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ABSTRACT
Organoids, 3D tissue cultures that mimic real organs, offer valuable models for research. 
Traditional culture methods rely on manual feeding and orbital shakers, making them labor-
intensive and inconsistent. Microfluidic systems have shown their potential to improve 
reproducibility by controlling media exchange and culture conditions, yet most still require 
standard incubators, which limit continuous monitoring due to space and humidity constraints. 
To address this, we developed a modular platform that integrates automated feeding, real-
time imaging, and environmental control, eliminating the need for a conventional incubator. 
A key feature is a vertically oriented PDMS/glass chip that supports precise media delivery 
and monitoring while preserving incubation conditions, making it ideal for morphological 
studies. We demonstrated the platform’s ability to maintain metabolic stability and media 
distribution over time using cerebral organoids. This platform improves organoid research by 
combining microfluidics, automation, and imaging, enhancing disease modeling, drug testing, 
and regenerative medicine applications.

Introduction
Advances in stem cell technology have enabled the development of organoids, 3D in 

vitro tissue cultures that replicate key aspects of biological organs. Various tissues, including 
brain1, gut2, liver3, kidney4, and retina5, have been generated using this approach. However, 
standard culture methods, such as manual media feeding, are labor-intensive and prone to 
variability6. Microfluidic technologies have emerged as a solution, enhancing 
reproducibility7,8,9 through consistent culture conditions6,10,11,12,13, and optimized media 
exchange14,15,16,17,18,19,20. Despite these advancements, maintaining the necessary 
environmental conditions while tracking tissue development remains challenging17,18,19,20, as 
most microfluidic systems are designed for standard incubators6, which are poorly suited for 
continuous monitoring due to space limitations and the incompatibility of electrical 
components with the warm, humid environment in cell culture incubators21. Integrating 
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autonomous feeding with real-time imaging and multimodal monitoring in out-of-incubator 
systems may provide valuable insights into tissue development6, cell migration22,23, 
proliferation24, and differentiation25. At the same time, an instrumented platform with tracking 
capabilities could significantly improve biological systems monitoring26,27, disease 
modeling28, and pharmacological research13.

Previous studies have explored integrating media supply distribution and live tracking 
capabilities for organoid cultures28,29. However, most existing solutions fail to fully address 
the combination of automated feeding, tracking capabilities, and environmental incubation 
requirements24,30. Current approaches can be categorized into three main groups: (1) feeding 
systems that rely on standard incubators6,7,10,11,13,31, which restrict continuous imaging given 
the high humidity conditions; (2) systems that operate outside incubators but lack continuous 
media delivery and the ability to switch between different media types12,22,24; and (3) tank 
reactors that do not require standard incubators, but cannot be adjusted to conventional 
imaging techniques8,9,32. Key integration challenges include, but are not limited to, handling 
microfluidic chips within incubators without disturbing cultures14,33, ensuring proper media 
distribution for 3D cell survival, and maintaining adequate gas exchange to prevent necrosis 
in organoid cores10. Addressing these limitations is crucial for longitudinal cell studies24,33, and 
tracking the organoid growth process34.

Here, we developed a modular platform designed to overcome limitations in 
longitudinal tracking. The platform integrates three key modules: (1) an automated feeding 
module, (2) a live imaging module, and (3) an environment feedback control module, which 
support organoid viability and enable real-time monitoring. A key feature of this system is its 
ability to regulate fluid flow within the culture media, maintaining stable pH and temperature 
levels while capturing time-lapse images and minimizing contamination risks during handling. 
To enhance 3D tissue tracking, a vertically oriented PDMS/glass chip was incorporated as a 
culture plate. This chip is easy to fabricate and replicate, playing a fundamental role in real-
time monitoring of fluid flow distribution while maintaining incubation conditions, making it 
particularly suitable for morphological studies16,35,36. By integrating microfluidics, automated 
feeding technologies, real-time imaging, and controlled tissue culture conditions, we 
demonstrated the longitudinal tracking capabilities of the platform by using cerebral 
organoids, providing valuable insights into their viability, morphology, metabolic homeostasis, 
incubation stability, and media distribution.

Results
Organoid culture platform

The platform was designed modularly to enable experimental flexibility, integrating 
off-the-shelf 3D-printed parts mounted on an anodized aluminum optical breadboard. The 
modular framework comprises three subsystems: Environmental Feedback Control (blue), 
Automated Media Feeding (red), Live Imaging Acquisition (green). Some support accessories 
were used to ensure the standard functionality (Fig. 1a); however, these accessories are not 
considered as a subsystem as they lack logic control. The setup also allows for microscopic 
observation and analysis of samples while maintaining stable temperature and pH levels. The 
allocation of each component is illustrated in Fig. 1b, and Fig. 1c. The platform physical 
configuration (Fig. 1d-e) supports the semi-continuous circulation of culture media, ensuring 
uniform distribution, efficient nutrient exchange, impurity removal, and sterility maintenance. 
A Raspberry Pi screen (Fig. 1b(11)) provides a user-friendly interface for real-time visualization 
and system control. Figure 1 outlines the system architecture, and detailed component lists 
are provided in Supplementary Tables 1 and 2. The platform was functionally tested over 120 
hours in preparation for tissue culture experiments. The platform demonstrated robust 
imaging capabilities (Fig. 1f). To test the control capabilities of the environmental control, we 
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ran several test bench tests at 37°C and  a 7.5 pH value (Figure 1g-h). The complete set of 
data is available in the Supplemental Material section. 

The environmental control module comprises two feedback loop controllers: one for 
pH regulation (Fig. 1a(2)), which injects carbon dioxide (Fig. 1a(1)) into the media (Fig. 1a(3)), 
and another for temperature control (Fig. 1a(7)). The feeding module includes a 
programmable pump (Fig. 1a(5)), which connects the media reservoir (Fig. 1a(3)) to the 
PDMS/glass chip (Fig. 1a(6)) through a recirculation mechanism, preceded by a polyvinylidene 
fluoride (PVDF) filtration system (Fig. 1a(4)) to ensure media cleanliness and quality. The 
imaging module, positioned near the culture chamber, is equipped with a fluorescence-
capable camera (Fig. 1a(8)), enabling high-resolution visualization. An additional temperature 
sensor (Fig. 1a(9)) was added to verify the measurements. This setup allows for real-time 
monitoring of experimental conditions within the specially designed PDMS/glass chips, 
providing valuable insights into organoid development. All modules were designed to function 
in an integrated manner, ensuring seamless operation and enhanced experimental control.
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Figure 1. Overview of the modular platform for automated organoid culture and longitudinal 
imaging. a) Block diagram showing the main modules: environmental control (2, 7), 
automated feeding (5), and live imaging (8). b) CAD model of the whole system: heater 
controller (7), biochamber (6, highlighted in red and detailed in panel c), portable microscope 
(8), environmental sensor control module (10), LED visualization station (11), media reservoir 
with pH probe (3), pH controller (2), programmable servo pump (5), and power supply (12). c) 
exploded view of the biochamber: heater pad (14), media temperature sensor (13), 
PDMS/glass chip. Figure 2 shows the fabrication, and Figure 5 shows the chip during testing 
(15), and an external temperature sensor for verification (9). (d,e) Photographs of the physical 
setup corresponding to panels b and c. f) Magnification of the PDMS/glass chip showing an 
example of an object (4 mm diameter nut) at the bottom of the well. Supplemental Figure 1 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



