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The increasing demand for advanced in vitro models that replicate physiological crosstalk between cell

types within and between organs requires customized cellular microenvironments arranged within a single

platform. Hydrogels are biomaterials that mimic the physicochemical properties of tissue niches to

optimally support diverse cell types. However, they require integration with cell patterning platforms like

bioprinting or microfluidics to create organized multi-niche environments. There is currently a gap

between bioprinting, which is scalable but limited by availability of printable hydrogels, and microfluidic

patterning, which is compatible with diverse biomaterials but is challenging to multiplex. Here, we

developed the Localized Microenvironment Well-Insert (LM-Well), a 3D-printed device designed to pattern

multiple hydrogel niches with customizable physicochemical properties in multi-well plates. The LM-Well

features patterning structures that enable capillary force-driven patterning of various hydrogel formulations,

including natural, photo-crosslinkable and synthetic click hydrogels. Functional materials, exemplified by

oxygen-scavenging microcapsules, can be patterned within the LM-Well offering an additional layer of

control over local oxygen levels in individual cell niches, which modulated tumor growth and zonation of

hepatic activities. Micro-architectural supports, such as micropillars or scaffolds, can be integrated into the

LM-Well to optimally support mechanically-active cells like myocytes. The LM-Well's multi-niche patterning

capability enabled the establishment of a liver-tumor co-culture in a single well, recapitulating altered drug

efficacy on MCF-7 tumor cells following activation of tamoxifen and deactivation of doxorubicin by

HepaRG-derived hepatocytes. As a versatile and accessible platform, the LM-Well facilitates physiologically

relevant co-cultures with customizable niches and diverse biomaterials.

1. Introduction

In vitro study of normal and pathological physiology requires
recapitulating the complex crosstalk between multiple cell types
within and across organ systems, as tissues function as
interconnected networks.1,2 To replicate this complexity in
experimental models, it is crucial to engineer cellular
microenvironments that are tissue-specific and capable of

dynamic interactions. Each microenvironment must be
precisely designed to meet its associated cell type's unique
biochemical and mechanical needs, ensuring proper cell
phenotype and function. Moreover, these microenvironments
must be spatially organized and structurally patterned to
facilitate signal exchange and integration between distinct cell
populations. This coordinated design is essential for capturing
the interdependent processes that drive tissue physiology.
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Functional biomaterials, particularly hydrogels, are widely
used to design tailored microenvironments for specific cell
types due to their highly tunable biochemical and mechanical
properties.3,4 Hydrogels are composed of hydrophilic polymer
chains crosslinked into three-dimensional networks.4,5 The
biochemical properties of these materials can be customized by
selecting natural (e.g. collagen, fibrin, decellularized matrices6,7)
or synthetic (e.g. polyethylene glycol (PEG)) polymers which can
be further functionalized to present specific cell adhesion
peptides8 or growth factors9,10 to augment cell functions.
Additionally, hydrogel crosslinking mechanisms can be tailored
using techniques such as photopolymerization, thermal
gelation, enzymatic crosslinking, click chemistry or ionic
interactions4,5 to allow greater control over their mechanical
properties. However, hydrogels must be integrated with a cell
patterning platform, such as bioprinting or microfluidic
patterning, to precisely organize multiple cell niches within a
shared environment to recapitulate multi-cellular interactions.

Bioprinting encompasses a suite of technologies that employ
different mechanisms, including extrusion, light polymerization
and droplet jetting, to dispense and crosslink cell-laden
hydrogels into geometrical structures.11–13 While it enables the
patterning of multi-cell niches in automation-compatible multi-
well plates,14,15 the properties of the hydrogel bioinks must
match the working principle of the 3D printing modality. For
example, extrusion-based bioprinting demands hydrogels with
precise viscosity and mechanical stability;16 stereolithography
and digital light processing (DLP) based printing require
photocrosslinkable hydrogels17–19 and drop-on-demand
bioprinting typically requires low viscosity materials with
specific surface tensions and small particle sizes.13,20,21 Most
biochemically rich, unmodified natural hydrogels (e.g. collagen,
Matrigel), which are commonly used to support sensitive
primary or stem cells, are often not amenable to bioprinting
due to their high viscosity and low mechanical stability.22,23

These specific material requirements limit bioprinting's ability
to tailor diverse microenvironments for multiple cell types in a
single platform, especially when different cells require distinct
hydrogel properties. For example, parenchymal cells, such as
tumor or hepatocytes, require soft gels with Young's moduli in
the 200 Pa to 10 kPa range,24,25 while mechanically active
stromal cells, like smooth muscle cells or fibroblasts, often
require stiffer hydrogels with Young's moduli in the 10 to 100
kPa range,26–28 which cannot be easily achieved with the same
class of hydrogel.

Microfluidic patterning offers a more versatile method for
organizing cell-laden hydrogels, as it is far less dependent on
specific material properties. This approach leverages capillary
forces between a liquid (i.e. the hydrogel prepolymer) and
physical structures such as pillars,29 phase guides30 and stepped
terraces,31 to precisely control the flow and localization of the
hydrogel prepolymer within enclosed microchannels.32 Once
positioned, the hydrogel can be solidified independently
through thermal, photochemical, or ionic crosslinking, creating
compartmentalized regions containing distinct cell types.
Microfluidic patterning has been used in various organ-on-chip

(OoC) devices to study crosstalk between tumor, vasculature
and immune cells;33 vasculature and epithelial tissues;34 and
liver, heart and lung cells.35

Despite its potential, the adoption of traditional microfluidic
devices to pattern multiple cell niches is limited by the need for
specialized microfabrication facilities and workflows that are
often incompatible with routine biological laboratory practices.
These barriers make it challenging for researchers without
microfluidic expertise to integrate this technology into their
research, restricting broader accessibility and use.36 To address
this limitation, researchers have explored controlling capillary
flow in “open” microfluidic systems, where at least one
microchannel wall is air.37–39 This allows for the creation of a
new class of well-plate compatible microfluidic devices, which
comprise of flat patterning structures that are suspended in
open well plates to form an “open” microfluidic channel
defined by the patterning structure and the bottom of the well
plate.37,40 Such open microfluidic well-insert devices have been
successfully used to pattern hydrogels in tissue culture well
plates to support multi-cellular cultures of prostate cancer with
adipocytes,41 or model crosstalk between mammalian, fungal
and bacterial cells.40

In this study, we enhanced the functionality of open
microfluidic patterning devices by leveraging recent advances in
stereolithography (SLA) 3D printing, which allows for the
fabrication of three-dimensional constructs with high
precision.36,42 This enabled us to design the Localized
Microenvironment Well-Insert (LM-Well), a novel open
microfluidic device with a form factor of a well-insert. This
design ensures easy and accurate placement of patterning
structures within multi-well plates, providing a user-friendly
and scalable platform. Importantly, this platform does not rely
on complex surface treatments to pattern hydrogels in wells,
using only a simple insert to guide fluid. Here, we show an
embodiment of the LM-Well which had three separate
patterning structures, referred to as leaflets, to precisely pattern
three distinct hydrogel niches with controllable
physicochemical properties across diverse hydrogel classes,
including natural, photo-crosslinkable, and synthetic click
hydrogels, all within a single 24-well. Compared to traditional
microfluidic and OoC platforms, the LM-Well is inexpensive to
fabricate, scalable, and designed for straightforward use in
routine laboratories without specialized training or equipment.
Indeed, owing to its 3D-printed design, additional micro-
architectural structures in micropillars or scaffolds can be
printed at the base of the leaflets to optimally support the
remodeling of cells, such as C2C12 myocytes.

