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ARTICLE INFO ABSTRACT

Keywords: The viscoelastic properties of hydrogels depend on the tridimensional polymeric structure and the behavior of
Plasma the liquid confined in their pores. The objective here is to modulate these characteristics in plasma-derived
Hydrogels

hydrogels by the addition of glycidoxypropyl-silica nanoparticles. These nanoparticles exhibited a hydrody-
namic average size between 105.4 — 151.0 nm and surface coverage with (3-Glycidoxypropyl) trimethoxysilane
of 0-96 %. The reinforced hydrogels are porous networks with spherical nanoparticles homogeneously distrib-
uted into their walls. The silanol groups of silica increase four-fold humidity retention compared with the native
hydrogel. This correlates with bound water > 45 % on these reinforced hydrogels, in contrast with 75 % of free
water on the native one (calculated from DSC in frozen hydrogels). The humidity stability can be also achieved in
the hydrogel prepared with nanoparticles exhibiting 96 % organic coverage. Furthermore, this organic content
promotes the microstructure chemical crosslinking, resulting in 3.9 and 1.6 higher Young’s modulus compared
with native and silica-reinforced hydrogels, respectively. The presence of glycidoxypropyl-silica nanoparticles in
reinforced hydrogels modulated its viscoelasticity behavior, decreasing stress relaxation, which was explained
using the generalized Maxwell-Wiechert model. In conclusion, novel organic-inorganic hybrid hydrogels based
on plasma-derived ones and glycidoxypropyl-silica nanoparticles were developed. These nanoparticles are ver-
satile and allow the production of hydrogels with improved viscoelastic behavior that also exhibits high water
retention and morphological stability.

Glycidoxypropyl-silica nanoparticles
Bound/free water

Viscoelasticity

Maxwell-Wiechert model

1. Introduction cross-linking degree. This has an immediate effect on cell proliferation

and mechanical properties, as it has been observed in many other

Hydrogels are polymeric three-dimensional network structures,
crosslinked physically and chemically. Hydrogels obtained from natural
polymers including gelatin, alginate, cellulose, collagen, chitosan, and
plasma [1-7] offer an advantage for biomedical applications over syn-
thetic ones since they are inherently biocompatible, biodegradable, and
easily recognized by tissues [8-10].

The hydrogels produced from blood plasma, bioinspired by the cloth
biological roles [11-13]are highly appreciated for regenerative medi-
cine and tissue engineering [14-19]. The cross-linking of protein fibers
has been linked to both their stiffness and flexibility [14,20-22].
Furthermore, because of the hydrophilic nature of the proteins, these
structures incorporate up to 99 % water, which results in a low protein
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biopolymer-based hydrogels [23-28].

The water confined in hydrogels can be classified according to how
strongly it bonds to the polymeric network. The first type is the strong
bound water. This interacts directly with the hydrophilic residues of the
polymeric chains. The second type is the interstitial water which is
trapped in the small pores of the hydrogel, surrounded by hydrophobic
residues. The third type is the free, bulk, or excess water, stored in mi-
cropores without direct interaction with the polymer, therefore, exhib-
iting structure and thermal properties similar to pure liquid water [24,
25,29]. The bound water affects the morphology, structure of hydrogels
[24,26,27], and cell adhesion when they are used as cell scaffolds [27].
The water behavior present in the hydrogels network can be determined
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by DSC, spectroscopic and computational techniques [24,25,28].

The high-water content suggests that the crosslinking and polymer
amounts of hydrogels are low. This implies that they have low Young’s
modulus, low breaking points, and small elastic deformation limits. As a
result, hydrogels easily break and cannot withstand high stresses[30].
The plasma and fibrin materials have been observed to present this
behavior [13,14]. To improve these mechanical properties, composite
hydrogels have been produced in the presence of fillers like silica
nanoparticles[31-33]. As reported in the literature, Young’s modulus
measured by AFM for the hydrogel produced from human plasma was
1.5 kPa and increased to 8-10 kPa when Stober silica nanoparticles (3 %
w/v) were dispersed in the network [13]. These inorganic nanoparticles
have tunable nanoscale size, mechanical stability, biodegradability, low
toxicity, and versatility in surface chemical functionalization [34-40].
Organosilanes are efficient reagents to functionalize silica nanoparticles
[41]. (3-Glycidoxypropyl) trimethoxysilane (GPTMS or GLYMO), is a
very attractive functionalizer, due to it allows to obtain silica nano-
particles with rich surface chemistry by the presence of silanol, alkyl
chains, epoxy, and/or diol groups [42]. GLYMO has an epoxide group
that reacts with nucleophilic groups present in biopolymers leading to
the formation of a covalent bond, while methoxy silane groups can be
hydrolyzed to form silanol groups, and the latter condenses [43] to build
a network of siloxanes, achieving the crosslinking of the biopolymers
[44,45].

