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A B S T R A C T   

Because of the brain’s complexity, developing effective treatments for neurological disorders is a formidable 
challenge. Research efforts to this end are advancing as in vitro systems have reached the point that they can 
imitate critical components of the brain’s structure and function. Brain-on-a-chip (BoC) was first used for 
microfluidics-based systems with small synthetic tissues but has expanded recently to include in vitro simulation 
of the central nervous system (CNS). Defining the system’s qualifying parameters may improve the BoC for the 
next generation of in vitro platforms. These parameters show how well a given platform solves the problems 
unique to in vitro CNS modeling (like recreating the brain’s microenvironment and including essential parts like 
the blood-brain barrier (BBB)) and how much more value it offers than traditional cell culture systems. This 
review provides an overview of the practical concerns of creating and deploying BoC systems and elaborates on 
how these technologies might be used. Not only how advanced biosensing technologies could be integrated with 
BoC system but also how novel approaches will automate assays and improve point-of-care (PoC) diagnostics and 
accurate quantitative analyses are discussed. Key challenges providing opportunities for clinical translation of 
BoC in neurodegenerative disorders are also addressed.   

1. Introduction 

The brain is the most complex organ in the human body (Akhtar 
et al., 2021; Vieira de Sá et al., 2021). The skull protects the brain from 
mechanical stress, while the blood-brain barrier (BBB) protects the brain 

from external toxins (Liang and Yoon, 2021; Teleanu et al., 2022). To 
maintain the physical and chemical stability of the neuronal microen
vironment, the BBB limits molecular transit between circulation and the 
brain parenchyma (Sullivan et al., 2022; Zhao et al., 2022). Types of cell 
configuration, tight junction proteins, selective permeability, and shear 
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stress from fluidic flow have been previously discussed as critical 
brain-on-a-chip (BoC) features (Amirifar et al., 2022; Bang et al., 2021), 
where BoC is being examined as a substitute for typical in vitro tech
niques and animal models (Aazmi et al., 2022; Lu et al., 2022). BoC is 
more accurate in predicting human-individual clinical effects than 
conventional preclinical prototypes (Jagtiani et al., 2022) and is a 
promising tool for disease modeling, drug testing, and personalized 
therapy (Ingber, 2022; Subia et al., 2021). These platforms also provide 
advantages such as rapid and affordable production procedures, design 
flexibility, and reduce the use of chemicals and precious cells (Haeberle 
and Zengerle, 2007; Mark et al., 2010). 

Sensors aid in evaluating the stability of BoC and molecular trans
ports by providing accurate data sampling, real-time detection, and/or 
suitable imaging (Azimzadeh et al., 2021; Liang and Yoon, 2021; Pere
strelo et al., 2015). Recent microfluidic and sensor advancements may 
enable us to screen and simulate BoC physiological activities on a single 
platform, clearing gaps in in vitro BoC models (Liang and Yoon, 2021; 
Wang et al., 2020). Furthermore, interdependence, minimally invasive 
detection of blood-based biomarkers, simplicity, cost-effectiveness, 
early diagnosis with low concentration, and short time using dispos
able microfluidic platform (DμP) compared to commercial ELISA kit 
could offer exciting opportunities to improve the quality of life for pa
tients (de Oliveira et al., 2020b). 

