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Abstract: The spheroid culture system provides an efficient method to emulate organ-specific patho-
physiology, overcoming the traditional two-dimensional (2D) cell culture limitations. The inter-
vention of microfluidics in the spheroid culture platform has the potential to enhance the capacity
of in vitro microphysiological tissues for disease modeling. Conventionally, spheroid culture is
carried out in static conditions, making the media nutrient-deficient around the spheroid periphery.
The current approach tries to enhance the capacity of the spheroid culture platform by integrating
the perfusion channel for dynamic culture conditions. A pro-inflammatory hepatic model was
emulated using a coculture of HepG2 cell line, fibroblasts, and endothelial cells for validating the
spheroid culture plate with a perfusable channel across the spheroid well. Enhanced proliferation
and metabolic capacity of the microphysiological model were observed and further validated by
metabolic assays. A comparative analysis of static and dynamic conditions validated the advantage
of spheroid culture with dynamic media flow. Hepatic spheroids were found to have improved
proliferation in dynamic flow conditions as compared to the static culture platform. The perfusable
culture system for spheroids is more physiologically relevant as compared to the static spheroid
culture system for disease and drug analysis.

Keywords: microfluidics; liver; 3D culture; spheroids; hepatoxicity; inflammation

1. Introduction

Spheroid culture systems provide the opportunity to formulate sophisticated three-
dimensional (3D) tissues to mimic the organ-specific microenvironment and pathophysiol-
ogy. The level of relevance of a microphysiological system (MPS) with human physiology
makes them ideal for identifying the novel therapeutics. The organ-on-a-chip and spheroid
culture systems are evolving to better mimic human pathophysiology, which is being
enhanced by the integration of sensors and robotics [1–8]. Among MPS, spheroids are
emerging with the potential to mimic human tissues in a 3D shape and function [9–11].

Spheroids are generated using multiple methods including culture on ultra-low attach-
ment (ULA) surfaces, bioreactors [12], and cell aggregation in hanging drops [13]. Three-
dimensional (3D) spheroid models have also been considered in assay- and automation-
ready plate formats, including 96-well, 384-well, and 1536-well plates [14,15]. Creating
a non-adherent surface averts the attachment of cells to the substrate derives spheroid
development. Traditionally, liquid overlay techniques have been used to establish a non-
adherent surface for cells to form 3D spheres, which include poly-2-hydroxyethyl methacry-
late (poly-HEMA), pluronic acid, or 1–2% agarose coating on the substrate surface [16].
Mainly, spheroid formation is achieved in 96-well plates or agarose microwell consisting of
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non-adherent bottoms [17]. Another accomplished method consists of the hanging drop
technique that utilizes microfluidic devices that are slightly complex but provide more
control of spheroid size and composition. The hanging drop technique is considerably
simple for having consistent spheroid sizes yet the major drawback is lower through-
put [18]. Spheroids present in a non-microfluidic static culture systems tend to have a
limited media exposure across the surfaces of the spheroid, making them nutrient-deficient
with a simultaneous waste accumulation [19].

Conversely, microfluidic devices have been progressively used since they help in con-
trolling the spheroid formation [20]. The microfluidic system also facilitates the formulation,
long-term maintenance, and analysis of spheroids inside a single device [21]. The hepatic
spheroid culture approach presents a reliable alternative to mimic physiologically relevant
drug and disease analysis [22]. As the liver is the metabolic hub for disease and drug re-
sponses, emulating hepatic physiology in spheroid culture systems can potentially enhance
the predictive capacity of in vitro liver models [23]. The rise of reactive oxygen species in
a hepatic microenvironment in response to disease and drugs causes cellular stress [24].
Continuous evidence has suggested that oxidative stress leads to the buildup of hepatic
inflammation [25]. One of the major biomarkers for the pro-inflammatory environment is
IL-1β, which contributes to oxidative stress, subsequently leading to inflammation, which
further develops into hepatocellular carcinoma [26–29]. Furthermore, continuous evidence
has supported the higher expression of tumor necrosis factor alpha (TNF-α) and interleukin
6 (IL-6) to monitor liver inflammation [30–33]. Previously studied liver tissue models in
the microfluidic spheroid culture system lack endothelial cells and a culture platform with
microfluidic flow capacity. By improving the biomarker profiles and growth characteristics,
the microfluidic perfusion of media enhances the overall spheroid culture system.

