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ABSTRACT: Tissue engineered (TE) substitutes of clinically
relevant sizes need an adequate vascular system to ensure function
and proper tissue integration after implantation. However, the
predictable vascularization of TE substitutes is yet to be achieved.
Molecular weight variations in hyaluronic acid (HA) have been
pointed to trigger angiogenesis. Thus, this study investigates HA
oligomer immobilization as a promoter for TE construct
vascularization. As a proof-of-concept, the surface of methacrylated
gelatin (GelMA) hydrogels were functionalized with high
molecular weight (HMW; 1.5 to 1.8 MDa) and low molecular
weight (LMW; < 10 kDa) HA, previously modified with aldehyde
groups to enable the immobilization through Schiff’s base formation. The ability of A-HA to bind amine-presenting surfaces was
confirmed by Surface Plasmon Resonance (SPR). Human Umbilical Vein Endothelial Cells (HUVECs) seeded over hydrogels
functionalized with LMW HA showed higher proliferation and expression of angiogenic markers (KDR and CD31), than those
grown in HMW HA conjugated- or plain surfaces, in line with the activation of HA ERK1/2 mediated downstream signaling.
Moreover, when cocultured with human dental pulp cells (hDPCs) encapsulated into the GelMA, an increase in endothelial cell
migration was observed for the LMW HA functionalized formulations. Overall LMW HA functionalization enhanced endothelial cell
response showing potential as an angiogenesis inducer for TE applications.
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1. INTRODUCTION

The vascular system is responsible for providing cells with
nutrients and oxygen, as well as disposing of their metabolic
waste. Without proper vascularization, tissue growth is limited
by the oxygen diffusion through tissues (about 200 μm), making
new blood vessels essential for tissues to grow beyond smaller
size scales.1 Answering this requirement in a consistent and
predictable manner still constitutes an important challenge in
tissue engineering (TE). Although there is a tendency for the
host to spontaneously create a blood vessel network, the process
is often too slow, compromising TE graft integration and
survival.2 Different strategies have been explored to induce
angiogenesis based on scaffold microfabrication and function-
alization, delivery of angiogenic factors and/or endothelial cells
(ECs), and development of bioreactors.3,4 Nevertheless, there is
no convincing evidence that any of these strategies is sufficient to
overcome the challenge of adequately vascularize large TE
constructs.5

Extracellular matrix (ECM) macromolecules such as hyalur-
onic acid (HA) are important intermediaries of angiogenesis.6

HA is one of the main structural components of the ECM in its
native form (106−107 Da)7 but variations in (HA) chain length
have been pointed to mediate key steps in angiogenesis.8,9 Low

molecular weight (LMW) HA, produced by the cleavage of the
HA molecules during ECM remodeling, was shown to interact
with the CD44 receptor and the receptor for hyaluronan
mediated motility (RHAMM) promoting ECs proliferation,
migration, and sprouting in both in vitro and in vivo assays.10,11

Despite the growing evidence on the HA role in vascularization
and angiogenesis, its advantage as angiogenic cue in TE
constructs is still controversial.12

Hydrogels are one of the most common and successful
platforms used for TE approaches due to their versatility and
high water content. Gelatin methacrylate (GelMA) hydrogels in
particular are widely used for their interesting and tunable
biological and physical properties. In fact, as it is produced by
partial hydrolysis of collagen, the major protein component of
the ECM, gelatin carries some of its properties such as cell
attaching motifs and metalloproteinase (MMP) cutting sites,
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but presenting higher solubility and lower antigenicity than the
native collagen.13,14

Here we propose a strategy in which immobilization of HA on
the surface of gelatin hydrogels is explored as a potential
vascularization inducing cue. HA can be used as a surface cue by
modifying it with functional groups, such as aldehydes, to create
a reactive HA that can be linked to other materials. Several
methods of polysaccharides aldehylation, namely the period-
ate15 or TEMPO-mediated16 oxidations create unspecific
oxidation and excessive depolymerization of the HA polymeric
chain. Herein we explored the introduction of protected
aldehydes in the form of an acetal. The mild reaction conditions
and amide coupling reagents used to introduce the acetal
moieties should prevent the extensive hydrolysis of HA
polymeric chain.17 This allows one to control the molecular
weight of the aldehyde-functionalized HA (A-HA), thus
enabling the anchorage of HA fragments of low and high
molecular weight, to amine functionalized substrates by Schiff’s
base reaction between A-HA aldehyde moieties and gelatin
amine groups.13,17 The influence of both LMW and HMW HA
on ECs behavior was evaluated in terms of viability and
proliferation. The expression of angiogenic markers and HA
receptors was assessed to explore the vascular oriented

responses of HUVECs seeded on the HA modified surfaces.
Additionally, the morphological organization, migration and
intercellular communication in substrates functionalized with
HA of different molecular weights was assessed exploring
coculture systems of HUVECs and human dental pulp cells
(hDPCs). These approaches will contribute to the under-
standing of the role of HA molecular weight triggering
angiogenesis and its relevance as a biochemical cue for
endothelization of TE constructs.

