applying the entire equivalent circuit, thus including cell
membrane/intercellular capacitance (Ccey) and resistance (Rcep), in-
cluding both the contributes of cell membrane and of the extracellular
resistance, determined by the fitting procedure. The fitting procedure
and the corresponding analysis was performed with PS Palmsens Trace
dedicated software.

2.8. Statistical analysis

Statistical analyses were performed using Graph Pad Prism version
5.0 (Graph Pad Software Inc., San Diego, CA, USA). All values are
presented as mean + standard error of mean (SEM) unless otherwise
designated. Statistical significance of differences was determined by
one-way ANOVA, followed by the Bonferroni test. Student's t-test was
also used to compare values in different groups.

Further, in order to extract a component score which is a linear
combination of the different impedance measured at three selected
frequencies, the Principal Component Analysis (PCA) [36] was also
included. In addition, correlation coefficients of multiple method data
progression were determined applying two-tailed Pearson correlation
test (p > |0.7]) and the statistical significance is considered when p-
value < .05 [13]. The concordance between two measure was also
analyzed by using the Bland-Altman plots [37,38], after standardizing
the data (means = 0; variance = 1) in order to solve scale problem
related to measures extremely different in magnitude. In details, it
displays the mean (x-axis) and the differences (y-axis) of the two
measures in a scatterplot. The 95% of confidence interval (red line) is
computed around the grand mean of the differences (green line). Two
measures are concordant when dots are randomly distributed around
the grand mean. PCA, Person test and Bland-Altman plot were per-
formed by using R version 3.5.1.

3. Results and discussion

3.1. Morphological, biological and biochemical characterization of cell
differentiation

Cells seeded at a density of 6 X 10* cells/cm? reached the con-
fluence after few days from the seeding and started to create domes at
the seventh day after seeding (Fig. 1A) and both domes number and
area increased with the increasing days of differentiation (Fig. 1B).
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Fig. 1. Caco-2 cells undergo intense morphological and physiological changes during spontaneous enterocyte-like cells differentiation. A) Representative pictures of
Caco-2 cells morphological evaluation at four different time-points (days 3-7-17-21) during 21 days differentiation protocol (magnification 4 x in day 3 and 7;
magnification 10 X in day 17 and 21); B) Domes counting and measuring. The statistical significance was represented as follows:**p < .01; ***p < .001 versus the
seventh day after seeding (no domes formation before day 7); C) ALPI assay. g of pNP extrapolated by a standard curve at days 1-3-7-14-17 and 21 after seeding.
Data are normalized for total protein amount (#p < .05, ##p < .01 versus the corresponding day 1 as control group); D) Quantitative rt-PCR time-courses of key
genes CLDN4, SLC11A2, SLC15A1, SI, ALPI, and CYP3A4 during 21 days of differentiation. The values are expressed as mRNA fold increase compared to day 1 for
each genes. The statistical significance was *p < .05; **p < .01; ***p < .001 versus the corresponding day 1 of each gene as control group.

To further evaluate Caco2-cells spontaneously differentiated into
mature enterocytes, we followed the mRNA expression levels of some
intestinal markers during the 21 days of differentiation. In particular,
we specifically evaluated some small intestinal enzymes such as SI,
ALPI and CYP3A4. In addition, we evaluated the gene expression of
CLDN4 which encodes an integral membrane protein that is component
of the epithelial cell tight junctions. Finally, for brush border trans-
porters, we analyzed SLC15A1 which encodes an intestinal hydrogen
peptide cotransporter protein that plays an important role in the uptake
and digestion of dietary proteins and SLC11A2 that encodes a member
of the solute carrier family 11 protein family involved in the transport
of divalent metals and in iron absorption. SI and CYP3A4 showed a
progressive increase during differentiation that became statistically
significant starting from day 10 for SI and from day 17 for CYP3A4
(Fig. 1D). SI is commonly expressed in the adult small intestine where,
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as a brush border hydrolase, it is involved in the final steps of digestion
of sucrose, starch and glycogen. Its expression is limited to the villous
enterocyte. CYP3A4 the principle cytochrome P450 present in human
liver and small intestinal epithelial cells (enterocytes) has been im-
plicated in several transport functions, including the transport of some
drugs [39]. Together with the intestinal alkaline phosphatase, it is often
used as a marker of terminal differentiation of enterocytes [31,40]. In
our experiments, ALPI mRNA expression substantially showed a peak
when the domes appeared at day 7. From day 10, its expression de-
creased but remained anyway higher if compared with the day 1 and 3,
when the culture was not yet at confluence. This trend for ALPI is
confirmed also by other authors [31,32]. RNA expression of CLDN4,
significantly enhanced at day 21 after seeding. Similarly, the two genes
SLC15A1 and SLC11A2, whose encoded products, are members of so-
lute carrier families, showed higher mRNA expression when enterocytes
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Fig. 2. Caco-2 to enterocyte-like cells differentiation on interdigitated carbon-based electrodes printed on a polyimide substrate. A) Printed Sensor geometry op-
timized with AutoCAD 2017 (a) and image of the sensor acquired with microscope (magnification 1 x) (b). B) Representative pictures of Caco-2 cells evaluation at
four different time-points (days 3-7-17-21) during 21 days differentiation protocol (magnification 10X and 20X for day 21) where sensor geometry is clearly