Hydrogels can be described as viscoelastic materials. If they are
subjected to deformations, there is a mechanical response associated
with their elasticity in which energy is stored and viscous contribution in
which energy is dissipated. The combination of the elastic and viscous
response leads to a time-dependent stress dissipation, known as the
relaxation process [46]. Changes in the viscoelastic behavior of hydro-
gels reinforced with silica nanoparticles can be modeled using the
generalized Maxwell-Wiechert model. In this model relaxation of poly-
mer fibers occurs at different times, depending on their length, structure,
water strength bond, and cross-linking degree [47].

The novelty of this paper relies on the possibility of mediating the
water-protein interactions through the glycidoxypropyl-silica nano-
particles with tailored chemical and colloidal properties. They give new
opportunities to modulate the mechanical behavior of the plasma-
derived hydrogels, which lose a pronounced amount of water when
they are manipulated [48]. The addition of silica to these plasma gels
was also reported, but they needed to use glutaraldehyde for protein
crosslinking and mechanical improvement [49]. Nude silica nano-
particles increased 1.5 times Young’s modulus of
alginate-polyacrylamide gels [50] and GLYMO was used for producing
chitosan—organosilane hybrid materials with improved viscoelastic
properties [51]. However, the use of glycidoxypropyl-silica nano-
particles, with organic-inorganic dual reactivity, for reinforcing plasma
hydrogels has not been reported up to date. In the current work, the
effect of glycidoxypropyl-silica on the microstructure, water behavior,
and viscoelasticity of the reinforced hydrogels was evaluated and
compared with plasma-derived native ones. The tailoring of silica
chemistry and colloid characteristics by covalent grafting of (3-Glyci-
doxypropyl) trimethoxysilane is shown by microscopic, colloidal, ther-
mal, and spectroscopic analysis. This ensures their high dispersion on
plasma and homogeneous incorporation into the hydrogel network.
Then, hydrogels were characterized in terms of microscopic structure,
dehydration kinetic, water bonding, stress relaxation tests, Young’s
modulus determination, and viscoelastic modeling using the generalized
Maxwell-Wiechert model of the hydrogels. Finally, the properties of
plasma-derived hydrogel were correlated with the physicochemical
characteristics of glycidoxypropyl-silica nanoparticles.
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2. Materials and methods
2.1. Materials

Ethanol (CH3CH;0H > 99 % J. T. Baker), Ammonium hydroxide (30
% NH4OH, AppliChem), Tetraethyl orthosilicate (98 % TEOS, Merck),
(3-Glycidyloxypropyl) trimethoxysilane (GLYMO >98 % Sigma
Aldrich). Human plasma donated by the Blood bank of the Alma Mater
Hospital in Medellin-Colombia. Saline solution (0.9 % NaCl, Corpaul).
Tranexamic acid commercial presentation (Knovel Pharma). Calcium
Chloride (1 % CaCly Sigma Aldrich). Ultrapure type 1 water, Mili-Q
(Synergy® UV).

2.2. Synthesis of silica particles and functionalization with GLYMO

Unfunctionalized silica nanoparticles (S Nps) were prepared using a
modified Stober method [35]. In brief, 1.66 mmol TEOS were dropwise
added to H,O: CH3CH,OH: NH4OH solution with a volume ratio of 3.40:
100: 3.78. The system was subjected to an ultrasound probe (1 min,
pulse-on 10 s, pulse-off 5 s, and 90 % output). It was left under magnetic
stirring at 350 rpm for 24 h, at 25 °C in a closed container to avoid the
volatilization of ammonia. S Nps were washed by cen-
trifugation/redispersion four times with water (Mili-Q grade).

The fresh S Nps were resuspended on ethanol (10 mL) and the
GLYMO was added with a nominal concentration of 0.1 %, 0.5 %, and
1.0 % (v/v). The functionalized glycidoxypropyl-silica Nps were labeled
as GO0.1, GO.5, and G1, respectively. These systems were refluxed at
80 °C, under magnetic stirring at 250 rpm, for 24 h. They were washed
by centrifugation/redispersion four times with acetone and water (Mili-
Q grade). The Nps before and after functionalization were characterized
by Dynamic Light Scattering (DLS), {-potential, Thermogravimetric
Analysis (TGA), Ny adsorption-desorption isotherms, 2°Si Solid-state
Nuclear Magnetic Resonance (295i CP-MAS NMR), X-ray Photoelectron
Spectroscopy (XPS) and Scanning Electron Microscopy (SEM) for
comparing their physicochemical properties.

