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There is a growing demand for in vitro assays for toxicity screening in three-dimensional (3D)
environments. In this study, 3D cell culture using magnetic levitation was used to create an assay in which
cells were patterned into 3D rings that close over time. The rate of closure was determined from time-lapse
images taken with a mobile device and related to drug concentration. Rings of human embryonic kidney
cells (HEK293) and tracheal smooth muscle cells (SMCs) were tested with ibuprofen and sodium dodecyl
sulfate (SDS). Ring closure correlated with the viability and migration of cells in two dimensions (2D).
Images taken using a mobile device were similar in analysis to images taken with a microscope. Ring closure
may serve as a promising label-free and quantitative assay for high-throughput in vivo toxicity in 3D
cultures.

creening for toxicity plays an important role in the drug development pipeline, as it accounts for 20% of

total failures of candidate compounds'. Improvements in this process could significantly reduce the cost

and time-to-market of new therapies. Common screens for drug toxicity use animal models that are similar
in composition and structure to the human tissue they represent. However, these models are expensive, time-
consuming, low-throughput, ethically challenging, vary widely in results between species, and predict human
toxicity with varied success®. In vitro assays have been used as early screens and cheaper alternatives to animal
models, but they predominantly use two-dimensional (2D) environments that do not accurately replicate the
human tissue they purport to represent. In particular, 2D models have different spatial gradients of soluble factor
concentrations® and substrate stiffnesses’” than those of native tissue, and they do not support the wide array of
cell-cell and cell-matrix interactions that cells natively experience'®'>. As a result, biomedical research has moved
towards the use of three-dimensional (3D) models, which can more accurately match the structure and bio-
chemical environment of native tissue to predict in vivo toxicity®”'*!>14,

One such method to construct 3D models is magnetic levitation'™'®. In magnetic levitation, cells are incubated
with a magnetic nanoparticle assembly consisting of gold nanoparticles, poly-L-lysine, and magnetic iron oxide
that non-specifically and electrostatically binds to cells'>'*~*'. These nanoparticles are nontoxic and do not induce
an inflammatory cytokine (IL-6, IL-8) response by cells*>**. By binding to the nanoparticles, the cells become
magnetic and can be manipulated with the external application of a magnetic field. In particular, when a magnetic
field is applied above the culture plate, cells are levitated from the bottom surface, where they interact and
aggregate with each other to form larger 3D cultures. This method has been shown to induce the formation of
extracellular matrix (ECM) within hours after levitation by the magnetic field and maintain cellular phenotype for
days®. The magnetic nanoparticles act at the cellular level, allowing for these cultures to be scaled down in size for
high-throughput screening. In addition, spatial control allows researchers to tailor assays to particular
needs'>*>**. Overall, magnetic levitation would seem ideal to replicate cellular environments with relevant
ECM and cell-cell interactions that could accurately predict in vivo toxicity and efficiently screen candidate
compounds.
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Figure 1| Schematic for preparing the ring closure assay (left) with corresponding images (center) and brightfield images of 3D cultures of HEK293s
(right) for each step. First, cells are levitated to induce ECM formation (top). Then, cells are mechanically disrupted using pipette action (center),
and patterned into ring shapes (bottom). After removing the magnetic field, the rings close over time, and the rate of closure is measured as a function of

drug concentration. Scale bar = 100 pm.

This study describes the use of magnetic levitation in a novel 3D
assay for drug toxicity screening (Fig. 1). In the assay, cells are mag-
netically levitated to form 3D structures with ECM, and then mag-
netically patterned into 3D ring-shaped cultures. When the magnetic
field is removed, the rings close over time due to cell migration and
proliferation, and cell-cell and cell-ECM interactions. Ring closure is
similar to wound healing, which is commonly tested in 2D to study
cell migration®*. The rate of ring closure, found by measuring the
outer diameter of the ring over time, can vary with exposure to drugs
at different concentrations. Generally, with increasingly toxic con-
centrations of a particular drug, cells will close at a slower rate as they
become less viable and migratory*>*. From the rate of closure, char-
acteristic values such as half maximal inhibitory concentrations
(ICsp) can be found.

