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ABSTRACT: Boc-L-DOPA(OBn)2-OH is a simple synthetic
molecule that promotes hydrogelation through electrostatic
and π−π stacking interactions. Hydrogelation can occur in
alkaline conditions by the use of triggers. Four hydrogels were
prepared varying the base, NaOH or Na2CO3, and the trigger,
GdL or CaCl2. When the hydrogel formed in the presence of
Na2CO3 and CaCl2, the concomitant production of CaCO3
crystals occurred, generating an organic/inorganic composite
material. It was observed that the hydrogel once self-
assembled preserved its status even if the trigger, the calcium
ions, was removed. The viscoelastic behavior of the hydrogels was analyzed through rheological experiments, which showed a
solid-like behavior of the hydrogels. The corresponding xerogels were analyzed mainly by scanning electron microscopy (SEM)
and synchrotron X-ray diffraction analysis (XRD). They showed differences in structure, morphology, and fiber organization
according to their source. This research presents a hydrogel system that can be applied as a soft biomaterial for tissue
engineering, cosmetics, food, and environmental science. Moreover, it represents a model for biomineralization studies in which
the hydrogel structure can act as an analogue of the insoluble matrix that confines the calcification site, provides Ca2+, and
preserves its structure.
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■ INTRODUCTION

The preparation and application of self-assembled fibrillar
network (SAFiN) hydrogels and organogels is a topic that
recently received great attention due to the wide applicability
of this class of soft materials in the fields of tissue engineering,
cosmetics, food, and environmental science.1−6 They were also
used in recent material-processing techniques, such as three-
dimensional7 and four-dimensional printing.8

The principal constituents of SAFiN gels are low-molecular-
weight gelators (LMWGs),9−12 small compounds that have
attracted a large amount of interest for their easily attainable
and modifiable chemical structures that produce materials with
different properties. Fluorenyl-9-methoxycarbonyl (Fmoc)
amino acid derivatives13−15 are one of the most popular
classes of LMWGs, but amino acids, small peptides, or
glycolipids16−21 are also largely explored. Usually, LMWGs
have a molecular weight not exceeding 1000 Da, are often
chiral with a specific stereochemistry,22 and can self-assemble
thanks to weak interactions such as hydrogen bonds, π−π
stacking, and van der Waals forces.23−25 Gelation starts with
the dissolution of the LMWG into a solvent, is generally driven
by weak interactions, and can be triggered by numerous stimuli
such as temperature,26 pH,27 or inorganic salt.28,29

The hydrogel formation usually takes place within a few
hours through the slow formation of fibers that entrap the
solvent. The gels may be constituted of water or an organic
solvent, in which a wide variety of materials can be dissolved or
suspended and finally trapped into the gel structure, such as
graphene,30−33 cells,15,34,35 and catalysts.36,37 After the hydro-
gel formation, several processes may take place in the confined
space of the gel, producing results that are different from that
observed in solution.
In this context, hydrogels also have relevance in biominer-

alization, which is the process by which organisms deposit in a
controlled way mineral phases producing composite inorganic/
organic biominerals, such as bones, teeth, and mollusk
shells.38−40 The biominerals have properties optimized for
the specific function they have to carry out, which so far are
impossible to reproduce by laboratory activities. The
experimentally proved dogma of biomineralization is that the
deposition of the mineral phase occurs in a highly viscous or
gel environment.38,41 This observation has stimulated the study
of the formation of biominerals in hydrogels, using both
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synthetic and natural (macro)molecular gelators. Examples of
natural physical gelators are biopolymers of polysaccharides
such as agarose, pectin, and cellulose, as well as proteins such
as collagen, gelatin, and silk fibroin.42 Other natural low
molecular weight molecules can also form gels, like glycosyl-
nucleoside lipids.43 Calcium carbonate has been one of the
most studied minerals because it is widespread among
organisms and represents a relatively simple chemical system
to investigate in vitro.44 Examples of hydrogels in biological as
well as synthetic, bioinspired systems are discussed in Asenath-
Smith et al.45 and report the physical versus chemical effects of
a broad range of hydrogel matrices and their role in directing
polymorph selectivity and morphological control in the
calcium carbonate system. Indeed, either the function of the
gel has been to physically control the diffusion process of
precipitating ions or the gelator molecule’s functional groups
chemically interact with the growing crystals of the mineral
phase. In recent research, a gel formed in the presence of
calcium ions was used as a source of calcium ions for
calcification. However, the gel structure was typically lost
during the calcification process.46 Examples of hydrogels that
form a framework in the presence of calcium ions that provide
the calcium ions for crystallization and preserve their
framework structure are absent in the literature. Such a system
may be of great relevance in biomineralization since in many
organisms the mineralization process occurs in a gelling
confined environment rich in calcium ions in which carbonate
ions diffuse.38,47