2. MATERIALS AND METHODS
2.1. Preparation of Photo-cross-linkable GelMA Hydrogels.

Methacrylated gelatin (GelMA) was synthesized by reaction of gelatin
(from porcine skin, Sigma-Aldrich, U.S.A.) with methacrylic anhydride
(94%, Sigma-Aldrich, Germany), following previously established
protocols18 (see Supporting Information, SI, for more details).
GelMA (5% w/v) was dissolved in PBS containing the photoinitiator
2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
2959; 0.5 wt/v %; Sigma-Aldrich, U.S.A.) to produce a photo-cross-
linkable solution and filtered using a syringe/0.22 μm filter system.
Then, 80 μL of GelMA solution were put into a PDMS mold (10 mm
diameter; 1 mm height) and covered with coverslips. All samples were
exposed to UV light, for 50 s using an UV Cross-linker (UV-KUB 2,

Figure 1. Amine-rich surfaces HA-functionalization. (A) Chemical modification of hyaluronic acid with diethylacetal moieties and acidic deprotection
of the aldehydes. (B) Schematics of the protocol used to conjugate A-HA over the amine rich GelMA hydrogels surfaces. (C) SPR analysis of A-HA
immobilization on amine functionalized substrates. A volume of 100 μL of 0.005 mg/mL A-HA (LMW and HMW) solution was injected, followed by
5 min of dissociation (wash) with PBS (two injection cycles). Analysis performed at 630 nm, with a constant flow rate of 30 μL/min. (D) Stiffness of
the A-HA conjugated 5% w/v GelMA hydrogels. The vertical bars represent the 5−95% confidence interval of, at least, 176 measurements. Statistical
differences: ****p < 0.0001.
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Kloe,́ or Omnicure series 2000 EXFO S2000-XLA) at 100% intensity.
All these procedures were performed under aseptic conditions.
2.2. Synthesis of Acetal-Hyaluronic Acid (Acetal-HA). Both

high molecular weight (HMW;1.5−1.8 MDa HA, Sigma-Aldrich) and
low molecular weight (LMW; < 10 kDa HA, Lifecore) HA were
functionalized with diethyl acetal moieties (Figure 1A), as described by
Mero and co-workers17 (see SI for more details)
2.3. Determination of Degree of Modification. Nuclear

magnetic resonance (NMR) spectroscopy was used to quantify the
functionalization of both GelMA and acetal-HA. Samples were
prepared by dissolving 5 mg of each material in 1 mL of deuterated
water. The 1H NMR spectra were acquired at a frequency of 400.13
MHz at 25 °C with a Bruker Avance III 400. The degrees of
functionalization were determined by the ratio of the relative
integration of the peaks of the functionalization groups and reference
moieties in the starting molecules, as previously described18 (see SI
Figure S2).
2.4. Gel Permeation Chromatography. GPC measurements

were performed with a Malvern Viscotek TDA 305 with refractometer
(RI-Detector 8110, Bischoff), right angle light scattering (LS) and
viscometer detectors on a set of four columns: precolumn Suprema, 5
μm, 8 × 50, Suprema 30 Å, 5 μm, 8 × 300, Suprema 1000 Å, 5 μm 8 ×
300 and Suprema Ultrahigh, 10 μm, 8× 300. The system was kept at 30
°C. PBS with additional 0.05%w/v of NaN3 was used as eluent at rate of
1 mL min−1. The absolute molecular weight was determined by a
calibration of the RI and LS detectors performed using the software
Omnisec 4.6.1 (ViskoteK) with a pullulan ofMn 47.1 kDa and PDI 1.09.
2.5. Surface Plasmon Resonance. Surface Plasmon Resonance

(SPR) was used for the evaluation of the A-HA immobilization success
and rate. Cysteamine coated gold sensors were mounted in SPR (SPR
Navi 200, Bionavis) in a Kretschmann configuration. Two 100 μL
injections of 0.05 mg/mL solutions of both high and low molecular
weight A-HAwere performed, followed each injection by 6min of wash.
The analysis was performed to a wavelength of 670 nm at a constant
flow of 100 μL/min using PBS as eluent. The resulting curves were used
to extract the time at which the reaction was fully completed.
2.6. Hydrogel Functionalization. Acetal-HA batches were

subjected to acidic deprotection in order to obtain the aldehyde
functional groups, as in Mero et al.,17 just before needed (Figure 1A; for
more details see SI). The functionalization process consisted on the
deposition of 100 μL of 0.098 mg/mL HMW or LMW aldehyde-
functionalized HA (A-HA) solutions on top of the hydrogel, allowing
the reaction for 30 min at room temperature (Figure 1B). The
concentration of the HA functionalization solution was previously
optimized by in vitro assays (see SI). Then, the samples were thoroughly
washed with PBS. All procedures were done in sterile conditions.
2.7. Evaluation of the Mechanical Properties. Atomic force

microscopy (AFM) analysis was carried out on A-HA functionalized
GelMA surfaces with HMW A-HA, LMW A-HA, or plain. Hydrogels
were produced according to the procedure described in the points
above. Tests were carried using a JPKNanoWizard 3 (JPK Instruments,
Germany) with qp-BioAC−CB2 probes (nominal k ≈ 0.1 N/m,
Nanosensors, Switzerland), calibrated using the contact-based method
to determine the sensitivity and k. Each sample was mounted under a
hydrated medium (PBS, at room temperature) and 8 × 8 maps were
recorded using square acquisition frames of 10 × 10 μm. For each
sample, 3 force maps were collected in different positions on the
surface. The Young’s modulus was retrieved from each individual force
curve, at least 55 per force map, by fitting with the Hertz/Sneddon
model using the JPK SPMData Processing software (JPK Instruments,
Germany).
2.8. Cell Culture and Expansion. Human Umbilical Vein

Endothelial Cells (HUVECs) were expanded in polystyrene tissue
culture flasks coated with 0.7% w/v gelatin (gelatin from porcine skin,
Type A, Sigma-Aldrich, U.S.A.) solution, previously autoclaved. Cells
were cultured with endothelial cell basal media (Millipore S.A.S,
France) supplemented as by manufacturer’s instruction. HumanDental
Pulp Cells (hDPCs) were obtained from available cryopreserved stock
populations isolated from human third molars under the scope of
previous studies.19 The hDPCs were cultured with Dulbecco’s

Modified Eagle’s Mediumlow glucose (DMEM, Sigma-Aldrich,
U.S.A.) with 10% fetal bovine serum (FBS, Life Technologies, U.S.A.)
and 1% antibiotic/antimycotic as supplements. The cells were
incubated at 37 °C in a 5% CO2 humidity-saturated atmosphere, and
the culture medium renewed each 2−3 days. HUVECs and hDPCs at
passage 5 were used for these studies.

