MIT Open Access Articles
SpheroidChip: Patterned Agarose Microwell
Compartments Harboring HepG2 Spheroids
are Compatible with Genotoxicity Testing
The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Chao, Christy et al. "SpheroidChip: Patterned Agarose Microwell Compartments
Harboring HepG2 Spheroids are Compatible with Genotoxicity Testing." ACS Biomaterials
Science & Engineering 6, 4 (March 2020): 2427–2439 © 2020 American Chemical Society
As Published: http://dx.doi.org/10.1021/acsbiomaterials.9b01951
Publisher: American Chemical Society (ACS)
Persistent URL: https://hdl.handle.net/1721.1/126762
Version: Author's final manuscript: final author's manuscript post peer review, without
publisher's formatting or copy editing
Terms of use: Creative Commons Attribution-Noncommercial-Share Alike

pubs.acs.org/journal/abseba

Article

SpheroidChip: Patterned Agarose Microwell Compartments
Harboring HepG2 Spheroids are Compatible with Genotoxicity
Testing
Christy Chao, Le P. Ngo, and Bevin P. Engelward*

Downloaded via MASSACHUSETTS INST OF TECHNOLOGY on March 2, 2020 at 17:03:29 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Cite This: https://dx.doi.org/10.1021/acsbiomaterials.9b01951

ACCESS

Metrics & More

Read Online
sı Supporting Information
*

Article Recommendations

ABSTRACT: Three-dimensional tissue culture models are emerging as eﬀective alternatives to animal testing. They are especially
beneﬁcial for liver toxicity studies, enabling hepatocytes to display improved levels of liver-speciﬁc functions. One common model is
hepatocyte spheroids, which are spontaneously formed cell aggregates. Techniques for spheroid formation include the use of
ultralow attachment plates and the hanging drop method, both of which are technically challenging and relatively low throughput.
Here, we describe a simple-to-use platform that improves spheroid production and is compatible with genotoxicity testing by the
comet assay. To achieve this, we created a chip containing a microwell array where dozens of spheroids are contained within a single
well of a 96-well plate. The microwells are made from agarose, a nontoxic material suitable for cell growth and spheroid formation.
HepG2 cells loaded into customizable microwells formed spheroids through agarose-assisted aggregation within one to two days. In
addition, the agarose matrix allows the same platform to be used in DNA damage analysis. Speciﬁcally, the comet assay enables
quantiﬁcation of DNA breaks based on the increased migration of damaged DNA through agarose during electrophoresis. Here, we
developed a modiﬁed comet assay and show that intact HepG2 spheroids cultured in microwells can be electrophoresed to reveal the
extent of DNA damage following exposure to inﬂammatory chemicals (H2O2 and SIN-1). With this SpheroidChip analysis method,
we detected a dose-dependent increase in DNA damage and observed rapid repair of H2O2-induced DNA damage. In summary, we
utilized an agarose microarray to condense what had required an entire 96-well plate into a single well, enabling analysis techniques
that were cumbersome or impossible under conditions of a single spheroid per well of a 96-well plate.
KEYWORDS: agarose-assisted aggregation, spheroid, hepatocyte, microwell array, comet assay, CometChip
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ically relevant 3D cell culture models.1−4 These 3D structures
can allow for cell−cell interactions, leading to changes that are
important for normal cell behavior. One area where predictive
in vitro models are especially useful is for liver toxicity studies,
and hepatocyte spheroids are often used for this purpose.5−10

INTRODUCTION
It is known that DNA damage can increase the risk of cancer
and disease development. If unrepaired, damage can lead to
mutations that drive cancer and disease. Understanding DNA
damage and repair kinetics is helpful in predicting the
carcinogenicity of chemicals and compounds, which is valuable
because it can take years for cancer to arise after exposure to a
carcinogen. To study DNA damage and repair, cell culture
systems are often used. For many in vitro experiments, cells are
removed from their normal environments in tissue and grown
as monolayers on treated plastic surfaces prior to chemical
exposure. To better mimic a cell’s natural environment for in
vitro studies, researchers are now turning to more physiolog© XXXX American Chemical Society
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demonstrated using the CometChip (for which eﬀect analysis
has been shown for up to about six cells).41 Here, we describe
development and characterization of a spheroid microwell
array (SpheroidChip) as an approach for quantifying DNA
damage in intact spheroids.
One technical drawback of the traditional comet assay
(where cells are suspended in molten agarose) is that it
requires single cells. As a result, cultured cells are generally
trypsinized prior to being embedded in agarose. However,
because DNA repair can be very rapid, signiﬁcant DNA repair
takes place during sample handling. In the case of H2O2induced oxidative damage, for which the half-life for DNA
damage (t1/2) is approximately 30 min,42 repair is mostly
complete by the time the samples are ready for comet analysis.
Therefore, the ability to perform chemical exposures and the
comet assay directly on the agarose chip with intact spheroids
has a distinct advantage for studies of DNA damages that are
rapidly repaired. This is particularly relevant for DNA damage
created by inﬂammatory chemicals, which has relevance for
studies of cancer etiology.
Chronic inﬂammation is a risk factor for cancer, in part
because reactive oxygen species and nitrogen species (RONS)
created during inﬂammation can damage DNA, leading to
mutations that promote cancer. Speciﬁcally, activated macrophages secrete high levels of nitric oxide (NO•) and
superoxide (O2−•). Superoxide can lead to DNA damage,
and it can also react with NO• to create peroxynitrite
(ONOO−), a highly genotoxic agent.43,44 Most of the
RONS-induced DNA lesions are base damages such as 8oxoguanine, which are rapidly repaired by the base excision
repair pathway. 45−47 Therefore, when studying RONS
exposure, it would be advantageous to quantify DNA damage
in intact spheroids because cells could be lysed within seconds
after terminating exposure, thus suppressing DNA repair that
occurs during sample handling.
Here, we developed the SpheroidChip and investigated
whether it could be used to evaluate oxidative damage to DNA
with agents that are relevant to inﬂammation. Using basic
tissue culture supplies and a compatible biomaterial, we
evaluated whether cells could be cultured and analyzed under
more physiologically relevant conditions. We observed that the
customizable microwell array improved throughput, as dozens
of spheroids could be cultured in a single well of a 96-well
plate. In addition, we demonstrated in intact spheroids that all
comet assay steps could be condensed within a single platform,
allowing for detection of DNA lesions such as those created by
inﬂammatory chemicals, which are rapidly cleared by cells. The
ability to measure DNA damage and repair in hepatocyte
spheroids in a high-throughput fashion has utility for many
applications beyond endogenous chemical exposures, including
studies of environmental and pharmaceutical chemicals.

