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Introduction

Amphiphilic short-peptides are able to self-assemble in water
giving rise to supramolecular polymers.'™ At specific concen-
trations, these peptides are able to form extended intertwining
networks of fibers that immobilize the liquid solution, giving
rise to hydrogels. Significant examples are Fmoc-dipeptide
derivatives.>” These gels have found interesting technological
applications in fields, such as tissue engineering,®° drug
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Organic/inorganic hydrogels by simultaneous
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Self-assembled peptides and proteins have turned out to be excellent templates for the growth of in-
organic minerals and can be used to emulate natural biomineralization processes. Doing this, researchers
have developed complex sophisticated materials with properties, in some cases, similar to those found in
nature. Of special interest is the development of scaffolds able to guide bone regeneration. The bone
tissue comprises an organic matrix composed of aligned collagen fibers containing nanoapatite crystals
oriented along the fiber direction. During bone mineralization, both processes, the self-assembly of col-
lagen fibrils and mineralization occur simultaneously. Collagen fibers are able to control calcium phos-
phate nucleation and subsequent apatite crystal growth at a very limited range of collagen density and
jonic concentration. In this study, we reproduced the simultaneity of both processes using an artificial
peptide fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF) that has the ability to self-assemble in
water after the addition of Ca®* ions. Therefore, the peptide self-assembly process and the mineralization
of apatite are Ca-demanding processes and occur simultaneously. The role of peptide and ionic concen-
trations has been investigated affording organic/inorganic hybrid hydrogels with different degrees of
homogeneity and mineralization. Interestingly, at very low Ca®* concentrations, we found that apatite
nanocrystals are integrated into Fmoc-FF fibrils and oriented as in biologically mineralized collagen fibrils,
the basic building blocks of bone.
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delivery, protein crystallization, etc. These peptides
are able to self-assemble under different stimuli, such as temp-
erature, solvent or pH switch, addition of salts, or enzymatic
reactions.”'®'® It has been shown that these stimuli can have
an effect on the mechanism of self-assembly and on the physi-
cal properties of the resulting gels.>*>* Moreover, the non-
covalent interactions between monomers can also be altered
or inhibited by the presence of different additives in the reac-
tion media.>*>® As such, the desired properties of the result-
ing hydrogels can be substantially different if the additives are
introduced before or after gelation. This factor is crucial if
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hybrid or composite hydrogels are intended.?””*® In fact, it has
been proven that the incorporation of different polymers,***°
metallic nanoparticles***> and carbon materials'*>****> mod-
ifies the mechanical properties of the resulting gels. Before
gelation the impact of the additives on the gel properties can
be due to the capacity of these substances to alter the peptide
self-assembly process. On the other hand, the promotion of
self-assembly in the presence of additives can maximize the
interactions between both materials giving rise to more homo-
geneous hybrid and/or composite materials.
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On top of that, additional factors have to be taken into
account if additives are expected to grow or assemble in situ,
that is, in the hydrogel media, mimicking the conditions
occurring in a biomineralization process (e.g., bone mineraliz-
ation).*® In this scenario, composite gels are formed in situ
from simpler building units of the components, the peptide
fibers and the additives, by two processes occurring simul-
taneously, the self-assembly and mineralization.>” Herein, the
time at which these two processes occur and the degree of
interaction between both components during growth deter-
mine the formation and homogeneity of the resulting hybrid
or composite gel.

Considering this, herein we obtained hybrid hydrogels by
simultaneously combining the self-assembly of an aromatic
short-peptide, Fmoc-FF (fluorenylmethoxycarbonyl-diphenyla-
lanine) and the mineralization of nanocrystalline hydroxy-
apatite (HA, Ca;o(PO,)s(OH),), starting from its ionic precur-
sors. Since the self-assembly of Fmoc-FF is triggered by Ca>",
both processes (self-assembly and mineralization) are inter-
connected, maximizing the interactions and interplay between
the organic/inorganic phases and favoring the formation of
more homogeneous hybrid hydrogels. Furthermore, Fmoc-AA
(Fmoc-dialanine), a known peptide able to form weak
hydrogels****?° have also been used to further shed light on
the influence of peptide’s self-assembly in the biomineraliza-
tion process.