visible. The 21 day picture results out of focus to better visualize the domes.

are completely differentiated. These results confirmed not only the
structural maturation (i.e. CLDN4) but also the functional differentia-
tion with an increase of enzyme expression typical of mature en-
terocytes (SI, ALPI and CYP3A4), and small intestine transporters
(SLC15A1 and SLC11A2). These data are consistent with results already
reported in the literature [29,31].

In addition, data regarding the ALPI enzymatic activity in cell
homogenates corroborated the effective complete functional differ-
entiation of Caco-2 cells to enterocytes. In fact, ALPI enzymatic activity,
measured as pg of pNP product over total protein, significant increased
starting from day 14 (Fig. 1C). That ALPI activity linearly increases
during differentiation of enterocytes is well recognized, and it is
therefore considered another marker of Caco-2 cell differentiation in
vitro [41]. All this information initially confirmed the proper

occurrence of the differentiation process.

3.2. Impedance measurements during Caco-2 cell differentiation

One of the main hurdles regarding Caco-2 cell enterocyte-like dif-
ferentiation is the lack of non-invasive and non-destructive method for
quantitatively monitoring the integrity of the monolayer and assess the
differentiation process. Common biological and biochemical methods
such as rtPCR and enzymatic assays are in fact expensive, invasive and
destructive. To overcome these limits, we investigated the possibility to
apply the electrical impedance analysis to monitor the differentiation
process and verify the monolayer integrity. In order to achieve this
goal, an impedance-based measurement setup was designed and rea-
lized, including dedicated sensors, specifically customized and realized
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Fig. 3. Impedance-based cell monitoring vs time and relative impedance calculation. A) Impedance magnitude vs time during the differentiation process. Error bars
show the standard deviation of the 5 sensors evaluated. B) Variation of the relative impedance during the 21 days of cell culture, calculated for each of the frequencies
evaluated: low (400 Hz-blue) medium (4 kHz-red) and high (40 kHz-green). C) Principal component analysis. The proportion of variance (0.5843) could be re-
presented as a percentage (about 60%) and PC, is the first component with the largest possible variance explained; succeeding components (PC, and PCs) are

orthogonal to PC; with the highest possible variance.

