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ARTICLE INFO ABSTRACT

Hydrogels for biomedical applications such as controlled drug release are usually synthesized with the chemical
or physical crosslinking of monomers or macromers. In this work, we used gelatin to prepare hydrogel nano-
particles and studied whether gelatin nanoparticles (GNPs) could assemble to form a solid biomaterial and
whether this solid biomaterial was capable of transforming into a hydrogel upon introduction to a hydrated
environment. The data show that GNPs with or without aptamer functionalization could form a nanoparticle-
assembled porous solid biomaterial after freezing and lyophilization treatment. This formation did not need any
additional crosslinking reactions. More importantly, this solid biomaterial could undergo solid-to-hydrogel
transition after contacting a solution and this transformation was tunable to match different shapes and geo-
metries of defined molds. The formed hydrogel could also sequester and release growth factors for the promotion
of skin wound healing. Thus, GNP-assembled solid biomaterials hold great potential as an off-the-shelf therapy
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for biomedical application such as drug delivery and regenerative medicine.

1. Introduction

Hydrogels are networks of hydrophilic polymer chains with large
amounts of water [1]. They have been widely studied for biomedical
applications such as drug delivery and regenerative medicine since they
can slowly release biomolecules to elicit specific cellular responses
[2-6]. However, it is challenging to develop hydrogels into off-the-shelf
biomaterials loaded with biomolecules because of their intrinsic nature
of containing water. Moreover, biomolecules such as proteins in an
aqueous environment can easily lose their bioactivity if stored on the
shelf [7-10]. Thus, it would be ideal that a pre-existing solid-like bio-
material in a dry form can be synthesized and ready for transformation
into a hydrogel once contacting and sequestering a drug solution. This
kind of biomaterial can be stored on the shelf. It also possesses certain
properties (e.g., containing water) of hydrogels for an application. The
purpose of this work was to explore a biomaterial that can transform
from a solid foam to a hydrogel-like biomaterial capable of sequestering
and releasing proteins.

Hydrogels can be synthesized with numerous methods. A commonly
used method is the chemical crosslinking of monomers to form cova-
lently crosslinked hydrogels during a reaction. For instance, acrylamide
subunits are chemically crosslinked to form polyacrylamide hydrogels
through free radical polymerization [11]. Hydrogels can also be
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synthesized through physical crosslinking via hydrogen bonding, elec-
trostatic attraction and/or hydrophobic association [12]. For example,
polymers in the temperature-responsive poloxamer solutions can ag-
gregate to form hydrogels via the dehydration of the hydrophobic units
and the procedure of micellization when the solutions reach a situation
above the critical micelle temperature and critical micelle concentra-
tion [13]. In this work, we integrated chemical and physical cross-
linking mechanisms to develop a solid-like foam using the physical
assembly of chemically crosslinked hydrogel nanoparticles.

Gelatin is a natural polymer derived from collagen. It has been used
to develop various bulk hydrogels for controlled protein release [14].
Gelatin has also been used to synthesize hydrogel nanoparticles
[15-18]. All of these gelatin-based bulk hydrogels or hydrogel nano-
particles were synthesized through the chemical crosslinking of gelatin
macromers. Differently, we developed a foam-like solid biomaterial
using gelatin in two steps. We first synthesized gelatin nanoparticles by
using a precipitation-crosslinking method and then lyophilized nano-
particle suspension to prepare the foam-like biomaterial through phy-
sical nanoparticle assembly. The foam-like solid biomaterial and its
transformation into a hydrogel were characterized through imaging
techniques. Its capability of sequestering and releasing proteins was
examined using vascular endothelial growth factor (VEGF) as a model.
Moreover, this material was used to treat skin wound for evaluating its
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potential of releasing proteins for tissue regeneration.

2. Materials and methods
2.1. Materials

2.1.1. Chemical reagents

Gelatin (porcine, type A, 300 bloom), glutaraldehyde (25% in H,0),
acetone, dimethyl sulfoxide (DMSO), tween-20, ammonium persulfate,
tetramethylethylenediamine (TEMED), sodium hydroxide, hydrochloric
acid, and sodium citrate were obtained from Sigma Aldrich (St. Louis,
MO). Dibenzocyclooctyne (DBCO)-PEG4-NHS ester was obtained from
Click Chemistry Tools (Scottsdale, AZ). Phosphate buffered saline
(PBS), Dulbecco's phosphate buffered saline (DPBS), (5-(and-6)-car-
boxyfluorescein succinimidyl ester (5(6)-FAM SE), glycerol, sodium
bicarbonate and acrylamide/bisacrylamide were obtained from
Thermo-Fisher Scientific (Waltham, MA).

