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Abstract: Peptide-based hydrogels were shown to serve as good matrices for 3D cell culture and
to be applied in the field of regenerative medicine. The study of the cell-matrix interaction is
important for the understanding of cell attachment, proliferation, and migration, as well as for the
improvement of the matrix. Here, we used scanning ion conductance microscopy (SICM) to study
the growth of cells on self-assembled peptide-based hydrogels. The hydrogel surface topography,
which changes during its formation in an aqueous solution, were studied at nanoscale resolution and
compared with fluorescence lifetime imaging microscopy (FLIM). Moreover, SICM demonstrated
the ability to map living cells inside the hydrogel. A zwitterionic label-free pH nanoprobe with a
sensitivity > 0.01 units was applied for the investigation of pH mapping in the hydrogel to estimate
the hydrogel applicability for cell growth. The SICM technique that was applied here to evaluate the
cell growth on the peptide-based hydrogel can be used as a tool to study functional living cells.

Keywords: scanning ion conductance microscopy; hydrogel; peptide self-assembly; cells; fibrillation;
regenerative medicine; reactive oxygen species

1. Introduction

Microscopy-based methods have been widely utilized for cell and tissue imaging
and assessing various cellular processes, such as cell-cell interactions, cell signaling, and
differentiation [1-4]. Specifically, these methods include fluorescence microscopy, which is
commonly-used due to its non-invasiveness, as well as spatial and temporal resolution [5-8],
and atomic force microscopy (AFM), which can facilitate imaging of individual molecules in
a native-like environment with a sub-nanometer resolution. Yet, these methods bear certain
disadvantages, since fluorescence imaging mainly requires the use of specific exogenous
probes, which may potentially affect the function of certain cell mechanisms, and AFM
probing has a number of limitations for long-term measurements [9].

Scanning ion-conductance microscopy (SICM) is a powerful imaging technique for the
non-invasive topographical mapping of complex biological samples, e.g., cancer cells, neurons,
cardiomyocytes, etc., with a nanoscale resolution in a physiological environment [10-13].
SICM also allows the mapping of the cell stiffness in a low-stress mode at a lateral and vertical
resolution better than 100 nm, and monitoring the dynamic changes of the cell membrane
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induced by various external stimuli. In this case, much lower forces can be applied for
the study of nanomechanical properties compared to AFM [14]. Moreover, SICM allows
the assessment of redox processes in living cells by applying a special nanopipette with a
nanoelectrode sensor [15], recording ion currents and cell membrane potentials using the
patch-clamp method [16], and the label-free pH monitoring of living cancer cells [17,18].

In SICM, the scanning probe is an electrolyte-filled glass pipette with a radius from
several to hundreds of nanometers. The main Ag/AgCl electrode is placed inside the
pipette while the reference Ag/AgCl electrode is in the Petri dish with the sample. The
potential bias is applied between two electrodes, which ensures the flow of the ion current
through the tip of the nanocapillary. As the nanopipette tip approaches the substrate
surface, the current begins to decrease and drops substantially when the probe-sample
distance is smaller than the probe tip radius. To perform topographical sample mapping,
a feedback system is used based on the registration of the ion current flowing through
the pipette and the coordinates of the piezo actuators. As a result, the comparison of the
scanning probe positions during the entire scan gives a detailed topographical map that is
reconstructed in a noncontact manner [19].

In this work, we focused on the analysis of SICM application in studying cells” inter-
action with biomaterials through a model system of a peptide-based hydrogel. Injectable
hydrogels possess important properties such as porous structure for cell proliferation and
transplantation, similarity to the natural extracellular matrix, etc., for the application as
3D cell culture scaffolds in tissue engineering [20-22]. A variety of biomaterials have
been used for the preparation of injectable hydrogels such as collagen, chitosan, alginate,
heparin, etc. [23-26]. Aromatic moieties such as fluorenylmethoxycarbonyl (Fmoc) self-
assembly into a fibrillar hydrogel in aqueous solutions, as the aromatic group mediates
both - stacking and hydrophobic interactions [27]. The Chinese hamster ovarian cells,
fibroblasts, and preosteoclasts, were used to demonstrate the potential employment of
modified self-assembled peptide hydrogels as scaffolds for tissue engineering due to their
biocompatibility and good adhesion properties [28-31].

Here, the surface topography of a hydrogel self-assembled by the N-fluorenylmethyloxycarbonyl-
diphenylalanine (Fmoc-FF) peptide in an aqueous solution was assessed by SICM during the
formation process. Moreover, the interaction between cells and the Fmoc-FF peptide-based
hydrogel was studied using SICM, aimed at the assessment of SICM capabilities in measuring
cell response resulting from the biomechanical and biochemical properties of the hydrogel. Also,
a zwitterionic label-free pH nanoprobe was used for the characterization of hydrogel properties
that could have an effect on cell viability. The SICM technique was applied to measure the
reactive oxygen species (ROS) content in cells grown on the Fmoc-FF hydrogel as a marker
of cell-hydrogel interaction and its influence on the cell biochemistry. The obtained results
of the in situ assessment of peptide self-assembly and cell-hydrogel interaction pave the way
for the precise and minimally invasive testing of biomaterials and their biocompatibility for
applications in regenerative medicine.

