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Hydrogels based on an extracellular matrix (ECM) capable of delivering therapeutics in a controlled manner
represent a platform to guide tissue regeneration. This work reports a novel approach wherein the
incorporation of silica particles (SiP) inside ECM hydrogels supports the loading and releasing of
dexamethasone (Dex). The biocomposite hydrogels, derived from porcine small intestine submucosa
(SIS), water-soluble oligourethanes (PPU synthetized from polyethylene glycol and hexamethylene-
diisocyanate) and SiP, delivered Dex at pH 7.4 and 37 °C in vitro. In this regard, the SiP (0, 5 and 15 wt%)
accelerated the collagen polymerization and modified the collagen network structural parameters,
while the oligourethane crosslinking regulated the mechanics and degradation of the material. The

biocomposite hydrogels containing 15 wt% SiP showed controlled release of Dex for 11 days, obtaining
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enhancing cell metabolic activity and TGF-B1 secretion by macrophages. These composite collagen

DOI: 10.1038/¢6ra25589h hydrogels combine structures and properties that make them promising templates for loading and
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1. Introduction

The design of bioactive hydrogels is a promising alternative
for tailoring the structure and properties intended to improve
the applications in soft tissue engineering.'” In this sense,
the biomedical hydrogels need to be enriched in both a fast
and efficient manner with therapeutic agents in order to
enhance their biological performance. Previous reports have
indicated that the hydrogels derived from ECM provide
chemical, physical and biological characteristics to support
the cell responses.®*® However, the drug incorporation and its
controlled release are limited in hydrogels based on type I
collagen (main component of the ECM) due to their poor
mechanical properties, fast degradation rate and fast drug
release (so-called burst release).'®** In this way, the chemical
crosslinking>®** and the addition of silica particles***** have
demonstrated to be useful to enhance the loading and the
controlled release of bioactive molecules in collagen-based
hydrogels.
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delivering Dex that can modulate the macrophage response in a soft tissue engineering context.

The local delivery of dexamethasone (Dex), a corticosteroid,
from 3D templates has shown to be capable of directing cell fate
and regulating inflammation processes.’**® Hydrogels based on
PEG,"* poly(vinyl alcohol),’*** hyaluronic acid,* y-cyclodextrin®
and chitosan® have been tested as templates for loading/delivering
Dex. In these systems, the gel porosity and mechanics, as well as
the temporal changes in the gel properties, induced by both
degradation and swelling, have facilitated the loading and
controlled release of Dex. Besides, it has also been reported that
the incorporation of Dex in hydrogels comprised of collagen—chi-
tosan maintains the anti-inflammatory activity of Dex,* however, it
has not been studied the capacity of controlled release of Dex from
these hydrogels. This work aims to establish the advantages
offered by the SiP incorporation in ECM hydrogels to deliver Dex in
a controlled manner.

Recently, we proposed a new method for preparation of
biomedical hydrogels comprised of ECM, PPU and SiP.”” It was
reported that the chemical structure of the oligourethanes
governs the crosslinking density of collagen, and thereby tailors
mechanics, swelling and degradation of hydrogels. Also, the
incorporation of SiP in the ECM 3D network sustains the viability
and function of macrophages.”” To take advantages of this new
methodology regarding the tailored properties of biocomposite
hydrogels, this paper describes a novel approach where Dex is
simultaneously loaded during the formation of these bio-
composite hydrogels and then released at physiological condi-
tions. The content of the SiP (0, 5 and 15 wt%) in the PPU-ECM
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hydrogels is explored as a variable that decisively influences the
polymerization rate, 3D network characteristics, swelling and
biodegradation of the biocomposites, enhancing the controlled
release of Dex and its effect on the in vitro macrophage response.

2. Experimental section

2.1. Materials

Poly(ethylene oxide) diol (PEG, M, 1000 g mol '), hexam-
ethylene diisocyanate (HDI), sodium bisulfite (NaHSOj3),
tetraethylorthosilicate (TEOS), pepsin, type I collagenase,
ethylenediaminetetraacetic acid (EDTA), dexamethasone
sodium phosphate (Dex), 3-(4,5-dimethyl-thiazol-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), 2,2-dihydroxy-1,3-indanedione
(ninhydrin), as well as others salts and solvents were acquired
from Sigma-Aldrich.

2.2. Synthesis of blocked-oligourethanes coupled with
colloidal silica

The oligourethanes were synthetized as previously described
elsewhere.”” Briefly, melted PEG was reacted with HDI in
a molar NCO : OH ratio of 4.0 : 1.0 for 2 h at 100 °C. The NCO
end groups in the PUP product were blocked by the reaction
with sodium bisulfite (40 wt% in water) for 2 h at 40 °C. Then,
TEOS in ethanol was added to the reaction mixture and stirred
(3 h, 25 °C) to achieve a full dispersion of colloidal silica into
PUP solutions, followed by the addition of hydrogen peroxide
solution (30 wt%, 25 °C). The concentration of TEOS in the
oligourethane solution was varied in 0, 5 and 15 wt% (Table 1).