The current study proposes a plate-based microfluidic spheroid culture method to
support a dynamic media flow. The spheroid plate was designed to hold 24-wells with
perfusion channels. The validation of spheroid function was compared with dynamic and
static conditions. A mixed tri-culture of hepatocytes, endothelial cells, and fibroblasts was
performed to generate spheroids to assess the liver tissue development with more human
relevance. Multiple cell concentrations were analyzed to form spheroids, demonstrating
the impact of dynamic flow and static conditions to mimic cell damage and drug treatment.
Liver inflammation was mimicked and verified using inflammatory markers. The study
holds the potential for enhanced study of drug-induced liver injury (DILI) for drug screening.

2. Material and Methods
2.1. Fabrication of 24-Well Perfusable Spheroid Plate

The spheroid culture plate, M-Physio™ 24-well perfusable spheroid plate (BioSpero
Inc., Jeju, South Korea), was utilized in the current study. The fabrication process began
with the black 96-well plate 33,396 (SPL Life Sciences, South Korea) for plate assembly.
First of all, holes for media addition and cell seeding were drilled in the 96-well plate
making arrays of three holes consisting of 2.5 mm diameter for side holes and a 1.4 mm
diameter hole for the middle well. Hole processing was performed on a 96-well plate
by using the commercially available numerical control (NC) equipment drilling system
(Carvey® 3D Carver, Inventables™, Chicago, IL, USA). After hole processing, the perfusion
channels were printed on the backside of 96-well plate (Figure 1b). Biocompatible silicone
elastomer (NuSil®, Avantor™, Carpinteria, CA, USA, Catalog # MED-6033) was selected
for printing perfusion channel and an in-house built material jet 3D printing system
(Figures 1a and S1a,b) was used for elastomer printing on a 96-well plate. The 3D printing
system dispensing process can control channel line width and thickness. Meanwhile, a
PMMA (Polymethyl methacrylate) sheet was used for the fabrication of 24 wells for the
spheroid culture, keeping the well positions at the central position of the perfusion channel
(Figure 1d). A hemispherical well-shaped heating plate system, a spheroid chamber, was
fabricated on a PMMA (width: 112 mm, length: 75 mm, T = 1 mm) sheet through a
thermoforming manufacturing process at a temperature of about 130 ◦C. After the hole
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formation and perfusion channel printing on the 96-well plate and 24 hemispherical well
formation on the PMMA sheet, both of them were assembled to develop the spheroid
culture plate. Figure 1f shows the assembly pattern of plate development and the schematic
of spheroid culture in the 3-well array system.
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Figure 1. Plate fabrication and schematics of spheroid culture. (a) In-house build ink-jet printer for
printing silicone to establish microfluidic channel across the array of 3 wells. (b) Printed microchan-
nels for media perfusion. (c) Expanded view of microchannel. (d) PMMA layer with 24 well and
spheroid well dimension. (e) Schematic of Pluronic127 coating, cell seeding, and spheroid formation.
(f) Schematics of 3-well array for spheroid culture. (g) Mimetas™ rocker for dynamic spheroid
culture. (h) Schematic of fluid flow in dynamic conditions. (i) Schematic of media perfusion inducing
shear stress.

A PMMA-based hemispherical well-shaped cell culture chamber is functionalized
to allow cells to aggregate through a Pluronic coating 1% solution (1 g of Pluronic127
powder in 100 mL of autoclaved water). Pluronic material has ultra-low attachment (ULA)
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properties. The 24-well dynamic spheroid plate consisted of 96 wells making 24 3-well
arrays for perfusion microchannels. The array of three wells combines to form a perfusion
microchannel for the media flow. In the three-well array, the middle well is comprised
of a hemispherical hole for the spheroid chamber, and the two side wells were for media
flow. Cell seeding is performed in the middle well, and media are supplied from the wells
present on the sides of the middle well.

2.2. Cell Culture

Hepatocytes cell line HepG2 (HB-8065™, ATCC®, Gaithersburg, MD, USA), fibrob-
lasts cell line HS68 (CRL-1635™ ATCC®, Gaithersburg, MD, USA), and primary human
umbilical vein endothelial cells (HUVEC, C2519A, Lonza, Basel, Switzerland) were utilized
in the current study. All the cell types were grown at 37 ◦C with 5% CO2 in a humidified
incubator. All the cells were cultured for two passages before being utilized in experimental
conditions. HepG2 and HS68 were cultured in DMEM with 10% FBS and 1% penicillin and
streptomycin. Primary HUVEC cells were grown in endothelial cell media. The experiment
for validation of the spheroid culture platform was divided into two phases. Initially, cell
number was optimized for spheroid formation in a dynamic culture plate in which only
hepatocytes (HepG2 cell line) were used. HepG2 cells were grown until confluency and
then seeded in the spheroid plate at different concentrations of 2000, 5000, 10,000, 20,000,
25,000, and 30,000 cells for optimization of the cell number selection. The cells after seeding
were progressively monitored for the spheroid formulation. The spheroids were observed
in the inverted microscope to monitor their growth every 24 h. For dynamic culture, the
spheroid plate was kept on a perfusion rocker (Mimetas B.V., The Netherlands) after the
first 24 h of seeding the cells.

