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A B S T R A C T

Hydrogels are the preferred material choice for various strategies in regenerative medicine. Nevertheless, due to
their high water content and soft nature, these materials are often mechanically weak, which limits their ap-
plicability. This study demonstrates mechanical reinforcement of colloidal gels at microscale using discrete
polyester fibers, as confirmed by rheological, compression and nanoindentation tests. This reinforcement
strategy results in injectable and moldable colloidal gels with improved mechanical performance. The fully
organic gels presented here are cytocompatible and can maintain their mechanical integrity under physiological
conditions. Consequently, these gels exhibit a strong potential for applications in tissue engineering and re-
generative medicine.

1. Introduction

Hydrogels are the preferred material choice for various strategies in
regenerative medicine [1]. These materials can mimic the structure and
properties of natural tissues [2], and offer several possibilities to deliver
cells [3] as well as various biomolecules such as drugs [4] and growth
factors [5]. Recently, injectable hydrogels have gained interest in the
biomedical field due to their applicability for minimally invasive
treatments [6] and the production of complex hydrogel structures at
room or body temperature using techniques such as 3D printing [7] and
injection molding [8]. Nevertheless, due to their high water content and
soft nature, these hydrogels are often mechanically weak, which limits
their applicability for biomedical applications considerably [9]. This
mechanical weakness is a major limiting factor for applications which
require sufficient strength and stiffness such as regeneration of con-
nective tissues [1, 9]. The most common approach to enhance the
stiffness of hydrogels is the increase of their cross-linking degree using
non-reversible covalent bonds, which usually renders the hydrogels
non-injectable [10–13]. The adjustment of mechanical properties of
hydrogels has also been achieved by e.g. controlling the polymer con-
centration [14], modification of the gelation condition (e.g. tempera-
ture) [15], and the variation of the salt concentration in the liquid
phase [16]. An emerging strategy for the preparation of mechanically
robust hydrogels involves reinforcement of hydrogels with fibers
[17–19]. This strategy is based on fiber-based reinforcement mechan-
isms as observed in nature for tissues such as articular cartilage, the

mechanical properties of which are directly correlated with fiber con-
tent and orientation [20, 21]. Incorporation of fibers can increase the
stiffness of hydrogels [19], but also enhance their toughness through
crack bridging mechanism [22]. However, the majority of synthetic
fiber-reinforced hydrogels are made of continuous interconnected fiber
meshes or constructs, which hampers their injectability or moldability
[18, 23, 24]. Attempts to reinforce hydrogels using discrete fibers are
still scarce [19, 25–28]. Furthermore, injectable hydrogel systems
which have been reinforced with discrete fibers were only injectable
prior to their gelation, requiring a post-injection photo-polymerization
[25, 26], chemical cross-linking [19, 27–29], or physical cross-linking
[30] step to achieve mechanical stability. For example, in two studies
[19, 28], Poveda-Reyes et al. used short polymeric microfibers to re-
inforce gelatin gels by dispersing up to 1.5 w/v% of the microfibers in a
gelatin precursor solution. These injectable dispersions could be then
cross-linked enzymatically, resulting in composite hydrogels with sto-
rage and Young moduli up to around 500 Pa (at 1 Hz) and 9 kPa, re-
spectively. Nevertheless, the use of higher fiber contents resulted in
fiber aggregation which limited the injectability of the dispersions.
Moreover, after gelation, these composite materials were not injectable
anymore. Consequently, it remains a challenge to produce injectable
fiber-reinforced hydrogels.

To this end, colloidal gels are an interesting class of hydrogels in
view of their particulate nature [31–35]. These gels assemble into solid-
like interconnected networks [36], but they possess injectable, adaptive
and self-healing features due to the reversibility of their physical
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interparticle bonds [31, 34]. Nevertheless, similar to other physically
cross-linked hydrogels, polymeric colloidal gels suffer from weak me-
chanical properties [31, 33, 35]. Although mechanical reinforcement of
colloidal gels with inorganic nanoparticles was shown to be effective,
these nanocomposite gels are still too weak to resist compressive
loading [32] or display brittle fracture under compression [34]. For
instance, this reinforcement strategy recently delivered a novel silica-
gelatin nanocomposite colloidal gel which was highly elastic and could
withstand substantial compressive and tensile loads (e.g. compressive
modulus ~ 120 kPa) [34]. Nevertheless, various applications such as
soft tissue engineering often require biomaterials that are fully organic
and biodegradable [37–39]. These requirements necessitate a new
strategy for the development of fully organic colloidal gels that are not
only injectable, but also are mechanically robust.

