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Review

Advances in Spheroids and Organoids on a Chip

Guocheng Fang, Yu-Cheng Chen, Hongxu Lu,* and Dayong Jin*

Multicellular spheroids and organoids are promising in vitro 3D models in 
personalized medicine and drug screening. They replicate the structural and 
functional characteristics of human organs in vivo. Microfluidic technology 
and micro-nano fabrication can fulfill the high requirement of the engineering 
approach in the growing research interest in spheroids and organoids. In 
this review, spheroids and organoids are comparatively introduced. Then it 
is illustrated how spheroids- and organoids-on-a-chip technology facilitates 
their establishment, expansion, and application through spatial-temporal 
control, mechanical cues modeling, high-throughput analysis, co-culture, 
multi-tissue interactions, biosensing, and bioimaging integration. The poten-
tial opportunities and challenges in developing spheroids- and organoids-on-
a-chip technology are finally outlooked.
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to the 2D monolayer culture, where cells 
adhere to the surface of a plate, 3D cell 
culture allows cell growth and interactions 
with surroundings in all directions, which 
mimics the specificity and homeostasis 
in vivo.[2] Accordingly, the 3D cell models 
remain relatively high similarity to the 
real tissues in terms of cell differentiation, 
drug resistance and metabolism, and stim-
ulus-response. The global market size of 
3D cell culture is valued at $1.66 billion in 
2021 and is projected to reach $6.46 billion 
by 2030, at a CAGR of 16.3%.[3]

Multicellular spheroids and organoids 
are the leading representative models in 
3D cell culture. Spheroids usually refer 
to the well-rounded and compacted cell 

aggregation that usually consists of a single type of cells (epithe-
lial, mesenchymal, endothelial, etc.).[4] They could be formed by 
the cell lines, single cells, or crypts from the tissues via biopsy 
(Figure  1). Different types of cells can also be mixed to form 
the randomly-distributed or cell type-based hierarchic sphe-
roids. The spheroid formation can be divided into two stages: 1) 
formation of loose cell aggregates via integrin-ECM binding by 
constraining the cells in a confined space (e.g., round-bottom 
wells); 2) formation of compact spheroids via cadherin expres-
sion, accumulation and interaction.[5] Many reviews have sum-
marized the formation techniques of multicellular spheroids.[6]

From a microscopic view, when the solid tumor gets larger, 
the increased distance to blood vessels depresses the metabo-
lism of the tumor cells.[7] According to the proliferation rate, 
a solid tumor can be divided into a proliferative zone, qui-
escent zone, and hypoxic zone. Consequently, there form 
chemical gradients (pH, oxygen, glucose, ATP distribution, 
lactate accumulation, etc.). The cells in various zones respond 
to the drug differently, which is one of the main reasons for 
drug resistance.[8] The hierarchic layout and chemical gra-
dient can be observed in multicellular tumor spheroids with 
a decreased proliferation rate from rim to core. Moreover, the 
spheroids can secret similar ECM molecules.[9] These promise 
the multicellular tumor spheroids of well mimicking the solid  
tumor.

The current definition of an organoid is a 3D structure grown 
from stem cells and consisting of organ-specific cell types that 
self-organize through cell sorting and spatially restricted lin-
eage commitment.[10] Before 2005, the word organoid was an 
extension of 3D culture.[11] The stem cells can originate from 
the adult stem cells (aSCs) derived from the dissociated tissue 
samples (single cells or crypts). Another type of stem cell is the 
pluripotent stem cells (iPSCs) and pluripotent embryonic stem 
cells (ESCs). These cells are usually embedded in the matrix 
gel to maintain self-organization. Some research mistakes 
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1. What are Spheroids and Organoids?

3D cell culture has now been well-accepted and broad-used 
since Mina Bissell and her team highlighted the significance of 
extracellular matrix (ECM) in adjusting the cell behavior while 
establishing the in vitro cell models in the 1980s.[1] Compared 
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the multi cellular spheroids as organoids. The most intuitive 
difference is that the multicellular spheroids mimic the chaotic 
proliferation of a cell cluster, while the organoids are highly-
ordered and polarized 3D structures, and some have the typical 
lumens (gastrointestinal organoids, lung organoids, etc.). The 
organoids contain multiple cell types and have self-renewal and 
differentiation supported by exogenous signals.[12] They show 
similar organ functions, for instance, periodic contraction (car-
diac organoids), neural activity (brain organoids), and endo-
crine secretion (mammary gland organoids).

To date, more than 15 kinds of organoids have been suc-
cessfully established via aSCs, iPSCs, or ESCs, such as the 
brain organoid, retina organoid, stoma organoid, liver orga-
noid, kidney organoid, intestine organoid, pancreas organoid, 
prostate organoid, endometrium organoid, etc. It should be 
noted that the various relevant tumor organoids have also been 
established. Organoids are now widely used in organogenesis, 
pathogenesis, drug discovery, personalized medicine, disease 
models, etc.

2. Overall Advances of Spheroids and Organoids 
on a Microfluidic Chip
Reproducing and optimizing the microenvironment is the tenet 
to establish the in vitro multicellular spheroids and organoids. 
In conventional culture, the formation of spheroids and orga-
noids relies on random self-assembly or self-organization in 
the medium or matrix, lack of the stimulus, such as chemical 
gradient and mechanics, which are common in in vivo micro-
environments. Therefore, engineering approaches are required 
to improve the successful culture of spheroids and organoids 
in vitro.

With the development of micro-nano fabrication, microflu-
idic technology becomes a valuable tool to address the issues 
in the conventional culture of spheroids and organoids. The 
microfluidic device can constrain the fluids to a small scale, 
matching the size of spheroids and organoids. Small volume 
control enables the microfluidic with low sample consumption, 
and microdomain effects, facilitating observation and analysis. 
The integration of micropumps and microvalves could further 
accelerate automation and industrialization. Indeed, there has 
been a growing trend of combining spheroids and organoids 
with the on-chip technology in the last few years.[13] Some 
articles reviewed the spheroids- and organoids-on-a-chip tech-
nology based on the organ type,[14] specific biofunctions,[15] or 
specific microfluidic techniques, such as microfluidic drop-
lets.[16] In this review, guided by the characteristics of on-chip 
technology,  we  summarize the recent advances of spheroids 
and organoids on the chip contrastively. As shown in Figure 2, 
in general, the microfluidic technology could facilitate the 
establishment of spheroids and organoids in the following 
aspects: 1) spatial-temporal control; 2) mechanical cues mod-
eling; 3) high-throughput analysis; 4) multi-tissues or organs 
interaction; and 5) integration of biosensing and bioimaging.

