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ABSTRACT

The three-dimensional (3D) spheroid cell culture model is crucial in screening anticancer drugs in
vitro and understanding tumor cell behavior. However, the current in-vitro models require highly
skilled techniques and often lack reproducible results. Here, we present an in-vitro, tumor-
mimetic, self-detachable, cancer cell spheroid model which provides the confined space of tumor
microenvironment, convenient spheroid retrieval, immunostaining, treatment, and imaging. We
formed void space within alginate macrobeads by ionic disintegration at a specific region inside.
The macrobeads were further destabilized with bovine serum albumin to retrieve the spheroid
cultured within void space. Quantitative analysis of the immunofluorescence images of the
cultured spheroids showed enhanced expressions of the hypoxia-inducible factor-1o (HIF-1a) and
carbonic anhydrase-9 (CA-9), like monolayer cultures of cancer cells in hypoxic conditions (0.2%

oxygen). Furthermore, adding CoCl: to the cell culture media induces even higher amounts of HIF-



la and CA-9 in the cultured spheroids. In conclusion, the present work highlighted the in-vitro
spheroid model, which is closer to the tumor microenvironment and has user-friendly cell seeding,

spheroid retrieval, and immunostaining steps.

Introduction

Abnormal tumor structure with insufficient blood, nutrient, and oxygen supply leads to the onset
of hypoxia'* and significant changes in cell characteristics.!”> For example, hypoxia induces
epithelial-to-mesenchymal transition (EMT) of the cancer cells and alters protein synthesis, energy
production, mitochondrial respiration, and lipid and carbon metabolism.® The resultant cells
display "stem cell-like" properties* with increased expressions of several membrane protein

markers, such as hypoxia-inducible factor-1a. (HIF-1a) and carbonic anhydrase-9 (CA-9).>”’

Spheroids are widely used multicellular 3D models to mimic tumor microenvironments.®’
Spheroids develop nutrient, oxygen, and metabolic gradients leading to a heterogenous cell
population with superior cell-to-cell and cell-to-extracellular matrix (ECM) interactions.'%!2
Three-dimensional cultures of cancer cells played a crucial role in anticancer drug screening and
understanding tumor cell behavior.!*> Cancer cell spheroids usually form due to a lack of
adhesion with the surface and subsequent aggregation. However, techniques based on this method
need specialized training, resulting in a lack of reproducible results. In addition, the formed

spheroids pose challenges in immunostaining, imaging, retrieval, and storage.'®!”

Sodium alginate has been used as biocompatible polymer material to support cell growth in 3D
scaffolds.!®! Alginate scaffolds have demonstrated several advantages for 3D cell culture,
including their ability to support cell growth and function and mimic many tissues' extracellular

matrix (ECM).!*?° The porous structure of alginate scaffolds allows the exchange of nutrients and



waste products between cells and the surrounding environment. The biodegradability of the
scaffold contributes to its eventual breakdown and removal. Further, alginate hydrogels formulated

with different pore sizes showed diffusion of oxygen and other nutrients through the scaffold.?!*?

Herein, we present a self-detachable model in a confined space for cancer cell spheroid formation
to mimic the tumor microenvironment along with easy spheroid retrieval, immunostaining,
treatment, and imaging. We prepared spheroids from the triple-negative breast cancer cells MDA-
MB-231 and the pancreatic ductal adenocarcinoma cells BxPC-3. The cells were encaged within
the void space of sodium alginate macrobeads to restrict the diffusion of oxygen and other
nutrients. The interface between the macrobeads and void space was imaged and quantitated with
a line profile. Each alginate bead contained one spheroid. Further, the beads were treated with
bovine serum albumin (BSA) to destabilize sodium alginate and detach the formed spheroids.
HIF-1o and CA-9 expressions were determined by immunofluorescence imaging and quantitative
analysis to demonstrate hypoxic regions in the spheroids. The addition of cobalt (II) chloride in

the cell culture medium further enhanced the expressions of the hypoxia markers in the spheroids.

Materials and Methods

Microbead preparation: Sodium alginate (0.7% w/v) was dissolved in MilliQ water (low
conductivity ultra-pure water) and stirred for 4 hours. The resulting alginate gel was extruded
dropwise into a solution of 7% (w/v) calcium chloride in MilliQ water using a syringe with a 28-
gauge needle and curing for 5 minutes. Crosslinked calcium alginate microbeads were washed

with MilliQ water.