Here, we report the development of fully organic fiber-reinforced
colloidal gels for applications in regenerative medicine. We used gelatin
nanoparticles as colloidal building blocks, which can assemble into
colloidal gel networks, and reinforced the colloidal gels with discrete
sub-micron poly-L-lactic acid (PLLA) fibers of various lengths in order
to achieve mechanically strong hydrogels. Following this strategy, we
were able to produce fully organic colloidal gels which were cyto-
compatible, injectable/moldable and mechanically strong.

2. Materials and methods

2.1. Materials

Gelatin type B (from bovine skin, gel strength ~225 g Bloom) and
glycine were purchased from Sigma-Aldrich (Steinheim, Germany).
PLLA pellets (PURASORB PL 65) were provided by Corbion Purac
(Gorinchem, The Netherlands). Dulbecco Modified Eagle Medium
(DMEM) and fetal calf serum (FCS) were obtained from Gibco
(Eggenstein, Germany) and Sigma-Aldrich (Steinheim, Germany), re-
spectively. All other chemicals were of reagent grade and were used
without any purification.

2.2. Synthesis of gelatin nanoparticles

Gelatin nanoparticles were synthesized using a two-step desolvation
method [31]. In the first step, 50 g of gelatin powder was dissolved in
1 L of distilled water at 50 °C. Afterward, 1 L of acetone was rapidly
added to the gelatin solution and the mixture was left at room tem-
perature for 1 h to precipitate high molecular weight gelatin. There-
after, the supernatant was discarded and the gelatin precipitates were
dissolved in 800mL of distilled water and lyophilized for further usage.
In the second step, 3.75 g of the lyophilized gelatin was dissolved in
75mL of distilled water and the pH of solution was set to 2.5 by adding
hydrochloric acid. Thereafter, 225mL of acetone was slowly added to
the gelatin solution at 50 °C using a syringe pump with a dripping rate
of 12mL/min during vigorous stirring of the solution at 1000 rpm. To
cross-link the gelatin nanoparticles, 555 μL of glutaraldehyde solution
(25 wt%) was added dropwise to the gelatin dispersion at room tem-
perature and left to react overnight while stirring at 600 rpm. In the
next day, 300mL of a 0.1 M aqueous solution of glycine was added to
the gelatin dispersion to block unreacted aldehyde groups. After 1 h of
stirring, the dispersion was filtered with a nylon mesh (100 μm mesh
size). Subsequently, the dispersion was washed with distilled water
through four centrifugation (each at 5000 rpm for 90min) and redis-
persion steps. Thereafter, the nanoparticles were dispersed in acet-
one:water (1:3; V:V) solutions, frozen with liquid nitrogen, and lyo-
philized for further use.

2.3. Synthesis of PLLA fibers

PLLA pellets were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol at
a concentration of 2.5 wt% and subsequently loaded in a syringe

connected to a 21 gauge nozzle. Consequently, sub-micron PLLA fibers
were obtained by means of an electrospinning apparatus (Fuence Co.,
Wako, Japan). Electrospinning was performed at a voltage of 20 kV, a
flow rate of 5 μL/h and an air gap of 20 cm. Solidified fiber meshes were
collected on an aluminum foil and placed in the chemical fume hood for
24 h in order to remove any residual solvents. Thereafter, the electro-
spun fiber meshes were aminolyzed by immersion of the meshes in a 5%
ethylenediamine solution in isopropanol at 37 °C for 3, 4 or 6 h [40].
After the aminolysis procedure, the suspension of nanofibers was cen-
trifuged and washed two times with distilled water followed by a 1min
sonication step at 100% amplitude and 50% duty cycle using a soni-
cation probe (UP100H, Hielscher Ultrasonics, Teltow, Germany) in
order to facilitate the fragmentation of the fiber. Thereafter, the fibers
were freeze dried before further use.

