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Abstract
Organs-on-chips have been tissues or three-dimensional (3D) mini-organs that comprise numerous cell types and have been 
produced on microfluidic chips to imitate the complicated structures and interactions of diverse cell types and organs under 
controlled circumstances. Several morphological and physiological distinctions exist between traditional 2D cultures, animal 
models, and the growing popular 3D cultures. On the other hand, animal models might not accurately simulate human toxic-
ity because of physiological variations and interspecies metabolic capability. The on-chip technique allows for observing 
and understanding the process and alterations occurring in metastases. The present study aimed to briefly overview single 
and multi-organ-on-chip techniques. The current study addresses each platform’s essential benefits and characteristics and 
highlights recent developments in developing and utilizing technologies for single and multi-organs-on-chips. The study 
also discusses the drawbacks and constraints associated with these models, which include the requirement for standardized 
procedures and the difficulties of adding immune cells and other intricate biological elements. Finally, a comprehensive 
review demonstrated that the organs-on-chips approach has a potential way of investigating organ function and disease. The 
advancements in single and multi-organ-on-chip structures can potentially increase drug discovery and minimize depend-
ency on animal models, resulting in improved therapies for human diseases.
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1 Introduction

Researchers frequently use primary cell cultures cultivated 
in standard Petri dishes to evaluate biological ideas. How-
ever, the primary concern of these studies has been mostly 
on the biological reaction of the cells themselves, with no 
rigorous influence on the surrounding biological environ-
ment within which the cells exist. Pharmaceutical firms, on 
the other hand, frequently test medications on animals, yet a 
substantial proportion of compounds containing lead do not 
succeed at the clinical research stage [1]. The human organ-
on-chip connects these two methodologies, which will soon 
revolutionize how academics conduct their study and phar-
maceutical firms evaluate their products [2]. Organ-on-chip 

is a cell culture-based approach for creating miniature tis-
sues or 3D organs that closely mimic their in vivo counter-
parts, whether they have been larger or smaller in size. The 
botanical name “chip” describes the principles of design 
and microfabrication methods used. At the same time, the 
term “organ” is derived from the adaption of a microenviron-
ment structure that mimics the workings of organs in vivo 
[3]. Organs-on-chip technology has recently given rise to 
an innovative new interdisciplinary scientific discipline that 
has made it possible to create unique in vitro organ and dis-
ease models [4–6]. The artificial tissues were developed in a 
microfluidic device, which comprised numerous distinct cell 
types next to and in contact with one another under precisely 
monitored conditions. These controlled factors allow for 
mimicking complicated structures and cellular interactions 
inside and across diverse in vivo organs and cell types while 
keeping the culture alive longer. Organ-on-chip technology 
for human functioning offers extremely beneficial fundamen-
tal research and medication advancements in cost-effective-
ness and the accuracy of outcomes. The organ-on-chip con-
cept and complete microscope integration enable real-time 
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observation of biological activity. These devices were used 
to research numerous pathophysiological and physiological 
issues, find prospective pharmacological specifications, cre-
ate novel medicines, and evaluate cutting-edge drug delivery 
strategies [7–10]. In addition to being a possible alterna-
tive to testing on animals, human in vitro models may also 
provide insight into the variability of human beings due to 
their small scale and ability to conduct high-throughput 
tests that are not macroscopically feasible from an economic 
standpoint. Microfluidics technology has evolved to such an 
extent that it enables unprecedented manipulation of culture 
conditions. This method enables precise control over a wide 
range of stimuli, including spatial homogeneity [11], chemi-
cal gradients [12], substrate mechanical characteristics, and 
time-dependent biochemical stimulations [13]. Over the past 
decade, several extremely intriguing and diverse scientific 
advancements have matured, making it feasible to transform 
the organ-on-chip sector into a cutting-edge technological 
platform to generate in vitro simulations of human illnesses 
and organs [14]. The first organ-on-chip devices were cre-
ated almost concurrently with the advancement of stem cell 
research. The utilization of induced pluripotent stem cells 
as system models has experienced significant growth due to 
these advancements [15]. Artificial pluripotent stem cells 
enabled the non-invasive and easy production of stem cell 
lines from healthy people or patients, allowing research-
ers to study the genetics underlying unique human features 
and disorders in a stem cell line. While the ethical concerns 
of embryonic stem cells have been addressed, certain dif-
ficulties, such as privacy concerns and the exploitation of 

artificial pluripotent stem cell lines for commercial purposes, 
must be addressed. The commencement of human genome 
sequencing, which holds relevance to the field of organ-
on-chip, took place in approximately 2000. This has been 
another innovative achievement of roughly 10 years [16]. 
Strong techniques have been created to analyze biochemi-
cal reactions in living cells, such as identifying a single 
cell progeny in a living organism [17, 18]. The pioneering 
developments in cell culture into microfluidic channels and 
the investigation of innovative biocompatible and sensitive 
substrate and scaffold materials drove the fast improvements 
in microfluidics technology during the previous 10 years 
[19]. The microfluidic-generated miniaturized tissues may 
be based on human genetics by employing induced pluripo-
tent stem cell lines acquired from sick or healthy persons. 
For drug toxicity examinations and other purposes related to 
the development of drugs, the models have been anticipated 
to be both repeatable and scalable for higher throughputs.

The rapid development and significance of microfluidic 
and drug delivery research in the study of human-organ-
on-chip analysis are evident from the abundance of reviews 
discussing various techniques for organ-on-chip manipula-
tion and biochemical analysis. These reviews highlight the 
importance of organ-on-chip technology in advancing our 
understanding of single and multi-cell analysis. Each year, 
numerous reviews and studies on human-on-chip manipu-
lation, microfluidic technique advancements, and diverse 
analytical methods in the field of organ-on-chip applica-
tions have been published (refer to Fig. 1). These reviews 
offer distinct perspectives, enriching the understanding and 

Fig. 1  The number of publica-
tions from the year 2000 to 
2023 focusing on single-organ-
on-chip, multi-organ-on-chip, 
other-organ-on-chip, and 
manufacturing technology for 
lab-on-chip
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knowledge base surrounding this dynamic and evolving area 
of research. The review will highlight the most recent devel-
opments in cancer metastases medication delivery, precision/
personalized medicine, and feto-maternal research using 
single and multi-organ-on-chip techniques. The present 
research has also reviewed several organ-on-chip methods 
created for several organs. The advances in organ-on-chip 
devices and their possible positive and negative aspects will 
be highlighted. The advancements in microfluidic devices 
for creating organ-on-chip methods have been finally con-
cluded, while future challenges have been identified and 
emphasized.

The authors strategically hone in on the integration of 
multiple organs within organ-on-chip platforms, recognizing 
that physiological responses often stem from the intricate 
interplay between various organs. By focusing on multi-
organ integration, the manuscript aims to overcome the limi-
tations of studying individual organs in isolation, seeking a 
more holistic representation of human physiology. Addition-
ally, the authors emphasize the synergy between machine 
learning and microfluidics, driven by the realization that 
organ-on-chip generated data can be complex and extensive. 
This integration aligns with the broader goal of enhancing 
experimental efficiency and paving the way for personal-
ized medicine by leveraging machine learning algorithms 
to decipher intricate patterns within the high-dimensional 
datasets produced by microfluidic devices. Together, these 
focus areas aim to propel organ-on-chip technology toward 
more accurate, comprehensive, and personalized in vitro 
models, fostering advancements in drug development and 
tailored healthcare solutions.

2  Organ‑on‑chip method

Organ-on-chip refers to a technology that employs micro-
fabrication methods to construct microscale devices, rep-
licating the structure and functionality of human organs. 

This innovative domain encompasses two basic types of 
platforms, each adhering to unique but complementary 
objectives. The first distinct kind of architecture is a single-
organ structure, as shown in Fig. 2a, that is meant to repli-
cate the core functioning of an individual organ effectively. 
These single-organ platforms allow for an emphasized and 
comprehensive analysis of each organ’s behavior, yielding 
important insights into organ-specific responses and func-
tionalities. The second category comprises multi-organ tis-
sue platforms, as shown in Fig. 2b, which combine several 
organs onto a single chip. This complex method mimics 
interactions and reactions between multiple organ modeling 
inside a single system. Multi-organ platforms encompass the 
dynamic interactions of organs, providing a more compre-
hensive knowledge of physiological processes and systemic 
reactions. The combination of many organs on a single chip 
produces a dynamic environment that closely resembles the 
linked architecture of the human body, giving researchers an 
excellent device for studying organ interactions, medication 
reactions, and disease development [22].

These two types of organ-on-chip systems accomplish 
diverse research goals because of their varying levels of 
advanced technology. Single-organ structures probe deeply 
into unique organ characteristics, providing precise insights 
into their functioning and actions. Multi-organ tissue plat-
forms, on the other hand, provide for an in-depth investiga-
tion of systematic relationships, allowing researchers to gain 
insight into how various organs impact each other in a more 
realistic and integrated manner. These advances in organ-
on-chip technology work together to improve the accuracy 
and predictability of drug testing, disease research, and per-
sonalized medication.

Fig. 2  Diagram of a single-
organ on a chip [20] and b 
multi-organ platforms [21]
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3  Single organ‑on‑chip

Single organ-on-chip platforms were designed to mimic the 
shape and working of a single organ, viz., lung [23], liver 
[24], kidney [25], heart [26], skin [27], or brain [28]. These 
chips are generally made up of a small space filled with live 
cells created to duplicate the tissue structure and function of 
the modelled organ (see Fig. 2a). Investigators may use these 
devices to analyze whether medications and other therapies 
interact with the specific organ and how the organ reacts to 
various physiological situations. The numerous types of cells 
found in organs have been categorized depending on their 
function within the human body. Since distinct organs have 
a variety of functions, the cell structures inside them vary 
according to cell type, some of which are addressed below.

3.1  Liver‑on‑chip

The liver is a crucial organ in the human system that per-
forms several vital tasks to keep normal physiological pro-
cesses running smoothly. In rare circumstances, the injuries 
are excessively severe, usually due to unfavorable drugs or 
disease responses. When viable in vitro models, such as 
those based on organ-on-chip technology, were unavail-
able, animal testing became the standard drug evaluation 
method. The liver-on-chip concept is depicted schematically 
in Fig. 3 [29]. The liver cells have been seeded on a chip by 
utilizing the organ-on-chip method, and they have then been 
exposed to chemicals through multiple channels to deter-
mine whether the cells will be harmed.

