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Phototuning of Hyaluronic-Acid-Based Hydrogel Properties
to Control Network Formation in Human Vascular

Endothelial Cells

Kelum Chamara Manoj Lakmal Elvitigala, Lakshmi Mohan, Wildan Mubarok,

and Shinji Sakai*

In vitro network formation by endothelial cells serves as a fundamental model
for studies aimed at understanding angiogenesis. The morphogenesis of
these cells to form a network is intricately regulated by the mechanical and
biochemical properties of the extracellular matrix. Here the effects of
modulating these properties in hydrogels derived from phenolated hyaluronic
acid (HA-Ph) and phenolated gelatin (Gelatin-Ph) are presented. Visible-light
irradiation in the presence of tris(2,2’-bipyridyl)ruthenium(ll) chloride
hexahydrate and sodium persulfate induces the crosslinking of these
polymers, thereby forming a hydrogel and degrading HA-Ph. Human vascular
endothelial cells form networks on the hydrogel prepared by visible-light
irradiation for 45 min (42 W cm~2 at 450 nm) but not on the hydrogels
prepared by irradiation for 15, 30, or 60 min. The irradiation time-dependent
degradation of HA-Ph and the changes in the mechanical stiffness of the
hydrogels, coupled with the expressions of RhoA and -actin genes and CD44
receptors in the cells, reveal that the network formation is synergistically
influenced by the hydrogel stiffness and HA-Ph degradation. These findings
highlight the potential of tailoring HA-based hydrogel properties to modulate
human vascular endothelial cell responses, which is critical for advancing

1. Introduction

Understanding the formation of network-
like structures of human umbilical vein en-
dothelial cells (HUVECsS) is crucial for ad-
vancing the knowledge of angiogenesis and
its role in various physiological and patho-
logical conditions. This process is necessary
for the formation of complex networks of
blood vessels and capillaries and plays a cru-
cial role in wound healing, tissue regener-
ation, and embryonic development. There-
fore, exploring the mechanisms of network-
like structure formation in vivo and in vitro
has become an important area of research
in tissue engineering. Kubota et al. first
demonstrated in vitro network-like struc-
ture formation using a collagen-based gel
infused with basement membrane compo-
nents to determine the role of signals re-
sponsible for the morphological differenti-
ation of endothelial cells and network-like

their application in vascular tissue engineering.
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structure formation.l'! Recently, hydrogels
have emerged as the preferred platform for
in vitro angiogenesis, where the polymers
used to prepare them are chemically modified to govern both in
vitro and in vivo angiogenesis. Although the formation of HU-
VEC network-like structures is well understood, certain unex-
plored aspects are being examined using other in vitro models.
Hydrogels have great potential in tissue engineering and re-
generative medicine because of their outstanding properties, in-
cluding their tunable mechanical properties, biocompatibility,
and impact on cellular behavior, which is similar to that of the na-
tive extracellular matrix (ECM).[23] This study focused on modu-
lating the physicochemical properties of hydrogels, such as their
stiffness and polymer degradation, to elicit their effects on the
network-like structure formation of HUVECs. Natural polymers,
such as hyaluronic acid (HA), gelatin, and alginate,!*° are widely
used to design hydrogels as promising biomimetic materials.!”~!
Alginate is widely utilized owing to its biocompatibility and gela-
tion properties, which are ideal for 3D bioprinting and tissue
engineering.l’! Meanwhile, HA and gelatin, the major elements
of the basement membrane, have been increasingly employed
to fabricate biomaterials because of their biocompatibility,'%!
biodegradability, and ability to influence cell behavior, includ-
ing angiogenesis.l''12] However, HA alone does not promote

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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cellular adhesion; therefore, it must be combined with mate-
rials such as gelatin to promote cellular adhesion through the
arginine—glycine-aspartic acids (RGD) sequence, and various
studies have shown the usefulness of combining HA and gelatin
to fabricate biomaterials. In particular, RGD enhances vascular
endothelial growth factor (VEGF)-mediated angiogenesis in HA
hydrogels by promoting rat sarcoma virus (RAS) pathway activa-
tion, a key step for endothelial cell proliferation, migration, and
morphogenesis.['>1*l Moreover, the enzymatic responsiveness to
matrix metalloproteinases (MMPs) is pivotal, allowing HA-based
hydrogels to mimic the dynamic ECM, facilitating cell migration
essential for vascular morphogenesis.[1>-17]

In addition, the molecular weight of HA, which can be
modified by external conditions such as the physical proper-
ties of the surrounding biomaterials, can substantially dictate
cell response.['®! High-molecular-weight HA (HMWHA) affects
cell adhesion and proliferation,[*) whereas low-molecular-weight
HA (LMWHA), typically found in degraded ECM, tends to in-
hibit these processes!?’! and instead enhances the network-like
structure formation of HUVECs. These effects are primarily me-
diated by cell surface receptors for HA, such as CD44.12021] The
interaction between CD44 receptors and HA of different molec-
ular weights results in distinct cellular functions. Specifically,
LMWHA fragments play a crucial role in F-actin formation by
activating specific signaling pathways.['®] Consequently, F-actin
formation induced by LMWHA is a critical factor in regulating
the formation of network-like HUVEC structures. Therefore, the
controlled degradation of HA during hydrogel preparation, par-
ticularly into low-molecular-weight fragments, is important for
optimizing the hydrogel properties for vascular tissue engineer-
ing.