2.3. Static and Dynamic Culture

For the feasibility of our dynamic culture spheroid plate, a comparative analysis of
spheroids in static and dynamic culture was carried out for 3 days. Cells were grown in
monoculture, both in the static and dynamic platforms. For static culture, the spheroids
were grown without any rocker to mimic the traditional spheroid culture. The cells
were seeded in the wells in numbers viz. 5000, 10,000, 20,000, 25,000, and 30,000 cells.
The plates were kept in the incubator and monitored for seven days by observing the
spheroid physiology. Mimetas Rocker was kept at the angle of 7◦ degrees and a rate of six
rotation cycles per hour, maintaining the maximum stability for the spheroid culture in a
dynamic environment.

2.4. Morphology Assessment of the Spheroids

The dimensions of the spheroids were measured by SpheroidSizer 1.0, an open-source
software supported by MATLAB. The scale of the image was in microns per pixel (µm/pix).
The dimensions included the volume (mm3), length (µm), and width (µm) of the spheroids.
For the reconstruction of the 3D structure of the spheroids, the ReViSP tool (supported by
MATLAB) was used.

2.5. Disease Modeling

Initially, spheroid formation was ensured in the dynamic culture system and the cell
number was optimized at 20,000 cells per 20 µL. In dynamic conditions, disease modeling
was performed to check the validity of the spheroid culture. For the disease modeling
experiment, a mixed culture of three cell types was used for spheroid formation. A ratio of
5:4:1 for HepG2: HUVEC: HS68 was selected, and then cells were suspended in DMEM
for cell seeding in the spheroid plate. For establishing a disease model, spheroids were
cultured in normal media for the first 48 h. Subsequently, spheroids were exposed to
pro-inflammatory cytokine interleukin 1-beta (IL-1β) (Sigma-Aldrich®, St. Louis, MO,
USA, Catalog # SRP3083) after two days of normal growth. Spheroids were exposed to four
different concentrations of IL-1β, i.e., 1, 5, 10, and 20 ng/mL for 5 days to cause cellular
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stress, leading to the inflammatory disease model. IL-1β was chosen to induce the cell
damage in spheroids owing to its cell-damaging capacity. On the 7th day, the experiment
was terminated, and immunostaining for ZO-1 (epithelial biomarker for hepatocytes) and
CD31 (endothelial biomarker of HUVECs) was performed. The potential of the spheroid
plate to model the disease in spheroid was analyzed by inducing cell injury by IL-1β with
multiple aforementioned concentrations. Extracellular protein biomarkers were measured
to analyze the dynamics of inflammation development at the maximum concentration of
IL-1β (20 ng/mL), i.e., albumin, IL-6, and TNF-α. A normal spheroid culture was carried
out as a reference for positive control without the exposure of IL-1β.

2.6. ELISA

ELISA assays were performed for human albumin (ab108787, Abcam, Cambridge,
MA USA), IL-6 (BMS213-2, Invitrogen, Seoul, South Korea), and human TNF-α (BMS223-4,
Invitrogen, Seoul, South Korea) in accordance with the manufacturer’s protocol. Cell
culture media were collected from the well at the given specific intervals. Culture media
samples were centrifuged at 3000× g for 10 min and stored at −80 ◦C. The absorbance
measurements were taken using SpectraMax i3 Multimode Microplate Reader (Molecular
Devices, San Jose, CA, USA).

2.7. Brightfield and Immunofluorescence Microscopy

Light microscopy was performed to observe the spheroid formation after the intervals
of 24 h, while cell optimization was performed at the end of Day 6 for assessment of static
and dynamic conditions. Immunofluorescence staining was performed as an end-point
assay after completing the 6-day experiment. For spheroid staining, hepatocyte biomarker
ZO-1 and endothelial protein CD-31 were stained.

2.8. Statistical Analysis

To validate the results, experiments were carried out in triplicate. To verify the sta-
tistical significance of data, a one-way analysis of variance (ANOVA) test was performed.
Results are expressed as the means ± standard error of the means (sem) of three indepen-
dent experiments. For statistical comparisons, a p value ≤ 0.05 was considered significant
versus control and denoted by “*”, and p value ≤ 0.01 was considered highly significant
versus control and denoted by “**”.