Furthermore, the liver-on-chip technique stabilizes initial 
hepatocyte activities by properly interacting with cell-cell, 
cell-soluble, and cell-ECM molecules [30, 31]. The hepatic 
system serves as the primary location for medication and 
toxin metabolism. The liver comprises a number of complex 
hepatic lesions which provide multicellular physiological 

linkages [32]. Kane et al. [33] created an initial liver-based 
device comprising microfluidic channels with a combination 
of rat liver cells and 3T3-J2 fibroblasts co-cultured to simu-
late an airway interface. On a chip platform, rat hepatocytes 
can synthesize albumin and sustain a stable metabolic rate. 
A chip was created by Lee et al. [24] with an interstitial cell 
structure made of grown primary liver cells and endothelial 
cells, with a growth medium infused through the external 
gap. In the chip, the endothelial space within the hepatocyte 
cords allowed for isolation from the exterior sinusoidal area 
and efficient substance interaction. Ho et al. [34] have pat-
terned cells onto spherical polydimethylsiloxane chips using 
electrophoresis-created radial electric field gradients. These 
cutting-edge methods mimicked the anatomy of the hepatic 
lobules. Yum et al. [35] created techniques to investigate 
hepatocyte’s impact on other cell types. High-throughput 
tests have been developed to assess the toxicity of medicines 
on liver cells.

In a similar vein, Kang et al. [36] established a micro-
fluidic device that investigated hepatotropic hepatitis B 
virus replication using a combination of hepatocytes and 
endothelial cells in single and double microchannel topolo-
gies, with as well as without continuous infusion. The study 
revealed that for a minimum of 30 days, hepatocytes kept 
their usual shape and kept on producing urea. Microfluidic 
chips have been used to build bio-inspired structures for 3D 
hepatocyte culture procedures that allow in situ infusion of 
hepatic spheroids to improve physiological models [37]. 
Lu et al. [38] combined decellularized liver matrixes with 
gelatin methacryloyl to construct biomimetic liver tumors 
that mimicked the 3D tumor microenvironment, which accu-
rately mimicked the disease model. Chong et al. [39] devised 
methods for evaluating drug skin sensitivity by assessing 
antigen-presenting cell and metabolite activity generation. 
This technique is significant for detecting substances that 
cause complex skin reactions in drug testing.

Further, a variety of injuries and medical conditions 
have been studied. Zhou et al. [40] created a method for 
simulating alcohol damage. According to the investiga-
tion, liver cell damage, apoptosis, and inflammation may 
be detected using microfluidic co-cultures with embedded 
biosensors, offering a platform for tracking the liver’s 
signaling pathway in response to injury. Various liver-
on-chip architectures were created to promote the long-
term growth of liver cells and make it easier to examine 
the multiple activities of the liver, such as metabolism, 
detoxification, and medicine response [41–46]. Prodanov 
et  al. [47] designed a microfluidic structure with a 
porous membrane which separated two compartments 
and allowed hepatocyte culture to be maintained for 28 
days. The studies demonstrated that up to 9 days after 
treatment, troglitazone significantly altered the morphol-
ogy of hepatocytes and resulted in substantial cell death. Fig. 3  Diagrammatic representation of liver-on-chip method [29]
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Essaouira et al. [48] proposed a pancreas-liver-on-chip 
culture design to investigate inter-organ interactions, 
which allows for physiological simulation and monitoring 
of insulin production and glucose metabolism. The model 
can potentially be utilized for studying metabolic disor-
ders and medication toxicity. Polidoro et al. [49] over-
viewed experimental liver models for studying liver func-
tion, disease, and medication toxicity, including classic 
cell culture techniques and microfluidic organs-on-chip.

The authors examined the benefits and drawbacks of 
each model, as well as future ideas for enhancing liver 
models. The study discusses using microfluidic organ-
on-chip devices for in vitro simulation of liver disorders. 
Kanabekova et al. [50] described the benefits of these 
devices over standard cell culture procedures as well as 
their potential uses in personalized medicine and drug 
screening. Moradi et al. [51] examined current achieve-
ments in microfluidic organ-on-chip human liver tissue 
design as well as their potential uses in disease modeling, 
toxicology, and drug discovery. The authors explore the 
obstacles and prospects for the future creation of mod-
els. The immunological abilities of the liver, including its 
influence on medicine rejections, have not been explored 
in existing liver-on-chip designs, making it an important 
element to address in drug development. In reality, liver 
damage caused by drugs is the main factor that ends clini-
cal trials and frequently justifies the removal of a drug 
from the marketplace for distribution [52]. Establishing 
liver simulators incorporating critical immune system 
components like Kupffer cells that would vastly improve 
our knowledge of the primary causes of liver illness and 
the immune response to medications.

3.2  Heart‑on‑chip

The most common reason for mortality worldwide is car-
diovascular disease. According to predictions, 17.5 million 
deaths from cardiovascular illnesses occurred globally in 
2012, accounting for 31% of the total fatalities [53]. Organs-
on-chip technology has demonstrated its significance as a 
bridge among in vitro models and clinical trials with human 
participants in cardiovascular disease research [54] (refer 
to Fig. 4).

The human heart circulates blood throughout the body 
and has a natural characteristic known as auto rhythmicity, 
controlled by both the neurological and hormonal systems 
[55]. Challenges in developing cardiovascular drugs include 
poor predictability of animal models, organism-dependent 
adverse effects, and lengthy/costly development processes. 
According to an analysis of AstraZeneca’s drug development 
pipeline between 2005 and 2010, 82% of concepts were ter-
minated during the preclinical stage due to safety concerns. 
Cardiovascular failure accounted for approximately 17% of 
the total organ failures studied [56]. The usage of micro-
fluidic devices allows for working in vitro simulations of 
cardiovascular organs.

Heart-on-chip studies various heart activities, including 
cardiac electrophysiology, heart disorders, and electrical 
stimulation. It has applications in mechanical stimulation, 
arrhythmogenesis modeling, and hypoxia simulation of car-
diac cells. Grosberg et al. [57] developed a surface-textured, 
elastic polydimethylsiloxane film containing implanted 
newborn rat cardiomyocytes, which curled when the cells 
collapsed, allowing them to examine changes in contractile 
capability depending on the curling degree. Kim et al. [58] 
established a microfluidic apparatus using a fibrin matrix for 
modeling vascular networks and discovered that a dynamic 

Fig. 4  Diagram illustrating the 
construction and implementa-
tion of heart-on-chip and vessel-
on-chip structures [54]
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environment resulted in more nitric oxide production than 
static conditions. Zhang et al. [59] developed a micro-organ 
tissue chip by employing 3D printing methods, combining 
cardiomyocytes with vascular networks made by vascular 
endothelial cells. An organ-on-chip has been employed to 
build a screening platform for cardiovascular medications, 
endothelial cells in the vascular system to generate vascular 
structures, and cardiomyocytes to fill the gaps. Xiao et al. 
[60] developed a microfabricated pharmacological testing 
bioreactor that utilizes stem cells from human embryos and 
neonate rat heart cells to construct cardiac biowires. Nitric 
oxide supplied through the medium into the chamber may 
cause the cardiac biowires to beat more slowly. Marsano 
et al. [61] created a cardiac organ system which replicated 
the mechanical and physiological environment experienced 
by cardiomyocytes. The development of such a structure is 
a watershed moment in the field, allowing for standardized 
operational three-dimensional cardiac models as well as an 
affordable, distinctive screening tool to enhance the predic-
tive powers of in vitro studies. Zhang et al. [62] demon-
strated a heart-on-chip structure which utilized high-speed 
resistance monitoring to evaluate the efficiency of cardiovas-
cular medications by recording cardiomyocyte contraction, 
giving a preclinical technique for testing cardiac pharma-
cological efficacy. Nguyen et al. [63] established a heart-
on-chip approach which enables precise and controllable 
mechanical devices to recreate a simulated physiological 
environment. This method potentially allows for generat-
ing functional cardiac patches in vitro using immature car-
diomyocytes to replace damaged cardiac tissues. Schneider 
[64] designed chips for developing heart tissue in an incuba-
tor using human-generated pluripotent stem cells that have 
proven efficient as well as convenient. Abulaiti et al. [65] 
described the development of a heart-on-chip microdevice 
which employs human pluripotent stem cells that have been 
generated to test the performance of human cardiac tissue 
in vitro.

A critical aspect of advances in medication development 
for cardiovascular tissue is the dropping of cardiotoxicity, 
which commonly occurs in drug trials and has a significant 
reason for clinical trial termination or drug recall from the 

market. The authors have created a beating human heart-on-
chip by employing micro-engineered cardiac tissue, which 
may be utilized for estimating hypertrophic alterations to 
heart cells. The device can create cardiac micro-tissues with 
improved mechanical and electrical communication between 
adjacent cells.

3.3  Brain‑on‑chip

Developing an organ-on-chip design for the brain is rec-
ognized as one of the most difficult tasks in this scientific 
research. Due to brain functions’ very specific and intricate 
nature, most studies analyze the neurovascular unit, cell 
ratios, and transport features instead of attempting to pre-
dict such complexity. Brain-on-chip designs can be catego-
rized into four groups: compartmentalized models, spheroid 
models, microfluidic models, and hydrogel-based models. 
The most prevalent production technologies for the brain on 
chips are contact printing, 3D printing, mold lithography, 
and hydrogel casting [66]. Amirifar et al. [67] provided a 
detailed analysis of the cutting-edge developments in brain-
on-chip devices (refer to Fig. 5), focusing on the design and 
techniques utilized to produce microfluidic models of the 
brain in both healthy and pathological states. The study addi-
tionally examines how these models may be used in drug 
development and personalized treatment.

Designs of the blood-brain barrier-on-chip were built and 
used for investigating the function of neuro-inflammation 
within degenerative diseases, including Alzheimer’s dis-
order and antibody trafficking to the brain [68]. Multistep 
lithography is the technology employed in brain-on-chip 
cell culture, which has proven successful in growing cells 
in exposed conditions, like substrates made of glass or trans-
parent Petri dishes. These models have recently been utilized 
to examine neurodegenerative diseases and their implica-
tions on brain cell activity and function [69]. Park et al. [70] 
studied amyloid toxicity on neural network disintegration. 
They observed that the amount of destruction was signifi-
cantly larger when tested under dynamic settings rather than 
static settings. Kilic et al. [71] successfully created a brain-
on-chip prototype to examine the behavior of complex cells 

Fig. 5  Schematic representation 
of brain-on-chip models [67]
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and tissues, specifically emphasizing the movement that 
occurs in human neural progenitor cells in reaction to the 
brain chemokine CXCL12. An interconnected brain-on-
chip system has been designed to study interactions among 
various neurons in the neurovascular region as well as con-
nections among the brain and other organs [72, 73]. The 
blood-brain barrier regulates the flow of molecules among 
the brain and bloodstream, which helps to keep the central 
nervous system stable. Any disruption within this barrier 
causes several kinds of neurological diseases. A microfluidic 
technology, including patient-specific stem cells, has been 
created to construct a customized human circulatory system 
that replicates the blood-brain barrier and can predict inter-
individual variability.

