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Abstract

The conventional microwell-based platform for construction of organoid models exhibits limitations in precision oncology
applications because of low-speed growth and high variability. Here, we established organoid models on a nested array chip
for fast and reproducible drug testing using 50% matrigel. First, we constructed mouse small intestinal and colonic organoid
models. Compared with the conventional microwell-based platform, the mouse organoids on the chip showed accelerated
growth and improved reproducibility due to the nested design of the chip. The design of the chip provides miniaturized
and uniform shaping of the matrigel that allows the organoid to grow in a concentrated and controlled manner. Next, a
patient-derived organoid (PDO) model from colorectal cancer tissues was successfully generated and characterized on the
chip. Finally, the PDO models on the chip, from three patients, were implemented for high-throughput drug screening using
nine treatment regimens. The drug sensitivity testing on the PDO models showed good quality control with a coefficient of
variation under 10% and a Z’ factor of more than 0.7. More importantly, the drug responses on the chip recapitulate the
heterogeneous response of individual patients, as well as showing a potential correlation with clinical outcomes. Therefore,
the organoid model coupled with the nested array chip platform provides a fast and reproducible means for predicting drug
responses to accelerate precise oncology.
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Introduction

Precise oncology refers to individual therapy tailored accord-
ing to the predicted drug response, and aims to provide the
most effective treatment for individual patients [1, 2]. Cur-
rently, next-generation sequencing (NGS) is widely used
for clinical drug guidance by means of detecting drug tar-
get genes [3, 4]; however, very few patients benefit from it
[5]. Another phenotypic model of patient-derived xenografts
(PDXs) has been exploited to determine drug responses of
patients [6, 7], but is time-consuming, high-cost, and has a
low success rate and low throughput [8]. Recently, patient-
derived organoids (PDOs) [9] have emerged as a reliable
in vitro model with histological and genotypic characteris-
tics highly similar to those of cancer tissues [8, 10]. Despite
the progress made in the area of organoids, several tech-
nical bottlenecks still restrict their wide application. First,
the relatively slow speed of organoid establishment restricts
their applications in clinical practice [11]. Second, high
variations in organoid size and drug response reduce the
reproducibility and reliability of the results [8]. Usually,
organoids are embedded in high concentrations of matrigel
(=50%, vol/vol) to maintain the essential components for
organoid growth [12—15]. However, the difference in physi-
cal parameters and growth factor accessibility caused by high
matrigel concentration induces variability in size and drug
response of the organoids. Dr. Hans Clevers recommended
using 5% matrigel for drug testing to improve reproducibility
[16]. Some organoid cultures cannot survive in suspension,
and comparison of screening results in different percent-
ages of matrigel should be carried out with caution [16, 17].
Additionally, a low concentration of matrigel may alter the
composition of secretion protein and organoid cell types, as
well as drug response [18-20].

Integrating an organoid with a chip is a technique that
may solve these technical challenges [21-23]. The chip
can precisely control the microenvironment of organoids in
terms of secretory factors, extracellular matrix, and cell-cell
interactions [24, 25]. Recently, a hydrogel-based U-shaped
microwell array chip was developed for suspension culture
of organoids [18]. This technology provides a robust and
reproducible organoid assay but in a matrigel-free manner.
A PDO model has also been established on an integrated
superhydrophobic microwell array chip [26]. This approach
shortened drug-sensitivity testing time to one week. How-
ever, the nanoliter scale of the microwells on the chip
promoted variability and heterogeneity of the organoids
from well to well, thus necessitating baseline calibration
before detection. Microfluidic-driven droplet chips and three-
dimensional (3D) bioprinting offer promising platforms to
speed up organoid assays and generate organoids with uni-
form size [11, 27, 28]. The fluid and temperature control

equipment are operationally complex and expensive, how-
ever. To our knowledge, none of the organoid-on-chip models
have met all the requirements for fast, high reproducibility
and low cost with the use of high-concentration matrigel.

Here, we established organoid models on a nested array
chip for fast and reproducible drug testing using 50%
matrigel. First, we characterized mouse intestinal and colonic
organoid models. The growth speed and robustness of the
mouse organoid models cultured on the chip and microwell
plate were compared. Next, we established a PDO model
from colorectal cancer on the chip. The PDO model and
parental tumor were compared in terms of histopathology,
DNA copy number variations (CNVs), and mutation profiles.
Finally, we carried out PDO-based drug sensitivity testing
and analyzed its consistency with clinical outcomes from
three patients. We envision organoid models on chips as a
promising platform for screening the most effective treat-
ment for cancer patients.

