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ABSTRACT: Cell culture technology has evolved into three-
dimensional (3D) artificial tissue models for better reproduction of
human native tissues. However, there are some unresolved
limitations that arise due to the adhesive properties of cells. In
this study, we developed a hexanoyl glycol chitosan (HGC) as a
non-cell adhesive polymer for scaffold-based and -free 3D culture.
The uniform cell distribution in a porous scaffold was well
maintained during the long culutre period on the HGC-coated
substrate by preventing ectopic adhesion and migration of cells on
the substrate. In addition, when culturing many spheroids in one dish, supplementation of the culture medium with HGC prevented
the aggregation of spheroids and maintained the shape and size of spheroids for a long culture duration. Collectively, the use of HGC
in 3D culture systems is expected to contribute greatly to creating excellent regenerative therapeutics and screening models of
bioproducts.

■ INTRODUCTION

Cell culture technology serves as a central tool in the fields of
biotechnology and regenerative medicine.1 Two-dimensional
(2D) cell culturing was first performed using flat polystyrene
Petri plates. Until recently, this method was considered the
gold standard because of its convenience and high reprodu-
cibility. With advances in technology, three-dimensional (3D)
cell culture methods were developed for extensive evaluation.2

Beyond the treatment of damaged tissue, models of 3D cell
culture technology with controlled variables have emerged to
study unknown biological phenomena and evaluate bio-
products.3 However, despite its various advantages, the
technology has demonstrated limitations in its use due to the
complexity of culture and low reproducibility.
Typical 3D culture is divided into two methods, scaffold-

based systems involving culturing of cells on pre-configured 3D
scaffolds and scaffold-free systems that form spheroids.4 The
adhesive property of cells is a key prerequisite for both systems.
Cell adhesion on natural and/or synthetic polymers allows the
development of scaffold-based 3D constructs. In addition, cells
on ultralow attachment (ULA) dishes compose spheroids by
adhering to each other.5 Although the adhesive property of
cells plays a pivotal role in the formation of a 3D structure, it
may interfere with the maintenance of the shape and function
of 3D constructs during long-term culture. For instance, after
seeding cells into the scaffold, they are cultured on flat plates,
such as Petri dishes, for tissue regeneration.6 Consequently, the
cells in the 3D constructs spread and proliferate ectopically on
the surface of the dish because of the adhesive property of cells

while regenerating the tissue in the scaffold.7 Even in a
spheroid culture, the spheroids randomly aggregate with each
other due to the forces of cell attachment. This phenomenon
reduces the homogeneity of the size and the biological function
of spheroids.8,9 In this regard, developing an appropriate
environment that can overcome these limitations is critical to
ensure reproducibility and cellular function during the culture
of 3D constructs.
Accumulating evidence has shown that the ULA surface can

be designed for maintaining cells in a suspended form,
reducing attachment of anchorage-dependent cells to the
substrate, and formation of 3D multicellular spheroids.10

Chitosan has been successfully used as an ultralow cell
adhesive material. A chitosan-coated surface inhibits the
attachment of cells and facilitates spheroid formation.11

However, chitosan alone is insufficient for the non-adhesive
property. Therefore, numerous studies have focused on the
chemical modification of amino and hydroxyl groups in the
main molecular structure of chitosan. Particularly, N-hexanoyl
glycol chitosan (HGC), a type of N-acylated glycol chitosans
(NAGCs), is easily soluble under neutral pH and enables the
efficient formation of 3D cell spheroids due to non-adhesive
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properties.12 However, these studies to date have not
addressed the effect on the behavior of cells in scaffolds and
the spheroid−spheroid fusion. No studies have demonstrated
non-cell adhesive materials for uniform cell distribution into
scaffold and prevention of spheroid fusion during 3D cell
culture. We hypothesized that usage of HGC in 3D cell culture
overcomes the aforementioned limitations by preventing
ectopic cell attachment from the scaffold and spheroid fusion
due to the non-cell adhesive property. To that end, in this
study, we examined the effect of HGC on both scaffold-based
and scaffold-free cell cultures to suggest a new 3D cell culture
strategy (Figure 1). We evaluated whether HGC-coated dishes

affected the maintenance of uniform cell distribution within
the cell seeded 3D scaffold constructs. Next, it was evaluated
whether spheroid fusion was prevented when many spheroids
were cultured in one dish by the effect of supplemented HGC
in the cell culture medium. Collectively, we aimed to improve
both scaffold-based and scaffold-free 3D tissue culture systems
by exploiting the properties of HGC.