2.1.2. Biological reagents

Calcein AM, glycine, bovine serum albumin (BSA), fetal bovine
serum (FBS), medium 200 (M200), medium 106 (M106), medium 154
(M154), Low Serum Growth Supplement (LSGS), ABTS substrate, xy-
lene substitute mountant, ProLong Diamond Antifade Mountant with
DAPI, goat anti-rabbit IgG-Alexa Fluor 546 antibody, a-smooth muscle
actin antibody-Alexa Fluor 488 antibody (a-SMA), and Human umbi-
lical vein endothelial cells (HUVECs), were obtained from Thermo-
Fisher Scientific. Nucleic acid sequences were obtained from Integrated
DNA Technologies (Coralville, IA). Vascular endothelial growth factor-
165 (VEGF) and VEGF enzyme-linked immunosorbent assay (ELISA) kit
were obtained from Peprotech (Rocky Hill, NJ). 4% Paraformaldehyde
was obtained from Santa Cruz (Dallas, TX). Primary rabbit anti-mouse
CD31 antibody was obtained from Cell Signaling Technology (Beverly,
MA). Human neonatal fibroblasts (HDFN) and mouse keratinocytes
(MK) were obtained from ATCC (Manassas, VA). Hematoxylin and eosin
(H&E) stain kit was obtained from Leica Biosystems (Buffalo Grove, IL).
Collagenase P. was obtained from Sigma Aldrich (St. Louis, MO).

2.1.3. Other materials
Tegaderm was obtained from 3 M Health Care (St. Paul, MN). Hair
depilatory cream was obtained from VEET (UK).

2.2. Preparation of gelatin nanoparticles

GNPs were prepared using a previously described two-step deso-
Ivation method with slight modifications [15,16,18]. Gelatin (500 mg)
was dissolved in 10 mL of DI water by heating to 50 °C for 10 min.
While the solution was stirred at 250 rpm, 10 mL of acetone was added
to precipitate high molecular weight gelatin. After removing the su-
pernatant, containing the low molecular weight gelatin, the pre-
cipitated high molecular weight gelatin was re-dissolved in water by
heating to 50 °C for 10 min. The dissolved gelatin was cooled to room
temperature and the pH was adjusted to 2. Then 35 mL of acetone was
slowly added dropwise to the solution to precipitate GNPs. The solution
containing the precipitated GNPs was composed of a 30/70 water/
acetone mixture. After acetone addition, 0.2 mL glutaraldehyde (25%)
was added to the solution and it was incubated for 12 h to crosslink the
nanoparticles. To block any unreacted aldehyde groups, 5 mL of glycine
(100 mM) was added and the solution was incubated for 1 h. The
particles were isolated by centrifugation at 9600 g for 20 min and
washed three times with 70% acetone. After the final wash, the nano-
particles were re-suspended in DI water and the pH of the solution was
adjusted to 7 using NaOH (0.1 M). The nanoparticles were stored at 4 °C
until further use.
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2.3. Characterization of GNPs

Dynamic light scattering (DLS, Zetasizer Nano-S, Malvern
Instruments Ltd.) was used to measure the GNPs' size and charge. The
nanoparticles were dispersed in water to a final concentration of
0.1 mg/mL and then characterized. The morphology of the GNPs was
observed by first sputter coating with iridium and then imaging using a
field emission scanning electron microscopy (Nova NanoSEM, 630, FEI,
USA).

2.4. Assembly of GNPs

GNPs were dispersed in PBS to a final concentration of 5 mg/mL.
0.2 mL of the solution was transferred to a disc mold and frozen at
—80 °C for 30 min. The frozen samples were lyophilized in a Labconco
FreeZone 4.5" (Kansas City, MO) overnight. After lyophilization, the
GNP-assembled biomaterial was placed in a sterile 24-well plate and
stored at room temperature (RT) until further use. The morphology of
the GNP assembly in the dry state was characterized by first sputter
coating with iridium and imaged using a field emission scanning elec-
tron microscope (FESEM; Apreo, FEI, USA). Bright-field images of the
dry and hydrated GNP-assembled biomaterial were obtained using a
Nikon SMZ745T microscope (Tokyo, Japan).

2.5. Preparation of fluorescent GNPs

Fluorescent GNPs were prepared by first dissolving 5(6)-FAM SE
(2 mg) in 200 pL of DMSO to a final concentration of 10 mg/mL. 15 pL
of the 5(6)-FAM SE solution was added to GNP (1 mg) dissolved in
sodium bicarbonate (0.1 M). The reaction mixture was incubated at
25 °C for 12 h. The unreacted reagents were removed using a dialysis
cassette (MWCO = 20 kDa) in DI water for three days. The FAM-la-
beled GNPs (GNP-FAM) were observed using an Olympus IX73 micro-
scope (Center Valley, PA) to ensure the particles were fluorescently
labeled.