Optical, mechanical, and electrochemical sensors can potentially be 
used with BoC models (Fuchs et al., 2021; Liang and Yoon, 2021; Stra
kosas et al., 2015). Color, absorbance, reflectance, and fluorescence are 
measured by optical sensors and converted into useable electrical signals 
(Chanda and Balamurali, 2021; Werner et al., 2021). Surface plasmon 
resonance (SPR) is another optical sensor that detects plasmon light 
wave changes on a metal surface through which a liquid sample flows 
(Homola et al., 2005; Piliarik et al., 2009). Optical sensors also direct 
fluorescence excitation (Dostálek et al., 2005), which has been minia
turized and incorporated into microfluidic devices (Chen et al., 2020; 
Wang and Fan, 2016). Mechanical sensors can measure surface stress or 
oscillation frequency to monitor mass deposition on a surface (Chen 
et al., 1995; Ricco and Martin, 1991). Also, these sensors can aid in 
accurate data collection, real-time detection, and/or suitable imaging 
(Liang and Yoon, 2021; Prodanov and Delbeke, 2016; Zhao et al., 2021). 
The surface-stress sensor uses a cantilever to monitor changes in 
deflection caused by molecular binding (Butt, 1996; Moulin et al., 
2000). By observing how long a molecule takes to complete a cycle of 
dynamic oscillation at a fixed resonance frequency, the oscillation 
sensor may infer the strength of a molecule’s binding (Eom et al., 2011; 
Subramanian et al., 2018). Electrochemical sensors have been differ
entiated into amperometric, potentiometric, conductometric, and 
impedimetric forms (Blanco-López et al., 2004; Mollarasouli et al., 
2019). Amperometric sensors are used in glucose monitoring to quantify 
the changes in electronic current at a constant affected potential due to 
an enzyme-catalyzed reaction (Heller and Feldman, 2008; Touhami, 
2014). Ion concentrations can be measured across electrodes using a 
potentiometric sensor (Mousavi et al., 2018). Under direct current, 
molecules that stick to the surface change the conductance, measured by 
a conductometric sensor. Impedimetric sensors are more regulated than 
other electrochemical sensors since they can specify more evidence of 
molecular binding without requiring bioreceptors like enzymes or an
tibodies (Grieshaber et al., 2008; Janata, 2009), which could be used to 
disrupt barrier integrity and induce BoC protein expression (Pediadita
kis et al., 2021a; Vatine et al., 2019). 

By adding (bio)sensors, the settings of BoC models can be fully 
measured and more accurate data can be collected. For translation to the 
clinic, incorporating biosensors into BoC has been discussed with chal
lenges and limitations of biosensors combined with BoC platforms. 
Although sensor and biosensor combinations on BoC models are still in 
progress, some drug screening and testing studies have been demon
strated. More progressive technologies can be also introduced, resulting 
in automation, less effort, and improved stability (Ferrari et al., 2020; 

Rothbauer and Ertl, 2020; Zhu et al., 2021). 
This review sums up the current design and basic biosensory capa

bilities of experimental models of BoC. We discussed how advanced 
biosensing technologies could be integrated with BoC systems. Future 
perspectives on how novel approaches will automate assays and 
improve point-of-care (PoC) diagnostics and accurate quantitative ana
lyses is provided. We also address key challenges providing opportu
nities for clinical translation of BoC in neurodegenerative disorders, 
including eliminating electrode surface contamination, monitoring 
complex biofluids, and the signal reading, and adoption of PoC and BoC 
in personalized medicine diagnostic platforms. 

2. Design principles: an overview 

Recently, BoC models increasingly are being developed for clinical 
use. However, realization of the design specifications of a brain-specific 
microenvironment requires an understanding of the complexity and 
challenges of the brain, including microenvironment (native ECM of the 
brain, mechanical forces, physiochemical features, etc.), cellular com
ponents, different regions, subunits, interactions with other organs, and 
advanced functionality (Bang et al., 2019; Maoz, 2021). Over the last 
decade, BoC models integrating multiple properties of the brain have 
been proposed to investigate the BBB models (Oddo et al., 2019; Partyka 
et al., 2017), compartmentalized neural models (Fantuzzo et al., 2017; 
Taylor et al., 2005), interactions among neurons (Kilic et al., 2016), 
functional neuronal networks (Chwalek et al., 2015), and pathological 
models (Cavaliere et al., 2017; Fan et al., 2016; Gao et al. 2019). In this 
section, we examine technical issues and standard device designs and 
their uses. 