Furthermore, functional biomaterials like oxygen-scavenging
microcapsules can be patterned using the LM-Well to control
local oxygen levels, enabling applications such as modulating
tumor growth or replicating hepatic zonal metabolic activities.
These capabilities of the LM-Well facilitated the establishment of
co-cultures in this simple and scalable platform, as exemplified
by a liver-tumor co-culture model to detect altered drug efficacy
on MCF-7 breast cancer tumor cells following activation of
tamoxifen and deactivation of doxorubicin by HepaRG-derived
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hepatocytes. The LM-Well provides a versatile and easily
accessible tool for creating physiologically relevant co-culture
systems with tailored niches and various biomaterials.

2. Methods
2.1. LM-Well design

The LM-Well was designed using SolidWorks 2022 (Dassault
Systemes) to fit inside a 24-well cell culture plate (Nunc,
Thermo Fisher Scientific), with dimensions sourced from the
manufacturer. We designed a well insert with three
horizontal, flat leaflets suspended above the base of the well,
where cell/hydrogel prepolymer solutions can be introduced
via a circular inlet to the space between the bottom of the
leaflets and the base of the well (Fig. 1A). To ensure that large
hydrogel volumes (over 30 μL) could be patterned under each
leaflet, we designed the leaflets to be as large as possible
while fitting in the footprint of the well and leaving a 1 mm
allowance around each leaflet to prevent merging. This
resulted in three 47.67 mm2 scalloped triangular leaflets
(Fig. 1Aiii), with approximately 10.89 mm wide bases,
reaching approximately 6.69 mm into the center of the well.
Inlet holes with 2 mm diameter were designed to allow for
fluid entry into the vertical gap between the bottom of the
leaflets and the bottom of the well (Fig. 1A). To hold the
leaflets in place, a central pillar was designed with a stepped,
press-fit top lip to fit tightly in the opening of the well plate
(Fig. 1A). In addition, the leaflets were designed with
trapezoidal edges, wider at the bottom than the top, to
prevent capillary rise as previously reported40 and encourage
pinning of the material at the edge of the leaflet by capillary
burst effect, which traps liquid at the opening of a sudden
expansion, here, the edge of the leaflet expanding to the
surrounding well.43 Print files are supplied in the SI
materials.

2.2. 3D printing, post-processing and sterilization

LM-Wells were printed with BioMed Clear resin (FormLabs) on
the Form 3B+ printer (FormLabs; reported XY resolution of 25
μm) with a 0.05 mm layer height. Printing parameters included
mini-raft supports, a support density of 0.5, and a touchpoint
size of 0.3. Post-printing, these devices were rinsed in 100%
isopropanol for 5 minutes, followed by sonication in fresh
isopropanol for 15 minutes. Post-curing was performed using
the FormLabs Form Cure (FormLabs), following the ‘BioMed
Clear’ settings of 60 °C for 1 hour. Inserts were sterilized by
submersion in 80% ethanol (w/v) for 2 hours, followed by air-
drying in sterile containers at room temperature for 2 days.
Inserts were then submerged in sterile phosphate-buffered
saline (PBS; Thermo Fisher Scientific) for 2 days at room
temperature before being used in cell culture experiments.

2.3. Print fidelity assessment

Print fidelity was assessed using a Nikon BOOM
stereomicroscope (Nikon) with measurements compared to

computer-aided design (CAD) dimensions. At least 3 devices
were measured, each with multiple measurements. Data was
represented as percentage error relative to the CAD dimensions.

2.4. Patterning assessments

Patterning of liquids in the LM-Well was assessed
qualitatively using food-colored water pipetted into devices
with different surface coatings. Approximately 30–40 μL of
food-colored water was pipetted into the inlet and pinning
was qualitatively assessed – if the water patterned below the
leaflets it was deemed successful, if it leaked from the
leaflets, it was deemed unsuccessful. Patterning success was
assessed dry, with pre-coating in water for 10 minutes, or
with pre-coating in 100% fetal bovine serum (FBS; Thermo
Fisher Scientific) for 10 minutes. Representative pictographs
were collected to demonstrate the patterning success. The
volume patterned was assessed by adding food-colored water
in 2 μL increments until the leaflet leaked.

2.5. Cell expansion and maintenance

C2C12 mouse myocytes (RRID:CVCL_0188; ATCC) were
confirmed to be contamination free and expanded in
monolayer culture using high glucose (4.5 g L−1) Dulbecco's
Modified Eagle Medium (DMEM; Thermo Fisher Scientific)
with 10% FBS and 1% penicillin/streptomycin (Sigma
Aldrich) with media changes every two days until 70%
confluent. Cells were cultured under standard conditions in a
37 °C, 5% CO2 humidified incubator.

MCF-7 breast cancer cells (RRID:CVCL_0031; ATCC) were
confirmed to be contamination free and expanded in
monolayer culture using low glucose (1 g L−1) DMEM
(Thermo Fisher Scientific) with 10% FBS, 1% penicillin/
streptomycin, 1% sodium pyruvate (Thermo Fisher Scientific;
v/v) and 1% minimum essential media non-essential amino
acids (MEM-NEAA; Thermo Fisher Scientific; v/v) with media
changes every two days until 80% confluent. Cells were
cultured under standard conditions in a 37 °C, 5% CO2

humidified incubator.
HepaRG hepatocytes (RRID:CVCL_9720; Biopredic

Advancells) were confirmed to be contamination free and
expanded in monolayer culture as previously published6

using proliferation medium comprising William's E
GlutaMAX (Thermo Fisher Scientific), 10% FBS (Thermo
Fisher Scientific; v/v), 1% penicillin/streptomycin (Sigma
Aldrich; v/v), 50 μM hydrocortisone (STEMCELL
Technologies), and 5 μg mL−1 insulin (Sigma Aldrich). 6
hours after plating, media was refreshed to eliminate residual
dimethyl sulfoxide (DMSO) and subsequently changed every
2–3 days for two weeks. On day 14, cells were passaged.
Media replacement continued every 2–3 days until day 28.
Starting day 28, differentiation media (proliferation medium
containing 1.7% DMSO (Thermo Fisher Scientific; v/v)) was
introduced and refreshed every 2–3 days over the next 14
days. On day 42, cells were prepared for encapsulation or
plating for assays.
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For co-culture media studies, the above MCF-7 and
HepaRG media were mixed 1 : 1, for a resultant medium
formulation of 50% low glucose DMEM, 50% William's E
GlutaMAX with 10% FBS, 1% penicillin/streptomycin, 0.5%
sodium pyruvate, 0.5% MEM-NEAA, 25 μM hydrocortisone
and 2.5 μg mL−1 insulin.

2.6. Cell patterning using the LM-Well

Prior to cell seeding, the LM-Wells were air-dried in a
biosafety cabinet. Once dry, the leaflet surfaces were coated
with 100% FBS for 10 minutes. Excess FBS was removed
using a sterile KimWipe (Kimtech), and the LM-Well was
secured into a 24-well plate by applying downward pressure
with sterile forceps.

