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We report injectable nanoengineered hemostats for enhanced wound healing and tissue regeneration.
The nanoengineered system consists of the natural polysaccharide, k-carrageenan (kCA), loaded with
synthetic two-dimensional (2D) nanosilicates. Nanoengineered hydrogels showed shear-thinning charac-
teristics and can be injected for minimally invasive approaches. The injectable gels can be physically
crosslinked in presence of monovalent ions to form mechanically strong hydrogels. By controlling the
ratio between kCA and nanosilicates, compressive stiffness of crosslinked hydrogels can be modulated
between 20 and 200 kPa. Despite high mechanical stiffness, nanocomposite hydrogels are highly porous
with an interconnected network. The addition of nanosilicates to kCA increases protein adsorption on
nanocomposite hydrogels that results in enhance cell adhesion and spreading, increase platelets binding
and reduce blood clotting time. Moreover, due to presence of nanosilicates, a range of therapeutic
biomacromolecules can be deliver in a sustain manner. The addition of nanosilicates significantly sup-
presses the release of entrap vascular endothelial growth factor (VEGF) and facilitate in vitro tissue regen-
eration and wound healing. Thus, this multifunctional nanocomposite hydrogel can be used as an
injectable hemostat and an efficient vehicle for therapeutic delivery to facilitate tissue regeneration.
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Statement of Significance

Hemorrhage is a leading cause of death in battlefield wounds, anastomosis hemorrhage and percutaneous
intervention. Thus, there is a need for the development of novel bioactive materials to reduce the likeli-
hood of hemorrhagic shock stemming from internal wounds. Here, we introduce an injectable hemostat
from kappa-carrageenan and two-dimensional (2D) nanosilicates. Nanosilicates mechanically reinforce
the hydrogels, provide enhanced physiological stability and accelerate the clotting time by two-fold.
The sustained release of entrapped therapeutics due to presence of nanosilicates promotes enhanced
wound healing. The multifunctional nanocomposite hydrogels could be used as an injectable hemostat
for penetrating injury and percutaneous intervention during surgery.

© 2018 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

A penetrating injury from shrapnel is a serious obstacle in over-
coming battlefield wounds and mortality [1]. Similarly, in anasto-
mosis hemorrhage [2] and percutaneous intervention [3]| during
surgical procedures, localized hemostasis is essential. Given the
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high mortality rates due to hemorrhage, there is an unmet need
to quickly self-administer materials that prevent fatality due to
excessive blood loss. While progress has been made in the develop-
ment of hemostats over the last decade, the performance of exist-
ing materials in healing internal wounds is not satisfactory. For
example, commercially available hemostats, sealants and tissue
adhesives such as QuikClot™ Floseal®, VITAGEL™, RDH bandage,
Quick-Stat™ can be used to achieve hemostasis for external
wounds [4]. These technologies can be used for surface/external
wounds and require pressure to promote clotting which can be
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detrimental for high-risk situations such as internal wounds [5].
Many of these commercial hemostats have limitations such as
need for pre-processing, batch variability and lack of shear-
thinning characteristics [4,6]. Additionally, none of the current
commercial hemostats are biofunctional. Thus, there is a need for
the development of bioactive materials to reduce the likelihood
of hemorrhagic shock stemming from internal wounds and subse-
quently stimulate tissue regeneration via release of bioactive
factors.

Injectable hydrogels are promising materials for achieving
hemostasis in case of internal injuries and bleeding, as these bio-
materials can be introduced into a wound site using minimally
invasive approaches [7,8]. Non-Newtonian characteristics of
shear-thinning hydrogels result in a decrease in viscosity when
subjected to shear strain [9]. An ideal injectable bandage should
solidify after injection in the wound area and promote the natural
clotting cascade. In addition, the injectable bandage should initiate
a wound healing response after achieving hemostasis.

An emerging approach to integrate multi-functionality within
hydrogel networks is to incorporate bioactive nanoparticles [10-
15]. A range of synthetic nanoparticles have been incorporated
within polymeric network to develop bioactive hydrogels [16,17].
Two-dimensional (2D) nanomaterials are a recent class of materi-
als with unique structural and surface characteristics [18]. These
nanoengineered ultrathin materials, with sheet or disc-like mor-
phology, may generate therapeutic advances in the field of regen-
erative medicine and biomolecule delivery.

2D synthetic clays such as nanosilicates (Nag-[(Mgs_sLig 3Sig-
020(0OH)4)l0.7 Laponite® XLG) have disc-shaped morphology and
exhibit a dual charged surface [19,20]. Nanosilicates dissociate into
nontoxic products (Na*, Mg?*, Si(OH),, Li*) in physiological condi-
tions and show cytotoxicity only at ten-fold higher concentrations
(LDsp ~ 4 mg/mL) [21,22] compared to other 2D nanomaterials such
as graphene (LDsg ~ 100 pg/mL) [23]. 2D nanosilicates can interact
with a range of natural and synthetic polymers due to high structural
anisotropy and charged surfaces [14,18,24,25]. Specifically, the pres-
ence of both cationic and anionic charges on the surface of the
nanoparticle result in strong electrostatic interactions between
nanosilicates and polymers [19,26,27]. These physical interactions
generate the formation of transient netpoints within the matrix,
which dissociate when subjected to high shear rates, resulting in
shear-thinning characteristics [19,28-30]. These properties of
nanosilicate-based hydrogels are investigated for a range of biomed-
ical applications including minimally invasive approaches using
injectable hydrogels, tissue engineering, drug and therapeutic deliv-
ery, and bioprinting [17,31-37].