2.9. In Vitro HUVECs Response to HA-Functionalized GelMA
Hydrogels. After production of HA-functionalized hydrogels,
expanded HUVECs were trypsinized, counted and seeded onto the
surface of the hydrogels in a cell density of 2.5 × 104 cells/cm2. A
droplet of 100 μL of 2 × 105 cells/mL cell suspension was placed onto
each hydrogel and incubated for 4 h to enhance cell adhesion. Then,
culture media was added to a total of 500 μL per well/sample. Plates
were incubated at 37 °C for 1, 3, and 7 days with medium replacements
every 2−3 days.
At least 3 samples from each formulation were used for the assays.
2.9.1. Metabolic Activity Assessment. Cell metabolic activity was

assessed by means of the AlamarBlue (Biorad, U.K.) assay, according to
manufacturer’s recommendations. First, a 1:10 v/v solution of
AlamarBlue in endothelial cell medium was produced. The culture
medium was removed from each sample and replaced with a volume of
500 μL of the solution. Samples were then incubated for 3 h at 37 °C
and protected from the light. After, 100 μL of each sample were
collected in triplicate to a 96-well plate and the fluorescence measured
with a microplate reader (Infinite M200Pro, Tecan, Switzerland;
Synergy HT, Bio-Tek Instruments, U.S.A.) at excitation and emission
wavelength of 530 and 590 nm, respectively.

2.9.2. Cell Proliferation. Cell proliferation was evaluated as a
function of the total amount of double-stranded DNA present at
different culture times (1, 3, and 7 days), using theQuant-IT PicoGreen
dsDNA Assay Kit (Thermofisher, U.S.A.). Samples were washed with
PBS and collected with 1 mL of ultrapure water. After incubation at 37
°C for 1 h, samples were frozen at−80 °C for at least 2 h or until further
testing, for which the manufacture’s recommended procedure was
followed.

2.9.3. Immunocytochemistry. At the end of each time point,
hydrogels were fixed with 10% (v/v) formalin for 45 min at room
temperature. After permeabilization for 1 h with 0.1% (v/v) Triton X-
100 (Sigma-Aldrich, U.S.A.) in PBS, under agitation and at room
temperature, samples were rinsed with PBS (3 times) and stained with a
conjugated antibody. Samples were incubated with CD31 (Allophyco-
cyanin/APC conjugated mouse monoclonal Anti-Human CD31/
PECAM-1, R&D Systems, U.S.A.), CD44 (PE Mouse Anti-Human
CD44, BD Pharmingen, U.S.A.) or pERK1/2 (Mouse monoclonal to
ERK1 + ERK2 (phospho T185 + Y187 + T202 + Y204), Abcam, U.K.)
antibodies diluted in 0.1% Bovine Serum Albumin (BSA; Sigma-
Aldrich, U.S.A.) in PBS overnight at −4 °C and under agitation. Nuclei
and cytoskeleton were counterstained with DAPI 1:1000 v/v (Biotium,
U.S.A.) and phalloidin 1:500 v/v for 30 min at room temperature,
under agitation. The samples were again washed with PBS 3 times.
Samples were acquired by confocal laser scanning microscopy (CLSM,
Leica TCS SP8, Microsystems, Wetzlar, Germany). Images were
bidirection scanned at 400Hzwith UV (405 nm) and visible lasers (488
nm Argon, 561 and 633 nm HeNe), and data processed using LAS X
software from Leica.

2.9.4. Assessment of Metalloproteinases Activity. The presence of
metalloproteinases in culture medium correspondent to each condition
was analyzed by zymography, according to the protocol of Ren et al.20

(for more details, see SI). Each sample was mixed with Laemmli sample
buffer (1:1 ratio) and left at room temperature for 30min. Samples were
subjected to SDS-Page using a 10% SDS-polyacrylamide gel containing
4 mg/mL of gelatin (Sigma-Aldrich, U.S.A.). Gels were run in a vertical
electrophoresis apparatus (Miniprotean 3, BioRad, U.S.A.) at a
constant voltage of 125 V for approximately 2 h. Then, gels were
removed and incubated in renaturing buffer (2.5% Triton X-100) for 30
min under gentle agitation. Afterward, gels were incubated in
developing buffer (50 mM Tris-Base; 0.2 M NaCl; 5 mM CaCl2) and
left under gentle shaking for 30 min at room temperature, followed by
incubation with fresh developing buffer for 18 h at 37 °C. Staining
solution (0.5% Comassie blue R-250; 25% isopropanol; 10% acetic
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acid) was used for 30 min to stain the gel, followed by treatment with
destaining solution (methanol, acetic acid, H2O in a 50:10:40
proportion) until bands were clear and sharp.
2.9.5. Evaluation of Gene Expression through Real Time

Polymerase Chain Reaction (rtPCR). After 1, 3, and 7 days in culture,
samples were collected in TRI reagent (Sigma-Aldrich, U.S.A.) and
stored at −80 °C, until RNA isolation according to manufacturer’s
procedure. The yield and purity of RNA isolation was determined by
spectrometry using the NanoDrop 1000 Spectrophotometer (Thermo-
Scientific). The cDNA was synthesized using 100 pg of RNA as
template and the qScript cDNA Synthesis Kit (Quanta BioSciences).
Primers were designed using the primer-BLAST tool available at
http://www.ncbi.nlm.nih.gov/tools/primer-blast. To avoid the ampli-
fication of genomic DNA or pre-RNA (nonspliced RNA), the primers
were designed in order to span the exon−exon junctions. Target genes
listed in Table 1 were normalized to the reference housekeeping
GAPDH gene expression in HUVECs before seeding (day 0). The
analysis was performed on an RT-PCR Mastercycler (Realplex,
Eppendorf).
2.10. Assessment of Endothelial Cell Ingrowth into Mesen-

chymal Cells-Laden Constructs. In order to test the system’s ability
to prolong viability of encapsulated cells, a coculture system was
developed combining hDPCs encapsulated in the GelMA hydrogels
and HUVECs seeded on top of the hydrogel. For that, hDPCs were
resuspended in a sterilized GelMA solution of 5% w/v at a
concentration of 4 × 106 cells/mL. Hydrogels encapsulating hDPCs
were then conjugated with the A-HA precursors following the same
method as the simple hydrogels, and HUVECs were seeded on top of
the functionalized surfaces as above-described. The constructs were
cultured in endothelial cell basal media, renewed every 2−3 days, for 1,
3, and 7 days.
HUVECs’ ingrowth was evaluated by confocal microscopy, after

staining with CD31 and CD44, as described above.
2.11. Evaluation of Angiogenic and Antiangiogenic Proteins