3. Results
3.1. Spheroid Characterizations and Cell Number Optimization

The current study elaborates the development of a perfusion-based microfluidic spheroid
culture method. The PMMA sheet with 24 wells was fixed with a 96-well SPL Black Plate
to develop a spheroid culture system. Figure 1a,b show the fabrication assembly of the
spheroid culture plate and ink-jet printer system, which is further shown in Supplementary
Figure S1. Figure 1c shows the expanded view of the 3-well array for the microfluidic culture
of spheroids. Figure 1d elaborates the wells in a PMMA plate, and Figure 1e summarizes the
process of cell aggregation for spheroid formation. Figure 1f–h shows the schematic view of
the spheroid culture in a static method, the Mimetas™ rocker, which was used to create the
perfusion of media and the schematic of a dynamic culture of spheroids, respectively.

The spheroids showed significant growth in the dynamic culture system. For the
first 24 h after cell seeding, the plate was kept static for a spheroid formation and sub-
sequently transferred to the rocker for dynamic culture conditions. Within 72 h, high
density was observed in all the spheroids. For spheroid formation, the cell number was
optimized out of six concentrations. The starting concentrations of spheroids with 20,000
and 25,000 cell numbers exhibited the sophisticated spheroid formation (Figure 2). Further-
more, albumin staining was assessed owing to its essential role in indicating hepatocyte
functionality. To constitute a relevant hepatic in vitro system, cultured hepatocytes needed
to be accurately formulated.
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Figure 2. Representative images for cell number optimization; images were captured after each interval of 24 h until 168 h.
(a) Growth pattern of 2000 cells indicated a failed spheroid formation, (b) 5000 cells showed cellular clumps until 96 h, which
later transformed into spheroids. (c) 10,000 cells successfully indicated spheroid formation after 24 h in comparison with 2000
and 5000 cells. (d) 20,000 cell number was found to be the optimum cell number for proper spheroid formation. (e,f) 25,000
and 30,000 cell numbers exhibited spheroid formation similar to the cell concentration of 20,000 cells. (Scale: 100 µm).

3.2. Comparative Analysis of Spheroids in Static and Dynamic Platforms

After the optimization of the cell number for sophisticated spheroid formation, the
efficiency of microfluidic perfusion of the microfluidic spheroid culture plate was ensured
by a comparative culture of the spheroid in static and dynamic conditions. Spheroid
formation and size were observed over the time of 3 days. Spheroid microscopic images
(Figure 3a) indicated a significantly increased size of spheroids in dynamic conditions.
Furthermore, the comparative graph of spheroid volume in Figure 3b indicated a clear
difference with an increasing pattern of spheroid volume with a higher number of cells in
dynamic culture conditions.
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The volume of the spheroids was calculated based on the length and width of the
spheroids measured by SpheroidSizer 1.0. As per the volumetric analysis, the spheroids
grown in dynamic conditions were found to be larger in volume as compared to spheroids
grown in static conditions (Figure 3b). This shows that, in dynamic perfusion-based
spheroid culture, the spheroids grow in a significantly large size as compared to the
static culture. The spheroids comprised of 5000 cells in both culture types showed no
significant difference, but spheroids comprised of 10,000, 20,000, 25,000, and 30,000 cells
showed a distinct difference in their volume with an increasing trend of size in dynamic
culture conditions (Figure 3). To the optimized number of cells, the albumin staining was
also performed, which showed the equal expression of albumin in the hepatic spheroids.
Albumin immunofluorescent staining images revealed that spheroids with 10,000, 20,000,
and 30,000 cell numbers showed albumin production after 6 days of culture (Figure 4).
Additionally, extracellular expression of albumin protein was measured to analyze the
comparative impact of cell number on its release. Figure 5b shows that albumin secretion
in spheroids of 20,000 cells was found to be significant in comparison to spheroids with
10,000 and 30,000 cells, which did not indicate a significant difference.
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3.3. Disease Modeling

