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A B S T R A C T   

Spheroids and organoids have attracted significant attention as innovative models for disease modeling and drug 
screening. By employing diverse types of spheroids or organoids, it is feasible to establish microphysiological 
systems that enhance the precision of disease modeling and offer more dependable and comprehensive drug 
screening. High-throughput microphysiological systems that support optional, parallel testing of multiple drugs 
have promising applications in personalized medical treatment and drug research. However, establishing such a 
system is highly challenging and requires a multidisciplinary approach. This study introduces a dynamic 
Microphysiological System Chip Platform (MSCP) with multiple functional microstructures that encompass the 
mentioned advantages. We developed a high-throughput lung cancer spheroids model and an intestine-liver- 
heart-lung cancer microphysiological system for conducting parallel testing on four anti-lung cancer drugs, 
demonstrating the feasibility of the MSCP. This microphysiological system combines microscale and macroscale 
biomimetics to enable a comprehensive assessment of drug efficacy and side effects. Moreover, the micro
physiological system enables evaluation of the real pharmacological effect of drug molecules reaching the target 
lesion after absorption by normal organs through fluid-based physiological communication. The MSCP could 
serves as a valuable platform for microphysiological system research, making significant contributions to disease 
modeling, drug development, and personalized medical treatment.   

1. Introduction 

Anti-cancer drug discovery involves multiple stages, from drug 
development to clinical approval. However, many drugs fail in clinical 
trials due to efficacy and safety issues [1]. The limitations of current 
preclinical models hinder the accurate representation of human diseases 
[2]. Improving assessment methods and enhancing in vitro models are 

crucial for more reliable preclinical research results. In vitro 2D cell and 
in vivo animal models are commonly used for assessing drug safety and 
efficacy [3]. While in vivo model construction is time-consuming, in vitro 
2D cell models lack the in vivo microenvironment for accurate evalua
tions. Moreover, testing drug efficacy and side effects separately in these 
models can lead to variations between experiments, causing discrep
ancies between preclinical and clinical stages. Therefore, developing 
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more efficient and comprehensive preclinical screening models is 
essential for successful anti-cancer drug development. 

In anti-cancer drug development, in vitro 3D cell models such as 
spheroids and organoids are gaining wide attention. Spheroids mimic 
complex in vivo microenvironments and offer better gene expression 
through 3D cell-cell contact [4–6]. Organoids, with organ-like struc
tures, exhibit strong drug resistance [7,8]. These advantages make 
spheroids and organoids ideal models for preclinical drug development. 
Different types of organoids have been reported, such as the brain 
[9–11], heart [12–14], liver [15–17], pancreas [18,19], lung cancer 
[20–22], etc. These organoids have been extensively applied to research 
organ development [23], disease modeling [24], and drug screening 
[25]. However, the lengthy and manual culture process of spheroids and 
organoids introduces individual differences and high costs. 

Additionally, these 3D model in static cultures lack fluidic connections 
for constructing microphysiological systems. Therefore, an automated, 
high throughput, and fluidic interconnection platform may lead to 
breakthroughs in spheroids and organoid applications. 

Microfluidic chips, as customizable and automated devices, are 
widely used in spheroid and organoid culture and applications. They 
enable the creation of various organ-on-chip models, such as retina-on- 
chip [26], brain-on-chip [27–29], heart-on-chip [30,31], and 
liver-on-chip [32,33]. Furthermore, microfluidic platforms with struc
tures like microwell [34] and micropillar [35] arrays facilitate 
high-throughput spheroids and organoids culture. Besides, multi-organ 
microphysiological systems are established to mimic inter-organ 
communication and systemic diseases [36–38]. These systems 
combine macroscale and microscale biomimetics, offering insights into 

Fig. 1. The Microphysiological System Chip Platform (MSCP) enables the construction of microphysiological systems as well as comprehensive drug 
screening. (A), Left: schematic diagram of oral anti-lung cancer drug absorption process, which shows that drug is absorbed in the intestine and then through blood 
vessels flow through each vital organ, such as liver, heart, and lung. Right: The MSCP can construct a high-throughput intestine-liver-heart-lung cancer micro
physiological system to simultaneously evaluate four different drugs. This on-chip microphysiological system mimics the in vivo processes depicted in the left diagram 
to realize comprehensive drug evaluation with high throughput and concurrent testing of multiple drugs. (B), Schematic diagram of the basic detection principle, the 
platform application process, and prospect. Anti-cancer drugs act on the spheroid in the microwell, and the spheroids’ cell viability is reflected by microscopic 
detection of live/dead staining fluorescence. The MSCP integrates 4 × 4 microwell arrays that can simultaneously cultivate 304 spheroids. After spheroids’ cell 
viability data processing and analysis, comprehensive drug screening results will be exhibited by hot map. The utilization of high-throughput microphysiological 
systems, coupled with the simultaneous evaluation of multiple drugs, has rendered the MSCP an expedient and effective platform for personalized medicine and drug 
development. 
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interorgan crosstalk, metabolism, and immunity [39–41]. By incorpo
rating cancer spheroids and organoids, these systems can assess phar
macokinetics, pharmacodynamics, and overall pharmacological 
responses [42]. This systematic evaluation is crucial for drug discovery, 
development, and personalized medicine [43–45]. Through microfluidic 
technology, the organ-on-a-chip can construct specific micro
physiological systems corresponding to the design of the chip structure 
[46–48]. However, constructing microphysiological systems with less 
structural specificity, high throughput, and customizable using micro
fluidic technology is highly challenging. 

To address these challenges, we have developed a customizable and 
high-throughput microphysiological system chip platform (MSCP) for 
comprehensive drug screening. As shown in Fig. 1, the MSCP integrates 

a microvalves array to dynamically switch between two biomimetic flow 
path modes: organ formation mode and blood flow mode. This on-chip 
dynamic switching allows for the combination of up to four spheroids, 
either of the same or different types, to create a high-throughput drug 
testing model or microphysiological system. To evaluate the feasibility 
of the MSCP, we cultured A549 lung cancer spheroids in a high- 
throughput manner to simultaneously assess the efficacy of four 
chemotherapy drugs: cisplatin, docetaxel, pemetrexed, and doxorubicin. 
Furthermore, we established a microphysiological system that combines 
the small intestine (FHs 74 Int), liver (THLE-2), heart (HL-1), and lung 
cancer (A549) spheroids to multi-dimensional assess the potential side 
effects of the aforementioned oral anti-lung cancer drugs and the 
decrease in drug efficacy resulting from absorption by these normal 

Fig. 2. Design of the MSCP. (A), An exploded schematic illustration of the MSCP. The MSCP is fabricated by irreversible bonding of the microvalve layer, 
microchannel layer, and microwell layer. (B), Photograph and microscopic image of the MSCP. i) Photograph of the MSCP to exhibit the size of the MSCP (scale bar 
= 1 cm). ii) An enlarged view of part of the MSCP shows the main functional structures in the MSCP. The MSCP consists of five main functional structures: bubble 
buffer areas, latitudinal and longitudinal valve arrays, Galton nail plate shaped micropillar arrays, and microwell arrays. (C), The microscopic image shows the 
details of the Galton nail plate shaped micropillar array and bubble buffer area. (D), Numerically simulated flow velocity distribution of the Galton nail plate shaped 
micropillar array (initial flow velocity is 100 μm/s, corresponding to a flow rate of 9 × 10− 3 μL/min) illustrates that it significantly improves the uniformity of cell 
distribution. (E), Microscopic image shows the design details of a microwell array. (F), Numerically simulated flow velocity distribution of the hexagonal 
arrangement of the microwell array (initial flow velocity is 100 μm/s, corresponding to a flow rate of 0.63 μL/min). 
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organs. The results of these investigations demonstrate that the MSCP, 
with its ability to rapidly construct high-throughput microphysiological 
systems and enable simultaneous evaluation of multiple drugs, serves as 
a robust platform for researching microphysiological systems. It holds 
promising applications in personalized medical treatment, drug devel
opment, and disease modeling. 

