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Abstract

Complex three-dimensional (3D) cell cultures are being increasingly implemented in biomedical
research as they provide important insights into complex cancer biology, and cell-cell and cell-
matrix interactions in the tumor microenvironment. However, most methods used today for 3D cell
culture are limited by high cost, the need for specialized skills, low throughput and the use of
unnatural culture environments. We report the development of a unique biomimetic hydrogel
microwell array platform for the generation and stress-free isolation of cancer spheroids. The poly
N-isopropylacrylamide-based hydrogel microwell array (PHMA) has thermoresponsive properties
allowing for the attachment and growth of cell aggregates/ spheroids at 37°C, and their easy
isolation at room temperature (RT). The reversible phase transition of the microwell arrays at 35°C
was confirmed visually and by differential scanning calorimetry. Swelling/ shrinking studies and
EVOS imaging established that the microwell arrays are hydrophilic and swollen at temperatures
<35°C, while they shrink and are hydrophobic at temperatures >35°C. Spheroid development
within the PHMA was optimized for seeding density, incubation time and cell viability. Spheroids
of A549, HelLa and MG-63 cancer cell lines, and human lung fibroblast (HLF) cell line generated
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within the PHMAs had relatively spherical morphology with hypoxic cores. Finally, using MG-63
cell spheroids as representative models, a proof-of-concept drug response study using doxorubicin
hydrochloride was conducted. Overall, we demonstrate that the PHMAS are an innovative
alternative to currently used 3D cell culture techniques, for the high-throughput generation of cell
spheroids for disease modeling and drug screening applications.
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1. INTRODUCTION

Cancer drug discovery is an expensive process as large capital investments (average estimate
= $2.87 billion) are required to take a drug from synthesis to clinical trials, and into the
market [1]. Despite the high development costs, most drugs that show promise during
preclinical investigation tend to fail during clinical trials. This could be attributed, in part, to
the use of two-dimensional (2D) cell culture models for early drug testing, although these
models do not fully recapitulate clinical cancer condition [2-4]. Therefore, there is an urgent
need to develop specialized /n vitro cell culture models that more closely mimic cellular
arrangements and interactions observed in an /n7 vivo environment. These models are
expected to provide more predictive responses to the tested therapeutics than 2D cell culture
systems.

Complex three-dimensional (3D) cell cultures are being increasingly used in biomedical
research as they provide important insights into understanding cancer biology, and cell-cell
interactions in the tumor microenvironment [5-8]. Some of the commonly used methods for
the development of complex /n vitro tumor models are hanging drop [9-11], spinner flasks
[12,13], nonadherent plates/dishes [14,15] and microfluidics platforms [16-18]. However,

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dhamecha et al.

Page 3

the hanging drop method is limited by difficulty in changing media and low-throughput
spheroid generation, the spinner flask by long incubation times, and microfluidics methods
by the need for specialized instrumentation and skills [16]. Nonadherent plates/ dishes are
most commonly used for spheroid generation [14], however these platforms utilize an
unnatural low-attachment environment in which the cells are forced to remain suspended
and aggregate to form spheroids. However, cells within the body are not found in a
suspended state; instead, they tend to bind to and grow on the extracellular matrices (ECM)
[19,20]. Hence, there is a need for methodologies that more closely mimic /n vivo
environments for cell culture so that the natural environment, 3D architecture, cell
morphologies and polarity seen /n vivo can be maintained. Technologies that are low cost
and practical, and which ensure high reproducibility and better control over spheroid
diameters [21] are of great interest.

Poly (N-isopropylacrylamide) (PNIPAm) is a thermosensitive and biocompatible polymer
frequently used in drug delivery and as biomimetic substrates for cell sheet engineering
applications [22-25]. PNIPAm undergoes reversible changes in its physicochemical
properties at 32-35°C, which is known as its critical phase transition temperature (Tp) or
lower critical solution temperature (LCST) [26]. PNIPAm hydrogels are hydrophobic above
LCST, which facilitates cell attachment, and their surfaces become hydrophilic below LCST,
which leads to the detachment of cells. This thermoresponsive detachment of the cells occur
in a manner that avoids cell membrane damage and maintains the cell-to-cell integrity
without loss of basal ECM proteins [26]. Furthermore, PNIPAm-based crosslinked hydrogel
surfaces have been shown to mimic the physicochemical and mechanical characteristics of
the ECM, thus providing an environment that imitates native milieus for the attachment and
growth of cells [27]. These properties make PNIPAm an attractive material for the culture
and stress-free isolation of 3D cell spheroids in a biomimetic environment unlike other 3D
spheroid culture techniques in use today. The reversible changes in the properties of
PNIPAm can be attributed to its coil-to-globule transition that occurs near LCST. Below
LCST, the hydrophilic amide groups of NIPAm form hydrogen bonds with the surrounding
water molecules, resulting in a well-solvated random-coil conformation. However above
LCST, the hydrophobic regions (isopropyl groups) of NIPAm chains are exposed, and the
polymer collapses leading to squeezing out of hydrogen-bonded water molecules and the
adoption of a globule-like conformation, and causing the de-swelling of NIPAm above
LCST [28-30]. In cell sheet and tissue engineering, PNIPAm provides an excellent substrate
for the attachment, proliferation, and aggregation of cells at 37°C [31], and allows cell or
cell sheet detachment via a simple temperature switch, without the use of trypsin.
Previously, cell spheroids have been cultured inside PNIPAm-based hydrogels, and these
were released at temperatures <LCST when the hydrogels liquified [32,33]. However, this
method does not offer control over the diameters of the spheroids formed, which can lead to
batch-to-batch variability. We demonstrate a unique method of developing PNIPAm-based
hydrogel microwell arrays (PHMA), which can be used for high-throughput generation of
spheroids of relatively uniform diameters. To the best of our knowledge, there are no studies
where PNIPAmM hydrogel microwell arrays have been used for spheroid generation. This
study confirms the versatility of the PHMAS in terms of generating spheroids using different
cell types including epithelial cells, fibroblasts and osteoblast cells. Spheroid development
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within the PHMAS was optimized for seeding density, incubation time and cell viability, and
the spheroids were then used for preliminary anti-cancer drug screening studies. The
proposed PHMAs provided a bioinspired environment for cell spheroids to attach and grow,
unlike 3D cell culture methods that employ non-adhesive surfaces for spheroid formation.

