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Fig. 4. On-chip LN229 and PDX drug testing. (A and E) Maximum projections of 12-well cultures of LN229 spheroids (A) and PDX spheroids (E) for days 1 to 9 after cell 
seeding (initial cell concentration: 500 cells per well). On day 3 after imaging, dasatinib was loaded onto the chips. Final concentrations of drug added were 10 M (top 
row), 100 nM (middle row), and negative control (bottom row). For negative control, only media and CellTox green dye were added. Each well has a side length of 300 m 
(for scale). (B, C, F, and G) Box-and-whiskers plot of volumes and cell death (green volume normalized to red volume per well) of LN229 microcancer spheroids (B and C) 
and PDX spheroids (F and G) from each drug concentration type for days 1 to 9 after cell seeding. The data encompass volumes and cell death information of microcancers 
for the 12 wells (n = 12) seen above for each condition. NC, negative control. (D and H) The IC50 value for LN229 spheroids (D) and PDX spheroids (H) was calculated to be 
95.9 and 13.8 nM, respectively, as measured on day 9. The IC50 curve shown is based on 12-well data for each concentration of drug (10 M to 100 pM and negative con-
trol), where the error bars represent the SEM.
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We also performed drug testing on PDX microcancers. Figure 4E 
shows alternate day maximum projection images of drug adminis-
tered PDX spheroids for concentrations 10 M (top), 100 nM (mid-
dle), and no drug control (bottom), and fig. S10 (A to D) shows the 
same for concentrations of 1 M, 10, 1 nM, and 100pM of dasatinib 
drug, respectively. Figure 4 (F and G) show the box-and-whiskers 
plot (n = 12) of PDX microcancer volume and normalized cell 
death. The IC50 value for dasatinib on PDX microcancers was found 
to be 13.8 nM as measured on day 9, which is very similar to what 
has been previously observed (43) (Fig. 4H). However, the overall 
response to dasatinib in terms of normalized cell death was signifi-
cantly lower for PDX, as the PDX microcancers overall remained 
intact and viable even for higher drug concentrations. This result is 
in agreement with the inability of dasatinib to affect tumor growth 
in GBM8 PDX in vivo, although it is highly effective in 2D culture 
(43). Figures S11 and S12 show individual traces of volume and cell 
death as response to drug over time for 12 LN229 and PDX micro-
cancer spheroids, respectively.

Application: Geometric control in 3D culture
To evaluate the shape control capabilities of our platform, we fabri-
cated a silicon microchip with etched annular circle, square, and 
triangle channels. Figure 5A shows the etched chip and describes 
the process flow for geometric shape formation in an annular circu-
lar channel. Briefly, the inside surface of the etched channel was 
made hydrophilic before cell seeding using oxygen plasma, follow-
ing our previous protocol. For more details on geometric control 
experimental protocol, please see Materials and Methods. Seeding 
of cells in a single step was performed similar to the previous exper-
iments by assembling a detachable PDMS well. This was followed 
by droplet formation using oil shear as previously discussed. Drop-
let shapes conformed to the shape of the channel cavity due to cap-
illary forces, allowing us to generate dense and continuous annular 
circular, square, and triangular 3D shapes. These shapes were cul-
tured and imaged for 3 days. Media exchange for 3D shapes was 
performed every day in the same manner as the drug loading proce-
dure described in previous sections, and more details can be found 
in Materials and Methods. On the microchip, the diameter of circu-
lar shaped channels and side length of square-shaped channels 
ranged from 450 m to 1.4 mm, whereas the side length of triangu-
lar shaped channels ranged from 780 m to 2.4 mm. In our experi-
ments, the channel width (between the internal post and outer 
boundary) was kept constant at 200 m. Figure 5B shows the fluo-
rescent microscopic images of these 3D shapes formed. We found 
that 1 day after cell seeding, continuous shapes were formed with 
widths of 70 to 100 m for annular circles and squares and 120 to 
160 m for the annular triangles, which were the largest of the 
shapes. Fluorescence images taken on days 2 and 3 after cell seeding 
can be seen in fig. S13. It can be noted that by day 3, minor fragmen-
tation in the 900-m and 1.4-mm circular shapes begin to occur 
possibly because of continued cellular compaction and the absence 
of any external matrices in the system. Furthermore, volumetric 
mapping and analysis of these shapes were conducted to determine 
the shape volume (PKH dye mapping) and cell death (CellTox dye 
mapping) (Fig. 5C). The bar graphs for the volume and cell death of 
different annular shapes for 3 days of culture on chip are shown in 
Fig. 5 (D and E). Because of the large range of sizes that can be 
simultaneously tested on our platform, the volumes on chip spanned 
from 0.6 to 10 nl on day 1 to 0.86 to 11.8 nl on day 3. Cell death of 