2. Materials and Methods
2.1. Materials

(1) Reagents. All chemical reagents used were of analytical grade and all aqueous
solutions were prepared with ultrapure water, with resistivity not less than 18 MQcm.
The medium was purchased from Thermo Fisher Scientific (Walthman, MA, USA).
The HBSS butffer solution was purchased from PanEco, Russia. Phosphate buffered
saline (PBS, 10 mM NayHPOy, 2.7 mM KCl and 137 mM NaCl, pH = 7.4) was prepared
by dissolving tablets (Sigma, Saint Louis, MO, USA) in 200 mL deionized water (Milli-
Q; Millipore Corp, Burlington, MA, USA). Poly-l-lysine (PLL, P4707), glucose oxidase
(GOx, G2133), NaOH, HCI and glutaraldehyde were purchased from Sigma-Aldrich.
(2) Hydrogel. The Fmoc-FF was obtained from GL Biochem (Shanghai, China). Thioflavin
T (ThT) was purchased from Sigma-Aldrich (Berlin, Germany). The solvent-switch
method was used for the preparation of Fmoc-FF hydrogel: Fmoc-FF stock solution
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that was initially dissolved in dimethyl sulfoxide (DMSO) (100 mg/mL) was diluted
with double distilled water to obtain the final concentration 5 mg/mL, at that the final
DMSO concentration was 5%. It is known that 5% DMCO concentration in hydrogel
can decrease cell survival that are placed inside hydrogel [32]. To avoid this effect, the
hydrogel was washed for 1 day with PBS buffer to remove the excess of DMSO [28].
Due to this procedure, firstly, the turbid Fmoc-FF solution was observed that became
transparent with time, when the hydrogel is formed.

(3) Cell culture. (Bacsi) MCF-7 (human breast carcinoma) (ATCC, Manassas, VA, USA)
cells were cultured in DMEM /F12 (Gibco, Saint Louis, MO, USA) culture medium
with 10% fetal bovine serum (Gibco, USA), 50 u/mL penicillin, 0.05 mg/mL strepto-
mycin (Gibco), and 1 x S3 GlutaMAX (Gibco) in cell culture flask T-75. Then, cells
were resuspended with DPBS (Gibco, USA) and Trypsin LE (Gibco, USA) and cultured
in 35-mm Petri plastic dish or glass bottom with hydrogel. After 24 h incubation in
DMEM/F12 (Gibco) culture medium in 5% CO, and 37C. Before scanning procedure
or ROS measurements cells were gently washed by Hank’s solution (Gibco, USA).

2.2. Scanning Ion Conductance Microscopy (SICM) Measurements

Non-contact topography mapping was made using SICM by ICAPPIC (ICAPPIC
Limited, London, UK). Nanopipettes were made using a P-2000 laser puller (Sutter Instru-
ments, Novato, CA, USA) from borosilicate glass capillaries (O.D. 1.2 mm, I.D. 0.90 mm,
7.5 cm length). Typical inner radius (r) of the nanopipettes was in the range of 40-50 nm
for all experiments with hydrogel and living cells. Hydrogel and cell topography were
performed using the noncontact hopping mode with a scan size 40 x 40 um, with the final
images resolution to 256 x 256 pixels. The fall rate during imaging was set at 120 um s~ 1.

The measurements were carried out at 20 °C.

2.3. Fluorescence Lifetime Imaging Microscopy (FLIM) Measurements

For Fluorescence lifetime imaging microscopy (FLIM) measurements MicroTime
200 STED microscope (PicoQuant GmBH, Berlin, Germany) was used, the excitation source
was 405 nm laser. The pulse duration was 40 ps, pulse rate was 40 MHz, maximum power
was 50 uW. The immersion objective ((UplanSApo, Olympus, Japan) with a 100 x 1.4 NA
was applied. To detect the fluorescence emission the single photon-counting modules
(Excelitas, New York, NY, USA) were used. The studies were carried out at 20 °C. For FLIM
measurements. The fluorescence dye Thioflavin T was used with the concentration 40 uM.

2.4. Confocal Microscopy Measurements

For confocal microscopy measurements, all the samples were placed in Petri dishes
with glass bottom and analyzed using a confocal laser scanning microscope LSM 880. The
40x water immersion objective, AiryScan module and GaAsP detector and were used.
Excitation was performed at a wavelength of 405 nm. The measurements were carried out
at 20 °C.

2.5. Label-Free pH Nanoprobe Measurements

Preparation of pH-sensitive nanomembrane probes has been described in detail
previously [17]. Commercially available quartz glass capillary QF120-60-7.5 (O.D. 1.2 mm,
I.D. 0.6 mm, Sutter Instruments Co., Novato, CA, USA) were used to fabricate nanopipettes.
Nanopipettes were pulled using laser-based P-2000 pipette puller (Sutter Instruments Co.,
USA) with a one-step protocol containing the following parameters: heat 560, filament 2,
velocity 25, delay 145 and pull 180. The pulled quartz nanopipette was filled to a length
of about 1 mm with a mixture of PLL and GOx (GOx was inactivated by denaturation at
70 °C for 10 min and then dissolved in 0.01% (v/v) PLL at a concentration of 0.4 mg/mL) by
capillary action. To construct the nanomembrane at the tip of the pipette the crosslinking
reaction was performed between GOx and PLL, this tip was left in the vapors of 25% (v/v)
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glutaraldehyde for overnight. Then, the nanomembranes were washed with 100 mM KCl
to get rid of un-crosslinked chemicals.

The setup for voltametric experiments consisted of patch-clamp amplifier MultiClamp
700B (Axon Instruments, Whipple, CA, USA) and ADC-DAC converter Axon Digidata
1550B (Axon Instruments, Burlingame, CA, USA). The amplifier head was fixed on a PatchStar
Micromanipulator (Scientifica, London, UK). In the experiment the inverted optical microscope
Mikromed-I-LUM (Mikromed, Russia) was used. A pH-sensitive nanopipette was fixed on
the head of the amplifier with the help of special holder. The potential difference between the
pH-sensitive nanopipette and the reference electrode (Ag/AgCl) was obtained with the help
of the pClamp 11 software suite (Molecular Devices, Silicon Valley, CA, USA).

Before and after experiment, each pH-sensitive nanoprobe was calibrated with the
use of standard pH buffer with different pH values (4-9). To investigate the pH level, the
potential was cycled between —0.6 V and +0.6 V vs. Ag/AgCl at a scan rate of 650 mV s~ 1.
Calibration curve obtained by current measurement at +0.6 V.