Previous reports on mineralization of self-assembled supra-
molecular peptides studied the growth of the mineral from a
preexisting supramolecular polymeric network,**** similar to
works carried out on polymeric hydrogels.*>*® Stupp et al.
demonstrated the potential of amphiphilic peptide fibers to
control the crystallization of oriented apatite nanocrystals,
showing that the morphologies of the nanofibers play a rele-
vant role in templating apatite crystallization.*"** The mineral-
ization of the Fmoc-FF hydrogel has been carried out and a
hybrid hydrogel with increased thermal stability, stiffness, and
resistance to breakage under tension has been obtained.** A
similar result has been obtained by incorporating apatite
nanoparticles into co-assembled Fmoc-FF and Fmoc-arginine
hydrogels.*?

On the other hand, bone mineralization has been largely
investigated to understand its fascinating biomechanical pro-
perties and structure-function relationship and as a source of
inspiration for the development of sophisticated materials
with highly controllable and specialized functions.*’>° During
bone mineralization, collagen fibers serve as a structural tem-
plate controlling both calcium phosphate nucleation and sub-
sequent apatite crystal growth, playing a predominant role in
determining the size and 3D distribution of the mineral.>!
This precise control occurs under a very limited range of col-
lagen density and ionic concentration (calcium, phosphate
and carbonate) with both processes, i.e. self-assembly of col-
lagen fibrils and mineralization occurring simultaneously.!
Herein, the fine tuning of the initial peptide and ionic concen-
tration have allowed us to reproduce, in a more precise
manner, biomineralization conditions showing, for the first
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time, that substoichiometric Ca>" concentrations give rise to
nanoapatite crystals embedded and perfectly oriented along
the peptide fibers.

Experimental

Reagents and materials

Calcium chloride dihydrate (CaCl,-2H,0O, ACS reagent, >99%),
sodium phosphate dibasic (Na,HPO,, BioXtra, >99%), sodium
citrate dihydrate (Nas(C¢H50,)-2H,0, >99%) and sodium carbon-
ate (Na,CO3, BioXtra, >99%) were purchased from Sigma Aldrich.
All solutions were prepared with ultrapure water (0.22 pS, 25 °C,
Milli-Q©, Millipore). N-Fluorenylmethoxycarbonyl-diphenylala-
nine (Fmoc-FF) and N-fluorenylmethoxycarbonyl-dialanine
(Fmoc-AA) were purchased from Bachem Co., Switzerland, and
were used without further purification.

Mineralization of aromatic short-peptides

All the experiments were carried out in a 10 mL vial. 1.27 g of
peptide solution (20 mM, pH = 10.2, adjusted with NaOH) was
weighted in a 10 mL vial. Then, 420 pL of Na,HPO, solution
(120 mM), 420 pL of Na;Cit solution (100 mM) and 420 pL of
Na,CO; solution (100 mM) were added and mixed vigorously
by vortexing. The pH of the solution was 10.4. Finally, 420 pL
of CaCl, solution (200 mM) was added to trigger the simul-
taneous self-assembly and mineralization of peptide. The pre-
cipitation of calcium phosphate prompted a slight decrease of
the pH (pH = 9). The final molar concentrations of the peptide
and of the mineralizing solutions are summarized in Table 1.
The Ca/P molar ratio was 1.67, corresponding to the stoichio-
metric value of hydroxyapatite. Then, the mixture was aged at
37 °C without disturbing, leading to the formation of hybrid
hydrogels. After 24 hours, the mineralized hydrogels were
repeatedly washed with ultrapure water by centrifugation (7500
rpm, 3 min) and freeze-dried overnight under vacuum (Telstar
Cryodos freeze-drier). HA crystallization was also carried out in
the absence of peptides as a control. Non-mineralized Fmoc-
FF and Fmoc-AA gels were prepared through the same pro-
cedure without the addition of phosphate solution to avoid HA
crystallization.

