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Exposure to DNA damaging agents can lead to mutations that cause cancer. The
liver is particularly vulnerable because it contains high levels of Cytochrome
P450 enzymes that can convert xenobiotics into DNA reactive metabolites that
form potentially carcinogenic bulky DNA adducts. As such, current require-
ments for preclinical testing include in vivo testing for DNA damage in the
liver, which often requires many animals. Given that efforts are underway in
many countries to reduce or eliminate the use of animals in research, there is a
critical need for fast and robust in vitro tests to discern whether xenobiotics or
potential pharmaceutical agents can damage the hepatocyte genome. One pos-
sible approach is to leverage the alkaline comet assay, which is used to assess
genotoxicity based on the ability of damaged DNA to become free to migrate
toward the anode during electrophoresis. The comet assay, however, has sev-
eral limitations. The assay is (i) slow and (ii) vulnerable to experimental noise,
(iii) it is difficult to detect bulky DNA adducts since they do not directly affect
DNA migration, and (iv) cell types typically used do not have robust metabolic
capacity. To address some of these concerns, we have developed the “Hepa-
CometChip” (a.k.a. the HepaRG CometChip), wherein metabolically compe-
tent cells are incorporated into a higher throughput CometChip platform. Repair
trapping is used to increase sensitivity for bulky lesions: undetectable bulky le-
sions are converted into repair intermediates (specifically, single-strand breaks)
that can be detected with the assay. Here, we describe a protocol for performing
the HepaCometChip assay that includes handling and dosing of HepaRG cells
and performing the CometChip assay. With its higher throughput, ability to cap-
ture metabolic activation, and sensitivity to bulky lesions, the HepaCometChip
offers a potential alternative to the use of animals for genotoxicity testing. ©
2022 The Authors. Current Protocols published by Wiley Periodicals LLC.

Basic Protocol 1: HepaRG cell culturing and dosing
Basic Protocol 2: CometChip assay
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INTRODUCTION

DNA sequence information is grounded on the structure of the DNA bases, and so dam-
age to the genome can lead to mutations that drive cancer (Friedberg et al., 2006; Hoeij-
makers, 2001; Tubbs & Nussenzweig, 2017). Given the importance of DNA damage as
a risk factor for cancer, there is a requirement that pharmaceutical agents be assessed for
their genotoxic potential, and there is ongoing work by regulatory agencies to identify
industrial chemicals that are potentially genotoxic. Importantly, some chemicals are rel-
atively benign unless they are processed by Cytochrome P450 enzymes to form reactive
metabolites in the liver. Therefore, analysis of DNA damage in hepatocytes is required
to most effectively screen chemicals for their DNA damaging potential.

One way to measure DNA damage is via the comet assay, wherein DNA damage can
be assessed based on the increased ability of damaged DNA to migrate when subjected
to electrophoresis compared to undamaged DNA (Olive & Banáth, 2006; Ostling & Jo-
hanson, 1984; Singh, McCoy, Tice, & Schneider, 1988) (see below). Currently, the in
vivo comet assay (wherein DNA damage in the liver is assessed) is a component of the
required genetic toxicology test battery used by regulatory agencies in many countries.
The in vivo comet assay involves treating rodents with chemicals, isolating cells from
the livers of 40 to 50 rodents, and assessing those cells for the presence of DNA dam-
age using the comet assay. While effective, there is a critical need to reduce reliance
on animal genotoxicity testing. Indeed, mandates in the Frank R. Lautenberg Chemical
Safety for the 21st Century Act, 2016, an amendment to the Toxic Substances Control
Act (TSCA), require the Environmental Protection Agency to reduce and replace ani-
mal testing where scientifically reliable alternatives exist that would generate equivalent
or better information. In 2013, the EU completed the ban on the sale of cosmetics for
which there was animal testing. This applies to both cosmetic products and their ingredi-
ents, irrespective of whether there are alternatives. While animal testing is still allowed
in the US, the NTP Interagency Center for the Evaluation of Alternative Toxicological
Methods (NICEATM) was created to propel the development of alternatives to animal
use for chemical safety testing. In response to this pressing need, we have developed
the HepaCometChip, a higher throughput comet assay that incorporates hepatocytes for
detecting DNA damage, including damage caused by metabolically activated chemicals
(see below) (Ngo et al., 2020).

The comet assay is a single-cell gel electrophoresis assay widely used for measuring
DNA strand breaks. The comet assay is sensitive and versatile and has been used in
more than 10,000 studies (Bajpayee, Kumar, & Dhawan, 2016; Cordelli, Bignami, & Pac-
chierotti, 2021; Olive & Banáth, 2006; Ostling & Johanson, 1984; Singh et al., 1988). The
comet assay detects a broad range of DNA lesions based on the principle that damaged
DNA is detectable in single cells by agarose gel electrophoresis (Azqueta & Collins,
2013). Specifically, while undamaged DNA is highly supercoiled and thus resistant to
migration, DNA that harbors strand breaks can unwind, allowing DNA loops to migrate
through an agarose matrix. When visualized using fluorescence microscopy, cells har-
boring DNA damage appear similar to a comet. A key step in the Comet assay is to
incubate at high pH, which converts abasic sites and labile alkali sites into strand breaks.
Single-strand breaks can also result from direct chemical reactions or enzymatic process-
ing during DNA repair (Azqueta, Arbillaga, Lopez de Cerain, & Collins, 2013; Collins,
Duthie, & Dobson, 1993; Muruzabal et al., 2020). Although base lesions do not affect
DNA migration (and so cannot be directly detected), single-strand breaks are requisite
DNA repair intermediates, so the presence of damaged bases can be deduced by their
conversion into downstream excision repair intermediates.