2.2.1. Particle size, {-potential, and morphology

S Nps and glycidoxypropyl-silica Nps size distributions based on
intensity were determined by Dynamic Light Scattering (DLS) using
Horiba LB 550 equipment. The measurements were carried out at 25 °C
in an aqueous dispersion at pH 7. The polydispersity index (PDI) was
calculated by Eq. 1 from the hydrodynamic average size and standard
deviation (SDT) of the peak.

2
PDI = <SDT) 1)

mean

The values were interpreted as highly monodisperse (PDI < 0.05),
homogeneous narrow distribution (PDI < 0.2-0.3), and highly poly-
disperse (PDI > 0.7) [52].

The {-potential was determined at pH 7 for all Nps dispersed in
water, by using a Malvern Zetasizer Nano Z instrument. The morphology
of dried Nps was evaluated by SEM in the JSM-6490LV microscope
(JEOL). The samples were dispersed in ethanol, deposited on graphite
tape, and coated with gold (Denton vacuum Desk IV) to enhance the
electric conductivity. The Energy Dispersive spectroscopy (EDS) analysis
was performed for determining the silicon and carbon distribution on
the particles.

2.2.2. Specific surface area

The N; adsorption-desorption isotherms, at 77 K, were measured in
Micromeritics ASAP 2020 for the S and glycidoxypropyl-silica (GO.1,
GO0.5, and G1). Samples were activated at 100 °C for 12 h under a vac-
uum. The specific surface area (B in mz/g) was calculated with the
equipment software from the BET model.



Y. Galeano-Duque et al.

2.2.3. Moisture and GLYMO coverage of nanoparticles surface

The moisture and organic content of glycidoxypropyl-silica Nps were
determined through thermogravimetric analysis (TGA) in a Q500 TGA
equipment (TA Instruments). The samples were heated under air at
10 °C/min from 30 °C to 800 °C. The weight loss below 100 °C was
reported as the moisture percentage. The thermal event under 100 °C
was taken to calculate the moisture percentage of Nps and the thermal
event between 200 °C and 300 °C was taken for calculation of the
attached GLYMO. This gave the organic fraction (3) regarding the net
dried weight of the material and then, GLYMO grafting density (umol
ligand/m2 of NPs surface, @) was calculated by Eq. 2.

— 5 6

where B (specific surface area of Nps m?/g); M is the molecular weight
of the pendant organic chain on the Nps surface that is removable during
the heating (133 g/mol). The surface coverage percentage of function-
alized Nps was calculated by dividing @ by 7.6 umol grafted ligand/m?.
This value corresponds to 100 % monolayer coverage on the Nps sur-
face, assuming 4.6 SiOH groups per nm? as available grafting sites[53].

2.2.4. Chemical functionalization

The covalent grafting of Nps with (3-Glycidoxypropyl) trimethox-
ysilane (GLYMO) on the Nps surface was confirmed by 2°Si CP-MAS
NMR, on a Bruker Advance IIl equipment at 9.4 T, under Harmanm-
Hann conditions. The chemical environment on the functionalized Nps
was characterized by X-ray photoelectronic spectroscopy (XPS). The
survey and high-resolution spectra were obtained using a mono-
chromatized Al Ka x-ray source (1486.7 eV, 13 kV, 100 W). The spectra
were taken in contact analyzer energy (CAE) mode using 100 eV pass
energy for the survey and 30 eV for high-resolution acquisition. Ko
charge compensation system is employed with an energy of 10 eV. The
C1s peak attributed to C-(C-H) at a binding energy of 284.8 eV is a signal
of adventitious carbon and it is used as a reference for the binding en-
ergy calibration.

2.3. Preparation and characterization of plasma-derived hydrogels

The plasma-derived hydrogels were prepared according to the pro-
tocol described by Gaviria et al. [54], by mixing human plasma (67 %
v/v), normal saline solution (18 % v/v), tranexamic acid (1.4 % v/v),
and different concentrations of Nps (0-4 mg/mL). The gelation was
induced by the addition of 1 % CaCl; solution (14 % v/v) and aging for
30 min at 37 °C. The hydrogels obtained were named PS, PGO0.1, PGO0.5,
and PG1, according to the Nps type added. The native plasma-derived
hydrogels (P) were prepared in the absence of siliceous Nps. The
microstructure, dehydration kinetic, water behavior, and viscoelastic
properties of hydrogels were evaluated through different techniques
described below.

2.3.1. Microstructure

The wet hydrogels were analyzed by SEM in the JSM-6490LV mi-
croscope (JEOL), with a low vacuum, and cooling the samples at — 25 °C
with the COOLSTAGE SEM device. This procedure was used to minimize
changes in hydrogel structure due to water evaporation. For compara-
tive purposes, some hydrogel samples were lyophilized under standard
conditions at — 89 °C and high vacuum (0.8 mbar) before SEM analysis.