by means of AJP (Supplementary Fig. 1). First, the choice of carbon-ink
and polyimide substrate was specifically performed after a deep ana-
lysis, assessment and comparison of several inks and materials [42],
taking into account the necessity to realize a sensor cytocompatible and
resistant to common sterilization processes (e.g. autoclave). The inter-
digitated geometry of the sensors was demonstrated to be more suitable
for cell population monitoring, if compared to the monopolar one
[43,44]. Indeed, this specific configuration has been gaining more and
more popularity and it is extensively used for different application in
biological sensing [45,46]. Here, we designed circular interdigitated
sensors of 14 mm diameter that fitted with 24 multi-well plate (Fig. 2A).
When cells were seeded on the biosensors and cultured for 21 days, they
grew well and differentiated at a mature enterocyte monolayer, as
showed by the characteristic dome formation (Fig. 2B). This results
were in line with data reported in literature on the biocompatibility of
the interdigitated carbon ink printed on polyimide substrate [42]. The
production by means of printed flexible electronics represents a real
promising tool able to combine cost and time effectiveness, with the
maximum possibility of customization and optimal geometric and
electronic performances. It ensures the possibility to easily tune the
electrical resistance of the electrodes, by changing the number of
printed layers and the duration of the curing, but also the geometrical
parameters of the sensor, by tuning ink viscosity, and printer parameter
[47]. Furthermore, compared with more traditional printing techniques
such as ink jet or screen printing, AJP allows to achieve resolution in
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the order of 10 um with a very high repeatability, features that are
particularly valuable for application in biological assays [48].
Comparing the impedance magnitude and phase angle variation
after cell seeding at different frequencies, a significant initial increase of
the impedance magnitude, with the maximum value of 1 kQ recorded at
low frequency (400 Hz) and a decrease of the phase angle toward a
capacitive-like behavior [49,50], with the maximum decrease recorded
at lower frequencies (—30 degrees), could be observed suggesting an
effective cell adhesion (Fig. 3A). This suggests that the seeded cells
effectively adhered on the sensors acting as an insulating layer on the
electrodes, forcing the low frequency current to flow around the cel-
lular bodies on paracellular pathways, thus strongly increasing the
ohmic resistance of the total system compared with the pre-seeding
condition. The decrease in impedance recorded at 400 Hz and 40 kHz
during day 3 can be presumably due to cells crowd resulting in more
regions of cell-cell contact and a slight drop in resistance. This factor
appears to be essentially highly reduced at high frequencies, in agree-
ment with the literature [51,52]. Thus, at low frequencies the majority
of the current tends to flow below or in between cells while at high
frequencies the current goes through the cells. Consequently, the high
frequency impedance, more affected by cell-coverage, is more influ-
enced from the formation of domes, whereas the low frequency, re-
sponding more strongly to changes in the spaces either under or be-
tween the cells, better follows the adhesion process at day 1 and the
tight junction formation at day 21. Fig. 3B reported the relative
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Fig. 4. Impedance-based cell monitoring vs frequency and spectra fitting with equivalent circuit: a) Impedance magnitude and phase spectra vs frequency during the
differentiation process. b) Equivalent circuit of blank and seeded sensors used to fit the spectra.

impedance magnitude (RI), normalized over the background, at the
three different frequencies, 400 Hz, 4 kHz and 40 kHz. Interestingly, a
significant increase of RI during the 21 culturing days was observed at
40 kHz, and a similar but weaker trend was found at 4 kHz, suggesting
that the monitoring of RI at these two frequencies might be useful to
follow the Caco-2 cell growth and differentiation.

More in detail, the trend of RI observed at these frequencies allowed
to recognize three interesting moments of cell growth and differentia-
tion (Fig. 3). As previously discussed, the first increase observed at day
1, maximum at low frequencies, could be correlated with the initial
capacitive coupling of the current directly through the insulating cell
membranes of the initially attached cells. After that, the following
monotone increase recorded between day 3 and day 10 can be asso-
ciated with cells growth on the sensors. Due to cell proliferation and
spreading, the percentage of sensor's surface covered by cells increases
and the current has to flow through them, affecting the overall mea-
sured impedance. Finally, the increase recorded between day 15 and
day 21, concluding with a sort of plateau suggesting the effective for-
mation of a confluent and tight layer of cells, supporting our hypothesis
of correlation with cell differentiation.

At this regards, to better evaluate which frequencies could better
highlight Caco-2 to enterocytes-like cells differentiation we combine
the multiple measures of impedance by using the Principal Component
Analysis (PCA), an exploratory statistical method that converts a set of
observations of possibly correlated variables into a set of values linearly

899

uncorrelated called Principal Components (PCs). Thus, it is possible to
extract the loadings that represents the weight of each standardized
variable (RI at 400 Hz, 40 kHz and 4 kHz) within the PC; component
score. In details, as reported in Fig. 3C, the first component PC,, where
RI 4kHz and RI 40 kHz have a greater weight, was able to describe
nearly the 60% of explained variance.

