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2D Nanosilicates Loaded with Proangiogenic Factors
Stimulate Endothelial Sprouting

David W. Howell, Charles W. Peak, Kayla J. Bayless,* and Akhilesh K. Gaharwar*

Therapeutic angiogenesis remains a major clinical challenge due to lack

of biomaterials to sequester and deliver proangiogenic therapeutics. Here,

2D nanosilicates are introduced as a platform technology to sequester and
deliver a multitude of proangiogenic growth factors to stimulate angiogenesis.
The high surface area and charged characteristics of nanosilicates prolong
release of proangiogenic molecules. Interestingly, nanosilicates can maintain
bioavailability compared to exogenously delivered biomolecules. Incorporation
of therapeutics-loaded nanosilicates within collagen hydrogels stimulates
endothelial cell invasion in a 3D in vitro models of angiogenesis. The results
show that endothelial cell invasion is controlled predominately by the type of
growth factors conjugated to the nanosilicates. Overall, this work illustrates
the importance of nanosilicates as a platform technology to noncovalently
conjugate proangiogenic therapeutics to direct angiogenesis.

1. Introduction

Angiogenesis is a dynamic, multistep process that requires
endothelial cells to undergo biochemical, morphological, and
biophysical changes to accomplish basement membrane deg-
radation, sprout initiation, proliferation, migration, lumen
formation, and stabilization.l'] A range of rationally designed
approaches are proposed to engineer angiogenic biomate-
rials.Z However, therapeutic angiogenesis remains a major
clinical challenge and only a few approaches have reached the
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market for wound-healing applications.l?]
Thus, there is an unmet clinical need to
develop new approaches to deliver proan-
giogenic therapeutics. Here, we introduce
2D nanosilicates (nSi) as a platform tech-
nology to sequester and deliver multiple
proangiogenic growth factors to stimu-
late angiogenesis. These 2D nanosilicates
are discotic, charged nanoparticles that
are reported as 30-50 nm in diameter and
1-2 nm in thickness.?*] Due to unique
structural arrangements, the surface of
nanosilicates is negatively charged and
the edge is positively charged. We pro-
pose to use the high surface area and
charged characteristics of nanosilicates
for sustained and prolonged delivery of
proangiogenic molecules.

Sequestering proangiogenic factors within biomaterials can
be used to pattern and direct angiogenesis in tissue engineered
scaffolds. Proangiogenic factors, such as vascular endothe-
lial growth factor (VEGF), fibroblast growth factor (FGEF),
and platelet derived growth factor (PDGF), have been used to
stimulate endothelial cells to form capillary networks in syn-
thetic scaffolds.>®l However, our inability to accurately pattern
angiogenic factors in a scaffold is a critical limiting step to
engineer vascularized tissues.”] If these proangiogenic factors
are randomly distributed within a tissue engineered scaffold,
this could affect the normal growth and activities of nonvas-
cular cells. Although techniques such as covalent crosslinking
can solve this problem by appending functional proteins to the
materials, crosslinking agents have potential to also inactivate
the tethered protein or remain embedded in the materials,
rendering them toxic to cells.®!

A variety of polymeric, metallic, and ceramic nanomaterials
are being investigated to design angiogenic biomaterials.”]
Specifically, there is a need to design and develop new nanocom-
posite biomaterials that deliver specific molecular cues and direct
vascular cell adhesion, differentiation, migration, and extracel-
lular matrix deposition.'% However, most of these nanoengi-
neered biomaterials are not able to sequester biomolecules for
prolonged durations. Extracellular responses to growth factors in
vitro are dependent on exposure to adequate concentrations!'
while in vivo, overexpression of proangiogenic factors can result
in aberrant angiogenesis!'?l and enhanced angiogenic responses
within tumors.'3l Therefore, sustained and prolonged release
of physiologically relevant dose of biomolecules can overcome
these problems.

