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ABSTRACT: Natural extracellular matrix (ECM) consists of complex signals interacting with each other to organize cellular
behavior and responses. This sophisticated microenvironment can be mimicked by advanced materials presenting essential
biochemical and physical properties in a synergistic manner. In this work, we developed a facile fabrication method for a novel
nanofibrous self-assembled peptide amphiphile (PA) and poly(ethylene glycol) (PEG) composite hydrogel system with
independently tunable biochemical, mechanical, and physical cues without any chemical modification of polymer backbone or
additional polymer processing techniques to create synthetic ECM analogues. This approach allows noninteracting modification
of multiple niche properties (e.g. bioactive ligands, stiffness, porosity), since no covalent conjugation method was used to modify
PEG monomers for incorporation of bioactivity and porosity. Combining the self-assembled PA nanofibers with a chemically
cross-linked polymer network simply by facile mixing followed by photopolymerization resulted in the formation of porous
bioactive hydrogel systems. The resulting porous network can be functionalized with desired bioactive signaling epitopes by
simply altering the amino acid sequence of the self-assembling PA molecule. In addition, the mechanical properties of the
composite system can be precisely controlled by changing the PEG concentration. Therefore, nanofibrous self-assembled PA/
PEG composite hydrogels reported in this work can provide new opportunities as versatile synthetic mimics of ECM with
independently tunable biological and mechanical properties for tissue engineering and regenerative medicine applications. In
addition, such systems could provide useful tools for investigation of how complex niche cues influence cellular behavior and
tissue formation both in two-dimensional and three-dimensional platforms.

SOFT

B INTRODUCTION

Hydrogels have been intensively studied as molecularly
engineered scaffolds' for controlled drug delivery,” cell
encapsulation® and tissue regeneration® applications. They
mimic native ECM in terms of its highly hydrated and porous
network structure.>~” However, when the complexity of the
natural ECM™® is considered, hydrophilicity and porosity are
not sufficient by themselves to meet the design requirements
for guiding cellular behavior. The biological outcomes of
introducing a biomaterial to the cellular microenvironment are

modulation of cellular characteristics and plays an important
role at biochemical and biophysical interfaces, depending on
the desired cellular outcome for a specific application.'*
Synthetic polymers have been used as tools for the
modification of biophysical characteristics of scaffolds since
they provide convenient control over the mechanical proper-
ties."> Cells can sense the mechanical properties of their
environment and as a response to perceived mechanical stimuli,
they generate biochemical activity along with the signal
transduction mechanism called mechanotransduction.'®'” The

dependent on cell-material interactions at the nanoscale
level.'® Cells can sense biochemical properties of a material
such as the presence of bioactive ligands'" as well as biophysical
characteristics, including dimensionality'* and matrix stiffness."?
Therefore, functionalization of hydrogels is crucial for the
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matrix stiffness can regulate cellular functions including
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adhesion,® spreading,19 migration,20 proliferation,21 and differ-
entiation.">** One of the most commonly used synthetic
polymers to investigate the effects of mechanical stimuli on
cellular behavior is poly(ethylene glycol) (PEG), which
provides precise control of material stiffness.”> PEG is an
interesting hydrogel material with its good water solubility,
biocompatibility, nonimmunogenicity, and resistance to protein
adsorption.”* However, PEG cannot provide cell attachment
and induce further cell-material interactions due to its protein-
repellent property. Current strategies for creating functional
PEG hydrogels that provide the specific biochemical character-
istics of native ECM, require incorporation of ECM-derived
bioactive molecules via cross-linking chemistries.”>>* Short
peptide sequences are major epitopes for the addition of
bioactivity. Fibronectin-derived RGD peptide is one of the
most commonly used adhesive peptide sequences to introduce
bioactivity to PEG hydrogels.”>* Various strategies have been
described in the literature to create RGD-coupled hydrogel
networks of PEG macromers. Michael addition reactions and
acrylate polymerization are the most widely utilized cross-
linking chemistries.>>*" Nevertheless, covalent conjugation of
functional epitopes to the polymer chain requires complex
chemical reactions and can result in limited mobility and
accessibility of bioactive ligands.”* Also, peptide incorporation
into the hydrogels is limited since covalent conjugation affects
hydrogel formation and mechanical properties. Since ligand
presentation and convenient control over the mechanical
properties play important roles in controlling cell behavior,
cross-linking-chemistries stay as insufficient approaches for
incorporation of bioactivity to PEG hydrogels. In addition,
limited porosity of the cross-linked network could prevent cell
motility, cell—cell interactions, and diffusion, especially in the
case of three-dimensional (3D) culture conditions. A number
of approaches have been shown to generate porous PEG
networks such as salt leaching32 and gas foaming.33 However,
these methods require multiple steps and they still have broad
pore size distributions with poor pore interconnectivity.
Therefore, these strategies are far from presenting bioactive
nanoscale architecture for mimicking the ECM microenviron-
ment.

When compared to current PEG systems, supramolecular PA
networks have nanofibrous architecture and tailorable bioactive
properties and they are versatile platforms that can eliminate
the limitations of covalent cross-linking.>* Under physiological
conditions, PAs can self-assemble into one-dimensional
nanostructures, predominantly cylindrical nanofibers.*®
Through incorporation of specific amino acids into the
sequence, self-assembled PA networks allow construction of
bioactive hydrogels closely mimicking the nanoscale architec-
ture and function of the native ECM.*® PA hydrogels can
present a variety of bioactive signals on the nanofiber surfaces
at high concentration without any limitation of ligand
presentation.”” Short peptide sequences derived from the
native ECM proteins could be incorporated into PA systems to
direct the cellular processes. For instance, RGD epitope has
been attached to PAs to produce adhesive self-assembled
peptide networks.>** It has been shown in many studies that
a,f; integrin binding RGD sequence induce adhesion,
spreading and migration of fibroblasts,*® osteoblasts,* and
mesenchymal stem cells.*> Another bioactive epitope of interest
is a,f, integrin binding DGEA (Asp-Gly-Glu-Ala) peptide
derived from collagen type-1. The DGEA peptide was shown to
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promote survival and osteogenic differentiation of hMSCs and
mouse preosteoblast MC3T3 cells.”~*°