Materials and methods
Materials and reagents

See Tables 1, 2 and 3 below.

Table 1 Culture reagents

Name Vendor Cat#
Matrigel Corning 356231
Cell Titer-Glo® 3D Cell Viability Assay Promega  G9683
Ki-67 (D3B5) Rabbit mAb (Alexa CST 11882S
Fluor® 488 conjugated)
Rb mAb to EpCAM (Alexa Fluor® 647 Abcam Ab23738
conjugated)
DAPI Macgene CDO51
Ki-67 (8D5) Mouse mAb CST 94498
CDX2 (D11D10) Rabbit mAb CST 12306S
CK20 (Keratin 20 (D9Z1Z) XP® Rabbit ~ CST 1306638
mAD)
Table 2 Compound information
Name Vendor Cat#
5-Fluorouracil (5-FU) MCE HY-90006
Oxaliplatin MCE HY-17371
Irinotecan (CPT-11) MCE HY-16562
Regorafenib MCE HY-10331
Fruquintinib MCE HY-19912
Cetuximab MCE HY-P9905
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Table 3 Experimental instruments

Name Vendor Model number

Confocal laser-scanning Nikon Model eclipse
microscope Ts2

Microplate reader BioTek HIM

Cellometer® Mini Cell Nexcelom Mini-006-0783
Counter

Nested array chip plate

A nested array chip was used to establish the organoid mod-
els. We designed a nested array chip with AutoCAD software.
The standard 96-microwell plate was used as a prototype to
design the chip, which was 127.8 mm long, 85.5 mm wide,
and 9 mm center-to-center. The chip consisted of 96 units that
were compatible with high-throughput apparatus. Each unit
had anested design with areservoir and a 3D implanting hole.
The 3D implanting hole had a diameter of 2.5 mm and height
of 1.5 mm, while the reservoir had a diameter of 6.8 mm and
height of 11 mm. The reservoir and 3D implanting hole were
made of polystyrene and manufactured by injection molding.
The two layers of polystyrene were joined by biocompatible
adhesive tape.

Construction of mouse organoid models on the chip
and microwell plate

Mouse intestinal and colonic organoids were extracted from
mice and expanded in the 60%—100% matrigel, as described
previously [29-31]. The organoids were digested into sin-
gle cells or clusters, and the number of cells/clusters was
counted with the cell counter or microscopy. After that,
the organoid suspension was centrifuged and resuspended
in 50% matrigel to obtain the desired concentrations. To
establish the mouse organoid model on the chip, an 8-pL
mixture was seeded into the 3D implanting hole of the chip
and then solidified at 37 °C for 10 min. The seeding number
of the mouse intestinal organoids (10, 20, and 30 clusters
per hole) and colonic organoids (50, 125, 250, and 500 cells
per microliter) was different based on their growth speed.
The seeding volume of the mouse intestinal organoids on
the microwell plate was 8 or 20 wL of matrigel with the
same organoid seeding number of 10, 20, and 30 clusters
per hole. To construct the mouse colonic organoid model
on the microwell plate, we also added 8 wL (250 cells per
microliter) or 20 wL (100 cells per microliter) of the mixture
into a 96-well plate. The mixture formed solidified domes
containing the same number of cells (2000 cells per hole).
100 pL of complete organoid growth medium was added
into the reservoirs of the chip and 96-well plate. The culture
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medium was composed of advanced DMEM/F12 (Gibco),
1% penicillin/streptomycin (Macgene), 10 mM HEPES
(Gibco), 1% glutamax (Gibco), 1X N2 (Invitrogen), 1X
B27 (Invitrogen), 1 mM N-acetylcysteine (Sigma), 10 mM
nicotinamide (Sigma), 500 nM A-83-01 (Tocris), 3 pM
SB202190 (Sigma), 10 nM prostaglandin E2 (Sigma), 10 nM
gastrin I (Sigma), and 50% R-spondin3-Noggin-Wnt3a con-
ditioned medium (L-WRN cell line, ATCC, CRL-3276).
The organoids were imaged every 2-3 days during medium
replacement. The organoid size and number of budding struc-
tures within the individual organoids were measured. The
bright-field images of each group of the organoids were cap-
tured under the microscope with a 10x objective on three
non-overlapping focal planes. The area of the organoids was
analyzed with Image-Pro Plus 6.0 software.