Cell culture: The MDA-MB-231 and BxPC-3 cells were purchased from American Type Culture

Collection (Manassas, VA) and cultured as recommended by the vendor. For normoxic conditions,



the cells were grown in an incubator at 37 °C containing 5% carbon dioxide and 21% oxygen. For
the hypoxic conditions, cells were incubated in a hypoxia chamber (Coy In Vivo Hypoxic Cabinet
System) with 5% carbon dioxide and 0.2% oxygen at 37 °C. For chemical induction of hypoxia,
cells were treated with 25 uM CoCl; dissolved in DMEM media for 72 hours in an incubator at 37

°C containing 5% carbon dioxide and 21% oxygen.

Microbead disintegration in PBS: Crosslinked calcium alginate microbeads were washed with
MilliQ water and suspended in phosphate-buffered saline (PBS) (137 mM NaCl, 10 mM
phosphate, 2.7 mM KCI; pH 7.4) for 30 minutes to allow a partial exchange of calcium and sodium
ions. The resultant smaller beads were treated with PBS, and a time-lapse video was recorded

using a Zeiss confocal microscope (LSM 900, Airyscan-2) for 4 hours.

Development of void space within alginate macrobeads and characterization: Crosslinked
calcium alginate microbeads were washed with MilliQ water and suspended in PBS (30 minutes)
to exchange calcium and sodium ions. The resultant microbeads were washed with MilliQ water,
coated with sodium alginate gel (3% w/v), and dropped into a 7% w/v aqueous calcium chloride
solution. Those beads were allowed to cure in calcium chloride for 20 minutes and labeled as
macrobeads. The macrobeads were incubated in DMEM media for 8 hours and analyzed for void
space inside. We repeated the above steps without PBS treatment for beads without void space, so
microbeads did not partially disintegrate to form void space within alginate macrobeads.
Developed macrobeads with and without void space were imaged under a microscope. Images of
the region of interface between void space and macrobead were captured. The quantitative line
intensity profile was analyzed at the interface region between the void space and the macrobead.
The quantitative line intensity profile analysis was conducted using the Imagel software (NIH,

version 1.53f51).2* To further confirm, microbeads with void space within were treated with



fluorescein-labeled BSA and time-lapse video recorded using a confocal fluorescence microscope

(LSM 900, Airyscan-2) for 2.5 hours and 12 hours for macrobeads without the void space.?*

Spheroid cancer cell culture at void space inside alginate macrobeads: MDA-MB-231 and
BxPC-3 cell pallets obtained from 70% confluent T-75 flasks were resuspended into 400 uL 0.7%
w/v sodium alginate in DMEM media. Cells suspension was diluted so that about 2 x 10* cells
were seeded in each microbead. The resulting cell suspension was extruded into a 7% w/v calcium
chloride solution using a syringe (28G needle) and cured for 5 minutes. Next, the crosslinked
calcium alginate microbeads were washed with MilliQ water and suspended in PBS (30 minutes)
to exchange calcium and sodium ions. Resultant microbeads were washed with MilliQ water,
coated with sodium alginate gel (3% w/v), and dropped into an aqueous 7% w/v calcium chloride
solution. The beads were allowed to cure in a calcium chloride solution for 20 minutes and
considered alginate macrobeads. Subsequently, the beads were washed with MilliQ water and
incubated in DMEM media for 72 hours to allow the encaged cells to form a spheroid within void

space (Figure 1A).

Spheroid cancer cell culture by hanging drop method: Briefly, MDA-MB-231 spheroids were
obtained by pipetting MDA-MB-231 cell suspension of 5,000 cells in 40 uL. growth medium/well)
into a Perfecta 3D Hanging Drop Plate (3D Biomatrix HDP1096-8). Spheroids were retrieved in
the collecting plate after 3 days and used for further live/dead staining. Those stained spheroids

were imaged under a confocal fluorescence microscope (LSM 900, Airyscan-2 by Carl Zeiss).