Here we report the results obtained by the formation of
hydrogels based on (S)-N-tert-butoxycarbonyl-3,4-bis-
(benzyloxy)-phenylalanine [Boc-L-DOPA(OBn)2-OH], using
different triggers, like pH variation or addition of calcium ions.
The hydrogels’ mechanical properties strongly depend on the
hydrogel composition and gelation technique. The hydrogel
obtained in the presence of calcium ions was then used as a
model system for the bionspired precipitation of calcium
carbonate.

■ EXPERIMENTAL SECTION
Materials. All chemicals and solvents were purchased from Sigma-

Aldrich, VWR, Iris Biotech, or TCI and used as received. Milli-Q
water (Millipore, resistivity = 18.2 mΩ cm) was used throughout. All
reactions were carried out in dried glassware. All compounds were
dried in vacuo, and all the sample preparations were performed in a
nitrogen atmosphere. NMR spectra were recorded with a Varian
Inova 400 spectrometer at 400 MHz (1H NMR).
Synthesis of Boc-L-Dopa(OBn)2-OH. Boc-L-Dopa(OBn)2-OH

was synthesized following a multistep procedure in solution as
reported in the literature.48,49

Conditions for Gel Formation. The control sample (1) was
prepared by adding Milli-Q water (0.97 mL) and aqueous 1 M NaOH
(1.3 equiv) to a test tube (8 mm of diameter) containing 10 mg of the
compound, in order to produce a final concentration of the gelator of
1% w/w. The mixture was stirred and sonicated in turn for about 30
min until the complete dissolution of the sample. Then glucono-δ-
lactone (GdL 1.4 equiv) was added to the mixture. After a rapid
mixing and complete dissolution of GdL, the sample was allowed to
stand quiescently until gel formation, which occurs during several
hours.
Sample 2 was prepared by adding Milli-Q water (0.76 mL) and

aqueous 1 M NaOH (1.3 equiv) to a test tube (8 mm of diameter)
containing 10 mg of the compound to produce a final concentration
of the gelator of 1% w/w. The mixture was stirred and sonicated in
turn for about 30 min, until the complete dissolution of the sample.
Then a 0.1 M aqueous CaCl2 (1 equiv) was added to the mixture.

After a rapid and complete dissolution of CaCl2, the sample was
allowed to stand quiescently before further studies, even if the
formation of gel occurs immediately.

Samples 3 and 4 were prepared following the same procedure as for
sample 2, but instead of NaOH, Na2CO3 was used. In sample 4, 1
equiv of Na2CO3 and 1 equiv of CaCl2 were added, while in sample 4,
2.5 and 5 equiv, respectively, were added (see Table 1).

Rheology. Rheological measurements were performed on an
Anton Paar Rheometer MCR 102 using a parallel plate configuration
(25 mm diameter). The experiments were performed at a constant
temperature of 23 °C, controlled by the integrated Peltier system. All
analyses were performed with a fixed gap value of 0.5 mm on the
respective gel samples, prepared the day before the analysis, and left
overnight at a controlled temperature of 20 °C to complete the
gelation process (around 20 h). Oscillatory amplitude sweep
experiments (γ: 0.01−100%) were carried out to determine the
linear viscoelastic (LVE) range at a fixed frequency of 1 rad s−1. Once
the LVE of each hydrogel was established, frequency sweep tests were
performed (ω: 0.1−100 rad s−1) at a constant strain within the LVE
region of each sample (γ = 0.04%). Step strain experiments were
performed on hydrogels to analyze the thixotropic behavior of the
material. The sample was subjected to consecutive deformation and
recovery steps. The recovery step was performed by keeping the
sample at a constant strain γ = 0.04%, i.e., within the LVE region, for a
period of 400 s. The deformation step was performed by applying to
the gel a constant strain of γ = 100%, i.e., above the LVE region of the
sample for a period of 300 s. The cycles were performed three times at
a fixed frequency of ω = 10 rad s−1.

