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ABSTRACT: Supramolecular peptide-based hydrogels attract
great attention in several fields, i.e., biomedicine, catalysis, energy,
and materials chemistry, due to the noncovalent nature of the self-
assembly and functional tunable properties defined by the amino
acid sequence. In this work, we developed an injectable hybrid
supramolecular hydrogel whose formation was triggered by
electrostatic interactions between a phosphorylated tripeptide,
Fmoc-FFpY (F: phenylalanine, pY: phosphorylated tyrosine), and
cationic polymer nanoparticles made of vinylimidazole and
ketoprofen (poly(HKT-co-VI) NPs). Hydrogel formation was
assessed through inverted tube tests, and its fibrillary structure,
around polymer NPs, was observed by transmission electron
microscopy. Interestingly, peptide self-assembly yields the for-
mation of nontwisted and twisted fibers, which could be attributed to β-sheets and α-helix structures, respectively, as characterized
by circular dichroism and infrared spectroscopies. An increase of the elastic modulus of the Fmoc-FFpY/polymer NPs hybrid
hydrogels was observed with peptide concentration as well as its injectability property, due to its shear thinning behavior and self-
healing ability. After checking their stability under physiological conditions, the cytotoxicity properties of these hybrid hydrogels
were evaluated in contact with human dermal fibroblasts (FBH) and murine macrophages (RAW 264.7). Finally, the Fmoc-FFpY/
polymer NPs hybrid hydrogels exhibited a great nitric oxide reduction (∼67%) up to basal values of pro-inflammatory RAW 264.7
cells, thus confirming their excellent anti-inflammatory properties for the treatment of localized inflammatory pathologies.
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1. INTRODUCTION

Supramolecular hydrogels attract great attention in several
fields such as biomedicine, catalysis, energy, and materials
chemistry due to the noncovalent nature of self-assembly,
which makes them ideal candidates for 3D printing processing
and development of injectable materials.1−3 In this line,
directed molecular self-assembly of peptides, endowed with
functional tunable properties defined by the amino acids that
form the peptide sequence,4−6 at the interface of nanostruc-
tures, i.e., nanoparticles and nanotubes, has attracted wide-
spread interest for the fabrication of magneto-responsive
hydrogels,7,8 antimicrobial coatings,9 electronic sensors,10 or
trapping networks for water treatment,11 among others.
Inflammatory diseases are characterized by inflammation of

affected areas,12,13 which can result in delayed healing,
increased scarring, necrosis, and/or even cancer develop-
ment.12,14,15 Therefore, the inflammatory response, charac-
terized by high quantities of pro-inflammatory macrophages,
needs to be shortened to effectively improve the chronic

wound healing process.14,16 There exist several drugs,
biomedical platforms, and medical therapies that can be
employed to address anti-inflammatory processes.16 In this
regard, polymer nanoparticles (NPs) loaded with anti-
inflammatory drugs have been widely employed. This is the
case of nanoparticles made of naproxen (NAP) and dexa-
methasone (Dx), which have a synergistic effect on the
repression of Il12b transcript levels, the gene that codifies
IL12-p40 in macrophages.17 Besides, nonsteroidal anti-
inflammatory drugs (NSAIDs) such as ketoprofen (HKT)
have also been combined with Dx leading to anti-inflammatory
NPs.18 However, governed by their cellular internalization, the
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anti-inflammatory effect of NPs is limited by the quantity taken
up by cells and difficult to control by targeting inflamed areas
without affecting healthy tissues.19

These problems can be solved by embedding NPs in a self-
healing hydrogel matrix, which can be injected into the target
areas for treatment. N-Fluorenyl-9-methoxycarbonyl (Fmoc)
bearing peptides, mainly assembled by π−π stacking of the
aromatic Fmoc units leading to β-sheets and α-helix
conformations,20,21 have shown intrinsic anti-inflammatory
properties.22,23 However, β-sheet-rich supramolecular assem-
blies are associated with various amyloid degenerative
disorders, e.g., type 2 diabetes, Alzheimer’s, and Parkinson’s
diseases, which makes it necessary to regulate this structural
arrangement to form helix or random coil conformations
during the self-assembly.24,25 Among different self-assembling
peptides, Fmoc-FF has been widely used to fabricate
supramolecular hydrogels through solubilization in NaOH or
DMSO solvents, and subsequent gelation through pH or
temperature triggers.26,27 As previously reported,28 the
presence of organic solvents can be avoided by the
incorporation of tyrosine phosphate in the amino acid
sequence leading to a water-soluble peptide, Fmoc-FFpY.
Then, Fmoc-FFpY peptide can be self-assembled by enzymatic
dephosphorylation in the presence of alkaline phosphatase
(AP) forming supramolecular hydrogels (Fmoc-FFY),28,29 with
good biocompatibility, cell adhesion,30 and antimicrobial
properties.9 However, their very low elastic modulus makes
them difficult to handle. This problem can be overcome by
assembling this peptide through electrostatic interactions with
amine-charged polymers such as poly(allylamine hydro-
chloride) (PAH) in solution.31 The main drawback of these
systems is the limited biocompatibility of PAH, reducing the
applicability of these hydrogels for biomedical applications.
Therefore, herein, we present the development of a self-healing
supramolecular hydrogel formed by electrostatic interaction of
the phosphorylated peptide, Fmoc-FFpY, at the interface of
fully biocompatible cationic polymer nanoparticles, made of
vinylimidazole and ketoprofen (poly(HKT-co-VI) NPs). The
electrostatic interaction between both components allowed us
to minimize the β-sheet conformation, being the α-helix
arrangements the prominent ones as revealed by circular
dichroism measurements. In addition, the hydrogels showed
anti-inflammatory properties, from the contact of immune
RAW macrophages cells with the interface of the nanoparticles,
together with a shear thinning behavior and self-healing
properties to be able to be injected into target areas, which
make them ideal candidates for the treatment of inflammatory
pathologies.