shows a USAF 1951 resolution test target. (g,h) Recorded temperature and pH values during 
the first 120 hours of continuous operation. This test bench evaluation was performed without 
organoids. Figure 1a was produced using Draw.io from Google and Adobe Illustrator. Figures 
1b and 1c were made using Autodesk Fusion 360 and Adobe Illustrator. Figures 1d and 1e 
were created using Adobe Illustrator in images taken by the authors. Figure 1f was obtained 
from the microscope software DinoCapture 2.0 and Adobe Illustrator. Figures 1g and 1h were 
produced using the Python package matplotlib in PyCharm and final edits in Adobe Illustrator.

To accommodate biological samples, we designed and fabricated an optically 
transparent modular PDMS/glass microfluidic chip that can be easily tailored for specific 
experimental conditions and is particularly useful for tracking media flow effects. The chip was 
constructed by bonding a molded and cured silicone well, formed using a 3D-printed mold, to 
a transparent glass microscope slide (Fig. 2a-j). It can be adjusted for multiwell applications 
(Fig. 2k-l) to allow multi-organoid experiments (see Supplementary Fig. 2 for the configuration 
of the serial and parallel wells used here). For a detailed description of the fabrication process, 
see the “Organoid culture platform” subsection in the methods. The well is accessible via 2 
mm square inlet and outlet channels at the edges of the chip surface, positioned 5 mm above 
the bottom to prevent sample loss through the outflow channel. A PDMS interface securely 
seals the Tygon tubing, preventing leaks within the platform. The setup is open to the air but 
can be sealed with a cap that holds the temperature sensor (Fig. 1c(13)). The opening is 
sufficiently large to facilitate organoid insertion using a standard micropipette while also 
allowing the removal of air bubbles and promoting free gas exchange. Unlike traditional 
culture methods, the chip is positioned vertically to enable tracking of media flow as it 
approaches the tissue (Fig. 2m-n) and can be adapted for longitudinal monitoring of media 
feeding (Fig. 2m-n). The entire fabrication process was completed in less than 16 hours. This 
chip was designed as a customizable alternative to conventional cell culture plates; the 
proposed chip costs USD 5.31 (see Supplementary Table 1) and methods.
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Figure 2. PDMS/glass chip fabrication process. a) Chip design and b) 3D printing of the mold. 
c) Casting the elastic PDMS, followed by d) curing. e) Degassing the mold in a vacuum 
chamber, f) cleaning surfaces, and g) activating both PDMS and glass slide using oxygen 
plasma etching to bond the layers. Heat is applied to strengthen the bond, resulting in h) the 
final chip. i) Final assembled chip and cross-sectional view of the layered structure. j) 
PDMS/glass chip shown in Figure 1c15. The chip can be adapted for multiwell applications 
where experiments can be performed in serial or in parallel (Supplementary Fig. 2), k) Version 
1 of the Multiwell approach shows a serial configuration and  l) shows a parallel one m) CFD 
simulation during aspiration and n) during filling actions. Figures 1a to 1i were produced using 
Biorender and Adobe Illustrator. Figure 1j was produced using Adobe Illustrator. Figures 1k 
and 1l were produced in COMSOL Multiphysics 5.5 and Adobe Illustrator.  

At the core of the automated feeding module is a programmable servo pump capable 
of delivering culture media with 5 nL resolution and adjustable stroke durations ranging from 
1 second to 5 hours, directly into the PDMS/glass chip. To better replicate the physiological 
circulation of bodily fluids37, we implemented a media recirculation system that enables semi-
continuous feeding with a higher exchange rate compared to conventional tissue culture 
methods28,29. 

The real-time image module integrates a Dino-Lite (AM4115T-GRFBY) microscope and 
the PDMS/glass chip, enabling video capture and imaging at up to 60 frames per second. This 
setup supports sample identification, accurate data acquisition, and analysis, and is capable 
of detecting mCherry (ex:580nm, em:610-720nm ), and GFP(ex: 465nm, em:505-540nm) 
fluorescence38. The system features a ~20 mm field of view and can be integrated with 
alternative camera systems.

The environmental feedback control module integrates a pH stabilizer, which regulates 
CO₂ injection, and a heat controller for temperature regulation. It operates across a 
temperature range of 20°C to 100°C and a pH range of 0.1 to 14. For validation, the system 
was set to maintain 37°C (Fig. 1h) and a pH of 7.6 (Fig. 1i). The platform maintained stability 
within ±0.6°C and ±0.3 pH units, demonstrating reliable environmental control. The 
experimental conditions were set to dispense 53 μL and aspirate 50 μL of media every 60 
seconds to compensate for media losses due to liquid evaporation from the heat source. The 
platform maintained a temperature of 37°C and a pH of 7.6. Additionally, the platform was 
programmed to capture images every 24 hours; a detailed description can be found in the 
methods section. This module enhances the precision and reproducibility of cell culture 
experiments, supporting detailed and consistent data acquisition.
Viability of cerebral organoids 

Tracking capabilities were tested using mouse cerebral organoids (Fig. 3a). Three 
batches (B) of ten organoids were divided into two groups: five were cultured in a standard 
incubator (control) and five in the platform, for each chip configuration (Fig. 3b). In both 
setups, wells were pre-filled with culture media to ensure consistent initial conditions. The 
cerebral organoid differentiation protocol used in this study has been extensively 
characterized by our group through immunohistochemistry and single-cell RNA sequencing 
across multiple time points, as detailed in Hernandez et al39. These analyses revealed the 
presence of all major neural cell types, including neural progenitor cells (NPCs), intermediate 
progenitors, excitatory and inhibitory neurons, and astrocytes, confirming the robustness and 
cellular diversity of the organoids used in this study. 

