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The combination of polymers and low molecular weight (LMW)
compounds is a powerful approach to prepare new
supramolecular materials. Here we prepare two-component
hydrogels made by a well-known and biologically active
polymer, hyaluronic acid (HA), and a dipeptide-based
supramolecular gelator. We undertake a detailed study of
materials with different compositions including macroscopic
(hydrogel formation, rheology) and micro/nanoscopic character-
ization (electron microscopy, X-ray powder diffraction). We
observe that the two components mutually benefit in the new
materials: a minimum amount of HA helps to reduce the

polymorphism of the LMW network leading to reproducible
hydrogels with improved mechanical properties; the LMW
component network holds HA without the need for an
irreversible covalent crosslinking. These materials have a great
potential for biomedical application as, for instance, extracel-
lular matrix mimetics for cell growth. As a proof of concept, we
have observed that this material is effective for cell growth in
suspension and avoids cell sedimentation even in the presence
of competing cell-adhesive surfaces. This may be of interest to
advanced cell delivery techniques.

Introduction

Multicomponent supramolecular soft materials are formed by
two or more components with functional and/or structural
diversity which are blended via weak non-covalent interactions.
These components may mutually compensate for individual
weaknesses along with developing valuable synergies.[1,2] In this
context, the combination of low molecular weight gels (LMWG)
with polymeric additives may offer a variety of new materials
with industrial as well as academic interest.[3.4] LMWG are
efficiently produced from molecular components in a few
synthetic steps, are monodisperse, and unequivocally pure –
and often biocompatible and biodegradable, too. Therefore,
materials based on LMWG are unique from the circular
economy point of view (atom economy, biodegradability, low
waste production, and energy consumption).[5,6] However, many
times their mechanical behavior is not optimal – i. e. they are
brittle and do not recover their performance after manipulation.

On the other hand, polymeric soft materials, many of them
coming from naturally-based polymers (collagen, polysacchar-
ides), widely exploited for industrial applications, have other
associated problems such as polydispersity, batch-to-batch lack
of reproducibility or production from animal origin not
amenable for certain biomedical applications. Thus, ideally, a
careful combination of these two kinds of soft materials could
enhance their advantages and moderate their weaknesses. In
fact, several groups have shown that polymer additives may
influence critical gelation concentration, gelation time, mechan-
ical properties, or even biological activity of LMWGs.[7–17] In this
field, different strategies can be used to combine LMWG and
polymers. One of them consists of preparing interpenetrating
networks (IPNs) in which a second network is formed through
the voids of a preformed first network. For instance, Smith et al.
reported several examples in which a 1,3 : 2,4-dibenzylidene
sorbitol (DBS)-based LMWG network is combined with alginate
or gellan gum as the polymeric component. IPNs were formed
in those cases after addition of Ca+2 ions as crosslinkers of
polymer carboxylate groups.[18,19] This stepwise methodology
facilitates the orthogonality of the two networks. In contrast, a
second strategy would be to perform the jellification of the two
components, LMW compound and polymer, at the same time
by the application of heating-cooling cycles or by solvent
switch.[9] This procedure allows the interaction of both
components during the self-assembly process and may result in
either co-assembly or self-sorting of the networks, or even
mutual disruption of their self-assembly. A third strategy
consists of using soluble polymers which are not able to form
hydrogels by themselves. In that case, the polymer acts as an
additive that may interact with the LMWG network and modify
its physical properties.[13]

Following the last strategy, here we aim to prepare two-
component supramolecular gels formed by a dipeptide-based
LMWG and a biopolymer. We expect that the polymer additive
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will regulate and enhance the rheological performance of the
LMWG component whereas the last will act as a reversible
biopolymer crosslinker, minimize the amount of polymer to be
used and avoid the need for chemical crosslinking. We have
chosen hyaluronic acid (HA), a biologically relevant polysacchar-
ide, as the polymer component and L-prolyl-L-valine dodecyla-
mide (PVD) as the low molecular gel counterpart (Figure 1).