In addition, this assay utilizes mobile devices for image capture
(Fig. 2). The use of mobile devices allows for compact and envir-
onmental experiments, while forgoing the need for large and expens-
ive imaging equipment such as microscopes. This system is possible
because the dark brown color of the nanoparticles and the density of
the 3D culture distinguish the 3D culture and provide contrast
against the surrounding media. Commonly available mobile devices
have cameras with sufficient resolution to capture individual wells
within whole plates, and these mobile devices can be programmed to
take images at specific timepoints. This method eliminates the need
to image cultures under a microscope at multiple timepoints, which
reduces the risk of contamination from moving plates in and out of
sterile environments, as well as the labor required for an assay.

In this study, ring closure was demonstrated using human embry-
onic kidney cells (HEK293) and human primary tracheal smooth
muscle cells (SMC) with ibuprofen, a known nephrotoxic drug®~',
and sodium dodecyl sulfate (SDS), a detergent commonly used to
denature proteins for electrophoresis, and as a positive control
for toxicity testing®. Measurements from the mobile device-based
image capture system were compared to measurements from the
images captured on a microscope. Additionally, ring closure was also

compared to other common assays and markers used for drug tox-
icity, including cell migration and viability in both 2D and 3D. This
study demonstrates the simplicity of ring closure with mobile device-
based image analysis, and its potential utility as a 3D in vitro assay for
toxicity screening.

Results

Ring closure. Ring closure was performed to test the toxicity of
ibuprofen and SDS on HEK293s and SMCs. Both cell types were
successfully cultured in 3D using magnetic levitation, in which
they formed dense and thick 3D cultures. They were then
disrupted into smaller 3D structures that were next patterned into
alarger 3D ring-shaped culture (Fig. 1). These rings closed over time,
and with increasing amounts of ibuprofen and SDS (n = 3 per
concentration), the rate of ring closure decreased (Fig. 3). Rings of

Figure 2 | (a) The mobile device-based imaging setup.The 96-well plate is
placed on the top of the setup. At the bottom of the setup sits the mobile
device with the camera facing upwards to image the whole plate. (b) A
sample image taken with the mobile device of 30 rings of HEK293s and
ibuprofen. Note the dark color and the resolution of the rings within the
media. Scale bar = 5 mm.
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HEK293s closed over the course of 4 days, while rings of SMCs closed
within 9 hours.

Comparison of image capture using mobile device and micros-
cope. The analysis of images of rings of HEK293s was compared
between those captured using the mobile device-based system and
those captured using a traditional microscope after 3 days of
exposure to ibuprofen (n = 3 per concentration, Fig. 4). The
images taken with the mobile device were able to resolve the dark
brown rings within the lightly colored media. In rings of HEK293s,
no significant difference was observed up to 1.25 mM ibuprofen in
outer diameter between images measured with either the mobile
device or the microscope. At higher concentrations, for which the
ring did not close, the outer diameter was not measurable with the
microscope due to the limited field of view at its lowest magnification
(2.5x), so ring diameter was only measured on the microscope up to
1.25 mM.

Rate of ring closure. The rate of ring closure for a particular drug
concentration was found from a linear least-squares fit of the outer
diameter versus time curve (Fig. 3, see Supplemental Table S5 for r”’s
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of linear least-squares fits). Closure rates were then plotted against
drug concentration (Fig. 5). The data were fit to a Boltzmann
sigmoidal curve (see Supplemental Table S6 for r”s of the
sigmoidal fits), from which the IC5,’s were found (Table 1).