  After six days, the cell survival rate was assessed using the CytoPainter Cell Plasma 
Membrane Staining Kit (ab219941), a standard dye for labeling live cells40,41,42,43. Tissue 
cytoarchitecture was evaluated by immunohistochemistry of Map2 for neuronal cell bodies 
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and dendrites and nuclear counterstaining with DAPI. To control for CytoPainter 
autofluorescence, cortical organoids from the same batch were fixed in 4% paraformaldehyde 
before staining, serving as negative controls. Organoids cultured on the platform maintained 
comparable viability (orange fluorescence) to those in a standard incubator after six days, no 
effect of the chip to chip design variation was observed in the survival rate (Fig. 3c). 
Additionally, platform-cultured organoids (Fig. 3d) exhibited cytoarchitecture consistent with 
incubator controls (Fig. 3a), supporting the platform’s suitability for longitudinal tracking 
experiments.
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Figure 3. Immunohistochemistry and viability assessment of cortical organoids 
cultured on the platform versus standard conditions. (a) Representative 
immunostaining of cortical organoids before the experiment, showing the presence of 
the neuronal marker Map2. (b) Experimental setup: Cortical organoids were divided 
into two groups - cultured either in a standard incubator (control) or on the proposed 
platform, across three different types of chips, single well, multiwell v1 (serial wells) 
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and multiwell v2 (parallel wells). The geometry of these chips is described in 
Supplementary Figure 2 (c) Day 20: CytoPainter dye was used to assess cell viability 
in both conditions. “Standard culture” and “Standard culture negative control" are 
grown on an orbital shaker. All of the organoids were fixed in paraformaldehyde before 
staining. The geometry of the serial Multi-well configuration (v1) and the parallel one 
(v2) are described in Supplemental material Figure 2. (d) Day 20 immunostaining 
confirmed the presence of Map2-positive neurons in cortical organoids cultured on the 
platform for 6 days. Figure 3b was produced using Biorender and Adobe Illustrator. 

Cortical organoids are susceptible to metabolic stress, which can impair neuronal 
specification44. To further validate the organoids viability, a comprehensive metabolic analysis 
was performed using the Vi-CELL MetaFLEX bioanalyte analyzer (Fig. 4a). Media aliquots were 
collected from three independent batches of organoids cultured on the chip, and levels of pH, 
glucose, sodium, calcium, chloride, and potassium were measured (Fig. 4; Supplementary 
Tables 3 and 4). For each experiment, samples were taken at days 3 and 6 of culture, 
representing mid- and end-points of the experiment. These values were compared to matched 
organoids cultured in a standard tissue culture incubator with media exchanged every other 
day. Fresh media was also analyzed as a control (Fig. 4a; Supplementary Table 3).

Across all conditions, pH levels remained consistent between platform- and incubator-
grown organoids (Fig. 4b; Table 4; p > 0.05). Similarly, concentrations of glucose and all 
measured ions showed no significant differences between the two culture methods (Fig. 4c-f; 
p > 0.05), confirming metabolic stability of organoids maintained on the platform. Metabolic 
analysis was conducted on three representative single-well batches of chip-cultured 
organoids. 

Figure 4. Metabolic Analysis. a) Experimental design: Media aliquots were taken from both 
the PDMS/glass chip (life support platform) and a standard tissue culture plate incubator, then 
analyzed using the Vi-CELL MetaFLEX bioanalyte analyzer. b-g) Metabolite concentrations 
measured include: b) pH, c) glucose, d) sodium, e) chloride, f) calcium, and g) potassium. 
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Colors represent different conditions: Blue = fresh media; Yellow = cortical organoids cultured 
in the platform for 3 days; Green = cortical organoids cultured in the incubator for 6 days; 
Orange = cortical organoids cultured in the platform for 6 days. Observations were 
independently replicated in three different organoid groups (B1, B2, and B3), and statistical 
comparisons are presented in Supplementary Tables 3 and 4. No statistically significant 
differences were found in pH or metabolite concentrations between the platform and 
incubator conditions (all p > 0.05). Specifically, pH ( p = 0.1874), glucose (p = 0.4012), 
potassium (p = 0.0623), sodium (p = 0.2073), calcium (p = 0.1630), and chloride (p = 0.1781) 
levels were maintained across all tested conditions, confirming metabolic stability within the 
platform. Error bars represent the 95% confidence interval. Figure 4a was produced using 
Biorender and Adobe Illustrator; the image of the Metaflex equipment was obtained by a 
photograph carried out by one of the authors, and edited in Adobe Illustrator to enhance the 
image. 

The imaging module was used to evaluate the integrity and growth of cerebral 
organoids over six days (Fig. 5; Supplementary Tables 5-10). Time-lapse images were 
acquired, and a custom algorithm was applied to detect organoid perimeters and calculate 
projected areas (Fig. 5a-c). Organoids exhibited consistent growth throughout the experiment 
(Fig. 5d-i). Unlike organoids grown using traditional methods—which often require embedding 
in the base of tissue culture plates for horizontal tracking—organoids cultured on the platform 
maintained a uniform and consistent perimeter. This suggests that the platform may better 
preserve organoid structure compared to previous approaches6,25, To quantify growth 
dynamics, organoid measurements were normalized45, revealing a comparable increase in 
growth rate between days 3 and 6 in cell culture (day 15-20) for the six batches (Fig. 5j-k). 
Normalization values are provided in Supplementary Table 11. Calculation details are 
described in the Methods section. B1 organoids had the slowest growth rates (average ~0.019 
mm²/day), B2 showed the highest growth rate overall, particularly PG0 at ~0.124 mm²/day 
showing a merging tendency between the organoids, and B3 showed intermediate and more 
consistent growth (~0.06-0.08 mm²/day), neither B1, B2, nor B4 showed sample fusion. 
Multiwell batches showed a similar trend to batch 1 in the single well in the growth diameter, 
while the percentage of growth of MW1 is similar to batches 1 and 3, MW2 behaves similarly 
to batch 2. A noticeable advantage of the multiwell approach is the cleaner visualization of 
the sample and the space provided for the organoids, which helps avoid fusion between 
samples, which is a common issue in traditional culture techniques46,47. The Kruskal-Wallis 
test found significant differences in growth rate across batches, confirming the observed 
results in the imaging analysis (see supplementary Table 12 for p-value).
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Figure 5. Estimated cross-sectional area of cortical organoids cultured from day 15 to day 
20: a) PDMS/glass single well chip, b) multiwell v1 (serial wells), and c) multiwell v2 (parallel 
wells) where the organoids were placed, the red rectangle indicates. The geometry of v1 and 
v2 chips is described in Supplementary Figure 2 d) Batch 1 (n=4 visible organoids), e) Batch 
2 (n=2 visible organoids), f) Batch 3 (n=3 visible organoids) location, the white arrow indicates 
an organoid (PG3) that could not be analyzed due the overlap with a concurrent organoids, 
and g) Batch 4 (n=3 visible organoids),  the white arrows indicates a couple of organoids (PG0 
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and PG4) that could not be analysed due the overlap with other organoids. h) Multiwell v1 
shows the serial multi-well configuration. Only one well was imaged (The blue square indicates 
the area marked in Figure 5.b) batch (n=2), i) Multiwell v2 shows the parallel multi-well 
configuration (The yellow square indicates the area marked in Figure 5.c) Batch (n=5). The 
geometric layout of the serial and parallel well designs are shown in Supplementary Figure. 
2. j) Normalized growth trajectories, scaled to day 15, k) Growth curves display increasing 
area over time for each organoid. A kruskal-wallis test revealed a statistically significant 
difference in growth rates between batches (p < 0.05), the overall trends suggest reproducible 
organoid expansion and platform compatibility with sustained culture across different 
conditions. Complete growth data are reported in Supplementary Tables 5-10.