Samples were incubated for 16 h with PBS buffer (pH same as gel). The measurements
were carried out without changing the buffer inside and outside the gel with a step of
20 um. Each point was recorded twice. pH levels were determined based on the calibration
curve. Results are shown as mean (average over several technical repetitions) £ SEM. The
measurements were carried out at 20 °C.

2.6. Reactive Oxygen Species Measurements

The measurements were performed using the setup described in the section Label-
free pH nanoprobe measurements. Cells adhered to the surface of the Petri dish and
to the hydrogel were thoroughly washed with a buffer solution HBSS. Next, the Petri
dish was placed on the object stage of an optical microscope. Cells well attached to the
surface were selected for further experiments. After that, the nanoelectrode was positioned
using a Scientifica manipulator. For more accurate positioning of the nanoelectrode to the
cells, software was used that allows moving the nanoelectrode in strictly specified steps
(LinLab2). The current in the system increased when the electrode penetrated the cell, after
that a slow decrease occurred. Then, the electrode was removed from the cell, the current
quickly returned to its initial level. To assess the ROS generation, the difference between
the currents inside the cell and outside, after removing the electrode from the cell, was
used. The measurements were carried out at 20 °C.

3. Results and Discussion
3.1. Peptide Self-Assembly Assessment by SICM

Fmoc-FF hydrogelation is known to include several stages of self-assembly. Here,
we performed a comparative analysis of optical microscopy (conventional fluorescence
confocal microscopy and FLIM) and SICM in measuring the morphological changes accom-
panying the Fmoc-FF self-assembly in aqueous solution. Herein, the first two methods were
applied in order to understand the results obtained by SICM technique and to interpret
them rightly. To perform fluorescence imaging, the fluorescent probe Thioflavin T (ThT)
was used [33-35].

During the hydrogelation process, the FLIM images were obtained and can be seen
in Figure 1A.

The self-assembly and gelation process of Fmoc-FF was studied using the solvent-
switch method [36]. In the process of gelation, firstly, the turbid Fmoc-FF solution was
observed that became transparent with time, when the hydrogel is formed. FLIM mea-
surements revealed that several stages could be identified upon Fmoc-FF self-assembly.
Initially, the spherical structures appeared when the Fmoc-FF stock solution was diluted in
water (Figure 1A, stage I). Then, these spheres increased in size (Figure 1A, stage II) and
the transition from spherical aggregates into fibrils was observed (Figure 1A, stage III). The
fibrillar gel was the final stage of hydrogel formation (Figure 1A, stage IV).
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Figure 1. (A) FLIM images of the Fmoc-FF hydrogel formation at different stages in the presence of
40 uM ThT. Image size 80 x 80 um?. (B) The process of Fmoc-FF self-assembly as revealed by SICM.
(C) Schematic representation of areas in the sample from which by SICM and confocal microscopy
images are obtained (D) Confocal microscopy Z-stack images of peptide Fmoc-FF aggregates.

Next, structural changes during Fmoc-FF hydrogel formation in aqueous solution
were investigated by SICM in real time (Figure 1B). Contrary to the FLIM measurements,
the transition from spherical structures (stage I) to fibrillar hydrogel (stage IV) was not
observed, and the process of hydrogelation was represented by fibril growth. This is due
to the fact that SICM provides the image of peptide aggregates directly on the surface of
the Petri dish, as the pipette passes through the gel and reaches the bottom, where it scans
the formed fibrils. Hence, the hydrogelation as observed using SICM demonstrated 2D
self-assembly of peptides on the surface: first, small peptide aggregates appeared on the
surface of the Petri dish (Figure 1B, 0 min). Then, spherical particles precipitated from the
volume of the sample onto the surface (Figure 1B, 16 and 32 min), and, finally, the densely
packed layer of fibrillar aggregates was formed (Figure 1B, 40, 48 and 56 min). Hence, SICM
observations are consistent with a growth mechanism consisting of nucleation, growth,
and fibril formation of peptide aggregates during hydrogelation.

In these experiments, SICM was combined with fluorescence confocal microscopy
(Figure 1C), which allowed scanning of the sample along the z-axis (Figure 1D). For the
mature peptide-based hydrogel, aggregates were adsorbed on the surface (0 um), while
10 pm above the surface the system was mainly characterized by fibrillar structures, see
Figure 1C. This observation is in agreement with the SICM analysis, which showed non-
fibrillar peptide aggregates adsorbed on the surface.

Thus, when studying peptide self-assembly in 3D, SICM reveals the processes near the
surface as the system rigidity at the initial stages of hydrogelation is not enough to provide
sufficient contrast for the pipette electrode. On the other hand, the obtained results show
that SICM can be used for in situ imaging of self-assembly in 2D, making it a perfect tool
for investigating biomolecules aggregation on the surface [37,38].

3.2. Topography Measurements of Cells in the Peptide-Based Hydrogel

Next, SICM was used for the in situ visualization of cells growing on the hydrogel
(Figure 2). In addition, since certain concentrations of ThT have been shown to modulate the
self-assembly pathway and modify the hydrogel morphology and mechanical properties [35],
hydrogel formation in the presence of ThT was also analyzed. For this purpose, MCF-7
epithelial cells were seeded on three different substrates: (1) the control substrate (Petri dish,
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Figure 2A); (2) Fmoc-FF hydrogel + ThT (Figure 2B); and (3) the Fmoc-FF hydrogel (Figure 2C).

C
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00 03
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Figure 2. SICM topography imaging of the hydrogels and living cells grown on them. (A-C) The
topography of living cells (MCF-7) grown on (A) control substrate, (B) Fmoc-FF+ThT hydrogel,
(C) Fmoc-FF hydrogel. (D,E) The topography of (D) Fmoc-FF+ThT and (E) Fmoc-FF hydrogel. In the
insert of figure (D), an image of a single fibril is shown. White arrows show single fibrils topography
of the Fmoc-FF+ThT system. Concentrations: Fmoc-FF = 5 mg/mL, ThT = 40 uM.

