Biosensors and Bioelectronics 177 (2021) 112983

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

o %

ELSEVIER

journal homepage: http://www.elsevier.com/locate/bios

t.)

Check for

Cryopreservation of a cell-based biosensor chip modified with elastic et
polymer fibers enabling ready-to-use on-site applications

Dua Ozsoylu ™", Tugba Isik ¢ Mustafa M. Demir“, Michael J. Schoning %",
Torsten Wagner ““

& Institute of Nano- and Biotechnologies (INB), Aachen University of Applied Sciences, Campus Jiilich, 52428, Jiilich, Germany
> Medical Biology and Genetics, Graduate School of Health Sciences, Dokuz Eyliil University, Balcova, 35340, Izmir, Turkey

¢ Institute of Biological Information Processing (IBI-3), Research Centre Jiillich GmbH, 52425, Jiilich, Germany

4 Department of Materials Science and Engineering, Ismir Institute of Technology, 35430, Izmir, Turkey

€ School of Chemistry, University of Bristol, Bristol, UK

ARTICLE INFO ABSTRACT

Keywords: An efficient preservation of a cell-based biosensor chip to achieve a ready-to-use on-site system is still very
On-sensor cryopreservation challenging as the chip contains a living component such as adherent mammalian cells. Herein, we propose a
Cryo-chip

strategy called on-sensor cryopreservation (OSC), which enables the adherent cells to be preserved by freezing
(—80 °C) on a biosensor surface, such as the light-addressable potentiometric sensor (LAPS). Adherent cells on
rigid surfaces are prone to cryo-injury; thus, the surface was modified to enhance the cell recovery for OSC. It
relies on i) the integration of elastic electrospun fibers composed of polyethylene vinyl acetate (PEVA), which has
a high thermal expansion coefficient and low glass-transition temperature, and ii) the treatment with Oy plasma.
The modified sensor is integrated into a microfluidic chip system not only to decrease the thermal mass, which is
critical for fast thawing, but also to provide a precisely controlled micro-environment. This novel cryo-chip
system is effective for keeping cells viable during OSC. As a proof-of-concept for the applicability of a ready-
to-use format, the extracellular acidification of cancer cells (CHO-K1) was evaluated by differential LAPS mea-
surements after thawing. Results show, for the first time, that the OSC strategy using the cryo-chip allows label-
free and quantitative measurements directly after thawing, which eliminates additional post-thaw culturing
steps. The freezing of the chips containing cells at the manufacturing stage and sending them via a cold-chain
transport could open up a new possibility for a ready-to-use on-site system.

Ready-to-use

Light-addressable potentiometric sensor
Chemical imaging

Extracellular acidification

Cellular metabolism is the set of biochemical reactions called
metabolic pathways. Glycolysis and cellular respiration are important
metabolic pathways for the production of energy (catabolism) in cells.

1. Introduction

Cell-based biosensors play an outstanding role in all areas of major

biomedical research including drug discovery, cancer research, immu-
nology, stem cell research, and regenerative medicine (Gupta et al.,
2019). These biosensors, which use cells as a living model system, allow
performing experiments and reducing the need for animal testing.
Basically, the cells to be investigated are cultured on sensor chips and
their cellular response to selected experimental stimuli (e.g., bio-
molecules, drugs, chemicals) is measured quantitatively and
non-invasively (Wasilewski et al., 2020; Pan et al., 2019; Gupta et al.,
2019). Monitoring of cellular metabolism is undoubtedly one of the most
important issues in the field of cell-based biosensors.

These pathways use major nutrients such as glucose and oxygen to
produce energy for the cell while the by-products of the reactions such as
lactate, CO5 and H' ions are released to the extracellular environment
(Mookerjee et al., 2015). These by-products cause extracellular acidifi-
cation, which can be used as a sign for abnormal regulations of these
energy-related pathways that are mostly associated with extensive dis-
eases such as obesity (Agrawal and Prakash, 2014), schizophrenia
(Sullivan et al., 2019), as well as cancer, neurodegeneration, and dia-
betes (DeBerardinis and Thompson, 2012). Therefore, monitoring of the
extracellular acidification using cell-based biosensors has a tremendous
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value in understanding the biological fundamentals of these common
diseases.

Only a few cell-based biosensors have been developed for label-free,
non-invasive and quantitative sensing of extracellular acidification,
including optical methods using the Seahorse XF analyzer (Agilent
Technologies Inc., USA) to monitor oxygen consumption (OCR) and
extracellular acidification rate (ECAR) (Wu et al, 2007),
semiconductor-based methods using the Bionas Discovery 2500 (Bionas
GmbH) for real-time monitoring of ECAR (Thedinga et al., 2007), and
field-effect-type methods using an ion-sensitive field-effect transistor
(ISFET), which seem to be more suitable for long-term measurements of
extracellular acidification (Lee et al., 2009). Another field-effect-based
biosensor, the light-addressable potentiometric sensor (LAPS), exhibits
remarkable features over existing biosensor solutions through its un-
complicated spatial resolution ability. A desired sensing point on the
sensor surface can be addressed by light illumination to monitor the
extracellular acidification through its pH-sensitive transducer layer. In
addition, by using this unique feature, a defined area can be scanned by
a modulated light beam to obtain a two-dimensional chemical image of
extracellular pH (pH,) and extracellular acidification (EA). More details
regarding the working principle of LAPS can be found elsewhere
(Wagner et al., 2016; Schoning et al., 2005b; Yoshinobu et al., 2001;
Poghossian et al., 2001; Parak et al., 1997, 2000).