2. MATERIALS AND METHODS

2.1 Design and fabrication of the negative micromold:

3D computer aided design (CAD) software (SolidWorks software, Dassault Systemes, USA)
was used to first design a negative micromold (Figure 1B), with 11 x 11 cylinders of desired
dimensions (diameters and height: 800 um) (Figure 1A), so that PHMAs with microwells of
corresponding dimensions could be cast using them. The negative micromold was then 3D
printed (Proto Labs, Inc. MN, USA) using Accura Xtreme White material, as shown in
Figure 1C.

2.2 Formulation of PHMA:

All chemicals were purchased from Sigma-Aldrich, USA and used without further
purification. First, 10% w/v N-isopropylacrylamide (NIPAM), 0.4% w/v N,N’-
methylenebisacrylamide (BIS), 1% w/v Ammonium persulphate (APS), 0.11% wi/v acrylic
acid (AA) and N,N,N’,N’,-Tetramethylethylenediamine (TEMED) were dissolved
sequentially in deionized (DI) water. The final polymer mixture was immediately poured
onto the negative micromold and left undisturbed at room temperature (RT) overnight for gel
formation. Following gelation, the PHMA was alternately subjected to heat (37°C) and cold
(4°C) treatment in water for 12 hours at each temperature, to facilitate easy detachment and
to wash out excess chemicals.

The detached PHMASs were transferred to a new container and stored in excess water at 4°C
until further use. Schematic representation of fabrication of PHMA and its application in the
generation of spheroids is shown in Figure 2.

2.3 Characterization of PHMA

To visualize the microwells within the PHMA, EVOS® FL imaging (Life Technologies
corporation, Bothell WA, USA) was done at 25°C and 37°C, and scanning electron
microscopy (SEM, Zeiss Sigma, USA) was also performed. For SEM, the PHMAs were
dehydrated using a series of alcohols (50, 60, 70, 80, 90 and 100 % v/v ethanol diluted in
PBS) for 5 mins at each step followed by air drying for 24h. Following this, the gel sample
was placed on the stub using double sided carbon tape and sputter coated with gold before
imaging.

2.3.1 Swelling behavior: Swelling properties of formulated PHMA was determined by
immersing the freeze-dried PHMA in deionized water at RT. Swollen hydrogel samples were
weighed by an electronic balance at predetermined time points after wiping the excess water
on the surface using filter paper [34]. The swelling ratio (SR) was calculated by the
following equation 1, where Ws is the weight of the swollen sample at time t (days 1-7) and
W is the weight of the freeze-dried sample at time t=0.
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2.3.2 Shrinking behavior (Temperature dependence studies): Temperature-
dependent shrinking behavior of the PHMA was evaluated by sequentially increasing the
temperature from 20°C to 45°C at 5°C increments, after achieving equilibrium at each
targeted temperature. The desired temperature was controlled by a thermostatic water bath.
At each temperature, the samples were blotted dry with filter paper before weighing [34].
The shrinking ratio was recorded using equation 1 as shown above.

2.3.3 De-swelling Kinetics: De-swelling kinetics of the PHMA were assessed by
immersing the freeze-dried samples in de-ionized (DI) water at 25°C for 5 days. After 5
days, the equilibrium swollen hydrogels were then transferred to DI water at 45°C. At
predetermined time points, the samples were removed and blotted with filter paper before
weighing [34]. Water retention (WR) was calculated according to equation 2, where Wt is
the weight of the shrunken PHMA at specific time t at 45°C, Wd is the weight of the freeze-
dried hydrogel, and We is the weight of the equilibrium swollen hydrogel at 25°C.

Wt—wd
Percent WR = We—wd * 100

2.3.4 Re-swelling degree: To study the reversible swelling/ de-swelling behavior of
PHMAs, re-swelling test was performed by moving gels equilibrated at 45°C to deionized
water at 25°C. At predetermined time points, the swollen PHMA were removed and dried by
using filter paper before weighing[34]. Re-swelling degree (RD) was calculated using
equation 3, where Wr is the weight of re-swelling PHMA at specific time and We is the
weight of the equilibrium swollen PHMA at 25°C.