The topography of mature hydrogels surface as revealed by SICM is shown in Figure 2D, E.
Both systems consisted of long thin fibrils, which were denser in the presence of ThT, in
agreement with previous results [39]. We note that SICM allowed for fibrils imaging with better
resolution than optical microscopy, for instance, a characteristic thickness of 200 nanometers
was demonstrated for the fibrils in the Fmoc-FF hydrogel (Figure 2A).

Notably, Ushiki et al. previously obtained SICM images of individual collagen fibrils;
however, to achieve this goal, the tendon of adult Wistar rats was placed on a glass surface
and dried overnight, after that the sample was immersed in the physiological solution [39].
Herein (Figure 2), no sample drying was applied, as the hydrogel formation occurs in
aqueous solution. To compare the effect of drying on the morphology of the Fmoc-FF
hydrogel, the formed samples were dried overnight and then placed in a buffer solution and
visualized by SICM. In this case, the topography mapping process was greatly simplified,
and the fibrils of the hydrogel could be much more evidently observed (Figure S1 in the
Supporting Information) compared to commonly-used hydrogel that consists of fibrils
that are thicker as they are “swelled” in aqueous solution. The average thickness of fibrils
that were dried overnight was d = 0.33 um, while for fibrils that were studied in aqueous
solution this value was d = 0.43 pm.

SICM measurements revealed that the shape of the cells grown on the hydrogel
significantly differed from the control substrate (Petri dish). Thus, the cells grown in the
hydrogel were more spherical while the cells grown on the petri dish were more spread.
The non-deformation effect of the hydrogel indicates that the hydrogel better simulates the
physiological environment of the cells.

3.3. Characterization of the Hydrogel Using a Zwitterionic Label-Free pH Nanoprobe

The physical and chemical properties of hydrogels can strongly influence cell viability [40].
The maintenance of a relatively constant and neutral extracellular microenvironment is strongly
required for cell survival and proliferation. Fmoc-FF gelation is mainly provided either by
lowering the pH of the aqueous solution (pH-switch method) or by adding water to a peptide
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solution that was initially dissolved in organic solvent such as dimethyl sulfoxide, DMSO
(solvent-switch method). The final pH of the solution is considered as the main factor for
difference in mechanical properties for the hydrogels obtained by these different protocols [41].
Hence, not only the method of gel preparation influences its properties, but also the pH value of
the system. Herein, the preparation of the hydrogel was carried out by the solvent-switch
method as gel formation occurs rather quickly, requiring 5-30 min (depending on the
peptide concentration, temperature, etc.). The hydrogel structure was homogeneous in
comparison with hydrogel obtained by the pH-switch method where the hydrogel was
forming after 18 h and its structure was more liquid and might have contained peptide
aggregates. The final pH in the hydrogel prepared by the solvent switch method was 4.8.
The Fmoc-FF hydrogel was washed several times with buffer for several hours to set the
pH to 7.3 which is suitable for cell growth. To investigate the final pH value in the hydrogel
before cell adhesion, characterization of the hydrogel using a zwitterionic label-free pH
nanoprobe was carried out.

The label-free pH-sensitive nanoprobe consists of a self-assembled zwitterion-like
nanomembrane at the tip of a nanopipette that was fabricated using a mixture of glucose
oxidase (GOx), containing negatively charged carboxylic acid residues and poly-l-lysine
(PLL) as well as positively charged quaternary amines crosslinked with glutaraldehyde
(Figure 3A). Such nanomembranes allow the ion current to flow through the membrane
matrix and exhibit preferential permeability to anions at low pH and cations at high pH,
making SICM an appropriate technique for hydrogel high-resolution pH mapping.

A C
(1)
* initial gel pH 4.8
Low pH High pH %974 puffer pH 4.8
-svﬂ“. NHy  wesjgee COO™ :
© Anion © Cation a8l | '£ H }
PLL 5 } I
GO
461
buffer gel
23000 100 -50 0 50 100
B (In distance (um)
2 ()
&
m VF>E20 al * initial gel pH 4.8
P71 s - " |+ bufferpH7.3
- [ 11 o
12 7.2 +
Fe 7 s 9 || B ”H}
/ pH
7.0-
buffer gel
T T e 3000 -100-50 0 50 100
] ] U (mV) distance (um)

Figure 3. (A) The principle of operation for the sensor where the nanomembrane demonstrates
preferential permeability for anions at low-pH and for cations at high-pH. (B(I)) Current-voltage
characterization of the sensor at varying pH values. (B(II)) The dependence of the current on pH
at 600 mV. (C) The pH dependence of media in the buffer (gray) and inside the hydrogel (blue) at a
distance from hydrogel surface for (I) hydrogel with initial pH value of 4.8 that was filled with buffer
(pH 4.8) and (II) hydrogel with initial pH value of 4.8 that was filled with buffer (pH 7.3).
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Upon varying the pH of the solution, the dependence of the current on the voltage
demonstrated the ion-current rectification for the pH nanoprobe (Figure 3B(I)). Using
this dependence, the calibration curve at a constant voltage of 600 mV was obtained
(Figure 3B(II)), which was further used for the evaluation of the pH inside the hydrogel and
outside (in the buffer) under different experimental conditions (Figure 3C). First, the pH for
the Fmoc-FF hydrogel with an initial pH value of 4.8 was measured. Good sensitivity of the
pH nanoprobe was demonstrated as the pH value inside the hydrogel did not change and
showed a permanent pH value of 4.8. After verification of the pH nanoprobe sensitivity,
the Fmoc-FF hydrogel that was characterized by pH 4.8 after its preparation was put into
a buffer at pH 7.3 and left for 16 h. The measurements demonstrated that the pH of the
hydrogel changed completely to the pH of the buffer and that no pH gradient with depth
was observed (Figure 3C(I)).