C2C12 (RRID:CVCL_0188; ATCC), MCF-7 (RRID:CVCL_0031;
ATCC), and HepaRG (RRID:CVCL_9720; Biopredic Advancells)
cells were encapsulated in different hydrogel formulations
tailored to their specific requirements. C2C12 cells were
encapsulated at 10 × 106 cells per mL in rat tail collagen type 1
(PureCol, 2 mg mL−1 final concentration). Collagen was
prepared by adding 10× PBS, 1 M sodium hydroxide (NaOH;
Sigma Aldrich), and sterile water to the collagen stock. A 15 μL
volume of the cell/hydrogel mixture was pipetted into the leaflet
of the LM-Well containing pillars. The plate was incubated at 37
°C for 40 minutes to facilitate collagen fibrillogenesis. MCF-7
cells were encapsulated at 1.5 × 106 cells per mL in 5% porcine
GelMA with 0.15% LAP photoinitiator (Gelomics). A 20 μL cell/
hydrogel suspension volume was pipetted into the LM-Well
leaflets and crosslinked for 2 minutes using the
LunaCrosslinker (Gelomics). HepaRG were encapsulated at 2 ×
106 cells per mL in the previously published liver click dECM
hydrogels which have been shown to match physiological liver
stiffness (∼1.5 kPa) in previous reports.6 Briefly, cells were
mixed with thiolated porcine liver decellularized extracellular
matrix (dECM) which was combined with poly-ethylene glycol
(PEG) derivatives bound to maleimide groups (JenKem
Technologies) to facilitate Michael-type click chemistry in the
LM-Well. The 20 μL gels were allowed to polymerize at room
temperature for approximately 1–5 minutes. After gel
polymerization, 700 μL of the relevant culture medium was
added to each well. Crosstalk between the niches is mediated
by diffusion of soluble factors between the leaflets within a
shared soluble environment. For co-culture studies, the chosen
shared co-culture medium was added.

2.7. Live/dead viability staining

Hydrogels were removed, washed with PBS, and stained with
10 μg mL−1 Fluorescein Diacetate (FDA; Thermo Fisher
Scientific) for live cells and 5 μg mL−1 Propidium Iodide (PI;
Thermo Fisher Scientific) for dead cells for 2 minutes at
room temperature. After rinsing with PBS, hydrogels were
imaged using an epi-fluorescence microscope (Zeiss Axio
Imager 2.0, Carl-Zeiss) with a 2.5 μm Z-stack over 150–200
μm sections.

2.8. Cell tracker and AlexaFluor staining

MCF-7 cells were labeled with cell tracker blue, red, or green (1 :
1000; Thermo Fisher Scientific) for 30 minutes before
resuspension in 5% GelMA hydrogel (Porcine; Gelomics) for
seeding. AlexaFluor 488, 555, or 647 dyes (1 : 250; Thermo Fisher
Scientific) were added to GelMA, rat-tail collagen (PureCol), or
PEG-Maleimide/thiolated-PEG hydrogels (JenKem Technologies)
prior to seeding. Hydrogels were crosslinked using the
LunaCrosslinker (Gelomics; GelMA), thermal gelation (collagen,
37 °C, pH 7, 40 minutes), or click chemistry (PEG). Images of
hydrogel patterning were obtained via tile-imaging on a Zeiss
Axio Imager 2.0.

2.9. Fluorescence imaging

Cell-laden gels were fixed in situ in the LM-Well with 4%
paraformaldehyde (PFA) for 1 hour and stored in PBS at 4 °C.
For staining, gels were blocked overnight at 4 °C in blocking
buffer (5% goat serum (Thermo Fisher Scientific), 0.1%
Triton X-100 (Sigma Aldrich) in PBS). For cytoskeletal
visualization, gels were incubated with Alexa Fluor 488
Phalloidin (1 : 400; Thermo Fisher Scientific) in staining
buffer (1% goat serum in PBS) overnight at 4 °C. C2C12
myosin heavy chain was stained with MyHC antibody (1 : 150;
Thermo Fisher Scientific, 14-6503-82), and HIF1-α in MCF-7
and HepaRG cells was stained with HIF1-α antibody (1 : 150;
Thermo Fisher Scientific, MA1-516), both overnight at 4 °C.

Secondary staining for MyHC and HIF1-α was performed
with Alexa Fluor anti-mouse 488 secondary antibody (1 : 250;
Thermo Fisher Scientific, A32766) overnight at 4 °C,
alongside 5 μg mL−1 4′,6-diamidino-2-phenylindole (DAPI;
Thermo Fisher Scientific) for nuclear counterstaining.
Samples were washed three times with staining buffer (2
hours each) and rinsed in PBS before storage. Imaging was
performed using a confocal microscope (FV400, Olympus)
with 10× and 20× objectives.

2.10. Myobundle construct width assessment

C2C12 cells were stained with DAPI and 488 phalloidin and
imaged as described above, in addition to imaging with a
Nikon Eclipse TS2 microscope. Then, myobundle construct
width was measured using ImageJ.

2.11. RNA extraction, cDNA synthesis and quantitative
polymerase chain reaction

Hydrogels were removed from the LM-Well by scooping with
sterile spatulas and placed in Buffer RLT from the RNeasy
Micro Kit (Qiagen) for RNA extraction following the
manufacturer's protocol. Briefly, cells were lysed in Buffer
RLT supplemented with β-mercaptoethanol (Sigma Aldrich),
and the lysates were homogenized by passing through a
QIAshredder column (Qiagen). Ethanol was added to the
lysates to facilitate RNA binding, and the mixture was
transferred to RNeasy spin columns. Columns were washed
with buffers to remove contaminants, followed by RNA
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elution in RNase-free water. RNA concentration and purity
were assessed using a NanoDrop spectrophotometer (Thermo
Fisher Scientific).

According to the manufacturer's protocol, cDNA was
synthesized using the SensiFAST cDNA Synthesis Kit
(Bioline). Briefly, 50 ng of total RNA was reverse-transcribed
in a 20 μL reaction containing reverse transcription buffer,
random primers, oligo (dT), and reverse transcriptase. The
reaction was performed in a thermal cycler with the following
conditions: 25 °C for 10 minutes, 42 °C for 15 minutes, and
85 °C for 5 minutes. The resulting cDNA was diluted 1 : 2 in
nuclease-free water for subsequent qPCR.

Quantitative PCR (qPCR) was performed using the
SensiFAST SYBR Lo-ROX Kit (Bioline) on a QuantStudio 6
Real-Time PCR System (Thermo Fisher Scientific). Reactions
were conducted in 10 μL volumes, consisting of 5 μL of
SensiFAST SYBR Lo-ROX Master Mix, 1 μL of cDNA, 3.2 μL of
RNase-free water, and 0.4 μL of each primer (10 μM stock).
The qPCR cycling conditions were as follows: an initial
enzyme activation step at 95 °C for 2 minutes, followed by 40
cycles of 95 °C for 5 seconds and 60 °C for 30 seconds. A melt
curve analysis was performed at the reaction's end to confirm
the amplified products' specificity. Relative gene expression
levels were determined using the ΔΔCt method, with
normalization to housekeeping genes. See supplementary
materials for primer sequences (Table S1).

2.12. Oxygen-scavenging capsules seeding

Oxygen-scavenging capsules were sourced from collaborators
whose work has been previously published.44 In summary,
oxygen-scavenging capsules coated with dopamine to imbue
semi-permeable properties containing 1000 U mL−1 glucose
oxidase and 60 000 U mL−1 catalase enzymes were provided at
500 mg mL−1 in 1× PBS. These capsules were then diluted
according to the final concentrations in the hydrogels to
between 2.5 and 7.5 mg mL−1 in the final hydrogels.

