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Abstract: Biomimetic hydrogels have increased interest due to their considerable potential for use 30 

in various fields, such as tissue engineering, 3D cell cultivation, drug delivery. The primary chal-31 

lenge for applying hydrogels in tissue engineering is accurately evaluating their mechanical char-32 

acteristics. In this context, we propose a method using scanning ion conductance microscopy 33 

(SICM) to determine the rigidity of living human breast cancer cells MCF-7 cells grown on a soft, 34 

self-assembled Fmoc-FF peptide hydrogel. Moreover, it is demonstrated that the map of Young's 35 

modulus distribution obtained by the SICM method allows for determining the core location. The 36 

Young’s modules for MCF-7 cells decrease with the substrate stiffening, with values of 1050 Pa, 835 37 

Pa, and 600 Pa measured on a Petri dish, Fmoc-FF hydrogel, and Fmoc-FF/chitosan hydrogel, re-38 

spectively. A comparative analysis of SICM results and data obtained by atomic force microscopy 39 

were in good agreement, allowing the use of a composite cell–substrate model (CoCS) to evaluate 40 

the ‘soft substrate effect’. Using the СоCS model allowed us to conclude that the MCF-7 softening 41 

was due to the cells’ mechanical properties variations due to cytoskeletal changes. This research 42 

provides immediate insights into changes in cell mechanical properties resulting from different 43 

soft scaffold substrates. 44 
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 48 

1. Introduction 49 

Over the past few years, hydrogels have emerged as promising candidates for di-50 

verse biomedical applications, including drug delivery, wound healing, and tissue en-51 

gineering [1-5]. Specifically, hydrogels have been developed to serve as a cell culture 52 

platform, since they effectively mimic the extracellular matrix and provide a conducive 53 

environment for cell growth and differentiation [6-8]. Due to their high water content and 54 

tunable mechanical properties, hydrogels have found extensive applications in regener-55 

ative medicine [9]. The stiffness and flexibility of hydrogels can be adjusted to mimic 56 

various tissue types, from the soft brain tissue, with a characteristic Young’s modulus of 57 

E ~ 0.1-1 kPa [10] and adipose tissues, E ~ 1-2 kPa [11], to the stiffer cardiac E ~ 30 - 60 kPa 58 

[12] and bone tissues E~ tens of MPa to GPa [13-14].  59 

Hydrogels can be broadly categorized into synthetic and natural materials [15]. 60 

Synthetic hydrogels, engineered from polymers such as polyethene glycol and polyam-61 

ides offer the advantage of tunability, where their mechanical properties can be precisely 62 

controlled by altering the crosslinking density [15]. Additionally, various factors such as 63 

amino acids, peptides, and glycans, can be incorporated into synthetic hydrogels to im-64 

prove their function. However, it has been shown that cell differentiation occurs differ-65 

ently on stiff synthetic hydrogels compared to a natural matrix. While providing a 66 

three-dimensional environment for cell culture, rigid synthetic scaffolds cannot activate 67 

integrins and other surface receptors. In contrast, natural hydrogels contain many bind-68 

ing sites for integrins and growth factors that promote proper cell differentiation [16]. 69 

Moreover, natural hydrogels derived from biological sources such as collagen [17, 18], 70 

elastin [19], and fibrin [20], offer the advantage of biocompatibility and bioactivity, often 71 

promoting better cell adhesion and proliferation. 72 

Recently, the use of Fmoc-FF peptide-based hydrogel has gained attention in the 73 

field of regenerative medicine [9, 21-23]. This hydrogel, comprising self-assembled pep-74 

tide nanofibers, presents an interesting platform for cell culturing due to its unique 75 

properties [24, 25]. The softness of the Fmoc-FF hydrogel closely mimics the mechanical 76 

properties of natural tissues, making it a promising candidate for various tissue engi-77 

neering applications. 78 

There are numerous studies utilizing substrates with various topographies [26], 79 

chemical compositions [27], scales [28], and stiffnesses [29] aimed at different tissues, 80 

cells, and cellular responses. Deciphering the mechanisms and measuring the extent of 81 

influence of each of these parameters on cell populations is a complex task, as different 82 

substrate factors can influence each other. For instance, the chemical composition of 83 

substrates directly affects their stiffness [30], which in turn influences cell spreading. 84 

Consequently, cell spreading leads to high cell survival and viability. 85 

The mechanical properties of the cell-substrate system have been the focus of nu-86 

merous studies, given their direct influence on cell behavior. Such studies may include 87 

stages like obtaining cell topography on the substrate using probe or electron microsco-88 

py, obtaining the average cell stiffness in the cell-substrate system using atomic force 89 

microscopy (AFM), rheology, etc., and investigating changes in individual cell organelles 90 

during adhesion on the substrate using confocal microscopy [31-35], etc.  91 

In recent years, the exploration of mechanical properties of materials at the na-92 

noscale has garnered significant attention, leading to the development and application of 93 

various techniques in addition to the traditional, well-recognized AFM method. Among 94 

these, optical tweezers, as reviewed by Magazzù et al. [36], utilize highly focused laser 95 

beams to manipulate and measure the mechanical properties of soft matter at the na-96 

noscale. For instance, optical tweezers have been used to study changes in the character-97 

istic elasticity of cells associated with various human diseases [37, 38]. This technique is 98 
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particularly advantageous for its non-invasive nature and high precision; however, it is 99 

effective only for manipulating very small objects, such as microparticles and molecules, 100 

which limits its application to larger samples. Additionally, the method's effectiveness 101 

decreases when working with thicker or opaque samples. Methods are also being de-102 

veloped that can be used directly in clinical settings to determine tissue stiffness in pa-103 

tients with diseases such as prostate cancer [39]. One such method is magnetic resonance 104 

elastography. Although this technique offers a non-invasive imaging method that 105 

measures the mechanical properties of tissues, making it valuable for medical applica-106 

tions, it has lower spatial resolution compared to methods like optical tweezers or AFM, 107 

which may limit its application for studying small structures. 108 

Here, we aim to provide a comprehensive overview of the mechanical properties of 109 

the cell-hydrogel system, with a particular focus on another prominent method - the use 110 

of scanning ion conductance microscopy (SICM). This technique is a powerful tool for 111 

investigating mechanical properties, offering high-resolution cell imaging and quantita-112 