IL-1β, a pro-inflammatory protein, was selected to induce inflammation in liver
spheroids [34]. The inflammation model development in the spheroids was performed
with the exposure of IL-1β starting from Day 3. The monitoring of inflammation state in
the spheroids was confirmed using albumin, IL-6, and TNF-α secretion at specific intervals
and end-point spheroid staining with ZO-1 and CD-31 for observing spheroid shape
(Figures 6 and 7). Albumin, being a decisive biomarker for hepatocyte health, was selected
for disease monitoring during the IL-1β exposure experiment. The disease modeling was
performed with the spheroids formed at 20,000 cells per 20 µL of media at the starting
point. Albumin ELISA results of the disease model further validated the dynamic culture
growth after pro-inflammatory cytokine exposure. The results indicated that dynamic flow
conditions for spheroid culture overcame the stress simultaneously, with an increased level
of albumin production observed with the passage of the time in Figure 7a. No significant
difference was found until the first 72 h of spheroid culture. Subsequent to IL-1β exposure,
albumin concentration reduced until 120 h as compared to the control samples. From 120 h,
media containing IL-1β were replaced with fresh normal media and samples taken at 144
and 168 h. In Figure 7b,c, an increased expression of IL-6 and TNF-α can be observed,
respectively. For the validation of inflammation development, the samples for extracellular
biomarker quantification were taken from the maximum concentration of IL-1β exposure,
i.e., 20 ng/mL.
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Figure 6. End-point expression of the ZO-1 tight junction and CD31 expression in disease model spheroids cultured in media
with IL-1β (stimulant) versus control spheroids cultured with normal media (no stimulant) at Day 7. (a) Representative
images of multi-staining results of 20,000 cell concentration for control samples in which spheroid formation has good
ZO-1 expression in HepG2 cell line (epithelial cells) and CD31 expression in HUVECs (endothelial cells). (b) Representative
images of disease model condition (IL-1β) treated spheroid showing different cluster formation but automatically overcome
the inflammatory condition, spheroids were exposed to four different concentrations of IL-1β, i.e., 1, 5, 10, and 20 ng/mL for
5 days to cause cellular stress leading to the inflammatory disease model. ZO-1 is represented in green, CD31 is represented
in red, blue staining represents nuclei (DAPI staining), and the three-color combination is a merged one. ZO-1 and CD 31
expression was comparatively lower than the control. (Scale bar: 200 µm).
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Figure 7. ELISA-based biomarkers quantification for disease model spheroids cultured in media with 20 ng/mL IL-1β
(stimulant) versus control spheroids cultured with normal media (no stimulant) was performed after each interval of 24 h.
Albumin (a), IL-6 (b), and TNF-α (c) were measured until one week to analyze the development of the inflammatory disease
model under the influence of IL-1β. The results indicated the successful development of inflammation from Day 3. Data are
shown as mean ± SEM. * p ≤ 0.05 versus control; ** p ≤ 0.01 versus control.

4. Discussion

We have successfully developed a high-throughput dynamic plate-based microphysi-
ological system, establishing spheroids to mimic the human microtissue environment. The
microfluidic gravity-based perfusion system provided the continuous media flow across
the periphery of the spheroid, overcoming the limitation of providing media exposure
across the spheroid surface equally and continuously. The phenomenon of molecular
gradient formation may also exist in static spheroid culture as one of its limitations, which
has also been addressed in the current perfusion system, making a continuous molecular
movement in media due to gravity-based perfusion. The plate consisted of 24 arrays of
three wells for the culture system hosting 24 spheroid tissues. Supplementary Figure S2a
shows the holes drilled in the microwell plate with diameters of 2.5 mm for side wells and
1.4 mm for the middle well. The smaller diameter of the middle well was used for cell
seeding and kept open for the rest of the experiment, and only the 96-well plate cover was
given. Based on the surface tension principle, the middle opening does not affect media
flow, and the media did not flow out of it, making the perfusion possible across the side
wells; a schematic of the image has also been given in the Supplementary Figure S2b. In
Supplementary Figure S3a, an assembled macro view of the 3-well array with the printed
silicon elastomer has been shown to have a smaller hole middle opening. The middle well
was later coated with 1% Pluronic coating P127 to make the surface highly hydrophobic
and resist cell attachment for spheroid formation (Supplementary Figure S3b). Pluron-
ics or Poloxamers are non-toxic FDA-approved poly (ethylene oxide)/poly(propylene
oxide)/poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymers. An extensive litera-
ture is available for Pluronic F127 (F127), investigating its usage in cell culture and as a
drug carrier owing to its biocompatibility, minimal toxicity properties, high drug-loading
capabilities, and gel formation capacity in physiological conditions [35–37].

Continuous evidence has shown that among 3D culture models, spheroids and
organoids have indicated relatively improved emulation of human microphysiology [38–40].
The perfusable platform for spheroid culture utilizing a dynamic plate showed a slightly
significant proliferation and metabolic assay. Mainly 3D models focus on emulating one
specific function of a tissue, whereas spheroid models present with the opportunity to
mimic multiple functions of tissue based on the cell types, extracellular matrix, and scaffold
size. Spheroid culture integrates multiple cell types into one suspended tissue form to
increase the intercellular crosstalk. The currently studied plate was designed to enhance
the physiological emulation of spheroid models by introducing the perfusable culture to
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mimic the in vivo fluid interaction of a tissue. The hepatic model was chosen for the study
objective due to its crucial role as a metabolic hub for disease and drugs.