2.3.2. Dehydration kinetics

The plasma-derived hydrogels were left in an open container under
atmospheric conditions, to follow spontaneous drying. The humidity
retention was determined gravimetrically (Eq. 3), registering the mass
change of each hydrogel upon drying at room temperature for 168 h (7
days).
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. _ (W —W,
Dehydration(%) = (Wo — Wp) * 100 3

where Wy, W;, and W, were the weights (mg) of the wet hydrogel at
zero time (i.e. fully hydrated), different times of drying, and fully dry
after 7 days, respectively.

2.3.3. Water behavior

The Differential Scanning Calorimetry (DSC) measurements were
performed using Q100 (TA Instruments) to analyze the water trapped in
the pores of the hydrogels. The following heating program was used:
cooling to — 50 °C at 10 °C/min with a 5 min isotherm before heating
up to 150 °C at 5 °C/min. A linear baseline was used for integrating
peaks to determine the enthalpies of melting (AH,,) of water. TA in-
struments universal analysis 2000 Software was used. Bound water was
calculated by Eq. 4, taking the melting enthalpy of pure water as a
reference (AHy,(ref) = 333.55J/g).

_ AH,, (i)
Bound water(%) = [1 - <m> } * 100 4)

Were AH, (i) is the water melting enthalpy found for plasma sus-
pension, native (P), and reinforced hydrogels (PS, PGO0.1, PGO0.5, and
PG1).

2.3.4. Viscoelastic properties by stress relaxation tests

The hydrogels were subjected to a stress relaxation test under uni-
axial compression using a Low-Load Compression Tester (LLCT) at 25 °C
as described previously [55-58]. The LabVIEW 7.1 program was used
for LLCT load cell and linear positioning for control and data acquisition.
Native and reinforced hydrogels (2 and 4 mg/mL of S and G1 Nps) were
deformed by 20 % of their original thickness (strain ¢ = 0.2) at a
deformation speed of 20 %/s (strain rate ¢ = 0.2s~'). The diameter of
the indentation probe was 2.5 mm diameter. The deformation was held
constant for 60 s and the changes in stress were monitored. In the
compression test, the stress vs strain curve was plotted, and a linear
increase in stress as a function of strain was observed between a strain of
0.04 and 0.1; the slope of the line fit to this region was taken as Young’s
modulus. Due to Young’s modulus of the viscoelastic hydrogels chang-
ing with the strain rate, the values reported here are valid only at a strain
rate of 0.2 s~ L.

On the stress relaxation measures, the required stress to maintain a
constant strain of 20 %, continuously decreases with time, which is a
clear indication of the viscoelastic nature of protein-based hydrogels.
The stress relaxation curve was mathematically modeled with a gener-
alized Maxwell- Wiechert model. The relaxing stress as a function of
time [o(t)] was divided by the constant strain of 0.2 to obtain the value of
continuously decreasing modulus E(t). Data were acquired using Eq. 5
which describes the generalized Maxwell-Wiechert model. Then the
values of the spring constant (E;) and the relaxation time constant (7;)
for individual Maxwell elements (where i varies from 1 to n) were
calculated. The generalized model is composed of various Maxwell el-
ements connected in parallel, each element represents a spring indi-
cating the elastic response to unloading and a dashpot accounting for the
viscous response[58] (SI Fig. S1a). Each element is characterized by a
relaxation time constant (t;), i.e., the time scale over which the element
is significant. The number of Maxwell elements necessary to fit the
experimental data was determined by visually fitting a plot that shows
the decrease in y2value with the addition of every extra Maxwell
element (SI Fig. S1b). The required number of Maxwell elements was
chosen when no further decrease in y? was observed (SI Fig. S1b).

E(t) = Eje /" + Eye /™ + Eze /% + ...+ Epe /™ 5)

The relative importance (R;) of each Maxwell element in terms of
percentage within the relaxation process was expressed as the propor-
tion of its spring constant (E;) to the sum of all spring constants used, and
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it was calculated using Eq. 6.

R, = 100 % ZnEi = (6)
i=1"1

2.4. Statistical analysis

All sample preparation and analysis were made in triplicate. Com-
parisons for more than two groups were done using one-way ANOVA
with Tukey’s post hoc test. A *p-value < 0.05 was considered statisti-
cally significant. Results are expressed as mean =+ standard error of the
mean.

