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ARTICLE INFO ABSTRACT

Keywords: The presented research highlights a novel approach using fmoc-protected peptide hydrogels for
Peptide the encapsulation and stretching of mesenchymal stem cells (MSCs). This study utilized a custom
Self—ass;mbl;; L mechanical stretching device with a PDMS chamber to stretch human MSCs encapsulated in Fmoc
r;;fg;el};ma stem cells hydrogels. The study assessed the influence of various solvents on the self-assembly and me-

chanical properties of the hydrogels, and MSC viability and alignment. Particularly we focused on
fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF) prepared in dimethyl sulfoxide (DMSO),
hexafluoro-2-propanol (HFP), and deionized water (DiH20).

Through molecular self-assembly of the peptide sequence into p-sheets connected by n-n aro-
matic stacking of F-F groups, the peptide hydrogel was found to form a stiff, hydrated gel with
nanofiber morphology and a compressive modulus ranging from 174 to 277 Pa. Therefore, this
hydrogel can mimic certain critical features of the extracellular matrix and collagen. Evaluations
of MSCs cultured on the peptide hydrogels, including viability, morphology, and alignment as-
sessments using various staining techniques, demonstrated that 3D-cultured MSCs in Fmoc-FF/
HFP and Fmoc-FF/DMSO, followed by mechanical stretching, exhibited elongated morphology
with distinct microfilament fibers compared to the control cells, which maintained a round and
spherical F-actin shape. Notably, peptide gels with a concentration of 5 mM maintained 100 %
MSC viability.

The findings indicate the potential and specific conditions for successful cell encapsulation and
alignment within peptide hydrogels, highlighting a promising tissue engineering platform
through the encapsulation of MSCs in peptide nanofibers followed by a stretching process. By
enhancing our understanding of MSC-peptide hydrogel interactions, this research contributes to
the development of biomaterials tailored for regenerative medicine.

1. Introduction

Tissue engineering aims to create functional and regenerative solutions for damaged or diseased tissues. One crucial aspect of tissue
engineering is the development of hydrogels that can mimic the extracellular matrix (ECM) found in natural tissues [1]. These
hydrogels should possess the inherent properties of the ECM to provide the necessary support for cell growth and proliferation while
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maintaining a simplified structure [2]. Biomimetic scaffolds are expected to replicate the behavior of the ECM [3], guide stem cell
growth, promote alignment [4], regulate cell behavior, and provide cues for cell differentiation [5]. Encapsulating mesenchymal stem
cells (MSCs) within hydrogels and inducing their alignment and differentiation has emerged as a promising approach in tissue
regeneration therapy [6]. Notably, three-dimensional (3D) encapsulation and alignment of MSCs have shown enhanced differentiation
capacity compared to traditional two-dimensional (2D) cultures [7].

Biological scaffolds, including chitosan [8], polyethylene glycol polymers [9], synthetic hydro-gels [10], and natural hydrogels
[11], have been utilized in tissue engineering. However, these ma-terials often lack the flexibility required to mimic the dynamic
behavior of the ECM [12]. The natural ECM relies on a matrix of protein nanofibers combined with complex biomolecules to facilitate
essential cellular communication [13]. To address this challenge, one promising approach involves the self-assembly of peptide-based
nanofibers [14-16]. These hydrogels can be developed using small peptide molecules, which offer a simplified fabrication process
while enabling the incorporation of biologically active molecules [17,18]. The resulting hydro-gels comprise nanofibrous networks
that replicate the structural composition of the ECM [19]. Peptides can be synthesized using solid-liquid phase techniques, allowing for
the incorporation of bioactive molecules such as RGD peptides [14] or cell anchorage amino acids in the peptide sequence, thereby
promoting the development of bioactive fibers [20].

