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In this study, one-step enzyme-mediated preparation of a multi-functional injectable hyaluronic-acid-
based hydrogel system is reported. Hydrogel was formed through the in situ coupling of phenol moieties
by horseradish peroxidase (HRP) and hydrogen peroxide (H,0,), and bioactive peptides were simulta-
neously conjugated into the hydrogel during the gel formation process. The preparation of this multi-
functional hydrogel was made possible by synthesizing peptides containing phenols which could couple
with the phenol moieties of hyaluronic-acid-tyramine (HA-Tyr) during the HRP-mediated crosslinking

ﬁeﬂfgng" reaction. Preliminary studies demonstrated that two phenol moieties per molecule resulted in a consis-
st culga rization tently high degree of conjugation into the HA-Tyr hydrogel network, unlike the one modified with one
RGD phenol moiety per molecule. Therefore, an Arg-Gly-Asp (RGD) peptide bearing two phenol moieties

(phenol,-poly(ethylene glycol)-RGD) was designed for conjugation to endow the HA-Tyr hydrogel with
adhesion signals and enhance its bioactivities. Human umbilical vein endothelial cells (HUVECs) cultured
on or within the RGD-modified hydrogels showed significantly different adhesion behavior, from non-
adherence on the HA-Tyr hydrogel to strong adhesion on hydrogels modified with phenol,-poly(ethyl-
ene glycol)-RGD. This altered cell adhesion behavior led to improved cell proliferation, migration and for-
mation of capillary-like network in the hydrogel in vitro. More importantly, when HUVECs and human
fibroblasts (HFF1) were encapsulated together in the RGD-modified HA-Tyr hydrogel, functional vascu-
lature was observed inside the cell-laden gel after 2 weeks in the subcutaneous tissue. Taken together,
the in situ conjugation of phenol,-poly(ethylene glycol)-RGD into HA-Tyr hydrogel system, coupled
with the ease of incorporating cells, offers a simple and effective means to introduce biological signals
for preparation of multi-functional injectable hydrogels for tissue engineering application.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Hyaluronic acid
Functionalization

1. Introduction

Hydrogels are widely used as scaffolds for tissue engineering [1].
The aqueous three-dimensional (3-D) environment within a hydro-
gel is not only suitable for the encapsulation of cells, but is also
capable of presenting biological signals in the form of bioactive pep-
tides grafted or incorporated into the gel network. Presentation of
bioactive peptides aims to recapitulate the extracellular matrix
(ECM) of the tissue to be regenerated and/or stimulate the encapsu-
lated cells with specific biological signals. There are two main ap-
proaches to introduce bioactive peptides into a hydrogel network.
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The first is a step-wise approach in which peptide-conjugated syn-
thetic/natural polymers are first synthesized and subsequently
crosslinked to form a hydrogel [2-7]. The second is a one-step prep-
aration approach in which peptides containing reactive groups are
conjugated into the hydrogel network during the crosslinking reac-
tion in situ [8-11]. For example, the enzymatic activity of Factor
XIllla was employed to covalently incorporate a variety of exogenous
oligopeptide mimetics or pairs of them at controllable concentra-
tions within the fibrin network during coagulation [10]. This
in situ conjugation provided a simple and effective approach to en-
dow fibrin with adhesion and morphogenetic signals that are not
naturally present within the material. At the same time, an exten-
sive alteration to the inherent properties of the materials was
avoided during the modification process, unlike its step-wise coun-
terpart where the modification is directly made to the polymers.
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Hyaluronic acid (HA), a non-sulfated glycosaminoglycan found
in the ECM, has been widely used to form hydrogels for biomedical
applications. HA is most abundant during early embryogenesis and
plays critical roles in regulating the angiogenic process and wound
healing [12,13]. Although naturally derived, it can be commercially
produced using microbial fermentation. Therefore it is a promising
material for making tissue engineering scaffolds due to its low
immunogenicity and biodegradability. However, HA is known to
resist cell adhesion, limiting the use of HA-based gels for some tis-
sue engineering applications. Several methods have been devel-
oped to enhance the cell-adhesive property of hydrogels,
including the incorporation of Arg-Gly-Asp (RGD) peptide
[4,9,14] into the gel matrices or ECM components such as fibronec-
tin [15] collagen [16] and fibrin [17]. The presence of RGD, a well-
known cell adhesion ligand found in fibronectin, is found not only
to promote integrin-mediated cell adhesion, but also to enhance
the activity of endothelial cells [18-21]. As insufficient vasculariza-
tion remains a major challenge to overcome in order to form thick-
er and more complex tissues, there have been numerous attempts
to promote the formation of the vascular network in the engi-
neered constructs for effective tissue engineering by incorporating
or grating ECM proteins, ECM-derived peptides or signaling protein
including the RGD peptide [2,22-30].

Previously we described an injectable hyaluronic acid-tyramine
(HA-Tyr) hydrogel system formed by enzyme-mediated crosslinking
of tyramine moieties using horseradish peroxidase (HRP) and hydro-
gen peroxide (H,0,). The HRP-mediated crosslinking reaction has be-
come an attractive method to form hydrogels in situ due to its
substrate specificity, efficiency and lack of involvement of toxic cross-
linkers [17,31-39]. The HRP-mediated coupling of phenol moieties
could further be utilized for the in situ conjugation of bioactive
peptides into the hydrogel network. Indeed, Park et al. recently
demonstrated the conjugation of an endothelial cell binding peptide,
Ser-Val-Val-Tyr-Gly-Leu-Arg, into a gelatin-PEG-tyramine (GPT)
hydrogel by HRP-mediated crosslinking [8]. This endothelial cell
binding peptide terminates with a tyrosine residue which readily
forms C-C or C-0O bonds with the tyramine moieties of GPT during
the crosslinking reaction. The modified cell-free GPT hydrogel was able
to influence the activity of endothelial cells in surrounding tissues and
enhance angiogenic activity and cell migration to the construct.