We propose to use 2D nanosilicates to sequester multiple
growth factors and delay their release to direct angiogenesis.
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Nanosilicate (Laponite XLG, Na*;[(Mgs.sLig 3)SigOz0- (OH)4]70.7)
a hydrous sodium lithium magnesium silicate and its ionic
dissociation products (magnesium, orthosilicic acid, and
lithium) can be readily absorbed in vivo and have been shown
to be biocompatible.' The complex phase diagram and pres-
ence of an electrical double layer permits therapeutic binding
to the nanosilicates surface.'>'®l Establishing nanosilicates as
a platform technology for sequestering and delivery of proan-
giogenic factors will have significant impact on designing
next-generation of bioactive scaffolds. Previous work has
reported singular delivery of either bone morphogenic protein-2
(BMP2) or VEGF using clay-based gels.*!”] Similarly, other
studies have delivered either dexamethasone or doxorubicin
using nanosilicate-based biomaterials.'81°] However, none of
the earlier studies have shown delivery of multiple growth fac-
tors or biomolecules using nanosilicates or nanosilicate-based
hydrogels.

The bioactivity of sequestered proangiogenic molecules can
be determined using 3D invasion assays. 3D in vitro models
of angiogenesis have emerged as reliable tools for studying
different steps of angiogenesis,”?% along with a number of
useful in vivo models.?!l These approaches have illuminated
underlying mechanisms that control lumen formation?%23]
and endothelial cell sprouting.>?>?* Recently, we reported a
straightforward and quantitative approach to investigate the
bioactivity of proangiogenic factors using invasion assays,!?’!
which allow examination of the sprouting step of angiogenesis.
Monolayers of endothelial cells penetrate 3D collagen matrices
and form sprouting structures orthogonal to the monolayer.
The activity of biomolecules can be determined by quantifying
invasion distance and frequency.

After establishing nanosilicates as a therapeutic delivery
platform, we have developed a collagen-based platform to pro-
mote angiogenesis. The presence of an electrical double layer
permits therapeutic binding to and delayed release from nano-
silicates.['®l Utilizing the ion exchange capacity of nanosilicates,
multiple growth factors are incorporated into collagen-based
hydrogels that can be injected into a localized site and thermo-
gelled. We hypothesize that the incorporation of nanosilicates
will provide enhanced growth factor retention and prolonged
release of several growth factors to promote angiogenesis. The
interactions mediated by nanosilicates have the potential to be
broadly used as a growth factor delivery and release mechanism
while not interfering with mechanical properties of samples.
The proposed composite collagen and nanosilicate scaffolds fur-
ther our understanding of this emerging class of biomaterials.

2. Results and Discussion

2.1. Nanosilicates for Growth Factor Delivery

Nanosilicates are disc-shaped particles 1-2 nm thick and
20-30 nm in diameter (Figure 1la). Nanosilicates form stable
colloidal networks in aqueous solution releasing counter
ions from the surface.?’! The displacement of counter ions
from the nanosilicate surface enables conjugation of growth
factors through ionic interactions (Figure 1a). Growth factors or
protein were added with increasing amounts of pre-exfoliated
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nanosilicates, mixed for 24 h, and centrifuged to separate nano-
silicates/growth factor conjugate from media and unbound
growth factor (Figure 1b). To confirm protein adsorption to
nanosilicates, bovine serum albumin (FBS) (40 ng mL™) was
used as a model protein. Dynamic light scattering (DLS) and
zeta potential measurements confirmed that nanosilicates/
albumin conjugation occurred. Loading of protein was con-
firmed by microBCA assay (Figure 1c). Addition of growth
factor via hydrogen bonding and van der Waals interactions
results in an increase in hydrodynamic diameter of nanosili-
cates. Growth factors were ionically exchanged with the sodium
ion to stabilize the solution, but growth factors are much larger
than sodium ions, resulting in a larger particle size. Addition-
ally, the zeta potential shifts from -27 £ 5 mV (blank nano-
silicates) to —24 + 0.3 mV with the addition of growth factor
suggesting that growth factor does not destabilize the nano-
silicates. Release of protein/growth factor was measured via
microBCA assay and suggests the protein can readily adsorb
and desorb onto blank nanosilicates.