Multicomponent hybrid hydrogel strategies such as incorpo-
ration of two photo-cross-linkable architectures,*® integration of
covalent and ionic cross-linking of polymers within hybrid
hydrogels,*”*® or combination of a biopolymer network with
chemically cross-linked poly(ethylene glycol)diacrylate
(PEGDA) hydrogel® have been developed to overcome
individual limitations of synthetic polymer hydrogels.”® Here,
we employed a facile fabrication strategy to create a novel self-
assembled PA/PEG composite hydrogel system without any
modification of polymer backbone or additional polymer
processing techniques, to create synthetic ECM analogues.
While mechanical reinforcement and stability is supported via
covalently cross-linked PEG monomers, the noncovalent
interactions between self-assembling PA molecules enable us
to obtain bioactive nanofibrous architecture mimicking natural
ECM. Synergistic combinations of different classes of materials
provide us opportunities for designing new matrices with
independently tunable biochemical, mechanical, and physical
properties. The design and synthesis of these ECM mimetic
composite hydrogels were demonstrated; physical and
mechanical properties (e.g, nanoarchitecture, porosity, stiff-
ness, elasticity) of resulting multicomponent networks were
elucidated and the interactive effects of mechanical and
biochemical cues on cellular behavior were investigated.

B EXPERIMENTAL SECTION

Materials. All protected amino acids, lauric acid, Rink amide
MBHA resin, Fmoc-Glu(OtBu)-Wang resin (100—200 mesh), Fmoc-
Aps(OtBu)-Wang resin (100—200 mesh), N,N,N’,N’-tetramethyl-O-
(1H-benzotriazole-1-yl) uronium hexafluorophosphate (HBTU), and
diisopropylethylamine (DIEA) were purchased from Novabiochem,
ABCR or Sigma-Aldrich. All other chemicals and materials used in this
study were analytical grade and purchased from Invitrogen, Fisher,
Merch, Alfa Aesar, and Sigma-Aldrich.

Synthesis and Characterization of Peptide Amphiphiles.
Fmoc solid phase peptide synthesis method was employed to
synthesize Lauryl-Val-Val-Ala-Gly-Lys-Lys-Lys-Am (K;-PA), Lauryl-
Val-Val-Ala-Gly-Glu-Glu-Glu  (E;-PA), Lauryl-Val-Val-Ala-Gly-Glu-
Arg-Gly-Asp (RGD-PA), and Lauryl-Val-Val-Ala-Gly-Glu-Gly-Asp-
Gly-Glu-Ala-Am (DGEA-PA). For K;-PA and DGEA-PA, Rink
amide MBHA resin (Novabiochem) served as the solid support,
while Fmoc-Glu(OtBu)-Wang resin (100—200 mesh) and Fmoc-
Asp(OtBu)-Wang resin (100—200 mesh) were used as solid supports
for E;-PA and RGD-PA. Carboxylate group activation of 2 mol
equivalents of amino acid was succeeded by 1.95 mol equivalents of
N,N,N',N’-tetramethyl-O-(1H-benzotriazole-1-yl) uronium hexafluor-
ophosphate (HBTU), and 3 mol equivalents of diisopropylethylamine
(DIEA) for 1 mol equivalent of functional sites on the solid resin.
Fmoc groups were removed at each coupling step with 20%
piperidine/dimethylformamide for 20 min. Amino acid coupling
time was set to be 2 h at each cycle. Lauric acid served as the source of
lauryl group and its coupling mechanism was similar to amino acid
coupling. A 10% acetic anhydride—DMF solution was used to acetylate
the unreacted amine groups after each coupling step. Cleavage of
protecting groups and peptide molecules from the solid support was
carried out by trifluoroacetic acid (TFA) cleavage cocktail (95% TFA,
2.5% water, 2.5% triisopropylsilane) for 3 h. Excess TFA was removed
by rotary evaporation. Synthesized PAs were then precipitated in
diethyl ether overnight. The precipitate was collected by centrifugation
and dissolved in ultrapure water. This solution was frozen at —80 °C
followed by lyophilization for 1 week. The purity of the peptides was
assessed using Agilent 6530 quadrupole time-of-flight (Q-TOF) mass
spectrometry with electrospray ionization (ESI) source equipped with
reverse-phase analytical high performance liquid chromatography
(HPLC). Synthesized peptides were purified with a preparative
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HPLC system (Agilent 1200 series). All PA molecules were freeze-
dried and reconstituted in ultrapure water at pH 7.4 before use.

Preparation of 2D Hydrogels. Stock solutions of poly(ethylene
glycol) dimethacrylate (PEGDMA) (M, 550, Aldrich) were
prepared in ultrapure water. Photoinitiator, 2,2’-Azobis (2-methyl-
propionamidine) dihydro-chloride (Aldrich; 1% (w/v)) was dissolved
in ultrapure water and added to the PEGDMA-initiator solutions.
Synthesized PAs were dissolved in ultrapure water at neutral pH,
separately and 3% (w/v) stock PA solutions were prepared. Initially,
negatively charged PA solution (E;-PA, RGD-PA, or DGEA-PA) was
mixed with PEGDMA stock solutions containing the initiator and
vortexed. Then, positively charged PA (K;-PA) was added to the
mixture to trigger self-assembly of PAs via charge neutralization and
obtain self-assembled nanofibrous network via noncovalent inter-
actions. After the mixture of oppositely charged PAs with PEGDMA
solutions containing the initiator, the solutions were immediately
transferred to cell culture plates (48 or 96 well-plate) and exposed to
ultraviolet (UV) light at 365 nm wavelength for 15 min for the
formation of covalently cross-linked 2D hydrogel substrates. For UV
cross-linking, 8 W UVP UVLMS-38 EL series UV lamp was used, and
the lamp was placed on top of cell culture plates directly (the distance
of the lamp from the samples was approximately 0.5 cm). The
volumetric ratio of PEGDMA to mixture of PAs within the composite
hydrogels was determined as 1:1. Final PEGDMA concentrations were
4, 8,and 12% (w/v), and initiator concentration was 0.1% (w/v) in the
composite system. Since PEGDMA solutions were mixed with PA
solutions at 1:1 volumetric ratio, the final PA concentrations within the
system were 1.5% (w/v) for all combinations. The volumetric ratios of
oppositely charged PA combinations were determined as E;-PA + Ks-
PA (3:4), RGD-PA + K,-PA (3:2), and DGEA-PA + K4-PA (1:1) for
complete charge neutralization within the composite hydrogels. For
the preparation of control PEG hydrogels, ultrapure water (with same
volume of PA solutions) was added to the stock PEGDMA solutions.
The final concentrations were also 4, 8, and 12% (w/v) PEGDMA and
0.1% (w/v) initiator within the control groups.