To date, most research reports have utilized peptide amphiphiles with alkyl chains to generate hydrogel scaffolds. However, the use
of organic solvents in preparation of amphiphile peptides has hindered their tissue engineering applications [10]. Another challenge
that has not been addressed to date is directing the self-assembly into aligned nanostructures instead of randomly organized scaffolds.
This process could potentially guide MSCs growth and alignment affecting the final cell fate 21,

In this article, we present a versatile approach to developing hydrogels using Fmoc-protected dipeptides. Previous studies have
shown that Fmoc-FF is capable of self-assembling into hydrogels in aqueous environments [21,22]. Furthermore, we demonstrated the
use of an acoustic levitation device to manipulate and align the peptide fibers [23]. To further explore the potential of these peptide
hydrogels, we employed a custom-made stretching device to align the MSC encapsulated in nanofibers gels. Our primary objectives
were to investigate the effect of stretching polydimethylsiloxane (PDMS) coated with hydrogel peptides on nanofiber alignment and to
assess the impact of solvent and peptide concentration on MSC viability and alignment. We employed two approaches: coating PDMS
with peptide hydrogels and seeding cells on top, and combining peptide hydrogels with growth medium for cell encapsulation in
microplate wells. The molecular structure of the fibers was visualized using scanning electron microscopy (SEM) and bright-field
microscopy. The mechanical properties of the hydrogels were analyzed using a Microtester from CellScale. MSCs derived from
bone marrow were cultured in the peptide hydrogels, and their viability, morphology, and alignment were assessed using various
cell-based assays such as MTT and live/dead viability assays, as well as F-actin and DAPI staining to monitor cytoplasmic and nuclear
changes.

The findings of this study demonstrate the feasibility and conditions for successful cell encapsulation and alignment within peptide
hydrogels. The ability to manipulate and align MSC within nanofiber hydrogel matrix followed by stretching them provides a
promising platform for tissue engineering applications. The results contribute to our understanding of the interactions between MSCs
and peptide hydrogels, paving the way for the development of advanced biomaterials.

2. Materials and methods

Human Mesenchymal Stem Cells (Derived from Bone Marrow), catalog number: C-12974 were purchased from Millipore Sigma
(USA). Cells were received as a cryopreserved vial, and was subsequently stored in liquid nitrogen. Growth mediums including MEM
with no nucleosides, Catalog number: 12,561,072; 1-Glutamine (200 mM) catalog number: 25,030,081; Fetal Bovine Serum certified,
Catalog number: 16,000,069; Trypsin-EDTA solution, antibiotics, were purchased from Thermofisher. Cell assays such as MTT cell
viability kit assay catalog number: V13154; LIVE/DEAD™ viability/cytotoxicity kit for mammalian cells, catalog number: L3224;
DAPI Solution (1 mg/mL) catalog number: 62248; Alexa Fluor™ 660 Phalloidin catalog number: A22285; were all purchased from
Thermofisher. Sylgard Silicone Elastomer Catalog No.50-822-180 were purchased from Fisher Scientific and was used to produce
PDMS chambers. Bachem Fmoc-Phe-Phe-OH, Catalog No.50-258-618 were purchased from Fisher Scientific.

2.1. PDMS synthesis

The PDMS Elastomer Kit from Fisher Scientific (Catalog No.NC9285739) was employed for fabrication of PDMS substrates for
seeding the MSC. The kit comprises two components: Component A, a gel in a large container, and Component B, a liquid housed in a
smaller container. Component A is stored in a freezer, while Component B can be kept at room temperature. To prepare the PDMS
material, a 4.5-6 g of Component A was weighed, equivalent to approximately 4-5 ml in a 15-ml falcon tube, based on the desired
PDMS size. Subsequently, 0.57 g of Component B were added drop by drop to the falcon tube. The solution was thoroughly mixed using
a stir rod for 5 min and then centrifuged for 10 min at 1200 rpm to eliminate any air bubbles. The resulting PDMS solution, with a
stable viscosity, could be stored in the refrigerator for up to one month.

