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This review explores the concept of life-on-a-chip, which involves the creation of miniaturized biological
systems, such as organs, tissues, and model organisms, on microscale platforms called microfluidic chips.
These chips consist of intricately etched channels, wells, and chambers that enable precise control and
observation of fluids, cells, and biochemical reactions, facilitating the simulation of various aspects of hu-
man or animal physiology and the study of responses to different stimuli, drugs, or disease conditions.
The review highlights the application of a novel technology, “Beyond Limit Manufacturing” (BLM), in
the development of sophisticated three-dimensional cell models and model organism microchips. Model-
organism-on-a-chip and organ-on-a-chip (OoC) are among the thriving developments in the field of mi-
crofluidics, allowing for the reconstruction of living microenvironments and implementation of multi-
ple stimuli. The review discusses the latest advancements in life-on-a-chip technology using BLM and
outlines potential future research directions, emphasizing the significant role of these chips in studying

complex biological processes in a controlled and scalable manner.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The global market for three-dimensional (3D) cell culture was
valued at $1.66 billion in 2021 and is predicted to reach $6.46 bil-
lion by 2030, with a compound annual growth rate (CAGR) of 16.3%
[1]. This growth has been further amplified by the recent legisla-
tion signed by President Joe Biden in late December 2022, which
allows new medicines to bypass animal testing for Food and Drug
Administration (FDA) approval. This development has significantly
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boosted the demand for 3D cell models. In particular, microfluidic
technology has emerged as an ideal method to better mimic the
microenvironment of 3D cell models, offering advantages such as a
similar size to the vasculature system, flexible geometry formation,
and easy integration, especially for high throughput applications.
The advancement of microfluidic technology has led to the
promising concept of life-on-a-chip, which shows great potential in
replacing animal tests and finds diverse applications in drug devel-
opment, pathologies, and precision medicine [2]. However, despite
these advancements, the manufacturing techniques for microchips
have not kept pace. Currently, microchips are primarily made by
molding polydimethylsiloxane (PDMS), which hampers their free-
forming capability, necessitating complex processes for their pro-
duction. Moreover, PDMS has its limitations, including hydropho-
bic properties, contamination risk from small molecules, and low
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Fig. 1. High-throughput, high-content, multifunctional screens enabled by the ZoC
technology. Reproduced with permission [7]. Copyright 2022, Wiley Publishing
Group.

light transmission compared to polymethylmethacrylate (PMMA).
As a result, new technological innovations are needed to advance
the life-on-a-chip field and realize its full potential.

In 2018, Cheng & Qian et al. introduced the concept of "Beyond
Limit Manufacturing” (BLM) technology [3]. The research scope of
BLM covers the flexible design and rapid prototyping of 3D mi-
cro/nano devices, including reactors, separators, mixers, crystalliz-
ers, and extractors. Additionally, the evaluation of reaction perfor-
mances in terms of throughput, selectivity, purity, and waste pro-
duction is also an integral part of the research [3]. Notably, the
ultrafast laser microfabrication (ULM) method, also known as ul-
trafast laser-assisted chemical etching, offers distinct advantages
for advanced glass material micro-processing due to its ultrashort
pulse widths and remarkably high peak intensities. These capabil-
ities enable the creation of 3D volume micro/nanostructures with
diverse geometries and allow for multifunctional monolithic inte-
gration, such as 3D photonic, optofluidic, and electrofluidic compo-
nents [4-6]. When applied to life-on-a-chip technology, BLM shows
evident advantages in manufacturing microchips with innovative
evaluation readouts, advanced dynamic fluid control, and higher
complexity in structures and scales. As a result, BLM-produced life-
on-a-chip devices offer enhanced performance and potential for di-
verse applications.

2. Life-on-a-chip made by BLM
2.1. Model-organism-on-a-chip

Zebrafish, a widely used vertebrate model, offers various ad-
vantages for genetics and drug screening due to its small size,
transparency, ease of culture, and amenability to gene manipula-
tion. However, high-content screening for specific organs tradition-
ally involves laborious manual manipulation in agarose, hinder-
ing high-throughput applications. Recent advancements in micro-
/nano-fabrication techniques, with a particular focus on BLM tech-
nology, have paved the way for the development of zebrafish-on-
chips (ZoC) microfluidic systems (Fig. 1). For instance, the “Fish-
Trap” microfluidic array system enables real-time monitoring of
brain activities and has been modified for evaluating other organ
systems such as heart [7]. Additionally, optofluidic platforms al-
low precise chemical delivery and recording of whole-brain neu-
ronal activities in larval zebrafish [8]. Combining microfluidics with
light-sheet micro-imaging, all-glass microfluidic devices have been
realized through femtosecond laser processing for high-resolution
imaging [9]. Such innovative systems seamlessly integrate pharma-
ceutical treatments with real-time multispectral microscopic imag-
ing, eliminating the need for complex pipetting and allowing for
parallel operations. By harnessing the power of machine learning
algorithms, researchers conducted efficient screening and analysis
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Fig. 2. NoC technologies enabled high-throughput screening of Caenorhabditis el-
egans. (A) NoC systems with terminal narrowing designs. Copied with permission
[10]. Copyright 2016, Nature Publishing Group. (B) Hybrid NoC systems. Copied with
permission [13]. Copyright 2023, ACS publications.

of a small library of compounds. The versatility of this approach
extends its applicability to various fields, proving particularly valu-
able in the exploration of combinatorial drugs when sample quan-
tities and resources are limited. With its potential to expedite the
identification of novel therapeutics for precision medicine, the ZoC
technology holds great promise.