2. Results 

2.1. Dynamic microphysiological system chip platform design 

The MSCP combines the microvalve and microwell array to realize 
the construction of high-throughput and customizable micro
physiological systems. For multiple functional microstructures inte
grated into the MSCP, Three PDMS layers—microvalve layer, 
microchannel layer, and microwell layer are designed. Oxygen plasma is 
applied to irreversible bond these layers (Fig. 2A). In Fig. 2B–a photo
graph and enlarged view demonstrate the overall appearance and 
microstructure details of the MSCP. As Fig. 2B i) shows, The dimensions 
of the MSCP are slightly larger than a coin, with specific measurements 
of 5 cm in length, 4 cm in width, and a thickness of 0.6 cm. Fig. 2B ii) is 
the enlarged view of part of the MSCP and shows its main functional 
microstructures. The MSCP consists of five main functional micro
structures: bubble buffer areas, latitudinal and longitudinal valve arrays, 
Galton nail plate shaped micropillar arrays, and microwell arrays. These 
microstructures are distributed in different PDMS layers. The micro
valve layer mainly consists of latitudinal and longitudinal valve arrays. 
The microchannel layer, situated at the central tier of the MSCP, is 
engineered to be thinly fabricated to optimize the closure efficiency of 
the microvalve. This layer mainly has four longitudinal cell injection 
channels, four latitudinal drug injection channels, and corresponding 
inlets and outlets. Besides, the MSCP has a total of 16 spheroid culture 
chambers, which are set at each intersection of the longitudinal channel 
and latitudinal channel. These spheroid culture chambers are aligned to 
the square regions of the microvalve layer, thus making microvalves 
separate. The MSCP has 16 microwell arrays, which are located corre
sponding to the upper microchannel layer’s spheroid culture chamber. 
The bubble is a common problem that tremendously impacts micro
fluidic devices. There are two types of bubble interference generation 
reasons: dead zone of microstructure and bubbles introduced by liquid 
injection. We found that vacuuming the PDMS-based device, which is 
immersed in ethanol, can make it fill with ethanol without bubbles, and 
then ethanol can be replaced by another buffer for further use. This 
operation markedly reduces the bubble interference caused by the 
microstructure dead zone. In the microchannel layer, the bubbles buffer 
area (Fig. 2C upper right corner) is set at each latitudinal drug injection 
channel inlet to avoid bubbles or impurities introduced by liquid in
jection. Impurities and bubbles will be trapped by the micropillar array 
in the buffer area. Because of the air permeability property of PDMS, the 
positive pressure generated by fluid injection will make the bubbles 
trapped in the micropillar array disappear. As Fig. 2C shows, a Galton 
nail plate shaped micropillar array is designed for uniform-size spheroid 
formation. The uniform distribution of cells in cell suspension is a crucial 
factor in spheroid size uniformity. Poor spheroid size uniformity may 
cause differences in drug resistance between spheroids that lead to in
accuracy drug resistance results. The Galton nail plate shape micropillar 
array is set at each longitudinal cell injection inlet. As Fig. 2D shows, 
numerically simulated results of flow velocities in the Galton nail plate 
shaped micropillar array are exhibited to explain its function (initial 
flow velocity is 100 μm/s, corresponding to a flow rate of 9 × 10− 3 μL/ 
min). For bifurcation tree structure (Fig. S1), less bifurcation means less 
cell redistribution, so cells in suspension may unevenly distribute, which 
makes it accumulate at the dead zone of the microchannel. The Galton 
nail plate shape micropillar array significantly increases the cell redis
tribution times and reduces structural dead zones, leading cells to be 
more evenly distributed in suspension (movie.S1). The microwell array 

(Fig. 2E) in the MSCP integrates 19-channel microwells that have been 
arranged in a hexagonal configuration for uniform cell deposition 
(movie.S2). Totally 304 microwells can be used for the 3D culture. The 
microwell size is a crucial parameter related to spheroids formation size 
and cell viability. The size of a microwell is 250 × 250 μm (diameter ×
deep) for cultivating spheroids whose diameter not exceeding 250 μm. 
Furthermore, in Fig. 2F, through flow velocity simulation of the hex
agonal arrangement of the microwell array, we demonstrate that in the 
organ formation mode of MSCP, the cross-sectional flow distribution 
assists the cells in the cell suspension to traverse each microwell, 
resulting in a uniform deposition into the microwell array. Additionally, 
when MSCP is in the blood flow mode, the linear flow distribution in 
MSCP helps reduce the generation of concentration differences to 
simulate the flow of effective drug molecules in the human bloodstream. 
Fig. S2 demonstrates the spheroids array formation process through the 
microwell array. Uniform-size spheroids array can be established by 
following this procedure: (1) inject cell suspension into the MSCP with a 
fast flow rate (50–100 μL/min) to lead cells completely cover the 
microwell array, (2) allow the MSCP to rest on a flat surface for an 
appropriate amount of time for cells to deposit into the microwell array, 
(3) gently wash the redundant cells that have deposited outside of the 
microwell array, and (4) continue to inject culture medium to maintain 
an indispensable cultivation environment until cells aggregate and form 
spheroids. By arranging the microwell array into a hexagonal shape, 
injecting cells suspension at a faster flow rate, and then depositing cells, 
a uniform-sized spheroid array can be generated. 

2.2. Microvalve optimization and biomimetic flow path construction 

The MSCP utilizes the “push down” microvalves array to control the 
flow direction and is compatible with microwell. There are two types of 
microvalves in the MSCP: latitudinal microvalves and longitudinal 
microvalves. The whole microvalves array comprises 20 latitudinal 
microvalves and 20 longitudinal microvalves. Fig. 3A shows the sche
matic diagram and photograph of the “push down” microvalve in the 
open and closed state. In the photograph, an empty opened and closed 
microvalve is displayed to show the difference between the micro
channel before and after the microvalve is activated. Air pressure is 
applied to activate the microvalve, leading to the microchannel layer 
deformation to seal the flow path (movie.S3–S4). Because of the air 
permeability of PDMS, before applying this kind of pneumatic micro
valve to liquid-related applications, the channels in the microvalve layer 
must be full of liquid to prevent gas from permeating to the bottom 
channels. In this situation, the microvalve layer deformation is caused 
by hydraulic, which air pressure introduces. The microvalve array is 
driven by external air pressure, and the air pressure magnitude has a 
direct effect on the degree of microvalve array sealing. It is essential to 
find an optimal valve control pressure to prevent leakage and avoid 
reduction of service life of the MSCP caused by too high air pressure. We 
have observed the degree of the longitudinal valve (Fig. 3B) and the 
latitudinal valve (Fig. 3C) deformation after applying 100 mbar–700 
mbar air pressure. The higher the air pressure applied, the tighter the 
longitudinal and latitudinal valves closed. Low closing air pressure 
(<100 mbar) can not completely seal the microvalve, affecting the 
channels’ independence. High closing air pressure (>700 mbar) may 
cause the MSCP delamination and reduce the device’s service life. 
Finally, 500 mbar air pressure is selected for closing the microvalves. 
With this optimized air pressure, the microvalves can keep closing 
without leakage for prolonged use while the flow velocity is 100 μL/min. 