For molding, a 3D-printed mold was utilized, with metal rods strategically placed to prevent material loss during pouring. Half of
the PDMS material (approximately 1.2 g) was poured into the mold and vacuumed to remove bubbles. The mold was then placed on a
hot plate at 75 °C overnight for drying. After the PDMS square separated from the mold, it revealed a hollow middle section intended
for the placement of a separate PDMS membrane. To fabricate the membrane, the same PDMS material was briefly centrifuged and
then poured onto a glass surface. The glass, with the PDMS material, was subjected to a vacuum chamber with nitrogen gas for 10 min,
followed by drying on a 60-degree Celsius hot plate for 45 min. The resulting PDMS membrane was removed using tweezers and
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Fig. 1. 3D printed custom-made mechanical stretcher mounted with PDMS. Working parameters were at Frequency of 0.3 Hz, and 12 V.

attached to the PDMS square using the material itself as an adhesive. The PDMS chambers and rods were mounted on a custom-made
3D printed mechanical stretcher prepared in our lab, as shown in Fig. 1.

2.2. Fmoc-FF peptide hydrogels

Fmoc-FF from Bachem, Germany with a purity of 99 % was used to prepare peptide hydrogels. To dissolve the peptide, various
solvents were used such as HFIP, DMSO and deionized water (pH adjusted to 10 using NaOH). Peptides were dissolved in a HFP
(Hexafluoroisopropanol, 99 %) solvent with a stock concentration of 100 mg/ml, and subsequently they were diluted to a final

concentration of 0.5, 2, and 5 mM using sterilized PBS, for hydrogel preparation. Peptides were also dissolved in DMSO (Dimethyl
Sulfoxide, MilliporeSigma, 99 % purity) in a stock concentration of 20 mg/ml and were further diluted to 1-2 mg/ml in deionized
water (DiH20) for hydrogel and nanofiber preparation. Another batch was produced which peptide stock was dissolved in water with
pH 10. 2 ml of water was added to a tube containing 0.01-0.02 g of Fmoc-FF. A solution of 0.1 M NaOH, was added to the suspension to
adjust pH to 10.0. The stock solution with repeated vortexing and ultrasonication was used to fully dissolve the solution until a clear
solution was observed. Prior to hydrogel preparation, the pH of the solution was diluted in DiH,0 and the pH was adjusted to 7 using a
dropwise addition of 0.1 M HCl. Immediately after diluting the stock solution, the hydrogel formation will start. The solution was kept
in a sterilized environment at 20 °C. The hydrogels were then mixed with the cell/growth medium and added to PDMS and microplate
wells.

2.2.1. Scanning electron microscopy and fluorescence microscopy

To determine the morphology, size, and dimension of the nanofibers and the hydrogel network, scanning electron microscopy was
used. For collecting the samples, the hydrogels were diluted with DiH,0 at a concentration of 1 mg/ml. Then a small portion of the
solution was applied on a clean washed silicone surface and incubated for 1 h. The excess liquid was taken, followed by two rinses. The
surface was then left to air-dry overnight in preparation for imaging. Images were collected with a scanning electron microscope FEI
Quanta 200 ESEM.

2.3. Rheometry analysis

The mechanical properties of soft hydrogels were investigated using a CellScale mi-crotester rheometer (CellScale Biomaterials
Testing, Microtester G2). Hydrogel samples were prepared by diluting a stock solution (100 mg/ml) of Fmoc-FF/DMSO, Fmoc-FF/HFP
in Fmoc-FF/DiH0 water at a final concentrations of 5 mM. The hydrogels were molded into cylindrical shapes with a height ranging
from 3001.6 to 6106.6 mm in diameter. The microtester rheometer was equipped with a beam that was 59.5 mm in length and 1.016
mm in diameter, a clamp to hold the beam in place, a 5 x 5 mm compression platen, and an anvil for the specimen to rest on during
testing. The microtester rheometer was operated using the Microtester software. The hydrogel samples were mounted onto the
rheometer stage by using tweezers to carefully place the hydrogel sample on the testing anvil so that it is aligned with the 1.016 mm
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beam and directly underneath the 5 x 5 mm compression platen, ensuring minimal stress during mounting. Mechanical testing was
performed by subjecting the samples to a compression magnitude that is 10 % of the specimen’s original height with a constant applied
force of load lasting 10 s, a hold duration of 5 s, and a recovery duration of 20 s. Data was collected for and processed through the
Microtester software where the data available consists of the total duration of the test (seconds), force applied (uN), base displacement
(pm), tip displacement (pm), and initial height of the sample (um). Mechanical properties such as Stress, Strain and Elastic modulus
were calculated by using 4 mm diameter sample to determine the area, the tip displacement and initial size to determine strain, then
the force and area to determine stress.