2.1. General technical design considerations 

The selection of chip material relies on such factors as gas solubility 
and permeability (especially O2 and CO2), fabrication method, func
tionality of the final device and biocompatibility (Leung et al., 2022). 
Poly(dimethylsiloxane) (PDMS), poly(methyl methacrylate) (PMMA), 
polystyrene, polycarbonate, and cyclic olefin copolymers are common 
materials used to make BoC platforms (Amirifar et al., 2022; Leung et al., 
2022; Nielsen et al., 2019). Amongst them, PDMS is one of the most 
widely utilized materials for BoC applications due to its 
cost-effectiveness, biocompatibility, optical transparency, gas perme
ability, ability to generate high-resolution structures, and rapid curing 
(Maoz, 2021; Shirure and George, 2017). PDMS’ flexibility permits the 
mechanical stimulation of cells (Huh et al., 2010), but its hydropho
bicity and bioinertness result in reduced cellular adhesion (Carter et al., 
2020; Gonçalves et al., 2022). Due to its hydrophobicity, PDMS adsorbs 
hydrophobic compounds such as drugs and neurotransmitters, affecting 
experimental outcomes (Gokaltun et al., 2017; Shirure and George, 
2017). The PDMS surface treated with bovine serum albumin avoids the 
adsorption of large hydrophobic molecules (Ostuni et al., 2000) and the 
PDMS chamber coated with proteins or other compounds enhances cell 
adhesion. To produce a BBB model, PDMS was coated with laminin for 
the ‘brain side’ and fibronectin and collagen-IV for the ‘blood side’ to 
enhance cellular adhesion and differentiation (Vatine et al., 2019). 

To fabricate microfluidic chips, BoC uses standard microfabrication 
techniques that include soft-lithography, photo-lithography laser-based 
patterning, and injection molding and casting (Gale et al., 2018; Lu 
et al., 2022; Mofazzal Jahromi et al., 2019). Yet making a functional BoC 
can be expensive and slow because microfabrication requires extra steps 
to add features like bio-models, sensors, and stimulus-loading elements 
that recreate the native brain tissue (Rodrigues et al., 2020; Yang et al., 
2017). Reproducibility is vital for the fabrication of BoC platforms 
because even seemingly negligible variations in the process potentially 
lead to alterations at cellular and subcellular levels (Amirifar et al., 
2022). 

Static and dynamic culture conditions are generally used in 
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microfluidic systems (Arandian et al., 2019). An entirely static culture 
model cannot meet BoC platform requirements due to inadequate 
molecule exchange. Appropriate flow type and flow rate for media 
perfusion through the BoC device maintains a concentration gradient for 
nutrient and waste transport and provides the proper shear stress level 
induced by flow over a tissue surface; excessive shear stress makes it 
hard for neurons to stick together and live. Park et al. reported that 
0.1–0.3 μL/min flow rate in a microfluidic system, similar to the inter
stitial flow rate in the brain, can enhance the neural progenitor cells’ 
differentiation into neurons (Park et al., 2015). The brain comprises 
many sites that make specific interconnections for the generation of 
neurons, axons, synapses, and dendrites; as a result, numerous com
partmentalized microfluidic co-culture models, including ordered 
physiological connections of neurons, have been introduced to investi
gate brain development, degeneration, and diseases (Zheng et al., 2016). 
Optimizing microchannel dimensions between each chamber creates 
neuronal extensions by maintaining separation between different cell 
types. A microfluidic device with a pattern of somal and axonal com
partments connected by microgrooves was developed for the direction 
and isolation of CNS axons, biochemical analyses of axonal fractions, 
and localized treatments of axons and somata (Taylor et al., 2005). 
Peyrin et al. made a microfluidic platform that uses different types of 
neurons in separate chambers connected asymmetrically by 
funnel-shaped microchannels to make oriented neuronal networks 
(Peyrin et al., 2011). To investigate the formation of synapses and 
neurocircuits, Fantuzzo et al. recently created a compartmentalized 
microfluidic device with a large central chamber and twelve separate 
smaller chambers, including different human-derived neuronal subtypes 
(Fantuzzo et al., 2017). 