Since physiological media of living cells are typically buffered solutions, the definition
of the H+ gradient in hydrogel is of high importance for the characterization of scaffold
properties. Herein, it is demonstrated that a pH-sensitive nanoprobe can be used for the
precise mapping (with an accuracy of 0.01) of the hydrogel pH, making it possible to
investigate 3D pH distribution in biomaterials in situ.

3.4. Assessment of ROS in Cells Grown on the Fmoc-FF Hydrogel

Next, electrochemical method using platinum electrode was used to assess the ROS in
cells grown on hydrogels as a marker of the cellular response to microenvironment changes.
In general, ROS include different types of oxygen radicals: the superoxide anions, hydroxyl
radicals, hydrogen peroxide, nitric oxide, peroxynitrite and singlet oxygen [42]. Hydrogen
peroxide (HyO»), that is freely diffusible and relatively long-lived, is usually considered as
a main agent in stress signal transduction pathways [43]. Herein, H,O, levels in MCF-7
grown on different substrates (Petri dish surface (control), Fmoc-FF hydrogel and Fmoc-FF
hydrogel in the presence of ThT), were measured using electrochemical method using
platinum electrode (Figure 4).

A (n s B
— 6-
PR (o=
2 4
(1) =
<] 251
s = 20] l
¢ 1=
61 0 20 40 60 80 100 S 151
*] CH202 (uM) Ty [ |
4 (@) J l
< 5
= 3
0

Time (s)

Figure 4. ROS assessment in living cells using the SICM technique. (A(I)) Current versus time plot
inside and outside MCF-7 cells grown on a Petri dish (control). The “down” arrows indicate the
moment of penetration inside the cells and the “up” arrows indicate the moment of retraction of
the sensor from the cells, respectively. (A(II)) The electrode calibration curve for HyO,. (B) The
H,0; content for MCF-7 cells grown on the control substrate, Fmoc-FF + ThT hydrogel and Fmoc-FF
hydrogel. Above the data the photos of electrode and the cells with their characteristic forms placed
on control, Fmoc-FF + ThT and Fmoc-FF substates can be seen.
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In this experiment, a platinum electrode filled with carbon was used as a nanosensor.
The electrode penetration into the cell (Figure 4A) stimulated the current increase in the
system due to the cell’s mechanical stimulus and double-electric layer disturbance, followed
by its exponential decrease over time (Figure 4A(I)). Upon reaching the current equilibrium,
the electrode was removed from the cell and the difference of current inside and outside of
the cell was measured (AI).

Since bare carbon nanoelectrodes are mostly irresponsive to HyO,, the platinum
deposition on the electrode significantly increases the sensibility of the nanoelectrode. The
electrodes were calibrated in H,O, solutions ranging from 0.1 to 100 uM (the information
about electrode fabrication and calibration can be found in the SI). The electrode calibration
curve for HyO, is presented in Figure 4A(II).

The photos of cells in Figure 4B demonstrate that the shape and adhesion properties
of MCE-7 are strongly defined by their environment: the cells in the hydrogel attached
tightly and look more “physiologically”, whereas the cells on Petri dish are spread over
the surface. It was observed that the current value, and therefore the intracellular H,O,
concentration was two-fold higher in MCF-7 cells grown on the control substrate compared
to the Fmoc-FF and Fmoc-FF+ThT hydrogels, that indicates no effect of self-assembled
peptide hydrogel on the functions of living cells.

4. Conclusions

The results of the present work show that SICM is extremely useful for the study of self-
assembled peptide-based hydrogels under physiological conditions. The topography of the
formed hydrogel and of living cells grown on it was analyzed. The shape of the cells grown
on the hydrogel differed strongly from cells grown on the control substrate (Petri dish). The
non-deformation effect of the hydrogel on the shape of the cells indicates that the hydrogel
better recapitulates the physiological environment of the cells. A label-free pH-sensitive
nanoprobe was used for the characterization of the hydrogel pH, demonstrating that the
pH of the hydrogel was entirely determined by the buffer that covered its surface, making
SICM an appropriate technique for hydrogel high-resolution pH mapping. Moreover, the
SICM technique was applied to evaluate the cell growth and survival on the Fmoc-FF
hydrogel by estimation of intracellular ROS concentrations, indicating functions of living
cells growth on self-assembled peptide hydrogel.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells11244137/s1, Figure S1: SICM topography image of Fmoc-
FF hydrogel, that was formed, dried over the night after that the sample was immersed in the buffer
and SICM images were obtained. Figure S2: The dependences of current on time inside and outside
the cells (MCF-7) for different substrates.

Author Contributions: T.N.T.: investigation, analysis, writing—original draft; V.S.K.: investiga-
tion, analysis; R.V.T.: investigation, analysis; A.N.V.: investigation, visualization; D.C.-G.: analysis,
writing—review and editing; L.A.O.: analysis, writing—review and editing; P.V.G.: methodol-
ogy, writing—review and editing; A.S.E.: methodology, data curation; N.N.S.: conceptualization,
methodology; L.A.-A.: conceptualization, methodology, writing—review and editing; E.A.S.: concep-
tualization, methodology, analysis, writing—original draft. All authors have read and agreed to the
published version of the manuscript.