2.3. Extraction of type I collagen

Small intestine submucosa (SIS) was mechanically separated
from porcine intestine, decellularized and characterized as
previously described elsewhere.® The SIS sections were lyophi-
lized, cut into small fragments, and enzymatically digested
(1 mg mL™" pepsin in 0.01 M HCI, stirring for 72 h at room
temperature, RT) to solubilize the collagen. The digested SIS
(hECM) samples were stored at 4 °C.

2.4. Preparation of Dex-loaded composite hydrogel

The collagen gelation was induced by adjusting the pH and salt
concentration (pH = 7) of cold solubilized collagen (4 °C) fol-
lowed by warming to 37 °C.° In this work, the total protein
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concentration of 6 mg mL ™' was kept constant in all the
hydrogel preparations.

For the preparation of hybrid hydrogels, a constant
concentration of 15 wt% of PUP coupled with 0, 5 or 15 wt% of
silica was mixed with the hECM before gelation. The incorpo-
ration of Dex (0-800 pg) was performed on the mixture of the
liquid precursors comprised of collagen, oligourethane and
silica (Table 1). The hybrid hydrogels were routinely formed and
aged for 18 h at 37 °C. The Fig. 1 schematizes the preparation of
the active biocomposite hydrogels.

2.5. Determination of the Dex release

Each hydrogel disk (1.92 cm®) was prepared with a Dex initial
loading amount (M,) of 400 pg. The release profiles of Dex were
evaluated with respect to the incubation time in PBS (37 °C, pH
7.4). At specific times, 10 mL of PBS were retrieved and replaced
with fresh PBS. The absorbance at 297 nm of PBS containing
Dex was determined using a Thermo Scientific MultiSkan UV-
Vis spectrophotometer. The amount of drug released at time ¢
(M,) was determined by a standard curve constructed in the
range of 0 to 0.5 mg of Dex per mL of PBS (Fig. S31). Total
cumulative releasable Dex (M. ) was defined as the value of M; at
plateau. Release Dex amount data were changed to Dex release
profiles according to the releasable Dex (M,/M, x 100) and
fractional Dex release (M,/M).*

—

One-step versatile
method to generate
bioactive hydrogel

hECM

In situ
Gelation

Fig. 1 Outline for the formation of biocomposite hydrogels as
controlled release systems of dexamethasone.

Table1 Formulation of Dex-loaded composite hydrogels and turbidimetric kinetic parameters. S is the gelation rate, ti,4 is the time required for
nucleation of the collagen polymerization and ty, is half-time of polymerization®

Turbidimetric kinetic parameters

Composite hydrogel Content of PPU/SiP/Dex

designation (mg) tiag (Min) S (min™") t1 (min)
SIS 0/0/0.4 9.4 + 1.0 0.0109 + 0.0012 13.0 £ 1.4
SIS PO 1.2/0/0.4 4.7 £ 0.5% 0.0159 + 0.0017* 11.0 £ 1.3
SIS P5 1.2/0.3/0.4 3.5+ 0.4%* 0.0185 + 0.0020* 9.8 £ 1.2*
SIS P15 1.2/0.9/0.4 9.4 +1.0 0.0168 + 0.0018* 9.2 + 1.4%

¢ Including 6 mg of total protein of hECM, n = 3, means + SD, * symbol indicates statistical significance (p < 0.05) in comparison with SIS.
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In this experiment set, the release of silica from the samples
was also investigated. At each time point, the concentration of
residual silica was determined using the Heteropoly Blue assay
(Hach). The absorbance at 815 nm of PBS containing silica
debris was determined using an UV-Vis spectrophotometer. The
amount of released residual silica was determined by a standard
curve constructed in the range of 0 to 1000 pg of silica per mL of
PBS.

2.6. Physicochemical characterization of the composite
hydrogels

2.6.1. Evaluation of the gelation by turbidimetry. The
gelation kinetic of hydrogels was assessed by turbidimetry in
triplicate. The liquid precursor mixture was neutralized at 4 °C.
Then, 200 pL of neutralized liquid precursors were added in
a 96-well microplate and put in the chamber of a UV-Vis spec-
trophotometer, preheated to 37 °C. Finally, the changes of the
absorbance (Abs) at 380, 406, 440, 475 and 500 nm with respect
to the gelation time were measured.