2.1. Spatial-Temporal Control

2.1.1. Chemical Signals

The organogenesis from stem cells to organoids requires the 
biochemical stimulus from exogenous signals, also called 
the morphogens, such as the bone morphogenetic protein 
4 (BMP4), proto-oncogene protein (WNT3), and Noggin. It is 
critical to understand the exact functions of each morphogen in 

Adv. Funct. Mater. 2023, 33, 2215043

Figure 1. Schematic establishment of spheroids and organoids and their characteristics. Spheroids are developed (usually in medium) from simple 
cells, with random proliferation, solid and hierarchic layout, and chemical gradient. Organoids are usually derived from stem cells (aSCs, iPSCs, ESCs) 
embedded in matrix gel and supported by exogenous signals. They contain multiple cell types with high polarization and certain organic functions.
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organ development. In the conventional culture of organoids, 
the stem cells or pre-formed organoids expose to a uniform 
concentration of these morphogens, leading to the radially 
symmetric spatial organization. This, on the one hand, devi-
ates from some asymmetric development in vivo. On the other 
hand, it may obscure the real function of the morphogens.

Spheroids- and organoids-on-a-chip technology could con-
trol the spatial distribution of the morphogens, magnifying the 
response and revealing their functions.[17] The most common 
strategy is the gradient-concentration model, utilizing the 
molecule diffusion on the chip or in the matrix. As shown in 
Figure 3A, a microfluidic device for exposing human stem cells 
to a localized morphogen source is fabricated. The cell cham-
bers were separated from external perfusion channels by bar-
riers formed from inner polyethylene glycol (PEG) hydrogel. 
A concentration gradient (red-labeled dextran) can be gener-
ated in the cell chamber, following the source–sink model of 
Fickian diffusion. The nonuniformed exposure leads to the 
asymmetric expression of pluripotency markers (MIXL1, SOX2, 
etc.) in human ESCs. This engineered signaling helps to inves-
tigate the self-organization of stem cells. A similar device was 
also used to study the heterogeneous response of a colorectal 

tumor to gemcitabine-loaded dendrimer nanoparticles,[18] the 
neural tube development in a WNT gradient by the gradient 
generator.[19] The hydrogels include natural hydrogels (such as 
alginate, agarose, gelatin, hyaluronic acid, collagen, Matrigel, 
etc.) and artificial hydrogels (such as PEG, hydrophilic poly 
(ethylene glycol) diacrylate) (PEGDA), etc.). Different agents, 
such as small molecules, proteins and nanoparticles, showed 
different diffusion patterns and rates. Luckily, they all can suc-
cessfully form gradient concentration.[20]

For the spheroid investigation, more work is focused on the 
spatial control of the concentration of drugs and nutrition.[21] 
The most common strategy is the combination of a concentra-
tion gradient generator with a microwell array or microdroplet 
array (Figure  3B). By increasing the inlets and extending the 
spheroid culture array, multiplexed drug combinations (8 drugs 
and 172 conditions) could be achieved on the chip.[22]

Except for the spatial combination of the drug, spheroids- 
and organoids-on-a-chip technology enables the time-sequential 
drug combination.[23] As shown in Figure 3C, the human pan-
creatic ductal tumor organoids are cultured in the microwell 
layer and irrigated by the medium in the top channels. The 
microvalves configurated on the chip automatically provide the 
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Figure 2. Overall advances of spheroids and organoids on a chip. Microfluidic chip enables spatial-temporal control, mechanical cues modeling, high-
throughput analysis, multi-tissues or organs interaction, biosensing, and bioimaging integration.
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temporally-modified drug treatments, allowing high efficiency 
than constant-dose monotherapy or combination therapy.

2.1.2. Morphology Guidance

Spheroids- and organoids-on-a-chip technology could repro-
duce and optimize the intrinsic morphology shown in vivo.[24] 

For instance, the epithelial organoids developed in the matrix 
gel usually form closed and cystic structures. Although bud 
sprouting occurs on the mature organoids, these organoids 
maintain a considerable gap with the real organs in size, 
lifespan, and morphology. As shown in Figure 3D, the on-chip 
technic formed millimeter-scaled and tube-shaped intestinal 
organoids with the crypt-and villus-like domains, guided by the 
scaffold shape.[25] The laser-ablated Matrigel channel assists the 
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Figure 3. Spatial and temporal control on the microfluidic chips. A) Differentiation of stem cells exposed to morphogens with a concentration gradient 
following the source-sink model. Human ESCs could form asymmetric pluripotent expression. Scale bar:200 µm. Reproduced with permission.[17a] 
Copyright 2019, Nature Publishing Group. B) Droplet array combined with the concentration gradient generator to investigate the growth under dif-
ferent dosages of nutrition or drugs. Reproduced with permission.[21c] Copyright 2014, Nature Publishing Group. C) Temporally-modified drug treat-
ment in the organoids on a chip. Reproduced with permission.[23a] Copyright 2020, Nature Publishing Group. D) Scaffold-guided spatial control of the 
morphology of the intestinal organoids. The Matrigel channel was ablated by the laser. Scale bar:50 µm. Reproduced with permission.[25a] Copyright 
2020, Nature Publishing Group. E) Polarized differentiation of the intestinal epithelium induced by the crypt-villus-shaped scaffold. Scale bar:100 µm. 
Reproduced with permission.[30a] Copyright 2017, Elsevier. F) Micropattern-based investigation of early cardiac organoids. The pattern is usually fab-
ricated by light-activated hydrogels via a photomask. Scale bar: 100  µm. Reproduced with permission.[32] Copyright 2018, 2015, Nature Publishing 
Group. G) Hollow spheroid formation via the gelatin sacrificial method. Scale bar: 20 µm. Reproduced with permission.[36] Copyright 2017, Elsevier. 
H) Gradient-sized spheroids on a single chip guided by the dome-shaped culture medium. Scale bar: 50 µm. Reproduced with permission.[37] Copyright 
2019, Royal Society of Chemistry.
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self-organization of organoid cells, which could also be con-
nected with the external pumping system for continuous perfu-
sion. The guided intestinal organoids prolonged their lifespan 
for several weeks and contained rare cell types that are less 
observed in unguided organoids. Similar spatial expansion can 
be achieved by 3D bioprinting technology for gastrointestinal 
organoids[26] and human brain organoids.[27] Spatial fusion of 
the luminal airway organoids is also conducted via the Poly-
dimethylsiloxane (PDMS) mold guidance, achieving tubular 
expansion.[28]

The designed topography can conversely create the source-
sink biochemical gradient via morphology, which induces the 
homogeneous differentiation of the organoids.[29] A presenta-
tive model (Figure  3E) shows that the engineered crypt-villus-
shaped collagen scaffold can form a vertical concentration gra-
dient of the gamma-secretase inhibitor DAPT and WNT during 
the culture of intestinal epithelium cells. Notably, the gradient 
concentration maintained a stem cell-progenitor cell zone and 
promoted cell migration along the crypt-villus axis, replicating 
an in vivo phenomenon.[30] High-resolution 3D stereolithog-
raphy can also replicate the topography of the crypt and villus, 
such as the Caco-2 model.[31]