tive analysis [40-42]. In this study, MCF-7 breast cancer cells were chosen as a convenient 113 

and well-researched model for investigating the mechanical properties of the cell-soft 114 

hydrogel system using a novel alternative method, SIСM. For instance, in study [43], the 115 

morphology of MCF-7 cell membranes was examined in relation to substrate stiffness, 116 

specifically changes in the number of microvesicles, microvilli, and the structure of filo-117 

podia. It was hypothesized that if this convenient model could show that the SIСM 118 

method allows for a deep characterization of the cell-soft hydrogel system, with the sub-119 

strate stiffness being lower than that of the cells, and that the self-assembling Fmoc-FF 120 

hydrogel would be a promising biocompatible scaffold for these cells, then this method 121 

could be used in the future to study various epithelial/neural or other cell types. This 122 

approach can examine cell-hydrogel system dynamics, allowing the evaluation of cell 123 

mechanical characteristics following treatment with drugs and growth factors or hydro-124 

gel degradation. The novelty of this study lies, firstly, in obtaining a mechanical property 125 

distribution map of live cells on Fmoc-FF hydrogel, which can be considered a potential 126 

material for use as an extracellular matrix (ECM). Furthermore, to the best of our 127 

knowledge, there are no studies dedicated to obtaining a mechanical property map in a 128 

cell-substrate system where the substrate is softer than the cell. 129 

 130 

2. Results 131 

2.1. The mechanical properties of the cells-hydrogel system assessed using SICM.  132 

The topography and Young’s modulus distribution of low aggressive human breast 133 

cancer cells MCF-7 placed on the Petri dish and self-assembled soft Fmoc-FF hydrogel are 134 

presented in Fig. 1. The investigations were carried out by SICM, and the mechanical 135 

properties were calculated via disjoining pressure. The topography of MCF-7 cells ex-136 

hibited a typical epithelial-like structure with cell-cell contacts in the Petri dish, with 137 

various microvilli on their surface (Fig. 1A). This observation agrees with SEM investi-138 

gations [43]. The quantitative mechanical cell’s mapping of cells' mechanical properties is 139 

presented in (Fig. 1B), the average Young’s modulus value was Emean = 1050 ± 55 Pa. The 140 

topography of cells placed on the soft hydrogel is presented in Fig. 1C.  141 

In this work, for the first time, the mechanical properties distribution for cell-soft 142 

hydrogel system in an aqueous solution with nanometer resolution are presented; see 143 

(Fig. 1D). In the inset of Fig. 1C the morphology of soft Fmoc-FF hydrogel can be seen 144 

(see Fig. 1E)): the biomaterial is comprised by the fibers with the characteristic length 145 

from several to tens micrometers and with the fiber’s width ~150-250 nm. This data is in 146 

good agreement with confocal fluorescence microscopy (Fig. S1). 147 

 148 
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Figure 1. The SICM topography image of MCF-7 cells placed on (A) a cultural Petri dish, (C) 150 

Fmoc-FF hydrogel and (F) Fmoc-FF+chitosan hydrogel. The distribution of Young’s modulus for 151 

MCF-7 cells placed on (B) cultural Petri dish, (D) Fmoc-FF hydrogel and (G) Fmoc-FF+chitosan 152 

hydrogel, CFmoc-FF =0.6%, CFmoc-FF: Cchitosan=10:1. (E) The SICM topography image of Fmoc-FF hydro-153 

gel. (H) The histogram of Young’s modulus distribution for MCF-7 cells placed on cultural Petri 154 

dish (control, black lines), Fmoc-FF hydrogel (red lines) and Fmoc-FF+chitosan hydrogel (violet 155 

lines). (I) The cell Young’s modulus for MCF-7 on control, Fmoc-FF hydrogel, and 156 

Fmoc-FF+chitosan hydrogel systems. The scale bar is 5 μm. The radii of capillaries were Rcap = 45 157 

nm. 158 

Comparing cell topography on a Petri dish and hydrogel (Fig. 1A) and (Fig. 1C), 159 

correspondingly, it can be seen that MCF-7 cells shape varies being spread on the stiff 160 

Petri dish, cells are characterized by rounded shape when placed on the soft hydrogel. 161 

The profiles of cells placed on Petri dish and Fmoc-FF hydrogel can be seen in Fig. S2.  162 

Moreover, the microvilli that were clearly seen on the rigid substrate (Petri dish) disap-163 

peared (or greatly diminished in number) on the soft hydrogel. It should be noted that 164 

the images (Fig. 1A and 1C) were obtained with the same resolution, using the capillaries 165 

with the Rcap=45 nm, so the observed changes were due to the cells’ structure variations. 166 

Microvilli are finger-like protrusions whose shape is controlled by the actin bundles [44]. 167 

Franchi et al. demonstrated by SEM-analysis that for MCF-7 cells, the densely packed 168 

collagen fibers that served as a substrate for cells stimulated the develop many cyto-169 

plasmic microvilli in contrast with low concentrated type I collagen-covered substrate, 170 

which is in agreement with our observations. 171 

Moreover, cells were also placed on the Fmoc-FF hydrogel, where the low molecular 172 

chitosan was added. Chitosan, being a polysaccharide extraction from natural chitin, at-173 

tracts attention in the field of tissue engineering due to its ability to increase the cell via-174 

bility [45-47], biocompatibility and biodegradability [48]. The SICM topography and the 175 

distribution of Young’s modulus images of MCF-7 cells placed on Fmoc-FF hydro-176 

gel+chitosan can be seen on Fig. 1F and 1G, correspondingly.  177 

More than 40 cells were processed for each sample. Fig. 1H shows the typical his-178 

togram of Young’s modulus distribution for MCF-7 cells placed on cultural Petri dish 179 
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(control, black lines), Fmoc-FF hydrogel (red lines) and Fmoc-FF+chitosan hydrogel. It 180 

should be noted that the distribution that corresponds to the MCF-7 on Fmoc-FF and 181 

Fmoc-FF+chitosan hydrogel system (red and violet lines) had a bimodal character origi-182 

nated from two components: the MCF-7 cells and hydrogel. To clarify the bimodal nature 183 

of system the Fig. 1H was divided into three separate figures and also presented in SI, see 184 