Presence in Conditioned Medium. The relative expression of 55
different angiogenic and antiangiogenic proteins in the coculture
systems was quantified in conditioned medium collected after 7 days of
culture, by Human Angiogenesis Antibody Array kit (Proteome
profiler; R&D Systems, Minneapolis, MN, U.S.A.) (more details in
the SI).

The imaging was performed in a LICOR Odissey FC system
(LICOR, Spain). The mean dot pixel intensity was measured using the
“Microarray_profile” plugin of the public domain FIJI software (NIH).

2.12. Statistical Analysis. Statistical analysis was conducted
through the software GraphPad PRISM 8.0. (GraphPad Software
Inc., San Diego, CA, U.S.A.) by one-way or two-way analyses of
variance (ANOVA), after excluding outliers (iterative Grubb’s method)
and testing the normality (Kolmogorov−Smirnov test). A level of
significance of p < 0.05 (minimum of 95% confidence interval) was
considered to appoint conditions as statistically significant. Statistically
significant values of interest are annotated in their respective graphs.

3. RESULTS

3.1. Material Synthesis and Characterization.
3.1.1. Modification Degree and Impact on Molecular Weight
Maintenance. The introduction of the acetal groups in both
LMW and HMW HA was confirmed by FTIR and 1H NMR
analysis (Figures S1 and S2). Degrees of modification (defined
as the percentage of modified disaccharide units) of 12 ± 3%,
and 5 ± 2% were determined for the LMW HA and the HMW
HA, respectively. A degree of methacrylation of 54 ± 2% was
calculated for GelMA by 1H NMR analysis. The molecular
weight of the HA precursors, before and after functionalization
(Acetal-HA), and after aldehyde deprotection (A-HA), was
evaluated by gel permeation chromatography (GPC) with a
refractive index and a light scattering (LS) detector at 90°. The
results, summarized in Table 2, indicate that the functionaliza-
tion process did partially break down the polymer both during
the introduction of the acetal and deprotection steps. The higher
degree of modification of LMW HA induces aggregation, as
observed in the LS detector (see SI Figure S3). Hence, the
apparent molecular weight and PDI of both acetal-HA and A-
HA are higher than the starting material. In any case, the GPC
analysis shows that the molecular weight of the HMW A-HA is
within the high molecular weight range and the LMW A-HA in
the low molecular weight range. In this sense the chemistry
selected serves for the purpose of comparing the angiogenicity vs

Table 1. List of primers used for the rt-PCR analysis

NCBI reference sequence gene product gene short name primer sequence product length [bp]

NM_000610.3 cluster of differentiation 44 CD44 CAGCACCATTTCAACCACACC 147
GCAGTGGTGCCATTTCTGTCT

NM_001142556.1 receptor for hyaluronic acid mediated motility RHAMM AAAGATGAGGGGTATGATGGCT 72
TCGAGACTCCTTTGGGTGAC

NM_001795.4 cadherin-5 CADH5 ATGAGATCGTGGTGGAAGCG 125
TGTGTACTTGGTCTGGGTGAAG

NM_002253.3 vascular endothelial growth factor receptor -2 KDR GAGGGGAACTGAAGACAGGC 144
GGCCAAGAGGCTTACCTAGC

NM_001256799.1 glyceraldehyde-3-phosphate dehydrogenase GAPDH GGGAGCCAAAAGGGTCATCA 198
GCATGGACTGTGGTCATGAGT

Table 2. GPC Analysis Results for HMW and LMW HA, in Unmodified, Acetal Functionalized, and Aldehyde Activated Statesa

sample Mn (kDa) Mw (kDa) PDI elution volume (RI/LS)

HA HMW (unmodified) 447b 463b 1.03 18.61/18.51
Acetal-HA HMW 234b 287b 1.22 20.16/19.71
A-HA HMW 212b 260b 1.22 20.47/19.91
HA LMW (unmodified) 2.3 3.9 1.60 25.5
Acetal-HA LMW 17c 123c 7.29 25.5/21.29
A-HA LMW 27.3c 122c 4.48 23.23/20.37

aMn represents the number average molecular weight, Mw the weight average molecular weight and PDI the polydispersity index (Mw/Mn).
bUnderestimation of the Mw by light scattering at 90 deg occurs.

cOverestimation due to aggregation due to hydrophobicity.
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high/low molecular weight HA. Additional details on GPC
analysis are presented in the SI.
3.2. Assessment of HA Surface Immobilization. The

success of the A-HA immobilization over amine-presenting
surfaces was assessed by surface plasmon resonance (SPR)
(Figure 1C). SPR curves confirmed that both LMW and HMW
A-HA immobilized onto the amine functionalized surface, with a
notable difference between the immobilization speed. For both
LMWA-HA and HMWA-HA the surface saturation was almost
reached after the first injection cycle (100 μL of 0.05 ng/mL).
Moreover, the bonding to the amine surface was irreversible as
observed by the nondissociation of the immobilizedHA after the
PBS washes. It was also observed that a higher mass of LMW A-
HA was bound to the surface than HMW A-HA.
The effect of HA conjugation on the surface mechanical

properties of GelMA hydrogels was assessed by atomic force

microscopy (AFM). The surface Young’s modulus obtained for
hydrated samples (Figure 1D) suggests that A-HA functional-
ization decreased the overall stiffness of GelMA hydrogels.
GelMA hydrogels present a Young’s modulus of 278.5± 36.1 Pa
and become softer as the molecular weight of A-HA increases
(268.4 ± 4.6 Pa and 204.5 ± 6.8 Pa for LMW and HMW,
respectively) (p < 0.0001).