3. Results and discussion
3.1. Glycidoxypropyl-silica nanoparticles

The unfunctionalized S Nps, synthetized in this work by the modified
Stober method [34,35], have spherical morphology. The particle size

distribution measured by DLS in water at pH 7 is monomodal and
monodisperse (PDI: 0.08) with an average size of 105.4 + 4.0 nm, which
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Fig. 1. Colloidal and surface characterization of unfunctionalized (S) and
glycidoxypropyl-silica (G0.1, GO.5, G1) nanoparticles. (a) Hydrodynamic par-
ticle size (bar), {-potential (line) at pH 7 in aqueous dispersion, and SEM mi-
crographs. Significance difference, p <0.05 (*), was calculated for
hydrodynamic particle size and ¢-potential. (b) Surface coverage with GLYMO
(bar) and moisture % (line) from TGA thermograms. Significance difference,
p < 0.05 (*), was calculated for moisture %.
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agrees with the size determined by SEM after drying (Fig. 1a). The S Nps
have a negative {-potential of — 44.4 + 0.8 mV (Fig. 1a), due to the
presence of deprotonated silanol groups on the surface at pH 7. This
favors the interparticle electrostatic repulsion and therefore, explains
the monodisperse nature and colloidal stability of this dispersion [59].

A small increase in the particle average size is measured after func-
tionalization with 0.1-1.0 % v/v GLYMO (DLS and SEM), as a conse-
quence of the hydrodynamic length of the glycidoxypropyl pendant
chains, without affecting the spherical morphology (Fig. la). The
interparticle condensation under the functionalization conditions could
also contribute to the size increase by agglomeration [59]. Therefore,
the used GLYMO was limited up to 1.0 % v/v to avoid extensive GLYMO
self-condensation and particle aggregation. The functionalization of the
glycidoxypropyl-silica surface through silanol condensation makes less
negative the {-potential of these Nps (Fig. 1a) [43]. Some silanol groups
are still on the non-fully GLYMO-covered surface contributing to the
negative surface. The glycidodypropyl-silica coverage increases in
function of the initial GLYMO concentration from 64 % to 96 % (Fig. 1b),
without affecting the monodispersity (Fig. 1a). This high dispersion is
due to the combined contributions of steric and electrostatic stabiliza-
tion[60], through glycidoxypropyl pendant chains and charged silanols
of the surface, respectively.

The monolayer coverage percentage of glycidoxypropyl-silica Nps
affects their water adsorption capacity. There is an inverse relationship
between GLYMO coverage on the surface and moisture percentage,
except for G1 Nps (Fig. 1b). The unfunctionalized S Nps exhibit the
highest moisture percentage favored by the highest specific surface area
(Fig. 1b). The presence of the silanol groups also contributes to the in-
crease of moisture percentage, due to particles promoting water inter-
action by H-bonds. For GO.1 and G0.5 Nps, the presence of alkyl chains
and lower specific surface areadecreases the water interactions. How-
ever, when the coverage reaches 96 % on G1 Nps, there is not a signif-
icant change in the moisture respecting GO.5 Nps. On the contrary, the
tendency is to increase water adsorption, which can be related to the
high surface area of this G1 material and the chemistry of the surface.
The oxygenated terminal groups of pendant chains on glycidoxypropyl-
silica Nps should contribute to H-bonds, dipole-dipole, and Van der
Waals interactions with water. Additionally, the probability of new
silanol groups coming from dioxane and polyether secondary products
[61] is not discarded due to the higher GLYMO quantity, which con-
tributes to rising affinity with water. These physicochemical character-
istics also explain the nanoparticle dispersibility in water, even with the
highest GLYMO coverage (Fig. 1a,b).

The chemistry of the surface was explored from 2°Si CP-MAS NMR
and XPS results. The covalent grafting of GLYMO, by condensation with
the silanol on the silica surface [43], was demonstrated by the appari-
tion of T3 and T signals on the typical 2°Si CP-MAS NMR spectrum of
functionalized Nps (Fig. 2a). These are related to the Si-C bond [62,63].
The Q3 and Qg signals, ascribed to Si on geminal and single silanol
groups, are still present on functionalized Nps as a result of the non-full
coverage with GLYMO. The XPS analysis gives more information about
the chemical environment of organic terminal groups on the surface
(Fig. 2b,c). The general XPS spectra glycidoxypropyl-silica materials
exhibit signals for Si2p (103.8 eV) and O1s (533.1 eV) accompanied by
Cls around 285.6 eV (Fig. 2b). The O/Si ratio near to 2 corresponds to
the theoretical value for siliceous materials [64]. The high-resolution
Cls spectrum for G1 Nps allows identifying C adventitious (284.8 eV),
C-(C, H) (286.3 eV), and C-O (287.9 eV) signals, related to ether and
epoxy in GLYMO pendant chains [65].