PVD is a dipeptide amphiphile previously described in our
group based on collagenic amino acid L-Pro. PVD has been
shown to form hydrogels and has been applied in the context
of biomimetic organocatalysis.[20,21] However, PVD, despite its
structural simplicity, has shown a remarkable polymorphism
highly dependent on the hydrogel preparation procedures.[22]

Firstly, we showed that hydrogels could be obtained by a
heating-cooling cycle of a PVD suspension. We employed those
gels as organocatalysts for direct aldol reactions. However, we
soon detected that, randomly, some samples failed to produce
a sample-spanning gel network – we initially discarded those
for catalytic application. A deeper analysis of all the samples
with systematic control of heating temperature and aging
revealed, to our surprise, that PVD hydrogels and aggregates
contained at least three different polymorphs. Moreover, we
also investigated the use of pH switching as an alternative
methodology for hydrogelation and found an additional
polymorph in those gels.[20] Polymorphism was reflected in the
size and aspect-ratio of the fibers and, consequently, in the
mechanical properties of the hydrogels. Altogether, it resulted
in poor reproducibility of the gels.

On the other hand, HA is a linear polysaccharide composed
of N-acetyl-D-glucosamine and D-glucuronic acid. HA is a
widespread component of extracellular matrix and has shown a
relevant role in cell signaling, tissue regeneration, and tumor
microenvironment, just to mention a few. Moreover, HA
presents unique properties such as biocompatibility, biodegrad-
ability, and non-immunogenicity. Therefore, it is widely used, in
different formulations (hydrogels, microemulsions, liposomes),
for medical and cosmetic applications, among others.[23] HA is
omnipresent in the body and the skin concentrates more than
50% of the HA content of the body where it has a wide variety
of functions, including control of proliferation and differentia-
tion of basal cells and hydration of skin, among others.
Therefore, HA has found great interest for applications in

transdermal drug delivery, tissue regeneration, and in cosmetics
applications such as dermal fillers.[23–25] HA is a linear poly-
saccharide that is not conjugated nor crosslinked in its natural
form. However, it is often chemically cross-linked in order to
obtain self-sustainable hydrogels for the above-mentioned
applications. Recently, examples of supramolecular hydrogels
based on HA have been reported.[26] In particular, short peptide-
HA hybrid hydrogels have been introduced as promising
materials for biomedical application.[27–30] In addition, the ECM is
also formed by a fibrillar network that contains collagens,
elastin, fibronectin, and other proteins and glycoproteins.[31]

Although the ECM composition depends on the specific tissue,
the presence of a fibrillar network is a common trend in all of
them. Therefore, ECM mimetics have been fabricated based on
naturally occurring polypeptides such as collagen or elastin as
well as on synthetic polymers.[32]

Here we show that a minimum amount of soluble HA is
sufficient to improve the rheology of PVD hydrogels by
polymorph selection, favoring the formation of long and thin
fibers leading to reversible and reproducible hydrogels. More-
over, this material is effective for cell growth in suspension and
avoids cell sedimentation even in the presence of competing
cell-adhesive surfaces, which can be of interest for advanced
cell delivery techniques.[33]

Results and Discussion

Two-component hydrogel formulation and rheological
characterization

In order to modulate the polymorph selection and mechanical
properties of PVD, we introduced HA. Recently, Meijer and co-
workers introduced HA to obtain benzene-1,2,5-tricarboxamide
(BTA)-based supramolecular polymers and hydrogels with
tunable stiffness.[34] In that report, the best results were
obtained when HA was covalently attached to a BTA core and
the resulting BTA-HA conjugate was able to co-assemble with a
BTA-based hydrogelator by means of π–π stacking of the
respective aromatic cores. In contrast, the hydrogels formed in
the presence of non-conjugated HA were much weaker and
poorly reproducible as HA interfered with the fiber growth
leading to the formation of short fibers and increasing
polydispersity. However, this case lacks a specific non-covalent
interaction between HA and the hydrogelator. In our case, we
expect that HA, which bears one carboxylate group per
repeating unit, could establish specific electrostatic interactions
with proline ammonium groups of PVD during the self-
assembly process in water, integrating HA at the periphery of
PVD fibers.