Similarly, spatial-induced differentiation can study the early 
development of cardiac organoids on gel-based micropat-
terns.[32] As shown in Figure 3F, the geometric-confined human 
iPSC cells showed different differentiation following the spatial 
patterning, such as higher OCT4+ and SM22 expression at the 
perimeter and higher cardiac troponin T and sarcomeric α-actin 
expression at the central. This could serve as the embryotoxicity 
assay. The on-chip micropattern strategy can also help to inves-
tigate the tubulogenesis in epithelial organs,[33] cell migration[34] 
and differentiation of mesenchymal stem cells.[35]

Spatial-guided morphology was also used to investigate sphe-
roids. For instance, the intrinsic-achieved spheroids hardly 
model some luminal tissues. As shown in Figure 3G, a gelatin 
sacrificial method helps to form the hollow core in lens epithe-
lial spheroids.[36] The gelatin microbeads with the cells inside 
were embedded in another hydrogel. After melting the gelatin at 
37 °C, the cells sedimented at the bottom of the hollow chamber 
and then grew along the inner surface to form a hollow sphe-
roid. Except for the architecture, the size of the spheroids could 
also be tunable via the on-chip spatial control.[38] As shown in 
Figure  3H, a simple method was presented to generate gra-
dient-sized breast tumor spheroids on a single chip.[37] The cell 
suspension was dropped on a microwell-array chip and then 
formed a dome-like shape due to the surface tension. After cell 
sedimentation, microwells at the central contained more cells 
and that at the edge had fewer cells, resulting in the position-
dependent distribution of spheroid size. Moreover, the shape of 
the spheroids could also be controlled, for instance, geometric-
guided by hydrogel templates via the digital micromirror device-
patterning.[39] Investigation of the spheroid architecture facili-
tates the research on tissue engineering and drug delivery.

2.2. Mechanical Cue Modeling

Cells and tissues in vivo live in a 3D microenvironment com-
posed of various biochemicals and dynamic mechanics. 

Physical mechanics regulate cell behaviors and fates, especially 
in the developmental process.[9b,40] These mechanic forces 
include the shear force of haemal or humoral perfusion, expan-
sion stress of pulmonary alveoli, contraction stress of heart 
beating or myokinesis, etc. Many diseases are related to the 
disorder of the mechanics, such as coronary calcification and 
pseudo-obstruction. Unfortunately, in the conventional cul-
ture of spheroids and organoids, the microenvironment lacks 
mechanical cues, deviating from the natural tissues in vivo.

2.2.1. Shear Force from Flow

Spheroids- and organoids-on-a-chip technology could incorpo-
rate the shear force of the fluidic perfusion due to the intrinsic 
advantage of microfluidic. Parameters of flow speed, flow direc-
tion, renewal frequency and flow pattern (laminar, vortex, and 
turbulence) can be controlled well. Flow can enhance the mass 
transfer and active some mechano-proteins for more func-
tions, such as the Piezo 1 that is sensitive to shear stress in the 
endothelium.[41] Research has witnessed significant improve-
ment in spheroids and organoids by fluidic shear force.[42] For 
instance, as shown in Figure 4A, the vascularized kidney orga-
noids cultured under flow stimulus grew more podocyte and 
tubular compartments with increased polarity than those under 
static culture.[43] After about 10-day perfusion, the shear force 
induced more endothelial progenitors and perusable lumens, 
critical architecture for the kidney’s filtering function. Another 
work indicated that the flow-stimulated human islets in the 
microwells expressed more hair-like microvilli, tighter cell-
cell junctions and higher insulin secretion than those under 
static culture (Figure  4B).[44] During the perfusion, the flow 
rate can be a two-edged sword. When the flow rate exceeded a 
certain value (25 µL h−1), the improvement was reduced. Con-
sidering the optimal flow rate (4.27 mL min−1 = 256.2 mL h−1) 
in the culture of the vascularized kidney,[43] the optimal flow 
rate varies when culturing different types of spheroids and  
organoids.

Archenteric organs, such as the esophagus, stomach, and 
intestine, suffer from the mechanical stimulus induced by the 
movement of the chyme. However, the conventional-estab-
lished gastric or intestinal organoids form the closed lumens, 
which hinders the mimicking of intraluminal mechanics. As 
shown in Figure 4C, Kang et al. established the stomach-on-a-
chip with the micropipette inside to mimic the luminal flow. 
The flow system was controlled by a peristaltic pump, which 
could further introduce the stretch and contraction to the 
organoid.[45] Basolateral convective flow was proved to manip-
ulate the morphologies of 3D-cultured Caco-2 on an orbital  
shaker.[46]

Brain organoids (e.g., forebrain or midbrain organoids) can 
also positively respond to the flow-stimulated culture due to the 
enhanced shear force stimuli, nutrition and oxygen supply.[47] 
As shown in Figure  4D, a cascaded mini-stirrer driven by a 
gear-motor system was integrated with the culture of brain 
organoids. The brain organoids cultured without external 
control usually lack specificity and contain diverse cell types 
in the forebrain, hindbrain, and retina. This platform could 
increase the specificity of the achieved brain organoid and 

Adv. Funct. Mater. 2023, 33, 2215043
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further avoid the waste of medium, recapitulating the key fea-
tures of human brain development.[48] The brain organoids 
can be further attached to a 3D-printed resin motor for higher  
mechanics.[49]

2.2.2. Tension and Compression

Cells and organs in vivo suffer from surrounding strain and 
stress, which regulate their fate, attracting much mechanobi-
ology research.[50] Spheroids- and organoids-on-a-chip tech-
nology could well apply the strain and stress on a flexible 
substrate (such as PDMS) and open-operability. Representative 

research is that Lgr5+ intestinal stem cells can be significantly 
affected by compressive stress. The Lgr5+ cells self-renew along 
the crypt-villi axis, resulting in physical heterogeneity via cell 
expansion. Yiwei et  al. established the intestinal organoids in 
the compressed Matrigel by weight. Under compression, orga-
noids showed upregulated expansion (higher expression of 
Lgr5 and Ki67).[51] It is also proved this phenomenon results 
from the crowding of WNT/β-Catenin signaling via compres-
sion. This may be associated with the peristalsis microenviron-
ment of the intestine. As shown in Figure  4E, a colon tumor 
organoid chip containing the medium channel and pres-
sure channel was designed to mimic intestinal peristalsis.[52] 
The colon tumor organoids can grow in the microwell array 