■ MATERIALS AND METHODS
Materials. Glycol chitosan (GC, DP ≥ 200) was purchased

from WAKO Pure Chemical Industries, Ltd. (Osaka, Japan).
Hexanoic anhydride (97%) was purchased from Sigma-Aldrich
(MA, USA). Acetone and methanol were supplied by Samchun
Chemical (Pyeongtaek, Korea). A dialysis membrane (12−14
kDa) was supplied by Spectrum Laboratories (CA, USA). Cell
Counting Kit-8 (CCK-8) was purchased from Dojindo
Laboratories (Kumamoto, Japan). Collacote (collagen sponge)
was purchased from Zimmer Biomet (IN, USA). A LIVE/

DEAD Viability/Cytotoxicity Kit for mammalian cells was
purchased from Invitrogen. The Wizard Genomic DNA
Purification Kit was purchased from Promega (WI, USA).

Synthesis of HGC. HGC was synthesized via N-
hexanoylation of GC. Briefly, 3 g of GC was dissolved in
375 mL of distilled water followed by the addition of 375 mL
of methanol. Hexanoic anhydride (1.119 mL) was added to the
GC solution with vigorous stirring at RT. The reacted polymer
was purified via precipitation in an excess amount of acetone.
The precipitate of HGC was dissolved in distilled water and
then dialyzed for 2 days (molecular weight cutoff 12 kDa). The
purified solution was obtained in powder form via freeze-
drying. GC and HGC were characterized via 1H-NMR
spectroscopy with an AVANCE III 600 spectrometer (Bruker,
Bremen, Germany) at 600 MHz. The polymers were dissolved
in D2O at a concentration of 1.0 wt %. The attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectra of
GC and HGC were recorded using a Nicolet iS5 spectrometer
(Thermo Scientific, MA, USA). The analysis was performed
with 16 scans obtained at a resolution of 4 cm−1 over a
frequency range of 4000−660 cm−1.

Cell Culture. HepG2 cells (ATCC, VA, USA) were
cultured and maintained in MEM containing 10% fetal bovine
serum and 1% P/S (growth media) on regular tissue culture
plates (TCP). Cell culture was performed under standard
conditions (95% humidity, 5% CO2, 37 °C). Chondrocytes
were isolated from 4-week-old New Zealand white rabbits
(Orient, Sungnam, Korea) by articular cartilage biopsy. Briefly,
the articular cartilage was minced and digested with 0.05 w/v
% type II collagenase solution (Sigma Aldrich, MA, USA).13

The isolated cells were washed thrice with PBS and cultured
with DMEM. The medium was replaced every 2 days. Cells
were collected from TCP for passage and experiments via a
regular trypsinization procedure (0.05% trypsin/EDTA).
All animal studies for isolation of chondrocytes were

performed in compliance with the guidelines of the Institu-
tional Animal Care and Use Committee (IACUC 1304-0113)
of the Korea Institute of Toxicology (KIT) and the guidelines
for the care and use of laboratory animals of the National
Research Council. All experiments were approved by the
animal ethics committee of KIT.

Cytotoxicity Test of HGC. The cytotoxicity of HGC was
estimated using CCK-8. HepG2 cells were plated in 96-well
tissue culture plates (Corning Costar, NY, USA) at a density of
1 × 103 cells/well in MEM containing 10% fetal bovine serum
and 1% P/S and incubated for 1 day. After 24 h of incubation,
the culture medium was replaced with MEM containing
various concentrations of HGC (0, 0.25, 0.5, and 1 wt %).
After 0, 1, 3, 5, and 7 days of culture in the medium with
different concentrations of HGC, 10 μL of CCK solution was
directly added to each well, and the samples were incubated at
37 °C for 2 h. An intense orange-colored and water-soluble
formazan derivative was formed via cellular metabolism in the
culture medium. The OD value for the culture medium was
analyzed at a wavelength of 450 nm using a microplate reader
(VersaMax, Molecular Devices, CA, USA). The relative
proliferation rate was calculated by normalizing data observed
at each time point with data recorded at day 0.