In this paper, a detailed study was first performed to examine
the coupling efficiency of phenol-containing RGD peptides into
the HA-Tyr hydrogel network using two model compounds, one
bearing a single phenol moiety while the other bearing two phenol
moieties. Having confirmed that a molecule containing two phenol
moieties had a more consistent coupling efficiency and resulted in
hydrogels with superior rheological properties, we proceeded to
design an RGD peptide bearing two phenol moieties per molecule
(phenol,-PEG-RGD; PEG = poly(ethylene glycol)). The phenol,-
PEG-RGD was readily conjugated into HA-Tyr hydrogels during
gel formation process by the HRP-mediated crosslinking reaction.
The RGD-modified hydrogels (HA-Tyr-RGD) were then character-
ized in terms of rheology, water uptake and cell adhesion,
proliferation and migration. Furthermore, human umbilical vein
endothelial cells (HUVECs) and human fibroblasts (HFF1) were
mixed together with phenol,-PEG-RGD and HA-Tyr conjugates
to form a cell-laden HA-Tyr-RGD hydrogel for the purpose of
promoting a capillary-like network in the hydrogel. The cell-laden
HA-Tyr-RGD hydrogels were found not only to promote a
capillary-like network in the hydrogel in vitro, but also to result
in functional vasculature 2 weeks after the gel injection into the
subcutaneous tissue. We believe that this one-step preparation of
the injectable HA-Tyr hydrogel system with additional peptide
motifs via HRP-mediated crosslinking provides a new platform to
customize the gel with multiple bioactive motifs tailored to the
tissue of interest.

2. Materials and methods
2.1. Materials

HA (90 kDa) was kindly donated by JNC Corp. (Tokyo, Japan).
Type I collagenase (246 units mg™!), hyaluronidase from bovine
testes and Triton X-100 were purchased from Sigma-Aldrich.
Hydrogen peroxide was from Lancaster and HRP, 100 units mg™!
was from Wako Pure Chemical Industries. Dulbecco’s modified Ea-
gle medium (DMEM), fetal bovine serum (FBS), penicillin-strepto-
mycin, Quant-iT™ PicoGreen ® dsDNA Reagent and Kits and
CellTracker Green CMFDA were provided by Life Technologies (Sin-
gapore). An actin cytoskeleton and focal adhesion staining kit con-
taining vinculin monoclonal antibody, tetramethylrhodamine
isothiocyanate (TRITC)-conjugated phalloidin and 4’,6-diamidino-
2-phenylindole (DAPI) and human nuclei antibody (MAB 1281)
were provided by Millipore (Singapore). Mouse monoclonal anti-
CD31 antibody (ab9498) was obtained from Abcam. An anti-mouse
HRP-DAB cell and tissue staining cell was purchased from R&D sys-
tems (USA). A Pierce™ BCA protein assay kit was obtained from
Thermo Scientific (Singapore).

2.2. Synthesis and characterization of phenol,-PEG-RGD

The phenol,-~PEG-RGD was synthesized by using an automatic
synthesizer Titan 357 (AAPPTEC). 50 mg of ChemMatrix® resins
(0.48 mmol g'!) was swelled in 1ml of N-methylpyrrolidone
(NMP) for 5 min in a reaction vessel (RV). With the liquid drained,
1 ml of 20% piperidine in NMP (v/v) was added and the RV was vor-
texed for 2 min. The liquid was drained and 1 ml of fresh solution
(20% piperidine in NMP, v/v) was added. The RV was vortexed for
another 10 min. The resulting beads were thoroughly washed with
NMP (1 ml x 2), methanol (1 ml x 2) and dichloromethane (DCM,
1 ml x 2), successively. With the resulting resins swelled with
NMP for 15 min, Fmoc-D(OtBu)-OH (2.5 equiv, 0.2 M solution in
NMP) was added to the RV, as well as N,N,N',N'-tetramethyl-O-
(benzotriazol-1-yl)uronium tetrafluoroborate (TBTU, 2.5 equiv,
0.2 M solution in NMP) and N,N-diisopropylethylamine (DIEA, 5.0
equiv, 0.5M in NMP). The resulting mixture was vortexed for
45 min. With the liquid drained, the resulting beads were
thoroughly washed with NMP (1 ml x 3). The coupling step was
repeated until the desired structure attained on beads, i.e.,
HPA-K(Mtt)-PEG2(13 atm)-R(Pbf)-G-D(OtBu). Then, selective
deprotection of the 4-methyltrityl (Mtt) group was performed by
reaction with 2 ml of trifluoroacetic acid/triisopropylsilane/DCM
(TFA/TIS/DCM, 3/3/94, v/v/v) for 2 min, 5 min and 30 min succes-
sively, using a fresh aliquot each time. Finally, another group of
3-(4-hydroxyphenyl) propionic acid (HPA) was coupled to the
exposed amine group at the residue of K. The resins were
washed with NMP (1 ml x 3) and transferred in a 4 ml reactor
equipped with a filter, using DCM (2 ml x 3). After the resins were
dried under reduced pressure for 2 h, the peptide was cleaved in a
cleavage cocktail of TFA-water-TIS (1.5 ml, 94/3/3, v/v/v) for 2 h
on a 180° shaker, while all the acid-labile protective groups in
the residues were also detached. The solution was collected and
concentrated in a continuous flow of nitrogen and the crude
peptides were precipitated in diethylether. The resulting white
solid was then purified to >98% in purity by preparative high-
performance liquid chromatography (HPLC; Gilson) on a C18
reversed phase preparative column (Kromasil®, 21.2 mm x
250 mm) using water and acetonitrile with 0.1% TFA as the mobile
phase. The absorbance of phenol,-PEG-RGD (0.1 mM) was
measured at 276 nm using an ultraviolet-visible (UV-vis) spectro-
photometer (U-2810, Hitachi, Japan) and was compared to that of
HPA (0.1 mM).
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2.3. Formation and rheological properties of HA-Tyr-RGD hydrogels