The turbidity provides a measure of the relative degree of the
collagen polymerization.** The half time of gelation (¢;,,) was
defined as the time to reach 50% of the final Abs, the gelation
rate (S) was defined as the slope of the linear region of the
gelation curve, and the lag time (¢;,4) was defined as the inter-
cept between the two initial linear regions. The Abs data were
converted into turbidity values, 7, by using the relation t =
(Abs In(10))/L; where L is the optical path length. Assuming that
collagen fibers are randomly oriented, rigid rod-like and
monodisperse in size, it is possible to infer the fibril diameter
(d) and mass-length ratio (u) using the wavelength (1) depen-
dence of turbidity as tA°> = Au(A* — Bd®), where A = (88/15)7° x
cng(dn/dc)® x 1/NA and B = (92/426)w*ng’; where c is the mass
concentration of collagen, ng is the solvent refractive index
(equal to 1.33), dn/dc is the specific refractive index increment
(dn/dc = 0.186 cm® g~ * for collagen), and NA is the Avogadro's
constant.**** The u was calculated from the slope of linear
correlation for plotting A° versus A%, while d was calculated from
intercept with the y-axis.

2.6.2. Evaluation of the collagen crosslinking by ninhydrin
assay and ATR-FTIR. To assess the collagen crosslinking, the
collagen-amines were quantified by ninhydrin assay and the
formed urea bonds were investigated by Fourier transform
infrared spectroscopy. 1 mL of ninhydrin (1 wt% citrate buffer,
PH 5.0) was added to hybrid hydrogels. Subsequently, samples
were heated to 90 °C for 30 min. The mixture was cooled (RT)
and diluted with 3 mL of distilled water. Finally, the absorbance
of the mixture at 567 nm was determined. The concentration of
primary amine groups [NH,] was calculated (using the molar
absorptivity coefficient of 1640 mL mmol ' ecm™"), and stan-
dardized with the mass of the hydrogels. The crosslinking index
of collagen was expressed as the percentage change in [NH,] of
uncrosslinked hydrogels after crosslinking. In another experi-
ment, the hydrogels were analyzed in a Spectrum One Perkin
Elmer spectrophotometer. FTIR spectra were recorded on three
samples of lyophilized hydrogels on an ATR module in a spec-
tral range of 650-4000 cm™ " and 16 cm ™ of resolution.

This journal is © The Royal Society of Chemistry 2017
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2.6.3. Rheological measurements: determination of the
elastic and viscous moduli. Changes to storage (G') and loss (G”)
moduli as a function of the frequency (0.1-100 Hz) were
measured through a flow oscillatory shear with small amplitude
using a Discovery HR-3 Hybrid TA Instruments rheometer.
Measurements were carried out at 37 °C in a plate-plate
geometry; with a solvent trap to prevent water evaporation. All
experiments were performed using 10% of strain to ensure the
linearity of the dynamic response.

2.6.4. Swelling and in vitro degradation by collagenase. To
measure the water uptake, the hydrogels were immersed in PBS
at 37 °C and weighed at different times. The in vitro degradation
of hydrogels was performed using type I collagenase. Hydrogels
were incubated in collagenase solution (3 mL, 37 °C, activity of
14 U per each gel), and weighed at different times. The water
uptake capacity and biodegradation were expressed as the
percentage change in weight over collagenase incubation time,
respect to initial weight of hydrogels.

2.6.5. Evaluation of the structure.
morphology of the hydrogel cross-section, the samples were
characterized in an environmental scanning electron micro-
scope (ESEM, Fei Quanta 200). Samples were frozen at —20 °C
during one day, then at —70 °C during another day, and finally
lyophilized. Before of the observation, the samples were frozen
in liquid nitrogen and fragmented to expose the cross-section
and then joined in a carbon tape. To observe the morphology
of silica particles, entire materials were calcined and then
analyzed in a transmission electron microscope (TEM, FEI
Tecnai F30, 300 kV). In addition, silica-oligourethane sols were
dropped in a carbon-coated Cu grid, dried at room temperature
and then characterized by TEM.

To observe the

2.7. Evaluation of the cell response

To assess the cell response to the Dex-loaded composite
hydrogels, the metabolic activity of RAW-264.7 mouse macro-
phages and rat dermal fibroblasts, was checked by a MTT assay.
Mouse macrophage cell (TIB-71) line was purchased from the
American Type Culture Collection (ATCC). One day-1 neonatal
Wistar rat was euthanized and primary dermal fibroblasts were
isolated from skin tissue. The animal handling and care was
performed in compliance with the Guidelines for the Care and
Use of Mammals in Neuroscience and Behavioral Research of
the National Academy of Sciences and with approval by the
Institutional Committee of Bioethics in the Research of the
University of Guanajuato. The skin tissue specimen was washed
with PBS pH 7.2. The tissue was cut into ~2 mm pieces and
digested in Dulbecco's Modified Eagle Medium (DMEM)
medium with 0.075% of type II collagenase, incubated at 37 °C,
stirred slowly for 30 minutes. After that, it was added 0.125% of
trypsin, stirred for 2.5 h at 37 °C. The cell suspension was
filtered using a sterile filter of 100 pm pore size. The filtrate was
centrifuged at 6000 rpm for 6 min. The pellet was resuspended
in DMEM with 10% fetal bovine serum (FBS), antibiotic/
antimycotic and transfer to Petri dish and incubated at 37 °C,
5% CO,. The cell cultured was checked after 48 h of incubation,
discarded the old medium and changed for fresh medium. After
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the fibroblast reach 80% confluence, then frozen an aliquot of
cell.