2. EXPERIMENTAL SECTION
2.1. Materials. Fmoc-FFpY was provided by Pepmic (Suzhou,

China). Sodium tetraborate anhydrous (borax), phosphate-buffered
saline at pH 7.4 (PBS), and Dulbecco’s modified Eagle’s medium and
additives, trypsin, glutaraldehyde, MTT (thiazolyl blue formazan),
Tween 20, lipopolysaccharide (LPS), and Griess reagent (modified)
were purchased from Sigma-Aldrich. Fetal bovine serum (FBS) was
provided by Gibco. All reactants were used as received. Poly(HKT-co-
VI) nanoparticles employed for the hydrogel formation were
fabricated following a protocol previously reported by Espinosa-
Cano et al.18 Briefly, poly(HKT-co-VI) nanoparticles were obtained
through nanoprecipitation by adding dropwise an organic solution of
the copolymer, poly(HKT-co-VI) (10 mg mL−1 in acetone/ethanol
(80:20)) to an aqueous buffer solution (0.1 M acetic acid and 0.1 M
NaCl at pH 4). Then, the remaining organic solvent was evaporated,

leading to the final dispersion of nanoparticles, with a concentration
of 1 mg mL−1 and an average hydrodynamic diameter of ∼120 nm,
which was stored at 4 °C for further experiments.

2.2. Hydrogel Formation. Hydrogels were formed by mixing
Fmoc-FFpY solutions (in 25 mM borax buffer at pH 9.5) with a
poly(HKT-co-VI) nanoparticles dispersion at different ratios. Three
different hydrogels were obtained with final concentrations of 5 mg
mL−1 Fmoc-FFpY/0.5 mg mL−1 NPs, 2.5 mg mL−1 Fmoc-FFpY/0.5
mg mL−1 NPs, and 2.5 mg mL−1 Fmoc-FFpY/0.4 mg mL−1 NPs,
named Fmoc5_NPs0.5, Fmoc2.5_NPs0.5, and Fmoc2.5_NPs0.4,
respectively. The final hydrogel volume was 400 μL for the inverted
tube and rheological tests and 500 μL for the cell culture. The
fibrillary gel network was obtained by placing the nanoparticles
dispersion in contact with the peptide solution for 24 h to guarantee
that a steady state in the gel formation was achieved. The pH of the
hydrogel is 5.

2.3. ζ-Potential. ζ-Potential of nanoparticles dispersion and
hydrogels was measured by laser Doppler electrophoresis (LDE)
using a Malvern Nanosizer NanoZS instrument equipped with a 4
mW He−Ne laser (λ = 633 nm) at a scattering angle of 173° and at
25 °C. Three measurements of 20 runs were performed for each
sample.

2.4. Transmission Electron Microscopy (TEM). The morphol-
ogy of the hydrogels was observed by TEM and cryo-TEM. Images
were taken at 100 000 V and a magnification of 10 000 in a JEOL
JEM-1230 electron microscope equipped with a digital camera CMOS
TVIPS Tem-Cam 16 megapixel and a cryo-holder. TEM samples were
observed under negative staining by incubating the Fmoc-FFpY/NPs
hydrogels with a heavy-metal salt solution, formed by 1% uranyl
acetate and 1% phosphotungstic acid, for 5 min, followed by 2 min
washing. Cryo-TEM samples were prepared by placing 4 μL of each
Fmoc-FFpY/NPs hydrogel on a carbon-coated copper grid to be
subsequently frozen cryogenically in a Cryoplunge (GATAN) adapted
with a Vitrorobot (FEI).

2.5. Fluorescence Spectroscopy. It was performed in a
PerkinElmer LS 55 fluorescence spectrometer at 25 °C. All
fluorescence spectra were recorded between 300 and 420 nm at an
excitation wavelength of 290 nm by placing the sample between two
quartz slides, leading to a path length of about 0.1 mm.

2.6. Fourier Transform Infrared (FTIR) Spectroscopy. Spectra
were recorded between 850 and 1720 nm in the attenuated total
reflectance (ATR) mode using a PerkinElmer Spectrum Two FT-IR
Spectrometer. Measurements were performed at 25 °C after drying
the hydrogels at room temperature to remove water.

2.7. Circular Dichroism (CD). Spectra were recorded between
190 and 320 nm using a Jasco J-815 spectropolarimeter with a
wavelength data pitch of 0.2 nm. Measurements were performed at 25
°C using quartz slides of 1 mm thickness. Samples were placed
between the two slides leading to a path length of about 0.1 mm.

2.8. Rheological Characterization. Rheological properties were
measured using an AR-G2 rheometer (TA Instruments) with a cross-
hatched plate geometry of 20 mm diameter and 1 mm gap. Strain
measurements were carried out from 0.01 to 1000% at 1 Hz and 37
°C. Frequency sweeps were performed from 10 to 0.01 Hz at 1%
strain and 37 °C. The shear thinning behavior was evaluated by
measuring the share viscosity in continuous flow at share rates from
0.01 to 1000 s−1 at 37 °C. To demonstrate the self-recovery
properties, G′ and G″ were evaluated using the dynamic step strain
amplitude test by varying the strain between 1 and 1000% at 25 and
37 °C.

2.9. Hydrogels Stability under Physiological Conditions
and Delivery Assays. Hydrogels were incubated with 1 mL of
phosphate-buffered saline (PBS) at 37 °C. After different time
intervals, 1, 2, 3, 7, 14, and 21 days, the supernatant was removed and
replaced with 1 mL of fresh PBS. The amounts of Fmoc-FFpY and
poly(HKT-co-VI) NPs released at each time were evaluated by
measuring the absorbance at 300 and 258 nm, respectively, using a
UV−vis spectrophotometer (NanoDrop One/Onec, Thermo Scien-
tific). The cumulative amount of each component was determined
from the standard calibration curves of Fmoc-FFpY and poly(HKT-
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co-VI) NPs in PBS measured separately. Results are shown as mean ±
standard deviation of three measurements.
2.10. Cell Culture. In vitro cell tests were performed with two

different cell lines, human dermal fibroblasts (FBH) and RAW 264.7
murine macrophages (RAW) cells, at 37 °C, 5% CO2, and 90%
relative humidity. FBH cells were cultured in Dulbecco’s modified
Eagle’s medium, enriched with 4500 mg mL−1 glucose (DMEM;
Sigma, Saint Louis, MO) supplemented with 10% v/v fetal bovine
serum (FBS; Gibco, BRL), 2% v/v L-glutamine (Sigma, Saint Louis,
MO), 100 units mL−1 penicillin, and 100 mg mL−1 streptomycin,
modified with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES). RAW cells were cultured in high-glucose DMEM (Sigma,
Saint Louis, MO) supplemented with 10% v/v FBS, 2% v/v L-
glutamine, and 1% v/v penicillin-G.
2.11. Cytotoxicity Assay by MTT Indirect Test. First, gels were

