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Abstract. The aging of the immune system drives systemic aging and the pathogenesis of age-
related diseases. However, a significant knowledge gap remains in understanding immune-
driven aging, especially in brain aging, due to the limited current in vitro models of neuro-
immune interaction. Here we report the development of a human brain organoid 
microphysiological analysis platform (MAP) to discover the dynamic process of immune-driven 
brain aging. We create the organoid MAP by 3D printing that can confine organoid growth and 
perfuse oxygen and nutrients (and immune cells) to generate standardized human cortical 
organoids that promote viability, maturation, and commitment to human forebrain identity. 
Dynamic rocking flow is incorporated for the platform that allows us to perfuse primary 
monocytes from young (20 to 30-year-old) and aged (>60-year-old) donors and culture human 
cortical organoids for modeling and analyzing the aged immune cell interacting organoid tissues 
systematically. We discovered the aged monocytes had increased infiltration and promoted the 
expression of aging-related markers (e.g., p16 in astrocytes neighboring to monocytes) within 
human cortical organoids, indicating that aged monocytes may drive brain aging. We believe 
that our human brain organoid MAP provides promising solutions for basic research and 
translational applications in aging, neuroimmunological diseases, autoimmune disorders, and 
cancers.   
 
Keywords: Microfluidics; Brain Organoid; Aging; Neuro-Immune Interaction; Inflammaging;  

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 22, 2022. ; https://doi.org/10.1101/2022.01.19.476989doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.19.476989


Introduction 
 
Aging is a complex process with the accumulation of unrepaired molecular and cellular 
damage.1 During aging, chronic, sterile, low-grade inflammation, named ‘inflammaging’,  
contributes to the pathogenesis of age-related diseases such as Alzheimer’s disease.2, 3 Aging 
of the immune system, or immunosenescence, drives systemic aging, including brain and other 
organisms.4 Taking one of the most important immune cell types in blood, bone marrow-derived 
monocytes can infiltrate the aged and/or inflamed brain and get activated to secrete 
inflammatory molecules (e.g., TNF-α), contributing to the inflammation in the aged brain.5-7 
Tremendous interests have been attracted to studying immune-driven brain aging, e.g., aged 
monocytes impacting brain aging and aging-associated neural diseases, but little has been 
explored yet.8-10 
 
Several models have been employed to investigate neuro-immune interaction for understanding 
inflammation and age-related diseases. 2D in vitro cultures are simple, high throughput, and 
widely used to model the interaction of neuronal and immune cells. In contrast, the 2D cultures 
lack the complex brain tissue architectures and neuro-immune microenvironments of an in vivo 
brain. Animals have been demonstrated as an excellent model to study neuroimmunology at 
different physiological and pathological conditions. However, the animal model is costly, time-
consuming, and has difficulty fully capturing human biology due to their genomic and 
epigenomic differences from humans.11, 12 Superior to 2D cultures and animals, human brain 
organoids, 3D in vitro brain-like tissues derived from human stem cells, can recapitulate some 
critical features of the human brain, including cellular identities, brain structures, and 
microenvironments, and neural activities, bringing new insights to study neuro-immune 
interaction in aging and age-related diseases.13-15 For example, human brain organoids have 
been developed to model the microglia-mediated neuroinflammation for understanding the 
etiology of Alzheimer’s disease, substance use disorder, and other diseases.16-18 However, 
current organoids suffer from poor penetration of oxygen/nutrients, variable reproducibility, and 
lack of immune components. Thus, there is an emergent and unmet need for the reproducible 
generation of standardized organoids with immune components to model neuro-immune 
interaction.   
 
