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Hydrogels with concave microwells are one of the simplest means to obtain uniform-sized cellular
spheroids. However, the inherent swelling of hydrogels leads to reduced mechanical strength and thus
deforms the structure of the microwells. In this study, we developed a hydrogel with microwells for
formation of vascular spheroids via nhon-swellable di-acrylated Pluronic F127 (F127-DA), which showed
higher mechanical strength than a conventional di-acrylated polyethylene glycol (PEG-DA) hydrogel. The
uniform-sized vascular spheroids were spontaneously generated by human umbilical vein endothelial
cells (HUVECs) and fibroblasts in the microwells. The endothelial functions of vascular spheroids were
about 1-fold higher than those in two-dimensional (2D) culture, as indicated by secretion of nitric oxide
(NO), prostacyclin (PGI2) and tissue factor pathway inhibitor (TFPI). Interestingly, the vascular spheroids
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due to the higher endothelial functions of large spheroids. Hence, F127-DA hydrogel with concave
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1. Introduction

In vitro vascular models include two-dimensional (2D) monolayer
culture on a plate, microfluidic vascular chips, and vascular
spheroids. Among them, vascular spheroids are highly organized
and do not require a perfusion system, so they show advantages in
high-throughput study of compounds such as foods and drugs."?

There are several methods for preparing vascular spheroids.
Non-adherent culture plates are most widely used to promote
the spheroid formation,® while hanging drop is another method
where the suspended cells in a droplet form one spheroid.*®
However, the size of the spheroids formed by these methods is
uncontrollable and uneven.®” By contrast, microfluidic devices
that capture the cells inside the microchannels under perfusion
can form uniform-sized spheroids,®® but it is complex in
construction and operation.

The hydrogel with concave microwells is the easiest method
to form uniformly-sized spheroids in static culture,'® where the
size of microwells determined the diameter of spheroids.'
Currently, various hydrogels such as di-acrylated polyethylene
glycol (PEG-DA),*** methacrylated gelatin (Gel-MA),*>*¢
gelatin," agarose'® and chitosan' have been fabricated into
hydrogel with microwells, but they have disadvantage on poor
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throughput screening of drug/food toxicity.

mechanical strength, causing the collapse and deformation of
microwells. In addition, the cells are able to adhere on Gel-MA,
gelatin, and chitosan, which makes the spheroids irreg-
ular.’®'”** Hence, high-strength and non-adherent hydrogel is
required for fabrication of microwell patterns.

Pluronics are a class of biomedical polymers that are
composed of PEG and poly(propylene oxide) (PPO) chains. They
are widely used in cell culture and drug delivery for their non-
toxic property,” and at the same time, most of Pluronics are
non-adherent for cells due to the presence of non-fouling PEG
chains.”** In our previous study, we have prepared a non-
swellable Pluronic F127-DA hydrogel which maintained the as-
prepared size and mechanical strength after equilibrating at
37 °C in culture medium.* In this study, the F127-DA will be
fabricated into hydrogel with concave microwells for the forma-
tion of vascular spheroids, while the conventional PEG-DA
hydrogel is set as control. The effect of microwell diameters on
spheroids size and functions will be investigated, and the impact
of spheroid size on the ethanol toxicity is also evaluated.

2. Materials and methods

2.1. Chemicals

Pluronic F127, Sylgard 184 silicone elastomer kit (PDMS),
acryloyl chloride, PEG (M,, 6000), dihydrorhodamine 123
(DHR123) and tetramethylazoazole blue (MTT) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum
(FBS), dimethyl sulfoxide (DMSO), phosphate buffered saline
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(PBS), Dulbecco's modified Eagle's medium (DMEM) and anti-
biotic (penicillin-streptomycin) were ordered from Invitrogen
(Grand Island, NY, US). Endothelial cell medium (ECM) was
purchased from Science Cell (San Diego, Calif., USA). Iragacure
2959 were purchased from BASF (Florham Park, NJ, USA). Nitric
oxide (NO) fluorometric assay kit was purchased from Biovision
(Milpitas, CA, USA). Prostacyclin (PGI2), tissue factor pathway
inhibitor (TFPI) and glutathione (GSH) ELISA kits were
purchased from Chundu Bio. Co. (Wuhan, China). Bovine
serum albumin (BSA), O. C. T compound, and trypsin-EDTA
were purchased from Shanghai Biotech Engineering Co., Ltd.
All other chemicals and reagents used in this study were of
analytical grade and were obtained from Sinopharm Chemical
Reagent Co. (Shanghai, China).