Establishment of the patient-derived organoid
(PDO) model on the chip

All tissue collection and experiments were reviewed and
approved by the ethical committees of Peking University
People’s Hospital (Ethics approval number: 2021PHB148-
001) and registered in ClinicalTrial.gov (NCT04996355).
Patient pathological information was provided by the hos-
pital, and all patients provided written informed consent to
allow research use of the tissues.

Gastrointestinal cancer tumor tissues were washed five
times with cold phosphate-buffered saline (PBS) supple-
mented with antibiotics, and then minced into fragments
with a size smaller than 2 mm?. The tissue fragments were
chemically digested with 1 mg/mL collagenase A (Roche
Diagnostics) at 37 °C for 10-15 min on an orbital shaker, and
then mechanically dissociated by repetitive pipetting in the
cold DMEM/F12 for 4-5 times. The supernatant was passed
through a 70-pwm cell strainer, centrifuged, and seeded into
100% matrigel in a 24-well tissue-culture plate. After poly-
merization for 10 min at 37 °C, the matrigel dome was over-
laid with 500 wL of organoid culture medium. The culture
medium was composed of advanced Dulbecco’s modified
Eagle medium/F12 supplemented with 1X B27, Glutamax,
10 mM HEPES (Gibco), 100 pwg/mL primocin (Invivo-
Gen), 50 ng/mL recombinant human EGF (Peprotech),
10 nM gastrin (Sigma), 500 nM A83-01 (Tocris Bioscience),
1.25 mM N-acetylcysteine (Sigma), 10 mM nicotinamide
(Sigma), 100 ng/mL recombinant human Noggin (Pepro-
tech)/10% Noggin conditioned media, and 20% R-spondinl
conditioned media. 10 wM Y-27632 dihydrochloride kinase
inhibitor (Tocris Bioscience) was also added to the culture
medium for 2-3 days. To establish the PDO model on the
chip, 8 wL of 50% matrigel containing 1000 single cells was
seeded into the 3D implanting hole of the chip, and then
solidified at 37 °C for 10 min.
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Immunofluorescence

Immunofluorescence images of the mouse organoids were
captured directly on the chip. After being cultured for 7 days,
the organoids were fixed with 4% paraformaldehyde in PBS
for 30 min, and washed two times with PBS. Next, the
organoids were permeabilized with Triton-X 100 in PBS
for 30 min at room temperature. After blocking for 60 min
in 3% bovine serum albumin (BSA) in PBS, the organoids
were incubated with florescence-labelled primary antibodies
(1:200) overnight at 4 °C. The organoids were washed with
PBS and stained with 4’6-diamidino-2-phenylindole (DAPT)
for nucleus visualization and finally imaged with a confocal
microscope (Nikon).

Viability assessment of the organoids

The viability of the organoids was measured using CellTiter-
Glo 3D cell viability assay (Promega) according to the manu-
facturer’s instructions. Briefly, the CellTiter-Glo reagent and
organoid culture medium were mixed with a volume ratio of
1:1. Luminescence was detected on a multiplate reader.

Hematoxylin and eosin (H&E)
and immunohistochemistry staining

The PDOs were firstly recovered from matrigel with cell
recovery solution (Corning). The PDOs and parental tissues
were fixed with 4% freshly prepared paraformaldehyde at
4 °C for 24 h, dehydrated and embedded in paraffin blocks,
and then cut into 5-pum slices. We carried out standard H&E
and immunohistochemistry staining on these sections. For
H&E staining, the sections were stained with hematoxylin
and eosin. For immunohistochemistry staining, they were
stained with primary antibodies of Ki-67, CDX2, and CK20,
as mentioned above. H&E and immunohistochemical images
were acquired by inverted microscopy (Olympus).

Whole-exome sequencing (WES) analysis

We harvested the PDOs and extracted their DNA. The
samples were sent to Genetron Health (Beijing) Co., Ltd.,
where the staff of Genetron Health carried out WGS anal-
ysis with Illumina HiSeq. Sequence reads were aligned
to the human reference genome GRCh37 using the Bur-
rows—Wheeler alignment with maximal exact matches
(BWA-MEM) (v0.7.10). Then BAM files were processed
in terms of duplicate reads. Somatic variants were iden-
tified by providing the reference and tumor or organoid
sequencing data to MuTect (v3.1-0-g72492bb) with default
parameters. Effect predictions and annotations were added
using ANNOVAR. To detect somatic CNAs, BAM files were
analyzed for read-depth variations using Control-FREEC

(V9.1), by comparing tumors or organoids to paracancer-
ous tissue. Mutational signatures were analyzed using an R
package called BSgenome.