The cells were seeded in culture plates and incubated in
a humidified atmosphere of 95% air and 5% CO, at 37 °C using
Roswell Park Memorial Institute (RPMI) medium for macro-
phages or DMEM for fibroblasts, and 10% FBS. All the hydrogels
were synthesized with sterile reactants and aged for 24 h into 24-
well plates. In the first experiment set, the cells (1 mL of
suspension, cell density of 3 x 10% 10% FBS) were seeded directly
on each hydrogel and they were incubated for 3 and 7 days.

In another experiment, hydrogels were soaked in non-
supplemented culture medium (2 mL), at 37 °C for 48 h, in
order to extract soluble compounds. The supernatants (media
conditioned with hydrogels) were supplemented with 10% of FBS
and used directly (100%) or after dilution to 50% or 25% with
fresh supplemented RPMI. Then, cells were cultured in the
presence of the supernatants for 1 day. Finally, the cellular activity
was quantified by the MTT assay. The cellular activity of cells
growing in microplates (without materials) was used as a control.
To assess the stimulation of macrophages by Dex-loaded
composite hydrogels, the production of cytokines transforming
growth factor-beta 1 (TGF-f1) and monocyte chemoattractant
protein (MCP-1, also called CCL-2) was measured in the culture
medium supernatants (after 3 and 7 days of culture) by ELISA kits
(eBioscience) according to the manufacturer’s specifications.

2.8. Statistical analysis

The mean and standard deviation (SD) are presented for each data
set. Data sets were compared using analysis of variance (ANOVA).
The difference of the means was checked with a Sidak-Holm post
hoc test and was considered statistically significant at level p < 0.05.
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3. Results

3.1. Capacity of the Dex loading in the composite hydrogels

The liquid precursors comprised of SIS hydrolysate and oli-
gourethanes with dispersed SiP had an adequate viscosity for
mixing, allowing the volume measurements to be repeated
easily. A first criterion of interest is the loading capacity of Dex
in the hydrogels without impeding gel formation. It was
observed that 400 pg of Dex per gel (total volume of 1 cm®) allow
obtaining manageable composite hydrogels, but a higher
amount did not allow gelation of the materials (Fig. S11). Thus,
all the results reported below were obtained with biocomposites
formulated with 400 pg the Dex per each gel.

3.2. Modification of type I collagen fibrillogenesis

The gelation kinetic parameters measured by turbidimetry can
be used to elucidate the 3D network characteristics obtained by
collagen polymerization in combination with SiP and Dex.*
Fig. 3a illustrates the effect of the SiP content on the changes of
the absorbance at 406 nm. All-four turbidimetric curves had
a sigmoidal shape. Table 1 shows the parameters of the turbi-
dimetric gelation kinetics of Dex-loaded composite hydrogels.
The nucleation stage of collagen polymerization can be
observed at ¢j,4 0f 9.4, 4.7, 3.5 and 9.4 min for SIS, SIS PO, SIS P5
and SIS P15, respectively. In the case of SIS P15 composite, the
tiag did not show significant difference compared to SIS hydro-
gel. The polymerization stage, where the collagen fibrils grow
into larger fibers producing an increment in the Abs values, was
afterward appreciated.

The polymerization rate (S) characterized this stage, showing
values statistically different for SIS PO, SIS P5 and SIS P15
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compared to SIS. The ¢, was decreased significantly for
formulations with SiP and Dex. A higher SiP content increased
the gelation rate and thus ¢,,, was decreased. The fiber diameter
(Fig. 3b) and mass/length ratio (Fig. 3c) of 3D-collagenous
network were decreased with the increment of the SiP content.