Fmoc-FF hydrogels were selected for further studies. Hybrid
materials were prepared at increasing nominal mineral/
organic weight ratios maintaining constant the concentration
of mineralizing solutions and varying the peptide concen-
tration, as indicated in Table 2. Hybrid Fmoc-FF hydrogels

Table 1 Final molar concentrations of reactants (mM) for each experi-
ment. Fmoc-FF and Fmoc-AA are named FF and AA, respectively

Sample name Peptide Na,HPO, Na,CO; Na;Cit CacCl,
AA-HA 4.7 10 8.33 8.33 16.67
FF-HA 4.7 10 8.33 8.33 16.67
HA — 10 8.33 8.33 16.67
AA 4.7 — 8.33 8.33 16.67
FF 4.7 — 8.33 8.33 16.67
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Table 2 Final molar concentrations of reactants (mM) for the prepa-
ration of hybrid Fmoc-FF hydrogels

Sample name  Fmoc-FF  Na,HPO, Na,CO; NazCit CaCl,
80/20 0.8 10 8.33 8.33 16.67
60/40 2.1 10 8.33 8.33 16.67
40/60 4.7 10 8.33 8.33 16.67
20/80 12.5 10 8.33 8.33 16.67
Cal 4.7 10 8.33 8.33 2
Ca2 4.7 10 8.33 8.33 8.3
Ca3 4.7 10 8.33 8.33 11.11
Cag“” 4.7 10 8.33 8.33 16.67
Ca5 4.7 10 8.33 8.33 33.3

“40/60 and Ca4 are the same experiments, corresponding to a Ca/P
molar ratio of 1.67, stochiometric value of hydroxyapatite
(Cay19(PO4)s(OH),).

were also prepared in the presence of increasing calcium ion
concentrations (Table 2).

Characterization of hybrid materials

Gel formation was visually evaluated by the inverted vial
method.

Transmission electron microscopy (TEM) images were
recorded with a LIBRA 120 PLUS instrument (Carl Zeiss SMT,
Centre for Scientific Instrumentation of the University of
Granada, CIC-UGR), operating at 120 kV. A small portion of
the synthesized hydrogel was deposited on conventional
copper grids and incubated for several minutes. Then, the
grids were washed with ultrapure water six times (drops of
30 pL) and left to air-dry under ambient conditions. TEM
samples were not stained (neither with osmium nor with
uranyl acetate) since apatite nanocrystals and stain precipitates
are sometimes indistinguishable from each other.

High-angle annular dark field-scanning transmission elec-
tron microscopy (HAADF-STEM) images, energy-dispersive
X-ray (EDS) spectra and selected-area electron diffraction
(SAED) patterns of different areas of FF-HA sample were
acquired with a STEM FEI TALOS F200X microscope equipped
with a 4 Super-X SDDs (Thermo Fisher Scientific Waltham,
MA, USA) of CIC-UGR.

Cryo-scanning electron microscopy (Cryo-SEM) imaging was
performed using an ESEM Quanta 650 FEG (ThermoFisher-FEI)
microscope equipped with a cryo system (Quorum
Technologies, model PP3010T). The hydrogel was sublimated at
—90 °C for 7 min, then the sample were loaded on the cryo-
specimen holder and cryo-fixed in slush nitrogen (—210 °C) and
finally quickly transferred to the cryo-unit in the frozen state.

X-ray powder diffraction (XRPD) data were collected on a
Bruker D8 Discover diffractometer by using Cu Ka radiation (4
=1.5406 A) and a PILATUS3R 100K-A detector. The data were
collected from 5° to 50° (26) with a scan rate of 3 s per step,
step size of 0.02° and a HV generator set at 50 kV and 1 mA.

Fourier transform infrared (FTIR) spectra of xerogels were
recorded on a Tensor 27 (Bruker, Karlsruhe, Germany) spectro-
meter. 2 mg of the sample was mixed with 200 mg of anhy-
drous potassium bromide (KBr) and pressed at 5 tons into a
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12 mm diameter disc using a hydraulic press (Specac). A pure
KBr disk was used as a blank. The infrared spectra were
recorded by accumulating 25 scans covering from 400 cm™" to
4000 cm ™" at a resolution of 3 cm™".

Thermogravimetry analysis (TGA) of xerogels was carried
out in a Mettler-Toledo TGA/DSC1 thermal balance (Mettler-
Toledo International Inc., Switzerland, from CIC-UGR) with a

heating rate of 10 °C min~" up to 900 °C under a nitrogen flow.