The PDO models on the chip for drug screening

The PDO models were constructed on the chip for 3 days.
Next, the drugs were administered to the models for 5 days.
The drug panel was composed of nine regimens, includ-
ing 5-FU, oxaliplatin, CPT-11, 5-FU + oxaliplatin (1:1),
5-FU + CPT-11 (1:1), 5-FU + oxaliplatin + CPT-11 (1:1:1),
cetuximab, fruquintinib, and regorafenib. The highest con-
centration for each drug was 30 wM, except for cetuximab,
which was 50 wM. A serial 1:3 dilution was performed with
9 serial dilutions with each vehicle. Dose-response curves
and ICsq values were generated by cell viability against drug
concentrations. The viability of the organoids was assessed
as described, and the inhibition rate of cell viability was cal-
culated according to the following formula:

Inhibition rate (%)

_ ( Fluorescence enhancement with drug administration )

" Fluorescence enhancement without drug administration
x 100.

Statistics

All the experiments were repeated at least three times. All
the data were statistically analyzed with GraphPad Prism
9.0 software (San Diego, CA, USA). Quantitative data were
plotted as the mean =+ standard error. Statistical analysis was
performed using two-way analysis of variance (ANOVA).
Differences were indicated to be significant when *p<0.05,
“*p<0.001.

Results

Superior performance of mouse organoid models
on the chip

Organoid models from mice and human beings were estab-
lished on the array chip using 50% matrigel (Fig. la).
The chip consisted of 96 units that were compatible with
high-throughput equipment, such as a liquid dispenser, multi-
channel liquid handler, and micro-plate reader. The chip had
areservoir layer on the top, a 3D implanting hole in the mid-
dle, and a glass slide underneath. The nested design allowed
convenient medium exchange without disruption of the 3D
organoids. The open-top design also allowed easy access for
changing the culture medium and for drug administration.
The bottom of the chip was ultra-thin transparent optical
glass, which was compatible with confocal microscopes and
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Fig. 1 Schematic showing (@)
establishment of organoid
models on a nested array chip for
drug screening and detection of
growth kinetics of the organoids
among different culture
platforms. a Schematic showing
chip design, establishment of
organoid models, and on-chip
drug screening. A magnified
sketch showing the cross-section
of one unit of the chip. A 3D
implanting hole was used for
seeding the mixture of matrigel
(50%, vol/vol) and organoids.
The drugs were added into the
reservoir. b Schematic of the
growth kinetics of the organoids
on different culture platforms on
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high-content imaging devices for high-quality imaging. It
also had a unique anti-evaporation design to prevent the edge
effect. This chip is also suitable for 3D cell culture based on
various types of hydrogels that provide a more biomimetic
microenvironment with cell and extracellular matrix interac-
tion [32]. The established organoid models on the array chip
were used for high-throughput drug screening. We estab-
lished three methods for organoid culture, including 8 wL
of matrigel on the nested array chip, 8 pL of matrigel on
the microwell plate, and 20 pL of matrigel on the microw-
ell plate (Fig. 1b). The idea behind this was that different
culture platforms might affect organoid growth kinetics and
variability.
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Firstly, the mouse small intestinal and colonic organoids
were successfully established on the chip. The size of the
organoids on the chip increased over 5 days of culture, and
displayed a classic small intestinal morphology (Figs. S1
and S2 in Supplementary Information). The use of ultra-
thin glass on the underside of the chip allowed the mouse
organoids to be characterized in situ by confocal imaging.
As shown in Fig. 2a, these organoids consisted of an inner
lumen surrounded by the crypt and villus domains (Fig. 2a,
left). They displayed various cell types, including mature
epithelial cells and proliferating intestinal progenitor cells,
as previously reported [32]. The mouse colonic organoids
also showed a specific morphology with a circular lumen,
but no obvious budding structures (Fig. 2a, right).
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Fig. 2 Superior performance of mouse organoid models cultured on the
chip. a Confocal image of immunofluorescence staining of the mouse
small intestinal organoids (left) and colonic organoids (right) on day 7.
Mature epithelial cells labeled in red with Alexa Fluor® 647-conjugated
EpCAM antibody, proliferating intestinal progenitor cells labeled in
green with Alexa Fluor® 488-conjugated Ki-67 antibody, and nuclei
stained in blue with DAPI. b, ¢ Comparison of the budding rate (b) and
growth area (c) of the mouse intestinal organoids between those on the
chip and those in the 96-microwell plate. The seeding volume of mouse