Recently, microfluidics and microfabrication technologies have been used for improving the 
organoid cultures and 3D in vitro cultures from aspects including standardization, throughput, 
function, etc.19-28 For example, microfluidic droplets have been used to encapsulate cells into 
water-in-oil droplets or microgels for high throughput generation of uniformed human brain 
organoids and tumor spheroids.29-31 Based on our development of acoustofluidics,32-36 our group 
has adapted this technology to assemble cells for the massive and scaffold-free generation of 
standardized 3D cell cultures and assembloids.37-40 The microfabricated perfusion devices have 
been developed to perfuse oxygen, nutrients, and/or chemicals into organoids or 3D in vitro 
cultures to improve the generation, development, and maturation/vascularization of kidney 
organoids and brain organoids.41-44 Pioneering efforts have also been made to develop 
automated microfluidic systems and mini-bioreactors to generate and track many organoids and 
3D cultures (e.g., gastrointestinal, tumor, and brain organoids) for high throughput screening 
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applications.45-49  Despite current microfluidic devices and systems having significantly improved 
the contemporary culture of organoids, there is still lacking the user-friendly and straightforward 
platforms that can reproducibly generate standardized organoids with immune components and 
allow the time-lapse imaging of neuro-immune interaction for studying aging and age-related 
diseases.  
 
Herein, we developed innovative organoid microphysiological analysis to generate a 
standardized organoid per device and enable their interaction with immune cells. Our MAP has 
several advantages: (1) Our device design allows us to confine a developing organoid into the 
pancake shape as well as perfuse oxygen nutrients for avoiding hypoxia and necrosis; (2) Our 
method can mimic blood vessels to flow immune cells (e.g., monocytes) toward organoids for 
studying immune-organoid interaction; (3) In contrast to the traditional organoid culture methods 
(well-plates on a rocking machine, or bulk bioreactors), our technology will immobilize one 
organoid per device to avoid the organoid fusion as well as improve the standardization of 
organoid cultures. (4) Our 3D printed devices are simple, low-cost, user-friendly, and compatible 
with commonly used well-plates and lab equipment. They can be easily adapted with the current 
organoid protocol for high throughout the investigation of immune-organoid interaction. We used 
our devices to model immune-driven brain aging using primary human monocytes as a proof-of-
concept. Interestingly, our results indicate aged monocytes may induce aging phenotype inside 
human brain organoids (high expression p16 of astrocytes within organoid) without external 
genetic manipulation. 
 

Results  
 
An organoid microphysiological analysis platform to model immune-organoid interaction. 
To model the immune-driven brain aging (Figure 1a), we developed an organoid 
microphysiological analysis platform (MAP) to investigate human brain organoid interaction with 
macrophages from old and young donors in a standardized and user-friendly manner. Our MAP 
device (design details in Fig.S1) consists of two components (Figure 1b, c): (1) a hollow and 
meshed tubular perfusable scaffold connected with two medium reservoirs for supporting the 
organoid growth along the tubular scaffold surface, flowing in oxygen and nutrients, and 
mimicking blood vessels to flow immune cells (e.g., monocytes) toward organoids, and (2) an 
organoid holder on a coverslip for holding the organoids within well-plates. A developing 
organoid can grow into a pancake-shape structure within the confined space between the 
tubular perfusable scaffold and the organoid holder (within 400 µm). Once combined with 
rocking flows, our MAP can avoid the necrosis and/or hypoxia of the on-chip cultured organoids 
and facility the noninvasive introduction of immune cells and enable the time-lapse imaging of 
dynamic immune-organoid interaction. Our MAP may be widely used to culture different types of 
organoids once incorporated with specific organoid developmental protocols.   
 