The synthesis of HA-Tyr conjugate was reported in detail previ-
ously [32,37]. The degree of substitution (the number of tyramine
molecules per 100 repeating units of HA) was calculated from pro-
ton nuclear magnetic resonance measurements and was found to
be 5. To form the hydrogels, lyophilized HA-Tyr was dissolved in
phosphate buffered saline (PBS) at a concentration of 1 wt.%. In
the case of HA-Tyr-RGD hydrogels, phenol,-~PEG-RGD was mixed
with HA-Tyr solution to give the final concentrations of 0.1 and
0.2 mM. Then, 1.5 pl of HRP was added to 250 pl of the mixture
solution to give a final concentration of 0.15 units ml~'. Crosslink-
ing was initiated by adding 1.5 pl of H,0, solution to give final con-
centrations of 0.43 mM. The mixture was vortexed vigorously
before it was applied to the bottom plate in a HAAKE Rheoscope
1 rheometer (Karlsruhe, Germany). The upper cone was then low-
ered to a measurement gap of 0.03 mm and a layer of silicon oil
was carefully applied around the cone to prevent solvent evapora-
tion during the experiment. The measurements were taken at 37 °C
in the dynamic oscillatory mode with a constant deformation of 1%
and frequency of 1 Hz. The measurement parameters were deter-
mined to be within the linear viscoelastic region in preliminary
experiments.

2.4. Conjugation efficiency of phenol,~-PEG-RGD and water uptake of
the resulting hydrogels

Conjugation efficiency of phenol,-PEG-RGD in the hydrogel
was estimated by the determination of unconjugated phenol,-
PEG-RGD leached out from the hydrogel after overnight soaking.
The amount of unconjugated phenol,-PEG-RGD was determined
by bicinchoninic acid (BCA) assay. In the swelling ratio study,
hydrogels were allowed to set for 6 h before being incubated with
PBS solution. They were removed from PBS solution after 24 h and
blotted to remove excess solution and immediately weighed.
Water uptake was calculated from the equation W= (Ms— Mg)/
My, where M is the weight of the hydrogel in the swollen state
and My is the dry weight of the hydrogel obtained by
lyophilization.

2.5. Cell culture

HUVECs and endothelial growth medium (EGM-2) BulletKit
were purchased from Lonza Bioscience Singapore. HFF1 cells were
obtained from ATCC (USA). HUVECs were maintained in EGM-2
BulletKit while fibroblasts were maintained in DMEM supple-
mented with 15% FBS and 1% penicillin/streptomycin. Both cell
types were cultured in T75 tissue culture flasks and incubated at
37°C in a 5% CO, atmosphere. Change of media was carried out
every 2-3 days and the cells were subcultured at 80% confluency.
Fibroblasts with a passages number lower than 8 and HUVECs be-
tween passage 6 and 8 were used in this study.

2.6. In vitro two-dimensional (2-D) culture on hydrogel

For 2-D cell culture on the surfaces of HA-Tyr and HA-Tyr-RGD
hydrogels, the hydrogels were prepared on a 24-well plate using
the same protocol as described above. The final concentration of
H,0, was 0.43 mM. For the hydrogels involved in the following
in vitro and in vivo studies, HA-Tyr, phenol,-PEG-RGD, HRP and
H,0, solutions were sterilized by filtering using syringe filters with
a pore size of 0.2 um. The hydrogels were allowed to set for 4 h
after the initiation of crosslinking by HRP and H,0,. 250 pl of HU-
VECs in complete medium at a cell density of 1 x 10° cells ml™!
was seeded onto the surfaces of the hydrogels. The HA-Tyr hydro-
gel without RGD modification was prepared to serve as a

comparison. The culture medium was changed every 2-3 days. At
each time interval, the cells attached to the hydrogel surfaces were
harvested by incubation overnight at 37 °C with 200 ul of hyal-
uronidase solution (50 units ml~!). The amount of DNA was quan-
tified by PicoGreen dsDNA reagent according to the manufacturer’s
protocol. Briefly, the cell pellets were lysed by a freeze-thaw cycle
in 200 pl of DNA-free lysis buffer. Samples were then incubated
with 200 pu of PicoGreen working solution. The number of cells at-
tached to the surface was then determined by the fluorescence
measurement of the sample solution along with the known con-
centration of cell suspension for the standard curve. The fluores-
cence measurement was performed in four replicates using a
microplate reader with excitation and emission at 480 and
520 nm, respectively.

The assessment of HUVEC cell adhesion was performed 2 days
after the cells were seeded. Prior to immunostaining using an Actin
focal adhesion stain kit, the cells on the surfaces of the hydrogels
were fixed with 4% formaldehyde solution at room temperature
for 20 min. After washing, the cells were permeabilized using
0.5% Triton X-100 in PBS solution at room temperature for 5 min.
The cells were then blocked in 0.05% Triton X-100 containing 1%
bovine serum albumin at room temperature for 1 h. The samples
were then incubated with anti-vinculin in blocking buffer solution
at 4 °C overnight. After washing, the cells were incubated with the
fluorescein isothiocyanate (FITC)-conjugated secondary antibody
in the dark for 30 min. For double labeling, TRITC-conjugated phal-
loidin was incubated simultaneously with the secondary antibody.
The cell nuclei were counterstained with DAPI (1:15,000 in water
of 5 mg ml~! stock). Confocal images were taken with a confocal la-
ser scanning microscope (Olympus FV300, Japan). For each sample,
the cells in five regions on the surface were randomly selected
from the images. The size of the cells were estimated by Image-
Pro-Plus software and averaged to give the cell spread-out area.

