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1 Introduction

Journalof Materials Chemistry B

Enzyme assisted peptide self-assemblies trigger cell adhesion in
high density oxime based host gels

Miryam Criado-Gonzalez®b<*, Breyinn Loftind¥, Jennifer Rodon Fores?, Dominique Vautier®<, Leyla
KocgozluP<, Loic Jierry?, Pierre Schaaf*®?, Fouzia Boulmedais?, Eva Harth*cd

Peptide supramolecular self-assemblies are recognized as important components in responsive hydrogel based materials
with applications in tissue engineering and regenerative medicine. Studying the influence of hydrogel matrices on the self-
assembly behavior of peptides and interaction with cells is essential to guide the future development of engineered
biomaterials. In this contribution, we present a PEG based host hydrogel material generated by oxime click chemistry that
shows cellular adhesion behavior as response to enzyme assisted peptide self-assembly (EASA) within the host gel. This
hydrogel prepared from poly(dimethylacrylamide-co-diacetoneacrylamide), poly(DMA-DAAM) with high molar fractions
(49%) of DAAM and dialkoxyamine PEG cross-linker, was studied in the presence of embedded enzyme alkaline phosphatase
(AP) and a non-adhesive cell behavior towards NIH 3T3 fibroblasts was observed. When brought in contact with a Fmoc-
FFpY peptide solution (pY: phosphorylated tyrosine), the gel forms intercalated Fmoc-FFY peptide self-assemblies upon
diffusion of Fmoc-FFpY into the cross-linked hydrogel network as it was confirmed by circular dichroism, fluorescence
emission spectroscopy and confocal microscopy. Nevertheless, the mechanical properties do not change significantly after
the peptide self-assembly in the host gel. This enzyme assisted peptide self-assembly promotes fibroblast cell adhesion that
can be enhanced if Fmoc-F-RGD peptides are added to the pre-gelator Fmoc-FFpY peptide solution. Cell adhesion results
mainly from interactions of cells with the non-covalent peptide self-assemblies present in the host gel despite the fact that
the mechanical properties are very close to those of the native host gel. This result is in contrast to numerous studies which
showed that the mechanical properties of a substrate are key parameters of cell adhesion. It opens up the possibility to
develop a diverse set of hybrid materials to control cell fate in culture due to tailored self-assemblies of peptides responding

to the environment provided by the host guest gel.

the material that is the dominant parameter in cell adhesion but
rather the response of chain segments over short distances.?
Additionally, not only the elastic modulus of a material governs cell

Cell adhesion is a complex process and is involved in many biological
processes such as tissue development.’3 Interactions between
extracellular matrix proteins and integrins with the substrate are
critical parameters in the adhesion process but mechanical
properties of the substrate play also a role.* Cells sense the
properties of their environment and continuously adapt their
response.>? For example, chondrocytes which are naturally in a high
elastic modulus environment hardly adhere to substrates presenting
a low elastic modulus.1% 1* However, when the anchoring surface is
covered by macromolecular chains, it is not the Young modulus of
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fate but its viscoelastic behavior.'* Non-covalent self-assembled
materials, self-assembled monolayers (SAMs)* and supramolecular
networks, are suitable for cell adhesion as well and have properties
that can sustain forces applied during the cell adhesion process.® 15
It is one of the reasons that the field of peptide supramolecular self-
assembly, especially enzyme assisted self-assembly (EASA) has found
its entrance into biomaterials'® and tissue engineering!’. EASA has
been an effective way to use peptides, which can be of low molecular
weight, consisting of two!® or even onel® amino-acid to be
transformed into hydrogelators for the development of bioinspired
matrices and 3-D scaffolds.?® 2! These peptide assemblies
implemented onto surfaces and coatings or as parts of intercalated
networks could be important factors to control cell adhesion and cell
fate. We developed localized enzyme assisted self-assembly
(LEASA)?2-2% over the last years by initiating the self-assembly process
from enzymes localized on surfaces and very recently by initiating it
inside a host gel into which enzymes were embedded.?®

In order to better understand cell response towards the peptide non-
covalent self-assemblies in host gels, one requirement is the non-
adhesive behavior of the host gel alone. This should allow shedding
new light onto mechanotransduction processes by decoupling the
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macroscopic mechanical properties of the substrate from those of
the non-covalent self-assembled network with which cells interact
and to understand and manage the cellular interactions with
substrates of non-covalent nature. The host gel is only intended to
assure mechanical strength to the whole material and the
supramolecular network gel, on the other hand, should solely control
cell adhesion.