2.13. Oxygen measurements

Dissolved oxygen levels were measured via the PreSens OXY-1
ST trace (PreSens GmbH, #300000054) according to
manufacturer's instructions, with the reading output
recorded as equivalent oxygen saturation percentage in air
(%O2). The probe was placed through the inlet hole to
measure the oxygen tension in the hydrogel center
(representative of the whole hydrogel), and six measurements
were taken per sample.

2.14. HIF1-α quantification

Z-Stack images were condensed into a maximum intensity
projection using ImageJ. Following this, a mask was created
to capture the HIF1-α staining before the Mean Gray Value
was collected as the intensity of the HIF1-α stain. Analysis
was controlled for particle size (50 μm2 to infinity) and
circularity (0.3–1).

2.15. MCF-7 aggregate area assessment

Cells were stained with FDA and imaged as described in
section 2.1.7. Resultant Z-stack images were condensed into a
maximum intensity projection using ImageJ. Following this,
a mask was created for the cells, upon which the ‘analyze
particles’ feature was utilized to collect the area in μm2 of
each cellular aggregate. Analysis was controlled for particle
size (75 μm2 to infinity) and circularity (0.3–1).

2.16. Cytochrome P450 assay

As previously described, CYP3A4 activity was assessed using
DBOMF dye (Thermo Fisher Scientific),6 which is specifically
cleaved by Cytochrome P450 3A4 (Cyp3A4) to produce a
fluorescent product. On day 3 of HepaRG culture, 500 μL of
differentiation media containing 2 μM dye replaced the
existing media. Four hours later, the supernatant's
fluorescence was measured at 490 nm excitation and 520 nm
emission using a CLARIOstar Plus plate reader (BMG
Labtech). Enzymatic activity was quantified from a standard
curve in nM of dye cleaved per hour.

2.17. Drug studies

MCF-7 cells in GelMA hydrogels and HepaRG cells in liver
click dECM hydrogels were seeded according to section 2.1.6.
To facilitate co-culture, the MCF-7/GelMA hydrogels were first
seeded into one leaflet of the LM-Well and crosslinked via
visible light for 2 minutes. Following this, the HepaRG/click-
dECM hydrogels were formed via click-chemistry in another
well. Control wells contained only MCF-7 s and no HepaRG.

Tamoxifen (Merck Australia) was administered into the
surrounding medium at a 100 μM final concentration for 48
hours with no media change, to allow the HepaRG to activate
the drug. The media was then refreshed, and the cells
underwent daily media changes for 3 days. On day 3, the
MCF-7 cells were assessed for aggregate area using FDA
staining and lysed for DNA quantitation.

Doxorubicin (Pfizer Australia Pty Ltd) was administered into
the surrounding medium at a 400 nM final concentration for 24
hours before removing it, and the medium was refreshed. Cells
then underwent daily media changes for 6 days. On day 6, the
MCF-7 cells were assessed for aggregate area using FDA staining
and lysed for DNA quantitation.

2.18. DNA quantitation

Cell-laden hydrogels were digested using RLT lysis buffer
(QIAgen) and stored at −80 °C before DNA quantification with
performed using the Quant-iT™ PicoGreen™ Kit (Thermo
Fisher Scientific) was performed following manufacturer's
instructions.

2.19. Statistical analysis

Statistical analysis was performed in GraphPad Prism v10.
Unless otherwise noted, n = 3 technical replicates from n = 3
independent experiments are shown as mean ± SD.

Lab on a Chip Paper



5880 | Lab Chip, 2025, 25, 5875–5893 This journal is © The Royal Society of Chemistry 2025

Comparisons between two groups were conducted using
Student's t-tests with Welch's correction, while comparisons
between three or more groups used One-Way ANOVA with
Tukey's multiple comparisons. Where equal standard
deviation between groups was not present (identified by
Bartlett's test), a Welch's ANOVA with Dunnett's T3 multiple
comparisons was utilized. Outliers were excluded if identified
by GraphPad's outlier analysis. Significance levels: *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

3. Results
3.1. Design, fabrication and characterization of the 3D-
printed LM-Well platform

The LM-Well was designed to be an open microfluidic device to
facilitate the co-culture of three separate cell/hydrogel niches in
a single 24-well (Fig. 1A). The device consisted of three scalloped
flat leaflets suspended at a fixed height from the bottom of the
well plate (Fig. 1A). This configuration created an open
microfluidic channel, echoing previous works in open
microfluidic patterning achieved by aspiration39 and open
microfluid well inserts,40 that guided the hydrogel prepolymer
solution via spontaneous capillary flow (SCF).45 SCF occurs
when the contact angle (θ) of the fluid interacting with the
patterning structures (i.e. the leaflets and the well plate) is
greater than the aspect ratio of the open microfluidic channel
(eqn (1)46,47). This aspect ratio is defined as the gap height (h)
between the leaflet and the base of the well plate, divided by the
channel width (w). At the edge of the leaflets, the liquid flow is
halted and the hydrogel is pinned in place due to the capillary
burst effect, where a sudden expansion of the channel prevents
further flow.43

cos θð Þ > h
w

(1)

The scalloped-shaped leaflet was asymmetrically designed to
maximize hydrogel occupancy within the well plate. Given this
shape, the condition for SCF must be met at the smallest width
(w) to facilitate hydrogel filling. Even if SCF can initiate upon
entry into the channel (where the initial w is 10.89 mm;
Fig. 1Aiv), it will not continue to fill the complete leaflet
footprint once the aspect ratio fails to satisfy the condition for
SCF. As such, we used the smallest width, the apex of the
scallop shape at 1.5 mm (Fig. 1Aiv), to calculate the maximum
allowable vertical gap (h) between the bottom of the leaflets and
the base of the well plate. Based on a maximum contact angle
(θ) of 58°, which was experimentally determined as the contact
angle of water with FBS-coated 3D-printed plastic (data not
shown), the optimal gap height was determined to be 0.8 mm
to enable liquid patterning, provided that the contact angle
remained below 58°. Most hydrogels meet this criterion, as their
reported contact angles on similar surfaces fall well within this
threshold. For example, Matrigel on plasma-treated FormLabs
Clear resin has a contact angle of 22°,40 collagen on glass is
24°,48 and methacrylated hyaluronic acid hydrogel on glass and
plastic is approximately 40°.49 Hence, the LM-Well was designed

to sit 0.8 mm above the base of the well, with its leaflets held in
place by a central pillar.

3D printing was employed to generate these devices because
it has been shown to be a powerful tool to rapidly generate
complex geometries in microfluidic OoC devices.36,50 However,
many commercial biocompatible 3D printing resins were found
to be cytotoxic in in vitro experiments.51,52 Hence, we first
evaluated the cytocompatibility of three commercially available
3D printing resins—TechClear (Moiin), BioMed Clear
(FormLabs), and PlasClear (ASIGA) – with MCF-7 cells (Fig. S1A
and B, SI Methods). 3D printed inserts at different stages of
post-processing, i.e. before and after washing and over-curing
were assessed. Both TechClear and BioMed Clear resins were
biocompatible across all processing levels, while PlasClear
exhibited cytotoxicity even after extensive post-processing (Fig.
S1C). This aligns well with previous reports of toxicity with
under and over-processed resins36,53 and indicates the
importance of such preliminary biocompatibility assessments.
BioMed Clear resin was ultimately selected due to its
cytocompatibility and higher throughput production
capabilities with FormLabs printers.

