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Vascularized tissue on mesh-assisted platform
(VT-MAP): a novel approach for diverse organoid
size culture and tailored cancer drug response
analysisT
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This study presents the vascularized tissue on mesh-assisted platform (VT-MAP), a novel microfluidic
in vitro model that uses an open microfluidic principle for cultivating vascularized organoids. Addressing
the gap in 3D high-throughput platforms for drug response analysis, the VT-MAP can host tumor clusters
of various sizes, allowing for precise, size-dependent drug interaction assessments. Key features include
capability for forming versatile co-culture conditions (EC, fibroblasts and colon cancer organoids) that
enhance tumor organoid viability and a perfusable vessel network that ensures efficient drug delivery and
maintenance of organoid health. The VT-MAP enables the culture and analysis of organoids across a
diverse size spectrum, from tens of microns to several millimeters. The VT-MAP addresses the
inconsistencies in traditional organoid testing related to organoid size, which significantly impacts drug
response and viability. Its ability to handle various organoid sizes leads to results that more accurately
reflect patient-derived xenograft (PDX) models and differ markedly from traditional in vitro well plate-based
methods. We introduce a novel image analysis algorithm that allows for quantitative analysis of organoid
size-dependent drug responses, marking a significant step forward in replicating PDX models. The PDX
sample from a positive responder exhibited a significant reduction in cell viability across all organoid sizes
when exposed to chemotherapeutic agents (5-FU, oxaliplatin, and irinotecan), as expected for cytotoxic
drugs. In sharp contrast, PDX samples of a negative responder showed little to no change in viability in
smaller clusters and only a slight reduction in larger clusters. This differential response, accurately
replicated in the VT-MAP, underscores its ability to generate data that align with PDX models and in vivo
findings. Its capacity to handle various organoid sizes leads to results that more accurately reflect PDX
models and differ markedly from traditional in vitro methods. The platform’'s distinct advantage lies in
demonstrating how organoid size can critically influence drug response, revealing insights into cancer
biology previously unattainable with conventional techniques.
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Researchers have utilized various models for cancer and drug
development. Until now, animal models (in vivo) and 2D well
plate culture (in vitro) models are dominantly used, leading to
the accumulation of extensive data. However, these
approaches have limitations in adequately mimicking the
human body due to constraints in long experiment time,
ethical problems, and inherent differences between humans
and animals. To overcome these limitations, there has been
growing attention and importance placed on new in vitro
model, called organ chips, which can replicate the human
body's cellular composition and physiological conditions.
Organ chips are advanced technologies that mimic realistic
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human physiological conditions, enabling the evaluation of
drug efficacy and the study of complex biological interactions
in environments closely resembling the human body."™
Nevertheless, it is still hard to fully mimic the complexity and
conditions within the body.” Considering these differences
among in vivo and in vitro models, the emergence of organ
chips holds significant importance compared to conventional
in vitro systems in terms of 3D tissue implementation outside
the body,® providing a more in vivo-like environment based
on more accurate replication of cellular physiological
functions. Organ chips offer the advantage of obtaining
results closer to in vivo experiments by reproducing the
complexity and interactions of tissues. Also, they can
incorporate biological  functions, such as
vascularization, allowing for the regulation of factors like
blood flow,” cell-cell interactions,'”'" and permeability.’
Therefore, organ chips are regarded as valuable tools in
various applications, including drug development and disease
mechanism research,'*® as they bridge the advantages and
limitations of in vivo, and in vitro models.

The use of microfluidics in organ chips has expanded the
possibilities for 3D cell culture, including microfluidic
systems that allow for greater control over the chemical and
mechanical stimuli that cells experience, for example, by
controlling the mechanical stress from fluid flow to match
the natural flow within vasculature,® enabling the culture of
polarized epithelium at the air-liquid interface,’ and by
matching the stiffness of the culture surface more closely to
the stiffness modulus that exists in soft tissue.” Despite these
advancements, challenges still remain in the development of
3D cell culture systems. These challenges include
throughput, customizability, manufacturability,
reproducibility, and design modification to meet specific
applications. Researchers continue to work on natural
matter, developing new approaches to address these
limitations and improve the capabilities of 3D cell culture
systems.

There has been an increasing number of research findings
utilizing 3D tissues or organoids similar to in vivo
conditions."””* In particular, research on organoids has
become very active in recent years.>*** Organoids are large
tissue structures cultured in vitro that contain functional
components of real tissues, as opposed to simple cell
aggregates like spheroids. They can be implemented to
closely mimic the in vivo tumor microenvironment,'*>>>’
For mimicking in vivo-like environment, it is necessary to not
only culture organoids but also create a vascularized
microenvironment. However, most existing in vitro models
have primarily focused on small spheroid-based models.>>>*
Consequently, there is a lack of models that allow for the co-
culturing of large organoids.”® Furthermore, conventional
tumor-on-a-chip models typically involve culturing a single
spheroid in a well to mimic the tumor microenvironment.
However, the tumor microenvironment consists of various
clusters distributed in different sizes, making it challenging
to replicate by an in vitro model.

crucial
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There has been rapid progress in understanding the
pathological characteristics of cancer and the importance of
the tumor microenvironment.>®* Consequently, there is a
growing need for reliable experimental models in cancer
therapy development and tumor biology research. In
particular, with the discrepancies between animal
experimental results and clinical outcomes and the ethical
concerns surrounding animal experiments, the importance of
in vitro models utilizing human cells has become even more
pronounced.®® In vitro models have been developed to reflect
the complexity of the tumor microenvironment and provide
valuable information for drug screening and tumor biology
research.”'*

The emergence of scaled-up vascularized tissue or
organoid models has opened up new possibilities for
studying complex biological processes, regenerative
medicine, and drug development. However, current in vitro

platforms face challenges in maintaining scaled-up
vascularization and the functionality of engineered
tissues.>**> Vascularization methods such as sacrificial

templates or 3D bioprinting®®?®’ have limitations in terms of
scalability, reproducibility, and complexity. Additionally, the
development of vascularized tissue models that accurately
mimic the spatial organization and physiological functions of
the human body's native environment remains a significant
challenge. Scaled-up vascularized tissue models have great
potential in providing insights into disease mechanisms,
personalized medicine, and drug screening. Therefore, there
is a demand for innovative platforms that support the
cultivation of scaled-up vascularized tissue or organoids and
provide representative models that are more suitable for
studying complex biological systems.*

Here, we present a novel trial to overcome the limitations
of previous in vitro models and reconstruct a scaled-up
vascularized tissue micromesh-assisted platform called VT-
MAP (vascularized tissue on mesh-assisted platform), a
promising approach as a combination of rail-guided and
micromesh-assisted structure was used to design the scaled-
up microfluidic platform. VI-MAP is an effective platform for
the cultivation of tissues or organoids in large scale,
specifically with fully covered vasculature over the entire
height of the platform. Also, VI-MAP enables the extraction
of diverse information in drug response test related to the
size, growth rate, and viability of vascularized tissues
collaborating with a novel quantification algorithm.