Wr
Percent RD = We * 100

2.3.5 LCST behavior: A thermogram was obtained using differential scanning
colorimetry (DSC, TA instruments Q100) by scanning the sample in the temperature range
of —40°C to 60°C with a rate of 2°C/min. Temperature-dependent changes in visual
appearance of the PHMA was also recorded.

2.3.6 Contact angle measurements: Hydrophobicity of the developed PHMA was
determined by contact angle measurements using ImageJ. Specifically, hydrogels at different
temperatures were prepared in a 48-well plate and placed upright. A 300 pL drop of DI
water was then added onto the surface of each hydrogel. The drops were captured with a
camera using the same objective lens at the same distance of 3 feet. Finally, the images were
analyzed on ImageJ using the Contact Angle plug-in, with the setting of manual border
selection and at least 30 points were randomly selected on each image.
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2.4 Invitro evaluation of PHMA for spheroid generation

For all /n vitro experiments, the PHMAs were initially kept in DI water at 37°C for around
4-5 h to shrink, following which they were sterilized using 70% ethanol for 2 min and
immediately transferred to well plate. The PHMAs were then incubated in complete
Dulbecco’s modified eagle’s medium (DMEM supplemented with 10% fetal bovine serum
(FBS) and 1% Penicillin-streptomycin) (Sigma-Aldrich, USA) for one day at 37°C to
equilibrate them. Immediately prior to cell culture experiments, the DMEM was removed.
Fresh DMEM was added during cell seeding.

2.4.1 Cell seeding optimization for the formation of spheroids: To optimize cell
seeding densities, we used HeL a cervical adenocarcinoma cells as the model cell line. HeLa
cells at different seeding densities (8 x 104, 24 x 104 and 72 x 10% cells/PHMA) were added
to the equilibrated PHMA placed in a 6-well plate and cultured in complete DMEM. The
media was replaced every 3 days. At predetermined time points (1, 3, 5 and 7 days), WST-1
assays (Sigma-Aldrich, USA) were carried out following manufacturers’ instructions.
Further Live/Dead™ assay (Invitrogen, Carlsbad, CA) was done as per manufacturers’
directions to evaluate cell viability.

2.4.2 Formation of spheroids: To demonstrate the feasibility of using the PHMA for
generating spheroids with different cell lines, A549 lung cancer epithelial cells (ATCC®
CCL-185™ Manassas, VA, USA), MG-63 bone sarcoma cells (ATCC® CRL-1427™
Manassas, VA, USA), and human lung fibroblasts (HLFs-ATCC® PCS-201-013™
Manassas, VA, USA) were also cultured separately within the PHMA. A549 and MG-63
cells were cultured in complete DMEM media while HLFs were cultured in fibroblast basal
media supplemented with low serum and nutrients recommended by ATCC (fibroblast
growth kit-low serum ATCC® PCS-201-041™, Manassas, VA, USA) and 1% penicillin-
streptomycin. In this experiment, the cells were seeded at the optimized density of 24 x 104
cellssPHMA. At predetermined time points (1, 3, 5 and 7 days), brightfield EVOS imaging
and Live/Dead analysis (Calcein AM and Ethidium homodimer-1 (ED-1) (Thermo Fisher
Scientific, Waltham, MA, USA) of the spheroids was performed.

2.4.3 Evaluation of hypoxic core development within the spheroids: The
different morphologies of spheroids for different cell lines are expected to be different due to
the inherent properties of the cells, as reported previously [35]. For example, distorted
morphologies are commonly observed for A549 spheroids [36] while spherical and intact
morphologies are observed for MG-63 spheroids [37]. Due to the compact and spherical
morphology of MG-63 spheroids, this cell line was used for further investigation. MG-63
cells at a density of 24x10* cells/PHMA were seeded in the PHMA and spheroids were
cultured for 5 days. They were then washed and fixed with 3.7% paraformaldehyde and 2%
sucrose in PBS for 2 hours at RT. Spheroids were washed with ice cold PBS followed by
permeabilization using 0.3% Triton-X-100 for 15 minutes at RT. They were washed thrice
with ice cold PBS, and blocking was carried out using 0.5% Goat serum (Southern Biotech,
catalog number-0060-01) and 0.1% NP-40 in PBS. Spheroids were incubated for 6 hours
with rabbit anti-human HIFla antibody (Bethyl Antibodies, catalog number-A300-286A) in
blocking solution. The HIF1a stained spheroids were then incubated with a goat anti-Rabbit
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conjugated highly cross-adsorbed antibody (Thermo Fisher Scientific, Alexa Fluor 488,
catalog number-A-11008) diluted in blocking solution at RT for 2 hours. All spheroids were
then washed and incubated with 3ug/ml DAPI in PBS (stock 1 mg/ml) for 15 minutes to
stain the nucleus. Brightfield and fluorescent images were captured using an inverted
confocal microscope (Zeiss Confocal, SPOT Imaging). All image analyses were conducted
using the Zeiss imaging software.