In order to observe the effect of this process, we introduced
different amounts of HA and we observed the outcome in
terms of rheology and fiber morphology. We prepared samples
by mixing the required quantities of PVD and HA (as sodium
hyaluronate, 53 kDa) in 4 mL of distilled water, heating until
complete dissolution followed by 1 min of sonication and 24 h
of stabilization at 25 °C. All the experiments were performed atFigure 1. Molecular structures and cartoon representation of PVD and HA.
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least in triplicate in order to assess the reproducibility. Results
appear collected in Figure 2 and Table 1.

We started by using PVD at the minimum gel concentration
(mgc), 2 mM. At this concentration, all the samples with
different HA� COOH mol% going from 0 to 100 (entries 1–5,
Figure SI1) led to non-reproducible aggregates and weak gels.
Therefore, the experiments were repeated at a higher PVD
concentration, 4 mM (entries 6–12). In that case, as can be seen
in Figure 2, a different outcome was observed. Thus, the
addition of equivalent Pro :COOH ratio (100 mol% HA� COOH,
entry 12) prevented the formation of hydrogels (Figure 2A). On
the contrary, the addition of a small amount of HA� COOH, as
small as 1–5 mol% (entries 7–8), led to homogeneous and
reproducible hydrogels (Figure 2E–F) which could be reversibly
disassembled and formed after at least three heating-cooling
cycles (Figure SI-1). An increasing amount of HA (10 mol%,
25 mol%, 50 mol%, entries 9–11) showed a gradual loss of
reproducibility in the formation of hydrogels (Figure 2B–D). This
trend of hydrogel stability and reproducibility could also be
evidenced by rheological studies. Oscillatory rheology experi-
ments were performed on hydrogel samples obtained with

different PVD :HA ratios (see SI for details). Hydrogels prepared
with 2 mM PVD, showed G’ values in the range of 100 Pa, yield
stress values of about 10 Pa and did not recover after rupture
for any of the PVD :HA compositions, in line with the weak
aggregating behavior mentioned before (see Figure SI2). In the
case of hydrogels prepared with 4 mM PVD, rheology also
supports the previous observations (see Figure SI3). As can be
seen in Figure 3, samples with 5 mol% HA� COOH (entry 7)
showed the highest G’ values, about 1000 Pa, higher yield stress
as well as an 80% recovery after gel rupture. Although G’ values
are in the same order of magnitude (100–1000 Pa) for all
samples in Figure 3, it must be noticed that samples above
10 mol% HA� COOH were not reproducible as self-sustained
gels. Therefore, G’ as well as yield stress values of those samples
are not representative of all the replicas. Rheology data should
be taken as a tendency, in favor of 1–5 mol% HA� COOH
samples (entries 7–8) not only because they present slightly
higher values but also due to their good reproducibility as self-
sustained hydrogels.

Structural characterization and description of the
aggregation mechanisms

In order to rationalize the observed behavior, we must consider
the different steps of gel fiber formation and the influence that
the presence of an additive such as HA may have on them. The
formation of hydrogel fibers is based, at molecular level, on the
existence of non-covalent intermolecular interactions (van der
Waals, hydrogen bonding, etc.) as well as the hydrophobic
effect. This self-assembly process can be described as a
crystallization from a hot supersaturated solution that involves
a primary fibril nucleation step followed by an elongation or
fiber growth step. Therefore, starting from a few nucleation
centers, aggregates can grow to form long fibers that may
entangle and bundle leading to the actual hydrogel fibrillar
network.[6]

Figure 2. Macroscopic aspect of PVD (4 mM) hydrogels prepared with
different HA� COOH mol%. A) 100; B) 50; C) 25; D) 10; E) 5; F) 1; G) 0.