Adv. Funct. Mater. 2023, 33, 2215043

Figure 4. Mechanical modelling and measurement on the microfluidic chips. A) Flow-enhanced vascularization and maturation of kidney organoids. 
Reproduced with permission.[43] Scale bar:100 µm. Copyright 2019, Nature Publishing Group. B) Flow-enhanced culture of human islet spheroids on 
the microwell-array chip. Scale bar: 10 µm. Reproduced with permission.[55] Copyright 2019, the American Association of the Advancement of Science. 
C) Luminal flow in gastric organoids controlled by a peristaltic pump. Scale bar: 2 mm. Reproduced with permission.[45] Copyright 2018, Royal Society 
of Chemistry. D) Brain organoids cultured on the mini-stirrer system driven by the 3D-printed gear and motor. Scale bar: 200 µm (left) and 100 µm 
(right). Reproduced with permission.[48] Copyright 2016, Elsevier. E) Human colon tumor organoids contracted on the chip to mimic intestinal peri-
stalsis. Scale bar: 50 µm. Reproduced with permission.[52] Copyright 2021, IOP Science. F) Multicellular spheroids cultured on the PDMS membrane 
applied periodical stretch. Scale bar: 200 µm. Reproduced with permission.[53] Copyright 2020, Wiley-VCH GmbH. G) Measurement of luminal pres-
sure and tension via the epithelial lumen on the PDMS chip. Scale bar: 50 µm. Reproduced with permission.[56] Copyright 2018, Nature Publishing 
Group. H) Alginate capsules as a tool to investigate the compressive stress generated by the spheroids. The pressure could be up to more than 3 kPa. 
Reproduced with permission.[57] Copyright 2013, the National Academy of Science. I) Spheroids-on-chip cytometer for Young’s modulus investigation 
under hydrodynamic stress. Scale bar: 20 µm. Reproduced with permission.[58] Copyright 2020, Nature Publishing Group.
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separately and get contracted periodically. Results indicated 
that the organoids under peristalsis showed obviously reduced 
uptake of the ellipticine-loaded micelles. Thus, it is supposed 
that human colon tumor organoids under mechanical stimulus 
may show different drug resistance. A stretchable microarray 
for NIH 3T3 fibroblast spheroids is developed utilizing the flex-
ible PDMS/PAAm (polyacrylamide), as shown in Figure  4F. 
The cell alignment and spreading behaviors were significantly 
influenced by the tension stimuli.[53] It is also illustrated the 
HCT116 colorectal tumor spheroids in a confined condition 
would not impair cell rounding but negatively affect the mitotic 
progression by altering spindle polarity.[54]

2.2.3. Mechanics Measurement

Mechanical cues generated by spheroids and organoids can be, 
in turn, measured on the chip. Luminal pressure and tension of 
epithelial organoids and tissues are critical for developmental 
defects, inflammatory conditions, and cancer.[59] As shown in 
Figure 4G, Ernest et al. developed an epithelial lumen-on-a-chip 
device to measure the luminal pressure and tension according 
to the deformation of the PDMS substrate. The surface of 
the PDMS was coated with fibronectin, where epithelial cells 
could attach, except for the uncovered patterns. With cell prolif-
eration, the lumen will form on the patterns. Surprisingly, the 
luminal sheet was found to be an active super-elastic material 
with cellular areal strain up to 1000%.[56]

Compared to healthy tissue, tumor shows different mechan-
ical features (stiffness, interstitial fluid pressure, etc.) due to 
their high proliferation and secretion.[60] Tumor also generates 
expanding physical force when their mass is fast increasing, 
which can affect the tumor biology by directly compressing 
the surrounding cells. The expansion force is gradually accu-
mulated with the size increase of the tumor. When the tumor 
reaches a specific size, the escalating compression can reduce 
the tumor cell proliferation and induce apoptosis, potentially 
increasing invasion and metastasis. Additionally, these mechan-
ical features vary according to their positions.[61] Mechanical 
behaviors of tumor spheroids and organoids promote the fun-
damental mechanobiology study and mechano-guided drug 
screening. Microfluidic chips could help to encapsulate murine 
colon tumor CT26 cells insidealginate capsules (Figure  4H). 
The cells in the permeable capsules formed spheroids and 
generated pressure on the alginate shell. The alginate could be 
treated as an elastic material. By analyzing the decreased thick-
ness of the shell, the compressive force in spheroids could be 
measured. The expansion pressure was found up to 3 kPa.[57] 
Similarly, Guocheng et al. measured the luminal mechanics of 
the mouse mammary tumor organoids based on the alginate 
microbeads. The monolayer lumen can generate ≈2  kPa pres-
sure during their morphogenesis expansion in alginate.[62] 
In addition, the hydrodynamic force has been widely used to 
investigate the mechanics of single cells.[63] It can also play a 
role in the mechanical measurement of spheroids and orga-
noids. As illustrated in Figure  4I, the HEK293T spheroids 
were introduced into a PDMS flow cytometry to investigate 
their Young’s modules under the hydrodynamic stress. This 
allows the high-throughput analysis, which showed the average 

Young’s modulus of the HEK293T spheroids was a factor of ten 
smaller than single cells.[58]

2.2.4. Biomaterials on the Chip

The development of some spheroids and most of organoids 
usually requires hydrogel support, which offers physical sup-
port, mechanical cues and even cell binding sites.[64] Tumor-
derived basement membrane extract (BME) is the most widely 
used material for organoid culture, which is usually available 
as the commercial products Corning Matrigel® or Cultrex 
BME2®. The BME-based hydrogel comprises various ECM 
proteins, proteoglycans, and some growth factors secreted by 
Engelbreth-Holm–Swarm murine sarcomas.[65] Although this 
hydrogel has been widely used, it still remains some draw-
backs, such as undefined components, high cost, batch-to-batch 
variation, and great limitations in mechanical features and gela-
tion conditions.

Therefore, it is significant to find the defined substitutes in 
BME that support organoid establishment. Nicolas et  al. find 
that soft fibrin matrices can provide suitable physical sup-
port, similar to the Arg-Gly-Asp (RGD) adhesion. Meanwhile, 
laminin-111 is the key parameter required for robust epithelial 
organoid formation and expansion.[66] Additionally, artificial 
matrices have been synthesized for the expansion of intestinal 
organoids, such as PEG-based hydrogels and nanocellulose-
based hydrogels.[67] Indeed, the stiffness governs their expan-
sion. It is found that the mouse intestinal organoids could form 
more colonies in PEG-based hydrogel with a stiffness of 1.3 kPa 
to 1.7  kPa. The degradability of the matrix also influences the 
phenotype of organoids.[68] Recently, the native non-adhesive 
alginate has been found suitable for the culture of mouse 
mammary tumor organoids and human intestinal organoids 
by embedding cell aggregates inside.[62,69] It is noticed that the 
decellularized ECM of a specific organ could offer prodigious 
organ-specific cues for the related organoids,[70] even the organ-
specific metastases.[71]

The integration of biomaterials into microfluidics is essen-
tial for the development of spheroid- and organoid-on-a-chip 
technology. The common biomaterials (such as Matrigel, decel-
lularized ECM, collagen, alginate, etc.) could be well intro-
duced into the PDMS-based microfluidic structures (channels, 
microwells and membranes) and form the gelated hydrogel to 
support the spheroids and organoids. For instance, the decel-
lularized human brain ECM was integrated into a dynamic 
microfluidic chip for the reconstitution of the brain microenvi-
ronment, allowing the establishment of brain organoids.[72] The 
ECM sheet could be directly formed on the microfluidic chip 
by culturing the mouse embryonic fibroblasts inside and then 
the decellularization. It illustrated compositional heterogeneity 
and microstructural architectures.[73] It should be mentioned 
that the natural ECM (such as Matrigel and collagen) usually 
suffer fragile mechanical features, which challenges the long-
term culture of spheroids and organoids on the chip, especially 
on the dynamic microenvironment, such as high-flow perfu-
sion and periodical stretch. Therefore, it is highly requested 
to synthesize artificial biomaterials with excellent stability that 
suit long-term culture.