2.7. In vitro 3-D culture in hydrogel

For 3-D cell culture in HA-Tyr-RGD hydrogels, HFF-1 and HU-
VECs (1:1) were mixed with HA-Tyr solution (1 wt.%) and phe-
nol,-PEG-RGD (0.1 or 0.2 mM) at a final total cell density of
4 x 108 cells ml~! in 250 pl. The initiation of gel formation was per-
formed using HRP and H,0, as described above. The hydrogels
containing cells were allowed to set for 4 h before being main-
tained in culture medium. HA-Tyr hydrogel without the addition
of phenol,-PEG-RGD was prepared using the same protocol to
serve as a comparison. The culture medium was exchanged every
2-3 days. The cell number was determined by DNA quantification
assay as described above. To quantify the length of vessel network
formed by HUVECs, the cell-laden hydrogel was fixed and the sim-
ilar immunostaining protocol was followed as described above.
The capillary-like network of HUVECs was visualized by FITC-
conjugated secondary antibody against CD31 antibody after the
immunostaining process was completed. The average length of
the capillary-like network was then examined on randomly
selected cells on 3-D projected confocal images.

To access outward migration of HUVECs from the various
hydrogels, cells were pre-labeled with CellTracker Green CMFDA
at 25 uM for 30 min and encapsulated in the hydrogels with or
without phenol,-PEG-RGD. The gels were formed as described
previously on the apical side of the FuoroBlok inserts. EGM-2 med-
ium with fresh vascular endothelial growth factor (VEGF) and
fibroblast growth factor (FGF) (2 ng ml™!, according to the manu-
facturer) was added to lower chamber and replaced every 24 h to
act as chemoattractants. EGM-2 medium without growth factors
was added to the inserts on top of the cell-laden hydrogels. At pre-
determined time intervals, fluorescence intensity from the basal
side was measured in bottom-reading mode using a microplate
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reader with excitation and emission at 492 and 517 nm, respec-
tively. The fluorescence intensity relative to O h for each sample
was recorded. The experiments were performed in four replicates.
The morphology of fluorescently labeled cells was accessed using a
fluorescence microscope (Olympus 71, Japan).

2.8. Formation of functional human vasculature by injectable hydrogel
system

Nonobese diabetic/severe combined immunodeficiency (NOD/
SCID) mice that were supplied by Biological Resource Center
(BRC) in Biopolis, Singapore were used at 6-8 weeks of age. The
cell-laden hydrogel was prepared in a similar way as described ear-
lier with slight modification. Briefly, HUVECs and HFF1 (1:1) were
embedded in 250 pl of HA-Tyr or HA-Tyr-RGD hydrogel precursor
solution at a final total cell density of 4 x 10° cells ml~'. Prior to
injection, a predetermined amount of HRP and H,0, was added
to the precursor solution. 100 pl of the solution was then injected
subcutaneously through a 22-gauge needle into the backs of mice.
On day 14 after the injection, 100 pl of rhodamine-dextran solu-
tion (1.5 wt.%) was injected into the mice via the tail vein, to illu-
minate newly formed vasculature in the hydrogel construct before
it was harvested and viewed under a fluorescence microscope. The
samples for histological analysis were fixed with 4% paraformalde-
hyde for 24 h at 4 °C and immersed in 30% sucrose solution over-
night before being embedded in OCT cryostat embedding
medium (Tissue-Tek®, Sakura Finetek, USA). Cryostat sections were
then cut and collected on silane-coated slides. The slides were
stained with hematoxylin and eosin (H&E) and immunohisto-
stained with human nuclei antibody. Chromogenic detection was
employed to visualize the stained nuclei in brown using an HRP-
DAB staining kit according to the manufacturer’s protocol. The care
and use of laboratory animals were performed according to the ap-
proved protocol of the Institutional Animal Care and Use Commit-
tee (IACUC) at the BRC in Biopolis, Singapore.

2.9. Statistical analysis

All data were expressed as mean + standard deviation (SD). Dif-
ferences between the values were assessed using the one-way
analysis of variance test using SigmaStat software (Systat Software,
Inc.). In this analysis, p<0.05 was considered statistically
significant.

3. Results and discussion
3.1. The effect of Ph,—K on hydrogel formation

Park et al. reported the incorporation of bioactive peptide into a
GPT hydrogel via the HRP-mediated coupling reaction [8]. In the
study, an endothelial cell binding sequence that terminated with
a tyrosine residue (SVVYGLRGGY) was conjugated to the tyramine
moieties of GPT. Peptide conjugation resulted in a decrease in
the shear storage modulus (G') when the feed concentration of
the peptide was increased. The decrease in G’ was attributed to the
conjugation of peptide into the hydrogel network, resulting in
the consumption of tyramine moieties available for the crosslink-
ing reaction. In this study, we designed a peptide bearing two
phenol moieties at one extremity which could act as a crosslinker
in the hydrogel system.

First, a model molecule composed of a lysine residue flanked by
two phenols (Ph,-K) was synthesized (Fig. S.1) and a systematic
study on the effects of Ph,-K on hydrogel formation, such as G’
and gel point, was carried out. 3-(4-Hydroxyphenyl) propionic acid

(HPA), which contains only one phenol moiety, was used as a com-
parison in the study.