Hydrogel-based materials have enormous potential to be used as 
ECM substrates due to their biomimicry and biocompatibility. The se
lection of appropriate ECM substrate material is vital to introduce a 
scaffold for cell adhesion. Chwalek et al. designed a model to realize the 
layered structure of the brain’s cerebral cortex; neurons are seeded as 
the outer layer in a donut-shaped porous silk sponge and a collagen- 
filled structure, including robust neuronal protrusions, is generated as 
the inner layer, creating neural networks (Chwalek et al., 2015). 
Hydrogels can also be designed to meet the mechanical requirements of 
neural cells. It is well known that soft hydrogels can mimic brain elas
ticity (0.1–1 kPa) (Flanagan et al., 2002). Engler et al. have shown that 
human mesenchymal stem cells can differentiate into neurons following 
seeding on soft polyacrylamide gels with elastic moduli between 0.1 and 
1 kPa (Engler et al., 2006). Banerjee et al. reported that neural stem cells 
(NSCs) encapsulated in 3D alginate hydrogels with a modulus of about 
180 Pa accelerated neuronal differentiation (Banerjee et al., 2009). 

The most crucial issue for in vitro model design is replicating the 
desired organ using appropriate cell types from suitable cell sources. 
Human-originated cells such as primary cells, immortalized cell lines, 
stem cells, and their differentiated progenies could be used in BoC 
platforms instead of animal-originated cells, which are weak in realizing 
human functionality and complexity (Ahadian et al., 2018; Zheng et al., 
2016). Stem cells such as NSCs, induced pluripotent stem cells (iPSCs), 
and embryonic stem cells (ESCs) could be able to differentiate into many 
neural cells, including astrocytes (ASTs), oligodendrocytes and neurons. 
The formation of BoC models using stem cells could benefit drug-related 
applications or our understanding of the mechanism of neurodegener
ative diseases (Adegbola et al., 2017; Alvarez et al., 2012; De Filippis 
et al., 2017; Mofazzal Jahromi et al., 2019). The human brain could be 
precisely realized in terms of structure and physiology using human 
iPSCs-based systems; hence, these cells could also be potentially used to 
elucidate brain development and neurodegenerative diseases. Human 
iPSCs-derived neural cells could be used to reconstruct the human neural 
system based on the molecular, cellular, and structural levels in a dy
namic model (Koo et al., 2018; Mofazzal Jahromi et al., 2019; Qian 
et al., 2018; Vitrac and Cloëz-Tayarani, 2018). To study the interaction 
between different neuronal populations, Dauth et al. developed a 

multiregional BoC, composed of three separated cell populations iso
lated from the prefrontal cortex, hippocampus and amygdala that are 
connected by axons. Neurons derived from different brain areas showed 
unique behaviors in vitro (Dauth et al., 2017). In a recent study, Brofiga 
et al. studied in vitro heterogeneous interconnected neuronal networks 
consisting of cortical and hippocampal neurons by using a polymeric 
structure coupled to Micro-Electrode Arrays; here, hippocampal neurons 
significantly reflected inhibitory connections, though cortical neurons 
mostly made intrapopulation connections. Notably, topological char
acteristics supported network formation and maturation (Brofiga et al., 
2022). Harberts et al. recently utilized direct laser writing to develop 
BoC-applicable 3D scaffolds and cultured human iPSC-derived midbrain 
dopaminergic neurons on these scaffolds. Their scaffolds comprise 24 
elevated chambers connected by freestanding microchannels with 
designed neuronal network topology. This study gave BoC studies a new 
way of looking at how the brain works from a functional point of view 
(Harberts et al., 2020). 