According to the preceding results, the surface of the
glycidoxypropyl-silica nanoparticles can be described as in Fig. 2d,
where the negative charge could come from non-attached silanols and
the alkyl chain can be epoxy and diol terminated. The surface charac-
teristics and their effects on the water adsorption and dispersibility,
enable these nanoparticles to be suspended homogeneously on the
aqueous plasma acting as reinforcement fillers of plasma-derived
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high-resolution XPS. (d) Surface chemistry model.

hydrogels.
3.2. Characterization of the hydrogels microstructure and water behavior

The native and reinforced hydrogels of this work are produced from
human blood plasma through in vitro gelation initiated by CaCl; [12], in
the absence and presence of silica (S) or glycidoxypropyl-silica Nps
(GO.1, GO.5, and G1). The characteristics of the hydrogels microstruc-
ture and water behavior on their pores are determined by SEM,
gravimetry, and DSC.

The native hydrogel exhibits a microstructure of interconnected
pores, with sizes between 7 and 35 um (Fig. 3a). This is also observed in
the reinforced hydrogels, where the siliceous spherical Nps behave like
nodes between the fibers, and they are incorporated into the walls of the
hydrogel pores (Fig. 3b-d). Probably, the unfunctionalized S and
glycidoxypropyl-silica Nps induce the hydrogel gelation around them,
acting as nucleation agents through multiple electrostatic, dipole-dipole,
and H-bond interactions [66]. Moreover, the reaction of epoxy groups
with nucleophilic residues of proteins can promote the chemical

crosslinking of the hydrogel. The siliceous materials are uniformly
distributed along with the gel structure, as evidenced on the EDS
compositional maps (Fig. 3h), contributing to the homogeneous micro-
structure of reinforced hydrogels. This demonstrates the effective
interaction of these nanoparticles with fibrinogen and other plasma
proteins during the gelation process, due to the excellent dispersibility
(Fig. 1a) on aqueous media. In addition, the particle size of both S, and
glycidoxypropyl-silica Nps (Fig. 1a), allows the obtention of homoge-
neous hybrid hydrogels without phase segregation. The porosity of the
hydrogel structure was preserved after its reinforcement with
glycidoxypropyl-silica nanoparticles. The nanoscale size of the siliceous
materials prevents the clogging of hydrogel pores, which will have an
impact on key hydrogel properties such as swelling capacity. Also, it is
important to maintain the porosity of the hydrogels because it has been
reported, in biomedical applications, that open and interconnected
pores are necessary for fast cell colonization or drug release [67].

The presence of S or glycidoxypropyl-silica Nps on reinforced ma-
terials avoids the total collapse of the 3D porous microstructure of the
native hydrogel during drying by lyophilization (Fig. 3e-g). This means
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Fig. 3. SEM micrographs at — 25 °C for wet samples (a-d) and room temperature for lyophilized ones (e-g): native P hydrogel (a,e) PS (b,f), PG0.1 (c,g) and PGO.5 (d)
(reinforced 4 mg/mL of Nps). The silicon map from Energy Dispersive spectroscopy (EDS) for PS sample (h).

that particles minimize the stress caused by water solidification and
sublimation during the freeze-drying (lyophilization) process of hydro-
gels. However, it is highly advisable to keep the wet hydrogels, for
preserving the microstructure and humidity, which are important for
their functionality in future applications as cell scaffolds and wound
dressings [48,55].

Based on these results, the microstructure of reinforced hydrogels
can be described as a hybrid organic-inorganic network, in which the
water entrapment and stability of their porous structures are mediated
by siliceous materials. This is corroborated quantitatively by the dehy-
dration kinetics of the hydrogels at room temperature and the study of
the water behavior from DSC analysis. The dehydration is slower and
lower for the reinforced hydrogels than for the native P one (Fig. 4a).