In the present work, we sought to investigate the ability of enzyme-
assisted self-assembly of peptides in hydrogels prepared from
tailored linear acrylic based polymers with functional groups along
the polymer backbone. In contrast to hydrogels based on branched
4-arm PEG architectures which are of low mechanical strength and
property
supramolecular self-assembly of Fmoc-FFY fibers,?* it is intended to
investigate host gels which do not show detectable changes in the
mechanical strength following the enzyme assisted self-assembly
process. It would allow for more precise investigations of the cell
adhesion processes for example varying the self-assembly
parameters, concentration of enzymes etc. in a host environment in
which the mechanical properties of the host gel stay the same after
EASA and fiber formation. As a result, the cell adhesion processes can
be interpreted decoupled from an additional parameter, as the effect
in the mechanical changes in the environment is now a constant
measure.

show some mechanical changes following the

We opted to test a hydrogel with a composition that results in a
cross-linked structure with a high density network structure through
oxime click chemistry. This chemistry, similar to thiolene-click
chemistries, is highly effective for the development of self-healing,
degradable materials, 639 and for polymer-conjugation.3% 32 In
particular, the reactive components of the oxime click reaction such
as carbonyl groups and hydroxylamines are variable and host
hydrogels with higher mechanical strengths with a higher degree of
cross-linking than previously shown with the branched 4-arm can be
produced. A hydrogel prepared from poly(dimethylacrylamide-co-
diacetoneacrylamide) poly(DMA-DAAM) with high mole fractions
(49%) of DAAM and bis-aminooxy PEG cross-linker, was studied in
the presence of the enzyme alkaline phosphatase (AP) to test a non-
adhesive cell behavior towards NIH 3T3 fibroblasts. Intercalated
Fmoc-FFY peptide self-assemblies generated upon diffusion of Fmoc-
FFpY into the cross-linked hydrogel network are investigated by
circular dichroism, fluorescence emission spectroscopy and confocal
microscopy. Attention is then drawn on how the enzyme promoted
peptide self-assembly (EASA) influences fibroblast cell adhesion
which should thus be entirely due to the presence of the non-
covalent self-assemblies in the host gels.

2 Experimental section

2.1 Materials

Spectra/Por® dialysis tubing (1kD MWCO) was purchased from
Spectrum Labs. Deuterated methanol was supplied by Cambridge
Isotope Laboratories. HPLC grade dioxane, Phosphatase alkaline
from bovine intestinal mucosa (AP) (10 DEA units.mg-1 protein),
para-Nitrophenyl Phosphate Liquid Substrate System (PNP) and
Thioflavin T were purchased from Sigma-Aldrich. Fmoc-FFY(PO,%)
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was purchased by PepMic. Diethyl ether was purchased from Fisher
Scientific and Sodium tetraborate anhydrous (borax) was supplied by
Acros Organics. All other reagents and solvents were purchased from
Sigma-Aldrich and used without further purification unless otherwise
noted.

2.2 Polymer synthesis

2.2.1. Synthesis  of  poly(N,N,-dimethylacrylamide-co-
diacetoneacrylamide) [Poly(DMA-co-DAAM)]. 2-
(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT)
(1.33x10* mol, 48.6mg), DMA (58.24 mmol, 5.77g), DAAM (24.96
mmol, 4.22g), AIBN (1.33x10° mol, 2mg, CTA/AIBN molar ratio =
10.0) were weighed into a flamed dried 50mL round bottom flask.
Dioxane (22.6mL) was added to the flask to produce a 30% w/w
solution. Once all reagents were dissolved completely, the mixture
was purged with nitrogen for 30 minutes. The sealed flask was then
immersed into an oil bath set to 70°C and left to stir for 5 hours. The
polymerization was quenched by submerging the flask in an ice bath
followed by exposure to air. Dioxane (25 mL) was added to the
reaction solution, followed by precipitation into a 1L diethyl ether.
The precipitate was redissolved in dioxane and precipitated once
more into 1L diethyl ether. The polymer was concentrated in
methanol via rotary evaporation then transferred to Spectra/Por®
dialysis tubing (1kD MWCO). The product was dialyzed against
deionized water for 2 days with 2-3 changes per day. The purified
poly(DMA-co-DAAM) copolymer was concentrated in water, passed
through a 0.45um syringe filter and stored in solution with a
concentration of 12 %wt (70% yield). Mn = 56000 g.mol! and
Mw/Mn = 1.13 (Table S1) (DMF GPC using PMMA standards).

2.2.2 Synthesis of bis-Aminooxy PEG. Polyethylene glycol (PEG-
6000 g.mol?) (8.3 mmol, 50g) was weighed into a flamed dried 250
mL round bottom flask. Anhydrous DMF (83 mL) was added to
dissolve PEG. N-hydroxyphthalimide (NHP) (25 mmol, 4.08g) was
added and dissolved at room temperature. The reaction mixture was
cooled to 0°C on an ice bath. Triphenylphosphine (PPh3) (25 mmol,
6.56g) was then added to the flask followed by slow dropwise
addition of diisopropyl azodicarboxylate (DIAD) (25 mmol, 4.91mL).
The reaction mixture was allowed to stir under argon overnight at
room temperature. The reaction mixture was precipitated directly
into 2L of diethyl ether twice. DCM was used to redissolve the
polymer. The product was isolated via rotary evaporation and dried
over high vaccum. A pale yellow fluffy solid was collected. Cleavage
of the N-phthalimide was achieved by mixing anhydrous hydrazine
(500 mmol, 15.7 mL) to 857 mL methanol followed by a small amount
of DI water (2.7 mL) in an Erlenmeyer flask. The solution was then
poured into N-hydroxyphthalamide PEG in a 500mL round bottom.
The reaction mixture was allowed to stir overnight at room
temperature. The solution was passed through fluted filter paper
into another 500mL round bottom flask with stir bar to filter off the
white fluffy precipitate that formed. The reaction was allowed to stir
for another 5hr at room temperature. The solution was transferred
Spectra/Por® dialysis tubing (1kD MWCO). The solution was dialyzed
against deionized water for 72 h, changing the solvent 3-4 times per
day. The solvent was removed via rotary evaporation. The product

This journal is © The Royal Society of Chemistry 20xx
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was concentrated in water, passed through a 0.45um syringe filter
and stored in solution (75% yield) with a concentration of 32 %wt.