3.4  Lung‑on‑chip

Various novel interventions are being explored to improve 
their treatment to address pulmonary diseases, consider-
ing they are a leading cause of death worldwide. Studying 
cellular interactions, blood flow, and gas circulation inside 
the pulmonary system is critical for biological studies and 
medication trials because it includes interchanging external 
gases, such as carbon dioxide and oxygen, within the blood 
inside the lungs, an essential organ. It can be challenging to 
replicate the in vitro alveoli, which govern gas exchange in 
the lungs. Microfluidics can provide accurate fluid flow and 
constant gas exchange, allowing extracorporeal lung models 
to be created and lung disorders to be simulated. Mechani-
cal pulmonary pressure regulation, as well as the influence 
of shear forces on pathophysiological mechanisms and the 
blood-brain barrier, are all being studied [74]. Li et al. [75] 
described the creation of a biomimetic human lung-on-chip 
to simulate lung diseases (see Fig. 6). Researchers can exam-
ine the causes of diseases with the device as it mimics the 

mechanical and microstructural characteristics of the pul-
monary system of humans.

Huh et al. [8] have developed a lung-on-chip model that 
precisely reproduces the mechanical and biochemical fea-
tures found in the human lung. The apparatus allows for 
the reconstruction of organ-level lung functioning, medi-
cation screening, and disease prediction. In comparison 
to traditional platforms, the lung-on-chip offers a tangible 
way of examining detailed chemical, mechanical, and bio-
logical consequences, allowing for the characterization of 
dynamic cellular behaviors in vitro and complete drug test-
ing. Stucki et al. [76] established a novel elastic membrane 
expansion prototype capable of mimicking breathing using 
a lung-on-chip model. This model emulated 3D recurrent 
strain to resemble breathing and precisely replicated the lung 
parenchyma, incorporating an alveolar barrier. Humayun 
et al. [77] investigated the prospective benefits of using a 
hydrogel membrane as a physiological model that includes 
propagated airway epithelium and cells of smooth muscle, 
coupled with microenvironmental signals and exposure to 
toxins to indicate long-term lung illness. Blume et al. [78] 
developed three-dimensional airway culture prototypes uti-
lizing medium and fluid engagement to replicate lung inter-
cellular flow.

The lung-on-chip technology uses microfluidics to deliver 
pressure to alveoli and capillaries while mimicking pulmo-
nary expansion and lung gas-liquid interactions, resulting in 
a shear flow profile resembling the actual lung environment. 
Yang et al. [79] constructed a cell scaffold chip matrix using 
poly lactic-coglycolic acid electrically spinning nanofiber 
membranes, emphasizing its potential value in lung tumor 
high-accuracy treatment and tissue formation. Peng et al. 
[80] developed a lung assistance apparatus that improves the 
interchange of gases in the placenta for premature newborns 
suffering from respiratory insufficiency. This has been the 

Fig. 6  The schematic representation of lung-on-chip model [75]



1932 Medical & Biological Engineering & Computing (2024) 62:1925–1957

first study that systematically measured umbilical vascular 
damage caused by catheter expansion. Dabaghi et al. [81] 
used the microfabrication method to develop microfluidic 
blood oxygenators with a doul-faced gas supply utilization, 
resulting in a 343% increase in oxygen absorption compared 
to single-faced systems. Xu et al. [82] utilized microfluidic 
devices to culture actual carcinoma cells and cancer cell 
lines to reproduce the lung cancer microenvironment and 
assess the efficiency of various chemotherapy treatments. 
Researchers have utilized microfluidic devices to replicate 
the lungs-on-chip technique by cultivating lung cells on 
these platforms. The devices mimic lung functionality by 
changing pressure, while the cells mimic lung activities, 
resulting in lung-on-chip simulators [83]. Researchers found 
that cells on microfluidic devices mimicked the behavior of 
the lungs in response to pressure changes, including alveo-
lar contraction and expansion and porous membrane expan-
sion and contraction. Various medications may be tested on 
these models to determine their effectiveness and potential 
side effects [84]. These organ-on-chip could be utilized to 
examine the influence of external variables that affect organs 
and a human airway on a chip to reprocess medications for 
COVID-19.

Further, the study used human bronchial and pulmonary 
endothelium to develop a model for circulating immune 
system cells, viral infection, and cytokine production [85]. 
Khalid et al. [86] proposed a lung cancer-on-chip device 
that includes biological sensors to monitor biological pro-
cesses and assess toxicity. The lung cancer-on-chip technol-
ogy enables the evaluation of anti-cancer treatment efficacy 
and physiological toxicity monitoring. At the same time, the 
nanoparticles are made from fossil fuels, non-biodegradable 
materials, and nitric oxide. Experiments have demonstrated 
that prolonged exposure to these non-biodegradable nano-
particle poisons increases the likelihood of developing res-
piratory problems such as pulmonary fibrosis, asthma, and 

pulmonary edema. While most organ-on-chip studies con-
centrate on toxicity and diseases related to the alveoli, there 
are alternative organ-on-chip models, including those that 
incorporate 3D printing and construction techniques, which 
address other regions of the respiratory system [87].

3.5  Kidney‑on‑chip

The kidney plays an essential role in the metabolism and 
disposal of drugs; hence drug-induced nephrotoxicity con-
stitutes a few issues that have been addressed the most in 
drug safety evaluations. The initial kidney-on-chip itera-
tion employed rat tubular cells. It included two compart-
ments, one that simulated the urinary lumen with fluid flow 
and another that mimicked the interstitial space [88]. The 
permanent loss of renal filtration caused by kidney toxic-
ity emphasizes the significance of drug screening systems. 
Microfluidics technology can recreate the fluidic environ-
ment required for tubular cell growth. It also has a permeable 
membrane that retains cell polarity [89]. Like the membrane 
used in the lung-on-chip device, kidney-on-chip devices use 
a membrane with holes that include a main flow channel and 
two smaller sub-channels where kidney and epithelial cells 
have been cultured on each side. Devices with kidneys-on-
chips are schematically depicted in Fig. 7 [90].

Applying inflow-generated shear stress to the epithelial 
cell layer in kidney-on-chip devices replicates in vivo kidney 
tubules or promotes primary cilia development and epithe-
lial cell polarization, distinguishing it from conventional 
microfluidic systems. Jang et al. [91] utilized rat kidney 
medullary accumulating cells from ducts to create a multi-
layered microfluidic system which mimicked the filtering 
of the kidneys. The microfluidic apparatus created a biomi-
metic environment that promoted cytoskeletal reorganization 
and molecular transport. A similar microfluidic system was 
utilized in 2013 to cultivate initial human epithelial cells 

Fig. 7  Schematic representation 
of the human kidney-on-chip 
[90]
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from the kidney [92]. These have been the initial kidney cell 
damage investigations. The device provides novel perspec-
tives not achievable with animals and conventional culti-
vating cell models. Wilmer et al. [93] successfully utilized 
microchips for drug-induced nephrotoxicity experiments 
and built a chip using opossum kidney epithelial cells to 
examine the albumin transportation process. Musah et al. 
[94] employed adult human cell podocytes produced by 
pluripotent-associated stem cells to replicate the albumi-
nuria brought on by adriamycin and evaluate glomerular 
function. Numerous multi-organ-on-chip designs have fea-
tured the kidney-on-chip, which operates as a barrier selec-
tive to protein from the plasma and may induce proteinu-
ria. Researchers have attempted to produce podocytes on 
a chip; however, the technology is difficult due to the need 
for complex culture processes [95]. Conventional cell cul-
ture techniques have a drawback as differentiating cells into 
functional ones necessitates extended culture times and an 
external signal detecting device. Schutgens et al. [96] pro-
duced robust tubule culture techniques which allowed for 
sustained growth and examination of human kidney tissue 
in their studies. This technique has created a flexible initial 
kidney epithelial cell cultivation method, enabling the rapid 
and personalized study of cell components, disease simula-
tions, and drug evaluation. Sakolish et al. [97] developed 
a sustainable microfluidic device for human glomeruli and 
proximal tubes. This technique enabled cells from the kidney 
epithelium to flourish in various settings and showed that 
shear stress might cause nephrotoxicity. Tao et al. [98] devel-
oped a robust approach to generate human islet organs from 
pluripotent stem cells derived from humans. This approach 
might be applied to regenerative medicine, stem cell-based 
organ engineering, and other areas. Musah et al. [99] created 
human being’s glomerular devices by generating pod cells 
from pluripotent stem cells and cultivating them in organ 
culture devices. The techniques employed made it possible 
to mimic the structure and operation of the renal capillary 
wall, which had never been possible with earlier approaches. 
The glomerular chip produced by [99] had possible applica-
tions in regenerative medicine, disease research, nephrotox-
icity assessments, kidney development, and pharmaceutical 
discovery. These researchers developed a partly physiologi-
cal environment using a single cell type and numerous bio-
markers to characterize their systems.

3.6  Skin‑on‑chip

Skin is the most significant tissue in a person's body, 
which acts as the principal barrier against invading viruses 
and germs. Despite its importance as a barrier, the skin 
is a successful immune organ that harbors components 
associated with the adaptive as well as the innate immune 
systems [100]. A skin-on-chip model has been utilized 

for dermal diffusion testing, effectiveness testing, inflam-
mation, toxicological investigations, wound healing, shear 
stress, and repair studies [101]. Kim et al. [102] used a 
skin-on-chip device to examine coenzyme Q10 and cur-
cumin’s anti-aging abilities without a pump. The two 
basic layers within the skin that provide immunity are the 
dermis and epidermis. The epidermis contains essential 
immune cells such as keratinocytes, which express Toll-
like receptors for recognizing pathogenic chemicals, and 
Langerhans, antigen-presenting dendritic cells [103, 104]. 
As shown in Fig. 8, platforms have been developed with 
varying levels of complexity, vascular elements, and cell 
types incorporated to assist in drug development and test-
ing [105].

O'Neill et al. [106] created a skin-on-chip design espe-
cially focused on mimicking the epidermis, the skin’s outer 
layer. Neonatal epidermal keratinocytes were cultivated on 
collagen-patched microfluidic tubes to replicate a keratino-
cyte cultivation technique. Sriram et al. [107] created a 
device prototype by combining epidermal and dermal tissue 
layers to generate full-thickness skin. The dermal counter-
part is created via a fibrin-based material containing human 
fibroblasts from the dermis, and the epidermal counterpart 
is created by cultivating keratinocytes on the outermost layer 
of the dermis. These models have been vascularized with 
endothelial cells to improve the physiological significance 
for further research [108, 109]. Mori et al. [109] produced 
a perfused full-thickness skin model with epidermal and 
dermal equivalents utilizing nylon wires that penetrate the 
dermal equivalent. The authors demonstrated the model’s 
drug development potential by measuring and illustrating 
the varied penetration of caffeine and isosorbide dinitrate as 
concept medications. Wufuer et al. [110] created a skin-on-
chip device supplied with blood to replicate edema, medica-
tion therapy, and inflammation. The replica comprises three 
polydimethylsiloxane regions seeded with HUVECs, HS27 
fibroblasts, and human keratinocytes representing dermal, 
vascular, and epidermal layers. Abaci et al. [108] utilized 
endothelial tissue cells created by pluripotent stem cells that 
had been stimulated to develop a human skin that resembled 
vascularization. The study found that induced endothelial 
cells produced by pluripotent stem cells promote new blood 
vessel formation and encourage vascular invasion from 
the wound region to the skin surface. Earlier vascularized 
skin-on-chip models were incomplete as they lacked essen-
tial immune cells like dendritic cells and T lymphocytes, 
leading to inaccurate representation of the skin’s immune 
response. Ramadan and Ting [111] created the solely avail-
able model with immunological components. A porous 
membrane divides the model’s monocyte and keratinocyte 
layers between the model, allowing them to communicate 
in a microfluidic bi-channel arrangement. The researchers 
illustrated the capability of the model to react to external 
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chemical and physical inputs by subjecting it to Lipopoly-
saccharide and UV stimulation.