Spheroid culture is one of the simpler methods for 3D
culture that can be performed in most laboratories without
specialized equipment. Existing platforms for spheroid
formation modify the environment in which hepatocytes are
cultured to inﬂuence cell interactions. For example, commercially available ultralow attachment 96-well plates create a
nonadhesive environment that drives hepatocytes to aggregate
into a spheroid.11,12 A limitation of this approach is that
experiments are low throughput due to the fact that only one
spheroid can be cultured in each well of a 96-well plate.
Another commonly used approach is the hanging drop
method;13,14 however, this method can be technically
challenging and labor intensive. More complex techniques
have also been developed, such as use of microfabrication
techniques to create microcavities in polydimethylsiloxicane or
poly(methyl methacrylate) chips to improve spheroid formation throughput,15−26 however these materials still require
additional coating or treatment steps to make them suitable
surfaces for cell culture purposes. Finally, eﬀective organoid
platforms involving coculture of multiple cell types have also
been developed, though the complexity of such systems can be
a barrier to use.
To improve throughput and to create a simple-to-use device
that can readily be integrated with other bioassays, we
developed a platform wherein hepatocyte spheroids can be
cultured in agarose microwells approximately 100 μm in
diameter. For this approach, cells gather in the arrayed agarose
microwells at the base of each 96-well and aggregate to form
spheroids. Rather than culturing one spheroid per well, as with
an ultralow attachment plate, hundreds of spheroids can be
cultured per well of a 96-well plate. The eﬃcacy of this
approach lies in the fact that agarose is a nontoxic,
biocompatible polymer suitable for cell growth, and has been
successfully used as a biomaterial in tissue engineering
applications.27 Agarose also provides a low attachment
environment that drives cell aggregation and is easily shaped
into a customizable array of 3D microwell environments for
spheroid formation and culture.28−35 As agarose suﬃces with
no need for further surface modiﬁcation, the approach for
agarose-assisted aggregation can be readily adopted.
The comet assay is a commonly used DNA damage assay
based on diﬀerential electrophoretic mobility for damaged
versus undamaged DNA.36−39 As the assay involves electrophoresis through agarose, being able to culture hepatocyte
spheroids in agarose microwells facilitates the use of the comet
assay. The underlying principle of the comet assay is that intact
DNA remains highly supercoiled and thus will not migrate
signiﬁcantly through agarose during electrophoresis, whereas
the presence of strand breaks (and other types of DNA damage
that can be converted into strand breaks) leads to the release of
DNA supercoiling tension and fragmentation, enabling DNA
migration in agarose. As a result, when electrophoresed,
fragmented DNA is pulled away from the supercoiled nucleus,
creating a detectable “comet tail”. The amount of DNA in the
tail is proportional to the level of DNA strand breaks, which
can be quantiﬁed through ﬂuorescence microscopy and
subsequent image analysis.40,36−38 One approach for quantifying DNA damage is to use %Tail DNA, which is calculated
based on the ﬂuorescence intensity of the comet tail divided by
the total comet intensity. Because the end point is the
proportion of DNA in the tail, the assay is self-calibrating. This
allows for analysis of DNA not only in single cells, as with the
traditional comet assay, but also in groups of cells, as has been
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MATERIALS AND METHODS

Cell Culture. HepG2 cells were cultured in high glucose DMEM
(Invitrogen, 11965118) supplemented with 10% FBS (Atlanta
Biologicals, S11150), 1% penicillin and streptomycin (Thermo Fisher
Scientiﬁc, 15140122), and 1% L-glutamine (Thermo Fisher Scientiﬁc,
A2916801). Cells were detached with 0.25% trypsin-EDTA (Thermo
Fisher Scientiﬁc, 25200114) and triturated for spheroid seeding when
they reached 70−90% conﬂuency.
SU-8 Mold Fabrication. Microfeature molds were created from
silicon wafers by lithographically patterning SU-8, an epoxy-based
photoresist (MicroChem, SU-8 2100). Brieﬂy, the SU-8 was spun
onto the silicon wafers to a desired thickness (100 or 250 μm),
B

https://dx.doi.org/10.1021/acsbiomaterials.9b01951
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Article

SpheroidChip Cell Loading Measurements. The density of the
cell suspensions was varied to control the initial number of cells per
macrowell. Following cell loading and removal of excess cells via shear
force, the cells remaining in the agarose microwells were resuspended
in the media. The total number of cells was determined using a ViCell counter (Beckman Coulter). The average number of cells per
well was calculated after adjusting for unloaded microwells,
determined by manual counting using a bright ﬁeld microscope.
SpheroidChip Viability Measurements. HepG2 cell viability
and growth in the agarose microwells were monitored in 250 μm
diameter wells. Approximately 10 000 cells were loaded into each 96well macrowell. Following loading, rinsing, and cell trapping using a
0.5% low melting point agarose overlay, the chips were placed in
media and cell clusters were allowed to grow on the chip for up to 28
days. Media was replaced every 2−3 days. To determine the average
number of viable cells per microwell on a given day, a bottomless 96well plate was placed over the chip, and Accutase (Innovative Cell
Technologies, AT104) was added to each macrowell to disaggregate
the spheroids. Cells were recovered by gentle pipetting to break and
release cells from the agarose overlay. Once recovered, the spheroids
were left suspended in Accutase for an additional 30 min to allow for
complete disaggregation. The resulting single cell suspension was
counted using a Vi-Cell counter, and percent viability was determined
with Trypan blue staining. The total viable cell count was divided by
the total number of loaded microwells to estimate the average viable
cells per microwell. The diameter of the spheroids was also monitored
by taking bright ﬁeld images of the spheroids, and using ImageJ to
measure distance in the images.
Comet Assay (Performed Using the CometChip). Using an
agarose chip with 50 μm diameter microwells, cells were exposed to
H2O2 (Sigma-Aldrich, 216763) or SIN-1 (Sigma-Aldrich, M5793).
Immediately after treatment, chips were submerged in cell lysis buﬀer
(2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris, pH 9.5 with 0.5%
Triton X-100) overnight at 4 °C. The following day, the chips were
moved to an alkaline buﬀer (0.3 M sodium hydroxide and 1 mM
Na2EDTA) for 40 min at 4 °C to allow for alkaline unwinding of
DNA, and then electrophoresed at 4 °C for 30 min at 25 V and 300
mA. The chips were then neutralized in 0.4 M Tris-HCl buﬀer at
room temperature and the DNA was stained with SYBRgold
(Invitrogen, S11494). The chips were imaged at 4× using a
ﬂuorescent microscope and the %Tail DNA in each comet was
determined using a MATLAB in-house image analysis software,
described in Wood et al. Supporting Information (available upon
request).41 For each experiment, about 100 comets were scored per
macrowell, and the median %Tail DNA of triplicate wells were
averaged. The steps of the CometChip are summarized in Figure S1.
SpheroidChip Assay. Using an agarose chip with 100 μm
diameter microwells, ∼75 000 HepG2 cells were loaded per
macrowell. After the excess cells were removed, clusters were allowed
to form and grow on the chip for 2 days until they reached a diameter
of ∼100 μm. After encapsulation with a 1% low melting point agarose
overlay, the spheroids were exposed to H2O2 or SIN-1 directly onchip (described below). Immediately following chemical exposure, the
chips were placed in cell lysis buﬀer overnight at 4 °C. Following lysis,
the agarose chips were attached to an electrophoresis chamber and
submerged in alkaline unwinding buﬀer for 1 h at 4 °C. After alkaline
unwinding, the chips were electrophoresed at 4 °C for 1 h at 25 V and
300 mA. The chips were neutralized at room temperature and DNA
was stained with SYBRgold for at least an hour. The chips were
imaged at 2× using a ﬂuorescent microscope and the %Tail DNA in
each spheroid-comet was determined using in-house image analysis
software.41 For each experiment, about 40 spheroid-comets were
scored per macrowell, and the median %Tail DNA of triplicate wells
were averaged. Note, visual inspection was performed in the image
analysis software to ensure that spheroid-comets were properly scored
(Figure S2).
Chemical Treatments. For H2O2 experiments, cells were treated
with ice cold H2O2 diluted in PBS at 4 °C in the dark for 30 min
(SpheroidChip) or 20 min (CometChip). For SIN-1 experiments,