Using the BioMed Clear resin, the final LM-Well insert
design was 3D printed and assessed for print fidelity (Fig. 1B).
The prints showed below 4% error compared to the CAD
dimensions, indicating high reproducibility, for the height (A),
leaflet length (B) and width (C), device inlet holes (D) and device
internal (F) and external (G) width, with higher error (8%) for
dimension E, which was designed to be the 1 mm gap between
the leaflets (Fig. 1C). We then evaluated liquid patterning
efficiency on uncoated (dry), wet and FBS-coated devices since
the coating impacts the contact angle between the liquid and
the leaflet. When the device was not coated, there was minimal
patterning success, aligning with expectations as the cosine of
the uncoated contact angle (θ = 78°) is less than the device's
aspect ratio (Fig. 1D). Wetting the device in water before
patterning did not enhance this, though soaking with FBS to
impart a coating with adsorbed hydrophilic proteins on the
device resulted in effective filling since the resultant contact
angle (θ = 58°) was the smallest (Fig. 1D). Other hydrophilic
protein coatings such as bovine serum albumin (BSA) are likely
to similarly enhance filling. The volume of liquid patterned by
each leaflet was reproducible, with the devices consistently
patterning ∼35 μL, ensuring a sufficient amount of cells and
hydrogel for downstream biological assays (Fig. 1E).

We next sought to demonstrate the LM-Well's flexibility in
patterning different classes of hydrogels. These included
previously developed PEG-based click-chemistry hydrogels,6

thermally crosslinked natural hydrogels (type I collagen), and
photo-crosslinked GelMA (Fig. 1F). By suspending different
cells, illustrated by cells labeled with different fluorescent
probes, into the hydrogels, the LM-Well enabled the
patterning of three distinct hydrogel niches with different cell
populations (Fig. 1G). We verified the viability of cells
encapsulated in a hydrogel patterned using the LM-Well
compared to without the insert (Fig. 1H), confirming that the
3D-printed device has no adverse cytotoxic effects.
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3.2. Customizing niche physicochemical properties with
oxygen-modulating microcapsules

Since the LM-Well utilizes open microfluidic patterning
principles which are less dependent on hydrogel crosslinking
properties, it allows one to incorporate additional functional
materials to create patterned composite materials. The addition
of oxygen-scavenging enzymes,44 growth factors54 or drugs55,56

presents such opportunities for fine-tuning cellular
microenvironments. Here, we demonstrate that previously
developed oxygen-scavenging microcapsules44 can be effectively

patterned using the LM-Well, adding another layer of control
over the physicochemical properties within this multi-niche
system.

Local control of oxygen levels is crucial for replicating
many physiological processes, as oxygen gradients exist in
various tissues. For instance, hypoxic conditions are a
hallmark of tumor microenvironments, such as those found
in breast cancer.57,58 At the same time, oxygen gradients are
essential to mimic liver zonation of metabolic activities
between the periportal and perivenous regions.59–61 Although
environmental chambers that regulate gas levels (e.g. hypoxic

Fig. 1 LM-Well design and open microfluidic patterning characterization. (A) Schematic demonstrating the volume filling and patterning of
hydrogels (pink) in a well of a 24-well plate by the LM-Well (blue). (i) Overall view of LM-Wells in a 24-well plate with close-up isometric view of
an LM-Well in a 24-well plate well and indication of common medium, (ii) side-view of the hydrogel patterning between the bottom the LM-Well
leaflets and the bottom of the well, (iii) bottom-view of the three distinct leaflets patterning hydrogels separately, (iv) indication of critical leaflet
dimensions. (B) Pictograph of an LM-Well, scale bar represents 5 mm. (C) Print fidelity as print error (%), inlay shows relevant dimensions. (D)
Accuracy of volume loading as success of localizing food-colored water with different coatings on the LM-Well, with representative bottom-view
images. (E) Volume patterned under leaflet for three distinct devices. One-way ANOVA revealed no significant difference (ns) between devices. (F)
Cell-free hydrogels with different Alexa Fluor (AF) tags patterned in the LM-Well, including GelMA hydrogel, PEG hydrogel (PEG-SH and PEG-MAL),
and collagen 1 hydrogel. (G) MCF-7 cells in GelMA hydrogel tagged with different cell trackers patterned in the LM-Well. (H) Live/dead
fluorescence imaging of MCF-7 cells in GelMA hydrogel with and without the LM-Well after 7 days of culture. All data is n = 3 devices with n = 3
technical replicates and mean ± SD.
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incubators) can tune oxygen concentrations at a single set
level,44 they are limited in their ability to create stable,
localized variations of oxygen levels as they impact the entire
system.

To address this challenge, we incorporated microcapsules
encapsulating glucose oxidase and catalase44 into the
hydrogels at varying concentrations before the LM-Well
patterned them to produce multiple oxygen concentrations
within a single well. The LM-Well's hydrogel patterning
fidelity remained unaffected by the relatively large size and
high concentration of the microcapsules, which typically
increase material viscosity and could disrupt other patterning
techniques, such as bioprinting.

We first demonstrate the use of the LM-Well to study hypoxic
responses in breast cancer models within GelMA hydrogels,
which are widely used in cancer research for their tunable
properties.62,63 After confirming that the effect of oxygen-
scavenging microcapsules within one leaflet did not impact
adjacent leaflets (Fig. S2), oxygen-scavenging capsules were
incorporated at concentrations of 0, 5, and 7.5 mg mL−1 to
establish localized regions of normoxia (∼11% O2) and varying
degrees of hypoxia (8.9% and 6.5% O2; Fig. 2A). MCF-7 breast
cancer cells patterned within these localized oxygen
environments responded correspondingly with increasing levels
of Hypoxia-Inducible Factor 1 α (HIF1-α) at lower oxygen
concentrations (Fig. 2B and C).64 Indeed, single cells seeded
within hypoxic regions formed smaller cellular aggregates
(Fig. 2D and E), which was consistent with established literature
on hypoxia-induced growth inhibition,44,65 allowing us to
capture distinct areas in hypoxic response in a single well.

Next, we moved to model metabolic liver zonation, where
distinct oxygen regions within the liver correspond to defined
metabolic activities. We employed HepaRG-derived
hepatocytes in a liver click decellularized ECM (dECM)
hydrogel previously developed by our group,6 which provided
a biologically relevant composition optimized for liver-
specific cell functions. First, we utilized the same oxygen-
scavenging capsule concentrations as with the MCF-7 cells,
though, this resulted in extremely low oxygen levels (<3%)
and cell death (data not shown). This could be due to the
higher metabolic rate of hepatocytes as compared to cancer
cells,66 as well as the slightly higher seeding density used for
the hepatocytes. As such, we reduced the concentrations of
the oxygen-scavenging microcapsules to 2.5 and 5 mg mL−1

to achieve similar oxygen levels (8.7% and 5.2% O2,
respectively) to the hypoxic tumor models (Fig. 2F).
Importantly, this matches the oxygen levels seen in different
zones of the liver, where the periportal zone typically has an
oxygen level of 8–9%, and the pericentral zone has an oxygen
level of 4–5%.67 Again, we observed a similar response in
HIF1-α expression for HepaRG hepatocytes patterned within
these localized oxygen environments (Fig. 2G and H).
Excitingly, hepatocytes within these hypoxic niches exhibited
decreased albumin expression and enhanced CYP1A2
expression (Fig. 2I and J), replicating the zonation observed
in vivo61 without complex apparatus. Hence, by precisely

patterning oxygen-scavenging capsules within these
hydrogels, we generated localized oxygen gradients that
mimic physiological conditions, demonstrating the
platform's utility in creating highly controlled, model-specific
microenvironments with targeted hydrogels and functional
materials.