With an addition of HPA, the coupling efficiency of phenol moi-
eties dropped from 85% to 65% as the feed concentration increased
from 0.1 to 0.3 mM (Fig. S.2). In contrast, the coupling efficiency re-
mained constant at 85% regardless of the feed concentration of
Ph,-K. The G’ of the resultant hydrogel showed a general decline
with an addition of either Ph,-K or HPA (Fig. S.3a). However, the
decrease in G’ was less pronounced in the case of hydrogels pre-
pared by Ph,-K, attributed to its di-phenol structure, which could
act as a crosslinker. This phenomenon is most likely due to the
intrinsic tradeoff between the conjugation of phenol-containing
RGD molecules and the crosslinking of the hydrogel network in
this one-step modification approach where both processes shared
the same reaction mechanism. Moreover, the steric hindrance of
the Ph,-K possibly limited the ability to be fully crosslinked into
the hydrogel network, resulting in the decline in G'. It is notewor-
thy that an increase in the feed concentration of HPA resulted in
the increase in gel point from 1.5 to 3.4 min (Fig. S.3b), indicating
a decrease in gelation rate. The decrease in gelation rate may not
be desirable as rapid gelation is an important requirement for an
injectable hydrogel system to prevent the undesirable diffusion
of the gel precursors and cells to the surrounding tissues. In a clear
contrast, the gelation rate was found to be well maintained in the
case of Ph,-K. Water uptake of hydrogels conjugated with HPA or
Ph,-K was in good agreement with G’ of the hydrogel (Fig. S.4).
Generally, the hydrogels with the addition of HPA had higher water
uptake than the ones with Ph,-K at the same feed concentration,
indicating that the HPA-conjugated hydrogels had lower crosslink-
ing density. Taken together, Ph,-K demonstrated a more consistent
conjugation efficiency, higher G’ and faster gelation rate than HPA.
Therefore, a bioactive peptide motif bearing two phenol moieties,
phenol,-PEG-RGD, was designed and used to functionalize the
HA-Tyr hydrogel system in the following study.

3.2. Synthesis and characterization of phenol,-PEG-RGD

Phenol,-PEG-RGD was synthesized with a molecular structure
shown in Fig. 1a. Its purity was found to be >98%, as shown in HPLC
(Fig. 1b). Electrospray ionization mass spectrometry of the purified
product further confirmed the success in the synthesis with peaks
at m/z 487.4 for [M+2H]** and 973.5 for [M+H]* (Fig. 1c). The con-
tent of phenol moieties in phenol,-PEG-RGD was analyzed by
measuring the absorbance values. HPA, which was used to synthe-
size phenol,-PEG-RGD, was employed as a control in this mea-
surement. In the range of wavelengths between 250 and 280 nm,
the absorbance value for phenol,-PEG-RGD was found to be
approximately doubled compared to the HPA standard at the same
molar concentration. For example, at 276 nm (absorption maxima
for phenol moiety), the absorbance for phenol,-PEG-RGD was
0.381 compared to 0.194 for HPA. This indicated that two HPA mol-
ecules were successfully introduced into phenol,-PEG-RGD by
amide formations between amine groups of lysine (K) residue
and carboxyl groups of HPA.

3.3. Hydrogel formation and characterization

HA-Tyr-RGD hydrogels consisting of HA-Tyr and phenol,-
PEG-RGD were formed via the enzymatic oxidation coupling of
phenol moieties catalyzed by HRP and H,0, (Fig. 2). It has been
reported that phenols crosslink through either the more common
C-C linkage between the ortho-carbons of the aromatic ring or the
C-0 linkage between the ortho-carbon and the phenolic oxygen
[17]. As a result, RGD peptide motifs were simultaneously
conjugated into the hydrogel network during gel formation process.
The hydrogels without phenol,-PEG-RGD, with 0.1 mM and 0.2 mM
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Fig. 1. Synthesis and characterization of phenol,-PEG-RGD: (a) chemical structure, (b and c) LC-MS analysis and (d) UV-vis spectroscopy of phenol,~PEG-RGD.

of phenol,-PEG-RGD are abbreviated as HA-Tyr, HA-Tyr-RGD-0.1
and HA-Tyr-RGD-0.2, respectively.

To determine the coupling efficiency of phenol,~PEG-RGD after
the crosslinking was completed, the amount of unconjugated phe-
nol,-PEG-RGD leached out from the hydrogel to the PBS solution
was quantified by BCA assay after the hydrogel was soaked in
PBS solution overnight. As summarized in Table 1, G’ of the HA-
Tyr was higher than that of RGD-modified HA-Tyr hydrogels when
H,0, and HRP concentrations were fixed at 0.43 mM and 0.15 units
ml~!, respectively. The conjugation efficiency in the case of HA-Ty-
RGD-0.1 and HA-Tyr-RGD-0.2 was 74% and 71%, respectively. The
gel point did not change significantly when the RGD addition was
increased from 0.1 to 0.2 mM. It was in good agreement with our
observation when the control molecules, Ph,-K and HPA, were

used and compared. Water uptake of the hydrogels also signifi-
cantly increased when 0.2 mM of phenol,-PEG-RGD was used in
the modification due to its lower crosslinking density, in agree-
ment with the stiffness measurement (G').