3.3. In Vitro Evaluation of Human Umbilical Vein
Endothelial Cells (HUVECs) Response to the HA
Functionalization. 3.3.1. HUVEC Morphology, Viability,
and Proliferation. In order to assess the cell response to the
modified surfaces, HUVECs were seeded on top of GelMA
hydrogels or hydrogels functionalized with HMW A-HA or
LMW A-HA. Cell culture plastic surfaces were used as controls.
At day 1, HUVECs presented a rounded shape which is

consistent with their early stage of adherence. For the

Figure 2. (A) DAPI (blue) and phaloidin (red) stained micrographs of HUVECs seeded onto GelMA hydrogels functionalized with A-HA
formulations of LMW, HMW, or plain GelMA, cultured for 1, 3, 7, and 14 days. Scale bar measures 200 μm. (B) Confocal micrographs of HUVECs at
day 7 stained with DAPI (blue) phalloidin (green) and immunolabeled samples with CD44 (yellow) andCD31 (red). Scale bar measures 100 μm. (C)
dsDNA quantification and (D) metabolic activity normalized to dsDNA content for HUVECs seeded onto GelMA hydrogels, plain or functionalized
with HMW or LMW A-HA, after 1, 3, 7, and 14 days. Tissue culture polystyrene was used as positive control (PC); N = 3. Statistical differences are
represented in the graph for relevant parameters, with *p < 0.05, **p < 0.01, ****p < 0.0001.
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subsequent time points, cells showcased a more cobblestone

shape, characteristic of these ECs. Interestingly, the LMWA-HA

hydrogels generally present more cell clusters than their

counterparts (Figure 2A and 2B).

Cell metabolic activity and proliferation were also evaluated.

As depicted in Figure 2D, metabolic activity per cell increased

for all formulations over time, but was higher in LMW than in

the HMWand plain GelMA hydrogels at day 7. The evolution of

Figure 3. (A) Representative micrographs of phosphorilated ERK1/2 in HUVECs seeded onto LMW, HMW, and GelMA, after 7 days in culture. (B)
Gene expression analysis of HA binding and angiogenesis related markers CD44, KDR, CADH5, CD31, and RHAMM after 1,3 and 7 days of culture,
with data presented for the LMW, HMW, GelMA, and Positive Control (PC) conditions. Normalization was performed to GAPDH expression in
trypsinized HUVECs before seeding. ND (None detected) represents time points for which no template was amplified for a specific formulation.
Statistical differences are represented in the graphs as *p < 0.05 and **p < 0.01.
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cell proliferation (Figure 2C) during the first 7 days seems
similar for all conditions, characterized by a lower cell content in
all formulations, compared with the positive control, suggesting
impaired initial adhesion to the GelMA and A-HA function-
alized surfaces. However, at day 14, cell proliferation is increased
in the LMW A-HA surfaces with significant differences in
comparison with the HMW A-HA (p < 0.01) and with the plain
GelMA hydrogel (p < 0.0001).
3.3.2. HA-Mediated Phenotypic Response. To investigate

the HA-CD44 downstream signaling, the ERK1/2 pathway
activation was investigated (Figure 3A). It was observed a strong
phosphorylation of ERK1/2 in HUVECs growing in LMW HA
while almost no signal was detected for HMW HA and GelMA
formulations.
Figure 3B presents the results of the real time Polymerase

Chain Reaction (rtPCR) analysis conducted for CD44, CD31,
KDR, RHAMM, and CADH5 genes. The CD44 was overex-
pressed after 1 day in cells cultured on LMW A-HA
functionalized surfaces, returning to basal levels for increasing
culture times. Comparatively, the culture on polystyrene
coverslips in standard culture conditions (positive control;
PC) maintained a stable basal expression. Remarkably, no CD44
expression was detected in the HMW A-HA and GelMA
hydrogel formulations. A similar trend was observed for
RHAMM. CD31 expression increased in LMW and HMW A-
HA conditions in comparison to the PC at day 3 (p < 0.05).
CADH5 expression was unchanged regardless of the condition,
while the KDR expression increased in cells cultured on the
LMW A-HA hydrogels at day 3 and day 7.
The presence of important metalloproteinases for the initial

steps of angiogenesis, MMP-2 and MMP-9, was analyzed by
zymopgraphy (Figure 4) in the conditioned media of HUVECs
cultured over the tested formulations up to 14 days (see SI
Figure S7). MMP-2 expression in HMW A-HA functionalized
surfaces peaks around day 7 (p < 0.05), while in GelMA and
LMW A-HA formulations tended to increase up to14 days in
culture (Figure 4B). Regarding MMP-9 expression, it tended to
increase in all conditions beyond day 3, except for the LMW A-

HA, which showed a reduced expression after day 7 (p < 0.05)
(Figure 4C).

3.4. Assessment of the A-HA Functionalization Effect
in ECs Migration. CD31 and CD44 positive cells were
detected and analyzed on the surface of the hydrogels (Figure
5B). Side profiles enabled to visualize the infiltration of
HUVECs into the hydrogels (Figure 5C,D) and the migratory
distance was determined through a color quantification vs
surface distance plot. Results show that HUVEC (CD31+ cells)
infiltrate into the LMW A-HA hydrogel up to 200 μm in depth,
which was the maximum thickness of hydrogel herein analyzed.
For the other two conditions the maximum infiltration distance
was around 60 μm. As well, the highest level of diffusion for
CD44+ cells was observed in the LMW A-HA conditions.