The traditional comet assay involves placing cells in molten agarose onto glass slides
(one for each condition), which is laborious, technically challenging, and noisy for
experimentalists who have difficulty handling dozens of slides. The assay also requiresOwiti et al.
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that comets be imaged one by one while avoiding overlapping comets, and since 100
comets are analyzed per condition, this step is highly laborious. To help overcome these
challenges, the CometChip was developed in the Engelward laboratory in collaboration
with Bhatia (Ge et al., 2015; Ge et al., 2014; Weingeist et al., 2013; Wood, Weingeist,
Bhatia, & Engelward, 2010). The underlying principle of the CometChip is that mam-
malian cells, including TK6, HepG2, and HepaRG, among many others, can be organized
prior to electrophoresis in a compact agarose microarray wherein cells are arranged in
a grid with ∼250 μm between microwells. This approach has numerous advantages: it
avoids overlapping comets, the real estate requirement is small (hundreds of comets can
be analyzed in a single well of a 96-well plate), there is a shared focal plane (such that only
one or two images are needed for each sample), and automated image analysis software
available. Also, since 96 samples can be analyzed in a single gel, sample-to-sample vari-
ation is suppressed. Of note, all the standard comet parameters can be ascertained (e.g.,
tail length, tail moment, etc.), though the most common approach is to measure the per-
centage of DNA in tails (OECD, 2016), which is recommended for the HepaCometChip
(in part because each comet is self-calibrating). The features of the CometChip platform
make it a relevant tool in the quest for a substitute for in vivo genotoxicity testing.

In addition to challenges with throughput and noise, additional shortcomings of the tra-
ditional comet assay include that (a) it is difficult to detect bulky lesions because their
presence does not impact DNA migration, and (b) it is often the case that chemicals that
form bulky lesions require metabolic activation. Although prior work has shown that
bulky lesions can be gleaned from the presence of single-strand breaks created during
nucleotide excision repair, the sensitivity of the assay is relatively low (Gedik, Ewen,
& Collins, 1992; Hanasoge & Ljungman, 2007; Martin et al., 1999; Matsumoto et al.,
2007). To address these limitations, we have increased the sensitivity of the assay for
bulky lesion detection and created conditions amenable to metabolic activation. To in-
crease the sensitivity of the CometChip, inhibitors of repair synthesis during nucleotide
excision repair can be added to enable the conversion of undetectable bulky lesions into
detectable single-strand breaks (Ngo et al., 2020). The ‘repair trapping’ approach was
developed some time ago and has been used by several labs (Gedik et al., 1992; Hana-
soge & Ljungman, 2007; Martin et al., 1999; Matsumoto et al., 2007). By incorporating
HepaRG cells into the CometChip platform, we and others have shown that it is possible
to detect bulky lesions that are formed as a consequence of P450 activation of xenobiotics
(Barranger & Le Hégarat, 2022; Ngo et al., 2020; Seo, 2022; Seo et al., 2019).

HepaRG cells are being evaluated for use in drug development and toxicity testing pro-
grams to overcome a major deficiency of many current in vitro screening assays used
in Tox21 and genetic toxicology testing (Andersson, Kanebratt, & Kenna, 2012; Buick
et al., 2021; Franzosa et al., 2021; Seo et al., 2019). Xenobiotic metabolizing enzyme sys-
tems, critical determinants of drug toxicity, are absent in the cell lines used most often for
regulatory genetic toxicology testing (e.g., human TK6 cells, MOLY, and CHO) and for
the Tox21 and TOXCAST programs. HepaRG cells have been validated as competent in
Phase I (e.g., CYP450 family) and Phase II (glucuronyltransferases, GSH-transferases,
sulfotransferases) xenobiotic metabolism activities by multiple efforts, and they are a
suitable replacement for cryopreserved primary human hepatocytes (the gold standard
for chemical metabolism) (Bernasconi et al., 2019). As such, incorporation of HepaRG
cells into the CometChip offers an excellent solution to the challenge of detecting DNA
damage formed by chemicals that require metabolic activation.

Here, we describe the protocol for performing the HepaCometChip assay using methods
that are part of a formal protocol being developed as part of a validation effort under
the NIEHS SBIR S2B entitled “CometChip: Development of a high throughput DNA
damage assay in hepatocytes” (2U44ES024698-04). We provide two basic protocols. Owiti et al.
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Figure 1 Overview of the workflow for growing and treating cells for the CometChip assay.
Schematic diagram depicting the major steps in HepaRG cell handling and chemical treatments
described in Basic Protocol 1. Briefly, HepaRG cells are plated in 96-well collagen-coated plates
and the medium is renewed. The cells are then chemically treated for 3 days, after which cells are
harvested and the CometChip assay is performed. See text for details.

Basic Protocol 1 details the procedure for handling and culturing HepaRG cells as well
as dosing the cells with chemicals of interest (Fig. 1). Basic Protocol 1 also includes
the option of incorporating repair inhibitors (hydroxyurea and cytosine arabinoside) to
enable more sensitive detection of bulky adducts. Basic Protocol 2 then describes the
CometChip assay protocol for chemically treated cells (Fig. 2) and acquiring images that
can then be analyzed using any software for comet assays (though here we focus on
the commercially available Trevigen comet analysis software). The approach provides
an alternative to animal studies and a higher throughput genotoxicity test of industrial
chemicals. Ultimately, detecting the DNA damaging potential of chemicals before people
are exposed opens doors to cancer prevention.

STRATEGIC PLANNING

Handling HepaRG cells requires the specialized media and methods developed by Lonza.
Before beginning, the user should have the HepaRG Thawing and Plating medium (1×Owiti et al.
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Figure 2 The CometChip Protocol. Schematic diagram depicting the major steps in the
CometChip protocol following chemical treatment of HepaRG cells, as described in Basic Pro-
tocol 2. Cells are loaded onto the CometChip and excess cells washed away. The cells are then
capped with low melting agarose and lysed overnight. Following cell lysis, the DNA is unwound and
electrophoresed. Following electrophoresis, the DNA is stained and comet images are captured
using a fluorescent microscope. See text for details.