2.4. 3D cell culture of MSC

Human MSC derived from bone marrow were cultured in a medium containing a-MEM supplemented with 1 % r-Glutamine, Fetal
Bovine Albumin 16 %, and 1 % antibiotics solu-tion. Upon obtaining a confluent cell density, cells were trypsinized with Trypsin-
EDTA, and resuspended in a-MEM medium to obtain a cell concentration of 1x10 6-1x10 7/ml. Cells were stained with trypan blue
and live/dead cells were analyzed with a cell counter. 1/3 of the cell/growth medium solution was utilized to encapsulate with
hydrogels and the rest was passaged. Cells were seeded on a hydrogel coated microplate, as well as getting mixed with Fmoc-FF
hydrogel/growth medium solutions. To prepare the Fmoc-FF hydrogels, the powder was kept at UV light for 30 min to get steril-
ized. The different molar ratio of Fmoc-FF, 0.5 mM, 2 mM, and 5 mM were prepared in sterilized PBS. To encapsulate MSC, 100 pl of
the Fmoc-FF were inserted into the microplate and a growth medium containing the cells were added to the wells. The mixture was
pippetted to ensure homogeneity of the hydrogels. 10 ml of hydrogels in growth medium and cell suspension was seeded on a
microplate. Cells seeded without hydrogels were used as a control.

2.5. MTT viability assay

To evaluate cell viability, the cells underwent an MTT 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide) assay.
Initially, the cells were seeded in 96-well plates at a density of 1 x 107 cells per well and were left to adhere overnight. Following the
treatment period, the medium was replaced with fresh medium containing MTT solution at a con-centration of 0.5 mg/ml, and the cells
were incubated for 4 h at 37 °C. The resulting formazan crystals were dissolved in DMSO, and the absorbance was measured at 570 nm
using a microplate reader [24]. All experiments were conducted in triplicate, and the data are presented as the mean + standard
deviation (SD).

2.6. Cell viability using LIVE-DEAD assay

The LIVE-DEAD assay was performed utilizing the LIVE/DEAD Viability/Cytotoxicity Kit, following the protocol provided by the
manufacturer. In brief, the cells were incubated with a mixture of calcein-AM and ethidium homodimer-1 for 30 min at room tem-
perature. Subsequently, the cells were imaged using a fluorescence microscope. The green fluorescence emitted by calcein-AM indi-
cated live cells, while the red fluorescence emitted by ethidium homodimer-1 indicated dead cells. ImageJ software was employed to
quantify the percentage of live and dead cells. All experiments were carried out in triplicate to ensure reliability and consistency of
results [25].

2.7. Phalloidin assay for staining cytoplasm F-actin and DAPI assay for staining cell nucleus

To investigate the effects of the peptide compounds, the cells were treated for a duration of 72 h. When the cells reached an
approximate confluency of 80 %, they were fixed using 4 % paraformaldehyde for 15 min. Subsequently, permeabilization was
achieved by treating the cells with 0.1 % Triton X-100 for 10 min at room temperature. A thorough washing step with phosphate-
buffered saline (PBS) followed, and then the cells were blocked with 1 % bovine serum albumin (BSA) in PBS for 1 h at room
temperature.

To visualize the nuclei, the cells were stained with 4',6-diamidino-2-phenylindole (DAPI), and for the F-actin cytoskeleton, Phal-
loidin staining was employed. The staining procedure was carried out according to the manufacturer’s instructions. Briefly, the cells
were incu-bated with DAPI and Phalloidin for 30 min at room temperature, and subsequently washed with PBS to remove any excess
staining. The stained cells were then imaged using a fluorescence microscope to observe the cellular structures. All experiments were
meticulously conducted in triplicate to ensure the accuracy and reliability of the results.