2.6. Assembly of FAM-labeled GNPs

200 pL of the GNP-FAM solution (5 mg/mL) was added to a glass
surface and a glass coverslip was placed on top of the solution.
Fluorescent images were taken using an Olympus IX73 microscope
(IX73) after the deposition of the solution, after the particles were
frozen at —80 °C for 30 min and then thawed, and after the particles
were frozen at —80 °C for 30 min then lyophilized.

GNPs with and without FAM-labeling were dissolved in PBS at a
final GNP concentration of 5 mg/mL and a final GNP-FAM concentra-
tion of 0.05 mg/mL. 0.2 mL of the solution was transferred to a disc
mold and frozen at —80 °C for 30 min. The frozen samples were lyo-
philized in the Labconco FreeZone 4.5* (Kansas City, MO) instrument
overnight. After lyophilization, the GNP-assembled biomaterial was
placed in a 24-well plate and stored at RT until further use.

2.7. Characterization of the GNP-assembled biomaterial

The three-dimensional structure of the GNP-assembled biomaterial,
dried and hydrated, was characterized by imaging with a confocal
microscope (Olympus FV1000, Center Valley, PA). The images were
used to quantify the void space in the dry and hydrated biomaterials by
using ImageJ to determine the number of fluorescent pixels and sub-
tracting this value from the total pixel area of the image. The difference
was normalized by the total area to determine the void space percen-
tage.

The change in thickness of the material during the transition from a
sponge-like biomaterial to a hydrogel was determined by securing the
material to a microscope slide and imaged using a Maestro imaging
system (CRI, Woburn, MA). 10 pL of PBS was added to induce the
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transition to a hydrogel and imaged again. ImageJ was used to measure
the thickness.

The ability of the dry disc-like material to conform to different
geometries after hydration was assessed by applying the GNP-as-
sembled biomaterial to a triangular, circular, or square mold containing
10 L of PBS. The molds were 3D printed using a Formlabs Form 2
(Somerville, MA). Bright-field images of the hydrogels were taken using
a digital camera.

2.8. Preparation of aptamer-functionalized gelatin nanoparticles (aGNPs)

GNPs (500 mg) were reacted with DBCO-PEG4-NHS (300 uM) to
synthesize nanoparticles modified with DBCO. The unreacted reagents
were removed using a dialysis cassette (MWCO = 20 kDa) in DI water
for three days. Azide-modified anti-VEGF aptamer (100 pmol) was
mixed with 140 pg of the DBCO-functionalized GNPs and incubated at
25 °C for 4 h.

2.9. Characterization of aGNPs

Polyacrylamide gel electrophoresis (PAGE) was used to determine
the conjugation of aptamer to DBCO-modified nanoparticles. 4 pL of the
aGNP (~10 pmol of aptamer) solution was incubated with 2 uL of Cy5-
labeled complementary DNA sequence (100 pM) for 30 min at 25 °C.
The mixture was added to a polyacrylamide gel (10 w/v%). After run-
ning the gel at 80 V for 40 min, a Maestro imaging system (CRI,
Woburn, MA) was used to image and quantify the fluorescent intensity
of the bands. Free anti-VEGF aptamer (10 pmol) incubated with Cy5-
labeled complementary sequence was used as control. Dynamic light
scattering (DLS, Zetasizer Nano-S, Malvern Instruments Ltd.) was used
to measure the aGNPs' size and charge. The nanoparticles were dis-
persed in water to a final concentration of 0.1 mg/mL and then char-
acterized. GNPs dispersed in water to a final concentration of 0.1 mg/
mL were used as control.

2.10. Assembly of GNPs

GNPs with or without aptamer (0.7 pmol aptamer/ug GNP) were
dissolved in PBS at a final nanoparticle concentration of 5 mg/mL and a
final aptamer concentration of 0.5 pM. 0.2 mL of the solution was
transferred to a disc mold and frozen at —80 °C for 30 min. The frozen
samples were lyophilized in the Labconco FreeZone 4.5" (Kansas City,
MO) instrument overnight. After lyophilization, the aGNP-assembled
biomaterial was placed in a 24-well plate and stored at RT until used.

2.11. VEGEF retention and release

2.11.1. VEGEF retention

aGNP-assembled biomaterials with a final anti-VEGF aptamer con-
centration of 0.5 pM were synthesized to determine if the presence of
aptamer would enable the retention of VEGF. To the dry biomaterial,
VEGF (200 ng) was added and the VEGF-loaded hydrogels were im-
mediately immersed in 0.5 mL of release media (0.1% BSA in PBS or
M200). After 24 h, the release media was collected and analyzed using
an enzyme-linked immunosorbent assay (ELISA) according to the pro-
tocol provided by the manufacturer. GNP-assembled biomaterials
without aptamer were loaded with VEGF (200 ng) and used as control.
The total VEGF amount remaining in the material was determined by
incubation with anti-VEGF complementary sequence (100 pmol) and
digestion with Collagenase P. (1 mg/mL).