To construct an in vitro microphysiological system, the parallel cul
ture chamber must be separated at the spheroids formation stage to 
prevent undesirable cell interaction between different spheroids. Be
sides, a fluidic connection needs to be built between different spheroids 
for physiology communication after spheroids formation. The MSCP has 
two biomimetic flow path modes—organ formation mode and blood 
flow mode-to simultaneously realize culturing of different types of 
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spheroids on-chip and construction of physiology communication be
tween spheroids array, thus establishing microphysiological systems. As 
the schematic diagram shown in Fig. 3D i), in the organ formation mode, 
four group latitudinal microvalves are activated by applying air pressure 
from inlets, and longitudinal microvalves are kept deactivated. In this 
situation, the flow direction in the MSCP is longitudinal, and latitudinal 
microvalves separate four cell injection channels. As shown in the 
photograph in Fig. 3D ii), each cell injection channel was dyed into 
different colors to demonstrate each channel’s independence. Through 
the organ formation mode, each cell injection channel can inject a 
conspecific cell to form a high-throughput spheroids drug evaluation 
model or inject heterospecific cells to establish microphysiological sys
tems (Fig. S3). After spheroids formation, the MSCP can switch to the 
blood flow mode by reversing the activated and deactivated state of the 
longitudinal microvalve and latitudinal microvalve. As the schematic 
diagram shown in Fig. 3E i), in the blood flow mode, all cell injection 
channels are sealed by the longitudinal microvalve, and the flow di
rection changes from longitudinal to latitudinal. Longitudinal micro
valves separate four parallel drug injection channels. As shown in the 
photograph in Fig. 3E ii), four parallel drug injection channels were dyed 
into different colors to demonstrate that drugs can be injected into each 
drug injection channel without mutual interference. The independence 
between each cell injection channel at organ formation mode is 
important, and after each cell injection channel is dyed into different 
colors with no color crosstalk, a video is recorded of the color mutual 
interference when deactivated latitudinal microvalves to prove the 
effectiveness of the latitudinal microvalves (movie.S5). Utilizing the 
same video method to prove blood flow mode channels’ independence 
(movie.S6). In the organ formation mode, four independent parallel cell 
injection channels can generate distinct spheroid arrays without inter
mingling of cells and liquid. In the blood flow mode, the MSCP enables 
fluidic communication between different spheroid arrays, simulating 
the physiological communication function of in vivo blood vessels. 
Additionally, four parallel drug injection channels allow the MSCP to 
simultaneously assess four different concentrations of a drug, or four 
different drugs, thereby enhancing drug screening efficiency. In 
conclusion, the dynamic switching between these two biomimetic flow 
modes enables the MSCP to flexibly construct customizable micro
physiological systems, while also enabling simultaneous evaluation of 
multiple drugs in different dimensions (drug efficacy and side effects). 
These advantages serve as the foundation for further research on 
microphysiological systems, drug development, and the potential ap
plications of personalized medicine. 

2.3. Characterization of intestinal, liver, heart, and lung cancer spheroids 

We have generated the high throughput intestine (FHs 74 Int), liver 
(THLE-2), heart (HL-1), and lung cancer (A549) spheroids array and 
tested their viability and histological morphology variation. Addition
ally, we have conducted functional characterization of four different 
spheroids. Fig. 4A shows the HE staining and immunofluorescent 
staining functional characterization of intestinal, liver, heart, and lung 

cancer spheroids. The HE staining results of four different spheroids 
showed their distinctive morphological characteristics. For cultured FHs 
74 Int spheroids, CDX2/Villin were used as dual markers for functional 
identification. CDX2, an intestine-specific transcription factor expressed 
in the nuclei of intestinal epithelial cells, and Villin, a specific marker for 
intestinal absorptive cells, were utilized [49,50]. The identification re
sults showed that FHs 74 Int intestine spheroids expressed CDX2/Villin, 
indicating their exhibit the basic characteristics of intestinal epithelium 
and functionality as intestinal absorptive cells. Likewise, dual marker 
functional identification of ALBumin/CYP2C9 was performed for 
THLE-2 spheroids. ALBumin, specifically synthesized by liver cells in the 
human body, and CYP2C9, an important drug-metabolizing enzyme in 
the human liver, were used [51,52]. The results demonstrated that 
THLE-2 liver spheroids expressed ALBumin/CYP2C9, indicating their 
basic protein expression resembling liver cells and capability for drug 
metabolism. Furthermore, dual marker identification of α-Actin/cTnT 
was conducted for HL-1 spheroids. α-Actin, usually expressed in various 
muscles, such as skeletal muscle, cardiac muscle, and smooth muscle, 
and cTnT, specifically expressed in cardiac muscle cells, were employed 
[53,54]. The results showed that HL-1 heart spheroids expressed 
α-Actin/cTnT, indicating their basic characteristics of cardiac muscle. 
Lastly, dual marker functional identification of E-cadherin/CK7 was 
performed for A549 spheroids. E-cadherin, a key component of adherens 
junctions and indispensable for cell adhesion and maintenance of cell 
epithelial phenotype, and CK7, specifically expressed in lung cancer 
tissue, were utilized [55,56]. Immunofluorescent results demonstrated 
that A549 lung cancer spheroids expressed E-cadherin/CK7, indicating 
their characteristics resembling lung cancer tissue. Fig. 4B shows the 
four kinds of spheroids array after 72 h culturing. In the organ formation 
mode, almost the same number of cells were dispersed into each 
microwell. After 72 h culturing, a uniform-size spheroids array was 
formed, which is crucial to improve the accuracy of the drug evaluation. 
Fig. S4 displays the histological morphology variation of four kinds of 
spheroids during 120 h. The findings demonstrate that the size of in
testinal spheroids (FHs 74 Int) continuously increased over a period of 
five days. Additionally, their compactness also exhibited a rising trend 
during the culturing process, as evidenced by the dim opacity observed 
within the spheroid. Liver spheroids (THLE-2) rapidly aggregated after 
deposition and displayed a steady increase in size within five days. These 
spheroids exhibited a spherical shape. However, after 72 h of culturing, 
cell detritus progressively appeared. Heart spheroids (HL-1) have the 
smallest size after five days of culturing. They swiftly formed within 24 h 
of cell deposition, and their margin became smooth by 48 h. However, at 
72 h, the aggregated cells within HL-1 spheroids began to detach, 
resulting in a slight decrease in size. Lung cancer spheroids (A549) 
remained granular within 24 h of cell deposition, with the contour of the 
spheroid margin only becoming smooth after 48 h of culturing. After 
120 h, A549 spheroids became denser, and their size significantly 
increased. The diameter statistics of four types of spheroids within five 
days are shown in Fig. 4C. The results show that the size of the THLE-2 
spheroid kept increasing, and it had a maximum average size after five 
days of culturing. The minimum spheroid average size after five days of 