 Longitudinal tracking of media circulation
To demonstrate the platform’s tracking capabilities, a media circulation profile was generated 
by monitoring the real-time absorption of a green BODIPY dye to assess organoid permeability. 
A pulsatile flow, controlled by the feeding module, was used to inject the dye. The dye was 
diluted in ACSF to final concentrations ranging from 0 to 10 mM, as shown in Supplementary 
Fig. 3. Intensity calibration for the highest concentrations is provided in Supplementary Tables 
13 and 14. A Computational Fluid Dynamics (CFD) simulation was performed under conditions 
adapted from previous work6 with parameters listed in Supplementary Table 15 to validate 
the experimental findings.

Fluorescence intensity was recorded over time (Fig. 6a) in three regions of interest 
(ROIs) within the organoid (Fig. 6b), using an illumination power of 0.52 W/mm² (Fig. 6c). The 
first 300 seconds of the absorption profile are shown in Fig. 6d. The corresponding CFD 
simulation (Fig. 6f) revealed similar trends, with dye concentration increasing in a pulsatile 
manner, consistent with the media flow profile generated by the feeding module. The 
agreement between experimental and computational data highlights the platform’s capability 
to continuously monitor dynamic media transport using fluorescence, which is difficult or 
infeasible with conventional cell culture systems. The experiment was completed without 
interruptions, supporting the reliability and consistency of both the hardware and 
computational models.
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Figure 6.  Experimental and computational analysis of dye absorption in cerebral 
organoids. (a) Schematic of the experimental setup for real-time monitoring of dye 
intensity: three regions of interest (ROIs) were defined within the organoid. (b) Chip 
design representation. (c) Experimental conditions used a light intensity of 0.52 
W/mm². (d) Measured dye concentration profile over the first 300 seconds. (e) Dye 
distribution during the experiment over the first 300 seconds. (f) Computational Fluid 
Dynamics (CFD) simulation showing velocity field and BODIPY dye distribution during 
the experiment over the first 300 seconds, corresponding to the experiment in (e). 
Figure 6a was produced using Biorender, DinoCapture 2.0, and Adobe Illustrator. Figure 
6b was produced using Autodesk Fusion 360 and Adobe Illustrator.

Discussion

Advancements in digital manufacturing have significantly simplified the development 
of customized hardware for biotechnology applications15,25,48,49. Imaging biological samples 
within conventional tissue culture incubators remains challenging due to limited space and 
environmental conditions that can compromise electronic components21. The presented 
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platform addresses these limitations by integrating an automated feeding system with a 
vertical imaging module, allowing in-incubator-compatible live imaging without bulky or 
sensitive external equipment. This design provides a self-contained alternative for organoid 
culture, incorporating control and sensing elements that enhance experimental sustainability.

Moreover, the platform enables real-time monitoring of media flow and component 
absorption at the organoid surface14,31,50, a capability not achievable with standard systems 
that rely on orbital shakers and non-physiological culture conditions51,52,53,54. The modular 
architecture allows for a wide range of experimental configurations. For instance, the feeding 
module can simulate dynamic media circulation patterns, supporting morphogen gradients 
and spatial patterning studies in multiregional organoids30,36,50,51,55,56, and drug screening 
applications57. The environmental control module expands the platform’s applicability to a 
broader range of biological models, including those that require dynamic or non-standard 
culturing conditions such as variable temperature58, gas composition, or pH, which 
conventional incubators are not designed to support. It also helps mitigate anatomical 
constraints that affect pH regulation and media acidification in large 3D organoids59, where 
rapid nutrient exchange is essential.

Previous microengineered culture systems have advanced organoid research by 
targeting specific limitations, such as nutrient transport, experimental throughput, or imaging 
accessibility, but each addresses these challenges only in isolation. For example, 3D-printed 
bioreactors and millifluidic devices enhance oxygen and nutrient supply, thereby reducing 
necrosis in tissue cultures10,12,32. Automated microfluidic platforms and stirred-tank reactors 
increase experimental throughput through parallelization and real-time sensing8,11, while 
specialized devices, such as ex utero embryogenesis platforms, perfusion modules that 
mitigate glycolytic stress, morphogen-gradient generators, and compact CO₂ controlled 
imaging chambers, expand the biological and environmental conditions that can be 
modeled6,9,21,51. Integrated electrophysiology-enabled organoid systems further connect 
structural maturation with functional readouts20. Despite this diversity, existing platforms 
typically focus on a single performance dimension, such as perfusion, automation, or 
measurement capability, making it difficult to maintain physiological microenvironments while 
performing continuous, high-resolution monitoring simultaneously. Our system addresses this 
gap by unifying controlled perfusion, automated culture maintenance, and live concentration-
profile imaging within a single platform, enabling studies that were previously impractical.

The vertical chip and imaging system enables precise tracking of compound diffusion 
and cellular responses within fluidic environments, opening new opportunities for real-time 
drug delivery studies and dynamic tissue patterning30,36,55. These capabilities support 
applications in modeling complex biological processes, such as morphogenic cell fate 
induction16,50,51,56,60,61,62. The dye absorption experiment further demonstrated the platform’s 
ability to synchronize physical flow profiles with computational predictions. The close 
agreement between experimental and simulated dye diffusion highlights the system’s utility 
not only for organoid culture but also for validating fluid dynamics models under biologically 
relevant conditions. This integration of experimental and computational tools is particularly 
valuable for designing media delivery protocols, assessing tissue permeability, and modeling 
dynamic signaling events that are difficult to capture using conventional static culture 
systems.

The inclusion of multiple independent batches provides biological replication and 
enables comparison across device architectures. The unequal batch sizes in growth 
measurements are a consequence of imaging limitations, as shown in Figures 5f and 5g, given 
the overlapping of the organoids in the well, which we acknowledge as a technical constraint 
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of the current platform rather than a biological failure of the system. Future iterations of the 
device will incorporate optimized well spacing and optical access to enable consistent imaging 
of all organoids per batch, thereby improving statistical robustness.

This study presents a prototype platform, comprising three integrated subsystems, 
which were characterized to assess the stability of temperature, pH, and organoid growth. For 
each technical assessment, standard deviations were computed, ensuring that variability 
within device operation was quantified and reported transparently. In addition, while six 
experimental batches were conducted, imaging constraints reduced the number of analyzable 
organoids per batch. For instance, batch 1 yielded five complete datasets, while batches 2-6 
yielded between two and five usable organoids each, depending on image quality and overlap. 