Preparation of 3D Hydrogels. Similar simple preparation
approach was applied to encapsulate Saos-2 cells into 3D matrices.
Only difference was that all peptide and PEG-photoinitiator solutions
were prepared with Dulbecco’s modified essential medium (DMEM)
instead of water and cell suspension (1 X 10° cells/sample) was mixed
with PEG-photoinitiator solution before the addition of PA solutions
into the mixture. Total volume of the pregel solutions was 200 uL.
After the preparation of pregel solutions, mixtures were transferred
into the caps of eppendorf tubes and exposed to UV light at 365 nm
for 15 min. The resulting disc-shaped 3D gels containing encapsulated
Saos-2 cells were cultured in Synthecon RCCS-4H bioreactor system.

Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FT-IR). A Thermo Scientific NICOLET 6700-
FTIR fitted with a universal ATR sampling accessory was utilized to
characterize the secondary structure of cross-linked PEG (w/o PNFs)
and E;/PEG samples. Prior to testing, samples were dried in ambient
air at 25 °C for 48 h. All data was recorded at 25 °C, in the spectral
range of 4000—800 cm™’, utilizing a 16 scans per sample cycle.

Scanning Electron Microscopy (SEM). To visualize the resulting
network formation within the polymerized samples, scanning electron
microscopy (SEM) was employed. SEM samples were prepared on
cleaned silicon wafer surfaces with a similar approach to preparation of
2D hydrogels. Following UV cross-linking, samples were dehydrated in
gradually increasing concentrations of ethanol solutions. The
dehydrated hydrogels were dried with a Tourismis Autosamdri-815B
critical-point-drier to preserve the network structure. A FEI Quanta
200 FEG scanning electron microscope with an ETD detector was
used for visualization of resulting networks. Samples were sputter
coated with 4 nm gold/palladium prior to imaging.

Brunauer—Emmett—Teller (BET) Analysis. Pore size distribu-
tion, total pore volume and specific surface area of PEG and PA/PEG
samples were estimated by BET analysis. This technique is used for the
determination of surface area and porosity of synthetic polymeric
hydrogels via nitrogen adsorption isotherms.’*>" Before the analysis,
samples were dehydrated in gradually increasing concentrations of
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ethanol solutions. Dehydrated samples were dried with a Tourismis
Autosamdri-815B critical-point-drier to preserve the network
structures. Samples were degassed at 150 °C for 4 h and N,
adsorption was conducted at 77 K. Total pore volume and specific
surface area of the samples were calculated by using quenched solid
density functional theory (QSDFT).

Small Angle X-ray Scattering (SAXS) Analysis. The 4% (w/v)
PEG (w/o PA nanofibers) and E;/PEG composite hydrogels for SAXS
analysis were prepared in quartz capillaries with a similar approach to
preparation of 2D hydrogels. After loading of pregel solutions of 4%
(w/v) PEG (w/o PA nanofibers) and E;/PEG composite hydrogels
into the quartz capillaries, the samples were exposed to ultraviolet
(UV) light at 365 nm wavelength for 15 min for the formation of
cross-linked hydrogels. The scattering experiments were performed on
a SWAXS system with Kratky optic HECUS (Hecus X-ray systems, M.
Braun, Graz, Austria) and equipped with a linear collimation system.
Nickel-filtered Cu Ka radiation (4 = 1.54 A), originating from a Philips
X-ray generator with copper anode operating at a power of 2 kW (50
kV and 40 mA) was used. A linear-position sensitive detector OED S0-
M (M. Braun, Garching, Germany) with 1024 channel resolution was
used to record the scattering data in small angle region. Data
calibration was performed with silver behenate. Distances between
channels and the sample-detector were 5S4 pm and 28.1 cm,
respectively. Scattering curves were monitored in g ranges of 0.004—
0.55 A™! for SAXS. All samples were measured for exposure times of
600 s at room temperature (23 °C). Data acquisition was completed
by using the program ASAV2.3 (HECUS M. Braun, Graz, Austria).

Oscillatory Rheology. An Anton Paar Physica RM301 Rheometer
with a 25 mm parallel-plate configuration was used to characterize the
viscoelastic properties of PEG, PA, and PA/PEG hydrogels. Cross-
linked PEG and PA/PEG gels were formed inside 48-well cell culture
plates and then transferred on the lower plate of the rheometer, while
peptide gels were formed in situ on the rheometer plate. Total volume
of the samples was 300 yL and shear gap distance was S00 nm. All
measurements were carried out at room temperature. Gelation kinetics
of the gels was characterized with time-dependent rheology. During
the time-sweep test, angular frequency, and strain were held constant
at 10 rad s™' and 0.01%, respectively. To determine the linear
viscoelastic range (LVR) of the gels, amplitude sweep test was
conducted at constant angular frequency of 10 rad s™' with
logarithmically ramping the strain amplitude from 0.01 to 1000%.