Fig. 3. Microvalve optimization and two biomimetic flow path mode construction of the MSCP. (A), Cross-section schematic diagram of activated and 
deactivated “push down” microvalve. (B–C), Activating air pressure optimization for the longitudinal valve (B) and the latitudinal valve (C). The air pressure being 
tested went from 100 to 700 mbar. (D), Schematic diagram and photograph of the organ formation mode. i) The schematic diagram of the organ formation mode. 
Different spheroids arrays can be independently cultivated in each cell injection channel in this mode. The latitudinal microvalve array blocks all the drug injection 
channels. All the longitudinal microvalves are open to ensure that four cell injection channels are unobstructed. The flow direction of the MSCP is longitudinal. No.1- 
No.4 Cell injection channels are filled into four colors (green, pink, red, and purple) to illustrate the independence between each cell injection channel. Activated 
latitudinal microvalves are filled into gray. ii) The photograph of the organ formation mode. Corresponding to the schematic diagram, all the cell injection channels 
are dyed into different colors to illustrate the channel’s independence. (E), Schematic diagram and photograph of the blood flow mode. i) The schematic diagram of 
the blood flow mode. In this mode, fluidic cross-talk is established to mimic in vivo blood vessels’ physiology communication function. The longitudinal microvalve 
array blocks all the cell injection channels. All the latitudinal microvalves are open to ensure that four drug injection channels are unobstructed. The flow direction of 
the MSCP is latitudinal. No.1-No.4 Drug injection channels are filled into four colors (green, pink, red, and purple) to illustrate the independence between each drug 
injection channel. Activated longitudinal microvalves are filled into gray. ii) The photograph of the blood flow mode. Corresponding to the schematic diagram, all the 
drug injection channels are dyed into different colors to illustrate the channel’s independence. 
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culturing is the HL-1 spheroid, and its size decreased after 72 h of 
culturing. The A549 spheroids had a maximum average size at 24 h and 
then significantly decreased at 48 h. The FHs 74 Int spheroids also had 
this phenomenon. The average diameter of the FHs 74 Int, THLE-2, 
HL-1, and A549 spheroids at 48 h is 100.02 μm, 107.13 μm, 99.29 
μm, and 99.83 μm. The range of average diameter after 48 h culturing is 
small enough (<10 μm) to be adopted as a cultivation time intersection 
point for these four kinds of spheroids. With this conclusion, the oral 
anti-lung cancer drug evaluation microphysiological system with these 

four kinds of spheroids can quickly be constructed within 48 h with a 
relatively homogeneous diameter. Except for size, the viability of 
spheroids is also an indispensable factor that possibly influences the 
evaluation accuracy. Fig. 4D shows the viability of four types of spher
oids after five days of cultivation. The results show that FHs 74 Int, 
THLE-2, HL-1, and A549 spheroids kept high average cell viability (>90 
%), which is enough to form a high viability oral anti-lung cancer drug 
evaluation microphysiological system within five days to ensure the 
accuracy of drug evaluation. 

Fig. 4. Characterization of the function, viability, and size of different types of spheroids. (A), HE and immunofluorescent images characterizing the 
morphological characteristics and the specific functions of four different types of spheroids. (B), A549, FHs 74 Int, HL-1, and THLE-2 spheroids array after formation 
(scale bar = 150 μm). (C), Spheroids diameter statistics within five days (n = 6 biological replicates). (D), Viability of the four kinds of spheroids after 120 h of 
culturing (n = 15 biological replicates). 
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2.4. High throughput anti-lung cancer drugs evaluation 

The MSCP has 304 microwells to high-throughput cultivate spher
oids and four parallel drug injection channels to simultaneously evaluate 
four different anti-lung cancer drugs within an exam cycle. Fig. 5A 
shows the drug evaluation process scheme of the MSCP. For high 
throughput lung cancer spheroids formatting, the MSCP was switched to 
the organ formation mode, and A549 cell suspension was injected into 
the MSCP through all parallel cell injection channels at day 0. Kept cell 
medium injected into the MSCP through cell injection channels to 
maintain the cell growth environment. After two days of culturing, 
A549 cells aggregated and formed spheroids in the microwell array. 
Switched the MSCP into blood flow mode, then injected four first-line 
anti-lung cancer drugs through all parallel drug injection channels. 
After 24 h drug treatment, a live/dead fluorescence assay was applied to 
evaluate drug efficacy. 

With this evaluation process, we tested the efficacy of first-line anti- 
lung cancer drug cisplatin, docetaxel, pemetrexed, and doxorubicin by 
high throughput culturing A549 spheroids with the MSCP. A549 is a 
non-small cell lung cancer epithelial cell line which widely used for anti- 
lung cancer drug development [57] and the study of disease modeling 
[58]. The 3D structure of the spheroids makes its drug resistance 
commonly stronger than 2D cultivation with the same kind of cell. We 
tested each anti-lung cancer drug in five dosing concentrations of 10 μM, 

33 μM, 100 μM, 333 μM, and 1000 μM which are higher than general 2D 
drug evaluation concentration. Drug effects positively correlate to 
treatment time, and prolonged drug affecting time probably causes drug 
efficacy evaluation results to be higher than the actual situation because 
low-concentration drugs could also kill many cells when treatment time 
is prolonged. As Fig. 5B shows, A549 spheroids kept high viability at 
four kinds of drug treatment at 10 μM in 24 h, and almost all cells died at 
1000 μM treatment in 24 h. This result showed that the IC50 values of the 
four drugs were between 10 μM and 1000 μM after 24 h of treatment, 
which proved the feasibility of drug concentration interval and treat
ment time. Fig. 5C shows the IC50 curves of four drugs affecting A549 
spheroids obtained through live/dead staining imaging in the MSCP, 
and the IC50 curves of the four drugs on A549 spheroids cultured in 
U-shaped plates analyzed quantitatively using the 3D Cell Viability 
Assay. The results of live/dead staining in the MSCP shows, A549 
spheroids had the most potent drug response to doxorubicin with an IC50 
of 25.2 μM. Cisplatin had the second drug efficacy to A549 spheroids 
with an IC50 of 109.5 μM. The drug efficacy of docetaxel was slightly 
weaker than cisplatin, and it had an IC50 of 159.7 μM. A549 spheroids 
had the weakest drug response to pemetrexed with an IC50 of 440.1 μM. 
The 3D Cell Viability Assay quantitative analysis results showed that the 
IC50 value of cisplatin was 114.8 μM, docetaxel was 214.7 μM, peme
trexed was 652 μM, and doxorubicin was 31.04 μM. Compared to the 
results of high-throughput drug testing with the MSCP, the drug efficacy 

Fig. 5. High-throughput evaluates different first-line anti-lung cancer drug efficacy. (A), Drug evaluation process scheme of the MSCP. (B), Bright-field and 
live/dead staining picture stack results of lung cancer spheroid A549 affected by cisplatin, docetaxel, pemetrexed, and doxorubicin at 10 μM, 100 μM, and 1000 μM 
after 24 h treatment. (C), The IC50 curve results of four drugs on A549 spheroids with the MSCP and 3D cell viability assay. 
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distribution of the four drugs was consistent, with doxorubicin still 
having the strongest efficacy, followed by cisplatin, docetaxel, and 
pemetrexed. Furthermore, the IC50 values of the 3D Cell Viability Assay 
for the four drugs on A549 spheroids are higher compared to the IC50 
values from the live/dead staining fluorescence test in the MSCP. This 
may be due to the drug concentration in the culture medium of A549 
spheroids decreasing with cell metabolism during drug testing without 
flow condition, whereas the drug concentration remains constant in 
flow-perfused conditions, thus more accurately reflecting the actual 
drug efficacy. In conclusion, doxorubicin has the strongest drug efficacy, 
and pemetrexed has the weakest drug efficacy among these four kinds of 
drugs. This experiment proves that the MSCP can be a convenient 
platform for rapid and high throughput obtaining accurate drug evalu
ation results. 

2.5. Intestine-liver-heart-lung cancer microphysiological system 
construction and multi-dimensional drug evaluation 

Oral anti-lung cancer drugs are absorbed in the small intestine, flow 
through the blood vessels to various essential organs, and reach the 
target cancer area. In the oral drug delivery process in the human body, 
organs may absorb drug molecules, leading to unexpected decreases in 
drug efficacy and inevitable drug side effects. Drug screening research 
usually focuses on the independent evaluation of drug efficacy or side 
effects rather than the comprehensive evaluation of these two aspects. 
Besides, in vivo physiology communication between each organ is 
difficult to remodel in vitro. It is, therefore, significant to develop a 
microphysiological system that can efficiently gather extensive side ef
fects data for multiple drugs on various organs, as well as efficacy data 
on lesions. 