2.4.4. Anti-cancer drug screening using spheroids generated with PHMAS: In
this proof-of-concept drug response study, doxorubicin hydrochloride (Dox, Sigma-Aldrich,
USA), which is frequently used in osteosarcoma chemotherapy, was tested against the
MG-63 spheroids [38]. The optimized seeding density of 24 x 10% cells/PHMA was used to
generate MG-63 spheroids in the PHMA. Cells were incubated for 5 days to form the
spheroids. After 5 days of incubation, the MG-63 spheroids were treated with 1, 5 and 10
UM concentration of Dox solubilized in media, based on ICsq values noted previously
[39-41]. The effect of Dox was evaluated at 24, 48 and 72h following treatment. At these
time points, the PHMA containing MG-63 spheroids were imaged using EVOS and confocal
microscopy. At 72h, 3D CellTiter-Glo® luminescent cell viability assay (Promega
Corporation, USA) was employed to evaluate the percent cell viability of Dox-treated
spheroids and compared with the control (untreated) group.

3. RESULTS
3.1 Development of PHMA:

In the present investigation, the PHMAS were successfully synthesized using a customized
negative micromold. The dimensions of the columns in the micromold (diameter and height
of 800 um) are larger than what is generally implemented in conventional microwell array
templates [42,43] to allow for the PNIPAm to shrink at LCST and still maintain well space
for spheroid growth.

3.2 Characterization of PHMA:

Formulated PHMA were evaluated for their thermoresponsive behavior, and swelling,
shrinking, reswelling, and deswelling kinetics. SEM images of the PHMA show spherical
and uniform well diameters with smooth surfaces (Figures 3A and B). As shown in Figures
3C and E, we observed a change in the color of PHMA from colorless to white when the
temperature was increased from 25°C to 37°C.

EVOS imaging confirmed that the diameters of the wells in PHMA decreased from 800 um
to 550 um when the temperature increased from 25°C to 37°C (Figure 3D and F). The DSC
thermogram of PHMA also clearly showed an endothermic peak at 34.62°C, indicating that
this is the LCST of the construct (Figure 3G).

From Figures 4A and B, it is obvious that the contact angle of the water drops on PHMA
increased with the increase of temperature, indicating that the hydrogel became more
hydrophobic. At 37°C, the contact angle increased to almost 90°, indicating that the PHMA
became hydrophobic at physiological temperature, while it remains relatively hydrophilic at
room temperature and below.
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The swelling behavior of PHMA in deionized water at 25°C is shown in Figure 5A. The
samples underwent swelling on day 1 and then plateaued, leading to no further change in
weight to day 6. As shown in Figure 5B, the PHMA demonstrated temperature-dependent
shrinking, and achieved maximum shrinking above 35°C. The de-swelling kinetics of the
PNIPAm is shown in Figure 5C. When transferred from 25 to 45°C, the PHMA
demonstrated rapid shrinking and decreased water retention, and its weight was stabilized
within about 50 mins. Re-swelling property of thermosensitive material is critical to ensure
that the PHMA can undergo phase transition to allow for spheroid detachment at RT. The re-
swelling degree was measured by decreasing the surrounding temperature of the gels from
45°C to 25°C. The graph shown in Figure 5D reveals that the PHMA re-swelling percentage
of the gel was 49 + 4.8% in 180 minutes.

3.3. Invitro studies using PHMA

3.3.1. Optimization of cell seeding density for the formation of
spheroids: Cell seeding optimization was performed by determining spheroid viability
over 14 days using WST-1 formazan-based assays and imaging the spheroids over one week.

EVOS images of HeLa spheroids in PHMA seeded at the lowest seeding density of 8 x 104
cells/PHMA shows intact spheroid formation by day 7. With a seeding density of 24 x 104
cells’PHMA, spheroids are formed by day 5 with a distinctly dark core, indicating possible
development of hypoxia [44,45]. For this seeding density, the cells began to aggregate by
day 3, and intact multicellular spheroid formation with clear morphologies was observed by
day 5. The seeding density of 72 x 104 cells/PHMA resulted in cells taking up the entire
well space within the PHMA on day 1 and forming highly dense spheroids by day 3 (Figure
6A). WST-1 assays confirmed that these supersaturated spheroids had decreased cell
viability on day 4. With the lowest seeding density of 8 x 10% cellssPHMA, cell proliferation
and viability increased up to day 8, and then saturated. With the 24 x 10 cells/PHMA
density, an increase in viability was observed until day 3, which then remained constant as
the cells rearranged themselves to form compact spheroids as seen in the EVOS images
(Figure 6B). Therefore 24 x 10* cells/PHMA was considered as optimum cell seeding
density for future experiments.

3.3.2. Spheroid generation using different cell lines: To demonstrate the broad
applicability of the novel PHMA for the development of spheroids using different cell types,
we cultured human epithelial cancer cells (A549 and Hel a), osteoblast like cells (MG-63)
and fibroblast cells (HLF) within the PHMAs. The optimized seeding density of 24x10%
cellssf PHMA was used. EVOS images depicted in Figure 7 confirm successful formation of
spheroids with all cell lines.