3.7  Gut‑on‑chip

The chip-based simulated gut with a regulated ecosystem 
with several human cell types, including immunological, 
intestinal epithelium, and endothelial cells, has been con-
structed. The microscopic characteristics of intestine villi 
were precisely replicated in order to mimic the intestine's 
in-vivo milieu [112]. Various cell types, including Caco-
2, intestinal organoids, immune cells, and several kinds of 
human endothelial cells, like PBMCs, have been employed 
for this model. Villi projections and Lieberkühn crypts 
invaginations characterize the surface of the human gut. A 
diagrammatic illustration of the human gut-on-chip technol-
ogy is depicted in Fig. 9 [113].

One application for gut-on-chip technology is to exam-
ine medication host-gut, pharmaceutical kinetics, microbial 
interactions, and nutritional metabolism in a simulated gut 
environment [114]. This study used a microfluidic micro 
hole retaining device to assess the cell permeability of vari-
ous medications, including naproxen, propranolol, vera-
pamil, furosemide, atenolol, carbamazepine, and antipyrine 
[115]. A microfluidic model-based device has been created 
to study the interaction and infection of the host and the 
Coxsackie B1 virus [116]. Like the skin, the gastrointestinal 
system frequently exposes to external infections, necessitat-
ing efficient defense mechanisms to prevent their entrance 

into the body’s internal organs [117]. Immunological cells 
play an important function in the gut in maintaining immu-
nological homeostasis and defending against infections 
[118]. Important gastrointestinal tract features such as 
immunological components, an epithelium barrier, a mucus 
layer, and human-microbial interaction must be included to 
build a functional gut-on-chip. Kimura et al. [119] developed 
a fundamental paradigm to facilitate the prolonged cultiva-
tion and tracking of epithelium cancer of the colorectal cells 
that have been utilized in studies of the intestinal processes. 
The model comprises two distinct pathways divided by a 
semipermeable, spongy polyester membrane in which cells 
from Caco-2 have been cultivated. Kim et al. [120] used 
an identical framework and the same cell line to generate a 
more realistic in vivo gut simulation, integrating biophysical 
signals like cyclic strain and shear stress.

The differentiated epithelium improves the function of 
the gastrointestinal wall and promotes the development of 
lactic acid bacteria GG, bacteria often present in the human 
gut. Kim and Ingber [121] used the peristalsis functionality 
within the gut-on-chip prototype to investigate the prolifera-
tion of bipolar epithelium and the formation of villus-like 
features. The author also revealed that the cells which cre-
ate villus-like systems in their model are firmly linked with 
specified secure connections across their interstitial barriers 
and are covered with brush borders and mucus. During the 
initial stages of cultivation, cells produced in the gut-on-
chip this prototype exhibited a slight rise in the production 
of a drug-metabolizing mitochondrial enzyme. Still, cells 

Fig. 8  Schematics of different skin-on-chip platforms [105]
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grown on a trans well insert multilayer showed no signifi-
cant cytochrome activity [121]. Shim and colleagues [122] 
produced the gut-on-chip model in which villi-like features 
have been embedded into the microfluidic device rather than 
emerging in response to physiological stimuli. These models 
are important platforms for studying human physiology and 
change due to external stimuli such as viruses or pharma-
ceutical medications. These devices may test the interactions 
between immune components and medicines.

3.8  Some other organs‑on‑chip

Breast-and-spleen-on-chip structures have utilized micro-
fluidic technology; however, their abilities have been 
restricted. As shown in Fig. 10, breast-on-chip technologies 
only imitate the placement of physical veins in the breast, 
not the complete microenvironment comprising vascular, 
fatty, and glandular tissues [4]. To improve simulations of 
tumor growth in the breast, the prototype may be coupled 

Fig. 9  The diagrammatic illus-
tration of the human gut-on-
chip model [113]

Fig. 10  Diagrammatic illustration of different organ-on-chip a breast tumor-on-chip [4] and b bone marrow-on-chip [123]
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to existing tumor-on-chip technologies. Figure 10 depicts a 
schematic representation of different organ-on-chip [123].

The spleen-on-chip technology replicates the blood-fil-
tering operation of the spleen in vivo using a microfluidic 
dual-phase flow design. It is challenging to replicate the 
intricate milieu of bone marrow cells in vitro due to distinct 
niches with varying components and functions in hemat-
opoiesis [124]. Torisawa et al. [125] created a bone marrow-
on-chip system that uses both in vivo tissue engineering and 
in vitro microfluidic methods to mimic the physiology of the 
hematological zone in vitro. In the presence of bone mar-
row infections or disorders, the immune system’s capacity 
to defend against pathogens is weakened, which can result 
in serious illnesses or death. In recent years, studies have 
established the viability of employing organs-on-chip to rep-
resent refractory reproductive disorders such as cancer and 
endometriosis. This section also contains micro-engineered 
in vitro systems for studying three primary topics: repro-
ductive disorders, assisted reproductive technology, and 
pregnancy. According to numerous organizations, recent 
organ-on-chip research and microfluidics breakthroughs 
have developed 3D micro-engineered devices that repro-
duce various female reproductive system components [126]. 
These include human uterine [127] and placental [128, 129] 
modeling. Recent studies have shown that it has been pos-
sible to mimic the 28-day menstrual cycle by integrating 
various tissues in a complex microfluidic structure [130]. 
The researchers demonstrate organ-on-chip technology 
applications to replicate and investigate the relationship of 
several fetal-maternal interaction elements, including the 
fetal membranes, maternal tissues, and placenta. Through-
out pregnancy, the placenta regulates the flow of both nutri-
ents and oxygen from the mother to the fetus and eliminates 
waste products to promote fetal growth. It also acts as a pro-
tective barrier, shielding the fetus from potentially hazardous 
diseases and toxins found in the mother’s blood [131, 132]. 
The latest studies have concentrated on creating placenta-
on-chip models to generate multi-layered tissue structures 
that mimic the normal placental barrier [133]. These models 
have been used to evaluate the movement of nutrients and 
materials through the maternal-fetal interface as well as the 
influence of nanoparticle treatment on placental wall func-
tion [134, 135].

Further, these models have been used to study critical 
regulatory mechanisms that affect placental function and 
shape. These devices use microfluidic methods to emulate 
anatomical geometries or biological processes, although 
they may not completely reproduce the related tissues at 
the microenvironmental level. The high level of similarity 
among organ-on-chip technologies and real organs is useful 
for investigators interested in developing a person-on-chip 
device, an all-inclusive in vitro platform for investigating 
the effects of medications on the complete human body. Any 

disease or infection that impacts the bone marrow hinders 
the immune system’s ability to eliminate pathogens, which 
can result in severe illnesses or fatalities.

Table 1 presents a comprehensive summary and illustra-
tion of the diverse approaches researchers employ to harness 
the complete capabilities of technology in their investiga-
tions and systematic exploration of single organ-on-a-chip 
methodologies. Table 1 encompasses a range of organ-on-a-
chip methods proposed by various investigators, highlighting 
the distinctive techniques utilized to unlock the full potential 
of this technology. To fully understand the effects of medi-
cations and drug delivery on the human body, it is crucial 
to have continuous communication between cells. In order 
to comprehensively assess the overall effects and conduct a 
more in-depth examination, it is necessary to integrate sev-
eral organs into a cohesive, multi-system framework, given 
their complex interactions. This innovative integration is 
commonly referred to as a “multi-organ-on-chip,” a technol-
ogy we delve into more extensively in the following section.

4  Multi organ‑on‑chip

Organ-on-chip devices have been designed to replicate the 
interactions of numerous organs in the body of a person 
to create a more realistic and complete model of human 
physiology. Multi-organ chips often comprise numerous 
compartments containing live cells that imitate a single 
organ’s tissue structure and function, as shown in Fig. 11. 
Channels or structures connect the chambers, allowing fluid 
movement and physiological activities between the organs. 
Multi-organ chips can investigate complicated physiological 
relationships and the effects of medications and treatments 
on many organs.

4.1  Multiorgan/human‑on‑chip

Single-organ models have restrictions in mimicking complex 
interactions between multiple tissues and organs, highlight-
ing the need for multi-organ systems to replicate biological 
reactions, including organ-organ relationships. Researchers 
and companies consider the implementation of a sophisti-
cated multiorgan-on-chip or full body-on-chip system for 
drug discovery and individualized healthcare as a signifi-
cant achievement. Although single-organ models are useful 
for studying physiological responses, sophisticated models 
which integrate multiple organ and tissue types are better 
for imitating the physiological function of the actual body. 
The interconnectivity and interaction among various tis-
sues and organs in microfluidic systems distinguishes them 
and allows for more accurate reproduction of human body 
function. The multidimensional architecture of the human 
body makes body scaling and functional activity difficult 
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on these platforms. Human-on-chip techniques can poten-
tially eliminate experiments involving animals in medical 
research and speed up the therapeutic use of nanomaterials 
[136]. Multiorgan platforms can enable long-term studies of 
healthy homeostasis and functioning, and provide insights 
into the processes of inflammatory diseases affecting many 
organs. Multi-organs-on-chip allows the concurrent culti-
vation of many organs linked via channels to explore their 
interactions and construct a functional system [137, 138]. 
Though the concept of multi-organs-on-chip is relatively 
nascent, significant advances have already been achieved, 
consisting the constructed systems comprising two organs 

[139, 140], three organs [141, 142], four organs [143, 144], 
and ten organs on a chip [145]. Multiple organ chips can be 
combined to construct a body-on-chip platform using vari-
ous technologies, such as channel and medium-circulating 
systems. The human body-on-chip technology may improve 
drug development by estimating drug metabolism, excretion, 
absorption, and toxicity utilizing in vitro to in vivo transla-
tion abilities, as shown in Fig. 12 [146].