Through the two biomimetic flow path modes of the MSCP, we 
constructed an oral anti-lung cancer drug evaluation microphysiological 
system with intestine (FHs 74 Int), liver (THLE-2), heart (HL-1), and 
lung cancer (A549) spheroid. With this microphysiological system, we 
simultaneously evaluated the drug efficacy of cisplatin, pemetrexed, 
doxorubicin, and docetaxel after the normal organ absorption and the 
side effects of these drugs on the intestine, liver, and heart. As Fig. 6A 
shows, when the MSCP switches to the blood flow mode, corresponding 
to the in vivo oral anti-lung cancer drug flow process, drug molecules in 
the MSCP flow through the intestine, liver, and heart spheroids and then 
reach the lung cancer spheroids. IC50 concentrations (obtained from 
previous experiments) of directly treated A549 lung cancer spheroids, 
that cisplatin (109.5 μM), pemetrexed (440.1 μM), doxorubicin (25.2 
μM), and docetaxel (159.7 μM) are used to treat intestine-liver-heart- 
lung cancer microphysiological system. Therefore, comparatively 
analyze when the direct drug treatment efficacy of lung cancer spheroids 
is the same, the side effects of the four drugs on the intestines, liver, and 
heart, as well as the reduced efficacy caused by the absorption of these 
drugs by the normal organs. Fig. 6B shows the effects of four drugs on 
each type of tested spheroid. The results show that compared to the 
control group, four tested drugs significantly decreased the cell viability 
of four spheroids. The results of four kinds of drug effects on intestine 
spheroids highlight that doxorubicin significantly inhibited the viability 
of intestine spheroids, causing its mean viability to descend to 68.6 %. 
Besides, the other three drugs caused intestine spheroids’ mean viability 
to descend to 95.2 %, 86.6 %, and 87.1 % (data order is correlated to the 
drug arrangement order in the image, from left to right). In addition, 
docetaxel significantly inhibited liver spheroids growth, causing its 
mean viability to descend to 26 %, and the other three drugs led the liver 
spheroids’ mean viability to descend to 50.2 %, 46.1 %, and 52.3 %. 
Besides, doxorubicin significantly inhibited the growth of heart spher
oids, causing the mean viability to descend to 32.6 %, and the other 
three drugs led the heart spheroids’ mean viability to descend to 68.7 %, 
57.3 %, and 53 %. For lung cancer spheroids, we used the IC50 con
centration of each anti-lung cancer drug tested in the previous experi
ment to treat the intestine-liver-heart-lung cancer microphysiological 

system, so the mean viability of it should be about 50 %. However, the 
mean viability of lung cancer spheroids after four anti-lung cancer drug 
treatments is 64.8 %, 64.3 %, 75.1 %, and 59.7 %, significantly higher 
than 50 %. This drug efficacy descent was caused by drug absorption by 
the previous normal spheroids in the flow path. Notably, this absorption 
effect was conspicuous for pemetrexed, causing lung cancer to keep a 
higher mean viability than the other three drugs. Fig. 6C shows the dark- 
field drug evaluation results of the intestine-liver-heart-lung cancer 
microphysiological system. In this image, the live cells of spheroids 
appear green, and the dead cells of spheroids appear red. The ratio of 
green pixels to the total fluorescence pixels reflects the spheroid’s 
viability. Four anti-lung cancer drugs flowed through the intestine, liver, 
heart, and lung cancer spheroids to mimic in vivo physiology commu
nication between organs. Fig. 6D displays the variation of spheroids 
viability along the flow path after the four drug treatments. The results 
indicate that each type of spheroid has varying degrees of viability 
descending after drug treatment. Although intestine spheroids are 
placed at the first position in the microphysiological system, it accu
rately reflects the drug response of intestine spheroids rather than an 
excessive decrease in cell viability compared to other types of spheroids. 
Besides, it can be seen from the statistical results that intestine spheroids 
and lung cancer spheroids keep relatively higher viability, and liver 
spheroids and heart spheroids are more vulnerable to drug influence. As 
Fig. 6E shows, the statistics results of mean viability are transformed 
into a drug toxicity hot map after standardization. As highlighted in this 
image, all four tested drugs have potential hepatotoxicity, and docetaxel 
has the strongest effect on the liver. In addition, pemetrexed, doxoru
bicin, and docetaxel have potential cardiac toxicity. Among these tested 
drugs, doxorubicin has the most potent effect on the heart. The findings 
of this experiment affirm that the MSCP is capable of effectively con
structing customizable and high throughput microphysiological sys
tems, such as the intestine-liver-heart-lung cancer model. Moreover, the 
MSCP features four parallel drug injection channels that enable simul
taneous evaluation of various drugs with pre-constructing micro
physiological systems, allowing for multidimensional drug assessment. 
Additionally, the 3D Cell Viability Assay was used to quantitatively test 
the drug efficacy on four different types of spheroid that cultured in U- 
shaped plates at the IC50 concentrations of the four drugs. Fig. 6F shows 
the radar pattern comparison to illustrate the differences between the 
quantitative test results and the MSCP test results. After cisplatin 
treatment, the viability results for spheroids in MSCP versus 3D Cell 
Viability Assay independent testing were as follows: A549 (65 % vs. 55 
%), FHs 74 Int (95 % vs. 70 %), THLE-2 (50 % vs. 21 %), and HL1 (69 % 
vs. 42 %). Following pemetrexed treatment, the viability results for 
spheroids in MSCP versus independent testing were: A549 (75 % vs. 71 
%), FHs 74 Int (87 % vs. 73 %), THLE-2 (46 % vs. 26 %), and HL1 (53 % 
vs. 42 %). With Doxorubicin treatment, the viability results for spheroids 
in MSCP versus independent testing were: A549 (60 % vs. 61 %), FHs 74 
Int (69 % vs. 80 %), THLE-2 (52 % vs. 44 %), and HL1 (33 % vs. 14 %). 
Post Docetaxel treatment, the viability results for spheroids in MSCP 
versus independent testing were: A549 (64 % vs. 55 %), FHs 74 Int (87 % 
vs. 80 %), THLE-2 (26 % vs. 31 %), and HL1 (57 % vs. 72 %). These 
results showed that the pattern diagrams of the intestinal-liver-heart- 
lung cancer microphysiological system model constructed by MSCP 
were mostly consistent with the drug testing pattern diagram of the 
quantitative testing results of the four drugs on the four different 
spheroids. This further demonstrated the ability of the micro
physiological system constructed by MSCP to simultaneously evaluate 
drug efficacy and side effects. Furthermore, for lung cancer A549 
spheroids, cisplatin, pemetrexed and docetaxel tested in MSCP showed a 
decrease, possibly due to the decrease in drug concentration caused by 
the upstream absorption of intestinal, liver, and heart spheroids. This 
further indicates that using the microphysiological system constructed 
by MSCP for drug evaluation may simulate the real drug efficacy when 
drugs reach the lesion after metabolism in multiple human organs. 

