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ABSTRACT: In situ injectable hydrogels hold great potential
for in vivo applications such as drug delivery and regenerative
medicine. However, it is challenging to ensure stable
sequestration and sustained release of loaded biomolecules
in these hydrogels. As aptamers have high binding affinities
and specificities against target biomolecules, we studied the
capability of aptamers in functionalizing in situ injectable
fibrin (Fn) hydrogels for in vivo delivery of two growth factors
including vascular endothelial growth factor (VEGF) and
platelet-derived growth factor-BB (PDGF-BB). The results
show that aptamer-functionalized fibrinogen (Fg) could form
in situ injectable Fn hydrogels with porous structures. The
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aptamer-functionalized Fn hydrogels could sequester more VEGF and PDGF-BB than the native Fn and release these growth
factors in a sustained manner with high bioactivity. After the aptamer-functionalized Fn hydrogels were subcutaneously injected
into mice, the codelivery of VEGF and PDGF-BB could promote the growth of mature blood vessels. Therefore, this study has
successfully demonstrated that aptamer-functionalized in situ injectable hydrogels hold great potential for in vivo codelivery of

multiple growth factors and promotion of angiogenesis.
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1. INTRODUCTION

Hydrogels have been widely studied for in v1vo apphcatlons
such as drug delivery and regenerative medicine.' > Hydrogels
are usually preformed before implantation. However, the
implantation of hydrogels into target sites requires invasive
surgery.”* To minimize the invasiveness of hydrogel
implantation, great efforts have been made in developing in
situ injectable hydrogels.”™® These hydrogels are initially
present in the form of solutions before being injected into
tissues, having the ability to match any shape or geometry of
cavity in target sites. Moreover, delicate biomolecules (e.g.,
growth factors) can be freshly prepared and dispersed into
pregelation solutions right before in vivo delivery, which
ensures the maintenance of their bioactivity that may be easily
lost during the long-term storage in a preformed hydrogel.

In principle, polymer solutions that are sensitive to the
variation of temperature, ions, enzymes, pH, and light can be
used to develop in situ injectable hydrogels.””"'" For instance,
the copolymer of polyethylene glycol and poly(e-caprolactone)
can form a hydrogel with the variation of the temperature,'
alginate can form an ionic hydrogel in the presence of divalent
ions,"* and fibrinogen (Fg) can form a fibrin (Fn) hydrogel in
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the presence of thrombin.'* However, like most preformed
hydrogels, in situ injectable hydrogels are highly permeable.’
The high permeability will lead to the rapid release of loaded
cargos.” As injectable hydrogels are mainly used for drug
delivery and regenerative medicine applications, it is important
to functionalize them to ensure stable sequestration and
sustained release of loaded cargos.

Aptamers hold great potential for the functionalization of
injectable hydrogels in sequestering loaded cargos. Aptamers
are single-stranded oligonucleotides selected from synthetic
RNA/DNA libraries. They bind to target molecules with high
affinities and specificities.'®'” Moreover, as they are usually
short with 20 to 60 nucleotides, they can be synthesized and
modified with standard methods of chemical synthesis and
conjugation. Several aptamers have been approved for clinical
applications.'” For example, pegaptanib, which is a vascular
endothelial growth factor (VEGF)-binding RNA aptamer, has
been used in treating age-related macular degeneration.'® Our
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Figure 1. Schematic illustration of dual aptamer-functionalized Fn hydrogels for codelivery of angiogenic factors and promotion of angiogenesis.
(a) Functionalization of Fg with ApV or ApP. (b) Synthesis of Fn-Ap hydrogels loaded with growth factors. (c) Stimulation of angiogenesis using
Fn-Ap hydrogels loaded with VEGF and PDGF-BB. Fg, native fibrinogen; VEGF, vascular endothelial growth factor; PDGF, platelet-derived
growth factor-BB; ApV, anti-VEGF aptamer; ApP, anti-PDGF-BB aptamer; SMC, smooth muscle cell; EC, endothelial cell.

group has pioneered the development of aptamer-function-
alized hydrogel systems for protein sequestration and sustained
release, ©~>° which has also been confirmed by many
others.”*™*® However, most of these previous studies were
performed in vitro. In particular, no direct evidence has been
provided to show the effectiveness of aptamers in functionaliz-
ing in situ injectable hydrogels for in vivo applications, and no
study has been performed to examine aptamer-mediated in
vivo delivery of multiple cargos.

Fn is an FDA-approved material for hemostats, sealants, and
adhesives.”” Fn and Fn-based hydrogel have been extensively
used in clinical and preclinical applications such as wound
dressings and drug delivery systems.”” Soluble Fg molecules
can be cured in situ to form injectable and biodegradable Fn
hydrogels.31 Moreover, Fn hydrogels form under physiological
conditions that benefit the maintenance of high bioactivity of
loaded cargos. Thus, the purpose of this study was to use Fn as
a model to examine whether two different aptamers can be
used to functionalize in situ injectable hydrogels for in vivo
delivery of dual growth factors and promotion of angiogenesis
(Figure 1). The two aptamers used herein bind VEGF and
platelet-derived growth factor-BB (PDGF-BB). We performed
in vitro studies to examine aptamer-mediated VEGF and
PDGF-BB release and also injected aptamer-functionalized Fn
(Fn-Ap) hydrogels subcutaneously into mice to evaluate the
effect of VEGF and PDGF-BB codelivery on the promotion of
angiogenesis.