Sample Preparation for X-ray Diffraction (XRD) and
Scanning Electron Microscopy (SEM) Analysis. Two procedures
were used for the preparation of the xerogels. (a) The hydrogels were
directly oven-dried at 100 °C for 2 h without any washing process. (b)
Each hydrogel (1 mL) was washed twice, with Milli-Q water (2 mL)
followed by ethanol (2 mL). In both cases, after the solvent addition,
the test tube containing the sample was stirred with a Vortex (1 min)
and centrifuged (5 min−5000 rpm) and then the supernatant was
removed. The solid residue was oven-dried at 100 °C for 2 h.

EDTA Treatment. After gelation, hydrogel 2 (1 mL) was placed in
a vial with 6 mL of a 0.05 M Na2EDTA solution and gently stirred for
5 h. Then, the solution was removed, and the sample was used for
rheological analyses (2E). Before SEM and XRD analysis, the samples
were washed according to the procedure reported above.

EDTA-CaCl2 Treatment. After gelation, hydrogel 2 (1 mL) was
placed in a vial with 6 mL of a 0.05 M Na2EDTA solution and gently
stirred for 5 h. Then, the solution was replaced with 6 mL of a 0.1 M
CaCl2 solution. The solution was removed after 5 h, and the sample
was used for rheological analyses (2Ca). Before SEM and XRD
analysis, the samples were washed according to the procedure
reported above.

Scanning Electron Microscopy. For the SEM imaging, the
uncoated samples were observed with a Phenom G2 Pure using an
energy of 3 kV. Gold-coated (2 nm) samples were observed using a
Hitachi SEM 6400 operating at 15 kV.

X-ray Fiber Diffraction. X-ray diffraction images were collected
at the XRD1 beamline, Elettra, Trieste, Italy and at the beamline
ID23-1, ESRF, Grenoble, France. Each frame was collected at the

Table 1. Reagents, Conditions, and Final pH for Hydrogel
Formation Using Gelator A in 1 wt. % Concentration

sample
gelator
(mg)

equiv of
NaOH
(1 M)

equiv of
Na2CO3
(0.1 M)

equiv
of
GdL

equiv of
CaCl2
(0.1 M)

final
pH

1 10 1.3 - 1.4 - 5.5
2 10 1.3 - - 1 8
3 10 - 1 - 1 6
4 10 - 2.5 - 5 6.5

ACS Applied Bio Materials Article

DOI: 10.1021/acsabm.9b00828
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acsabm.9b00828


peak wavelength (0.9765 Å) using an exposure of 60 s. The XRD
diagrams were analyzed using Fit2D software.50

Number of Experiments. All the experiments for the preparation
of the hydrogel 1, 2, 3, 4, 2-E, and 2-Ca were repeated at least three
time. The preparation of the xerogels was performed using two
experimental procedures that were also repeated at least three times
for each sample. The scanning electron microscopy observations were
performed on at the least three independent samples for each
preparation. The rheological and diffractometric measurements were
performed on one sample.

■ RESULTS AND DISCUSSION
Recently, we investigated the formation of SAFiN hydrogels
and organogels, using LMWGs containing either protected
amino acids or the pseudoproline (4R,5S)-4-methyl-5-
carboxyl-oxazolidin-2-one (D-Oxd), and we could demonstrate
that they have an essential role in the design of efficient
gelators.51,52 We also tested the gelation ability of an L-DOPA
derivative, which forms strong supramolecular hydrogels and
organogels.53,54 For our continuous effort to find some new
gelators able to form stable hydrogels useful for different
applications, now we show the results obtained using Boc-L-
DOPA(OBn)2-OH (A) as the hydrogelator (Figure 1). This
compound displays two additional benzyl esters in the
chemical structure that should improve its gelation efficiency
through additional π−π stacking interactions.

Hydrogel Formation and Calcification Process. The
synthesis of gelator A started from unprotected and
commercially available L-DOPA, which was transformed into
Boc-L-DOPA(OBn)2-OH (Figure 1) through four steps
(Scheme S1 in the Supporting Information) on a multigram
scale with excellent yields, following a literature procedure.48,49

The simplicity in the preparation of this compound is,
therefore, an important point in favor of the application of
this new molecule for the formation of supramolecular
materials.
The preparation of the hydrogels followed a general

procedure based on the gelator dissolution in an aqueous
NaOH solution (for details, see Table 1), by stirring and
sonication for about 15 min, followed by the addition of the
trigger (GdL or CaCl2).