HLF spheroids demonstrated spherical morphology, and the diameter decreased slightly
until day 5 as the cells were rearranged to form spheroids with compact morphology. MG-63
cells formed spherical spheroids on day 1 and the spheroid diameter and compactness
increase with time until day 7. A549 cells took longer to form spheroids, and these spheroids
had comparatively more distorted morphology than the other cell lines.
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The viability of the generated spheroids at 24 x 104 cells/ PHMA density on day 7 were
analyzed using Live/Dead™ assays. Representative EVOS fluorescent microscopic images
are shown in Figure 8. Green fluorescence from the periphery of the spheroids indicated that
the cells in the periphery stained green by Calcein AM were metabolically active and viable.
Red staining would indicate presence of ED-1, which tends to bind to nucleic acids of
ruptured dead cells [46]. No red fluorescence was observed from within the spheroids.

3.3.3. Evaluation of hypoxic core development within the spheroids: To
confirm the development of hypoxic cores similar to those seen in large tumors /n vivo,
MG-63 spheroids cultured for 5 days were immunostained for HIF-1a expression, and DAPI
was used to stain the nucleus. Cross-sections of stained spheroids obtained using confocal
microscopy clearly show development of foci of HIF-1a (green) within the spheroid (Figure
9). The HIF-1a protein was found to localize internally in the core of the spheroid,
suggesting that the outer layer of cells in spheroid were normoxic while the central core is
hypoxic.

3.3.4. Anti-cancer drug screening using spheroids generated with

PHMASs: Spheroid cultures are being increasingly used in anti-cancer drug screening
studies, as reported previously [47,48], as they recapitulate /n vivo environments more
accurately than 2D cultures. Since MG-63 spheroids were comparatively intact and spherical
with closely packed cells, it would be easier to visualize changes in spheroid morphology in
response to drug treatment. Therefore, a proof-of-concept drug response study was carried
out using MG-63 spheroids cultured up to day 5. The spheroids were treated with 1, 5 and
10 uM concentration of Dox [49] and the effects of the treatment on cell viability were
determined. The Cell Titer Glo assay clearly indicated cell death upon treatment with all the
three concentrations of Dox when compared with the control group (Figure 10A). Exposure
of Dox to MG-63 spheroids demonstrated concentration-dependent cell death i.e. 39.2 +
7.4% viability for 1 uM and 24.2 + 2.9% for 10 pM treatment. The uptake of Dox in MG-63
spheroids was evaluated after 24 (Figure 10B), 48 (Figure 10C) and 72h (Figure 10D) by
confocal microscopy.

We observed a time- and concentration- dependent accumulation of Dox within the
spheroids. After 24h of treatment, the fluorescence from the Dox was clearly visible within
the cell spheroids treated with 10 uM Dox, while the other treatment groups had
comparatively lower fluorescence intensity. However, after 72h, Dox fluorescence was
observed throughout the spheroid for all Dox concentrations, with the highest intensity at 10
UM concentration.

4. DISCUSSION

We report the development of an innovative thermoresponsive hydrogel microwell array
using PNIPAm - a well-known thermosensitive polymer with LCST in the range of 32-35°C
[26]. The fundamental thermoresponsive property of PNIPAmM polymer has already been
exploited in cell sheet engineering where cells growing on the PNIPAm surface form
detachable cell sheets when the temperature is switched from 37°C to RT [50,51]. In the
present investigation, NIPAm and AA were copolymerized to form the microwell arrays. AA
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is a source of negatively charged carboxylic groups, which prevents the polymer chains from
aggregating at RT and facilitates swelling of the PHMA [32]. The developed PHMA
demonstrated thermoresponsive phase transition above 35°C. SEM images of the PHMA
showed spherical wells of uniform diameters with smooth internal surfaces for cell
attachment. As has been shown by previous studies, spheroids with diameters in the range of
400-500 pm are optimal for representing tumors observed /n vivo, with an external
proliferating zone and an internal quiescent zone [52-54]. Therefore, the diameters of the
microwells within the PHMA are appropriate for forming spheroids within this range. The
DSC thermogram confirmed the LCST of PHMA to be 35°C. Phase transition was also
established by contact angle studies which clearly shows that the contact angle increased to
about 83° at 37°C, indicating that the PHMA became hydrophobic at physiological
temperature, while it remains relatively hydrophilic at RT and below. Although the term
“hydrophobic” is considered for contact angle 6>90°, this is usually applicable to solid
surfaces; since the PHMA is hydrated, the hydrophobicity of our gel is influenced by the
hydrophobic nature of PNIPAm above LCST, as well as the presence of water within the gel.
The trend of increasing hydrophobicity of PNIPAm as temperature increases above LCST is
in line with reported literature, where static contact angle 6 increased from 36° to 46° for
PNIPAm brush [55] and from 64° to 94° for silicon-coated PNIPAm brush [56]. Conzatti et
al. has also reported the same trend of hydrophilic/hydrophobic transition near LCST for
PNIPAm-based hydrogels [57]. The maximum swelling of PHMA within 24 h could be
attributed to the polymer density and the hydrophilic property of AA used in the
formulation, which increased the affinity of PHMA towards water [32,58]. Swelling ratios of
PHMA could be controlled by varying the ratio of AA to NIPAM monomer.