Preparation of HGC-Coated Petri Dish. HGC (0.5 wt
%) was dissolved in autoclaved and filtered distilled water and
maintained at 4 °C. The polymer solution (0.9 mL) was added
to each 60 mm Petri dish (SPL Life Sciences Co., Ltd., Seoul,

Figure 1. Schematic illustration of conventional 3D cultures and
improvements hypothesized by introduction of hexanoyl glycol
chitosan (HGC). (a) Culture of scaffold-based 3D constructs on
supportive substrates with cell-adhesive or HGC-coated surfaces. (b)
Schematic illustration of scaffold-free spheroid culture on conven-
tional ultralow attachment dishes with or without HGC supplemen-
tation.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00890
ACS Omega 2022, 7, 18471−18480

18472

https://pubs.acs.org/doi/10.1021/acsomega.2c00890?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00890?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00890?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00890?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Korea) and spread. The solution was then dried at 55 °C
overnight to obtain an HGC-coated Petri dish.
Preparation and Culture of Scaffold-Based 3D

Constructs. Collagen sponges (2 × 5.0 × 3.0 mm3) were
immersed in growth media with FBS (10%) for 24 h before cell
seeding. HepG2 cells and chondrocyte suspension in the
growth media (20 μL, 2.5 × 106 cells/mL) were seeded into
the collagen sponge. The constructs were incubated in the
growth media on Petri dishes at 37 °C for 24 h. Next, the
constructs of HepG2 cells and chondrocytes were transferred
to the Petri dishes, cell culture dishes, and HGC-coated dishes
and then cultured for 2 and 4 weeks, respectively.
Live/Dead Assay. Cell viability was determined via LIVE/

DEAD Viability/Cytotoxicity Kit for mammalian cells
(Invitrogen, CA, USA). Prepared samples were treated with
0.1% calcein AM and 0.2% ethidium homodimer-1 in PBS for
15 min at 37 °C and subsequently examined via confocal laser-
scanning microscopy (LSM 800, Carl Zeiss, Oberkochen,
Germany) under optimized observation conditions of Calcein
AM (EX-495 nm/EM-515 nm) and ethidium homodimer-1
(EX-528 nm/EM-617 nm).
Proliferation of Cells in Scaffold-Based 3D Con-

structs. Cell proliferation was evaluated using CCK-8. At
designated time points, the HepG2 cell-seeded collagen
sponges were incubated in CCK-8 solution at 37 °C for 3 h.
Intense orange-colored formazan derivatives formed via
cellular metabolism were soluble in the culture medium. The
absorbance of the supernatants of the samples was measured at
450 nm. An ATP assay was performed for luminometric
measurement of cell growth (viability) according to the
standard protocol of the manufacturer (CellTiter-Glo 3D Cell
Viability Assay, Promega, WI, USA). Multiwell plates with
opaque walls were prepared with microtissues in a culture

medium. The plates were equilibrated, and their contents were
incubated at RT for approximately 30 min. Next, 100 μL of a
reagent was added to an equal volume of cell culture medium
present in each well. The plates were incubated at RT for an
additional 25 min to stabilize the luminescence signals
followed by the measurement of luminescence using a
microplate reader (VersaMax, Molecular Devices, CA, USA)
(n = 6).

Histology of Scaffold-Based 3D Constructs and
Assessment of Cellular Distribution. Samples cultured
on uncoated Petri dishes, cell culture dishes, and HGC-coated
dishes were collected and fixed with 2.5% glutaraldehyde at
different intervals. The fixed samples were embedded in
paraffin and divided into sections with a thickness of 4 μm.
The sections were stained via hematoxylin & eosin (H&E)
using standard procedures. Cellular distribution was evaluated
via image analysis involving the assessment of nucleus signals.
Constructs on the images were equally divided into three
sections of upper, center, and bottom regions (Figure 5a). The
cell number in each region was counted and divided by the
total cell number on the sample to determine cell distribution
rates at each region. The cell distribution rate was presented in
percentages (n = 6).