Owiti et al.
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Video 1 CometChip washing of excess cells. Live demonstration of the wash step of the
CometChip assay following cell loading into the Chip

Williams E Medium containing 1× GlutaMax and supplemented with HepaRG Thawing
and Plating Media Supplement (Lonza, cat. no. MHTAP)) as well as the HepaRG Tox and
Induction medium (1× Williams E Medium containing 1× GlutaMax and supplemented
with HepaRG Pre-Induction and Tox Media Supplement (Lonza, cat. no. MHPIT)) pre-
pared in advance. These media can be stored for up to 1 month at 4°C. Note that it takes
many days to prepare cells for use in the HepaCometChip. Researchers should practice
culturing HepaRG cells according to the manufacturer’s instructions prior to performing
the HepaCometChip assay.

If assessing bulky adducts and, therefore, incorporating hydroxyurea (HU) and cytosine-
arabinoside (AraC) in the assay, it is paramount to first test the concentration of HU/AraC
that induces <20% toxicity and with minimum baseline DNA damage in each cell type
used. This is especially true when using metabolically competent cells other than Hep-
aRG, as the concentrations recommended here are for HepaRG cells. This should be
established prior to starting the experiments.

The hardware for the HepaCometChip is identical to the CometChip, and it is available
from BioTechne. It is advisable to practice performing the CometChip with convenient
cell types, such as TK6 or HepG2 cells, which are relatively easy to culture, prior to
performing the assay with the HepaRG cells.

While straightforward, the rinse step of the CometChip assay after cell loading can be
problematic. Briefly, after cells are loaded into the microwells, the excess cells are re-
moved by shear force. Too much force causes cells to leave the microwells, while too
little leads to excess cells outside of the microwells, which can complicate image analy-
sis. It is advisable to practice this wash step, checking under the microscope for loading
efficiency, before starting the HepaCometChip protocol. Note that the rinse step shown
in Basic Protocol 2 Step 6 can be seen in Video 1.

The CometChip is a piece of glass with an overlay of agarose harboring thousands of
microwells. Rough handling of the Chip can dislodge the gel from the glass, so it is
advisable to practice handling the Chips gently before performing the HepaCometChip.

Finally, before beginning the HepaCometChip assay, it is advisable to ensure that all
personnel are educated about the risks of chemicals that they will handle, how to disposeOwiti et al.
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of the chemicals properly, and how to use proper PPE. In addition, users should follow
institutional guidelines for working with cell lines.

BASIC
PROTOCOL 1

HepaRG CELL CULTURING AND DOSING

This protocol describes the methodology for handling the HepaRG cells and performing
a 3-day dosing regimen (to mimic the dosing schedule of in vivo genotoxicity assays, in-
cluding the comet assay and the micronucleus assay) in the absence or presence of repair
inhibitors. In brief, NoSpin HepaRG

TM
cells are obtained from the commercial source

(Lonza, Research Triangle Park, NC) as fully differentiated hepatocytes in co-culture
with biliary cells. The frozen cells are thawed and plated in William’s E medium with
Thawing and Plating supplement for 24 hr. On day 0, users will plate cells at 80,000
cells per well in collagen-coated 96-well culture plates (note that cell loading is effective
above 10,000 cells per well). Cells are then incubated for 7 days after seeding, allowing
the cells to regain peak metabolic function. On day 7, the cells are switched to a medium
containing Pre-induction/Tox supplement containing either the test chemicals or the ve-
hicle controls. Chemically treated media are refreshed on days 8 and 9, and 3 hr after the
final treatment, cells are harvested for assessment of DNA damage by CometChip (with
the option of using half the cells for cytotoxicity assays such as CellTiterGlo, which can
be useful for dose selection; see below). See Figure 1 for an overview of the protocol.

Test chemicals should be formulated as concentrated stock solutions in DMSO or wa-
ter. Treatment media containing chemicals should be prepared fresh each day of dosing.
However, the concentrated stocks can be prepared once and frozen at −20οC until use
unless stability data from the literature indicates that fresh daily preparation is needed.

Range finding experiments can be done using a cell viability assay such as CellTiterGlo,
following the manufacturer’s protocol. Generally, viability should not go below 50%
since dying cells can elicit responses that damage DNA.

Materials

HepaRG Thawing and Plating Media Supplement (Lonza, cat. no. MHTAP)
70% ethanol
HepaRG Additive Pre-Induction and Tox Medium Supplement (Lonza, cat. no.

MHPIT)
Hydroxyurea (HU) (Sigma, cat. no. H8627)
Cytosine arabinoside (AraC) (Sigma, cat. no. C1768)
Chemical(s) to be tested (e.g., Ethyl Methane Sulfonate (EMS) as positive control)
Solvent for dissolving chemicals (e.g., water and DMSO)
1× PBS (Lonza, cat. no. BE17-516F)
TrypLE Express Enzyme (ThermoFisher cat. no. 12605028)
No Spin HepaRG cell (Lonza, cat. no. NSHPRG)
Williams E Medium (no phenol red) (Gibco, cat. no. A12176-01)
Molecular biology grade water (ThermoFisher, cat. no. J70783.XCR)
GlutaMax 100× (Gibco cat. no. 35050-061)

37°C water bath
Laminar flow tissue culture hood
Conical tubes (15 and 50 ml)
Cell counter (e.g., Vi-CELL or using trypan blue)
96-well collagen-coated plates (ThermoFisher, cat. no. A1142803)
Mammalian cell incubators (37°C with 5% CO2)
Cell viability assay kit such as CellTiter-Glo (Promega, cat. no G9242) (optional)
96-well tissue culture plates Owiti et al.
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Chemical hood for handling stock solutions of chemicals to be tested
Plate shaker (optional)
Pipetman pipettes and tips
Multichannel Pipetman (optional but recommended) (P200 tips)
Sterile Reagent Reservoirs (Axygen, cat. no. RES-V-25-S)
Pipetaid (1 and 10-ml pipets)
Multichannel Aspirator (optional but recommended) (P200 tips)
0.2-μm sterile syringe filter (Pall Corporation, cat. no. 4433)
Syringes (1 and 5 ml)

Thawing HepaRG Cells (Day 0)
1. Pre-warm the HepaRG Thawing and Plating Medium in a 37°C water bath for ∼10-

15 min.