incubated with 1 mL of FBH or RAW cell culture medium at 37 °C.
At predetermined intervals, 1, 2, 3, 7, 14, and 21 days, the supernatant
was removed under sterile conditions and replaced with 1 mL of fresh
cell culture medium. Separately, FBH or RAW cells were seeded at

densities of 9 × 104 and 1 × 105 cells mL−1, respectively, in complete
medium in sterile 96-well plates and incubated up to confluence. After
24 h incubation, the medium was replaced with the corresponding
extracts (dilution 1:2 in complete medium) and incubated at 37 °C in
humidified air with 5% CO2 for 24 h. In the case of lip-
opolysaccharide-stimulated (LPS) RAW cells, 5 μL of LPS (0.5 μg
mL−1) was added to extracts. Afterward, cell viability was determined
by AlamarBlue (Invitrogen) assay. For that purpose, the supernatant
was removed and the plates were incubated with 100 μL per well of
an MTT solution (10% v/v of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide in PBS) and incubated for 180 min at
37 °C in the dark. Then, absorbance at 570 nm was measured in a
Multi-Detection Microplate Reader Synergy HT (BioTek Instru-
ments, Winooski, VT). Results are shown as mean ± standard
deviation of eight measurements and expressed as a percentage of cell
viability with respect to the control (cells treated only with medium).

2.12. Cytotoxicity Assay by Live/Dead Direct Test. Gels were
formed directly in 24-well plates under sterile conditions by mixing
Fmoc-FFpY and poly(HKT-co-VI) NPs at different ratios and

Figure 1. (a) Representative scheme of electrostatic interaction between poly(HKT-co-VI) NPs and Fmoc-FFpY, leading to the formation of a
Fmoc_NPs hybrid hydrogel by mixing accurate proportions of poly(HKT-co-VI) NPs dispersion and Fmoc-FFpY solution. Inverted tube tests of
the precursor poly(HKT-co-VI) NPs dispersion and Fmoc-FFpY solution (b) used to form supramolecular Fmoc-FFpY/poly(HKT-co-VI) NPs
hydrogels after 24 h at (c) different Fmoc-FFpY concentrations and a fixed NPs concentration and (d) different NPs concentrations and a fixed
Fmoc-FFpY concentration. The vial caps have been marked with gray contours. TEM micrographs of negatively stained Fmoc-FFpY/poly(HKT-co-
VI) NPs hydrogels with different concentrations: (e) Fmoc2.5_NPs0.4, (f) Fmoc2.5_NPs0.5, and (g) Fmoc5_NPs0.5. Insets show the zoom-in of
the peptide fibers around one single nanoparticle.
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incubated at 37 °C for 24 h. Then, the gels were washed once with 1
mL of PBS for 5 min and twice with 1 mL of FBH or RAW cell
culture medium each time. Subsequently, FBH or RAW cells were
seeded at a density of 1 × 105 cells mL−1 on top of the gels and
incubated at 37 °C in humidified air with 5% CO2. After 24 h
incubation, the medium was replaced with 1 mL of fresh cell culture
medium and incubated for another 24 h under the same conditions.
Subsequently, cell viability was determined using the Live/Dead
viability/cytotoxicity kit (Sigma-Aldrich). The kit contains calcein-
AM (4 mM in anhydrous DMSO) and ethidium homodimer-1 (2
mM in DMSO/H2O 1:4 (v/v)), which allowed staining live cells in
green and dead cells in red, respectively. For that purpose, the
supernatant was removed, gels were washed with 1 mL of PBS, and a
mixture of 25 μL of fresh cell culture medium without phenol red and
25 μL of the live/dead kit was added to them and incubated for 15
min at room temperature in the dark before observation by
fluorescence microscopy. The stained cells were visualized with a
Nikon Eclipse TE2000-S epifluorescence microscope with a 4×
objective lens, and ImageJ software was used to calculate the area
covered by live and dead cells. Cell viability percentage was obtained
by comparison of the live cell area with respect to the death cell area
of each sample. Samples were tested by duplicate, and images were
taken in four different points of each sample.
2.13. Direct Cell Adhesion Assay. The morphology of the cells

directly in contact with the hydrogels was visualized after a cell
adhesion assay following the above-mentioned procedure, but instead
of using the live/dead kit, the cells were stained according to the
following protocol at the end of the cell contact assay. After washing
with 1 mL of PBS, the cells were fixed/permeabilized with 3.7% w/v
paraformaldehyde (PFA) in PBS for 1 h. PFA was removed, and
samples were washed twice with 1 mL of PBS. After removing PBS,
200 μL of Triton 0.05% w/v in PBS was added and kept in contact for
20 min at room temperature. Later, the samples were washed twice
with 1 mL of PBS and brought in contact with 100 μL of Hoechst
(dilution 1:1000 from 10 mg mL−1 in PBS) plus 100 μL of phalloidin-
rhodamine (dilution 1:100 in PBS from stock) and incubated for 40
min in the dark. Subsequently, the samples were washed once with
400 μL of PBS and then with 1 mL of Milli-Q water. After that, 200
μL of Tween 20 (0.02% v/v in PBS) was added and incubated for 5
min in the dark. Finally, the samples were washed with 1 mL of Milli-
Q water and observed by fluorescence microscopy using a Nikon
Eclipse TE2000-S epifluorescence microscope with a 20× objective
lens. ImageJ software was used to calculate the area covered by the
nucleus and cytoskeleton.32 The cell area was calculated as the sum of
the nucleus area plus the cytoskeleton area by counting at least 20
cells. The samples were tested in duplicate, and images were taken in
four different points of each sample.
2.14. Nitric Oxide (NO) Assay for Anti-Inflammatory