We have recently demonstrated that the addition of nanosili-
cates also improves the injectability, physiological stability, and
in vivo hemostatic performance [34]. The in vivo efficacy of these
injectable hydrogels was observed as all the animals survived 4
weeks without secondary hemorrhage following initial injury.
However, the drawbacks of this nanocomposite system were lim-
ited mechanical stiffness and lack of bioactive characteristics. To
overcome these limitations, we propose to engineer injectable
and mechanically resilient nanocomposite hydrogels consisting of
bioactive nanosilicates and natural polysaccharide, carrageenan
(CA). CAis a linear water-soluble sulfated polysaccharide polymer
consisting of alternating B-(1,3)- and a-(1,4)-linked galactose resi-
dues and structure resembling to natural glycosaminoglycans
(GAGs) [38-40]. Kappa carrageenan (kCA) contains one sulfate
group per disaccharide and can be used to form ionotropic and
thermotropic gels [39-41]. At low temperature, KCA undergoes
sol-to-gel transition resulting from coil-helix transition of polymer
chains. Additionally, in the presence of monovalent cations,
mechanically stiff gels are produced due to strong ionic interac-
tions between sulfate groups and ions.

Here we report the synthesis and fabrication of shear-thinning
nanocomposites hydrogels made from kCA and nanosilicates. The
addition of nanosilicates to k¥CA results in mechanically reinforced
hydrogels networks with enhanced physiological stability.
Nanosilicate addition also results in accelerated blood clotting by
two-fold. The sustained release of entrapped therapeutics due to
the presence of nanosilicates promotes enhanced in vitro wound
healing. The multifunctional nanocomposite hydrogels could be
used as an injectable hemostat for penetrating injury and percuta-
neous intervention during surgery.

2. Materials and methods
2.1. Materials and instruments

KCA was obtained from TCI Chemicals USA, Inc. and nanosili-
cates were obtained from Southern Clay Products Inc. (Laponite®
XLG). The nanocomposites were crosslinked in potassium chloride
(KCl) obtained from BDH Chemicals (VWR International, Houston,
TX). Fourier-transform infrared spectroscopy (FTIR) peaks were
investigated using FTIR spectrophotometer (Bruker vector-22, PIKE
technologies, USA). Uniaxial compressive stiffness of the nanocom-
posite hydrogels was computed using ADMET Mtest Quattro
Universal Testing System (ADMET, Massachusetts, USA). Nanodrop
3300 (Thermo Fisher Scientific Inc., USA) was employed to analyze
the sustained release of fluorescein isothiocyanate labelled bovine
serum albumin (FITC-BSA), purchased from Sigma-Aldrich, from
the hydrogels. Scanning Electron Microscopy (SEM) (FEI Quanta
600 FE-SEM, USA fitted with Oxford Energy-dispersive X-ray spec-
troscopy system) was used to study the surface morphology of the
nanocomposites. Blood component quantification was done using
BD Accuri™ C6 Flow Cytometer (BD Biosciences, San Jose, CA,
USA). For in vitro wound healing scratch assay, human umbilical
vein endothelial cells (HUVEC, Lonza, USA) were used with vascu-
lar endothelial growth factor (VEGF, Life technologies, USA). Bovine
citrated blood, obtained from the College of Veterinary Medicine,
Texas A&M University, TX, USA, along with calcium chloride
(BDH chemicals), sodium dodecyl-sulphate (VWR), Glutaraldehyde
(VWR), Hexamethyldisilazane (HMDS) (Thermo Fisher Scientific),
Micro BCA assay kit (Thermo Fisher Scientific) and Hemochron®
801 whole blood clotting system were used for hemostatic and
quantification studies. Cell imaging was done by phase contrast
microscopy using EVOS XL Core microscope (Electron Microscopy
Sciences, PA, USA) and Zeiss Axio Vert.A1 microscope (Carl Zeiss,
Oberkochen, Germany) for fluorescence imaging.

2.2. Synthesis of kCA-nanosilicates (Si) nanocomposites

Injectable precursors were obtained by combining different
amounts of kCA (1 wt%) and nanosilicates (0, 0.5, 1 1.5, and 2 wt%)
in deionized (DI) water. Both kCA and nanosilicates were dissolved
separately and then mixed together to obtain a uniform dispersion.
Uniformly mixed kCA-nanosilicate prepolymer solution (150 pl)
was injected in circular poly(dimethylsiloxane) (PDMS) molds (3
mm high x 8 mm diameter). Subsequently, the PDMS molds con-
taining prepolymer solution were incubated in 5 ml of 0.5 M KCI
for 5mins at room temperature to obtain ionically crosslinked
nanocomposites. The ionically crosslinked nanocomposites were
used to evaluate the physical, chemical and biological characteristics.

2.3. Physicochemical characterization

The shear thinning characteristics of prepolymer solutions
(uncrosslinked) of 1% «CA, 1% kCA-1% nanosilicate and 1% «CA-
2% nanosilicate was evaluated using shear rheology. Specifically,
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viscosity of prepolymer solution was determined at varying shear
rates (0.1-100 1/s). Shear-recovery of prepolymer solutions
(uncrosslinked) was determined by subjecting to low (1%) and high
(100%) strain and monitoring storage (G') and loss (G”) modulus.
After ionically crosslinking the pre-polymer solution using KCl
solution, mechanical properties were determined using uniaxial
mechanical testing. kCA-nanosilicate hydrogels were used for
mechanical studies using ADMET Mtest Quattro Universal Testing
System (ADMET, Massachusetts, USA). One set with n = 5, was used
immediately after preparation while the second (n=5) and third
(n=5) sets were soaked in a 1X phosphate-buffered saline (PBS)
solution for 12 h at 25 °C and 37 °C, respectively. 1 kN load cells
were used to compute the load on the nanocomposite hydrogels
against the positional movement of the load cells. Stress vs. Strain
curves were plotted for each nanocomposite and compression
moduli were calculated from the linear elastic region (0.05-0.15
strain) of stress-strain curve. FTIR-ATR spectroscopy was per-
formed for different nanocomposite combinations, alongside KCA
and nanosilicates individually, to analyze the interactions between
KCA and nanosilicates. Surface topography of the nanocomposites
was studied using SEM wherein samples were freeze dried and
sputter coated with gold. Imaging was performed on the surface
and longitudinal sections of the freeze-dried nanocomposites.
Equilibrium water content (EWC) was determined by swelling
the crosslinked hydrogels in 1X PBS for 1h at 37 °C. After 1h,
the gels were removed and the wet weight (W,,) of the swollen gels
was determined. The gels were then to obtain dry weight (W), and
then EWC (%) = (W,, — W) x 100/W,, was calculated.