2.11.2. VEGEF release

To assess the sustained release of VEGF from the biomaterials, VEGF
(200 ng) was added to the aGNP-assembled biomaterial containing anti-
VEGF aptamer (100 pmol). The gels were incubated in 0.5 mL release
media. At predetermined time points, 0.5 mL of the media was collected
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and replaced with fresh media. After the media was collected on day 10,
the material was incubated with anti-VEGF complementary sequence
(100 pmol) and digested with Collagenase P. (1 mg/mL) The collected
release media were stored at —20 °C until analysis. The amount of
VEGF was quantified using ELISA after all of the samples were col-
lected. The data were presented as a cumulative release.

2.12. Cell culture

HDFNs were expanded using M106 supplemented with 10% FBS in
0.1% gelatin-coated cell culture flasks. HUVECs were expanded using
M200 supplemented with 2% low serum growth supplement in 0.1%
gelatin-coated cell culture flasks. MKs were expanded using M154
supplemented with 10% FBS in cell culture flasks. Cells of passage 6-10
were used in all cell experiments.

2.13. Tube formation assay

The bioactivity of the released VEGF was measured by the human
umbilical vein endothelial cell (HUVEC) tube formation assay con-
ducted according to previously established methods [19]. Briefly, 80 pL
of the thawed Geltrex was added to a 48-well plate and incubated for
30 min at 37 °C. The day 10 release media from the in vitro VEGF
release study was used for this study. The release media from the aGNP
hydrogel (Apt (+)) was diluted to a final VEGF concentration of 10 ng/
mL. The release media from the GNP hydrogel (Apt (—)) was used
without further dilution (VEGF: 0.4 ng/mL). 200 pL of the different
release media were added to the Geltrex coated cells after seeding with
4 x 10 HUVEGs. 200 pL of stock VEGF at a concentration of 10 ng/mL
was used as a control. After incubation at 37 °C for 4 h, the cells were
stained with Calcein AM (2 pg/mL) for 30 min. The cells were imaged
using the Olympus IX73 microscope (Center Valley, PA) and the total
tube length was measured using ImageJ.

2.14. Cell proliferation on GNP-assembled biomaterials

Cells (HUVECs, HDFNs, or MKs) were seeded at a density of 1 X 10*
cells per well on the aGNP-assembled biomaterial without VEGF
(aGNP), aGNP-assembled biomaterial loaded with 100 ng of VEGF
(aGNP- VEGF), or a GNP-assembled biomaterial loaded with a 100 ng of
VEGF (GNP-VEGF). At days 1 and 7, the cells were stained with Calcein
AM and imaged. The number of cells on the hydrogel were quantified
using ImageJ.

2.15. Wound healing assay

All animal experiments were performed according to a protocol
approved by the Pennsylvania State University Institutional Animal
Care and Use Committee. Balb/c mice (age of 9-11 weeks) with weight
20-25 g were used. Avertin (1.2%) and ketoprofen (1 mg/mL) were
injected intraperitoneally into the mice, 20 pL/g and 10 pL/g respec-
tively. The dorsal hair of the mice was removed by an electric razor
followed by application of Veet hair depilatory cream. The depilatory
cream was cleaned by washing with sterile DPBS. The following day,
the skin was sterilized with povidone-iodine and 70% ethanol. Two
6 mm circular full skin wounds were created on the dorsal skin. After
the materials were applied, 12 mm X 12 mm Tegaderm film was ap-
plied to prevent wound contraction [20]. aGNP, GNP-VEGF (VEGEF:
200 ng), and aGNP- VEGF (VEGF: 200 ng) biomaterials were used to
treat the wounds. Tegaderm film alone was used as control. At different
days, optical images of the wounds were taken using a digital camera.

2.16. Histological analysis

Mice were euthanized at day 10 and the wound sites on the skin
were collected with a 6 mm biopsy punch. The tissue samples were cut
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in half at the center of the wound. Both halves were embedded in
paraffin and sectioned into 5 um tissue sections. Tissue sections were
stained with hematoxylin and eosin (H&E) in a Leica autostainer
(Buffalo Grove, IL). The distance between the wound margins and the
epithelial tongues were measured using ImageJ. The epithelization
ratio was calculated by dividing the length of the epithelial layer by the
initial length of the wound.