Deswelling studies showed stabilization of the PHMA within about 50 mins. This property
is very important as the de-swelling and subsequent increase in hydrophobicity of the
PNIPAm surface is necessary for cell attachment and proliferation to form spheroids.
Deswelling behavior of PHMA is mainly dependent on the presence of hydrophilic content
and the density of the monomer NIPAm. Polymerization of the hydrophilic AA with
PNIPAm can lead to the generation of water releasing channels [32,58], and the entrapped
water molecules in the PHMA are released when they are exposed to temperatures >LCST.
Re-swelling property of the thermosensitive material is critical to ensure that the PHMA can
undergo phase transition to allow for spheroid detachment at RT. After swelling, the surface
of the PHMA is expected to become hydrophilic making it suitable for the detachment and
isolation of cells as described previously [32,50,51,58]. The mechanical strength of the
PHMA was also analyzed, and the platform was found to have sufficient stiffness to enable
cell culture within it (see Supplementary information).

Following thorough characterization, the PHMA was then used for spheroid generation.
WST-1 assays and EVOS imaging using HeLa spheroids confirmed 24 x 10% cells/PHMA as
a suitable cell seeding density for future experiments. This seeding density was optimized
based on the morphology of spheroids and quantitative cell viability assays showing the
percentage of viable cells overtime. Seeding density can be further optimized for each cell
line used and based on the dimensions of the microwells. Studies performed by Lei et al.,
clearly demonstrated the development of HeLa spheroids of 226, 267 and 388 um diameters
when seeded at 5 x 106 cells/reservoir in wells of diameter 400, 600 and 800 um after 4 days

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dhamecha et al.

Page 11

[59]. Similarly, Barros et al., reported the development of HeLa spheroids of 662.6 = 70 um
diameter in 10 days when seeded at 1 x 10° cells/ agarose micromold [60]. We see the
development of compact Hel a spheroids within the PHMA within similar timeframes. The
spheroids grown within the PHMA could be easily isolated following temperature-
dependent phase transition at RT, as shown for day 7 in Figure 5A. Each customized PHMA
can be placed within the well of a 6 well plate for the high-throughput generation of
relatively uniform spheroids in an environment that more closely mimics cellular attachment
and grown on ECM /n vivo. To validate the broader utility of the developed PHMA model,
3D spheroids were also generated using A549, MG-63 and HLF cell lines. HepG2
hepatocellular carcinoma cell line was also seeded into the PHMA at a seeding density of 25
x 10%cells/ PHMA and were found to form spheroids with compact, relatively spherical
morphologies after day 5 (Figure S1).

The ability of spheroids to recapitulate several key chemical and physical properties seen in
vivo such as oxygen tension (hypoxia in spheroids), compactness (cell to cell interaction),
and gene and protein expression, makes them a suitable alternative to animal model testing,
which is the current gold standard in preclinical drug development. Cell spheroids and
organoids are being increasingly used for predictive evaluation of new anti-cancer
therapeutics including chemotherapy, antibody-based immunotherapy, gene therapy and
combinatorial therapies [61]. It is well known that the ECM and compact cell arrangement
can act as key barriers hindering the penetration of therapeutics into the tumor. Inability to
recapitulate these barriers in 2D monolayer culture systems is potentially the reason why
nanoparticles/ drugs demonstrating high efficacy on 2D cell cultures fail to show similar
effects with 3D cell spheroids [62,63]. Studying drug penetration kinetics using spheroids
can also provide valuable information to researchers which will enable them to modify their
formulations to increase penetration into the diseased tissues. For example, Conte et al
developed novel redox-responsive PLGA (poly(lactic-co-glycolic acid))-PEG (polyethylene
glycol) nanoparticles (RR-NPs) and compared them to corresponding non-redox-responsive
nanoparticles (NRR-NPs) in terms of penetration ability into A549 spheroids. Significant
penetration of RR-NPs was achieved through all regions of the spheroids (the outer
proliferating zone, the middle viable layer of quiescent cells and the central necrotic core)
when compared to nNRR-NPs [64]. Disease-specific cell marker expression is usually
recapitulated more accurately by 3D cell spheroids than by 2D monolayer cultures. Several
studies have reported expression of cell markers varies significantly when exposed to the
inducing agent on 2D and 3D cell system. For example, lipopolysaccharide-induced
secretion of pro-inflammatory cytokine response was found to be significantly different
between 2D and 3D cell systems. A549 cell spheroids demonstrated persistently increased
levels of interleukin-6 and interleukin-8 compared with its corresponding monolayer
cultures [65]. Toxicology is yet another area in which the use of spheroids has shown clear
advantages over 2D assays. Bell ef a/. conducted a multi-center comparison of 2D sandwich
cultures and 3D spheroids of primary human hepatocytes (PHHS) over two weeks in order to
evaluate their suitability for long-term /n vitro toxicology assays, comparing both to a
baseline of freshly-thawed and -plated PHHSs. Their work found that spheroids tended to
retain or upregulate the stable synthesis of metabolic proteins, over a 14-day period while
2D cultures rapidly lost this ability. 2D cultures were also observed to lose the ability to

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dhamecha et al. Page 12

express various proteins involved in drug absorption, distribution, metabolism, and excretion
(ADME), and experienced a relatively rapid rise in the expression of degradative proteins
(e.g--lysosomal proteins). Spheroids were found to be more sensitive to subtle toxicological
differences, shown by their ability to discriminate between the toxicological profiles of
troglitazone and its less toxic analog pioglitazone [66]. Thoms et a/. carried out similar
comparative work between standard 2D culture and spheroids to address the underestimation
of tacrolimus toxicity /n vitro compared to that observed /n vivo in patients. They found that
3D spheroids were able to better predict this toxicity, and like so many others in recent
years, advocated the adoption of these physiologically more relevant models for such
toxicological work [67].