2.2. Functionalization of Nanosilicates with Proangiogenic
Growth Factors

To understand the ability of growth factor-loaded nano-
silicates to affect cell behavior, we used a 3D invasion assay
(Figure 2a). In this study, we examined the effect of growth
factor-loaded nanosilicates on the sprouting step of angio-
genesis.?728 Specifically we selected three major proangio-
genic proteins including VEGF, FGF, and PDGF. As a control,
sphingosine 1-phosphate (S1P)?% and growth factors (VEGF
and bFGF) were included to stimulate the invasion of a mon-
olayer of endothelial cells (ECs) into a basal 3D collagen matrix
(Figure Sla, Supporting Information).% Endothelial cells sub-
sequently penetrate the collagen matrices overnight and form
sprouting structures orthogonal to the monolayer and exhibit
a uniform response. Quantification of sprouting indicates that
growth factors and S1P both promote invasion independently,
but are most effective in combination (Figure S1b, Supporting
Information). Similarly, the nanosilicates/growth factor conju-
gate and the excess media with growth factors were tested. A
range of nanosilicates (0%, 0.005%, 0.015%, and 0.05% w/v)
was used to determine the minimum concentration of nano-
silicates necessary to adsorb sufficient growth factor to induce
invasion. After 24 h, the invasion distance and frequency was
examined (Figure 2b). Both media-depleted with growth factor
and nanosilicates/growth factor conjugates showed invasion;
however, minimal invasion is expected due to the presence of
S1P (Figure S1, Supporting Information). Quantification of cell
invasion numbers reveals two trends: the ability of depleted
media to induce invasion decreases with increasing nanosili-
cates concentration and the number of invading cells increases
with higher nanosilicates/growth factor conjugates (Figure 2c¢;
similar symbols denote significance, p < 0.01). The data sug-
gest that a minimum concentration of 0.015% nanosilicates
is required to adsorb growth factors that match the effect of
exogenously administered growth factor. There is a strong cor-
relation between the invasion number and the concentration
of nanosilicates. As nanosilicate concentration increases, the
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Figure 1. Nanosilicates sequester proangiogenic factors. a) TEM image of nanosilicate show diameter =20-50 nm (Laponite XLG). b) Sequestration
of growth factor. Growth factors (VEGF and bFGF) were incubated with 0%, 0.005%, 0.015%, and 0.05% nanosilicate before mixtures were centri-
fuged to pellet the nanosilicate and the media (unbound GF) is added in endothelial invasion assays. The pelleted nanosilicate is resuspended and
tested separately (GF-loaded nanosilicates). c) Sequestering of protein on nanosilicates results in increase in hydrodynamic diameter (n = 3) and zeta
potential (n = 3, mean + standard deviation). Release profile (as measured by microBCA assay) of FBS from nanosilicates fitted with nonlinear two-

phase association (R?=0.9108) (n = 3, mean * standard deviation).

ability to adsorb growth factors when placed in media increases,
suggesting that there is a minimum ratio between nanosili-
cates and growth factor. An increase in invasion with samples
containing nanosilicates compared to exogenously delivered
growth factors is hypothesized to occur since the growth factor
can be released over time. The ability to replicate an established
soluble growth factor model of invasion!®! suggests that nano-
silicates/growth factor conjugates hold promise as an exog-
enous delivery vehicle.