3.3. Integrating 3D printed micro-structures to customize
local niches for mechanically active cells

Having shown the LM-Well to be well suited to generate
niches comprising 3D cell-laden hydrogels, we moved to
more complex niche formation involving providing
scaffolding micro-structures for mechanically active cells,
such as those of the mesenchymal lineage, including
muscle or bone. These cells typically require matrix
stiffnesses above what is usually achievable in hydrogels.68

Hence, these mechanically active cells are ineffectively
cultured when encapsulated within hydrogels and require
scaffolds or pillars to act as anchor points.69–74 Various 3D
printing modalities suitable for fabricating more rigid
biopolymers, such as fused deposition modeling (FDM)
printing,75 and melt electro-writing76,77 have been used to
manufacture 3D micro-structures for cell attachment.
Hence, we harnessed the 3D-printed nature of the LM-Well
to design additional 3D micro-structures, which can be
printed directly on the base of the leaflets to support
mechanically active cells.

We first assessed the print resolution limit of the 3D
printer and found that struts above a 250 μm pillar diameter
can be readily printed as part of the LM-Well leaflet with low
error (Fig. 3A). With this limit identified, we printed two
common 3D architectures used in tissue engineering – a
cross-hatched scaffold (Fig. 3B) and a pair of hourglass
shaped micro-pillars (Fig. 3C) often used in 3D myobundle
formation.78–80 In both designs, the dimensions of the struts
were between 300 to 400 μm, with an inter-strut spacing of
>700 μm, which are much larger than those obtained with
PDMS replica molding (∼20–100 μm;73,74) or melt electro-
writing (10 μm;76). Nonetheless, C2C12 myoblast cells
patterned using leaflets with the 3D cross-hatched scaffold
exhibited a more spread cell morphology than those
patterned in a collagen I hydrogel alone (Fig. 3D). This
indicated that cells could respond to the differential
mechanical environment imparted by adding rigid micro-
structures.

Next, we demonstrate the generation of 3D myobundles to
further illustrate the utility of the LM-Well with integrated 3D
microstructures. The geometry of each leaflet was modified to
pattern myoblast cells in collagen type 1 hydrogel into an
elongated dog-bone-like structure, encapsulated two pairs of
micropillars. Differentiation and remodeling of the myoblast
cells around the micropillars as mechanical anchor points
resulted in the formation of a 3D myobundle.80,81 The first
iteration of the elongated leaflet has a small width of 1 mm,
disallowing effective SCF and, therefore, resulting in incomplete
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filling (Fig. 4A). However, when the width of the leaflet was
expanded to 2.5 mm, we could achieve effective patterning
around the pillars (Fig. 4A).

Using the successful second iteration of the pillar design,
we analyzed the impact of pillar radius on myobundle
construct formation (Fig. 4Bi). We found that constructs

Fig. 2 Oxygen zonation in a single well using the LM-Well. Breast cancer zonation model (left) and HepaRG liver zonation model (right) shown.
Percentage oxygen (A and F) and quantitative (B and G) and representative image HIF1-α expression (C,H) in three different leaflets which contain cells
mixed with three different concentrations of oxygen-scavenging capsules (containing 1000 U mL−1 glucose oxidase and 60000 U mL−1 catalase) on day 6
of MCF-7 culture (A–C) and day 3 of HepaRG culture (F–H). (D) Representative images of MCF-7 aggregate area patterning in a single well using different
concentrations of oxygen-scavenging capsules, with quantification of aggregate area (E). (I and J) HepaRG liver zonation mRNA marker expression for a
gene downregulated in hypoxia (ALB; I) and a gene upregulated in hypoxia (CYP1A2; J). All data is n = 3 experimental replicates of n = 3 devices each and
mean ± SD. One-way ANOVA used for statistical analysis. ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Lab on a Chip Paper



5884 | Lab Chip, 2025, 25, 5875–5893 This journal is © The Royal Society of Chemistry 2025

could be formed between 0.8–1 mm in diameter (Fig. 4Bii)
with all pillar radii tested. However, it was observed that
pillars with a radius of 300 μm were unable to reliably
support the cells, resulting in slippage of the myobundle
(Fig. 4Bi). In contrast, pillars with radii of 350 μm and 400
μm supported the remodeling of C2C12/collagen into stable

myobundle constructs (Fig. 4Bi). To minimize the risk of
slippage and ensure robust myobundle stability, the 400 μm
pillar diameter was selected for subsequent experiments.

We found the cells to align between the pillars when
compared to a control with no pillars (Fig. 4C), and that the
LM-Well design to allowed for convenient removal of the

Fig. 3 Integration of micro-structures to the LM-Well. (A) Print error with different strut diameters, one-way ANOVA revealed significant (*p <

0.05) decrease in error above 250 μm strut radius. (B) Representative images of 3D printed cross-hatched scaffolds of 300 μm diameter at the base
of the leaflets. (C) Representative images of hourglass-shaped pillars printed with different pillar diameters at the base of the leaflets. (D)
Representative fluorescent images of C2C12 on day 9 of culture in collagen type I hydrogel with and without scaffold support.

Fig. 4 Formation of C2C12 3D myobundles in a modified LM-Well with integrated micropillars. (A) Representative images of two iterations of the
pillar-containing leaflets with food-colored liquid patterning to represent patterning ability. (B) (i) Fluorescence and brightfield imaging of C2C12/
collagen type I constructs with (ii) C2C12 construct size. Arrow indicates construct lifted from the pillars. (C) Imaging of the C2C12 cells with and
without the pillars after 9 days of culture, demonstration of retention of constructs upon removal from the well, and a tile image of the C2C12
construct. (D) mRNA expression of muscle differentiation markers on the LM-Well pillars compared to undifferentiated C2C12 cells on day 9 of
culture. One-way ANOVA revealed significant upregulation, *p < 0.05, **p < 0.01.
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device for confocal imaging, leveraging the autofluorescence
of the device to visualize the pillars alongside the complete
myobundle construct (Fig. 4C). Notably, the myobundles
cultured on the modified LM-Well expressed muscle
differentiation markers,82,83 as confirmed by mRNA
expression analysis, indicating successful differentiation of
the muscle cells within the modified LM-Well (Fig. 4D). This
result validates the LM-Well as a platform for culturing 3D
myobundles with the modified muscle leaflet design, opening
new possibilities for co-culturing myobundles alongside
stromal or other supportive cells in adjacent leaflets, enabling
the study of intercellular crosstalk. Additionally, the LM-Well
facilitates the generation of myobundles in traditional well
plates, providing a scalable and higher-throughput alternative
to current PDMS-based systems.