23,51,55−58 After several attempts, we
found that the optimal gelator concentration is 1% w/w.
Moreover, before choosing the optimal Na2CO3 and CaCl2
concentrations used for samples 2, 3, and 4, we tested other
concentrations that resulted to be low (10 mM) to detect the
calcite formation or too high (100 mM) to obtain a strong
hydrogel. Samples 1 and 2 were prepared following this
protocol but changing the triggers (GdL and CaCl2,
respectively). For the preparation of samples 3 and 4, NaOH
was replaced by Na2CO3 which is the source of carbonate ions
to induce the formation of CaCO3 crystals, after the addition

of the trigger CaCl2. Following this procedure, the formation of
the gel takes place with the formation of CaCO3 crystals.
In all the cases, a rapid gel formation was detected, soon

after the addition of the trigger, even in the case of the GdL,
which usually requires prolonged times to form the network.59

All gels appear homogeneous and opaque (Figure 2). The final

pH of the gel was affected by the chemical processes occurring
in it. When the environment was alkaline after the addition of
NaOH and the trigger was CaCl2, the final pH was 8. Since the
starting concentration of [OH−] was 1 M, this final value
suggests that a relevant part of the OH− groups was involved in
the salification of the gelator. When Na2CO3 was used instead
of NaOH, the drop of pH was higher (samples 3 and 4 of
Table 1), and this occurred because the Na2CO3 was
consumed not only by the salification process but also by
the formation of CaCO3.

Hydrogel Characterization. Rheological Analysis. The
viscoelastic behavior of the hydrogels in terms of storage (G′)
and loss (G″) moduli was analyzed using rheological
experiments. The LVE (linear viscoelastic) range was evaluated
through shear strain experiments, with a constant frequency ω
= 1 rad s−1 (Figure S1). All the hydrogels prepared are
characterized by G′ approximately an order of magnitude
higher than G″ (except samples 30 that are highly calcified),
indicating their solid-like behavior.23,60 Frequency sweep
experiments (Figure 3), performed by applying a constant
shear strain within the LVE region of each sample, confirmed
the “solid-like” behavior for all the hydrogels and showed that
both the G′ and G″ were almost independent from frequency
in the range from 0.1 to 100 rad s−1, with G′ always greater
than G″ (see Table 2).
Additionally, the system’s ability to recover the gel status

after a strong stress that induces transformation into sol
(thixotropy) was checked. Thixotropy61−64 is often related to
self-healing properties16,65−68 and may be defined as the ability
to autonomously reconstruct the bonding interactions after
damage. To check if the hydrogels are endowed with these
properties, four samples were subjected to a strain value within
the LVE region (characterized by G′ values greater than G″),
and multiple cycles of two steps were applied to the respective
hydrogels (Figure 4). When the applied strain was increased
above the crossover point, the sample behavior switched from
gel-like to sol-like, with G″ values greater than G′. Finally, the
samples rested at fixed strain within the LVE range to check
the recovery of the gel-like status. Samples 1, 3, and 4 showed
good thixotropic behavior, as they promptly recovered their
properties after each cycle. In contrast, hydrogel 2 recovered a

Figure 1. Chemical structure of Boc-L-DOPA(OBn)2-OH A.

Figure 2. Photographs of the hydrogels prepared using gelator A in 1
wt. %. From the left: 1 (A), 2 (B), 3 (C), and 4 (D). Scale bar: 5 mm.
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gel-like status after the first cycle, although the G′ value is
significantly reduced (21 000 Pa → 360 Pa). After the second
cycle, the hydrogel recovered again a gel-like behavior with a
G′ value of about 400 Pa.

Reversibility of Calcium Ion Uptake by the Hydrogel. To
check if Ca2+ was pivotal for hydrogel formation, a sample of
hydrogel 2 was immersed in a disodium ethylenediaminete-
traacetate dihydrate (EDTA) solution under gentle stirring for
5 h, in order to replace Ca2+ with H+ in the hydrogel structure

Figure 3. Frequency sweep experiments (constant γ = 0.04%) performed on the 1 wt.% hydrogels. The analyses were performed in duplicate on the
hydrogels about 20 hours after the gelation has begun.