Cell migration and ring closure. Ring closure was compared to a 2D
cell migration assay using the same cell types and drugs (n = 3 per
concentration, Fig. 6). As expected, cell migration in 2D generally
decreased with increasing drug concentration in a manner similar to
ring closure, although the dose-response curves were statistically
different (see Suppelmentary Tables S1-4 for p-values). With the
exception of HEK293s and SDS, higher ICsy’s were found from
ring closure than from cell migration (Table 1).

Viability and ring closure. Ring closure was also compared to the
viability of the same rings, as well as the viability of 2D cultures using
the same cell types and drugs (n = 5 per concentration in 3D,n = 6
in 2D, Fig. 7). Both SDS and ibuprofen reduced cell viability with
increasing concentration. In general, viability in 2D and 3D strongly
correlated with ring closure in all cases, although the dose-response
curves in certain cases were statistically different (see Supplementary
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Figure 3 | The outer diameters of rings with HEK293s (a,b) and SMCs (c,d) exposed to either ibuprofen (a,c) and SDS (b,d) as a function of time. The
rate of ring closure was found by fitting the outer diameter versus time curves of each concentration with a linear least-squares fit. Generally, rings
of both cell types close over time, and increases in drug concentration lead to slower rates of closure. For SMCs, the rate of closure was found between 1-5
hours, as the rings exposed to ibuprofen stopped closing after 5 hours. Error bars represent standard deviation.
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resolution and dark color of the rings using the mobile device. (b) Outer ring diameter as a function of ibuprofen concentration using the mobile device
(black square) and microscope (red circle) after 3 days of exposure to ibuprofen. There is no significant difference in outer ring diameter between

the two methods up to 1.25 mM. At higher concentrations, the outer diameter using the microscope was unable to be measured given the limited field of
view of the microscope at its lowest magnification (2.5x), and so the ring diameter was only measured up to 1.25 mM using the microscope. Scale bar =

1 mm.

Tables S1-4 for p-values). The ICsy’s found from ring closure were
higher than those found from 3D and 2D viability for both cell types
and drugs except for HEK293s and SDS (Table 1).

Discussion

In this study, an assay for toxicity testing was developed using mag-
netic levitation. HEK293s and SMCs were magnetically levitated into
3D cultures, then physically disrupted into smaller structures and re-
patterned into larger 3D ring-shaped cultures. These rings were next
exposed to different concentrations of ibuprofen and SDS, and
allowed to close over time. The outer diameter of the ring was imaged
using a mobile device-based system, and related to concentration and
time. This study demonstrated a novel 3D assay with a mobile device
using magnetic levitation with potential use as a screen for drug
toxicity.

Magnetic levitation was used to produce a 3D cell culture that
could be manipulated with magnetic fields to spatially organize cells
into useful, patterned 3D cultures. When patterned into a ring, cells
within the 3D culture will close the ring over time as cells migrate and
proliferate. This mechanism is similar to that of commonly used
wound healing assays, in which cells migrate to close a mechanically
or electrically induced hole or linear scratch®-*%. The basic measure-
ment this assay uses, ring diameter, is macroscopic, label-free, quan-
tifiable, and reproducible. The large size and dark color of the rings
facilitated easy measurement. While this study used the rate of ring
closure to measure toxicity, other measures could be used, such as the

diameter at a particular timepoint, or a parameter of a non-linear fit
to the time-dependent diameter data. This assay also allows for time-
based studies within single experiments. Due to the label-free nature
of the assay, the closed rings are also available for post-assay experi-
mentation using such techniques as immunohistochemistry*>** and
Western blotting* to delve deeper and explore mechanisms of tox-
icity. In addition, no expensive analytical equipment, such as a
spectrometer, was required to perform this assay.