Mainly, the PS hydrogels reinforced with unfunctionalized S Nps can
maintain the humidity, in direct correlation with the high capability of
these particles for adsorbing water (expressed as moisture %) through
silanol groups in their high surface area (Fig. 1b). The DSC analysis of
wet samples after freezing at — 21 °C gives additional information about
the molecular interactions of water inside the hydrogel network. The
two endothermic events in the DSC thermogram correspond to water
melting and vaporization (Fig. 4b). These temperatures and the corre-
sponding enthalpies are shifted from the values for the bulk water, as a
result of their confinement into the porous hydrogel [18,28]. In this
environment, some molecules are adsorbed on the pore walls and others
are in the inner part, mainly in interaction with themselves (Fig. 4d).
Then, the classification as bound and free water, respectively, has been
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adopted [24,25]. Considering that bound water is the main responsible
for the decrease in the melting enthalpy, this value can be used for the
calculation of bound water percentage (Eq. 4). In fact, the water can be
also bound to plasma proteins but its entrapment on the hydrogels
network increases this percentage. Moreover, the presence of silica and
glycidoxypropyl-silica Nps on the tridimensional structure of reinforced
hydrogels causes an additional increment of the bound water (Fig. 4d). It
is interesting to notice the similarity between this tendency and the
moisture % of Nps (Fig. 1b). The silanol groups on the unfunctionalized
silica S Nps improve the water interaction inside the hydrogel and
therefore, its entrapment and retention into the PS hydrogels. The G0.5
Nps, which exhibit the lower specific surface area and water adsorption
ability, contribute to a lesser extent to the percentage of bound water in
the PGO.5 reinforced hydrogel and its stability during the dehydration
experiment (Fig. 4a). Additionally, the epoxy groups of the G0.5 Nps are
involved in chemical crosslinking, which reduces the diol formation and
their interaction with water into the hydrogels. In the case of the PG1
hydrogels, the bound water and dehydration extent comes out compa-
rable with those in PS hydrogels. It is because the 96 % surface coverage
with organic GLYMO on G1 is quite high for contributing to network
chemical crosslinking and still having hydrophilic groups for favoring
the water interactions mediated by nanoparticles in the microstructure.
For blood plasma and whey soy protein gels with pore sizes in the range
of 0.2-2 um, it has been reported they lose a pronounced amount of
water when they are manipulated [48]. However, the reinforced
plasma-derived hydrogel with glycidoxypropyl-silica can hold large
percentages of bound water which is related to slow dehydration ki-
netics (Fig. 4a).

3.3. Viscoelastic properties of reinforced hydrogels

The native P hydrogels are highly extensible (Fig. 5a). Based on the
literature, this hydrogel can stretch up to three times its length before
breaking and twice its length without permanent distortion [20-22].
However, it loses a large amount of water (Fig. 4a), especially when it is
subjected to deformation. This can lead to damage to its tridimensional
structure during handling since the mechanical properties of hydrogels
depend on the network microstructure and the liquid confined into the
porous [68]. The reinforced hydrogels preserve the stretchability of the
native hydrogel, with improved resistance to breaking, as it is shown
qualitatively in the photos (Fig. 5c-e). Considering that PS and PG1
materials, reinforced with 4 mg/mL Nps, exhibit higher stability against
the water lost, in direct correlation with the higher percentages of bound
water on the network (Fig. 4a,c), they were selected for studying the
viscoelastic properties in function of the surface chemistry of the Nps
incorporated on their walls. Some comparisons will be made with
hydrogels reinforced with 2 mg/mL of Nps. These samples will be
identified with a number 2 in parenthesis.

The stress relaxation assay revealed that the maximum stress applied
to reach 20 % deformation of the reinforced hydrogels is higher
compared to natives in the following order: PG1(4) > PS(4) >PG1 (2)
> PS(2) > P. This indicates the stiffness was improved by the presence of
siliceous materials, especially on the hydrogel reinforced with 4 mg/mL
of G1 Nps. At longer times, the relaxation process or stress decay takes
place. It involves the release of internal energy, due to the polymer
chains rearranging to take the energetically most favorable position with
the lowest entropy [69]. The relaxation occurs to a greater extent in
native P hydrogels than in PS and PG1 ones. In PS the chains are easily
rearranged, plastic deformations occur, and the flow of the hydrogel
predominates. For PG1, it is observed that this relaxation process is
slower because the interactions with glycidoxypropyl-silica nano-
particles lead to a slightly slower relaxation of the chains. Furthermore,
it was found that PG1(4) with glycidoxypropyl-silica concentration at
4 mg/ml, it is feasible to create a hydrogel with a lower relaxation
compared to the other hydrogels. This behavior is caused by the syn-
ergistic effect of particle concentration increase and particle-protein
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Fig. 5. Representative photographs for (a) native P. (b) PS. (c) PGO0.1. (d) PGO.5. (e) PG1. Silica and glycidoxypropyl-silica concentration was 4 mg/mL.

covalent interaction promotion.

The decrease in the relaxation of hydrogel reinforced with nano-
particles can be associated with the increase in stiffness represented by
Young’s modulus (Fig. 6b). The calculated Young’s modulus using the
linear stress-strain curve showed an increase as follows: PG1(4) > PS(4)
> PG1(2) > PS(2) > P. The most significant differences with the native
P hydrogel are seen when the Nps concentration was 4 mg/mL (Fig. 6b).
This is because the hydrogel-free volume is reduced as the Nps con-
centration is raised, which in turn restricts the movement of the protein
chains on the polymeric network. Additionally, the use of functionalized
glycidoxypropyl-silica promotes the formation of covalent bonds in the
hydrogel walls, improving the mechanical stability, especially on PG1
(4) hydrogels. This result agrees with the increase in the percentage of
glycidoxy coverage (Fig. 1b). By increasing the percentage of glycidoxy
groups exposed on the surface of the nanoparticle, the formation of
covalent bonds between the particle and the protein network is pro-
moted, which leads to having more rigid and mechanically stable
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materials. This, together with the high-water retention, helps the pres-
ervation of the hydrogel network integrity during the deformation
experiment.