Fig. S3. 185 

In Fig. 1I the Cells’ Young’s modulus on the substrate with different stiffness is 186 

presented for MCF-7 on control, Fmoc-FF and Fmoc-FF+chitosan gels. Chitosan, incor-187 

porated into the hydrogel structure, interferes the peptide self-assembly process, leading 188 

to hydrogel’s softening. 189 

The data obtained in Section 2.1 would be used to assess the adequacy of the alter-190 

native SIСM method compared to the traditional AFM method for determining the me-191 

chanical properties of the cell-soft hydrogel system. The data of AFM analysis would be 192 

performed in Section 2.3. 193 

2.2. The correlation of MCF-7 Young’s modulus distribution with fluorescence imaging 194 

To find out if the obtained Young’s modulus distribution describes the real cell’s 195 

structures, the nuclei, and microtubules were stained with Hoechst 33258 and Tubulin-196 

TrackerTM Green, correspondingly. Fig. 2 demonstrates the optical image, topography, 197 

Young’s modulus distribution, fluorescence image of the stained nucleus, and micro-198 

tubes that were obtained for one cell on control and Fmoc-FF hydrogel. 199 

 200 

Figure 2. (A, G) optical images, (B, H) topography, (C, I) Young’s modulus distribution, (D, J) flu-201 

orescence image of nuclei, (E, K) fluorescence image of tubulin, (F, L) stack images of Young’s 202 

modulus distribution and fluorescence image of nuclei for MCF-7 cells placed on cultural Petri dish 203 

and Fmoc-FF hydrogel, correspondingly. The scale bar is 5 μm.  204 

Comparison of Young’s modulus distribution as for MCF-7 placed on a Petri dish 205 

(Fig. 2C) and Fmoc-FF hydrogel (Fig. 2I) with the fluorescence images of their nuclei (Fig. 206 

2D, 2J) and tubulin (Fig. 2E, 2K) demonstrates that the stiffest regions on the Young’s 207 

modulus distribution map (represented by orange and yellow colors in Fig. 2C, 2I) cor-208 

respond to areas where the cell nucleus is located, whereas the softer regions (indicated 209 

by light blue and blue colors in Fig. 2C, 2I) along the cell periphery correspond to the 210 

cytoskeleton.  211 

2.3. The mechanical properties of the сells-hydrogel system assessed using AFM  212 
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The same systems were examined using the AFM technique. In Fig. 3 the optical 213 

images (panels A, D, G), topography (panels B, E, H) and Young’s modulus distribution 214 

(panels C, F, I) for MCF-7 cells on Petri dish, Fmoc-FF hydrogel and Fmoc-FF+chitosan 215 

hydrogel) are presented.   216 

Due to high softness of the cells and the gels, and also due to large cell height, the 217 

force maps had artificial stipes along the scanning directions. The affected force curves 218 

with a low quality fit with the Hertz’s model were excluded from the analysis. The typi-219 

cal force curves for all the samples can be seen in Fig. S4. 220 

 221 

Figure 3. The optical images (A, D, G), topography (B, E, H) and Young’s modulus distribution (C, 222 

F, I) for MCF-7 cells on Petri dish, Fmoc-FF hydrogel and Fmoc-FF/chitosan hydrogel, corre-223 

spondingly. (J) The cell height and cell Young’s modulus for MCF-7 on control, Fmoc-FF hydrogel, 224 

and Fmoc-FF+chitosan hydrogel systems. (K) The schematic images for cells placed on low and 225 

high modulus substances. The scale bar for optical images is 40 μm, the scale bar for topography, 226 

and Young’s modulus images are 10 μm. CFmoc-FF =0.6%, CFmoc-FF: Cchitosan=10:1. Statistical significance 227 

was probed with Kruskal-Wallis non-parametric test and Dunn’s correction for multiple compari-228 

sons. Rtip = 70 nm. 229 

Both optical images show that the shape of the cells changes significantly depending 230 

on the substrate: being spread on the stiff Petri dish, they become more rounded on the 231 

soft hydrogels. These data are in agreement with the results obtained by the SICM 232 

method. In Fig. 3J correspondence of Cells’ Young’s modulus, cells’ height on the sub-233 

strate with different stiffness is presented for MCF-7 on control, Fmoc-FF and 234 

Fmoc-FF+chitosan gels. Chitosan, incorporated into the hydrogel structure, interferes the 235 

peptide self-assembly process, leading to hydrogel’s softening (Fig. 3J). Namely, Young’s 236 

modulus for the Fmoc-FF+chitosan system was Emean=450±140 Pa, whereas for the 237 

Fmoc-FF gel Emean=500±170 Pa, and the mean height of cells on Fmoc-FF+chitosan ex-238 

ceeded that for Fmoc-FF: Hmean (Fmoc+chitosan) = 15.2±2.4 μm and Hmean (Fmoc) = 14±1.5 μm, cor-239 

respondingly. At that, the mean height of cells on the Petri dish was Hmean (Petri dish) = 240 

10.9±1.5 μm. These data were taken from the processing of 40 cells for each sample. The 241 
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schematic illustration of the cell’s shape depending on the substrate stiffness is presented 242 

in Fig. 3K.  243 

Comparing the Young’s modulus distribution for all the investigated systems, it 244 

should be noted that the AFM data is in good agreement with SICM studies: Emean 245 

=1190±230 Pa for MCF-7 cells on Petri dish, Emean = 980 ± 240 Pa for MCF-7 cells on 246 

Fmoc-FF hydrogel, also see Table in the Discussion section. However, the SICM topog-247 

raphy and quantitative mechanics mapping had higher resolution (see Fig. 1 and 3): for 248 

instance, in images acquired using SICM, the distribution of Young's modulus of both the 249 

cells themselves and the gel is readily discernible. In contrast, the Young's modulus for 250 

cells and gel obtained through AFM appears similar to each other and is challenging to 251 

differentiate them visually. In AFM experiments, the resolution (80x80 points) was lim-252 

ited to improve the data acquisition speed and to avoid the excessive sample damage due 253 

to repeated indentations. When comparing the topography obtained by both methods, it 254 

can be observed that while microvilli with an approximate width of 200-250 nm are vis-255 

ualized using the SICM technique (see Fig. 1A), they are not discernible in images ac-256 

quired through the AFM method (see Fig. 3B). This fact can be explained as follows: the 257 

resolution depends on contact radius, the contact radius depends on indentation that, in 258 