3.4. Modelling liver-tumor crosstalk in a single well

Finally, we sought to demonstrate the LM-Well's utility in
studying inter-organ crosstalk within a single well. In
human physiology, multiple organs interact dynamically to
produce coordinated functional outputs. This is especially
important in the context of drug testing. Indeed, many
pro-drugs rely on activation by the liver to achieve
enhanced therapeutic activity following first-pass
metabolism, which is crucial to capture in multi-tissue
studies.84,85 Tamoxifen is a well-known example, activated
by hepatic enzymes into its more potent forms,
4-hydroxytamoxifen and endoxifen.86 Neglecting liver
functionality in such drug-testing models artificially
diminishes the efficacy of tamoxifen, leading to inaccurate
assessments. While complex and resource-intensive models
involving manual assembly of laser-etched PDMS and
acrylic pieces have previously demonstrated the necessity
of liver activity for accurate tamoxifen studies,87 we aimed
to show that our simple, accessible LM-Well platform,
which supports diverse biomaterial formulations, is
similarly predictive and functional in this context.

The LM-Well was used to replicate key aspects of liver-
tumor crosstalk while maintaining the functional integrity of
both tissues. This system leverages hydrogels with two
distinct crosslinking mechanisms to provide optimized
microenvironments tailored to the specific needs of each cell
type: photo-crosslinked GelMA for MCF-7 breast cancer
cells,25,88 and click-chemistry-based liver-dECM hydrogel for
HepaRG-derived hepatocytes.6

The shared medium, essential for supporting both MCF-7
cells and HepaRG-hepatocytes and facilitating crosstalk, was
optimized to maintain the viability and functionality of the
respective cell types. MCF-7 cell viability was assessed via
metabolic activity in three media formulations: MCF-7 medium,
HepaRG medium, and a 1 : 1 mixture. HepaRG medium
significantly reduced MCF-7 metabolic activity and aggregate
size by day 7, whereas the 1 : 1 mixed medium maintained
comparable aggregate size and metabolic activity to MCF-7
medium (Fig. S3A and B).

In addition to metabolic activity, HepaRG-hepatocyte
metabolic functionality was further evaluated using
cytochrome P450 3A4 (CYP3A4) activity as a key metric, as
this enzyme metabolizes both tamoxifen and
doxorubicin.89,90 Surprisingly, HepaRG media was the least
effective in supporting metabolic activity, while the 1 : 1
mixed medium enhanced both metabolic activity and
CYPP3A4 activity by day 3, the critical time point for drug
addition (Fig. S3C and D). Based on these results, the 1 : 1
mixed media was selected as the optimal formulation,
supporting both MCF-7 viability and HepaRG-hepatocyte
functionality for the subsequent drug study.

With an optimized co-culture medium, we studied liver-
tumor crosstalk in drug metabolism and efficacy using the
LM-Well platform. Drug concentrations were optimized with
MCF-7 cells alone, with dose–response curves generated to
determine a drug concentration corresponding to a 20–40%
reduction in cell viability such that the drug efficacy can be
modulated by the presence of HepaRG-hepatocytes (SI Fig.
S4). We co-cultured the MCF-7 tumor cells and HepaRG-
hepatocytes for 3 days before adding tamoxifen, and assessed
the impact of pro-drug activation on MCF-7 cellular
aggregates in conditions with and without the HepaRG-
hepatocytes. By measuring DNA content as an indicator of
MCF-7 cell growth, it was found that tamoxifen had no
significant impact on the MCF-7 cells when cultured alone
(Fig. 5A). However, in co-culture with the HepaRG-
hepatocytes, there was a significant decrease in MCF-7 DNA
amount, indicating that the activated tamoxifen stunted
MCF-7 growth. This result concurred with observations in the
aggregate size analysis (Fig. 5B and C), indicating that the
drug was more effective in the presence of the HepaRG-
hepatocytes.

We also investigated the effect of hepatic metabolism
on doxorubicin clearance to demonstrate the importance
of incorporating liver function when evaluating anti-tumor
drug efficacy. Doxorubicin, a chemotherapy drug
commonly used in breast cancer treatment, is metabolized
by the liver into its less potent form, doxorubicinol,
primarily through phase I enzymes such as CYP3A4 and
CYP2B6, which are expressed in HepaRG-hepatocytes.91

Therefore, we expect that when HepaRG-hepatocytes were
co-cultured with MCF-7 cells in the LM-Well, the
metabolic clearance of doxorubicin by the HepaRG-
hepatocytes would reduce the anti-tumor efficacy of
doxorubicin on MCF-7 cells. This was evidenced by
increased total DNA content and cellular aggregate area in
MCF-7 cultures compared to controls treated with
doxorubicin without HepaRG-hepatocytes (Fig. 5D and F).

In addition to assessing MCF-7 tumor cells, we also
examined the effects of tamoxifen and doxorubicin on HepaRG-
hepatocytes within the LM-Well coculture. Both drugs markedly
reduced the metabolic activity of HepaRG cells (SI Fig. S5),
indicating hepatotoxic side effects consistent with previous
reports in the literature.92,93 To confirm that the observed
differences in drug responses between tumor-only cultures and
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tumor–liver cocultures were specifically due to hepatic
metabolic activity, rather than simply the presence of additional
drug-sensitive cells, we performed a control experiment. In this
setup, the HepaRG hepatic niche was replaced with a second
MCF-7 tumor niche, thereby increasing the total number of
tumor cells without introducing a metabolically active liver
component. Under these conditions, no differential drug
response to doxorubicin was observed (SI Fig. S6). These results
demonstrate that while both tamoxifen and doxorubicin exhibit
off-target hepatotoxicity, the presence of metabolically active
HepaRG cells is essential to elicit the distinct drug response
observed in the tumor–liver coculture.

The LM-Well thus successfully facilitated studies of
crosstalk between two distinct cell types within a single well,
with each cell type encapsulated in a tailored hydrogel with
differing crosslinking mechanisms. Notably, this platform
enabled the independent assessment of MCF-7 cells, even
after co-culture with HepaRG cells, a feature not possible in

direct co-culture setups and challenging in more complex
systems.

4. Discussion

Studying multi-cellular interactions in an engineered
physiological microenvironment is challenging. Significant
complexity arises from the need to meet the specific
environmental requirements of individual cell types while
organizing them within a shared medium to facilitate
effective communication.1,2 Sizable efforts have been
dedicated to developing advanced biomaterials that
customize cellular microenvironments' biochemical and
mechanical properties, enhancing their functionality and
predictive value in disease modeling.94,95 The LM-Well has
been designed to provide an accessible and easy-to-use
platform for patterning such various hydrogels, regardless of
their material properties. This 3D-printed open microfluidic

Fig. 5 Liver-tumor model tamoxifen (top) and doxorubicin (bottom) drug studies. MCF-7 total DNA (A) and aggregate area (B) as a percentage
relative to the vehicle control, and representative aggregate images (C) for MCF-7 alone and MCF-7 + HepaRG conditions with 100 μM tamoxifen
addition on day 3 of culture for 48 hours. MCF-7 total DNA (D) and aggregate area (E) as a percentage relative to the vehicle control, and
representative aggregate images (F) for MCF-7 alone and MCF-7 + HepaRG conditions with 400 nM doxorubicin addition on day 6 of culture for
24 hours. All data is n = 3 experimental replicates of n = 3 devices each and mean ± SD. One-way ANOVA used for statistical analysis. ns = not
significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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well insert utilizes SCF to pattern cell-containing prepolymer
solutions into distinct regions within a single well. This
capability enables the creation of various niches defined by
hydrogel composition, additional biomaterials, structural
supports, and the cell types present. All these elements
contribute to forming a complex localized microenvironment
with unique characteristics.