Table 1. Aggregation studies in water.[a]

Entry PVD (mM) HA� COOH mol%[b] Macroscopic aspect[c] Reproducibility (Y/N)

1 2 0 A – WG N

2 2 5 A – WG N

3 2 25 A – WG N

4 2 50 A – WG N

5 2 100 A – WG N

6 4 0 A – G N

7 4 1 G Y

8 4 5 G Y

9 4 10 A – G N

10 4 25 A – G N

11 4 50 A – G N

12 4 100 A Y

[a] Vial size: 15 mm diameter, 4 mL of distilled water. [b] HA� COOH mol%= [(mols HA×DP) /mols PVD]×100; being DP (degree of polymerization)=132.
[c] Macroscopic aspect after vial inversion test: G, gel; WG, weak gel; A: non-self-sustaining aggregates.
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Polymorphism – namely, the adoption of different molec-
ular conformational preferences within the fiber – may affect
both nucleation and elongation steps. The presence of different
conformations at the nucleation level may cause the seeding of
different kinds of fibers. Following the elongation step, it may
cause packing mismatches leading to branching or even fiber
end capping. Both processes may lead to a deficient network
mesh and consequently, to poor mechanical stability. Similarly,
the presence of an additive can have either a positive or a
detrimental effect on both self-assembly steps.[35] Moreover, the
additive can be incorporated as a part of the fiber or not,
depending on its solubility and the strength of interaction. In
the current case, we are using a short HA polymer which is
highly soluble in water. Therefore, it will mainly remain in the
pools of solvent entrapped by the fibrillar network of PVD. To
shed light on the morphology and structure of these materials,
we performed electron microscopy and X-ray powder diffrac-
tion studies. The morphology of the different fibrillar networks
was studied by electron microscopy (TEM of fresh hydrogels
and SEM of xerogels) (Figure 4). In the case of hydrogels with a
5 mol% of HA COOH groups (entry 8), although the presence of
drying effects cannot be fully discarded, a uniform distribution
of long and thin fibers was observed (Figure 4C and 4F), much
regular than in the case of pure PVD hydrogels (entry 6,
Figure 4A, 4B, 4D, and 4E). Samples with higher content of HA
showed regions with ill-defined aggregates and, in general, a

more heterogeneous aspect (Figure SI4). Materials with
>10 mol% HA� COOH presented, in general, poor behavior in
terms of rheology and morphology as well, calling again to
reproducibility issues (entries 9–12). In view of these results, we
tried to rationalize the observed behavior and proposed the
aggregation mechanism that appears collected in Figure 5. In
the case of low PVD :HA ratio (5 mol% of HA� COOH, entry 8),
HA interacts with the incipient fiber nuclei, protecting them
from unspecific agglomeration and favoring the subsequent
growth of long and thin fibers and the construction of a
homogeneous entangled fibrillar network (Figure 5A). An
increase in the amount of HA (25–50 mol%, entries 10–11) may
increase the number of stabilized nuclei but may also interfere
with the fiber growth due to non-specific interactions and
changes in viscosity (Figure 5B). Finally, the addition of an
equivalent amount of HA� COOH (100 mol%, entry 12) com-
pletely disrupts the elongation of fibers and leads to a deficient
aggregation process (Figure 5C).

Finally, we performed a wide-angle X-ray diffraction analysis
of lyophilized xerogels in order to analyze the polymorphic
preference for the different compositions (see Figure 6). In the
case of high HA content samples, no diffraction peaks were
detected and only a broad background bump, characteristic of
amorphous material, could be observed. However, in the case
of 5 mol% samples (entry 8), a clear diffraction pattern was
observed which was closely coincident with one of the
previously reported polymorphs of PVD – in particular, the so-
called polymorph D observed when PVD hydrogels were
obtained by switching from acidic to neutral-basic pH. Poly-
morph D, as previously reported, corresponds to a molecular
packing similar to PVD single crystals obtained in acidic
media.[22] Therefore, it seems that HA is able to stabilize a
seminal number of crystallites of protonated PVD which act as

Figure 3. Oscillatory rheology data of PVD (4 mM) hydrogels prepared with
different HA� COOH mol%. A) 100; B) 50; C) 25; D) 10; E) 5; F) 1; G) 0.