turn, depends on sample stiffness. The resolution reduction for AFM data can be ex-259 

plained by higher values of applied forces and higher values of indentation in compari-260 

son with SICM technique: for example, while the mean indentation for MCF-7+Fmoc-FF 261 

hydrogel system was 1500 nm in AFM experiments, for the same sample the indentation 262 

was evaluated as 220 nm in SICM studies.  263 

2.4. The Swelling determination of soft Fmoc-FF hydrogel 264 

The primary research in this article focused on studying the mechanical properties 265 

of the cell-soft hydrogel system using the SICM method and comparing the obtained data 266 

with those from the traditional AFM method. In order to consider this hydrogel as po-267 

tential scaffold in the regenerative medicine its biocompatibility with living cells was 268 

examined. When studying the biocompatibility of hydrogels with cells, there is a set of 269 

scaffold characteristics that can directly affect cell viability on them. These characteristics 270 

include the swelling and degradation of hydrogels. These properties are important be-271 

cause the hydrogel is intended to mimic the extracellular matrix, which is largely com-272 

posed of water. So, we also conducted swelling studies on Fmoc-FF peptides. The 273 

swelling data for Fmoc-FF hydrogels were obtained after incubating the hydrogels in a 274 

large volume of PBS (pH 7.4) at 37°C for 24 hours. The results, expressed as the swelling 275 

ratio q. It was found that all hydrogels exhibited very high swelling ratios, with q 276 

reaching 98%. Sample weight loss measurement data showed that, the gels completely 277 

degraded within 35 days of incubation, as shown in Fig. S5. 278 

2.5. Biocompatibility of soft hydrogels 279 

After that the test that describes the biocompatibility of the self-assembling gel and 280 

living cells, which is a necessary experiment when proposing a hydrogel as a scaffold 281 

was carried out: MCF-7 cells were placed on the Fmoc-FF hydrogel, which was formed 282 

on confocal Petri dishes and washed for 2 days with PBS in order to remove the excess 283 

DMSO and to set the hydrogel pH to 7.3 [24]. After that the samples were UV sterilized. 284 

In two days, the live/dead test was carried out using C12 resazurin, a cell membrane dye 285 

indicating metabolically active cells (red), and DAPI, a DNA stain indicating dead cells 286 

(blue), Fig. S6A.In addition, Live/dead test demonstrated that there was a dominant 287 

population of red cells on Fmoc-FF hydrogel. However, few blue (dead) cells were also 288 

found (more than 20 images were studied, each of which contains ~50 cells).  289 
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Cytocompatibility was also examined for MCF-7 cells on Fmoc-FF and 290 

Fmoc-FF/chitosan hydrogels (Fig. S6B). For this purpose, DMEM culture medium was 291 

incubated with Fmoc-FF and Fmoc-FF+chitosan hydrogels overnight. This medium was 292 

then extracted from the hydrogels and added to MCF-7 cells, whose viability was as-293 

sessed after 24 hours of incubation. It can be seen that the presence of chitosan markedly 294 

increased cell survival – from 40% up to 80%. 295 

2.6. Comparison of Fmoc-FF hydrogel biocompatibility prepared by pH-switch and solvent 296 

switch methods. 297 

Since in section 2.5 low biocompatibility of the Fmoc-FF hydrogel with cells was 298 

demonstrated, the question arose whether this result is due to the method of hydrogel 299 

preparation or if it is a consequence of the peptide composition of the hydrogel. The 300 

self-assembled Fmoc-FF hydrogel can be prepared using two methods: by solvent switch 301 

and pH switch methods. In this work, the hydrogel was prepared by the solvent switch 302 

method: the peptide was dissolved in dimethyl sulfoxide (DMSO) and then diluted in 303 

distilled water to a final concentration of CFmoc-FF =0.6%, the final concentration of DMSO 304 

in the solution was 6%. The 6% concentration of DMSO in hydrogel can reduce cell sur-305 

vival [49]. To avoid this effect, the hydrogel was washed for two days with PBS to com-306 

pletely remove excessive DMSO [22]. However, to ensure that it is not excessive DMSO 307 

that affects cell survival on hydrogels, a Fmoc-FF gel was prepared using the pH switch 308 

method. The gel was made according to known procedure [50]: Fmoc-FF peptide was 309 

dissolved in water, CFmoc-FF =0.6%, then NaOH (0.5 M) was added to the solution so that 310 

the pH of the solution was adjusted to pH 9, the solution was stirred using a magnetic 311 

stirrer. Thereafter glucono-delta-lactone (GdL) was added to lower the pH to 4, and then 312 

the gel was formed and washed with PBS for several hours to adjust pH to 7.3 [24]. Cell 313 

biocompatibility tests were performed on Fmoc-FF and Fmoc-FF+chitosan hydrogels 314 

(live/dead test and MTT test) that were prepared by pH switch methods. The results 315 

showed that the gel preparation method did not affect the cell survival on the hydrogel 316 

(data not shown). So, we concluded that cell viability was not influenced by the potential 317 

residual amount of DMSO in the case of hydrogel preparation by solvent switch method. 318 

3. Discussion 319 

The main aim of this work was to investigate the mechanical properties of living cell 320 

-soft hydrogel system using SICM, that is able to provide the high resolution, R= 40 nm, 321 

in aqueous solution. For the first time, the quantitative nanomechanical distribution of 322 

cells- soft hydrogel system was obtained, see Fig. 1D, which enables estimation of the 323 

mechanical properties for both soft biomaterial and cells placed on it.  324 

Staining of the nucleus and microtubules within cells has enabled the demonstra-325 

tion that the Young's modulus distribution map, obtained via SICM, reflects specific 326 

cellular structures: namely, the nuclei (the stiffest part of the cells) and the cytoskeleton in 327 

the peripheral regions of the cells, see Fig.2. The obtained data can be used to investigate 328 

the more detailed response of cells to the influence of scaffolds on them. 329 

In 2021, the authors Taira et al. [51] presented the topography of endothelial cells 330 

placed on collagen hydrogel with nano-resolution obtained using SICM for the first time. 331 