Experimental
Device design and fabrication

The device was designed through computer-aided design
(CAD) and prototyped and fabricated using a 3D printer
(Figure 4 Standalone, 3D systems). After 3D printing, it was
washed with isopropanol and cured for more than 1 hour
under 380 nm ultraviolet (UV) light. Once the device was
completely dry, a pressure-sensitive adhesive (PSA) film (IS-
08820, IZ solution) was applied to the bottom surface of the
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device to create a space for filling with hydrogel. While
preparing cells before patterning the hydrogel on the device,
sterilization was carried out under UV light in a bio-hazard
safe bench. Additionally, the device surface was modified to
facilitate hydrogel patterning by subjecting it to O, plasma
treatment for 3 minutes under conditions of 75 W and 50
kHz, creating a hydrophilic surface.

Cell culture

Human umbilical vein endothelial cells (HUVECs, Lonza) and
lung fibroblasts (LFs, Lonza) were cultured in endothelial
growth medium-2 (EGM-2, Lonza) and fibroblast growth
medium-2 (FGM-2, Lonza), respectively, to reconstruct a 3D
vascular network surrounding tumor organoid clusters.
HUVECs and LFs were used at passage 6 and 7, respectively.
Cells were cultured in a humidified incubator at 37 °C with
5% carbon dioxide (CO,).

Isolation and primary culture of cancer associated fibroblast
(CAF)

For the isolation of cancer-associated fibroblasts (CAFs), fresh
tumor samples were obtained from the Department of
Surgery at Samsung Medical Center (Seoul, Korea) in
accordance with protocols approved by the Institutional
Review Boards (SMC 2017-07-131-020). Tumor tissues were
cut into small pieces, washed with ice-cold 70% ethanol and
phosphate-buffered saline (PBS) with 3% penicillin-
streptomycin (Thermo Fisher Scientific Inc., Waltham, MA,
USA), and enzymatically dissociated in Dulbecco’s modified
Eagle's medium (DMEM, Gibco, Thermo Fisher Scientific,
Inc.) containing 1% penicillin-streptomycin (Thermo Fisher
Scientific, Inc.), 2.5% fetal bovine serum (FBS, Biowest,
Nuaille, France), 75 U mL™"' collagenase type IV (Gibco,
Thermo Fisher Scientific, Inc.), and 125 ug mL ™" Dispase II
(Life Technologies, Carlsbad, CA, USA) in a 37 °C incubator
for 20-30 min using a tube rotator. Following digestion,
samples were passed through a 100 pm cell strainer (Falcon;
BD Biosciences, NJ, USA) and centrifuged at 1000 rpm for 3
min. Then, the pellet was washed with PBS and cultured in
DMEM/F12 supplemented with 20% FBS and 1% penicillin-
streptomycin for 7-10 days. Ten days after seeding, CAFs
were maintained in DMEM/F12 containing 10% FBS and 1%
penicillin-streptomycin to establish primary cultures and
subsequent passages.

Tumor organoid culture

Colorectal cancer (CRC) organoids isolated from patient-
derived xenograft tumor tissues were cultured as previously
described.>® Tumor tissues collected from the PDX were
washed with 70% ethanol and ice-cold PBS with 3%
penicillin-streptomycin  (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), and minced prior to mechanical
dissociation using a gentleMACS Dissociator (Miltenyi Biotec)
followed by incubation at 37 °C in S/F M199 medium (Gibco)
containing 200 U ml™" collagenase (Gibco) and 0.1 mg ml™"
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DNase (Roche) for 30 minutes. The dissociated cell
suspension was passed through a 100 pm cell strainer
(Falcon), washed with RPMI 1640 containing 10% FBS, and
centrifuged at 1000 rpm for 3 minutes. The cell pellet was
resuspended in Matrigel (BD Bioscience), and 50 uL of the
cell-Matrigel mixture was plated in 24-well plates. After
Matrigel polymerization, the cells were overlaid with 600-800
pL of complete medium composed of basal culture medium
[advanced DMEM/F12 supplemented with 1% penicillin/
streptomycin, hydroxyethylpiperazine ethanesulfonic acid
(HEPES), 2 mM Glutamax, 1 x B27 (all from Gibco, Thermo
Fisher Scientific, Inc.), 1.25 mM N-acetylcysteine (Sigma-
Aldrich), 100 pg mL™" Primocin (InvivoGen, San Diego, CA,
USA), and 10 mM nicotinamide (Sigma-Aldrich)]
supplemented with 1 pg mL™" human R-Spondin 1
(Peprotech, NJ, USA), 100 ng mL™' human Noggin (Biovision,
CA, USA), 10 uM Y-27632 (Selleckchem, TX, USA), 500 nM
A83-01 (Sigma-Aldrich), 3 uM SB202190 (Sigma-Aldrich), 50
ng mL™" human EGF (Sigma-Aldrich), 10 nM prostaglandin
E2 (Caymanchem, MI, USA), and 10 nM gastrin (Sigma-
Aldrich).

Generation of patient-derived xenograft and in vivo drug
treatment

The organoid-Matrigel mixture (1 x 10° cells) was
subcutaneously implanted into the left flanks of 6-7-week-old
female Balb/c nude mice (Orient Bio, Korea). When tumors
reached a size of 50-100 mm?®, mice were randomized into
treatment groups, each consisting of 8 mice: (a) control; (b)
5-fluorouracil (5-FU) 40 mg kg™; (c) oxaliplatin 6 mg kg™
twice a week i.p.; and (d) 5-fluorouracil + oxaliplatin once a
week i.p. All treatments were administered for 4 or 5 weeks,
and mice were monitored twice a week. Tumor size was
assessed biweekly using caliper measurements, calculated by
the formula: tumor volume = (length x width?)/2. Relative
tumor growth inhibition (TGI) was determined by dividing
the relative tumor growth of treated mice by that of control
mice. All animal experiments were conducted in accordance
with protocols approved by the Institutional Review Boards of
Samsung Medical Center (Seoul, Korea) and followed the
Institute for Laboratory Animal Research Guide for the Care
and Use of Laboratory Animals.