To enable rapid validation, we used mouse forebrain organoids, which mature much 
faster than human ones63. The results demonstrate the platform's feasibility and potential for 
automated organoid culture and monitoring. However, we acknowledge that long-term culture 
studies and validation using human cerebral organoids are necessary to fully confirm the 
platform's advantages for human disease modeling and drug testing. Given the stability 
demonstrated over six days, a period covering key developmental stages in the mouse model, 
future work will involve culturing human organoids for extended periods (e.g., 60+ days) to 
confirm the system's ability to mitigate common long-term challenges like central necrosis 
and chronic acidification. Repeated sterilization of PDMS-glass devices presents a potential 
limitation for long-term applications. PDMS can absorb water and chemicals during 
autoclaving or repeated chemical sterilization, leading to swelling, microcracking, or 
delamination from the glass substrate over time64,65,66. High-temperature exposure can also 
alter its mechanical stability. In this study, we observed evaporation-related issues in the chip 
that resulted from an adjusted filling rate of 3 μL, calculated based on the osmolality, to 
compensate for this loss67,68.

Methods
Organoid culture platform

The prototype platform shown here  was designed and fabricated to sustain and track 
3D tissue cultures (Fig. 1), throughout this study. This prototype contained three integrated 
subsystems (temperature, pH, and culture monitoring). The components include a servo-
driven fluidic pump module, a temperature control system with an aluminum heating pad, an 
environmental chamber sensor module, a pH gas controller module with a 3D-printed gas 
diffuser valve, and a microscope with light source generation capabilities. A fluorescence 
chamber was integrated into this modular platform, consisting of a microscope device, a PDMS 
chip, and a microscope glass slide. The chip was supplied with fluids through fluidic lines, and 
an LED ring (NeoPixel, Adafruit) was used for illumination. Fig. 1b presents a schematic 
representation of the modular platform, illustrating the key components and their interactions 
within the system.

A custom relay board was integrated into the platform, connecting the Arduino to the 
solenoid valve. This board regulated the current in the solenoid valve and allowed the Arduino 
to close down the valve during overheating. Given the excess electric current, it is essential 
to prevent overinjection of CO2 into the culture media, which could acidify the 
microenvironment where the organoids are submerged. The setup was mounted on a stainless 
steel, height-adjustable base, with customized 3D-printed parts made of PLA and holder 
components printed with commercial resin (Formlabs model V2, Formlabs, Massachusetts). 
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Additionally, the platform could be remotely controlled using open-source software packages 
such as TeamViewer and RealVNC.

The PDMS/glass microfluidic chip comprises one microscope slide and 6 grams of 
silicone. The fabrication process involves several sequential steps. Fig. 2 illustrates the 
creation of a solid mold fabricated using Model V2 resin (Form 3, Formlabs) on an SLA printer. 
The mold was thoroughly cleaned in isopropanol (IPA) for 20 minutes in an ultrasonic bath to 
remove unwanted materials. Nitrogen gas was then used to dry the molds, followed by a 40-
minute UV light exposure (405nm) at 60ºC to ensure complete curing.

After cleaning, a PDMS (Sylgard 184, Dow Corning) and curing agent mixture was 
prepared in a 10:1 weight ratio of PDMS to curing agent. The mixture was degassed for two 
hours in a vacuum chamber, then cured in an oven at 60ºC for six hours to facilitate physical 
cross-linking. A 5-minute surface activation step was carried out to bond the polymer and 
glass surfaces using O2 plasma  reactive ion etching (RIE) on a 25mm × 75mm microscope 
glass slide (Fisherbrand Superfrost, Fisher) at 50W power, 125sccm of oxygen, and a chamber 
pressure of 0.254mTorr. The PDMS and glass were then carefully aligned to form a 
polymer/glass bond. The assembled bio-chamber was left to settle in a vacuum oven for six 
hours at 60ºC, with 10 grams of pressure applied to enhance adhesion between the PDMS and 
glass interface. The components of the chip are listed as non-reactive to cells by their 
respective manufacturing companies. All the PDMS/Glass chip versions were fabricated using 
the same protocol, with modifications made only to the design. The multiwell v2 chip features 
microscope-grade flexible slides between the steps to separate the wells, as shown in detail 
in Supplementary Figure 2.

The fabrication cost for one single PDMS/glass chip was determined by adding the 
commercial value of one microscope slide at $0.64 USD, 6 grams of silicone at $1.84 USD, 
and 0.019 L of Formlabs model V2 resin at $2.83 USD; the total cost of the material for the 
chip fabrication was $5.31 USD. The price per hour of the equipment used to print, cure, and 
bond the PMDS to the glass was not factored into this calculation. The quantity price of the 
component was obtained from a cost estimation relation between the total price of the 
commercial presentation of the material and the amount used for the device fabrication. 

The attachment of the PDMS to the glass using the procedure described above 
achieved a high success rate (approximately 80%). Failures were primarily due to small 
imperfections in the uniformity of the PDMS surface that contacts the glass. After fabrication, 
the glass–PDMS chips were tested for leakage using a fluorescent medium that was pumped 
through the system. Most of the chips that passed the leakage test (approximately 80%) were 
reused multiple times without any subsequent failures. The data presented in this paper were 
collected using five chips: three single-well chips, one serial multi-well chip, and one parallel 
multi-well chip (see Supplemental Material, Figure 2). The device-to-device variation is 
primarily determined by the precision of the 3D printer used to fabricate the PDMS mold. Here 
we used a Formlabs Form 3+ Bio stereolithography (SLA) printer, which achieves a maximum 
XY resolution of 25 µm and a layer thickness of 25 µm, with dimensional accuracy of 
approximately ±100 µm across the build volume. Therefore, considering that the principal 
dimension of the well is 3 mm, the device-to-device variation is several orders of magnitude 
smaller than the well size.