However, no quantitative mechanical nano-mapping for the cell-soft-hydrogel system 332 

was presented. Also, Schierbaum, et al [52] obtained the stiffness of living fibroblasts at 333 

high resolution, R = 1 μm, placed on polyacrylamide hydrogel using AFM. At that it 334 

should be noted that the cell was placed on rather rigid hydrogel with the Young’s 335 

modulus E = 6.0± 0.4 kPa, and the mechanical distribution was represented only for cell 336 

structure without mapping the hydrogel Young’s modulus. 337 
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Table 1. The mean Young’s modulus for 3 systems: MCF-7 on Petri dish (control), MCF-7 on 338 

Fmoc-FF hydrogel, MCF-7 on Fmoc-FF/chitosan hydrogel. CFmoc-FF = 0.6%, CFmoc-FF: Cchitosan=1:1. The 339 

data was obtained by SICM and AFM methods. 340 

 341 

  SICM AFM AFM, CoCS 

model 

MCF-7 on Petri 

dish, E, Pa 

 1050±55 1190±230 1190±230 

MCF-7 on 

Fmoc-FF  

hydrogel,  

E, Pa 

MCF-7 

 

835±45 980±240 1060±250 

Fmoc-FF 300±30 500±170 500±170 

MCF-7 on 

Fmoc-FF 

+chitosan 

 hydrogel, E, Pa 

MCF-7 

 

600±70 860±220 930±230 

Fmoc-FF+chitosan 270±60 450±140 450±140 

 342 

If we compare the values of Young’s modulus, obtained by AFM, of cells, placed on 343 

Petri dish and different hydrogels we can see the following dependence: the mean E for 344 

cells were 1190, 980, and 860 Pa placed on the most rigid substrate (Petri dish), Fmoc-FF 345 

and Fmoc-FF/chitosan with mean E of 500 and 450 Pa. Hence, the less rigid the substrates 346 

were, the softer the cells became. The main question was if the cells’ mechanical proper-347 

ties changed due to the cytoskeletal changes in response to their substrates’ stiffness or it 348 

was the result of indentation of substrate that is softer than the cells itself.  349 

Herein the question of substance softness effect on the mechanical measurements 350 

should be discussed. The cell on the surface of the hydrogel that is softer than the cell it-351 

self can seem softer due to an unaccounted deformation of the underlying substrate 352 

during the indentation, that is called ‘soft substrate effect’. To account for this effect 353 

Rheinlaender et.al. suggested a composite cell–substrate model (CoCS) [53], where they 354 

represented the total indentation in the experiment as the sum of cell and soft substrate 355 

indentations on the example of AFM studies. In this study, a good correlation between 356 

the AFM and the SICM methods was demonstrated, as shown in Table 1. So, here, we 357 

provide an assessment of how much the cell stiffness might be underestimated in our 358 

experiments, using the CoCs model for the spherical indenter using AFM method and 359 

draw conclusions for both methods given the good agreement of the data between them 360 

We calculated this underestimation in the cell Young’s modulus obtained by AFM 361 

method taking into account the typical values of the hydrogel Young’s modulus (450 -550 362 

Pa), cell Young’s modulus (800-1000 Pa), radius of the probe (70 nm), applied load force 363 

(0.1-0.2 nN at 500 nm depth) and radius of a cell bound to a substrate (10 μm). The ob-364 

tained estimate was ~7-8%, i.e., relatively small due to a small radius of the used AFM 365 

probe, so, this correction should be considered for the estimation of cell’s stiffness on soft 366 

Fmoc-FF hydrogels. Overall, softening of the cell on hydrogel was not due to an under-367 

estimation of the stiffness of the cell on a soft substrate, but was caused by a change in its 368 

intrinsic mechanical properties. 369 

Also, the obvious cell shape change was observed in the SICM and AFM experi-370 

ments during the MCF-7 adhesion on the soft hydrogels in comparison with the stiff Petri 371 

dish. The round shape of cells placed on biomaterial versus a spread shape of MCF-7 372 
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placed on a Petri dish can be explained by the change of substrate stiffness, see Fig.3 J, K, 373 

that is in accordance with the investigation of direct influence of matrix stiffness on cells 374 

shape [54-56]. It was demonstrated that such morphology changes of cells in response to 375 

the substrate stiffness is due to the cytoskeleton variation, specifically to the dense and 376 

length of actin fibers. Hogrebe et al. demonstrated that spread cells, placed on the stiff 377 

substrate, are characterized by long actin fibers, and their amount increased with the 378 

stiffness rising [54]. Moreover, the changes in the substrate stiffness led to different pro-379 

liferation and differentiation pathways for cells.   380 

Here, it should be noted that not only the substrate’s stiffness, but also different 381 

functional groups contained on Fmoc-FF hydrogels and on cultured Petri dishes could 382 

affect the shape change of MCF-7 cells, which is another factor affecting the topography 383 

of cells adsorbed on the substrate [27]. By JC Gil-Redondo, et. al. [57] it was investigated 384 

how the substrate stiffness modulated the viscoelastic properties of MCF-7 cells that were 385 

placed on polyacrylamide hydrogels. Polyacrylamide hydrogel substrates with varying 386 

Young's moduli of 0.1 kPa, 4.1 kPa, and 17.3 kPa were considered. The study demon-387 

strated that substrate stiffness had a similar effect on MCF-7 cells as observed in our 388 

study, specifically that with increasing substrate stiffness, MCF-7 cells transitioned from 389 

a spherical shape at Esubstrate=0.1 kPa to a more spread-out form at Esubstrate =17.3 kPa. This 390 

effect was shown using polyacrylamide hydrogel, where the functional groups on the 391 

surface remained unchanged with varying stiffness. This could indicate that in our ex-392 

periment the primary contribution to the change in the shape of MCF-7 cells was due to 393 

the alteration in substrate stiffness of Fmoc-FF hydrogels, rather than differences in the 394 

functional groups of the gels and the Petri dish. 395 

Another factor that may influence the change in cell shape is their viability on a 396 

given substrate. Indeed, cells can change their shape due to the low viability on the 397 

Fmoc-FF gel (see Fig. S6B). However, it should be noted that cells on the 398 

Fmoc-FF+chitosan gel also exhibit a round shape, even though cell viability on the 399 