2.17. Immunostaining

The tissue sections were immunostained using a previously estab-
lished method [21]. Paraffin-blocked tissue sections (5 pum) were de-
paraffinized and boiled in sodium citrate buffer (pH = 6) for 20 min.
The sections were cooled to room temperature and washed with PBS.
The sections were blocked with serum-blocking solution (3% BSA and
3% goat serum in PBS) for 1 h at RT. The tissue was washed and then
incubated with rabbit anti-mouse CD31 antibody (1:200 dilution)
overnight at 4 °C. After removal of unbound antibody, the tissues were
incubated with goat anti-rabbit IgG-Alexa Fluor 546 secondary anti-
body (1:200 dilution) for 2 h at RT. The tissues were washed and in-
cubated with fluorescent-labeled a-SMA antibody (1:200 dilution)
overnight at 4 °C. After washing, the samples were mounted with
Prolong Diamond Antifade Mountant with DAPI. The fluorescent
images of the samples were taken with the Olympus IX73 (Center
Valley, PA) microscope. The total number of blood vessels and blood
vessel area was quantified using ImageJ. The CD31* blood vessels and
blood vessels with both CD31* and a-SMA are shown.

2.18. Statistics

Prism 5.0 (Graphpad Software Inc., La Jolla) was used for all sta-
tistical analysis. All the data were presented as mean = standard de-
viation, unless specified otherwise. One-way analysis of variance
(ANOVA) with the Bonferroni post-test was performed to compare
multiple groups. Unpaired Student's t-test was performed for the com-
parison of two groups. The data was considered statistically significant
when p-value <.05.

3. Results and discussion
3.1. Synthesis of GNP-assembled biomaterials

Gelatin has been used to develop various biomaterials at both bulk
and nanoscale levels for its biocompatibility and biodegradability
[22-24]. Thus, we used gelatin to prepare nanoparticles in this work.
The methods and major steps for preparing GNPs and using the GNPs as
building blocks to develop bulk biomaterials are schematically illu-
strated in Fig. 1. GNPs were produced via a two-step desolvation

A)
ke Desolvaﬂon 2m Desolvaﬂon
Add Acetone Add Acetone
Adjust pH
B)
Freeze Lyophilize
@-80 oc -

Fig. 1. Schematic illustration. A) Preparation of gelatin nanoparticles (GNPs)
via a two-step desolvation method. Gelatin is precipitated using acetone. In the
second step, pH is adjusted to 2 before the dropwise addition of acetone and
glutaraldehyde. B) Preparation of GNP-based biomaterials via freezing and
lyophilization that are performed sequentially. After the process of freezing and
lyophilizing GNPs, a dry foam-like biomaterial is obtained.
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method and then chemically crosslinked [15-17]. The nanoparticles
were approximately 300 nm in diameter (Fig. 2A). It had a zeta po-
tential of +11.4 mV (Fig. 2A), which suggests that the nanoparticles
were positively charged. After the synthesis of the nanoparticles, we
applied freezing and lyophilization to treat the suspension of nano-
particles in a disc mold. This treatment led to the formation of an in-
tegrated solid bulk biomaterial (Fig. 2B). With the aid of SEM imaging,
we found that the biomaterials had macroporous structures. The image
of the non-porous regions indicates that nanoparticles aggregated and
fused together. It suggests that the nanoparticles suspended in an
aqueous solution could be automatically assembled to form macro-
porous sponge-like structures during the procedure of lyophilization.

After this biomaterial was treated with water, it absorbed water and
formed a soft hydrogel that could maintain its stability in a gentle
shaking condition (Fig. S1) and also be picked up using a tweezer
(Fig. 2B). We also characterized the rheological properties of the hy-
drogel. The rheology data demonstrated that the storage (G") and loss
modulus (G") of the hydrogel were 5800 Pa and 250 Pa, respectively
(Fig. S2). Notably, when the same hydration procedure was applied to
treat lyophilized gelatin, the material was dissolved rather than tran-
sitioning to a soft hydrogel (Fig. S3). To further determine whether the
hydrogel structure was attributed to GNP assembly, the biomaterial was
treated with Collagenase P. The hydrogels were quickly degraded (Fig.
S4). It suggests that the hydrogels are biodegradable. Moreover, in
comparison to the stability of the hydrogels in the enzyme-free solution
(Fig. S1), the data further suggests that the physical crosslinking of the
GNPs produced the hydrogel.

To ensure that this observation was not an artifact, we compared
three nanoparticle systems (Fig. 3A) including the suspension of GNPs
without any treatment, the suspension of GNPs that were frozen at
—80 °C and subsequently thawed, and the suspension of GNPs that
were frozen and lyophilized. For clear observation, we put those sus-
pensions on the glass surface and covered with a glass coverslip. The
results demonstrate that the normal suspension of GNPs was stable and
the nanoparticles were well-dispersed without forming obvious ag-
gregates even though the suspension was stored on the bench for sev-
eral days or weeks. Similarly, freezing at —80 °C and thawing after-
wards at room temperature did not induce significant nanoparticle
aggregation. By contrast, the combination of freezing and lyophilization
reproducibly induced the aggregation of GNPs. Under the coverslip, the
aggregated nanoparticles formed thread or bundle-like structures.