Funding: The work was performed employing unique scientific facility “Scanning ion-conductance
microscope with a confocal module” (registration number 2512530), and was financially supported
by the Ministry of Education and Science of the Russian Federation, Agreement No. 075-15-2022-264.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: D.C.-G. gratefully acknowledges the support of the Colton Foundation.


https://www.mdpi.com/article/10.3390/cells11244137/s1
https://www.mdpi.com/article/10.3390/cells11244137/s1

Cells 2022, 11, 4137 10 of 11

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

W

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Fogelqvist, E.; Kérdel, M.; Carannante, V.; Onfelt, B.; Hertz, HM. Laboratory cryo X-ray microscopy for 3D cell imaging. Sci. Rep.
2017, 7, 13433. [CrossRef] [PubMed]

Chakraborty, T.; Driscoll, M.K.; Jeffery, E.; Murphy, M.M.; Roudot, P.; Chang, B.J.; Vora, S.; Wong, W.M.; Nielson, C.D.; Zhang, H.;
et al. Light-sheet microscopy of cleared tissues with isotropic, subcellular resolution. Nat. Methods 2019, 16, 1109-1113. [CrossRef]
[PubMed]

Dondossola, E.; Friedl, P. Host responses to implants revealed by intravital microscopy. Nat. Rev. Mater. 2022, 7, 6-22. [CrossRef]
Abbeasi, S.; Le, M,; Sonier, B.; Dinakaran, D.; Bigras, G.; Bell, K.; Mackey, J.R.; Haji Reza, P. All-optical reflection-mode microscopic
histology of unstained human tissues. Sci. Rep. 2019, 9, 13392. [CrossRef]

Ranjit, S.; Lanzano, L.; Libby, A.E.; Gratton, E.; Levi, M. Advances in fluorescence microscopy techniques to study kidney function.
Nat. Rev. Nephrol. 2021, 17, 128-144. [CrossRef]

Chen, X.; Wang, Y.; Zhang, X.; Liu, C. Advances in super-resolution fluorescence microscopy for the study of nano-cell interactions.
Biomater. Sci. 2021, 9, 5484-5496. [CrossRef]

Hampton, C.M,; Strauss, ].D.; Ke, Z; Dillard, R.S.; Hammonds, J.E.; Alonas, E.; Desai, T.M.; Marin, M.; Storms, R.E.; Leon, E; et al.
Correlated fluorescence microscopy and cryo-electron tomography of virus-infected or transfected mammalian cells. Nat. Protoc.
2017, 12, 150-167. [CrossRef]

Zhao, W.; Zhao, S.; Li, L.; Huang, X,; Xing, S.; Zhang, Y.; Qiu, G.; Han, Z.; Shang, Y; Sun, D.; et al. Sparse deconvolution improves
the resolution of live-cell super-resolution fluorescence microscopy. Nat. Biotechnol. 2022, 40, 606—617. [CrossRef]

Wojcikiewicz, E.P.; Zhang, X.; Moy, V.T. Force and compliance measurements on living cells using atomic force microscopy (AFM).
Biol. Proced. Online 2004, 6, 1-9. [CrossRef]

Miragoli, M.; Moshkov, A.; Novak, P.; Shevchuk, A.; Nikolaev, V.O.; El-Hamamsy, I.; Potter, C.M.F.; Wright, P,; Kadir, S.H.S.A;
Lyon, A.R;; et al. Scanning ion conductance microscopy: A convergent high-resolution technology for multi-parametric analysis
of living cardiovascular cells. J. R. Soc. Interface 2011, 8, 913-925. [CrossRef]

Takahashi, Y.; Zhou, Y.; Miyamoto, T.; Higashi, H.; Nakamichi, N.; Takeda, Y.; Kato, Y.; Korchev, Y.; Fukuma, T. High-speed
SICM for the visualization of nanoscale dynamic structural changes in hippocampal neurons. Anal. Chem. 2019, 92, 2159-2167.
[CrossRef] [PubMed]

Suchalko, O.; Timoshenko, R.; Vaneev, A.; Kolmogorov, V.; Savin, N.; Klyachko, N.; Barykin, E.; Gorbacheva, L.; Maksimov, G.;
Kozin, S.; et al. Cell stiffness and ROS level alterations in living neurons mediated by 3-amyloid oligomers measured by scanning
ion-conductance microscopy. Microsc. Microanal. 2021, 27, 500-502. [CrossRef]

Taira, N.; Nashimoto, Y.; Ino, K.; Ida, H.; Imaizumi, T.; Kumatani, A.; Takahashi, Y.; Shiku, H. Micropipet-based navigation in a
microvascular model for imaging endothelial cell topography using scanning ion conductance microscopy. Anal. Chem. 2021, 93,
4902-4908. [CrossRef] [PubMed]

Kolmogorov, V.S.; Erofeev, A.S.; Woodcock, E.; Efremov, Y.M.; lakovlev, A.P; Savin, N.A.; Alova, A.V.; Lavrushkina, S.V.; Kireev,
LL; Prelovskaya, A.O.; et al. Mapping mechanical properties of living cells at nanoscale using intrinsic nanopipette-sample force
interactions. Nanoscale 2021, 13, 6558—-6568. [CrossRef]

Zhou, Y.; Sun, L.; Watanabe, S.; Ando, T. Recent Advances in the Glass Pipet: From Fundament to Applications. Anal. Chem. 2021,
94, 324-335. [CrossRef]

Gorelik, J.; Gu, Y.; Spohr, H.A.; Shevchuk, A.I; Lab, M.].; Harding, S.E.; Edwards, C.R.W.; Whitaker, M.; Moss, G.W.].; Benton,
D.C.H.; et al. Ion channels in small cells and subcellular structures can be studied with a smart patch-clamp system. Biophys. ].
2002, 83, 3296-3303. [CrossRef]

Zhang, Y.; Takahashi, Y.; Hong, S.P; Liu, F; Bednarska, J.; Goff, P.S.; Novak, P.; Shevchuk, A.; Gopal, S.; Barozzi, I.; et al.
High-resolution label-free 3D mapping of extracellular pH of single living cells. Nat. Comm. 2019, 10, 5610. [CrossRef]

Vaneev, A.N.; Gorelkin, P.V,; Garanina, A.S.; Lopatukhina, H.V.; Vodopyanov, S.S.; Alova, A.V.; Ryabaya, O.O.; Akasov, R.A,;
Zhang, Y.; Novak, P; et al. In vitro and in vivo electrochemical measurement of reactive oxygen species after treatment with
anticancer drugs. Anal. Chem. 2020, 92, 8010-8014. [CrossRef]