Y. Zhu et al.                                                                                                                                                                                                                                     



Bioactive Materials 39 (2024) 59–73

68

Fig. 6. Intestine-liver-heart-lung cancer microphysiological system for multidimensional drug evaluation. (A), Bright-field and live/dead staining picture 
stack results of intestine-liver-heart-lung cancer microphysiological system (red = dead cells, green = live cells). This microphysiological system model was treated 
with cisplatin, docetaxel, pemetrexed, and doxorubicin at IC50 concentration (Cisplatin, 109.5 μM; Pemetrexed, 440.1 μM; Doxorubicin, 25.2 μM; Docetaxel, 159.7 
μM) which get by prior drug evaluation exam. (B), Mean viability statistics of each spheroid affected by four anti-lung cancer drugs (**p < 0.01, ****p < 0.0001, n =
12 biological replicates). (C), Dark-field drug evaluation results of the microphysiological system model. The results of nine biological replications for each organ to 
each drug are presented (3 × 3). The drug flows through the intestine, liver, and heart spheroids, reaching lung cancer spheroids. (D), Spheroids viability results 
along the drug flow direction (n = 12 biological replicates). (E), Drug toxicity hot map analysis results of the multidimensional drug evaluation. (F), Drug efficacy 
pattern radar comparison diagram between MSCP and 3D Cell Viability Assay. 
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3. Discussion 

The MSCP integrates multiple layers of PDMS with different struc
tures and functions to construct a platform with various functional mi
crostructures. The MSCP incorporates an arrayed pneumatic microvalve 
system that enables dynamic switching between two biomimetic flow 
path modes. Based on these two biomimetic dynamic modes, a high- 
throughput drug efficacy evaluation model containing lung cancer 
spheroids (A549) and a microphysiological system model containing 
intestine (FHs 74 Int), liver (THLE-2), heart (HL-1), and lung cancer 
(A549) were constructed. Using the above models simultaneously 
evaluated the independent drug efficacy of four first-line oral anti-lung 
cancer drugs, their side effects on multiple organs in a multi-organ 
system, and the actual drug efficacy after absorption by organs. We 
believe that the MSCP, as a convenient, high-throughput, and custom
izable platform, has broad applications in early drug screening, 
customized construction of multiple drug evaluation models, and 
personalized medicine. 

Due to the automation and high-throughput advantages of micro
fluidic technology, previous studies have reported the use of micro
fluidic platforms with microwell arrays to culture HT-29 spheroids 
uniformly and test anticancer drugs [59]. However, due to the low 
throughput (25 channels), it may have limitations in high-throughput 
applications such as early drug evaluation. The MSCP includes a total 
of 304 microwell channels, enabling the simultaneous on-chip culture of 
304 spheroids of the same type for testing four different drugs. This 
greatly enhances the throughput of drug evaluation, allowing simulta
neous assessment of four different drugs or different concentration 
gradients of the same drug, significantly shortening the experimental 
period and reducing repetitive operations. Additionally, studies have 
reported the use of high-throughput microwell arrays combined with 
live/dead staining fluorescence for culturing tumor organoids and 
conducting individual and combination tests of multiple drugs, imple
menting various drug combinations over time [60]. This platform in
tegrates 200 microwell arrays and manually introduces spheroids or 
organoids cultured externally into each microwell for drug testing. 
Despite its high microwell throughput, this platform still has certain 
limitations in specific operations; for example, manually loading mul
tiple microwells with spheroids or organoids is a very cumbersome 
process and may introduce more operational errors. Furthermore, 
non-in situ cultured organoids may experience unforeseen changes after 
being loaded onto the platform due to alterations in the culture envi
ronment. Due to the arrayed pneumatic microvalve system and micro
structures that promote uniform spheroid size (hexagonal microwell 
array and Galton-nail shaped micropillar array), the MSCP can employ 
an automated culture scheme for introducing cell suspensions and 
allowing cells to settle and form spheroids in situ, reducing laborious 
manual operations and operational errors. Inspired by this article, the 
MSCP can also conduct combination tests of multiple drugs to expand its 
applications. A microfluidic platform combining microwells with an 
arrayed pump-valve system has also been reported for culturing 
high-throughput ovarian cancer (OC) spheroids and drug testing [61]. 
This platform uses a layout of 1 × 8 cultivation chambers and adopts 
gravity-driven automatic perfusion for sample introduction. While 
gravity-driven automatic perfusion eliminates the need for external 
pumping systems, the flow speed in the chip is uncontrollable, poten
tially resulting in inaccuracies in drug concentration gradients. More
over, the 1 × 8 layout of cultivation chambers cannot simultaneously 
achieve the construction of a multi-organ integrated microphysiological 
system and enable testing of multiple different drugs with micro
physiological system. The MSCP adopts a 4 × 4 layout of cultivation 
chambers and utilizes injection pumps to control flow speeds within the 
chip, enabling the construction of microphysiological systems based on 
four different spheroids and testing four different drugs simultaneously. 
Furthermore, studies have reported the construction of multi-organ in
tegrated microphysiological systems using Multi-organ tissue chip [38]. 

However, due to the need for independent device structure designs for 
different organs on organ chips, there may be limitations in application 
scenarios. The MSCP uniformly adopts the microwell structure to 
cultivate different types of spheroids in each channel without the need 
for specific device designs, making it more versatile in various appli
cation scenarios. In summary, the MSCP combines the advantages of 
easy operation, high throughput, and customizability, allowing simul
taneous testing of multiple drugs, demonstrating significant potential 
and expandability in practical applications. 

The MSCP fabrication involves creating multi-layer molds with 
photolithography and casting PDMS layers using mature methods. 
Alignment and bonding of the three PDMS layers present challenges due 
to the irreversible feature of oxygen plasma bonding. Optimization can 
be achieved through glue bonding and fixtures to improve repeatability. 
Successful alignment leads to stable functionality and robust reproduc
ibility of the MSCP. 

The microphysiological system is a kind of biomimetic body-on-a- 
chip system [62]. It is the combination of micro and macro bio
mimetics. On the micro scale, each kind of spheroids and organoids 
model precisely mimics different organs’ functions. On the macro scale, 
the microphysiological system constructs organ-to-organ crosstalk to 
mimic the physiological communication between each vital organ in 
vivo. This interesting combination allows for multidimensional bio
mimetic simulations using a single spheroid, organoid, or 
organ-on-a-chip, realizing the modeling of intricate diseases, and has 
broad application prospects in early drug screening and personalized 
medical treatment. A study introduced a PDMS-free multi-organoid 
microfluidic platform capable of accommodating up to 6 different 
organoids to construct a comprehensive microphysiological system 
[63]. Liver, cardiac, lung, testis, colon, and brain organoids cultured in 
96-well format non-adherent round bottom plates can be implanted into 
this microfluidic platform for free combination to build a 6-tissue 
microphysiological system. With this system, they successfully verified 
liver organoids enable the metabolism of capecitabine and cyclophos
phamide into activated toxic forms, resulting in downstream drug tox
icities in other organoids. This result further proves the advantages of 
the microphysiological system in drug screening. However, this platform 
cannot in situ culture different spheroids or organoids and dynamically 
construct multiple microphysiological system. Oral anti-lung cancer 
drugs navigate through internal organs after ingestion, potentially 
causing side effects and decreasing effectiveness if absorbed by normal 
cells. Single spheroid models lack the ability to assess drugs compre
hensively or simulate their passage through multiple organs. To evaluate 
oral anti-lung cancer drugs thoroughly, a microphysiological system 
mimicking drug flow through vital organs is essential for 
post-absorption efficacy assessment. Through the MSCP, we constructed 
an intestinal-liver-heart-lung cancer microphysiological system based 
on different spheroids and tested four first-line lung cancer drugs. The 
test results indicated that this microphysiological system could accu
rately assess the side effects of the four drugs on the intestine, liver, and 
heart simultaneously, as well as the actual efficacy of the drugs on lung 
cancer lesions after absorption by the above organs. The test results for 
drug side effects were consistent with previous studies [64–66], and 
ultimately, all four drugs showed varying degrees of decreased efficacy 
on lung cancer spheroids. This decrease in efficacy may more closely 
resemble the actual effects of the four oral drugs after ingestion, as the 
upstream intestine and liver spheroids may exhibit certain barrier and 
metabolic effects, respectively. 