Rheological characterization

The measurements were made using a Haake MARS III con-
trolled-stress rheometer (Thermo Fisher Scientific, Waltham,
MA, USA) at a constant temperature of 37 + 0.1 °C. For each set
of experimental conditions, we measured at least 3 different
samples. The mean values and standard deviations of each
magnitude are provided in this work.

Gelation kinetics studies. The studies were made using a
double cone-plate geometry (60 mm in diameter and 2° angle;
sensor DC60/2° Ti L, Thermo Fisher Scientific, Waltham, MA,
USA). In measurements, the gap between the double cone and
the plate of the rheometer was equal to the truncation of the
cone (0.088 mm), and a sample volume of 6 mL was required
for this sensor. The hydrogels were generated directly in this
geometry prior to the measurement and we monitored the
viscoelastic moduli (storage modulus, G', and loss modulus,
G") for 3 h, for an oscillatory strain of fixed amplitude (0.001)
and frequency (1 Hz).

Rheological behaviour under oscillatory shear strain. After
the 24 h gelation period was completed, the rheological pro-
perties of hydrogels were measured using a plate-plate geome-
try of 35 mm diameter (sensor P35 Ti L S serrated). First, we
carried out ramps of oscillatory strains of increasing amplitude
and constant frequency (1 Hz), from which we obtained the
values of the storage (G') and loss (G”) moduli as a function of
the amplitude of the oscillatory shear strain, y,. From these
curves of G’ and G” as a function of y, (amplitude sweeps) we
delimited the extension of the linear viscoelastic region (LVR).
Then we subjected the samples to ramps of fixed shear strain
amplitude (y, = 0.0002), well into the LVR, and increasing fre-
quency in the range of 0.1-15 Hz (frequency sweeps).

Results and discussion

We first evaluated the relationship between the peptide com-
position and its ability to form hybrid mineralized hydrogels.
Two aromatic short-peptides, i.e., Fmoc-FF and Fmoc-AA were
studied. Their assembly and mineralization were carried out
simultaneously wvia a protocol inspired by bone
biomineralization.’>* The peptide solution was mixed by vor-
texing with a solution containing phosphate, carbonate and
citrate, the two latter being important components of bone
nanoapatite.”>**>® Then, a calcium-containing solution was
added to the latter mixture triggering the simultaneous self-
assembly and mineralization of peptide fibrils. After 24 hours,
the sample containing Fmoc-FF (FF-HA) showed the formation
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of a weak translucent hydrogel that was not able to self-
support after vial inversion (inset Fig. 1a). A sample containing
Fmoc-AA (AA-HA) showed the formation of individual white
aggregates but not a hydrogel (inset Fig. 1b). The TEM image
of FF-HA showed the presence of a dense mesh of long fibers
formed by the self-assembly of Fmoc-FF in the presence of
Ca™". Interestingly, most of these fibers were exhaustively deco-
rated with nanocrystals of HA that appeared homogeneously
distributed for all the visualized area, likewise peptide fibers
(Fig. 1a). In contrast, TEM images of AA-HA showed the pres-
ence of higher amounts of HA nanocrystals arranged in dense
aggregates, similar to the mineralization of HA in the practical
absence of peptide fibers (Fig. Slaf). These results showed
that under these conditions, a competition between peptides
and the phosphate ions for the Ca** ion occurred. It is known
that in water the hydrophobic effect is the major driving force
for the self-assembly of aromatic short-peptides. Thus, more
hydrophobic peptides have a major tendency to self-assemble
into supramolecular polymers. It is also known that metal ions
are able to promote the self-assembly of aromatic peptides
having an impact on the early stages of self-assembly, influen-
cing the kinetics of the process, the secondary structure of the
resulting aggregates, and the mechanical and self-healing pro-
perties of the resulting hydrogels. Nevertheless, the magnitude
of this effect depends also of the hydrophobicity of the
peptide. We have recently proven that Fmoc-FF in the presence
of Ca®" has a higher tendency and faster kinetics to self-assem-
bly into long fibers than Fmoc-AA, giving rise to more rigid
hydrogels. Considering this, and based on the images
obtained by TEM of both samples, we can infer that cross-
linking of the supramolecular structure by calcium ions not
only enhances the stability of hydrogels but also acts as reac-
tive sites for calcium phosphate nucleation and growth. In con-
trast, in AA-HA, the absence of peptide fibers suggests that
Ca*" ions have been mainly used to promote the growth of HA.
In fact, TEM images showed a higher density of HA nanocrys-
tals that are closely interacting forming large aggregates
(Fig. 1b). It is difficult to observe mineralized peptide fibers in
these images. As commented above, the different behaviour in
this sample might only be explained by the weaker and/or