On-chip culture of human cortical organoids under flows. Before applying our MAP for the 
organoid culture experiment, we generated and optimized the flow within our MAP using 
simulation and experimental approaches. Our simulation results described the 3D distribution 
(Figure 2a, left) and the side view (Figure 2a, right) of flow profiles within the MAP device 
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(rocking angle = 15, and rocking frequency = 0.1 rpm, Supplementary discussion 1). With the 
theoretical prediction, we further measured the dependence of the flow speed on the rocking 
angle (dots in Figure 2b, with rocking frequency = 0.1 rpm), which matches our simulation result 
(a red dashed line in Figure 2b). We adopted a culture protocol to generate human cortical 
organoids (hCOs) on our devices (Figure 2c). Briefly, embryonic bodies (EBs) with a  diameter 
of about 300 µm were assembled from human embryonic stem cells (WA01, Wicell) with SB-
431542 and XAV-939 to inhibit TGF and Wnt/β-catenin signaling for neural induction and 
patterning. The EBs were then transferred to the organoid holder of the devices within a well-
plate at day 9, embedded in Matrigel in situ, and cultured inside the device for 15 days till 
forming a hollow structure surrounding the mesh tubular scaffold (Figure 2d). Various growth 
factors, such as BDNF, EGF, or FGF, were added to the medium for enhancing the 
differentiation, maturation, and survival of neurons. On day 24, the devices within the well-plate 
were finally cultured on a rocking platform to generate inner lumen fluid flow. Meanwhile, 
ascorbic acid and cAMP were added to support the differentiation of neural progenitor cells into 
mature neurons and support organoid growth.  
 
Characterization of on-chip cultured organoids. We characterized the development of on-
chip cultured hCOs using viability tests, immunostaining, and sequencing approaches. We first 
used live/dead staining to test the viability of on-chip cultured hCOs on days 9, 16, and 24, 
respectively.  As expected, with the support of medium perfusion, on-chip cultured hCOs 
maintained very high viabilities during a prolonged culture time (Figure 3a). We then confirmed 
the proper development and differentiation of on-chip cultured hCOs using PAX6 (neural 
progenitor) and MAP2 (neuron) staining. We found that the on-chip cultured hCOs successfully 
developed with proper ventricular/subventricular zones (VZ/SVZ) indicated by PAX6 staining as 
well as cortical plates indicated by MAP2+ neurons surrounding VZ/SVZ. (Figure 3b). We 
further compared gene expression of on-chip cultured hCOs with conventional hCOs (cultured 
on orbital shaker) using bulk RNA sequencing. Three on-chip cultured hCOs and three 
conventional hCOs were used to determine the change of gene expression related to neural 
development. To visualize the differentially expressed genes in our on-chip cultured and 
conventional hCOs, we first performed a hierarchical clustering analysis of the gene expression 
profiles. We found that the gene expression profiles of these two different groups clustered with 
each other (Figure 3c), indicating that our devices broadly impact the phenotypes of developing 
hCOs. Upon detailed examination of differentially expressed genes, we found that genes related 
to forebrain development (GSX2, FOXG1, and NKK2-1)50, deep layer cortical neuron 
development (BCL11B)51, and GABAergic neuron development (GAD1 and GABRA1)52 were 
significantly enriched in the on-chip cultured hCOs than conventional hCOs. Meanwhile, non-
forebrain fate markers such as RAX and PMCH,50, 53 frequently found in the hypothalamus, were 
lower expressed in on-chip cultured hCOs than conventional hCOs (Figure 3d). These results 
indicated that the on-chip culture could facilitate forebrain fate commitment in hCOs, which is 
consistent with our previous report.54 We then further performed Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment analysis to identify significant pathways impacted 
by on-chip culture. We found that the differentially expressed genes were significantly enriched 
in diverse synaptic development pathways such as GABAergic, dopaminergic, cholinergic, and 
glutamatergic synapses pathways (Figure 3e). Overall, these results show that our devices 
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could facilitate forebrain fate commitment, neuron and synapse maturation in hCOs. 
 
