Journal of Applied Pharmaceutical Science Vol. 11(05), pp 015-021, May, 2021

Available online at http://www.japsonline.com
DOI: 10.7324/JAPS.2021.110503
ISSN 2231-3354

CrossMark

<« clickfor updates

Micropatterned K-carrageenan-PVP-PEG hydrogels as a templet for

head and neck cancer spheroid culture

Nadia Halib'*, Zainah Adam?, Maznah Mahmud?

"Department of Basic Sciences and Oral Biology, Faculty of Dentistry, Universiti Sains Islam Malaysia, Kuala Lumpur, Malaysia.
*Pharmaceutical Technology Unit, Medical Technology Division, Malaysian Nuclear Agency, Kajang, Malaysia.
*Biopolymer Group, Radiation Processing Technology Division, Malaysian Nuclear Agency, Kajang, Malaysia.

ARTICLE INFO ABSTRACT

Received on: 13/11/2020

Accepted on: 20/03/2021
Available online: 05/05/2021

Key words:

Hydrogels, k-carrageenan,
PVP, PEG, 3D cell culture,
HTB43.

Hydrogels have been demonstrated to exhibit distinct efficacy as matrices for 3D cell culture. As this research field
advances, the needs for matrices combining both the benefits of natural and synthetic polymer hydrogels are becoming
more apparent. In this study, kappa-carrageenan-PVP-PEG (kCA-PVP-PEG) hydrogels have been micropatterned with
microwells to enhance human squamous carcinoma (HTB43™) spheroid growth. It was found that the hydrogels’ swelling
ratios (SR) were 11.91, 11.67, and 11.67 for day 2, day 4, and day 8, respectively. A stable SR indicated no further swelling
of hydrogels in the cell culture media, hence allowing spheroid growth in an intact mold without the rupture or dissolution
of microwell templet. The comparison between unirradiated and irradiated hydrogel Fourier transform infrared (FTIR)
spectra showed a slight shift of O-H (stretch) from 3,327 to 3,382 cm™ and CH and CH, (stretch) from 2,919 t0 2,921 cm™,
respectively, whereas other functional peaks remained unchanged, suggesting the formation of interpenetrating network as
the primary mechanism for hydrogels formation. The morphological study revealed the spherical shape of spheroids with
measurements between 130 and 220 pm. Spheroids emit a signal in 4',6-diamidino-2-phenylindole (DAPI) and fluorescein
isothiocyanate (FIT-C) channels indicating spheroid viability. In conclusion, micropattern kKCA-PVP-PEG hydrogels

deemed suitable as a templet for generation and HTB43™ spheroid growth for 3D cell culture application.

INTRODUCTION

Conventional cell culture models are in 2D mode
or monolayer where cells are grown on a flat surface, adhere
and spread on the surface, forming unnatural cell attachments,
and hence render 2D cell cultures inadequate in mimicking the
living system, thus making them unreliable tools to be used in
in vivo drug efficacy and toxicity studies. In addressing these
issues, researchers have now look forward to 3D cell cultures,
an artificially created environment in which biological cells are
permitted to grow or interact with their surroundings in all three
dimensions (Andersen ef al., 2015). This arrangement will allow
the cultures to provide a model that more accurately resembles the
living system.
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In this light, hydrogels have been deemed to be a suitable
scaffold for 3D cell cultures as they have the ability to mimic the
natural extracellular matrix (ECM). Hydrogels possess tunable
mechanical strength, topography, porosity, and biocompatibility,
allowing nutrient and oxygen perfusion that enhance and promote
cell growth (Tibbitt and Anseth, 2009). Moreover, the fabrication
process of hydrogels can be combined with micropattern
technologies including soft lithography, micromolding, and
photolithography that enable the precise control of microscale
features including surface topography (Gauvin et al., 2012).
Among these, micromolding is a feasible technique that can be
used to fabricate micropattern on thermoplastics, elastomers,
and hydrogels in producing specific geometries and sizes (Cui
et al., 2017) where precursor polymers are initially molded and
subsequently gelled with the addition of gelling agents such as
divalent cations (Khademhosseini and Langer, 2007).

Microwell is one of the examples of geometries pattern
that can be fabricated onto hydrogels surface via micromolding
technique. It has proven to be particularly suitable for controlling
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the size of spheroids while maintaining high cell viability during/
after spheroid formation due to the ECM-mimicking biophysical
properties of hydrogels (Gong et al., 2015; Karp et al., 2007,
Mirab et al., 2019). These microwell platforms have been
prepared using a variety of polymers such as agarose (Napolitano
etal.,2007), chitosan (Fukuda et al., 2006), poly(ethylene glycol)
(PEG) (Karp et al., 2007), and gelatine methacrylate (Peela et al.,
2016).