these shapes, as can be seen in Fig. 5E, remained less than 8% for all 
3 days of culture. Our platform allows geometric control in hanging 
drop format with sizes ranging from a few hundred micrometers to 
several millimeters while allowing characterization of multiple shapes 
on a single chip. The geometry control is a technology feature and 
enhancement that could be useful when different stress and gradi-
ents of stresses are to be examined or in applications where precise 
shape control of tissue structures are needed such as for regenera-
tive medicine.

DISCUSSION
We have described a modular and highly versatile microchip 3D 
hanging drop culture platform that allows high replicates and high 
content for drug screening compatibility with direct on-chip real-
time or high-resolution confocal microscopy and geometric control 
of formed cell mass in 3D. Our high-throughput culture platform 
can be combined with commercially available automated micro-/
nanoinjection systems to allow for testing hundreds of drug combi-
nations in a single chip or deploying additive manufacturing to 
build microfluidic concentration gradients integrated with our chip 
and testing a reasonable and appropriate number of drugs on the 
platform (46, 47). We show that microcancers of similar size and 
density can be formed in a single step, without the need for individ-
ual well pipetting, thus reducing error and increasing reproducibil-
ity. We demonstrate quantitative analysis of 3D culture based on 
initial cell density both for a conventional glioblastoma cell line and 
for PDX-derived microcancers. We show the ability to perform real-
time fluorescence observations while tracking individual cultures 
directly on chip and thus eliminating the need for any extractions of 
the microcancers. The capability of high-resolution scanning elec-
tron microscopy and confocal microscopy directly on chip using 
our demonstrated platform can allow for simplicity and ease of use 
for downstream analysis. The miniaturized hanging drop platform 
described here does not require specific matrices, specialized gels or 
nanoparticles, engineered scaffolds, or any form of synthetic sur-
face coatings to form the tumor spheroids. This is especially useful 
when any of the above agents can be suspected of creating selective 
pressure and biasing tumor evolution during 3D culture. Growth 
media can be adapted for a variety of potential applications. In com-
parison to the classical hanging drop culture (41), cell aggregation 
into multicellular spheroids is significantly faster in the miniatur-
ized platform (1 day versus 4 in the classical assay), likely an effect 
of the smaller well size that affects the diffusion of soluble factors 
and enhanced cell-cell adhesion. Moreover, our technique can also 
be adapted to replenish the role of various macromolecules, includ-
ing extracellular matrix components and polysaccharides, as re-
ported by others (48).

Our nanohanging drop culture model allows simultaneous test-
ing of hundreds to thousands of 3D microcancer spheroids in real 
time where each microcancer appears to capture the salient charac-
teristics of the tumor as evidenced by mate pair sequencing and 
confocal analysis. Differential responses of different cell subpopula-
tions in a PDX spheroid can also potentially be measured using our 
platform and will be pursued in our future studies. The small size of 
the platform is also critical when available tumor tissue is limited, as 
is often the case in biopsies. In addition, the platform also allows for 
sequential (staggered time point) drug testing. Therefore, this sys-
tem makes it possible to rapidly (within days) examine the effect of 
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multiple drugs in real time even in cases where small biopsies might 
be available.

Last, we also demonstrate shape control of the cell mass using 
our microchip hanging drop 3D culture platform. Because our plat-
form uses a microchip with etched channels, we fabricated a chip 
with circular, square, and triangular annular wells, which allowed 
the media droplet shape to conform to the shape of channel cavity 

because of capillary forces. We show that 3D shape formation can 
occur using our single-step loading and droplet formation tech-
nique by forming dense and continuous annular shapes ranging in 
sizes from a few hundred micrometers to several millimeters. In fu-
ture studies, our microchip hanging drop platform could be used to 
coculture different cell types, allowing for self-organized tissue for-
mation with salient in vivo–like features. This simple, scalable, and 