2. In a biosafety hood, twist the cryovial cap a quarter turn to release the internal pres-
sure and close it again.

3. Transfer the cryovial to the 37°C water bath. Hold the tip of the cryovial cap and
gently agitate the vial for under 1 min until the frozen cells are almost thawed. Hold
the tube to avoid letting the water in the water bath touch the rim of the cap.

4. Wipe the outside of the cryovial with 70% v/v ethanol using absorbent paper and
place it in the hood.

5. Add 8.5 ml of pre-warmed HepaRG Thawing and Plating Medium into a conical
tube and then transfer the cell suspension into the conical tube (for a total volume
of 9 ml).

6. Rinse out the cryovial once with 1 ml of the Thawing and Plating Medium and add
it to the conical tube (creates a total of 10 ml of cells).

Plating HepaRG Cells (Day 0)
7. Using a cell counter, determine the number of cells per ml.

8. Adjust cell density to 400,000 cells/ml using Thawing and Plating Medium, and
plate ∼80,000 cells/well by transferring a volume of 200 μl of the cell stock solution
into each well of a collagen-coated 96-well plate.
Optional: If measuring bulky adducts, prepare an extra plate for supplementation
with HU and AraC, as described in steps 15-19.

Note that with the numbers given above, there are enough cells to create a single
96-well plate with 80,000 cells/well. It is possible to get two plates by loading the cells
at 40,000 cells/well. Alternatively, wells with 80,000 cells can ultimately be harvested
to yield 40,000 cells for the CometChip and 40,000 cells for viability assays such as
CellTiterGlo. Note that only 10,000 cells are needed for loading into CometChip mi-
crowells effectively, though loading is more reliable with 40,000 cells/well.

9. Place plates in a mammalian cell incubator (37°C at 5% CO2).

Renew HepaRG Thawing and Plating Medium (Day 1)
10. Approximately 24 hr post-plating, pre-warm the HepaRG Thawing and Plating

Medium in a 37°C water bath for ∼10-15 min before beginning the media renewal
step.

11. Take out the plates containing the HepaRG cells and inspect the cells under a bright
field microscope to confirm adherence and morphology. Figure 3 shows the expected
morphology.

Owiti et al.
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Figure 3 Representative image of HepaRG cells. Image of HepaRG cells at D14 of differentiation
(i.e., 28 days after seeding of undifferentiated cells). Two distinctive cell populations are observed:
the well-differentiated hepatocyte-like cells (raised) that express a full array of human hepatocyte
functions and the primitive biliary cells (flat). Scale bar: 100 μm.

12. Gently aspirate the HepaRG Thawing and Plating Medium from the plate(s) with a
pipette and 200-μl tip or with a multi-channel aspirator, being careful not to touch
the bottom of the well in order not to disturb the cells. Alternatively, invert the plate
to dump culture media into an appropriate container, shaking gently once, to clear
spent media from wells.

13. Add 200 μl of HepaRG Thawing and Plating Medium to each well. Place plate(s)
back into the incubator for 3 days.

Be sure to replace media quickly so that wells do not become dry. It is best to use a
multichannel pipetman for this step.

Renew HepaRG Thawing and Plating Medium (Day 4)
14. Repeat steps 10-13.

Exposure to Test Chemicals (Day 7)
15. Gently aspirate or pour off the medium from the plate(s), as described in step 12.

16. Add 200 μl HepaRG Tox Working Medium containing negative controls (such as
DMSO or Media only), positive controls (such as ethyl methane sulfonate), and
doses of chemicals of interest to generate dose-response curves at the end of the
experiment.
Optional: If measuring bulky adducts, supplement the test media with 1 mM HU
and 10 μM AraC.

It is important always to include a positive control (expected to induce damage) and
negative control (not expected to induce damage) in all experiments.

17. Place plate(s) back into the incubator, recording the time.

Exposure with Test Chemicals (Day 8)
18. At 24 ± 1 hr post prior treatment, repeat the procedures described in steps 15-17.

Record the time. Dispose of the chemical(s) according to your institution’s chemical
disposal policy.

Exposure with Test Chemicals (Day 9)
19. At 24 ± 1 hr post prior treatment, repeat the procedures described in step 18.

Removing Test Chemicals and Harvesting Cells (Day 9)
20. Pre-warm PBS and TrypLE for 15 min in a 37°C water bath before beginning step 21. Owiti et al.
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21. At 3 ± 1 hr after the final treatment, gently aspirate/pour off the medium from the
plate. Dispose of the chemical(s) according to your institution’s chemical disposal
policy.

22. Rinse wells twice with 100 to 200 μl of pre-warmed PBS.

23. Remove PBS and detach cells by adding 100 μl/well prewarmed TrypLE and plac-
ing the plate in the incubator for 10 min. Following incubation, add 100 μl of pre-
warmed HepaRG Pre-Induction and Tox Working Medium to each well to terminate
trypsinization. Use a multichannel pipet to pipet up and down several times to create
a single-cell suspension. Press the tips against the bottom of the plate to generate a
shear force that will help to disaggregate the cells.

Cells are now ready to transfer to the CometChip (or for use in other cytotoxicity as-
says or molecular biology assays, such as Cell Titer Glow, following the manufacturer’s
protocol).

BASIC
PROTOCOL 2

CometChip ASSAY

This protocol describes the CometChip assay, which follows the dosing of cells
with chemicals of interest (Basic Protocol 1). HepaRG cells treated with chemicals
and trypsinized with TrypLE to generate single cell suspensions are loaded into the
CometChip, excess cells are washed away, and the Chip is capped using low melting
point agarose. The cells are then lysed overnight in alkaline buffer. Following cell ly-
sis, the DNA is unwound at high pH and electrophoresis is performed. The ‘comets’ are
stained and imaged using a fluorescence microscope, and DNA damage is quantified as
% tail in DNA. The methodology described here highlights all of these steps in detail.
See Figure 2 for an overview of the CometChip protocol.