In vitro, 2D and 3D cellular models are widely used in BoC platforms 
to study the physiological and pathological functions of the CNS. Initial 
studies focused on utilizing 2D monolayer cellular models to separate 
the axon from a neuron’s soma to evaluate its features or its regeneration 
following axotomy (Taylor et al., 2005; Tong et al., 2015). Later, several 
studies investigated drug efficacy or side effects (Mofazzal Jahromi 
et al., 2019). Nevertheless, 2D models can not mimic 3D native tissue 
architecture nor provide the capability to evaluate drug responses 
(Hoarau-Véchot et al., 2018; Mofazzal Jahromi et al., 2019). Studies 
indicate that instead, 3D bioprinted constructs, spheroids, organoids and 
microfabricated organ-on-a-chip (OoC) platforms present favorable al
ternatives to assess the efficacy and toxicity of drugs or realize neural 
systems in 3D models (Harberts et al., 2020; Ravi et al., 2015; Vinci 
et al., 2012). Spheroids and cell aggregates use scaffold-free approaches 
where cell aggregates spontaneously accumulate ECM. Organoids are 
the most beneficial models to mimic complex brain tissue. They are 
formed from aggregated stem cells incubated for an extended period to 
differentiate cells (Bang et al., 2021; Park et al., 2019a). The stem cells 
can be aggregated without ECM components, but organelles and matrix 
components make additional cues available. Eiraku et al. utilized 
Matrigel to present physicochemical cues, and their technique has been 
widely adopted in various studies (Eiraku et al., 2011). Many studies 
have reported region-specific brain organoids, including cerebellar 
(Muguruma et al., 2015), cerebral cortex (Paşca et al., 2015; Xiang et al., 
2017), forebrain (Krefft et al., 2018), midbrain (Jo et al., 2016; Monzel 
et al., 2017) and hypothalamic organoids (Qian et al., 2016). Despite 
their power, brain organoid models have critical limitations. They pre
sent variable constructs with lack of control. In addition, for the study of 
neural network biological activities, the precise location of different 
neural cells is difficult to predict. In general, evaluating the genetic and 
biochemical properties of cells seeded in the 3D cell culture models is 
challenging. These models are also incapable of determining cellular 
tension and fluid stress (Amirifar et al., 2022; Mofazzal Jahromi et al., 
2019) and inadequate oxygen and nutrient diffusion lead to devascu
larization and necrotic cell nuclei. Strategies have been demonstrated to 
overcome current challenges in brain organoids. Shi et al. introduced a 
vascularized organoid using cortical cell types and a vascular structure 
and differentiated and matured them for up to 200 days under optimized 
culture conditions. They demonstrated that in the grafts, after organoid 
transplant, functional blood vessels enhanced cell survival in the mouse 
S1 cortex (Shi et al., 2020). 

2.2. Model designs 

2.2.1. Models to mimic brain physiology 
Recent advances in the development of OoC devices have led to 

studies of brain cell and physiology functions. Though brain tissue’s 
complexity complicates the studies, considerable research exists on 
neuronal migration, neurite and axon formation, synapses, glial cells, 
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cell-cell communication, etc. Xu et al. introduced a microfluidic device 
incorporating Matrigel cylinder arrays with precisely controlled 3D 
diffusion to generate molecular gradients of varying steepness to 
investigate the effect of gradient steepness in neuronal chemotaxis. 
Multiple three-dimensional (3D) neuron cultures were created by 
seeding primary neurons on the hydrogel. Using this method, the cause 
of the chemotactic effect of semaphorin3A (Sema3A) was revealed to be 
serine/threonine kinase-11 and glycogen synthase kinase-3 signaling 
pathways that were involved in chemotactic regulation of repellence of 
neurite and neuronal migration (Xu et al., 2018). To study axon guid
ance and growth dynamics, Bhattacharjee et al. cultured primary neu
rons longterm to produce a large-scale 16 × 64 (1024-chamber) 
microfluidic gradient generator array. Chambers containing a single 
neuron were monitored and data was collected from approximately 
150-250 neurons per device, producing statistically rich data sets. Hip
pocampal axon routing due to a netrin-1 gradient was found to be 
attractive at higher concentrations and repulsive at lower concentra
tions, depending on the concentration. The growth cone rotation was 
affected by the gradient’s angle of incidence. This platform can be used 
to study the role of morphogen and chemokine gradients in axonal 
guidance, cellular migration, differentiation and immune response 
(Bhattacharjee and Folch, 2017). 