2.4. Physiological stability

Degradation of hydrogels (n =5) was determined by analyzing
weight loss in de-ionized water, 1X PBS and cell culture media.
KCA and kCA-nanosilicate samples were prepared in batches of
three. Each hydrogel (n = 3) was weighed (W;) prior to incubation.
The first batch was incubated in de-ionized water, the second in 1X
PBS and the third in cell culture media at 37 °C. These hydrogels
were weighed (W,) at 6, 12, 24, 48 and 72 h of incubation. Images
of the degradation of gels were captured in every solvent over a 72-
h period. Weight loss (%) = (W; — W;) * 100/W; was calculated.

2.5. Cell adhesion, spreading and proliferation

Human mesenchymal stem cells (hMSCs) were cultured in nor-
mal growth media (AMEM, Hyclone), supplemented with 16.5%
FBS (Atlanta Biologicals) and 1% penicillin/streptomycin (100 U/1
00 pug/mL; Life Technologies, USA) at 37 °C with 5% CO,. Cells were
trypsinized, neutralized with normal media, and then seeded at
10,000 cells/gel (~2 cm? gel surface) in normal media conditions.
Cell morphology was evaluated by staining actin filaments accord-
ing to manufacturer’s protocol. Briefly, Phalloidin-iFluor 488
(Abcam) was utilized following fixation at Day 1 and Day 7 in a
2% glutaraldehyde solution (Sigma Aldrich) at room temperature
for 20 min, treatment of 0.1% Triton-X100 for 5 min, and multiple
PBS washes following each reagent. Cells were imaged using con-
focal microscopy (Leica TCS SP5). Cell area was measured from
images using the program Image]. Alamar Blue (Thermo Fisher Sci-
entific) was used to evaluate metabolic acidity of seeded cells to
estimate cell proliferation, according to the manufacturer’s
protocol.

2.6. Hemostatic evaluation
Nanocomposite samples with varying concentration of nanosil-

icates (0%, 0.5%, 1%, 1.5%, 2%) and 1% kCA were prepared. These
samples (n = 3) were then punched out using a 6 mm biopsy punch

and placed in a 96-well plate. The samples were incubated in
coagulation-activated blood (70pul of 0.1 M calcium chloride
(CaCly) + 100 pl of bovine blood containing sodium citrate) at 37
°C for pre-defined time. After 9 min, the aliquot of un-coagulated
solution was removed and the well was washed twice with 1X
PBS. The gel was removed from the well with the adhered blood
clot. The gel was then imaged under a stereo microscope and pho-
tographed. The process was then repeated for 1, 2, 3 min all the
way till 9 min. Then the first reading for initiation of clotting for
every concentration was found and coagulation was analyzed for
every 15 s between the two readings to increase accuracy. Quanti-
tative analysis of the clotting time was performed using Hemo-
chron® 801. 1% kCA and 1% «CA-2% nanosilicate hydrogels were
placed in test-tubes containing Celite. 1 ml of Blood with 700 pl
0.1 M CaCl, was added to the test-tubes and coagulation time
was obtained from the Hemochron® 801 Stress-controlled rheome-
ter (Discovery Hybrid Rheometer (DH-2), TA instruments) was
used to monitor blood clotting on hydrogel surface. First a thin
layer of hydrogel (~100 pm) was prepared at the base geometry
and subsequently a drop of blood (either citrated blood or
coagulation-activated blood) was put on top of hydrogel surface.
A time sweep experiment was performed to determine the
increase in mechanical modulus correlating with the blood coagu-
lation. For quantification of protein adsorption, the nanocomposite
samples (n =5) were incubated in whole blood at 37 °C for 2 min.
The treated samples were then washed first with 1X PBS and then
with 1X SDS solution to remove all adherent protein. This solution
was used to obtain protein content for individual concentrations of
the nanocomposites as per the protocol provided in the MicroBCA
assay kit. For blood component quantification, kCA-nanosilicate
samples of larger dimensions (22 mm diameter, 3 mm thickness)
were created. These samples were placed in 50 ml Falcon tubes
containing citrated bovine whole blood as well as plasma poor
blood and were allowed to stand for 2 min. The nanocomposite
hydrogels were then removed and washed with 1X PBS. The PBS
solution was then run through the BD Accuri C6 Flow Cytometer
and the quantity of blood components in individually treated sam-
ples was analyzed. Tissue culture polystyrene (TCPS) was used as a
control. SEM imaging of platelets on the hydrogel surface was done
by critical point drying the samples in HMDS after incubating in
blood for 2 min and serial dehydration in alcohol followed by fixing
of cells in 2.5% glutaraldehyde.

2.7. Protein release kinetics

0.15% (wt/v) stock solution of FITC-BSA was prepared for release
profile studies. 500 ul of kKCA-nanosilicate precursors of different
concentrations, were added to 1 ml of the nanocomposite solutions
individually to obtain final FITC-BSA concentration of 0.05% (wt/v).
From this solution, 150 ul was taken in pre-formed PDMS molds
and ionically crosslinked with 5% (wt/v) KCI solution to form
hydrogels. These hydrogels were placed in a 24 well plate each
containing 1 ml 1X PBS solution. The samples were maintained at
37 °C for 20 days and the release was monitored by reading the flu-
orescence of FITC-BSA at 520 nm in a Nanodrop 3000. The data
obtained was quantified against the relative fluorescence unit
(RFU) value of FITC-BSA using a standard curve to find release per-
centage at every interval. Release of FITC-BSA was also captured
using a stereomicroscope with a green filter for both kCA as well
as kCA-nanosilicate samples.