Cell Culture and Maintenance. Saos-2 human osteosarcoma cells
(ATCCHTB-85) were used in adhesion, spreading, viability,
immunocytochemistry, and gene expression experiments. All cells
were cultured in 75 cm? cell culture flasks using Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin, and 2 mM L-glutamine. The cells
were kept at 37 °C in a humidified chamber supplied with 5% CO,.
Cell passage was carried out at cell confluency between 80 and 90%
using trypsin/EDTA chemistry. The culture medium was changed
every 3—4 days. For osteogenic differentiation experiments (ICC
stainings, qRT-PCR analysis), the seeded cell medium was replaced
with osteogenic medium, DMEM supplemented with 10% FBS, 10
mM p-glycerophosphate, 50 ug mL™" ascorbic acid, and 10 nM
dexamethasone, after reaching confluency.

Viability of Saos-2 Cells on PEG and PA/PEG Substrates.
Viability of Saos-2 cells was analyzed on PEG and PA/PEG substrates
prepared in 48 well cell culture plates. Tissue culture plate surface was
also used to evaluate the viability of the cells on a control sample. Prior
to cell seeding, cross-linked substrates were washed with 1X phosphate
buffered saline (PBS) overnight. Cells were seeded onto hydrogel and
tissue culture plate surfaces in DMEM media supplemented with 10%
FBS, 1% penicillin/streptomycin and 2 mM L-glutamine at a density of
1.5 X 10* cells/cm?. After 3 days of incubation the cell medium was
discarded, the cells were washed with PBS and then incubated with 2
UM Calcein-AM/ethidium homodimer (Invitrogen) in PBS for 20—30
min at room temperature. Finally, random images were taken at 10X
magnification by a fluorescence microscope from each well for analysis.

Adhesion of Saos-2 Cells on PEG and PA/PEG Substrates. To
determine the effect of protein-repellent property of PEG on cellular
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Figure 1. (A) Chemical representations of Lauryl- VVAGEEE (E;-PA), Lauryl- VVAGERGD (RGD-PA), Lauryl- VVAGEGDGEA-Am (DGEA-PA),
Lauryl-VVAGKKK-Am (K;-PA) and polyethylene glycol dimethacrylate (PEGDMA,, _s50). (B) Schematic representation of straightforward

fabrication strategy for nanofibrous self-assembled PA and PEG composite hydrogels.

adhesion, adhesion of Saos-2 cells were analyzed on PEG and PA/PEG
hydrogels prepared in 48-well cell culture plates. Cells were seeded on
hydrogel surfaces at a density of 5 X 10° cells/cm® in serum-free
culture conditions with DMEM media supplemented with 1%
penicillin/streptomycin and 2 mM L-glutamine. The cells were
incubated at standard cell culture conditions. After 24, 48, and 72 h,
the unbound cells were washed away three times with PBS, and the
remaining bound cells were stained with 2 yM Calcein-AM. At least 20
random images were taken per substrate (n = 3). Cell adhesions were
quantified by counting the number of cells with ImageJ program.

Spreading and Cytoskeletal Organization Analysis of Saos-2
Cells on PEG and PA/PEG Substrates. Spreading and cytoskeletal
organization of Saos-2 cells were analyzed on PEG and PA/PEG
surfaces at 72 h. Preparation of the samples was the same as the
samples for the adhesion assay. Before staining, cells were fixed with
3.7% formaldehyde for 15 min and permeabilized with 0.1% Triton X-
100 for 10 min. Actin filaments of the cells were stained with TRITC-
conjugated phalloidin (Invitrogen) in 1X PBS for 20 min. Spreading
and cytoskeletal organization of cells were analyzed with Zeiss LSM
510 confocal microscope. Cell spreading was quantified by measuring
the spreading areas of cells with Image] program. At least 30 random
images were taken per substrate (n = 3).

Immunocytochemistry (ICC). Before ICC stainings, differ-
entiated cells were fixed with 4% formaldehyde for 15 min and
permeabilized with 0.5% Triton-X for 10 min at room temperature.
The 3 wt % BSA/PBS was used for blocking for 1 h. Rabbit-raised,
antihuman, RUNX2 and COLI1 primary antibodies and a goat-raised,
antirabbit, IgG H&L DyLight 488 conjugated secondary antibody
(Abcam) were used for staining. The samples were visualized with a
Zeiss LSM 510 confocal microscope.
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Quantitative Reverse Transcription Polymerase Chain
Reaction (qRT-PCR). RUNX2 and COLI1 gene expression profiles
were examined by qRT-PCR. Total RNA of differentiated Saos-2 cells
was isolated on days 3 and 7 using TRlzol reagent (Ambion)
according to the manufacturer’s protocol. Nanodrop 2000 (Thermo
Scientific) was used to quantify the yield and purity of the isolated
RNA. Primer sequences were designed using Primer 3 software (Table
S2). SuperScript III Platinum SYBR Green One-Step qRT-PCR kit
was used to carry out quantitative reverse transcription polymerase
chain reaction. Temperature cycling for the reaction was determined as
55 °C for S min, 95 °C for S min, 40 cycles of 95 °C for 15 s, T,, (58.0
°C for RUNX2 and GAPDH, 60.0 °C for COL1) for 30 s, and 40 °C
for 1 min. Gene expressions were normalized to GAPDH as the
internal control gene.

Statistical Analysis. All experiments were independently repeated
at least twice with at least three replicas for each experimental group.
All quantitative results were expressed as +standard error of means
(SEM). Statistical analyses were carried out by one-way or two-way
analysis of variance (ANOVA), whichever is applicable. For the
statistical significance, a P-value of less than 0.05 was considered as
significant.

B RESULTS AND DISCUSSION

To fabricate self-assembled PA and PEG composite nano-
structured systems, polyethylene glycol dimethacrylate (PEGD-
MA, M, = 550) was used because of its biological inertness, cell
compatibility and ability to photo-cross-link. Photo-cross-
linking is suitable for biomedical applications due to the mild
and rapid reaction conditions, which can be conducted at
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Figure 2. (A) Scanning electron microscopy (SEM) images of PEG (w/o PA nanofibers, PNFs) and PA/PEG composite substrates (scale bars: 4
um). (B) Total pore volume and specific surface area of PEG (w/o PA nanofibers) and PA/PEG composite substrates.

physiological temperature and pH. For the modulation of
mechanical stiffness, three different PEG concentrations (4, 8,
and 12% (w/v)) were used.