followed by soft-baking the photoresist and UV exposure through a
photomask. The photomask included dark circular features (microwell pattern) on a transparent background. Areas of photoresist
exposed to UV were cross-linked. Following a postexposure bake, the
wells (features that were not exposed to UV) were developed in
propylene glycol monomethyl ether acetate, revealing an array of
patterned microwells with the desired geometries. Polydimethylsiloxane (PDMS) (Dow Corning, SYLGARD 184 Silicone Elastomer Kit)
was cast on the SU-8 device to create a reusable stamp with
microposts for patterning microwells into agarose (Figure 1C).

Figure 1. Creation of an agarose microwell array for improved
throughput of spheroid formation. (A) Commercial plates for
spheroid formation hold one spheroid per macrowell. (B) Proposed
SpheroidChip can form dozens of spheroids per macrowell. (C)
Molds for creating PDMS stamps are created with photolithography.
The PDMS stamps are then used to pattern microwell arrays in
agarose.
Microwell Fabrication in Agarose and SpheroidChip
Preparation. The following steps were performed in a cell culture
hood to maintain sterility. A 1% normal melting point agarose
(Invitrogen, 16500) with 2% of penicillin and streptomycin was
prepared in DPBS (Lonza, 17-512F). A PDMS mold was set in the
molten agarose over a GelBond ﬁlm (Lonza, 53761) for 15 min. The
PDMS mold was then removed, creating an array of microwells. The
agarose chip was clamped between a glass plate and a bottomless 96well plate (Greiner BioOne, 655000), creating 96 separate environments, or macrowells, for cell loading. HepG2 cell suspensions were
loaded by gravity into macrowells for 15−20 min in an incubator (37
°C, 5% CO2). Following loading, the bottomless plate was removed
and excess oﬀ-grid cells were removed from the agarose chip with
aspiration. The bottomless plate was replaced, and 200 μL of warm
complete media was added to the macrowells. The chip containing
the trapped cells was placed back in the incubator overnight to allow
for cell aggregation. Subsequently, the bottomless plate was removed
and the spheroids were protected with a layer of 0.5% low melting
point agarose (Invitrogen, 16520) and allowed to cool for 3 min at 4
°C. The spheroid chip was then submerged in a dish of media. Media
was replaced every 2−3 days until spheroids were needed for
experiments.
C
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cells were treated with SIN-1 diluted in PBS at 37 °C for 30 min
(SpheroidChip) or 20 min (CometChip).
H2O2 Repair Experiments. To measure seven repair time points,
an agarose chip made with a GelBond substrate was cut into groups of
six or more macrowells per piece. Following H2O2 treatment, a piece
of the agarose chip was immediately submerged in lysis buﬀer at 4 °C
(time 0 repair point). The remaining chips were placed in fresh, warm
media in the incubator until their repair time point. At the indicated
times, the chip was submerged in lysis buﬀer. Following lysis,
CometChip or spheroid-comet analysis was performed as described
above.
Spheroid Staining. Spheroids were cultured in 100 μm diameter
microwells (using conditions described above to prepare a
SpheroidChip for comet analysis) or 250 μm diameter microwells
for 1 or 2 weeks (using conditions described above to prepare a
SpheroidChip for viability measurements). Spheroids were ﬁxed by
submerging the agarose chip in 10% formalin for 6 h and then
transferred to 70% ethanol. The agarose was removed from the
GelBond and embedded in paraﬃn. Tissue sections (4 μm) were
prepared and stained with hematoxylin and eosin (H&E) (Thermo
Scientiﬁc Shandon Varistain 24-4), Ki-67 (BD Pharmigen, 550609),
and cleaved caspase-3 (Cell Signaling Technology, 9664).