Preparation of HepG2 Spheroids and Assessment of
the Effect of Soluble HGC on Spheroid Fusion. To
observe the fusion of spheroids, cells were labeled with DiI or
DiO (Vybrant Multicolor Cell-labeling Kit, Invitrogen, CA,
USA). Staining was performed according to the manufacturer’s
instructions. All labeled HepG2 cells (2.5 × 106 cells) were
seeded on a 60 mm ULA dish to generate spheroids. After 2
days of culture, all labeled cell aggregates were mixed in one
dish, and the media were replaced by a growth medium
containing varying concentrations of HGC (0.1, 0.25, or 0.5 wt

Figure 2. (a) Synthetic procedure for HGC. (b) 1H-NMR spectra of glycol chitosan (GC) (black) and HGC (red). (c) ATR-FTIR spectra of GC
(black) and HGC (red). (d) In vitro cytotoxicity study of HGC against HepG2 cells.
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%). Phase-contrast images were obtained during 14 days of
culture. The diameter of the spheroids was measured at specific
intervals. The obtained values were plotted as histograms
according to the HGC concentrations (n = 300).
Statistical Analysis. All quantitative data are presented as

mean ± standard deviation (SD). Statistical comparisons were
conducted by one-way analysis of variance and Tukey’s honest
significant difference tests. Results were considered significant
for p values less than 0.05.

■ RESULTS AND DISCUSSION
Characterization of Hexanoyl Glycol Chitosan (HGC).

The HGC was synthesized via the N-hexanoylation reaction of
glycol chitosan (GC) with hexanoic anhydride (Figure 2a).
The chemical composition of HGC was confirmed using 1H-
NMR spectra (Figure 2b). A sharp peak appeared at 3.2−4.0
ppm corresponding to the protons of the glucopyranosyl ring
at positions 2−8 (H-2 through H-8). The 1H-NMR spectrum
of HGC (red) showed distinct peaks at 2.31, 1.62, 1.32, and
0.89 ppm compared to the spectrum of GC (black) assigned to
−CO−CH2−, −CO−CH2−CH2−CH2−CH2−CH3, −CO−
CH2−CH2−CH2−CH2−CH3, and −CO−CH2−CH2−CH2−
CH2−CH3, respectively. ATR-FTIR analysis was also
performed to confirm the synthesis of HGC (Figure 2c).
The absorption peak observed at 2890 cm−1 was associated
with the −CH2 groups. The appearance of the absorption peak
at 1596 cm−1 was attributed to vibrations of the amino group
of GC. The absorption bands at 1655 and 1555 cm−1

corresponded to the carbonyl stretching and amide II bending
vibrations of HGC, respectively. For HGC, the amino

vibration band at 1596 cm−1 disappeared and the amide II
band at 1555 cm−1 was intensified. The results of 1H-NMR
spectra and ATR-FTIR analysis were similar to previously
reported findings, indicating the successful synthesis of HGC
with the degree of hexanoylation being 36.5% (1H-NMR
characterization).12 The cytotoxicity of HGC against HepG2
cells was then evaluated by treatment of the cells with HGC
mixed in a culture medium at various concentrations (0.1 to 1
wt %) (Figure 2d). All conditions of the various HGC
concentrations showed a similar increase in relative prolifer-
ation over 7 days of culture. As a result, media supplemented
with various concentrations of HGC did not adversely affect
the viability of HepG2 cells.

Characterization of HGC-Coated Dishes (HGCd). A
Petri dish was subjected to a procedure involving a simple wet
coating of HGC (0.5 wt %), as shown in Figure 3a. The coated
HGCd did not exhibit crystallization and retained the Petri
dish’s transparency. Some coating materials employed for
surface modification result in opaque surfaces that limit
experimental observations. For instance, a material composed
of poly-2-hydroxyethyl methacrylate, which is a representative
cell repellent material, has low water solubility, resulting in
poor visibility due to crystallization.14

To investigate the effect of HGC coating on morphological
changes, the surfaces of Petri dishes (Pd), cell culture dishes
(Ccd), and HGC-coated culture dishes (HGCd) were
observed via FE-SEM (Figure 3b). Ccd showed a rough
surface morphology compared to other groups. HGCd showed
a droplet shape; however, most HGC-coated surfaces showed a
smooth morphology, similar to that of Pd. The marginal