Materials

Triton X-100
Crystalline NaCl (VWR, cat. no. 7581)
Tris base (Sigma, cat. no. T1503)
Neutralization buffer (see recipe)
Electrophoresis Buffer (see recipe)
Cell Lysis buffer (see recipe)
SYBR gold (Invitrogen, cat. no. S11494)
1× PBS (Lonza, cat. no. BE17-516F)
HCl stock solution (1M)

96-well CometChip apparatus (R&D Systems, cat. no. 4260-096-CSK)
CometChip electrophoresis chamber (with power system) (R&D Systems, cat. no.

4260-096-ESK)
30-micron Microwell Chip (large glass slide with overlay of agarose harboring

microwells) (R&D systems, cat. no. 4260-096-01)
96-well plate with treated HepaRG cells (Basic Protocol 1)
Mammalian cell incubators (37°C with 5% CO2)
Fluorescence microscope with 4× or 10× objective
Vacuum
Low melting point agarose
1 L flasks

1. To assemble the CometChip, gently remove the Chip (the glass plate coated with
agarose harboring thousands of microwells) from the manufacturer’s packaging. Pry
open the CometChip apparatus using the CometChip key. Gently place the glass
plate within the base of the CometChip apparatus. Gently replace the 96-well bot-
tomless plate using the CometChip key to lower it onto the base.Owiti et al.
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2. Load 100 μl of treated cells (from Basic Protocol 1) into each well of a CometChip
apparatus containing the CometChip (gel on glass).

3. Cover the CometChip apparatus using the lid provided and place it in a 37°C incu-
bator for 15 min total to allow cells to settle into the microwells of the Chip. After
15 min, remove the Chip and gently rock back and forth to aid cell loading. Incubate
for an additional 15 min in the 37°C incubator.

4. While the cells are loading, prepare ∼10 ml of 1% (v/w) low melting agarose and
keep it at 37° to 42°C until ready for use. Alternatively, low-melting agarose can be
prepared a day in advance and kept at 37° to 42°C.

5. Remove the Chip (gel on glass) from the CometChip apparatus by prying off the
bottomless 96-well plate using the CometChip key provided.

6. Hold the Chip at a 45° angle over a dish (such as an empty p100 pipette box lid).
Gently expel 5 ml warm PBS from a 5-ml pipet as you move the tip of the pipet from
the top left to the top right corner perpendicular to the glass plate for a total of 5 s,
as shown in Video 1. Remove the excess using a vacuum.

It is strongly recommended that this step is practiced prior to the actual experiment. This
can be done by practicing loading other cells or just by practicing the movement of the
pipet across the plate such that all 5 ml are evenly expelled when going from one corner
to the other.

Rinsing too vigorously will lead to cells washing out of the microwells, while rinsing with-
out enough force will lead to comets outside the microwells. It is recommended that the
Chip be placed under a bright field microscope to ensure there are cells in the microwells
and that there is no excess of cells outside the microwells before proceeding to the next
step. It is not necessary for all the wells to be loaded, as ∼30% loading is sufficient for
accurate analysis. No more than 10% of the cells should be outside the wells.

7. Visualize cell loading under a light field microscope to ensure the cells are suffi-
ciently loaded.

8. Lay the Chip flat on a lab bench and add 7 ml of the molten 1.0% low melting point
agarose (at 37° to 42°C) from step 4 onto the Chip to create an agarose overlay, using
a 10-ml pipette. Gently release the agarose with a zig-zag pattern over the Chip from
left to right, expelling the agarose between the wells. An alternative approach is to
drip one drop of molten agarose onto the middle of each of the 96 wells. The end
result should be an even layer across the surface. Allow the Chip to gelate at room
temperature (3 min), followed by incubation at 4°C for ∼12 min.

9. While the low melting point agarose is solidifying, complete the process of preparing
the cold lysis buffer by adding 1 ml Triton X-100 (complete lysis buffer is 1% (v/v)
Triton X-100). Keep the lysis buffer at 4°C until use.

10. Submerge the entire glass Chip in cold lysis buffer and incubate overnight at 1° to
10°C (for example, place Chip in 100 ml lysis buffer in a p1000 pipette tip box lid
or glass dish).

11. Place the Chip on the platform of a dry electrophoresis chamber (for example, using
the Trevigen CometChip electrophoresis apparatus). Equilibrate the Chip by sub-
merging it in an alkaline electrophoresis buffer in the electrophoresis chamber for
60 min at 1° to 10°C.

12. Using the same buffer, electrophorese the Chip in alkaline electrophoresis buffer for
50 min at 1° to 10°C with constant voltage (1 V/cm) and approximately 300 mA
amperage.

Owiti et al.
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13. Neutralize the Chip by submerging it in a neutralization buffer for 15 min at 1° to
10°C. Change the neutralization buffer and incubate for an additional 15 min.

This can be performed on a large pipet tip box cover or equivalent with enough buffer to
cover the Chip (100-200 ml, depending on the container).

14. Stain the Chip by submerging it in ∼30 to 50 ml 0.005× SYBR Gold diluted in 1×
PBS for 60 min at 1° to 10°C in a pipette tip box lid protected from light.

15. Image immediately or return to neutralization buffer (0.4 M Tris, pH 7.4) until ready
for imaging (ideally within 2 hr after staining).

16. Image using a fluorescent microscope at 4× (ideal) or 10×. At 4×, take one .tiff
image for each 96-well to capture at least ∼100 comets per condition (two images
may be necessary). To ensure the comet images are not saturated or overexposed,
first image one well with multiple exposure times and choose the setting without
image saturation. Then, use that setting to image all the remaining wells.

Images from multiple 96-wells can be combined to attain 100 comets.

17. Analyze comets for percent tail DNA using a comet analysis software such as Trevi-
gen Comet Analysis Software, following the manufacturers’ instructions. To analyze
using the Trevigen software, open the analysis software to a 96-well plate format.
Drag and drop the .tiff images into the respective plate wells and follow the wizard
to analyze the images and export the results containing parameters such as % tail in
DNA, tail length, and tail moment into an Excel file.

Results are usually reported as % tail in DNA.

REAGENTS AND SOLUTIONS

Use deionized, distilled water in all recipes and protocol steps. Wear proper PPE when
preparing NaOH, as the stock solution is highly corrosive.