Biosensor systems mentioned above consist of two main components:
the sensor itself and cells. The cells, which are frozen in a vial, are
delivered to the end-users by cold-chain transportation. To obtain an
operational cell-based biosensor system from these two main compo-
nents, several preparation steps of cell culture such as thawing, centri-
fugation, counting, seeding, incubation for attachment, adhesion,
spread and cell-cell connection and optimization of the cells should be
carried out. These preparation steps usually take days (Cheng et al.,
2015; Jiang et al., 2018; Park et al., 2019) and operations are limited
only to those facilities with established cell culture infrastructure and
experienced staff for cell culturing. In addition, potential variations in
these preparation steps from facility-to-facility or operator-to-operator
might lead to run-to-run variabilities, resulting in less comparable re-
sults (Zhao and Fu, 2017). Instead of delivering the biosensors and cells
to the end-user separately, preparing the entire system at the
manufacturing stage (e.g., mass production) and transporting it to the
end-users in a standard and ready-to-use concept could be a solution to
overcome the above described drawbacks. However, in this case, the
cells inside the sensor system are very demanding for certain vital pa-
rameters such as oxygen, nutrients, pH and temperature, which must be
carefully kept in balance during transportation to the end-user (Banerjee
et al., 2013). Providing these parameters is often not practicable during
conventional transportation. Therefore, the storability of cells in a
healthy state within a portable system is critical for their practical
applicability and commercialization (Ye et al., 2019; Gupta et al., 2019).
Thus, there is an urgent need for preserving the whole optimized culture
in biosensor applications to enable a ready-to-use on-site system.

Cryopreservation, the process of freezing and preserving cells at sub-
zero temperatures, and thawing them on-demand at a later time, could
help to fill the gap in the applications mentioned above. Even though
several studies have revealed the benefits of the cell cryopreservation
while they adhere to a substrate surface (Beier et al., 2011; Davidson
et al., 2015; Kondo et al., 2016; Bissoyi et al., 2016; Bailey et al., 2019),
no work using a biosensor as a substrate surface has been reported yet.
Therefore, the present work aims to enable an efficient cryopreservation
of the whole optimized culture on a biosensor chip. However, for such a
cryopreservation the used tools should be designed according to the
needs, whose aim has to ensure high cell recovery. For example, the
system should provide a rapid removal of the cryoprotectant after
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thawing and a high surface-area-to-volume ratio enabling rapid warm-
ing, which is critical for cell recovery. From this perspective, micro-
fluidic chips are an emerging tool being used in the cryopreservation,
and they could also provide a flexibility on microscale integration of
other tools (e.g., sensors) for an all-in-one concept (Zhao and Fu, 2017).
While some other benefits of such cryo-chips on cell cryopreservation
have recently been reported (Bissoyi et al., 2016; Kondo et al., 2016), the
surface/biomaterial aspects should be carefully considered because
adherent cells are more prone to cryo-injury, which is most likely due to
a mismatch in the coefficient of linear thermal expansion between the
frozen cell membrane and the rigid substrate in contact. The mismatch
could result in a damage of cell membrane, cell detachment, and cell
breakage (Beier et al., 2011; Rutt et al., 2019; Batnyam et al., 2017). This
effect could also occur in cell-based biosensors that have usually a rigid
sensor surface, such as LAPS. Therefore, innovative methods and tools
must be implemented to overcome these challenges and to ensure a high
cell recovery.

In this study, to enable an efficient preservation of a cell-based
biosensor chip in a ready-to-use on-site format, the rigid culture sur-
face of the LAPS is modified with elastic electrospun fibers composed of
polyethylene vinyl acetate (PEVA), which has a high thermal expansion
coefficient and low glass-transition temperature. The modified sensor is
then integrated into a microfluidic chip system for precise control of the
microenvironment inside the channels as well as for reducing the ther-
mal mass around the cells to enable fast thawing, which is vital for cell
survival. For the first time, the strategy called on-sensor cryopreserva-
tion (OSC) has been utilized using this biosensor system (cryo-chip). The
performance of this cryo-chip has been validated not only by testing the
viability and recovery of the cells (here, CHO-K1) in response to the
cryopreservation but also by monitoring their extracellular acidifica-
tion. An illustrative schematic of the four-step workflow of the proced-
ure is outlined in Fig. 1a-d. The main hypothesis of this study is that the
implementation of PEVA electrospun fibers on the LAPS enables a
hybrid (elastic/rigid) sensor surface that ensures a better cell recovery
for the introduced OSC. As the cryopreservation should provide better
cell recovery, optimizing the sensor surface for the OSC-method is one of
the main aims of this work. Hence, this work describes both sensor and
OSC. Soon, this cryo-chip system can also be used for rapid comparison
of the effects of different cryopreservation conditions on the cell re-
covery, which is one of the main demands in the field of cryobiology.

2. Material and methods
2.1. Sensor fabrication and electrochemical characterizations

The LAPS is made of an Al/p-Si/SiO5/Tay0s structure. To obtain this
structure, a p-doped silicon wafer (<100>, specific electrical resistivity:
5-10 Qcm, thickness: 400 pm) was used to grow a thin (30 nm) insu-
lating layer of SiO5 by thermal dry oxidation procedure (40 min at 1000
°C, O2). A tantalum (Ta) layer with a thickness of 30 nm was deposited
on top of the SiO, layer by electron-beam evaporation
(0.5 nm/s, 6 x 10~° mbar). Thereafter, a pH-sensitive transducer layer
(60 nm Tay0s) was grown from this layer by a thermal dry oxidation
step (520 °C, 120 min). At the rear side, a 300 nm aluminum (Al) layer
was deposited as an ohmic contact by electron-beam evaporation
(2 nm/s). The wafer was then diced into single chips with the size of
2 x 2 cm?. To create an illumination window (1.5x1.5 cmz) on the rear
side of the chip, the Al layer was partially removed by using 5%
hydrofluoric acid.