3.3. Structure and properties of Dex-loaded composite
hydrogels

All four hydrogels showed the characteristic IR bands of the
stretching of N-H and O-H, stretching of C=0 (amide I), and
deformation of N-H (amide II) in the regions of 3400-3200,
1700-1600, and 1650-1550 cm ™, respectively, as illustrated in
Fig. 3a. The IR bands of the Dex were not observed in the spectra

This journal is © The Royal Society of Chemistry 2017

of the biocomposites, due to that the signals could be super-
imposed with the signals of the major components of the
composite hydrogels, i.e., type I collagen and oligourethanes.
On the other hand, the IR bands revealed the urea linkages
formed by crosslinking of collagen with the end-isocyanate of
the oligourethanes. This was observed as a shoulder in the
amide I region at wavenumber around 1710-1740 cm ™ (Fig. 3a
inset). A characteristic intense band due to stretching of
C-H bonds around 2900 cm ™' was observed as well, which was
more intense for formulations with oligourethanes. Moreover,
the presence of SiP was confirmed by an intense band around
1060 em™ " due to stretching of siloxane bonds (Si-O-Si)
(Fig. 3a inset).
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The crosslinking index, defined as the extent of amine
groups that have reacted with end-isocyanate groups, did not
have a dependence on the SiP content, as shown in Fig. 3b. It
can be assumed that SiP were dispersed inside the composite
hydrogels, and they were not able to form chemical crosslinking
linkages. Therefore, the reticulation of the collagen matrix was
due uniquely to the reaction with the oligourethanes.

The analysis for mass loss of composite hydrogels after the
incubation with type I collagenase (Fig. 3c) indicated that the
rate of enzymatic degradation had not a direct relationship
with the SiP content. The Dex-loaded SIS hydrogel was degraded
completely after 5 days, while composite hydrogels were
degraded completely after 14 days. The Dex-loaded SIS PO, SIS
P5 and SIS P15 composite hydrogels exhibited similar degra-
dation profiles without statistically significant variations of the
mass loss over time.

The evaluation of the viscoelastic response of composite
hydrogels indicated that the storage modulus (G’') of Dex-loaded
composite hydrogels at 1 Hz increased 3.2, 3.6 and 2.8 times, for
SIS PO, SIS P5 and SIS P15, respectively, compared to the SIS
hydrogel (Fig. 3d). All materials displayed G’ values higher than
the loss modulus (G”) (Fig. 3e), which means that all samples
featured a gel-like behavior. The G’ for composite hydrogels free
of Dex was previously reported around 45 Pa at 0.1 Hz;* the
present results indicated that the Dex incorporation decreased
the elastic modulus in a 73%.

3.4. Microstructure of Dex-loaded composite hydrogels

The morphology of the cross-section of all four lyophilized
composites was evaluated by scanning electron microscopy, as
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shown in Fig. 4a-d. The Dex-loaded composites exhibited
a microstructure with interconnected pores. The analysis of the
pore sizes revealed mean sizes of 298 + 54, 213 + 36, 221 + 73
and 219 £ 58 um for sponges derived from SIS, SIS PO, SIS P5
and SIS P15, respectively. The pore size for SIS was statistically
significant versus SIS PO, which can be related to the oligour-
ethane crosslinking. The pore size was not significantly varied
with the silica content. At higher magnification can be seen that
the composite sponges were formed by a network with inter-
connected pores, where the fibers had a mean diameter of 128 &
21 nm (Fig. 4e). The EDX analysis for all-four composite sponges
(data not shown) indicated that the elemental composition of
the materials was mainly C, N, O; albeit Si was also detected.
Fig. 4f shows that the fibrous surface of the pore walls was
coated by silica particles, but it was not possible to distinguish
the size of the silica particle by SEM. However, TEM analysis
revealed the ultrastructure of the SiP dispersed in the compos-
ites, as shown in Fig. 4g-i, which allows observing not only the
particle size and shape of the single particle, but also particle
porosity. The uniform size distribution and mesoporous struc-
ture of the particles can be clearly observed from TEM images. A
population of mesoporous siliceous nanoparticles with particle
diameters and pore size of 86-98 and 5-19 nm, respectively, was
appreciated. More TEM images of silica nanoparticles of the
composite hydrogels are given in the ESI (Fig. S27).

3.5. Swelling and release of Dex and silica from composite
hydrogels

Fig. 5a illustrates the effect of the SiP content on the water
absorption of Dex-loaded composite hydrogels. The SIS hydrogel

Fig. 4 Microstructure of Dex-loaded biocomposites. Representative SEM micrographs indicating the pore size for composite sponges: SIS (a),
SIS PO (b), SIS P5 (c) and SIS P15 (d). Representative SEM micrograph shows the typical fibrilar network in the biocomposites (e) and silica particles
deposited on fiber surface (f). Representative TEM micrographs of material after calcination of biocomposites show the population of meso-
nanosilica particles (g). Magnification zones illustrate the diameter (h) and pore size (i) of mesoporous nanosilica particles.
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absorbed around 117% of its initial weight after 8 day incubation.
The SIS PO hydrogel showed a lower ability to absorb water,
absorbing 109% of water after 10 days. However, the SIS P5 and
SIS P15 composite hydrogels exhibited a higher water uptake
than SIS PO and SIS alone; SIS P5 firstly absorbed around 111%
after 2 days and 117% after 7 days, while SIS P15 first absorbed
118% after 2 days and 122% after 7 days. Besides, a plateau was
reached after 9 days with a maximum water uptake around 122%,
for SIS, SIS P5 and SIS P15.