In our previous studies, we crosslinked phenolated HA
(HA-Ph) and phenolated gelatin (Gelatin-Ph) molecules, respec-
tively, with the aid of horseradish peroxidase/hydrogen peroxide
(HRP/H,0,) to control the physicochemical properties of the
resultant hydrogel.??2*! In HRP-catalyzed gelation, H,0, is
used as an electron donor to crosslink phenol (—Ph) groups.
Apart from inducing gelation, H,0, is known to cleave the
glycosidic bonds of HA through oxidative degradation, which
enhances the network-like structure formation of HUVECs
on the hydrogel.??2* In this study, a photo-crosslinking pro-
cess was employed to investigate the correlation between the
oxidative degradation of HA and the mechanical properties
of the hydrogel by evaluating the formation of network-like
structure of HUVECs. Typically, the photopolymerization pro-
cess involves grafting photolabile functional moieties, such as
methacryloyl, phenol, or styrene, onto the polymer backbone.
Among various photolabile candidates, polymer chains modi-
fied with phenol are promising as biomaterials, because their
physical properties can be tuned for diverse tissue engineer-
ing applications. Therefore, in this study, HA modified with
tyramine (Figure Sla, Supporting Information) and gelatin
modified with 3-(4-hydroxyphenyl)propionic acid (Figure S1b,
Supporting Information) were used to prepare composite
hydrogels.

To date, various photoinitiators have been used to crosslink
chemically modified polymers. Previously, our group reported
the visible-light-mediated crosslinking of various biomaterials,
including sugar beet pectin that naturally possessed phenol, ]
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as well as Alginate-Ph, HA-Ph, and Gelatin-Ph in which tris(2,2’-
bipyridyl)ruthenium(II) chloride hexahydrate ([Ru(bpy);]**) was
employed as the photoinitiator because of its biocompatibility
with living tissues and its ability to initiate crosslinking in a
controlled manner without requiring UV light, which can be
harmful to cells. When exposed to visible light, HA-Ph and
Gelatin-Ph crosslink via radical polymerization in the presence
of [Ru(bpy);]** and sodium persulfate (SPS). The crosslinking
mechanism of the phenolic moieties can be summarized as fol-
lows: [Ru(bpy);]*" molecules absorb photons and dissociate SPS
into radicals, which then propagate through the phenolic groups,
thereby crosslinking the polymer chains by covalently bonding
the phenolic moieties in different polymer chains. The novelty
of this study lies in the development of an HA-Ph-based hydro-
gel system by harnessing the power of photo-crosslinking to pre-
cisely control the stiffness and oxidative degradation rates of the
HA-Ph units. SPS and [Ru(bpy);]*" are typically used not only
to initiate the crosslinking of polymeric chains by forming SPS
radicals but also to contribute to the breakdown of the HA-Ph
chains via the oxidative cleavage of glycosidic bonds, leading to
a delicate balance between crosslinking and HA-Ph degradation,
as illustrated in Scheme 1. This balance dictates the overall prop-
erties of the hydrogel and subsequently influences the HUVECs’
behavior. Previous work by Tzoneva et al. demonstrated the an-
giogenic potential of endothelial cells in gelatin-based hydrogels
through the controlled release of growth factors,2°) while Wang
et al. highlighted the benefits of co-delivering growth factors in
gelatin hydrogels for enhanced angiogenesis.!?’] Yee et al. further
explored the stimulation of hyaluronidase in endothelial colony-
forming cells via HA-specific receptors, underscoring the impor-
tance of HA in vascular network formation.!?8] Our study expands
on these foundational discoveries by focusing on the generation
of LMWHA during hydrogel fabrication, which we have identi-
fied as a critical factor in inducing network formation and pro-
viding mechanical support for angiogenesis. By offering a sub-
strate that combines both biochemical cues and mechanical prop-
erties, our work not only bridges existing gaps but also introduces
a comprehensive approach to facilitating angiogenesis, setting a
new benchmark for research in tissue engineering and regener-
ative medicine.

2. Results and Discussion

2.1. Effect of Light Irradiation on Polymer Degradation and
Crosslinking

First, the effect of visible-light irradiation on the molecu-
lar weight of the sodium salt of HA (Na-HA) was assessed.
Figure 1a,b reveals that HA treated with the SPS/[Ru(bpy);]** sys-
tem induced the degradation of HA, as evidenced by a decrease in
its viscosity and average molecular weight. As the irradiation time
increased, the HA degradation increased because more SPS rad-
icals formed. Reactive oxygen species are known to degrade HA
by cleaving the glycosidic bonds between the monomeric units of
the HA backbone.[?*30] As shown in Figure 1a, light irradiation
time-dependent degradation of Na-HA indicated by decrease in
the viscosity of Na-HA solution with increasing light irradiation
time. After 15 min of irradiation, the molecular weight of HA
decreased from 515 to 417 kDa (Figure 1b). The formation of low-
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Scheme 1. Schematic illustration of the contradictory impact of SPS on the formation of HA-Ph/Gelatin-Ph hydrogels and the degradation of the
crosslinked polymer under visible-light irradiation (450 nm) in the presence of a photoinitiator, [Ru(bpy);]**.

molecular-weight fragments increased after 45 min, although
the decrease in the average molecular weight of HA was small
(Figure 1c). After 60 min, the average molecular weight reached
the lowest value of 132 kDa, which was 3.9 times lower than that
of nonirradiated HA. Control experiments assessing HA degra-
dation with only light irradiation or SPS treatment alone revealed

(a)