On-chip investigation of monocyte infiltrating organoid. In the aged brain, monocytes may 
have a greater capacity to infiltrate the brain on the brain-blood barrier (BBB) during injury or 
neurological disorders.55 Particularly, animal experiments showed that aged mice harbor 
expanded CCR2+ monocytes post-injury/chronic inflammation that can infiltrate the brain based 
on MCP1/CCR2 chemotaxis signaling.56 Post infiltration, monocytes may induce pro-
inflammatory responses in neighboring glial cells such as astrocytes. To investigate the 
differential infiltration capacity of young and aged monocytes into hCOs, we perfused the 
primary monocytes isolated from PBMCs into the on-chip cultured hCO (Movie S1). We 
collected the old monocytes (oMs) from the PBMCs from the aged (>60 years old) donors and 
obtained young monocytes (yMs) from the young (20-30 years old) donors. After perfusing oMs 
and yMs into devices separately, we recorded the monocyte infiltrating organoid on-chip (Figure 
4a). We found the infiltrated cell number of oMs was about 3 times compared to that of yMs at 
24 hours post perfusion (Figure 4b), indicating oMs have significantly higher infiltration capacity 
than yMs. Upon further qRT-PCR analysis, we discovered that the on-chip cultured oMs and 
hCO (oMs+hCO) expressed higher levels of monocyte chemoattractant genes such as MCP1 
and MCP3 than the on-chip cultured yMs and hCO (yMs+hCO) (Figure 4c). This indicated that 
the increased infiltration capacity of oMs could also be attributed to MCP1/CCR2 signaling axis.  
 
On-chip investigation of monocyte-driven organoid aging. Cellular senescence is one of 
the hallmarks of aging, as indicated by senescence markers such as p16. Expression of p16 is 
driven by various genetic and environmental factors such as inflammation. Thus, we sought to 
investigate the effect of monocyte infiltration on hCO. Notably, the differential changes that 
young and old monocytes bring to hCO, regarding inflammation and aging markers. By qRT-
PCR analysis of on-chip co-cultured monocytes and hCO, we discovered an upregulation of 
prostaglandin E2 (PGE2), COX-2, and TNF-alpha (Figure 4d), which are age-associated 
macrophage related proinflammation genes.57, 58, as well as upregulation of GFAP, as an 
indication of astrocyte activation within the oMs+hCO group.59, 60 Interestingly, we also found a 
significantly higher expression of aging-related markers including p16 and p21 in the oMs+hCO 
group. To further confirm that the increased p16 expression does not solely come from 
infiltrated oMs alone, we additionally performed immunofluorescence staining of p16 proteins. 
We found that p16 expression was higher in the astrocytes (GFAP+) neighboring infiltrated oMs 
(Figure 4e). Using mean fluorescence intensity, we quantified the p16 protein expression and 
found the p16 expression in astrocytes neighboring infiltrated monocytes within the oMs+hCO 
group was 2 times higher than that within the yMs+hCO group (Figure 4f). These results 
indicated a potential mechanism for infiltrated monocytes to induce p16 expression inside 
neighboring astrocytes to promote brain aging. Although a detailed mechanism must be 
elucidated, our findings shed light on a potential approach to inducing aging phenotype inside 
hCOs without external genetic manipulation. 
 

Discussion 
 
We represent an organoid microphysiological analysis platform to model neuro-immune 
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interaction in aging. By integrating organoid scaffold and rocking flow, our MAP allows the 
generation of standardized human cortical brain organoids without hypoxia and necrosis. The 
on-chip culture organoids showed significant forebrain fate commitment compared to the 
traditional culture. Additionally, due to the noninvasive incorporation of immune cells into 
organoids with unique tubular scaffold and rocking flow, our MAP supports the investigation of 
primary immune-organoid interaction on-chip, recapitulating the key features and processes of 
neuro-immune interaction in the aged brain. Our organoid chips device is simple, scalable, cost-
effective, and compatible with well-plates and lab settings. We, therefore, believe that our 
technology provides avenues to study immune-driven brain aging and restoring brain 
homeostasis in aging, with the coal of improving neurodegenerative functions. 
 