3.5. Angiogenic Protein Profile of Cocultures Con-
ditioned Medium. Twenty angiogenic and antiangiogenic
proteins were identified in the conditioned media of hDPCs/
HUVECs cocultured in the different hydrogels’ formulations
(Figure 6). The A-HA functionalization strongly favor the
expression of amphiregulin (AREG), hepatocyte growth factor
(HGF), insulin-like growth factor-binding protein (IBP)-2 and
-3, pigment epithelium-derived factor (PEDF), metalloprotei-
nase inhibitor-1 (TIMP-1), and vascular endothelial growth
factor (VEGF). However, baseline signals of endoglin (ENG)
are only detected in cells laden in GelMA formulation (see SI
Figure S8), which also seems to favor the expression of
endothelin-1 (EDN1). Remarkably, the endostatin/collagen
XVIII (COLXVIII) is expressed in all the conditions except in
the LMW A-HA hydrogels.

4. DISCUSSION

This study aimed to explore the use of HA of different molecular
weights as a vascular trigger for TE constructs vascularization. In
order to nourish the tissue substitute and enable connection to
the vasculature of the patient, new vascular-like structures are to
be formed from a cascade of events, starting with the increase of
vascular permeability, to the degradation of the ECM and
culminating in the proliferation, migration, and organization of

Figure 4. Expression of metalloproteinases. (A) Zymogram of conditioned media collected at 1, 3, 7, and 14 days of culture of HUVECs onHMWHA
(H), LMW HA (L), GelMA (G), and polystyrene (PC). MMP-9 and MMP-2 positions are indicated. Relative expression of (B) MMP-2 and (C)
MMP-9, normalized to the expression in PC at day 1. Statistical differences are represented in the graph with *p < 0.05; **p < 0.01 and ****p < 0.0001.
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ECs.21,22 The ability to control or influence this mechanism is

critical for the success of generating functional tissue/organs

substitutes in TE applications.

LMW HA exogenous supplementation has been reported to
have a positive effect on attachment and proliferation of
tumorigenic or sound cell lines, conversely to HMW HA
supplementation.12,23,24 This response depends on the specific

Figure 5. (A) Representative three-dimensional projections of the hydrogels with cocultures of hDPCs and HUVECs after 7 days in culture. Surface
view of the cell laden hydrogels immunolabeled with CD44 (yellow) and CD31 (red) and counterstained with DAPI (blue) and phalloidin (green).
Side view projections of the cell-laden hydrogels, showing the distribution of (B) CD31 and (C) CD44 positive labeling. (D) Color quantification of
cell markers as a function of the distance to the sample surface.

Figure 6. Angiogenic and antiangiogenic proteins profile in conditioned medium obtained from hDPCs/HUVECs cocultures at day 7. (A) Proteins
detected by the human angiogenesis antibody array in the conditioned medium of cocultures cultured in hydrogels functionalized with LMW A-HA,
HMWA-HA, or plain (GelMA). (B) Histogram of mean pixel density in each spot. Numbers above each column set represent the protein spotted on
the membrane showed in (A).
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interaction of HA with cell receptors, such as CD44. While
HMW HA binds to the extracellular domain of HA binding
proteins in a polyvalent manner inducing CD44 clustering,23

HA oligomers interact with cell receptors in a monovalent
manner competing with native HA for CD44 binding, and
inhibiting CD44 clustering23 thus contributing to the onset of
distinct CD44 signaling pathways. While the HMW HA-CD44
interaction is anti-inflammatory and antiangiogenic; LMW HA-
CD44 (4−25 disaccharide units) is proangiogenic and stimulate
the expression of pro-inflammatory cytokines, chemokines, and
growth factors.25,26 However, the effects of HAmolecular weight
in triggering the angiogenesis of TE constructs are controversial.
In a recent study, Sapudom and co-workers reported that only
soluble LMW-HA promotes cell proliferation in a CD44
dependent manner unlike HMW-HA and LMW-HA immobi-
lized onto fibrillary collagen I scaffolds by 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC) cross-linking.12

Both the carboxylate oxygens of GlcUA7 and N-acetyl group of
GlcNAc6 from HA disaccharide are important for CD44-HA
binding.27 Moreover, the minimum effective unit for HA to
CD44 binding was determined to be a 6-mer; however, 8- to 12-
mers are more efficient competitors. Therefore, the extensive
HA modification by EDC cross-linking thought the carboxyl
groups,12 or methacrylation of the GlcNAc6 C6 primary
alcohol,28,29 impairs CD44-HA signaling.
Here, HA ligands were developed by inserting aldehyde

groups into the HA chain, allowing its association with amine-
functionalized surfaces through Schiff-base reaction.30 The
reaction of aldehydation by the acidic deprotection of acetal
protected aldehydes was chosen to overcome the over-break-
down or over-modification issues of the HA molecular chain
associated with other reported methods16,31 In our system, the
controlled degree of modification of 12% of the disaccharides of
the 20-mers LMW A-HA (i.e., 1.2 disaccharides per molecule in
average) generates unmodified ends with, at least, 10-mers after
immobilization, which was expected to preserve its physiological
activity. Although the process partially breaks down the polymer,
GPC results showed the molecular weight range was maintained
for both the acetal-HA form and the A-HA after the activation
process. The modification degree differences between Acetal-
LMW and Acetal-HMW-HA (12 and 5% respectively), are a
direct consequence of the steric hindrance of HA molecules,
which increases with molecular weight.32 In addition, for LMW
HA a much higher mobility in solution is expected, increasing
the probability of the diethyl acetal and HA molecules interact
and react.
Gelatin methacrylate hydrogels were chosen as the substrate

model for studying the A-HA functionalization, given the wide
applications of these hydrogels in TE.13,14 Moreover, gelatin is
rich in amines, from the lysine and hydroxilysine residues,33

making it ideal for the functionalization here developed.30

However, despite the GelMA hydrogels possess arginine-
glycine-aspartic acid (RGD) motifs for focal adhesion, typical
adhesion proteins like fibronectin are still missing inside the bulk
hydrogel and need to diffuse from themedia into the hydrogel to
exert their effects. This effect is reported throughout the
literature, for instance by,34 who showed that the adhesion and
overall biologic response of GelMA hydrogels was enhanced by
incorporation of the fibrinogen and growth factors-rich human
platelet lysate. In particular, the 5% GelMA hydrogels were
selected based on the evidence of low HUVECs adhesion and
proliferation when seeded onto these hydrogel formulations in
previous studies performed by Prof. Ali Kademhosseini group35.