The assay in this study also utilized a mobile device-based imaging
system, which yielded similar results to images taken with a micro-
scope. This method of image acquisition is possible due to the large
size of the ring patterns (0.1875" OD, 0.0625" ID) and the computing
and camera capabilities of commonly available mobile devices; the
mobile device in the system could resolve lines at least 250 pm wide.
Given this capability, while the outer diameter of the ring was mea-
sured in this study, other measurements could be taken of the ring,
including the inner diameter or area, to measure drug toxicity. The
small size of the mobile device setup allowed for the experiment to be
performed completely within a standard incubator, allowing for bet-
ter control of environmental conditions. In addition, the mobile
device was programmed to automatically take images at particular
timepoints using a freely available application, of which there are
several similar applications. Altogether, this system eliminates the
need to image the plate under a microscope at multiple timepoints.
Along with the possibility that a network connected mobile device
could be programmed to send data wirelessly out of the incubator to
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Figure 5 | Dose-response curves of ring closure rates of HEK293s (a,b) and SMCs (c,d) exposed to ibuprofen (a,c) and SDS (b,d). All rates were

normalized to control. Error bars represent standard deviation.

another computer for analysis, this system could reduce the risk of
contamination associated with taking plates in and out of the incub-
ator. This system could potentially serve as a low-cost and time-
saving alternative to large and expensive real-time imaging systems.
Smaller rings could be designed and imaged under a microscope or
real-time imaging system, but the aforementioned advantages of
using the mobile device would be lost. Overall, this mobile device-
based imaging system can be used to improve the throughput and
efficiency of this assay.

The results of this study showed varied responses of ring closure
with HEK293s and SMCs to ibuprofen and SDS compared to cell
migration in 2D and cell viability in 2D and 3D. Rings of HEK293s

and SMCs closed at different rates, within 4 days and 9 hours,
respectively. For SMCs, the r”’s of the linear least-squares fits were
low at higher concentrations of ibuprofen and SDS, but as those rings
did not close, it could be assumed that the r* reflects the poor integrity
and low viability of the rings. In these cases, the rings are loose and
create debris due to weakened cell-cell and cell-ECM interactions
resulting from toxicity. The free movement of these loose particles
likely introduced variability into the time-dependent change in dia-
meter results. Rings of HEK293s did not see such variability, which
could possibly be attributed to the differences in ECM composition
and cell-ECM interactions between the two cell types and the cul-
tures they created. There was also a difference in closure rates found

Table 1 | ICs0’s of ibuprofen and SDS with HEK293s and SMCs found using ring closure, cell migration, and 2D and 3D cell viability
ICs0 (mM)
Cell Type Drug Ring Closure Cell Migration Assay 3D Viability 2D Viability
HEK293 lbuprofen 1.21 0.41 1.00 0.69
SDS 0.08 0.18 0.41 0.31
SMC Ibuprofen 1.88 0.24 0.58 0.48
SDS 0.33 0.21 0.31 0.29
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Figure 6 | Dose-response curves from the ring closure assay (black square) and cell migration assay (red circle) for HEK293s (a,b) and SMCs (c,d)
exposed to ibuprofen (a,c) and SDS (b,d). All rates were normalized to control. Error bars represent standard deviation.

between the controls for both drugs, likely due to the difference in
control solution, which was either 1% dimethyl sulfoxide (DMSO)
for ibuprofen or phosphate buffered saline (PBS) for SDS.

The differences in response found between ring closure and 2D
cell migration and viability can partly be explained by the different
environments of the two experiments. Cells exhibit widely different
behaviors regarding matrix adhesion'’, migration*, and prolifera-
tion® between the two environments, likely due to the physical con-
straints of a structure dense in cells and ECM, and the proximity with
more cells in 3D. With regards to drug exposure, cells in a 2D mono-
layer are exposed to a drug from above, while in 3D, cells are differ-
entially exposed to the drug based on distance from the center.
Indeed, previous studies with collagen gels encapsulated with cells*
or spheroids*”** demonstrated lesser effects of drugs on cells in 3D
compared to 2D. The differences found between ring closure and 3D
viability could possibly be attributed to difficulty of using reagent-
based assays on 3D cultures®, which are limited in their ability to
reach the center due to the dense nature of the structures.
Furthermore, measuring the viability of the rings required breaking
up the cultures, which could have resulted in cell loss. Additional
experimentation is required to understand the functional and quant-
itative relationship between ring closure and cell migration and viab-
ility. However, this study was a first step towards evaluating the
potential of a ring closure assay for drug toxicity screening. Extra

work will help elucidate cell behavior within the magnetically levi-
tated 3D cultures, and the role of the 3D environment in the toxic
response of cells.