Silica debris was released from SIS P5 and SIS P15 bio-
composites, as shown in Fig. 5b. The released amount reached
a maximum of 22 and 39% of loaded-initially silica after 11 days
for SIS P5 and SIS P15, respectively. Fig. 5c schematizes the
experimental setup for releasing of Dex and silica debris. Fig. 5d
and e show the release efficiency profiles (M,/M, x 100) and
fractional release profiles (M,/M.) of Dex from biocomposite
collagen hydrogels, respectively. The Dex released from SIS PO,
SIS P5 and SIS P15 hydrogels exhibited a biphasic pattern
characterized by fast initial release in the first 12 h, followed by
a slower release phase. In the first 6 h, 47, 27, 18 and 23% of
loaded-initially Dex was efficiently released from SIS, SIS PO, SIS
P5 and SIS P15, respectively. For SIS alone hydrogel, 262 + 4 ng
mL ™" of Dex was released after 3 days; afterwards, the disinte-
gration of the material was observed, which made it difficult to
quantify the Dex due to the interferences with the dissolved gel
components. For SIS PO, SIS P5 and SIS P15 hydrogels, 135 £+ 12,
177 + 13 and 232 + 23 pg mL ™" of Dex were released after 3
days, respectively. Ultimately, results indicated that 43, 56 and
79% of loaded-initially Dex was efficiently released from SIS PO,
SIS P5 and SIS P15 hydrogels after 9 days, respectively. The SIS
P5 and SIS P15 composites performed a delayed fractional
release of Dex, as shown in Fig. 5f. However, this controlled
release was not observed for SIS alone or SIS PO hydrogels.
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3.6. Effect of the Dex-loaded hydrogels on the cell response

In first instance, the biological response to composite hydrogels
releasing Dex was assessed in terms of the metabolism of
fibroblasts and macrophages cultured on the materials. The
metabolic activity of macrophages was increased when cells
were cultured 3 days in all four materials compared to the
control, as shown in Fig. 6a. However, the metabolic activity of
fibroblasts after this same elapsed time was decreased, as
shown in Fig. 6b. After 7 days of culture, the metabolic activity
of macrophages or fibroblasts was increased in both the
controls and composite materials, compared to the 3 day
culture. This metabolic activity was not significantly modified in
composite materials compared to controls after 7 day culture,
but was drastically decreased in SIS alone materials.

In another experiment set, the effect of soluble products
from Dex-loaded composite hydrogels on macrophage meta-
bolic activity was evaluated. The metabolic activity of macro-
phages cultured with products extracted from all-four materials
was higher in comparison with cells cultured without extracts,
as shown in Fig. S4.7 However, this effect was ameliorated when
cells were stimulated with extracts diluted to 50 and 25% with
fresh medium. These results suggest that products extracted
from Dex-loaded composite hydrogels, were responsible of the
enhanced metabolic activity of macrophages.

The secretion of cytokines TGF-B1 and CCL-2 (involved in
angiogenesis and inflammation processes) confirmed the acti-
vation of macrophages by Dex-loaded composite hydrogels, as
shown in Fig. 7. All four Dex-loaded composite hydrogels
showed a higher TGF-B1 secretion than the control (cells
without materials). During the first 3 days of culture, the
macrophages cultured in SIS and SIS P5 hydrogels secreted the
highest amount of TGF-B1 (Fig. 7a) compared to other
composite hydrogels. However, after 7 day culture, the TGF-B1
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Fig.5 Dex-release profiles from biocomposite hydrogels. (a) Variation o
P15 materials are statistically different (p < 0.05) compared to SIS PO. (b) S

f water uptake produced in materials with respect to time. SIS P5 and SIS
ilica debris release from composite hydrogels. (c) Schematic description

of the experimental setup for releasing Dex and silica debris. The cumulative release (d) and fractional release (e) profiles of Dex from bio-

composite hydrogels. Fractional release at shorter time periods (f). The

cumulative release of Dex produced in SIS P15 materials is statistically

different (p < 0.05) compared to SIS PO and SIS P5 after 1 day of incubation. The cumulative release of Dex from 1to 3 days for SIS is significant (p <
0.05) compared to SIS PO, SIS P5 and SIS P15. Data are expressed as mean values + SD, n = 3.
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secretion by macrophages cultured in SIS hydrogels and
controls was significantly decreased. The secretion of TGF-f1 by
macrophages cultured on composite hydrogels was maintained
with the culture time. The macrophages seeded on all four Dex-
loaded hydrogels did not show a significantly different secretion
of CCL-2, compared to control after 3 day culture (Fig. 7b). The
CCL-2 production was significantly diminished from 3 to 7 days
of culture in cells cultured in the Dex-loaded materials, as well
as in the control. These results suggest that the Dex-loaded
biocomposites were suitable to stimulate the secretion of
TGF-B1 by macrophages, but, meanwhile, were not proficient to
stimulate to the secretion of CCL-2.