Self-assembling PA molecules consist of a hydrophilic
peptide segment conjugated to a hydrophobic fatty acid
triggering self-assembly of PA molecules into one-dimensional
nanostructures in aqueous solution.>” In addition, it was shown
that two oppositely charged PAs carrying different bioactive
epitopes can self-assemble into nanofibers at physiological
conditions due to electrostatic interactions between ionic
amino acids of PAs.>® Noncovalent forces such as hydrogen
bonding, hydrophobic and electrostatic interactions between
PAs trigger and stabilize the fiber formation.>* Fmoc solid
phase peptide chemistry was employed to synthesize PA
molecules. Four different PA molecules [Lauryl-VVAGEEE
(E;-PA), Lauryl-VVAGERGD (RGD-PA), Lauryl-VVA-
GEGDGEA-Am (DGEA-PA), Lauryl VVAGKKK-Am (K-
PA)] were synthesized (Figures 1A and S1). The E;-PA was
used as nonintegrin binding peptide sequence while RGD-PA
and DGEA-PA were exploited as integrin binding epitopes to
investigate the effect of different bioactive signals on cellular
behavior. Positively charged K;-PA was utilized to induce
nanofibrous assembly when mixed with negatively charged PA
molecules at physiological conditions (Figure S2).

To obtain porous hydrogel networks with independently
tunable mechanical and biochemical properties, a simple
fabrication method was implemented (Figure 1B). A photo-
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initiator, 2,2’-azobis(2-methyl-propionamidine)dihydro-chlor-
ide) was dissolved in ultrapure water and added into the
PEG solution with a final concentration of 0.1% (w/v). The PA
molecules were dissolved in ultrapure water, separately.
Initially, negatively charged PA (E;-PA, RGD-PA, or DGEA-
PA) solutions were mixed with PEG-photoinitiator solution,
and then positively charged K;-PA was added to the solutions
to trigger nanofiber self-assembly through charge neutralization
at neutral pH. The final PA concentration within the PA/PEG
mixture was determined as 1.5% (w/v) for all PA/PEG
composite hydrogels. The PA/PEG solutions were transferred
to the cell culture plates immediately without any incubation
step, and exposed to ultraviolet (UV) light at 365 nm
wavelength for 15 min to induce photopolymerization. In our
design, both hydrophobic and electrostatic interactions
(between lauryl group and oppositely charged amino acid
residues, respectively) provide driving forces for self-assembly
and nanofiber formation within the system before the cross-
linking of PEG monomers in the solution. Cross-linking
occurred through radical polymerization, where the methacry-
late groups participated in an addition reaction to form a
branched polymeric network®® (Figure S3A). In addition, ATR-
FTIR analysis on PEG (w/o PA nanofibers) and PA/PEG (E,/
PEG combination) samples after 15 min of UV exposure also
supported presence of PA network® and cross-linked
methacrylate chains® within the composite hydrogel (Figure
S3B). A total of 12 groups were studied, including nonbioactive
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Figure 3. (A) SAXS profiles and the fit curve for the scattering data of 4% (w/v) PEG (w/o PA nanofibers) and E;/PEG hydrogels (PA/PEG), (B)
PDD of PEG (w/o PA nanofibers), and (C) PDD of E;/PEG (PA/PEG) hydrogels.

PEG (w/o PA nanofibers) controls versus PA/PEG composite
scaffolds. Three different PA groups (E;-PA as nonintegrin
binding sequence, RGD-PA and DGEA-PA as integrin binding
epitopes in Figure 1A) and three different mechanical stiffness
groups (PEGDMA concentrations 4, 8, and 12% (w/v) defined
as soft, medium, and stiff in Figure 4A) were exploited. The
details about net charges of PA molecules in water at neutral
pH, nomenclature of PA/PEG composite systems, nanofiber
compositions, and volumetric mixing ratios of PA molecules
were given in Tables S1 and S2.

When noncovalently self-assembled PA nanofibers were
incorporated within the cross-linked PEG network, nanofibrous
porous scaffolds were formed, while the PEG (w/o PA
nanofibers) gel was observed to be relatively nonporous
(Figure 2A), as shown by scanning electron microscopy
(SEM) imaging. The morphology of the porous networks
was similar for all of the groups with different PEG
concentrations and PA combinations (Figure 2A). We also
quantitatively analyzed the porosity of the resulting networks
with BET (Brunauer—Emmett—Teller) analysis.’>" Pore size
distribution, cumulative pore volume, and specific surface area
of the samples were measured after the hydrogels were dried
with a critical-point drier to prevent the shrinkage of the
networks. Due to the high water content of the 4% (w/v)
PEGDMA group, it was not possible to obtain measurements
after drying; therefore, the “soft” hydrogel group was eliminated
from BET analysis. Pore size distributions showed that the
resulting networks consisted pores in a range of up to 35 nm in
case of incorporation of the PA nanofibers in addition to several
smaller pores (<S5 nm; Figure S4). Such mesoporous structures
are useful for tissue engineering, since the pores in the
nanometer range can support cell adhesion and proliferation
and can potentially allow protein and growth factor
absorption.”**” Also, incorporation of the self-assembled PA
nanofibers resulted in significantly increased total pore volume
and specific surface area of the resulting networks up to 4-fold
compared to PEG (w/o PA nanofibers) scaffolds (Figure 2B).
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In addition, small angle X-ray scattering (SAXS) analysis was
conducted to understand structural organization and morpho-
logical differences between PEG (w/o PA nanofibers) and PA/
PEG composite hydrogels. The scattering data of 4% (w/v)
PEG (w/o PA nanofibers) and E;/PEG composite hydrogels
loaded in the quartz capillaries was analyzed within the low g
regions (0.004—0.55 A™'; Figure 3). Although the scattering
pattern of the PEG (w/o PA nanofibers) hydrogel pointed
aggregations within the sample, these structural properties did
not fit in a defined structural model and nanoscale organization.
On the other hand, the scattering data of E;/PEG was best
fitted to a flexible cylinder-polydisperse length model®®*® with a
radius of 5.53 + 0.12 nm for the cylindrical nanostructures
(Table S3). Pair distance distributions (PDDs) were used to
analyze the orientation, structural organization, and the
homogeneity of the sample. Symmetrical humps and well-
ordered histogram bars are also evidence of nanosized ordered
structures.** PDDs histogram of E;/PEG composite hydrogel
showed nanoscale quasi-lamellar ordering (Figure 3C) and
revealed 827 + 1.14 nm distance between the lamellar
organizations. The uniform electron density value of the
nanostructures (2.3 X 10—5 A™?) showed homogeneous
distribution of PEG and PA nanostructures within the
composite hydrogel (Table S3). In addition, an organizational
difference between PA/PEG composites is not expected
depending on the bioactive residues (-RGD or -DGEA) since
self-assembly mechanism and nanofiber formation of PA
combinations are similar. These residues provide tunable
bioactivity for composite hydrogels without effecting physical
and structural properties as evidenced by SEM images.