■

RESULTS AND DISCUSSION
Fabricating a Micropatterned Agarose Array. To
improve the throughput of commercial spheroid formation
plates wherein a single spheroid is cultured in each well of a
96-well plate (Figure 1A), we developed a microwell array that
allows dozens of spheroids to be cultured in a microarray on
the bottom surface of a single well of a 96-well plate (Figure
1B), signiﬁcantly increasing the number of spheroids that can
be cultured in a given surface area. The ﬁrst step in creating an
array of microwells is fabricating molds by lithographically
patterning SU-8 photoresist (Figure 1C). PDMS is then
poured into the SU-8 mold and cured. Removing the cured
PDMS creates a stamp harboring thousands of microposts.
This stamp is then pressed in molten agarose. After the molten
agarose has cooled, lifting the PDMS stamp reveals microwells
that are large enough to hold a single spheroid. Each SU-8
wafer can be used to create multiple PDMS stamps, and each
stamp can be reused over dozens of experiments to create
many of these agarose chips. Using a PDMS stamp that creates
wells 250 μm in diameter spaced 400 μm apart (center to
center), approximately 160 microwells can ﬁt into the bottom
surface of a single macrowell. The depth of each microwell is
approximately 160 μm (thickness was measured using a
Dektak surface proﬁler). The diameter of the microwells can
be adjusted to accommodate diﬀerent spheroid sizes.
Culturing HepG2 Spheroids in Microwells through
Agarose-Assisted Aggregation. To load cells into the
microarray on the agarose chip, a bottomless 96-well plate is
clamped to the surface of the chip. Suspended cells are loaded
into each well of the 96-well plate (e.g., each macrowell) and
allowed to settle into the microwells by gravity (Figure 2A).
Excess cells are then removed from the chip by aspirating
between macrowells (Figure 2B). We have observed that
aspirating between macrowells (rather than directly over the
macrowell) does not signiﬁcantly disturb the loaded cells, as
most cells remain trapped in the microwells. Using this
approach, we have observed that, on average, ∼80% of the
microwells contain cells. The trapped cells are then allowed to
aggregate overnight (Figure 2C).
To keep spheroids within the microwells during media
changes, the bottomless plate is removed and a layer of low
melting point (LMP) agarose is added, allowing the entire

Figure 2. HepG2 cells aggregate once loaded into agarose microwells.
The intact spheroids can be handled on the agarose chip in a standard
96-well array. (A) HepG2 cells fall into the agarose microwells by
gravity. (B) Excess cells are removed from the agarose chip by
aspirating between macrowells. (C) HepG2 spheroids form
spontaneously in microwells. (D) Once spheroids have formed,
they can be immobilized on the chip with an agarose overlay. A
bottomless 96-well plate is then placed over the chip, creating distinct
environments for chemical exposure. White scale bar, 250 μm. Note
that each microwell is ∼250 μm in diameter.

agarose chip to be moved into a fresh plate of media. The
bottomless plate can be resecured directly over the
encapsulated spheroids, converting the chip into a 96-well
plate containing distinct macrowell environments that can then
be used to test diﬀerent conditions (Figure 2D). With multiple
spheroids at the base of each macrowell, chemical dosing can
quickly be performed in a 96-well format without ﬁrst pooling
single spheroids, as is necessary for spheroids grown in
separate wells on commercial 96-well plates.
Calculations and previous data suggest that the agarose
overlay does not signiﬁcantly impede exposures or oxygen
diﬀusion relative to the eﬀect of the media itself. For example,
previous studies in our laboratory have shown that large
molecules (e.g., proteins) readily permeate the outer agarose
layer. Speciﬁcally, we have shown that the FPG protein (30
kDa), can access the DNA of encapsulated cells.48 This result
is consistent with high porosity of the outer layer of agarose.
To further investigate how an agarose overlay might impact
D
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oxygen diﬀusion to the spheroids, we approximated the
agarose hydrogel as a thin layer of water and estimated the
L2

time scale of oxygen diﬀusion through a liquid as time ∼ 4D .
With an LMP overlay thickness of 0.05−0.07 cm (estimated
according to the volume of agarose overlay required to cover a
chip) and a diﬀusion coeﬃcient of a small molecule in liquid
cm 2

on the order of 10−5 s , it would take 1−2 min for oxygen to
cross the LMP agarose overlay barrier. This eﬀect on oxygen
diﬀusion is anticipated to be negligible because the typical
height of media above HepG2 cells in culture is four- to sixfold
thicker than the agarose overlay.
Impact of HepG2 Loading Density on Microwell
Trapping. HepG2 cells trapped in the agarose microwells
aggregate within approximately 1 day and continue to grow to
form regularly shaped spheroids within the microwells (Figure
3A). Day 0 shows approximately 40 HepG2 cells trapped in a
250 μm diameter microwell that aggregate overnight and form
spheroids over time. To explore the relationship between the
number of cells plated on Day 0 and the number of cells
initially trapped into a 250 μm diameter microwell, macrowells
were loaded with a known number of cells ranging from 1000
cells to 100 000 cells. After the cells settled into the microwells
by gravity, the trapped cells were counted manually under a
microscope and/or recovered and counted with a Beckman
Coulter Vi-cell. Average microwell cell count was plotted
against the macrowell loading density (Figure 3B). We
observed that the average number of cells loaded per microwell
increased linearly with the macrowell loading density, with an
R2 value of 0.98. In the equation below, Mi250 refers to the
average number of cells loaded per 250 μm diameter
microwell, and Ma refers to the macrowell loading density.
i Ma y
Mi 250 = 2.8jjj 3 zzz + 9.1
k 10 {

(1)

Using these best ﬁt parameters, we can calculate the
macrowell loading density required to achieve a desired
seeding number in 250 μm diameter agarose microwells. For
experiments with cells able to undergo cell division, such as
HepG2, adjusting microwell loading may be desirable to
control spheroid size for experimental use on a later day.
Microwell loading density would also be important to consider
when applying this platform in nondividing hepatocyte cells,
because the initial cell loading per microwell would remain
constant for culture duration.
Analysis of Spheroid Growth and Viability. Inﬂammation of the liver is associated with an increased risk of cancer.
During inﬂammation, high levels of potentially genotoxic
RONS are produced. Here, we explored the potential utility of
the spheroid platform for studies of inﬂammatory chemicals.
Prior to performing the comet assay, it is ﬁrst necessary to
assess cytotoxicity, because dead cells can harbor broken DNA,
which could interfere with studies of exposure-induced DNA
damage.49
Our prediction was that increasing spheroid size would
negatively impact cell viability in the spheroid interior due to
oxygen and nutrient diﬀusion limitations.50 To learn about the
potential cytotoxicity associated with large spheroids, we
analyzed cell count, cell viability and spheroid diameter for
HepG2 cells over time. We monitored HepG2 growth,
viability, and spheroid diameter over the course of 4 weeks
in 250 μm diameter microwells to determine an optimal