Detachment of the cultured cancer cell spheroids from alginate macrobeads: To isolate the
cultured spheroids, the alginate macrobeads were treated with 5% w/v BSA solution in PBS for

12 hours in the incubator. The macrobeads were imaged before and after BSA treatment. The



cancer cell spheroid was within an alginate macrobead before BSA treatment; however, it detached
and moved outside the bead after BSA treatment. Isolated spheroids were imaged using a portable

camera. The isolated spheroids were used for further immunostaining and analysis.

Characterization of spheroids cultured at void space within alginate macrobead: The spheroids
developed within the void space of alginate macrobeads were stained with a live/dead cell staining
kit. Stained spheroids were imaged under a confocal fluorescence microscope (LSM 900,
Airyscan-2) with FITC and RFP filters. The live fraction of cells was calculated as the ratio of
green fluorescence intensity (live cells) to red fluorescence intensity (dead cells) by using the NIH

ImageJ Software.?

Immunostaining and fluorescence microscopy of hypoxia markers: Isolated fixed spheroids
were stained with DAPI, FITC labeled CA-9, and AF-647 labeled HIF-1a antibodies. The
spheroids were imaged using a confocal fluorescence microscope, and the images were analyzed

in ZEN software (Version 3.4.91.00000, Carl Zeiss Microscopy) for intensity quantification.

CoCl; treatment of cancer cells encaged within void space of alginate macrobeads: For the

alginate encaged cells, CoCl, (25 uM) loaded alginate gel was used to form the macrobeads and
incubated in DMEM media containing 25 pM added CoCl.. To induce hypoxia in monolayer
cultures, the MDA-MB-231 and BxPC-3 cells were treated with 25 uM CoCl; in DMEM media

for 72 hours.

Statistical Analysis: The statistical analyses were conducted using OriginPro 2021b software
(Northampton, MA). The nonparametric Mann-Whitney and paired t-test evaluated the significant

statistical differences within the treatment groups.



Results

First, we prepared calcium alginate microbeads. Subsequently, we partly disintegrated them to
create the void space and coated them with another layer of calcium alginate to form the
macrobeads. The cancer cell spheroids grew within the void space of the microbeads encased in

the macrobeads (Figure 1A).

Microbead preparation and disintegration in PBS:

Alginate microbeads were prepared by crosslinking sodium alginate with Ca** ions. Microscopic
images of microbeads showed spherical structures with an average diameter of 1.7 * 0.1 mm

(Supplementary Figure S1). These microbeads were further used as a base for void space formation
within alginate macrobeads. To form void space within alginate macrobeads, the microbeads were
exposed to PBS for partial structural disintegration (Figure 1A). The alginate microbeads
underwent a 13% surface area reduction after 10 minutes in PBS. However, after one hour, the
surface area increased (by 28%), and the beads disintegrated in 4 hours (Supplementary Video 1).
The 3D surface plots showed microbead contraction after 10 minutes, subsequent dilation after 1

hour, and collapse after 4 hours in PBS (Figure 1B).

Characterization of void space within alginate macrobeads:

The interface between the macrobead and void space within was imaged with 20X brightfield
microscopy. The line profiles across the interface between macrobead and the inside void space
demonstrated a sharp transition at 58 pum; however, the line across the interface between the

macrobead and microbead inside shows an elevated peak at 58 pm distance. The image of the



interface reveals a difference between microbead within macrobead and void space within

macrobead (Figure 1C).



A. Schematic representation of the method to encage cells in the void space of alginate macrobeads
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C. Characterization of void space within alginate macrobeads
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Figure 1: (A) Schematic representation of encaging cancer cells within void space of alginate
macrobeads and subsequent spheroid formation. The green color depicts live cells in the spheroid



(see Figure 3C). (B) Left side schematics represent Na™ and Ca®" ion exchange of microbeads in
PBS solution. The right-side top panel images show time-lapse brightfield images of an alginate
microbead, and the bottom panel shows a 3D surface plot for the same images as a function of
time in PBS. (C) The left side schematic represents alginate macrobeads with and without inside
void space. The region showed on the schematics the interface between microbead and macrobead.
The next panel shows a brightfield image of the same. Blue and green lines on the bright field
image represent the line intensity profile across the microbead and macrobead interface and the
interface region between void space and macrobead. The line intensity profile graph demonstrated
altered intensity at the interface area. The right side shows brightfield images of the interface.