2.3 Hydrogel formation

2.3.1 Formation of poly(DMA-co-DAAM)/AO-PEG hydrogel.
Gels were prepared in glass vials previously treated with
dichlorodimethylsilane to become hydrophobic. PBS buffer at pH 7.4
was pipetted into a silanized glass vial followed by P(DMA-co-DAAM)
and mixed until obtain a homogeneous solution. After that, the AO-
PEG was added to the previous solution in the silanized glass vial and
mixed to homogenize. Subsequently, the solution was allowed to sit
for initial hydrogel formation. These gels will be called PDD-AOP
forwards.

2.3.2 Preparation of AP/PDD-AOP hydrogel and diffusion of
Fmoc-FFpY within this host gel. All solutions were prepared in PBS
at pH 7.4. AP/PDD-AOP gels, i.e. PDD-AOP gels at 20 %wt with
physically entrapped AP, were prepared by firstly mixing 42 pL of
PDD (12 %wt), 10 pL of AP (2 units.mL in PBS) and 76 uL of PBSin a
vial. Then, 172 uL of AOP (32 %wt) were added to the previous
mixture and mixed until forming a homogeneous solution. After 48
h, the gel was formed. Subsequently, 100 pL of Fmoc-FFpY (2.5
mg.mL1) in borax buffer (25 mM, pH=9.5) was deposit on the surface
of the AP/PDD-AOP gels. These 100 uL diffuse into the host hydrogel
in few minutes and then it is let 48 h at room temperature before
further investigations.

2.4 Characterization of the hydrogels

2.4.1 UV spectroscopy. The enzymatic activity was measured in
a microplate reader UV spectroscopy (FLX-Xenius®, SAFAS, Monaco)
using a 96 well plate. The AP activity from AP/PDD-AOP gel was
measured by incubation of the substrate, para-nitrophenyl-
phosphate (PNP) (200 pL at 1 mM in Borax buffer). Concentration
and volume ensure a large excess of substrate for the enzymatic
reaction. PNP is a colourless AP substrate that by sequential
enzymatic hydrolysis of the phosphate substituent of PNP in
presence of AP yields a yellow absorbance at A = 405 nm.

2.4.2 Fluorescence spectroscopy. All fluorescence intensities
were measured by using a microreader fluorescence spectroscopy
(FLX-Xenius®, SAFAS, Monaco) at an excitation wavelength of 290 nm
by recording the spectra between 300-335 nm. A special 96 well
plate was used to prepare the samples and measure the fluorescence
during the self-assembly of Fmoc-FFY peptide gel when AP/PDD-AOP
gels were put in contact with Fmoc-FFpY solution at 2.5 mg.mL™.

2.4.3 Confocal laser scanning microscopy. Thioflavin-T/AP/PDD-
AOP gels, named ThT/AP/PDD-AOP gels, were prepared in Teflon
molds as follows. Firstly, 42 uL of PDD (12 %wt) were mixed with 76
pL of ThT (1.0 mg.mL ! in PBS pH = 7.4) and 10 pL of AP labelled with
rhodamine (APr, 2 units.mL?). Then, 172 uL of AOP (32 %wt) were
added to the previous solution and mixed until forming a
homogeneous solution. After 48 h the gel was completely formed.
Subsequently, 100 pL of different solutions, i.e. borax buffer or Fmoc-
FFpY (2.5 mg.mL? in borax buffer 25 mM, pH=9.5), were put in
contact with ThT/AP/PDD-AOP gels for 48 hours at room
temperature. The images were acquired using an inverted LSM 710
confocal scanning microscope (Zeiss, Germany) equipped with a

This journal is © The Royal Society of Chemistry 20xx

GaAsP scan-head. ZEN 2.0 software was used for image capture.
Samples were excited using an argon-ion laser at 488 nm. Gels
extracted from their containing mold were placed on a coverslip of
170 um thickness for visualization. EC Plan-NeoFluar 10x and Plan
Apochromat 20x objectives were used for imaging.

2.4.4 Circular dichroism (CD). CD spectra were recorded using a
Jasco J-1100 spectropolarimeter with a data pitch of 1 nm on the light
wavelength. Gels extracted from its containing mold were placed
between two quartz slides of 1 mm thickness for measurement.

2.4.5 Rheological measurements. Rheological properties were
measured in a Kinexus Malvern rheometer using a plate geometry of
20 mm diameter and a gap of 1 mm. Strain measurements were
carried out from 0.01% to 100% at 1 Hz. Frequency sweeps were
performed from 0.01 Hz to 10 Hz at a fixed strain of 0.1%.