3.4. Effect of the RGD conjugation on HUVEC attachment and
proliferation in two dimensions

Prior to performing 3-D cell culture in hydrogels, HUVECs were
first seeded on the surface of the hydrogels to evaluate the effect of
RGD conjugation in the hydrogel on cell morphology. HA itself has
been shown to resist the adhesion of many proteins and cells and is
widely used to prevent the formation of postoperative peritoneal
adhesions [40]. Fig. 3a shows the confocal fluorescence images of
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Fig. 2. Enzyme-mediated injectable hydrogel system for the formation of functional human vasculature. Phenol,-PEG-RGD was conjugated simultaneously into HA-Tyr
during in situ gel formation via enzymatic oxidation reaction using HRP and H»0, for 3-D cell culture.

Table 1
Preparation and characterization of HA-Tyr-RGD hydrogels.”

Hydrogel sample HA-Tyr conjugate Phenol,-PEG-RGD (mM) Conjugation efficiency of G’ (Pa) Gel point (min)” Water uptake
(mg/ml) phenol,-PEG-RGD (%)

HA-Tyr 10 0 - 1215 £31 1.6+£0.3 51.8+3.4°

HA-Tyr-RGD-0.1 10 0.1 74+4 941 £152 1.3+02 53.8+0.7°

HA-Tyr-RGD-0.2 10 0.2 71+3 532+36 1.3+0.1 61.4+1.1

¢ All hydrogels were prepared using 0.15 units/ml of HRP and 0.43 mM of H,0,. Measurement was taken with constant deformation of 1% at 1Hz and 37 °C (n = 4). Results

are shown as the average values # standard deviation.

b Gel point is defined as the time at which the crossover of storage modulus (G') and loss modulus (G”) occurred. Herein, it is used as an indicator of the rate of gelation.
€ p<0.05 when compared to the value of water uptake calculated for HA-Tyr-RGD-0.2

focal adhesion and actin cytoskeleton in HUVECs. These images re-
vealed focal contacts in green using an anti-vinculin monoclonal
antibody, F-actin in red and cell nuclei in blue. The cells on the sur-
face of unmodified HA-Tyr hydrogel were found to be round. In
contrast, the cells appeared to adhere strongly onto the HA-Tyr-
RGD hydrogel surface with spread-out morphology. Both the focal
contact and F-actin organization were found to be diffused. This
was in good agreement with our earlier reports on cell responses
to the hydrogels of comparable storage modulus (G'). Both focal
contact and F-actin showed a progressive trend from being

diffused when in contact with soft hydrogels (G’ = 0.6-2.5 kPa) to
having more structure arrangements when cells were attached to
the stiffer ones (G’ = 8.1 kPa) [39].

The cell spread-out area was further quantified using ImagePro-
Plus software. The HUVECs on the RGD-modified HA-Tyr had at
least a fourfold increase in cell spreading area (Fig. 3b) and was
found to be significantly different compared to the unmodified
HA-Tyr (p <0.01). The results indicated that the conjugation of
RGD significantly altered the cell attachment behavior and largely
improved the HUVEC adhesion. Moreover, cell adhesion was strong
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Fig. 3. (a) Confocal fluorescence microscopy of focal adhesion and actin cytoskeleton in HUVECs cultured on the hydrogels with vinculin, F-actin, nuclei shown in green, red
and blue, respectively. (b) HUVEC spreading on the surface of HA-Tyr and HA-Tyr-RGD hydrogels after 24 h incubation. (c) 2-D HUVEC proliferation on the hydrogels. The
hydrogels with phenol,-PEG-RGD (0.1 mM or 0.2 mM) are abbreviated respectively, HA-Tyr-RGD-0.1 and HA-Tyr-RGD-0.2. Results are shown as the average

values + standard deviation. **p < 0.01 between groups (n = 4).

and stable enough to induce steady cell growth over time, as
shown in Fig. 3¢, in clear contrast to the non-proliferative cells
on the unmodified HA-Tyr hydrogels. Interestingly, no statistically
significant increase in cell spreading and proliferation was ob-
served when the phenol,-PEG-RGD concentration was further in-
creased from 0.1 mM to 0.2 mM. This increase in the concentration
of phenol,-PEG-RGD resulted in the HA-Tyr-RGD-0.2 of lower
stiffness compared to HA-Tyr-RGD-0.1. As reported previously,
the cell proliferation was often directly correlated to the stiffness
of the substrate where cells resided in the 2-D cell culture study
[39]. The result suggested that failing to observe the effect of the
further increase in RGD concentration on proliferation rate in
HA-Tyr-RGD-0.2 could be attributed to its lower stiffness (G').

3.5. Effect of RGD conjugation on HUVEC migration and proliferation
in 3-D

The cytotoxicity potency of H,O, in the presence of HRP was
investigated prior to this 3-D culture study. It was found that in
the presence of HRP, H,0, participated predominantly in the enzy-
matic oxidation reaction and exerted minimal toxicity effect on the
cell viability when its concentration was up to 0.85 mM. It was in a
clear contrast to the high toxicity observed when cells were ex-
posed to H,0, at the same concentrations in the absence of HRP
(Fig. S.5). To further assess the potential of using cell-laden HA-
Tyr-RGD to stimulate and promote the formation of capillary-like
network, HUVECs were incorporated into the precursor solution to
form cell-laden hydrogels in situ by HRP and H,0,. The migration
of HUVECs from HA-Tyr-RGD hydrogels was investigated using a
Transwell® system, whereby the HA-Tyr-RGD containing the fluo-
rescence-labeled HUVECs was placed in the apical side of the Flu-
oroBlok® inserts and EGM-2 medium containing fresh VEGF and

FGF was added to the lower chamber (Fig. 4a). A time course of
the cell migration through the fluorescence-blocking membrane
was monitored for 48 h. The fluorescence intensity, which directly
corresponded to the number of cells that migrated through the
membrane, was recorded. As shown in Fig. 4b, similar to the find-
ings from the 2-D study, the cells also featured more spread-out
morphology inside the HA-Tyr-RGD hydrogel in contrast to the
rounded cells inside the HA-Tyr hydrogel. The interaction between
the cells and RGD was found to significantly improve not only the
cell adhesion but also the cell migration. As shown in Fig. 4c, the
number of migratory cells increased over time, differing in rates
among the three samples. A significantly higher rate of cell migra-
tion was observed when the cells were originally entrapped in
hydrogels with RGD modification compared to the HA-Tyr hydro-
gel without modification at the end of 48 h in this study.