Carrageenan is a hydrophilic polysaccharide derived
from red seaweed that closely resembles glycosaminoglycans due
to the presence of a backbone that is comprised of alternate units
of sulphated D-galactose and 3,6-anhydrogalactose linked through
a-1,3- and B-1,4-glycosidic linkage. There are three main classes of
carrageenan, namely, kappa (k), iota (), and lambda (4), with mono,
di-, and trisulphate groups, respectively (Necas and Bartosikova,
2013). Several studies have reported the biocompatibility of
k-carrageenan (kCA), thus deeming its suitability as biomedical
devices. Recently, several works have also demonstrated the
chondrogenic potential of kCA (Popa et al., 2015).

The thermoresponsive nature of kCA allows an easy
formation of hydrogels in the presence of cations (Vignesh ef al.,
2018). It undergoes coil-helix conformational transition, rendering
ionotropic and thermotropic hydrogels that dissolve when heated
(Chronakis et al., 2000). However, the ionic interactions produce
strong but brittle hydrogels. Several approaches have been
proposed by researchers including the introduction of photo cross-
linkable methacrylate moieties on the kCA backbone to create
physically and chemically cross-linked hydrogels (Mihaila et al.,
2013). In our case, we introduced polyvinylpyrrolidone (PVP) and
PEG to this natural-synthetic polymer blend. PEGs are oligomers
and/or polymers of ethylene oxide widely used as a lubricant in
the biomedical field. The addition of PEG managed to incorporate
elasticity and other properties such as adhesion and tackiness
while improving hydrogel qualities (Ajji et al., 2005). Meanwhile,
a previous study done by Mangione et al. (2005) indicated that
more ordered and strong hydrogels were obtained in the presence
of K+ with respect to Na+ ions. The hydrogel properties obtained
using mixtures of the two cosolutes also depended on the [K+]/
[Na+] ratio (Mangione ef al., 2005).

As previously mentioned, KCA can easily form hydrogels
with tunable mechanical properties, making it an excellent
material for micropatterning (Michel et al., 1997; Vignesh et al.,
2018). However, in a small scale and dimension such as cell
culture scaffold, kKCA hydrogels easily break, hence handling
the hydrogels during the tissue culturing process rather difficult.
Therefore, in this research, we introduced PVP and PEG into kCA
to incorporate elasticity and improve its tensile properties (De
Silva et al., 2011). Furthermore, PVP and PEG are water-soluble
polymers which can produce a homogenous mixture with kCA.
We also used micromolding technique to fabricate microwells
onto kappa-carrageenan-PVP-PEG (kCA-PVP-PEG) hydrogels
as a template for spheroid growth. Hydrogels’ swelling properties
and Fourier transform infrared (FTIR) spectra were determined,
while its biocompatibility as tissue culture templet was elucidated
by seeding human squamous carcinoma cells (HTB43). The
spheroid growth in the KCA-PVP-PEG hydrogels’ microwells was
morphologically assessed by measuring its size and shape whereas
cell viability was determined with Hoechst 33,342 and Calcein-
AM staining.

MATERIALS AND METHODS

Materials

The «CA powder was locally produced, PVP (Mw
160 kDa) and PEG (4 kDa) were purchased from Merck, and
Dulbecco's Modified Eagle Medium (DMEM), fetal bovine serum
(FBS), trypsin, and antibiotic solution (penicillin-streptomycin
5,000 U/ml) were purchased from Thermo Fisher Scientific
(Waltham, MA). Hoechst 33,342, Calcein-AM, and propidium
iodide were purchased from Merck (Darmstadt, Germany).

Fabrication of micropatterned kCA-PVP-PEG hydrogels

The «CA-PVP-PEG hydrogels were prepared by
mixing 5% «kCA (in 0.1 M sodium acetate), 15% PVP (in distilled
water), and 2% PEG (in distilled water) with the ratio of 9:1:1.
The mixture was thoroughly stirred with a magnetic bar to form
a homogenous solution. Micropatterns were imprinted onto KCA-
PVP-PEG hydrogels by pouring the mixture into a silicone mold
with microwells cast and left to solidify at room temperature for
30 minutes. Later, the hydrogels were sterilized under gamma
irradiation at 25 kGy.

Swelling property

The swelling property of KCA-PVP-PEG hydrogels was
determined by calculating its swelling ratio (SR) every 2 days for
the period of 8 days. The hydrogels were hydrated in cell culture
media and the SR was calculated as

. . Wh
Swelling ratio (SR) = —
Wi
where W, is the weight of the hydrated hydrogels after immersion
in cell culture media and W, is the weight of the lyophilized
hydrogels (Chang et al., 2010).