2.5 Cell tests

Gels were prepared in teflon molds of 10 mm diameter and
transferred to a 24 well plate before starting the cell tests. In the case
of PDD-AOP and AP/PDD-AQP gels, after 48 hours gel formation, 100
ulL of different solutions, i.e. borax buffer, Fmoc-FFpY (2.5 mg.mL?in
borax buffer 25 mM, pH = 9.5) or a mixture formed by 90 %v/v Fmoc-
FFpY (1.9 mg.mL?! in borax buffer 25 mM, pH = 9.5) and 10 %v/v
Fmoc-F-RGD (0.8 mg.mL-1 in borax buffer 25 mM, pH = 9.5) were put
in contact with PDD-AOP or AP/PDD-AQP gels for 48 hours at room
temperature. In the case of the peptide hydrogels, 150 uL of Fmoc-
FFpY (3.3 mg.mLtin borax buffer 25 mM, pH = 9.5) were mixed with
50 puL AP (2 units.mL?) or a solution formed by 120 pL of Fmoc-FFpY
(3.8 mg.mL? in borax buffer 25 mM, pH = 9.5) and 30 pL of Fmoc-F-
RGD (1.7 mg.mL? in borax buffer 25 mM, pH = 9.5) were mixed with
50 pL AP (2 units.mL™?).

2.5.1 Cytocompatibility assay by the MTT indirect test.
Cytotoxicity assays were carried out by incubating the gels with 1 mL
of DMEM (Dulbecco's Modified Eagle Medium) at 37 °C. After 24
hours, the extracts were removed under sterile conditions.
Separately, NIH 3T3 mouse embryonic fibroblasts cells were seeded
at a density of 1x10° cells.mL™ in complete medium in a sterile 24
well culture plate and incubated to confluence. After 24 h of
incubation, the medium was replaced with the corresponding
extracts and incubated at 37°C in humidified air with 5% CO, for 24
h. Subsequently, plates were incubated with 500 pL per well of a MTT
(0.1 %w/v 3-(4,5-dimethylthiozol-2-yl)-2,5-
diphenyltetrazolium bromide in PBS) and incubated for 180 minutes
at 37°C. Medium was displaced by 500 pL of DMSO. Optical Density
(OD) was measured at 570 nm. The cell viability was calculated from
Eq. (1):

ODs—O0Dg
Cell viability (%) = (W) 00
c— B

solution

€]

where ODs, ODg and OD¢ are the optical density for the sample (S),
blank (B) and control (C), respectively.

2.5.2 Cell adhesion. In vitro cell tests were performed using
mouse embryonic fibroblasts (NIH 3T3) cell line. The culture medium
was DMEM high glucose supplemented with 10 %v/v fetal bovine
serum (FBS), 100 units.mL* penicillin and 100 mg.mL-1 streptomycin.
Cells were maintained at 37°C in a saturated humidity atmosphere
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containing 95% air and 5% of CO,. At confluence, cells were
trypsinized and seeded on the gels surface (1x10° cells/gel).
Previously to the contact with cells, gels were swollen in DMEM. Cells
were cultured on the gels for 24 hours before observation.

2.5.3 Immunofluorescence microscopy. To observe cellular
adhesion on the surface of the gels, cells were stained according to
the following protocol. Cells were fixed/permeabilized in 3.7%w/v
paraformaldehyde (PFA) in PBS plus 0.1% Triton X-100 for 15 minutes
and blocked with 10% decomplemented FBS (Invitrogen). Later, the
cells were incubated with anti-vinculin (1:100, clone hVin-1, Sigma)
and then incubated with FITC-conjugated secondary antibody (1:500;
AnaSpec). The cells were incubated with TRITC-phalloidin (1 ug.mL?,
Sigma) for actin staining and with Hoechst 33258 (20 pg.mL?, Sigma)
for DNA. For visualization, samples were mounted in VectaShield
(Vector Laboratories, Burlingame, CA). Fluorescence images were
captured using a Nikon Elipse Ti-S with 60x PL APO (1.4 NA) objective
equipped with a Nikon Digital Camera (DS-Qi 1Mc with NIS-Elements
Br software) and processed with Imagel. FITC-fluorescence was
detected after excitation at 488nm with a cut-of dichroic mirror of
of 505-530nm. Rho
fluorescence was detected after excitation at 543nm with dichroic

488nm and emission bandpass filter

mirror of 543nm and emission long-pass filter of 585nm.

2.5.4 Statistical analysis. Statistical significance between
samples was determined by one-way ANOVA test with Tukey’s
method of correction for multiple comparisons. A value of p<0.05 is
noted on the graphs by **, which is considered statistically
significant.

2.5.5 MTT direct test. Cells were plated on the hydrogels placed
in a 24-well plate at 1x10° cells.mL1. After 24 hours of culture, non-
attached cells were removed by two washes with PBS. Subsequently,
plates were incubated with 500 uL per well of a MTT solution (0.1
%w/v 3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyltetrazolium bromide
in PBS) and incubated for 180 minutes at 37 °C. Medium was
displaced by 500 pL of DMSO. Optical Density (OD) was measured at
570 nm.