Alkaline Unwinding and Electrophoresis buffer

Into a 1-L bottle, add 60 ml of 5 M NaOH solution (see recipe), 5 ml of 0.2 M
Na2EDTA (see recipe), and 935 ml of distilled water. Adjust the pH to ∼13.5 (with
NaOH or HCl). Store at room temperature for up to 2 weeks (Karbaschi et al., 2019).

Cell lysis solution

2.5 M NaCl (VWR, cat. no. 7581)
100 mM Na2EDTA (VWR cat. no. 4931)
10 mM Trizma base (base, Sigma, cat. no. T1503)
1% (v/v) TritonX-100
NaOH pellets (VWR, cat. no. 7708-06)
To prepare, dissolve 146 g crystalline NaCl, 37 g Na2EDTA, and 1.2 g crystalline

tris in 900 ml distilled H2O and allow the contents to dissolve on a magnetic
stirring plate. When fully dissolved, adjust the pH to 10 by adding NaOH
pellets. Bring the volume to 1 L by adding distilled water. Adjust the pH to 10
accordingly (with NaOH or HCl). Store the solution at 4°C until ready to use, up
to 8 weeks. Immediately before use, add TritonX-100 (Sigma cat. no. X-100)
into the lysis buffer solution to a final concentration of 1% v/v. For example, add
1 ml TritonX-100 to 99 ml lysis buffer solution.

Cytosine arabinoside stock

Make 1000× stock of AraC by dissolving 11.6 mg AraC (Sigma, cat. no. C1768) in
5 ml distilled water. Vortex until fully dissolved and filter-sterilize through a 0.2-μm
sterile needle filter fitted with a 5-ml sterile syringe. Make aliquots of the solution
into 1.5 or 0.2-ml tubes and store at −20°C until ready to use.Owiti et al.
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Hydroxyurea (HU) stock

Make a 1000× stock of HU by dissolving 76 mg HU (Sigma, cat. no. H8627) in
1 ml distilled water. Vortex until fully dissolved and filter-sterilize through a 0.2-μm
sterile syringe filter fitted with a 1-ml sterile syringe. Make aliquots of the solution
in small 1.5 or 0.2-ml tubes and store at −20°C until ready to use.

Na2EDTA stock solution, 0.2 M

Transfer 75 g crystalline Na2EDTA (VWR cat. no. 4931) into a 1-L flask with a
stirring magnet. Add 900 ml of distilled water and stir until completely dissolved.
Bring the volume to 1 L. Store up to 1 year at room temperature.

NaOH stock solution, 5 M

Slowly add 200 g crystalline NaOH pellets (VWR, cat. no. 7708-06) to 900 ml dis-
tilled water while stirring on a magnetic plate until completely dissolved. Bring the
total volume to 1 L. Do not use glassware to prepare or store NaOH. Prepare and
store the stock solution with adequate ventilation and plastic containers. Store in a
dedicated corrosives cabinet away from incompatible materials for up to 1 year.

Neutralization buffer

Take 400 ml of 1 M tris stock solution (158 g dissolved in 1 L of distilled water, pH
7.5) and bring the volume to 1 L by adding 600 ml of distilled water. Adjust the pH
to 7.5 if necessary (with NaOH or HCl). Store at room temperature for up to 8 weeks.

COMMENTARY

Background information
The comet assay is broadly used to evaluate

the levels of DNA damage in cells and tissues.
In its original incarnation, the assay was used
to detect double-strand breaks based on the
principle that broken DNA migrates through
a matrix more readily than undamaged DNA
(which remains supercoiled under the con-
ditions of the assay) (Ostling & Johanson,
1984). Soon thereafter, Singh et al. modified
the assay to create the “alkaline comet assay,”
wherein DNA exposed to high pH unwinds
and reveals the presence of single-strand
breaks (Singh et al., 1988). Despite being
laborious and noisy, this version of the assay
became highly popular because several DNA
damaging agents introduce single-strand
breaks, including radiation and oxidizing
agents. Over time, the assay was modified
in numerous ways to make it possible to
detect a wide range of DNA lesions, including
interstrand crosslinks and many types of base
lesions. While effective for many applica-
tions, these methods do a relatively poor job
of detecting bulky lesions, which on their own
do not affect DNA migration and cannot be
detected directly. Additionally, it is often the
case that chemicals that create bulky lesions
can do so because they are metabolically
activated by P450 enzymes. We, therefore,
set out to develop an assay that (a) allows for
cells to convert undetectable bulky lesions

into detectable strand breaks, (b) enables
metabolic activation, and (c) leverages the
96-well CometChip platform. The combina-
tion of HepaRG cells with the CometChip is
called the “HepaCometChip,” and the addi-
tion of chemical inhibitors of repair synthesis
is an added feature. Results show that this
is a robust approach for detecting the DNA-
damaging potential of chemicals that require
metabolic activation to form bulky DNA
adducts (Ngo et al., 2020; Seo et al., 2019).

The development of the CometChip was
an important design consideration. While the
original comet assay is powerful, the proce-
dure is onerous. Each sample requires a sin-
gle glass slide, and hundreds of comets need
to be identified and imaged individually to
achieve 100 comets per condition (the stan-
dard number), rapidly becoming extremely
time-consuming and tedious. Some progress
was made by creating a glass slide to which
96 samples can be added (Trevigen, Inc.);
however, this still requires tricky sample han-
dling techniques and the same tedious imag-
ing steps. To help overcome the problems of
throughput and labor, the Engelward and Bha-
tia laboratories created the CometChip. Sam-
ple handling became far easier using a 96-
well format and arraying mammalian cells on
a grid. Additionally, the comets are on a shared
focal plane, so hundreds of comets can be an-
alyzed in a single image using an automated
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analysis program. Thanks to the increase in
throughput and the vast reduction in time re-
quired for comet analysis, the CometChip is
being increasingly adopted by researchers in
academia, industry, and government. Com-
pared to the traditional alkaline comet assay,
the HepaCometChip offers sensitivity to bulky
DNA adducts, ease of use, and higher through-
put.