—_—
(=2
o

no significant change in the viscosity and polymer degradation,
confirming that the observed HA degradation was specifically
mediated by the combined action of light irradiation and the
SPS/[Ru(bpy),]** system (Figures S3 and S4, Supporting Infor-
mation). Therefore, the SPS/[Ru(bpy);]** system is suitable for
degrading HA into fragments with a range of molecular weights
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Figure 1. Effect of visible-light irradiation (42 W cm™2 at 450 nm) time on the a) viscosity of PBS containing 2 mm SPS, 2 mm [Ru(bpy);]**, and
Na-HA (2% w/v), b) average molecular weight of Na-HA, c) molecular weight distribution of Na-HA, d) Young’s modulus (n = 5) of the HA-Ph/Gelatin-
Ph hydrogel, and e) diphenol formation in the HA-Ph/Gelatin-Ph hydrogel, f) enzymatic degradation (n = 3). Bar: standard error, *p < 0.05, n.s.: no
significant difference (p > 0.05), Tukey’s honestly significant difference (HSD).
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simply by changing the visible-light irradiation time (450 nm,
42 W cm™2).

Next, the mechanical properties of the HA-Ph/Gelatin-Ph
composite hydrogels prepared through 15-60 min of light ir-
radiation were analyzed. As depicted in Figure 1d, increasing
the irradiation time of the HA-Ph/Gelatin-Ph mixture added
with SPS/[Ru(bpy);]** from 15 to 30 min significantly increased
Young’s modulus from 1.5 + 0.1 to 2.1 + 0.2 kPa. However, it
decreased from 2.2 + 0.2 to 1.4 + 0.1 kPa upon further increas-
ing the exposure time from 45 to 60 min. As light irradiation in-
creases, more free radicals are produced by the reaction with SPS,
leading to a more robust crosslinked polymer network and thus a
stiffer hydrogel. Upon extending the irradiation time to 60 min,
however, the hydrogel stiffness decreases because of the signifi-
cant fragmentation of HA units in the hydrogel. In summary, the
HA degradation and hydrogel stiffness analyses indicate that the
polymer degradation increases with increasing irradiation time,
and the hydrogel stiffness reaches a maximum value and then
decreases.

The hydrogel stiffness is maximized upon the optimal frag-
mentation of HA-Ph during the polymer degradation process.
Further, the HA-Ph fragmentation increases with prolonged light
irradiation time (Figure 1c), resulting in excessive degradation
that decreased stiffness (Figure 1d). To further clarify these phe-
nomena, the change in the degree of crosslinking between HA-
Ph and Gelatin-Ph with the irradiation time was analyzed using
a fluorescence-based method. As shown in Figure 1e, the for-
mation of diphenol linkages increased as irradiation was pro-
longed from 15 to 60 min because an increased number of
[Ru(bpy),]** molecules were photoexcited, resulting in greater
crosslinking of the two polymers. Next, the degradability of the
HA-Ph/Gelatin-Ph hydrogel was evaluated by measuring the
time required to completely degrade the hydrogel after being
treated hyaluronidase and collagenase (Figure 1f; Figure S5, Sup-
porting Information). Consistent with their highest stiffness, the
hydrogels obtained by irradiation for 30 and 45 min required the
longest times to be degraded (148 and 131 min, respectively), in
contrast with the softer hydrogels obtained by 15 and 60 min of
light irradiation. Meanwhile, none of the hydrogels obtained by
15-60 min of irradiation degraded after 7 days of immersion in a
cell culture medium that did not contain hyaluronidase or colla-
genase. Our preliminary studies also confirmed that adding 0.1
w/v% Gelatin-Ph did not significantly impact the hydrogel me-
chanical properties.

2.2. Cell Adhesion and Cell Morphology on the Hydrogel

Understanding the importance of the mechanochemical-
property-dependent cell adhesion could reveal the correlation
between cellular adhesiveness and the dynamics of the angio-
genic behavior of the HUEhT-1 cells (HUVECs immortalized by
the electroporation of pIRES-hTERT-hygr). Cell behaviors, such
as proliferation, differentiation, and morphology, depend on the
physicochemical properties of the substrate.?'34 As discussed
in the previous section, HA-Ph/Gelatin-Ph composite hydrogels
with distinct HA-Ph degradation rates and mechanical proper-
ties were first produced by modulating visible-light exposure at
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450 nm during hydrogel fabrication. Then, the HUEhT-1 cells
were cultured on the hydrogels to investigate the effects of their
physicochemical properties on the cell morphology, which is an
important factor in the promotion or inhibition of angiogenesis.
Our findings revealed that the HUEhT-1 cell morphology pa-
rameters, particularly the adhesion area and aspect ratio, were
significantly influenced by the physicochemical properties of
the hydrogel. For the adhesion area, which is the surface area
of the substrate covered by cells, significant differences were
observed across the hydrogels irradiated for different durations.
The hydrogels prepared by 30 and 45 min of irradiation showed
the highest average adhesion areas of 4462 and 4373 pm?,
respectively (Figure 2a,b), with no significant difference between
them. These values are 39% and 23% larger than those of the
hydrogels irradiated for 15 and 60 min, respectively; specifically,
their adhesion areas were 2740 and 3386 um?, respectively.
Notably, the cell adhesion areas on the hydrogels were lower
than those of the cells cultured directly in the dish (4999 um?).

In terms of the aspect ratio, which is a measure of cell elonga-
tion and spread on the hydrogel, a steady increase was observed
with increasing irradiation time. The lowest aspect ratio of 1.7
was observed in the hydrogel irradiated for 15 min (Figure 2c),
and it increased to 2.0, 3.5, and 5.5 (the highest ratio) for the hy-
drogels irradiated for 30, 45, and 60 min, respectively. These re-
sults suggest that the cells spread to a greater extent and become
more elongated on the hydrogels prepared with longer irradiation
times (Figure 2).