In the proliferation study, the encapsulated HUVECs were able
to proliferate within the first week of culture in both HA-Tyr-
RGD-0.1 and HA-Tyr-RGD-0.2 hydrogels (Fig. 5). A further in-
crease in RGD addition from 0.1 to 0.2 mM did not seem to enhance
the cell proliferation rate significantly in the 3-D culture study,
similar to the observation made in the previous 2-D study
(p > 0.05). Again, the cells in HA-Tyr remained non-proliferative
throughout this 3-D study, which was attributed to the inherent
cell-repelling nature of HA. Moreover, a sharp decline in cell num-
ber was observed in the HA-Tyr-RGD hydrogels when the culture
was extended over 1 week regardless of the concentration of the
phenol,-PEG-RGD. This strongly suggested that monoculture of
HUVECs could not stabilize its capillary-like network growth in
3-D culture over an extended culture time. This indication was also
supported by findings reported previously that fibroblasts and/or
fibroblast-derived factors are essential in facilitating endothelial
morphogenesis into capillary-like tubes and improving stability
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Fig. 4. Migration of HUVECs in hydrogels. (a) Schematic illustration of migration study in vitro. (b) Representative fluorescence images of CellTracker™-labelled cells that
remained in (i) HA-Tyr, (ii) HA-Tyr-RGD-0.1 and (iii) HA-Tyr-RGD-0.2 hydrogels and had migrated through FluoroBlok membrane from (iv) HA-Tyr, (v) HA-Tyr-RGD-0.1
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Fig. 5. 3-D HUVEC proliferation in HA-Tyr and HA-Tyr-RGD hydrogels. Results are
shown as the average values + standard deviation. *p < 0.05 and **p < 0.01 between
groups (n =6).

of newly formed capillary sprouts for induction of angiogenesis
[28,41].

Based on the results, we sought to study the effects of 3-D co-
culture of HUVECs with human fibroblasts (HFF1) on the formation

of capillary-like network and stabilization of such a network using
the HA-Tyr-RGD-0.1 as a model hydrogel. The HA-Tyr hydrogel
was used as a control. As shown in Fig. 6a, the cell morphology
in the HA-Tyr hydrogel showed only a round shape. In contrast,
the HA-Tyr hydrogel with RGD muodification strongly supported
the spreading of the encapsulated cells within the 3-D hydrogel
matrix and the formation of cell-cell contacts with capillary-like
structures. As shown as the inset in Fig. 6a(iii), these capillary-like
structures with branches were observed when the HUVECs were
co-cultured with HFF1. To ascertain that the capillary-like network
measured only comprised endothelial cells, the anti-CD31 anti-
body known to label HUVECs was used. Fig. 6a(iv) shows the cap-
illary-like network formed by CD31 positive HUVECs.

Next, we examined the effects of culture modes including
monoculture and 3-D culture of HUVECs with human fibroblasts
(HFF1) on the surfaces of the hydrogels (2-D HFF1/3-D HUVEC)
and mixed co-culture on HUVEC capillary-like network formation
(Fig. 6b). The unmodified HA-Tyr did not support the formation
of the capillary-like network in three dimensions regardless of
the culture modes due to the inherent cell-repelling characteristics
of HA. The length of the capillary-like network formed by the
HUVECs continued to increase in the two co-culture modes over
time in the HA-Tyr-RGD hydrogel, but not in the monoculture
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Fig. 6. (a) Representative microscopic and fluorescence images of mixed co-culture of HFF1 and HUVECs in (i and ii) HA-Tyr and (iii and iv) HA-Tyr-RGD-0.1 hydrogels,
respectively. Capillary-like structure with branches (black arrows) was found in HA-Tyr-RGD-0.1 hydrogels (inset in iii). Fluorescence images were acquired by staining of
HUVECs with CD31 antibody. (b) Length of HUVEC capillary-like tube formed inside HA-Tyr and HA-Tyr-RGD hydrogels in three different culture modes, namely
monoculture of HUVEC, 2-D HFF1/3-D HUVECs and mixed co-culture of HFF1 and HUVEC. Results are shown as the average values * standard deviation. *p < 0.05 and
*p < 0.01 between groups, *p < 0.01 when compared to the HA-Tyr group at the same experimental condition (n = 6).

mode when the culture time was over 5 days. The cells in the
co-culture modes with HFF1 showed significantly greater value
in average tubule length at the end of 10 days of culture compared
to that in the monoculture condition (p <0.01). In addition, the
average tubule length of the HUVECs inside the RGD-modified
HA-Tyr hydrogels was significantly higher than that of the cells
in the unmodified one at any given experimental condition in this
study. Moreover, between the two co-culture modes, the mixed
co-culture mode was found to be superior to 2-D HFF1/3-D HUVECs
with a significantly greater in average length of the vessel network
(p <0.05) at the end of 10 days of culture. This was likely due to a
closer proximity between the cells, hence better diffusion of fibro-
blast-mediated factors and cellular crosstalk to facilitate endothe-
lial morphogenesis into capillary-like tubes in mixed co-culture
mode. This finding is also supported by a previous report on the
improvement of capillary morphogenesis by distributing fibroblasts
throughout the matrix to overcome the diffusion restriction [42].