In terms of alternative approaches for de-
tecting bulky lesions, the two most frequently
used methods are mass spectrometry and un-
scheduled DNA synthesis. While highly sensi-
tive, mass spectrometry is not often used due
to the very high level of technical expertise
required by the experimentalist and the high
cost of analysis due to the need to have access
to expensive equipment. Unscheduled DNA
synthesis involves testing for incorporation of
labeled nucleotides into repair patches cre-
ated during nucleotide excision repair (which
can be assessed in cells in G0/G1 or G2).
This approach saves tremendously on costs
but still requires particular technical expertise,
so it is rarely adopted. Nevertheless, exciting
advances are underway by the Niedernhofer
laboratory, where they are creating a higher
throughput flow cytometry-based unscheduled
DNA synthesis assay. Once ready, this flow
assay will provide a complementary approach
for measuring the presence of bulky DNA le-
sions.

In terms of assay development, it is inter-
esting to consider some of the design con-
straints. A key decision was which cell type
to use for the HepaCometChip. HepG2 cells
were first explored because they are easier to
culture. However, the metabolic capacity of
HepG2 cells is moderate. HepaRG cells are
human cells that offer a much more robust
and complete range of P450 expression. This
is important because, for chemicals with un-
known properties, one cannot know at the out-
set which P450 will be most important for
metabolic activation. For this reason, HepaRG
cells offer a great advantage. Another deci-
sion was whether to treat the HepaRG cells
in a standard 96-well plate or load them into
the CometChip and then expose them to test
chemicals. An advantage of treating “on Chip”
is that one can rapidly transition from treat-
ment to lysis without intervening incubation
steps. This may be helpful for some types of
DNA damage that are repaired quickly and
might be repaired during sample handling. Ul-
timately, however, it was deemed most ad-
vantageous to culture and treat the HepaRG

cells in a 96-well plate since their behavior is
best characterized under these conditions, and
the cells might behave differently if cultured
within agarose wells (which is essentially a
low adherence condition).

While our previously published data on the
HepaCometChip used a one-dosing regimen
of 24 hr, here, we describe a 3-day regimen
to mimic the dosing schedule of in vivo geno-
toxicity assays, including the comet assay and
the micronucleus assay. The 3-day dosing reg-
imen is used to assess the impact of preclinical
candidates on human hepatocytes for regula-
tory applications.

While the HepaCometChip is useful for ba-
sic research, the main impetus for its develop-
ment was an alternative to animal studies. Eu-
rope has banned the use of animals in chemical
safety testing, and the NIH has initiated nu-
merous programs that aim to support the de-
velopment of in vitro alternatives to in vivo
studies. The HepaCometChip offers a viable
alternative to the in vivo comet assay. As a new
alternative method, it is hoped that it will ul-
timately replace the in vivo comet assay as a
way to identify potentially carcinogenic geno-
toxic chemicals.

Critical Parameters
While robust overall, key steps require op-

timization for successful use of the Hepa-
CometChip. First, there is a need for care-
ful loading into the CometChip. The first step
of the loading process is straightforward: put
cells in medium into the 96 wells and allow
them to drop into the microwells by gravity.
The next step, rinsing excess cells away, is
more difficult. If too much shear force is ap-
plied (e.g., by having the pipet at the wrong
angle or by extruding the PBS with too much
force), cells will be bumped out of the wells,
and there will be poor loading. If too little
shear force is used (e.g., an insufficient vol-
ume of PBS), there will be many cells left
on the surface of the gel rather than in the
wells, which can lead to overlapping comets.
As described above, it is highly recommended
that the experimentalist practice this step prior
to doing an actual experiment. This can be
done by first examining the wells to make sure
you can see them easily under the TC micro-
scope, then loading, rinsing, and reexamining
the wells to make sure most of the wells have
cells and that there are not very many cells ‘off
grid’. Once the experimentalist is proficient in
this step, it is relatively easy to get excellent
results from every experiment.

Owiti et al.
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Table 1 Common Issues and Troubleshooting

Problem Possible reasons Solution

Not enough cells loaded
onto microwells when
visualized at Basic
Protocol 2 step 7

Excessive
washing
Too few cells in
suspension due to
incomplete
detachment from
plates.

Washing too vigorously can cause cells to leave the microwells.
The best way to avoid losing samples is to practice the loading
step prior to starting the experiment (see Strategic Planning).
Using a convenient cell type, load cells, rinse, and then look at
the sample under the microscope to assess cell loading.
Alternatively, dedicate a few 96 wells and a small amount of
HepaRG cells to test loading before starting the experiment.
Following the trypsinization process, thoroughly pipette cells
up and down and check under the microscope to ensure that
the cells are completely detached from the collagen-coated
plates and in a single-cell suspension before proceeding with
the assay.

Cells outside the
microwells when
visualized at Basic
Protocol 2 step 7

Not enough
washing

Washing without enough force can lead to excess cells outside
the wells, interfering with analysis. Practice cell loading before
starting experiments (see Strategic Planning). Examine cells
under the microscope and repeat the wash step if necessary.

High background DNA
damage (long comet tails)
in the untreated control
samples visualized during
imaging

Improper cell
handling
Incorrect buffer
pH
Incorrect
electrophoresis
settings

Cell stress can lead to an increase in baseline levels of DNA
damage. Work quickly through the protocol and avoid letting
the cells sit for too long at room temperature with no CO2

between media change and treatments. Only take out the cells
when all the treatment solutions and media are warmed and
ready to be added.
Using the wrong pH can lead to inaccurate results. Always
check the pH to ensure that the buffers are correctly made.
Running the assay at higher than recommended voltage and/or
for longer time than suggested can lead to significantly longer
tails, leading to inconsistencies. Always double-check the
electrophoresis settings before starting the process.

No increase in % tail DNA
following HU/AraC
addition (for positive
control chemicals that
leads to bulky lesions)

Incomplete repair
trapping

Incomplete repair trapping can occur if the HU/AraC is not
maintained throughout the treatment time. Always include a
positive control, such as EMS, that does not require metabolic
activation to ensure that the problem is due to incomplete
repair trapping with HU/AraC and not other factors, such as
incorrect buffers or lack of cell lysis.