Fmoc-FF+chitosan gel is high (see Fig. S6B). In the article by JC Gil-Redondo et al. [57], 400 

the change in the shape of MCF-7 cells placed on a polyacrylamide gel, which is bio-401 

compatible and widely used in regenerative medicine [58], is considered. The study 402 

shows that the shape of MCF-7 cells is spherical when they are adsorbed on a soft poly-403 

acrylamide gel with a Young's modulus of 0.1 kPa, whereas increasing the stiffness of the 404 

substrate leads to cell spreading. From this, it can be concluded that the stiffness of the 405 

hydrogel is the primary factor affecting cell shape. 406 

The biocompatibility analysis for MCF-7 cells on Fmoc-FF hydrogel, CFmoc-FF = 0.6%, 407 

demonstrated that Fmoc-FF hydrogel is unsuitable for using this biomaterial as scaffold. 408 

However, the incorporation of chitosan into Fmoc-FF hydrogel, that is known due to its 409 

ability to increase biocompatibility and biodegradability [45-48] increase the cells viabil-410 

ity from 40% up to 80%. It was demonstrated that the method of hydrogel preparation 411 

(solvent switch and pH switch) does not affect cell viability, so low value of biocompati-412 

bility was addressed to the chemical structure of hydrogel. 413 

4. Materials and Methods 414 

4.1. Sample preparation 415 

(A) Reagents. The N-fluorenylmethoxycarbonyl diphenylalanine peptide 416 

(Fmoc-Phe-Phe-OH, Fmoc-FF), chitosan (M = 190 kDa), Hoechst 33258 were purchased 417 

from Sigma-Aldrich (USA), N-Fmoc-2,3,4,5,6-Pentafluoro-L-phenylalanine 418 

(Fmoc-Phe(F5)-OH, Fmoc-F5) was purchased from GL Biochem (Shanghai, China), Dul-419 

becco’s Modified Eagle’s Medium (DMEM) was purchased from Gibco (USA), Tubulin-420 

TrackerTM Green was purchased from Thermo Fisher Scientific (USA). 421 
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(B) Hydrogels. The Fmoc-FF hydrogel was prepared using two methods: a) the sol-422 

vent-switch method and b) pH-switch method. The hydrogels using solvent-switch 423 

method were prepared as follows: the peptides were dissolved in dimethyl sulfoxide 424 

(DMSO) to obtain the stock solution, CFmoc-FF (stock) = 10%, then the stock solution was dis-425 

solved in milli-Q water to a final concentration of CFmoc-FF = 0.6% [21, 59]. The preparation 426 

of hydrogels using the pH-switch method was performed as follows: the weighted pep-427 

tides were added to milli-Q water, and after that, NaOH solution (0.5 M) was added. The 428 

solution was vortexed and sonicated to facilitate mixing until the solution became 429 

transparent. The gelation process was initiated by incorporating glucono-d-lactone (GdL) 430 

into the basic peptide solution and mixing was accomplished by vortexing for a duration 431 

of 5 seconds. The sample was then left undisturbed. The gelation process took several 432 

hours to complete. The solution pH after NaOH addition was 9.1±1.1, the solution pH 433 

after GdL addition was 3.9 ±1.1 [50]. The final concentration of peptide in the hydrogel 434 

was CFmoc-FF = 0.6%. After the preparation of hydrogels by both methods, they were care-435 

fully washed out with PBS solution for 2 days to ensure complete removal of DMSO [22] 436 

(in the case of the solvent-switch method) and also to achieve hydrogel pH 7.3 instead of 437 

pH 4 [24]. The Fmoc-FF hydrogels in which the low molecular weight (M = 190 kDa) 438 

chitosan was added was prepared as follows: the peptides were dissolved in dimethyl 439 

sulfoxide (DMSO) to obtain the stock solution, CFmoc-FF (stock) = 10%, chitosan was dissolved 440 

in HCl (1 M), Cchitosan (stock) = 1%. The chitosan was added into the water to obtain the final 441 

concentration 0.6%, Cchitosan (final) = 0.06%, after that the Fmoc-FF stock solution was mixed 442 

with it in such a way to obtain CFmoc-FF (final) = 0.6%, so CFmoc-FF: Cchitosan=10:1. The hydrogel 443 

was washed out for several hours with PBS buffer to obtain the final pH of hydrogel 7.3.  444 

Chemical structure (Fig. S7A) and  Fourier Transform InfraRed (FTIR) analysis (Fig. S7B) 445 

are inserted in Fig. S7 for thorough characterization of the investigated hydrogel. 446 

(C) Cell culturing.  447 

MCF-7 cell lines were grown in DMEM F/12 complete culture medium (PanEco, Russia) 448 

containing 10% fetal calf serum (FBS) (Gibco, USA), 1x PenStrep (Gibco, USA) and 1x 449 

GlutaMax (Gibco, USA) in a standard culture incubator containing 5% CO2 and main-450 

tained at 37 °C.   For staining and subsequent CIPM assay, cells were seeded on gels 451 

formed on confocal cups at an amount of 300,000 per cup and incubated at 37 °C, 5% CO2 452 

for 24 hours. Cells seeded on confocal cups without gels were used as control.   453 

For cytotoxicity test, cells were seeded into the wells of 96-well plates 24 h before the 454 

experiment in the amount of 12 thousand cells per well. After the incubation period 455 

eluted media was added to the wells with cells and the cells were incubated at 37 °C, 5% 456 

CO2 for a day. As a control, wells with cells in which the medium was changed normally 457 

were taken. 458 

4.2. Scanning ion-conductance microscopy (SICM) measurements 459 

The SICM method (ICAPPIC Limited, UK) was employed to study the topography 460 

and mechanical properties of the hydrogel. The Olympus IX73 inverted optical micro-461 

scope (Japan) was utilized in the experimental processes. The ICAPPIC Universal Con-462 

troller and Piezo Control System (ICAPPIC Limited, UK) managed the feedback control 463 

and piezo positioning. A P-2000 laser puller (Sutter Instruments, USA) produced boro-464 

silicate glass pipettes for topography analysis. The exact radius of capillary Rcap value was 465 

determined using a formula [60]: 466 

I = πRcapkVtan(α)            (1) 467 

https://www.multitran.com/m.exe?s=Fourier+Transform+InfraRed&l1=1&l2=2&thes=1
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Here, I signifies ion current, α denotes a half-cone angle, which was equal to 3 de-468 

grees, k is 1,35 Sm-1, and V represents the applied voltage, which was 200 mV in the ex-469 

periment. The hydrogel's topography was examined using the noncontact hopping 470 

mode, with a decrease in ion current of 0.5% and a scan size of 20×20 μm or 25×25 μm. 471 