The small adhesion areas of cells on hydrogels with low stiff-
ness are consistent with those observed in our previous studies,
wherein HUVECs were circular with a small cell adhesion area
on substrates with low stiffness.[?*] In addition to the influence
of the stiffness of the ECM, the relationship between the cells
and ECM materials can influence the cell behavior. According
to previous reports, interactions with low-molecular-weight frag-
ments can induce cell elongation.?!l In our earlier study, we ob-
served the same trend with HUVECs and mouse mammary cells
cultured on a composite hydrogel (HA-Ph/Gelatin-Ph), in which
the cells elongated more in a hydrogel with a higher amount
of the LMWHA-Ph fragments.[?*! Moreover, the interaction be-
tween the LMWHA-Ph fragments and HA receptors, such as
CD44 and RHAMM, causes the epithelial-mesenchymal transi-
tion (EMT), which is the reprogramming of the epithelial cells
into mesenchymal ones.3°] A recent study by Jariyal et al. re-
vealed that LMWHA induces EMT in MCF-7 and MDA-MB-231
cells.®%] Therefore, changes in the aspect ratio of the HUEhT-1
cells cultured in hydrogels prepared with increasing irradiation
time can be attributed to both the changes in the substrate stiff-
ness and interactions with the LMWHA-Ph fragments being gen-
erated by SPS-mediated degradation.

Exploring cell adhesion dynamics is crucial for understanding
HUEIT-1 network formation. As described above, hydrogels
irradiated for 30 and 45 min showed the largest average adhesion
areas, indicating increased cell spreading. However, the transi-
tion from cell spreading to network formation depends on not
only the adhesion area but also the cell aspect ratio and the pres-
ence of LMWHA-Ph fragments. The aspect ratio suggests more
pronounced cell elongation in hydrogels irradiated for longer
times. In particular, although both the 30 and 45 min conditions
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Figure 2. Effect of visible-light irradiation time during hydrogel preparation on the HUEhT-1 cell morphology after 2 days of culture. a) Fluorescence
micrographs of the HUEhT-1 cells on hydrogels stained with Calcein-AM. Scale bars: 100 um. b) Adhesion area and c) aspect ratio of the cells on the
hydrogels produced through light irradiation for different durations. Bar: standard error (n= 50). a—c) The dashed lines represent the results of cells
cultured in a dish. “p <0.05, n.s.: no significant difference (p > 0.05), Tukey HSD.

promoted cell spreading, the presence of more LMWHA-Ph
fragments in the 45 min irradiated hydrogels may be critical
in facilitating network formation. These fragments, which are
known to interact with HA receptors such as CD44, may induce
signaling pathways that support not only cell elongation but
also the organization of these elongated cells into network-like
structures.

2.3. Network-like Structure Formation

The dependence of the network-like structure formation of
HUET-1 cells on the visible-light irradiation time of the hydro-
gel was investigated to further explore the endothelial cell behav-
ior. The HUEIT-1 cells formed a network-like structure on the
HA-Ph/Gelatin-Ph hydrogel prepared by 45 min of irradiation
(Figure 3; Video S1, Supporting Information). HUEhT-1 cells
formed a complete network-like structure within 16 h, as shown
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in Figure 3, which became unstable and disintegrated after 24 h.
According to Califano and Reinhart-King,*”) substrate mechan-
ics and matrix chemistry play vital roles in endothelial cell net-
work assembly. The authors reported that soft substrates (0.2—
1 kPa) do not promote network formation of endothelial cells,
but stiffer substrates (2.5-10 kPa) do.*”! Consistent with a pre-
vious study in which the stiffness was in the same range, the
hydrogel prepared with 45 min of light irradiation presented a
more robust network-like structure of HUEhT-1 cells than the
soft hydrogels obtained by 15 and 60 min of light irradiation
(Figure 3). Interestingly, the hydrogel obtained after 60 min of
light irradiation also supported some network-like structure for-
mation of the HUEAT-1 cells, although it was less distinct than
that obtained in the hydrogel formed through 45 min of irradia-
tion (Figure 3). These results indicate that the combined effect
of the mechanical properties of the hydrogel and the amount
of LMWHA-Ph fragments generated through the degradation of
HA-Ph by SPS in the hydrogel irradiated for 45 min caused the
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Figure 3. Effect of the visible-light irradiation time on HUEhT-1 cell network formation on HA-Ph/Gelatin-Ph hydrogels obtained through 15-60 min of
visible-light irradiation, observed on 4, 8, and 16 h of culture. Scale bar: 100 um (see Video S1 in the Supporting Information).

formation of a network-like structure of the HUEhT-1 cells. The
greater amount of HA-Ph fragments generated during 45 min of
irradiation might induce the formation of a more robust network-
like structure of the HUET-1 cells compared with that achieved
with the hydrogel irradiated for 30 min, although both the hy-
drogels had nearly the same stiffness. In our study, network for-
mation was optimized at a hydrogel stiffness of 2.2 kPa, filling
a crucial gap in the understanding of the effects of matrix stiff-
ness, as outlined by Frye etal.,['”) Alderfer et al.,*8] Hanjaya-Putra
etal., 3% and Ingber.*"] Collectively, these studies span a range of
stiffness values and highlight the importance of mechanical cues
in vascular and lymphatic morphogenesis, from promoting cell
elongation and sprouting to facilitating attachment and spread-
ing. Considering the stiffness values reported by Hanjaya-Putra
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etal.,3? which highlight the influence of substrate mechanics on

endothelial progenitor cell tubulogenesis across a range of stiff-
ness from soft (10 Pa) to rigid (650 Pa) matrices, our optimal stiff-
ness of ~2.2 kPa represent an advance beyond this range. Sim-
ilarly, Alderfer et al.®®] reported that stiffness values of ~30 Pa
were optimal for lymphatic tube formation, which would under-
score the importance of this stiffness range in both vascular and
lymphatic endothelial biology and provide a comprehensive un-
derstanding of the role of the mechanical environment in both
hemangiogenesis and lymph angiogenesis.