The immobilization kinetics of the A-HA to amine-rich
surfaces was assessed by SPR. Our data confirmed not only that
A-HA of low and high MWwere able to adhere irreversibly over
surfaces presenting reactive amines, but also that they saturate
the surface within only a fewminutes. LMWHAbinding showed
itself to be considerably faster than HMWHA and to promote a
higher mass deposition than the HMWHA. This can be related
both with the degree of modification of the LMW HA which is
higher than that of the HMW HA, therefore having a faster
reaction with the amines in the surface, and the higher strict
hindrance of HMW HA to additional HA molecules to link to
the surface, forming thicker but less dense layers.36,37

The values of Young’s modulus obtained for plain GelMA
(278.5 ± 36.1 Pa) and LMW A-HA (268.4 ± 4.6 Pa) hydrogels
were in the range of similarly produced hydrogels.38 However,
the linkage of HA with different molecular weights to the surface
of GelMA hydrogel influenced the mechanical properties of the
hydrogels’ surface. As for the HMW A-HA (204.5 ± 6.8 Pa)
functionalized surfaces, results showed an overall decrease in
Young’s modulus compared to GelMA hydrogels (p < 0.05).
These values were justified by other authors on the high capacity
of HA to adsorb and retain water and form swelled layers.36 The
specific differences between LMW and HMW are consistent
with other reports, in which the decrease in stiffness is sharper
for HMW than for LMW adsorbed surfaces.37−39 Additionally,
the stiffness depends on the cross-linking degree of the
polymeric matrices.40 Therefore, the lower stiffness of the
HMW A-HA functionalized hydrogels can also be a direct
consequence of its lower modification degree.
Initial HUVECs adhesion and proliferation to the GelMA and

HA functionalized hydrogels was impaired, as anticipated.35

Significant differences in terms of cell number were only
observed after 14 days in culture in the LMW-HA functionalized
surfaces, suggesting that the physiological role of LMWHA was
preserved. LMW HA-CD44 binding initiates tyrosine phos-
phorylation of Src, FAK, and ERK1/2, upregulating the
expression of c-jun and c-fos, thus modulating cell adhesion,
proliferation, and motility.23,41,42 Herein, a strong phosphor-
ylation of ERK1/2 in HUVECs growing in LMW HA was
observed (Figure 4A), while almost no signal was detected for
HMW HA and GelMA formulations, as previously reported for
LMW HA and HMW HA supplementation to HUVECs.8,23

The CD44-ERK1/2 activation by LMW HA functionalized
surfaces enhanced the expression of the angiogenesis related
genes CD44, CD31, and KDR (Figure 4B), and peaked the
HUVECs metabolic activity around day 7 (Figure 3A). CD31/
PECAM-1 codes for a trans-membrane protein highly expressed
at endothelial cell−cell junctions. It functions as an adhesive
stress-response protein which contributes to maintain ECs
junctional integrity,43 as observed in Figure 3C. Moreover, the
KDR or VEFR2 is a tyrosine-protein kinase, acting as a cell-
surface receptor for VEGFA, and is fundamental in the
regulation of angiogenesis, vascular development, vascular
permeability, and embryonic hematopoiesis.44

MMPs expression was also assessed given their importance in
the overall process of angiogenesis, actively remodeling ECM,
creating space for ECs to migrate and sprout, and modulating
the bioavailability and function of several angiogenic factors
namely TGF-β45 and VEGF.46,47 Here, we found that MMP-2
and MMP-9 expression along the time in culture is also HA
molecular weight dependent. While MMP-2 expression
increased only for HUVECs seeded on LMW HA and GelMA
substrates, the MMP-9 expression increased sustainably over-

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.1c00291
ACS Appl. Bio Mater. 2021, 4, 6023−6035

6031



time in all the conditions, except for LMW HA functionalized
surfaces, in which a lower expression was observed from day 7
on. MMP-2 and MMP-9 have been described to have
antagonistic effects in angiogenesis. For instance, in corneal
vascularization, MMP-2 activity is higher in neovascularization
and mainly localized in ECs infiltrating areas.48 Conversely,
MMP-9 is prominently expressed at the border of regenerating
corneal epithelium in areas with epithelial wounding but was not
detected in the vascularized stroma,49 and is involved in the
generation of molecular inhibitors of angiogenesis.49,50

The angiogenic effect of LMW HA functionalization in a
potential TE application was also assessed using a coculture
system. Mesenchymal stem cells (MSCs) have the potency to
promote angiogenesis via paracrine activity.51,52 The hDPCs, a
MSCs-like cell population isolated from the dental pulp, were
described to release the proangiogenic factors; VEGF and
HGF.53 However, when encapsulated into hydrogels or
scaffolds, they usually fail to induce vascularization, unless
external angiogenic factors are provided.54 Thus, in this study,
we assessed whether potentiating the proangiogenic phenotype
in HUVECs, the LMW-HA immobilization would foster the
vascularization of TE constructs and promote the paracrine
communication between ECs and MSCs, together with the
empowerment of the proangiogenic phenotype in HUVECs.
As previously shown by us,54 hDPCs encapsulated into

hydrogels facilitated the ingrowth of the ECs under angiogenic
conditions as observed, herein, in the LMW HA functionalized
constructs. Actually, other works have reported the facilitation of
tube formation and maturation by HUVECs in vitro by hDPCs,
which act as pericytes.55