The fabricated microfluidic plate for the spheroid culture system presented with
sophisticated spheroid models to mimic liver inflammation. Prior to disease modeling, a
specific cell number for spheroid culture was optimized for static culture and dynamic
culture. The plate displayed sustainable spheroid formation at a range of cell numbers
from 10,000 cells per 20 µL to 30,000 cells per 20 µL of media. The selected cell number for
disease modeling was optimized at 20,000 cells per 20 µL. The comparative studies between
the static and dynamic culture of spheroids showed a good morphological manifestation
of spheroid volume in dynamic culture as compared to the static culture. Previously, Baze
et al., reported the spheroid culture of primary hepatocytes and non-parenchymal cells
(2:1) for a long period of 14 days [41]. We co-cultured the triad of cells in the physiological
ratio 5:4:1 of HepG2: HUVEC: HS68, for spheroid formation. This work is the beginning
of 3D spheroid culture in a dynamic flow platform; thus, more emphasis is required, in
the future, for the multi-cultured spheroids, comprised of iPSCs derived parenchymal and
supporting non-parenchymal cells for DILI and other toxicity studies.

The key aspect of the formation of 3D culture systems is to mimic human physiology
for improved disease modeling for drug screening. The disease modeling experiment was
designed to emulate the inflammation of the liver spheroid. IL-1β induced inflammation
was monitored in spheroid for 5 days in dynamic culture, which showed the reduced
metabolism and spheroid size. Figure 6 shows the representative images of disease model-
ing, which may be validated by the albumin, IL-6, and TNF-α production pattern in the
given spheroids (Figure 7). The significant increase in IL-6 and TNF-α release validated a
continuous development of inflammation state in the spheroid model with a simultaneous
decrease in albumin production from Day 3. The reduced spheroid size and albumin
production indicate the induction of inflammation in the spheroids with a gradual decrease
in the biomarker. At Day 7, the media containing IL-1β was removed, which led to a steady
rise in the albumin concentration. However, the current study has analytical limitations
such as cell viability assay, mRNA expression for disease confirmation biomarkers, and
H&E staining of spheroid tissues. For media flow perfusion, the Mimetas Rocker was
kept at the angle of 7◦ degrees and a rate of six rotation cycles per hour, maintaining the
maximum stability for spheroid culture in a dynamic environment. Analysis of spheroid
formation and growth at different angles and different media perfusion speeds is further
required, which may impact different gene expression profiles. Additionally, the integra-
tion of sensors for continuous monitoring of the cellular microenvironment may enhance
the disease modeling and drug screening capacity for such high-throughput platforms.

The current platform with channel possesses the potential for a steady fluid flow
across the spheroid surface, which is more relevant to fluidic flow in human microvascula-
ture. A spheroid culture method with microfluidic capacity mimics the human microtissue
environment relatively better as compared to a static spheroid platform. Additionally,
continuous evidence has supported that organ-specific differential expression of genes and
phenotype is better observed in dynamic spheroid culture platforms [42–44]. Although re-
cent evolution in 3D cell culture models to mimic human physiology in vitro has improved
MPSs capacity, there is a lack of vascularization and perfusion in spheroid cultures. The
designed spheroid culture system tries to address the issue of culture media perfusion for
equal distribution of nutrients across the spheroid surface. The spheroid culture system
successfully indicated consistent results with spheroid size and growth for the optimized
number of cells. The microfluidic perfusion plate provides a spheroid culture in dynamic
conditions to overcome one of the main limitations of equal distribution of media as com-
pared to conventional spheroid culture techniques. In conclusion, the designed plate may
prove to be an efficient tool to model disease for drug screening at the initial stages of
drug development.
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5. Conclusions

The perfusion-based culture system holds increased relevance to model an inflamma-
tory hepatic microenvironment as compared to the static spheroid culture. The findings
validate that the perfusion-based method for a spheroid was found to be relatively effective
in mimicking hepatic physiology as compared to the 2D cell culture technique. Perfusable
media equips the plate with the circulation capacity that is more relevant to human phys-
iology. The significant growth of spheroids as compared to the static culture platforms
indicates that perfusion is a key factor in cell proliferation. The ultra-low attachment nature
of our plate facilitated the growth of spheroids in suspension. The coculture of endothelial
cells during spheroid formation and equal distribution of endothelial cells shows repre-
sentation of endothelial cells in the hepatic spheroids. Furthermore, spheroid culture in
dynamic flow has shown significantly relevant morphological manifestation as compared
to the static culture. The spheroid model also emulated the hepatic microenvironment
for disease modeling. The perfusable plate for spheroid culture enhances the capacity to
mimic human organ physiology with increased relevance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9101369/s1, Figure S1: Inhouse built ink-jet printer., Figure S2: Schematics
of the M-PhysioTM plate with dimensions., Figure S3: Macro view of perfusion channels and
hemisphere well.
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26. Funda Canpolat, K.; Özdolap, Ş.; Sarikaya, S. Pro-inflammatory cytokines and oxidized low-density-lipoprotein in patients with
fibromyalgia. Arch. Rheumatol. 2019, 34, 123. [CrossRef]