2.2. Preparation of the F127-DA and PEG-DA hydrogels with
concave microwells

PEG-DA (My, 6000) and F127-DA were synthesized according to
the previously reported method.>® The monomers with acylated
degree over 90% were used for experiments. PEG-DA/F127-DA
(10 wt%) were respectively dissolved in deionized water mixed
with photoinitiator of Iragcure 2959 at 0.68 wt%. To fabricate
the hydrogel with microwells, the three-dimensional (3D)
printed resin molds (10 x 10 x 4 mm) were designed by Solid
Works, which contained microwell arrays with a depth of 1 mm
and diameters of 500-1000 pm (Fig. 1). Then PDMS soft
templates were made by the 3D printed resin molds, and F127-
DA or PEG-DA solution (10 wt%) was poured on the templates
and cross-linked by UV light. After that, the hydrogels with
microwells were peeled off from the PDMS templates and
equilibrated in culture medium until use.

2.3. Detection on cell adhesion and protein adsorption on
hydrogels

Human dermal fibroblasts (HF) were purchased from American
type culture collection (ATCC) and cultured in DMEM
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containing 10% (v/v) FBS, 100 U mL™ " penicillin and 100 mg
mL~" streptomycin. Cells were seeded on the top of hydrogel
surfaces at density of 1 x10° cells per cm.? After 4 h of attach-
ment, the unattached cells were carefully removed by rinsing
with PBS and the adhered cells were lifted by trypsin-EDTA
solution. The cell numbers were counted for triplicate
samples using hemacytometer. The percent of attached cells
was calculated as follows:

Yoattachment = C€lSattached/CellSseedea X 100%0

To detect the protein adsorption on the hydrogels, 0.3 g of
each hydrogel was placed into PBS solution at 37 °C to
equilibrate for 24 h. Then the hydrogels were transferred to
50 mL of PBS solution with BSA at 1 g L™". After shaking in
a thermostatic oscillator at 37 °C for 24 h, the solution was
sampled and residual BSA was measured by BCA protein assay
kit.

2.4. Formation of vascular spheroids on the F127-DA
hydrogel with microwells

Human umbilical vein endothelial cells (HUVECs) were
purchased from ATCC and cultured in ECM supplemented with
endothelial cell growth supplement (ECGS). The HUVECs and
HFs (1:1) were seeded in the hexagon wells in the F127-DA
hydrogels at a density of 1 x 10° cells per mL and grown as
liquid overlay for 8 days. The culture medium was exchanged
every two days.

To observe the distribution of the two cells in spheroids, the
HUVECs were labeled by green fluorescence (CellTracker™
Green CMFDA, Invitrogen) while the HFs were labeled by red
fluorescence (CellTracker CM-Dil, Invitrogen). The labeled
HUVECs and HFs (1 : 1) were seeded in the hexagon wells in the
F127-DA hydrogels at a density of 1 x 10° cells per mL and
grown as liquid overlay for 8 days.
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Fig. 1 Schematic depiction of the fabrication of hydrogel with concave microwells and formation of vascular spheroids.
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2.5. Morphology observation and endothelial functions
detection of vascular spheroids

Spheroids were fixed in 4% paraformaldehyde solution for 1 h,
and embedded into O.C.T compound before frozen in —80 °C
refrigerator. The spheroids were cut into sections with 10 um
thickness using a cryo-microtome, and the sections were
stained by hematoxylin-eosin (H&E) staining.>®

Endothelial functions were analyzed by measuring the
concentration of NO, PGI2 and TFPI in culture medium at 2, 4, 6
and 8 days culture. NO was measured by detecting the accu-
mulated nitrite (NO,”) in culture medium via the NO fluoro-
metric assay kit.>” PGI2 and TFPI contents were detected by the
ELISA kits following the manufacturer's protocols.