The culture media, essential for maintaining cell viability and growth, were semi-
continuously circulated using a servo pump (Cavro Centris, Tecan) and Tygon tubing, sealed 
with couplings to prevent leaks in the platform. A control script, MainPumpProgramExe.py, 
was implemented to program the experiment's desired speed, period, and volume. This 
module has a volume capacity of 500 mL and is designed to facilitate media recirculation. For 
the platform's functional test, 50 mL, 4.2 times the volume used in standard culture protocols 
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was utilized. A sterilization protocol, detailed in the "Platform Sterilization" section, was 
employed to ensure sterility, utilizing a 0.22μm hydrophilic PVDF filter. To achieve specific 
absorption profiles, a velocity of 1.27 × 10⁻⁴ m/s was used, with inlet and outlet volumes of 
53 μL and 50 μL, respectively, to compensate for media losses by evaporation. This calibration 
was performed using the supplementary values in Supplementary Table 3. The adjustment 
was based on the osmolality calculation for the salts present in the culture media. An increase 
in media osmolality has been reported as an indicator of culture medium evaporation47,67. The 
osmolality value was calculated for both fresh unused and the last day experiment media, 
using the following formula, 

 𝐶(mol/𝐿) = 𝑂smolality(Osm/𝑘g)
𝑖 ⋅ 1

𝜌(kg/𝐿)

C is the molar concentration, i is the dissociation factor (van’t Hoff factor), and 𝜌 is the 
fluid density. The dissociations used were K=1, Na=1, and Ca=2, for potassium, sodium, and 
calcium, respectively. Then the volume loss was calculated using the following equation, 

𝑉final =𝑉initial ⋅
𝑂smolalityFreshMedia

𝑂smolalityDay6
Where Vfinal is the final media volume, Vinitial is the initial media volume, and 

OsmolalityFreshMedia and OsmolalityDay6 are the osmolality values of the initial and final 
recorded days, respectively. The fraction lost was calculated,

𝐹raction Lost = 1 -
𝑂smolalityFreshMedia

𝑂smolalityDay6
For the potassium (K) salt, the osmolality was 3.87 mOsm/kg and 5.57 mOsm/kg for 

the fresh and last day media, respectively. Its osmolality ratio was 0.69, and the fraction lost 
was 0.30 for the complete experiment. The fraction lost for each of the experimental days was 
calculated by dividing the total experiment fraction lost by 6, then a 0.05 ratio per day was 
used to estimate the loss per day. With an initial volume of 50 μL, the loss volume was 
calculated to be 50 μL × 0.05, resulting in a loss of 2.50 μL per day and a final volume of 47.45 
μL. The values were calculated for sodium (Na) at 0.86 μL and calcium (Ca) at 0.39 μL. Given 
these calculations, we adjust the flow rate to inject three μL more to compensate for 
evaporation losses.

The imaging acquisition process was conducted using the Dino-Lite Edge AM4115T-
GRFBY, a digital microscope with a resolution of 1.3 MP and a rapid capture rate of 30 frames 
per second (FPS). This microscope was equipped with two sets of LEDs for fluorescent imaging 
of objects. The first set consisted of 4 Blue LEDs with an excitation wavelength of 480 nm, 
while the second set included 4 Yellow LEDs with an excitation wavelength of 575 nm. The 
LED sets were switchable through the accompanying software, allowing for flexibility in the 
imaging process. The emission wavelengths were 510 nm and 610 nm, respectively. The Dino-
Lite microscope provided magnification capabilities of up to 220x, enabling detailed 
examination of the specimens. Videocapture 2.0 (DinoEdge, Dinolite), a freeware version of 
the software provided by the same company, was employed to record the acquired videos. 
This software facilitated efficient video recording and data management during imaging 
experiments.

The incubation environment was carefully controlled using a combination of 
instrumented devices. To maintain physiological conditions, the media was conditioned with 
bone-dry carbon dioxide (Airgas) at a concentration of 100%, resulting in an average carbon 
dioxide level of approximately 5% within the incubator. A pH stabilizer module was positioned 
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in the media reservoir, using an Atlas Scientific mini-lab probe (Atlas Scientific, New York) with 
a resolution of ±0.001 and an accuracy of ±0.002. pH values were measured every minute, 
and aliquots were taken on specific days for analysis using the Vi-CELL MetaFLEX (see 
supplementary table 3) to validate the measurements. Depending on the pH value, a 
pneumatic-electric solenoid valve (Tailonz) was controlled by the ArduinoMegapHSolenoid.ino 
script using an Arduino Mega 2560 control board (clock speed of 16 MHz) to maintain the 
value of the media between 7.2 and 7.6. The solenoid valve's inlet port was connected to a 
bone-dry CO₂ high-pressure steel cylinder (Airgas, California) via a plastic hose, and the outlet 
port was connected to a lab-grade hose leading to a diffuser submerged in the media, forming 
a closed-loop circuit (Fig. 1a). The pH level was continuously monitored every minute over six 
days, with the system programmed to prevent the pH from exceeding the 7.6 threshold (Fig. 
1b).

To ensure temperature stability, an NTC10K temperature sensor with an accuracy of 
±5%, a W1209 PID controller with an accuracy of ±0.1°C, and an aluminum PCT heater (220°C 
at 5- 28W) were positioned at the back of the chip (Fig. 1b(10)). The PID controller was set to 
maintain 37°C and was placed inside the PDMS/glass chip containing the culture media. A 
second SCD-40 sensor, with an accuracy of ±0.8°C, was added near the PCT heater to verify 
the environmental temperature, with data acquisition managed using the 
CO2TempHumidityRecording.py script. All relevant files are provided in the data availability 
section. A dual-channel thermometer (Leaton) was also placed next to the heater sensor for 
further temperature validation. Temperature and pH records are shown in Fig. 1g and Fig. 1h, 
respectively.
Experimental design

A test bench without organoids was performed three times on the platform device to 
test variability. Then, the organoids were cultured across a total of seven independent 
batches: one batch with five control organoids culture in shaker conditions inside the 
incubator, four batches of five organoids each in the single-well PDMS/glass chip format, one 
batch of five organoids in the multiwell PDMS/glass chip arrangement (v1), and one batch of 
five organoids in the multiwell arrangement (v2). For each batch, all organoids were stained 
with a live-cell dye to assess viability (biological replicates = individual organoids; technical 
replicate = one staining/measurement per organoid). Media samples from three independent 
single-well batches were analyzed using the Vi-CELL MetaFLEX analyzer to generate metabolic 
panels. Organoid growth was assessed by diameter measurements obtained via brightfield 
microscopy. Due to the optical constraints of the device geometry, not all organoids could be 
imaged with sufficient resolution, resulting in uneven sample sizes for growth analysis (four 
organoids in batch 1, two in batch 2, three in batch 3, five in batch 4, two in multiwell v1, and 
five in multiwell v2).

Viability analysis

The organoids in the chip were fed following the protocol described in the Organoid 
Culture Platform section. At the same time, the controls received 2 mL of media every other 
day, adhering to standard lab protocols46,39. The experiment started on differentiation 14, a 
stage when neurons had already formed69,70, and continued until day (D) 20. The experimental 
conditions were set to dispense 53 μL and aspirate 50 μL of media every 60 seconds to 
compensate for media losses due to liquid evaporation from the heat source. The platform 
maintained a temperature of 37°C and a pH of 7.6. Additionally, the platform was programmed 
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to capture images every 24 hours. This conditions were the same for the three types of 
PDMS/Glass chips used in the experiment. 