2.4. Preparation of hydrogels

Hydrogels with a solid content of 10 w/v% (~30% particle volume
fraction) were prepared by adding water or an aqueous dispersion of
fibers (with 0–500mM of dissolved sodium chloride) to the lyophilized
gelatin nanoparticles. Thereafter, the solution/dispersion and nano-
particles were thoroughly mixed using a spatula and vortexing (1min).
Thereafter, the samples were centrifuged at 5000 rpm for 1min to ob-
tain bulk gels.

2.5. Dynamic Light Scattering (DLS)

DLS measurements were performed using a Zetasizer® Nano-S in-
strument (Malvern Instruments Ltd., UK) to determine the hydro-
dynamic size of gelatin nanoparticles and PLLA fibers. The measure-
ments were performed using MilliQ water as the dispersion medium
and each test was carried out at 25 °C for 60 s (n=3).

2.6. Zeta potential

Zeta potential measurements were performed using a Zetasizer®
Nano-S instrument (Malvern Instruments Ltd.) to determine the net
surface charge of gelatin nanoparticles and PLLA fibers. The measure-
ments were performed at 25 °C, and HEPES buffer (5 mM, pH=7) was
used as the dispersion medium. Zeta potential values were calculated by
the Zetasizer software based on the measured mobility of nanoparticles
according to the Smoluchowski equation (n=3).

2.7. Scanning Electron Microscopy (SEM)

A Field Emission Scanning Electron Microscope (FE-SEM; Sigma
300, Zeiss, Germany) was used to evaluate the morphology of lyophi-
lized nanoparticles, fibers and gels. All electron microscopy samples
were prepared by fixing the samples on a sticky carbon tape and
sputter-coating with a conductive 10 nm thick chromium layer.

2.8. Mechanical evaluation of hydrogels

2.8.1. Rheology tests
An AR2000ex rheometer (TA instruments, UK) with a flat steel plate

geometry (20mm diameter) was used for rheological evaluation of the
hydrogels. The measurements were performed at 25 °C with an oper-
ating gap of 500 μm. Each hydrogel was first characterized by means of
frequency sweeps (0.1–10 Hz; at 1% strain), followed by a time sweep
(1min, 1 Hz and 1% strain), a strain sweep (0.1–1000% strain, and
1 Hz) and a time sweep (1min, 1 Hz and 1% strain) step. The storage
modulus (G′) of the gels was defined as the average G′ during the first
time sweep step. The yield strain of the gels was determined as the
strain at which G′ and G″ were equal. The self-healing capability of
hydrogels after shear-induced destruction was evaluated by quantifying
the recovery (%) of their storage modulus (G′). The recovery of G′ (%)
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was determined as the ratio between the storage modulus 1min after
strain sweep-induced gel network destruction (0.1–1000% strain) re-
lative to their original storage modulus. This protocol mimics the gel
network destruction by high shear forces during the extrusion though a
narrow needle followed by recovery of the gel after the injection pro-
cedure. The shear-thinning behavior of the gels was determined
through steady flow experiments by measuring their viscosity while
varying the shear rate from 0.1 to 100 s−1. Three samples were mea-
sured for each experimental condition (n=3).

2.8.2. Compression tests
Compression tests were performed using an LS1 (Lloyd Instruments,

UK) universal testing machine equipped with a 10 N load cell.
Cylindrical hydrogel specimens were prepared by injecting the hydro-
gels into cylindrical Teflon molds (diameter: 8 mm, height: 5 mm) and
keeping them at 4 °C overnight. The compression tests were carried out
at a loading rate of 0.5mm/min. The elastic modulus of the samples
was calculated from the average slope of the initial part (0 to 10%
strain) of their stress-strain curves. Three samples were measured for
each experimental condition (n=3).