To visualize the morphologies of our developed spheroids, EVOS imaging was also done.
The HLFs formed spheroids with spherical and compact morphologies. Fibroblast spheroids
are useful building blocks for forming large multicellular constructs of different tissues.
Cancer-associated fibroblasts are known to play a key role in the growth and invasion of
many tumors [68] and are therefore increasingly being co-cultured with cancer cells /n vitro.
Our studies confirm that fibroblasts can be cultured in a 3D format within the PHMA.
Primary human fibroblasts tend to form spherical intact microtissues as demonstrated
previously [69,70]. Spheroids developed using MG-63 cells demonstrated increasing
diameter and compactness with time until day 7, as also observed by other groups under
normoxic conditions[6,71]. The comparatively more irregular morphology of A549 cell
spheroids developed within the PHMA is also consistent with previous reports on
developing spheroids using A549 cells [72,73]. Sambale et al.[74] reported that A549 cells
demonstrated lower cell-to-cell interactions compared to fibroblasts, leading to the
generation of loosely packed spheroids. The differences in the overall morphology of the
cell spheroids could be attributed to the differences in their cell-cell adhesion properties. It is
well-documented that cell-to-cell adhesion is a key step in tissue development and regulates
morphology, polarity, and tissue integrity. Cadherins, especially E-cadherins, are known to
play a key role in promoting cell adhesion. The presence of E-cadherins prevents
dissociation and migration of most non-cancer cells, particularly epithelial cells, from the
original tissue [75-77]. In this study, HLF spheroids were spherical with intact periphery,
and EVVOS images indicated that no visual changes in diameter were noted after day 5. On
the other hand, cancer cells within spheroids progressively lose the ability to maintain a
compact structure and hence form larger and distorted tissue constructs indicating loss of E-
cadherin. This loss of E-cadherin is more common in cancers of epithelial origin, such as
Ab549 and HeLa [75]. There have been several studies which suggest that the downregulation
of E-cadherin reduces cell-cell adhesion, and increases epithelial to mesenchymal transition
which is commonly seen in cancer [76,77].

Following characterization of the morphologies of the spheroids, the development of
hypoxic core within them was also studied using EVOS and confocal imaging. Hypoxia is a
common phenomenon seen in malignant tumors and signifies lower level of oxygen tension
in a specific tissue. In normal tissues, the clinical median percent O, level is in the range of
3.9-9.5 (normoxic condition) whereas tumor tissues show a median O, levels in the range of
0.3 — 1.8 (hypoxic conditions) [78,79]. This hypoxic condition in tumor tissue leads to
abnormal vascularization and metastasis and subsequently causes altered cancer cell
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metabolism. Hypoxia-inducible factors (HIF) are key transcription factors in the mammalian
response to oxygen deficiency [80]. During hypoxia, HIF-1a levels in the nucleus is
stabilized. Together with other transcription factors, HIF-1a play key roles in many crucial
aspects of cancer biology including angiogenesis [81], epithelial-mesenchymal transition
[82], invasion [83] and metastasis [84]. Further, hypoxia in tumor microenvironments
induces cellular changes that make these cells highly resistant to chemotherapy, immune and
radiation therapy [85]. In the present investigation, MG-63 spheroids clearly show the
localization of HIF-1a protein in the internal core suggesting that the central core is
hypoxic. The results are consistent with the existing literature on tumor microenvironments
and spheroid development, which shows that the complex architecture of tumor tissue leads
to limited access of oxygen to the tumor cells in the center [86]. During the development of
spheroids, the outer layer, also known as the proliferating zone, has access to nutrients and
oxygen while the cells in the center have access to limited oxygen [86,87]. Further, the
increased oxygen diffusion distance in spheroids with increasing diameters ultimately
reduces the availability of oxygen and leads to poor diffusion of media towards the center of
the spheroid [88]. Our results are consistent with previous research, where MG-63 spheroids
where hypoxia induction and HIF-1a protein expression was observed in spheroids of small
diameters [89,90].

Following successful characterization of MG-63 spheroids, a proof-of-concept Dox response
study was carried out. Confocal images and Cell Titer Glo assays clearly demonstrated the
time- and concentration-dependent uptake of the Dox by the spheroids. HIF-1a expression
has been previously shown to mediate multi drug resistance phenotype in MG-63 cells upon
Dox treatment [91]. In this work, we have successfully demonstrated that 3D hypoxic
environments can be generated in the core of MG-63 spheroids in the PHMAs. Therefore,
the responses of these spheroids to chemotherapies like Dox are expected to be more
representative of /n vivo responses than 2D monolayer cultures which cannot be used to
recapitulate hypoxic cores seen in tumors /in7 vivo. To the best of our knowledge, this is the
first report on the development of thermoresponsive PNIPAm hydrogel microwell arrays for
spheroid generation and isolation. Future studies will focus on investigating the suitability of
PHMA for generating multicellular spheroid co-cultures and for the development of
spheroids using human patient-derived cells. These models will more closely mimic /n vivo
disease conditions for predictive drug screening.