The CytoPainter Cell Plasma Membrane Staining Kit with Orange Fluorescence (Abcam 
# ab219941), employing an orange cell membrane probe (Ex/Em = 540/590 nm), was used 
in this experiment. This probe allows for the uniform staining of cell membranes across various 
mammalian cell types42,43,71. Complementary evidence of the staining can be found in 
supplementary Fig. 4, Fig. 5, and Fig. 6, showing the multiwell approaches results. The Orange 
Dye was reconstituted by adding 100 μL of dimethyl sulfoxide (DMSO) to the vial, preparing a 
500X orange dye stock solution. The working solution was obtained by diluting 20 μL of the 
dye solution into 10 mL of assay buffer. Subsequently, 100 μL of the solution was added to 
the well and incubated with cells for 20 minutes at 37ºC with 5% CO2, protected from light.

Following incubation, the cortical organoids underwent three washes with 1x 
phosphate-buffered saline (PBS) (Thermo Fisher Scientific # 10-010-023) and were fixed with 
a 4% paraformaldehyde solution for 40 minutes. The organoids were washed three times with 
1x PBS and then left in  30% sucrose (Millipore Sigma # S8501) diluted in 1x PBS overnight. 
The organoids were then embedded in a solution containing equal parts Tissue-Tek O.C.T. 
Compound (Sakura # 4583) and 30% sucrose solution. The samples were directly sectioned 
to 12 μm using a cryostat (Leica Biosystems # CM3050) onto glass slides. After two 5-minute 
washes in 1X PBS and one wash in deionized water (Chem world # CW-DW-2G). The sections 
were then stored at 4°C and were observed using an EVOS-FL Auto-2 (Thermo Fisher 
Scientific) fluorescence microscope equipped with a TRITC filter set (Ex/Em = 540/590 nm).

Organoids were collected and fixed in 4% paraformaldehyde (PFA) (Thermo Fisher 
Scientific # 28908) and cryopreserved in 30% sucrose solution. They were then embedded in 
a solution containing equal parts of Tissue-Tek O.C.T. Compound (Sakura # 4583) and 30% 
sucrose solution. They were then directly sectioned to 12 μm using a cryostat (Leica 
Biosystems # CM3050) onto glass slides. After two washes of five minutes in 1X PBS, the 
sections and one wash in deionized water (Chem world # CW-DW-2G), sections were 
incubated in blocking solution, 5% v/v donkey serum (Millipore Sigma # D9663), and 0.1% 
Triton X-100 (Millipore Sigma # X100) for 1 hour. The sections were then incubated in primary 
antibodies overnight at 4°C. They were then washed thrice for 10 minutes in PBS and 
incubated in secondary antibodies for 90 minutes at room temperature. They were then 
washed thrice for 10 minutes in PBS and covered with Fluoromount-G Mounting Medium 
(Thermo Fisher Scientific # 00-4958-02).

The primary antibodies used were mouse and rabbit anti-Map2 (Proteintech # 17490-
1-AP, 1:2,000). The secondary antibodies were of the Alexa series (Thermo Fisher Scientific), 
used at a concentration of 1:750. The nuclear counterstain was 300 nM DAPI (4’,6-Diamidino-
2-Phenylindole, Dihydrochloride) (Thermo Fisher # D1306). Imaging was done using an 
inverted confocal microscope (Zeiss 880) and Zen Blue software (Zeiss). Images were 
processed using Zen Black (Zeiss) and ImageJ software (NIH).

Metabolic measurements were conducted using the Vi-CELL MetaFLEX analyte 
analyzer (Figure 4a). The media were sampled in aliquots from 3 batches of organoids grown 
in the platform, and the pH and metabolites, including glucose, sodium, calcium, chloride, and 
potassium, were measured. Two different time points were used for each batch: three and six 
days. The values were compared to organoids grown in a tissue culture incubator and under 
the standard culturing protocol (media exchange every other day). As a control, fresh media 
were sampled.
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Kruskal-Wallis(Kw) test, a statistical test used to compare two or more groups for a 
continuous or discrete variable72, was employed to track the significant differences between 
groups. A total of n=70 records were measured in the MetaFLEX, dividing the data into seven 
variables with ten replicas for each condition, such as fresh media, incubator, and platform 
incubation. K(w) It is a non-parametric test, which assumes no particular distribution of the 
data and is analogous to the one-way analysis of variance (ANOVA) at a 95% confidence level. 
This test was run in RStudio. Version 1.3.1093 retrieved the data from supplementary table 3.

The imaging acquisition process was conducted using Videocapture 2.0 (DinoEdge, 
Dinolite), a freeware version of the software provided by the same company, which was 
employed to record the acquired videos. Three batches of organoids were recorded over six 
days and measured with the perimeter and area tool provided by the software. To observe 
the growth trend, we calculate the quantitative values by subtracting and dividing each 
organoid cross section by the average of the batch cross section, with the following formula;

𝑁ormalized Value(t) =(CS(t) -𝐶S(1)/𝐶S Average(1)

CS(t) is the cross-sectional measure of each organoid at a specific time, and CS(1) is 
the cross-sectional measure at the first day of the experiment. Supplementary Figs.7, 8, 9, 
10, 11, and 12 provide complementary evidence of organoid monitoring. Supplementary 
tables 5, 6, 7, 8, 9, and 10 show the organoid measures in the single-well and multiwell 
experiments. The calculated growth rates (slopes) for each organoid, along with the results of 
the Kruskal-Wallis(Kw) test comparing growth rates across batches.
Longitudinal tracking of media circulation

The green BODIPY dye was imaged using the AM4115T-GRFBY Dinolite, which provides 
camera capture and light source generation capabilities. The light intensity was measured in 
lux (LX) using a LX1332B light meter corresponding to the blue square. The microscope could 
switch between six intensity levels, with the two highest levels selected for constructing the 
calibration curves. ImageJ measured the intensity levels from the microscope camera, 
corresponding to the black square. LX was converted to lumens and power intensity (W/mm²). 
The calibration curve was generated using ten concentration points and replicated thrice. Fig. 
6b shows the calibration curve for the 0.52 W/mm² value, corresponding to the second highest 
intensity, and Fig. 6c shows the calibration curve for the highest intensity of 0.79 W/mm². 
Other intensity points were not considered due to their lack of emission. 