Figure 4. Transmission electron micrographs (top) and scanning electron
micrographs (bottom) of samples of pure PVD (A, B, D, E) and PVD with
5 mol% HA� COOH (C, F).

Figure 5. Cartoon representation of the proposed aggregation mechanism
for different PVD :HA COOH molar ratios.
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a template for the growth and elongation of hydrogel fibers.
Peaks appear broadened and slightly shifted compared with
the pure polymorph D reported before, suggesting the
participation of HA in these initial nuclei. These results support
our initial hypothesis that proposed the electrostatic interaction
between HA carboxylate and L-Pro ammonium groups of PVD.

Extracellular Matrix (ECM) mimics for suspended cell growth

As mentioned before, the self-assembled fibrillar networks
formed by peptide-based low molecular weight compounds
have been identified as candidates for ECM-mimetics. For
instance, Ulijn and co-workers showed that short peptide
supramolecular hydrogels can be used as a matrix for cell
growth.[36] Later on, they also reported that short peptide self-
assembled fibers could direct stem cell differentiation depend-
ing on hydrogel stiffness.[37] Inspired by these pioneering works,
we envisaged that our two-component soft hydrogels could
combine the positive effects of a bioactive polymer such as HA
and a peptide-based supramolecular network. Among all the
possible cell-growth experiments, our attention was directed
towards suspended cell growth for applications that need to
avoid cell sedimentation. One of those is the Convection
Enhanced Delivery (CED) of therapeutic cells (for instance, Car T
cells) to the brain by intracranial infusion. Sampson and co-
workers reported that the injection of the cells suspended into
a low-viscosity chemically-crosslinked HA hydrogel improved
the efficiency of the CED process based on a reduction of the
Car T cell sedimentation during the process.[33] Therefore, we
tested the ability of our supramolecular hydrogels to both
facilitate cell growth and avoid cell adherence/sedimentation.
5 mol% HA� COOH hydrogels were prepared into adherent 12-
well cell culture treated flat bottom microplates (see SI for
details). After hydrogel stabilization, 500 mL of an A-549 cell
suspension containing 2×105 cells/mL was added over the gels
and left in the CO2 incubator at 37 °C. For control samples, a
similar experiment was performed by adding the cell suspen-
sion to empty wells. The cultures were followed by observation
under the inverted microscope. As can be seen in Figure 7, after

72 h of incubation, a clear difference could be seen between
hydrogels and control samples. Hydrogel-containing wells
showed bundles of suspended cells surrounding the gel fibrillar
network (Figure 7A, see SI for supporting movie) whereas in
control samples all the cells were adhered to the bottom of the
well (Figure 7B).

Conclusions

In summary, we have reported a new supramolecular multi-
component material, fully reversible and non-cytotoxic, with
morphological and rheological characteristics that can be
modulated exclusively by non-covalent interactions. This mate-
rial combines a low molecular weight peptide analogue easy to
prepare, scalable and cell-compatible, and a well stablished
biopolymer, HA. Both components are synergistically blended:
the polymer component acts as a supramolecular regulator
which favours the polymorph selection of PVD and, on the
other hand, the LMW peptide network acts as a scaffold to
harness HA within a hydrogel without the need for irreversible
covalent crosslinking. It should be mentioned that the amount
of HA integrated into the hydrogel is in line with the weight %
reported for commercial cosmetics and pharmaceutical HA
formulations. Moreover, as a proof of concept, the as-prepared
material has been tested for a specific biomedically relevant
application, cell suspension. This behavior may offer opportu-
nities for advanced cell culture and cell delivery techniques.