Electrochemical characterization techniques were carried out after
sensor fabrication to study sensor functionality by measuring leakage-
current-, impedance- and capacitance-voltage (C/V) curves using an
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Fig. 1. On-sensor cryopreservation (OSC) offers ready-to-use on-site format for cell-based lab-on-a-chip devices: a) Photo of cryo-chip where a single sensor (LAPS)
chip, which was modified with elastic electrospun PEVA fibers, is integrated in the microfluidic system. The system contains two identical and separated micro-
channels to realize the OSC of adherent cells. b) 3D-printed freezing container designed for cryo-chips ensuring a standardized cooling rate. c¢) Photo of differen-
tial measurement set-up of the chip device. d) Schematic photocurrent vs. voltage (I/V) curves obtained from the set-up and representative differential chemical
image to visualize the extracellular acidification inside the channels. The freezing container is available for up to 3 cryo-chips.

electrochemical spectrum analyzer (Zahner-Elektrik GmbH) (Schoning
et al, 2005a; Poghossian et al., 2004). For photocurrent-voltage
(I/V) measurements, a custom-made scanning LAPS set-up was used as
previously described (Wagner et al., 2006; Ozsoylu et al., 2019). The
sensor characteristics such as pH sensitivity, drift and hysteresis were
determined by utilizing Titrisol buffers (Titrisol, Merck, Germany) be-
tween pH 5-9.

2.2. Surface modification and characterization

The sensor surface was functionalized with elastic PEVA fibers using
the electrospinning technique. PEVA beads (Sigma-Aldrich, vinyl ace-
tate 40 wt%) were dissolved in a mixture of chloroform and N,N-
Dimethylformamide (3:2, v/v). The resulting polymer concentration
was adjusted to 13% (w/v) and the solution was stirred overnight for
complete dissolution. The LAPS chips were cleaned consecutively with
acetone, isopropanol, ethanol, and deionized (DI) water for 3 min in an
ultrasonic bath before coating. Then, the chips were fixed with a double-
sided tape on the collector (aluminum foil). The electrospinning setup
for the coating of LAPS chips is schematically depicted in Fig. S1
(Supplementary Information). The viscous PEVA solution was trans-
ferred into a 5 mL plastic syringe, a stainless-steel needle (18 gauges)
was attached, and the needle was connected to a high voltage power
supply of 18 kV (Gamma High Voltage Research Ormond Beach, FL, US).
The flow rate was adjusted to 1.5 mL/h by using a micro-infusion pump
(New Era NE300 Infusion Pump, Farmingdale, NY, USA). The tip-to-
collector distance was set to be 10 cm. More details about the optimi-
zation of the electrospinning process were given in the supplementary
part (See Supplementary Information). A smooth coating was fabricated
on the LAPS chips by 60 s electrospinning of PEVA solution at 20-22 °C
temperature and 48-50% relative humidity. The morphological char-
acterization of electrospun fibers was carried out by Scanning Electron
Microscopy (SEM) (FEI Quanta250 FEG, Oregon, USA) and digital mi-
croscope (Keyence, USA). The fiber diameter distributions and average
size of fibers were estimated statistically by using the ImageJ software
(National Institutes of Health, USA).

2.3. Plasma treatment and characterization

To increase the hydrophilicity of the modified chip surface, Oy

plasma treatment was performed using a low-pressure plasma system
(Femto, Diener Plasma Surface Technology). After the samples were
placed into the reaction chamber, O, gas was injected at a controlled
pressure of 0.2 mbar. A radio-frequency generator was operated at 40
kHz while the excitation power, total gas flow rate, controlled pressure,
and plasma exposure duration were 30 W, 20 sccm, 0.2 mbar and 30 s,
respectively (Ozsoylu et al., 2019). To characterize the wettability
alteration after the plasma treatment, water contact angle measure-
ments by means of a sessile drop method (static) were performed under
controlled temperature (22 °C) and relative humidity (58-60%) using an
optical contact angle measuring device (Data Physics Instruments
GmbH, Germany). The measurements were carried out by adding 5 pL of
DI water drops in a minimum of three randomly selected spots across the
sample surfaces. Images of the drops were acquired 10 s after drop
impact to calculate the contact angles by using the software module
SCA20 (Data Physics Instruments GmbH, Germany). Surface topog-
raphy, roughness and area of the samples were analyzed by atomic force
microscopy (AFM) (BioMat Workstation, JPK Instruments, Germany). At
least three samples were analyzed for the characterizations.

2.4. Cryo-chip arrangement

The modified LAPS chip was fixed to the rear side of a bottomless
self-adhesive microfluidic slide (sticky-Slide VI 0.4; ibidi GmbH, Ger-
many) to form two identical microchannels on the sensor surface
(Fig. 1a). The biocompatible adhesive of this microfluidic slide is pre-
cisely aligned to the adhesion areas, thus that the bonding of the chip did
not cause any obstruction to the sensor surface or the microfluidic
channel itself. In general, the sensor chip is vulnerable to stretches
caused by bending. Thus, a biocompatible, two-component epoxy ad-
hesive (EP 655-T, Polytec PT GmbH, Germany) was used to properly seal
and encapsulate the edges of the sensor not only to strengthen the
adhesion against potential liquid leakage but also to mechanically sup-
port it. For sensors treated with plasma, the above-mentioned bonding
was performed immediately after the plasma activation. The sensor chip
together with the microfluidic channels creates the so-called cryo-chip,
which was used to perform the OSC. The width and height of the
microchannels are 3.8 mm and 400 pm, respectively. The volume of
each microchannel is 30 pL and the volume of each reservoir is 60 pL. A
more detailed view of the cryo-chip from different angles to demonstrate
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the design concept is shown in Fig. S2 (see Supplementary Information).
To ensure the sterility and to prevent complications due to the expansion
of the cryoprotectant solution as it freezes, a filter set was prepared by
using a 0.22 pm sterile filter and tubes, connected with Y-style tube
fitting (Fig. 1a).