2. MATERIALS AND METHODS

2.1. Materials. 2.1.1. Chemical Reagents. Sodium bicarbonate
(NaHCO;,), calcium chloride (CaCl,), acrylic acid N-hydroxysucci-
nimide ester (AA-NHS), tris(2-carboxy ethyl) phosphine hydro-
chloride (TCEP), dimethyl sulfoxide (DMSO), Tween-20, and
Cytodex 3 microcarrier beads were purchased from Sigma-Aldrich
(St. Louis, MO). Tris—HCI buffer, sodium dodecyl sulfate, Trizma
base, sodium chloride, hydrogen chloride, reagent alcohol, glycerol,
acrylamide/bis(acrylamide), tris-borate-EDTA (TBE) buffer, phos-
phate-buffered saline (PBS), and Dulbecco’s phosphate-buffered
saline (DPBS) were obtained from Thermo-Fisher Scientific
(Waltham, MA).

2.1.2. Biological Reagents. Thrombin, benzonase nuclease
(DNase), and bicinchoninic acid (BCA) protein assay kit were
obtained from Sigma-Aldrich. Calcein AM, Live/Dead Cell Viability
Assay, glycine, bovine serum albumin (BSA), fetal bovine serum

(FBS), trypsin—EDTA, Medium 200 (M200), Medium 231 (M231),
Low Serum Growth Supplement kit (LSGS), Xylene Substitute
Mountant, ProLong Diamond Antifade Mountant with DAPI, goat
anti-rabbit IgG-Alexa Fluor 546 antibody, and a-smooth muscle actin
antibody-Alexa Fluor 488 antibody (a-SMA) were obtained from
Thermo-Fisher Scientific. Nucleic acid sequences (Table S1) were
obtained from Integrated DNA Technologies (Coralville, IA).
Paraformaldehyde solution (4%) and human Fg were obtained from
Millipore (Billerica, MA). Vascular endothelial growth factor-165
(VEGF), platelet-derived growth factor-BB (PDGF-BB), VEGF
enzyme-linked immunosorbent assay (ELISA) kit, and PDGF-BB
ELISA kit were obtained from PeproTech (Rocky Hill, NJ). Primary
rabbit anti-mouse CD31 was obtained from Cell Signaling
Technology (Beverly, MA). Hematoxylin and eosin (H&E) stain kit
was obtained from Leica Biosystems (Buffalo Grove, IL). Human
umbilical vein endothelial cells (HUVECs) were obtained from
Thermo-Fisher Scientific. Human aorta smooth muscle cells
(HASMCs) were obtained from ATCC (Manassas, VA).

2.2. Methods. 2.2.1. Functionalization of Fg with Aptamers. Fg
was functionalized with anti-VEGF aptamers (ApV) or anti-PDGF-BB
aptamers (ApP), as previously reported.’” Briefly, native Fg was
reacted with NHS-acrylate in NaHCO; buffer (pH = 8) for 4 h.
Byproducts were removed by washing the reaction mixture in a 100
kDa filter. Thiolate anti-VEGF aptamers or thiolate anti-PDGF-BB
aptamers were reduced in S0 mM TCEP at room temperature for 1 h.
The reduced aptamers were mixed with the acrylate-Fg in tris—HCI
buffer, and the reaction was carried out at 37 °C for 4 h. Unreacted
aptamers and byproducts were removed by filtering the mixture with a
100 kDa molecular filter. The amount of free aptamers in the eluent
was quantified by a nanodrop and used to calculate the conjugation
efficiency. Fg functionalized with anti-VEGF aptamers and anti-
PDGF-BB aptamers was denoted as Fg-V and Fg-P, respectively. Fg
functionalized with aptamers was denoted as Fg-Ap (including Fg-V
and Fg-P).

2.2.2. Gel Electrophoresis. Two microliters of the diluted Fg-V or
Fg-P was incubated with 50 pmol of their corresponding
complementary DNA sequence (cDNA) labeled with fluorescent
molecules at 37 °C for 1 h. Then, the mixtures were loaded to
polyacrylamide gel and run at 80 V for 45 min. The gel was imaged
with a Maestro imaging system (CRI, Woburn, MA). The cDNA of
ApV was labeled with fluorescein amidite (FAM), and the cDNA of
ApP was labeled with cyanine S (CyS).

2.2.3. Turbidity Assay. The turbidity assay was performed
according to a published paper.”> Equal amount of Fg-V and Fg-P
was combined. Native Fg was supplemented with varying amounts of
Fg-V and Fg-P to make the final Fg-Ap 0, 20, 40, 60, and 100% of the
total Fg. The final total concentration of Fg was 8 mg/mL. Then, 50
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uL of the total solution was added to a 96-well plate. After the
addition of a 50 L mixture of 0.4 U/mL thrombin and 20 mM
CaCl,, the turbidity of the solution was monitored with an Infinite
M200 Pro microplate reader (Tecan, Grodig, Austria).