Properties. For the indirect NO assay, first, gels were incubated
with 1 mL of RAW cell culture medium at 37 °C. After predetermined
time intervals, 1, 2, 3, 7, 14, and 21 days, the supernatant was removed
under sterile conditions and replaced with 1 mL of fresh cell culture
medium. Separately, RAW cells were seeded at a density of 1 × 105

cells mL−1 in complete medium in a 96-well plate and incubated up to
confluence. After 24 h incubation, the medium was replaced with the
corresponding extracts and incubated at 37 °C in humidified air with
5% CO2 for 24 h. In the case of lipopolysaccharide-stimulated (LPS)
RAW cells, 5 μL of LPS (0.5 μg mL−1) was added to extracts to
simulate inflammatory conditions (ICU). Afterward, NO released by
macrophages was determined using the Griess reagent-modified kit
(Sigma-Aldrich) according to the manufacturer’s instructions. The
supernatant (75 μL) was brought in contact with 25 μL of Griess
reagent and incubated for 15 min in the dark. In the case of NO direct
assay, gels were formed directly in 24-well plates under sterile
conditions by mixing poly(HKT-co-VI) NPs and Fmoc-FFpY at
different ratios and incubated at 37 °C for 24 h. Then, the gels were
washed once with 1 mL of PBS for 5 min and twice with 1 mL of
RAW cell culture medium each time. Subsequently, RAW cells at a
density of 1 × 105 cells mL−1 were seeded on top of the gels and
incubated at 37 °C in humidified air with 5% CO2. After 24 h

incubation, the medium was replaced with 1 mL of fresh cell culture
medium and 5 μL of LPS (0.5 μg mL−1) was added to the LPS-
stimulated RAW cells and incubated for another 24 h under the same
conditions. Subsequently, NO released by macrophages was
determined as previously. In both cases, results are shown as mean
± standard deviation of eight measurements and expressed as a
percentage of NO released with respect to the control (LPS-activated
cells treated only with medium without extracted aliquots or
hydrogels).

2.15. Statistical Analysis. Statistical analyses were performed
using one-way ANOVA, at a significance level of **p < 0.01, and
Tukey’s multiple comparison test.

3. RESULTS AND DISCUSSION
3.1. Fmoc-FFpY/Poly(HKT-co-VI) NPs Hydrogel For-

mation and Morphological Characterization. Fmoc-
FFpY peptide solution is negatively charged reaching a ζ-
potential value of −36.1 ± 2.0 mV at 2.5 mg mL−1, and
poly(HKT-co-VI) NPs are positively charged with a value of
+25.7 ± 0.8 mV at 0.5 mg mL−1. The supramolecular hybrid
hydrogels formation should be triggered by electrostatic
interactions between a phosphorylated tripeptide, Fmoc-
FFpY, and positively charged poly(HKT-co-VI) NPs (Figure
1a-b). The optimal conditions to form the hybrid hydrogel
were assessed by the inverted tube test. By keeping the NPs
concentration constant at 0.5 mg mL−1, the hydrogel is formed
above 2.5 mg mL−1 Fmoc-FFpY (Figure 1c). The effect of the
NPs concentration was also studied by keeping the Fmoc-
FFpY concentration fixed at 2.5 mg mL−1 (Figure 1d). A
poly(HKT-co-VI) NPs concentration higher than 0.4 mg mL−1

is necessary to form the hydrogel. Under the optimal
conditions, the hybrid hydrogel formation takes place in less
than 15 min after mixing the NPs dispersion and the peptide
solution (Figure S1 in the Supporting Information (SI)). This
fast gelation is due to the electrostatic interactions settled
between Fmoc-FFpY and poly(HKT-co-VI) NPs, the main
driving force of the peptide self-assembly, as found for Fmoc-
FFpY/PAH gelation.33

Three hybrid hydrogels were then studied and prepared at
an Fmoc-FFpY concentration of 2.5 or 5 mg mL−1 and a
poly(HKT-co-VI) NPs concentration of 0.4 or 0.5 mg mL−1,
named Fmoc2 .5_NPs0 .4 , Fmoc2 .5_NPs0 .5 , and
Fmoc5_NPs0.5. The hydrogels morphology was visualized
by TEM under negative staining, where peptide fibers are
visualized in white (Figure 1e−g). Independently of the
peptide or NPs concentrations, a homogeneous dispersion of
poly(HKT-co-VI) NPs, with an average diameter of 110 ± 26
nm, is observed all over the samples. Several micrometer length
fibers with entanglements between them are observed around
the NPs. These fibers are characteristic of Fmoc-FFpY in the
self-assembly state.29,31 No significant differences are detected
in the fibers’ diameter, being ∼5.0 nm for the three samples
under study. A high density of Fmoc-FFpY fibers is observed
around the isolated NPs, easily visualized by zooming in these
areas (Figure 1e−g, insets). In the case of the poly(HKT-co-
VI) NPs dispersion (Figure S2a in the SI), only NPs with a
diameter of 115 ± 28 nm are visualized with no fibers. The
precursor Fmoc-FFpY solution showed single isolated fibers
without the presence of entanglements (Figure S2b in the SI).

3.2. Secondary Structure of the Fmoc-FFpY/Poly-
(HKT-co-VI) NPs Self-Assembly. A key feature of the Fmoc-
peptides self-assembly is the Fmoc moieties stacking, revealed
by fluorescence spectroscopy due to the excimer formation of
fluorenyl (Figure 2a). The spectrum of Fmoc-FFpY in solution
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shows a band at 315 nm, which is attributed to non-self-
assembled fluorenyl moieties.34 Once the peptide is brought in
contact with poly(HKT-co-VI) NPs, this band is shifted up to
330 nm due to the fluorenyl excimer formation after self-
assembly.35 These results are in agreement with previous works
related to electrostatic self-assembly of Fmoc-FFpY in the
presence of a polycation solution.31,33 To get further insight
into the self-assembly mechanism, the secondary structure
resulting from the interaction of Fmoc-FFpY and poly(HKT-
co-VI) NPs was first analyzed by ATR-FTIR spectroscopy
(Figure 2b). The FTIR spectrum of poly(HKT-co-VI) NPs
shows two peaks at 1656 and 1730 cm−1, corresponding to
conjugated carbonyl CO of ketoprofen36 and ester bonds.37

The peptide Fmoc-FFpY presents the carbamate peak at 1688
cm−1,38 the amide I band with two peaks at 1651 and 1642
cm−1, corresponding to unstacked peptide and β-sheets
structures,39 and phosphate peaks at 980 and 872 cm−1.40

The Fmoc-FFpY/poly(HKT-co-VI) NPs hybrid hydrogel
spectra have the peaks of both compounds, with a β-sheet
peak at 1642 cm−1 and the apparition of COOH peak at 1700
cm−1 attributed to the C-terminal carboxylic group of Fmoc-
FFpY.41 The peptide seems to be in its protonated form. The
presence of the phosphate peaks indicates that the peptide is
not dephosphorylated. As the poly(HKT-co-VI) NPs have a
peak at 1656 cm−1, it appears difficult to decompose the amide
I band of the Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogel to
determine the contribution of each secondary conformation to
the peptide assembly.