intestinal organoids was 20 pL of matrigel on the microwell plate, but
8 WL of matrigel on the chip. d Growth curve of the mouse colonic
organoids with different seeding densities (cells per microliter) on the
chip. e Comparison of the CV values of the colonic organoids in ATP
activity among the three platforms. The seeding number of the organoids
on all three platforms was consistent with 2000 cells per hole. “p<0.05,
*p<0.001. f Bright-field images showing the representative organoid
size and violin plot showing the frequency distribution of organoid size
on different culture platforms on day 7. Scale bar, 100 pm
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We also compared the growth speed of the mouse organoid
models on the chip and in the conventional microwell plate.
The same numbers of mouse small intestinal organoids (10,
20, or 30 organoids per hole) were first seeded onto the two
platforms with different seeding densities. Compared with
the conventional microwell plate with 20 wL matrigel, the
organoids cultured on the chip with 8 pL of matrigel showed
an enhanced budding rate and larger growth area (Figs. 2b
and 2c). The budding rate and growth area of the small
intestinal organoids also increased with the initial organoid
seeding number of clusters on the two platforms. This result
was further validated with the mouse colonic organoids cul-
tured on the chip. The higher seeding density induced faster
growth of the colonic organoids (Fig. 2d). A previous report
indicated that organoid growth was dependent on secretory
factors [33]. The higher density of organoids on the chip
may slow down diffusion of secretory factors, as well as
enhance cell-cell communication in a more physiological
way. These results indicated that the chip platform pro-
moted organoid growth when seeding density was increased
because of cumulative concentrations of secretory factors.

Finally, we compared the robustness of the mouse
organoid models between the chip and the conventional
microwell plate. The coefficient of variation (CV) of ATP
activity in the mouse intestinal organoids was much smaller
on the chip (Fig. S3 in Supplementary Information). With
increased culture time, the CV values of size in mouse colonic
organoids were also below 15% (Fig. S4 in Supplemen-
tary Information). To further explore why the chip platform
achieved higher reproducibility, we quantitated CV values
of the mouse colonic organoids among the three platforms
(Fig. 2e). The CV values of the organoids on seeding day (day
0) showed no significant difference among the three groups.
However, the lowest CV value of approximately 12% was
achieved on the chip on day 7. The microwell plate showed
the highest CV value of approximately 30% with the same
seeding volume of matrigel as other platforms. The represen-
tative organoid size of the three culture platforms on day 7
alsoillustrated that the organoid culture on the chip displayed
less variability (Fig. 2f). These results indicated that the chip
with the nested design could provide a precisely controlled
microenvironment for the organoid culture. Compared with
the dome shape of the matrigel on the microwell plate, the
implanting hole on the chip restricted the matrigel in the
fixed location and cylinder shape. The physical parameters
and growth-factor accessibility of all the organoids on the
chip were highly similar. The nested design of the chip also
allowed convenient medium exchange without disruption of
the 3D organoids. Therefore, the high reproducibility of the
organoids on the chip may be due to the uniform shaping of
the matrigel and gentle medium exchange.

Taken together, the chip platform promoted organoid
growth and improved reproducibility by its nested design.
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Establishment and characterization of the PDO
model on the chip

To further explore the capability of the chip platform for pre-
cise oncology, we constructed a PDO model derived from
colorectal tumors. The implanting hole on the chip was
seeded with a mixture of 8 L matrigel and 1000 single cells.
The size of the organoids on the chip increased over time and
achieved a diameter of 100 pm within 7 days (Fig. 3a). We
created a violin plot showing the frequency distribution of
PDO size on the chip on day 7 (see Fig. S5 in Supplementary
Information). Therefore, the drug screening regimen on the
PDO model could be carried out within one week. Consistent
with a previous study [34], Hematoxylin and eosin (H&E)
staining showed that the PDOs on the chip presented het-
erogeneous morphologies with predominantly thin-walled
cystic structure (Patient 1) and solid dense structure (Patient
3) (Fig. 3b). Immunohistochemistry staining further showed
that all the PDO models expressed colorectal tumor spe-
cific markers of CDX2, CK20, and Ki-67. Moreover, the
PDO model on the chip resembled the histological char-
acteristics of the corresponding tissues. Next, we assessed
whether the PDO model maintained genomic profiles of the
parental tumors. Genome-wide CNV analysis showed that
DNA copy-number losses and gains of the parental tumors
were retained within the organoids (Fig. 3¢c). The point muta-
tion type of the corresponding tissues was also conserved in
the organoids (Fig. 3d). Moreover, the PDO model on the
chip mostly recapitulated the profile of CNV cancer driver
genes (Fig. 3e). Overall, our results demonstrated that the
PDO model on the chip preserved the major characteristics
of the parental tumor tissues.