Adv. Funct. Mater. 2023, 33, 2215043
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2.3. High-Throughput Analysis

A reliable conclusion requires a mass of experimental data and 
samples. High-throughput generation and analyzing capability 
of spheroids and organoids can help to reduce the contingency 
and variability. This is crucial for biological experiments and 
clinical tests where many parameters and processing steps are 
involved. The spheroids- and organoids-on-a-chip technology 
has considerable advantages in high-throughput analysis.

2.3.1. Microwells

Microwell is the most widely used tool in 3D culture, espe-
cially for spheroids.[74] The microwell array is usually gener-
ated by the hydrogels (agarose, gelatin methacryloyl (GelMA), 
etc.) with pillar stamps, polyester plastics with micro-drilling, 
or 3D printing, which could increase the yield and control the 
size.[37–38,44,75] As for the organoids, most types of organoids 
(e.g., intestinal organoids, gastric organoids) require hydrogel 
support, which hinders their culture in microwells due to the 
problematic manipulation of hydrogels. One method is the 
lateral microwells combined with medium channels.[76] The 
hydrogel in the channel can be removed. Another method 
is the bottom microwells integrated with the top perfusion 
layer.[23a] It should be mentioned that, as shown in Figure 5A, 
the PEG hydrogel microwell array was designed for large-scale 
suspension development of gastrointestinal organoids.[77] The 

researchers replaced the solid Matrigel with the ENR-CV expan-
sion medium containing 2% v/w soluble Matrigel during the 
beginning 60  h and the differentiation medium in the later 
culture. The absence of the solid matrix simplified the micro-
well-array culture and further reduced organoid heterogeneity. 
Additionally, the islet organoids derived from the iPSCs can 
grow without matrix and have successfully been combined with 
microwell.[78]

2.3.2. Droplet and Microbeads

The droplet technique, one of the most representative tools in 
microfluidics, can generate droplets or microbeads in a high-
throughput way,[79] promising the scalable establishment of 
spheroids and organoids. Some spheroids have been success-
fully formed in mono-dispersed natural hydrogel (alginate, aga-
rose, etc.) microbeads,[80] which, however, could not form tight 
organizations[81] due to the high stiffness and lack of binding 
points of these hydrogels. Therefore, the droplet culturing 
method[82] and the core-shell method,[83] such as (liquid core, 
collagen core, etc.), were widely investigated. As for organoids, 
the manipulation of the matrix (such as Matrigel and BME2) on 
the chip is challenging due to their tens-of-minutes solidifica-
tion. As shown in Figure 5B, pure Matrigel droplets were gen-
erated on the flow-focusing chip under 4 °C, followed by 37 °C 
incubation for half an hour. The Matrigel microbeads can be 
stored in the organoid medium for a few weeks, which meets 

Adv. Funct. Mater. 2023, 33, 2215043

Figure 5. High-throughput generation and analysis on microfluidic chips. A) Microwell-based development of gastrointestinal organoids with suspen-
sion culture. Scale bar: 200 µm. Reproduced with permission.[77] Copyright 2020, Nature Publishing Group. B) Droplet technique for the massive culture 
of spheroids and organoids. Pure hydrogel microbeads, hollow microbeads, and microbeads with Matrigel core and alginate shell were generated 
for different kinds of spheroids and organoids. Scale bar: 500 and 200 µm (left), 2 mm (right). Reproduced with permission.[62,82a,85] Copyright 2018, 
Elsevier; 2017 and 2021, Wiley-VCH GmbH. C) Liver organoids developed among the micropillars. Scale bar: 50 µm. Reproduced with permission.[89] 
Copyright 2018, Royal Society of Chemistry. D) High-throughput micropillar-microwell array for the independent culture of PSCs. Scale bar: 1 mm. 
Reproduced with permission.[90] Copyright 2020, the American Association for the Advancement of Science. E) Intestinal enteroids captured by the 
micropillars for in situ observation. Reproduced with permission.[91] Copyright 2014, AIP Publishing Group. F) High-throughput generation of spheroids 
via the surface acrostic wave techniques. Scale bar: 100 µm. Reproduced with permission.[93] Copyright 2016 and 2019, Royal Society of Chemistry.
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the requirement of acinar organoids.[84] To enhance the solidi-
fication and strength, the Matrigel microbeads were optimized 
with an alginate shell by electrostatic co-spraying technique. 
Due to the enhanced mass transfer in droplets, the gastroin-
testinal organoids had higher expression of CD44, Lgr5 and 
Ki67 than in bulk culture.[85] An interesting finding is that the 
mouse mammary tumor organoids can be established in non-
adhesive alginate by embedding the tumor pieces inside. Thus, 
it is easy to achieve the high-throughput generation of mam-
mary tumor organoids in pure alginate microbeads.[62] Some 
organoids (islet organoids, etc.) that do not need the support of 
the matrix can be scaled up in microbeads with liquid core and 
alginate shell.[86] Moreover, the hydrogel fibre similarly gener-
ated on the chip can also be used for high-throughput analysis 
of spheroids and organoids.[87]

2.3.3. Micropillars

Micropillars on the chip can also work well in the high-
throughput development of spheroids and organoids. One 
function of these micropillars is the spatial separation and cell 
gathering into small groups.[88] As shown in Figure  5C, the 
iPSCs seeded among the micropillars aggregated together and 
then differentiated into the liver organoids under the perfusion 
of the differentiation medium.[89] Integrated with the microwell 
array, the micropillar array can achieve high-throughput screen 
of dosage, duration dynamics and combinations of cellular fac-
tors. As shown in Figure 5D, the gel-encapsulated human iPSC 
cells seeded on the top of each micropillar were then inserted 
inside the microwells for independent culture. The microengi-
neering vastly enhanced the capacity of throughput compared 
to the 96-well or 386-well plates.[90] As shown in Figure 5E, the 
PDMS micropillars in the microfluidic chamber were used to 
capture the mouse intestinal enteroids. The volume change 
could be observed in situ.[91] Parameters such as the size, shape, 
and density of the micropillars were critical for this design.