Then, we characterized the structural arrangement by CD
(Figure 2c). The spectrum of the precursor Fmoc-FFpY in
solution shows a positive peak at 199 nm together with a
negative band at 210 nm, characteristics of β-sheet
conformation. When the peptide solution is brought in contact
with poly(HKT-co-VI) NPs, a positive peak is observed at 190
nm together with two strong negative peaks at 202 and 211
nm, which is the α-helix conformation signature, suggesting a
structural transition from β-sheets to α-helix arrangements.25,42

Fmoc-FFpY/poly(HKT-co-VI) NPs spectra also present two
negative bands at 264 and 292 nm, assigned to offset face-to-
face stacking of the Fmoc moieties and the fluorenyl
absorption, respectively.43 Moreover, the two positive peaks
located at 228 and 252 nm are the signature of stacking
interactions of the aromatic units of Fmoc-FFpY.44 Both
results, from FTIR-ATR and CD experiments, indicate that the
peptide self-assembly induced by electrostatic interaction with
positively charged polymeric NPs is a combination of β-sheets
and α-helix fiber arrangements with the main contribution of
α-helix structures. The peptide self-assembly morphology was
further studied in detail by cryo-TEM under diluted
conditions, at 0.5 mg mL−1 Fmoc-FFpY and 0.05 mg mL−1

poly(HKT-co-VI) NPs (Figure 2d). Two different morpholo-
gies, nontwisted and twisted fibers, are observed, as shown for
other kinds of peptides.45 Nontwisted fibers (blue arrows) can
be attributed to the β-sheet conformation, whereas twisted
fibers (white arrows) can be assigned to α-helix arrangements
according to the literature.24,25 It is also possible to distinguish
more twisted than nontwisted fibers, corroborating the α-helix

Figure 2. (a) Fluorescence spectra normalized to the peak at 315 nm. (b) ATR-FTIR and (c) CD spectra of poly(HKT-co-VI) NPs (solid gray
curve), Fmoc-FFpY in solution (dashed black curve), Fmoc2.5_NPs0.4 (blue curve), Fmoc2.5_NPs0.5 (red curve), and Fmoc5_NPs0.5 (black
curve) hybrid hydrogels. (d) Cryo-TEM micrograph of Fmoc0.5_NPs0.05 after 5 min mixing, where white and blue arrows show twisted and
nontwisted fibers, respectively.
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structures of the hydrogel observed by CD. Another feature
related to the α-helix structures is the smaller diameter of the
fibers, which are 5 nm, compared to the fiber diameter of the
β-sheets structures of the same peptide when self-assembled by
enzymatic dephosphorylation, reported at 10 nm.29,31 This
finding has been also reported when Fmoc-FF is self-assembled
in the presence of 4,4-bipyridine24 and Na+ or Zn+ cations.25

3.3. Determination of the Rheological Properties and
Stability of Fmoc-FFpY/Poly(HKT-co-VI) NPs Hydrogels
under Simulated Physiological Conditions. Recently, a
lot of research efforts have been aimed at designing and
developing hydrogels with self-healing and injectability proper-
ties toward less invasive delivery agents of therapeutics.46 The
key factors of an injectable hydrogel are to have appropriate
mechanical properties, stability under physiological conditions,
and shear thinning behavior with a fast phase transition
between liquid- and solid-like states.47 Oscillatory frequency
sweep tests corroborate the gel formation for peptide
concentrations above 2.5 mg mL−1 and NPs concentrations
above 0.4 mg mL−1 as the elastic modulus (G′) and the loss
modulus (G″) are independent of the frequency and G′ is
higher than G″ over the tested frequency range (Figure 3a).
Fmoc2.5_NPs0.4 and Fmoc2.5_NPs0.5 hydrogels have a G′
(G″) of the order of 10 Pa (2 Pa) at the frequency of 1 Hz
(strain 0.1%). At a fixed peptide concentration of 2.5 mg mL−1,

NPs concentration showed no influence under the studied
conditions. At a fixed 0.5 mg mL−1 NPs concentration, G′
displays almost an 8-fold increase, from 10.8 ± 1.0 to 83.8 ±
5.2 Pa (at 1 Hz frequency, 0.01% strain), with a 2-fold increase
of Fmoc-FFpY concentration from 2.5 to 5 mg mL−1. An
increase of the critical deformation, determined through strain
sweeps, is also observed from ∼26 to ∼40% (Figure 3b). The
increase of the elastic modulus and resistance to the
deformation of the hybrid hydrogel with the concentration in
peptides can be related to an increase in the number of fibers
and entanglements between them in its structure. The elastic
modulus of Fmoc2.5_NPs0.5 hybrid hydrogel is comparable to
the ones of other peptide-based hydrogels like Fmoc-FF (G′ ∼
80 Pa),48 Fmoc-GFFRGD (G′ ∼ 100 Pa),49 or peptide
amphiphiles (PA), including PA-RGDS and PA-VAPG, with
G′ around 100 Pa.50

One requirement of injectable materials is to exhibit shear
thinning properties. For such purpose, the shear thinning
behavior of the hybrid hydrogel was ascertained through flow
tests, where a drastic viscosity decrease with shear rate is
observed in all cases (Figure 3c). At the same time, self-healing
hydrogels need to present tixotropic properties, that is,
recovery of their viscoelastic properties after being subjected
to a shear force.1 To test that, dynamic step strain amplitude
tests were performed on the Fmoc5_NPs0.5 hydrogel by