To further confirm the inside void spaces, a solution of fluorescein-labeled bovine serum albumin
(BSA) was added to the macrobeads. Time-lapse fluorescence images were captured at the
interface of macrobead and void space for 60 minutes. The diffusion pattern of fluorescein-labeled
BSA was evaluated to determine the structure of the alginate macrobeads.?* The images revealed
BSA accumulation in the cavity within 15 minutes (Supplementary Video 2). However, the
macrobeads without any void showed no accumulation of BSA in 60 minutes (Supplementary
Video 3). The labeled BSA intensity profile plots show a gradual increase of green intensity in
void space within macrobeads at 0, 15, 30, and 60 minutes; however, the microbead within
microbead (i.e., no void space) shows constant low green intensity values up to 60 minutes (Figure

2).
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A. Schematic representation showing FITC labeled BSA accumulation at void space within alginate macrobeads
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Figure 2: FITC labeled BSA was added to the alginate macrobeads with void spaces. The
time-lapse video was recorded at the void space and macrobead interface region. (A)
Schematic representation of time-dependent accumulation of FITC labeled BSA at the void space
within alginate macrobeads. (B) Time-lapse images for up to 60 minutes showing FITC
fluorescence and brightfield images of macrobead and microbead (without PBS treated) interface.
The right-side graph represents time-dependent fluorescence intensity in microbeads inside
macrobeads. Graph of intensity profile against the time of BSA incubation shows a gradual
increase of green fluorescence intensity in void space within macrobead up to 60 minutes. (C)
Time-lapse images for 60 minutes showing FITC and brightfield fluorescence images of
macrobead and void space within (microbead with PBS treatment) interface. The right side graph
represents the time-dependent fluorescence intensity of void space within the microbead and
shows steady green intensity values up to 60 minutes (n = 5).

Characterization of spheroids obtained from void spaces inside the alginate macrobeads:

To demonstrate the generality of our approach, we grew spheroids from metastatic triple-negative

breast cancer (MBA-MB-231) and pancreatic ductal adenocarcinoma (PANC1) cells. Optical
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images of macrobeads with spheroid in the void space show a white mass inside. BSA-treated
macrobeads show collapsed alginate microbeads detached from the intact spheroids. A bright field

image revealed a 1.2 * 0.1 mm spheroid inside the alginate macrobead of 5.8 + (0.2 mm diameter

(Figure 3A). Figure 3B shows a fluorescence microscopic image of a spheroid obtained from the
hanging drop method and a spheroid obtained from void space within alginate macrobeads, stained
using a commercially available live/dead cell staining kit (red: dead cells; green: live cells). The
fraction of live cells was quantitated by measuring the ratio of green fluorescence intensity (live
cells) to red fluorescence intensity (dead cells) of the spheroids (Figure 3B). Statistical analysis
showed no significant difference in live cells in spheroids obtained from the hanging drop method

and the void space within alginate macrobeads.?®
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A. Portable camera images of spheroids and alginate B. Brighfield microscopic image of spheroids
macrobeads encaged within alginate macrobeads
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C. Cell viability of spheroids encaged within void space of alginate macrobead
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Figure 3: (A) Optical images of spheroids within alginate macrobeads and macrobeads with and
without BSA treatment. The yellow arrows indicate intact macrobeads (left side image) and
disintegrated macrobead (center image). The red arrow indicates a spheroid within the void space
of an intact macrobead (left side image) and a spheroid isolated from a disintegrated macrobead
(center image). (B) A bright field image of a spheroid within the void space of an alginate
macrobead revealed a 1.2 + 0.1 mm spheroid inside an alginate macrobead of 5.8 + (0.2 mm
diameter. (C) Confocal fluorescence microscopy image of MDA-MB-231 cell spheroid obtained
from traditional hanging drop method and void space within alginate macrobeads, stained with a
live/dead staining kit. Images show merged red and green channels representing live and dead
cells. The graph compares the live fraction of cells in spheroid obtained within the void space of
alginate macrobeads and from the hanging drop method. Data were analyzed using the paired t-
test (P >0.05,n=3).
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Carbonic anhydrase-9 (CA-9) expression variation in cancer cell spheroids from alginate

microbeads, alginate macrobeads with void space, and CoCl; treated macrobeads:

The membrane-bound enzyme CA-9 regulates the pH of cancer cells, specifically for hypoxic
tumors.?” Upregulation of CA-9 is reported in various cancers, including breast, pancreatic, and
renal malignancies, and is a tumor hypoxia marker.?® To measure CA-9 expression of spheroids
from triple-negative breast cancer (MDA-MB-231) and pancreatic cancer (BxPC-3) cells obtained
by our method, the cultured spheroids were immunostained with FITC-labeled CA-9 antibody and
imaged by confocal fluorescence microscopy (green: CA-9; blue: cell nuclei). MDA-MB-231 and
BxPC-3 cell spheroids exhibited enhanced CA-9 expression in hypoxia and in the presence of
CoCl, compared to normoxia (i.e., spheroids in alginate microbeads). Quantitative image analysis
revealed significant differences between spheroids from alginate encapsulation, void space within
alginate macrobeads, and void space within CoClx-treated alginate macrobeads. Specifically, in
spheroids obtained from void space within alginate macrobeads, CA-9 expression was higher by
approximately 2-fold for MDA-MB-231 and BxPC-3 cell spheroids compared to normoxia.
Furthermore, for spheroids from void space within CoClx-treated alginate macrobeads, the CA-9
expression was highest, with an increase of approximately 4-fold for both MDA-MB-231 and

BxPC-3 cell spheroids (Figure 4).
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Figure 4: Representative fluorescence microscopic images of (A) MDA-MB-231 and (B) BxPC-

3 cell spheroids obtained from alginate microbeads and alginate macrobeads with void space
without and with CoCl.. Blue and green channels represent DAPI and FITC-labeled CA-9

antibody-stained spheroids. The side graphs show the intensity for CA-9 in spheroids obtained

from either cell encapsulated in alginate microbeads or encaged in void space within alginate
macrobeads or encaged in void space within CoCl, treated alginate macrobeads.

analyzed using the nonparametric Mann-Whitney test, ***P < 0.01, **P <0.05, n = 3.

Data were
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HIF-1«a expression variation in cancer cell spheroids from alginate microbeads, alginate

macrobeads with void space, and CoCl>-treated macrobeads:

HIF-1a is critical in cellular adaptation to hypoxia and promotes tumor growth, survival, and
metastasis. HIF-1a is considered a crucial marker for hypoxic tumor regions.?’ Therefore,
spheroids obtained under different culture conditions were analyzed for HIF-la expression.
MDA-MB-231 and BxPC-3 cell spheroids obtained from alginate microbeads, alginate
macrobeads with void space, with and without CoCl> were immunostained with Alexa Fluor 647
(AF-647) labeled anti-HIF-1a antibody and imaged employing confocal fluorescence microscopy
(Figure 5). In the images, the purple color shows HIF-1a expression, and blue represents the
nuclei of the cells. The images indicate enhanced HIF-1a expression under hypoxia and in the
presence of CoCl, compared to normoxia (i.e., spheroids in microbeads) for both MDA-MB-231
and BxPC-3 cell spheroids. Quantitative fluorescence intensity analysis demonstrated significant
differences between spheroids from alginate microbeads (normoxia) and alginate macrobeads with
void space with and without CoCl.. In spheroid obtained from void space within alginate
macrobeads, the HIF-1a expression was higher by 2 and 4 folds in MDA-MB-231 and BxPC-3
cells, respectively, compared to normoxia. In spheroid from void space within CoCl, alginate
macrobeads, the HIF-1a expression was highest, 3 and 7-fold more in MDA-MB-231 and BxPC-

3 cells, respectively, compared to normoxia (Figure 5).
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A. HIF-1a expression of MDA-MB-231 cell spheroids
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Figure 5: Representative fluorescence microscopic images of (A) MDA-MB-231 and (B) BxPC-
3 cell spheroids obtained from alginate microbeads (normoxia), alginate macrobeads with voids,
and alginate macrobeads with void and in the presence of CoClz. Blue and green colors represent
DAPI and HIF-1a, respectively. The graph shows the intensity of the purple color (HIF-1a) in
the spheroids. Data were analyzed using the nonparametric Mann-Whitney test, ***P < (.01, **P
<0.05,n=3.
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CA-9 expression on MDA-MB-231 and BxPC-3 cells isolated from spheroids cultured in

different conditions:

MDA-MB-231 and BxPC-3 cells were isolated from the cultured spheroids obtained from alginate
microbeads and alginate macrobeads with void space with and without CoCl>. Subsequently, the
cells were resuspended in PBS and immunostaining with FITC labeled CA-9 antibody. The
fluorescence microscopic images (Figure 6) indicate enhanced CA-9 expressions (green) in MDA-
MB-231 and BxPC-3 cells isolated from spheroids cultured in the void space within alginate
macrobeads and void space within CoCl; containing alginate macrobeads compared to spheroids
obtained from alginate microbeads. Quantitative fluorescence intensity analysis of CA-9
expressions demonstrated a significant difference between cells isolated from spheroids obtained
from alginate microbeads, void space within alginate macrobeads, and void space within CoCl»-
treated alginate macrobeads. In cells of spheroid obtained from void space within alginate
macrobeads, the CA-9 expression was higher by 1.5-fold and 2-fold in MDA-MB-231 and BxPC-
3 cells, respectively, compared to normoxia. In cells of spheroids obtained from void space within
CoCl,-treated alginate macrobeads, the CA-9 expression was highest (enhanced by 2-fold and 3-

fold in MDA-MB-231 and BxPC-3 cells, respectively, compared to normoxia; Figure 6).
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Figure 6. Representative fluorescence microscopic images indicating CA-9 (green) expression
and nuclei (blue) in monolayer cultures of MDA-MB-231 (A) and BxPC-3 cells (B) isolated from
MDA-MB-231 and BxPC-3 cell spheroids grown in normoxic, hypoxic, and CoCl> exposed
conditions. The bottom graph represents fluorescence intensity for the CA-9 filter at normoxic,
hypoxic, and CoCl> exposed conditions. Data were analyzed using the nonparametric Mann-
Whitney test, ***P < (.01, **P <0.05, n= 3.

CA-9 and HIF-1o. expressions on monolayer cultures of MDA-MB-231 and BxPC-3 cells in

normoxic, hypoxic, and CoCl; treated conditions:

To validate increased CA-9 and HIF-1a expressions in monolayer cultures of cells obtained from
the spheroids, the MDA-MB-231 and BxPC-3 cells were cultured as monolayers in normoxia,
hypoxia, and normoxia with CoCl» containing media for 72 hours. Subsequently, we evaluated

CA-9 and HIF-1a expressions by immunofluorescence imaging (Figure 7; green: CA-9, red: HIF-
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la, and blue: cell nuclei). Optical microscopy revelated that the cells were healthy in the presence
of 25 uM CoCl; in the culture media (DMEM). However, a higher concentration of CoClz (50
uM) caused altered cell morphology and cytotoxicity (Supplementary Figure S2). Quantitative
fluorescence intensity analysis of CA-9 and HIF-la expressions demonstrated a significant
difference between normoxic, hypoxic, and CoCl, exposed conditions. In hypoxia, the CA-9 and
HIF-1a expressions were higher by 2-fold in both MDA-MB-231 and BxPC-3 cells, respectively,
compared to normoxia. In the presence of added CoCly, the CA-9 and HIF-1a expressions were

the highest, 4-fold increase in both MDA-MB-231 and BxPC-3 cells, respectively, compared to

normoxia (Figure 7).
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A. CA-9 and HIF-1a expression of MDA-MB-231 cells
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B. CA-9 and HIF-1a expression of BxPC-3 cells
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Figure 7: Representative fluorescence microscopic images indicating CA-9 (green) and HIF-1a
(purple) expressions and nuclei (blue) of MDA-MB-231 cells (A) and BxPC-3 cells (B) at
normoxic, hypoxic, and CoCl; exposed conditions. The right side graph represents image intensity

for CA-9 and HIF-1a at normoxic, hypoxic, and CoClz exposed conditions. Data were analyzed
using the nonparametric Mann-Whitney test, ***P < 0.01, **P <0.05, n = 10.