2.6. Assessment of ethanol toxicity on vascular spheroids

After 48 hours of culture, the culture medium of vascular
spheroids was changed to fresh medium containing 340 and
500 mM of ethanol. The control and ethanol groups were placed
in different 24-well plates and sealed to prevent ethanol from
volatilization for 48 h of incubation.

Cell viability was measured by MTT reduction. Briefly, 0.3 mg
mL ™! MTT solution was added to the spheroids for incubating
at 37 °C for 3 hours. Then, the solution was discarded, and HCI
acidified isopropyl alcohol was added to the spheroids for 1 h of
shaking at room temperature. The absorbance of solution was
measured at 570 nm.

DHR123 was used to detect intracellular reactive oxygen
species (ROS) in the spheroids. The spheroids were incubated
with 10 pmol L™ DHR123 in PBS at 37 °C for 30 minutes. After
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washing the cells with PBS for three times, the spheroids were
detected under a fluorescent microplate reader at excitation/
emission wavelength of 488/535 nm. For detection of GSH
concentration, the spheroids were collected and analyzed by the
colorimetric assay kit according to the instructions of
manufacturer.*

2.7. Statistical analysis

All data from cell experiments were analyzed by means £+ SD
from three independent experiments. Comparisons between
multiple groups were performed with the ANOVA test by SPSS,
or results from two different groups were tested with the
unpaired Student ¢-test. P-values less than 0.05 were considered
statistically significant.

3. Result and discussion

3.1. Characterization of PEG-DA and F127-DA hydrogels

Swelling property is one of the inherent properties of hydrogels,
which has been widely investigated to characterize water
absorption and stability of biomaterials.” Fig. 2A exhibited the
visual change of PEG-DA and F127-DA hydrogels after swelling
with an obvious contrast in volume. PEG-DA hydrogel was
swollen from 0.25 cm® to 0.9 cm® while no volume change was
observed in F127-DA hydrogel (Fig. 2B). The “non-swellability”
of F127-DA hydrogel at 37 °C have been characterized in detail
in our previous study.”* Since swelling property generally reduce
the mechanical properties of hydrogels, the fracture strain and
stress of PEG-DA hydrogel were much lower than F127-DA
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Fig. 2 Swelling property, cell adhesion and protein adsorption of di-acrylated polyethylene glycol (PEG-DA) and di-acrylated F127 (F127-DA)
hydrogels in phosphate buffered saline (PBS) at 37 °C. (A) Photos of as-prepared and equilibrated hydrogels. Scale bar =1 cm. (B) Volume change
of as-prepared and equilibrated hydrogels. (C) Cell adhesion on the hydrogels. Control group is the tissue culture plate surface. (D) Bovine serum

albumin (BSA) adsorption on the hydrogels.
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Fig. 3 Fabrication of hydrogels with concave microwells. (A) The three-dimensional (3D) printed resin mold. (B) The polydimethylsiloxane
(PDMS) soft stamp. (C) As-prepared hydrogels with concave microwells. Scale bar = 5 mm. (D) Microwells of the as-prepared and equilibrated
hydrogels. The F127-DA and PEG-DA hydrogels were observed under microscope (100x).

hydrogel (Fig. S1t), indicating that F127-DA hydrogel was
stronger than PEG-DA hydrogel. Moreover, F127-DA hydrogels
equilibrated in PBS at 37 °C for 24 h (F127-DA-eq) did not show
any decline in mechanical properties while that of PEG-DA
hydrogels equilibrated in PBS at 37 °C for 24 h (PEG-DA-eq)
dropped sharply due to the swelling (Fig. S11). Thus, the
feature that F127-DA hydrogel showed a lower swelling ratio and