Figure 3. Rheological properties of Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels prepared at different concentrations, Fmoc2.5_NPs0.4 (▲),
Fmoc2.5_NPs0.5 (●), and Fmoc5_NPs0.5 (■). Storage modulus (G′solid symbols) and loss modulus (G″hollow symbols) as a function of
(a) frequency (0.01−10 Hz, 1% strain) and (b) strain (0.01−1000%, 1 Hz) at 37 °C. Shear viscosity as a function of the applied share rate at 37 °C
(c). Dynamic step strain amplitude test (1 or 1000% strain) of the hydrogel Fmoc5_NPs0.5 to mimic the injectability conditions (d) at 25 and 37
°C.
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varying the strains between 1 and 1000% at short times, 200 s,
and the temperature between 25 °C (room temperature) and
37 °C (physiological temperature) (Figure 3d).
At stage I of Figure 3d (γ = 1%, T = 25 °C), the

Fmoc5_NPs0.5 hydrogel shows a solidlike behavior (G′ > G″).
After increasing the strain up to 1000% (stage II), G′
drastically decreases and a liquid-like state is reached (G″ >
G′). A total recovery of the initial mechanical properties is
observed when the gel is brought to stage III (γ = 1%, T = 25
°C), as G′ increases quickly exhibiting a solid-like behavior
again (G′ > G″). Then, the hydrogel was subjected to high
strain (stage IV, γ = 1000%, T = 25 °C), and the sample
changes to a liquid-like state, which is maintained after
increasing the temperature to 37 °C. Subsequent dynamic

strain steps were performed at 37 °C (stages V to IX) showing
a complete elastic modulus recovery of the hydrogel after
several solid−liquid phase changes, which proves the excellent
properties of this supramolecular hybrid hydrogel as a potential
injectable candidate. In the case of both hydrogels formed with
a lower Fmoc-FFpY concentration, i.e., Fmoc2.5_NPs0.4 and
Fmoc2.5_NPs0.5, solid−liquid phase transitions were also
observed after several strain variations, but the initial
mechanical properties (G′) were not fully recovered (Figure
S3 in the SI).
Before the biological tests, the stability of Fmoc-FFpY/

poly(HKT-co-VI) NPs hydrogels under simulated physiolog-
ical conditions was evaluated by the inverted tube test up to 21
days by bringing the hydrogels in contact with phosphate-

Figure 4. (a) Photographs corresponding to inverted tube tests of Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels with different concentrations
before (time 0) and after contact with PBS over 21 days. Dashed lines are a guide to the eye. Cumulative release of (b) Fmoc-FFpY and (c)
poly(HKT-co-VI) NPs from Fmoc2.5_NPs0.4 (▲), Fmoc2.5_NPs0.5 (●), and Fmoc5_NPs0.5 (■) hydrogels over time. Dashed lines are a guide
to the eye.
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buffered saline (PBS) at 37 °C (Figure 4). Fmoc2.5_NPs0.4
and Fmoc2.5_NPs0.5 hydrogels decrease in size and float in
the supernatant after 2 and 3 days in PBS, respectively. The
hydrogel formed with a higher Fmoc-FFpY concentration,
Fmoc5_NPs0.5, showed better stability in PBS, keeping its
consistency up to 7 days. The presence of a higher number of
fibers and entanglements in the gel network could explain the
prolonged stability at higher concentrations in peptides. Thus,
the amount of Fmoc-FFpY and poly(HKT-co-VI) NPs released
were measured over 21 days by UV−vis spectroscopy at
wavelengths of 300 and 254 nm, respectively (Figure 4b,c). In
the case of Fmoc2.5_NPs0.4 and Fmoc2.5_NPs0.5 hydrogels,
a fast release of Fmoc-FFpY is observed up to 3 days and then
reaches a plateau (Figure 4b), which is consistent with the
inverted tube test results (Figure 4a). In the case of
Fmoc5_NPs0.5, the release is fast for 3 days and slows
down to reach a plateau after 14 days, thus confirming
improved stability of the gel.

Regarding the release of polymer NPs, a fast release from the
hydrogels is obtained over 2−3 days followed by a plateau for
the Fmoc2.5_NPs0.4 hydrogel and a slowing down for
Fmoc2.5_NPs0.5 after 7 days. On the contrary, in the case
of Fmoc5_NPs0.5, a more sustained release of NPs is
observed. In this case, the release profiles of both components
follow the same tendency with a fast release for 2 days, of 4 μg
mL−1 h−1 in peptide and 3 μg mL−1 h−1 in NPs, reaching a
plateau after 14 days. In a final solution at pH 5 of 0.05 M
acetic buffer/0.05 M NaCl, the electrostatic interactions
between Fmoc-FFpY and poly(HKT-co-VI) NPs are probably
gradually disassembled in PBS by the change in both pH and
salt concentration, leading to the subsequent delivery of both
precursors. In all cases, almost 50% of the self-assembled
Fmoc-FFpY and 50% of NPs are released from the hydrogels.
Fmoc-FFpY/poly(allylamine) hydrogels, obtained by the

electrostatic interaction between both components, were
degraded upon contact with phosphatase with a decrease of
their mechanical property due to the dephosphorylation of

Figure 5. Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels cytotoxicity, Fmoc-FFpY2.5_NPs0.4 (black), Fmoc2.5_NPs0.5 (gray), and
Fmoc5_NPs0.5 (white). MTT indirect tests of (a) FBH and (b) RAW cells seeded with aliquots withdrawn from the cell culture medium in
contact with the hydrogels (mean and standard deviation from n = 2) and fluorescence microscopy images of the live/dead direct assay of (c) FBH
and (d) RAW cells seeded on the surface of the hydrogels for 48 h. The insets show specific areas with dead cells (red staining). (e) Cell viability
obtained by calculating the ratio of total live/total cells (live and dead) using ImageJ software (mean and standard deviation from n = 2).
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Fmoc-FFpY by the enzyme leading to the formation of Fmoc-
FFY hydrogel.31 We investigated the hydrogel stability for 48 h
in contact with each culture media in the absence and in the
presence of both studied cell lines (human dermal fibroblasts
(FBH) and macrophages (RAW)) (Figures S4 and S5). In the
absence of cells, the inverted tube tests show that
Fmoc5_NPs0.5 remains stable in contact with the culture
media (Figure S5a). In the presence of cells in the 24-well
plate, the appearance of the hydrogel remained unaffected

visually (Figure S5b). Regarding Fmoc2.5_NPs0.4 and
Fmoc2.5_NPs 0.5 hydrogels, their size decreased and they
were floating in the culture media without cells (Figure S4a).
In the presence of cells, the hydrogel is still visible but with
some cracks (Figure S5b). These results could be indicative of
the relative hydrogel stability in contact with proteases and
phosphatases of the cells.