Methods 
 
Design and fabrication of 3D printed devices. The MAP devices were designed using 
AutoCAD software and fabricated using a 3D printer (Form 3B, Formlabs). The detailed design 
of the MAP devices was described at Fig.S1. 
 
Simulation and experimental measurement of flow profiles. The device’s flow profiles were 
simulated using Comsol Multiphysics (COMSOL group, details in Discussion S1 and Fig.S2). 
Briefly, the rocking flow was affected using the ‘laminar flow’ physics module, and the liquid-
scaffold boundary was considered non-slip. To model the fluid movement, ‘moving mesh’ was 
applied to the fluid domain, and the top air-liquid interface was set as a ‘free surface’ model. 
Half of the model was simulated with symmetric boundary conditions, and quantification results 
were obtained using the 2D model to save the computational energy. The experimental 
measurement of the flow speed was conducted by tracking and calculating dye transferring with 
the device under five different rocking angles (details in Discussion S2 and Fig.S3). Briefly, the 
device was placed on the rocker at a neutral position. 30 µL of culture medium was added to 
both sides of the medium reservoir, with one side containing 0.83 mg/mL of Rhodamine B. The 
flow induced by the rocking cycle was videotaped at 30 frames per second with a fixed 
positioned camera secured on the rocker with a tripod. Video frames were analyzed with 
ImageJ. The flow speed was calculated by timing the moving dye front passing through a 
predetermined distance (3 mm) within the scaffold device.  
 
Culture of WA01 cells and THP-1 cells. The human embryonic stem cell line (WA01, WiCell) 
was maintained with mTeSR plus medium (Stemcell Technologies) on 6 well plates coated with 
Matrigel (Corning). The WA01 cells were passaged every 5-7 days with a medium change every 
other day and generated organoids under passage 42. The THP-1 (ATCC® TIB-202™) cells, 
peripheral blood-derived monocytes, were cultured in RPMI 1640 (Gibco) supplemented with 10% 
fetal bovine serum (Gibco), 0.05 mM 2-mercaptoethanol (Sigma), and 100 U/mL 
Penicillin/Streptomycin (Gibco). Cells were maintained at 37 ºC, 5% CO2 and passaged before 
the cell concentration reached 1 X 106 cells/mL. 
 
Differentiation protocol of human cortical organoids. Human embryonic stem cells were 
dissociated into single cells using ReLeSR (Stemcell Technologies) treatment. Single cells were 
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plated to ultra-low attachment 96 well plate (Corning) with AggreWell™ EB Formation Medium 
(Stemcell Technologies) with 10 µM Y-27632 (SelleckChem) (9,000 cells/well). After 24 hours, 
the medium was substituted by cortical organoid medium (1X DMEM/F12; 15% KOSR; 1X 
GlutaMax; 1X MEM-NEAA; 1X N2 supplement; 1X N2 supplement; 1X 2-Mercaptoethanol; 1X 
Penn/Strep) supplemented with 1µM SB-431542, 2µM Dorsomorphin and 2µM XAV939 for 9 
days. Next, the aggregates were embedded in Matrigel and cultured in the medium (0.5X 
DMEM/F12; 0.5X Neuralbasal; 1X N2; 1X MEM-NEAA; 1X GlutaMax; 2.5µg/mL Insulin; 1X b-
mercaptoethanol; 1X Penn/Strep; 1X 10ng/mL EGF, 10ng/mL FGF-2, 10ng/mL NT3 and 
10ng/mL BDNF) supplemented with 1X B27 without Vitamin A for 14 days. Then the aggregates 
were maintained in the medium (supplemented with 1X B27 with Vitamin A, 0.2mM Ascorbic 
Acid, 0.2mM cAMP, and 1% Matrigel) with a medium change every other day. The composition 
details and medium change timelines are provided in Table S1. 
 