We also studied the mechanical properties of the resulting
networks by oscillatory rheology. Gelation properties and
viscoelastic behavior of the hydrogels were evaluated. Average
equilibrium moduli of the gels were determined to assess the
mechanical stiffness of the samples as a function of constant
angular frequency (10 rad s™'). For all of the combinations,
storage modulus (G’), energy stored during deformation, was
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Figure 4. (A) Equilibrium storage moduli of PEG (w/o PA nanofibers) and PA/PEG composite hydrogels. (B) Limiting strain amplitude values of
PEG (w/o PA nanofibers), PA/PEG composites and only peptide gels. Photographs of (C) PA/PEG composite (E;/PEG, 12 wt % PEGDMA) and
(D) only PA hydrogels (1.5 wt % E;-PA + K;-PA) with the same storage moduli showing the increased elasticity and stability of the composite

system.

greater than loss modulus (G”), energy dissipated during
deformation, confirming the gel character of the resulting
networks (Figure $6). The mechanical character of the gels was
defined as soft, medium and stiff ranging from 0.1-0.3 to 1—4
and 6—8 kPa (Figure 4A). A consistent increase in the
mechanical stiffness for each individual self-assembled PA/PEG
combination with increasing PEG concentration showed the
versatility of the composite network for the control of the
mechanical properties.

In addition, we performed an amplitude sweep test to
investigate the viscoelastic properties of the hydrogels. Within a
region called linear viscoelastic range (LVR), materials
maintained their elastic behavior by keeping the storage
modulus constant under elastic deformation. When the certain
boundary of LVR, called limiting strain amplitude (LSA), is
exceeded, plastic deformation occurs and the modulus of the
gel starts decreasing under increasing strain values. The length
of the LVR can be considered as a measure of stability and gives
information about the elasticity of the materials. The results
demonstrate that LVR of PA/PEG composite hydrogels was
comparable to PEG (w/o PA nanofibers) controls, while the
LVR of the regular supramolecular PA hydrogels was quite
narrow (Figure S7). LSA of individual PA/PEG composite
groups was similar to each other and reached up to 20%, while
the LSA of regular PA hydrogels remained under 0.5% (Figure
4B). Due to this elastic behavior, it was possible to handle PA/
PEG composite systems without impairing the gel integrity,
while the only PA gels were disrupted when handled, even
when they have the same storage moduli with the composite
system (Figure 4C,D,S7). These results confirmed the
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increased stability and elasticity of the composite system,
which is a favorable quality for clinical applications for load
bearing tissues such as bone and cartilage.

Then, we investigated the cellular behavior on the hydrogels
in terms of response to complex niche cues such as mechanical
properties and presence of specific bioactive epitopes. To
confirm the biological functionality of the resulting hydrogels,
Saos-2 cells were cultured on these surfaces and their cellular
responses were examined. Saos-2 cells are osteoprogenitor cells
which are in the initial commitment stage of bone differ-
entiation but can exhibit alternating levels of commitment to
the late osteogenic d1fferent1at10n depending on the presence of
variable external signals.’"

To evaluate the combinatorial effect of different biochemical
signaling epitopes along with the varied mechanical properties;
viability, adhesion, spreading, and osteogenic differentiation
properties of cells were investigated.

We studied the cytocompatibility and ability to support cell
adhesion as a combined function of bioactivity and stiffness.
Live/dead assay was performed to determine the cytocompat-
ibility of the hydrogels. Both PEG (w/o PA nanofibers) and
PA/PEG composite hydrogels were biocompatible for all
combinations. There were only a few numbers of dead cells
stained as red in the live/dead images (Figure S8). Cell
adhesion to the hydrogels was examined in serum-free culture
conditions. As shown by Calcein-AM stained micrographs, stiff
nonbioactive PEG (w/o PA nanofibers) control was not able to
support cell attachment to the hydrogel surface (Figure SA) at
24 h, consistent with the fact that PEG hydrogels are
considered as protein-repellent materials, which inhibit cell
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Figure 5. (A) Representative Calcein-AM stained micrographs of Saos-2 cells on stiff PEG (w/o PA nanofibers) and stiff nanofibrous PA/PEG (E3-
PA combination) substrates (scale bars: 200 ym) and (B) number of attached cells on PEG (w/o PA nanofibers) and PA/PEG composite (E3-PA
combination) substrates at 24 h in serum-free culture conditions. (C) Representative micrographs of phalloidin stained cells (scale bars: 20 ym) and
(D) projected spreading areas of Saos-2 cells on PEG (w/o PA nanofibers) and PA/PEG composite substrates at 72 h.