A possible mechanism for the network formation of the
HUEAT-1 cells on the hydrogel obtained with 45 min of light irra-
diation could be explained by the interactions of the LMWHA-Ph
fragments in the hydrogel with CD44 and RHAMM receptors,

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

35UB017 SUOWILIOD BATER.ID) 3|qedl(dde oLy Aq peussnoB a1 a1 YO 88N J0'S3INI 0 AZIG1TUIUO ABIA UO (SUO1IPUOD-PL-SULBYWIOD" A3 1 AR2Ac][BU|UO//SaNY) SUONIPUOD) PUE SWLS 1 3U1 89S [120Z/90/0€] U AXeiq1 8UIIUO AB1IA *AISIBAIIN BXESO Ad 28/E0EZ02 WUPR/Z0OT OT/10p/ioo" A3 1 A1q|1[pul U0/ Wo1 Papeolumoq ‘0 ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

(a) 15 min

45 min

40000

0 H
60

15 30 45
Irradiation time (min)

(b)
160000
8 "
2> ’f——]ﬁ
j
£ 120000 »
T T
5 -I- n.s. >
2 . )
I
5= -
&3 80000 - + £
£8 3
= (&)
g
w
]
o
S
g
<

www.advhealthmat.de

Dish

F-actin / nucleus

15 min 45 min

Dish w30 min 60 min

101 102 103 104 10° 106 107
CD44 APC

Figure 4. F-actin formation in HUEhT-1 cells cultured on HA-Ph/Gelatin-Ph hydrogels obtained through irradiation for 15, 30, 45, and 60 min. a)
Fluorescence microscopic images obtained by a fluorescence microscope and b) integrated density of the F-actin in HUEhT-1 cells cultured in a dish
(dashed line) and on different hydrogels. c) Flow cytometry histogram of allophycocyanin (APC) in cells cultured on each hydrogel and dish. Scale bars:
100 um. Bar: standard error (n = 50 cells). *p < 0.05, **p < 0.005, n.s.: no significant difference (p > 0.05), Tukey HSD.

which promote network-like structure formation, as reported
earlier.[?”*!] These receptors induce the formation of network-like
structures of the HUEhT-1 cells through distinct pathways. The
interaction between HA with CD44 could activate y-adduct for-
mation, while that between HA and RHAMM induces AP-1 bind-
ing to the RHAMM promoter, thereby inducing the network-like
structure formation of the cells.[*243]

2.4. Role of F-actin and CD44

F-actin formation during network formation is crucial for the es-
tablishment and maintenance of the network structure. A previ-
ous study by Choi et al. reported the importance of F-actin ex-
pression and assembly in promoting endothelial cell migration
and angiogenesis.[*l Other studies have also demonstrated that
cytoskeletal reorganization, which is the primary step in angio-
genesis, is critical for the migration of HUVECs. Furthermore,
the interaction of ECM materials with relevant cell surface recep-
tors, such as CD44 and RHAMM, initiates intracellular signaling
pathways, leading to F-actin formation,[**! and these events ulti-
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mately promote or inhibit angiogenesis. Therefore, the hydrogel-
stiffness-dependent and HA-Ph-CD44 interaction-related F-actin
organization in the HUEAT-1 cells was examined by staining the
actin stress fibers in the cells (Figures 4 and 5). The cells cul-
tured on the hydrogel obtained with 60 min of light irradiation
showed the lowest amount of stress fibers among the different
hydrogels. However, the cells cultured on the hydrogel irradiated
for 15 min showed the highest integrated density of stress fibers,
whereas those cultured on the hydrogels irradiated for 30 and
45 min showed no significant difference in actin fiber forma-
tion (Figure 4b). The cells cultured in the dish showed the high-
est integrated density, confirming the formation of more stress
fibers. The stiffness-dependent F-actin formation could be ex-
plained based on mechanotransduction. HA is known to exert
different modulatory effects on CD44 receptors according to its
molecular weight. The interaction of LMWHA-Ph with CD44 re-
ceptors has been recognized to play a significant role in cell adhe-
sion and intracellular signaling pathways. Specifically, a high F-
actin content enhances cell adhesion to the hydrogel, potentially
leading to a less conducive environment for network formation.
On the other hand, flow cytometry results showed the opposite
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Figure 5. a) Fluorescence observation of F-actin formation in HUEhT-1 cells cultured on a well plate treated with HMWHA-Ph and LMWHA-Ph. Cells
cultured in an untreated dish (without HA-Ph treatment) were used as control. Scale bar: 100 um. b) Integrated density of F-actin under each condition.
c) Flow cytometry histogram of the APC in cells cultured in the presence and absence of different HA-Ph fragments. Bar: standard error (n = 50 cells).

#p < 0.05, **p < 0.005, Tukey HSD.

trend in F-actin formation with increasing irradiation time, as
shown in Figure 4c.