2.5. Cell culturing and analysis

Chinese hamster ovary (CHO-K1) cells (DSMZ, Germany) were
cultured with the mixture of Ham’s Nutrient Mixture F-12/Dulbecco’s
Modified Eagle Medium (Ham’s F-12/DMEM, 1:2 mixture, pH 7.4),
supplemented with 5% fetal calf serum (FCS), 100 U/mL penicillin and
100 mg/mL streptomycin (Sigma Aldrich). Cells were incubated inside
an incubator providing 37 °C humidified and 5% CO;-containing at-
mosphere. To keep the cells healthy, the medium was replaced every 2
days by fresh medium. When the cells became confluent (80-90%), they
were passaged in a new culture flask to increase the cell numbers for the
next experiments as well as to maintain the cells in the exponential
growth.

Once, a sufficient amount of cells was obtained, 4 x 10* cells/cm
were seeded inside the channels of the cryo-chip, which were previously
sterilized by 70% ethanol for 1 h. As control samples, unmodified LAPS
chips and elastic polymer coverslips (uncoated, 180 pm thick, ibidi
GmbH, Germany) were used after they were mounted in the same way to
the bottomless microfluidic slides (see Section 2.4). The culture medium
was replaced with fresh one every 24 h (by pipetting). After the cells
were incubated for 48 h, the cell viability was analyzed using a Cell
Counting Kit (CCK)-8 assay (Dojindo Laboratories, Kumamoto, Japan).
CCK-8 test solution at a 1:10 dilution in the medium was prepared and
sterilized by filtering through a filter (0.2 pm pore size). After the
channels were washed three times with this solution, the cells were
incubated in the incubator with the same solution for 1 h. Negative
control samples (without cells) were also prepared and the same pro-
cedure was performed. After the incubation, the solution in each chan-
nel was thoroughly mixed to ensure homogenous concentration of the
formazan dye produced by the cell activity, and it was transferred in a
96-well plate. The absorbance (A) was measured at 450 nm with a
reference wavelength of 650 nm on a microplate reader (Spark, Tecan
Group Ltd., Switzerland) and it was calculated as follows (see Eq. (1)):

2

A= (Absorbancelcsl group) - (Absorbanceblunk group without cc]]s)

- (Absorbancereference at 650 nm) . (l)

2.6. On-sensor cryopreservation and thawing

In the next step, after the CKK-8 assay (see Section 2.5) the same
cryo-chips with cells were used for cryopreservation. The channels of the
cryo-chip were washed twice with a cryoprotectant solution comprised
of 90% FCS supplemented with 10% dimethyl sulfoxide (DMSO) and
subsequently, the channels were filled with this solution. The filter sets
were connected to the inlet and the outlet of the channels. Thereafter,
the cryo-chips were placed in a 3D-printed freezing container (Fig. 1b),
and then transferred to a —80 °C freezer. The freezing container was
designed and printed by a stereolithography (SLA) 3D printer (for de-
tails, see Fig. S3 in Supplementary Information). The cryo-chips were
kept in the freezer overnight (at least 12 h). The frozen cryo-chip was
thawed as rapidly as possible by transferring it directly to the incubator
(37 °C). The cryoprotectant solution inside the channels was removed by
flushing the channels three times with fresh culture medium (37 °C) as
soon as the ice crystals disappeared. The cells were analyzed immedi-
ately after thawing and after an incubation for 12 h with the method
described in Section 2.5. The cell recovery was calculated as follows (see
Eq. (2)):

Recovery = (Aafler lhawing) / (Abefore freezing) X 100%. 2
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All experiments were repeated at least three times. All data presented
in this work were shown as the means and standard deviation (SD)
unless otherwise indicated. Statistical significance between populations
was calculated by using one-way ANOVA followed by Bonferroni post-
hoc analysis; a P-value of <0.05 is considered as significant.