2.8.3. Nanoindentation tests
Mechanical properties of the hydrogels at the microscopic level

were measured using a PIUMA nanoindentation instrument (Optics11,
The Netherlands). The measurements were carried out using a spherical
nanoindentation probe with a stiffness of 0.492 N/m and a radius of
45 μm. The hydrogel samples were filled into cylindrical plastic molds
which were fixed on plastic petri dishes using epoxy glue. The petri
dishes were filled with MilliQ water and indentations were made in
these wet conditions at room temperature with a probe displacement
velocity of 9 μm/s at three different spots (n=3) on the surface of each
type of hydrogel. Elastic moduli were calculated by the Piuma software
using the method provided by Oliver and Pharr for spherical indenters
[41, 42].

2.9. In vitro cytocompatibility

The cytocompatibility of the hydrogels was assessed by culturing

mouse fibroblastic NIH 3T3 cells on the gel surface and performing an
alamarBlue® assay to assess the metabolic activity of the cultured cells.
The nanoparticles and fibers were sterilized by acetone/ethanol rinsing
followed by a freeze-drying step. The hydrogels were prepared inside a
fume hood using autoclaved MilliQ water and injected into cylindrical
plastic molds (diameter: 6 mm, height: 4 mm), which were subse-
quently placed (including molds) inside a 48 well plate. 1× 104 fi-
broblasts were seeded on the top surface of each hydrogel sample lo-
cated inside the mold. After 10min, the cell culture medium was added
delicately into each well to confine the cells within the mold and the
cells were cultured for up to 7 days. As cell culture medium, we used
DMEM supplemented with 10% FCS, penicillin (100 U/mL) and strep-
tomycin (10 μg/mL). At each time point, an alamarBlue® stock solution
(0.1 mg/mL in PBS) was 10 times diluted with serum-free DMEM. This
solution was transferred to each well at a final volume of 1mL and then
incubated at 37 °C for 4 h in the dark. Thereafter, the optical density of
the solutions was measured at 570 nm and 600 nm (reference wave-
length) using a multi-mode spectrophotometer (Biotek, Winooski,
USA). Four samples of each group were analyzed for the experiment.
The metabolic activity of cells in each sample was calculated according
to the assay protocol (BIO-RAD, Veenendaal, Netherlands) using no-
cells blanks as negative control and the cells cultured on pure gelatin
gels as positive control. The values were expressed as % relative to the
metabolic activity of cells cultured on fiber-free hydrogels at day 1.

2.10. Statistics

All values were presented as average ± standard deviation. The
statistical analyses were carried out using GraphPad Prism 7 software
(GraphPad Software Inc., San Diego, CA, USA). Statistical differences
between experimental groups were determined by one-way ANOVA
with Tukey's multiple comparisons test. P < 0.05 was considered as
significantly different.

3. Results and discussion

Particles as basic building blocks of colloidal gels play a key role in
determining the properties of these materials [36]. Therefore, the

Fig. 1. Building blocks and formation of colloidal gels. Scanning electron micrographs of (a) gelatin nanoparticles, and PLLA fibers aminolyzed for (b) 6 h, (c) 4 h and
(d) 3 h. Schematic illustration of the formation of fiber-reinforced gels is shown in (e).
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physicochemical properties of the individual particles were character-
ized in more detail. Fig. 1 shows the scanning electron micrographs of
the particulate building blocks that we used in this study as well as a
schematic depiction of our methodology to prepare the colloidal hy-
drogels. The gelatin nanoparticles had an average diameter of
210 ± 64 nm (Fig. 1a), which upon swelling increased to
~332 ± 3 nm (PdI= 0.14 ± 0.02) as measured by means of DLS.
Previous studies [31, 34] have shown that despite their electrostatic
long-range repulsion (Zeta potential of −23 ± 2mV at pH 7), the ge-
latin nanoparticles are able to form interparticle bonds when they are in
close proximity. Such bonds arise from short-range hydrophobic and
ionic interactions between the dangling gelatin chains on the surface of
nanoparticles and can lead to the formation of colloidal gel networks.
We hypothesized that these dangling chains would also interact with
the amine and remaining carboxyl groups of aminolyzed PLLA fibers
[40], leading to the formation of physical crosslinks between these fi-
bers and gelatin nanoparticles. As shown in Fig. 1(b–d), the PLLA fibers
produced in this study exhibited an average diameter of 795 ± 78 nm
and average lengths of 2.2 ± 0.7, 7.1 ± 3.2 and 19.1 ± 12.1 μm
when aminolyzed for 6, 4 and 3 h, respectively.