In conclusion, ring closure is a label-free and high-throughput
assay for cell migration that incorporates the advantages of a 3D
environment. Imaging the assay with a mobile device reduces
imaging time under a microscope and may improve the throughput
and efficiency of drug toxicity screening. This system may also find
further application as a model for wound healing. The resulting assay
is a novel approach to recreating native environments in vitro to
screen and predict human in vivo drug toxicity.

Methods

Cell culture. HEK293s (ATCC, Manassas, VA) and SMCs (ScienCell, Carlsbad, CA)
were both cultured in Dulbecco’s Modified Eagle Medium (DMEM, ScienCell) with
10% fetal bovine serum (FBS, Access Biologicals, Vista, CA) and 1% penicillin/
streptomycin (Sigma-Aldrich, St. Louis, MO). Cells were maintained in a humidified
environment (37°C, 5% CO,). HEK293s were used between their fifth and twentieth
passage, while SMCs were used between their third and ninth passage.

Magnetic levitation. Magnetic levitation was used to form 3D cultures as has been
reported previously in literature'>'®. Flasks of HEK293s and SMCs grown in 2D at 70—
80% confluence were incubated with a magnetic nanoparticle assembly (8 puL/cm? cell
culture area, NanoShuttle, Nano3D Biosciences, Houston, TX) overnight. The next
day, the cells were detached from their flasks with trypsin and resuspended in media.
The cell suspension was added (2 mL, 600,000 cells/mL) to a well in an ultra-low
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attachment 6-well plate (Corning, Tewksbury, MA), and the well plate was closed. A
magnetic drive consisting of 6 neodymium magnets was then placed atop the well
plate to levitate the cells to the air-liquid interface. These cells are then left to culture
overnight in an incubator.

Ring closure. After magnetic levitation, 3D cultures of HEK293s and SMCs were
patterned into rings (BiO Assay Ring, Nano3D Biosciences) and allowed to close over
time. In this procedure, the 3D cultures of both cell types cultured overnight were
broken up physically using pipette action, then transferred to ultra-low attachment
96-well plates (Corning). The cells were distributed to each well (200,000 cells/well) as
avolume percentage of the broken up and resuspended 3D culture. The plate was then
placed on a magnetic drive of 96 neodymium ring-shaped magnets (0.1875" OD,
0.0625" ID) that attracted the resuspended cultures to the bottom of the plate to form
a ring pattern. The plate was left on the magnet for 1 hour to allow for the cells to
pattern and reassemble into a competent 3D structure. Next, ibuprofen (0-10 mM in
1% DMSO, Sigma-Aldrich) or SDS (0-625 pM in PBS, Fisher Scientific, Waltham,
MA) were added to each well. Negative controls for ibuprofen and SDS were exposed
to 1% DMSO and PBS, respectively. The plate was removed from the magnetic drive
and the ring-patterned cultures were allowed to close. The outer diameters of these
rings were imaged and measured over time. The percent change in ring diameter was
found by normalizing the diameters to its initial diameter. To yield a dose response
curve, the time rate of ring closure for each drug concentration was found by fitting
the outer diameters to a linear least-squares fit (OriginPro, OriginLab, Northampton,
MA), then normalizing them to control. For SMCs, the rates of ring closure was only
measured between 1 and 5 hours, when the rate was highest, as SMCs exposed to
ibuprofen stopped closing after 5 hours, while for HEK293s, the rates were measured
between 0 and 5 days.