Fig.1 TEM images of FF-HA (a) and AA-HA (b) unstained samples. Scale
bar = 500 nm. Insets show images of inverted vials under each
condition.
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slower capacity of Fmoc-AA to self-assemble. Control experi-
ments in the absence of phosphate to avoid peptide mineraliz-
ation revealed that Fmoc-AA peptides did not form a hydrogel
and show globular morphology in TEM images (Fig. Sibf).
While Fmoc-AA was not able to self-assembly into fibers,
Fmoc-FF peptides formed hydrogels through self-assembly of
peptide fibers similar to that previously found on hybrid
FF-HA hydrogels (Fig. Sict).

To analyse in more detail, the as-synthesized samples were
washed with ultrapure water, freeze-dried and characterized by
FTIR, XRD and TGA. XRD pattern of the control Fmoc-FF
sample (Fig. S2at) revealed that the presence of calcite, due to
the fact that this sample was prepared through the same min-
eralization protocol but without adding phosphate, triggered
the precipitation of calcium carbonate, a poorly soluble salt
hard to eliminate through the washing procedure. The TGA
curve of this sample (Fig. S2b¥) presents three weight losses at
around 200 °C, 324 °C and 710 °C. The two first weight losses
belong to the degradation of the Fmoc-FF peptide which com-
pletely disappeared at 440 °C."”> The weight loss at 710 °C is
due to the decarbonation of calcite (CaCO; — CO, + Ca0),”’
retaining a residual mass at 900 °C of 17 wt%. On the other
hand, XRD patterns of HA, FF-HA and AA-HA samples
(Fig. S2at) display two broad Bragg peaks at around 26° and
32° (26) ascribed to the poor crystallinity of apatite. Indeed,
the FTIR spectra of HA, AA-HA and FF-HA (Fig. 2a) show
typical phosphate vibrational bands of poorly crystalline
apatite (1,PO, at 561 and 602 cm™" and v3PO, at 1032, 1046
and 1087 cm™), those containing citrate (v,,COO~ at
1599 cm™') and carbonate (v3CO; at 1431 and 1491 cm™").>°
This finding reveals that biomimetic mineralization of short
aromatic peptides allows to obtain apatite nanoparticles
mimicking the poor crystallinity and composition of bone
apatite, taking into account that carbonate entails 4-6 wt% of
bone apatite composition and citrate accounts for 5.5 wt% of
the organic bone matter.>® This subtle nuance is of paramount
importance since the current challenges in bone tissue engin-
eering are engineering biomaterials with a new level of func-
tionality that attempts to mimic biochemical and biophysical
cues from the bone extracellular matrix.>® Hence, biomimetic
mineralized synthetic peptides are proposed as potential can-
didates for bone regeneration due to their osteoconductive and
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Fig. 2 FTIR spectra (a) and TGA curves (b) of freeze-dried FF-HA and
AA-HA samples. Data of HA (control) are also shown for comparison.
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osteoinductive properties.>”®® The FTIR spectrum of FF-HA
(Fig. 2a) additionally shows vibrational bands of Fmoc-FF such
as the C=0 stretching band (amide I) at 1651 cm ™' and the
N-H bending band (amide II) at 1534 em™".>* The TGA curve
of FF-HA (Fig. 2b) confirmed the formation of hybrid hydrogel
containing 66 wt% peptide and 34 wt% mineral phase (ie.,
apatite). On the other hand, the FTIR spectrum of AA-HA
(Fig. 2a) revealed the null presence of peptide AA, which was
further confirmed by TGA. The thermal degradation of AA-HA
(Fig. 2b) exhibited the same weight loss as the control sample
(HA) confirming the absence of the peptide. These results,
aside from revealing the weak intermolecular forces between
Fmoc-AA molecules and thus the limited stability of the hydro-
gel in water, confirm the poor chemical interaction between
the peptide and the mineral phase. On this basis, it is clear
that FF-HA hydrogels maintained a stable hybrid supramolecu-
lar structure even after several cycles of washing. This effect
could be associated with the dual role of calcium ions in the
formation of the hybrid hydrogel: (i) acting as a crosslinking
agent of peptide fibres and (ii) acting as sites for the nuclea-
tion and growth of calcium phosphate.