5. CONCLUSIONS

We report for the first time the development of a unique PNIPAm-based hydrogel microwell
array for the easy generation and isolation of spheroids with uniform morphology. The
optimized seeding density for the generation of HeLa spheroids was found to be 24 x 104
cellssPHMA. The developed PHMA was also used for the generation of A549, MG-63 and
HLF spheroids. As a proof-of-concept, the responses of the developed MG-63 spheroids to
Dox treatment were studied. Drug penetration and anticancer efficiency was found to be
dependent on the Dox concentration and time. To the authors” knowledge, this is the first
report on the development of PNIPAm hydrogel-based microarray models for the generation
of cell spheroids in a biomimetic environment for use in /n vitro drug testing and to study
mechanisms associated with disease progression.
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HIGHLIGHTS

. A thermoresponsive poly N-isopropylacrylamide hydrogel microwell array
(PHMA) is reported for high-throughput spheroid generation in a biomimetic
environment.

. Cells in the body tend to attach and grow on the extracellular matrix, and will
similarly attach to the wells in the PHMA at 37°C.

. Stress-free isolation of cell spheroids can be done using a simple temperature
switch.

. Spheroids generated using the PHMA had spherical morphology, developed
hypoxia and were used to study cellular responses to doxorubicin.

. This innovative platform can be used for high-throughput spheroid generation
and isolation for disease modeling and drug screening applications, in an
environment that mimics native cellular milieus.
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Figure 1:
Design of the negative micromold used to cast the PHMA system, (A) Dimensions of the

micromold framework, with cylinder diameters of 800 um. All dimensions are in pm. (B)
Image of the micromold generated using CAD software. (C) Top view of the 3D printed
micromold showing cylindrical protrusions on the rectangular framework. These cylinders
were used to form the microwells within the PHMA.
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Figure 2:
Schematic representation of fabrication of PHMA, and its application in spheroid
generation.
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Figure 3:
Characterization of the thermoresponsive behavior of PHMA. SEM image of (A) the

microwells (Scale = 200 um) and (B) smooth well surface of PHMA (Scale = 1 um).
Representative images of the PHMA at (C) 25°C and (D) 37°C. EVOS microscope images
showing (E) swollen wells at 25°C and (F) decreased well diameters at 37°C (Scale = 1000
um). (G) DSC thermogram showing thermoresponsive transition of the PNIPAm gel at
35°C.
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Figure 4:

(A) Representative images and contact angles of the PHMA at different temperatures. (B)
Quantification of contact angles of PHMA at different temperatures. The same volume of
water was added to the surface of each PHMA and the drops were captured on static camera
with the same aperture at the same distance. Contact angle was analyzed with multi-point
trailing (30 points or more) on border of drops.
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Figure 5:

Ct?aracterization of swelling and shrinking properties of PHMA. (A) Swelling studies at
25°C show that the PHMA underwent swelling for 24h following which it saturated, (B)
Maximum shrinking of the hydrogels was observed at ~35°C, (C) De-swelling studies at
45°C show that the PHMA underwent maximum shrinking within 50 mins, and (D) Re-

swelling studies at 25°C shows ~50% swelling within 3 hours (n=3).
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Figure 6:

Cell seeding optimization. (A) EVOS brightfield images representing the growth of HeLa
cells over time in the PHMA at cell seeding densities of 8 x 104, 24 x 104, 72 x 104 cells/
PHMA (scale bar = 400 um). The last column displays the isolated spheroids on day 7 (scale
bar = 200 pm). (B) Quantitative analysis of cell viability over time for the different seeding
densities was done using WST1 formazan-based assays (n=3).
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Figure 7:
EVOS brightfield images demonstrating the growth of HLF, MG-63 and A549 spheroids

over time in the PHMA. Cell seeding density = 24 x 104 cellss/PHMA (scale bar = 200 pm).
The last column displays the isolated spheroids on day 7 (scale bar = 400 pm).
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Figure 8:
Fluorescence imaging of HLF, MG-63, A549 and HeL a spheroids at day 7 (scale bar = 1000

um). Live/dead analysis of spheroids using Calcein AM (green) and ED-1 (red) assay.
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Figure 9:
Immunofluorescence staining of the hypoxia marker HIF1a (green) showing hypoxia within

MG-63 spheroids. Spheroids were stained using primary antibody against HIF1a and Alexa
Fluor 488 secondary antibody. DAPI was used to stain the nucleus. Images represent a
section of the spheroid as captured by Zeiss confocal microscope. (Scale = 100pum).
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Figure 10:
In vitro drug screening studies. (A) Significant decrease in MG-63 spheroid viability

observed upon treatment with 10 uM Dox for 72 h; Percent cell viability obtained using Cell
Titer Glo assays and calculated as the ratio of luminescence of sample with respect to the
untreated control group. *p<0.01 using student’s t-test. Confocal imaging of spheroids
following uptake of Dox (red) at (B) 24, (C) 48 and (D) 72 h of treatment. DAPI (blue)
staining of the nuclei was done. Scale bar = 100 pum.
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