Page, A.; Perry, D.; Unwin, PR. Multifunctional scanning ion conductance microscopy. Proc. R. Soc. A: Math. Phys. Eng. Sci. 2017,
473,20160889. [CrossRef]

Rosales, A.M.; Anseth, K.S. The design of reversible hydrogels to capture extracellular matrix dynamics. Nat. Rev. Mater. 2016, 1, 15012.
[CrossRef]

Xiao, S.; Zhao, T.; Wang, J.; Wang, C.; Du, J.; Ying, L,; Lin, J.; Zhang, C.; Hu, W.; Wang, L.; et al. Gelatin methacrylate (GelMA)-
based hydrogels for cell transplantation: An effective strategy for tissue engineering. Stem Cell Rev. 2019, 15, 664—679. [CrossRef]
[PubMed]

Li, Q.; Xu, S.; Feng, Q.; Dai, Q.; Yao, L.; Zhang, Y.; Gao, H.; Dong, H.; Chen, D.; Cao, X. 3D printed silk-gelatin hydrogel scaffold
with different porous structure and cell seeding strategy for cartilage regeneration. Bioact. Mater. 2021, 6, 3396-3410. [CrossRef]
[PubMed]

Jin, R.; Teixeira, L.M.; Dijkstra, PJ.; Karperien, M.; Van Blitterswijk, C.A.; Zhong, Z.Y.; Feijen, J. Injectable chitosan-based hydrogels
for cartilage tissue engineering. Biomaterials 2009, 30, 2544-2551. [CrossRef] [PubMed]


http://doi.org/10.1038/s41598-017-13538-2
http://www.ncbi.nlm.nih.gov/pubmed/29044158
http://doi.org/10.1038/s41592-019-0615-4
http://www.ncbi.nlm.nih.gov/pubmed/31673159
http://doi.org/10.1038/s41578-021-00369-x
http://doi.org/10.1038/s41598-019-49849-9
http://doi.org/10.1038/s41581-020-00337-8
http://doi.org/10.1039/D1BM00676B
http://doi.org/10.1038/nprot.2016.168
http://doi.org/10.1038/s41587-021-01092-2
http://doi.org/10.1251/bpo67
http://doi.org/10.1098/rsif.2010.0597
http://doi.org/10.1021/acs.analchem.9b04775
http://www.ncbi.nlm.nih.gov/pubmed/31840491
http://doi.org/10.1017/S1431927621002270
http://doi.org/10.1021/acs.analchem.0c05174
http://www.ncbi.nlm.nih.gov/pubmed/33710857
http://doi.org/10.1039/D0NR08349F
http://doi.org/10.1021/acs.analchem.1c04462
http://doi.org/10.1016/S0006-3495(02)75330-7
http://doi.org/10.1038/s41467-019-13535-1
http://doi.org/10.1021/acs.analchem.0c01256
http://doi.org/10.1098/rspa.2016.0889
http://doi.org/10.1038/natrevmats.2015.12
http://doi.org/10.1007/s12015-019-09893-4
http://www.ncbi.nlm.nih.gov/pubmed/31154619
http://doi.org/10.1016/j.bioactmat.2021.03.013
http://www.ncbi.nlm.nih.gov/pubmed/33842736
http://doi.org/10.1016/j.biomaterials.2009.01.020
http://www.ncbi.nlm.nih.gov/pubmed/19176242

Cells 2022, 11, 4137 11 of 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Slaughter, B.V.; Khurshid, S.S.; Fisher, O.Z.; Khademhosseini, A.; Peppas, N.A. Hydrogels in regenerative medicine. Adv. Mater.
2009, 21, 3307-3329. [CrossRef] [PubMed]

Bidarra, S.J.; Barrias, C.C.; Granja, P.L. Injectable alginate hydrogels for cell delivery in tissue engineering. Acta Biomater. 2014, 10,
1646-1662. [CrossRef]

Sim, H.J.; Thambi, T.; Lee, D.S. Heparin-based temperature-sensitive injectable hydrogels for protein delivery. J. Mater. Chem. B
2015, 3, 8892-8901. [CrossRef]

Gerbelli, B.B.; Vassiliades, S5.V.; Rojas, J.E.; Pelin, ].N.; Mancini, R.S.; Pereira, W.S.; Aguilar, A.M.; Venanzi, M.; Cavalieri, F,;
Giuntini, F; et al. Hierarchical Self-Assembly of Peptides and its Applications in Bionanotechnology. Macromol. Chem. Phys. 2019,
220, 1900085. [CrossRef]

Diaferia, C.; Ghosh, M.; Sibillano, T.; Gallo, E.; Stornaiuolo, M.; Giannini, C.; Morelli, G.; Adler-Abramovich, L.; Accardo, A.
Fmoc-FF and hexapeptide-based multicomponent hydrogels as scaffold materials. Soft Matter 2019, 15, 487—496. [CrossRef]
Aviv, M.; Halperin-Sternfeld, M.; Grigoriants, I.; Buzhansky, L.; Mironi-Harpaz, I.; Seliktar, D.; Einav, S.; Nevo, Z.; Adler-
Abramovich, L. Improving the mechanical rigidity of hyaluronic acid by integration of a supramolecular peptide matrix. ACS
Appl. Mater. Interfaces 2018, 10, 41883-41891. [CrossRef]

Ghosh, M.; Halperin-Sternfeld, M.; Grigoriants, I.; Lee, J.; Nam, K.T.; Adler-Abramovich, L. Arginine-presenting peptide
hydrogels decorated with hydroxyapatite as biomimetic scaffolds for bone regeneration. Biomacromolecules 2017, 18, 3541-3550.
[CrossRef]

Ghosh, M.; Halperin-Sternfeld, M.; Grinberg, I.; Adler-Abramovich, L. Injectable alginate-peptide composite hydrogel as a
scaffold for bone tissue regeneration. Nanomaterials 2019, 9, 497. [CrossRef] [PubMed]

He, K.; Wang, X. Rapid prototyping of tubular polyurethane and cell/hydrogel constructs. . Bioact. Compat. Polym. 2011, 26,
363-374.