As mentioned above, when the irradiation time was increased,
more LMWHA-Ph fragments were generated, which may have
enhanced CD44 expression. This increase in CD44 expression
by LMWHA-Ph fragments initiates CD44-mediated intracellular
signaling pathways related to F-actin formation. Moreover, Kim
and Owen suggested that the interaction between LMWHA and
CD44 receptors enhances the activation of CD44 receptors and
eventually facilitates network formation.!*®! Intriguingly, while F-
actin formation was notably higher in hydrogels prepared by 15
and 30 min of irradiation, a robust cell network was formed in the
hydrogel prepared by 45 min of irradiation. These contradictory
results can be attributed to the intricate relationships among F-
actin expression, CD44 expression, and substrate stiffness.

To further elucidate the effect of the interaction between HA-
Ph and CD44 on F-actin formation and CD44 expression, ad-
ditional experiments were conducted (Figure 5). Cells were cul-
tured in a cell culture dish treated with HMWHA-Ph or LMWHA-
Ph using the growth medium. Compared with the cells cultured
in an untreated dish, the cells in the LMWHA-Ph-treated dish
showed less F-actin formation, whereas the cells cultured in the
dish treated with HMWHA-Ph showed more F-actin formation.
This observation suggests that LMWHA-Ph may affect cell adhe-
sion or spreading, possibly because of its smaller size and pos-
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sible differences in interactions with cell surface receptors com-
pared with HMWHA-Ph. Further, the higher integrated density
of F-actin for the cells in the dish treated with HMWHA-Ph com-
pared with that in the untreated dish (Figure 5b) could be the
result of improved cell adhesion or spreading owing to the in-
teraction of the larger HMWHA-Ph molecules with cell surface
receptors, which may influence cell behavior and lead to a more
robust F-actin cytoskeleton. Contrarily, flow cytometry results re-
vealed a different trend. Specifically, when LMWHA-Ph inter-
acted with the HUET-1 cells, CD44 expression levels increased
(Figure 5c). This interaction led lower F-actin formation, espe-
cially when compared to the effects of HMWHA-Ph.

To elucidate the mechanism by which LMWHA-Ph affects F-
actin formation via CD44 receptors, additional experiments were
conducted (Figure 6). The CD44 receptor was blocked with an
anti-CD44 antibody, and the cells were cultured in a cell culture
dish with an LMWHA-Ph-treated medium. The results provided
critical insights into the role of CD44 in mediating the effects of
LMWHA-Ph on the cell behavior (Figure 6). Specifically, the cells
cultured with LMWHA-Ph, under CD44-blocking conditions ((+)
CD44 antibody), showed no significant differences from the con-
trol in terms of their aspect ratio and the integrated density of
F-actin. This result suggests that CD44 blockade effectively mit-
igated the LMWHA-Ph-induced changes in cell elongation and
F-actin rearrangement observed in the absence of blockade. In
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Figure 6. Effect of the CD44 receptor and LMWHA-Ph interaction on the a) aspect ratio and b) F-actin formation in HUEhT-1 cells cultured in a dish
using a medium containing LMWHA-Ph with CD44 receptors blocked and not blocked. Bar: standard error (n > 20 cells). *p < 0.05, n.s.: no significant

difference (p > 0.05), Tukey HSD.

contrast, cells cultured with LMWHA-Ph without CD44 receptor
blocking exhibited a large aspect ratio and decreased integrated
density of F-actin. Considered together, these results strongly
suggest that CD44 plays a key role in mediating the effects of
LMWHA-Ph on F-actin rearrangement and cell shape changes.
The blockade of the CD44 receptors effectively negated the effect
of LMWHA-Ph, providing substantial evidence that LMWHA-
Ph-induced changes were regulated, at least in part, through in-
teractions with the CD44 receptors.

2.5. Role of RhoA and g-actin on F-actin Formation

The formation of F-actin fibers plays a crucial role in HUEhT-1
cell network formation, especially through interactions between
LMWHA-Ph fragments and CD44 receptors. As discussed in pre-
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vious sections, the interaction of LMWHA-Ph with CD44 recep-
tors may result in the modulation of the signaling pathways that
are critical for the production of F-actin fibers. RhoA stimulates
the formation of stress fibers, and f-actin is one of the primary
proteins involved in the regeneration of F-actin fibers. Therefore,
the irradiation time-dependent RhoA and f-actin gene expres-
sion levels are discussed in this section. According to the find-
ings shown in Figure 7, compared with the gene expression of
the cells cultured in untreated cell culture dishes, the cells cul-
tured on the hydrogel prepared with 30 min of light irradiation
showed the highest levels of RhoA and f-actin gene expression
of 1.26 and 1.36, respectively. The hydrogels obtained through
45 and 60 min of irradiation showed the lowest expression of
both genes, as shown in Figure 7. Notably, different irradiation
times induced changes in the expression of genes related to F-
actin formation. Thus, the intricate effects of light irradiation on
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Figure 7. Effect of light irradiation time on relative a) RhoA expression and b) f-actin expression of HUEhT-1 cells cultured on HA-Ph/Gelatin-Ph
hydrogels obtained through irradiation for 15, 30, 45, and 60 min with respect to cells cultured in a dish (dashed line). Bar: standard error (n = 2). *p <

0.05, Tukey HSD.
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LMWHA-Ph fragmentation and CD44 receptor interactions play
a critical role in modulating F-actin dynamics. Future research
should further optimize these parameters for targeted outcomes
in specific signaling pathways related to network-like structure
formation of cells.