2.3. Synthesis of Collagen-Nanosilicates Hydrogels

Bolus delivery of nanoparticles loaded with proangiogenic
growth factors is not effective at directing angiogenesis. How-
ever, sequestering proangiogenic factors within collagen
matrices can direct cell migration and angiogenesis. Here, we
will evaluate the effect of nanosilicates on gelation kinetics and
mechanical stability of collagen matrices. Collagen matrices
are formed via polymerization with a neutral pH at 37 °C.
Prior to matrix formation, the collagen solutions have fluid-like
consistency. Shear rate dependence of viscosity for collagen
and collagen/nanosilicates matrices were investigated using
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continuous shear flow measurements. Shear-thinning behavior
of matrices is observed as demonstrated with a decrease in vis-
cosity over increasing shear rate (Figure 3a). Shear-thinning
behavior is important for localization of the matrices after injec-
tion within the body.?!! Both collagen and collagen/nanosilicates
exhibit shear-thinning behavior and the inclusion of nanosili-
cates (0.015%) did not influence the shear-thinning ability of
collagen matrices. Temperature was precisely controlled at 37 °C
using a Peltier plate during shear-thinning experiments sug-
gesting collagen has not fully crosslinked and can be extruded
through a needle to be delivered in precise locations while under-
going polymerization. Subsequent temperature ramp followed
by a time sweep corroborates these conclusions (Figure 3b).
Initially the storage modulus (G’) is equal to or less than the
loss modulus (G”). With an increase in temperature from 25 to
37 °C a rapid increase in both G’ and G” occurs with G” over-
taking G”. Upon reaching physiological temperature (37 °C), G’
is =100 Pa for both samples. This suggests that during matrix
formation and curing that nanosilicates do not interfere with col-
lagen fibril formation and that there is no difference in mechan-
ical stability of the samples. Strain sweep suggests that samples
containing nanosilicates have a storage modulus equal to those
that do not contain nanosilicates. Further, nanosilicate samples
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Figure 2. Nanosilicates sequester proangiogenic factors. a) Schematic showing in vitro assay to determine the ability of nanosilicate (nSi) to sequester
growth factors. Images of each invasion condition show the response to GFs incubated with increasing amounts of nSi. b) The number of invading
structures that form in response to depleted GF (Media (unbound GF)) and GF-loaded nanosilicate (nSi/GF) media (Scale bar = 50 pm). c) The
number of invading structures that form in response to media depleted of GF (Media (unbound GF)) and GF-loaded onto nanosilicates (nSi/GF)
(n =3, mean £ standard deviation). Significance was determined using analysis of variance with Tukey’s post hoc test for multiple comparisons and
multiplicity-adjusted P-values. Similar symbols denote a significant relationship, p < 0.01.

can withstand as much strain as those without (Figure 3c). These
data suggest that collagen and collagen/nanosilicate matrices
exhibit similar mechanical properties. Additionally, there is no
frequency dependence in modulus (Figure 3d). Overall, these
data suggest that nanosilicate addition at such low concentration
(0.015%) does not increase the mechanical properties of collagen
matrices.

2.4. Sequestering Proangiogenic Growth Factors
within Collagen/Nanosilicate Matrices

Nanosilicates can maintain growth factor bioavailability com-
pared to exogenously delivered factors. However, nanosilicates
must be incorporated into a stable matrix to prevent diffusion.
Therefore, growth factors loaded onto nanosilicates to induce
angiogenesis must be incorporated into a scaffold such as a
collagen matrix. To fully develop a nanocomposite material,
two main concerns surround nanoparticle use: cytocompat-
ibility and matrix mechanics. Our earlier study showed that the
ICs, value of nanosilicates to be above 10° ug mL™.2 Rheo-
logical analysis shows that nanosilicates do not alter mechan-
ical behavior of collagen matrices. Together, there is strong
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potential for nanosilicates to be used in collagen matrices
solely as a growth factor delivery vehicle. To examine possible
effects of nanosilicates in our 3D collagen invasion system,
we used four different conditions in the 3D invasion system
(Figure 4a): 1) collagen matrix with growth factors (VEGF,
FGF) in the media (control); 2) collagen matrix with growth fac-
tors embedded in the matrix; 3) blank nanosilicate embedded
in the collagen matrix with growth factors in the media; and
4) growth factor-loaded nanosilicate embedded in the collagen
matrix. Both the number and distance of invading structures
are critical components of assessing an angiogenic response
and are dependent on mechanical stiffness of the matrix,*?!
fluid shear stress,?8 and delivery of appropriate concentrations
of angiogenic factors.”! Our results support that nanosilicates
alter the invasion number and distance by sequestering growth
factors. This assay looks at invasion over a short duration (18 h)
therefore, growth factors exogenously delivered in the media are
taken up by more cells at the surface inducing a larger amount
of invading cells but shorter invasion distance compared to
when nanosilicates are included (Figure 4b; # denotes signifi-
cant difference, p < 0.001). The localization and sequestration
of growth factors on the nanosilicates is responsible for these
results. Growth factors appear to adsorb onto nanosilicates
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Figure 3. Rheological analysis for collagen and collagen/nanosilicates (nSi) hydrogels. Represenative data (mean) shown for all data; n = 3.
a) Shear-rate sweeps indicating shear-thinning behavior, b) temperature/time sweep indicating the curing of collagen hydrogels, c) amplitude sweep,
and d) frequency sweep. All tests indicate that addition of nSi (0.015%) do not alter mechanical properties of collagen matrices.

quickly and are therefore homogenously localized throughout
the collagen matrix compared to growth factor that can freely
diffuse through the matrix when no nanosilicates are present.
Interestingly, blank nanosilicates loaded and mixed into the col-
lagen matrices behave very similarly to pregrowth factor-loaded
nanosilicates suggesting that when growth factor is admin-
istered exogenously and not immediately used sequestration
may occur. Morphology of invading cells appears consistent
throughout all samples (Figure 4a and 4b) because the collagen
matrix predominately regulates cell morphology, while nanosili-
cates/growth factors are responsible for cell invasion.