3D vascular network formation and reconstruction of tumor
organoid microenvironment

To implement the tumor organoid microenvironment within
a microfluidic device, tumor organoids were patterned in the
form of small clusters within the device along with HUVECs,
LFs, and hydrogel. Constructing a vascularized model while
maintaining high cell viability for tumor organoids was
considered to provide a more accurate comparison of drug
responses, taking into account the proliferation rate
differences between tumor cells and other cells. On day 0,
HUVECs and LFs were mixed with a 2.5 mg mL™'
concentration of fibrinogen hydrogel (F3879, Sigma Aldrich)

This journal is © The Royal Society of Chemistry 2024
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in the side channel of the device, with a HUVEC:LF ratio of
2:1, each having final concentrations of 4 x 10° cells per mL
and 2 x 10° cells per mL, respectively. Over two days, a
vascular network self-assembled, and on day 2, the cell
culture medium within the device was completely aspirated.
Subsequently, a mixture of tumor organoid clusters, HUVECs,
LFs, and fibrinogen hydrogel was filled in the center channel
to complete the model construction. Tumor organoid clusters
were dissociated to achieve a final concentration of 2 x 10°
cells per mL. The final concentration of HUVECs and LFs in
the center channel was the same as that in the side channel.
The cultures were then incubated at 37 °C with 5% CO, until
day 6.

Bead assay for perfusability

After establishing the 3D vascularized tumor organoid
microenvironment within the device until day 6, a live bead
assay was conducted using a confocal microscope. Dyed Red
Aqueous Fluorescent Particles with a diameter of 2.0 pm
(R0200, Thermo Fisher Scientific Inc.) were mixed with the
cell culture medium and observed in real time as they moved
from the medium reservoir into the blood vessels. Using the
confocal microscope program, the positioning of microbeads
within the lumen was confirmed through sectioned images.

Drug sensitivity test

the response of organoids to
chemotherapeutics in 3D organoid culture, the following
drug combinations 5-FU, oxaliplatin, and
5-fluorouracil + oxaliplatin. Organoid viability in response to
chemotherapeutics was measured using the CellTiter-Glo 3D
cell viability assay (Promega) according to the manufacturer's
instructions. Briefly, 5000 cells in 5 uL Matrigel were plated
in triplicate in a 96-well plate and allowed to grow for 24
hours prior to drug treatment. After 72 hours of drug
exposure, the CellTiter-Glo reagent and organoid culture
medium were mixed with a volume ratio of 1:1.
Luminescence was detected on a Mithras plate reader
(Berthold Technologies).

For the observation of drug performance in the VI-MAP,
drugs were treated on the vascularized tumor organoid
microenvironment in the device. Oxaliplatin and irinotecan
were treated as monotherapy or in combination with 5-FU.
Control groups were treated with fresh EGM-2, and irinotecan
and oxaliplatin were diluted to 200 mM in EGM-2 for
monotherapy. 50 mM, 100 mM, and 200 mM 5-FU were
mixed in equal concentrations of oxaliplatin or irinotecan for
combination treatment, respectively. The drug treatment was
sustained for 24 hours in an incubator to observe the drug
performance.

To assess tumor

were used:

Immunocytochemistry

After completing the cultivation or drug testing within the
device, samples were fixed for observation of morphological
differences through immunocytochemistry. Sample fixation

This journal is © The Royal Society of Chemistry 2024
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involved washing with PBS (SH30256.01, SeouLin Bioscience)
and proceeding with 4% paraformaldehyde (PFA, PC2031-
050-00, Biosesang) for 20 minutes. Endothelial cells were
stained with Ulex europaeus agglutinin I, fluorescein (UEA I,
FL-1061, Vector Labs), while tumor organoid cells were
stained with Alexa Fluor® 594 anti-human CD326 (epithelial
cell adhesion molecule, EpCAM) antibody (324228,
BioLegend), both mixed with 3% bovine serum albumin
(BSA) solution (C0082-100, Research and Diagnostic
Technology) at ratios of 500:1 and 200:1, respectively. The
stained samples were stored by washing with PBS and
rocking within the device overnight at 4 °C. The stained
samples were observed using a confocal microscope
(ECLIPSE Ti2, Nikon, Japan).

Live/dead assay

To assess the viability of tumor cells in response to drug
treatment, samples within the device were stained through
immunocytochemistry for live observation. Alexa Fluor® 488
anti-human CD326 (epithelial cell adhesion molecule,
EpCAM) antibody (324210, BioLegend) and propidium iodide
(PI, P3566, Thermo Fisher Scientific Inc.) were used to
identify the areas of tumor organoid cells and the regions of
dead cells within the device. Staining agents mixed in cell
culture medium EGM-2 at ratios of 200:1 and 1000:1 were
delivered to cells through the medium reservoir within the
device. Imaging was performed 48 hours after drug
treatment, taking into account the reaction times and toxicity
of each staining agent. EpCAM was added at the onset of
drug treatment, while PI was added 30 minutes before
imaging. The EpCAM-stained areas were considered as tumor
organoid clusters, and overlapping PI signals were calculated
to compare the viability differences in tumor organoid
clusters based on drug response with the control group.

Fluorescence intensity of dead tumor organoid cells

Fluorescence intensity of tumor organoid cells
_ PIsignal overlapped with EpCAM signal

EpCAM signal

Quantitative image analysis

The images captured through confocal microscopy were
processed using imaging software, NIS-Elements and Image].
To quantify the viability and area of organoids, the confocal
images were projected along the Z-axis using the max
intensity method. As the organoid images exhibited various
morphologies and contrasts, pre-processing involving
histogram equalization and normalization was applied to
detect their contour lines using Python 3.7 and the OpenCV
package. Within the contour lines, green signal pixels
indicating EpCAM staining for the entire organoid area and
red signal pixels indicating PI staining for the dead area of
the organoid were calculated to quantify the size and
viability. We utilized a graphing program (Prism 9, GraphPad)

Lab Chip, 2024, 24, 2208-2223 | 2211
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to analyze pixel area data in terms of the size and viability of
the organoid under different drug conditions.