3. Results and discussion

Self-assembling peptides such as Fmoc-FF have a unique capability to self-assemble into hydrogel and nano scaffolds. These
structures have fascinating mechanical, and biomimetic properties which makes them appealing molecules to mimic ECM functions.
For developing Fmoc-FF hydrogels, a stock solution of Fmoc-FF was prepared at concentrations of 100 mg/ml in HFP solvent. The stock
solution was then diluted with PBS or water to a concentration of 1-2 mg/ml where immediately the fibers are formed and hydro-
gelation occurs. In this study, we incorporated solvents that are compatible with cells such as DMSO and DiH»0, alongside HFP to
create Fmoc-FF hydrogels. This was done to examine how different solvents affect the self-assembly, mechanical properties, and
bioactivity of the hydrogels. The stock solution is then diluted to prepare different gel concentrations of 0.5, 2 and 5 mM.
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Fmoc-FF/HFF, 0.5 mM Fmoc-FF/HFP, 2 mM Fmoc-FF/HFP, 5 mM

Fmoc-FF/DMSO, 0.5 mM

Fmoc-FF/DMSO, 5 mM
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Fmoc-FF/DI water, 0.5 mM Fmoc-FF/DI water, 2 mM

AN N4 > A

Fmoc-FF/DI water, 5 mM
Fig. 2. Microscopy image of Fmoc-FF in solvents of HFP, DMSO at concentration of 0.5, 2 and 5 mM self-assembled on microplate wells. The stock
of Fmoc-FF was diluted with growth medium. The scale bar is 200 pm.

First, the macroscopic hydrogel properties were observed visually (Supplement file). The visual observation of Fmoc-FF prepared in
HFP, appeared to be a more rigid hydrogel compared to DMSO and DiH,0 water solvents. The hydrogels were formed immediately
after dilution and did not leak when positioned downside in the tube. The gels formed in DMSO were more soft compared to HFP,
however, rigid enough to not leak when the tube was positioned downside. The Fmoc-FF prepared in DiH,O water formed a weak
watery gel compared to DMSO and HFP.

We investigated the process of nanofiber formation using Fmoc-FF in various solvent systems, namely HFP, DMSO, and DiH,0. To
monitor the formation, we placed drops of Fmoc-FF solutions on glass slides and allowed them to dry, subsequently collecting images
using a bright field microscope (Fig. 2). Our observations unveiled intriguing patterned self-assembled molecules with branched
structures in the wet Fmoc-FF/HFP drops. As the concentration of the solutions increased from 0.5 mM to 5 mM, the intensity of the
self-assembled structures showed a corresponding enhancement (Fig. 2). Upon analyzing the dried solutions, we observed remarkably
intense self-assembled structures, with the onset of self-assembly becoming evident at a concentration of 0.5 mM and optimal for-
mation occurring at 5 mM. Moreover, our results indicated that all Fmoc samples had the capability to form hydrogels, further
underlining their potential for self-assembly. The sample of Fmoc-FF prepared in water at concentration of 0.5 mM shows a mesh of
fibers which transform to branch structure in the dried sample.

The results suggest that the solubility of Fmoc-FF in the stock solution affects the final gel properties. The fmoc residue displays
hydrophilic properties, while phenylalanine amino acid (FF) displays hydrophobic properties and reducing the water solubility [21].
Fmoc-FF/DiH,0 displayed low solubility in neutral pH. We used temperature at 37 °C and ultrasound shaking to dissolve the Fmoc-FF
in water. Lower solubility of peptides in DiH20 resulted in reduced mechanical properties. Fmoc-FF was best dissolved in HFP and the
gelation appeared to be more stable in this condition, however, Fmoc-FF/DMSO gels also formed comparable hydrogels to HFP.

We used SEM to image the nanofibers assembled in different solvents (Fig. 3). The dried layer of Fmoc-FF hydrogel observed with
SEM displayed an entangled mesh of several fibers with bundles and interwoven structure suggesting the presence of a 3D network of
nanofibers within the hydrogels. The morphology of fibers is shown in Fig. 3. The fibers were exposed as round-ribbons with a wide
range of dimension and aspect ratios (Fig. 3 B). All Fmoc-FF hydrogels prepared in DMSO, HFP and DiH20 contained nanofibers with