4. Discussion

The loading of therapeutics in hydrogels based on collagen is
being explored in strategies intended to modulate the inflam-
mation processes and to control infections in the wound heal-
ing materials field."**** The limitation of collagen-based
systems is the therapeutic bioavailability for long-term appli-
cations. For instance, the “burst release” phenomenon leads to
excessive initial therapeutic delivery and also reduces the
effective lifetime of the device.** This phenomenon is favored in
collagen systems, due to their poor mechanical stability, rapid
degradation and high susceptibility to hydrolysis.*® With this
scenario, efficient strategies are needed to regulate the
hydrophobicity/hydrophilicity ratio, to enhance mechanical

10450 | RSC Adv., 2017, 7, 10443-10453

stability and to control degradation rate,
biocompatibility of the collagen hydrogels.***

The therapeutic dose of Dex used in conventional formula-
tions has been reported in 0.5 mg per mL.*® Strategies to reduce
the burst effect have been designed with polymeric materials
such as PGLA,***° PCL* and PEG;" as well as with silica mate-
rials.** This work reports an alternative to incorporate Dex in
hydrogels comprised of type I collagen, oligourethanes and
silica particles, where collagen is the major component. Thus,
these hybrid hydrogels are studied as vehicles of controlled
release of a therapeutic molecule capable of influence the
immune cells (Fig. 1).

The crosslinking of the collagenous network produced by the
oligourethanes is important to regulate the structure and
properties of the composite hydrogels. The incorporation of
silica particles allows the loading of Dex up to 400 pg of Dex per
each cm® of gel. According to turbidimetry results, this
concentration of Dex does not modify significantly the forma-
tion process of 3D polymeric network. Similarly, the cross-
linking density, degradation, and swelling do not vary
significantly in hydrogels with and without Dex.>” However, the
storage modulus and pore size in composite hydrogels loaded
with Dex are lower compared to Dex-free materials.>” The pres-
ence of Dex inside composite hydrogels diminishes the longi-
tudinal alignment of the collagen molecules due to the reduced
formation of entanglement points, altering the fibrous network
structure and decreasing its elasticity (G'). Similar evidences are

ensuring the

©
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reported in systems based on collagen loaded with dopamine*
and y-cyclodextrin hydrogels with drug loaded micelles.** On
the other hand, the increment of SiP content influences the
collagen polymerization and the structural network parameters
(Fig. 2 and Table 1). It has been reported that negatively charged
silica particles interact with positively charged collagen amines
accelerating or inhibiting the fibrillogenesis according to the
silica concentration.*® The urea linkages produced by the addi-
tion of the free collagen-amines with the PUP end-isocyanates
validate the collagen crosslinking, while the identification of
the siloxane bonds (Si-O-Si) ensures the presence of silica
dispersed in the 3D matrix. The increment in the storage moduli
has a direct relationship with the crosslinking extent produced
by the oligourethane, and this relation does not depend on the
SiP content (Fig. 3d). The improvement in the storage modulus
is associated with the crosslinking inside collagenous network.*®
A laminar structure with interconnected pores is found for all-
four materials (Fig. 4). The maintained typical microstructure
for collagenous materials can enhance the cell attachment,
proliferation and migration in tissue engineering strategies,
allowing the diffusion of oxygen and nutriments, and release of
therapeutics.” The removal of the organic matter from the
composites confirms the presence of mesoporous silica nano-
particles (Fig. 4g). The silica particles accelerate the collagen
polymerization but do not affect the pore size and the
mechanical properties of the hybrid hydrogels. It has been re-
ported that the mechanical properties of silica-collagen mate-
rials are increased when silica bears reactive moieties that can
covalently bond to amine or carboxylic groups of collagen.* In
this work, the increment in the storage modulus has a direct
relationship with the crosslinking extent produced by the oli-
gourethane, but not with the SiP content (Fig. 3d).

It has been reported that the mesoporous silica nano-
particles have a high surface area and strong adsorbent
capacity, providing stable sites for the adsorption of diverse
drugs,**® consequently they represent an opportunity to regu-
late the burst release in collagen-based materials. Also, the
silica particles are not covalently linked with the collagen, and
therefore the silica debris with trapped drug can diffuse
through the gel network. The water uptake and degradation of
ECM-hydrogels contribute with the absorption of wound
exudate, prevention of scar tissue formation, and regularization
of drugs release.*" In this work, a direct relation between
water uptake capacity and silica content is found (Fig. 5a), while
the degradation rate of composite hydrogels is not dependent
on the SiP concentration (Fig. 3c). The bioavailability of the
drugs loaded in the composite collagen hydrogels could be
controlled by the degradation adjusted by the oligourethane
crosslinking or by the swelling tailored by the silica particles.
The present results suggest that the Dex release is related to the
residual silica release during the swelling process. A higher
concentration of Dex is released as long as a higher residual
silica release is observed (Fig. 5). These results are congruent
with the hydrolysis at neutral pH of silica particles.*® Thus, this
delivery vehicle is capable of provide silica dissolution products
that could have a synergic effect with therapeutic molecules to
regulate cell response.