Immunohistochemistry

Formalin-fixed, 4 pm paraffin-embedded tissue sections were
dewaxed in xylene and rehydrated through a graded alcohol
series. Endogenous peroxidase was blocked with 3% H,O,.
Before applying the primary antibody, sections were
immersed in 10 mM citrate buffer (pH 6.0), rinsed in Tris-
buffered saline, and heated in a microwave oven for 5
minutes. The following primary antibodies were used:
EpCAM (1:200; Dako Diagnostic) and cytokeratin 20 (CK20)
(1:20; Dako Diagnostic, Glostrup, Denmark). Sections were
subsequently treated with a secondary antibody for 30
minutes and incubated with the avidin-biotin-peroxidase
complex for 30 minutes. Diaminobenzidine was used as the
chromogen, followed by slight hematoxylin counterstaining.
Organoid-Matrigel ~ domes fixed with 4%
paraformaldehyde, and the fixed domes were placed in a
mold containing optimal cutting temperature compound and
stored at —80 °C. Frozen organoid sections (thickness, 10 um)
were subjected to immunohistochemistry staining and
routine H&E staining for the examination of cell morphology.

were

PDMS device Injection molded device
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Statistical analysis

GraphPad Prism 9 was utilized for data visualization,
presenting values as mean + SEM. Statistical analysis was
conducted using unpaired ¢tests. Significance was
determined based on a p-value threshold; with * indicating p
< 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p <
0.0001. Non-significant results were denoted as ‘ns’.

Results and discussion
Concept of the VI-MAP

Building a vascularized tumor microenvironment (TME)
within  microfluidic  chips is obviously helpful in
understanding the physiological systems of tumors and
developing drugs in response.’® Many anti-cancer drugs have
been developed for various cancer types, leading to a
significant increase in overall survival rates compared to the
past. However, drug responses for metastatic cancers remain
subtle, resulting in low survival rates. To address this, there
is a need to simulate the growth and observe the
developmental process at second tumor sites following tumor
metastasis for the development of drugs. The VI-MAP is
suitable for this purpose, particularly allowing observation of
the development of each tumor cluster in different sizes and
shapes at the second tumor site.
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Fig. 1 Evolution of liquid patterning techniques in Organ-on-a-Chip platforms. This image contrasts the design and operational principles of three
major patterning methods. Initially, the PDMS platform utilized post columns as its core structural element. Subsequently, the injection molding
technique introduced rail features for patterning, while the latest advancement, the 3D printing platform, incorporates a mesh structure for
enhanced versatility. Notably, a hybrid approach merges rail and mesh structures for improved patterning efficacy. The depicted fluid injection
direction (blue arrow) and liquid pattern formation (red arrows) highlight the operational dynamics of each platform at patterning process. While
PDMS and injection molding platforms exhibit effective patterning at lower heights (h, under 300 um), they encounter limitations at greater
heights (H, 500 um). In contrast, the 3D printing method ensures consistent patterning across complex, curved geometries and integrates
seamlessly with rail structures, facilitating stable vascular pattern formation by cultured endothelial cells (HUVEC).
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From a design perspective, the VI-MAP has a scaled-up  devices. As shown in Fig. 1, the standard technique for the

cell culture area compared to traditional organ-on-a-chip = PDMS platform is post-guided patterning, whereas the
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Fig. 2 Device schematic of the VT-MAP and patterning process. (a) The VT-MAP is designed as a chip the size of a standard slide glass. Each well
is segmented into three areas by two symmetry walls. The central area is designated for patterning, while the two side areas serve as reservoirs for
medium supply. To demonstrate the chip's structure, one wall is rendered transparent, although in actuality, both walls are of the same height.
Medium can be introduced into each of the three separated spaces independently. (b) The patterning process of the VT-MAP proceeds in two
steps from the XY plane section view. The first step is filling the vascular area with the aim of forming a vascular network. The presence of a mesh
structure prevents the fluid from spreading in other directions and allows patterning to occur only in the desired area. In this step, the vascular
area is marked in red. The second step is filling the organoid area, with the goal of injecting large-scale organoids. In this step, the organoid area is
marked in blue and interacts directly with the vascular area. Through these two steps, effective patterning and co-culture are possible, enabling
the study and modeling of complex biological systems. (c) The side channel is patterned with a red dye, demonstrating the specific area covered.
For the center channel, after filling the side channel with fibrin gel, the central region is patterned with a blue dye to highlight its distinct space.
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injection molding platform utilizes rail-guided patterning.
Additionally, a micro mesh structure is employed in 3D
printing platforms at the platform schematic. With the
patterning process, the first two methods are capable of
patterning at heights below 300-400 um, offering rapid
patterning with high yield and stable outcomes. However, to
fabricate larger organoids or tissue models as in vitro
vascularized tissue models, a stable patterning method at
greater heights (over 500 pum) is required. With rail-guided
patterning, increasing the height to over 500 pm results in a
reduced Laplace pressure of the fluid, making it difficult to
maintain the height on the rail and causing the fluid to
spread downwards, leading to unsuccessful patterning. To
overcome this, an open lattice structure with a mesh design
is employed. The mesh, due to its netlike form, can
maintain a higher Laplace pressure compared to rail
structures, thus effectively retaining fluid even at higher
heights. Additionally, it enables selective patterning in
complex structures. This approach allows for the creation of
combination patterning structures that integrate both rail-
guided and mesh designs. Vessel formation demonstrates the
appearance of vascular structures under various patterning
conditions. In particular, as demonstrated in Fig. 1,
combination patterning enables the creation of complex-
shaped patterns that encapsulate tissue areas, replicating a
microenvironment where tissues or organoids are enveloped
by blood vessels. This technique offers a platform capable of
producing vascularized tissues. Such combination patterning
is a principal concept and a key characteristic of the VI-MAP.