higher compressive modulus was unique among numerous
hydrogels.>**

As the resistance of cell adhesion enables cells to aggregate
spontaneously into spheroids, the adhesion of fibroblasts on
the two hydrogels were detected.>” It was found that the cells
seeded on the two hydrogels did not show significant adhesion
(Fig. 2C). In addition, the two hydrogels did adsorb little BSA as
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Fig. 4 Effect of concave diameter on spheroid size. (A) Phase-contrast images of spheroids created in concave with diameter of 500 um, 750
pm, 1000 pum at day 2, 4, 6, 8. Scale bar = 500 um. (B) The average diameter of spheroids cultured in 500 pm, 750 pm, 1000 pm concave
microwells. (C) Size distribution of spheroids cultured in 1000 um concave microwells after 8 days.
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Fig. 5 Analysis of endothelial function of spheroids, measured as secretion of (A) nitric oxide (NO), (B) prostacyclin (PGI2) and (C) tissue factor
pathway inhibitor (TFPI). *Significant difference (p < 0.05) from the 2D group.

Fig. 6 Hematoxylin—eosin (H&E) staining of cryosectioned spheroids at day 8 in 500 um (A) and 1000 um (B) microwells. Confocal images of
fluorescence staining at day 8 in 500 pm (C) and 1000 pm (D) microwells (green: HUVEC cells; red: fibroblasts). Scale bar = 100 um.
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well (Fig. 2D). By contrast, hydrogels made of natural materials
such as chitosan and gelatin may form incomplete, irregular
shaped and uneven sized spheroids due to their adhesion to
cells.'”*®

3.2. Fabrication of hydrogels with concave microwells

The 3D printed resin mold contained microwells with a depth of
1 mm and hexagonal circumcircle diameter of 200, 750 and
1000 um (Fig. 3A). In order to record the position of each hole,
the three corners of the mold were chamfered (Fig. 3A). Corre-
spondingly, the PDMS soft stamp was obtained from the resin
mold (Fig. 3B), while the F127-DA/PEG-DA hydrogels were
formed under UV light on the PDMS stamps (Fig. 3C), respec-
tively. Due to the non-swellable property of F127-DA hydrogel,
the as-prepared size of microwells was well maintained at the
equilibrated state, while the microwells on PEG-DA hydrogel
expanded by 20% after swelling (Fig. 3D). Hence, the unex-
pected swelling of PEG-DA hydrogel caused the uncontrollable
change on well diameters, which was unfavorable for the
culture of vascular spheroids.
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3.3. Effect of microwell sizes on spheroid morphology and
functions

The HUVEC and HF in the microwells spontaneously gathered
together to form spheroids in the first 2 days (Fig. 4A). As time
went on, the spheroids became smaller since the cells stuck to
each other more compactly. As shown in Fig. 4B, the average
diameter of spheroids in 500, 750 and 1000 pm of microwells
were approximately 380, 500 and 700 um at day 2, and gradually
decreased to 300, 380 and 560 um at day 8 due to the presence of
fibroblasts which secret collagen to promote the spheroid
formation.** After 8 days culture, the spheroids were uniform in
diameters with a narrow distribution (Fig. 4C).

Next, endothelial functions were evaluated by measuring
NO, PGI2 and TFPI. NO is a major endothelial-derived relaxing
factor,* and PGI2 and TFPI are important cytokines produced
by endothelial cells.***® As shown in Fig. 5, cumulative secretion
of NO, PGI2 and TFPI of spheroids in whatever size was higher
than the 2D co-culture, indicating the maintained endothelial
functions and phenotypes in the hydrogel microwells. More-
over, as the diameter of spheroids increased, the endothelial
functions were also enhanced.
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Fig.7 Response of vascular spheroids to ethanol toxicity. (A) Images of spheroids exposed to ethanol at 340 mM for 24 and 48 h in concave with
diameter of 500 and 1000 pm. Scale bar = 300 um. (B) The average diameter analysis of spheroids exposed to ethanol for 1, and 2 days. (C) Cell
viability of nine spheroids exposed to ethanol in 1000 um concave microwells after 2 days.
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In order to analyze the internal structure of vascular spher-
oids, H&E and fluorescent staining was carried out on the
spheroids at day 8 in 500 and 1000 pm microwells. As shown in
Fig. 6A and B, H&E staining of sectioned spheroids revealed
a compact, uniform structure with a smooth perimeter and no
signs of central apoptosis or necrosis. Among the large spher-
oids, HUVECs migrated to the surface of spheroids and formed
a tubular network structure (Fig. 6D), which was consistent with
previous reports that a vascular network formed at the edges of
the vascular spheroids.”” However, HUVECs were still
dispersedly distributed on the surface of the small spheroids
without a tubular network structure. This difference on struc-
ture might result in the higher endothelial functions in large
spheroids.