To assess the distribution of PLLA fibers within the hydrogels, we
lyophilized the hydrogels and evaluated their morphology by electron
microscopy. Fig. 2 shows the scanning electron micrographs of various
types of lyophilized colloidal gels. These images reveal a homogeneous
dispersion of the fibers throughout the hydrogels for all compositions.
Nevertheless, in samples prepared with long PLLA fibers (aminolyzed
for 3 h), the fibers appeared to protrude from the hydrogel matrix
(Fig. 2f). Importantly, imaging of the samples at high magnification
showed that the PLLA fibers were covered with spherical gelatin na-
noparticles (Fig. 2c), which indeed suggests a high affinity between the
fibers and the gelatin nanoparticles.

Subsequently, we investigated the effects of fiber incorporation on
the viscoelastic properties of the hydrogels (Fig. 3). Importantly, all
hydrogels showed frequency-independent solid-like behavior (Fig. S1).
The rheological measurements revealed a significant reinforcement of
the hydrogels upon incorporation of the fibers, as evidenced by a 15-
fold increase of the storage modulus (G′) of the gels upon fiber in-
corporation. The highest reinforcing efficacy was observed for hydro-
gels reinforced with fibers aminolyzed for 4 h, which showed

significantly higher storage moduli as compared to the other groups at a
fiber/gelatin ratio (w/w) of 1, indicating that the average length of
7.1 ± 3.2 μm of these fibers was the fiber length which reinforced
these colloidal gels most effectively. Furthermore, based on these re-
sults, we postulate that longer aminolysis times would result in inferior
mechanical properties of the fibers and too low aspect ratios, while
shorter aminolysis times might compromise the dispersion. Conse-
quently, there seems to be a balance between dispersion, mechanical
properties and dimensions of the fibers for the effective reinforcement
of the colloidal gels.

However, the lowest tan(delta) and highest yield strain were ob-
served for hydrogels reinforced with the shortest fibers (2.2 ± 0.7 μm
after aminolysis for 6 h). This effect might be caused by a more uniform
distribution of these small fibers throughout the gels and a stronger
interaction with gelatin nanoparticles as a result of their higher specific
surface area. In order to assess the self-healing ability of the hydrogels,
we quantified the recovery of the storage modulus after destructive
shearing up to 1000% strain. As shown in Fig. 3d, these experiments
indicated that the reinforcement of colloidal gels with the PLLA fibers
aminolyzed for 4 or 6 h negatively affected their self-healing capacity;
upon incorporation of these fibers in the colloidal gels, the recovery of
the storage modulus decreased from around 70% to as low as 40%.
However, the reinforcement of colloidal gels with longer fibers
(19.1 ± 12.1 μm after aminolysis for 3 h) did not compromise their
self-healing capacity since the recovery of the storage modulus re-
mained statistically similar after the incorporation of fibers. These re-
sults indicate that the effect of fiber-reinforcement on the self-healing
properties of colloidal gels depends on the fiber dimensions. The re-
duction of self-healing capacity upon incorporation of shorter fibers
might result from their stiffer and less flexible behavior which com-
promised the dynamic nature of colloidal gelatin gels. As a con-
sequence, the restoration of a uniform colloidal network after de-
structive shearing was hindered.