This journal is © The Royal Society of Chemistry 2017
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The observed direct relationship between the concentration
of SiP and the Dex release efficiency is in line with the swelling
behavior of composite hydrogels (Fig. 5). The swelling is result
of the transport of water and mobile ions through the network,
as well as of the absorption of water and the association,
dissociation and binding of ions to the network chains.”*® The
present results suggest that the time taken to reach water
uptake equilibrium dependent on the modification of collagen
with oligourethane/silica. Moreover, at longer incubation times,
the hydrolysis of silica and degradation of portions of uncros-
slinked collagen could affect physicochemical parameters such
as the fixed (bound to the network components) charge and the
ionic strength of the solution; consequently affecting the
swelling kinetic. An increment of the degree of water uptake
with the incubation time appears to causes the hydrogels to
increase the release of Dex. In addition, the swelling of the
composite matrix favors the diffusion of drug-loaded silica
particles outside the materials, as previously was proposed for
other drug-release systems based on silica particles.>® From
a physicochemical view point, the therapeutic can be adsorbed
in the surface of mesoporous nanosilica forming both ionic
interactions and hydrogen bonds.*>*® The “burst effect”
observed in the release of Dex from collagen alone suggests that
Dex does not have strong interactions with the collagen or that
diffusivity in the collagen network is high (Fig. 5). On the other
hand, the reduction of the burst release of Dex from composite
collagen suggests that crosslinking with oligourethane and the
addition of SiP induced stronger interactions with Dex or lower
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Fig. 8 Scheme for the interactions between dexamethasone and
components of the composite hydrogel. (a) Formation of urea linking
between the primary collagen amine and the end-isocyanate of the
oligourethane. (b) Hydrogen bond formed between Dex and silica—
collagen.

RSC Aadv., 2017, 7, 10443-10453 | 10451


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra25989h

Open Access Article. Published on 07 February 2017. Downloaded on 11/30/2025 8:24:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

diffusivity. The dependence of the release efficacy of Dex with
the SiP content suggests that the SiP in the composite hydrogels
could be used in the control of the Dex release, presumably via
the hydrogen bonds on SiP surface, as shown in Fig. 8. A higher
concentration of SiP is related to higher surface area, which
provided active sites for the drug adsorption.*” Moreover, the
sustained Dex release can be used to increase its therapeutic
effect while minimizing side-effects, as previously reported with
a variety of polymeric carriers.”

To have a first idea of the potential of the delivery system
comprised of Dex and composite collagen for inducing activation
of cells that secrete signaling molecules key in the control of
inflammation and wound healing, the in vitro cell response was
assessed. In this regard, the MTT results suggest that the meta-
bolic activity of fibroblasts and macrophages is increased by the
components of this novel Dex-releasing vehicle (Fig. 6). These
results are consistent with the ability of Dex to active macro-
phages.***° This study also showed evidence to promote secretion
of TGF-B1 cytokine by the vehicle releasing silica and Dex
(Fig. 7a), which can be used in strategies to optimize the healing
of chronic wounds. The CCL-2 secretion is not affected by the
hybrid materials, which is expected due to the inflammatory
action of this cytokine.> The delivery of Dex from electrospun
fibers materials has allowed the regulation of inflammatory
related gene expression in Raw 264.7 macrophages,® in turn, the
sustained release of Dex from cyclodextrin/dextran hydrogels has
induced the osteogenic differentiation of stem cells.”* To the best
of the authors knowledge, to date a collagen-based material that
has the ability to controlled release of Dex has not been reported.
Thus, the biocomposites reported here represent a promising
approach among strategies already available for modifying
collagen biomaterials to effectively modulate the host responses.
The in vivo response to this local delivery system of Dex and silica
debris from composite collagen hydrogels is under study and will
the subject of another paper.

5. Conclusions

An efficient dexamethasone-release system based on hydrogels
comprised of collagen, oligourethane and silica was reported.
The oligourethane crosslinking regulated the viscoelastic
properties and degradation of the biocomposites, while the
incorporation of colloidal silica accelerated the collagen poly-
merization modifying the structural parameters of the collage-
nous network. The incorporation and release of dexamethasone
as well as the matrix swelling were controlled by the presence of
the mesoporous silica particles in the composite collagen
hydrogels. Consequently, the metabolic activity and TGF-B1
secretion of macrophages were stimulated by the local release of
dexamethasone.
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