When utilizing MSCP to culture different types of spheroids, we 
discovered that the size and density of different types of spheroids varied 
due to the different growth rates between cells. We think that this dif
ference is primarily due to the inherent size differences of different cell 
types. For example, the single-cell size of the intestinal cell line FHs 74 
Int (~>15 μm) is larger than that of the liver cell line THLE-2 (~<10 
μm). Due to the differences in single-cell size, culturing spheroids of the 
same size results in varying numbers of single cells in different types of 
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spheroids, leading to differences in nutrient requirements and overall 
metabolic rates of the spheroids. Using the same perfusion rate of culture 
medium can cause size differences between different types of spheroids. 
Moreover, there are differences in cell properties among different cells, 
such as single-cell metabolic rates and cell adhesion ability. For 
example, we observed that lung cancer spheroid A549 maintains a 
certain granular state even after 24 h of culture, showing inadequate 
aggregation, while liver spheroid THLE-2 typically appears as a 
smoothly spherical shape with good aggregation after 24 h of culture. 
Therefore, the size of A549 spheroids tends to initially decrease (ag
gregation) and then increase (growth), while the size of THLE-2 spher
oids shows a continuous increase trend. Although there are differences 
in spheroid size, we believe that unlike organoids, spheroids exhibit 
stable functional characteristics from the beginning of forming a smooth 
spherical appearance, unlike organoids that need to mature from an 
immature phenotype gradually during self-assembly. However, 
although spheroids of different sizes possess functionality, the size dif
ferences still result in variations in functional levels. Larger spheroids, 
when exposed to drugs, exhibit stronger drug resistance compared to 
smaller spheroids due to their enhanced metabolic capacity and lower 
drug concentration reaching the inner cells. Therefore, maintaining 
consistent sizes among spheroids is essential to ensure the accuracy of 
the model. Culturing spheroids of uniform size is challenging due to the 
differences between various cell types. For the same type of spheroids, 
we use a microwell array approach for high-throughput construction of 
uniform-sized spheroid arrays. For different types of spheroids, given the 
numerous variables, our method involves identifying a time window 
with the minimal size difference among spheroids of different cell types 
at the same cell density. The results indicate that when the cell density in 
the cell suspension is the same, the size difference among the four 
different spheroids is smallest (<10 μm) after 48 h of spheroid culture, 
making it a suitable time window for drug administration, as at this 
point, the four different spheroids exhibit uniform size and consistent 
functional levels. 

However, MSCP also has certain limitations. For example, it can only 
simulate up to four different organs’ spheroids, limiting the construction 
of a more diverse microphysiological system. Besides, in the constructed 
intestinal-liver-heart-lung cancer microphysiological system, there are 
still some organs missing that may affect the actual effects of drugs, such 
as the kidneys, fat, and the vascular barrier. Additionally, we con
structed a microphysiological system with unidirectional flow using 
MSCP. By creating a microphysiological system with circulating flow, a 
better simulation of the drug’s impact on the entire system can be 
achieved to evaluate long-term drug metabolism. In future work, further 
expansion of the arrayed structure of MSCP can be carried out to inte
grate more types of spheroids to realize the construction of a micro
physiological system with more than four different organs. Furthermore, 
based on the existing characteristics of MSCP, using primary cells to 
construct more realistic spheroids and creating induced organoids from 
induced pluripotent stem cells on-chip are also an important direction to 
enhance the accuracy of the model. 

4. Conclusion 

In this study, we developed a dynamic microphysiological system 
chip platform that can dynamically switch between organ formation 
mode and blood flow mode for high throughput, customizable micro
physiological system construction, and multidimensional drug 
screening. The intestine, liver, heart, and lung cancer spheroids array 
were simultaneously cultured by the platform and kept high cell 
viability for at least five days. A high throughput oral anti-lung cancer 
drug screening model containing 16 group A549 lung cancer spheroids 
array was constructed to simultaneously evaluate cisplatin, docetaxel, 
pemetrexed, and doxorubicin. The evaluation results of four drugs were 
obtained within one week, and the results demonstrate that doxorubicin 
was the most effective of the four drugs tested for A549 spheroids. This 

experiment proves that the MSCP can successfully construct a high 
throughput drug screening model for more efficient drug screening. We 
further constructed an intestine(FHs 74 Int)-liver(THLE-2)-heart(HL-1)- 
lung cancer(A549) microphysiological system to mimic real oral anti- 
lung cancer drug absorption process, then simultaneously evaluate 
four oral anti-lung cancer drugs. The results of evaluation showed that 
the four anti-lung cancer drugs caused varying degrees of damage to the 
intestine, liver, and heart. Besides, the effectiveness of four oral anti- 
lung cancer drugs decreased due to the absorption of normal spher
oids. This experiment proves that the MSCP can customizable construct 
microphysiological systems and simultaneously multidimensional 
evaluate multiple drugs. With these advantages, we believe that the 
MSCP can be a convenient platform for microphysiological system 
research, and it has broad application prospects for drug development, 
re-evaluation, and personalized medicine. 

5. Materials and methods 

5.1. Fabrication of the MSCP 

All the designs of the MSCP were completed by CAD software 
(AutoCAD 2020, Autodesk Inc.). The MSCP consisted of three PDMS 
(Polydimethylsiloxane) layers: (1) the microvalve layer containing lat
itudinal and longitudinal microvalve array. (2) the microchannel layer 
mainly contains 4 × 4 (row × column) microchannels for different types 
of spheroid formation, Galton nail plate shaped micropillar arrays, and 
bubble buffer areas. (3) the microwell layer containing 16 groups of 19- 
channel honeycomb-shaped microwell arrays. Every microwell has a 
dimension of 250 × 250 μm (diameter × deep). Three layers are sepa
rately made into film masks for further multilayer soft lithography. 

After making the film mask, we fabricated the MSCP by photoli
thography and multilayer soft lithography [67]. A detailed description 
of the three layers’ master mold fabrication can be found in Fig. S5. It is 
important to note that the master layer of the three-layer structure re
quires the use of different photoresists to achieve distinct structural 
characteristics. Specifically, SU8-3025 and SU8-2075 are used for the 
microvalve layer and microwell layer, respectively, to achieve varying 
mold thicknesses. To achieve a thin mold thickness and enable the 
re-flow of the microstructure into a round cross-section for improved 
microvalve closing effect, AZ40XT-11D is utilized for the microchannel 
layer. 

Once master wafers for each layer were fabricated, we replicated 
three layers with PDMS (Sylgard 184 silicone elastomer kit, Dow 
Corning), and then three PDMS replicas were assembled into a func
tional chip. Detailed descriptions of PDMS replica fabrication and the 
MSCP assembly can be found in Fig. S6. The punching of holes in the 
MSCP (multiple-layer PDMS) structure needs to be carried out sequen
tially. Firstly, holes are punched in the microvalve layer to introduce air 
pressure. Subsequently, after bonding the microvalve layer to the 
microchannel layer, holes are punched through both layers. Following 
this sequence allows for the creation of holes at varying depths. 

5.2. Cell culturing 

The lung cancer cell line (A549), normal intestinal epithelial cell line 
(FHs 74 Int), normal liver epithelial cell line (THLE-2), and cardiac 
muscle cells (HL-1) were used in this research. A549 cells were cultured 
in RPMI-1640 medium supplemented with 10 % fetal bovine serum 
(FBS) (Gibco), 1 % penicillin, and streptomycin (Sigma-Aldrich). FHs 74 
Int and THLE-2 cells were cultured in Dulbecco’s Modified Eagle Me
dium (DMEM) (Sigma-Aldrich) supplemented with 10 % FBS, 1 % 
penicillin, and streptomycin. HL-1 cells were cultured in the Calycomb 
Medium (Sigma-Aldrich) supplemented with 10 % F2442 serum, 1 % 
Norepinephrine, 1 % L-glutamine, and 1 % penicillin and streptomycin. 
All four kinds of the cell were cultured at 37 ◦C in a humidified atmo
sphere containing 5 % CO2. Cells would become mature in 3–5 days, and 
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the medium was changed every 48 h. 