2.2.4. Bulk Hydrogel Imaging. Native Fg was supplemented with
equal volume of Fg-V and Fg-P to make the final native Fg 50% of the
total Fg in a glass vial (10 mg/mL of total Fg). Then, CaCl, and
thrombin were added to the glass vial to make the final total
concentrations of thrombin (1 U/mL) and CaCl, (10 mM). Images
of the solution in the glass vial were taken at 0 and 10 min after
adding the thrombin and CaCl, solution.

2.2.5. Hydrogel Synthesis. For all the hydrogels used thereafter,
the final total concentration of Fn was 10 mg/mL, and the
concentration of thrombin was 1 U/mL. To synthesize the
aptamer-functionalized Fn hydrogels, Fg was mixed with different
amount of Fg-V or/and Fg-P. Then, equal volume mixture of
thrombin and CaCl, was added to the Fg mixture. Fn hydrogels
functionalized with anti-VEGF aptamers and Fn hydrogels function-
alized with anti-PDGF-BB aptamers were denoted as Fn-V and Fn-P,
respectively. Fn hydrogels functionalized with both aptamers were
denoted as Fn-B. Fn hydrogels functionalized with aptamers were
denoted as Fn-Ap (including Fn-V, Fn-P, and Fn-B). To prepare
growth factor-loaded hydrogels, VEGF or/and PDGF-BB were mixed
with the Fg-Ap before adding the thrombin and CaCl, mixture.

2.2.6. Aptamer Imaging. Disk Fn and Fn-B hydrogels (4 uM
aptamers) were stained with fluorescent-labeled complementary DNA
(cDNA) of the aptamers, washed with PBS, and imaged with a
Maestro Imaging System (CRI, Woburn, MA). For confocal imaging,
the hydrogels were fixed in 4% paraformaldehyde, stained, washed,
and imaged with a confocal microscope (Olympus FV1000, Center
Valley, PA).

2.2.7. Scanning Electron Microscopy. Fn and Fn-B hydrogels (4
UM aptamers) were fixed in 4% paraformaldehyde solution and
lyophilized in a freeze dryer (Labconco, Kansas City, MO). Then, the
lyophilized samples were sputter-coated and imaged with a field-
emission SEM (Zeiss Sigma, US).

2.2.8. Growth Factor Retention and Release. Fn-V (0, 0.06, 0.12,
0.24, 0.48, and 0.96 uM ApV) loaded with SO ng of VEGF or Fn-P (0,
0.1, 0.2, 0.4, 0.8, and 1.6 uM ApP) loaded with SO ng of PDGF-BB
was synthesized. Growth factor-loaded hydrogels were incubated with
1 mL of release media (DPBS supplemented with 0.1% BSA or basal
cell culture media supplemented with 0.1% BSA). After 24 h, the
release media were collected and stored at —20 °C. For the
experiments of sustained VEGF release, mole ratios of 20:1 (ApV/
VEGF) and 10:1 (ApP/PDGF-BB) were used. Two hundred
nanograms of VEGF and/or 200 ng of PDGF-BB was loaded to
different hydrogels. Hydrogels were incubated with 1 mL of release
medium. The release media were collected and replenished with 1 mL
of fresh release media at different day. For Fn-B hydrogels loaded with
both VEGF and PDGF-BB, the aptamers in the hydrogel were lysed
with 100 U/mL DNase at day 14 to retrieve the remaining growth
factor in the hydrogel. The concentration of growth factor in the
release media was analyzed using ELISA kits according to the protocol
provided by the manufacturer.

2.2.9. Cell Culture. HUVECs were expanded in M200
supplemented with 2% LSGS, and HASMCs were expanded in
M231 supplemented with 10% FBS. HUVECs and HASMCs of
passages 4 to 10 were used in all cell experiments.

2.2.10. Cell Survival Assay. Confluent HUVECs were starved in
M200 supplemented with 1% FBS overnight. The released media
from day 14 were diluted using basal cell culture media to make the
final concentration of growth factor around 10 ng/mL and
supplemented with 1% FBS. Then, cells were treated with M200
supplemented with 1% FBS, the diluted VEGF release media from Fn-
V, or the diluted VEGF release media from Fn-B. After 2 days, the
remaining HUVECs were stained with Live/Dead Cell Viability Assay
and imaged with an Olympus IX73 microscope (Center Valley, PA).

2.2.11. Cell Migration Assay. Cell migration was evaluated through
Boyden chamber assay. HUVECs (2 X 10*) or HASMCs (2 x 10%)
were seeded into the insert of a 24-well Transwell plate (8 ym pore)

and immersed in complete culture medium for 6 h to allow cell
attachment. Then, the complete media were changed into 1% FBS-
supplemented basal media. Six hundred microliters of different diluted
release media from day 14 was added to the bottom of the Transwell.
After 12 h, cells on the upper side of the membrane were removed
using a cotton swab. Cells that migrated down to the membrane were
stained with Calcein AM and imaged with the Olympus IX73
microscope. The number of migrated cells was quantified in Image].

2.2.12. Cell Proliferation Assay. HUVECs (4 x 10*) or HASMCs
(4 x 10%) were seeded into each well of a 24-well cell culture plate.
Cells were starved in 1% FBS-supplemented basal media for 12 h.
Then, the media were changed into different diluted release media
from day 14 or basal media supplemented with 1% FBS. At
predetermined days (day 7 for HUVECs and day S for HASMCs),
cells were imaged with a microscope, and cell numbers were
quantified in Image]. The number of cells at the end of the
experiment was normalized to the initial number of cells.