Figure 3. (a) Schematic illustration of HGC coating on a Petri dish and optical image of the HGCd with transparency (scale bar = 1 cm). (b) FE-
SEM images of the surface morphologies of a Petri dish (Pd), a cell culture dish (Ccd), and HGCd (scale bar = 1 μm). The images were obtained
in the same magnification. (c) Phase-contrast images of HepG2 cells cultured the various substrates for 5 days (scale bar = 100 μm). The images
were obtained in the same magnification.
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difference observed in the surface morphology between
conditions before and after coating with HGC was similar to
that observed in our previous study.12 Surface roughness is an
important parameter for determining cell adhesion and
function.15 Roughness not only increases the surface area but
also affects the actin filaments that allow cells to perceive the
topology of the surface.16 The characteristic of the HGC
coating, which preserved the original morphology of the target
substrate, did not demonstrate unexpected changes in cellular
function related to the environmental topology. Then, HepG2
cells were cultured on Pd, Ccd, and HGCd surfaces to evaluate
the effect of the surfaces on cell adhesion (Figure 3c). Cells
adhered and spread on Pd and Ccd after 3 days following
seeding of HepG2 cells. In contrast, cells on HGCd did not
show any adhesion. The results show that the surface
properties are switched from adhesive to repellent with respect
to cells upon coating with HGC without disturbing visibility.
To understand how the HGC coating interferes with cell
adhesion, water contact angle measurements were performed
(Figure S1). The HGC coating converted the surface
properties of the Petri dish to hydrophilic. FBS constituting
the cell culture medium contains cell adhesive proteins.
Proteins are more likely adsorbed to hydrophobic surfaces,
and cell adhesive proteins adsorbed to the Petri dish or cell
culture plates promote cell adhesion.17 However, the hydro-
philic surface of the HGC-coated surface would prevent
adsorption of cell adhesive proteins and interfere with cell
adhesion. Several surface modification methods such as agarose

coating have been introduced to form non-cell adhesive
plates.18 Previous studies also understand the inhibition of
protein adsorption as the main principle for generation of non-
adhesive surfaces. We demonstrated that our HGC coating
also formed a non-cell adhesive surface in an easy way, similar
to the widely used techniques. Nevertheless, the mechanism
for the prevention of cell adhesion by HGC coating is not fully
understood and it should be further investigated.

Culture of HepG2 Cell-Laden 3D Collagen Sponge
Constructs on HGCd. A highly porous collagen sponge
possessing high compatibility for supporting the growth and
function of many cell types was selected as a 3D pre-
composited scaffold for HepG2 cell culture.19

The prepared 3D constructs were cultured on supportive
substrates of Pd, Ccd, and HGCd. All groups demonstrated
good viability by presenting dominant live-cell signals (green)
over dead-cell signals (red) regardless of the supportive
substrates and intervals (day 0, 7, and 14) (Figure 4a). We
then examined proliferation depending on the substrates via
the CCK-8 assay (Figure 4b). The constructs exhibited
increases in signals on day 7 as compared to day 0 regardless
of the groups. The results on day 14 were similar to those on
day 7. The ATP assay results also showed a trend very similar
to that of the CCK-8 assay results (Figure 4c). We hypothesize
that the cells proliferated through the empty space of the
collagen sponges during culture and then reached a plateau
around day 7 owing to the absence of space for cells to grow
inside the collagen sponge. Accordingly, cells functioned

Figure 4. (a) Live/dead staining of HepG2 cells within the constructs at various intervals (scale bar = 100 μm). The images were obtained in the
same magnification. (b) CCK-8 cell viability assay and (c) ATP assay of HepG2 cells within the 3D constructs upon the varied substrates.
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normally during the culture period, but an increase in the value
of the proliferation assays would not be observed between days
7 and 14.
We then performed H&E staining with cross sections of the

constructs to assess the effect of supportive substrates on cell
distribution. Cell distribution was then further analyzed by
counting the nuclei in the cross-sectional images divided into
upper, middle, and bottom sections (Figure 5). On day 14, in