2.8. In vitro scratch-assay test
Nanocomposite samples entrapping VEGF to a final concentra-

tion of 50 ng/ml were prepared. Nanocomposites hydrogels were
added to transwell inserts for 7 days to collect the released protein
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in cell culture media. The cell culture media loaded with released
protein was used to evaluate the activity of protein (VEGF). Human
umbilical vein endothelial cells (HUVECs) were cultured in a 24-
well plate and allowed to reach a density of 10* cells per well. Sub-
sequently, the cells were starved for 12 h. After starvation, a
scratch was made on the surface of the cell monolayer using a
p200 pipette tip to mimic the conditions of a scratch wound.
Thereafter, cell culture media was replaced by media containing
released protein. The cell layer was observed and imaged at inter-
vals of 0, 12, 24 and 36 h using phase contrast microscopy in EVOS
XL Core.

2.9. Migration assay

Nanocomposite hydrogels (1% «CA/2% Si) entrapping VEGF at
50 ng/ml final concentration were placed in a 24 well plate. A tran-
swell containing 10* cells on its top layer was placed inside the
well containing the nanocomposite hydrogel so that the gel surface
was not touching the transwell. The cells were allowed to migrate
for 1 day towards the lower layer of the transwell and then dried
and fixed using 2.5% glutaraldehyde. The fixed cells were stained
using DAPI and Phalloidin iFluor 488 (Abcam) dyes as per manu-
facturer’s protocol. Migration was observed on the lower layer of
the transwell using fluorescence microscopy. The results were
compared with migration in presence of nanocomposite sample
without VEGF and 1% «CA hydrogel. Media with and without VEGF
served as controls.

2.10. Statistical analysis
The data are presented as mean * standard deviation (n = 3-5).

One-way analysis of variance (ANOVA) with Tukey’s post hoc
test for pairwise comparison was performed to obtained statistical

Nanosilicates (nSi)

Kappa-Carrageenan (xCA)
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difference between samples. Statistical significance designated
with *p < 0.05, **p < 0.01, and ***p < 0.001.

3. Results and discussion

3.1. Injectable, shear-thinning and self-recovery pre-crosslinked
nanocomposites

Pre-polymer (uncrosslinked) compositions from «CA and
nanosilicates were obtained by combining different ratio of kCA
and nanosilicates (Fig. 1a). With the increase in k¥CA and/or
nanosilicate concentration, an increase in viscosity was observed.
We also observe that the addition of nanosilicates to kCA results
in shear-thinning characteristics. The flow characteristics of pre-
polymer solutions were quantified using shear rheology. We deter-
mined the viscosity of pre-polymer solutions with respect to
increasing shear rates at physiological temperature (37 °C).

A thixotropic material will enable the injection of pre-polymer
solution using minimal force with very low viscosity following
extrusion. The pre-polymer solution of kCA (1 wt%) showed
liquid-like behavior at 37 °C as viscosity was <1 P at different shear
rates (0.1-100 1/s). The addition of nanosilicates (1 and 2 wt%) to
KCA (1 wt%) provided a significant increase in pre-polymer viscos-
ity between 10 and 100 P across varying shear rates (0.1-100 1/s),
showing shear-thinning behavior (Fig. 1b). In addition, incorpora-
tion of nanosilicates to kCA (1 wt%) also results in enhanced
shear-recovery ability of pre-polymer solution (Fig. 1c). Pure kCA
(1 wt%) solution had minimum shear-recovery due to low viscosity
of solution. At low strain (1%), kCA has a storage modulus (G’) of
~3 Pa. The addition of 1% and 2% nanosilicates increased the stor-
age modulus to ~90 and ~350 Pa, respectively. When subjected to
high strain (100%), KkCA demonstrated network breakdown as
evident from reduced storage modulus (<1 Pa) with no recovery
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Fig. 1. Synthesis of kCA-nanosilicate hydrogels. (a) Schematic representation of the fabrication of injectable nanocomposite hydrogels by combining kappa carrageenan
(kCA) and nanosilicates (Si) crosslinked in KCl solution. (b) The shear-thinning characteristics of pre-polymer hydrogels indicate that the addition of nanosilicates increases
viscosity at different shear rates. (c) The addition of nanosilicates impart self-recovery characteristics, as storage modulus (G') of pre-polymer solutions show more than 80%
recovery after application of high strain. This indicates rapid recovery of nanocomposite gels after injection.
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Fig. 2. lonically crosslinked kCA-nanosilicate hydrogels. (a) The addition of
nanosilicates does not affect interconnected and porous microstructure. (b) FTIR
spectra for nanocomposites indicate presence of nanosilicates as shown by
characteristic peak for Si—O—Si bond stretching at 1068 cm ™.

after being subjected to low strain. The addition of nanosilicates
imparted mechanical recovery characteristics to the kCA hydrogels
as observed from the recovered storage modulus (~80%). Both
shear-thinning with mechanical stability and mechanical-
recovery characteristics of nanocomposites that were obtained
after the addition of nanosilicates indicated the potential suitabil-
ity of the nanocomposite for rapid localized delivery in a clinical or
emergency setting.

3.2. Ionically crosslinked nanocomposites

After uniformly mixing a pre-polymer solution of kCA and
nanosilicates, the composition was subjected to 0.5 M KCl to obtain
physically crosslinked nanocomposites. The pre-polymer solution
forms a strong hydrogel quickly (<2 mins) upon KCl treatment.
The gelation occurs due to formation of hydrogen bonds and ionic
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Fig. 3. Nanosilicates reinforce the mechanical properties of kCA hydrogels. A linear
increase in mechanical stiffness was observed due to increase in nanosilicates (0.5,
1, 1.5, and 2%). Compressive moduli of as-prepared, and hydrated nanocomposites
also show similar characteristics.

interactions, as kCA undergo coil-helix conformational transition,
rendering ionotropic and thermotropic hydrogels. We used these
physically crosslinked hydrogels to investigate the effect of
nanosilicate addition to kCA on physical, chemical and biological
characteristics.