3.4. Response of vascular spheroids to ethanol vascular
toxicity

Because the size of vascular spheroids had a significant impact
on vascular function, it may also lead to differences in the
response to toxicity. To illustrate the importance and necessity
of the size uniformity of the spheroid in the toxicity evaluation,
the ethanol toxicity on different sized spheroid was further
investigated. As a common vascular toxic substance, ethanol
induced cells to produce ROS which caused lipid peroxidation
of the cell membrane and resulted in the decrease of GSH.**
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Fig. 7A showed the morphological changes of two sizes of
spheroids after being exposed to ethanol at 340 mM for 24 and
48 h. With the increase of exposure time, the edges of spheroids
became rough, and the single cells dropped off from the
spheroids. After 48 h of culture, the diameter of large spheroids
decreased by 17%, while that of small spheroids decreased by
only 10% (Fig. 7B), which indicated that large spheroids were
more sensitive to ethanol toxicity. This might be caused by the
higher endothelial functions of the large spheroids rather than
the difference in mass transfer, since the smaller spheroids
should perform better mass transfer. For the uniform in size of
spheroids, cell viability of nine spheroids from different
microwells of 1000 um was only about £5% after exposed to the
same ethanol concentration for 48 h (Fig. 7C).

Next, the spheroids with different sizes were treated by
ethanol at 340 and 500 mM for 48 h, while the cell viability, NO,
ROS and GSH was evaluated. With the increase of ethanol
concentration, the cell viability of large spheroids eventually
dropped to about 50%, while the cell viability of the small
spheroids eventually exceeded 80% (Fig. 8A). It indicated the
fact that large spheroids were more sensitive to ethanol toxicity,
consisted with the observation in Fig. 7A. The increase of
ethanol concentration also increased the ROS levels and
decreased NO/GSH levels of both sizes of spheroids. The nega-
tive correlation between ROS and NO/GSH was reasonable
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Fig. 8 Vascular toxicity of two ethanol concentrations (340 and 500 mM) to spheroids with different sizes, measured by secretion of (A) cell
viability, (B) nitric oxide (NO), (C) reactive oxygen species (ROS) and (D) glutathione (GSH). *Significant difference (p < 0.05) from control group.
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because ROS induced by ethanol can reduce NO content
through the formation of peroxynitrite* and it also impaired
the content of GSH.*® The three indicators in larger spheroids
were more significantly changed than those of the smaller
spheroids, confirming the conclusion that larger spheroids
were more sensitive to ethanol toxicity.

Hence, our results indicated the role of spheroid sizes on
chemical toxicity such as ethanol. As most of vascular spheroids
are not uniform in size,>”*° they may not suitable for toxic
evaluation due to the impaired reliability. By contrast, the
spheroids in F127-DA hydrogel with microwells were size-
controllable, which provided a model in vitro for toxicity
assessment.

4. Conclusions

In this study, we have fabricated a F127-DA hydrogel with
microwells for formation of vascular spheroid, since F127-DA
hydrogel was non-swellable, mechanical strong, and non-
adhesive for cells. The uniform-sized vascular spheroids were
spontaneously generated by HUVEC and fibroblasts in the
microwells. The endothelial functions of vascular spheroids
were about 1-fold higher than those in 2D culture, as indicated
by measurement of NO, PGI2 and TFPL Interestingly, the
vascular spheroids with large diameter showed higher sensi-
tivity to ethanol toxicity than those with small diameter,
possibly due to the higher endothelial functions of large
spheroids. Hence, F127-DA hydrogel with concave microwells
provides a convenient way for formation of uniform-sized
spheroids that are useful for high throughput screening of
drug/food toxicity.
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