3. Conclusion

This study investigated the role of hydrogel constitution, with
particular emphasis on the effect of photo-crosslinking, and
the effects of the mechanical and chemical properties of the
hydrogel on HUEIT-1 cell behavior. By tuning the visible-light
irradiation time during hydrogel preparation, variations in HA-
Ph degradation rates and the associated hydrogel stiffness were
detected. HUET-1 cells exhibited distinct behaviors depending
on the level of HA-Ph degradation and hydrogel stiffness. The
HUEIT-1 cells cultured in the hydrogel with intermediate
stiffness prepared through prolonged light irradiation exhib-
ited optimal elongation and network formation, suggesting an
interplay between the degree of HA-Ph degradation and sub-
strate stiffness. This study focused on the interactions between
the HA-Ph and CD44 receptors and their effect on HUEhT-1
cellular function. Notably, other hyaluronan receptors, such
as RHAMM, might govern the HUET-1 cellular functions
through interactions with HA-Ph. Therefore, the role of other
hyaluronan receptors on the HUEhT-1 cellular functions will be
considered in our future studies. These findings highlight the
dynamic relationship between the HA-Ph degradation rate and
hydrogel stiftness. Therefore, understanding these interactions
provides a promising avenue for improving the biofabrication
of vascularized tissues and advancing in vitro endothelial cell
studies.

4. Experimental Section

Materials:  HA-Ph with four phenyl groups per 100 repeating units
of HA and Gelatin-Ph with a phenyl content of 4.1 x 107 mol g~!
were synthesized according to previously reported methods.[4748] In
brief, tyramine hydrochloride (Chem-Impex, Wood Dale, IL, USA) was re-
acted with Na-HA (Kewpie, Tokyo, Japan) to obtain HA-Ph, as shown in
Figure Sla (Supporting Information). In addition, type B gelatin from
bovine skin (Sigma—Aldrich, St. Louis, MO, USA) was modified with 3-
(4-hydroxyphenyl) propionic acid (Tokyo Chemical Industry, Tokyo, Japan)
to obtain Gelatin-Ph, as shown in Figure S1b (Supporting Information).
The introduction of phenolic groups into HA and gelatin was confirmed
through "H NMR spectroscopy (Figure S2, Supporting Information). SPS,
phosphate-buffered saline (PBS) containing 4% w/w paraformaldehyde,
and hyaluronidase from ovine testes (1110 U mL~") were purchased from
FUJIFILM Wako Pure Chemical (Osaka, Japan). [Ru(bpy);]** was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Phalloidin-iFluor 647
(ab176759) and 488 (ab176753) were procured from Abcam (Cambridge,
UK).

Cell Culture: HUVECs immortalized by the electroporation of pIRES-
hTERT-hygr (HUEhT-1) cell line were purchased from RIKEN Cell Bank
(Ibaraki, Japan). Cell culture medium, MCDB107 (Nissui, Tokyo, Japan),
supplemented with 10 ng mL™" endothelial growth factor, basic fibroblast
growth factor (Sigma—Aldrich, St. Louis, MO, USA), and 10% (v/v) fetal
bovine serum (FBS) was used to maintain the culture. The cell culture
environment was maintained at 37 °C in a humidified incubator with 5%
Co,.

Rheological Properties and Molecular Weights of Polymers:  Sodium salt
of HA (Na-HA, 2% w/v) was dissolved in PBS containing SPS and
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[Ru(bpy);]?* at a final concentration of 2 mm each and then exposed to
450 nm light for 15, 30, 45, or 60 min at an intensity of 42 W cm~2. The
viscoelastic properties of the polymer solutions were determined using a
parallel plate rheometer (HAAKE MARS 111, Thermo Fisher Scientific, MA,
USA) at 1% constant shear strain and a T mm gap between plates at 25 °C.
The molecular weight of Na-HA was analyzed by high-performance liquid
chromatography (Shimadzu, Kyoto, Japan). Pullulan standards were used
to prepare a calibration curve for determining the molecular weight of each
sample.

Hydrogel Preparation: Composite hydrogels were prepared by photo-
crosslinking HA-Ph and Gelatin-Ph. Gelatin-Ph was used to enhance cel-
lular adhesion because of the poor cell adhesion properties of HA-Ph
(Figure S7, Supporting Information). A mixed solution of HA-Ph (2% w/v),
Gelatin-Ph (0.1% w/v), SPS (2 mm), and [Ru(bpy);]** (2 mm) was pre-
pared in PBS and exposed to 450 nm light (42 W cm~2) for 15, 30, 45, or
60 min. The SPS and concentrations were chosen according to the previ-
ous studies.[254°]

Hydrogel Stiffness: Hydrogel sheets with a diameter of 35 mm and a
thickness of 2 mm were prepared in a 35 mm dish, as described in the “Hy-
drogel Preparation” section. Specifically, 1 mL of the polymer solution was
used per dish. The Young’s moduli of the hydrogels were measured using
a material tester (EZ-SX; Shimadzu, Kyoto, Japan). The hydrogel sheets
were compressed at the rate of 6.0 mm min~! using a 5 mm diameter
probe at 37 °C. The stress—strain curves obtained at 1-10% compression
were used to calculate the Young's moduli.