The effect of nanosilicates on kKCA microstructure was investi-
gated using electron microscopy (Fig. 2a). Lyophilized samples of
both kCA and kCA-nanosilicate hydrogels showed highly intercon-
nected and porous networks; there was no significant effect on pore
size following nanosilicate addition, indicating nanosilicate addi-
tions do not alter the micro-architecture of the hydrogel network.
The presence of nanosilicates within crosslinked nanocomposites
was investigated using Fourier-Transform infrared spectroscopy
(FTIR) (Fig. 2b). In kCA, a strong peak observed at 1079 cm™~! was
assigned to O=S=0 symmetric bond (stretching). Additionally,
the sharp peaks at 925, 847 and 1260 cm~! were associated with
asymmetrical C—O vibration of 3,6-anhydro-D-galactose, the
pseudo-symmetrical C—0—S vibration of a sulfated group of B-
1,3-linked residue, and antisymmetric stretching O=S=O0 vibration,
respectively. The smaller peak at 1644 cm~' was correlated with
C=0 stretching of an amide. The inclusion of nanosilicates in
nanocomposite hydrogels was confirmed by the presence of a sharp
peak at 1068 cm™! corresponding to Si—O—Si stretching. Nanocom-
posite samples showed a reduction in the intensity of the peaks at
1644, 1260, 925 and 847 cm ™!, when compared with «CA. In addi-
tion, the 1079 cm™! peak of k¥CA was shifted below 1000 cm™! for
nanocomposites, indicating physical interactions between 0=S=0
symmetric bond stretching and Si—0—Si.

3.3. Nanosilicates enhance mechanical stiffness

The high surface area and charged nature of nanosilicates were
expected to reinforce kCA hydrogels. We investigated the effect of
nanosilicate addition to kCA hydrogel on mechanical stiffness
using uniaxial compression testing (Fig. 3). Nanocomposite hydro-
gels with 1 wt% KCA were reinforced with 0, 0.5, 1 and 1.5 wt%
nanosilicates. The increase in nanosilicates concentrations resulted
in an increase in compressive modulus for crosslinked hydrogels.
This indicated that nanosilicates reinforced the KCA network. The
presence of negative and positive charges on the surface of nanosil-
icates could have enhanced electrostatic interactions with «CA,
which contains charged side groups capable of interacting with
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Fig. 4. Nanosilicates improve physiological stability of nanocomposite hydrogels. (a) The addition of nanosilicates provide stability to ionically crosslinked kKCA network by
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of nanosilicates, these cations tend to remain attached to the kCA chains thus improving mechanical strength. (b) Microscope images showing degradation of the kCA
samples in deionized water, PBS and cell culture media at physiological temperature (37 °C). The kCA-nanosilicate hydrogel samples retain their shape and size up to 72 h in
all three solvents with minimal weight loss. (c) Total weight loss of KCA and kCA-nanosilicate in water, PBS and media over a period of 72 h. kCA samples show exponential
weight loss in all solvents whereas KCA-nanosilicate hydrogels show minimal weight loss.

nanosilicates under physiological pH conditions. The mechanical
stiffness of nanocomposites was compared amongst three different
conditions, including as prepared, and hydrated in PBS at 25 °C and
37 °C. The overall trend indicated that the as prepared samples
showed higher mechanical stiffness compared to the hydrated
samples. The nanocomposites hydrated at 37 °C showed lower
mechanical stiffness compared to the nanocomposites that
hydrated at 25°C. The decrease in mechanical properties after
hydration at higher temperature may be due to leaching out of
uncrosslinked kCA (sol content) and/or increased chain mobility
associated with the higher water content or temperature.

3.4. Nanosilicates enhance physiological stability

Water holding capacity of a hydrogel gives an insight into the
stability of the hydrogel when subjected to physiological condi-
tions. Thus, equilibrium water content was determined after soak-
ing the crosslinked gels in PBS at 37 °C for 1 h. The results show

that addition of nanosilicates reduces equilibrium water content
of hydrogels, i.e. 1% kCA (90.2 + 1.1%) and 1% kCA-1% nanosilicate
(97.1 £0.5%). The physiological stability of KCA and nanocompos-
ite hydrogels was determined by subjecting the hydrogels to a
variety of aqueous environments - deionized water, PBS, and
media, all at 37 °C. Nanosilicates are expected to sequester K ions,
which play a crucial role in kCA crosslinking and physiological sta-
bility (Fig. 4a). In deionized water, kCA showed significant weight
loss during initial 6 h and was completely degraded within 72 h
(Fig. 4b and c). This corroborates with an earlier study which
reported that ionic crosslinking of kCA was unstable in deionized
water due to ion release from the gel, subsequently accelerating
dissolution of hydrogels [42]. A similar trend was observed for
KCA hydrogels in the other environments with virtually complete
degradation of the hydrogel within 72 h. The addition of nanosili-
cates (1%) significantly improved the physiological stability of the
nanocomposite hydrogels by extending longevity of the constructs.
It is noteworthy that nanocomposites in PBS and media displayed
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<20% weight loss after 72 h, highlighting its ability to retain a local
concentration of K" ions. The enhanced structural stability of
nanocomposites under physiological conditions indicated strong
ionic interactions between nanosilicates and kCA. Additionally,
we investigated the interaction between nanosilicates and potas-
sium ions by determining the electronegativity of nanosilicates in
de-ionized water and in aqueous 0.5 M KCl solution. A significant
shift in zeta potential towards positive values was observed in
the KCl solution (—5 mV) compared to deionized water (—34.5
mV). This corroborated our hypothesis that nanosilicates sequester
K" ions on the surface thereby increasing zeta potential.