Previous studies have shown that nanoparticles have a tendency to
form aggregates or clusters up to several microns in size [25-29]. This
aggregation happens when a physical process brings nanoparticles to a
short distance and short-range thermodynamic interactions facilitate
nanoparticle-nanoparticle attachment [30]. Electric-double-layer po-
tentials and van der Waals determine if forces between nanoparticles
are net attractive or repulsive for them to stick together [31-33].
During the normal storage or freezing procedure, the concentration of
GNPs did not change. However, water evaporates during lyophilization,
which gradually increases the concentration of the nanoparticles and
shortens the distance of the nanoparticles. Thus, the GNPs sticked to-
gether to form the solid material.

We further observed the biomaterials before and after the treatment
with water under a confocal microscope. The void space was sig-
nificantly decreased after hydration (Fig. 3B). Consistent with this ob-
servation, the thickness of the biomaterial dramatically decreased
(Fig. 3C). We also found that the biomaterial with an initial disc shape
could transform into any shape of a defined mold after contacting and
absorbing water (Fig. 3D). It indicates that this solid-to-hydrogel
transformation is also tunable in physical shape and geometry. This
characteristic differentiates this nanoparticle-assembled biomaterial
from most solid materials or hydrogels whose shapes are usually not
tunable once formed.
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Fig. 2. Nanoparticle characterization and assembly. A) Characterization of GNPs. Left: SEM image of GNPs; Middle: size distribution of nanoparticles; Right: zeta
potential. B) Formation of bulk biomaterials from GNP assembly. Left: bright-field image of nanoparticle-assembled biomaterial; Middle: SEM image of the bio-
material (the inset image shows nanoparticle aggregation). Right: bright-field image of the hydrated biomaterial (i.e., hydrogel) (the inset image shows that the

hydrated biomaterial was gently picked up with a tweezer).

3.2. Synthesis of aGNPs and nanoparticle-assembled biomaterials for VEGF
sequestration and release

After demonstrating that GNP-assembled biomaterials can form and
have the capability of transforming into a hydrogel after hydration, we
further conjugated nucleic acid aptamers onto GNPs for two reasons.
First, the surface charge of the GNPs as studied above was positive.
With the conjugation of nucleic acid aptamers onto GNPs, their surface
could become negatively charged. This design would help understand
whether negatively charged nanoparticles could also assemble to form a
similar solid biomaterial. Second, nucleic acid aptamers are synthetic
ligands that have high affinities and specificities against their target
biomolecules similar to antibodies [34-38] Moreover, they are small in
size and can be chemically synthesized [34,37]. They are also tolerant
of harsh chemical and physical conditions [39]. Because of these
characteristics, nucleic acid aptamers have been widely studied for
biomedical applications [20,40-43]. We expected that the solid mate-
rial once functionalized with aptamers would be able to sequester
target biomolecules.

We used an anti-VEGF aptamer as the model to do the conjugation
[44]. GNPs were modified with DBCO to provide a reaction site for
azide-modified anti-VEGF aptamer. The gel image shows that the ap-
tamer could be efficiently conjugated with GNP to form aGNPs via click
chemistry (Fig. 4A). The conjugation did not lead to a significant
change in size but resulted in a dramatic change of the surface charge
from a positive zeta potential to a negative one (Fig. 4B). We proceeded
to freeze and lyophilize the suspension of aGNPs. The image shows that,
similar to GNPs, aGNPs could form a solid porous biomaterial (Fig. 4C).

Moreover, this biomaterial could absorb water and form a hydrogel.

Biomaterials have been widely studied for sustained growth factor
release [45-50]. Most of them are developed with the simultaneous
incorporation of growth factors. However, biologics such as growth
factors can easily lose their bioactivity [51-53]. Thus, it is desirable to
separate the preparation and storage of biomaterials from the loading of
growth factors. Our data have shown that GNP or aGNP-assembled
biomaterials can absorb aqueous solutions. The preparation of these
biomaterials is decoupled from the loading of a solution of growth
factors. Thus, we used these GNP-assembled biomaterials to absorb the
VEGF solution and examined VEGF sequestration and release. The
VEGF retention increased from ~19% to ~90% in the presence of the
aptamer (Fig. 5A). As the aGNP-based hydrogel can sequester VEGF, we
also examined the ability of the hydrogel to control VEGF release.
Within the first six hours, the aGNP- and GNP-based hydrogels released
~38% and 91% of the VEGF, respectively (Fig. 5A). After the initial
release, the aGNP-based hydrogel slowly released VEGF over the next
10 days, with a daily release rate of VEGF being ~2-3%. These results
suggest that the GNP-based hydrogels can release the sequestered
growth factor, and that aptamers can make the release slower.