Design and fabrication of the VI-MAP

The VI-MAP device is composed of a center channel in the
shape of a keyhole, a side channel enveloping the center
channel, and outer channels adjacent to the outer side of the
side channel (Fig. 2a and b). The center channel, with a
central circular diameter of 1500 um, is designed to
accommodate cells of various sizes. The keyhole, with a
width of 800 um, is designed to prevent organoids with a
diameter of over 1000 pm from exiting and ensures their
positioning within the center circle. The keyhole shape of the
center channel allows gas to escape when the side channels
are initially filled, trapping the center channel. This
facilitates gas exit when the center channel is filled with
fluid, preventing difficulties in forming a complete interface.
The curved side channel that surrounds the center channel is
constructed with a rail structure that includes a micromesh,
with both the channel height and the micromesh size being
500 pm (the micromesh has equal horizontal and vertical
lengths). Placing the micromesh structure on the outermost
part of the side channel ensures that only a fluid interface
exists between the center and the side channels, maximizing
the interactive surface area. Additionally, to enhance nutrient
transfer efficiency into the hydrogel when a thick hydrogel is
filled with a thickness of 1 mm and a height of 500 um in
the side channel, windows were created in the rail structure
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at intervals to maximize the direct interaction area with the
medium reservoir. Finally, as the side channel is filled with
fluid, the center channel and outer channel are separated,
with the outer channel positioned adjacent to the side
channel and the micromesh structure at the center. The fluid
interaction between the side channel and the outer channel
is possible through the vacant space between the micromesh
structures. The medium reservoir is delineated by a wall
positioned above the rail structure, following the micromesh
structure. To efficiently discern various experimental
conditions, each device has 14 wells, designed to conform to
the standard SBS format of a 96-well plate for ease of imaging
and experimental convenience. This ensures compatibility
with various equipment, maximizing experimental efficiency.

For device fabrication, 3D printing was utilized for both
prototyping and the final device production of the VI-MAP.
After 3D printing, thorough washing with IPA was followed
by a UV curing process for over an hour to reduce the toxicity
of the photocurable resin to cells. After curing, the device
was air-dried at room temperature, and a PSA film attached
to the bottom surface of the device served as a substrate to
create spaces for fluid patterning, completing the chip
fabrication for experiments. The use of 3D printing allowed
for significant productivity compared to photolithography,
offering high design flexibility for complex designs not
achievable in injection molding processes. Moreover, by
modifying parameters such as width, length, and height for
each well's design within the device, one can construct an
optimized model tailored to experimental purposes, seeking
to enhance experimental efficiency.

Patterning principle of the VI-MAP

Fluid patterning within the device is broadly divided into
three stages: side channel patterning, center channel
patterning, and outer channel patterning (Fig. 2b and c).
Fluid is initially introduced into the side channel through a
hole at the bottom of each well. Due to the substantial height
of 500 um, spontaneous force through rail-guides is relatively
weak, and this was overcome by introducing a micromesh
structure. Once approximately 15 pL of fluid fills the side
channel, it separates the center channel and outer channel.
The center channel requires about 10 pL of fluid, and
through an open upper structure, bubbles are expelled,
ensuring the formation of a well-defined hydrogel interface.
Finally, the outer channel can accommodate 10 pL of fluid
each, maintaining adjacency with the hydrogel in the side
channel through surrounding structures, thus forming the
well-defined interface.

The Young-Laplace pressure plays a pivotal role in
elucidating the dynamics of fluid motion and serves as an
instrumental mechanism for orchestrating fluid patterning
(eqn (1)). The previous rail-assisted platforms*' and this
principle direct fluid to delineate patterns along designated
rails. However, the VT-MAP incorporates a novel mesh
structure to prevent the fluid patterning from penetration

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Patterning principle of the vascularized tissue mesh-assisted platform (VT-MAP). (a) The pivotal factor that affects the Young-Laplace
pressure equation. Fluid advancement distance (L) of the VT-MAP and center width (D) of the VT-MAP are the main parameters. (b) Elucidation of
the parameters influencing the forward and burst Laplace pressure conditions along the central hole axis, incorporating coordinate transformation
for computational analysis. The Laplace pressure acting in the direction of the center channel is termed ‘burst Laplace pressure’ and is marked in
green. The pressure exerted towards the side channel is designated as ‘forward Laplace pressure’, indicated in blue. Each of these Laplace
pressures can be transformed through coordinate system transformation. (c) Depiction of successful and failed patterning indicated by blue and
red areas, respectively, correlating to four distinct D values. (d) Representations of 3D printed models used to validate patterning efficacy for
various D conditions and L lengths (scale bar = 1000 um).
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into the central area while maintaining the intended
forward pattern. The key parameters are L, representing the
distance the fluid has advanced forward, and D, which
denotes the width of the central channel and corresponds
to the diameter of the circle with radius R, (Fig. 3a). The
Laplace pressure exerted in the direction of the center
channel is named ‘burst Laplace pressure’ and is
represented in green. In contrast, the pressure acting
towards the side channel is identified as ‘forward Laplace
pressure,” depicted in blue (Fig. 3b). Both types of Laplace
pressures can undergo transformation via a coordinate
system transformation. To achieve patterning condition,
two pressures, namely the forward Laplace pressure (FLP)
and the burst Laplace pressure (BLP), are compared. In the
VT-MAP, the diameter of the vascular area is denoted as R,,
and the diameter of the organoid area is denoted as R;. By
utilizing the principles of Young-Laplace pressure in this
manner, more precise control over the desired pattern
formation becomes possible.

_ (dAic dAs
APfy( v cos@ dV) (1)

FLP represents the formation of a circular pattern along the
mesh-assisted structure, preventing the fluid from bursting
into the central area. This can be expressed mathematically
by defining theta as the degree to which the fluid rotates in
a circular manner around the origin and w; as the length
of the forward face when FLP occurs. Additionally, the delta
variable is used to represent changes over a short period of
time. In this setup, each red point can be transformed into
an orthogonal coordinate system composed of R; and 6.
Utilizing this, we can obtain the following equation (eqn
(2)), allowing us to understand the relationship between the
rate of change in FLP and the various variables. By
employing these equations, we can gain a more precise
understanding and control of circular pattern formation in
the VI-MAP. If BLP is smaller than the FLP value, the fluid
is pushed toward the central area due to the Young-Laplace
pressure toward the organoid region, preventing the
formation of a circular pattern and hindering the desired
patterning. In this case, the fluid tends to move toward the
central area rather than spreading in a circular manner,
and this can be expressed mathematically as an equation
involving R; and 6 (eqn (3)). The value of theta is
substituted with L (fluid forward distance), which is then
incorporated into the FLP and BLP formulas to establish a
relationship between L and D (eqn (4)).