2.2.13. Microbeads Assay. Cytodex 3 microcarrier beads were
diluted into PBS and autoclaved. HUVECs were seeded to the beads
at a density of 50 cells per bead. The beads coated with cells were
embedded into native Fn loaded with 50 ng of VEGF and 50 ng of
PDGEF-BB (Fn + VP), Fn-V loaded with S0 ng of VEGF, Fn-P loaded
with 50 ng of PDGF-BB, or Fn-B loaded with 50 ng of VEGF and 50
ng of PDGF-BB. After adding the M200 supplemented with 2% FBS,
cells were cultured for S days. Cell culture media were changed every
day. At day S, cells in the beads were stained with Calcein AM and
imaged. The number of sprouting branches of endothelial cells was
quantified in Image]. The branches were only counted when the
sprouting endothelial cells were attached to the beads and the length
of the sprouting endothelial cells was longer than half of the diameter
of the bead.

2.2.14. Aorta Ring Assay. Aorta ring assay was performed as
described by a previously published protocol.** Briefly, the thoracic
aorta of BALB/c mice was collected and cut into rings with a length of
0.5 mm. The rings were starved in DMEM supplemented with 1%
FBS overnight. After the rings were embedded in SO uL of collagen
gel (1.5 mg/mL), native Fn loaded with 100 ng of VEGF and 100 ng
of PDGF-BB (Fn + VP), Fn-V loaded with 100 ng of VEGF, Fn-P
loaded with 100 ng of PDGF-BB, or Fn-B loaded with 100 ng of
VEGF and 100 ng of PDGF-BB was added to the top of the collagen
hydrogels. One hundred microliters of DMEM supplemented with 2%
FBS was added to each ring. At day S, the rings were stained with
Calcein AM and imaged. The lengths of three longest sprouts in each
image were quantified and averaged. The area of sprouts was
normalized to the diameter of the aorta. Only the sprouts connected
to the aorta were quantified.

2.2.15. In Vivo Angiogenesis. A mouse subcutaneous injection
model was performed according to the protocol approved by the
Pennsylvania State University Institutional Animal Care and Use
Committee (IACUC). Female BALB/c mice (age of 7 weeks) were
used. The dorsal hair of the mice was removed using an electronic
razor followed by Veet depilatory cream treatment. One hundred
twenty microliters of native Fn loaded with 200 ng of VEGF and 200
ng of PDGF-BB, Fn-V hydrogel loaded with 200 ng of VEGF, Fn-P
loaded with 200 ng of PDGF-BB, and Fn-B loaded with 200 ng of
VEGF and 200 ng of PDGF-BB was subcutaneously injected to the
dorsal flanks of the mice with a 27-gauge needle. Two hydrogels were
injected into each mouse. The positions of the injected hydrogels
were visible to the naked eye for around 14 days post-implantation.
To track the location of the hydrogels after 14 days, the position of
hydrogels was labeled with a black marker starting at day 12 post-
implantation. After S, 10, or 20 days, mice were sacrificed with CO,
asphyxiation, and tissues around the hydrogel were collected. The
tissues were fixed in 4% paraformaldehyde solution, embedded in
paraffin, and used for further staining.

2.2.16. H&E Staining. Paraffin-embedded tissue samples were
sectioned into slices of 5 ym and stained with H&E stain kit using a
Leica Autostainer (Buffalo Grove, IL). Then, the stained tissue slides
were mounted using Xylene Substitute Mountant and allowed to dry
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Figure 2. Synthesis and characterization of aptamer-functionalized Fn (Fn-Ap) hydrogels. (a) Gel electrophoresis of Fg-Ap stained with
fluorophore-labeled complementary DNA sequence (cDNA). ApV, anti-VEGF aptamer; ApP, anti-PDGF-BB aptamer; Ap, aptamer; cDNA-Ap,
cDNA-Ap complex. cDNA of ApV was labeled with fluorescein amidite (FAM), and cDNA of ApP was labeled with cyanine S (CyS). (b) Effect of
Fg-Ap concentration on self-assembly. Fg-V and Fg-P had the same concentration in the Fg-Ap solution. (c) Optical images of dual aptamer-
functionalized Fn hydrogels (Fn-B). Upper panel: States of Fn-B before and after gelation. Lower panel: Extrusion of Fn-B from a 27-gauge needle.
Fn-B was mixed with dye for clear legibility. (d) Fluorescence images of whole hydrogels. Hydrogels were stained with fluorophore-labeled cDNAs.
(e) Confocal images showing networks and fibers of Fn-B. (f) Scanning electron microscopy images.

at room temperature. The images were taken with a BZ-X700
microscope (Keyence, Itasca, IL).