Cell viability test. To measure long-term cell viability, hCOs were stained with a LIVE/DEAD 
Viability/Cytotoxicity Kit (Invitrogen). Samples were incubated with a carboxyfluorescein 
succinimidyl ester (CFSE) and ethidium homodimer-1 (EthD-1) mixture for 30 minutes at 37 ºC. 
After washing the samples twice with the fresh medium, the fluorescence microscopy of the two 
different dyes was visualized by an Olympus IX83 inverted motorized microscope. 
 
Bulk cell sequencing. RNA was extracted from hCOs using Qiagen RNeasy plus mini kit. The 
RNA samples were sent to BGI Americas for RNA-sequencing analysis. The RNA-seq data 
were analyzed and visualized using Dr. Tom's data visualization software. 
 
Isolation of monocytes from human PBMCs. To use primary monocytes, human Peripheral 
Blood Mononuclear Cells (PBMCs) were isolated from human buffy coats of six different healthy 
young (n=3, <35) and elderly (n=3, >65) donors. The human buffy coats were first spun sown at 
300 g for 10 minutes. To remove RBCs, the supernatant was discarded, and 5 ml of ACK lysing 
buffer was added to the pellet, which was shacked for 5 minutes. After adding 20 ml of HBSS, 
the tube was centrifuged at 300 g for 10 minutes. Several times of RBCs removal process were 
repeated until RBCs were removed enough. Monocytes were isolated from PBMCs using 
Classical Monocyte Isolation Kit according to manufacturer’s protocol (Miltenyi Biotec GmbH) 
with MS Column (Miltenyi Biotec GmbH). Typically, 5 x 104 monocytes per milliliter of whole 
blood were obtained. 
 
On-chip coculture of monocytes and organoids. Th hCOs of day 9 were carefully collected 
and washed in the pre-warmed COM I with a cupped tip. After aspiration of the surrounding 
medium, organoids were carefully transferred to the center chamber with 6 µl of the Matrigel 
and incubated in a 37ºC incubator for 30 minutes. The scaffold was inserted onto the center 
chamber with an additional fresh medium followed by incubation. The device was then 
maintained in the COM II until day 24 with a medium change every other day. When changed to 
COM III, the organoids on-chip was cultured onto a platform rocker (Infinity rocker, Next 
Advance) with 1 cycle/min in the incubator. To infiltrate monocytes into the device, a total of 1 x 
105 cells of monocytes were suspended in 20 ul of COM III and added on the on-chip cultured 
hCOs. After 2 hours of incubation, the upper component of the device with an additional 
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medium was inserted on the hCOs. 
 
Immunofluorescence staining. Immunofluorescence staining was performed on sectioned 
samples directly on slides to characterize on-chip cultured hCOs. The samples were washed 
twice with 1XPBS to remove the O.C.T. After antigen retrieval for 15 minutes with 3N 
hydrochloric acid (HCl) treatment, the sections were rinsed twice with 1X PBS and then treated 
with 0.3% Triton-X100/5% normal goat serum in PBS for 1 hour. Next, primary antibodies were 
added to the slides in a diluted antibody solution and incubated overnight at 4°C within a dark, 
humidified slide box. The samples were rinsed 3 times with 1XPBS and incubated with 
secondary antibodies at RT for 1 hour, then the slides were washed 3 times with FBS. 
Coverslips were mounted with ProLong Gold Antifade Mountant with DAPI (Invitrogen). Detailed 
information on primary and secondary antibodies can be found in Table S2. 
 
Real-time qPCR analysis. The Gene expression profile of hCOs and on-chip cultured hCOs 
was evaluated by RT-qPCR. In brief, organoids were first washed twice with PBS and lysed 
using RNeasy Plus Mini Kit (Qiagen) for RNA extraction. RNA was reverse transcribed to ds-
cDNA using the qScript cDNA synthesis kit (Quanta Biosciences). Applied Biosystems™ Power 
SYBR™ Green PCR Master Mix (Thermo Fisher) was used to carry out the real-time qPCR. 
Detailed information on primers can be found in Table S3. ΔΔCt method was performed to 
calculate relative expression (-ΔΔ CT), the delta Ct value of target gene between organoid and 
organoid chips, both normalized against Ct value of GAPDH. Each qPCR reaction was tested in 
triplicates, and 3 organoids/brain-in-a-chips were analyzed for each group. The means of Ct 
values are represented. Samples as “not detected” were denoted as a Ct value of 40.  
 