The PDO models on the chip for reproducible drug
screening

To explore the utility of the PDO model for precise oncol-
ogy, the PDO models from three patients were established
on the chip for drug-sensitivity screening. A drug panel was
composed of drugs commonly used in clinical practice for
colorectal cancer, including three chemotherapeutic drugs,
three targeted drugs, and three chemotherapeutic combina-
tions. The chemotherapeutic drugs were single agents from
the chemotherapeutic combinations of Folfox (5-FU + oxali-
platin), Folfiri/Xeliri (5-FU + CPT-11), and Folfoxiri (5-FU
+ oxaliplatin + CPT-11). The targeted drugs were cetuximab,
fruquintinib, and regorafenib. The dose—response curves and
ICs¢ values were generated based on viability against drug
concentration with nine serial dilutions (Figs. 4a—41, S6, and
S7). The ICsq values of the drugs displayed inter-patient het-
erogeneity (Fig. 4j). We ranked drug efficacy in sequence
according to ICsy values. For example, the PDO models
from patients 1 and 3, but not patient 2, showed sensitivity
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Fig. 3 Characterization of the
PDO model on the chip.

a Bright-field images of the
PDOs over time on the chip.
Scale bar, 100 wm. b H&E and
immunohistochemical staining
images of the PDOs (O) and
parental tumors (T). Comparison
of colorectal cancer markers
(CDX2 and CK20) and a
proliferation marker (Ki-67).
Scale bar, 50 wm.

¢ Genome-wide gene CNVs of
the PDOs and parental tumors
(blue, gains; gray, diploid; red,
losses). d Bar graphs displaying
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to oxaliplatin. It is known that regorafenib and fruquintinib
are small-molecule anti-VEGF agents. However, patient 2
exhibited more sensitivity to regorafenib but not to fruquin-
tinib, indicating that the multikinase inhibitor of regorafenib
is effective on both tumor cells and vascular endothelial cells
[34]. Moreover, all the PDO models on the chip were resistant
to cetuximab due to the lack of EGFR-activating mutations.
Additionally, the PDO models on the chip achieved high
screen quality with an average CV of under 10% and Z’ fac-
tor of approximately 0.75 (Figs. 4k and 41). Therefore, the
PDO models on the chip provided a reproducible platform for
drug screening, as well as recapitulating the heterogeneous
response of individual patients to anticancer drugs.

Drug-sensitivity testing of the PDO model
on the chip predicted clinical outcomes of patients
undergoing chemotherapy

Lastly, we evaluated whether the PDO model on the chip
could predict clinical drug responses by using three patients

as case studies. The overall diagnosis and drug treatment
procedures of patient 1 are summarized in Fig. 5a. The
patient was a 71-year-old woman who first underwent radical
resection of a rectal tumor leading to a postoperative patho-
logical stage of T4AN1MO. A six-cycle Folfox regimen (5-FU
150.0 mg + oxaliplatin 4.25 g) was then performed. Recur-
rence of the anastomosis was generated in the 37th month, as
evidenced by the enhanced CT scan of the chest, abdomen,
and pelvis. Colonoscopy and pathology also confirmed mod-
erately differentiated adenocarcinoma. The previous Folfox
chemotherapy was considered to be sensitive because the
recurrence of anastomosis generally occurred within two
years after the radical surgery. The patient then under-
went salvage enlarged sigmoid colon resection and a double
hysterectomy. Intraoperative and postoperative pathology
confirmed that the intestinal tissue, left ovary, and fallop-
ian tube showed moderately differentiated adenocarcinoma
infiltration. During the second surgery, we constructed the
PDO model on the chip for drug sensitivity testing. The PDO
model showed positive responses to both the Folfox (5-FU
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Fig.4 Drug-sensitivity screening of the PDO models on the chip. a—i
Dose-response curves of the nine chemotherapeutic regimens on the
PDO model from patient 2, including 5-FU (a), oxaliplatin (b), CPT-11
(¢), Folfox (5-FU + oxaliplatin) (d), Folfiri/Xeliri (5-FU + CPT-11) (e),