Fig. 5. Geometric control in microchip hanging drop 3D culture. (A) Process flow 3D shape formation. Chip with annular circle, square, and triangle channels is fabri-
cated such that the depth of the channel is ~150 m. Internal well surfaces are made hydrophilic through oxygen plasma, after which cells with media are loaded in a 
single step and centrifuged. Oil shear is performed for droplet formation, as the cavity between outer border of the channel and inner post causes the droplet to conform 
to the channel shape. The chip is inverted for hanging drop, and after 24-hour incubation of cells, dense 3D shapes are generated. (B) Fluorescence image of shape for-
mation of different sizes seen 1 day after cell seeding. Outer diameter (circle) or side lengths (square and triangle) of shape channels are mentioned on top left corner of 
each image. (C) Volumetric mapping of the shapes in the green box seen in (B). (D) Bar graph of volumes of annular circle, square, and triangle shapes for each channel 
size for days 1 to 3 after cell seeding. (E) Bar graph of cell death (green volume normalized to red volume) in annular circle, square, and triangle shapes for each channel 
size for days 1 to 3 after cell seeding.
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customizable platform may be suitable for a broad range of applica-
tions in drug discovery, regenerative medicine, stem cell research, 
and biotechnology.

MATERIALS AND METHODS
Off chip culture
The LN229 cells were cultured in the Dulbecco modified Eagle me-
dium without sodium pyruvate (Gibco) including 10% (v/v) fetal 
bovine serum (FBS) (Thermo Fisher Scientific), 1% (v/v) nonessential 
amino acids (Thermo Fisher Scientific), and 2 mM l-glutamine (Thermo 
Fisher Scientific). After getting 70 to 80% of cell confluence, they were 
trypsinized with 0.25% (w/v) trypsin and 0.53% (w/v) EDTA solu-
tion (Gibco) and loaded to chips. For the PDX cells, 1% of penicillin-
streptomycin (Lonza) was added to the media for LN229 cell culture. 
They were cultured for 2 days after thawing the PDX cells from liquid 
nitrogen tank to get the estimated counts and then loaded to chips. 
For the automated live cell imaging on the inverted microscope, the 
culture media also included 10 mM Hepes buffer.

Chip fabrication
Three types of chips were created. The first silicon chip has a mi-
croarray of wells of gradient sizes between 100 to 500 m (each side 
of the well). The second chip (10 mm by 10 mm) has microarray of 
wells (each 300 m by 300 m) with a depth of 120 m. Last, the 
third chip that was fabricated was for 3D shape formation (for geo-
metric control experiments). This chip included annular circle, square, 
and triangle shapes of different sizes. To further explain, each shape 
was fabricated with an outer and inner boundary. For the circle and 
square shapes, the diameter/side lengths of the outer boundary were 
450, 650, 900, and 1400 m. The inner boundary diameter/side lengths 
(inner posts) of these shapes were 50, 250, 500, and 1000 m, respec-
tively. The triangle shapes were of the size such that the circle shape 
could be circumscribed within its boundaries; so the side dimensions 
of the outer boundaries were 780, 1125, 1560, and 2450 m, and the 
inner boundaries (inner posts) were 318, 663, 1098, and 1988 m.

Chip fabrication of all oxidized silicon chips were done in the same 
method. A 100mm diameter <100> silicon wafer (UniversityWafer, 
South Boston, MA) with one side polished was thoroughly cleaned 
and used as the substrate in the photolithography process. The wafer 
was dehydrated on a heating plate at 140°C for 2 min and cooled for 
30 s before loading into a Molecular Vapor Deposition (Applied 
MicroStructures, San Jose, CA). A single layer of hexamethyldisilazane 
was deposited under low pressure to the polished side of the wafer, 
increasing the hydrophobicity of the wafer surface. After the depo-
sition, the wafer was unloaded and dehydrated on an aluminum hot 
plate at 110°C for 2 min and cooled for 30 s. Thereafter, positive 
photoresist SPR 220 (MicroChem, Newton,MA) was spin-coated on 
the polished side of the wafer to form a 4.5-m covering layer, 
followed by a soft bake at 60°C for 2 min and 110°C for 1 min. The 
photoresist was then exposed with an i-line (365 nm) mask aligner 
(EVG 620) in a hard contact with an expose dose of 210 J/cm2. The 
exposed regions with the outline of the microarray pattern were sub-
sequently removed by immersing the wafer in an AZ 400K developer 
diluted 1:5 with deionized water for 45 s. For the anisotropic etching 
of the silicon substrate, a Bosch process reactive-ion etching with 
alternating steps of SF6/O2 etching and C4F8 passivation was used to 
create a 120-m deep trench. After the Bosch process, the remaining 
photoresist was cleaned with acetone and isopropanol rinses. The 