Considering this, we selected Fmoc-FF to study the pro-
perties of the resulting hybrid hydrogels. First, we studied the
impact of the initial inorganic/organic (HA/FF) weight ratios
during the mineralization process by increasing concen-
trations of Fmoc-FF: 0.8 mM, 2.1 mM, 4.7 mM and 12.5 mM
(see Table 2). The 80/20 sample did not form a gel but rather
white aggregates similar to the HA-AA sample (Fig. S3T). TEM
image of this sample showed HA nanocrystals while peptide
fibers were not observed (Fig. 3a). The 60/40 and 40/60
samples formed translucent homogeneous hydrogels, hydrogel
60/40 being apparently opaquer (Fig. S31). In both cases,
hydrogels showed clear syneresis due to the rigidification and
contraction of the solid part of the hydrogel induced by the
biomineralization process (Fig. S37).

Peptide fibers extensively decorated with HA nanocrystals
were observed in TEM images of both samples (Fig. 3b and c).
As an important difference, the 60/40 sample exhibited local
areas with a higher accumulation of HA nanocrystals,
suggesting that mineralization also occurred in solution. In
contrast, the reduction of the mineral fraction (40/60) resulted
in the homogeneous mineralization of fibers. Indeed, the
peptide fibers were more clearly identified and the HA nano-
crystals (Ca and P signals were identified by XEDS, Fig. S47)
were integrated into the organic matrix, giving a more homo-
geneous hybrid hydrogel. A further analysis of this hydrogel by
cryo-SEM (Fig. 3e and f) revealed rough surfaces due to the
integration of the mineral phase into the organic matrix, as
previously observed in the SEM images of the biomimetic
mineralized peptide.’®®® Furthermore, the presence of globu-
lar particles along the peptide fibers (zoom of Fig. 3f) seems to
indicate a homogeneous distribution of the apatite nanocrys-
tals in the organic matrix. Finally, the 20/80 sample formed a
rigid hydrogel composed of a dense mesh of peptide fibers
with scarce amounts of HA nanocrystals bound to the peptide
network (Fig. 3d).
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Fig. 3 TEM images of hybrid hydrogels synthesized at nominal HA/
peptide weight ratios: (a) 80/20, (b) 60/40, (c) 40/60 and (d) 20/80,
scale bar = 200 nm. (e and f) Cryo-SEM images of hybrid hydrogels syn-
thesized at a nominal 40/60 HA/peptide weight ratio. Insets show high
magnification images with scale bar of 1 pm (e) and 250 nm (f). The
arrows indicate the presence of apatite nanoparticles.

FTIR spectra of all samples showed phosphate vibrational
bands ascribed to biomimetic apatite and the characteristic
bands of Fmoc-FF (Fig. 4a). While the bands associated with
the organic phase tend to disappear at increasing nominal HA/
FF weight ratios, the phosphate vibrational bands became
more prominent (Fig. 4a). In fact, the bar graph of the relative
intensity of v;PO, at 565 cm™" increased concomitantly with
the increase of the initial HA/FF weight ratio, revealing that
hybrid materials with a higher mineral content can be syn-
thesized by varying the HA/FF ratio. Nonetheless, a higher
mineral content resulted in heterogeneous hydrogels contain-
ing large aggregates of mineral outside the fibrils (extrafibrillar

a) b)
565
702 25k —
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3
8 2
3 s0/a0| &
£ =
8 _Rast
2 40/60
o
< afs
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Wavenumber (cm™)
Fig. 4 (a) FTIR spectra of Fmoc-FF and hybrid xerogels synthesized at