2.3.4. Surface Acoustic Wave

The surface acoustic wave technique has been widely used 
in microfluidics for cell arrangement,[92] which could help 
for the high-throughput generation of spheroids. As shown 
in Figure  5F, the interdigital transducers are usually inte-
grated into the chip, which generates the acrostic field in the 
cell-suspended chamber. The HepG2 cells would move to the 
pressure node and form small clusters, which then grow into 
spheroids.[93] It should be noticed that the surface acoustic wave 
chip also showed great potentials in precision manipulation, 
such as guiding the organoids fusion in high throughput and 
low variability.[94]

2.4. Co-Culture and Multi-Tissue Interactions

The microenvironment of cells in vivo involves interactions 
with other cells (stroma cells, immune cells, etc.) and tissues or 
organs. The complexity works together to maintain homeostasis 

and functions. Spheroids- and organoids-on-a-chip technology 
facilitates the investigation of the co-culture and multi-tissue 
interactions due to the easy control, integration, and analysis 
on the chip.

2.4.1. Co-Culture with HUVECs for Vascularization

One issue of in vitro spheroids and organoids is the limited 
nutrition supply with the increased size due to the lack of a 
vascular network.[95] Therefore, establishing a vascular net-
work in these models has great significance.[96] Some studies 
show that the microfluidic channels can mimic blood vessels 
to some extent.[89,97] However, this is not the natural solution 
and lacks essential interactions. The epithelial blood vessels 
have been successfully generated on the chip through vascu-
logenesis or angiogenesis.[98] The strategy for spheroid vas-
cularization is to co-culture the spheroid with the established 
blood vessel network. As shown in Figure 6A, human umbilical 
vein endothelial cells (HUVECs) can be seeded on the lateral 
channels. The middle channel was filled with hydrogel (usu-
ally the fibrinogen), which suited the blood vessel formation. 
The MCF-7 breast tumor spheroids were loaded inside the 
middle channel. After several days of co-culture, the vascular 
network could merge with the spheroids, as shown in the side 
view. Fluorescent flowing experiments showed the vascular net-
work could facilitate transportation, allowing higher prolifera-
tion activities and lower cell death. It should be noted that the 
normal human lung fibroblasts could accelerate vasculariza-
tion in the co-culture system due to their continuous paracrine  
signals.[99]

There are two strategies for the vascularization of organoids. 
One is directly mixing the HUVECs with the organoid cells[100] 
or co-differentiation with mesodermal progenitors.[101] For 
instance, kidney organoids’ vascularization co-differentiated the 
stem cells into pretubular aggregates and kidney organoids.[43] 
Here  we  detailly discuss another strategy similar to the above 
vascularization of spheroids. Taking the colon organoids as 
an example, the challenge is the optimizing ECM and cul-
turing medium for both blood vessels and colon organoids, as 
shown in Figure 6B. In the conventional culture, the ECM for 
blood vessels is the fibrinogen and that for colon organoids is 
the Matrigel; the medium for the former and the latter is the 
endothelial growth medium (ECGM2) and colon organoids 
medium, respectively. Shravanthi et  al. investigated various 
conditions and finally confirmed the optimal parameters are 
50% ECGM2 and 50% colon medium, 90% fibrin and 10% v/v 
Matrigel for the final ECM. The plate changed the tilt every  
15 mins. Under these conditions, the colon organoids could merge 
well with the vascular network.[102] The vascularization of orga-
noids is the basis in transplant in vivo[103] and drug delivery.[104]

2.4.2. Co-Culture with Immune Cells

Tumor-immune interactions in the tumor microenviron-
ment govern the tumor progression and drug response. The 
spheroids- and organoids-on-a-chip technology becomes 
an excellent tool to investigate these interactions due to the 

Adv. Funct. Mater. 2023, 33, 2215043
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convenient observation, cell manipulation and sample anal-
ysis.[105] Immune checkpoint blockade has been demonstrated 
as an effective tumor clinical therapy. However, inevitably, the 
monoclonal antibody (e.g., PD-1 and CTLA4) targeting therapy 
suffers from significant toxicity for some patients. Precision 
immune-tumor in vitro trials are essential, which require the 
analysis of immune-tumor interactions on the chip. As shown 
in Figure 6C, the CT26 tumor spheroids derived from murine 
were seeded on the chip, which contained the autologous lym-
phoid and myeloid cells. After 6 days of culture, the spheroids 
can flourish while maintaining the immune cells. Cytokines 
can be profiled by sampling on the chip. The control experi-
ments of αPD-1 and IgG illustrated the sensitivity of tumor 

response to immune checkpoint blockade therapy.[106] Another 
example is that a similar microfluidic model was established 
for hepatitis B virus-related hepatocellular carcinoma.[107]

In immunotherapy, the immune cells need to extravasate 
through the blood vessel and target the tumor by migrating 
through the dense cells. This dynamic progress is hard to be 
investigated in conventional in vitro models. The on-chip 
technology facilitates the study of these dynamic processes. 
As shown in Figure  6D, a microfluidic chip was designed to 
study the natural killer (NK) cells targeting the breast tumor 
spheroids. Artificial blood vessels were established, and the NK 
cells’ activity could be real-time monitored on the chip. Results 
indicated that the NK cells could sense the presence of tumor 

Adv. Funct. Mater. 2023, 33, 2215043

Figure 6. Co-culture and multi-tissue interactions on the chip. A) Vascularization of tumor spheroids on the chip with the vascular network. Scale 
bar: 50 µm. Reproduced with permission.[99a] Copyright 2020, Elsevier. B) Vascularization of colon organoids with the vascular network. Reproduced 
with permission.[102] Copyright 2020, Wiley-VCH GmbH. C) Immune checkpoint blockade therapy demonstrated on the tumor spheroids on a chip can 
achieve tumor microenvironment maintenance, histological analysis, cytokine profiling, live/dead imaging and drug screening. Scale bar: 0.5 mm (left), 
50 µm (middle and right). Reproduced with permission.[106a] Copyright 2018, AACR publications. D) Dynamic targeting tumor spheroids by NK cells 
migrating through blood vessels and dense cells on the chip. Scale bar: 50 µm (top) and 200 µm (bottom). Reproduced with permission.[108] Copyright 
2019, Taylor & Francis Group. E) Spheroid sequential merging on the anchors chip for various types of co-culture. Scale bar: 50 µm. Reproduced with 
permission.[109] Copyright 2020, Elsevier. F) Stamp-based microfluidic chip for the co-culture of tumor spheroids and adipocytes. Reproduced with 
permission.[110] Copyright 2018, Elsevier. G) Unidirectional intercellular communication on the chip. Scale bar: 200 µm. Reproduced with permission.[20a] 
Copyright 2020, Elsevier.
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spheroid several hundred micrometers away and kill tumor 
cells from both the periphery and innermost layers.[108]