Since the most effective reinforcement of hydrogels was observed
upon incorporation of fibers aminolyzed for 4 h, we selected the hy-
drogels prepared with these fibers for a more detailed study. To validate
the applicability of the fiber-reinforced gels in biological fluids of high
ionic strength, we studied the effect of ionic strength on the viscoelastic
properties of the hydrogels by dissolving different concentrations of

Fig. 2. Scanning electron micrographs of lyophilized gelatin-PLLA colloidal hydrogels containing different amounts of PLLA fibers with different lengths (controlled
by the aminolysis time). R and t correspond to fiber/gelatin (w/w) ratio and the aminolysis time of fibers, respectively.
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sodium chloride in the solutions used for the hydrogel preparation. As
shown in Fig. 4, the increase of ionic strength up to 500mM did not
compromise the viscoelastic properties of the hydrogels, as no statistical
difference was observed between viscoelastic parameters at different
ionic strengths. Since electrostatic interactions are screened at high
ionic concentrations [32], these results indicate that other interactions
such as hydrophobic and Van der Waals forces can also be responsible

for the formation of interparticle bonds in our gels. In the absence of
such hydrophobic and Van der Waals interactions, other polymeric
colloidal gels [43] were shown to lose their mechanical integrity at high
ionic concentrations.

Importantly, as shown in Fig. 5a and Movie S1, the reinforcement of
the gels with PLLA fibers did not compromise the injectability of these
materials; the fiber-reinforced fibers showed shear-thinning behavior

Fig. 3. (a) Storage modulus (G′), (b) damping factor (tan(delta)), (c) yield strain, and (d) recovery of G′ after destructive-shearing, for hydrogels reinforced with
different amounts of fibers aminolyzed for 3, 4 or 6 h.

Fig. 4. (a) Storage modulus (G′), (b) damping factor (tan(delta)), (c) yield strain, and (d) recovery of storage modulus (G′) after destructive shearing of fiber-
reinforced colloidal gels of different ionic strength. All hydrogels were prepared from PLLA fibers aminolyzed for 4 h and a fiber/gelatin (w/w) ratio of 1.

M. Diba et al. Materials Science & Engineering C 92 (2018) 143–150

147



Fig. 5. (a) Digital photograph of a fiber-reinforced col-
loidal gel during extrusion from a syringe. (b) Shear-
thinning behavior of fiber-reinforced and fiber-free col-
loidal gels. (c) Digital photograph of a fiber-reinforced
colloidal gel after molding. (d) Stress–strain curves of
fiber-reinforced and pure gelatin colloidal gels during
compressive loading. The fiber-reinforced gels were pre-
pared at a fiber/gelatin (w/w) ratio of 1, using 4 h ami-
nolyzed fibers.

Fig. 6. (a) Load-displacement curves and (b) elastic modulus (E) of hydrogels with different fiber contents, measured by nanoindentation tests. **indicates statistical
difference (P < 0.005). The fiber-reinforced gels were prepared using 4 h aminolyzed fibers.

Fig. 7. (a) Metabolic activity of fibroblast cells seeded on the hydrogels prepared from gelatin nanoparticles and PLLA fibers at different time points of cell culture,
and (b) viscoelastic properties of the hydrogels after 7 days of cell culture. R indicates fiber/gelatin ratio (w/w). *, **, ***, and ****indicate statistical difference with
P < 0.05, P < 0.01, P < 0.001 and P < 0.0001, respectively. The fiber-reinforced gels were prepared using 4 h aminolyzed fibers.
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similar to fiber-free gels (Fig. 5b). This unique combination of fiber
reinforcement and injectability was obtained owing to a sufficient
amount of reversible interactions between the gelatin nanoparticles and
PLLA fibers, as previous attempts [19] could not simultaneously
achieve reinforcement and injectability upon incorporation of PLLA
fibers into polymeric hydrogels. In addition to their injectability, the
fiber-reinforced hydrogels also showed excellent moldability (Fig. 5c),
which enabled the evaluation of their mechanical properties under
compressive loading. As shown in Fig. 5d, these tests demonstrated that
the fiber-reinforcement strategy significantly improved the mechanical
resistance of the colloidal gels against compressive loading. Upon fiber
incorporation, the elastic modulus of the hydrogels was increased al-
most tenfold from 2.4 ± 0.2 to 23.1 ± 2.1 kPa. The fiber-reinforced
gels showed a linear elastic behavior for up to around 20% strain, after
which crack formation and propagation occurred and the deformation
proceeded plastically (Movie S2). Nevertheless, such visible fracture
event was not observed for the fiber-free gels.