sinf + 1 2 cosb*
AP, = - 2
forward y< sin(R, —R,0sin0) h ) 2)
2 2 cos 0*

APpyrst =y R,0 - A (3)

L
0 = cos! (1 - —) 4
R (4)
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For the fluid to pattern in the desired manner, the forward
Young-Laplace pressure must always be smaller than the
burst pressure (eqn (5)). Fig. 3c represents the conditions
that satisfy this criterion as a graph with respect to L. The
positive region in the graph represents successful conditions
where stable patterning occurs along the circular path, while
the negative region represents failure conditions where the
fluid bursts towards the center instead of following the
circular pattern. The graph depicts the conditions for D
values of 1.0, 1.5, 2.0, and 2.5 mm. In the VT-MAP, the
actual D value used is 1.5 mm, and the results from the
image on this condition confirm the successful formation of
the pattern. Conversely, for D values of 2.0 and 2.5 mm, the
pattern formation is observed to be failed in Fig. 3d. The
presence or absence of a mesh structure and the patterning
behavior at different contact angles are demonstrated in Fig.
S4a.f Images illustrating the patterning process over time
under successful patterning conditions (D = 1.5 mm) are
sequentially presented in Fig. S4b.f

APforwarcl < APburst (5)

Vascularized tumor microenvironment on the VI-MAP

To reconstruct the vascularized tumor microenvironment
(TME) with organoid or -clusters within the device,
endothelial cells (ECs), stromal cells, and tumor cells are
required (Fig. 4a). Through the interaction with stromal
cells within the hydrogel, endothelial cells construct a
vascular network, while tumor cells expand their area
through interaction with the surrounding environment.
Due to differences in the proliferation rates between
tumor cells and other cells, placing tumor cells in the
same environment from the early stages when the vascular
network is not yet formed is not suitable for observing
the development process of the vascularized TME, as the
number of tumor cells increases significantly. The VI-MAP
allows fluid patterning in the side channel first, and over
time, another fluid can be patterned in the center
channel. In other words, the side channel can be filled
first with a mixture of endothelial cells and stromal cells
in hydrogel, allowing the construction of a vascular
network over approximately two days. Afterward, in the
center channel, a mixture of hydrogel, tumor cells,
endothelial cells, and stromal cells is added to create a
model of initial small tumor -clusters located between
healthy blood vessels. Tumor cells, derived from CRC
patient-derived xenograft tumor tissues (Fig. S3a and bt),
were cultured in the form of organoids. These organoids
were embedded in a hydrogel matrix and introduced to
the VI-MAP, facilitating the development of two distinct
tumor microenvironments: a singular organoid and
clusters of small organoids. The small organoid clusters
were generated by dissociating the organoids to a single-
cell level,”” emulating the dispersion of small tumor cells

to secondary tumor sites, indicative of metastatic
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Fig. 4 Vascularized tumor organoid in the VT-MAP. (a) Timeline of process to reconstruct vascularized tumor organoid microenvironment in the
VT-MAP. EC: endothelial cell; SC: stromal cell; VN: vascular network. (b) Sectioned confocal image of vascular network in the VT-MAP. 2.0 um
fluorescent microbeads move into the perfusable vessel network. The red and yellow boxes respectively denote areas of perfused vessels on the
right side of the VT-MAP. In the magnified image, cross sections of the perfused vessels (indicated by white arrows) and the presence of
microbeads within the vessels can be observed (scale bar = 200 um). (c) Confocal images of vascularized tumor organoid and tumor organoid

cluster microenvironment in the VT-MAP (scale bar = 600 pm).

progression.”> CRC1 represents a patient who achieved
complete recovery with anticancer drug treatment, while
CRC2 originates from a patient whose cancer recurred
after symptom relief, displaying resistance to anticancer
drugs (Table 1). When the tumor is positioned in the
center channel and cultured for about four more days, the
vasculature sufficiently matured in the TME, and the

vascular networks of the center channel and side channel
connect (Fig. 4c). Moreover, the vascular network in the
side channel is connected to the outer channel by
introducing an EC suspension into the outer channel,
attaching to the hydrogel interface, interacting with the
infiltrated EC cells within the hydrogel, and resulting in
an open lumen in the outer channel. A well-formed TME

Table 1 Clinical information of colorectal cancer patients. MD: moderately differentiated; PD: poorly differentiated; MSS: microsatellite stable; XELOX:

capecitabine and oxaliplatin; XELIRI: capecitabine and irinotecan

Case Age Sex Tumor location Cell type MSI status Stage 1st chemotherapy 2nd chemotherapy
CRC 1 59 F Sigmoid colon MD MSS v XELOX, 8 cycle
CRC 2 60 F Splenic flexure colon PD MSS v XELOX, 8 cycle XELIRI/simvastatin

This journal is © The Royal Society of Chemistry 2024

Lab Chip, 2024, 24, 2208-2223 | 2217


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lc01055d

Open Access Article. Published on 27 March 2024. Downloaded on 6/4/2026 10:02:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Lab on a Chip

was confirmed by immune-cytochemistry, staining EC and  movement of microbeads through the open lumen
tumor cells with fluorescence. The perfusability of the  (Fig. 4b), confirming their perfusability across the entire
vascularized TME was observed by live imaging of the  device, starting from one side of the outer channel,
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Fig. 5 Advanced organoid cluster analysis algorithm by computer vision. (a) The provided image from the VT-MAP presents the live/dead assay
results of drug treatment, illustrating clusters of diverse sizes. Although composed of identical cells, there is a noticeable difference in cluster
viability contingent on the cluster size. (b) Traditionally, the analysis revolves around a singular cluster within a well, aggregating the overall viability
by collectively considering both live and dead signals present in the image. The advanced algorithm facilitates individualized calculation of size-
specific viability for every multi-cluster, thus deriving their interrelationship. (c) Confocal images of drug response from patient #1 and #2 in the
VT-MAP (scale bar = 200 pum).
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passing through the center channel, and reaching the
opposite outer channel.