Fourier transform infrared spectroscopy (FTIR) analysis

FTIR spectra of the «kCA-PVP-PEG hydrogels were
recorded using FTIR Spectra 2000 (Perkin Elmer) at room
temperature. Lyophilized hydrogel samples were pulverized and
mixed evenly with potassium bromide at a ratio of 1 : 90. Samples
were prepared as KBr pellets and subjected to spectroscopy in the
range of 4,000-1,300 cm™.

HTB43 spheroids culture

HTB43™ monolayer cells were cultured in DMEM
supplemented with 10% (v/) FBS and 1% (v/v) antibiotic solution
at 37°C in a humid incubator with 5% CO,. Confluent cells were
trypsinized and harvested in a complete culture medium and
counted using a cell counter (Nexcelom Bioscience, Lawrence,
MA). HTB43 cells were seeded into the sterile micropatterned
KCA-PVP-PEG hydrogels at cell densities of 1.0 x 10° cells/
ml and incubated at 37°C in a humid incubator with 5% CO,.
Spheroids’ formation and growth on day 1, day 5, and day 10 were
visualized using an inverted microscope (Olympus, Japan) at 10x
magnification and spheroids images were captured using a (charge-
coupled device) CCD camera system (XCAM, Tokyo, Japan).

Spheroids’ size and viability

Spheroids were harvested using pipette suction and the
harvested HTB43 spheroids were placed in a sterile 96-well plate.
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Diameters of spheroids were measured using a Cell Reporter
system (Molecular Devices, San Jose, CA). Spheroids were then
incubated with DMEM containing Hoechst 33,342 (2 pg/ml),
Calcein-AM (400 nM), and propidium iodide (2 pg/ml) for 30
minutes in dark at room temperature. The stained spheroids were
imaged using 4',6-diamidino-2-phenylindole (DAPI), fluorescein
isothiocyanate (FIT-C) and tetramethylrhodamine-isothiocyanate
(TRIT-C) filter sets on a High Content Screening system,
ImageXpress® Micro XL (Molecular Devices, San Jose, CA).
Acquired images were analyzed using MetaXpress® Software.

RESULTS AND DISCUSSION
Fabrication of micropatterned kCA-PVP-PEG hydrogels

KCA can easily form hydrogels in the presence of
cations. In this case, kKCA-PVP-PEG hydrogels were formed
by ionic crosslinking of kCA by Na+, which established strong
interaction between the polymeric chains (Vignesh et al., 2018).
Micropatterning of the hydrogels by simple micromolding
technique was enabled upon complete crosslinking within 30
minutes. It was found that the microwells on the surface of kCA-
PVP-PEG were in fine and clean shape where there were no
cracking or roughness observed at the edge of microwells (Fig. 1).
The microwells’ structures were intact for up to 10 days when
soaked in culture media.

It is known that kCA produced brittle hydrogels; hence,
we incorporated water-soluble synthetic polymers, namely,
PVP and PEG to «CA, to form interpenetrating network (IPN)
hydrogels. The addition of PEG acts as a plasticizer that enables
the incorporation of elasticity, thus improving hydrogel properties
including adhesion and tackiness (Ajji et al., 2005). It was also
observed that the strong interaction between the polymeric
chains that formed the hydrogels after complete crosslinking
caused the loss of hydrophilic interaction that exists between the
molds and the hydrogels, which in turn facilitated the removal of
micropatterned hydrogels from silicone molds. This occurrence
provides a feasible micropatterning process of kKCA-PVP-PEG
hydrogels where hydrogels were easily removed using forceps to
be washed with distilled water.

Swelling properties of KCA-PVP-PEG hydrogels

Lyophilized kCA-PVP-PEG hydrogels were immersed in
cell culture media for the period of 8 days and SR were determined

every 2 days. The SR of kCA-PVP-PEG hydrogels were slightly
higher on day 2 and stabilized afterwards with values of 11.91,
11.67, and 11.67 for day 2, day 4, and day 8, respectively (Fig.
2). During the first 24 hours of immersion, water molecules were
absorbed into the hydrogels’ network causing it to swell. However,
some of the polymer chains were dissolved due to the strong
ionic interaction of various salts in the cell culture media. This
resulted in the reduction of overall mass and weight of kCA-PVP-
PEG hydrogels, hence causing the slight decreased of SR from
11.91 (day 2) to 11.67 (day 4). Further immersion of hydrogels
did not cause any more dissolution of polymer chains; thus, SR
for day 8 remained and stabilized suggested that the k<CA-PVP-
PEG hydrogels remained physically intact in cell culture media.
Hydrogels’ physical integrity is an important property to maintain
the shape and dimension of micropatterned microwells that serve
as templets for spheroids growth, ensuring the formation of three-
dimensional cell structure.