2.7. Differential detection of extracellular acidification after OSC

The cryo-chip, composed of the LAPS chip modified with the elec-
trospun PEVA fibers, treated with the Oy plasma, was used for the
following proof-of-concept measurements. One of the two channels of
the cryo-chip was identified as a “reference channel” (without cells),
while the other was identified as an “active culture channel” (with cells).
This enables differential measurements between the channels with and
without cells. The cell culturing, cryopreservation and thawing were
performed as described in Sections 2.5 and 2.6. All application steps
except cell seeding were performed in the same way for both channels.
After thawing, the cryoprotectant solution within the channels was
immediately replaced with a modified measurement medium, which
consists of the Ham’s F-12 cell culture medium supplemented with 25
mM D-glucose, 5% FCS, 100 U/mL penicillin and 100 mg/mL strepto-
mycin. No sodium bicarbonate or 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) were used as the medium should not
be highly buffered during the measurements. A self-made micro-agar
salt-bridge was developed inside the tip of disposable micropipette tips
(200 pL)(Fig. 1c); and it was sterilized using an autoclave to maintain
the sterility inside the cryo-chip during the measurements. The details
about the preparation steps of this salt-bridge are summarized in Fig. S4
(Supplementary Information). The 3D-printed connectors, tubes and 10
mL glass syringe containing the measurement medium were assembled
under aseptic conditions in a laminar flow cabinet. A controlled pump
system (neMESYS290N, Cetoni) was applied to supply the medium to
the cells inside the channels. A 3D-printed adapter to create an ohmic
rear side connection of the LAPS was attached to the cryo-chip (Fig. S2,
Supplementary Information); then, it was placed in a self-developed
scanning LAPS measurement set-up containing two identical reference
electrodes (DriRef-2SH, World Precision Instruments Ltd) and a heated
plate for temperature control (ibidi GmbH, Germany), set to 37 °C.
Differential scanning LAPS measurements were carried out to monitor
the extracellular acidification of the cells. Fig. 1d illustrates how a
chemical image is obtained: For both channels, the chemical images
were recorded at a constant bias voltage of 0.4 V obtained from the
inflection points of the previously recorded 1/V curves. More details of
the measurement mode of LAPS can be found elsewhere (Miyamoto
et al., 2013; Ozsoylu et al., 2020). The channels of the cryo-chip were
scanned step-wise with a width of 200 pm. In this way, an image
composed of 19 x 46 measurement spots was obtained for each channel,
which is exemplarily shown in Fig. 1d, bottom part. To correctly eval-
uate the photocurrent change for each measurement point, internal
normalization by subtracting the possible drift effect observed in the
reference channel was performed as follows (see Eq. (3)):

In = [(IAC after (hnwing) - (IAC inilial)] - [(IRC after lhawing) - (IRC inilial)} . (3)

where I, is the normalized photocurrent, Ixc is the photocurrent in the
active culture channel, and Irc is the photocurrent in the reference
channel.

3. Results and discussion
3.1. Surface characteristics

Various characterization techniques, such as scanning electron mi-
croscopy (SEM), atomic force microscopy (AFM), digital microscopy and

contact angle measurements, were performed to understand the char-
acteristics of the PEVA fibers and various surfaces. The average diameter
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Fig. 2. Surface characteristics such as surface topography and wettability for various surfaces, a) elastic polymer coverslip, b) bare LAPS, ¢) LAPS modified with
PEVA fibers and d) LAPS modified with PEVA fibers and then treated with O, plasma. The representative images and a profile graph for each surface are shown under
different AFM analysis (2D height image, corresponding height profile and 3D height image) to indicate the surface topography. The representative photos of water
droplets for each surface, which were obtained by sessile drop contact angle measurements of deionized (DI) water, indicate the wettability of the surfaces. The mean
values of their contact angles, which were obtained from the measurement of the multiple samples, are also presented above each column. Notes: *PT indicates Oy
plasma treatment for 30 s. The AFM height profile for each surface is obtained from the area depicted in the corresponding 2D AFM image, along the trace indicated

in white. Sq: Root mean square (RMS) roughness; area: Surface area.

of PEVA electrospun fibers was 3.3 & 0.5 pm. Fig. 2 depicts other surface
characteristics such as surface topography and wettability. The repre-
sentative 2D AFM height image, line profile, 3D AFM image and contact
angle value are shown for each sample, elastic polymer coverslip
(Fig. 2a), bare LAPS (Fig. 2b), LAPS modified with PEVA fibers (Fig. 2c)
and LAPS with PEVA fibers and Oy plasma treatment (Fig. 2d). The
surface roughness of the bare LAPS (1.14 nm + 0.61 nm) was slightly
higher than that of the coverslip (1.03 nm + 0.47 nm); however, the
difference was statistically not significant (p = 0.63). The modification
of the LAPS surface with the PEVA fibers notably increased the surface
roughness from 1.03 nm + 0.47 nm to 597.29 nm =+ 220.24 nm. After
plasma treatment, the roughness stayed almost the same as 597.83 nm +
123.09 nm (p = 0.99). Similarly, the surface area for per projected area
(2500 pm?) increased to 2683.8 pm? + 106.4 pm? after modification
with PEVA fibers. After plasma treatment, the surface area did not
change significantly as 2705.7 pm? + 71.6 pm? (p = 0.74). Moreover,
the hydrophilic LAPS surface (Fig. 2b) was turned into a hydrophobic
state (high contact angle values) by the attachment of the fibers

(Fig. 2c). The low wettability might be attributed to the increased
roughness of the surface (Chen et al., 2018), which comes from the
incorporation of PEVA fibers (Fig. 2c). As wettability is one of the most
important factors to enhance cell-substrate interaction and cells mostly
tend to prefer hydrophilic surfaces (Chen et al.,, 2018), Oy plasma
treatment was performed to obtain again a hydrophilic surface (low
contact angle) (Fig. 2d). The treatment did not influence the integrity of
the fibers (Fig. S5, Supplementary Information). Almost all fibers were
in contact with the LAPS surface as the fibers coalesced one with the
other in junctions and also formed a melded and flattened morphology
on the sensor surface (Fig. S6, Supplementary Information).