Viscoelastic stress relaxation is caused by several events taking place
at the molecular level, such as changes in protein bonds or the move-
ment of water molecules within the hydrogel porous network. The
Maxwell-Wiechert model allows dividing the total relaxation data into
Maxwell elements which can be theoretically attributed to the physical
components of the hydrogel. These changes can be reflected in the
relaxation time constants and the relative importance of the particular
Maxwell element, predicted by Maxwell-Wiechert model.

Native hydrogels (P) require two Maxwell elements to explain the
relaxation profile while reinforced hydrogels (PS, PG1) require three
elements, except for PG1(2) which requires four elements (Fig. 6¢). The
Maxwell element 1 is associated with those components of the hydrogel
that easily dissipate energy, such as water, which flows relatively
quickly through the pores and channels of the deformed hydrogel. This
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Fig. 6. Viscoelastic properties studied from stress-relaxation. (a) Stress-time curves with a constant strain of 20 % and strain rate of 0.2 s~1. (b) Calculated Young’s
modulus from the elastic zone at 0.04-0.1 strain. (c) Relaxation time constant (s) for each Maxwell element, using the generalized Maxwell-Wiechert model. (d)
Relative importance ( %) of each Maxwell element for native hydrogel (P), reinforced plasma hydrogel, PS(2), and PS(4) with 2 and 4 mg/mL of S Nps, respectively.

PG1(2) and PG1(4) with 2 and 4 mg/mL glycidoxypropyl-silica G1, respectively.
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is the element with the highest relative importance for native hydrogel
P. For reinforced hydrogels, it is observed a decrease in the relative
importance of Maxwell elements 1 and 2, ( t;: fast and t5: intermediate
elements) [70] and increase in the relative importance of element 3 (t3 :
slow element). According to Maxwell-Wiechert model, the addition of
elements to explain the relaxation process on reinforced hydrogels im-
plies that the relaxation of these is more complex compared with native
hydrogels. These changes are due to the interactions generated between
the polymeric network and the silica or glycidoxypropyl-silica Nps
(Fig. 6¢). These findings are consistent with those obtained from dehy-
dration kinetics (Fig. 4a) and DSC (Fig. 4c), which show that native
hydrogels lose more water and have a smaller percentage of bound
water than reinforced hydrogels.

The PG1 showed a greater extent of relative importance for Maxwell
element 3 (R3: 18.9 & 2 %) and a relaxation time constant t3: 900 s
(Fig. 6d), which is associated with slower relaxation processes. These
results agree with the increase in hydrogel stiffness reported by Young’s
modulus. (Fig. 6b).

4. Conclusion

Functionalization of monodispersed silica nanoparticles with 3-Gly-
cidyloxypropyl trimethoxy silane effectively conferred electrostatic-
steric colloidal stability and tailored chemical reactivity. Then, they
can be homogeneously distributed throughout the plasma hydrogel
without phase separations. Their surface silanols and glycidoxypropyl
chemical groups allowed for higher water retention on reinforced
hydrogels than in the native ones, contributing to the slower dehydra-
tion kinetic. The bound water participated in the hydrogel network
structure and extensibility preservation by H-bonds, dipole-dipole, and
electrostatic interactions. Moreover, the favorable interactions between
the silica nanoparticles and the protein network decrease the relaxation
of polymeric chains, modulating the viscoelastic behavior of these
hydrogels.

These results indicate that glycidoxypropyl-silica are great candi-
dates to balance the stiffness/elasticity of these plasma-derived hydro-
gels, by controlling the water retention ability and mechanical stability.
These are critical aspects to apply this kind of biomaterials as wound
dressings.
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Statement of significance

Plasma-derived hydrogels, mechanically reinforced with silica,
exhibiting stable tridimensional microstructure and water confined in
their pores, are designed in this work. Tailored chemical surfaces of
glycidoxypropyl-silica nanoparticles improve the humidity retention
and morphological/mechanical stability of hydrogels, through physical
and chemical crosslinking, as shown by thermodynamic and spectro-
scopic techniques. Theoretical modeling of the viscoelastic results using
the Maxwell-Wiechert model shows the complex and improved visco-
elastic behavior of these hydrogels. They exhibited 3.9 higher Young’s
modulus and 20 times lower stress relaxation when subjected to
compressive deformations compared to the native plasma-derived ones,
in conjunction with the strongest bonded water. These characteristics
are crucial for enabling the performance of these biomaterials as wound
dressings and cell scaffolds in future applications.
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Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.mtcomm.2022.105243.
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