3 Results and discussion

In contrast to previous work by the Sumerlin group,3 we
diacetone acrylamide (DAAM) N,N-
dimethylacrylamide (DMA) producing polymers through RAFT
polymerization and cross-linked the polymers with a synthesized

copolymerized and

aminooxy functionalized PEG (AOP) at 6K molecular weight in order
to increase the hydrophilicity and elasticity of the network (Scheme
la). We produced a series of poly(dimethylacrylamide-co-
diacetoneacrylamide) polymers, poly(DMA-co-DAAM) (PDD), with
varying mole ratios of the DAAM monomer with molecular weights
between 53-61K in low polydispersities of <1.24 (Table S1). To reach
high cross-linking densities, we chose the copolymer with a mole
percent of 49% DAAM at a molecular weight of 56K and a
polydispersity of 1.13 for gel formation. The aminooxy PEG cross-
linker (AOP) of 6K molecular weight was produced by functionalizing
a telechelic linear PEG using a two-step procedure in high yield under
optimized conditions. The formation of hydrogels was tested in
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concentrations of 10, 15 and 20 %wt with respect to the total amount
of polymer. The AOP cross-linker amount was calculated to result in
a 1:1 ratio of aminooxy groups per ketone functionality incorporated
in the PDD copolymer. We first tested the PDD-AOP gel formation at
different concentrations by inverted vial tests (Fig. S3). It can be
observed that by decreasing the concentration of polymers, the time
of gelation increased. Gels with a concentration higher than 15 %wt
were formed after 1 day, whereas for gels with a lower concentration
(10 %wt) more than 3 days was necessary for complete gelation. The
mechanical properties of the gels were determined by dynamic
oscillatory rheology. The storage modulus (G’) provides information
about the elastic behavior of the gel by a measurement of the ability
to recover the deformation energy after removing the applied load.
Furthermore, the loss modulus (G”) measures the deformation
energy dissipated during the shearing process in the form of heat and
friction. Strain measurements were carried out in order to determine
the linear viscoelastic region of the gels (Fig. S4a). Frequency sweeps
were performed at a fixed strain of 1% for all samples under study
(Fig. S4b). In all cases, the storage modulus (G’) is higher than the loss
modulus (G”) which proves the gel formation in all cases under study.
G’ (resp. G”) increases with the polymer weight percentage from 286
Pa (resp. 4.1 Pa) for 15 %wt to 1766.3 + 187.6 Pa (resp. 8.1 + 2.8 Pa)
for 20 %wt at 1 Hz frequency. The elastic modulus of these gels at
15%wt is not adapted for most of biomedical applications, i.e., skin,
kidney or muscle regeneration, where elastic moduli higher than
1000 Pa are required,3*3’ therefore, we decided to use the gels
formed at 20 %wt for further investigations.

The main objective of this work is to develop a peptide self-
assembled network inside these hosts PDD-AOP gels thus changing
both their chemical composition and biological properties. Firstly,
alkaline phosphatase (AP) is embedded inside the host PDD-AOP gel
in order to create enzymatically active gels, AP/PDD-AOP, with AP
physically trapped inside. The incorporation of AP during the PDD-
AOP gel formation does not affect the gelation process as it was
checked by the inverted tube test (Fig. S5a). Once the AP/PDD-AOP
host gel is obtained, we checked that the enzymatic activity of AP is
maintained employing para-nitrophenyl phosphate (PNP) as a model
substrate. PNP is transformed by enzymatic phosphate hydrolysis in
para-nitrophenol (Amax = 405 nm) which is monitored by UV
spectrophotometry (Fig. S5b). Results show that AP is active inside
the PDD-AOP gel. After that, Fmoc-FFpY was added on top of the
AP/PDD-AQP gel to let it diffuse inside the gel. During this diffusion
process, the contact of Fmoc-FFpY with the AP physically trapped
inside the gel gives rise to its dephosphorylation and transformation
into Fmoc-FFY which self-assembles through m-mt stacking between
the aromatic rings and H-bondings (Scheme 1b).

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1 a) Covalent network of P(DMA-co-DAAM) crosslinked with
aminooxy PEG to form the host hydrogels PDD-AOP. b) Fmoc-FFpY
dephosphorylation by AP physically trapped inside the host PDD-AOP gel
yielding to Fmoc-FFY.