3.2. Cell responses to on-sensor cryopreservation (OSC)

The morphology and viability of the CHO-K1 cells were analyzed just
before and after performing the OSC, as these parameters are funda-
mentally important to provide evidence about their general health and
response to the process of freezing and thawing on different surfaces.
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Fig. 3. Cell responses to the OSC (—80
°C, overnight) using the cryo-chip. a)
Representative microscopic images of
CHO-K1 cells on various surfaces to
depict the cell morphology before
freezing and immediately after thawing
(*PT indicates O, plasma treatment for
30 s). Absorbance values from CCK-8
analysis to show the cell viability on
the surfaces as elastic polymer coverslip
(surface 1), LAPS (surface 2), LAPS
modified with PEVA fibers (surface 3),
and LAPS modified with PEVA fibers
and treated with O, plasma (surface 4)
b) before freezing, c) immediately after
thawing, and d) 12 h after thawing; (*p
< 0.01, **p < 0.001). Note: Absorbance

was calculated by subtracting the
before immediately 12 h after absorbance of the blank (no cells) from
b) ! c) . d) !
freezing after thawing thawing the absorbance of the test sample to
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** *k
2 - — 2 2 A —
*% *
@ ® il
[0}
O 1.5 © 1.5 1 O 1.5 1 % ! !
c c c
®© ®© ® [ —
2 = £
o 14 o 11 O 1 1
2 2 - 2
© © ©
0.5 1 0.5 1 0.5
N 5 PT1
1 2 3 4 1 2 3 4 1 2 3 4
surface surface surface

Before freezing, the cells grown on the LAPS surface, which was modi-
fied with PEVA fibers, represented their typical morphological charac-
teristics being well-spread, polygonal in shape and elongated as
epithelial cells (Porter et al., 1973) (Fig. 3a, “surface 3”). The same re-
sults were obtained when the modified surface was treated with O,
plasma (“surface 47). In contrast, the cells grown on the surface of the
polymer coverslip (“surface 1) or the unmodified LAPS (“surface 27)
mostly showed a spindle-like or more rounded-like morphology and the
culture could not reach full confluence on these surfaces. These results
were in good agreement with the absorbance values before freezing
(Fig. 3b), indicating the cell viability analyzed with the cell counting
kit-8 (CCK-8) assay. The lowest absorbance values, indicating a rela-
tively low viability, were found on the hydrophobic polymer coverslip
(“surface 1”). The cell viability was observed to be high on the LAPS
surface modified with PEVA fibers (“surface 3”), although the wetta-
bility of this surface has been quite low in Fig. 2c. The high surface area
of the electrospun fibers can enhance the interaction between the scaf-
folds and adsorbed species (e.g., cells, proteins) so that fibrous surfaces
are prone to have more adsorption capacity (Leong et al., 2009; Isik
et al., 2016; Isik and Demir, 2018). The highest absorbance values,
which indicate a relatively high viability, were observed for the LAPS
surface modified with PEVA fibers and then treated with O, plasma
(“surface 47) that is correlated with the enhanced wettable property of
the surface (Fig. 2d). Above all, many other parameters such as chemical
composition, stiffness and elasticity of the polymer could cause a syn-
ergistic effect for the cell behavior, leading to the improved adsorption
on the sensor surface.

Immediately after thawing, most cells cryopreserved on the un-
modified LAPS surface showed a cryo-injury phenotype characterized by
a disrupted membrane and released cytosol (Fig. 3a, “surface 2”). Partial

detachment of the cell monolayer was also observed on this surface
(Fig. S7, Supplementary Information). Conversely, the cells cry-
opreserved on other surfaces displayed the same morphology as they
showed before freezing (Fig. 3a). These observations were also validated
by analyzing the cell viability. The lowest cell viability was seen on the
unmodified LAPS surface (Fig. 3c, “surface 2”). Remarkably, it was
noticed that the cell viability was also high on the elastic polymer
coverslip (Fig. 3c, “surface 1”), although the lowest viability had been
seen in this surface before freezing (Fig. 3b, “surface 17). Possible ex-
planations for this behavior with regard to the surface elasticity are
discussed in detail in the next paragraph. The absolute absorbance
values for all surfaces decreased immediately after thawing versus
before freezing. This is usually attributed to the thermal shock and
mechanical stress for the cells during the freezing and thawing process.
Thus, the cells were allowed to recover by an incubation within the cryo-
chip for 12 h after thawing (Fig. 3d), which is also important to observe
the cell progress such as possible post-thawing cell death (Baust et al.,
2009). After the incubation, the highest viability was observed again for
the LAPS surface, which was modified with PEVA fibers and then treated
with Og plasma (Fig. 3d, “surface 47).

Fig. 4 depicts the cell recovery in response to OSC. The highest re-
covery among the sensor surfaces was seen on the LAPS surface, modi-
fied with elastic PEVA fibers and then treated with O, plasma (“LAPS +
fibers + PT™). The differences between “elastic polymer coverslip” and
“LAPS + fibers + PT” were not statistically significant (p = 0.053). The
beneficial effects of elastic polymers on adherent cell cryopreservation
were previously discussed in literature (Rutt et al., 2019; Batnyam et al.,
2017; Liu and McGrath, 2007). It was hypothesized that the linear
thermal expansion coefficient (az) of the substrate should match with
that of the ice, formed between the substrate and the cell membrane in
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Fig. 4. Comparison of cell recovery obtained by an CCK-8 assay with regard to
the OSC (—80 °C, overnight) for various surfaces. The recovery was analyzed
according to cell viability just before freezing and 12 h after thawing (for de-
tails, see Section 2.6). The error bars represent the standard deviation (SD). #pPT
indicates O, plasma treatment for 30 s *p < 0.01, **p < 0.001, ns: Non-sig-
nificant (p > 0.05).