2.4.3. Co-Culture with Stromal Cells

The co-culture of spheroids/organoids with other stromal 
cells is widely investigated on the chip, such as the fibroblasts, 
cancer-associated fibroblasts (CAFs), stellate cells, and adip
ocytes.[87b,104a,111] Strategies such as on-chip spatial arranging 
and multicompartment microbeads and fibres are chosen for 
the investigation. More recently, some versatile and innova-
tive methods have been developed. As shown in Figure  6E, a 
strategy for spheroid sequential merging was presented using 
the droplet-capillary anchors. The step-like anchors allowed the 
capture of droplets sequentially where spheroids were devel-
oped. By triggering the droplet merger, different kinds of sphe-
roids could grow together in a single droplet. This cascaded 
culture allows the dynamic control of cell-cell interactions and 
the heterogeneity of 3D culture.[109] As shown in Figure  6F, a 
stamp-based microfluidic chip was used to investigate the inter-
actions of breast tumor spheroids (in the wells) and adipocytes 
(on the surface). It indicates the differentiation to adipocytes 
was decreased significantly by the tumor cells.[110] A similar 
design is utilized for co-culture gut organoids and epithelial 
cells/fibroblasts.[112] In conventional co-culture, the signal mole-
cules secreted from different types of cells diffuse randomly, 
hiding the intrinsic phenomenon. As shown in Figure 6G, the 
unidirectional communication of cells was designed on the 
chip. The medium flowed oppositely in the lateral channels 
controlled by the syringe pump, delivering the signals direc-
tionally. In the chamber, the cells on the top were affected, and 
the cells at the bottom could avoid the influence. Differentia-
tion from normal fibroblasts to CAFs induced by breast tumor 
spheroids was investigated on this chip.[20a]

2.5. Biosensing and Bioimaging Integration

To date, most of the applications of spheroids and organoids 
are still stuck in the laboratory, limited by the lack of general-
ized and standardized analyzing methods and evaluation cri-
teria. Manual manipulation and judgment involve huge errors. 
The spheroids- and organoids-on-a-chip technology enables the 
integration of biosensing and bioimaging, allowing automatic 
analysis and decreased error.

2.5.1. Electrochemical Sensor

Electrochemical sensors have been widely used for the moni-
toring of biochemical parameters, such as pH,[113] oxygen,[114] 
and glucose.[115] As shown in Figure 7A, a representative setup 
is designed to continuously monitor the lactate and glucose 
secreted by on-chip human colon tumor spheroids. The elec-
trode chip could be plugged into the hanging-drop chip, which 
contains four platinum working electrodes (WE), a platinum 
counter electrode (CE) and an Ag/AgCl reference electrode 
(RE). To monitor the lactate and the glucose, the electrode was 

functionalized with the oxidase enzymes.[116] Except for these 
general parameters, other specific biomarkers are required to be 
monitored. Common methods, such as immunosorbent assays 
(ELISA) and surface plasma resonance (SPR), sometimes suffer 
limited sensitivity and nonspecific binding.[117] To increase the 
sensitivity and selectivity, for instance, the aptamer-functional-
ized electrode was designed to capture the creatine kinase-MB 
(biomarkers secreted by the damaged cardiac organoids), as 
shown in Figure 7B.[118]

Cardiac spheroids and organoids are attractive and critical 
3D models which usually require the measurement of dynamic 
electronic signals, beat rhythm and contraction force. Various 
methods are developed, such as printed electrodes,[119] flexible 
electrodes,[120] nanoelectronics mesh,[121] and electronical nano-
pillars.[122] As shown in Figure 7C, a self-rolled biosensor array 
was used to multiplex record the field potentials on the sur-
face of the cardiac spheroids, even the calcium imaging. This 
strategy allowed high sensitivity and spatiotemporal resolu-
tion.[123] Except for the measurement of the electronical signal, 
the influence of the electric field on the spheroids can also be 
investigated on the chip.[124] The neural activities of spinal orga-
noids could be recorded via the on-chip electrode array.[125]

2.5.2. On-Chip Imaging

Another advance of the spheroids- and organoids-on-a-chip 
technology is the easy integration of bioimaging. Good-quality 
imaging requires high resolution, large field of view (FoV), 
strong penetration, and high speed. Spheroids and organoids 
on the chip usually limit the light penetration and show sig-
nificant light scattering due to their high cell density and large 
size. As shown in Figure 7D, the on-chip clearing technique for 
3D tissues (breast tumor spheroids) was described. Different 
processing can be sequentially introduced into the channels. 
The scattering lipid molecules that hind the imaging can be 
removed fast by 567-folds, allowing the 20× faster than the cur-
rent passive clearing approaches.[126]

FoV of conventional imaging, such as the commonly-used 
confocal microscopy, is limited by the numerical aperture of the 
objective lens, which impedes the advances of spheroids- and 
organoids-on-a-chip technology. Lens-free imaging promises 
large FoV and high resolutions,[127] especially suiting the inte-
gration with microfluidic chips.[128] As shown in Figure  7E, a 
lens-free imaging system was integrated with the spheroids on 
a chip. The setup generally contains multi-angle or multi-color 
light sources, imaging sensors (CMOS or CCD) and the sample 
chip. Light propagates through the samples and arrives on the 
image sensors with the phase information. Results illustrated 
the achieved image could be as good as confocal microscopy. 
The FoV could reach 3.4 mm × 2.3 mm × 0.3 mm.[129] Another 
potential imaging method for the spheroids- and organoids-on-
a-chip technology is the chip-based nanoscopy, which ensures 
large FoV and super-resolution. This mainly relies on the high-
integrated and high-refractive-index waveguide chip, com-
bined with structured illumination microscopy (SIM)[130] or 
stochastic optical reconstruction microscopy (STORM).[131] As 
shown in Figure  7F, the high-refractive-index waveguide chip 
could provide strong evanescent light for fluorescent molecule 
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switching. The STORM on-chip microscopy ensures an FoV 
of 0.5  mm  ×  0.5  mm and a resolution of ≈340  nm. It is also 
believed that lattice light-sheet microscopy could have good 
applications for on-chip high-throughput analysis.[132] Imaging 
for the deep penetration of spheroids and organoids was also 
investigated.[133]

3. Future Perspective

With the fast development of spheroids- and organoids-on-a-
chip technology, we envision three future directions in this field, 
as shown in Figure 8. First, the complexity and systematicness 
will be highly increased on the chip. The high complexity of 
the microenvironment synergizes to allow homeostasis in vivo. 
The spheroids- and organoids-on-a-chip technology that can 
furthest replicate the microenvironment should consist of the 
vascular network, immune cells, and other stromal cells (fibro-
blasts, mesenchymal stroma cells, etc.), mechanical stimulus, 
and even the symbiotic microbiota for the specific microenvi-
ronment (stomach or intestine).[134] Miniatured multi-functional 
sensors offer critical parameters of the microenvironment.[135] 
Specific spheroids or organoids such as the cardiac or gastro-
intestinal area require related mechanical stimulus. Simultane-
ously, conventional spherical morphology may be replaced by 
organ-like large-scale architecture guided by spatial control.