Pd and Ccd groups, approximately 50% of the nuclei were
observed on the bottom side, and the rest of the cells were
observed on the upper and middle sides, confirming a
heterogeneous distribution of cells after the culture (Figure
5b). In contrast, the nuclei were homogeneously distributed
throughout the construct in the HGCd group after 14 days of
culture. Image analysis also showed 30−40% cell distributions
in all regions, confirming a homogeneous cell distribution in
3D constructs of the HGCd group. A similar trend was
observed in the culture of the 3D constructs seeded with
chondrocytes. Only the chondrocyte-laden 3D constructs
cultured on HGCd showed a homogeneous cell distribution
after 4 weeks of culture (Figure 5c). Because the cell−cell
interactions that determine cell function depend on cell
density, maintaining a uniform cell distribution within the

scaffold-based 3D structure is an important feature for the
development of functionally reliable products.20 HGCd
blocked uncontrolled and ectopic cell migration on the
supportive substrate, allowing the cells to maintain a
homogeneous distribution within the 3D construct during
the culture period. Collectively, HGCd-mediated improvement
of cell distribution can overcome the limitations of conven-
tional scaffold-based 3D culture systems in maintaining
function and reproducibility.

Effect of HGC Treatment on the Culture of HepG2
Spheroids. We then introduced HGC into a 3D scaffold-free
spheroid culture system. HepG2 spheroids are considered a
crucial study model since they demonstrate properties and
functions that recapitulate those of the native human liver.21 In
addition to HepG2 cells, the growing interest in setting up 3D
tissue models has prompted the employment of various cellular
sources for conventional spheroid formation techniques
utilizing ULA with or without micropatterns, microfluidics,
hanging methods, magnetic levitation, etc.22 Although these
attempts have yielded notable results for the high-throughput
generation of spheroids with uniform size and function,
technical drawbacks such as uncontrolled fusion between
spheroids still remain unresolved.9 The provision of soluble
HGC in the culture medium is expected to prevent fusion
problems via obstruction of the adhesion property of cells
composing spheroids. We investigated the effect of various
concentrations (0.1, 0.25, and 0.5 wt %) of HGC on spheroid
fusion for HepG2 spheroids. In phase-contrast images of the
spheroids at day 2 (Figure 6a), all groups showed individually
separated spheroids of similar size. On day 5, the control and
0.1 wt % HGC-treated groups demonstrated some spheroids
merged with non-spherical structures, while the other two
groups still demonstrated individually suspended spheroids.
Regardless of the HGC concentrations, the spheroids seemed
to grow larger. Many assemblies demonstrated loss of spherical
structure and uncontrolled fusion over 7 to 14 days in control
and 0.1 and 0.25 wt % HGC-treated groups. In contrast, 0.5 wt
% HGC-treated groups maintained individual spheroids for 14
days of culture, presenting a steady increase in size. To
quantitatively assess the phenomenon, histograms of the
spheroid sizes of each group and time points were plotted
(Figure 6b). In the control and 0.1 wt % HGC-treated groups,
not only the size distribution at each time point was wide but it
was also difficult to find a dominant peak of a specific size in
the entire range except on day 2. In contrast, the other groups
(0.25 and 0.5 wt % HGC) exhibited relatively narrow size
distributions over 14 days of culture. Independently existing
spheroids on those groups showed a spontaneous size increase
over time, and the arrows indicated at the size showing the
highest distribution at each time point shifted to the right as
the incubation time increased. The results imply that treatment
with 0.5 wt % HGC helped the maintenance of individual
spheroids by obstructing fusion via the inhibition of adhesion
properties of cells composing spheroids.
Further investigation of the inhibitory effect of HGC on

spheroid fusion was conducted by visualizing fluorescent dye-
labeled spheroids on ULA-based culture (Figure 7a). Prior to
the assembly of spheroids, HepG2 cells were labeled with DIO
(green) and DID (red) dyes on TCP. The labeled HepG2 cells
were separately cultured on ULA for 2 days. Subsequently, the
pre-assembled spheroids were collected and co-cultured until
day 14 with varied concentrations of HGC ranging from 0 to
0.5 wt %.