contact during the cooling and warming process. Otherwise, different
length changes can create gradients of mismatch stress, which are likely
relieved through the formation of cracking, blistering, buckling and
disintegration (Rutt et al., 2019; Liu and McGrath, 2007). The unmod-
ified LAPS surface consists of TazOs. The oy of TazOs (3.6 x 107°/K)
(Tien et al., 2000) is approximately 15 times lower than the oy, of ice (55
x 107%/K) (Marchenko, 2018). This difference could be the reason for
the low cell recovery (Fig. 4, “LAPS”) as well as for the cell detachment
and partial monolayer loss observed on the unmodified LAPS samples.
Similar observations were previously reported for Chinese hamster
fibroblast cells cryopreserved on a rigid glass surface (Rutt et al., 2019).
Therefore, the PEVA copolymer with a vinyl acetate (VA) comonomer
(weight percent of 40%) was particularly preferred for this study as a
higher concentration of vinyl acetate ensures larger oy values (approx.
550 x 107 %/K as a polymer film) and elasticity (Gonzalez-Benito et al.,
2015). Although the oy of PEVA is approximately 10 times higher than
the oy, of ice, this mismatch stress could be stored as elastic strain energy
in the fibers as the elasticity of the PEVA fibers (Young’s modulus of
elasticity: approx. 0.0034 GPa) (Wang and Deng, 2019) is highly greater
than that of ice (Young’s modulus of elasticity: approx. 9 GPa) (Rutt
et al., 2019). In addition, the polymer can also keep elasticity until its
glass-transition temperature (Tg). In this respect, the PEVA polymer
shows superiority with its low Ty (—20 °C) (Wang and Deng, 2019),
which is lower than the ice nucleation temperature (usually between —6
°C and —9 °C) in the extracellular compartment, when 10% DMSO was
used as a cryoprotective agent (Meneghel et al., 2019). Besides, as it was
reported previously (Parizek et al., 2009), the plasma treatment on
surfaces can increase the density of focal adhesion points of cells, which
could decrease the harmful ice formation between the cell membrane
and the substrate in contact (Bissoyi et al., 2016). This might explain the
high cell recovery on the samples treated with Oy plasma after OSC
(Fig. 4, “LAPS + fibers + PT”). Moreover, the cells grown and cry-
opreserved on the elastic polymer coverslip as a reference sample dis-
played a high cell recovery, although the cell viability had been found to
be lower than on other surfaces (Fig. 3b, “surface 1”). This also supports
the above-mentioned findings and the hypothesis that the usage of the
elastic polymers has beneficial effect on adherent cell cryopreservation
(Rutt et al., 2019; Batnyam et al., 2017; Liu and McGrath, 2007).

It is also important to note that the size and shape of the growing ice
crystals during freezing and thawing are associated with cell recovery
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(Biggs et al., 2017). The alterations in surface wettability and topog-
raphy modulate these characteristics of ice crystals (Li and Guo, 2018);
therefore, the increased wettability and roughness (Fig. 2) after modi-
fications of the sensor surface could be associated with the high cell
recovery observed in this study. Besides, ice recrystallization (growth in
ice crystals, especially during thawing) is another contributor to
cryo-injury (Biggs et al., 2017). It should be further explored whether
the PEVA exhibits an ice recrystallization inhibition (IRI) activity, which
was recently shown in polymers such as poly(vinyl alcohol) (PVA)
(Biggs et al., 2019).

3.3. Proof-of-concept measurements

The proposed cryopreservation method (OSC) provides only a
benefit if the underlying sensor survives the cryopreservation steps and
performs within normal parameter. Only then, a cryo-chip can be used
for on-site applications. Thus, the performance of the cryo-chip using the
OSC strategy for adherent mammalian cells (CHO-K1) as a model system
was validated by differential LAPS measurements after thawing. Fig. 5
depicts three chemical images to visualize the extracellular acidification
of the cells after OSC (—80 °C) using the cryo-chip. Fig. 5a shows the
chemical image with the photocurrent scale before cell culturing as
initial (point zero) measurement performed with the measurement
medium (pH 7.4) without cells. As expected, both channels show rather
similar photocurrent signals. Thereafter, CHO-K1 cells were cultured
only within the active culture channel, and the OSC was performed
overnight at —80 °C. Immediately after thawing, both channels were
filled with fresh measurement medium (pH 7.4), and connected to the
measurement set-up. The chemical image (Fig. 5b) shows that in
contrast to the reference channel, the photocurrent values slightly in-
crease in the active culture channel, which indicates not only extracel-
lular acidification but also cell recovery after OSC. Furthermore, the
increase of the photocurrent values within the active culture channel
was even more visible 6 h after thawing (Fig. 5c). To show these alter-
ations in detail, the average photocurrent values of each channel are
given as bar diagrams before cell culturing (Fig. 5d), immediately after
thawing (Fig. 5e) and 6 h after thawing (Fig. 5f). Compared to the initial
(zero point) photocurrent values of each channel, the average photo-
current change in the active culture channel was 7.2 nA + 1.1 nA
immediately after thawing and 36.6 nA + 4.7 nA, 6 h after thawing.
Instead, the average photocurrent change in the reference channel was
—1.8 nA + 5.7 nA immediately after thawing and -6 nA £ 4.7 nA,6 h
after thawing (Fig. 5g). As there are no cells within the reference
channel, the photocurrent changes in this channel indicate a negative
sensor signal drift. Despite the fact that these values were rather small, it
helps to describe the drift behavior of the overall LAPS chip, which also
influences the results of active culture channel. Therefore, this drift
behavior should be used to correct the contribution of the extracellular
acidification in the active culture channel. For this, differential chemical
imaging was implemented by performing a data normalization. This
relies on i) subtracting the photocurrent values of each channel (Fig. 5b
or Fig. 5¢) from their initial (zero point) values (Fig. 5a) and ii)
deducting the corresponding drift value seen in the reference channel
(Fig. 5g) from the subtracted photocurrent values (for details about the
calculation formula, see Section 2.7). In this way, the differential
chemical images of the extracellular acidification are shown in Fig. 6.