F. Fouladgar et al. Heliyon 10 (2024) e23953

Qs

Fmoc-FF

Fmoc-FF/HFP gels

Fig. 3. SEM image of Fmoc-FF prepared in HFP and self-assembled on PDMS, A: The image shows bundle of interwoven nanofibers, B, C: round
ribbons and small twisted nanofibers arranged perpendicular to larger fibers, D: Molecular model suggesting the $-sheets connected with hydrogen
bonds and z-n aromatic stackings, E: Fmoc-FF Hydrogels prepared in microtube.

ribbon morphology. The width of larger fibers were organized parallel to each other while the smaller nanofibers were perpendicular
to larger fibers (Fig. 3B and C). When the Fmoc-FF was prepared in HFP at a concentration of 5 mM, nanofibers in large bundles with
repeated twist along the length was observed (Fig. 3A and B). The Fmoc-FF prepared in DMSO and DiH30 exposed similar fiber
morphology with the difference of less intensity of the 3D mesh network, and smaller fibers. This difference reflects the solubility of
Fmoc-FF in the corresponding solvents and the molecular arrangement dominated by the hydrogelation process in various conditions.

We proposed a molecular model based on the information obtained from the morphology of Fmoc-FF that contained round ribbons
and bundles (Fig. 3 D). The proposed model suggests hierarchical assembly of Fmoc-FF, which the peptide sequences of Fmoc and FF
self-assembling with hydrogen intermolecular bonds that develops the f-sheet structures with antiparallel assembly. The FF molecules
interact with each other through z-z aromatic stacking to lock the fg-sheet. As a result of the interaction of aromatic groups and
hydrogen bond and the twisted natural p-sheets, the perpendicular cylinders will shape the round ribbons. The ribbon structure is
further extended into longitude assembled fibers while the Fmoc groups interact perpendicular. The fibers reach a stable structure
afterwards, the width and length expansion is discontinued.

To investigate the self-assembly process of Fmoc-FF on PDMS substrates, we deposited Fmoc-FF/DMSO and Fmoc-FF/HFP solutions
onto the PDMS surface. After allowing the solutions to dry, we utilized SEM imaging to analyze the results (Fig. 4A and B). The SEM
images revealed distinct outcomes for the two solvent systems. In the case of Fmoc-FF dissolved in DMSO, the self-assembly led to the
formation of short rods on the PDMS substrate. Conversely, Fmoc-FF dissolved in HFP yielded long fibers that intricately inter-
connected, creating a mesh-like network structure. It’s noteworthy that the aspect ratio of the self-assembled Fmoc-FF structures
exhibited a direct correlation with both concentration and solubility in the respective solvents. Notably, prior research suggests that
the formation of shorter rods in FF molecules is influenced by lower molecule concentration or reduced solubility in the solvent,
indicative of the energy required for molecular cohesion [21,22].

In addition to alteration in macroscopic properties of the hydrogels, the rheometric properties of the Fmoc-FF prepared in HFP,
DMSO, and water was influenced (Fig. 4C). For testing the rheometry

properties, the gels were prepared by diluting Fmoc-FF stock (HFP, DMSO, and water 100 mg/ml) in growth medium DMEM to
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Fig. 4. Fmoc-FF self-assembled on PDMS silicon substrates. A: The stock Fmoc-FF was prepared in DMSO and B: HFP and was diluted with deionized
water; C: Compressive modulus of peptide hydrogel samples. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