Microfluidic systems that combine various organs and tis-
sues to mimic the human body can increase drug screening 
efficacy and precision while eliminating the requirement for 
testing on animals. Van et al. [139] successfully integrated 

Table 1  Outline of existing 
different types of single organ-
on-a-chip models

Organ-
on-

Chip

Cell Type Remarks Devices References

Liver

Hep cells, Mono 
or co-cultured   
cell lines,
Kȕffer  iPSC 
derived 
hepatocytes,

Drug metabolism, 
Hepatotoxicity, 
particle interaction, 
liver-specific protein 
synthesis

 [34],
 [37],
 [38], 
 [40],
 [42], 
[45]

Heart

iPSC-CMs, CMs, 
Cardiomyoblast, 
neonatal rat 
CMs, Mono or 
co-cultured cell 
lines

Cardiovascular 
toxicity and drug 
screening tests, 
Electrical stimulation, 
cardiac 
electrophysiology, 
and different heart 
diseases

 [55], 
 [60], 
 [61],
[63]

Brain

Human 
pluripotent stem 
cell (hPSC)-
derived neurons, 
Neurons 
astrocytes 
oligodendrocytes

Modelling of 
epileptic seizure and 
studying both the 
local and circuitry 
functionality of the 
brain using a custom-
made microelectrode 
array (MEA)

 [70], 
 [71],

      [72]

Lung

Airway epithelial 
cells, alveolar, 
epithelial cells, 
epi, endo, 
pulmonary 

This model helped 
utilize enzyme-linked 
immunosorbent 
assays (ELISAs) to 
determine the effect 

 [77], 
 [78], 
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the liver and the gut tissues into a microfluidic system, dem-
onstrating its potential for studying organ interactions and 
bile acid synthesis. This approach enabled in vitro experi-
ments and provided data on organ-organ relationships. 
Modeling multiorgan disorders has been difficult due to the 
significance of several cell types in metabolic regulation and 
limited organ accessibility. Recent studies using multiorgan-
on-chip systems have revealed metabolic coupling between 
neurons and microvascular cells, providing insights into the 
functioning of organs like the blood-brain barrier and the 
brain. The importance of metabolites such as short-chain 
fatty acids in liver function, inflammatory gastrointestinal 
illnesses, and the immunological response has been high-
lighted by multiorgan-on-chip devices which connect organs 
such as the liver, and gut cells [147]. A different multior-
gan chip simulation represented the lung, liver, and small 
intestine. The study employing this model demonstrated 

that it could imitate the effects of three cancer medicines 
on target cells and reproduce their pharmacokinetics. Mul-
tiorgan devices can be an investigative tool for researching 
complicated illnesses and creating novel treatments [148]. 
Advancements in chip technology allow for the concentra-
tion of multiple organs, enabling in vitro studies and insights 
into their interactions.

To cultivate cells properly, organ chips need to preserve 
a steady fluid interaction, prevent contamination by bac-
teria, and continually evaluate the viability of the cells. 
Increasing the number of organs on a chip increases system 
complexity, leading to unexpected results. Lee et al. [149] 
established a pump-free multiorgan-on-chip that has been 
simple to assemble and operate. Satoh et al. [150] devel-
oped a multiorgan-on-chip technology using a pneumatic 
pressure-driven media flow mechanism. This method has 
benefits for drug development, such as the ability to run 

Table 1  (continued) microvascular 

endothelial cells

of bleomycin to 

quantify the levels of 

interleukin-8 (IL-8) 

and interleukin-1β

(IL-1β)

[86]

Kidney

Mature human 

podocytes 

derived from 

human induced 

pluripotent stem

Drug transport and 

nephrotoxicity, 

nanoparticles 

clearance studies

 [94],

[99]

Skin

Human fibroblast 

(HFF-1) and 

keratocyte 

(HaCaT), 

Induced 

pluripotent stem 

cells (iPSC), or 

reconstructed 

skin tissues 

Drug and chemical 

toxicity, ADME 

profiling, and 

quantification of the 

number of drugs in 

different parts of the 

body

[106], 

[107],

[108]

Gut

Caco 2 cells, 

Human intestinal 

organoids B. 

fragili, Intestinal 

epithelial cells

Prediction of clinical 

responses in humans, 

Induced pluripotent 

stem cells (iPSC) or 

substance transport, 

Villi, Intestinal 

absorption

[117],

 [122],

 [135]
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several organ culture devices simultaneously, compatibil-
ity with pipette-based fluid management, versatility in the 
design of the microfluidic system, analytical methods in 
microplates, and adaptability to widely used experimental 
protocols. Lantada et al. [151] designed a transparent chip 
utilizing an innovative combination of laser technologies 
which showed to be successful in analyzing human mesen-
chymal stem cells and facilitating imaging processes. These 
methods are appropriate for chip mass manufacturing and 
have practical aerospace, transportation, and energy applica-
tions. Table 2 provides an overview and discussion on the 
relevance of available multiorgan-on-chip platforms in the 
context of drug development. Specifically, it explores the 
contributions of these immune organs to developing toler-
ance toward newly developed drugs. As proof-of-concept 
systems advance, the emphasis grows on designing devices 
that are not just theoretically robust but also simple to 
manufacture and scalable, ensuring their practicality and 

widespread adoption. In order to create systems that pre-
cisely mimic the complexities of human organ systems, it is 
necessary to use a variety of micromanufacturing methods 
together with meticulous material selection. The following 
sections provide a comprehensive analysis of several micro-
manufacturing processes that are leading the way in creating 
organ-on-a-chip systems.

5  Manufacturing technology

Organ-on-chip technology represents a rapidly evolving con-
nection with the aim involving the fabrication of miniature, 
functional models of human organs using microfabrication 
techniques [152]. These models, also known as organoids 
or tissue chips, aim to replicate the composition and pur-
pose of real human organs in an organized and customizable 
approach. The 3D bioprinting for organ-on-chip fabrication 

Fig. 11  A conceptual repre-
sentation of interconnected 
multiorgan chips resembling the 
Vitruvian Man [4]
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(see Fig. 13) includes the capacity to carefully regulate tis-
sue models’ cellular structure, architecture, and mechanical 
behavior; 3D bio-printed organ-on-chips in drug detection; 
toxicology testing; disease molding; and personalized medi-
cine [153].

3D bio-printing systems constitute extrusion-based, 
inkjet-based, and laser-based approaches and their appli-
cations in creating organ-on-chips. It addresses the many 
bio-ink materials that may be utilized for 3D bioprinting 
organ-on-chip models, including hydrogels, cell-laden bio-
inks, and composite materials [154, 155]. 3D bio-printed 
organ-on-chips has the potential to advance personalized 
medicine by enabling patient-specific disease modeling, 
medication screening, and regenerative medicine. It also 
highlights the limitations and challenges of this technology, 
such as the need for standardized protocols, reproducibility, 
and regulatory considerations. 3D cell printing technology 

can generate viable biological tissues and artificial organs 
[156]. The method has shown promise in drug testing and 
screening by simulating tissues and disorders such as skin, 
liver, and cancer [157]. Printing can produce multilayered 
architectures with required patterns and thicknesses, mim-
icking the diverse functions of skin that contain various ele-
ments in multiple layers [158]. Investigating the liver using 
3D-printed chips comprising numerous structures of mini-
human liver tissue is possible, as the liver contains parenchy-
mal hepatocytes as well as non-parenchymal auxiliary cells 
[159]. The article also discusses the use of 3D printing in 
generating simulated human breast cancer to mimic cancer 
growth inside the breast stromal tissue [156].

Integrating 3D cell-printed tissue with microfluidic 
devices has brought the possibility of printing organs-
on-chips one step closer [160]. Two main approaches to 
achieve this integration are a combination of two-step and 

Fig. 12  Multiorgan-chip devices facilitate disease simulation, drug pharmacokinetics/pharmacodynamics investigation among cells and the 
development of body-on-chip systems [146]
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single-stage manufacturing. In the two-step manufacturing 
approach, micro-organs are printed separately and assem-
bled onto pre-fabricated microfluidic platforms [161, 162]. 
This approach allows for traditionally manufactured high-
resolution microfluidic tubes and chambers. For example, 
perfusable liver-on-chip along with multiple micro-liver tis-
sues-on-chip have been successfully printed using extrusion 
printing and assembled onto pre-fabricated microfluidic plat-
forms [163]. However, this approach still requires manual 
intervention, which may create mechanization challenges, 
inaccurate reproduction, and contaminated cultivation, pos-
ing challenges for commercialization.

On the other hand, the single-stage manufacturing 
approach involves the complete chip device, containing 
the cells and mechanical components, being printed, such 
as gaskets and microfluidic passage, in a single procedure 
[162]. This approach has been shown to be an efficient, 

productive manufacturing procedure. For instance, a spa-
tially heterogeneous liver-on-chip and a nervous structure 
model with compartmentalized chambers have been success-
fully printed by employing extrusion-based printing using 
several materials [163, 164]. Additionally, perfusable and 
permeable channels made up of live cells, such as a proximal 
kidney tubule-on-chip, have been printed using fugitive ink 
in a single-step manufacturing method [165]. Overall, the 
two-step, as well as single-step manufacturing approaches, 
have shown promising results in developing organs-on-chips 
using 3D printing technology. Each approach has its advan-
tages and challenges, and further examination is needed 
to enhance the printing process, improve automation, and 
ensure reproducibility and scalability for commercialization.

Integrating machine learning techniques with microflu-
idic technology in materials science and biomedicine can 
enable the development of intelligent microfluidic devices 

Table 2  Summary of existing 
multiorgan-on-chip technology 
models

Organs/ 

Interactions

Cell Type Remarks Devices References

Blood-brain 

barrier

Primary 

astrocyte cells 

(AC), Human 

umbilical vein 

endothelial cells 

(HUVEC)

For studying the 

physiological 

responses of the 

blood-brain barrier 

(BBB) and 

potential 

neurotoxicity due 

to the exposure of 

indoor nanoscale 

particulate matter

 [28], 

[68]

Liver and 

heart

Human induced 

pluripotent stem 

cells (hiPSc) 

derived 

cardiomyocytes, 

Human primary 

hepatocyte

Useful for 

analyzing the 

transport 

dynamics, 

Toxicity profiling, 

as well as the 

distinct effects of 

acute and chronic 

[145]

drug exposure of 

topically 

administered drugs 

like diclofenac, 

hydrocortisone, 

ketoconazole, and 

acetaminophen. 
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Table 2  (continued)

Intestine, 

Liver, skin, 

and kidney

Human 

HepaRG cell 

line, Human 

primary hepatic 

stellate cell 

(HHSteC), 

Proximal tubule 

cell line 

(RPTEC/TERT-

1) 

Used for 

additional in vitro 

observation of 

absorption, 

distribution, 

metabolism, and 

elimination 

(ADME) and 

repeated dosage 

toxicity 

assessment of 

potential 

medications.