27. Tilg, H.; Moschen, A.R. IL-1 cytokine family members and NAFLD: Neglected in metabolic liver inflammation. J. Hepatol. 2011,
55, 960–962. [CrossRef]

28. Asif, A.; Khalid, M.; Manzoor, S.; Ahmad, H.; Rehman, A.U. Role of purinergic receptors in hepatobiliary carcinoma in Pakistani
population: An approach towards proinflammatory role of P2X4 and P2X7 receptors. Purinergic Signal. 2019, 15, 367–374.
[CrossRef]

29. Khalid, M.; Manzoor, S.; Ahmad, H.; Asif, A.; Bangash, T.A.; Latif, A.; Jaleel, S. Purinoceptor expression in hepatocellular virus
(HCV)-induced and non-HCV hepatocellular carcinoma: An insight into the proviral role of the P2X4 receptor. Mol. Biol. Rep.
2018, 45, 2625–2630. [CrossRef]

30. Tukov, F.F.; Luyendyk, J.P.; Ganey, P.E.; Roth, R.A. The role of tumor necrosis factor alpha in lipopolysaccharide/ranitidine-
induced inflammatory liver injury. Toxicol. Sci. 2007, 100, 267–280. [CrossRef]

31. Lacour, S.; Gautier, J.-C.; Pallardy, M.; Roberts, R. Cytokines as potential biomarkers of liver toxicity. Cancer Biomark. 2005, 1,
29–39. [CrossRef]

32. Wieckowska, A.; Papouchado, B.G.; Li, Z.; Lopez, R.; Zein, N.N.; Feldstein, A.E. Increased hepatic and circulating interleukin-6
levels in human nonalcoholic steatohepatitis. Off. J. Am. Coll. Gastroenterol. 2008, 103, 1372–1379. [CrossRef]

http://doi.org/10.1021/acschembio.7b01029
http://www.ncbi.nlm.nih.gov/pubmed/29381325
http://doi.org/10.3390/polym13173016
http://doi.org/10.1002/adhm.202000721
http://doi.org/10.1016/j.tibtech.2016.08.004
http://doi.org/10.3389/fendo.2019.00682
http://doi.org/10.1007/s00204-016-1838-0
http://doi.org/10.3390/ijms21124298
http://doi.org/10.1177/1087057116651867
http://doi.org/10.4155/bio-2016-0028
http://doi.org/10.1002/biot.201700417
http://www.ncbi.nlm.nih.gov/pubmed/29058365
http://doi.org/10.1002/adhm.202000608
http://www.ncbi.nlm.nih.gov/pubmed/32734719
http://doi.org/10.2217/fon.13.274
http://doi.org/10.1016/j.snb.2018.01.223
http://doi.org/10.1016/j.addr.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23726943
http://doi.org/10.3390/mi8060186
http://doi.org/10.1039/C9AN00612E
http://www.ncbi.nlm.nih.gov/pubmed/31210202
http://doi.org/10.1002/biot.201800347
http://www.ncbi.nlm.nih.gov/pubmed/30957976
http://doi.org/10.1111/apt.13824
http://www.ncbi.nlm.nih.gov/pubmed/27730688
http://doi.org/10.1089/ars.2016.6776
http://www.ncbi.nlm.nih.gov/pubmed/27452109
http://doi.org/10.5606/ArchRheumatol.2019.6733
http://doi.org/10.1016/j.jhep.2011.04.007
http://doi.org/10.1007/s11302-019-09675-0
http://doi.org/10.1007/s11033-018-4432-0
http://doi.org/10.1093/toxsci/kfm209
http://doi.org/10.3233/CBM-2005-1105
http://doi.org/10.1111/j.1572-0241.2007.01774.x


Biomedicines 2021, 9, 1369 13 of 13

33. Hong, F.; Radaeva, S.; Pan, H.N.; Tian, Z.; Veech, R.; Gao, B. Interleukin 6 alleviates hepatic steatosis and ischemia/reperfusion
injury in mice with fatty liver disease. Hepatology 2004, 40, 933–941. [CrossRef]