The optical image of the channels of the cryo-chip after the OSC is
displayed in Fig. 6a. This optical image corresponds to the differential
chemical images of pH, with the photocurrent scale immediately after
thawing (Fig. 6b) and 6 h after thawing (Fig. 6¢). The average increase in
the normalized photocurrent in the active culture channel was 9.1 nA +
1.1 nA immediately after thawing (Fig. 6b) and 42.6 nA + 4.7 nA, 6 h
after thawing (Fig. 6¢), which corresponds to a pH shift (acidification) at
the LAPS surface of ApH ~ 0.35 and ApH =~ 1.64, respectively, when
considering a pH sensitivity of 26 nA/pH of the LAPS chip. The above-
mentioned pH shifts indicate that the average pH value within the
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Fig. 5. Post-thawing photocurrent alterations after the OSC of CHO-K1 cells using the two-channel cryo-chip. The chemical images for each channel represent the
photocurrent distributions measured a) before cell culturing (zero point), b) immediately after thawing, and c) 6 h after thawing. Comparison of the average
photocurrents between the reference channel and the active culture channel corresponding to the chemical images d) before cell culturing (zero point), e€) imme-
diately after thawing, and f) 6 h after thawing. g) Photocurrent changes for each individual channel immediately after thawing, and 6 h after thawing. The cryo-chip,
modified by electrospun PEVA fibers and treated with O, plasma, was used for the cryopreservation (—80 °C, overnight) of the cells in an adherent state. The same
measurement medium (pH 7.4) was applied for all measurements. The increase in photocurrent indicates an extracellular acidification.
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active culture channel changed from pH 7.4 to ca. pH 7.05 immediately
after thawing and from pH 7.4 to ca. pH 5.76, 6 h after thawing. This
extracellular acidification, indicating post-thaw cell viability, also con-
firms the previous results observed using the CCK-8 assay (Fig. 3c and
Fig. 3d, “surface 47). In terms of the analysis speed, it is worth to note
that the utilized CCK-8 assay needs 1-4 h incubation time for the first
analysis after thawing. Although some label-based approaches, like
lactate dehydrogenase (LDH)- or adenosine triphosphate (ATP)-based
assays allow measurement after 10 min incubation, they mostly have
some drawbacks such as time-intensive application steps, being an
endpoint analysis where the cells are sacrificed by a lysis buffer for
analysis, and are potentially interfering with the cellular systems under
study (Vetten et al., 2013). The presented cryo-chip system exhibits
remarkable superiority through its short preparation time of usually
some minutes required for the first analysis. Although the cells could not
reach fully metabolic equilibrium in this relatively short time upon
thawing, having initial results in a single cryo-chip can still pave the way
for rapid comparison of the effects of different cryoprotectant types,
concentrations and exposure times on the cell recovery, which is one of
the main research topics in cryobiology studies (Katkov et al., 2011;
Davidson et al., 2015; Zhao and Fu, 2017; Bailey et al., 2019; Stubbs
et al., 2020). In addition, measurements after thawing (around 6-12 h in
this study) can reflect the metabolic status of cells for metabolic equi-
librium, whereas the incubation can simply be done in cryo-chip and its
measurement unit, as an miniaturized incubator is already integrated
into it. To the best of our knowledge, this is also the first report to show
that analysis of adherent cell activity (herein, extracellular acidification)
can be measured immediately after thawing in a label-free, quantitative,
and non-invasive manner.

Moreover, the results show that cryopreservation of cells on a
biosensor surface and signal analysis after thawing without the need for
additional cell culturing steps, e.g., centrifugation, seeding, and immo-
bilization of cells, are possible. Large scale and standardized production
of such preserved cryo-chips and cold-chain transportation of them to
the end-user could support their practical applicability, that is being in a
ready-to-use format even in facilities, which do not have established cell
culture infrastructure and skilled staff for cell culturing. This also
ameliorates the commercialization potential of cell-based biosensors,
which is one of the main challenges in this field (Ye et al., 2019). With
recent breakthroughs in biosensors and their integration with
organ-on-a-chip (OoC) systems, the need for plug-and-play platforms is
increasing in this field day by day (Ashammakhi et al., 2020). Therefore,
the presented biosensor chip using OSC strategy could become a key
element for these systems to achieve ready-to-use on-site as well as
all-in-one solutions.

4. Conclusions and future work

The cryo-chip system introduced in this study using a hybrid (rigid/
elastic) structure is effective, compared to an unmodified LAPS surface,
for keeping cells viable during on-sensor cryopreservation. A proof-of-
concept experiment was performed for the application of the cryo-chip
system after OSC with CHO-K1 cells. It was confirmed by chemical im-
ages and detection of the extracellular acidification that the cells cry-
opreserved on the modified sensor surface survived and that the
underlying sensor operates within normal parameter, unaltered by the
cryopreservation steps. These findings showed, for the first time, that a
cryopreservation of adherent cells on a sensor is possible. The intro-
duced cryo-chip system can open up a new possibility for “ready-to-use
on-site” applications. Being able to prepare the entire system at the
manufacturing stage and to send it via a cold-chain transport further
eliminates potential run-to-run and operator-to-operator variability,
resulting in more reproducible results.

In future, the new introduced OSC may find applications in the
laboratory and the clinical fields. However, the full potential of this
concept should also be explored by studying other limited cell types such
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as stem cells, primary cells, and even organ-like structures such as
organoids. Experiments with adherent cells under zero-/micro-gravity
are challenging due to the loss of the cell-surface contact and the diffi-
cult handling of the cells in space. Here, sending this kind of ready-to-use
sensing platform into space could allow to perform extraterrestrial ex-
periments on-site. This could facilitate the real-time monitoring of
adherent cells on chip level to study extraterrestrial influences (e.g.,
cosmic radiation) on cell biology.
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