The final image resolution was 256×256 pixels. The fall rate during topography studies 472 

was set at 120 μm·s−1. 473 

For the hydrogel Young’s modulus values the empirical formula was applied [41]: 474 

                E = pA/(Ssub/Ssamp - 1) = pA/(dsub/dsamp - 1)                     (2) 475 

where E represents Young's modulus and A signifies a constant reliant on the pipette's 476 

geometric attributes. The geometrical parameter A for different values of inner half cone 477 

angle a and wall thickness of the pipette is presented in Table S1 in [41]. The parameters 478 

of applied radii R, ion currents I and colloidal pressures can be seen in Table S1. 479 

The pressure applied is denoted as p, while Ssub and Ssamp refer to the current-distance 480 

curve slopes for a 1% and 2% decrease in ion current for a substrate and a sample, re-481 

spectively. The current-distance curve slopes are defined by current drop of 1% and 2% 482 

and indentations of the substrate and the sample dsub and dsamp. Since current drop is the 483 

same for both the substrate and the sample, to obtain the mechanics map, it is necessary 484 

to record the deformation on the substrate and the sample at a current drop of 1% and 2% 485 

and applied pressures. 486 

In our study, we utilized equation (2) to determine the pressure p, colloidal pres-487 

sure, which was derived from the DLVO theory, accounting for the inherent colloidal 488 

pressure that develops within the interfacial liquid layers as they become significantly 489 

compressed when the pipette is brought near the sample. It should be noted that usually 490 

the Debye length in PBS solution is considered as 1 nm. However, that is correct if only 491 

electrostatic interactions of double layers are considered. Clarke, et.al. clearly explained 492 

that interlayers did not only contribute to electrostatic forces at separation of the size and 493 

magnitude of the Hamaker constant across gaps of tens of nanometers because of the 494 

drastic variations in permittivity across these interlayers [61].  495 

In the experiment the pressure p was estimated based on the intrinsic force as de-496 

tailed by Kolmogorov et al. [36], where it was calculated on the example of decan drop. 497 

The derived formula for the intrinsic force F was expressed as: F = 4πσ(Rcap·d)1/2, where σ 498 

represents the surface tension coefficient, R – radius of capillary and d – indentation. The 499 

colloidal pressure was determined as p = F/S = F/πa2, where a  is a contact radius, a = 500 

(Rcap·d)1/2. A detailed explanation of the force and pressure calculations based on the ex-501 

perimental parameters is provided in the SI. 502 

When assessing the mean value E for cells on hydrogels, more than 40 cells were 503 

analyzed (both for cells on Fmoc-FF hydrogel and for cells on Fmoc-FF+chitosan hydro-504 

gel). To determine this parameter with the highest accuracy, individual cells or hydrogels 505 

were separately identified in each frame, and the mean value E was calculated for these 506 

objects. 507 

4.3. Fluorescence study of stained cells. Confocal measurements. 508 

In order to obtain the fluorescence image of stained cell nuclei and microtubes, that 509 

consist of tubulin, the light from the light-emitting diode (LED) was focused on samples 510 

with the use of DAPI filter set 49 (λex=365 nm, λem=445 nm) and GFP filter set 38HE eGFP 511 

(λex=470, λem=525 nm). The experimental setup can be seen in Fig. S8. 512 
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For the visualization of microtubules within MCF-7 cells via fluorescence studies, 513 

the cells were labeled with TubulinTrackerTM Green at a final concentration of 1 μg/mL. 514 

Cells were incubated with the dye at 37 °C, 5% CO2 for 1 hour in DMEM/F-12 complete 515 

nutrient medium. Cells were also stained with Hoechst dye at a final concentration of 5 516 

μg/ml (8.115 μM) to visualize cells nuclei. Hoechst was added to cells 20 minutes before 517 

the end of incubation with Tubulin Tracker. After the end of incubation time, cells were 518 

washed with HBSS 1-2 times. 519 

4.4. Atomic force microscopy measurements  520 

Atomic Force Microscopy (AFM) method was used for the assessment of 521 

cell-hydrogel system stiffness using a Bruker Bioscope Resolve AFM (Bruker, USA). For 522 

these tests, the implementation of Force Volume mode to determine mechanical attrib-523 

utes was applied. The PeakForce QNM-Live Cell probes (PFQNM-LC-A-CAL, Bruker 524 

AFM Probes, Camarillo, CA, USA) with a pre-calibrated spring constant (around 0.1 525 

N/m) and a parabolic tip with a radius of 70 nm (for estimation of tip shape see Fig. S9), 526 

were used. Images of 80×80 μm2 were obtained at a resolution ranging from 40x40 to 527 

80x80 pixels. Force curves were acquired at a piezo speed of 180 μm·s-1, with a force 528 

set-point between 0.5-1 nN. The indentation depth varied from 500 to 1500 nm in the tests 529 

depending on the stiffness of the sample. 530 

Hertz’s model was used for the numerical processing of force curves using the 531 

MATLAB routine (The MathWorks, Natick, MA) [62]: 532 

      F(δ) = (4Rtip1/2/3·(1 – ν2))Eδ3/2                        (3) 533 

                    534 

In this model, F represents the force acting on the cantilever tip, δ is the indentation 535 

depth, Rtip stands for the indenter radius, ν is the Poisson’s ratio of the sample (assumed 536 

to be 0,5 for the cells [63, 64] and hydrogel [65] as it was shown that they maintain their 537 

volume under load), and E is the Young’s modulus. The model characterizes the inden-538 

tation of a parabolic tip into an elastic half-space and is applicable to indentation depths 539 

exceeding the tip radius [66]. Here the indentation range for the fit was limited to 500 nm. 540 

In AFM experiments, to determine the Young's modulus, the fit was applied only to the 541 

initial 500 nm of indentation depth for investigated systems. This range fell within the 542 

applicability range of the Hertz model for the AFM probes with parabolic tips used, as 543 

demonstrated in previous studies [66, 67] While the Hertz model can be used for spher-544 

ical indenters at depths below the sphere's radius, the parabolic tip shape does not have 545 

this limitation [68]. Additionally, the tip shape was analyzed by scanning a calibration 546 

grating and was well-fitted with a quadratic function up to 500 nm of tip height. The es-547 

timated radius of curvature at the peak matched well with the tip radius provided by the 548 

probe manufacturer (70 nm ± 10%). The chosen depth of 500 nm allows for the analysis of 549 

samples within the same surface layer, independent of local stiffness and the highest 550 

applied load. Limiting the indentation depth also helps to remain within the linear elastic 551 

regime of the material [69]. For the tips used, a transition from a paraboloid to a 3-sided 552 

pyramid occurs after an indentation of around 550 nm [66] 553 

The regions with cells and bare gel surface were selected on the force volume maps. 554 