photoresist was stripped with heated (100°C) PR Stripper 1165 for 
10 min and sonicated for another 10 min, leaving the bare silicon 
exposed. Last, the wafer was thermally oxidized in a furnace (1150°C) 
for 60 min to grow 137-nm SiO2 and, subsequently, scribed into 
individual chips.

Cell seeding on chip
To prepare for cell seeding, the chips were cleaned using a piranha 
etch to rid of any organic residues on the surface of the wells. About 
45 min before use, the chips were rinsed with acetone and isopropanol 
and dipped in ethanol (200 proof) for 2 min. Thereafter, the chips 
were blow-dried with nitrogen gas and kept in a covered petri dish. 
Before cell seeding, a cured PDMS polymer with a reservoir of a size 
according to the required number of exposed wells was attached to 
each chip, and the chips were made hydrophilic through O2 plasma 
treatment at 300 W for 3 min.

The total number of cells to be loaded on a single chip was equal 
to the product of the number of wells to be filled with cells (in the 
PDMS reservoir) and the number of cells needed per well (organoid 
size control). The cell density was calculated by dividing the total 
number of cells by the area of the exposed wells. The cell density 
was kept constant for the well gradient and 300-m array chips and 
was found to be 4883 cells/mm2.

The total number of cells were extracted from the off-chip cul-
ture into a 1.7-ml tube and then centrifuged at 200g for 5 min so 
that all cells settle to the bottom of the tube. After aspirating the 
supernatant, the cells were washed with serum free media and cen-
trifuged at 400g for 5  min. After, a PKH26 Red Fluorescent Cell 
Linker Kit for general cell membrane labeling (Sigma-Aldrich) was 
prepared according to product instructions and mixed with the cells. 
To stop the PKH26 Red Fluorescence staining, media with FBS was 
added to the cell and dye solution. The cells were again centrifuged 
at 400g for 5 min to bring all cells to the bottom of the tube, and 
subsequently, the supernatant was discarded. CellTox Green Cyto-
toxicity Assay (Promega), a green dye required to determine cytotoxic-
ity and compatible with real-time imaging, was prepared according 
to product instructions (1:500 ratio of dye to media) in media with 
serum. This media and green dye solution was then added to the cell 
suspension in the total volume required to seed on to the chips. For 
PDX cells, the cell seeding process was the same, except all media 
used included 1% penicillin-streptomycin.

The cells were then seeded on chip and centrifuged in a petri dish 
at 200g for 2 min. Next, the PDMS reservoir was removed and the 
chip was dipped in mineral oil, after which an air pressure was ap-
plied to the chip to shear off the excess media from the top of the 
wells. This process is done to digitize or partition the chip and create 
individual disconnected wells with cells inside them. The shearing 
process can also be done with a mineral oil flow from top to bottom 
of the chip. The chip was then inverted in mineral oil to form in-
verted hanging nanodroplets. These inverted chips were then incu-
bated in 37°C, RH (Relative Humidity) 95%, and 5% CO2. The cells 
were incubated for 9 days in this condition and taken out for 10 min 
daily for imaging and drug loading on day 3 after cell seeding.

Spheroid imaging
Real-time imaging was done daily after seeding with an upright Olym-
pus BX63 fluorescence microscope with a 10× objective [0.3 numerical 
aperture (NA)]. For imaging, the chips were kept in oil upright for 
the duration of imaging and then inverted back for culture once the 
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imaging was complete. Tiles and z-stacks of 10-m slice thickness 
of the area with spheroids or shapes were taken off chips in bright-
field, green fluorescent protein (GFP), and red fluorescent protein 
(RFP) fluorescence wavelengths. The CellTox green fluorescence 
dye was captured using the GFP fluorescence, and the PKH Red dye 
was captured using the RFP. The spatial pixel size was 1 m by 1 m 
for a depth of 10 m.