Table 2. G′ and G″ Mean Moduli and Standard Deviation
from Frequency Sweep Experiments (γ = 0.04%, ω = 1 rad/
s)

sample G′ (KPa) G′′ (KPa)
1 64.181 ± 2.761 9.648 ± 0.884
2 25.800 ± 9.051 2.790 ± 0.042
3 20.650 ± 6.435 3.140 ± 0.990
4 56.738 ± 0.735 12.507 ± 0.111

Figure 4. Values of storage moduli G′ (solid circles) and loss moduli G″ (empty circles) recorded during step strain experiments performed on the
hydrogel samples 1, 2, 3 and 4.
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(see Experimental Section for details). After the treatment, the
sample was Ca2+ free, as verified by the energy-dispersive X-ray
spectroscopy (EDX) spectrum of a fragment of the dry
samples (later named as xero-2) in which no signal for calcium
was observed (Figure S5).
The mechanical properties of the sample treated with EDTA

(2E) were analyzed with the rheometer and compared with
those of sample 2 (Figure 5). We found that sample 2E is
much stronger than sample 2, showing properties similar to
those of sample 1. When hydrogel 2E was resuspended in a
CaCl2 solution for 5 h (2Ca), no variation in its aspect neither
on its mechanical properties was observed (Figure S4). These
outcomes suggest that a modification of the supramolecular
fiber organization occurs upon Ca2+ removal, and this
modification is not reversible by re-adding calcium ions.
Despite this, the corresponding dry samples (later named as
xero-2Ca) showed the presence of about 1 atom % content of
calcium, as illustrated by the EDX spectrum reported in Figure
S5.
These outcomes suggest that a modification of the

supramolecular fiber organization occurs upon Ca Ca2+

removal, and this modification is not reversible by re-adding
calcium ions. Despite this, the corresponding dry samples
(later named as xero-2Ca) showed the presence of about 1
atom % content of calcium, as illustrated by the EDX spectrum
reported in Figure S5.
A possible reason for this behavior can be found in the pH

change during the treatment. After the removal of calcium with

EDTA from hydrogel 2 to form 2E, the pH decreased from 8
to 4 and remained unchanged when sample 2E was
resuspended in the calcium solution.

Xerogel Characterization. To perform the SEM and
synchrotron XRD analyses, the hydrogels 1, 2, 3, 4, 2E, and
2Ca were converted into xerogels by solvent removal in an
oven. The dried samples were washed with ethanol, dried
again, and named xero-1, xero-2, xero-3, xero-4, xero-2E, and
xero-2Ca. Some samples of hydrogels 3 and 4 were prepared
with a modified procedure, based on washing with water and
ethanol followed by solvent removal in the oven, thus forming
the modified xerogels xero-3# and xero-4#. This procedure
was envisaged to remove unreacted ions and molecules and
change the hydrogel chemical environment before drying.
The SEM images of the samples xero-1, xero-2, xero-3, and

xero-4 are reported in Figure 6. Xero-1 and xero-2 show
differences in morphology and fiber organization. Indeed, in
the sample xero-1 the fibers, around 25 nm in diameter, are
partially embedded in a matrix that prevents an accurate
determination of the average diameter. In the sample xero-2,
the fibrous structure is well evident, and the fibers form a
network in which they are strongly entangled, thanks also to
the branching that appears in some fibers. Both xero-3 and
xero-4 show a fibrous structure, where entrapped calcium
carbonate crystals are present. Both composites show a high
embedding of the crystals inside the fibrous network. The
fibers entrap the crystals almost completely and also penetrate
inside them, thus forming an organic−inorganic composite