Khurana, R.; Coleman, C.; Ionescu-Zanetti, C.; Carter, S.A.; Krishna, V.; Grover, R.K,; Roy, R.; Singh, S. Mechanism of thioflavin T
binding to amyloid fibrils. J. Struct. Biol. 2005, 151, 229-238. [CrossRef] [PubMed]

Tikhonova, T.N.; Rovnyagina, N.R.; Zherebker, A.Y.; Sluchanko, N.N.; Rubekina, A.A.; Orekhov, A.S.; Nikolaev, E.N.; Fadeev,
V.V,; Uversky, V.N,; Shirshin, E.A. Dissection of the deep-blue autofluorescence changes accompanying amyloid fibrillation. Arch.
Biochem. Biophys. 2018, 651, 13-20. [CrossRef] [PubMed]

Tikhonova, T.N.; Rovnyagina, N.N.; Arnon, Z.A.; Yakimov, B.P.,; Efremov, Y.M.; Cohen-Gerassi, D.; Halperin-Sternfeld, M.;
Kosheleva, N.V.; Drachev, V.P; Svistunov, A.A; et al. Mechanical Enhancement and Kinetics Regulation of Fmoc-Diphenylalanine
Hydrogels by Thioflavin, T. Angew. Chem. Int. Ed. 2021, 60, 25339-25345. [CrossRef] [PubMed]

Mabhler, A.; Reches, M.; Rechter, M.; Cohen, S.; Gazit, E. Rigid, self-assembled hydrogel composed of a modified aromatic
dipeptide. Adv. Mater. 2006, 18, 1365-1370. [CrossRef]

Takahashi, C.; Kalita, G.; Ogawa, N.; Moriguchi, K.; Tanemura, M.; Kawashima, Y.; Yamamoto, H. Electron microscopy of
Staphylococcus epidermidis fibril and biofilm formation using image-enhancing ionic liquid. Anal. Bioanal. Chem. 2015, 407,
1607-1613. [CrossRef]

Goldsbury, C.S.; Wirtz, S.; Miiller, S.A.; Sunderji, S.; Wicki, P.; Aebi, U.; Frey, P. Studies on the in vitro assembly of A3 1-40:
Implications for the search for A fibril formation inhibitors. . Struct. Biol. 2000, 130, 217-231. [CrossRef]

Ushiki, T.; Nakajima, M.; Choi, M.; Cho, S.J.; Iwata, F. Scanning ion conductance microscopy for imaging biological samples
in liquid: A comparative study with atomic force microscopy and scanning electron microscopy. Micron 2012, 43, 1390-1398.
[CrossRef]

Lopez Hernandez, H.; Grosskopf, A.K,; Stapleton, L.M.; Agmon, G.; Appel, E.A. Non-Newtonian polymer—-nanoparticle hydrogels
enhance cell viability during injection. Macromol. Biosci. 2019, 19, 1800275. [CrossRef]

Raeburn, J.; Pont, G.; Chen, L.; Cesbron, Y.; Lévy, R.; Adams, D.J. Fmoc-diphenylalanine hydrogels: Understanding the variability
in reported mechanical properties. Soft Matter 2012, 8, 1168-1174. [CrossRef] [PubMed]

Abhire, V. A Review of Reactive Oxygen Species and the Antioxidant System. Cancer Med. |. 2022, 5, 102-107.

Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020, 21,
363-383. [CrossRef] [PubMed]


http://doi.org/10.1002/adma.200802106
http://www.ncbi.nlm.nih.gov/pubmed/20882499
http://doi.org/10.1016/j.actbio.2013.12.006
http://doi.org/10.1039/C5TB01399B
http://doi.org/10.1002/macp.201900085
http://doi.org/10.1039/C8SM02366B
http://doi.org/10.1021/acsami.8b08423
http://doi.org/10.1021/acs.biomac.7b00876
http://doi.org/10.3390/nano9040497
http://www.ncbi.nlm.nih.gov/pubmed/30939729
http://doi.org/10.1016/j.jsb.2005.06.006
http://www.ncbi.nlm.nih.gov/pubmed/16125973
http://doi.org/10.1016/j.abb.2018.05.019
http://www.ncbi.nlm.nih.gov/pubmed/29803394
http://doi.org/10.1002/anie.202107063
http://www.ncbi.nlm.nih.gov/pubmed/34590774
http://doi.org/10.1002/adma.200501765
http://doi.org/10.1007/s00216-014-8391-6
http://doi.org/10.1006/jsbi.2000.4259
http://doi.org/10.1016/j.micron.2012.01.012
http://doi.org/10.1002/mabi.201800275
http://doi.org/10.1039/C1SM06929B
http://www.ncbi.nlm.nih.gov/pubmed/36345210
http://doi.org/10.1038/s41580-020-0230-3
http://www.ncbi.nlm.nih.gov/pubmed/32231263

	Introduction 
	Materials and Methods 
	Materials 
	Scanning Ion Conductance Microscopy (SICM) Measurements 
	Fluorescence Lifetime Imaging Microscopy (FLIM) Measurements 
	Confocal Microscopy Measurements 
	Label-Free pH Nanoprobe Measurements 
	Reactive Oxygen Species Measurements 

	Results and Discussion 
	Peptide Self-Assembly Assessment by SICM 
	Topography Measurements of Cells in the Peptide-Based Hydrogel 
	Characterization of the Hydrogel Using a Zwitterionic Label-Free pH Nanoprobe 
	Assessment of ROS in Cells Grown on the Fmoc-FF Hydrogel 

	Conclusions 
	References