adhesion.”® On the other hand, nanofibrous PA/PEG
composite scaffolds supported cell adhesion up to 20—30-
fold, even at the early period of cultivation (24 h) compared to
nonbioactive PEG (w/o PA nanofibers) network in case of
medium and stiff gel combinations (Figure SB). Independent
from the availability of integrin binding epitopes, presence of
PA nanofibers within the system was sufficient to promote cell
attachment, as nonintegrin binding E;/PEG combination also
supported early adhesion, similar to RGD/PEG and DGEA/
PEG combinations. On the other hand, in the case of the soft
hydrogels, the PEG (w/o PA nanofibers) control provided cell
attachment closer to PA/PEG composites according to the
quantitative analysis based on the number of attached cells
(Figure SB). This was caused by the embedding of the cells into
the soft PEG (w/o PA nanofibers) hydrogel after seeding.
During the staining procedure, even after the washing steps,
cells were not removed from the hydrogel since they were
entrapped within the matrix. In addition, they stayed in a
spherical shape without creating any cell-material contact,
while the ones on PA/PEG composite surfaces promoted
adhesion points, as shown by actin staining (Figure SC). When
48 and 72 h of cultivations were evaluated, the number of
attached cells was drastically increased on nanofibrous self-
assembled PA/PEG composite system while no increase was
observed in case of PEG (w/o PA nanofibers) control (Figure
$9).

To further characterize the cell—material interactions, F-actin
staining was performed for the evaluation of cell morphologies
on the hydrogel surfaces. Cells on PEG (w/o PA nanofibers)
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hydrogels retained a spherical morphology regardless of their
mechanical properties, since there was no bioactive ligand
mediating the ability of cells to sense material stiffness. On the
other hand, cells on PA/PEG composites spread out on the
surface (Figure 5C). Quantitative analysis confirmed extensive
spreading of cells on all of the PA/PEG composites when
compared to PEG (w/o PA nanofibers) control (Figure SD).
Incorporation of PA nanofibers within the cross-linked PEG
system changed the protein-repellent property of PEG and
supported cell-material interactions. The superior spreading
effect of adhesive RGD epitope was clearly observed in Figure
SC. Spreading area of cells on RGD/PEG composite hydrogel
was significantly higher than other PA/PEG combinations for
all of the soft, medium and stiff hydrogels (Figure SD).
Interestingly, a synergistic effect between the mechanical
properties and integrin binding epitopes was also observed.
In case of the integrin binding epitopes, projected spreading
area of the cells increased in correlation with the increasing
stiffness. On the stiff hydrogels presenting RGD and DGEA
epitopes, extensive spreading was observed when compared to
their soft and medium forms, while cell spreading areas were
not affected by the alteration of material stiffness in the case of
PEG (w/o PA nanofibers) and nonintegrin binding E;/PEG
combinations (Figure SD). Associated with their ability to allow
independent control of mechanical and biochemical character-
istics, PA/PEG composite hydrogels provided a versatile
platform for the manipulation of cell interaction with the
material.
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Figure 6. (A) Representative ICC micrographs (40X magnification) of Saos-2 cells on cross-linked PEG (w/o PA nanofibers) and PA/PEG
composite substrates at day 7 (scale bars: SO ym). Green (top row): RUNX2, green (bottom row): COLI, red: Phalloidin. (B) RUNX2 and COL1
gene expressions of Saos-2 cells on cross-linked PEG (w/o PA nanofibers) and PA/PEG composite substrates at day 3.

In the natural ECM environment, cells receive complex
signals and interact with each other to create a combined effect
on the orientation of cellular behavior. Since both biochemical
and biophysical properties of a material can affect cell fate, it is
difficult to create a scaffold, which optimally stimulates
differentiation and tissue regeneration with the utilization of
current unifunctional strategies. The hydrogel system shown
here can serve as a convenient platform to direct cell behavior
according to desired outcome with the independent control of
material stiffness and bioactivity. For this purpose, we
investigated the combined effect of complex niche cues on
osteogenic commitment of Saos-2 cells. To investigate the
osteoinductive effect of varied substrate stiffness and bio-
chemical signals, Runt-related transcription factor 2 (RUNX2)
and collagen type I (COL1) gene expressions were analyzed.

Micrographs of the ICC analyses for RUNX2 and COLI,
showed that both of these genes were expressed on the entire
PEG (w/o PA nanofibers) and PA/PEG composite hydrogel
combinations (Figure 6A). To quantitatively analyze the gene
expression levels, QRT-PCR analysis was conducted. In the case
of PEG (w/o PA nanofibers) hydrogels, we observed that both
RUNX2 and COL1 gene expressions of Saos-2 cells increased
with a linear pattern on increasing PEG concentration from
“soft” to “medium” and “stiff” hydrogels (Figure 6B). However,
our observations on cellular morphology showed that for all of
the PEG concentrations (4, 8, and 12% (w/v)), cells displayed
a round shape and formed clusters on PEG (w/o PA
nanofibers) hydrogels (Figure S8). Cells produced only little
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or no stable cell adhesion to surfaces when there was no ligand.
Even though Calcein-AM stained micrographs proved the
viability of cells on PEG (w/o PA nanofibers) surfaces (Figure
S8), cells that do not establish material contact cannot be
considered as healthy. Therefore, the observation on enhanced
osteogenic commitment on PEG (w/o PA nanofibers)
hydrogels with increasing PEG concentration cannot be
considered as a response to material stiffness. This behavior
might be the response of the limited number of cells that were
able to form contacts with the material surface, as well as it can
also be a potential consequence of the non-natural cellular state.

Both on days 3 and 7, highest RUNX2 gene expression was
observed on E;/PEG composite hydrogel groups and the
expression level was increased along with the increasing
stiffness (Figures 6B and S10B). In addition, COL1 gene
expression was at the highest level on medium E;/PEG
substrates compared to integrin binding RGD/PEG and
DGEA/PEG groups as well as nonbioactive PEG (w/o PA
nanofibers) control (Figures 6B and S10C,D). Even though
EEE peptide sequence (E;) is not an integrin binding peptide
sequence, osteoinductive effect of E;-PA with its ability to
mimic acidic residues in noncollagenous bone matrix proteins,
was shown previously.62 In a similar manner, presentation of E,
peptide epitope within the PEG matrix resulted in the
enhanced osteogenic differentiation of Saos-2 cells with the
preference of increased stiffness.