Earlier studies also support the ability of nanosilicates to phys-
ically reinforce a hydrogel network [31,34,43]. For example, the
addition of nanosilicates to gelatin or poly(ethylene glycol) (PEG)
hydrogels resulted in significantly enhanced compressive modulus
[31,34,43]. Such increase in mechanical characteristics are attribu-
ted to enhanced physical interactions between polymeric back-
bone with charged nanosilicate surfaces that results in formation
of reversible “loops” and “chain” [15,18]. Although the exact inter-
actions between polymeric chains and the nanosilicate surface is
not known, they may be attributed to hydrogen bonding, ionic
interactions, and electrostatic interactions as the surfaces of
nanosilicates are dual charged (i.e. edge is positively charged,
while the faces are negatively charged) [19,20]. It can be specu-
lated that negatively charged sulfate groups of kCA might interact
with positively charged edge of nanosilicates via electrostatic
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interactions. The presence of ions, such as K, can further facilitate
the interaction between negatively charged nanosilicate surface
with sulfate groups of kCA. Overall, our current study supports
the ability of nanosilicates to physically reinforce a polymeric
hydrogel network.

In addition, the increase in mechanical stiffness will also help in
physically obstructing the flow of blood and achieve rapid
hemostasis compared to previously reported gelatin-nanosilicate
hydrogels [34]. As prepared 1% kCA-2% nanosilicate hydrogels
have compressive modulus of 197.6 £ 19.5 kPa, and then subse-
quently reduce to 84.5 + 18.5 kPa in hydrated conditions at 37 °C.
The maximum mechanical stiffness obtained using gelatin-
nanosilicate system was ~1-10 kPa [34]; it would be difficult to
translate this system into clinical practice because the diastolic
and systolic blood pressure in a healthy human are ~10.6 kPa
(~80Hg) and ~16 kPa (~120 mm Hg), respectively. Thus, kCA-
nanosilicate hydrogels have potential to act as physical barrier to
achieve hemostats.

3.5. Nanosilicates enhance cell adhesion and spreading

Biological interactions of nanocomposites with mammalian cells
were investigated by seeding hMSCs on hydrogel surfaces. Due to
lack of cell binding domains on KCA backbone, cells do not adhere
to KCA (1%) hydrogels and show minimum adhesion and spreading
(Fig. 5a and b). However, the addition of nanosilicates to KCA,
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Fig. 5. Nanosilicates induce cell adhesion characteristics and support proliferation. (a) hMSCs readily attach and proliferate on kKCA and kCA-nanosilicate hydrogels. (b) The
addition of nanosilicates to KCA hydrogels showed enhanced cell spreading as indicated by increase in cell area. (c) The seeded cells readily proliferated on kCA and kCA-
nanosilicate hydrogels as evident by metabolic activity determined using Alamar blue assay.
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Fig. 6. Nanosilicates accelerate blood clotting necessary to attain hemostasis. (a) The images show clotting kinetics of whole blood with respect to time and nanosilicate
concentration in kCA hydrogels. The control (TCPS) shows clotting between 8 and 9 mins, while KCA shows formation of clot ~6 mins. The addition of nanosilicates
significantly decreases the clotting time. (b) A quantitative analysis of clotting time vs nanosilicate concentration shows a decrease in clotting time by more than two-fold. (c)
Activated clotting time shows that addition of nanosilicate significantly decreases clotting time. (d) The clotting time on kCA and kCA/Si nanocomposite was also determined
using time sweep experiment by monitoring storage modulus, support ability of nanosilicate to accelerate clotting.

resulted in enhanced cell adhesion and spreading. Following seven
days of culture in normal media conditions, 1% KCA hydrogels con-
taining 2% nanosilicate displayed spreading of cells over a signifi-
cantly (p<0.01) larger areas than that of pure xCA gels.
Specifically, composite gels with 2% nanosilicate produced an aver-
age increase in area by 400%, while pure kCA gels did not show any
increase in area after seven days of culture. Due to the inherent lack
of binding moieties within the kCA backbone, cells maintain a

round morphology on the surface of pure gels. Increasing the
nanosilicate  concentration, however, seemingly provided
electrostatically-driven adhesion sites for proteins found within
culture media, thereby, enabling cell membrane binding. Improve-
ments in cell spreading may translate to augmented compatibility
and regenerative responses when placed in in vivo environments.
The effect of nanosilicates on cell proliferation was monitored using
Alamar Blue proliferation assay (Fig. 5¢). The assay demonstrated
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no difference in cell metabolic activity following impregnation of
the hydrogel matrix with nanosilicates indicating nanocomposite
cytocompatibility.

3.6. Nanosilicates enhance platelet adhesion and induce blood clotting

The ability of nanocomposite hydrogels to achieve hemostasis
was investigated by determining clotting time of blood in the pres-
ence of nanocomposites (Fig. 6a and b). The clotting time of bovine
blood in TCPS was ~8 mins, similar to previously reported litera-
ture [44]. Due to their highly anionic nature, KCA (1%) hydrogels
were able to reduce the blood clotting time to <6 mins. Our study
indicates potential use of kCA for hemostasis, which is not
reported in literature. The addition of 2% nanosilicates to 1% kCA,
further reduced the clotting time to <3 mins, highlighting the abil-
ity of nanosilicates to enhance clotting. The amount of clot formed
on nanocomposite hydrogels increased with greater nanosilicate
concentrations. Compared to TCPS control, nanocomposite hydro-
gels with 0.5, 1, 1.5 and 2% nanosilicates, showed 33, 40, 44 and
57% decrease in clotting time, respectively, as opposed to a 16%
decrease in kCA controls lacking nanosilicates. We further con-
ducted a kaolin activated clotting time test on our nanocomposite
hydrogels using the Hemochron™ 108 series. We obtained similar
results on clotting time with 1% «CA/2% nanosilicates showing
almost half the time taken compared to 1% KCA and a negative con-
trol with no hydrogel (Fig. 6¢). These observations were subse-
quently confirmed using shear rheology (Fig. 6d). Specifically, we
monitored the coagulation of citrated and coagulation-activated
blood on 1% kCA and 1%k CA/2% nanosilicate hydrogel surfaces.
The results demonstrated nanocomposites (~4 mins) expedited
the clotting process relative to a pure kCA hydrogels (~7 mins)
due to the inclusion of nanosilicates.