2.2.17. Immunostaining. Paraffin-embedded tissue samples were
sectioned into slices of 5 ym and deparaffinized. The deparaffinized
samples were boiled in sodium citrate buffer (pH = 6) for 20 min.
After the sections were blocked with serum blocking solution (3% of
BSA and 3% of goat serum in PBS) for 1 h at room temperature, the
samples were incubated with rabbit anti-mouse CD31 antibody
(1:200 dilution) overnight at 4 °C. Then, the samples were washed
with PBS and incubated with goat anti-rabbit IgG-Alexa Fluor 546
secondary antibody (1:200 dilution) for 2 h at room temperature. The
tissues were incubated with fluorescent-labeled a-SMA antibody
(1:200 dilution) overnight at 4 °C. After washing with PBS, the
samples were mounted using ProLong Diamond Antifade Mountant
with DAPIL The fluorescence images of the sample were taken with
the Olympus IX73 microscope, and the total number of blood vessels
per field was quantified with Image]. Individual cells without a lumen
structure were excluded from the count. All the vessels with CD31
signal were defined as CD31" blood vessels. The blood vessels with
both CD31 signal and a-SMA signal were defined as a-SMA* blood
vessels.

2.2.18. Statistics. Prism 5.0 (GraphPad Software Inc., La Jolla) was
used for all the statistical analysis. All the data were presented as mean
+ standard deviation, unless otherwise specified. One-way analysis of
variance (ANOVA) with the Bonferroni post-test was performed to
compare multiple groups. The data were considered statistically
different when p < 0.05.

3. RESULTS AND DISCUSSIONS

3.1. Synthesis and Characterization of Dual Aptamer-
Functionalized Fn Hydrogels. Hydrogels have been
extensively studied to develop growth factor delivery systems
for therapeutic angiogenesis because of their biophysical and
biochemical similarity to native tissues.”> >’ One major
drawback of hydrogels for growth factor delivery is the quick
release of loaded growth factors due to the high permeability of
hydrogels.” The fast release of angiogenic growth factors from
the hydrogel can not only lead to short therapeutic duration
but also cause toxic side effects.*®**° In addition, multiple
growth factors are needed at different stages during the process
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of angiogenesis.40 For instance, VEGF is important for
initiating the angiogenesis process, and PDGF-BB is important
for stabilizing newly formed blood vessels."" Thus, a functional
hydrogel delivery system may need to release a high amount of
some angiogenic factors such as VEGF at an earlier stage and
release others such as PDGF-BB more slowly in a sustained
manner to enable the formation of mature vessels. Fn
hydrogels have been studied with the ability to prolong the
release of VEGE.” It has also been reported that sustained
VEGEF release could promote better angiogenesis compared
with bolus delivery.*”** However, VEGF alone may not be
enough to promote the formation of mature and stable blood
vessels.** Thus, to facilitate mature and stable blood vessel
formation, we incorporated both anti-VEGF and anti-PDGF-
BB aptamers into the Fn system.

We first functionalized Fg with the acrylate group and then
conjugated Fg and aptamers via thiol-ene reaction. We used
this method because native Fg has around 200 primary amine
groups that are adequate for reaction with NHS-acrylate for
aptamer conjugation. Compared with previously reported
methods using the cysteine groups for polyethylene glycol
(PEG) conjugation,45 this method is independent of the
reduction of the disulfide bonds of Fg and is less likely to
change the structure of Fg. Thus, Fg-Ap would form a hydrogel
under the catalysis of thrombin.

Our data show that ApV and ApP could be successfully
conjugated with Fg (Figure 2a). The conjugation efficiency of
ApV and ApP to Fg was 34.5 and 32.7%, respectively (Table
S2). After the conjugation, we examined whether aptamer
functionalization affected the Fg assembly process. We mixed
native Fg with different amounts of Fg-Ap (equal amounts of
Fg-V and Fg-P). The dynamic assembly curves show that pure
Fg-Ap could undergo self-assembly, while the assembly kinetics
was slowed (Figure 2b). This slowed assembly may be
attributed to steric hindrance caused by aptamers in Fg-Ap.
However, when the initial percentage of Fg-Ap was 60% or
lower, aptamer functionalization barely affected the thrombin-
catalyzed Fn assembly process (Figure 2b). To examine
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Figure 3. Retention and release of VEGF and PDGF-BB. (a) Growth factor retention. Upper panel: VEGF retention in ApV-functionalized
hydrogels (Fn-V); lower panel: PDGF-BB retention in ApP-functionalized hydrogels (Fn-P). (b) Aptamer-mediated individual release of VEGF or
PDGF-BB. The ApV-to-VEGF ratio was 20:1. The ApP-to-PDGF-BB ratio was 10:1. (c) Dual aptamer-mediated release of VEGF and PDGF-BB
from the Fn-B hydrogels. Bottom figures show the amounts of VEGF and PDGF-BB extracted from the Fn-B hydrogels at day 14 (n = 3).

whether Fg-Ap can form in situ injectable hydrogels, native Fg
was supplemented with an equal amount of Fg-V and Fg-P.
The images show that the reaction mixture formed a bulk
hydrogel stably attached to the bottom of the vial (Figure 2c).
We also loaded the reaction mixture into a 27-gauge syringe.
The reaction mixture could be extruded to form a stable
hydrogel (Figure 2c), which suggests that it is feasible to
perform in vivo delivery of the pre-gel solution using a syringe.