+ oxaliplatin) and Xeliri (5-FU + CPT-11) chemotherapies
(Fig. 5b). Compared with Folfox, the Xeliri regimen exhib-
ited more sensitivity, with a lower ICsg value of 0.70 pM.
The patient unfortunately experienced recurrence of a vagi-
nal stump tumor in the 39th month. The patient continued
to undergo treatment with the Xeliri regimen (capecitabine
1500 mg bid po d2-d15 q3w + CPT-11 300 mg iv d1 q3w)
for three cycles according to clinical practice. At the 42nd
month, the enhanced CT scan showed that the tumor was
significantly reduced, indicating that the Xeliri regimen was
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Folfoxiri (5-FU + oxaliplatin + CPT-11) (f), cetuximab (g), fruquintinib
(h), and regorafenib (i) (n=4). j Table showing the ICs¢ values and rank
orders of the nine regimens from three PDO models on the chip. k, 1
CV value (k) and Z’ factor (I) of the drug screening (n=5)

effective. This clinical outcome was consistent with the
results from the PDO sensitivity testing on the chip.

Patient 2 was a 65-year-old male who was diagnosed with
rectal cancer and liver metastases (Fig. 5c¢). He underwent a
palliative resection due to complete bowel obstruction. The
postoperative pathological stage was a moderately differ-
entiated adenocarcinoma of the rectum (pT3N2bM1). The
PDO model on the chip was established from the patient
before post-operative Folfox chemotherapy. To mitigate the
contamination issue that often occurs in bowel obstruction
tissue [35], we quickly collected the tissue and repeatedly
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Fig.5 PDO models on the chip predict clinical outcomes of three
patients in response to chemotherapy. a, ¢, and e Timelines of diagno-
sis and drug treatment procedures for three patients, including patient
1 (a), patient 2 (c), and patient 3 (e). The white arrow indicates the
primary/recurrent sigmoid colon tumor diagnosed by endoscopy and/or
enhanced CT scan. The red and green arrows indicate the tumors before

washed it before PDO-model establishment. Drug screening
results showed that the Folfox regimen (5-FU + oxaliplatin)
was sensitive (Fig. 5d). Indeed, the patient underwent Folfox
chemotherapy for six cycles and the liver metastases were
significantly reduced, as evidenced by magnetic resonance
imaging (MRI). The clinical results indicated that the PDO
model on the chip predicted the drug response for patient 2.

Patient 3 was a 66-year-old female with acute intestinal
obstruction (Fig. 5e). An enhanced CT scan of the abdomen
showed sigmoid cancer and liver metastases. Colonoscopy
revealed a necrotic mass of the sigmoid colon 20 cm from
the anal verge. MRI showed multiple foci of high metabolism
in the liver. A six-cycle Folfox chemotherapy regimen was
performed, with a positive response. The PDO model on the
chip also showed sensitivity to the Folfox regimen (5-FU +

ICso

and after treatment with the chemotherapies, as indicated by enhanced
CT scan and/or MRI scan. b, d, and f Heatmaps showing the ICsg
values of the nine regimens in three PDO models, including patient 1
(b), patient 2 (d), and patient 3 (f). Clinically used chemotherapies are
labeled in boxes

oxaliplatin) (Fig. 5f). The clinical outcome was again in line
with the PDO prediction.

Overall, these results indicated that the PDO models on
the chip showed potential to predict the clinical outcomes of
patients receiving chemotherapy.

Discussion

Tumor organoids are an in vitro biomimetic model to better
study human development and diseases [36]. They conserve
genetic heterogeneity of the tissue and recapitulate the cell
microenvironment. However, establishment of these models
is time-consuming and expensive. Organoid culture condi-
tion varies in laboratories, which inevitably leads to low
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reproducibility of the research results [37]. Organoids on
chips may offer an engineering approach to speed up and
standardize organoid culture. Herein, we have established
organoid models on a nested array chip for fast and repro-
ducible drug testing in colorectal cancer therapy.