 [143], 

[144]

Multi-organ 

microfluidic 

chip

16HBE, human 

non-small cell 

A549 HUVECs

WI38, THP-1,

HA-1800,

Fob1.19,

L-02

Replicating the 

biological and 

physiological 

characteristics of 

cells in vitro while 

mimicking the 

cellular 

microenvironment, 

brain, bone, and 

liver metastases 

from lung cancer 

 [146], 

[149]

mimic, Analysis in 

real-time and on-

chip

Fig. 13  Schematic representation of a advancements in bioprinting techniques for organ-on-chip fabrication and b nozzle-based bio-printed 
models [153]
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to enhance performance along with the efficiency of micro-
fluidic devices in various applications. In microfluidic stud-
ies, researchers have commonly set initial conditions and 
adjusted parameters manually. However, machine learn-
ing integration, as demonstrated by autonomous encoders, 
makes it possible to transform numerous inputs into low-
dimensional representations for input reconstruction. Using 
concentrated emulsions, an unsupervised method has dem-
onstrated efficacy in forecasting emulsion stability based on 
droplet morphology. Furthermore, machine learning using 
model-free episodic control and Deep Q-Networks have 
been applied to automatically optimize volumetric flow rates 
in microfluidic channels. While observing through an opti-
cal microscope and modifying parameters to attain rewards 
depending on specified variables, these models acquire the 
appropriate flow rates [166]. The combination of machine 
learning and microfluidics has resulted in novel applications 
with significant effects. In drug development, machine learn-
ing algorithms automate and improve microfluidic experi-
ments, speeding up the process and improving repeatability. 
Predictive modeling for fluid dynamics inside microchan-
nels helps the design of microfluidic devices while reducing 
experiment time. Closed-loop feedback systems use machine 
learning to make real-time corrections, improving experi-
mental control and flexibility. In diagnostics, microfluidic 
devices use machine learning to evaluate data, allowing for 
more accurate illness identification. Overall, this integration 
accelerates progress in healthcare, biotechnology, materi-
als science, and manufacturing by offering more efficient, 
automated, and adaptable processes. Arianna et al. [167] 
discussed the growing significance of machine learning and 
image analysis in organ-on-chip platforms, which are novel 
in vitro ideas that simulate human organs’ physiological as 
well as mechanical properties. They describe how machine 
learning algorithms are used to analyze the large amounts 
of data generated by organ-on-chip schemes, including 
images of cells along with tissues. This allows research-
ers to identify patterns and relationships that may not be 
visible to the human eye, make more accurate predictions 
about how drugs and diseases will interact with the human 
body, and describe how traditional approaches to analyz-
ing organ-on-chip platforms involved manual observations 
and measurements, which were time-consuming, labor-
intensive, and prone to human bias. In contrast, machine 
learning algorithms and advanced image analysis techniques 
can potentially accelerate and enhance organ-on-chip plat-
form analysis. Various machine learning algorithms, such 
as supervised, unsupervised, and deep learning, are com-
monly used in organ-on-chip research. It also highlights the 
importance of data preprocessing, feature extraction, and 
model validation in ensuring the accuracy and reliability of 
machine learning-based analyses. It also discusses the chal-
lenges and limitations of using machine learning and image 

analysis in organ-on-chip research, including the need for 
large annotated datasets, potential biases in training data, 
interpretability of machine learning models, and standardi-
zation of image analysis protocols [167].

Artificial neural networks are used in deep learning, a 
type of machine learning, to automatically learn represen-
tations of data from large datasets, enabling the prediction 
and analysis of complex patterns [168]. Recurrent neural 
networks (RNNs) in time-series computation convolutional 
neural networks (CNNs) in image processing data, and vari-
ational autoencoders (VAEs) for generative modeling are 
among the deep learning approaches often utilized in organ-
on-chip research [169, 170]. It incorporates multi-omics data 
integration for comprehensive analysis, the application of 
reinforcement learning for automated control of organ-on-
chip devices, for the development of personalized medical 
techniques employing patient-derived organ chips paired 
with deep learning algorithms [171]. Santbergen et al. [172] 
emphasized the importance of online and in situ anatomizing 
techniques in organ-on-chip studies, which enable continu-
ous surveillance and characterization in relation to cellular 
and tissue responses. This online analysis method includes 
optical and electrical sensors, microfluidic techniques, and 
imaging modalities compatible with organs-on-chip technol-
ogy to continuously monitor physiological parameters, drug 
metabolism, and cellular behaviors.

Furthermore, the research emphasizes using in situ ana-
lytical methods such as immunostaining, gene expression 
profiling, and proteomics, which enable the assessment 
of cellular and molecular changes within organs-on-chip 
devices without altering their milieu. The report also exam-
ines the benefits and drawbacks of remote and in situ inves-
tigation in organ-on-chip research, such as the capacity to 
gather real-time data, increase experimental repeatability, 
and minimize the need for animal models. However, device 
complexity, compatibility with long-term culture, and data 
analysis and interpretation are also addressed.

Cho et al. [173] developed a smartphone-based fluores-
cence microscope in real-time analysis of organ-on-chip 
devices (refer to Fig. 14a), enabling visualization of cellular 
structures and monitoring of biomolecules and cells. They 
propose a dual-mode monitoring system combining time-
lapse imagery with fluorescence intensity measurement. 
Using the time-lapse imaging mode, a portable and low-
cost imaging instrument, a smartphone-based microscope, 
can capture high-quality fluorescence pictures and long-term 
visualization of biological dynamics, such as cell movement, 
fertilization, and death. The fluorescence intensity measur-
ing mode measures fluorescence intensity variations, which 
may be used to track biological responses to medication 
treatments or other interventions. Combining these two 
modalities allows an in-depth look at the cellular behav-
ior in organ-on-chip technology. The smartphone-based 
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microscope with mobility and cost makes it accessible to 
researchers in resource-limited situations, and the real-time 
monitoring capabilities enable immediate feedback and 
iterative optimization of organ-on-chip systems [173]. Sun 
et al. [147] suggested merging additive manufacturing using 
microfluidics to get around these limitations and enable the 
creation of another complicated and repeatable organ-on-
chips (refer to Fig. 14b). Additive manufacturing methods, 
like 3D printing, allow for the creation of structures with 
great complexity and accuracy, while microfluidics allow 
for controlling fluids and cells within the device.

Combining these two approaches enables the creation of 
organs-on-chips with complicated geometries and micro-
environments that closely resemble in vivo settings. The 
study shows how additive manufacturing techniques, like 
stereolithography and fused deposition modeling, have pro-
duced microfluidic devices for organ-on-chip applications. 
The authors also explore the advantages of integrating 3D 
printing and microfluidics, such as the capacity to gener-
ate customized and complicated microenvironments that 
can simulate the physiological circumstances of certain 
organs [174]. Table 3 presents various microfabrication 
techniques commonly utilized to fabricate organ-on-chip 
microfluidic devices, including microcontact printing, bio-
printing technology, replica molding, and soft lithography. 
Broadening the horizon of technological progress, a crucial 
need becomes evident—an interdisciplinary intersection 
of diverse technical approaches and collaborative efforts 
with the medical field. This integration is crucial to ensure 
that innovations may be effectively and uniformly adopted 
and expanded. However, the process of bridging the gap 
between technological advancements and the stringent realm 
of medical approvals results in a delay, leading to a challeng-
ing and restrictive environment. Moreover, careful material 
selection becomes critical to chip manufacture, requiring 

the emulation of human organ-like features for thorough 
study and practicality. The next section will explore these 
concerns in more depth, emphasizing the need to use inter-
disciplinary approaches to effectively navigate this changing 
environment.

6  Discussion

The present study discusses the challenges, manufacturing 
technology, and numerous organ-on-chip models in detail. 
Researchers have created organs-on-chips for a variety of 
organs during the last decade, including the kidney [25], 
blood-brain barrier [28], liver [29], smooth and striated mus-
cle [57], heart [61], neuron [71], lung [76], gut [116], skin 
[101], and bone marrow [125]. The impact of shear stress 
and fluid movement on cell configuration and activity, along 
with the resulting gradients of dissolved oxygen together 
with soluble inflation elements attributable to the depletion 
of soluble species, have been studied using these devices. 
The privilege of organ-on-chip engineering science, such 
as the potential to accurately replicate disease states, screen 
drugs with greater efficiency and accuracy, and reduce the 
need for animal testing, has also been discussed in the study. 
Organ-on-chip specimens, which represent the architecture 
and functions of real organs, have the potential to advance 
biomedical research by providing a more precise and reli-
able method for examining the impacts of medications and 
illnesses on human tissues. The organ-on-chip field demands 
the harmony of multiple techniques, such as molecular biol-
ogy combined with cell biology, organ anatomy, micro-
fluidics, microfabrication, materials science, and clinical 
disease knowledge. Access to laboratory facilities for cell 
culture, biochemistry, and microfabrication, along with col-
laborative efforts, is imperative. The 3D architecture and 

Fig. 14  A diagrammatic depiction of a real-time observation of an organ-on-chip system [173] and b a new frontier in the fabrication of 
advanced organ models [147]
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microenvironment of cells are important factors that need 
to be accurately replicated to develop models for organ tis-
sues and diseases on a chip. Incorporating softer identity 
features and a micro incubator with organized fluid perfu-
sion can support a better “in vivo-like” culture environment, 
as the physical microenvironment of cells in culture sig-
nificantly impacts cell function. The availability of afford-
able disposable chip variations for usage in broad culture 
may result in a rapid adoption proportion among biology 
labs and potentially revolutionize cell culture. For example, 
under dynamic flow, in a microfluidic cave, an amalgamated 
population of primary hepatocytes developed periportal- and 
perivenous-like structures and cell compartments within 1 
day. The “zonation” response in the microfluidic chamber 
with mixed primary hepatocytes was primarily determined 
by oxygen tension, as the flow produced dissolved oxygen 
gradients with accountable growth factors [175].

Significant progress has been made in the microfluidic 
design, which serves as a foundational element in organ-on-
chip platforms. Studies have demonstrated the development 
of intricate architectures that closely replicate the intricate 
microenvironments found in human organs. These techno-
logical developments have resulted in improved interactions 
between cells in the microfluidic environment, affecting cell 
behavior, survival, and specialization. Advanced biomate-
rials and cutting-edge methods, like as 3D printing, have 
improved cell culture in organ-on-chip systems. This allows 
for the replication of tissue-specific functions and architec-
ture. Notably, studies have shown the efficient differentiation 
of stem cells into particular cell types, attaining a degree of 
biological relevance critical for meaningful in vitro mod-
eling. The primary objective of organ-on-chip systems is 
to accurately replicate disease circumstances, and recent 
research has achieved significant advancements in this area. 
From replicating the microenvironment of cancers to simu-
lating cardiovascular disorders and neurodegenerative con-
ditions, these models offer unprecedented insights into dis-
ease progression and responses to therapeutic interventions. 
Organ-on-chip technology represents a major advancement 
in personalized medicine, allowing for customized treatment 
strategies that take into account individual disease charac-
teristics. Furthermore, by the integration of several chips 
specialized to various organs, scientists have developed 
more extensive models that replicate systemic interactions 
and reactions, thus advancing our progress toward a full 
depiction of human physiology. These integrated platforms 
provide opportunities to investigate the connections between 
many organs, drug metabolism, and toxicity in a way that 
accurately represents the intricate nature of the human body.