2.5. Nanocomposites with Gradient of Proangiogenic Factors

Developing nanocomposite hydrogels with tailored function-
ality has opened up new possibilities in engineering advanced
biomaterials for various biomedical and biotechnological appli-
cations.®* Unfortunately, very few nanoparticles have been
developed to influence cell migration and angiogenesis. Previ-
ously, a range of appropriate biological clues, such as VEGF,
FGF, and PDGF have been incorporated within hydrogels to
direct cell migration.’®) While effective, this incorporation
strategy limits the time that growth factors are available since
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they may freely diffuse throughout the matrix or solution,
causing sprouting to occur at random locations. To establish
that individual growth factors adsorb to nanosilicates surface
and that there is a synergistic effect, a similar invasion assay
is carried out with each growth factor individually and in
combination (Figure 5). In all cases nanosilicates loaded with
growth factors and embedded in 3D collagen matrices induced
endothelial invasion (Figure 5a). Single growth factors pro-
duced a mild response with a relatively low number (<50) and
low distance (<250 um). Although PDGF has been well studied
as an important growth factor during wound healing by pro-
moting angiogenesis, the combination with nanosilicates did
not produce as strong of a response as expected. There is a sta-
tistically significant (p < 0.001) difference of combining PDGF
with VEGF or FGF compared to PDGF by itself (Figure 5b,c).
FGF and VEGF combinations resulted in little to no change
when compared to combinations, except for the combination
of all three growth factors. Results could be due to the short
half-life of PDGF compared to FGF and VEGF, or the inability
of PDGF to bind to nanosilicates. Overall, these results are
consistent with the behavior of these growth factors in the lit-
eraturel®?73 and confirm the ability of nanosilicates to deliver
angiogenic factors in specific combinations and efficiencies to
direct cellular invasion.
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3D invasion assay to determine activity of growth factors sequester to 2D nanosilicates
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Figure 4. Nanosilicates incorporated into collagen matrices reduce invasion density but increase invasion distance. a) Schematic illustrating experimental
conditions: growth factor in media (GF (media)), growth factor in collagen gel (GF (gel)), growth factor in media and nanosilicates in collagen gel (GF (media)/
nSi (gel), and growth factor and nanosilicates in collagen gel (nSi/GF (gel)). Photographs of invading structures (Scale bar = 50 pm) (n = 3, mean + standard

deviation).

b) Quantification of invading structures and invasion distance. Significance was determined using analysis of variance with Tukey's post hoc

test for multiple comparisons and multiplicity-adjusted P-values. The symbol # denotes a significant relationship between the bracketed columns, p < 0.05.

2.6. Patterning Growth Factor-Sequester Nanosilicates

Tissues and interfaces within the human body display complex
cellular and mechanical characteristics. Current approaches rely
on discrete material steps with individual properties rather than
continuous gradient designs.’”l Commonly, layered or stratified
scaffolds often incorporate multiple materials and cell types to
mimic the distinct tissue regions.’¥ Alternatively, gradient scaf-
fold designs can mimic the gradual change in the physical and
mechanical properties that are present at the native tissue inter-
face, and therefore offer a seamless transition between tissue
regions without being susceptible to delamination.?*4% Pre-
vious development of a facile approach to fabricate a nanocom-
posite gradient hydrogel using the material's flow properties has
occurred.P*!l As a culmination, we aim to fabricate injectable
collagen-based scaffolds that can be patterned by the inclusion
of specific growth factors. A 2 mm deep, 1 cm long well was
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created on Teflon in which to inject various solutions. Collagen/
nanosilicates matrices were injected into the well and allowed to
flow through the channel (Figure 6a). Nanosilicate addition to col-
lagen matrices does not change its flow properties (Figure 2a),
and the flow is dependent on the time it takes the solution to
polymerize. During the polymerization phase, there was sufficient
time for two separate solutions to flow to the middle and form a
complete matrix. The concentration of nanosilicates is constant
throughout, but in one solution the nanosilicates were loaded
with growth factors (FGF and VEGF), while the second contained
pure collagen with no growth factor. Invasion of endothelial cells
was observed on the end containing growth factors and not on
the pure collagen/nanosilicates matrix (Figure 6b). Of note, there
appears to be an increasing number of invading cells as the gra-
dient progresses toward the end where growth factor-loaded nano-
silicates were placed. This suggests that the two similar materials
(difference being the inclusion of growth factor) mixed through