Recently, microfluidic systems for behavioral monitoring of an-
imals, such as the nematode Caenorhabditis elegans, have been de-
veloped using different designs, including terminal narrowing de-
signs (to physically trap nematodes, Fig. 2A) [10], chamber de-
signs (for long-term culture in specific spaces) [11], and multi-
layer and actuator-integrated designs (to constrain nematodes be-
tween different chip layers) [12]. In contrast to the laborious and
costly traditional behavioral phenotyping strategies, a more effi-
cient hybrid nematode-on-chips (NoC) technology (Fig. 2B) that
utilizes BLM technology has been successfully designed [13]. This
approach converts animals’ behaviors into friction deformation,
resulting in a contact-separation motion between two triboelec-
tric layers that generates electrical outputs [13]. These signals can
be detected using a homemade multichannel recording system or
a commercial oscilloscope, eliminating the need for microscopes.
This high-throughput, scalable, and cost-effective system provides
information-rich electrical readouts, which have proven sufficient
to predict drug identities successfully.

The application of BLM technology in model-organism-on-a-
chip is in its early stages. However, we can envision the devel-
opment of model-organism-on-a-chip, including ZoC and NoC mi-
crofluidic systems with more complex microstructures using fem-
tosecond laser micromachining. These systems might offer precise
spatiotemporal control of various stimuli for deeply analyzing the
physiological responses of the animals. Advancements in lasers and
3D printing may also further enable the integration of micro/nano-
interfaces, sensors, and circuits into advanced model-organism-on-
a-chip systems.

2.2. Organ-on-a-chip (0oC) and multifunctional automation system

The BLM technology has further expanded its applications by
developing renal proximal tubule-on-a-chip (RPToC), skin-on-a-
chip (SoC), 3D-vessel-on-a-chip (VoC), and tumor-on-a-chip (ToC)
[14-17]. These innovative platforms serve for toxicity evaluation
and personalized medicine.
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In the case of RPToC, patient-specific alveolar epithelial cells
were successfully isolated from lung adenocarcinoma samples.
Zhang et al. accomplished this by using an inertial microfluidic
chip to remove blood cells from lung adenocarcinoma samples,
followed by the separation of patient-specific alveolar epithelial
cells using a Dielectrophoresis (DEP)-based microfluidic chip [15].
This study holds great promise for advancing medical research and
treatment strategies, particularly in the context of combining im-
munotherapy and chemotherapy to improve outcomes in the fu-
ture.

In another notable development, BLM technology has been used
to produce microrelief skin samples to assess cosmetic efficacy.
These skin samples, incorporating microrelief, offer a convenient
means of evaluating the performance of cosmetic products, such as
powders. Notably, microrelief patterns undergo changes through-
out the aging process. This particular attribute could be leveraged
to create tailored and age-specific skin models, thereby facilitat-
ing the appraisal of anti-aging products. Both experimental results
and computational simulations have demonstrated that microrelief
plays a role in enhancing the skin’s resilience against the effects of
aging by adjusting its elastic modulus. Microrelief makes the skin
more adaptable to the tensions that accompany aging and plays an
important role in regulating epidermal modulus, a dominant factor
in wrinkle formation. Furthermore, these skin samples were uti-
lized to construct a SoC model, opening up new avenues for study-
ing skin-related research [17].

VoC with intricate multi-level microstructures [18] can be
meticulously fabricated by BLM to construct an in vitro artificial
microvascular model. By precisely manipulating the growth mi-
croenvironment of human umbilical vein endothelial cells (HU-
VEC), tubular structures, which closely resemble authentic tubu-
lar structures, exhibit a certain level of permeability [19]. These
VoCs have diverse applications in drug discovery, encompassing
drug screening, toxicity assessment, disease modeling, and person-
alized medicine [20-22]. The integrated monitoring system in vas-
cular organ chips enables real-time detection of various physiolog-
ical and pathological indicators, such as oxygen levels, pH, reactive
oxygen species (ROS), cholesterol, and low-density lipoprotein. The
overall advancement significantly enhances analysis efficiency, ex-
pedites drug development, and reduces experimental expenses.