The analysis of angiogenic and antiangiogenic proteins in the
conditioned medium of hDPCs/HUVECs cultured for 7 days
showed that HA functionalization induces the release of VEGF,
but not in the plain GelMA or HUVECs cultured in standard
conditions (SI Figure S8), suggesting a hDPCs origin. VEGF is a
major player in angiogenesis. The VEGF-KDR interaction
induces a tyrosine kinases signaling pathway that stimulates
proliferation, migration, and production of several factors in
ECs.56 The synergistic effect of VEGF and CD44-mediated
activation of ERK1/2 may justify the deep infiltration of
HUVECs into the LMW HA functionalized hydrogels
encapsulated with hDPCs.
Breaking down some of the proteins detected, the presence of

ANG-2 is also distinctive in all three formulations. This growth
factor is generated bymetalloproteinase cleavage, namelyMMP-
9,43,49 of the circulating plasminogen. It is a competitor of ANG-
1, and, in the absence of angiogenic inducers, such as VEGF,may
lead to loosening of ECs-matrix contacts and eventual cell
apoptosis. However, when in action with VEGF, it may enable
ECs migration and proliferation, serving as an angiogenic
signal.57 As mentioned before, VEGF was only identified in HA
functionalized samples, suggesting that the complementary
action with ANG-2 may only exist in the presence of HA. AREG
expression also seems to be HA dependent. This is a ligand of
the EGF receptor and is connected with mitogenic events.58

HGF is a growth factor secreted by hDPCs53 that was only
expressed in the HA functionalized formulations. It is involved
in the transduction of signals from the ECM to the cytoplasm by
binding to the HGF ligand. Besides, it regulates processes like
proliferation and ECs morphogenesis.59 IBP-3 release seems to
be linked to HA functionalization as well. This protein is one of
six high affinity IGF binding proteins, that has been reported to
enhance cell motility and inhibiting apoptosis in HUVECs by

activation of the sphingosine kinase (SphK) pathway.60 This
activation, as well as the IGF binding has been shown to
promote angiogenesis and positively regulate expression of other
proangiogenic molecules.61 PEDF, or Serpin, whose expression
can be found in the HA functionalized hydrogels, seems to be an
antiangiogenic factor, inhibiting VEGF and HGF activity.
However, PEDF action is very complex, depending on the
differential phosphorylation, and some forms have been
reported to neutralize the antiangiogenic activity.62 Further
clarification on this topic is needed to draw more specific
conclusions. Interestingly, HA molecular weight dependent
differences are found on endostatin, which is a fragment of
COLXVIII generated byMMP-9 cleavage, but not byMMP-2.50

Therefore, as anticipated by zymogram analysis, endostatin was
detected only for the HMW HA and GelMA samples, being
absent in the LMWHA formulation. Studies have linked it to the
inhibition of ECs proliferation and angiogenesis by blocking
VEGF interaction with its receptor, KDR, and therefore
constraining its pathways.63 Generally speaking, the results
extrapolated from the protein release profiles were consistent
with the previous findings, with several of the identified proteins
in the HA functionalized formulations, particularly of LMW,
being linked with pro-angiogenesis mechanisms.
Overall, we were able to ascertain that LMW and HMW HA

immobilization in fact influences EC behavior at different levels.
LMW A-HA functionalized hydrogels were able to increase EC
proliferation, metabolic activity, and migration. Moreover,
LMW A-HA functionalization activates CD44/ERK1/2 signal-
ing, MMP expression and promotes a pro-angiogenic paracrine
signaling in HUVEC/hDPC cocultures. In this sense, this
particular HA functionalization can be advantageous in several
TE applications as a pro-angiogenesis cue, increasing the
vascularization potential of other materials or systems.

5. CONCLUSIONS

The influence of HA molecular weight on the angiogenesis
process has been the target of several studies with controversial
results. This work reports on the successful development of a
system consisting of an HA immobilization strategy onto a
hydrogel substrate that showed an overall improvement of
HUVEC performance, which worked as an angiogenesis
inducer.
The application of LMW A-HA functionalization in other

materials to stimulate angiogenic responses may contribute to
improved TE and regenerative medicine strategies and assist a
biocompatible solution to address the ever-present vasculariza-
tion issue in engineering large functional tissue substitutes.
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057, Portugal; orcid.org/0000-0002-9197-0138

Jeroen Rouwkema − Department of Biomechanical
Engineering, Faculty of Engineering Technology, University of
Twente, 7500 AE Enschede, The Netherlands; orcid.org/
0000-0001-9666-9064

Rui L. Reis− 3B’s Research Group, I3Bs− Research Institute on
Biomaterials, Biodegradables and Biomimetics, University of

Minho, Headquarters of the European Institute of Excellence
on Tissue Engineering and Regenerative Medicine, 4805-017
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CD44, cluster of differentiation 44
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ERK, extracellular regulated kinases
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GelMA, gelatin methacrylate
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HA, hyaluronic acid
hDPCs, human dental pulp cells
HMW, high molecular weight
HUVECs, human umbilical vein endothelial cells
IBP, insulin-like growth factor-binding protein
KDR, kinase insert domain receptor
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LMW, low molecular weight
LS, light scattering
MMP, metalloproteinase
Mw, molecular weight
NMR, nuclear magnetic resonance
PBS, phosphate buffered saline
PDI, polydispersity index
PDMS, polydimethylsiloxane
PECAM-1, platelet endothelial cell adhesion molecule
PEDF, pigment epithelium-derived factor
RHAMM, receptor for hyaluronan mediated motility
RI, refraction index
RNA, ribonucleic acid
rtPCR, real time polymerase chain reaction
SDS, sodium dodecyl sulfate
SphK, sphingosine kinase
SPR, surface plasmon resonance
TE, tissue engineering
TEMPO, (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl or
(2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl
TGF, transforming growth factor
TIMP-1, metalloproteinase inhibitor-1
UV, ultraviolet
VEGF, vascular endothelial growth factor
VEGFR2, VEGF receptor 2
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