Second, a fast and concise strategy for the body-on-a-chip 
system could be offered via the spheroids and organoids on a 
chip. The complicated functions and activities in the human 
body rely on signaling pathways and hormonal stimulating 
loops among various organs, which promise homeostasis. 
One important application of the spheroid/organoid models 
is drug screening, which usually involves the quantification of 
pharmacokinetics and predictions of ADME (absorption, dis-
tribution, metabolism, and excretion). However, this mainly 
requires cross-organ analysis, which is still challenging for in 
vivo animal models because of high cost, ethical concerns, and 
differences in genetic background.

Body-on-a-chip technology mimics the intrinsic interactions 
among the organs and further offers the ADME of the drug 
trials in each organ. Organ-on-a-chip technology could well 
constitute the body on a chip, which has achieved the robotic 
assemblage.[136] For instance, the most common combination of 
the liver and other organs (such as the heart, lung, and kidney) 
could provide hepatotoxicity and molecule metabolites during 
drug trials.[137] The combination of vasculature and brain on the 
chip could mimic the blood-brain barrier.[138]

Combining various spheroids and organoids into a single 
chip to mimic the body is more convenient and avoids the 
complex chip manufacturing in the organ-on-a-chip system.[139] 
For instance, a tripartite culture system was made by assem-
bling the liver, stomach and intestinal organoids into a single 

Adv. Funct. Mater. 2023, 33, 2215043

Figure 7. Integration of biosensing and bioimaging with spheroids- and organoids-on-a-chip technology. A) Continuous monitor the lactate and 
glucose by electrochemical sensors integrated with the spheroids on a chip. Reproduced with permission.[116] Copyright 2016, Nature Publishing Group.  
B) Aptamer-functionalized electrode for detecting creatine kinase-MB with the cardiac organoids on a chip. Reproduced with permission.[118] Copyright 
2016, American Chemical Society. C) Self-rolled biosensor array for the recording of the potential field of cardiac spheroids. Scale bar: 50 µm. Repro-
duced with permission.[123] Copyright 2019, the American Association  for  the Advancement of Science. D) On-chip clearing of spheroids, which is  
20× faster than the conventional clearing approach. Scale bar: 50  µm. Reproduced with permission.[126] Copyright 2017, the  National  Academy  of 
Science. E) Lens-free imaging for the spheroids on a chip. Scale bar: 50 µm. Reproduced with permission.[129] Copyright 2020, OSA publishing. F) On-chip 
STORM-based wide FoV nanoscopy. Scale bar: 50 µm. Reproduced with permission.[131] Copyright 2017, Nature Publishing Group.
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microwell chip.[100a] The design suited high-throughput analysis 
and involved dynamic culture easily. The bile acid-induced 
regulation of the enzyme CYP7A1 in hepatic tissue by the 
intestinal organoids was investigated. It indicates that the 
high level of chenodeoxycholic acid resulted in lower expres-
sion of CYP7A1 expression in hepatic tissue, likely due to the 
secretion of paracrine factors (e.g., FGF-15) from the intestinal 
organoid. Mimicking the Transwell platforms, Fangchao Yin 
et al. designed the liver-heart organoids- on-chip device for the 
assessment of the cardiac safety of an antidepressant drug, 
following liver metabolism in vitro.[139] Therefore, compared 
to the organ-on-chip technology, the body-on-chip technology 
based on spheroids and organoids can facilitate the high-
throughput integration and separated organoid-level analysis, 
which can primarily benefit the large-scale evaluation in drug  
screening.

Obviously, there still remain significant challenges in the 
body-on-a-chip system. One issue for the multi-organoids on a 
chip is the medium, as each type of organoid requires different 
composition of the medium. Different medium is even needed 
for the different states of single-type organoids. How to opti-
mize the medium for the whole system is still seldom explored. 
Another issue is how to adjust the number, size, and even the 
age of each organoid to reach an appropriate scaling for the 
whole constitution as the difference in scaling may cause var-
ious growth and communication of the organoids.[140]

Expensive EHS mouse tumor derived Matrigel limits the 
promotion and industrialization of organoid technology. New 
artificial hydrogels are  in urgent demand  and require low 
cost, high controllability, good versatility for multi-organs, and 
suitable stimuli responsibility. To date, PEG-based functional 
hydrogels have been used preliminarily.[68,141]

PDMS-based devices remain prodigious as their excellent 
beneficial properties, such as high elasticity, low cost, easy 
operation in soft lithography, good optical transparency, good 
oxygen penetration, and biocompatibility. However, it is also 
reported that PDMS can absorb small hydrophobic molecules, 
which potentially affect cell signaling and drug screening effi-
ciency.[142] Therefore, some devices based on other alternative 
materials are proposed, such as glass,[143] silicon,[144] thermo-
plastics,[145] paper,[146] hydrogels,[147] ceramics, etc. Glass and 
silicon hold great pressure resistance, chemical stability, and 

optical transparency. The established semiconductor tech-
nology can be applied for batch fabrication. Thermoplastic 
polymers, such as polystyrene, poly(lactic acid) (PLA) and 
poly(methyl methacrylate) (PMMA), have low cost, high bio-
compatibility, and good mechanical strength, but lack perme-
ability and flexibility. Paper-based devices are flexible, highly 
porous, easily modified and biocompatible, but have limita-
tions in transparency and mechanical strength when getting 
wet.[148] With the help of stereolithography and 3D bioprinting, 
hydrogels (such as PEGDA and ECM-based hydrogels) can be 
directly fabricated into the devices, which promises good per-
fusion and high similarity to native tissues.[149] Bio-ceramics 
show bright potential applications in mimicking the micro-
environment of bone marrow due to the highly porous and 
suitable mechanical structures.[150] Overall, the request of 
materials in device fabrication should be considered in terms 
of cost, fabrication method, biocompatibility, mechanical 
features, oxygen permeability, optical clarity, and molecule 
absorption.

The emerging 3D and 4D bioprinting technologies allow 
more complex and large-scale models in cell arrangement, 
biomaterials control, morphology guidance, and batch pro-
duction.[26,151] Artificial intelligence, represented by machine 
learning, enables high-efficiency analysis in drug discovery, 
bio-sample recognition, and classification.[152] Integrated with 
microfluidic technology (e.g., droplet technique), it could sim-
plify biotechnology research and enhance logical analysis and 
prediction.[153] Advanced imaging technology, such as lattice 
light-sheet microscopy, super-resolution microscopy, expansion 
microscopy, and on-chip imaging technique, would give insight 
into cellular progress on a nanoscale.[154] Advanced analysing 
technologies are also required in this field, such as single-cell 
omics and multi-functional probes.[155]
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Figure 8. Future perspective of the spheroids- and organoids-on-a-chip technology. A) Higher complexity and systematicness integrated with hetero-
geneous cells, vascular network, mechanical stimulus, symbiotic microbiota, monitoring sensors, and guided morphology. B) Human body-on-a-chip 
for advanced disease modelling and drug screening. C) Combination with other advanced emerging technology.
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