Fourier transform infrared spectroscopy (FTIR) analysis

In our present study, 25 kGy of gamma irradiation was
used for crosslinking and sterilizing the hydrogels (Ajji et al.,
2005). The FTIR spectra of pure kCA, pure PVP, pure PEG, and
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Figure 2. Swelling ratio (SR) of kCA-PVP-PEG hydrogels soaked in cell culture
media on day 2, day 4, and day 8.

Figure 1. The morphology of microwells on the surface of kKCA-PVP-PEG hydrogels with a diameter of approximately 200 um on (a) day 1, (b) day 5, and (c) day 10
in cell culture media. The images were visualized using an inverted microscope (Olympus, Japan) at 10x magnification.
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kCA-PVP-PEG hydrogels before and after irradiation are given in
Figure 3. The major peak assignments of pure kCA, pure PVP, and
pure PEG are summarized in Table 1. The FTIR spectra of kCA-
PVP-PEG hydrogels was found to consist of the functional groups
from all three pure components, that is, O-H (stretch), sulphate
(stretch), glycosidic linkage, and C,-O-S in galactose in pure kCA;
CH, stretch, C=0, and N-C in pure PVP; C-O-C (stretch) in PEG
(De Silva et al., 2011).

It was observed that there was no significant difference
in peak pattern and peak position when the FTIR spectra of
unirradiated kKCA-PVP-PEG hydrogels was compared with the
irradiated hydrogels. This finding suggested that k<CA and PEG
chains were entangled within the cross-linked PVP to form an
IPN. In accordance with the previous research, it is also proposed
that the irradiation of kCA with gamma rays resulted in radical
formation on the kCA macromolecule chains and these sites of

(a) k-carrageenan
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(b) PVP 103

3434 2009 2017 2878
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Figure 3. FTIR spectra for (a) pure kCA, (b) pure PVP, (¢) pure PEG, (d)
unirradiated kKCA-PVP-PEG hydrogel, and (e) irradiated kCA-PVP-PEG
hydrogel.

Table 1. FTIR band assignments of pure kCA, pure PVP, and pure PEG.

Wavenumber (cm™) Functional group Reference
kCA (De Silva et al.,
3,400-3,000 O-H (stretch) 201
1,253 Sulphate (stretch)
1,036 Glycosidic linkage
923 C-O-C (3,6-anhydro-D-galactose)
843 C,-O-S in galactose
PVP (Koczkur et al.,
2,949/2,917/2,875 CH and CH,gstretch 2015)
1,653 C=O0 stretching vibration
1,421 CH deformation of cyclic CH,groups
1,287 C-N vibration
PEG (Shameli et al.,
2,880 C-H stretching 2012)
1,279/1,099 O-H and C-O-H stretching
1,471/1,342 C-H bending

radical formation become the points of initiation for side chains
with PVP (Abad et al., 2003). Although polysaccharide such as
kCA is known to degrade rapidly with irradiation, the unchanged
FTIR spectra of hydrogels after irradiation also indicated that
grafting of kCA to PVP or the IPN formation had diminished
the degradation of kCA; in other words, PVP preserved the kCA
against gamma irradiation (Sen and Avci, 2005).

HTB43 spheroids formation

The spheroid formation can be divided into three stages:
an initial aggregation of cells, followed by spheroid compaction
and finally spheroid growth (Smyrek et al., 2019). The formation
of HTB43 spheroids was shown in Figure 4. It was observed that
the aggregation stage of HTB43 cells has already taken place on
day 1 (Fig. 4a). This is in agreement with the previous research
which reported that the cell aggregation stage was found to be
completed within 48 hours (Smyrek et al., 2019). On day 5 (Fig.
4b), the compaction stage of HTB43 spheroids occurred. It was
observed that compact HTB43 spheroids had a spherical geometry
or shape. On day 10 (Fig. 4c), compact HTB43 spheroids exhibited
dark in color, probably due to the high density of cells number.
However, the spheroids still look intact and viable. This suggested
that micropatterned kCA-PVP-PEG hydrogels were compatible
with HTB43 spheroids culture and had no effect on spheroids
formation up to 10 days culture. The viability of HTB43 spheroids
was further confirmed through fluorescent assay.