Hydrogel Degradation: Hydrogel pellets with a diameter of 8 mm and
a thickness of 2 mm were prepared, as described in the “Hydrogel Prepa-
ration” section. Unreacted materials in the hydrogels were removed by
washing several times with PBS. Then, the hydrogel pellets were soaked
in a mixture of collagenase and hyaluronidase (both at a final concentra-
tion of 0.1 w/v%) in an MCDB107 medium at 37 °C. Next, changes in the
hydrogel morphology over time and the time required for the hydrogel to
degrade were evaluated from photographs taken at appropriate time in-
tervals.

Fluorescence-Based Evaluation of Phenol Crosslinking:  The hydrogel was
prepared as described in the “Hydrogel Preparation” section in a 96-well
plate by pouring 200 pL of the polymer and photo-crosslinker solution into
each well. The influence of light irradiation time (15-60 min) on the cou-
pling of the phenol groups attached to the polymer backbone was deter-
mined using a fluorescence plate reader (Gemini XPS; Molecular Devices,
San Jose, CA, USA). The fluorescence intensity between 350 and 500 nm
was measured under 310 nm excitation.

Cell Adhesion and Morphology: The hydrogel was fabricated in a 6-well
plate by adding 1 mL of the polymer and photo-crosslinker solution into
each well. Before cell seeding, unreacted materials in the hydrogels were
removed by washing several times with PBS. The viability of the HUEhT-1
cells cultured on this hydrogel was determined using a previously reported
method.[%] At the concentrations used in this study, SPS and [Ru (bpy);]**
showed no toxic effects in cells (Figure S6, Supporting Information), con-
sistent with the previous report.?’! Subsequently, the hydrogels were re-
plenished with fresh MCDB107 medium, and then, HUEhT-1 cells were
seeded onto the hydrogels (5.0 x 103 cells cm™2). After 2 days of culture,
the cell adhesion area and cell shape changes (quantified as the aspect
ratio, i.e., the major axis to the minor axis of the fitted ellipse represent-
ing each cell) were analyzed by staining with Calcein-AM (Dojindo, Ku-
mamoto, Japan). The fluorescently stained cells were imaged using a flu-
orescence microscope (BZ-9000; Keyence, Osaka, Japan). The cell adhe-
sion area and aspect ratio were measured using Image) software (version
2.1.0/1.53¢, NIH, Bethesda, MO, USA).

Network-like Structure Formation: The HA-Ph/Gelatin-Ph hydrogels
were prepared in a 6-well plate and washed several times with PBS to re-
move the unreacted materials. Thereafter, HUEhT-1 cells with 70% con-
fluence (through passage number 18) were trypsinized and seeded onto
the hydrogel in each well at 4.0 x 10* cells cm™2 in low-serum (2% v/v
FBS) MCDB107 medium. The network-like structure formation of the cells
was analyzed using an inverted light microscope (CKX41; Olympus, Tokyo,
Japan) and Provi CM20 incubation monitoring system (Olympus, Tokyo,
Japan) from 4 to 16 h post culture.
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F-actin Formation: Actin fiber rearrangement in the HUEhT-1 cells
was analyzed as reported previously.[?] Briefly, cells were fixed using PBS
containing 4% (w/w) paraformaldehyde for 30 min and permeabilized by
adding 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (pH 5.5)
containing 1% (v/v) bovine serum albumin (BSA). Next, the cells were
stained using CytoPainter Phalloidin-iFluor 647 or 488 reagent (1x) and
then washed thrice with PBS after staining. Subsequently, the cells were
stained with 4’,6-diamidino-2-phenylindole (DAPI) to identify the cell nu-
clei based on a previously reported method.[??] The fluorescence intensity
of the captured images was measured using Image| software. Finally, the
integrated density, defined as the sum of all the intensities in the pixels of
the selected area, was calculated.

Flow Cytometry:  After 48 h of culture, the cells were carefully detached
from the hydrogel by treatment with hyaluronidase 0.1% w/v) for 10 min.
They were then incubated with the BD FC block reagent (BD Biosciences,
San Jose, CA, USA) to block nonspecific binding sites. Subsequently, the
cells were washed with PBS and incubated with an allophycocyanin (APC)-
conjugated mouse CD44 antibody (EXBIO Praha, a.s., Nad Safinou, Czech
Republic) for 30 min at 4 °C. Thereafter, the cells were washed twice with
PBS and analyzed using a BD Accuri C6 flow cytometer (BD Biosciences,
San Jose, CA, USA).

Real-Time Quantitative Polymerase Chain Reaction Analysis for p-actin
and RhoA Expression: The HUEhT-1 cells were collected from the hydro-
gel after treatment with hyaluronidase (1 mg mL™") for 10 min. The cells
cultured in cell culture dishes were trypsinized and subjected to RNA ex-
traction. The total RNA was isolated from the cultured HUEhT-1 cells us-
ing an RNA isolation kit (Takara, Shiga, Japan), following the manufac-
turer’s protocol. Reverse transcription was performed using the Primer-
Script RT Master Mix reagent kit, following the manufacturer’s protocol
(Takara, Shiga, Japan). The RhoA and f-actin genes were detected by
quantitative polymerase chain reaction (qQPCR) using the TB Green Mas-
ter Kit (Takara, Shiga, Japan). Quantification was performed via the com-
parative C(t) method using glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as the housekeeping gene.

Statistical Analysis: Microsoft Excel 2019, version 1808 (Microsoft
Corp., Redmond, WA, USA) was used for the statistical data analysis. One-
way analysis of variance (ANOVA) was used to determine statistical differ-
ences between the results obtained under each experimental condition.
Significant differences were determined based on post-hoc t-test using
Tukey’s honestly significant difference (HSD), in which p < 0.05 was con-
sidered significantly different.

Supporting Information

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