The in situ formation of Fmoc-FFY and its resulting self-assembly was
first established by fluorescence emission spectroscopy (Fig. 1a)
which allows determining the presence of the Fmoc excimer
signature as it is usually observed in peptide-based self-assemblies
generated in water. Fmoc-FFpY solution shows an emission of
fluorescence at 310 nm when excited at 290 nm due to the presence
of the Fmoc group. In contact with AP, Fmoc-FFY self-assembly takes
place giving rise to a shift of the fluorescence emission towards 313
nm after 24 hours and 315 nm after 48 hours due to the Fmoc
excimer formation. As control, Fmoc-FFpY was put in contact with a
PDD-AOP gel without AP embedded (Fig. 1b). In that case no
fluorescence emission shift was detected over the time proving that
Fmoc-FFpY peptides do not self-assemble in the gel by themselves
but that interaction with AP physically trapped inside the PDD-AOP
gels transforms Fmoc-FFpY into Fmoc-FFY leading to self-assembly.
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Fig. 1 Fluorescence emission spectra (Aex=290 nm) of a) AP/PDD-AQOP gel
(black line}, 0 h (blue line), 24 h (red line) and 48 h (green line) after Fmoc-

FFpY diffusion into the host gel; b) PDD-AOP hydrogel (black line) and PDD-
AOP hydrogelin contact with Fmoc-FFpY (2.5 mg.mL" in borax buffer 25 mM,
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pH 9.5) for 24 hours (red line) and 48 hours (blue line). CD spectra of c)
AP/PDD-AOP gel (black line), 4h (pink line), 24 h {red line) and 48 h (green
line) after Fmoc-FFpY diffusion into the host gel and d) PDD-AOP gel (black
line) and PDD-AOP gel after 48 hours Fmoc-FFpY (2.5 mg.mL?") diffusion
(green line) into the host gel.

Circular dichroism spectroscopy (CD) was performed to get deeper
insight into the secondary structure of the peptide and prove the
Fmoc-FFY self-assembly inside the host gels (Fig. 1c and S6a). The
diffusion of Fmoc-FFpY inside the AP/PDD-AOP gel gives rise to the
appearance of a positive peak at 196 nm and a negative broad band
in the region 200 — 235 nm corresponding to m-rt side chain
interactions indicating a B-sheet rich structure.3® Weaker bands
between 270 and 310 nm are also visible and increase the intensity
with time. They are attributed to offset face-to-face stacking of the
Fmoc groups.3® These results imply the formation of an ordered
molecular structure in the hydrogel where Fmoc-FFY self-assembles
predominantly in a B—sheet conformation.*® By recording the CD
spectra of a PDD-AQOP gel (absence of AP in the gel) after diffusion of
Fmoc-FFpY (Fig. 1d and Séb) inside the gel, no band is observed after
48 hours.

Confocal laser scanning microscopy was employed to visualize the
formation of the Fmoc-FFY supramolecular self-assembly within the
AP/PDD-AQP gel. It is known that, in aqueous solutions, Fmoc-FFY
2 We thus
incorporated Thioflavin T (ThT), a dye that reveals B-sheet secondary

peptides self-assemble by forming PB-sheet.?>
structures of peptides by exhibiting a green emission of fluorescence
intensity, inside the AP/PDD-AQP gel. In the presence of ThT within
the AP/PDD-AOP but absence of Fmoc-FFpY peptides, the gel does
not give rise to any fluorescence emission (Fig. 2a). The subsequent
diffusion of Fmoc-FFpY throughout the AP/PDD-AQOP gel containing
ThT generates a green fluorescence emission in the host gel as a
consequence of the stacking of B-sheet moieties (Fig. 2b). In order to
know if AP is homogeneously distributed throughout the host gel,
APr (rhodaminated AP) was incorporated inside the PDD-AOP gel
(Fig. 2c). Results show a homogeneous red fluorescence of APr all
around the host gel. As control, Fmoc-FFpY was let to diffuse for 48
hours inside a PDD-AOP gel with ThT but without AP embedded
inside the gel (Fig. S7). No fluorescence emission was observed which
that  Fmoc-FFY
dephosphorylation of Fmoc-FFpY in presence of AP physically

confirms self-assembly  takes place by
trapped inside the host gel. The presence of Fmoc-FFY self-assembly
throughout the AP/PDD-AOP gel structure was explored by
performing a confocal laser emission scan along the z-axis (z-stack)

(Fig. S8).
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Fig. 2 Confocal images of AP/PDD-AOP gel containing ThT (a) before and (b)
48h after the diffusion of Fmoc-FFpY (2.5 mg.mL?) and (c) APr distribution
inside the gel.

All these results prove that the diffusion of the peptide inside
AP/PDD-AOQP gel induces a self-assembly of peptides in the host gel.
To discover if the mechanical properties are also affected by the
Fmoc-FFY self-assembly inside the AP/PDD-AOP gel, dynamic
oscillatory rheology tests as a function of frequency and strain were
carried out (Fig. 3). G’ (resp. G”) does not show frequency
dependence for AP/PDD-AOP gel, taking a value of 1766.3 + 187.6 Pa
(resp. 8.1 £ 2.8 Pa) at 1 Hz frequency. After diffusion of Fmoc-FFpY
throughout the AP/PDD-AOP gel for 48 hours, no noticeable
difference is observed in G’ which keeps constant with the frequency
and takes a value of 1633.0 + 268.2 Pa (resp. 8.6 + 2.0 Pa) at 1 Hz.
These results indicate that the Fmoc-FFY self-assembly within the
AP/PDD-AQP hydrogel does not change the mechanical properties of
the resulting material. The elastic modulus of the Fmoc-FFY hydrogel
by itself, without host gel, was measured (Fig. S9) and achieves a
value of 53.0 + 9.3 Pa (resp. 3.6 £ 0.9 Pa) at 1 Hz. This low value of G’
compared to that one of the host hydrogel explains why the Fmoc-
FFY self-assembly does not affect significantly to the elastic modulus
of the final hydrogel.