increasing nominal HA/FF weight ratios: 20/80, 40/60, 60/40 and 80/
20. (b) Histogram of the ratio of IR peak intensity of Fmoc-FF with
respect to HA (Ises/1702).
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mineralization, Fig. 3). A compromise between the mineral
content and organic matrix must be achieved to obtain hybrid
hydrogels with uniform distribution of calcium phosphate
nanoparticles. From these results we can infer the relevant
role of the organic matrix in controlling apatite crystallization
since a lower organic content that prompted random apatite
crystallization ended up in micrometric aggregates. In this
study, a nominal HA/FF weight ratio of 40/60 provides homo-
geneous integration of nanoparticles composed of calcium
and phosphorus in the organic matrix (Fig. S47). In addition,
XRD patterns of hybrid materials display two broad bands at
26° and 32° (26) confirming the sole formation of poorly crys-
talline apatite (Fig. S57t).

To evaluate the impact that the corresponding HA/FF
weight ratios have on the mechanical properties of the result-
ing hydrogels, samples with HA/FF weight ratios of 60/40, 40/
60 and 20/80 were studied by shear rheology. In these samples,
the ionic concentrations remained constant but the amount of
the Fmoc-FF peptide varied significantly from 2.08 mM (ratio
60/40) to 4.68 mM (ratio 40/60) and 12.47 mM (ratio 20/80)
(Table 2). First, note that all samples demonstrated a gel-like
behaviour, characterized by the storage modulus (G') values
larger by approximately an order of magnitude than the loss
modulus (G”) values within the LVR, as well as trends of these
moduli are approximately independent of the frequency of
oscillation in frequency sweep tests (Fig. 5). Furthermore, the
rheological results demonstrate that the gels became more
robust (larger G’ and G" values) as the peptide concentration
increased. This result is consistent with previous works of our
group and other groups on peptide gels.'®>® However, interest-
ingly, the mean values of G’ corresponding to the LVR (Fig. 5a)
differ in magnitude from the values we recently reported in
another work®® for Fmoc-FF gels (not containing HA) for a
similar amount of peptide (Table S17): 4986 Pa for 12.47 mM
Fmoc-FF in the present work (sample 20/80) vs. 4031 Pa for
10 mM Fmoc-FF in the previous work; 1146 Pa for 4.68 mM in
the present work vs. 400 Pa for 5 mM in the previous work;
approx. 291 Pa for 2.08 mM in the present work vs. 106 Pa for
2.5 mM in the previous work. The comparatively stronger
nature of the gels of the present work at the two lowest Fmoc-
FF concentrations with respect to the previous work, must be
related to the non-negligible role of HA in the mechanical pro-
perties of the gels. However, at the highest Fmoc-FF concen-
tration, this is not held-note that ratios of values of the current
work against the previous work are 12.47/10 = 1.25 for peptide
concentration and G’ of 4985.828/4030.504 = 1.237. Therefore,
it seems that at the highest concentration under study in the
present work, the combined effects of HA and Fmoc-FF did
not result in an increase of the value of G’ with respect to the
Fmoc-FF gel. The likely reason is the competition of the phos-
phate ion and Fmoc-FF for calcium ions in Fmoc-FF-HA
samples, which would limit the assembly of peptides. To
support this hypothesis, we characterized the mechanical pro-
perties of two more samples, based on the Fmoc-FF/HA
sample at a ratio of 40/60, with the sole difference of not
adding phosphate in one case, and doubling the content of
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Fig. 5 Mechanical characterization of hybrid Fmoc-FF hydrogels in the
different HA/peptide ratios (20/80, 40/60 and 60/40) under oscillatory
shear. (a) Amplitude seeps: viscoelastic moduli as a function of shear
strain amplitude for experiments under imposed oscillatory strains of 1
Hz fixed frequency. (b) Frequency sweeps: viscoelastic moduli as a func-
tion of shear strain frequency for experiments under imposed oscillatory
strains of fixed amplitude, 7o = 107>. (c) Mean values and standard devi-
ations of the values of the storage modulus corresponding to the linear
viscoelastic region, as obtained from amplitude sweep experiments.

calcium ions in the other, both with respect to the reference
sample. As observed, both modifications resulted in a more
than two-fold increase in the value of G’ with respect to the
reference sample (Fig. 5c¢), supporting the hypothesis of the
competition between peptides and the phosphate ions for the
Ca*" ion.