Drug treatment in tumor organoid cluster microenvironment
on the VI-MAP

To investigate the drug responses of colorectal tumor
organoid  clusters, we  utilized clinically  used
chemotherapeutics: 5-FU, oxaliplatin, and 5-FU + oxaliplatin
for CRC1 and CRC2 samples.***® Tumor organoid clusters
were placed in the center channel, and drug treatment was
initiated two days later, with the drug responses confirmed
48 hours after treatment. The control group received no drug
treatment, while the experimental groups had drugs mixed
with the cell culture medium according to their
concentrations and were reacted with the samples. After four
days, when the tumor organoid -clusters were almost
matured, we compared the difference in drug concentration
needed for a decrease in tumor cell viability between the
second day of drug treatment and the control group matured
for 48 hours. The drug concentrations used were screened
log2 based on the concentrations used in reported in vitro
organ-on-a-chip and then adjusted for the IC5, in VI-MAP
experiments. When cultivating a single tumor spheroid and
treating drugs in a U-shaped well plate, the drug directly
reached the tumor cells, showing sufficient response even at
lower concentrations. However, the VI-MAP, using a scaled-
up cell culture area with hydrogel and drug delivery through
the vascular network, required relatively higher drug
concentrations. There exists a gap compared to the
concentrations used in clinical settings, which is a challenge
to be addressed in the future. The VI-MAP focused on
precise quantitative analysis of drug responses to confirm
trends, emphasizing the need for accurate quantification in
drug response analysis.

Quantification of drug response

The method of spheroid analysis typically involves cultivating
spheroids in a well plate and then deriving results from a
single spheroid per image.*®>° However, this approach is not
suitable for high-throughput data analysis. In an experiment
where an image contains spheroids of various sizes, the
ability to obtain data on size-dependent drug responsiveness
from a single image is essential for advancing to high-
throughput analysis. By considering the characteristics of
spheroids of different sizes, it is possible to uncover subtle
data that may have been previously overlooked. In the VT-
MAP, diverse tumor organoid clusters of various sizes and
shapes constitute the TME within each well (Fig. 5a).
Quantifying the individual cell viability of all tumor organoid
clusters in the 14 wells of a single device requires significant
labor. To streamline and quantify the analysis, we employed
an algorithm using confocal images acquired from VI-MAP.
The algorithm, developed based on OpenCV using Python,
aims for more precise drug response analysis (Fig. 5b). All
samples were stained with EpCAM and PI, where the green
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signal represents EpCAM-stained tumor cells, and the red
signal indicates cell death due to PI staining (Fig. 5c).
The existing algorithm has two drawbacks in calculating
cell viability based on the red signal/green signal across
the entire region of interest (ROI): (1) inclusion of dead
signals from surrounding ECs and stromal cells hinders
the quantification of drug response only for tumors, (2)
the ability to compare drug response differences for
individual tumor clusters is limited. To address these
issues, we improved the algorithm by recognizing
individual green signal areas within the ROI and
calculating the overlapping dead signal for each individual
area. This enhancement allowed us to confirm the drug
response for each tumor cluster, revealing differences in
drug response based on the size of tumor clusters. This
finding is anticipated to be instrumental in drug
development for metastatic situations.

Images should undergo preprocessing due to numerous
noises that interfere with the individual detection of tumor
organoid clusters. Firstly, overall brightness was adjusted
through  histogram equalization and normalization
techniques. Then, blob removal and blur processes were
implemented to denoise images, facilitating the contour
detection of each cluster. Thereafter, the contour of clusters
was separated independently, and individual -cluster
viability was measured by computing red signals overlapped
with the green signals. Finally, average viability was
quantified in groups classified by cluster size in 500 pm?®
intervals. This method enables the exploration of the
relationship between cluster size and viability, unlike
conventional methods.

Fig. 6¢c presents viability plotted based on cluster size,
providing a more detailed analysis than a simple viability
assessment. In the control group, CRC1 and CRC2 formed
larger clusters with a wide size distribution, reaching up to
approximately 6.0 x 10 um?> and 3.2 x 10* um?, respectively,
with high viability ranging from 80% to 95%. In the drug-
treated group, both 5-FU 200 uM and oxaliplatin 200 uM led
to size reductions, with CRC1 clusters reaching a maximum
of 2.0 x 10" um? and CRC2 clusters reaching a maximum of
1.0 x 10* um?. Regarding 5-FU, both CRC1 and CRC2 showed
viability similar to or slightly higher than the control for all
cluster sizes, indicating that 5-FU had limited effects. In
contrast, oxaliplatin showed a 20-50% cell viability
depending on the cluster size in CRC1, and CRC2 exhibited
70-80% cell viability. This suggests that while the drugs
commonly inhibit the increase in tumor size, there is a
significant reduction in viability, particularly for larger
clusters. Additionally, it can be observed that CRC2 exhibits
high resistance to oxaliplatin.

Drug response on conventional in vitro model

Prior to assessing the drug sensitivity of vascularized
tumor organoids cultured on the VI-MAP, we conducted
an initial evaluation of the drug response of tumor
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Fig. 6 Quantitative analysis of drug response in terms of cell mass and cell viability in PDX, VT-MAP, and plate. (a) and (b) Changes in mass size
and cell viability as drug response in PDX, VT-MAP, and plate. 5-FU, oxaliplatin, and the combination of both drugs were tested in each platform.
Cancer cells from patient #2 showed drug-resistant results compared to that of patient #1. (c) Graphs of cell viability related to cluster size in the
VT-MAP. The control group showed high cell viability with large cluster size. The 5-FU group showed high viability but small cluster size.
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organoids in 3D organoid culture using 96-well plates (Fig.
Sia and bf). We assessed the first-line chemotherapies for
CRC as on the VT-MAP. Tumor organoids were treated
with two different doses of drugs for a duration of 3 days,
following which organoid viability was determined.
Notably, we observed disparate responses to first-line
chemotherapies across tumor organoids derived from
different CRC patients. Organoids from CRC1 showed over
50% cell viability for all drug groups, while organoids
from CRC2 exhibited close to 90% viability only with
oxaliplatin and showed values lower than 50% for the
other two drug groups (Fig. 6a and b).