Figure 5. (a) Schematic diagram of sample analysis. (b) H&E staining
images captured on day 14 showing the nucleus of HepG2 cells and
calculated cell distributions (scale bar = 200 μm). The images were
obtained in the same magnification. “*” indicates statistical
significance (p < 0.05). (c) H&E staining images on week 4 showing
the nucleus of chondrocytes and calculated cell distributions (scale
bar = 200 μm). The images were obtained in the same magnification.
“*” indicates statistical significance (p < 0.05).
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On day 2, all groups showed separate green and red signals.
However, spheroids showing both green and red signals were
detected in the control group from day 5, indicating induction
of spheroid fusion attributed to the innate adhesive property of
cells. In contrast, the group supplemented with 0.5 wt % HGC
rarely demonstrated spheroids containing both colors in 14
days of culture, evidencing the inhibitory effect of HGC on
spheroid fusion. The uncontrollable fusion of spheroids on
ULA is of concern not only with respect to functionality and
reliability but also for viability associated with the generation of
hypoxic conditions.23 The viability of spheroid culture treated
with varying concentrations of HGC for 14 days was examined
via live/dead staining (Figure 7b). All groups showed

dominant live-cell signals throughout the structure of the
spheroids. However, dead cells were observed at the center of a
vigorously merged assembly in the control group as indicated
with white dot circles, which could be attributed to hypoxic
conditions. Spheroid numbers per well were counted with
varied HGC concentrations over 14 days of culture (Figure
7c). Control groups demonstrated a stiff decrease as well as the
lowest number on days 7, 10, and 14 as compared to the other
groups due to uncontrolled fusion. As the amount of HGC was
enhanced, an increase in the spheroid number was observed on
days 5, 7, 10, and 14, which aligned with the tendency of the
maintenance of individually separated spheroids observed in
Figure 5. The generation of spheroids on ULA is known to be

Figure 6. (a) Optical images of the spheroid morphology of HepG2 cells in HGC-containing media (scale bar = 250 μm). The images were
obtained in the same magnification. (b) Histogram of spheroid size depending on varying HGC concentrations.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00890
ACS Omega 2022, 7, 18471−18480

18477

https://pubs.acs.org/doi/10.1021/acsomega.2c00890?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00890?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00890?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00890?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


initiated upon contact with neighboring cells.24 As cells gather
around, cell−cell interactions, dominantly relying on junction
proteins, lead to cellular assembly.25 The condensed cell
assembly subsequently organizes the spherical structure, while
cells at the periphery secrete ECM molecules.9 The ECM
molecules not only provide an environment suitable for the
migration and proliferation of the cells but also function as
binding moieties for cells of other neighboring spheroids.26

Various methods such as rotating bioreactor culture and
magnetic suspension culture have been introduced to prevent
spheroid fusion and to independently culture spheroids for a
long time.27 However, an ideal solution for uncontrollable
fusion of spheroids has not yet been reported. Although
spheroids in the control group were fused, the treatment of the
soluble HGC improved the 3D scaffold-free culture,
maintaining individual spheroids during 14 days of culture
by inhibiting the adhesive property of cells as we hypothesized.
Collectively, this study elucidates practical improvements in
both the scaffold-based and scaffold-free 3D cultures by
exploiting HGC, which might remarkably impact the modeling
of artificial tissues for regeneration of damaged tissues,
exploring unsolved biological questions, and evaluating next-
generation biotherapeutics.

■ CONCLUSIONS
In this study, we demonstrated remarkable improvements in
conventional scaffold-based and scaffold-free 3D cultures by
introducing hexanoyl glycol chitosan (HGC), which inhibited
the adhesion property of cells. Coating with HGC demon-

strated a surface that prevented cell adhesion, thereby
achieving homogeneous cell distribution that ensured the
function and reproducibility of scaffold-based 3D culture.
Supplementation with HGC during scaffold-free 3D spheroid
culture may lead to the mass production of 3D tissue models
by preventing contact-mediated fusion. Collectively, the use of
HGC will be a universal tool in both scaffold-based and
scaffold-free 3D culture systems for the restoration of damaged
tissues and preclinical testing as alternatives of animal models
for next-generation bioproducts.
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