Figure 3. After loading, HepG2 cells aggregate within microwells, and
spheroids continue to grow and remain viable. (A) HepG2 cells in
spheroids divide in the agarose microwells after loading. (B) Average
cells loaded per 250 μm diameter microwell for various macrowell
loading densities. Note, pictured in Day 0 of A is the initial microwell
loading when a macrowell density of 10 000 cells per macrowell is
used. (C) Average number of viable cells per microwell. The dashed
lines correspond to days post loading pictured in A, where blue
represents cells at 3 days, and orange represents cells at 7 days. (D)
Cell viability measurements obtained with Trypan blue staining. (E)
Spheroid diameter over culture time in the agarose chip. (F) H&E
staining of spheroids. (G) Ki-67 staining of spheroids. (H) Cleaved
caspase-3 staining of spheroids.
E
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3Giii), and higher levels of cleaved caspase-3 staining
consistent with cell death (Figure 3Hiii). A decline in cell
proliferation over time was also observed by Ramaiahgari et
al.8 Note that the smaller cell aggregates cultured under comet
analysis conditions show healthy cell morphology (Figure 3Fi),
continued cell proliferation (Figure 3Gi), and the absence of
apoptosis (Figure 3Hi).
Impact of Inﬂammatory Chemicals on DNA Damage
in Spheroids Quantiﬁed Using the Comet Assay. To
study DNA damage using the previously established
CometChip, generally one or a few cells are trapped in
patterned 40 or 50 μm diameter wells, encapsulated with
agarose, treated with chemicals, and then electrophoresed to
reveal the presence of strand breaks (Figure 4A, left). Comets

spheroid size for genotoxicity studies. On Day 0, macrowells
were loaded with ∼10 000 cells, resulting in ∼40 cells per
microwell (calculated using eq 1). After initial HepG2 loading
and spheroid formation, cell count increased rapidly in the ﬁrst
week of culture with a doubling time of 1.5 days (Figure 3C;
similar to HepG2 grown as a monolayer). Cell viability, as
determined by Trypan blue exclusion, also remained high for
the ﬁrst week of culture (Figure 3D; note that the ﬁrst week of
culture is demarked by orange dashed lines), which is
consistent with the doubling time of healthy cells. After 1
week in culture, the cell count began to plateau (Figure 3C),
corresponding to a notable decline in cell viability (Figure 3D).
Other studies with HepG2 have also measured cell
proliferation following initial spheroid seeding and a decrease
in proliferation with increased culture time.8,15 The decline in
cell viability we observed also corresponds to a spheroid
diameter approaching and exceeding 200 μm (Figure 3E).
Therefore, to ensure that our genotoxicity analysis focuses on
conditions reﬂecting those of healthy cells, we elected to study
spheroids at a maximum size of ∼100 μm by limiting the
incubation time to 3 days (blue dashed lines), and by using
microwells that are 100 μm in diameter.
We estimated the average loading for a 100 μm diameter
microwell (Mi100) by scaling eq 1 with the ratio of the area of a
250 μm diameter well to the area of a 100 μm diameter well:
i Ma y
Mi100 = 0.5jjj 3 zzz + 1.5
k 10 {

Article

(2)

Eq 2 was then used to design loading parameters for comet
analysis experiments. For subsequent comet assay studies,
based on eq 2, ∼75 000 cells were plated per macrowell to
achieve the desired spheroid size (∼100 μm) at the time of
comet analysis. The 100 μm microwells ensured that the
spheroids remained below the diameter at which diﬀusion
limitations begin impacting cell viability. From our previous
analysis of spheroid growth, we expected that it would take
approximately 3 days for the 100 μm diameter spheroids to
reach the desired size for comet analysis. However, we
observed that it only took 2 days for the spheroids to reach
this size. It is possible that the smaller diameter microwells
placed the loaded cells in closer proximity and promoted
agarose-assisted aggregation (not accounted for in our scaled
equation).
Finally, given that previous studies have shown that for large
spheroids there is often cell death in the centers, we assessed
cell viability in our spheroid interiors by creating 4 μm sections
and analyzing them using immunohistochemistry for markers
of cell division and cell death. Spheroids cultured in the 100
μm diameter microwells (comet analysis conditions, see Figure
3i) were compared with spheroids cultured in 250 μm
diameter microwells for 1 (Figure 3ii) or 2 weeks (Figure
3iii). We observed earlier that at 1 week, cell viability still
remained high and decreased by week 2 (Figure 3D), and we
therefore expected to see signs of cell death in the centers of
spheroids that had been cultured for 2 weeks. Representative
H&E, Ki-67, and cleaved caspase-3 stained spheroid sections
are shown in Figures 3F−H. As predicted, spheroids cultured
for 1 week showed organized cell nuclei and cytoplasm (Figure
3Fii), as well as cell proliferation within the core (Figure 3Gii)
and minimal staining for apoptosis (Figure 3Hii). In contrast,
spheroids cultured for 2 weeks showed extensive signs of
necrosis (Figure 3Fiii), diminished cell proliferation (Figure

Figure 4. DNA damage studies on intact spheroids were performed
using steps similar to those in the CometChip experiments. (A)
Proposed method for SpheroidChip analysis compared to CometChip
analysis. (B) Geometry of microwell pattern used for comet analysis.
Microwell spacing creates room for comet tails. (C) Comet analysis in
CometChip versus SpheroidChip analysis. (D) Examples of H2O2
treated spheroid-comets.