10%;

G' (close) G" (hollow) (Pa)

10
0.1 1 10

Frequency (Hz) % Strain

Fig. 3 Storage modulus (G' — solid symbols) and loss modulus (G" — hollow
symbols) as a function of a) the frequency at a fixed strain of 1% and b) the
strain at a fixed frequency of 1 Hz for AP/PDD-AOP gels after 48 hours
diffusion of borax (black line) and Fmoc-FFpY (2.5 mg.mL?) (red line).

In order to test to behavior of these gels with respect to cells, we
have to bring the gels in contact with culture medium, in our case
DMEM. The swelling of the gel with self-assembled Fmoc-FFY inside
the AP/PDD-AOP gel was performed by soaking the gels in DMEM for
24 hours (Fig. 4a). At several time intervals, gels were removed from
DMEM, dried with paper filter to remove the superficial solution and
weighed to determine the swelling of the materials. To know if the
presence of DMEM and the subsequent swelling destroy the
supramolecular peptide self-assembly, confocal laser scanning

6 | J. Name., 2012, 00, 1-3

measurements were performed in the gel before (Fig. 4b) and 24
hours after contact with DMEM (Fig. 4c). The self-assembly network
in the gel remains stable over the time in contact with DMEM. One
important parameter to determine is also the influence of the culture
medium on the mechanical properties of the gel. Dynamic oscillatory
rheology tests (Fig. 4 d-e) show that G’ does not change significantly
after 5 hours of contact with DMEM reaching a value of 1571.0 £ 52.3
Pa whereas one can notice an increase of G" from roughly 10 Pa to
78.4 £ 28.4 Pa. (Fig. 3).
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Fig. 4 a) Swelling in DMEM of AP/PDD-AOP gels after 48 hours Fmoc-FFpY (2.5
mg.mL?) diffusion. Results are shown as mean + sd (n = 3). Confocal images
of AP/PDD-AOP gel containing ThT and 48 hours Fmoc-FFpY (2.5 mg.mL?)
diffusion (b) before and (c) 24h after the soaking in DMEM. Storage modulus
(G' — solid symbols) and loss modulus (G" — hollow symbols) as a function of
d) the frequency at a fixed strain of 1% and e) the strain at a fixed frequency
of 1 Hz for AP/PDD-AOP gels and 48 hours Fmoc-FFpY (2.5 mg.mL?) diffusion
after soaking in DMEM.

After having determined the mechanical properties of the host gel
containing the Fmoc-FFY self-assembly in contact with culture
medium, different biological tests were performed. Prior to using the
hydrogel for any biomedical application, it is necessary to check its
cytotoxicity in physiological conditions. For that purpose, a
cytotoxicity assay, through a MTT indirect test, was performed in
vitro with NIH 3T3 mouse embryonic fibroblasts cells (Fig. S10).
Results do not show any decrease of NIH 3T3 cell viability after 24
hours with the different kinds of hydrogels proving their
biocompatibility. Subsequently, cell adhesion tests were carried out
employing the same cell line, NIH 3T3 fibroblasts (Fig. 5). We
visualized the nuclei of the cells (H58), F-actin stress fibers and
vinculin spots which are adhesion markers. The increase of the total
cellular area compared to the nucleus area is an indicator of cell
growth. In the case of the polymer gel PDD-AOP, cells do not adhere,
adopting a round-shape morphology and failing to exhibit vinculin
adhesion spots and F-actin stress fibers (Fig. 5a). When Fmoc-FFpY
diffuses into the PDD-AOP gel for 48 hours, no cell adhesion is
observed and cells display the same round shape as in the absence
of peptides. There is also an absence of vinculin spots and F-actin