The computational fluid dynamics (CFD) analysis helped validate the design and assess 
its performance by simulating the fluid flow under various conditions52,53,54,73,74,75,76,77,78. 
These conditions were simulated using COMSOL Multiphysics 5.5 (Stockholm, Sweden). The 
experimental setup involved a linear speed 1.2710−3ms−1 and a 70 μL media injection. The 
well size is characterized by a depth of 5 mm and a diameter of 5.60 mm. The liquid phase 
was modeled using water properties, while air properties were employed to represent the gas 
phase. The properties of water under incubator conditions were considered, with a density of 
997kgm−3 and a viscosity of 6.92010−3kgm−1s−1. The temporal evolution of the concentration 
field is considered, and the concentration source term is specified at the inlet of the geometry, 
serving as a boundary condition. This study focuses on a single species utilized for live cell 
membrane staining, specifically CellTracker Green BODIPY Dye (Thermo Fisher Scientific # 
C2102). The concentration value chosen for this physical process is 10molm−3, while the 
diffusion coefficient between the media and the organoid surface is set to 1x10−10m2s−1. The 
reference temperature for the platform is maintained at 37°C, and the governing properties 
associated with the fluid flow are determined from the Navier-Stokes set of boundary 
conditions78,79. The fluid dynamics conditions for the homogeneous domains were derived 
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from previous experiments conducted in shaker domains, as referenced. The level set method 
was implemented, as referenced, to capture the phase boundary of the free surface flow 
interface accurately. Using the level set function, this approach facilitated the control of 
integration between the two domains at the boundary. The value of the level set function 
ranged from 0 to 1, depending on the fluid phase, and a value of 0.5 was selected for this 
investigation to achieve an equal distribution at the surface. This specific choice was based 
on considerations regarding surface tension and computational efficiency presented in 
previous literature. The solution domain, encompassing both phases, was enclosed by a solid 
wall, with only the top surface exposed to incubator conditions. A non-slip condition was 
imposed on the solid wall, while a slip condition was applied to the open surface. For this 
simulation, a total of 519,830 tetrahedral elements were generated.

Additionally, a phantom spherical geometry was approximated based on images of the 
organoid batch taken on day 13, with a diameter of 1.8 mm. The atmospheric conditions were 
set to a pressure of 1 atm, a temperature of 37°C, and a gas composition of 5% carbon dioxide, 
17% oxygen, and 78% nitrogen. Lastly, a mesh independence study was conducted to ensure 
consistent element sizing and to provide accurate numerical analysis. The results of the mesh 
convergence study are shown in supplementary Figure 13. The test was performed up to 
1.939.940, and the graph shows that the simulation result stabilizes beyond ~400,000 
elements, confirming mesh independence of the numerical solution. These results validate 
the suitability of the mesh resolution used in the main simulations. The resulting velocity 
fields, expressed in SI units, were visualized using stream arrow lines combined with a middle 
plane slide78,79. 
Embryonic stem cell line maintenance

All experiments used the ES-E14TG2a mouse embryonic stem cell (ESC) line (ATCC # 
CRL-1821), derived from a 129/Ola male mouse strain. Before experimentation, the ESCs were 
subjected to mycoplasma testing. ESCs were cultured on plates coated with Recombinant 
Protein Vitronectin (Thermo Fisher Scientific # A14700). The maintenance medium for mESCs 
consisted of Glasgow Minimum Essential Medium (Thermo Fisher Scientific # 11710035), 
supplemented with Embryonic Stem Cell-Qualified Fetal Bovine Serum (Thermo Fisher 
Scientific # 10439001), 0.1 mM MEM Non-Essential Amino Acids (Thermo Fisher Scientific # 
11140050), 1 mM Sodium Pyruvate (Millipore Sigma # S8636), 2 mM Glutamax supplement 
(Thermo Fisher Scientific # 35050061), 0.1 mM 2-Mercaptoethanol (Millipore Sigma # M3148), 
and 0.05 mgmL-1 Primocin (Invitrogen # ant-pm-05). The mESC maintenance media were 
supplemented with 1,000 units mL-1 of Recombinant Mouse Leukemia Inhibitory Factor 
(Millipore Sigma # ESG1107). The culture medium was changed daily to maintain optimal 
conditions for ESC growth. ReLeSR passaging reagent (Stem Cell Technologies # 05872) was 
used according to the manufacturer’s instructions for cell dissociation and passaging. For cell 
preservation, ESCs were frozen using mFreSR cryopreservation medium (Stem Cell 
Technologies # 05855) following the manufacturer’s guidelines.
Generation of organoids
Mouse embryonic stem cells (mESCs) were dissociated into single cells using TrypLE Express 
(Thermo Fisher #12604021) for 5 minutes at 37°C, following previous protocols62,63,32. Cells 
were then re-aggregated in Lipidure-coated 96-well V-bottom plates at a density of 3,000 cells 
per well in 150 μL of mESC maintenance medium, supplemented with 10 μM ROCK inhibitor 
Y-27632 (Tocris #1254) and 1,000 U/mL recombinant mouse LIF (Millipore Sigma #ESG1107). 
After 24 hours, the medium was replaced with dorsal forebrain patterning medium consisting 
of DMEM/F12 with GlutaMAX (Thermo Fisher #10565018), 10% KnockOut Serum Replacement 
(Thermo Fisher #10828028), 0.1 mM MEM Non-Essential Amino Acids (Thermo Fisher 
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#11140050), 1 mM sodium pyruvate (Sigma #S8636), 1X N-2 supplement (Thermo Fisher 
#17502048), 2X B-27 minus Vitamin A (Thermo Fisher #12587010), 0.1 mM 2-
mercaptoethanol (Sigma #M3148), and 0.05 mg/mL Primocin (InvivoGen #ant-pm-05). To 
promote dorsal forebrain identity, this medium was further supplemented with 10 μM Y-27632, 
5 μM WNT inhibitor XAV939 (StemCell Technologies #100-1052), and 5 μM TGF-β inhibitor 
SB431542 (Tocris #1614). Media was changed daily, with N-2 and B-27 supplements added 
after filtration to retain hydrophobic components.

Platform sterilization
The PDMS/Glass chip, temperature feedback control sensor, thermocouple, media 

hoses, and programmable pump underwent thorough cleaning using a total of 45mL high-
level disinfectant solution (CIDEX OPA, ASP), which was recirculated within the system, pump, 
and hoses at a rate of 100μL per 20 seconds, using a PVDF 0.22μM filter to clear the impurities 
for 20 minutes. 

Following the disinfection step, the components were rinsed meticulously with ultra-
pure distilled water (Invitrogen Ultra-Pure, ThermoFisher) for 20 minutes, under the same 
conditions used with the CIDEX, to remove any residual disinfectant. As a final cleaning step, 
we pump air through the system to dry out any liquid residual for 4 hours using the same 
rates of the CIDEX and the purified water. Moreover, the chamber, chip holder, environmental 
sensor, power cable, and microscope were wiped down using hydrogen peroxide (Oxivir TB, 
Diversey) for 1 minute each, ensuring a comprehensive decontamination process. These 
stringent sterilization measures were implemented to maintain a sterile experimental 
environment and minimize the potential for contamination during the study.

Data availability
All custom scripts, pH calibration, feeding rates, temperature records, 3D-printed files, 

microscope images, and CFD videos are available at 
[https://github.com/sebtomon89/braingeneersdifussionproject]. Additional modified scripts 
can be accessed upon request. All other relevant data are available from the corresponding 
author upon request.

Code availability
Details of publicly available software used in the study are given in the “Data 

availability” section. Apart from this, no unique custom code or mathematical algorithms were 
central to reaching the conclusions of this work.
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