are then scored for %Tail DNA to quantify the amount of
DNA damage resulting from chemical treatment. To estimate
the amount of DNA damage, the median %Tail DNA is
calculated for ∼100 comets. These steps are summarized in
Supporting Information Figure S1.
Commercial plates available for spheroid culture (for
example, ultralow attachment 96-well plates or hanging drop
plates) are not directly compatible with CometChip analysis.
F
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addition, the columns are staggered to further suppress comet
tail/head overlap with neighboring wells (Figure 4B). It is also
important to note that, while spacing the microwells farther
apart allows suﬃcient room for DNA migration during
electrophoresis, having large distances between the wells
results in cell loss, because most of the cells will not enter
microwells and are removed during the aspiration step. If
desired, it may nevertheless be possible to recover unloaded
cells prior to removing the bottomless 96-well plate and reload
these samples into a new set of microwells. We anticipate
concentration of cells will remain essentially unchanged
because a tiny fraction of the cells in a suspension enter the
microwells. With staggered microwells that are 100 μm in
diameter and 600 μm apart, there are approximately 60
microwells per macrowell. A typical CometChip comet and a
SpheroidChip comet are shown in Figure 4C. While the
spheroid-comets are larger than single cell comets, the
spheroids are consistent in size and the overall shape and
appearance of the comets are similar. Note that when %Tail
DNA is calculated, it is based on the proportion of the DNA in
the tail, and so each comet is self-calibrated.
To explore the utility of the SpheroidChip for studies of
RONS-induced DNA damage, chemical treatment was
performed directly on spheroids cultured in the agarose chip,
followed by overnight cell lysis, gel electrophoresis, ﬂuorescent
imaging, and automated spheroid-comet analysis (Materials
and Methods). Examples of spheroid-comets for H2O2-treated
spheroids are shown in Figure 4D. Qualitatively, we observed a
dose dependent increase in comet tail DNA as the cells were
exposed to higher doses of DNA damaging agents,
demonstrating that the assay is eﬀective in detecting DNA
damage induced by our model inﬂammatory chemicals.
SpheroidChip Analysis Enables Robust Measurement
of DNA Damage. To learn more about the eﬃcacy of the
HepG2 SpheroidChip for studies of exposure-induced DNA
damage, we compared H2O2-induced damage levels from the
SpheroidChip to results from the previously established
CometChip. These analysis methods are summarized in
Table 1. Our initial analysis was aimed at comparing
microwell-to-microwell variation (e.g., comet-to-comet variation). As such, we analyzed the %Tail DNA for 90 comets from
each H2O2 dose within a single experiment (see Figure 5A,
where each dot represents a single comet). For both
CometChip and SpheroidChip analysis, there is a clear dosedependent increase in the median %Tail DNA. This plateaus at
higher concentrations of H2O2 for the CometChip, which is
consistent with comet assay saturation (typically occurring
once %Tail DNA values of 60−80% are reached). We see a
similar trend for SpheroidChip (Figure 5B), although higher
levels of H2O2 are required to reach equivalent levels of DNA
damage. The requirement for increased levels of H2O2 to
achieve similar %Tail DNA values is consistent with a
reduction in assay sensitivity, presumably due to DNA that
does not emerge from the well due to the large comet head.
In terms of comet-to-comet variation, there is variability for
both the CometChip and the SpheroidChip for the untreated
conditions. The %Tail DNA values begin to plateau once DNA
damage passes 60% (indicated by the dotted lines on Figure
5), with the assay reaching full saturation at around 80%. The
distribution of damage levels among comets remains broad
under conditions of linear increase (before levels of 60%Tail
DNA), but as H2O2-induced DNA damage reaches saturation,
the variation declines. Therefore, to compare variation in

Speciﬁcally, for the CometChip assay to be performed on
spheroids grown in commercial nonadherent plates, spheroids
would need to be recovered from the culture plate and
disaggregated to form a single cell suspension before the single
cells can be encapsulated in agarose in preparation for the gel
electrophoresis step that physically separates fragmented DNA.
These steps can take over 30 min. Due to rapid repair of H2O2induced damage (t1/2 is approximately 30 min), sample
handling time would preclude the ability to estimate the
DNA damage levels present in the spheroids prior to isolation.
In contrast, by culturing spheroids directly in agarose arrays
with microwells large enough to hold entire cell clusters
(Figure 4A, right), a platform can be created where each
macrowell contains enough spheroids for analysis of one
treatment condition. Because the chip is made of agarose, all
steps of the comet assay, including electrophoresis, can be
performed on a single device (obviating the need for pooling
spheroids or sample disaggregation, and reducing sample
handling time).
To learn about the eﬃcacy of the spheroid platform for
detecting RONS-induced DNA damage in intact spheroids, we
studied H2O2 and SIN-1 as model agents. Specially, we used
H2O2 for generating reactive oxygen species and SIN-1 for
generating superoxide and nitric oxide, which react with each
other to create peroxynitrite, a potent DNA damaging agent.44
One challenge with performing the comet assay on larger cell
clusters is incomplete DNA migration away from the head of
the comet. Speciﬁcally, because large cell clusters have bigger
comet “heads”, DNA loops or fragments farthest from the tail
will have an added distance to travel before being pulled away
from the comet “head” into the comet “tail” where it can be
quantiﬁed. To reduce the eﬀect of incomplete DNA migration
during spheroid-comet analysis, we increased electrophoresis
time from 30 min to 1 h (Table 1).
Table 1. Comparison of Diﬀerent Comet Analysis Methods

Another challenge that the spheroid-comet approach poses
is that larger distances are needed between comets so that they
do not overlap during analysis. CometChip analysis of HepG2
cells uses 40 μm diameter microwells spaced 250 μm apart. For
our initial spheroid platform with 250 μm diameter microwells,
the distance between microwells is 150 μm, which is
problematic when running the comet assay because comet
tails overlap with nearby comet heads. Therefore, we created a
chip so that microwells are 600 μm apart (center to center). In
G
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observed using both analysis methods. Speciﬁcally, the
coeﬃcient of variation (CV) in CometChip macrowells ranges
from 8.7 to 15.5% at levels below saturation (Table 2). The
CV in SpheroidChip macrowells ranges from 3 to 15.1% at
levels below saturation (Table 2). With regard to experimentto-experiment variation, between experiments, the CV for the
SpheroidChip tends to be larger than the CometChip (note
that the CV also decreases as the saturation limit is
approached). In addition, although the average %Tail DNA
for the CometChip is higher than that for spheroid-comets
analyzed at the same dose, there is nevertheless a clear dose
response. Taken together, the SpheroidChip can be used to
discern a dose response, making it a particularly useful
platform where the goal is to compare variables that impact
DNA damage.
For the traditional comet assay, there are reports that the
sensitivity of the assay increases with increasing numbers of
comets, as is also observed with the CometChip.51 To estimate
how many spheroid-comets are needed for robust analysis of
DNA damage, we scored pools of 10, 30, 40, 50, or 100 comets
selected at random from our combined data for each H2O2
dose. This random sampling was repeated three times for each
pool size, and the results were averaged and compared to
randomly selected comets scored during CometChip analysis.
As expected based on previous studies,51 varying the number
of spheroid-comets analyzed did not signiﬁcantly change the
ﬁnal calculated %Tail DNA values among the diﬀerent analysis
pools (Figure 6A, B). To discern whether assay sensitivity
Figure 5. DNA damage analysis in spheroids was compared to the
previously developed CometChip. (A, B) Microwell to microwell
variation for CometChip or SpheroidChip analysis. The median %Tail
DNA is indicated for each H2O2 dose. (C, D) Macrowell to
macrowell variation in a single CometChip or single SpheroidChip
experiment. Each bar represents a unique macrowell. (E, F)
Experiment to experiment variation for CometChip or SpheroidChip
experiments. Each bar represents a unique experiment. For
CometChip, representative data from four experiments is shown.
For SpheroidChip, representative data from three experiments are
shown.