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
BIOSYSTEMS

www.advancedsciencenews.com

nSi/PDGF

a)  Ppositive Control

nSi/PDGF/FGF

nSi/PDGF/VEGF

Invasion Number

www.adv-biosys.com

nSi/FGF nSi/VEGF

nSi/VEGF/FGF nSi/PDGF/FGF/VEGF

Figure 5. Nanosilicates deliver multiple GFs to enhance angiogenic responses. Nanosilicates (nSi) are loaded with PDGF, bFGF, VEGF alone, and in
combination prior to embedding in collagen matrices. Positive control represents growth factors in media with blank nanosilicates in the gel (see Figure 4,
condition 3 (GF(media)/nSi(gel)) a) Photographs of invasion responses (Scale bar =50 pum), and quantification of b) invading structures and c) invasion
distance (n =3, mean = standard deviation). Significance was determined using analysis of variance with Tukey's post hoc test for multiple comparisons
and multiplicity-adjusted P-values. The symbol # denotes a significant relationship between the indicated column and positive control, p < 0.03.

simple diffusion and flow through the channel. This facile
approach demonstrates a method to pattern a gradient of endothe-
lial cell ingrowth while maintaining mechanical properties. Poten-
tial applications are in tendon or ligament repair where there is a
gradient of cells but no difference in matrix material properties.
A simple unidirectional channel and nanosilicate/growth factor
(combination) suggests that this concept can be furthered for
precise localization of growth factor to generate more complex
structures.

3. Conclusions

In summary, our results demonstrate the stability of nanosilicate/
growth factor conjugates and their ability to deliver growth factors
to induce an angiogenic response. The sequestration of growth fac-
tors permits greater depth penetration of invading cells, creating
more fully formed more blood-vessel-like structures. We observe
robust endothelial cell penetration into collagen matrices loaded
with nanosilicates. The resulting invasions are controlled predomi-
nately by the type of growth factors conjugated to the nanosilicates.
Nanosilicates have been shown to have potential for delivering bio-
molecules; '] however, this work is the first to show the importance
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of nanoparticle-therapeutic conjugation for angiogenic potential
through modulation of cell behaviors with important ramifications
in the selection of growth factors and ability to investigate new
therapeutics through use of a 3D cellular invasion assay.

4. Experimental Section

Materials and Growth Factor Conjugation: Laponite XLG (Nanosilicates,
nSi) was obtained from Byk Additives and Instruments, dried in oven at
100 °C for 4 h prior to use, and mixed with ultrapure H,0. Growth factors
were suspended within the nanoparticle solutions (40-400 ng mL™"), and
solutions were allowed to rest overnight before being ultracentrifuged.
Supernatant was removed and stored to use for invasion assay. The
prepared media was used within 24 h after preparation. Alternatively,
growth factor conjugated nanosilicate was suspended (0.005-0.015% w/v)
in rat-tail collagen Type | was purified in the lab for invasion assays. Fetal
bovine serum (FBS) was conjugated for 1 h and subsequent release was
measured over a 48 h time period via microBCA Assay (ThermoFisher).