The organoid model established on the chip shows advan-
tages over conventional methodology. First, our chip model
accelerates the timeline of organoid development. The 3D
implanting hole on the chip increases organoid seeding
density and promotes growth of the organoids by increas-
ing concentrations of secretory factors. Second, the model
achieves high reproducibility of organoid size, cellular activ-
ity, and drug response. The 3D implanting hole on the chip
provides uniform and controlled shaping of the matrigel that
allows organoids to grow in a fixed location [38]. Addi-
tionally, consistency of organoid implantation is required
between holes, which poses a challenge to matrigel-based
organoid culture systems due to perturbation during replace-
ment with fresh media [16]. The nested design of the chip
allows convenient medium exchange without disruption of
the 3D organoids. Third, the chip-based models are low-cost
and operationally simple, which is especially critical for tis-
sue samples with low volume. The miniaturized design of the
implanting hole reduces organoid and matrigel consumption.
Matrigel hydrogel has been widely used for organoid culture
due to its close resemblance to the in vivo microenviron-
ment. Sato et al. first grew murine intestinal Lgr5+ stem cells
in high concentrations of matrigel [39—41]. Organoids can
also be grown in other naturally derived proteins [40]. Previ-
ously, we used collagen materials to construct a 3D primary
human hepatocyte model [20]. However, the collagen-based
organoid culture changed organoid morphology [41]. Fourth,
our model predicts heterogeneous responses of patients to
chemotherapies in clinical settings. In clinical practice, it
is still difficult for physicians to choose the drug with the
best benefit for individuals. Clinical guidelines often rec-
ommend first-line homogenous treatment. However, it is
inevitable that some patients will not benefit from it because
of tumor heterogeneity. In this study, none of the three
patients had oncogenic driver mutations. Therefore, the PDO
models showed more sensitivity to the chemotherapeutic
drugs than the targeted drugs. For example, none of the
PDO models responded to the cetuximab targeting EGFR
mutations. In addition, none of the patients responded to
fruquintinib, which is a small-molecule inhibitor of VEGFR-
1, -2, and -3 tyrosine kinase [42]. This result is due to lack of
microvasculature on the PDO models. Interestingly, patient 2
exhibited sensitivity to regorafenib. We speculate that rego-
rafenib inhibited receptor tyrosine kinases expressed on the
tumor cells. It should be noted that a prospective study of the
correlation of the PDO models and clinical outcomes with
more patient cases is required.
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The success of precision oncology relies on models that
recapitulate the tumor microenvironment and predicate drug
response for individual patients [43]. Organoids are a reli-
able in vitro model with high similarity to tissues, and offer
an unprecedented opportunity for precise oncology. Recent
studies have demonstrated that the sensitivity of PDO treated
with chemotherapies is correlated to clinical outcomes [44].
Despite the progress made with organoids for precision
oncology, the conventional microwell-based platform for
organoid assays has drawbacks in terms of low speed, high
cost, and high variation. In current clinical practice, the time
between a diagnosis of cancer and the start of drug treatment
ranges between 12 and 14 days [45]. Our methodology could
obtain at least 324 independent data points within 14 days,
which would meet the needs of timeliness for clinical prac-
tice and provide high-throughput drug screening for precise
oncology. In addition, the cost of organoid culture for clinical
usage is largely determined by materials such as the matrigel
and culture medium. We established our organoid models
on a miniaturized chip which reduces the cost by more than
50% compared with a conventional microwell plate. Fur-
thermore, standardization of organoid culture is critical for
bringing PDO technology to market. The PDO models on
our chip exhibited a CV of under 10% and a Z’ factor of
approximately 0.75, which was superior to the conventional
microwell plate (with a CV >20% and Z’ factor >0.4). We
believe automated approaches to establishing organoids are
the most promising road to clinical implementation of PDOs.

Conclusions

We constructed organoid models on a nested array chip,
which precisely controlled the microenvironment of the
models. Compared with a conventional microwell-based
platform, the chip sped up organoid growth, reduced organoid
and matrigel consumption, and dramatically reduced varia-
tion in size and cellular activity. The patient-derived organoid
(PDO) model on the chip also preserved morphology, protein
markers, and gene expression of the parental tumors. More
importantly, the PDO model on the chip reflected the hetero-
geneous response of individual patients to anti-tumor drugs,
and showed the potential to predict the clinical outcome.
As a standardized platform, the nested array chip allows
for cell seeding and compound administration using robotic
platforms for high-throughput screening. We are currently
expanding our pilot trial from three patients to thirty to eval-
uate the consistency between the drug response of the PDO
model on the chip and the clinical outcome of patients. We
believe the model to be a promising tool to predict cancer
patient outcomes.
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