5.3. Multiple spheroids formation and evaluation of spheroids viability 
and histological morphology 

Four kinds of spheroids—intestine (FHs 74 Int), liver (THLE-2), heart 
(HL-1), and lung cancer (A549) were cultivated in the MSCP. Then 
viability and histological morphology were detected to evaluate these 
four kinds of spheroids’ growth states. Before seeding cells, the MSCP 
was treated with 1 % pluronic F-127 (Sigma) overnight, sterilized by UV 
light, and then exchanged the F-127 with PBS (Gibco). Connected all 
pneumatic microvalves to the pressure controller (ELVEFLOW), and the 
MSCP was ready to use. For switching the MSCP into organ formation 
mode, the latitudinal microvalves were closed by applying 500 mbar of 
air pressure. Then separately resuspended FHs 74 Int, THLE-2, HL-1, and 
A549 into cell suspension and injected the above-mentioned cell sus
pension into the MSCP through each cell injection channel. After cells 
were deposited, redundant cells were washed with PBS. For keeping the 
nutrients needed for cell growth, the cell culture medium corresponding 
to each kind of cell was continuously perfusion into the MSCP with 1 μL/ 
min velocity through each cell injection channel. After continuous 
perfusion culturing, the MSCP was placed into the incubator to keep the 
temperature, humidity, and gas environment required for spheroids 
formation. Spheroid growth images were taken by an inverted micro
scope (NIB900, Nexcope, USA) every 24 h. 

5.4. 3D cell viability assay of four different spheroids 

After culturing four different cell lines, four different spheroids were 
generated using Corning® Elplasia® 12K Flask. After expansion for each 
cell line, the digested suspension containing approximately 10^7 cells 
was prepared. 30 mL of corresponding culture medium were added to 
the 12K Flask, followed by the addition of the cell suspension. The 12K 
Flask was leveled and shaken to evenly distribute cells into each U- 
bottom well. The 12K Flask was then placed in a humidified, 5 % CO2, 
37 ◦C incubator for spheroid culture. After two days of culture, the 12K 
Flask was removed from the incubator, and an appropriate amount of 
spheroids was extracted from the flask. The extracted spheroids were 
placed in a 96-well plate with opaque side walls and cultured medium 
containing the drug was added, with a total volume of 200 μL per well. 
The plate was then incubated in the incubator for 24 h for drug expo
sure. Following drug treatment, half of the culture medium was aspi
rated from each well, and an equal volume of CellTiter-Glo® 3D Cell 
Viability Assay was added, followed by a 30-min incubation at room 
temperature. The fluorescence values in each well were quantitatively 
read using a microplate reader to obtain the raw data. By comparing the 
viability of spheroids at each drug concentration between the control 
group without drugs and the experimental group exposed to drug gra
dients, the IC50 value was calculated. 

5.5. High throughput first-line anti-lung cancer drug evaluation by A549 
spheroids 

Before cell seeding, the MSCP was treated with 1 % pluronic F-127 
overnight, sterilized by UV light, washed the MSCP with PBS, and 
switched the MSCP into organ formation mode. Then A549 cell sus
pension was injected into the chip through all the cell injection channels. 
After cells were deposited in the microwell array, redundant cells were 
flushed by the cell culture medium. The MSCP was placed into the 
incubator and continuously infused cell culture medium with 1 μL/min. 
After 72 h culturing, the latitudinal microvalves were opened, and 
longitudinal microvalves were closed to change the MSCP into the blood 
flow mode. Four first-line anti-lung cancer drugs—cisplatin, docetaxel, 
pemetrexed, and doxorubicin were separately prepared into drug- 
containing cell medium solution with a concentration of 10 μM, 33 
μM, 100 μM, 333 μM, and 1000 μM. Then four formula drug-containing 

medium solutions were simultaneously injected into the MSCP by sy
ringe pump through each drug injection channel and kept injection 
velocity at 1 μL/min. After 24 h culturing, Calcein-AM/PI (Live/Dead 
Viability/Cytotoxicity Kit, Dojindo) was added into the cell medium. 
The mixed solution was injected into the chip and incubated for 30 min 
at room temperature. The staining solution was washed with PBS. 
Spheroids’ bright field and fluorescence images were acquired using an 
inverted microscope for cell viability analysis. 

5.6. Intestine-liver-heart-lung cancer model establishment and multi- 
dimensional drug evaluation 

The MSCP was prepared according to the above-mentioned process. 
The device was switched to organ formation mode for different kinds of 
cell injection. Then FHs 74 Int, THLE-2, HL-1, and A549 cell suspensions 
were prepared for further seeding. These four kinds of cell suspension 
were separately injected into the device through the NO.1 to NO.4 cell 
injection channel. After cells were deposited into the microwell array, 
redundant cells in each cell injection channel were separately flushed by 
the corresponding culture medium. The corresponding cell culture me
dium was continuously injected with a velocity of 1 μL/min. After 72 h 
culturing, the cells in the microwell array aggregation and formed 
spheroids then switched the MSCP to blood flow mode. After the flow 
mode switching, four groups of intestine-liver-heart-lung cancer drug 
screening models were constructed. The IC50 concentration of cisplatin, 
docetaxel, pemetrexed, and doxorubicin that got from the above single- 
type spheroid high throughput experiment were applied to prepare each 
tested drug-containing culture medium (Cisplatin, 109.5 μM; Peme
trexed, 440.1 μM; Doxorubicin, 25.2 μM; Docetaxel, 159.7 μM). Then 
these four drug-containing culture mediums were simultaneously 
injected into the MSCP by syringe pump through each drug injection 
channel and kept injected velocity at 1 μL/min for 24 h. After drug 
treatment, the Calcein-AM/PI and cell medium mixed solution was 
injected into the MSCP and incubated for 30 min. PBS was injected into 
the MSCP to wash the staining solution. An inverted microscope ac
quired the intestine-liver-heart-lung cancer model’s bright-field and 
fluorescence images to evaluate drug efficacy and side effects further. 

5.7. Image data processing 

Bright-field and fluorescence sequence images were captured by an 
inverted microscope (NIB900, Nexcope, USA). The fluorescence 
sequence images were captured from different z-axis planes. All fluo
rescence sequence images were stacked on the z-axis. Each microwell’s 
bright-field and fluorescence images were separated from the broad field 
of view. Then, the fluorescence stack images were converted to RGB 
stack images. The number of green pixels was read from the live cell 
fluorescence image. The number of red pixels was read for the dead cell 
fluorescence image. The number of each spheroid’s green and red pixels 
was recorded, and the total number of green and red pixels was calcu
lated for further statistical analysis. 

5.8. Statistical analysis 

Each spheroid image was separately segmented from the live/dead 
staining and bright-field spheroid array images. Cell viability is the 
proportion of the number of living cell fluorescence pixels to the total 
number of fluorescence pixels. The IC50 value of each first-line anti-lung 
cancer drug was calculated by the cell viability results of five tested 
concentrations of each drug. Student’s t-tests were used for statistical 
significance analysis of comprehensive drug evaluation experiments. 
Drug toxicity results from a standardized difference between one and 
cell activity. The number of biological duplicates and significance (p) 
value threshold used for each experiment are listed in figure captions. 
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