Rheological and compression tests describe the bulk mechanical
behavior of hydrogels, but direct cell-biomaterial interactions occur at
microscale. Therefore, we performed nanoindentation tests on our hy-
drogels using a micron-size spherical probe to elucidate the effect of
fiber incorporation on mechanical properties of hydrogels at micro-
scale. As shown in Fig. 6, upon incorporation of the fibers in the gels,
the elastic modulus increased>150-fold. Importantly, the microscopic
mechanical reinforcement effect caused by the fibers occurred uni-
formly throughout the gel matrix, since standard deviations were low.
These results clearly indicate that the fiber reinforcement effect is not
limited to the macroscopic level but also occurs at the microscale. This
considerable change of elasticity at the microscopic scale can be sensed
by cells and direct cellular behavior such as differentiation [44]. For
example, Engler et al. [45] have shown that the elasticity of bioma-
terials can influence the phenotype of mesenchymal stem cells, since
matrices with elastic moduli of 0.1–1 kPa, 8–17 kPa, or 25–40 kPa were
neurogenic, myogenic, or osteogenic, respectively. These elasticities
were in the same range as our colloidal gels, which highlights the po-
tential applicability of our fiber reinforcement strategy for engineering
of various tissue types. Nevertheless, more detailed biological studies
are required to elucidate the effect of elasticity of fiber-reinforced col-
loidal gels on cellular behavior.

Although the cytocompatibility of pure gelatin colloidal gels has
been shown previously [32, 34, 46], the effect of incorporation of PLLA
fibers on the cytocompatibility of these materials has not been studied
yet. Therefore, we cultured fibroblastic NIH 3 T3 cells on our colloidal
gelatin-PLLA gels. As shown in Fig. 7a, the alamarBlue® assay indicated
that the fiber reinforcement of the colloidal gels did not cause cytotoxic
effects for the fibroblastic cells. Nevertheless, we measured a decrease
in metabolic activity of cells over time for all hydrogels, which can be
attributed to e.g. contact inhibition effect upon reaching a high cell
confluency [47, 48] and/or the migration of cells towards the inner
area of the hydrogels [49]. Importantly, the rheological evaluation of
the hydrogels after 7 days of cell culture showed that these materials
retained their mechanical integrity during the cell culture period, which
proves that the reinforcement of the gels with fibers was still effective
after the cell culture period (Fig. 7b). However, after the cell culture, a
decrease in storage modulus of fiber-reinforced gels and an increase in
tan(delta) of the fiber-free gels were observed which might be caused
by fibroblasts. It has been shown that the remodeling of collagen gels by
fibroblasts through collagen production and the secretion of proteolytic
enzymes can stiffness these materials in a frequency-dependent manner
[50]. Nonetheless, several studies [46, 51, 52] have demonstrated that
proteolytic enzymes can degrade gelatin-based colloidal gels, poten-
tially leading to enhanced swelling and decreased elasticity of such
hydrogels. Overall, the cytocompatibility and mechanical stability of
fiber-reinforced colloidal gels suggest a great potential for the use of
these materials for applications in tissue engineering and regenerative
medicine. Nevertheless, more detailed cell culture studies using

different cell types should be performed to characterize the in vitro cell
response of these hydrogels in more detail for various application areas
in soft tissue regeneration. Particularly, it is important to elucidate the
biological effect of the mechanical reinforcement of these hydrogels in a
cell-specific manner. Moreover, these in vitro experiments should be
followed by in vivo tests in relevant animal models to evaluate the
potential for clinical translation.

4. Conclusions

This study demonstrated successful mechanical reinforcement of
colloidal gels using PLLA fibers. This reinforcement strategy did not
compromise the injectability of these materials, and facilitated the
preparation of moldable gels that were mechanically robust.
Importantly, the fiber reinforcement of gels was effective at both
macroscopic and microscopic levels. Finally, these fully organic gels
were cytocompatible and could retain their mechanical integrity under
physiological conditions for up to one week. This combination of
properties is highly attractive for applications such as soft tissue re-
generation. Consequently, these materials exhibit a strong potential for
a wide range of applications in tissue engineering and regenerative
medicine.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2018.06.038.
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