Figure 5. (Top) Frequency sweep experiments (constant γ = 0.04%) performed on the 1 wt % hydrogels. The results obtained for 2E were
compared with 2 (left) and 1 (right). (Bottom) Values of storage moduli G′ (solid circles) and loss moduli G′′ (empty circles) recorded during
step strain experiments performed on the hydrogels. The results obtained for 2E were compared with 2 (left) and 1 (right).
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material (Figures 6E, 6F, and S9). The amount of crystals
observed in samples xero-3 is lower than that in samples xero-
4, as expected since in the starting hydrogel chemical system
the concentrations of calcium and carbonate ions were lower.
The SEM images of the xerogels xero-2E and xero-2Ca are

reported in Figure 7 (left). They show that the sample xero-2E
has the same fiber organization observed in the sample xero-2.
The fibers have an almost constant diameter and are strongly

entagled. The sample xero-2Ca is heterogeneuos and both
fibers, like those observed in the sample xero-2, and less
defined segments, like those observed in the sample xero-3 (or
xero-4), may be observed.
The fiber diameter distribution observed by the SEM images

for samples xero-2, xero-2E, and xero-2Ca (n ≥ 50) was
analyzed through a box plot.69 The box plots are shown in
Figure 7 (right) and reveal a different diameter of the fibers
obtained in the diverse conditions. They underline that when
the calcium ions are involved in the formation of the hydrogels
the fibers are thin. Alternately, when the calcium ions are
removed by the hydrogel fibers by the interaction with EDTA,
a fiber aggregation process occurs, which is preserved in the
xerogel.
The structure of the xerogels was investigated by

synchrotron X-ray diffraction. The corresponding X-ray
powder diffraction patterns, which were obtained by
integration of the intensities along the 2Θ angle, are reported
in Figures 8 and 9. These data show that all xerogel samples
were crystalline and with different structures, according to their
synthesis, or their postsynthesis treatment. The xerogels xero-
1, xero-2, xero-3, and xero-4 show intense low-angle
diffraction peaks at 2.99 and 1.74 nm; in addition, intense
diffraction peaks at 0.51, 0.46, and 0.34 nm are also observed
(Figure 8). The relative intensity of these peaks is different
among the samples, and this observation can be due to the
preferential orientation effect. Other diffraction peaks were also
observed at 1.46, 0.99, 0.92, 0.67, and 0.61 nm that were
common among the samples xero-2, xero-3, and xero-4. The
sample xero-1 shows diffraction peaks at 1.34 and 0.83 nm that
are absent in the other samples, which are formed in the
presence of Ca2+, suggesting that in the presence of GdL the
Boc-L-DOPA(OBn)2-OH assembly occurs differently or with a
diverse packing.
Different structures from those described before were

observed in samples xero-2E and xero-2Ca (Figure 9). They
were obtained by EDTA decalcification of sample 2 and
subsequent incubation in CaCl2, respectively. Their diffraction
patterns showed several diffraction peaks having the same
periodicities but with different relative intensities. Most of
these diffraction peaks were at different periodicities from
those observed in the samples xero-1, obtained in the absence

Figure 6. SEM images of the xerogel samples xero-1 (A), xero-2 (B),
xero-3 (C, CM), and xero-4 (D, DM). The insets in (A) and (B)
illustrate a high-magnification image for xero-1 and xero-2. The
images (CM) and (DM) illustrate the composite nature of the calcite
crystals from xero-3 and xero-4 that entrap gelator fibers. Each image
is representative of the entire sample (additional images are reported
in Figure S9).

Figure 7. (left) SEM images of the xerogel samples xero-2E (AE) and xero-2Ca (ACa). (right) Box plot distribution of the fiber diameters
measured in the xerogel obtained from the samples xero-2, xero-2E and xero-2Ca.
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of Ca2+, and xero-2, formed in the presence of Ca2+, with the
exception of diffraction peaks at 0.51 and 0.46 nm. In xero-2E
or xero-2Ca, low-angle diffraction peaks were at 2.51 and 1.26
nm. In the same samples, other intense peaks were observed at
0.94, 0.87, and 0.37 nm, while in the sample xero-2 most of
these peaks were very weak.
Xerogels xero-3# and xero-4# show a different fiber

organization and morphology and the presence of fiber
bundles (Figure S10). These bundles gave X-ray diffraction
fiber images (Figure S11) in which the meridional and
equatorial direction could be identified. The analysis shows
that the periodicities at 0.51 and 0.46 nm were along
meridional, i.e., the fiber axis, while those at low diffraction
angles, 2.21 and 1.74 nm, were along the equatorial axis.