To understand the potential mechanism behind enhanced blood
clotting on the hydrogel surface loaded with nanosilicates, we
quantified the blood-hydrogel interactions. Specifically, we quanti-
fied the amount of blood components (platelets and red blood cells
(RBCs)) on hydrogel surface following nanosilicate introduction
using flow cytometry (Fig. 7a). The addition of nanosilicates to
KCA results in enhanced adhesion of RBCs and platelets, when
hydrogels were subjected to whole blood or plasma poor blood.
This indicate that the surface of hydrogels plays a major role in pla-
telet activation and subsequent clotting.

To further evaluate the role of hydrogel surface, we determined
the nanosilicate-kKCA interactions and its effect on zeta potential.
The decrease in blood clotting time can be attributed to the highly
negative charge of the hydrogel surface. The zeta potential of KCA
was found to be —49 + 4.5 mV, and addition of 0.5, 1, 1.5 and 2%
nanosilicates further reduces the zeta potential to —58.9+0.8 m
V, -58.7+ 1.5 mV and —58.4 + 3.1 mV and —60.2 £ 5.7 mV, respec-
tively. Earlier reports highlighted that a negatively charged surface
triggers intrinsic coagulation pathway by activating Hageman fac-
tor (FXII). It is also reported that a negatively charged surface acti-
vates platelets [45,46]. To investigate platelet activation, we
soaked kCA and nanocomposite hydrogels in fresh blood for 2 mins
and imaged the hydrogel surface. We observed minimal platelet
adhesion on KCA hydrogels and no change in platelet morphology
(Fig. 7b and c); however, the addition of nanosilicates to KCA
resulted in a significant increase in platelet adhesion and activa-
tion, as indicated by number of platelets adhered on the hydrogel
surface and transformation in platelet morphology, respectively.
To quantify the protein adsorption, we incubated hydrogels in a
fluorescein isothiocyanate-labeled bovine serum albumin (FITC-
BSA) solution and determined the amount of adsorbed protein
(Fig. 7d). Increasing the concentration of entrapped nanosilicates
imparted a greater protein adhesion response; specifically, we
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Fig. 7. Nanosilicates promote platelet adhesion to attain hemostasis. (a) The accelerated clotting on the nanocomposite might be attributed to enhanced adhesion of blood
components including red blood cells (RBC) and platelets as determined by flow cytometry. (b) Schematic representation of the possible mechanism for interaction of
nanosilicates with platelets leading to their adhesion to the nanocomposite surface and subsequent activation. (c) SEM images of hydrogel surface showing adhered platelets.
kCA-nanosilicate hydrogels have enhanced adhesion of platelets in comparison to kCA. The presence of nanosilicates also activate platelets as shown by the change in platelet
morphology. (d) The enhanced adhesion of RBCs and platelets is attributed to enhanced protein adhesion due to nanosilicate addition to kCA. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Nanosilicates result in sustained release of protein from kCA-nanosilicate
hydrogels. (a) Schematic representation of the possible mechanism of interaction
between protein and nanosilicates which ensures sustained and controlled release.
(b) Fluorescence images of FITC-BSA loaded kCA and kCA-nanosilicate hydrogel
samples incubated in PBS at 37 °C over the course of 4 days. The absence of green
fluorescence in kCA sample by day 4 is indicative of 100% release of FITC-BSA. (c)
Graphical representation of the release profile of FITC-BSA being released from xCA
and kCA-nanosilicate samples. A burst release of FITC-BSA from kCA samples is
seen within day 1 and complete release within day 4. kCA-nanosilicate samples
show controlled release (~40%) until day 21 irrespective of nanosilicate content. (d)
The addition of a protein such as VEGF does not alter the clotting characteristics of
nanocomposites. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

observed almost a four-fold increase in adsorbed protein following
the addition of 2% nanosilicates to kCA hydrogels. Therefore, the
increase in blood component adhesion can be most likely

attributed to the enhanced protein adhesion on the nanocomposite
surface due to presence of nanosilicates.

3.7. Nanosilicates result in sustained release of therapeutics

Growth factors or soluble-secreted signaling polypeptides are
capable of directing specific cellular responses under in vitro and
in vivo conditions [47,48]. Sustained release of growth factors has
been shown to enhance the therapeutic efficiency compared to
bolus delivery [49]. Because most growth factors falter due to short
half-lives and susceptibility to proteinases, supraphysiologic
dosages of growth factor are required, which result in several neg-
ative side-effects due to unregulated signaling [50]. Therefore,
sequestering growth factors within hydrogels can significantly
enhance their bioactivity and efficacy to direct tissue regeneration
[17,51]. Due to their unique 2D nanostructure and surface charge
characteristics [ 18], nanosilicates are expected to physically conju-
gate biomolecules (Fig. 8a) and result in sustained release.