2220 | Lab Chip, 2024, 24, 2208-2223

Drug response on xenograft

In parallel with confirming drug responses in the
conventional in vitro model of 3D organoid culture in 96-well
plates, we evaluated the drug sensitivity in patient-derived
PDX models to compare with the results on the VI-MAP.
Single drug groups (5-FU, oxaliplatin) were administered to
mice once every three days over a span of eight doses, while
the combination drug group (5-FU + oxaliplatin) was
administered once every seven days over four doses (Fig.
S2t). The drug experiments in xenografts were conducted
over a period of 32 days. CRC1-derived xenograft tumor tissue

This journal is © The Royal Society of Chemistry 2024
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showed a decrease of over 50% in mass size compared to the
control for all drug groups. In contrast, CRC2-derived
xenograft tumor tissue exhibited a decrease of over 50% in
mass size for 5-FU, while displaying reductions of less than
50% for the other two drug groups (Fig. 6a and b).

Reliability of drug response in the VI-MAP

We compared the drug response evaluations of
chemotherapeutics for CRC1 and CRC2 across patient PDX
models, VI-MAP, and organoid culture in 96-well plates.
Utilizing cells obtained from CRC patient-derived xenograft
tumor tissues in all three platforms, we measured tumor
mass size changes in PDX and cell viability changes in
organoid culture in 96-well plates, depending on the
platform's characteristics. The VT-MAP allows for the
confirmation of both mass size and cell viability changes
through fluorescence images of tumor organoid clusters of
various sizes and shapes in a single well, establishing the
correlation. This correlation revealed results that were not
discernible when only analyzing mass size and cell viability
separately. The drug showed a higher efficacy in killing larger
clusters, while it was less effective on smaller clusters. Hence,
based on our hypothesis, it was evident that the drug was less
effective on smaller clusters, which correspond to the early
stages of metastasis. Additionally, it was observed that
clusters of similar size, regardless of their position within the
center channel, exhibited comparable responses to the drug
(Fig. 6¢).

For CRC1 in PDX, there was an approximately 40%
decrease in mass size compared to the control with 5-FU, and
over 50% reduction in mass size for the other groups. In the
96-well plate, there was an approximately 40% decrease in
cell viability with 5-FU and oxaliplatin, and around 50%
decrease with 5-FU + oxaliplatin. The VI-MAP demonstrated
approximately 50% mass size reduction with 5-FU and
oxaliplatin, and about 60% mass size reduction with 5-FU +
oxaliplatin. Cell viability showed almost no change with 5-FU
and approximately 60% reduction for the other groups. Drug
evaluations for CRC1 were consistent across all platforms
(Fig. 6a).

For CRC2 in PDX, there was approximately 50% decrease
in mass size for all drug treatment groups compared to the
control. In the 96-well plate, oxaliplatin showed similar cell
viability to the control, while the other two conditions
exhibited over 60% reduction in cell viability. In the VT-MAP,
there was approximately a 20% mass size reduction with
5-FU and over 50% reduction with the other two conditions.
Unlike mass size changes, cell viability in the VT-MAP
remained almost similar to the control with 5-FU and was
around 80% for the other two conditions. Unlike CRC1,
CRC2 exhibited platform-dependent differences in drug
response (Fig. 6b).

Clinical results indicated improvement with capecitabine
+ oxaliplatin (XELOX) as the first treatment for CRC1, while
CRC2 experienced recurrence post-XELOX and received
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capecitabine + irinotecan (XELIRI) therapy (Table 1).
Therefore, CRC1 exhibited responsiveness to oxaliplatin,
whereas CRC2 demonstrated resistance to oxaliplatin.
Organoid culture in 96-well plates, considered a conventional
in vitro model, showed lower responsiveness than clinical
data for CRC1 but exhibited a similar trend. However, for
CRC2, cell viability did not decrease with oxaliplatin, but a
significant reduction was observed in combination with 5-FU.
In contrast, the VI-MAP demonstrated trends similar to
clinical data for both CRC1 and CRC2.

While in vitro devices have been extensively studied for
various biological applications, animal experimentation
results are more reliable for drug response evaluation in drug
development. The lower reliability of in vitro devices is
attributed to their lower complexity compared to in vivo
models and the occurrence of patterns different from actual
clinical responses. Unlike traditional in vitro models, the VT-
MAP demonstrated drug response evaluations similar to
clinical outcomes using patient samples. Additionally, the
VT-MAP allows the observation and correlation of both mass
size and cell viability changes, unlike PDX and 96-well plates,
providing valuable insights.

Examining the drug response results for CRC1 and CRC2
in the VI-MAP reveals excellent efficacy in reducing the size
of tumor organoid clusters. However, for larger clusters, there
is a pronounced effect in reducing cell viability, whereas for
smaller clusters, the impact on cell viability is relatively lower
(Fig. 6¢). This implies that the VI-MAP has the potential to
quickly and efficiently assess drug responses when tumor
clusters arise at a second tumor site in metastatic situations.
Thus, the VI-MAP suggests potential applications in drug
development and confirming patient-specific drug responses.

Conclusions

In this research, we introduced an innovative platform
named VT-MAP, a scaled-up vascularized tissue micromesh-
assisted system, for the assessment of organoids. Overcoming
limitations inherent in prior rail-assisted models,"”***! the
VT-MAP facilitates the efficient co-culture of scaled-up
tissues, encompassing vascularized tissues and organoids.
The VT-MAP faithfully reproduces the intricate tumor
microenvironment, fostering the growth and interaction of
clusters with diverse sizes and shapes.

From the experimental results, the VI-MAP is implied as a
valuable instrument for  comprehensive  analyses,
encompassing cluster size, viability, and drug responses. It
not only enables the exploration of the intricate relationship
between cluster size and viability, a challenge in prior in vitro
models, but also facilitates a more detailed analysis.
Critically, the experimental findings with the VT-MAP
exhibited a resemblance to in vivo conditions, differentiating
it from previous in vitro models. This research significantly
contributes to replicating a realistic tumor microenvironment
and investigating cellular behaviors based on cluster size and
viability using the VIT-MAP.
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Moreover, the VT-MAP accurately mirrors the
heterogeneity of organoid clusters, furnishing results more
representative of in vivo conditions, thereby advancing drug
screening and research. In conclusion, the VI-MAP stands as
an authentic and advanced platform for researching scaled-
up vascularized tissues or organoids, providing novel insights
into the tumor microenvironment. Its role extends to
enhancing our comprehension of cancer treatment and
tumor biology, offering a potential cornerstone in the
development of personalized therapeutic strategies.
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