obtain a final concentrations of 5 mM. The gels were subjected to a defined force. The resulting DMEM containing Fmoc-FF, rapidly
formed a gel that reflected the stiffness of 3D-cell culture. The stress to strain curve of both hydrogel samples are presented in the
supplement file. The slope of this curve recorded as the elastic modulus. The rheometric spectra obtained from CellScale Microtester
displayed the E elastic modulus of Fmoc-FF/HFP, being 277.5 (Pa) and Fmoc-FF/DMSO peptides were 174.4 (Pa) indicating a solid gel.
The E as an indicator of hydrogel stiffness was higher for Fmoc-FF/HFP gels compared to Fmoc-FF prepared in DMSO gels. The Fmoc-
FF/DiH50 had the lowest stiffness which was not measurable by the microtester. Typically, the elastic modulus of self-assembling
peptides can range from a few pascals (Pa) to few kPa. This wide range is due to the versatility of these peptides in forming
various structures, from soft hydrogels with low modulus values to more rigid structures with higher modulus values. In our exper-
iment, rheometric properties were measured after 1 h to ensure the complete solidification of the hydrogels. We show that the Fmoc-FF
dissolved in HFP, have higher elastic modulus compared to peptides dissolved in DMSO, and therefore suggest that mechanical
properties are influenced by solvent. The gelation kinetics of peptide hydrogels are influenced by several factors, such as peptide
sequence, concentration, solvent and environmental factors. Diaferia et al. suggested that a combination of Fmoc-FF/PEG-FY the
gelation kinetic is increased with the presence of PEG molecules from 42 to 18 min [32]. Dudukovic et al. explored the gel transition of
the aromatic dipeptide derivative molecule fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF). The addition of water to a solution
of Fmoc-FF in dimethyl sulfoxide (DMSO) results in increased attractions leading to self-assembly of Fmoc-FF molecules into a
space-filling fibrous network [33,34].

When analyzing the SEM data in conjunction with the rheological data, intriguing in-sights emerge concerning the intricate re-
lationships among molecular composition, supramolec-ular arrangement, and the hydrogel’s properties. Gaining deeper insights into
these relation-ships holds the potential to unlock possibilities for tailoring diverse hydrogels to specific cell types. Previous reports
have highlighted that matrix stiffness can influence cell morphology and differentiation, further emphasizing the significance of
exploring these connections.

The capability of the hydrogels as bioactive 3D-network was determined to support the growth of MSC derived from bone marrow.
We investigated the adhesion, viability and cy-toplasm F-actin changes of MSC encapsulated in Fmoc-FF/HFP, DMSO, DiH,0 seeded
on microplate wells. As a comparison, MSC seeded on non-modified microplate wells were utilized. First MTT and live/dead assays
were used to investigate the cell’s viability. Phalloidin and DAPI staining was used to monitor cytoplasm F-actin and DNA in MSC.

To encapsulate MSC into the peptide hydrogel, first the peptide was seeded on the mi-croplate wells and allowed to develop gels in
aseptic conditions. Secondly, the cell suspension in growth medium was added to the wells. The cell-hydrogel structure was formed
within 10 min of incubation at 37 °C. Within the first 24 h, the MSC showed a spreading condition on the scaffolds and afterwards the
self-assembled structures surrounded the cells completely. The cell spreading suggest that MSC directly adhere to the scaffold.
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A: MSC Control cells B: MSC Cultured in Fmoc-FF/HFP
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Fig. 5. Cell morphology of MSC cells encapsulated on peptide hydrogels Fmoc-FF/HFP, and control cells after 24 h. Scale bar 200 pm.
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Fig. 6. MTT viability cell assay of MSC cells encapsulated on peptide hydrogels Fmoc-FF/HFP, Fmoc- FF/DMSO and Fmoc-FF/Water at concen-
trations of 0.5, 2 and 5 mM after 24 h.
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Fig. 7. A: LIVE-DEAD graph of live and dead cells of MSC seeded on Fmoc-FF gels prepared in HFP (HC1-3), DMSO (DC1-3) and Water (WC1-3) at
concentrations of 0.5, 2, and 5 mM (C1,C2,C3). B: LIVE-DEAD staining of MSC seeded and encapsulated in Fmoc-FF/DMSO. Live cells will convert
calcein AM to green fluorescent calcein, while dead cells will be stained with red fluorescent ethidium homodimer-1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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A: MSC control cells B: MSC cultured in Fmoc-FF/water
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C: MSC cultured in Fmoc-FF/DMSO D: MSC cultured in Fmoc-FF/HFP
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Fig. 8. Phalloidin (F-actin) staining of A: MSC control cells, B: MSC cultured in Fmoc-FF//water, C: MSC cultured in Fmoc-FF/DMSO, D: MSC
cultured in Fmoc-FF/HFP. F-actin filaments inside the cytoplasm are stained green. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Compared to the control cell group which displayed a polyhedral morphology, MSC spread and attached on peptide gels adopted a
stretched spindle type morphology (Fig. 5 A, B).