Fluid patterning by the LM-Well relies on capillary force-
driven SCF, which is governed by the wettability of the polymer
solution on the 3D-printed resin and the aspect ratio of the
open microfluidic channel,46,47 determined by the leaflet width
and the gap height between the leaflet and the well plate. Since
SCF is independent of bulk material properties, such as
viscosity or other rheological characteristics, any Newtonian
fluid can be successfully patterned. Viscosity does not play a
role in the conditions for successful flow, but does slow the flow
dynamics, potentially increasing the time taken to pattern
materials.96 The versatility of the LM-Well was demonstrated
through our successful integration of diverse biomaterials,
including rat-tail collagen for C2C12 myobundle formation,
GelMA for MCF-7 breast cancer cells, and liver-dECM gels for
HepaRG-hepatocytes, and we anticipate that the LM-Well would
be amenable for use with a vast library of biomaterials that is
ever expanding.97

The LM-Well also allows for configurable hydrogel geometry
and spatial patterning. In this study, it was designed to create
three independent niches within a 24-well plate. Leaflets of
different shapes can be tailored for cell-type-specific co-culture
within a single well, provided that SCF conditions are met. We
demonstrated this versatility by modifying the leaflet shape
from three evenly distributed, scallop-shaped sections
circumscribed by the 24-well to an elongated dog-bone format
for myobundle culture. Further, well inserts for different plate
formats including 6, 12, 48 and 96-well plates could be
designed. In larger well plat formats (e.g. 6-well), more than
three patterning leaflets could be designed to generate more
than three cell niches for extensive multi-organ studies.
Moreover, it could allow for higher throughput experiments
with smaller footprint well plates. SCF conditions can likely be
satisfied by reducing the gap height between the bottom of the
leaflet and the base of the well when the leaflet area decreases.
The diffusion distance between leaflets is another critical factor
in scaling down the LM-Well. We found the adjacent leaflets in
our model to have little impact on one another, best
demonstrated by the distinct patterning of oxygen scavengers in
the LM-Well (Fig. S2). The oxygen-scavenging microcapsules
have a diffusive range of approximately 3 mm.44 This allowed
for precise control in our relatively large leaflets but could
impact distinct niche formation in smaller footprints. However,
if the conditions for SCF are satisfied and the space between
leaflets is sufficient to allow for distinct patterning, many
different embodiments of the LM-Well are possible.

Further adaptability could be imbued to the LM-Well by
incorporating functional materials, such as nano- or micro-
particles, or the addition of 3D printed structures to the
bottom of the leaflets. Here, we demonstrated the

incorporation of oxygen-scavenging micro-capsules to control
the local oxygen level within a cell niche. Other functional
materials, such as smart polymers or nanoparticles that
control the delivery of growth factors54 or drugs55,56 could
also be incorporated. An exciting opportunity could be the
integration of sensor materials, such as oxygen biosensors
along with oxygen-scavenging micro-capsules to allow
concurrent measurement of local oxygen levels along with
the oxygen patterning.98 Moreover, with the advent of 3D
printing technologies, there are opportunities to add higher
resolution structures to the base of the LM-Well. This could
allow for embodiments of the LM-Well with precise 3D
printed scaffolds for osteosarcoma modelling,99 or scaffolds
with gradient structures to mimic physiology in bone
regeneration.100 Moreover, using multi-material printers
could allow for incorporating electrophysiological recording
or stimulation with gold pillars embedded in the hydrogels101

or flexible pillars for quantifying contractile functions using
inverted microscopy.102 As there continues to be advances in
3D printing resolution and complexity, this can be translated
to niche complexity in the LM-Well.

The LM-Well bridges the gap between experimental
complexity and analytical accessibility. The open-well format
and removability of the LM-Well following experimentation
facilitated the harvesting of hydrogel for downstream
analyses, such as imaging, gene expression profiling, and
biochemical assays. Hydrogels from separate leaflets could be
scooped from the well and analyzed individually. In contrast,
traditional microfluidic setups often isolate cells in enclosed
microfluidic channels, making them difficult to harvest.103

This feature was particularly valuable in our research for
harvesting cells subjected to separate hypoxic niches to
examine their phenotype and functions. When examining
multicellular crosstalk, such as the effect of liver metabolism
on tamoxifen and doxorubicin efficacy on MCF-7 breast
cancer cells, the LM-Well allowed crosstalk between the liver
and tumor niches in shared media but enabled MCF-7 tumor
cells to be harvested in isolation from the LM-Well
specifically for analyses. While the study of tamoxifen
activation by liver cells is not novel, with previous OoC
studies demonstrating the role of the liver in tamoxifen
activation,87 existing models often rely on complex apparatus,
such as perfusion systems, and require disassembly of the
device to retrieve cells cultured on coverslips.87 These
processes can be labor-intensive and introduce variability. In
contrast, the LM-Well achieved similar results with additional
readouts, including aggregate size and DNA content, in a
more straightforward setup that is amenable to standard
laboratory environments. This was also found in our study
on doxorubicin metabolism where we identified results that
aligned with established literature in far more complex
settings.104,105

The LM-Well is designed to pattern cell-laden hydrogels
within a shared soluble microenvironment in a well plate.
While this simplified operation, it also poses challenges,
particularly for co-culturing multiple cell types, as
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maintaining a common medium that is optimal for all cell
types can be difficult, especially if fastidious cells like
primary or stem cells are involved. A simple workaround
solution would be mixing different media in specific ratios106

as we have shown in the liver-tumor co-culture study. This
solution may not always be applicable, especially when some
factors present in one cell type's media may inhibit another
cell type's function, as was the case in a multi-organ model
where TGF-β1 was found to be required for lung cell function
but inhibit liver function.107 As an alternative, universal
mediums are being developed to support the culture of
multiple cell types,108 though these remain primarily in
development.

Regarding modeling multi-cellular crosstalk, the LM-Well
is best suited for modeling interactions driven by paracrine
signaling, particularly those between parenchymal and
stromal tissues within or across organ systems. Within an
organ system, the LM-Well can be used to study
microenvironmental heterogeneity such as oxygen levels in
liver zonation and drug efficacy within solid tumors. Between
organ systems, we anticipate it to be suitable for investigating
metabolic organ crosstalk including that between adipose,
liver and muscle tissue,109 or immunity with cancer-
associated fibroblasts producing factors that may alter
tumorigenicity or the drug responses of tumor cells.110

Beyond fundamental studies of cellular crosstalk, the LM-
Well could also be applied to pharmaceutical contexts,
including potential higher-throughput screenings of drug–
drug interactions or assessing metabolite-mediated toxicity.
Careful adaptation would be needed, particularly to integrate
with automation workflows common in the pharmaceutical
industry. While powerful for multiple applications, the LM-
Well is less suited for migration studies like tumor
metastasis from the solid tumor into the vasculature which
require direct cell–cell contact or translocation across barrier
tissues. Also, pharmacodynamics/pharmacokinetics studies
involving more than three or four cell types may be complex
due to the practicality of patterning many tissues in a single
well, and the lack of dynamic flow to control the relative
distribution of drugs, simulating systemic blood flow to
different organ systems.111

Conclusion

The LM-Well provides a versatile and accessible platform for
spatially organizing biomaterials and creating localized
microenvironments within traditional well plates. It
supports a wide range of biomaterials, allows for precise
control over microenvironmental conditions, and facilitates
downstream analyses. These features make the LM-Well a
robust tool for researchers investigating tissue-specific
microenvironments, cellular interactions, and drug
metabolism. Its simplicity and adaptability make the LM-
Well a valuable resource for enhancing our understanding
of complex biological systems.
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