Cell Culture: Certified single-donor human umbilical vein endothelial
cells (Lonza, Allendale, NJ) at passages 3-6 were cultured in 75 cm? flasks
(Corning) coated with 1 mg mL™" sterile gelatin. Growth medium was
previously described in detail?”l and consisted of M199, supplemented
with FBS (15% v/v), bovine hypothalamic extract (0.04% w/v), heparin
(0.01% wy/v), antibiotics (1.2% v/v), and gentamycin (0.12% v/v.).
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Figure 6. Nanosilicates offer the unique ability to pattern the delivery of growth factors. a) In this assay, nanosilicates (nSi) are incorporated into 3D
collagen matrices as a gradient. The number of invading structures was quantified and averaged from three independent experiments. Data shown
are average numbers of invading cells (n = 3, mean * standard deviation). b) Photograph of entire 8 mm gradient formed with blank nanosilicates
and growth factor-loaded nanosilicates. Insets show enlarged view of indicated structures (Scale bar = 50 pm). Significance was determined using
student’s t-test to compare each point along gradient to previous point. The symbol # denotes a significant relationship between the indicated point

and the point 1 step closer to origin, p < 0.05.

Invasion Assay: 3D invasion experiments were established using
2.5 mg mL" type | collagen matrices containing 1 x 10 m S1P
(Sigma, St Louis, MO). Confluent endothelial cell monolayers were
seeded at 30 000 cells per well in M199 supplemented with 1 x RSII and
in controls, 40 ng mL™' VEGF and bFGF. Where indicated, growth factors
were incubated with multiple concentrations of Laponite (nanosilicates,
nSi) for 1 h on ice. Laponite was then mixed into collagen matrices prior
to plating in 96-well plate. After 24 h incubation at 37 °C with 5% CO,,
invading cells were fixed with 3% glutaraldehyde in phosphate buffered
saline and stained with 0.1% toluidine blue/30% methanol. Results from
at least three independent experiments are shown.

Quantification  of Invasion  Responses: For invasion density
measurements, a minimum of three fields were quantified manually
as described.?’l Briefly, invasion density was quantified at 10x with an
eyepiece containing a mounted reticle that displays a 10 x 10 square grid.
In the field of interest, the number of invading cells was recorded using a
cell counter in a 2 x 2 square area of the grid. For invasion distance, gels
are sliced and laid on their side. Ten random photographs were taken at
4x magnification. The distance migrated from the monolayer was
recorded using side view images taken with and Olympus CK-5
microscope with 150 or more structures from each treatment group
were included in the analysis. A structure is the furthest tip of a
migrating cell. Peripheral sprouts were not included. Image-Pro PLUS
(MediaCybernetics, MD) software was used to quantify invasion distance.

Dynamic Light Scattering and Zeta Potential Measurements: DLS and zeta
potential were measured on a Zetasizer Nano ZS (Malvern Instruments).
One mL of nanosilicates or nanosilicates + fetal bovine serum (mixed
for 1 h) was diluted 1:100 with phosphate buffered saline (PBS) and
loaded into the instrument for both measurements. DLS samples were
subsequently used for Zeta-potential samples and then discarded. Data
were analyzed plotted and analyzed using Prism Graphpad 6.

Mechanical Analysis: A Discovery Hybrid Rheometer 2 (TA Instruments,
New Castle, Delaware, USA) with attached 40 mm parallel plate at gap
height of 0.1 mm and Peltier plate accessory was used for all experiments.
Precursor solutions of collagen and collagen/0.05% nanosilicates (highest
experimental concentration) were used for all experiments unless otherwise
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noted. Rotational shear rate sweeps were executed between 1072 and
10? (s7') to determine shear-thinning behavior of solutions. Rotational
temperature-time sweep combination was executed to determine curing
characteristics. First a temperature ramp of 5 °C min~' was carried out from
25 to 37 °C at 1% strain, 1 Hz. Subsequently a time sweep at 1% strain, 1 Hz
was used to determine the amount of time for curing to occur. Oscillatory
shear strain sweeps between 107" and 103 performed at 1 Hz and frequency
sweeps between 10° and 10% performed at 1% strain were conducted to
monitor the linear viscoelastic region and determine yield strain.

Statistical Analyses: All statistical analyses were performed using Prism 6
(Graphpad Software, Inc.). For all experiments, at least three independent
experiments were performed with n > 3 replicate samples per experiment
and data are presented mean + standard deviation. No statistical method
was used to predetermine sample size. Unpaired Student’s i-test was
performed on data comparing two groups, assuming similar variance.
One-way or two-way analysis of variance with Holm-Sidak or Tukey’s post
hoc test for multiple comparisons and multiplicity-adjusted P-values are
reported. In all studies, P-values <0.05 were considered significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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