comets analyzed using CometChip or SpheroidChip methods,
we compared results at doses before the assays approached
saturation. For CometChip, the median approaches a level of
60%Tail DNA at 30 μM H2O2 (Figure 5A, dotted line), while
the median for SpheroidChip approaches 60%Tail DNA at 150
μM H2O2 (Figure 5B, dotted line). At and before these doses,
comet-to-comet variability is similar between CometChip and
SpheroidChip.
We also analyzed macrowell-to-macrowell variation (Figure
5C, D) and experiment-to-experiment variation (Figure 5E, F).
Before the assay detection limit is reached (e.g., the assay
reaches saturation above ∼60%Tail DNA), similar variation is

Figure 6. Comparison of average median comet %Tail DNA when
various comet pool sizes were analyzed for CometChip (A) or
SpheroidChip (B). For each pool size, mean and standard deviation
are shown of three randomly selected groups from the combined
comet data.

Table 2. Macrowell and Experiment Variation (Coeﬃcient of Variation, in %)
H2O2 dose (μM)
CometChip macrowell CV
SpheroidChip macrowell CV
CometChip experiment CV
SpheroidChip experiment CV

0

10

30

50

75

100

150

200

13.6
10.0
13.2
34.1

15.5
13.0
17.2
31.9

8.7
3.0
10.9
16.7

0.2
8.0
8.4
16.2

3.8
15.1
5.7
22.9

0.6
12.1
8.7
22.2

0.7
2.5
5.1
16.4

0.8
2.6
4.1
11.1
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μM. Increasing analysis pools to 30, 40, 50, or 100 comets
allowed for diﬀerences to be detected in the lowest H2O2 dose
tested (10 μM). When 10 spheroid-comets are scored (Figure
7F), we detected a signiﬁcant level of damage in cells treated
with H2O2 doses as low as 50 μM. By increasing the analysis
pool to 40 spheroid-comets, (the average number of spheroidcomets captured per macrowell on the SpheroidChip), we
could detect a signiﬁcant level of DNA damage in cells treated
with H2O2 doses as low as 30 μM (Figure 7H). To detect
DNA damage induced by smaller doses of H2O2, 50 comets or
more may be needed (Figure 7I, J). Overall, compared to
CometChip, SpheroidChip analysis required a greater number
of comets to be scored to achieve statistically signiﬁcant
diﬀerences, however assay sensitivity increased with additional
spheroid-comets scored. For studies where the objective is to
detect lower levels of damage, two to three macrowells can be
easily pooled for analysis, enabling analysis of 50−100 comets.
Comparison of “On-Chip” and “Oﬀ-Chip” Exposures
of Cells in the Comet Assay. One challenge for comet
assays is that DNA repair can happen very quickly. H2O2induced damage is repaired rapidly in HepG2 cells (Figure
8A), such that repair is nearly complete within the ﬁrst hour.
(Note that all repair experiments are performed on cells
already loaded onto the agarose chip; see Materials and
Methods for more details.) For cells that are cultured and
chemically treated on plastic tissue culture coated dishes prior
to CometChip loading for DNA analysis (referred to here as
“oﬀ-chip” exposure), DNA repair can happen between the time
that trypsinization has begun and the time when cells are lysed.
For HepG2 cells, it takes ∼40 min to trypsinize and load the
CometChip prior to lysis. During this lag time, DNA repair
could potentially go to completion before cells are lysed. A
second option is to treat cells after they have been transferred
to agarose (referred to as “on-chip” exposure). On-chip
experiments allow cells to be lysed immediately after chemical
exposure via rapid submersion in lysis buﬀer, increasing the
possibility that DNA damage can be quantiﬁed before it is
repaired.
We compared the eﬃciency of on-chip and oﬀ-chip
exposures to inﬂammatory chemicals (H2O2 and SIN-1) with
the CometChip (summarized in Table 1 and Figure 8B, C).
Treated cells and nontreated controls were compared with a
one-way ANOVA and posthoc analysis using Dunnett’s
multiple comparisons test. HepG2 cells treated on-chip with
either H2O2 (Figure 8B) or SIN-1 (Figure 8C) displayed a
clear dose response, wherein H2O2 damage plateaued at dose
of around 100 μM, while SIN-1 damage plateaued at a dose of
around 20 mM. For on-chip H2O2 CometChip experiments
(Figure 8B, blue line), a statistically signiﬁcant increase in
DNA damage was observed at all doses. For on-chip SIN-1
CometChip experiments (Figure 8C, blue line), a statistically
signiﬁcant increase in DNA damage was observed at doses of 4
mM and above. However, when cells were treated oﬀ-chip with
the same doses, there was a negligible increase in measurable
DNA damage induced until a dose of 200 μM for H2O2
(Figure 8B, green line) and 30 mM for SIN-1 (Figure 8C,
green line), which is consistent with repair having mostly gone
to completion prior to analysis. In a recent comet assay
study,52 it was shown that DNA damage was readily detected
when disaggregated cells were encapsulated in agarose prior to
treatment, but that much lower levels of damage were observed
when spheroids were treated prior to disaggregation and
encapsulation, which agree with the results shown here.

changed with additional spheroid-comets scored, we performed a paired, two-tailed Student’s t-test to compare each
H2O2 dose to the corresponding nontreated negative control
(Figure 7A−J). When 10 comets are scored from the

Figure 7. Analysis of the impact of comet pool size. H2O2 treated cells
and nontreated controls from Figure 6 were compared with a paired,
two-tailed, Student’s t-test, *P < 0.05. For each pool size, means and
standard deviation of three randomly selected groups are shown for
CometChip (A−E) or SpheroidChip (F−J).