Automated live-cell microscopy with inverted microscope
Live-cell fluorescence microscopy was performed using wide-field 
illumination on a Zeiss Axio Observer Z1 inverted microscope with 
a 20× 0.50-NA Plan-Neofluar air objective and 10-W halogen lamp 
illumination. The microscope was equipped with a temperature and 
5% CO2 environmental chamber. The Zeiss ZEN software was used 
for data acquisition via a Photometrics eXcelon Evolve 512 EMCCD 
camera. Excitation and emission light was filtered using Zeiss filters 
(BP 550/25 and BP 605/70 nm respectively). Images were acquired 
every 3 hours after cell seeding for 72 hours.

Mate pair library preparation 
and the bioinformatics pipeline
To generate mate pair libraries from the 3D cultures, we used an in 
situ amplification protocol that was developed previously in our 
laboratory (49–51). In this protocol, cultured cells were directly ap-
plied to a modified Repli-g whole-genome amplification (WGA) 
protocol (50). WGA DNA (1 g) from 3D cultures and tumor DNA 
from the original PDX tumor were fragmented to 3 to 5 kb using the 
Covaris E210 and used in the standard Illumina mate pair protocol 
(version 2) followed by sequencing on the Illumina HiSeq 4000 
platform. Sequencing data were processed through our bioinformatics 
algorithms including the SVAtools utility to detect CRs and sum-
marize the results in “Genome Plots.” In these plots, all chromo-
somes are displayed and arranged in a U shape. Each line represents 
a junction identified by the SVAtools. The thickness of the line is 
relative to the number of fragments supporting the junction. The 
end points of the line indicate the position of the junction’s two 
breakpoints. Diamonds identify a junction where one breakpoint 
maps to the position shown on the genome plot and the other break-
point maps to sequences included in reference genome GRCh38 
(Genome Reference Consortium Human genome build 38) but not 
within chromosomes 1 to 22, X, or Y, such as unplaced or unlocalized 
contigs, alternate sequences, or mitochondrial DNA. The final plot 
of 3D cultured cells merged the results of three individually cultured 
chips with arrays of 3D spheroids.

Drug loading and media exchange protocol
On day 3 after cell seeding, the chips were loaded with drugs diluted 
to the desired concentration in media (with serum and dye), except 
for the negative control chip in which only media was loaded. 
Media with serum was prepared with CellTox Green Cytotoxicity 
Assay as explained above. Media with serum for PDX cells included 
1% penicillin-streptomycin. The drug stock of 10 mM dasatinib in 
100% dimethyl sulfoxide was diluted in the media and dye solution 
to achieve the desired concentration of drug (10 M to 100 pM). 
Compensating for the volume of media already in the wells, the 
concentration of the drug was increased. For example, if the cell 
culture had 100 wells loaded with spheroids, then the volume of 
media already present in the wells equaled volume of 1 well × 
100 = 10.8 nl × 100 = 1080 nl. During drug loading, if 50 l of media 

with drugs was added on this chip, then the final total volume = 
50 + 1.08 l = 51.08 l. So the concentration of the drugs in the 50 l 
of media added is equal to (51.08/50) × X; where X is the desired 
final concentration.

Before drug loading, the chips were first kept upright and centri-
fuged at 200g for 5 min. Then, 10 to 50 l of the drugs/media solu-
tion were added in the cell area through the mineral oil layer on the 
chips. Density of the drugs/media is greater than density of mineral 
oil. Thus, the increased density allows the drugs/media to settle 
through the mineral oil and make contact with the wells. Hydro-
philic media already inside the wells allows the drug to be spread 
throughout the area. The chips were then left upright for incubation 
at room temperature for 30 min. Thereafter, the chips were centri-
fuged again at 400g for 2 min. The chips were then dipped in min-
eral oil, and the excess media and drugs were sheared off with a 
mineral oil flow. The chips were then inverted in mineral oil and 
incubated in 37°C, RH 95%, and 5% CO2. The chips were imaged 
for six more days as explained above. Note that, in this entire pro-
cess, the spheroids are always immersed in culture media held in-
side the wells with capillary forces and never physically come in 
contact with oil.