3.4. Cytotoxicity Assays and Cell Viability. First of all,
the cytotoxicity of Fmoc-FFpY/poly(HKT-co-VI) NPs hydro-

Figure 6. Anti-inflammatory properties of Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels toward RAW macrophages with LPS-RAW cells seeded
on the plate (ICU), Non-LPS-RAW cells (NIC), and LPS-RAW cells seeded on the hydrogels. (a) Fluorescence microscopy images show cells with
nuclei stained by Hoechst (top) and cytoskeleton by phalloidin-Rho (center) and merged channels (bottom). White arrows mark some
multinucleated cells. (b) Nuclei (white) and total area of cells (gray) measured on 20 RAW cells with ImageJ software. (c) Nitric oxide released as
mean and standard deviation (n = 6) with ANOVA results at a significance level of **p < 0.01.
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gels was evaluated by the MTT indirect test. To that aim,
hydrogels were brought in contact with cell culture media and
supernatant aliquots were taken at different times, up to 21
days, to be subsequently put in contact with human fibroblasts
(FBH) and murine macrophage (RAW) cells. After 24 h
incubation with aliquots from hydrogels, the MTT test of FBH
and RAW cells was performed (Figure 5a,b). In comparison to
the control plate (CP), i.e., cells in cell culture media, no
significant decrease of FBH cell viability is observed with FBH
cell viability higher than 85% for hybrid hydrogels up to 21
days (Figure 5a). To know if Fmoc-FFpY could have an impact
on FBH cell viability, a control experiment was carried out by
incubating FBH cells with different concentrations of Fmoc-
FFpY solutions prepared in cell culture medium (Figure S6a in
the SI). The presence of Fmoc-FFpY has no cytotoxicity effect
up to 0.5 mg mL−1 after 24 h of incubation. In the case of
RAW cells in contact with the aliquots, cell viability slightly
decreases on day 1 followed by a nonexpected cell proliferation
over time up to 21 days, being much higher in the case of
Fmoc2.5_NPs0.4 and Fmoc-FF2.5_NPs0.5 (Figure 5b).
Taking into account that poly(HKT-co-VI) NPs do not have
any potential effect on RAW cell proliferation,18 the Fmoc-
FFpY effect on RAW cell proliferation was tested by incubating
the cells with different concentrations of Fmoc-FFpY solution
in cell culture medium for 24 h (Figure S6b in the SI).
Interestingly, RAW cell proliferation is observed, which

increases with Fmoc-FFpY concentration up to 0.25 mg mL−1

and decreases above this value. These results can be compared
with the Fmoc-FFpY release from the hybrid hydrogel (Figure
4b). Fmoc2.5_NPs0.5 and Fmoc2.5_NPs0.4 hydrogels release
close to 0.3 mg mL−1 Fmoc-FFpY in PBS on the second day
(Figure 4b) with RAW cell proliferation values greater than or
equal to 140%. Fmoc5_NPs0.5 hydrogels released 0.6 mg
mL−1 Fmoc-FFpY in PBS after 21 days leading to limited RAW
cell proliferation (less than 120%) (Figure 5b). Therefore,
Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels are not cyto-
toxic and induce cell proliferation of RAW macrophages.
In a second experiment, cell viability was also analyzed by a

direct assay using a live/death cell kit, which stains live cells in
green and death cells in red (Figure 5c−e). In that case, the
viability of FBH and RAW cells, seeded directly on the surface
of Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels, was eval-
uated after 48 h contact. A high FBH cell viability is observed
with most of cells alive (green staining) and only 4% of death
cells (red staining) (Figure 5c). FBH cell morphology was
further visualized by staining cell nuclei with Hoechst (blue
staining) and cytoskeleton (F-actin fibers) with phalloidin-
rhodamine (phalloidin-Rho, red staining) (Figure S7 in the
SI). On Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels, a high
cellular density of FBH is observed presenting an elongated
morphology, a sign of good cell adhesion. This cellular
adhesion could be influenced by the nanofibrillar structure of
the hydrogels as it has been previously reported for gellan gum
hydrogels showing similar morphologies to those encountered
for Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels presented
here.51 In the case of RAW cells, a high viability is also
observed with a lower RAW cell proliferation in the case of
Fmoc5_NPs0.5 hydrogels (Figure 5d), in agreement with the
results of the indirect tests (Figure 5b). This could be
attributed to the Fmoc-FFpY concentration threshold that
favors cell proliferation (0.25 mg mL−1) (Figure S6b). Insets of
the images show specific areas in the presence of dead cells. No

direct cytotoxicity is observed with FBH and RAW viability
higher than 95% after 48 h of contact (Figure 5e).