When a biomaterial is used to control the release of growth factors
for an in vivo application, its working efficacy is determined not only by
the amount of released growth factors but also by the bioactivity of the
growth factors. Previous studies have shown that growth factors such as
VEGF could lose bioactivity quickly [54]. For instance, Ekaputra et al.
showed that 95% of VEGF in a hydrogel could lose their bioactivity
within one week [55]. Thus, we studied the HUVEC tube formation for
examining the bioactivity of the release medium with the stock VEGF
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Fig. 3. Characterization of GNP-assembled biomaterials. A) Fluorescent imaging of GNPs when they were dispersed, frozen in the solution then thawed, or lyo-
philized. B) Images of dry and hydrated GNP-assembled biomaterials. Z-projections of the biomaterials examined using confocal microscopy are shown; (n = 3). **,
p < .01. C) Quantification and fluorescent images from a side-view of the dry and hydrated biomaterials. D) Transformation of the dry disc-like biomaterial into
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solution as a positive control. Our data show that VEGF released from
the aGNP-based hydrogel could stimulate the tube formation of HU-
VECs at the same level as the stock VEGF solution (Fig. 5B). It suggests
that VEGF loaded in the aGNP-based hydrogel could maintain their
bioactivity presumably because VEGF loading was decoupled from the
procedure of preparing the biomaterials. We also found that the release
medium collected from the GNP-based hydrogel stimulated minimal
tube formation. The possible reasons are two-fold. One may result from
the low level of released VEGF from GNP-based hydrogel as most VEGF
molecules were released within the first day. The other may result from
the protection of VEGF by aptamers. While aptamer-mediated VEGF
binding is a physical procedure, it is similar to the form of protein
immobilization that would help maintain the bioactivity of proteins
[56-58].

VEGF is an important signaling molecule that can stimulate cell
growth [59]. Gelatin is a biomolecule that allows for cell attachment
[60-62]. As the nanoparticle-assembled biomaterials have both gelatin
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and VEGF, we further studied how these biomaterials affect cell pro-
liferation using three cells including MK, HDFN and HUVEC. The cell
suspension was loaded onto the biomaterials and the cells were ex-
amined on day 1 and 7. MK cells grew significantly in all three bio-
materials with or without VEGF (Fig. 6A). While HDFN cells also ex-
hibited growth, their growth in the VEGF-loaded aGNP-based hydrogel
was more significant, at least in comparison to the aGNP-based hy-
drogel without VEGF (Fig. 6B). Interestingly, HUVECs exhibited no
difference in all of the three biomaterials with or without VEGF
(Fig. 6C). Moreover, the number of HUVECs decreased by day 7.
However, previous studies have shown that HUVECs can grow on the
surface of hydrogels loaded with VEGF. [20,61,63,64] While the exact
mechanism for this decrease is unclear, we reason that this difference
between the literature and this work may result from the different ri-
gidity of biomaterials. In the literature, cells were usually cultured on
standard hydrogels that allows for cell attachment and spreading. From
the observation of cell morphology, HUVECs maintained a rounded
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Fig. 5. VEGF retention, release, and bioactivity. A)
VEGF retention and release (20:1 aptamer-to-VEGF
ratio); n = 3. B) Tube formation examined using the
HUVEC tube formation assay. Cells were stained
with Calcein AM. Apt (—): release media from GNP
hydrogel at day 10 (VEGF:0.4 ng/mL); Apt (+): re-
lease media from aGNP hydrogel from day 10
(VEGF:10 ng/mL); Stock VEGF (10 ng/mL).
Quantitative analysis of the tube length (n = 4). **,
p < .0L.
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shape and did not spread in the nanoparticle-assembled hydrogels.

3.3. Implantation of nanoparticle-assembled biomaterials on the skin wound

To demonstrate potential biomedical applications of the nano-
particle-assembled biomaterials, we implanted them onto the dorsal
skin wound beds and examined the skin wound healing procedure.
Three biomaterials were developed for comparison, including the
empty aGNP-assembled biomaterial (i.e., no VEGF loading), the VEGF-
loaded aGNP-assembled biomaterial, and the VEGF-loaded GNP-as-
sembled biomaterial. Notably, we applied the biomaterials on the
wound bed and then transferred the VEGF solution onto the bioma-
terials, which would be similar to the procedure of a real-world
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application. Wounds covered with only Tegaderm were used as a con-
trol.

All three biomaterials could quickly attach onto the wound bed and
gradually form transparent hydrogel films on the wound beds. The
aGNP and Tegaderm groups exhibited virtually no difference
throughout the course of treatment (Fig. 7A). By contrast, the wounds
in both GNP-VEGF and aGNP-VEGF groups were smaller in size than the
aGNP and Tegaderm groups. Statistically, the significant difference was
observed on day 7, 9 and 10. Meanwhile, throughout the course of
treatment, we did not see any significant difference in the promotion of
wound closure between the GNP-VEGF and aGNP-VEGF groups.