In all analyzed samples, diffraction peaks which correspond
to meridional periodicities at 0.51 and 0.46 nm, although with
different relative intensities, were observed, while the
periodicities of the respective low-angle diffraction peaks
were different. This observation suggests that these perio-
dicities (i.e., 0.51 and 0.46 nm) could be associated with the
molecular packing along the fiber axis, as reported for
tripeptides self-assembling in hydrogels.70,71

The periodicities along the equatorial axis (2.21 and 1.74
nm) seem to be more related to the content of the trigger, GdL
or Ca2+, within the crystalline fibers, which affects the
molecular packing in the directions perpendicular to the fiber
axis.
The calcified xerogel, xero-3 and xero-4, showed addition

diffraction peaks at about 0.38, 0.301, and 0.228 nm that
correspond to diffraction peaks of calcite {01.2}, {10.4}, and
{11.3}.72 No diffraction peaks that could be associated to other
anhydrous or hydrated calcium carbonate polymorphs were
observed. The diffraction patterns did not show the presence
of an intense background signal that could suggest the
presence of relevant amounts of amorphous calcium carbonate.
The relative intensity of the diffraction peaks of calcite with
respect to those of the fibers was higher in the samples xero-4
than in the samples xero-3, indicating a higher concetration
(no quantified) of calcite in agreement with the higher
concentration of Ca2+ and CO3

2− in the starting hydrogel
chemical system, as already observed from the SEM images.
In the above discussion, it is supposed that the structural

organization of gelator fibers in the hydrogel is conserved, at
least in part, in the xerogel. This could not be true; however, it
was observed that the xerogels obtained after washing of the
hydrogel were different from those obtained by only drying,
suggesting a correlation between the xerogel and its parent
hydrogel.

■ CONCLUSIONS

SAFiN hydrogels have a simple and robust preparation process
that favors their potential application in different fields,30−37

here as a bioinspired matrix for calcification. They formed

Figure 8. (left) Synchrotron X-ray fiber diffraction image of the samples xero-1 (A), xero-2 (B), xero-3 (C), and xero-4 (D). (right)
Corresponding powder diffraction profiles obtained by integration of the intensities along the 2Θ angle. The main diffraction peaks from the
xerogel structure are indicated with their associated periodicities. The diffraction peaks of calcite are marked by an asterisk (PDF: 01-086-0174).

Figure 9. (left) Synchrotron X-ray fiber diffraction image of the
samples xero-2E (AE) and xero-2Ca (ACa). (right) Corresponding X-
ray powder diffraction profiles obtained by integration of the
intensities along the 2Θ angle. The main diffraction peaks from the
xerogel structure are indicated with their associated periodicities. The
X-ray powder diffraction profiles from the samples xero-1 (A) and
xero-2 (B) are reported for comparison.
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through electrostatic and π−π stacking interactions of Boc-L-
DOPA(OBn)2-OH molecules in aqueous alkaline conditions.
The four kinds of hydrogels were prepared by varying the
trigger (GdL or CaCl2) and the base. They were solid-like with
mechanical, compositional, and structural properties depend-
ing on the choice of the trigger. When Na2CO3 was used to
alkalinize and CaCl2 as a trigger, calcite crystals formed within
the conserved solid-like hydrogel, generating a composite
material. When Ca2+ was replaced with H+, the SAFiN
hydrogel assumed the same properties of the one formed using
GdL as a trigger. This suggested that once assembled the
hydrogel molecular chains relayed more on the π−π stacking
interactions than on the source of the electrostatic ones.
The calcified hydrogels produced xerogels that gave different

X-ray fiber diffraction pattern and morphology if they were
washed before the drying. It has been supposed that the
interfibril interactions were affected by the washing that
removed unreacted molecules and free ions, besides changing
the chemical environment. Of course, these considerations are
derivated by observations on xerogels and could not be
representative of the fiber structures and interactions in the
hydrogels.
In all xerogels from calcified hydrogels, calcite crystals were

observed to be entrapped in the fiber network and entrapping
fibers within their structure, generating a composite material.
This scenario is supposed to be a realistic prediction of the
hydrogel since calcite formed in the hydrogel. In addition, the
amount of calcite crystals formed, which was qualitatively
evaluated, increasing the concentrations of calcium and
carbonate ions in the starting hydrogel chemical system.
These final observations confirm the starting hypothesis that
the fibrous structure of the hydrogel can be considered a
bioinspired matrix that has the capability to confine the space
of mineralization, to act as a source of Ca2+, and to preserve its
structural organization once the mineral formation has
occurred, as frequently occurs in biomineralization.
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