Also, organ-on-chip technology nourishes a unique stage 
toward disease research, advancing diagnosis and treatment 
techniques to improve global health. This method reduces 
the requirement for in vivo animal testing and saves time 

and money in medication development. Organ-on-chip ena-
bles 3D culture and cell-cell communications, as well as the 
application of mechanobiological stimuli, networked testing 
intensive care, and reduced experimentation costs. However, 
critics have worried about organ-on-chip accuracy, particu-
larly in reproducing micro-physiological settings. Bioengi-
neered liver, cardiac, and lung tissues have been integrated 
into a multi-tissue organ-on-chip platform in a different 
recirculating perfusion system. The platform enables bio-
sensing capabilities and allows for studying intricate con-
nections between various bodily tissues. The technology is 
demonstrated for a wide range of applications, including the 
characterization of individual organoid/tissue models, liver 
insult, and preventative measures research, a two-organoid 
interdependent dual drug response, a three-organoid detec-
tion of an unexpected drug undesirable effect, and a liver 
insult and countermeasure study. The article emphasizes the 
importance of bioengineered tissues and their supportive 
microenvironment in achieving high tissue functionality 
toward the future of the multi-tissue organ-on-chip platform 
in drug development and toxicity testing. Microchannels are 
scaffold-like structures that, when combined with suitable 
cell culture techniques, are ideal for examining vessels. Flex-
ible materials are utilized in organ-on-chip to resemble the 
mechanical motions peculiar to organs, as flow is a crucial 
aspect of the technology. Material compatibility alongside 
the cultural environment and test configurations is essential 
in organ-on-chip technology, and surface modification pro-
cedures can mitigate the impact of the material on the test 
mixtures. The accomplishment of organ-on-chip technology 
depends on continued multidisciplinary research to develop 
new chips, identify suitable materials and microfabrication 
techniques, and make cost-effective designs available in the 
market.

However, the success of effective in vitro models such as 
organ-on-chip technology remains limited, leading to the 
prevalent utilization of animals for testing drugs for various 
illnesses and injuries. These models stabilize early hepato-
cyte activity, allowing researchers to determine if exposing 
cells to toxins would result in their destruction via various 
channels [24, 34–36]. Such models have proved beneficial in 
developing drug testing models, researching viral replication 
of the hepatitis B virus, assessing medicine skin sensitivity, 
and imitating alcohol harm [39]. However, the current liver-
on-chip models do not assess the liver and immunological 
competence and its influence on medicine rejection, which 
is crucial in drug development. Notably, drug-induced liver 
toxicity is the leading cause of the end of medical thera-
peutic studies and is the primary justification for removing 
drugs from the market [52]. Incorporating essential immune 
system characteristics like Kupffer cells into liver simulators 
would enhance our acquaintance with the root causes of liver 
disease. Microfluidic organ-on-chip models, accompanied by 
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personalized medicine, are promising for medication screen-
ing, toxicity, and disease modeling. Heart-on-chip technol-
ogy has been utilized within cardiovascular research on 
the road to developing innovative research methodologies. 
Researchers have developed surface-textured, elastic poly-
dimethylsiloxane films containing implanted newborn rat 
cardiomyocytes to examine changes in contractile capability 
[57]. A microfluidic device with a fibrin matrix has been 
created to simulate vascular networks, and a micro-organ 
tissue chip has been developed by merging cardiomyocytes 
with vascular endothelial cell networks [58, 59]. A cardiac 
organ platform that matches cardiomyocytes' mechanical 
and physiological environment has been established, allow-
ing for direct viewing and quantitative evaluation previously 
unattainable in cell cultures or animal models [61]. One crit-
ical component of advancements in cardiovascular medicine 
research is the reduction of cardiotoxicity, which regularly 
happens in drug trials and has been a primary reason for 
clinical trial discontinuation or drug recall from the mar-
ket. To address this, a functioning micro-engineered cardiac 
tissue-based pulsating heart on a chip was constructed to 
forecast hypertrophic alterations in cardiac cells. The tech-
nology can produce cardiac microtissues accompanied by 
better mechanical and electrical connectivity between nearby 
cells. Brain-on-chip technology is often created using con-
tact printing, 3D printing, mold lithography, and hydrogel 
casting [66]. Recent advances have focused on developing 
brain microfluidic simulations in both healthy as well as dis-
eased states, yielding promising results in drug discovery 
and tailored therapy for neurological illnesses. Models of 
the blood-brain barrier-on-chip have been built to investigate 
the function of neuro-inflammation in degenerative diseases 
such as Alzheimer’s syndromes with antibody trafficking 
into the central nervous system [68]. Furthermore, multistep 
lithography has shown beneficial in growing cells in open 
environments, allowing for experiments on axon regenera-
tion and axon-specific pharmacological therapies. For exam-
ple, a brain-on-chip idea was developed to investigate the 
harmful effect of amyloid on neuronal network breakdown. 
An integrated brain-on-chip system has also been built to 
research interactions between neurovascular cells and link-
ages between the brain and organs [72, 73].

A microfluidic technique that includes patient-specific 
stem cells has been developed to build a personalized 
brain-blood barrier chip in order to duplicate the blood-
brain barrier and to anticipate inter-individual variability. 
Microfluidics and organ-on-chip technology can enhance 
our comprehension of pulmonary, renal, skin, as well as 
gastrointestinal illnesses and treatments. In the case of 
lung disorders, replicating the intricate alveolar system 
in a laboratory setting has been challenging, but by using 
microfluidics, the success of extracorporeal lung models 
has shown promise. Kidney-on-chip devices have enabled 

researchers to analyze drug-induced nephrotoxicity, albu-
min transport, glomerular function, and kidney develop-
ment. Skin-on-chip technologies are useful for considering 
numerous aspects of skin biology along with pathology, 
including inflammation, toxicological research, and wound 
healing. Gut-on-chip models have permitted the creation 
of a regulated microenvironment that imitates the human 
intestine and in-vivo microenvironment. Although breast-
on-chip and spleen-on-chip technologies have been created, 
their capabilities are still limited. By combining organ-on-
chip approaches with other technologies, like tumor-on-
chip technology, we may enhance the simulation of tumor 
development in the breast and the microenvironment of 
bone marrow in vitro. These advancements in microfluid-
ics technology provide a potential method for tailoring drug 
screening systems and enhancing greater comprehension of 
the underlying molecular mechanisms of organ function and 
illness [74, 75, 93–98, 106, 107, 114–116]. The application 
of 3D-printed organ-on-chips is growing in popularity, and 
present research has stated new features and trends in their 
fabrication. The progress of organ-on-chip models leans on 
developing efficient and automated initial production pro-
cesses, modular evolution for creating complex organ-on-
chips, and improved personified applications. Developing a 
multi-organ technique, or body-on-chips, is also a promising 
application for 3D printing technology, which has shown 
great potential in amalgamating organs and other operating 
parts in a modular fashion. Designing standardized inter-
faces, ensuring reliable chip-to-world connection sealing, 
and finding suitable sterilization methods are experimental 
works for 3D-printed organ-on-chips. Numerous potential 
applications for microfluidic systems have also been shown 
in assisting 3D bio-printing. Therefore, as a consequence, 
the combination of microfluidic chips and cell biology has 
aided in the advancement of multi-organs-on-chip. These 
systems visualize physiology and disease while reproducing 
tissue shape and complicated organ function. The developed 
system’s repeatability, dependability, and sensitivity will be 
continuously assessed. This method is a proof-of-concept, 
and further improvements to gene expression and regulation 
analysis may be necessary.

The study explores the real-world application of the stated 
technology, going beyond theoretical boundaries. The manu-
script extends its exploration beyond theoretical advance-
ments to delve into practical applications where organ-on-
a-chip technology has showcased substantial impact. By 
scrutinizing real-world scenarios, the manuscript provides 
valuable insights into the transformative potential of organ-
on-chip platforms. Examples may include their use in drug 
development, where precise mimicking of human organ 
responses aids in the identification and testing of pharma-
ceutical compounds, ultimately expediting the drug discov-
ery process. Additionally, the application of organ-on-chip 
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technology in disease modeling allows for a nuanced under-
standing of pathophysiological mechanisms, offering a plat-
form for personalized medicine strategies. Through these 
practical applications, the manuscript not only elucidates 
the theoretical strides made in organ-on-chip technology but 
also underscores its tangible contributions to revolutionizing 
various facets of biomedical research and healthcare.

7  Challenges

Creating organ-on-chip models presents a hopeful route 
toward studying brain physiology and disease in a controlled 
setting and for preclinical drug identification and develop-
ment. These models can be employed alone or as part of a 
larger system to examine pathological states in the brain, 
such as inflammation, infection, traumatic brain injury, 
degenerative illnesses, brain tumors, and others. However, 
numerous biological and technical difficulties need to be 
addressed and solved to make organ-on-chip feasible as pre-
clinical platforms. Some biological issues involve the crea-
tion of global media, tissue vascularization, co-culture on 
various cell types, cell density control, and immune response 
recapitulation. The technological challenges include drug 
and biomarker adsorption, sensor module integration, proper 
oxygenation and nutrition delivery, cell-cell interaction, and 
viability monitoring. Several fundamental challenges must 
be overcome before body-on-chip-based technologies be 
used to their full potential. These include combining many 
cell types growing for integration inside a single device to 
mimic organ acts in an imperceptible device, issues caused 
by PDMS dependence, methods for effective, repeatable 
microfluidic chip manufacture, etc., and incorporating on-
chip sensors.

Despite recent advancements, it has proven difficult 
to maintain sustainable in vitro blended cultures of more 
than two or three distinct kinds of cells; hence, finding a 
universal medium capable of maintaining multicellular 
networks is essential. While numerous materials contain-
ing PMMA, COC, and PEGDA, have been investigated as 
substitutes for PDMS, every single one has its drawbacks, 
and new materials need to be studied; scaling organ-on-chip 
models offers another significant difficulty. While a basic 
engineering strategy can suffice to mimic the role of some 
organs, such as merging a peristaltic micropump to resemble 
pulsatile blood flow, studying drug potential toxicity in the 
body or acquaintance with syndrome and etiology neces-
sitates vital response between multiple organs and special-
ized microenvironments. Physiological barriers such as the 
BBB, skin, GI tract, along lung require different engineering 
together with perfusion procedures than parenchymal tis-
sues such as fat, kidney, heart, adrenal glands, liver, spleen, 
and pancreas, which are best modeled utilizing 3D culture 

approaches. The material used to build multi-organ-on-chip 
platforms is critical, with PDMS being the most popular 
in the academic community. However, questions have been 
expressed concerning its absorbency and compatibility 
with large-scale fabrication and device commercialization. 
By simulating in vivo-like tumor microenvironments, the 
microfluidic organ-on-chip prospect of technology devel-
opment is promising for screening anticancer drugs, cel-
lular and nanotechnology-based therapies, and optimizing 
therapeutic conditions. However, optimizing the functional 
connection of numerous organ systems to precisely simu-
late drug adsorption, distribution, metabolism, and excretion 
remains a substantial issue. Organ-on-chip outperforms ani-
mal and earlier static models, like spheroids and organoids, 
by allowing for clinical pharmacokinetics, precise control of 
cell-culture parameters, and toxicities of drugs. The capac-
ity to modify crucial factors such as concentration gradients 
and tissue-organ interplays placed organ-on-chip among the 
World Economic Forum and top ten developing technolo-
gies. Technical robustness, on the other hand, remains an 
issue, and clinical studies take time. Recent breakthroughs 
in organ-on-chip technology include creating biopolymer-
based materials for scalable systems and an effective, inte-
grated microfluidic grade generator for mechanical stimulus 
and medication administration.