Statistical analysis. The statistic comparison of each group was performed via t-test with GraphPad 
Prism 7. The statistical significance of differences in values is denoted: *p<0.05, **p<0.01, ***p<0.005. 
****p<0.001. 
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Figures and captions 
 
 

 
Figure 1. An organoid microphysiological analysis platform to model immune-driven
brain aging. (a) Schematics show the 3D printed devices for modeling immune-driven brain
aging by culturing and analyzing the interaction of primary monocytes (from young and aged
donors) and human brain organoids. (b) Images of 3D printed devices within a well-plate and a
single device with an organoid holder and a tubular perfusable scaffold connected with two
medium reservoirs.  
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Figure 2. On-chip culture of human cortical organoids under flows. (a) The simulation
results indicate the 3D distribution (left) and side view (right) of flow profiles within the device. (b
The experimental results describe the flow speed under different rocking angles (rocking
frequency = 0.1 rpm). (c) The illustration shows the protocol and time of the on-chip culture of
human cortical brain organoids. (d) Top-down view images of organoids during the
differentiation and on-chip culture process (organoids in yellow dashed circles). Scale bar: 1 mm
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Figure 3. Characterization of on-chip cultured organoids. (a) Viability of on-chip cultured
human cortical organoids (on-chip hCOs) during long-term culture. (b) Cross-section staining
showing VZ/SVZ (PAX6 and MAP2 neuron) distribution inside the on-chip hCO at day 29. (c)
Cluster heatmaps of differentially expressed genes (DEGs) in the on-chip hCOs and the
conventional human cortical organoids (hCOs). (d) Volcano map of DEGs with red (increased
expression) and green (decreased expression) dots. (e) KEGG pathway enrichment bubble
chart showing high-level functions and utilities in the on-chip hCOs than the conventional hCOs.
Scale bar: 500 µm. 
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Figure 4. Characterization of monocyte-driven brain organoid aging. (a) Comparison of
infiltration capacity of monocytes isolated from old donors (> 60-year-old) into on-chip cultured
human cortical organoid (oMs+hCO)  with monocytes isolated from young donors (20 to 30-
year-old) into on-chip cultured human cortical organoid (yMs+hCO). (b) Quantification of
infiltrated monocytes (n=3, p<0.05) in ‘yMs+hCO’ and ‘oMs+hCO’ groups. Scale bar: 200 μm. (c
The plot of gene expression change (2−ΔΔCT) heatmap of the ‘yMs+hCO’ and ‘oMs+hCO’ groups
on day 29 under the same experimental conditions. (d) Comparison of pro-inflammation genes
(COX-2 and TNF-alpha) and senescence genes (p16INK4a and p21CIP1) in on-chip cultured
monocytes isolated from old donors (> 60-year-old) and human cortical organoid (oMs+hCO)
and these in on-chip cultured monocytes isolated from young donors (20 to 30-year-old) and
human cortical organoid (yMs+hCO) on day 29. 2−ΔΔCT calculated as 'delta Ct' (∆∆Ct) of GAPDH
and target gene normalized against on-chip cultured human cortical organoid only on the same
day. (e) Immunofluorescence staining of the p16 expression in neighboring astrocytes
monocytes in the ‘yMs+hCO’ and ‘oMs+hCO’ groups. Scale bar: 5 μm. (f) Quantification of p16
protein expression in GFAP+ astrocytes neighboring infiltrated monocytes using mean
fluorescence intensity, p<0.005, n=30.  
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