All these data are supported from literature, since the specific fre-
quencies 40 kHz and 4 kHz have been previously highlighted as two of the
most sensitive for recognizing cells coverage during electric impedance
measurements [53]. In particular, the highest sensitivity that can be ob-
served at 40 kHz from the trendline of the RI during the 21 days, appears
to be coherent with findings observed by Wegener et al. [16], where this
specific frequency has been indicated as the most sensitive ones for
monitoring Caco-2 cells using an impedance based technique.

Respect to widely used TEER where a pair of chopstick electrodes
are used to measure the resistance between the apical and the baso-
lateral compartment [54], our impedance-based sensors represent a
different approach, less expensive and with a more uniform and co-
herent monitoring of the impedance both in terms of magnitude and
phase angle, with a complete analysis over a range of defined fre-
quencies.

3.3. Equivalent circuit modeling

Electric circuit model of adherent cells on conductive electrodes has
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Fig. 5. Evolution of Ree and C.e during differentiation: above, schematic of
correspondence between the different parameters in the model with the circuit
element; below, specific evolution of the modeling circuit parameters related to
cells attached on the sensors.

been widely investigated by several groups, including different levels of
circuit complexity depending on the specific features that the im-
pedance-based measurement aimed to highlight.

Literature reports models ranging from the simplest circuit — which
considers just the overall resistive and capacitive contribute of cells
[55] to the more complex ones which analyze the contribute of each
specific cell components (attached membrane and superior membrane,
cytoplasm, organelles and protein across the membrane) [50]. In our
model we choose a specific circuit including only the components re-
quired to model the predominant behavior of all the elements involved
(cells, electrodes and medium). More in detail, the electrolytic solution
was modeled as a constant resistance (Rpyeqium), the electrodes as a
parallel RC (Rcey and Ccepp) and cell coverage as well as an additional
parallel RC (Reepp and Ceep). While Reepp, Ceenn @and Rppegium could be
considered constant in all the fitting, R..; provided useful information
about the effective adhesion of the cells, on their proximity and on the
tight junction presence. C.e instead, more sensitive to the number of
the cells and on the multiple layers, provided a feedback on the increase
of cell number and on domes formation. Using the described circuit, the
impedance spectra obtained from measurements without and with cells
seeded on the sensor at the different timepoints (Fig. 4A) could be
analyzed with the circuit described above, as presented in Fig. 4B,
where measured and fitted spectra are graphed together in order to
better highlight the approximation performed with the circuit con-
sidered.

The analysis performed with the modeling approach is able to
provide us with information on the gap left between the cells and to
highlight the contribution of adhering cells on the electrode surface.
Both the resistive and the capacitive components can be integrated in

900

BBA - General Subjects 1863 (2019) 893-902

A
Ri4kHz Ri40kHz p-value g 4o
Ri4kHz 1
RI40kHz OM2!55 1
CLDN4 0.4969 0.5577 0.1933
SLC11A2 0.5410 0.8199 0.0239
SLC15A1 0.3680 0.6318 0.1279
S| 0.6902 0.9427 0.0015
ALPI -0.1764 0.3556 0.4338
CYP3A4 0.5081 0.9134 0.0040
Domes numbers 0.8038 0.7933 0.1093
Domes area 0.8137 0.8008 0.1035
ALPI enzyme activity 0.4898 0.8300 0.0409
B
RI 40kHz vs SLC11A2 RI 40kHz vs SI
2 2
1 - 3
- B L4 ¢ °
§u—-_ PO, U 9 - - %0——-0 ....... o . . ® ..
5 g ° o
1 i L 1
-2 2
-2 1 o 1 2 -2 1 o 1 2
Mean Mean
: RI40kHz vs CYP3A4 RI40kHz vs ALPI enzyme activity
1 1
go —————— « _o_'___.__ go___‘__‘ _________

Mean

Fig. 6. A) Pearson correlation coefficients table. Significant correlations is
considered for p > |0.7| (grey) and the statistical significance is obtained with
correlation test and reported in bold (p-value reported for RI at 40 kHz is ac-
cepted when < 0.05); B) Bland-Altman plots represent the differences between
the pairs of readings, visualizing the pattern of agreement of statistically sig-
nificant measurements (RI at 40 kHz vs SLC11A2, SI, CYP3A4 and ALPI enzyme
activity). Data are standardized (means = 0; variance = 1) to solve scale pro-
blem. The 95% of confidence interval (red line) is computed around the grand
mean of the differences (green line).