Force curves with low quality of the fit were excluded from the analysis. More than 40 555 

cells and 15 bare gel areas were analyzed per sample. 556 

4.5. Swelling and degradation of Fmoc-FF hydrogel 557 
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To acquire insights into the physical structure of Fmoc-FF hydrogels, we assessed 558 

the swelling ratio for samples. Swelling ratios for Fmoc-FF hydrogels with identical ini-559 

tial total concentrations were determined using PBS. Initially, all Fmoc peptide-based 560 

hydrogels were weighed (Wi). Subsequently, 3 ml of PBS (pH 7.4) were added to each 561 

hydrogel, which were then incubated at 37°C overnight. The fully swollen hydrogels 562 

were weighed (Ws) immediately after the removal of excess water. Following this, the 563 

hydrogels were freeze-dried and weighed again (Wd). The swelling behavior was quan-564 

tified as the swelling ratio q (%), defined as the ratio of the swollen sample weight (Ws) to 565 

the freeze-dried hydrogel weight (Wd) (q=(Ws-Wd)/Ws·100). The mass loss was deter-566 

mined by the formula ΔW=Ws/Wi. 567 

4.6. MTT test 568 

For the MTT test, gels were prepared in a 96-well plate under sterile conditions and 569 

washed 5 times with DPBS overnight. Then the gels were incubated at 37°C, 5% CO2 with 570 

complete culture medium overnight. The eluted medium was transferred to cells in a 571 

96-well plate. The cells were incubated with transferred medium for 24 hours, after that 572 

the MTT test was carried out: the medium with MTT reagent was added, the cells were 573 

incubated for 4 hours, then the medium with reagent was withdrawn, DMSO was added 574 

and cells were incubated on a shaker for 15 minutes. Fluorescence intensity was meas-575 

ured using a multi-plate reader (Varioskan LUX, Thermo Fisher Scientific, Inc.) 576 

4.7. Live/dead test  577 

The percentage of surviving cells on the gels was determined by staining them with 578 

two fluorescent dyes: C12 Resazurin – red dye, which stains the membrane of metaboli-579 

cally active cells, and DAPI - blue dye, which stains DNA in cells with damaged mem-580 

brane (late apoptotic and necrotic).  581 

Gels were prepared under sterile conditions in confocal Petri dishes, then washed 5 582 

times with DPBS for a day. Afterward, cells were seeded on the dishes at the rate of 583 

300,000/dish. The cells were incubated at 37°C, 5% CO2 for 48 hours. At the end of incu-584 

bation period, cells were stained: DAPI (CDAPI=1mM) and C12 Resazurin (Cres=0.5mM) 585 

were added; incubation with dyes was carried out at 37°C, 5% CO2 for 10 minutes. The 586 

live/dead test measurements were carried out using inverted fluorescence microscope 587 

(EVOS M5000 Imaging System, Thermo Fisher Scientific). 588 

 5. Conclusions 589 

The aim of the article was to explore what new possibilities or information the al-590 

ternative Scanning Ion-Conductance Microscopy (SICM) method can provide compared 591 

to the traditional Atomic Force Microscopy (AFM) method in studying the mechanical 592 

properties of the cell-hydrogel system. To the best of our knowledge, there are no studies 593 

that have produced maps of the mechanical property distribution of cell-hydrogel sys-594 

tems where the substrate is softer than the cell itself. Such systems might be of interest in 595 

the field of regenerative medicine for the restoration of soft tissues, such as soft brain 596 

tissue, E ~ 0.1-1 kPa [10], or adipose tissues E ~ 1-2 kPa [11]. The use of this method al-597 

lowed us, firstly, to simultaneously obtain a distribution map of both the soft hydrogel 598 

and the living cell. Such measuring gives the opportunity to examine the immediate 599 

change of cell’s mechanical properties in response to scaffold behavior, which is im-600 

portant in the field of regenerative medicine when testing the effects of different drugs on 601 

the cell-scaffold system. Secondly, the measurements carried out with SICM were in 602 

agreement with the AFM technique. One of the main advantages of SICM over AFM is its 603 

non-invasiveness; therefore, the data obtained in this study suggest that the SICM 604 

method can be used as an independent method for measuring the mechanical properties 605 
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of the cell-soft hydrogel system. Thanks to its non-destructive nature, it allows for the 606 

investigation of the dynamics of the same cell on the hydrogel over a long period, which 607 

cannot be achieved with the traditional AFM method. This capability is also important 608 

for obtaining more accurate information about changes in cell metabolism during their 609 

interaction with the scaffold. Furthermore, studies using confocal microscopy showed 610 

that the mechanical property distribution map of the cell on the hydrogel obtained by the 611 

SICM method describes specific cellular structures (nucleus/cytoskeleton), allowing for a 612 

more detailed description of changes in cell biomechanics during interaction with the 613 

hydrogel. 614 

The biocompatibility tests demonstrated the poor cell viability on the Fmoc-FF hy-615 

drogel, though the incorporated of chitosan into self-assembled hydrogel improved the 616 

obtained value. In the future, it is planned to modify the composition of the gel to make it 617 

more suitable as a biocompatible scaffold for living cells. This could be achieved, for 618 

example, by adding other peptides such as Fmoc-F5 or PEG8-(FY)3 hexapeptide [22]. 619 

Subsequently, specific tissue types can be targeted by using epithelial or neuronal cells 620 

(depending on the task at hand). This will allow for the dynamic study of changes in cell 621 

metabolism when adhered to the surface of self-assembling gels, the effects of growth 622 

factors and other substances on the systems under investigation, and simultaneously, the 623 

degradation of the gel itself using the SIСM method. The carried-out procedure can be 624 

adapted for the investigation of any cell-soft hydrogel system in order to identify the 625 

most biocompatible soft hydrogel for the application in regenerative medicine. 626 
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