Mobile device-based image analysis. Once the rings were formed and exposed to the
drug of interest, the rings were imaged using a mobile device (iPod touch, 32 GB,
Apple Computer, Cupertino, CA). 96-well plates with the rings inside were placed ina
custom polycarbonate apparatus atop the mobile device. A light source (LightPad
A920, Artograph Inc., Delano, MN) was then placed atop the plate to illuminate the
images. The mobile device was then programmed to take images at particular
timepoints using an application (Experimental Assistant, Nano3D Biosciences). In
this setting, the mobile device can resolve 250 pm wide lines on a MIL-STD-150A
resolution test pattern (Thorlabs, Newton, NJ). For rings of HEK293s, images were
taken every day for 4 days, while for rings of SMCs, images were taken every hour for 9
hours. Afterwards, the images were transferred to a separate computer, where a
custom image analysis code written in MATLAB (Mathworks, Natick, MA) was used
to measure the diameters of the rings. Briefly, a cropped image of each well was
converted to a binary image using a threshold that yielded the ring alone in the well. A
circle was drawn around the ring, and the diameter of this circle was recorded as the
outer diameter of the ring. Similarly, to compare the performance of the mobile device
image capture to a traditional microscope, rings formed with HEK293s and exposed
to ibuprofen were imaged under a microscope at the same timepoints, and the outer
diameters were measured using Image] (NIH, Bethesda, MD).

Cell migration assay. Ring closure was compared to a cell migration assay in 2D (Oris
Cell Migration Assay, Platypus Technologies, Madison, WI). Briefly, HEK293s and
SMCs were seeded in 96-well plates at a concentration of 50,000 cells/well in 100 pL
of media (n = 3 per cell type, drug). The cells were seeded around a cylindrical stopper
to create a void at the center of the well. The cells were left to adhere overnight, after
which either ibuprofen or SDS was added, and the stopper was removed, allowing the
cells to migrate and close the void. The inner diameter of the void was imaged under a
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microscope after 72 hours and the inner diameter was measured using Image]. The
change in diameter was then calculated for each drug concentration and cell type,
then normalized to control.

Viability assay. The viability of cells within the ring, as well as cells in 2D, was
measured using the CellTiter-Blue assay (Promega, Madison, WI). HEK293s were
magnetically levitated as previously described for 24 hours, then physically disrupted
and distributed into a 96-well plate (150,000 cells/well). Next, the cells were patterned
on ring-shaped magnets for 1 hour. Either ibuprofen or SDS was then added, and the
plate was removed off the magnetic drive to close. The rings were allowed to close for 4
days. In addition, the viability of cells in 2D with varying ibuprofen and SDS
concentration was measured. Cells were seeded into a 96-well plate (2,500 cells/well).
The drugs were immediately added, and the cells were allowed to grow for 72 hours,
with a media change at 48 hours. To each well to be assayed in 2D or 3D, the media
was replaced with 100 pL fresh media, and 20 pL of reagent was added. The plates
were incubated with the reagent at 37°C for 4 hours. For 3D cultures, the cultures were
physically broken up using pipette action. The viability in the well plates were then
read on a fluorescent plate reader (excitation/emission 560/590 nm), then
normalized to control.

Data analysis. Dose response curves from each assay were fit to a Boltzmann
sigmoidal function (OriginPro), from which the ICs, was calculated. A one-way
analysis of variance (ANOVA) was used to compare the analysis of images from the
mobile device to images from the microscope. Two-way ANOVA tests were
performed on the dose-response curves for the effects of assay and concentration. A
Tukey’s test was performed post-hoc to compare assays. Significance was defined as p
<< 0.05. All statistical analysis was performed using OriginPro. Error bars in figures
represent standard deviation. See Supplementary Table 1 for p-values between assays.
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