the circuit and compared to the cell-free model (Fig. 5). Regarding Reep,
the highest increase (around 600 €2) could be measured during the first
24 h, due to the reduction of the paracellular pathways available for
low frequency current paths, suggesting an effective adhesion of cells.
After the first day, the resistance kept on increasing, until day 21,
showing a plateau after the day 17, suggesting a complete differentia-
tion of the monolayer. Regarding C.e, it increases during the first
15 days of differentiation, due to the double layer capacitive contribute
of the cell membranes on the electrodes. Then, after a maximum
reached around day 15, it decreases in the last two time points. Results
obtained both for R and for C..; appear in agreement with what
found by using different cell types. In detail, as referred also in [54,56],
where endothelial cells were involved, the R . appears to show a high
increase due to the adhesion and then a slow increase due to pro-
liferation, with a sort of plateau corresponding to the monolayer for-
mation. Differently, C..;; evolution can be correlated with the number of
cells and in particular with their morphological changes due to differ-
entiation process. It appears to increase until confluence is reached and
then is reduced when domes, the typical structure of enterocyte-like
cells, are created. This decrease in the overall capacitance can be ex-
plained taking into consideration the domes structure, which can be
modeled as a series of capacitors [57]. In addition to the pure im-
pedance analysis, the proposed modeling approach allowed to analyze
both resistance and capacitance giving additional information about the
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barrier properties and cell processes such as adhesion, growth and
differentiation [49].

3.4. Concordance between relative impedance magnitude and
morphological, biochemical and molecular data

In order to highlight possible concordance between changes in im-
pedance magnitude and other parameters related to cell differentiation,
a Pearson correlation analysis was performed, specifically considering
RI at the two frequencies (4kHz and 40 kHz) and the PC; obtained
excluding 400 Hz. In fact, the re-computed PC; described nearly the
86% of explained variance and the two frequencies (40 kHz and 4 kHz)
had the same weight (—0.7071). In particular, the Pearson analysis
reported in Table in Fig. 6A, described the linear relationship between
the behavior of RI with that of the biological, morphological and bio-
chemical parameters during the differentiation process. Interestingly to
note, among different frequencies, RI measured at 40 kHz better cor-
relate with the other variables. We specifically found a good statisti-
cally significant correlation during the 21 days of differentiation be-
tween the increase of RI at 40kHz and SLC11A2 (p = 0.8199 and
p = .0239); SI (p = 0.9427 and p = .0015), and CYP3A4 (p = 0.9134
and p = .0040) genes mRNA expression (Table in Fig. 6A). On the
contrary, no correlation was found for CLDN4, SLC15A1 and ALPI
genes, despite for this latter a good correlation was at least found for its
enzyme activity (p = 0.8300 and p = .0409). Although a good corre-
lation between RI at 4kHz and 40kHz with morphology (domes
numbers and area) was found, it was not statistically significant,
probably due to the small sample size tested. Interestingly, when
Pearson test is performed using PC; the correlation coefficients are
reduced, confirming the relevance of 40 kHz respect to 4 kHz. (Sup-
plementary Fig. 2). Moreover, the strong and significative correlation
between RI 40 kHz and SLC11A2, SI, CYP3A4 and ALPI enzyme activity
has been also confirmed by the Bland-Altman plots, where the dots
(blue) are randomly distributed closely around the grand mean (green).

4. Conclusion

In conclusion, we reported the feasibility and reliability of an ad-
ditional method for monitoring cell differentiation of Caco-2 to en-
terocyte-like cells, based on impedance measurements. Using AJP as
powerful technique to achieve high resolution printed electronics,
customized interdigitated sensors have been designed and realized de-
positing a carbon-based ink on flexible polyimide, obtaining low-cost
sensors easy to sterilize and integrate with cell culture routine. Results
derived from the statistical analysis, performed to evaluate the con-
cordance between morphological, biochemical and molecular data and
impedance outputs, allowed to highlight 40 kHz as the optimal fre-
quency to assess Caco-2 to enterocyte-like cells differentiation process.
Overall, these results support the here-presented non-invasive and non-
destructive approach not only to assess the barrier integrity, but also for
cell differentiation monitoring during in vitro experiments.
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