Organ-on-chip can potentially speed up drug devel-
opment, notably in targeting cancer stem cells, and pro-
vide significant insights into multicellular interactions 
and drug resistance mechanisms. Commercializing pre-
fabricated tumor chips will most likely simplify medical 
research for cancer therapies. The creation of intricate 
3D organ-imitating cell constructions on chips is made 
possible by 3D bioprinting. However, there are drawbacks 
and difficulties with current 3D bioprinting technolo-
gies, including high costs and low cell survival. Future 
research may focus on creating fresher 3D bioprinting 
techniques or merging existing ones to solve these prob-
lems. Further developing iPSC-derived cells can also 
raise the population variety necessary for effective drug 
screening. Incorporating enhanced molecular reporters, 
nanoscale biosensors, and superior imaging technolo-
gies into microfluidic chips can overcome difficulties in 
detecting, sampling, and monitoring results. The perfor-
mance of the chips can be impacted by the biomaterials 
employed to make them, and the high protein adsorption 
on the surface of popular materials like PDMS can limit 
interactions using the cells inside the chip. The collabo-
ration among cells and natural ECM may be impacted 
by the mechanical qualities that synthetic biomaterials 
have over native ECM. Furthermore, the lack of human 
tissue cells, which may necessitate intrusive collecting 
methods, limits the patient specificity of organ chips. 
Organ chips can only be cultured for a few weeks at a 



1949Medical & Biological Engineering & Computing (2024) 62:1925–1957 

time, making it impossible to examine long-term conse-
quences. Device design calls for technical expertise, and 
there is no integration with high-throughput screening 
methods. Additionally, there are issues with organ chip 
validation and quality control, which need thorough test-
ing for robustness and reproducibility before moving on 
to the translational stages. Finally, organ mimetic devices 
are challenging to adapt and set up due to the expensive 
and specialized equipment needed to apply mechanical 
forces and circulate fluid through microfluidic channels.

However, substantial constraints restrict their accura-
cies, such as removing crucial characteristics that con-
tribute to disease models, physiology, and pathology. 
Gut-on-chip models, for example, lack supporting cells 
and tissues seen in the human intestine, creating an inac-
curate illustration of the human gut’s complexity and 
activities. Furthermore, gut-on-chip models have vari-
ous manufacturing limitations, such as cell line longevity, 
alternate sensor connectivity, and an alternate material 
than PDMS. In addition, adding iPSC-derived cells and 
a mucus layer to gut-on-chip models can increase their 
functioning. Although liver-on-chip systems have been 
created to help in drug screening and development, many 
lack in vivo complexity and suitable cell sources. Primary 
human hepatocytes are viable for modeling complicated 
liver illnesses, but their scarcity and donor-to-donor vari-
ability offer problems. Human-specific hepatocytes pro-
duced out of iPSCs have the potential for personalized 
medical methods, but their extensive effectiveness and 
immense manufacturing process, accompanied by great 
consistency, are still unknown. Although microfluidic 
technologies may replicate liver zonation via biochemi-
cal, oxygen, and hormone gradients, other biological 
features, such as hepatocyte polarity, must be addressed. 
Although liver chips can aid in creating bile canalicular 
networks, bile efflux collection channels are required to 
prevent cell toxicity. Miniaturization and parallelization 
can aid in developing low-cost liver analogs with good 
organotypic. To research the host impact on infections in 
the microenvironment of a liver chip, hepatocytes must 
merge cultures with alternative cells along with tissue 
kinds prevalent in the liver, like immune cells and non-
parenchymal cells (NPCs). These NPCs are required for 
medicinal delivery, pharmacokinetic examination, and 
disease forming. Immune cells are useful for simulating 
complicated disease pathways such as hepatitis B microbe 
contagion, immune-mediated drug-induced liver damage 
(DILI), and liver fibrosis. Indirect medication toxicity, 
such as that caused by trovafloxacin and methotrexate, 
necessitates immune cells and their reactions because 
they produce hepatocyte destruction and prompt immune-
inflammatory cell cytokine release, resulting in fibrotic 
injury responses.

8  Future perspectives

Drug discovery, disease modeling, and personalized medi-
cine all stand to benefit greatly from organ-on-chip and 
multi-organs-on-chip systems, but these technological 
advances are still in the proof-of-concept stage, are chal-
lenging to use and construct, and have low throughput. 
Commercially available organ-on-chip systems are sim-
pler than the latest academic devices, which often exhibit 
greater complexity. There are limitations on what research-
ers can do when assembling many chips into multi-organ 
systems using only one supplier because commercial sys-
tems are incompatible. The adoption of organ-on-chip by 
users would be substantially facilitated by implementing 
standards in their design and operation, and these require-
ments can be met via a standard user interface and an open 
platform instrumentation, data standards, compound sets 
for model validation, technology interfacing, and form 
factors are all examples of areas where standardization 
is applicable.

A broadly embraced standardized approach will make 
transferring new gadgets and features from creators to 
consumers easier, hasten commercialization, and pro-
mote innovation. The technical elements of the systems 
for organs on chips and microfluidic operation are prin-
cipally the topic of this viewpoint review. To initiate the 
process of achieving this equilibrium evolutionarily and 
cooperatively, a proposal has been put forward to explore 
an open platform approach that incorporates standardized 
interface communication. This idea is currently under con-
sideration and being carefully considered. Additionally, 
it would offer a standardized and automated method of 
running devices together with a database, making it sim-
pler to test models quickly without needing device-specific 
control and readout systems. Bubbles are introduced to 
cellular integrity while attaching organ-on-chips to micro-
fluidic tubing for system perfusion proliferation and jeop-
ardize system sterility. Aside from these technological 
challenges, the application of organ-on-chip technology 
in medication research and testing is a challenge that must 
be solved. The technique must be thoroughly examined 
before any regulative body can approve it as an effective 
preclinical strategy for evaluating freshly manufactured 
medicines. To do this, researchers, regulators, and industry 
must collaborate closely. Creating a body on a chip neces-
sitates considering inter-organ scaling, shared medium 
and flow rate, as well as the interdependent operation of 
several organs. Even though this technology is utilized to 
depict important organs, relatively little research has been 
done on other organs, such as adipose tissue, the retina, 
and the placenta. A recent study has found a link between 
the microbiome and host metabolism, emphasizing the 
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necessity of integrating organ-on-chip technology and 
microbiome research. Regulative bodies should establish 
standards for verifying this technology for various uses, 
including creating disease models. High throughput organ-
on-chip technology must be developed to speed up the 
screening procedure.

Model parallelization, standardized and adaptable plat-
forms, assurance, automated processes, and online data 
analysis are all critical issues for designing high-throughput 
organ-on-chip models. According to recent research, North 
America is expected to have the largest share (49%) of the 
organ-on-chip technology market as it transitions from 2D 
to 3D cell cultures. The key segments that might gain from 
this technology include pharmaceutical firms, biotechnol-
ogy corporations, and academic and research institutes. The 
growing number of cell-based therapy clinical examinations 
will drive global growth in pharmaceutical/biotechnology 
research funding and the organ-on-chip sector. Newer sys-
tems have improved functionalities, fusion, automation, 
production, and individualized precision medicine to be 
compatible with ordinary biological laboratory studies and 
the pharmaceutical business. Future organ-on-chip systems 
must enhance and standardize the production process and 
improve automation, high throughput, and parallel opera-
tion. Human-derived materials, such as decellularized ECM 
and human tissues, will be employed in personalized preci-
sion medicine. Utilizing induced patient-specific stem cells 
with pluripotent properties and drug screening will allow for 
the production of patient-specific organ chips for individu-
alized disease modeling. Machine learning may also help 
analyze massive amounts of data obtained from organ-on-
chip platforms. Gravity-driven or auto-perfusion systems, 
paper-based cell culture platforms, and magnetic levitation 
for cell separation/isolation/characterization are other viable 
alternatives. The primary goal is to develop a body-on-chip 
system allowing patient-specific illness inquiry and medi-
cation screening across multiple or all organs. It is diffi-
cult to find high-quality human cells, but the availability of 
human-specified driven pluripotent stem cells and organoids 
has made it easier. The restricted throughput of most organ 
chips makes statistically significant tests with many copies 
difficult, while the advent of higher-throughput organ chips 
or automated devices could overcome this problem. Though 
using established cell lines is not ideal, it may be advanta-
geous in some circumstances. The idea that the PDMS mate-
rial utilized to produce several organ chips would be ineffi-
cient for drug research has not proven to be as problematic as 
previously feared. The most challenging issue is conceptual 
because many researchers hesitate to change their practices. 
However, with organizations like the IQ Consortium and the 
FDA, benchmarks are being established to confirm the usage 
of humankind organ chips as animal alternatives and initial 
improvements in this field are being seen.

9  Summary

The current paper delves into organ-on-chip technol-
ogy, covering its problems, manufacturing procedures, 
and several organ models. Researchers have successfully 
developed over the past 10 years organ-on-chip models 
for several different organs, including the kidney, blood-
brain barrier, liver, muscle, heart, neuron, lung, gut, skin, 
and bone marrow. These models examine how fluid flow, 
shear stress, oxygen, and growth affect each other factor 
gradients on cell function. The study emphasizes the ben-
efits of organ-on-chip technology, including its ability to 
effectively reproduce disease states, enhance drug screen-
ing efficiency, eliminate animal testing, and give a more 
reliable technique for examining the impact of drugs and 
illnesses on human tissues. Interdisciplinary collabora-
tion and competence in biology, physiology, microfluid-
ics, materials science, and clinical knowledge are required 
to create model organs on chips. Accurately recreating the 
3D structure and cellular microenvironment is crucial for 
developing realistic organ and disease models on a chip. 
Cost-effective manufacturing technologies are needed to 
produce versatile microfluidic cell culture chips in bulk, 
allowing wider access and adoption in biology labs. The 
development of diagnosis and therapy methods through the 
use of organs on chips offers promise for illness research 
and reduces the reliance on animal testing. However, chal-
lenges remain in accurately reproducing micro-physiolog-
ical conditions. Integrating multiple tissues into a multi-
organ platform has shown promise in studying complex 
interactions and developing drug development and toxicity 
testing applications. Material compatibility, surface modi-
fications, and microfabrication techniques play a signifi-
cant role in organ-on-chip design. Models with a heart and 
liver on chips have shown potential in drug testing and 
studying cardiotoxicity. Lung, kidney, skin, and gut-on-
chip technologies have also offered insights into numer-
ous diseases and therapies, while brain-on-chip models 
have been employed for neurological research and drug 
discovery. Models of organs on chips are being created 
using 3D printing, and attempts are still being made to 
enhance the manufacturing process and develop modular 
and customized systems. The advancement of organ-on-
chip technology offers new possibilities for studying organ 
function, disease mechanisms, and personalized medicine.
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