Combination of integrin-binding epitopes with variable
mechanical stiffness resulted in a nontypical differentiation
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behavior compared to nonintegrin binding E;/PEG hydrogels.
Instead of gradual increase of gene expression levels linear to
increasing substrate stiffness, integrin binding RGD/PEG and
DGEA/PEG combinations exhibited different patterns for
osteogenic differentiation. Gene expression patterns of RGD/
PEG group were not affected by the mechanical properties and
similar expression levels were obtained for all of the soft,
medium, and stiff hydrogel groups (Figure 6B). Upregulation of
RUNZX2 was not observed, while COL1 gene expression was
increased up to 6-fold on RGD/PEG combinations independ-
ent from substrate stiffness on day 3. Moreover, soft and stiff
DGEA/PEG combinations presented higher expression of
RUNX2 and COL1 (Figure 6B) compared to medium DGEA/
PEG. These results pointed to the presence of an interactive
effect between integrin signaling and mechanical stimuli. It is
known that in the presence of complex niche cues, substrate
stiffness and biochemical signaling can substitute each other
under certain conditions;"® however, further investigation is
necessary to clarify the underlying mechanism of this behavior.
On the other hand, the preference of soft and stiff combinations
for DGEA/PEG can be explained by previously elucidated
factors related to osteoblast differentiation. DGEA is a collagen
type 1 derived signaling sequence that binds to a,f, integrin
receptor. a,-integrin is known as an early mechanotransducer of
matrix elasticity in osteogenic cells and the increased expression
of a,-integrin on the cell membrane on stiffer matrices was
already demonstrated.® Along with increased stiffness,
upregulated «,-integrin expression of the cells can lead to a
more pronounced effect of DGEA signaling on osteoblast
differentiation. On the other hand, during bone development,
cellular differentiation into bone forming osteoblasts occurs
within a soft matrix in the range of 100—1000 Pa shear
modulus.*** Previous studies also showed that in vitro
osteogenic differentiation can be supported on soft hydroégel
matrices, which have similar stiffness to developing bone.*>*”
The gene expression results obtained from PA/PEG composite
system also pointed to similar conclusions showing that the
optimal design of a material for the desired cellular outcome
requires the consideration of multiple factors since cells can
sense complex niche cues, and these signals can direct cell fate
in an interactive manner.’

Current strategies to introduce porosity into three-dimen-
sional scaffolds are usually performed under nonphysiological
conditions.*>****%® Therefore, the biomedical applications of
these systems only allow for cell seeding after the fabrication
process, and as a result, nonuniform cell distribution can rise up
as a problem. As a proof of concept, we also tested the capacity
of nanofibrous self-assembled PA/PEG composite matrices as
three-dimensional (3D) scaffolds that allow for a cell-friendly
fabrication process and in situ application of engineered
scaffolds. To confirm the cell supportive effect of porosity
within our 3D scaffold systems, PEG (w/o PA nanofibers)
versus RGD/PEG combinations were compared. For this
purpose, a similar facile sample preparation approach was
applied to encapsulate Saos-2 cells into 3D matrices. Only
difference was that all peptide and PEG-photoinitiator solutions
were prepared with culture medium (DMEM) instead of water
and cell suspension was mixed with PEG solution before the
addition of PA solutions into the mixture. Mixtures were
transferred into the caps of eppendorf tubes and exposed to UV
light at 365 nm for 15 min. The resulting disc-shaped 3D gels
containing encapsulated Saos-2 cells were cultured in a
Synthecon RCCS-4H bioreactor with rotating vessels. After 7
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days of cultivation, live/dead assay was performed to assess the
viability of cells in 3D scaffolds. Cells within the porous RGD/
PEG composite scaffolds were stained with Calcein-AM
indicating the live cells while the ones inside the nonporous
PEG (w/o PA nanofibers) hydrogel stained with ethidium
homodimer indicating the dead cells (Figure 7). Even though
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i

Figure 7. Representative live/dead micrographs of Saos-2 cells
encapsulated within three-dimensional (top) PEG (w/o PA nano-
fibers) and (bottom) nanofibrous RGD/PEG composite scaffolds at
day 7. Green: Calcein-AM indicating the live cells; Red: ethidium
homodimer indicating the dead cells (scale bars: 100 ym).

we did not observe any cytotoxic effect of PEG (w/o PA
nanofibers) hydrogel as 2D scaffold, the cell viability decreased
under 3D conditions. On the other hand, no detrimental effect
on cellular viability was observed within RGD/PEG scaffold,
which showed that nanofibrous ECM mimetic architecture of
PA/PEG composite hydrogel supported the cell viability within
the 3D matrix.

B CONCLUSION

In summary, we present design, synthesis, and application of
self-assembled PA/PEG composite platform to create synthetic
hydrogel systems as ECM mimetic microenvironment. This
design enables independent control of mechanical and
biochemical cues of the hydrogels without the modification of
PEG backbone. Such composite hydrogel system can be
modified through fine-tuning of its properties to produce
optimal scaffold compositions for the modulation of cellular
processes according to the desired type of tissue engineering
applications. The straightforward production process of the
system can further allow creation of precisely controlled and
variable synthetic environments to be utilized in multiple
disciplines, including physics, biology, and engineering.
Combining the self-assembled PA nanofibers with the cross-
linked PEG network resulted in formation of porous hydrogel
systems without complex chemical modifications. Easy
fabrication process under physiological conditions supported
the cell viability within 3D matrix similarly to real ECM
environment and can further allow in situ applications of this
system. Ultimately, the resulting hydrogel system will provide a
valuable tool for the investigation of how complex niche cues
interplay to influence cellular behavior and tissue formation
within 3D conditions as well as on 2D platforms.
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