We also evaluated the influence of calcium concentration
on peptide self-assembly and mineralization. Interestingly,
TEM images of the sample having the lowest amount of Ca®"
(2 mM) showed the presence of the typical mesh of peptide
fibers in which some of the fibers appeared fully mineralized
(Fig. 6).

A deeper analysis of the fiber composition was carried out
by STEM-EDS (Fig. 7). The HAADF-STEM image showed less
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Fig. 6 TEM images of Fmoc-FF hydrogels mineralized with the lowest
calcium concentrations (2 mM).
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Fig. 7 HAADF-STEM micrograph, EDS spectrum and SAED patterns of a
mineralized fibril. EDS maps showing the spatial distribution of Ca and P
are also shown. The c-axis (002 and 004 reflections) of the nanocrystals
are specifically oriented within the fibril.

bright peptide fibers and the presence of relatively heavy
elements in the peptide fiber. The individual elemental maps
reveal the relative position of Ca and P clearly demonstrating
the formation of calcium phosphate nanoparticles within the
fiber (Fig. 7). In addition, the SAED pattern of the same miner-
alized fiber displays arc-shaped 002 and 004 reflections indi-
cating that the c-axis of apatite nanocrystals was aligned with
the longitudinal axis of the peptide fiber (Fig. 7). This ordered
arrangement of apatite nanocrystals within the fiber is similar
to that found in biological mineralized collagen fibrils.*®
These observations suggest that mineralization occurs inside
the fibers at a lower Ca®>" concentration, probably due to the
specific interaction of all the available Ca®" with the peptide
fibers. As the concentration of Ca*" increases in the media, HA
nanocrystals can grow outside of the fibers, as observed in
samples having a higher amount of Ca>" ions (Fig. S67).
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To evaluate the impact that the increasing amounts of Ca>*
ions had on the mechanical properties of the hydrogels,
samples having a Fmoc-FF concentration of 4.7 mM and
increasing Ca®" concentrations of 2 mM, 8.3 mM, 11.11 mM,
16.67 mM and 33.3 mM were measured by rheology (Fig. 8). As
observed, the curves of amplitude sweeps and frequency
sweeps demonstrated similar trends in all cases, typical of gel-
like samples (see the previous discussion in Fig. 5), the only
relevant effect of Ca>* addition being the approximately linear
enhancement of G’ and G” with the concentration of this ion
(Fig. S77).

As Ca®" ions are responsible for the process of self-assembly
and, therefore, hydrogel formation, the impact of this ion on
the kinetics of gel formation was also evaluated macroscopi-
cally by rheology (Fig. S87). Samples having different calcium
concentrations demonstrated similar gelation kinetics,
without any clear trend as the calcium concentration
increased. In all cases, a fast gelation process was observed
and the stationary values of tané = G"/G’ were achieved only
after a few seconds. Note that at the stationary state 0.1 < tan §
<1, which is typical of weak gels.**
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Fig. 8 Mechanical properties of hybrid hydrogels with different Ca®*
concentrations (2 mM, 8.3 mM, 11.11 mM, 16.67 mM and 33.3 mM). (a)
viscoelastic moduli as a function of shear strain amplitude for experi-
ments under imposed oscillatory strains of 1 Hz fixed frequency. (b)
Viscoelastic moduli as a function of shear strain frequency for experi-
ments under imposed oscillatory strains of fixed amplitude, yo = 1073.
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Conclusions

We have developed a simple synthesis protocol in which the
formation of the organic matrix and nanoapatite occurs simul-
taneously. We show that the amount of Ca®>" present in the
media is essential for obtaining a fully composite material in
which nanoapatite crystals are embedded, perfectly oriented,
in the organic matrix, as occurring during collagen mineraliz-
ation in bone. By studying the micro- and mechanical pro-
perties of the resulting hybrid hydrogels we have demonstrated
that peptide self-assembly and mineral growth compete for
Ca*" ions present in the media. This effect has implications on
the micro and macroscopic properties of the hybrid hydrogels
and in the final fiber composition. Competition for Ca** ions
in the organic matrix modulates crystal growth in a more
precise way, emulating the natural process. This protocol
demonstrates some of the properties that self-assembled
systems can have in the development of complex materials and
shed light on how nature uses them to exert a more precise
control in biomineralization processes.
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