Experimental Section
Materials. All chemicals and reagents were purchased from
commercial sources and used without further purification unless
stated otherwise. Sodium hyaluronate (53000 Da) was obtained
from the company Polypeptide Therapeutic Solutions (PTS). PVD
was synthesized according to previously published literature
procedures.[20]

Preparation of hydrogels and aggregates. 6.11 mg (0.016 mmols)
of PVD were weighted in a screwed-capped vial (8 mL, 15 mm of
diameter) and the corresponding amount of distilled water or HA
solution (prepared from dry sodium hyaluronate) was added. Then,
the closed vial was heated until complete dissolution, sonicated for
1 minute and stabilized at 25 °C for 24 h prior to being used.
Lyophilized samples were prepared by placing the vials containing
hydrogels or aggregates in liquid nitrogen for 15 minutes until

Figure 6.Wide-angle X-ray diffractograms for xerogels of different PVD :HA
compositions.

Figure 7. Optical microscopy images of A-549 cell cultures in the presence of
PVD :HA 5 mol% fibrillar aggregates (A) and in control samples without
fibrillar network (magnification 20×).
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completely frozen, followed by lyophilization using a Telstar
LyoQuest lyophilizer operating at a temperature of � 86.4 °C and a
vacuum of 0.057 mBar.

Oscillatory rheology. Rheological measurements were conducted
on a Discovery RH-3 rheometer from TA Instruments using a steel
parallel plate-to-plate geometry (40 mm diameter). The gap dis-
tance was fixed at 500 μm. The hydrogels were prepared under the
desired conditions and incubated for 24 h. Then, hydrogels were
deposited onto the rheometer plate and viscoelastic properties
were studied under oscillatory experiments. Frequency and strain
sweep steps were performed at 23 °C. The temperature was
controlled strictly using a Peltier system. Each measurement was
repeated three times to ensure data reliability. All measurements
were conducted within the linear viscoelastic regime (LVR). For this
purpose, the experimental conditions to achieve LVR were
determined by running a stress sweep (oscillatory stress 0.1–100 Pa
at 1 Hz) and a frequency sweep step (0.1–100 Hz at 1 Pa). The
storage and loss moduli independence with frequency and
oscillatory stress applied defined LVR.

Transmission Electron Microscopy (TEM). Samples (10 μL) were
applied directly onto a 200-mesh carbon coated copper grids and
were collected directly without staining. TEM images were recorded
using a JEOL 1010 Transmission Electron Microscope.

Scanning electron microscopy (SEM). Hydrogel samples were
lyophilized, placed on top of an aluminium stub with a carbon
sticker and sputtered with Pt. Scanning electron micrographs were
taken with a JEOL 7001F microscope equipped with a digital
camera.

Wide angle X-ray Diffraction (WAXD). Data collection was
performed at room temperature with a BrukerD4 Endeavor X-ray
powder diffractometer by using Cu Kα radiation. Xerogels were
obtained by freeze-drying and lyophilization. A sample of the
xerogel was placed on a sample holder and data were collected for
2θ values between 2° and 40°.

Fourier Transform Infrared Spectroscopy (FT-IR). Spectra were
recorded for solid samples using a JASCO FT-IR/6200 spectrometer
equipped with an ATR (MIRacle single-reflection ATR diamond/
ZnSe) accessory at 4 cm� 1 (4000–600 cm� 1 spectral rangle).

Cell culture experiments. Hydrogels were prepared, following the
above-mentioned procedure, under sterile conditions and trans-
ferred to 12-well cell culture treated flat bottom microplates. After
24 h, 500 mL of a cellular suspension containing 2×105 cells/mL
grown in 24-well non-adherent plates (Corning™ Costar™ ultralow
adherence microplates) were added on top of the hydrogels (or
control samples with no hydrogel) and left into a CO2 incubator at
37 °C. The cultures were followed by observation under the inverted
microscope at 10x and 20x magnification for 48, 72, and 96 h. A-
549 cells (human lung adenocarcinoma) and DMEM High Glucose
supplemented growth medium (FBS 10%, Glutamine 1%, Penicillin/
Streptomycin 1% and Amphotericin 1%) were used.
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