To better understand the procedure of wound closure under the
treatment and the difference among these groups, we harvested the



J. Coyne, et al.

Journal of Controlled Release 318 (2020) 185-196

-
o
o
'y

50

*. Tegaderm vs. GNP-VEGF
1 *. Tegaderm vs. aGNP- VEGF

Wound Closure (%)

(=]

bl T . T ® T * T . 1

2 4 8 10

o

6

time (d)
-+ GNP-VEGF

aGNP-VEGF

-~ Tegaderm
- aGNP

¥

A) Time (day) 0 2 4 6 8
Tegaderm a ‘ ‘
rmf} ~" [
» - ~

aGNP % e 2 5 i
RY, =

oev ] 1 O O
e,

AT
aGNP-VEGF ‘, . ' " “? .&

'}.

aGNP-VEGF

Wound Margin (mm)
1

o
I

= aGNP

= Tegaderm

™= GNP-VEGF 1= aGNP-VEGF

-
(=
T

[+
o
1

60

40+

20

Re-epithelialization (%)

0- T T

Fig. 7. GNP-assembled biomaterials for skin wound healing. A) Representative images of wounds and kinetics of wound closure. The areas of the wounds were
measured and normalized by the wound size on day 0. B) H&E stained tissue collected on day 10. Black arrow heads: GNP-assembled biomaterial; Red lines: wound
margins. C) Quantitative analysis of wound margin and wound re-epithelialization. n = 8; ns, no significant difference; *, p < .05. Bars indicate standard errors.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

wound tissues at day 10 and performed tissue staining (Fig. 7B). Con-
sistent with the macroscopic observation of wound closure, we found a
shorter distance between wound margins in the GNP-VEGF and aGNP-
VEGF groups than that in the aGNP and Tegaderm groups (Fig. 7C). The
data also show that while the re-epithelization level in the aGNP-VEGF
group was higher than the other three groups, the difference was not
statistically significant.

As VEGF is an important growth factor for promoting the growth of
blood vessels and has been widely used for tissue repair and wound
treatment [65], we further quantified the number of blood vessels in the
wound beds. The blood vessels were stained with two antibodies for
CD31 and a-smooth muscle actin (a-SMA), two important biomarkers
for the staining of blood vessels. The number of CD31* blood vessels in
both GNP-VEGF and aGNP-VEGF groups was higher than that in the
Tegaderm group (Fig. 8B). The number of CD31* and a-SMA™ blood
vessels in both GNP-VEGF and aGNP-VEGF groups was also higher than
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that in the Tegaderm group (Fig. 8B). There was no significant differ-
ence between the Tegaderm and aGNP groups. These data suggest that
VEGF loaded into the nanoparticle-assembled biomaterials could sti-
mulate the growth of blood vessels.

However, the small difference between the GNP-VEGF and aGNP-
VEGF groups seems inconsistent with the in vitro release data as shown
in Fig. 4A. Moreover, the data published in the literature all suggest
that sustained VEGF release would promote wound closure more ef-
fectively [20,66,67]. This discrepancy may be attributed to two possi-
bilities. The first possibility is the difference of biomaterials used in
different studies. As shown in the literature, the entire hydrogel was
chemically crosslinked as a wound dressing for the promotion of wound
closure [68-71]. In this work, while gelatin was chemically crosslinked
to form GNPs, GNPs were physically assembled to form the wound
dressing. The second possibility may be the difference of release ki-
netics in vitro and in vivo. In the in vitro study (Fig. 4A), the hydrogels
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were fully incubated in nearly an ideal sink (i.e., the fact that the hy-
drogel was fully incubated in a large amount of release medium). In an
in vivo environment, the top side of the hydrogel was not in contact
with a bodily fluid. Moreover, the wound bed may behave as a release
barrier in comparison to an open release medium. Thus, the release
kinetics in vivo may be slower. To partially test this possibility, we also
transferred the biomaterials into a transwell insert (Fig. S5) to do the
release test. The results show that both GNP-based and aGNP-based
hydrogels could release VEGF more slowly than those incubated in a
release medium while the aptamer could still play a role in reducing
VEGF release rate. Thus, it is possible that GNP-based hydrogels could
release VEGF more slowly in vivo, which benefits wound closure and/or
angiogenesis during the 10-day in vivo study in this work. These two
possibilities may also have a synergistic effect on wound closure and
angiogenesis. While the understanding of these biological effects is not
the focus of this current study, future experiments will be designed to
better understand these questions.
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4. Conclusions

This work has successfully demonstrated that hydrogel nano-
particles can assemble to form a solid biomaterial through the proce-
dure of freezing and lyophilization without the need of any additional
conditions such as chemical crosslinking. This solid biomaterial can
undergo solid-to-hydrogel transformation once contacting aqueous so-
lutions. This transformation is tunable to match different shapes and
geometries. The formed hydrogel can sequester and release growth
factors. We envision that this nanoparticle-assembled solid biomaterial
holds great potential for real-world applications such as drug delivery
and regenerative medicine.
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