Cell seeding and media exchange protocol in geometric 
control experiments
For geometric control experiments, the cell seeding protocol for an-
nular circle, square, and triangle shapes were performed in a single 
step in the same method as described previously. Briefly, a cured 
PDMS polymer was attached to the chips, after which the annular 
channels were made hydrophilic through O2 plasma treatment at 
300 W for 3 min. Thereafter, off chip–cultured cells were stained 
with PKH dye, and the final suspension was added to media pre-
pared with CellTox dye, ready to be added to the chip. A cell densi-
ty of 14,648 cells/mm2 was seeded on chip and centrifuged in a petri 
dish at 200g for 2 min. After centrifugation, the PDMS reservoir was 
removed, and oil shear was performed to create droplet shapes that 
conform to the shape of the channel cavity because of capillary forc-
es. Last, the chips were then inverted in mineral oil to form inverted 
hanging droplet shapes. These inverted chips were then incubated 
in 37°C, RH 95%, and 5% CO2. The cells were incubated for 3 days 
in this condition, taken out for 20 + 35 min daily for imaging.

Media exchange for 3D shapes was performed every day in the 
same manner as the drug loading procedure described above. First, 
the chips were kept upright for 15 min. Thereafter, fresh media was 
loaded on chip through mineral oil, incubating it for 20 min. Excess 
media was removed by oil shear after incubation, and the chip was 
inverted back for further culture.

Image analysis
Each of the z-stack images were converted to Tiff Series, in which a 
single tiff image of the series was of a single z-stack slice. Autoquant 
X3 software was then used for 3D deconvolution of the bright-field, 
green, and red channels of these tiff series images. The 3D deconvo-
lution algorithm uses multiple iterations to develop a theoretical 
point spread function for the fluorescent points for each image. The 
optical parameters for the deconvolution included pixel spacing of 
1 m by 1 m by 10 m. The objective lens had an NA of 0.3. The 
emission wavelengths were 508 and 565 nm for the green channel 
(CellTox dye) and the red channel (PKH Red dye), respectively. The 
resulting deconvolved images were then analyzed using Imaris 
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(Bitplane) software. In this software, the green and red dye were 
used to track and calculate the dead cells and analyze the spheroid 
volumes, respectively. This software uses algorithms to identify the 
local contrast in intensity to determine a threshold for color cap-
ture. The cell function was used to determine the green volume of 
the dead cells, and the surface function was used to calculate the 
volume of the spheroids. Cell and surface files were exported as Ex-
cel files, which were used to map the cell death and spheroid vol-
umes in each well. A MATLAB script was created to extract the 
positional data from each of the cell information and volume infor-
mation, and last, the total volume of the spheroid and the total cell 
death (green volume normalized with red volume) in each well were 
calculated. The results of each well were plotted against time in line 
graphs in Excel, and box-and-whisker plots of the cell death were 
generated according to drug concentration in Excel as well. Maxi-
mum projections were also obtained from Imaris software.

Confocal imaging
Samples were fixed in 4% (v/v) of paraformaldehyde overnight in 
4°C, then washed with phosphate-buffered saline (PBS) three times, 
and used 0.25% (v/v) diluted Triton-X to permeabilize the cell mem-
brane for 15 min. After washing with PBS, samples were blocked 
and stored in 1% (w/v) bovine serum albumin (Sigma-Aldrich) at 
4°C overnight. The primary antibodies, rabbit N-cadherin mono-
clonal antibody (Thermo Fisher Scientific) and mouse mitochon-
dria monoclonal antibody (Thermo Fisher Scientific), were used to 
stain for cadherin and mitochondria, respectively, at a 1:50 dilution 
and then incubated overnight at 4°C. Both primary antibodies are 
human specific. Samples were then washed three times before stain-
ing with secondary antibodies. Alexa Fluor 568 anti-rabbit (Thermo 
Fisher Scientific) and Alexa Fluor 488 anti-mouse (Thermo Fisher 
Scientific) antibodies were used to stain N-cadherin and mitochondria 
primary antibodies, respectively, and incubated overnight at 4°C. 4′,6- 
Diamidino-2-phenylindole (Thermo Fisher Scientific) was used 
for staining of nucleus and incubated for 1 hour at room tempera-
ture. After washing with PBS three times, samples were mounted 
on the cover glasses by using ProLong Antifade (Thermo Fisher 
Scientific). The LSM 710 microscope was used for the confocal 
fluorescent imaging.