fibers in this case (Fig. 5b). It is reported in literature that the RGD

This journal is © The Royal Society of Chemistry 20xx
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peptide itself, formed by a tri-amino acid sequence of arginine-
glycine-aspartate, is a well-known cell-adhesion motif to modulate
several cellular functions and promote the adhesion of numerous cell
types to a plethora of diverse materials.443 For that reason, a
mixture of peptides, Fmoc-FFpY+Fmoc-F-RGD, was allowed to
diffuse for 48 hours inside the PDD-AQOP gel, without AP embedded,
and here too, no cell adhesion is detected (Fig. 5c). Cells show a
round shape and vinculin spots and F-actin fibers are absent. The
same results are obtained for the AP/PDD-AQP gel by itself failing in
cell adhesion (Fig. 5d). On the other hand, in the case of the AP/PDD-
AOP gel where Fmoc-FFY is self-assembled inside (Fig. 5e), cells
adhere and spread on the gel displaying an elongated shape and the
cell area remains greater than in the previous cases (Fig. 6a). The area
of the nuclei (H58) does not show any significant difference between
the samples, nevertheless the total cellular area increases
considerably when Fmoc-FFY self-assembly is present in the host gel.
The spread cells exhibit vinculin spots of 0.6 um in length (Fig. 6b)
localized at the tip of actin microfilaments. By addition of Fmoc-F-
RGD peptides together with Fmoc-FFpY inside the AP/PDD-AQP gel,
cellular adhesion is improved compared to the previous case by
increasing the cell area as well as the vinculin spots (2.2 um in length)
but no-significant differences are detected in the length of F-actin
fibers. Formation of vinculin spots of a cell to its substrate is a
determining process that can guide its adhesion. A cascade of
signaling pathways could arise directly from this initiator process to
finally reach the nucleus (Fig. 5f and 6¢). These results highlight that
the Fmoc-F-RGD peptide cannot induce fibroblast cell adhesion by
itself but can enhance it in the presence of Fmoc-FFY peptide self-
assembly. This must be due to the fact that Fmoc-F-RGD must be able
in incorporate the Fmoc-FFY self-assembly through its Fmoc and
phenyl groups. Furthermore, a MTT cell proliferation rate assay (MTT
direct test) was carried out by depositing NIH 3T3 fibroblasts cells on
top of the hydrogels and left in contact for 24 hours (Fig. S11). Results
also point to an increase of the cell adhesion and proliferation on
AP/PDD-AQP gels with Fmoc-FFpY self-assembly throughout, being
even higher when Fmoc-F-RGD peptides are added during the
diffusion process of the peptides within the AP/PDD-AOP gel,
corroborating our previous results. To further prove the peptide self-
assembly has cell adhesive properties, the peptide hydrogels,
AP/Fmoc-FFpY and AP/Fmoc-FFpY+Fmoc-F-RGD, were tested them
by themselves (Fig. 5g-h). Results show cell adhesion on these
materials with spread round morphologies and the improvement of
this adhesion materialize by the presence of actin fibers and the
formation of vinculin dots when Fmoc-F-RGD peptides are present in
the supramolecular Fmoc-FFY self-assembly. Moreover, it is
apparent that nuclear and cell areas, vinculin and actin filament
length are close to those found on the hybrid hydrogels. This shows
that even in the presence of the host hydrogel, cells seem to feel only
the peptide self-assembly and react accordingly despite the fact that
the mechanical properties of the gel are very close to those of the
host gel. Taking into account that the mechanical properties of the
host hydrogel AP/PDD-AOP remain stable after the self-assembly of
Fmoc-FFY inside the host gel, we prove that the supramolecular
peptide self-assembly throughout the host gel is the responsible

This journal is © The Royal Society of Chemistry 20xx

motif of the fibroblast cell adhesion on the high density oxime based
host gels despite the fact that the host gel is almost entirely
responsible for the mechanical properties of the whole material.

H58

actin vinculin

phase contrast

Fig. 5 NIH 3T3 fibroblasts cell adhesion on a) PDD-AOP, b) PDD-AOP-Fmoc-
FFpY, c) PDD-AOP/Fmoc-FFpY+Fmoc-F-RGD, d) AP/PDD-AOP, e) AP/PDD-
AOP/Fmoc-FFpY, f) AP/PDD-AOP/Fmoc-FFpY+Fmoc-F-RGD, g) AP/Fmoc-FFpY
and h) AP/Fmoc-FFpY+Fmoc-F-RGD hydrogels after 24 hours. Scale bar of 20
pum for phase contrast images and 10 um for H58, vinculin and actin images.
Arrow: actin fiber, arrowhead: focal adhesion dot.
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Fig. 6 Quantitative data for NIH 3T3 fibroblasts cell adhesion based on Fig. 5
by using Image) for a) nuclear (black bars) and cellular (grey bars) areas (in
um?), b) vinculin spots (in um) and c) actin stress fibers (in um). Diagrams
include the results from two independent experiments and results are shown
as mean * s.e.m. (n = 20 cells for each condition) and the ANOVA results at a
significance level of ** p < 0.05.

Conclusions

In this work we have shown the utilization of an oxime-PEG
based hydrogel network which does not alter the activity of the
alkaline phosphatase and gives the opportunity for peptide self-
assembly through the diffusion of the peptides into the high
density oxime-PEG based host hydrogel. The supramolecular
self-assembly of Fmoc-FFY, by EASA throughout the oxime-PEG
based host hydrogel, induces the NIH 3T3 fibroblasts cell
adhesion without modifying the mechanical properties of the
network as a whole. These studies demonstrated that the
mechanical properties of the adhesion material are nearly
exclusively governed by the host gel and the cell adhesion
behavior is mainly due to the interpenetrated Fmoc-FFY self-
assembly. Adhesion is even enhanced in the presence of RGD
bearing peptides that can intercalate into the self-assembly.
These results show that also other factors can contribute to cell
adhesion and contradict studies in which cell adhesion is
dominated by the mechanical properties of a substrate as key
parameters of cell adhesion. This work opens new aspects

8 | J. Name., 2012, 00, 1-3

about the influence of the mechanical properties detected by
cells during the adhesion process and should allow creating new
types of materials which can be structured by the presence of
enzyme gradients immobilized in host gels.
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