We further stained the hydrogels to confirm the incorpo-
ration of aptamers into the hydrogels. ApV was stained with its
FAM-labeled cDNA, and ApP was stained with its CyS-labeled
cDNA. No fluorescence signal was detectable in the native Fn
hydrogel (Figure 2d). Fn-V exhibited only green fluorescence
signal and Fn-P exhibited only red fluorescence signal (Figure
S1a). Fn-B exhibited both green and red signals (Figure 2d). It
suggests that both Fg-V and Fg-P were incorporated into the
Fn-B hydrogel. We then examined the fibers of Fn-B with
confocal microscopy. Each fiber of Fn-B exhibited both green
and red fluorescence signals (Figure 2e). We also imaged the
lyophilized hydrogels with SEM. Fn-B, native Fn, Fn-V, and
Fn-P all formed similar structures (Figure 2f and Figure S1b),
which confirms that aptamer incorporation did not change the
overall microstructure of Fn hydrogel.

3.2. In Vitro Release of Growth Factors. Aptamers can
bind to their target molecules with high affinities and high
specificities. The presence of aptamers in hydrogels would
increase the retention of target biomolecules via affinity
binding. Moreover, the release of loaded biomolecules would
be governed by both diffusion and affinity binding. To test
whether the Fn-Ap can retain growth factors, we first loaded
VEGEF to Fn-V and PDFG-BB to Fn-P. VEGEF retention in Fn-
V virtually linearly increased with the increasing ApV-to-VEGF
ratio (Figure 3a). In comparison, native Fn could retain more
PDGEF-BB than VEGF, which may be attributed to stronger
nonspecific fibrin—PDGE-BB interactions.*® Notably, PDGF-
BB retention increased logarithmically with the increased ratio
of ApP to PDGF-BB. When the ratio of ApP to PDGF-BB was
over 20, PDGF-BB retention was more than 95%.

We next examined the sustained release of VEGF and
PDGEF-BB. Over 90% of the loaded VEGF was released from
the native Fn within 3 days. By contrast, in the presence of
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ApV, VEGF release from Fn-V hydrogels was significantly
slowed down (Figure 3b). Similar to ApV-mediated VEGF
release, PDGF-BB release from Fn-P hydrogels was much
slower than that from the native Fn hydrogels (Figure 3b).
After demonstrating that the release of single growth factor can
be controlled by the aptamers, we examined the release of both
VEGF and PDGF-BB from dual aptamer-functionalized
hydrogels. Similar results were acquired (Figure 3c). After 2
weeks, we also extracted the remaining growth factors from the
Fn-B hydrogels. A total of 34.2% of PDGF-BB and 13.9% of
VEGEF were extracted, whereas nearly no growth factors could
be extracted from the native Fn hydrogels (Figure 3c).

While we have shown that the two aptamers could control
the release of VEGF and PDGF-BB from the Fn-Ap hydrogels,
it is important to note that the kinetics of growth factor release
can be adjusted by tuning the binding affinities of aptamers.
Aptamers with different binding affinities can be either
generated during the process of aptamer selection or developed
through the change of their structures post-aptamer selection.
For example, we have demonstrated the development of three
subtypes of aptamers with different aflinities via the mutation
of the stem-loop structure.”” Moreover, as aptamers have high
binding specificities, in principle, more than two aptamers can
be incorporated into the same hydrogel for controlling of the
release of multiple growth factors with distinct release kinetics.

3.3. Stimulation of Cells Using Released Growth
Factors. Growth factors usually have low stability and can
easily lose their bioactivity during their storage or release from
polymeric delivery systems. For instance, one study shows that
VEGEF bioactivity could decrease to ~15% after 10 days of in
vitro release from poly(e-caprolactone-co-n,i-lactide) elasto-
mers,”” and another study shows that VEGF bioactivity could
decrease to ~5% after 1 week in vitro release from poly(e-
caprolactone)/collagen fibers.* Therefore, it is important to
examine whether the growth factors in our Fn-Ap hydrogel
systems were bioactive.

Before testing the bioactivity of released growth factors, we
first examined how stock growth factors affect cells. We
examined the survival, migration, and proliferation of
endothelial cell (EC) and smooth muscle cell (SMC) treated
with VEGF and PDGF-BB because it has been reported that
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Figure 4. Examination of cell stimulation using the released growth factors. (a) EC survival after treatment with different release media for 48 h.
M200, medium 200 supplemented with 1% FBS; Fn-V, VEGF released from ApV-functionalized Fn hydrogels; Fn-B, VEGF released from dual
aptamer-functionalized Fn hydrogels. ECs were stained with the Live/Dead cell staining agents. (b, c) Cell migration (b) and proliferation (c). ECs
were treated with medium 200 (M200) supplemented with 1% FBS or VEGF released from Fn-V or Fn-B. SMCs were treated with medium 231
(M231) supplemented with 1% FBS or PDGF-BB released from Fn-P or Fn-B. n = 6; ns, no significant difference; *p < 0.05; **p < 0.01; ***p <

0.001.

these growth factors can bind to cell receptors expressed by
ECs and SMCs.”™>' Both VEGF (10 ng/mL) alone and
VEGF + PDGF-BB (10 ng/mL of VEGF and 10 ng/mL of
PDGF-BB) enhanced the survival of ECs compared with
PDGE-BB or the control medium without the supplemented
growth factors (Figure S2a). SMCs had very high tolerance to
low serum. Even after starvation for 2 days, most SMCs can
still survive (Figure S2a). Our results also showed that stock
VEGF and PDGF-BB could promote EC and SMC migration,
respectively (Figure S2b), which is consistent with the
literature.””>* We did not observe any synergistic effect or
antagonistic effect of PDGF-BB and VEGF on either ECs or
SMCs (Figure S2¢). In addition, VEGF and PDGF-BB showed
very high specificity in stimulating cell migration and
proliferation.