Construction and sequencing of 10× V3.1 single-cell libraries
Single-cell 3′ complementary DNA (cDNA) libraries were prepared 
at the DNA Services laboratory of the Roy J. Carver Biotechnology 
Center at the University of Illinois at Urbana-Champaign. Three 
single-cell suspensions with an average viability of 70 to 75% by 
acridine orange and propidium iodide staining on the Nexcelom K2 
(Nexcelom Bioscience, Lawrence, MA) were converted into indi-
vidually barcoded cDNA libraries with the Chromium Next GEM 
Single-Cell 3′ dual-index Kit version 3.1 from 10X Genomics 
(Pleasanton, CA) following the manufacturer’s protocols. The target 
number of cells per library was 6000. The 10X Chromium instrument 
separates thousands of single cells into GEMs that add a barcode to 
the mRNA from each cell. Following double-stranded cDNA syn-
thesis, individually barcoded libraries compatible with the Illumina 
chemistry were constructed. The final libraries were quantitated on 
Qubit, and the average size was determined on the AATI Fragment 
Analyzer (Advanced Analytics, Ames, IA). Libraries were pooled 
evenly, and the final pool was diluted to 5 nM concentration and 
further quantitated by quantitative polymerase chain reaction on the 

Bio-Rad CFX Connect Real-Time System (Bio-Rad Laboratories 
Inc., CA). The final library pool was sequenced on two lanes of an 
Illumina NovaSeq 6000 SP flowcell as paired reads with 28 cycles for 
read 1, 10 cycles for each index read, and 90 cycles for read 2. Base-
calling and demultiplexing of raw data were done with the mkfastq 
command of the software Cell Ranger 4.1 (10X Genomics).

Quantification and analysis of single-cell data
The three demultiplexed fastq files were aligned to 10X Genomics’ 
prebuilt reference for human (GRCh38) and mouse (mm10) com-
bined (version 2020-A) using the count command of Cell Ranger 
4.0.0 with –expect-cell = 6000. When using a mixed-species refer-
ence, Cell Ranger runs a multiplet detection algorithm on all GEM 
barcodes associated with ≥1 cell (GEM cells). The algorithm starts 
by separating GEM cells into those with total mouse UMIs > total 
human UMIs (“mouse” cells) and those with mouse < human (“hu-
man” cells). It then uses the 10th percentile of mouse UMI counts in 
mouse cells and human UMI counts in human cells to define 
thresholds to say whether each GEM cell contains both a human 
and mouse cell (multiplet). Next, the algorithm runs a maximum 
likelihood estimator for the number of additional GEM cells ex-
pected to contain two human cells or two mouse cells based on the 
observed number of mixed species multiplets and the inferred ratio 
of cells from each species. Last, it estimates the total number of in-
dividual human and mouse cells, which, combined, is greater than 
the number of GEM cells due to multiplets. This algorithm works 
best when the species ratio is close to 1:1 and there is little ambient 
RNA from either species in the background. However, our samples 
greatly skewed toward human cells, and there was a small amount 
of ambient mouse RNA in all called cells (~8 to 256 UMIs), leading 
to the algorithm estimating an improbable >90% multiplet rate 
overall and overestimating the number of mouse cells at 14.8% of 
mouse + human cells. Instead of using 10X’s algorithm, we input 
the UMI counts for all GEM cells into R (v4.0.3) using the Seurat 
package (v3.2.2) and started the same way by summing the total 
UMI from mouse versus human in each GEM. In addition, we cal-
culated the total number of mouse versus human genes detected 
(≥ 1 UMI) in each GEM. For both total UMI counts and detected 
genes, we calculated the number of GEMs with human > mouse, 
and we also compared the distributions of values for mouse versus 
human to estimate the number of GEMs containing a mouse cell 
versus a human cell.

Further analyses on human cells were performed. First, we ex-
cluded all mouse genes and any human genes that were not detected 
in at least 10 GEMs. Next, we filtered out GEMs with less than 300 
human genes detected and where the percentage of UMIs from 
mitochondrial genes was greater than 3 median absolute deviations 
(threshold = 9.208%). The remaining 7653 GEMs were then nor-
malized with Seurat’s SCTransform method. The scaled, normalized 
values of the top 3000 most variable genes were run through principal 
components analysis, and then the top 40 PC (Principal Components) 
scores were input to UMAP to represent expression variation among 
the cells in 2D space. Expression values of marker genes of interest 
were visualized on the UMAP plots.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/17/eabc1323/DC1
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