High background (long
comet tails) in the
untreated control samples
with HU and AraC
visualized during imaging

High
concentrations of
HU/AraC
Using solvents
that lead to high
backgrounds with
HU/AraC

Addition of HU/AraC has been shown to lead to a slight
increase in % tail DNA in untreated samples (Ngo et al., 2020).
Using extremely high concentrations of HU/AraC can
significantly increase this background and lead to a significant
induction of cytotoxicity. It is therefore paramount to first test
the concentration of HU/AraC that induces <20% toxicity and
with minimum DNA damage baseline in each cell type used.
For unknown reasons, some solvents such as DMSO can lead
to an increase in background DNA damage in the presence of
HU and AraC. It is important to keep the percent of DMSO
used to less than 1% or switch to a different solvent whenever
possible.

Two additional critical parameters are the
quality of the cells and the quality of the chem-
icals used. Lonza products are highly reliable,
but it is up to the experimentalist to ensure that
cells are handled exactly according to the pro-

tocol. It is advisable also to read Lonza’s Hep-
aRG culturing instructions. Visual inspection
is helpful in knowing that cells are properly
differentiated. Also, a toxicity assay is help-
ful to know that cells are responding normally Owiti et al.
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Figure 4 HepaCometChip sample data showing HepaRG cells treated with EMS. (A) Represen-
tative comet images of HepaRG cells exposed to varying concentrations of ethyl methane sulfonate
(EMS).Scale bar = 100 μm. (B) Dose response to EMS in HepaRG cells.% tail in DNA represented
as the mean of four experiments ± SD.

to the control chemicals. For this reason, it is
recommended that a CellTiter-Glo assay (or
similar toxicity test) be done in parallel with
every experiment. In terms of the quality of the
chemicals to be used, it is recommended that
chemicals be purchased from a reliable source,
ideally with quality control parameters tested
(such as mass spectrometry). Chemical han-
dling is also critically important because some
chemicals degrade over time. For some chemi-
cals, making small aliquots of frozen stock so-
lutions can be effective.

In executing the experiment, almost all
steps require standard pipetting skills. For new
experimentalists, it is advisable to practice
weighing water to ensure pipetting is perfectly
accurate and that the pipettes are calibrated
correctly. The only step that is unique to this
protocol is the rinse step. As mentioned above,
the rate at which PBS is expelled must be cor-
rect. As such, at a minimum, the experimen-

talist should practice expelling 5 ml of PBS
while moving across the length of a 96-well
plate. Ideally, the experimentalist will have an
extra gel that can be used just for practicing
the rinse step.

Troubleshooting
Please see Table 1 for a list of common

problems with the protocols, their causes, and
potential solutions.

Understanding Results

Visualizing HepaRG cells exposed to a

DNA damaging agent
Efficiently loaded HepaRG cells should re-

sult in >70% loading in the microwells as ob-
served under a microscope. Following expo-
sure to positive control chemicals, comet-like
shapes should be observed under a fluorescent
microscope. Following analysis using comet
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Figure 5 HepaCometChip sample data showing HepaRG cells treated with B[a]P in the presence
of HU and AraC. (A) Representative comet images of HepaRG cells exposed to no benzo[a]pyrene
(B[a]P) and 8 μM B[a]P in the presence and absence of HU and AraC. Scale bar = 100 μm. (B)
Dose response to B[a]P in HepaRG cells in the presence and absence of HU and AraC. % tail in
DNA represented as the mean of four experiments ± SD.

analysis software, the % tail DNA should in-
crease with an increase in the dose of chemical
(for chemicals inducing damage). Figure 4A
shows representative images of HepaRG cells
exposed to DMSO or different doses of EMS
(positive control). In the presence of EMS,
there is a dose-dependent increase in % tail
in DNA (Fig. 4B). In the case of HepaRG
cells exposed to chemicals that induce bulky
adducts (such as benzo[a]pyrene), a strong
dose response is not observed in the absence
of HU and AraC. However, following the ad-
dition of HU and AraC, there is a significant
dose-dependent induction of % tail in DNA
(Fig. 5). In a case where a tested chemical does
not lead to an increase in % tail in DNA in
the absence or presence of HU and AraC, then

the said chemical is concluded not to induce
strand breaks or DNA bulky lesions.

Statistical analysis
Standard statistical approaches can be used

to analyze CometChip data. For a small num-
ber of comparisons, a Student’s t-test is ap-
propriate. For dose-response data, ANOVA is
recommended. Although thousands of comets
can be analyzed in a single experiment, and
it is possible to perform statistics using those
individual values, it is advisable to repeat the
experiment at least once to generate biological
replicates. The ideal approach is to do three in-
dependent experiments and then take the me-
dian % tail DNA per well and the average and
standard deviation of the three experiments.
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Table 2 Time Considerations

Procedure Time
(hr:min)

Additional notes

Thawing HepaRG cells 00:05

Counting and plating HepaRG cells 00:10 This will vary based on the cell counting method. Time
indicated is for counting using an automatic cell counter such
as a Vi-CELL.

Renewing HepaRG cells 00:05 The medium needs to be renewed daily.

Exposing HepaRG to test chemicals 00:30 Each day of exposure.

Removing test chemicals and
harvesting cells to single cell solution

00:20

Loading cells onto the CometChip 00:30

Washing excess cells and adding low
melting agarose

00:20

Alkaline cell lysis 18:00
(overnight)

This can vary based on when the lysis step is started; >4 hr
recommended.

Alkaline unwinding 1:00

Electrophoresis 0:50

Neutralization 0:30

SYBR gold staining 1:00

Fluorescence imaging 1:00 This can vary based on the microscope used. An automatic
scanning microscope can take as few as 10 min per Chip and
microscopes with a small field of view and manual capture can
take up to an hour, depending on the operator.

Comet analysis 00:30 Based on the Trevigen automated imaging analysis software.
Can vary if using other software that does not have automatic
analysis.

Time Considerations
Table 2 indicates the typical time it takes

at different stages of the protocol described in
this manuscript.
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