According to the MTT assay (Fig. 6), at optimal concentrations, the self-assembly did not affect the MSC viability. The Fmoc-FF
prepared in HFP, showed a slight increase in cell viability 120-140 %, at concentration of 0.5-5 mM compared to the control.
Fmoc- FF/DMSO showed decreased viability at 0.5 (60 %) and 2 mM (50 %), while 5 mM gels had 100 % viability. Similarly, fmoc-FF/
DiH20 showed decreased viability at 0.5 mM (40 %), 2 mM (80 %), and 100 % viability at 5 mM gels.

We suggest that formation of stable and solid gels at concentration of 5 mM helped to encapsulate and preserve MSC viability. The
cells encapsulated in DMSO and DiH,O showed comparable viability to control cells indicating the bioactivity of Fmoc-FF/DMSO
hydrogels. After 1 day of incubation in Fmoc-FF, the MSC were evenly attached and distributed in the hydrogels.

After 24 h of incubation, the LIVE-DEAD assay using Fmoc-FF/DMSO revealed that the majority of cells showed green staining,
indicating they were alive, while only a few dead cells were observed in the entire gel (Fig. 7B). Similar to MTT results, LIVE-DEAD
results showed that Fmoc-FF/HFP showed higher number of live cells compared to DMSO and water samples. DMSO and DiH;0 gels
showed an increase in viability with higher gel concentrations (Fig. 7A).

The optimal conditions of Fmoc-FF/HFP, Fmoc-FF/DMSO at 5 mM was utilized to coat PDMS substrates with peptide hydrogels.
After hydrogelation, cells were seeded on PDMS chamber and the chamber was mounted on the stretcher device. The stretcher was
placed in a large Petri dish with several small dish containing Deionized water to keep the PDMS/cell culture moist at all times. The
cells seeded on PDMS and encapsulated in peptide gels were stretched for 24 h with a frequency of 0.3 Hz. By staining the cells with
phalloidin, the F-actin of the cells cultured on Fmoc-FF/HFP, Fmoc-FF/DMSO showed elongated morphology compared to the round
and spherical F-actin shape of the control cells (Fig. 8A-D). The aligned fiber feature is suggesting defined stress fibers. In a round
morphology, the F-actin filaments are generally organized in a more isotropic or symmetrical manner, which contributes to the cell’s
spherical shape and stability. On the other hand, elongated cell morphology indicates that the F-actin filaments are oriented in a way
that promotes extension along a particular axis, leading to a more elongated or polarized cell shape. Several cellular processes can
contribute to elongated cell morphology when F-actin staining shows this pattern [26,27]. Differentiation of MSC can lead to changes
in the actin cytoskeleton [28], resulting in an elongated morphology associated with specialized functions [29]. The observed elon-
gation of F-actins indicates the hydrogel effect, which promotes alignment and initiates cellular differentiation without affecting cell
viability at an optimal concentrations [30,31].
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4. Conclusion

In summary, by using a cost effective and versatile self-assembly approach, peptide gels were developed to successfully culture
MSC’s three-dimensionally in vitro. The unique molecular structure allows to encapsulate and provides a surface where cells can anchor
and attach. The mechanical stretcher combined with self-assembled peptides provides a cost-effective technique for developing 3D
cultures of anchorage-dependent cells. Compared to common 2D cell cultures, 3D-cultured cells better mimic the tissue microenvi-
ronment and have important implication in tissue engineering, cell therapy, and drug delivery models. All peptide samples underwent
self-assembly to form hydrogels characterized by round nanofiber morphology. Notably, peptide gels prepared in HFP demonstrated
the highest elastic modulus and retained their structural integrity. When it came to cell viability, Fmoc-FF/HFP gels outperformed
DMSO and water samples. Additionally, MSCs encapsulated within both peptide gels in DMSO and HFP exhibited a distinct elongated
spindle-like morphology, in contrast to the polyhedral shape observed in control cells. These findings collectively indicate that the
utilization of peptide hydrogels to encapsulate MSCs, followed by a stretching process, represents an efficient approach to preserve the
viability of MSC, assist with adhesion and potentially initiate the differentiation of these cells.
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