34. Gieling, R.G.; Wallace, K.; Han, Y.-P. Interleukin-1 participates in the progression from liver injury to fibrosis. Am. J. Physiol.-
Gastrointest. Liver Physiol. 2009, 296, G1324–G1331. [CrossRef]

35. Brunet-Maheu, J.M.; Fernandes, J.C.; de Lacerda, C.A.; Shi, Q.; Benderdour, M.; Lavigne, P. Pluronic F-127 as a cell carrier for
bone tissue engineering. J. Biomater. Appl. 2009, 24, 275–287. [CrossRef]

36. Wu, Z.; Hjort, K. Surface modification of PDMS by gradient-induced migration of embedded Pluronic. Lab A Chip 2009, 9,
1500–1503. [CrossRef]

37. Khattak, S.F.; Bhatia, S.R.; Roberts, S.C. Pluronic F127 as a cell encapsulation material: Utilization of membrane-stabilizing agents.
Tissue Eng. 2005, 11, 974–983. [CrossRef]

38. Bauer, S.; Huldt, C.W.; Kanebratt, K.P.; Durieux, I.; Gunne, D.; Andersson, S.; Ewart, L.; Haynes, W.G.; Maschmeyer, I.; Winter, A.
Functional coupling of human pancreatic islets and liver spheroids on-a-chip: Towards a novel human ex vivo type 2 diabetes
model. Sci. Rep. 2017, 7, 1–11. [CrossRef] [PubMed]

39. Daly, A.C.; Davidson, M.D.; Burdick, J.A. 3D bioprinting of high cell-density heterogeneous tissue models through spheroid
fusion within self-healing hydrogels. Nat. Commun. 2021, 12, 1–13. [CrossRef] [PubMed]

40. Park, Y.; Ji, S.T.; Yong, U.; Das, S.; Jang, W.B.; Ahn, G.; Kwon, S.-M.; Jang, J. 3D bioprinted tissue-specific spheroidal multicellular
microarchitectures for advanced cell therapy. Biofabrication 2021, 13, 045017. [CrossRef] [PubMed]

41. Baze, A.; Parmentier, C.; Hendriks, D.F.; Hurrell, T.; Heyd, B.; Bachellier, P.; Schuster, C.; Ingelman-Sundberg, M.; Richert, L.
Three-dimensional spheroid primary human hepatocytes in monoculture and coculture with nonparenchymal cells. Tissue Eng.
Part C Methods 2018, 24, 534–545. [CrossRef] [PubMed]

42. Brophy, C.M.; Luebke-Wheeler, J.L.; Amiot, B.P.; Khan, H.; Remmel, R.P.; Rinaldo, P.; Nyberg, S.L. Rat hepatocyte spheroids
formed by rocked technique maintain differentiated hepatocyte gene expression and function. Hepatology 2009, 49, 578–586.
[CrossRef]

43. Ryu, N.-E.; Lee, S.-H.; Park, H. Spheroid culture system methods and applications for mesenchymal stem cells. Cells 2019, 8, 1620.
[CrossRef]

44. Masiello, T.; Dhall, A.; Hemachandra, L.; Tokranova, N.; Melendez, J.A.; Castracane, J. A dynamic culture method to produce
ovarian cancer spheroids under physiologically-relevant shear stress. Cells 2018, 7, 277. [CrossRef]

http://doi.org/10.1002/hep.20400
http://doi.org/10.1152/ajpgi.90564.2008
http://doi.org/10.1177/0885328208096534
http://doi.org/10.1039/b901651a
http://doi.org/10.1089/ten.2005.11.974
http://doi.org/10.1038/s41598-017-14815-w
http://www.ncbi.nlm.nih.gov/pubmed/29097671
http://doi.org/10.1038/s41467-021-21029-2
http://www.ncbi.nlm.nih.gov/pubmed/33531489
http://doi.org/10.1088/1758-5090/ac212e
http://www.ncbi.nlm.nih.gov/pubmed/34433153
http://doi.org/10.1089/ten.tec.2018.0134
http://www.ncbi.nlm.nih.gov/pubmed/30101670
http://doi.org/10.1002/hep.22674
http://doi.org/10.3390/cells8121620
http://doi.org/10.3390/cells7120277

	Introduction 
	Material and Methods 
	Fabrication of 24-Well Perfusable Spheroid Plate 
	Cell Culture 
	Static and Dynamic Culture 
	Morphology Assessment of the Spheroids 
	Disease Modeling 
	ELISA 
	Brightfield and Immunofluorescence Microscopy 
	Statistical Analysis 

	Results 
	Spheroid Characterizations and Cell Number Optimization 
	Comparative Analysis of Spheroids in Static and Dynamic Platforms 
	Disease Modeling 

	Discussion 
	Conclusions 
	References