To investigate the effect of nanosilicates on sequestering thera-
peutics, we encapsulated FITC-BSA, as a model protein with kCA
and nanosilicate nanocomposite hydrogels. The release of
entrapped fluorescent protein was monitored in physiological con-
ditions (PBS and 37 °C) using a spectrophotometer. kCA hydrogels
showed initial burst release of encapsulated protein during the
first 4-8 h and complete protein release in 72-96 h (Fig. 8b and
¢). From dissolution studies, kCA hydrogels disintegrated within
~72 h and subsequently the release of entrapped FITC-BSA directly
correlated to the stability of kCA hydrogels. The addition of
nanosilicates suppressed the burst release profile of entrapped
protein and demonstrated sustained release of FITC-BSA over a
period of 21 days. In the presence of 0.5% nanosilicates, the cumu-
lative release of entrapped protein after 21 days was only ~40%.
Considering that nanosilicates have a distinct structure that gener-
ates a positive charge along the edges and a permanent negative
charge on the surface, we hypothesize that the unique charge
arrangement and high surface-to-volume ratio enhance the ability
of nanosilicates to physically interact with a range of proteins with
a basic isoelectric point. The activity of these proteins can be main-
tained because nanosilicates physically adsorb the biomolecules on
the surface without covalent crosslinking. In addition, the protein-
protein electrostatic interactions dominate over nanoparticle-
protein interactions when pH of the environment is maintained
close to the isoelectric point of the proteins [52]. The inclusion of
protein within nanocomposite hydrogels did not alter the clotting
ability of nanocomposites. Consequently, the addition of higher
amounts of nanosilicate did not significantly alter the release
kinetics of entrapped protein. It is expected that the sustained
release of sequestered therapeutics can reduce the effective thera-
peutic concentration utilized. Overall, sustained release of
entrapped protein from the nanocomposites without burst release
indicates the ability of KCA-nanosilicate hydrogels for therapeutic
delivery targeting regenerative applications.

3.8. Nanocomposites result in sustained release of VEGF and enhanced
wound healing

For accelerated wound healing, vascular endothelial growth fac-
tor (VEGF), a glycosylated protein homodimer, was found to be
clinically effective [53,54]. VEGF facilitates cellular migration into
the wound region and supports proliferation of endothelial cells
for accelerated wound closure. VEGF is present during all stages
of the wound healing cascade and it significantly stimulates multi-
ple stages in the angiogenic cascade and re-epithelialization of
damaged tissue. In acute and chronic wounds, levels of VEGF
decrease due to proteolytic microenvironment and/or excessive
blood loss [55]. External delivery of VEGF has enhanced wound
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Fig. 9. Nanosilicates enhance VEGF release and promote wound healing. (a) Schematic representation of the scratch assay to test the wound healing potential of the kCA-
nanosilicate hydrogels. VEGF released from the nanocomposite hydrogels promotes cell migration, thus promoting scratch wound healing. (b) Phase contrast images of
human umbilical vein endothelial cells showing progressive wound healing up to 36 h. The 1% kCA-2%nanosilicate/VEGF shows higher wound closure in comparison to 1%
KCA or 1% kCA/2% nanosilicates. (¢) Quantitative data for wound closure for 1% kCA, 1% kCA/2% nanosilicate and 1% kCA/2% nanosilicate/VEGF was determined. Almost
complete wound closure was observed in 1% KCA/2% nanosilicate/VEGF after 36 h in comparison to other groups. Positive control includes exposure of wound to 50 ng/mL
VEGF. Rapid wound closure in hydrogel groups is attributed to the sustained release of VEGF and the accelerated migration of HUVECs.

healing in clinical settings [56]. Therefore, it was anticipated that
sustained release of VEGF from kCA-nanosilicate hydrogel may
lead to enhanced cell proliferation and wound healing.

To investigate the potential effect of VEGF release on wound
healing, we encapsulated VEGF within kCA-nanosilicate hydrogels.
The bioactivity of released VEGF was investigated using an in vitro

scratch assay (Fig. 9a) and a migration assay. Bolus delivery of
VEGF was used as control. In the scratch assay, a wound was cre-
ated on a cell monolayer and subjected to VEGF release. No signif-
icant increase in wound closure was observed when the
traumatized monolayer was subjected to control kCA and KCA-
nanosilicates hydrogel without VEGF (Fig. 9b and c). The addition
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of VEGF to 1% xCA-2% nanosilicate hydrogels showed higher
wound closure. Similar results were obtained when observing the
migration kinetics of HUVECs across a transwell membrane. Migra-
tion potential of HUVECS has been previously investigated [57].
HUVECs were seeded on top of a transwell membrane and placed
in media containing VEGF encapsulated 1% kCA-2% nanosilicate,
empty 1% kCA-2% nanosilicate and 1% kCA hydrogels. While there
was negligible migration observed in 1% kCA after 24 h, VEGF
released from kCA-nanosilicates nanocomposites allowed for
enhanced migration of cells seeded on top of the transwell mem-
brane as was evident from the prevalence of cells (Fig. 9d)
observed on the bottom layer of the transwell. A sustained release
of VEGF from nanocomposites can thus accelerate wound healing
and ensure rapid wound closure by enhanced migration.

These results have shown that the kCA-nanosilicates hydrogels
have clear advantages over the current available hemostats includ-
ing improved mechanical and physiological stability, injectable
characteristics, ability to dissociate over time, high biocompatibil-
ity, and accelerated clotting time. The presence of nanosilicates is
the key in providing such a unique property combination to KCA
based hydrogels. For example, kCA-nanosilicates hydrogels can
be used for hemostatic purposes for internal injuries due to its
shear-thinning characteristics, unlike commercially available
hemostats [4-6] which are used for topical applications. Moreover,
delivery of therapeutic biomolecules can stimulate wound healing
ability which is currently lacking in commercially available
hemostats.

4. Conclusion

In conclusion, kCA-nanosilicate hydrogels have great potential
to accelerate clotting while simultaneously delivering therapeutics
for wound healing. Nanosilicate integration in kCA hydrogels
enhances the physiological stability, hemostatic, and wound heal-
ing potential of the nanocomposites. Through improved cellular
interactions with the nanocomposite surface, wound healing
responses may also be expedited. Further research into in vivo effi-
cacy would be required to explore the full potential of these inject-
able hemostats. Sustained release of biomolecules from the
nanocomposites with shear-thinning properties encourages fur-
ther investigations into in vivo cell and therapeutic delivery. It is
expected that the kCA-nanosilicate hydrogels could be used for
reducing hemorrhage and wound healing.
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