We diluted the released growth factors from day 14 into 10
ng/mL and treated cells with the diluted growth factors. VEGF
released from Fn-V could enhance the survival of ECs cultured
in a low serum medium (Figure 4a and Figure S3). There was
no significant difference between the release media collected
from Fn-V and Fn-B. After showing that the released VEGF
could enhance cell survival, we examined if the release growth
factors could stimulate the migration (Figure 4b) and
proliferation (Figure 4c) of ECs and SMCs. The data suggest
that released VEGF and PDGF-BB could stimulate ECs and
SMCs to migrate and proliferate, respectively.

3.4. In Vitro Examination of Angiogenesis. We further
evaluated the effects of dual growth factors on angiogenesis
using two types of in vitro angiogenesis assays. In the first
assay, ECs were seeded on microbeads and embedded into
different hydrogels. In the native Fn hydrogel that was loaded
with VEGF and PDGF-BB (Fn + VP), few endothelial sprouts
could be observed after S days (Figure Sa). This observation is
reasonable since native Fn has low retention of growth factors
and most of the loaded growth factors would be removed
during the exchange of the cell culture media. In contrast, long
tubular branches sprouting from the surface of the beads could
be observed in the Fn-V hydrogels loaded with VEGF and in
the Fn-B hydrogels loaded with both VEGF and PDGF-BB
(Figure Sa). There was no significant difference in the number
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Figure S. In vitro examination of angiogenesis. (a) Examination of
endothelial cell (EC) sprouts from microbeads. Microbeads were
coated with ECs and embedded into different hydrogels loaded with
growth factors. Fn + VP, native Fn loaded with both VEGF and
PDGEF-BB. Fn-V, Fn-V loaded with VEGF; Fn-P, Fn-P loaded with
PDGF-BB; Fn-B, Fn-B loaded with both VEGF and PDGEF-BB. (b)
Examination of aorta rings stimulated by different Fn hydrogels. n = S;
ns, no significant difference; *p < 0.05; **p < 0.01; ***p < 0.001.

of sprouts between Fn-V and Fn-B groups. This observation is
consistent with the in vitro cell experiments showing that
PDGF-BB did not affect ECs (Figure S2b,c and Figure 4).
These data show that aptamer-mediated VEGF release can
promote the growth of endothelial cells in the presence or
absence of PDGF-BB.

To better mimic the in vivo angiogenesis, we cultured the
aorta ring in the Fn-Ap hydrogel loaded with growth factors.
This assay has been widely used to evaluate the angiogenic
properties of growth factors.”*>* Mouse aorta sections were
seeded into collagen hydrogel, on top of which Fn hydrogels
loaded with growth factors were placed. We did not directly
embed the aorta rings in Fn hydrogels because VEGF-induced
sprouting of micro-vessels is best observed in collagen
hydrogels.””** The data show that only a few scattered cells
migrated in the Fn + VP group (Figure 5b). By contrast, long
sprouting microvessel-like structures could be observed in
other three groups including Fn-V loaded with VEGF, Fn-P
loaded with PDGF-BB, and Fn-B loaded with VEGF + PDGF-
BB (Figure Sb). Although there was no significant difference in
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Figure 6. In situ injection of Fn-Ap hydrogels into mice. (a) Image of a mouse after in situ injection of hydrogels. Black arrows show the position of
hydrogels. (b) H&E staining of Fn hydrogels and surrounding tissues at days S and 20 post-injection. Blue lines highlight the boundary between

hydrogels and surrounding tissues.
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Figure 7. Examination of in vivo angiogenesis. (a) Representative macroscopic images of the skin tissues surrounding the Fn hydrogels. (b)
Representative images of immunostaining of the skin tissues. (c) Quantification of CD31* and a-SMA" blood vessels per field. Error bars: standard
errors. (d) Comparison of hydrogels in stimulating the growth of CD31" blood vessels (upper panel) and a-SMA" blood vessels (lower panel) at

day 20. n = 4; *p < 0.05; **p < 0.01; **¥p < 0.001.

the length of sprouting vessels between the Fn-V and Fn-B
groups, the area of sprouts in the Fn-B group was significantly
higher than those in the Fn-V and Fn-P groups. The results
also suggest that cells form a dense network structure in the
Fn-B group (Figure Sb).

ECs and SMCs are the major cell types in the native aorta.
When both VEGF and PDGEF-BB were present around the
aorta, each growth factor could stimulate its own target cells
for migration and proliferation. Combining the effect of VEGF
on ECs and PDGF-BB on SMCs, it is reasonable that the aorta

rings in the Fn-B group had a significantly higher area of
sprouts compared with other groups. Taken together, the
results of in vitro angiogenesis suggest that aptamer-mediated
codelivery of dual growth factors would lead to a better
outcome of angiogenesis.