3.5. Anti-Inflammatory Properties of Fmoc-FFpY/
poly(HKT-co-VI) NPs Hydrogels. Macrophages are innate
immune cells that contribute to fighting infections, tissue
repair, and maintaining tissue homeostasis. When activated by
lipopolysaccharide (LPS), these cells have the ability to
polarize to their pro-inflammatory phenotype (M1) starting
to overproduce nitric oxide (NO). The anti-inflammatory
property of Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels was
thus evaluated by measuring the NO production of RAW
macrophages activated with LPS, named LPS-RAW cells,
seeded on the surface of the hydrogels for 24 h (Figure 6).
LPS-RAW cells seeded on the well plate were employed as
positive control (inflammatory conditions untreated; ICU).
Non-LPS-RAW cells seeded on hydrogels were used as
negative control (noninflammatory conditions; NIC). It can
be noticed that non-LPS-RAW cells yield similar results when
seeded on the well plate or the hydrogels (data not shown).
Macrophages morphology was determined by staining cell
nuclei with Hoechst and cytoskeleton with phalloidin-Rho
(Figures 6a and S8a in the SI). No significant differences in the
nucleus area are detected between nonstimulated and LPS-
RAW cells seeded on the hydrogels. However, significant
differences in the total cell area are observed between LPS-
RAW cells seeded on the hydrogels and the control samples
(NIC and ICU). LPS-RAW cells seeded on the plate (ICU)
showed a huge increase in the total cell area (∼650 μm2) in
comparison to non-LPS-RAW cells seeded on the plate and on
the hydrogels (NIC, ∼200 μm2). Interestingly, when seeded
on Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels, LPS-RAW
cells showed a clear reduction of the cell area (∼300 μm2)
reaching values close to non-LPS-RAW cells seeded on the
hydrogels (Figure S8b in the SI). This effect is due to the anti-
inflammatory properties of the hybrid hydrogels. Moreover, in
contact with the hybrid hydrogels, a high reduction of NO
released by LPS-RAW cells is observed in comparison to the
plate, reaching almost the basal value of non-LPS-RAW cells
on the hydrogels (36.5 ± 0.8%, NIC) (Figure 6c). Indeed, 55−
67% reduction of NO production is achieved after 24 h contact
with a production of 42.6 ± 0.7, 44.3 ± 0.5, and 33.1 ± 0.3%
for Fmoc2.5_NPs0.4, Fmoc2.5_NPs0.5, and Fmoc5_NPs0.5,
respectively. The anti-inflammatory capacity of poly(HKT-co-
VI) NPs has been proven previously with an ∼15% reduction
of NO released by LPS-RAW cells independently of the
concentration.18 The excellent reduction of NO production
obtained from Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels
is probably attributed to Fmoc-FFpY hydrogels. Thus, the anti-
inflammatory properties of Fmoc-FFpY were tested in solution
(Figure S9 in the SI). A reduction of NO produced by LPS-
RAW cells is observed from ∼10 to ∼40% for 1 × 10−3 to 0.25
mg mL−1 Fmoc-FFpY solutions, where a threshold is reached,
respectively. The production of NO decreases with the
increase of Fmoc-FFpY concentration until reaching a
threshold at 0.25 mg mL−1. Poly(HKT-co-VI) NPs alone
results in an ∼15% reduction of NO release at a concentration
of 0.125 mg mL−1.18 These results clearly indicate that the
combination of the Fmoc-FFpY peptide and the poly(HKT-co-
VI) NPs produces an enhanced additive anti-inflammatory
effect toward LPS-RAW cells with respect to that exhibited by
both components separately. The anti-inflammatory effect of
the hybrid hydrogels is maintained with a slight decrease up to
21 days (Figure S10 in the SI), in agreement with the release
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profiles of Fmoc-FFpY and poly(HKT-co-VI) NPs (Figure 4).
It is interesting to note that LPS induced the formation of
some multinucleated giant cells (MGCs) on Fmoc2.5_NPs0.4
and Fmoc2.5_NPs0.5 hydrogels. Previous results have
associated the presence of MNGs to a shift in macrophage
polarization from M1, tissue-inflammatory macrophages, to
M2, wound healing macrophages; however, they can also be
associated with the initiation of a foreign body reaction.52−55

Data shown in this paper demonstrate the anti-inflammatory
effect of the hydrogels and M2 polarization of the macrophages
in the presence of NPs; therefore, the observed isolated MGCs
were also associated with the M2 phenotype. However, further
experiments should be carried out to fully understand the role
of these MGCs in tissue repair processes. The prolonged anti-
inflammatory effect of the hybrid hydrogels could be useful for
the treatment of pro-inflammatory pathologies. Burch et al.56

and Yen et al.23 reported the anti-inflammatory activity of
different Fmoc-dipeptides bearing aromatic amino acids, as the
one tested in this work, both in vivo and in vitro, respectively.
Moreover, their self-healing properties anticipate their employ-
ment as injectable hydrogels in the target area. It is well known
that tissue regeneration is a complex phenomenon involving
severe inflammation, oxidative stress, and bacterial infections.
In particular, the incorporation of natural substances having
antibacterial properties could be of interest,57,58 and even
showing both effects, anti-inflammatory and antibacterial, as in
the case of essential oils that contain, e.g., eugenol and
carvacrol.59 The antibacterial properties of Fmoc-FFpY
hydrogels have been previously reported9 that make the
Fmoc-FFpY/NPs hydrogels suitable to prevent bacterial
infection on the surgery site or in the context of chronic
wounds. Moreover, they could also be used for cell
encapsulation in the context of tissue engineering and
regeneration medicine.60,61

4. CONCLUSIONS

Supramolecular hybrid hydrogels were formed by the electro-
static interaction of a water-soluble phosphorylated tripeptide,
Fmoc-FFpY, with cationic polymer nanoparticles, poly(HKT-
co-VI) NPs exhibiting a high-density peptide fibers network
around the polymer NPs. The peptide self-assembly structure
adopted two different fiber morphologies, nontwisted fibers
attributed to β-sheet conformations and twisted fibers assigned
to α-helix arrangements, the predominant structure according
to CD. The rheological properties of the hybrid hydrogel
showed an 8-fold increase of G′, from ∼11 to ∼84 Pa, as the
Fmoc-FFpY concentration increased from 2.5 to 5 mg mL−1.
These hydrogels are injectable as they showed shear thinning
behavior and self-healing properties with a complete recovery
of their viscoelastic properties after being subjected to high
(1000%) and low (1%) strains at short times. When in contact
with PBS at 37 °C, Fmoc-FFpY and poly(HKT-co-VI) NPs are
released with the same profile, a fast release for 2 days followed
by a plateau. A good biocompatibility of the hydrogels was
obtained toward human fibroblasts and murine macrophages.
Finally, Fmoc-FFpY/poly(HKT-co-VI) NPs hydrogels have the
ability to prevent the polarization of macrophages to pro-
inflammatory phenotype and decrease the NO production to
basal values (∼33%) proving their excellent anti-inflammatory
property. These hybrid peptide/polymer NPs hydrogels are the
ideal candidate for the minimally invasive treatment of
inflammatory diseases.
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