Discussions

Microbeads (1.7 £ 0.1 mm) and macrobeads (5.8 + 0.2 mm) were formed by crosslinking sodium

alginate with calcium ions. A higher sodium alginate concentration (3% w/v) was used to create
the macrobeads compared to the microbeads (0.7% w/v). Calcium ion crosslinked microbeads
from 0.7% (w/v) sodium alginate disintegrate in phosphate-buffered saline (PBS) due to the

exchange between the calcium ions in the beads and the sodium ions in the PBS. In addition,
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calcium and sodium ion exchange compromised the three-dimensional structure of the
microbeads.?®*! The bright field images and the 3D surface plots of the microbeads showed the
bead surface more susceptible to disintegration and the overall shape of the disintegrated beads
(Figure 1B). As the weakened microbeads disintegrate within the macrobeads, the resulting void
spaces serve as scaffolds for the spheroid culture of the cancer cells. The line profile across the
interface between the alginate macrobead and void space demonstrated a sharp peak in the line
intensity profile, possibly due to the differences in density and refractive index of the alginate

macrobead and the void space (Figure 1C).

The void spaces provide the environment for the cancer cells' three-dimensional growth, enabling
spheroids' formation. When a solution of FITC-labeled BSA was added to the macrobeads, the
protein molecules diffused through the alginate matrix and accumulated within the void spaces.
Photographic images demonstrated spheroid growth inside the void spaces of the alginate
macrobeads (Figure 2A). A higher concentration of BSA disrupted the alginate matrix and
detached the growing spheroids (Figure 2A).3** Possibly, BSA alters alginate chain
entanglements, making the macrobeads structurally weak and facilitating spheroid.>* A bright field
image of a spheroid within the void space of an alginate macrobead revealed intact spheroid
organization (Figure 2B). Live and dead cell staining showed that 95% of cancer cells are viable
in the spheroid within the void space of an alginate macrobead compared to 92% of viable cells in

the spheroids obtained by the hanging drop method (Figure 2C).

To validate the formation of hypoxic niches in the cultured cancer cell spheroids, we determined
the presence of two hypoxia marker proteins, carbonic anhydrase-9 (CA-9) and hypoxia-inducible
factor-1o. (HIF-1a). CA-9 expression is regulated by the amount of oxygen and is a

transmembrane protein biomarker for tumor hypoxia.*® Similarly, HIF-1a., a transcription factor,
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plays a critical role in the cellular responses to hypoxia.*® Higher expressions of CA-9 and HIF-
la correlate with poor prognosis of many solid tumors, including TNBC and pancreatic cancer.’’
Our alginate microbeads (1.7 * 0.1 mm diameter) provide an oxygenated environment for spheroid
formation and growth, as the small size allows rapid diffusion of oxygen and nutrients.
Consequently, CA-9 and HIF-la expression levels in the cancer cell spheroids obtained from
alginate microbeads are relatively low compared to spheroids from the void space within alginate

macrobeads (Figures 4 and 5). However, for the larger macrobeads (5.8 + 0.2 mm diameter), the

oxygen diffusion into the void space is limited by the surrounding alginate layer and the density
of cancer cells, leading to the development of hypoxic regions and higher CA-9 and HIF-1a
expressions in the spheroids. CoCl; induces the expression of HIF-1a on cancer cells which
upregulates CA-9.>® Hence, the spheroids obtained from CoCl,-containing alginate macrobeads
exhibit the highest levels of CA-9 (Figure 4) and HIF-1a (Figure 5) expressions, similar to the

monolayer cultures of the cancer cells in the presence of CoCl (Figure 7).

Conclusions

We present a new strategy to prepare cancer cell spheroids based on void spaces inside crosslinked
calcium alginate hydrogel beads. We observed that limited diffusion of air and nutrients led to
hypoxic niches in the cultured cancer cell spheroids. The addition of CoCl, further enhances
hypoxia development. The presented in-vitro spheroid model is closer to the tumor
microenvironment and has easy cell seeding, spheroid retrieval, and immunostaining steps with
uniform 1.2 mm cell spheroids. The alginate hydrogel macrobeads have the potential to facilitate

the testing of new anticancer drugs and delivery systems, primarily directed to the hypoxic regions.
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Moreover, this in-vitro spheroid model of void space within alginate macrobead can be an effective

preclinical model of 3D patient-derived cell spheroids with considerable translational potential.
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