Afterward as spheroids’ growth, it was observed that
microwells of KCA-PVP-PEG hydrogels seem to be disappearing.
This was probably due to the acidic condition of the culture
medium (pH 6) as indicated by the changes of the culture medium’s
colour from red to yellow. Secretion of cellular metabolites such
as lactic acid contributes to this acidic environment (Michl
et al., 2019) where it might affect the anionic stability within the
polymeric chains of micropatterned kCA-PVP-PEG hydrogels,
thus creating stronger interaction between the salts as compared
to interpolymeric network and hence causing the dissolution
of kKCA-PVP-PEG hydrogels after day 10. This similar finding
was also reported by Mehrban et al. (2010) that study kCA gel
cylinders seeded with 3T3 cell (murine fibroblasts). The acellular
samples of k«CA gel cylinders remained unchanged for the
duration of the study. However, it was noticed that the addition of
cells within the gel caused a gradual loss in total mass suggesting
degradation of the polymer. This change was not apparent until
day 10 of the study which correlates with a dramatic increase in
the proliferation of encapsulated cells (Mehrban ef al., 2010).

Spheroids’ size and viability

Figure 5 shows images of spheroids on day 10, captured
using Cell Reporter system (Molecular Devices, San Jose, CA). It
is shown that spheroids formed from kCA-PVP-PEG hydrogels
exhibited different sizes that ranged from 130 to 220 pum. The
different sizes might be influenced by the different number of
cells received by each microwell during the seeding process.
Other factors that might have an effect on spheroids sizes were
the amount of nutrient supplied and the time of spheroids shaking
(Shi et al., 2018).

Images of HTB43 spheroids stained with a mix of three
dyes, namely, Hoechst 33342, Calcein-AM, and propidium iodide,
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Figure 4. HTB43 spheroid formation on (a) day 1, (b) day 5, and (c) day 10.

Figure 5. Harvested HTB43 spheroid on day 10 with size range between 130
pm and 220 pm.

(a)

Figure 6. Representative images of HTB43 spheroids stained with a combination
of three dyes: Hoechst 33342, Calcein-AM, and propidium iodide. Images were
taken using DAPI (a), FIT-C (b), and TRIT-C (c) channels, respectively. A
composite image of all three channels is shown at the bottom right (d). Images
were acquired using an automatic imaging system (ImageXpress Micro XL)
with a 20 Plan Apo (NA = 0.45) objective.

are shown in Figure 6 (a—d). Hoechst 33342 dye was used to detect
the nucleus of single cells, Calcein-AM was used to determine
metabolically active cells or live cells, and propidium iodide dye
which selectively penetrates cells with damaged outer membranes
was used to measure dead or necrotic cells (Sirenko et al., 2015).
Images from the DAPI channel (6-a) showed the presence of the
nucleus of all cells in the HTB43 spheroids. FIT-C channel images
(6-b) indicated that the spheroids are still alive and viable. TRIT-C
channel images (6-c) showed that there were dead or necrotic cells
in HTB43 spheroids. Overlay or composite images of the three
channels (6-d) showed the location of dead or necrotic cells. These
findings suggested that many of the dead or necrotic cells were
located at the core site of the spheroids. These were possibly due
to the lack of nutrients and oxygen supplied at the spheroids’core.

A previous study reported that spheroids’ structure
consists of three layers: the outer proliferating layer, inner quiescent
zone, and core necrotic site (Nath and Devi, 2016). At the outer
layer, cells actively proliferated due to high exposure to nutrients,
growth factors, and oxygen from the medium. Meanwhile, cells at
the middle layer and core site received less amount of nutrients,
growth factors and oxygen causing cells at the middle layer to
become inactive while the cells at the core site to become necrotic
(Edmondson et al., 2014). Accordingly, our cells displayed the
same nature as mentioned above, thus suggesting that our KCA-
PVP-PEG hydrogels served the purpose of being the potential
scaffold for 3D cell culture.

CONCLUSION

We found that the fabrication of microwells as
surface topology onto kCA-PVP-PEG hydrogels via a simple
micromoulding technique was feasible. The microwells were in
well-defined and clean shape. It was also easy to remove kCA-
PVP-PEG hydrogels from the mould since complete crosslinking
resulted in the loss of hydrophilic interaction between the molds
and hydrogels. When seeded with HTB43 cells, kCA-PVP-PEG
hydrogels were found to be stable up to day 10, providing ample
time for spheroids formation. The spheroid sizes were in the
range of 130-220 pum. The overlay images under fluorescence
microscopy indicated the three layers of spheroids structure
where dead or necrotic cells were located at the core site of the
spheroids. These common features of spheroids suggested that our
micropattern KCA-PVP-PEG hydrogels were a potential scaffold
for 3D cell culture application.
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