The construction of an integrated intracranial glioma-on-a-chip
(IGoC) system through BLM technology allows for real-time mon-
itoring of glioma invasion (Fig. 3) [23]. Surface-enhanced Raman
spectroscopy (SERS) contributes exceptional sensitivity, enabling
the detection of even ultra-low concentrations of patient biomark-
ers in fluids, leading to more accurate diagnostic outcomes. The
utilization of microfluidic platforms permits the replication of in-
tricate vascular networks and tumor microenvironments, thus fa-
cilitating the development and evaluation of strategies for drug
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Fig. 4. A multifunctional automation system based on a multi-organ-on-a-chip.
(A) The multi-organ-on-a-chip schematic diagram (Up: cross section view, Down:
stereoscopic view). (B) The multifunctional automation system.

delivery. The combination of SERS technology and microfluidics
makes it possible to better simulate the physiological environ-
ment and obtain quantitative measurements [24]. The research
group achieved highly sensitive and quantified detection of vas-
cular endothelial growth factor (VEGF) with a low detection limit
of 3.7 pg/mL. Furthermore, TiO,/Nb,C was utilized to deplete ROS,
which can inhibit glioma cell invasion. This innovative approach
successfully combines an invasion model with SERS and microflu-
idic technology, allowing real-time monitoring and quantification
of the invasion process by detecting VEGF secreted by glioma cells.
This integration of diagnosis and treatment establishes a novel
model for biomedical analysis, clinical diagnosis, and glioma treat-
ment.

To meet the common requirements of high throughput and
standardized operation in drug screening and disease detection,
there is a need for the development of automation technology.
A high-throughput multi-organ-on-a-chip (MOoC) has been devel-
oped alongside its versatile automation system (Fig. 4). The MOoC
comprises an upper culture chamber and lower microfluidic chan-
nels, systematically arranged within a standard commercial multi-
well plate. Notably, endothelial cells are cultivated on the exte-
rior of a porous membrane at the chamber’s base, giving rise to
a vascular barrier. This configuration allows for the passage of
medium through microfluidic channels, propelled by a peristaltic
pump. Consequently, a dynamic interplay among the organoids
cultured in separate chambers becomes feasible. Simultaneously,
a real-time monitoring system for physiological and pathologi-
cal indicators can be integrated [24], facilitating dynamic track-
ing of tissue growth and drug response. These integrated func-
tionalities collectively provide precise regulation of the organoid
microenvironment confined within the chip while allowing con-
tinuous monitoring of functional indicators through online as-
sessments. This system is highly convenient for establishing di-
verse physiological and pathological models and offers numer-
ous methods for drug screening. Furthermore, a modular assem-
bly strategy utilizing porous MXene frameworks to create a diverse
library of gas-sensing materials has been employed. Combined
with a microchamber-hosted MF-based electronic nose, this ap-
proach enables high-discriminative pattern recognition of complex
volatile organic compounds in urine. Consequently, a plug-and-
play point-of-care testing platform with wireless, real-time mon-
itoring capabilities has been developed, achieving an impressive
91.7% accuracy in the noninvasive diagnosis of multiple diseases
[25]. This platform holds substantial promise for early disease
detection, continuous disease monitoring, and various research
applications.
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3. Future perspectives

The primary challenge in fully representing the human body in
vitro using 3D-cell-models-on-a-chip lies in effectively reconstruct-
ing the interactions between different organs in a dynamic and
adaptable manner. To address this, the integration of various or-
gans with adjustable functions becomes crucial for the successful
completion of this task. A promising approach involves combin-
ing OoC technology with organoid-on-a-chip (ONoC). By leveraging
the strengths of both technologies, such as the stem cell-derived
nature of organoids and the spatial biomimicking of organ com-
partments, we may unlock the potential to create highly realis-
tic in vitro human models in the future. An essential element in
these microchip integrations is the use of BLM due to its advanced
manufacturing approaches, facilitating the realization of these in-
tricate setups. Through innovative advancements in this field, we
are moving closer to overcoming the obstacles and achieving sig-
nificant breakthroughs in the representation of human physiology
on chips.

One crucial aspect to address when considering the representa-
tion of the human body in vitro using 3D-cell-models-on-a-chip is
the matter of regulation. While there are various protocols acces-
sible for OoC [26], the absence of standardized regulations for the
processing of these microchips is a pressing concern. Therefore, it
becomes imperative to establish a robust regulatory framework to
govern the usage and development of microchips in this context.

4. Conclusion

BLM technology has been successfully employed to create life-
on-a-chip, which included the implementation of ZoC and hybrid
NoC approaches for high-throughput drug development. Addition-
ally, various other organ-on-chip models such as RPToC, SoC, VoC,
and IGoC were utilized for applications in toxicity testing and pre-
cision medicine. Furthermore, we achieved significant progress by
constructing integrated systems of VoC with monitoring modules
and MOoC setups.

The utilization of BLM has shown immense promise in revo-
lutionizing life-on-a-chip, bringing us closer to the realization of
replacing animal testing in the foreseeable future. The remarkable
advancements made in this study hold great potential for enhanc-
ing drug development and toxicity assessment, and advancing the
field of precision medicine while reducing the reliance on animal
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experiments. It is our hope that these findings will contribute to
the continued advancement of ethical and effective research prac-
tices in the biomedical sciences.
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