3.6. In vivo vascularization by injectable HA-Tyr-RGD hydrogel
system

To evaluate the effects of RGD modification and co-culture of
HUVECs and HFF1 on vascularization potential of the cell-laden

hydrogels in vivo, HA-Tyr-RGD-0.1 with embedded HUVECs or a
mixture of HUVECs and HFF1 (1:1) was selected for this study.
Unmodified HA-Tyr hydrogel was used as a comparison. Briefly,
hydrogel precursor solutions with the HUVECs alone or the mix-
ture of HUVECs and HFF1 were injected to the back of mice, and
the cell-laden hydrogels were formed in situ (Fig. 7a). On day 14
after the injection, tail-vein injection of rhodamine-dextran was
performed to illuminate newly formed vasculature in the hydrogel
construct under fluorescence microscopy.

Newly formed vasculature in the implanted hydrogel construct
was observed visually in both HA-Tyr-RGD-0.1 with HUVECs and
HA-Tyr-RGD-0.1 with both HUVECs and HFF1 (Fig. 7b), but not in
unmodified HA-Tyr with the two cell types. This suggests that RGD
conjugation in the hydrogel system played an important role in
stimulating the endothelial cell activity. Furthermore, there were
more newly formed vessels in the HA-Tyr-RGD-0.1 with both HU-
VECs and HFF1, underlining the importance of cellular crosstalk
between HUVECs and HFF1 for vascular formation. Direct observa-
tion of the vasculature formation in the freshly harvested hydrogel
construct illuminated by rhodamine-dextran solution under fluo-
rescence microscopy was performed. The fluorescence images are
shown in Fig. 7c. It became evident that the vasculature had anas-
tomosed with the host, and the rhodamine-dextran solution was
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Fig. 7. In vivo evaluation of the formation of functional human vasculature using cell-laden HA-Tyr-RGD hydrogels. HA-Tyr-RGD hydrogel precursor solution consisting of
10 mg ml~! HA-Tyr, 0.15 units ml~' of HRP, 0.43 mM of H,0,, 0.1 mM of phenol,-PEG-RGD and cells at total density of 4 x 10° cells ml~! was injected subcutaneously
through a 21-gauge needle into the backs of mice. HA-Tyr hydrogel containing both HUVECs and HFF1 at the same cell density was served as comparison. (a) Schematic graph
of in vivo evaluation. (b) Photographic views of harvested gels with vasculature formed after 14 days. (c) Direct observation of the vasculature formation in the freshly
harvested hydrogel constructs illuminated by tail vein injection of rhodamine-dextran solution. (d) H&E fluorescence images illuminated by the presence of rhodamine-
dextran and immunostain of human nuclei on sections from the HA-Tyr and HA-Tyr-RGD-0.1 hydrogels with incorporation of both HUVECs and HFF1 on day 14.

able to reach and diffuse into this newly formed vasculature inside
the HA-Tyr hydrogel with RGD modification but not in the unmod-
ified HA-Tyr hydrogel.

Hematoxylin and eosin (H&E) staining and immunohistochem-
istry analysis on human nuclei were employed to further confirm
the vasculature formation, as well as whether the newly formed
vasculature comprised cells of human origin. As revealed in
Fig. 7d, there was no visible capillary formation on the sections
from HA-Tyr without RGD modification. However, on the sections
from cell-laden HA-Tyr-RGD-0.1 with the HUVEC (Fig. S.6) or the
mixture of HUVECs and HFF1 (Fig. 7c), visible vasculatures were
observed, which co-localized well with their corresponding fluo-
rescence images. Furthermore, immunohistochemistry analysis
confirmed that the vasculature consisted of cells which stained po-
sitive for human nuclei antibody. Taken together, it was evident
that HA-Tyr-RGD-0.1 hydrogel with co-culture of HUVEC/HFF1

was able to support HUVEC activity inside the hydrogel and en-
hance its bioactivities, leading to promotion of vascularization in
the hydrogel construct. In addition, this newly improved hydrogel
system consisting of HA-Tyr and RGD peptide motif provides a
simple and effective means to design injectable hydrogels with
additional bioactive agents for enhanced vascularization. We be-
lieve that this in situ enzymatic incorporation approach could be
applied to other single or multiple bioactive motifs, not limited to
RGD, for specific functions of cells of interest for tissue engineering
and regeneration.

4. Conclusions

One-step preparation of a multi-functional injectable HA-based
hydrogel system was successfully developed. A phenol,-PEG-RGD
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Fig. 7 (continued)

molecule containing two phenol moieties per molecule at one
extremity was found to be efficient in retaining conjugation effi-
ciency to the hydrogel matrix. The HA-Tyr hydrogel modified with
phenol,-PEG-RGD demonstrated a significant improvement in
facilitating HUVEC adhesion, proliferation and migration, as well
as capillary-like network formation and extension, in combination
with co-culture of HUVECs and HFF1 in vitro compared to an
unmodified counterpart. In vivo formation of vasculature in the
cell-laden hydrogel constructs illuminated by rhodamine-dextran
via tail-vein confirmed the anastomosis with the host vasculature.
In combination with the inherent properties of HA that favor angi-
ogenesis and RGD peptide motifs promoting cell adhesion, the HA-
Tyr-RGD hydrogel demonstrated its active role in promoting the
formation of vasculature. This simple and effective means to inte-
grate bioactive molecules during hydrogel formation via enzymatic
oxidation reaction by HRP and H,0, provides a platform for engi-
neering multi-functional injectable hydrogels with additional bio-
activities that are not naturally present for various biomedical
applications.
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