3.5. In Vivo Examination of Angiogenesis. After
acquiring the promising in vitro results, we evaluated whether
controlled release of dual growth factors from the Fn-B
hydrogel could promote the formation of mature blood vessels
in vivo. A large bump was observed after the in situ injection of
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the reaction mixture (Figure 6a), suggesting the formation of
the hydrogels. It is confirmed by H&E staining that all the
injected hydrogels were in the hypodermal layer of the skin at
least during the first S days post-injection (Figure 6b). The
hydrogels disappeared in the injection sites at day 20 post-
injection (Figure 6b). It suggests that in situ injectable
aptamer-functionalized Fn hydrogels are biodegradable.

Consistent with the results shown in Figure 6b, macroscopic
images show that Fn hydrogels could be observed within the
first 10 days but completely degraded by day 20 (Figure 7a).
Blood vessels could be observed in the tissues surrounding Fn
hydrogels in all four groups during the first 10 days. In addition
to the macroscopic observation, we stained the skin tissues
with anti-CD31 antibody and anti-a-SMA antibody and
quantified the number of blood vessels (Figure 7b—d). We
used these two antibodies for tissue staining since CD31 is a
typical endothelial marker and a-SMA is a typical mural cell
marker of mature blood vessels.”>*® Notably, skin appendages
(hair follicles and sebaceous glands) exhibit autofluorescence
(Figure S4c). They were excluded from the quantification of
blood vessels based on their morphology and patterns.

In all four groups, the number of CD31" vessels increased
from day S to day 10 (Figure 7c). The number of CD31*
vessels in the Fn + VP and Fn-V groups sharply decreased from
day 10 to day 20 (Figure 7c). The number of CD31* vessels
slightly decreased in the Fn-B group and barely changed in the
Fn-P group from day 10 to day 20 (Figure 7c). The number of
a-SMA" vessels was much fewer than that of CD31" vessels
throughout the entire study in both Fn + VP and Fn-V groups.
The number of a-SMA" vessels was comparable to that of
CD31" vessels in both Fn-P and Fn-B groups. Notably, the Fn-
B group showed the highest CD31" and a-SMA" vessels at day
20 among all four groups (Figure 7d), and numerous blood
vessels consisted of CD31" endothelial cells covered by a layer
of @-SMA* mural cells (Figure 7b). These results suggest that
VEGEF delivery could quickly stimulate the proliferation of
endothelial cells for the growth of blood vessels and, more
importantly, that aptamer-mediated codelivery of VEGF and
PDGEF-BB could promote the formation of mature and stable
blood vessels. However, it is important to note that the current
hydrogel is a sequential VEGF and PDGF-BB release system
with faster VEGF and slower PDGF-BB release kinetics. It is
possible to further tune their release kinetics by changing the
binding affinities and densities of the aptamers and examine
how the different combinations of release kinetics affect
angiogenesis in the future work.

VEGF and PDGF-BB have been previously studied for
angiogenesis. However, opposite results were acquired. Green-
berg et al. found that PDGF-BB could stimulate angiogenesis
but VEGF inhibited PDGF-BB-mediated angiogenesis through
VEGF-R2.”” Our results show that PDGF-BB alone indeed
promoted angiogenesis, but the codelivery of VEGF and
PDGEF-BB further enhanced angiogenesis. While the exact
reason for this discrepancy is unclear, one possibility is that the
delivery systems used in different studies are different.
Greenberg et al. used Matrigel in their stuglgr, whereas Matrigel
releases growth factors very quickly.”® This possibility
highlights the necessity of advancing polymer systems for
optimal delivery of angiogenic factors.

Different polymer systems were studied for the delivery of
angiogenic factors, including poly(lactide-co-glycolide) sys-
tems,” Fn hydrogels loaded with heparin coacervates,”” Fn
hydrogels loaded with peptide-functionalized growth factors, *°

etc. Compared with these polymer systems for controlled
release of angiogenic factors, one major advantage of the Fn-
Ap system is that aptamers have high binding affinities and
specificities. The density of aptamers in the hydrogels can be
facilely changed depending on the need. Thus, the release
kinetics can be tuned by changing the binding affinity and
incorporation density of aptamers. Moreover, in our system,
angiogenic factors do not need to be chemically or biologically
functionalized with any moieties. It would ensure the
maintenance of their bioactivity and involve fewer regulation
issues for future applications.

4. CONCLUSIONS

This work has demonstrated that aptamer-functionalized Fg
can be used to develop in situ injectable dual aptamer-
functionalized Fn hydrogels under physiological conditions.
Through the aptamer functionalization, Fn hydrogels can
stably sequester VEGF and PDGF-BB, controlling their release
in a sustained and sequential manner. The released VEGF and
PDGEF-BB can maintain high bioactivity to stimulate the
growth of corresponding endothelial cells and smooth muscle
cells. Importantly, codelivery of VEGF and PDGF-BB using
the dual aptamer-functionalized in situ injectable Fn hydrogels
can significantly promote the formation of mature blood vessel.
Therefore, we envision that this dual aptamer-functionalized in
situ injectable hydrogel system holds great potential for
biomedical applications such as drug delivery and regenerative
medicine.
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