CometChip (Figure 7A), we could detect a signiﬁcant level
of DNA damage in cells treated with H2O2 doses as low as 30
I
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Figure 8. Performing chemical exposure directly on cells encapsulated in agarose chips allows for analysis of rapidly repaired DNA damage. H2O2
or SIN-1 treated cells and nontreated controls were compared. (A) CometChip repair kinetics of HepG2 cells treated with 30 μM of H2O2.
Treatment and repair is performed on-chip. (B) Comparison of on-chip versus oﬀ-chip CometChip dose response in H2O2 treated cells. For onchip experiments, statistically signiﬁcant increases in DNA damage were observed at all doses. The average of the experiments shown in Figure 5E is
plotted. For oﬀ-chip experiments, there is a ∼40 min lag time prior to comet analysis and statistical signiﬁcant was observed at a dose of 200 μM.
(C) Comparison of on-chip versus oﬀ-chip CometChip dose response in SIN-1 treated cells. For on-chip experiments, statistically signiﬁcant
increases in DNA damage were observed at 4 mM and above. For oﬀ-chip experiments, there is a ∼40 min lag time prior to comet analysis and
statistical signiﬁcant was observed at 30 mM and above. (D) Dose response for H2O2 treated spheroids, consisting of the average of the
experiments shown in Figure 5F. A statistically signiﬁcant increase in DNA damage was observed at 75 μM and above. On-chip CometChip results
from B are replotted on same graph for comparison. (E) Dose response for SIN-1 treated spheroids. A statistically signiﬁcant increase in DNA
damage was observed at 2 mM and above. On-chip CometChip results from C are replotted on same graph for comparison. (F) SpheroidChip
repair kinetics of HepG2 spheroids treated with 100 μM of H2O2. Treatment and repair is performed on-chip. Statistical analysis was performed
with a one-way ANOVA with post hoc analysis using Dunnett’s multiple comparison test, *P < 0.05.

Spheroid Platform Enables Dose−Response and
Repair Studies for Inﬂammatory Chemicals. Analysis of
the dose response for H2O2 or SIN-1 was also performed using
intact spheroid-comet analysis. Spheroids are created by
culturing cells in agarose microwells, which are subsequently
exposed directly on-chip to the chemicals. Treated cells and
nontreated controls were compared with a one-way ANOVA
and posthoc analysis using Dunnett’s multiple comparisons
test. Background levels of damage in untreated control
spheroids was similar to that of cells cultured on the
CometChip. As shown qualitatively in Figure 4D, a dose
response was observed when intact spheroids were treated with
H2O2. Here, higher doses of H2O2 also resulted in higher levels
of DNA damage (Figure 8D, lower purple line). Note that the
on-chip CometChip results have been replotted in Figure 8D
(blue line) for comparison, and the magnitude of damage is
higher in CometChip-analyzed cells across all doses. For H2O2treated spheroids, a statistically signiﬁcant increase in DNA
damage was observed at doses of 75 μM and above (Figure
8D). This diﬀerence in assay sensitivity compared to
CometChip was consistent with the known comet assay
challenges of tail migration during electrophoresis when
analyzing larger cell clusters.41 For SIN-1, a statistically
signiﬁcant increase in DNA damage was observed at doses of
2 mM and above (Figure 8E). Thus, there are both advantages
and disadvantages to SpheroidChip analysis. Intact spheroid
analysis is less sensitive compared to CometChip, but allows
for experiments to be performed under more physiologically
relevant conditions. In addition, spheroid experiments can be

performed on-chip, capturing DNA damage that oﬀ-chip
experiments do not. Similar to what has been observed using
CometChip, these on-chip conditions enable studies of DNA
repair in the HepG2 spheroids as well (Figure 8F). Taken
together, the advantage of the agarose SpheroidChip platform
is that on-chip experiments can be easily performed because
cells are already cultured under the same conditions as those
needed for measuring DNA damage, providing a way to
measure rapidly repaired damage.
Future Directions: Measuring DNA Damage Induced
by Metabolically Activated Chemicals. The work
described here focuses on the detection of DNA breaks that
are directly induced by inﬂammatory chemicals. In addition to
direct-acting DNA damaging agents, there are also chemicals
that require metabolic activation (e.g., benzo[a]pyrene or
aﬂatoxin) to form reactive intermediates that can then damage
DNA. Our current SpheroidChip model uses HepG2, a human
liver hepatocellular carcinoma cell line. Our rational for using
HepG2 cells was that they are well characterized for their
utility in studying indirect-acting DNA damaging agents, such
as benzo[a]pyrene, and are widely accessible to researchers.53−57 Interestingly, prolonged culture of HepG2 spheroids
on nonadherent surfaces has been shown to lead to enhanced
metabolic capacity.8,9,58−60 Although beyond the scope of this
particular study, it will be interesting to learn the extent to
which SpheroidChip is beneﬁcial for enhancing metabolism for
studies of indirect-acting DNA damaging agents. As such, the
current study forms the basis of future studies of agents that
require metabolic activation. Along these lines, ongoing studies
J
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are focused on evaluating not only the metabolic capacity of
HepG2 cells in the spheroids, but also the metabolic capacity
of HepaRG cells, which are known for their increased
metabolic capacity.61−63 HepaRG spheroids have also been
shown to maintain high levels of metabolic activity, making
them a promising candidate for future SpheroidChip DNA
damage studies.11,9,14
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CONCLUSION
As a step toward more physiologically relevant assays, we have
created the SpheroidChip, which can be used to create
hepatocyte spheroids and to study DNA damage and repair.
The platform is low cost, does not require specialized
equipment for spheroid formation, and can be assembled
using basic tissue culture supplies and a reusable PDMS stamp.
The geometry of the microwells can also be modiﬁed to drive
self-assembly of spheroids with diﬀerent diameters. Culturing
cells in the customizable patterned array of agarose microwells
allows spheroid formation in a high-throughput manner with
eﬀective use of a given surface area, and creates distinct
environments for spontaneous cell aggregation. By condensing
what had originally required an entire 96-well plate into a
single well, it is now possible to use comet analysis techniques
that previously were diﬃcult to perform on spheroids due to
culture throughput and methods. In addition, the ability to
culture hundreds of spheroids in each well of a 96-well plate
may be useful for other end points that require large cell
sample volumes, such as mass spectrometry, ﬂow cytometry,
Western blots, or ‘omics studies.
Following high-throughput spheroid culture on our platform, the spheroid-comets analyzed on the chip displayed
trends of DNA damage and repair similar to those in the
standard CometChip assay. The agarose chip described here is
thus both amenable for spheroid culture and for analysis of
DNA damage. This dual-purpose platform simpliﬁes sample
handling and shortens assay time, making it possible to study
DNA damage that is rapidly repaired. In addition, because
samples do not need to be disaggregated prior to studies of
DNA damage and repair, cells can be studied under more
physiological conditions (e.g., where cell−cell contact is
retained). Taken together, these studies demonstrate the
utility of this novel platform for culturing hepatocytes through
agarose-assisted aggregation and for analyzing DNA damage
and points to the potential for similar approaches to be utilized
for other organoid systems.
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