Recently, Brofiga et al. developed the cortical-hippocampal and 
cortical-thalamic circuits using two PDMS masks paired with micro- 
electrode arrays to study effect of thalamic and hippocampal inputs on 
cortical activity patterns. Distinct effects of thalamic and hippocampal 
activity regulated the spike and burst dynamics of the co-cultured 
cortical cells. Moreover, the cortical-hippocampal circuits exhibited a 
redistribution of the strongest connections, both excitatory and inhibi
tory, whereas the cortical-thalamic circuits exhibited a remarkable in
crease in inhibitory connections (Brofiga et al., 2021). Ndyabawe et al. 
introduced a multi-compartment platform for modelling neurospheres 
and accurate specification of neural stem cell fate into multiple neuronal 
phenotypes networks. This design was validated by the simultaneous 
specification of human neural stem cells to dopaminergic and 
GABAergic neurons in different compartments of the device. The neu
rospheres generated unbounded intact neuronal circuits between the 
neurosphere arrays in all compartments of the device. Their device 
could be beneficial to generate multiple neural conduction circuits to 
realize functional connectivity between specific human brain regions 
(Ndyabawe et al., 2020). Tong et al. used an open chamber microfluidic 
device integrated Matrigel as 3D scaffold. Their system provided the 
evolution of neuron-neuron communication networks wherein electrical 
stimulation or the unilateral presence of agonists to one compartment 
enabled the activation of neurons in the adjacent compartment. They 
also reported one-way communication between separate populations of 
cultures containing human forebrain and midbrain dopaminergic neu
rons (Tong et al., 2021). Kim et al. proposed an axonal guidance plat
form using a microelectrode array incorporated microfluidic chip 
including two chambers and a bridge microchannel to separate and 
guide the axons. NSCs were greatly differentiated into neural cells with 
electrical stimulation and the electrical stimulation and neurotrophic 
factor exhibited a synergic effect on axonal outgrowth (Kim et al., 2022). 
Spijkers et al. developed a compartmentalized 3D neurite outgrowth 
model and cultured iPSC-derived motor neurons in a gel as matrix. 
Somata and dendrites remained mainly in the somal compartment, but 
axons elongated to an adjacent layer of gel. Moreover, highly repro
ducible dose-dependent axonal outgrowth was shown to respond to 
vincristine as chemotherapeutic drug (Spijkers et al., 2021). De Vitis 
et al. purposed a three-compartment microfluidic system to culture three 
different cell populations in separate chambers to modulate cell 
migration, neurite guidance, and cell differentiation in the chip. They 
found that the optimal geometrical features of device and microfluidic 
setups supported higher adhesion and proliferation of neuron-like 
human cells, enabled migration of neuron and Schwann cells between 
different compartments. In addition, it is possible to differentiation of 

neuron like human cells and primary rat Schwann cells to specific 
phenotypes (De Vitis et al., 2021). 

Shi et al. designed a platform to co-culture CNS neurons and glia 
using a vertically-layered chamber and a four-chamber setup equipped 
with pressure-enabled valve barriers to control communication between 
cell types. They provided dynamic visualizations of neuronal in
teractions (synapse development), co-culture of glia and neurons at 
close range (~50–100 μm) and differential transfection of neuronal 
populations. Communication between neurons and glia was reported as 
vital to the generation and stability of synapses (Shi et al., 2013). Yang 
et al. designed a compartmentalized microfluidic platform to allow 
neuron and oligodendrocyte cell body separation and myelin sheath 
formation by electrical stimulation. A five-fold increase in the number of 
myelinated segments/mm2 was achieved in the presence of electrical 
stimulation of dorsal root ganglia compared to unstimulated controls 
(Yang et al., 2012). 

2.2.2. BBB models 
The BBB is a dynamic and highly selective physiological barrier be

tween the systemic blood circulation and the CNS (Park et al., 2019b). It 
consists of brain microvascular endothelial cells (BMECs), pericytes, and 
ASTs. BMECs are the most critical BBB component, presenting a physical 
barrier based on complex, tight junctions. Pericytes, ASTs, basement 
membranes, and the ECM generate a microenvironment that maintains 
the integrity of the BBB (Lecuyer et al., 2016; Oddo et al., 2019). 
BBB-on-a-chip models could be employed to evaluate the BBB pathology 
based on many neurodegenerative diseases associated with stroke, 
vascular malformations, AD, multiple sclerosis, and tumors (Herland 
et al., 2016; Phan et al., 2017). For an ideal BBB model, native tissue 
should realize 3D vascular architecture of BMECs, cell-cell interactions, 
shear stress on BMECs due to flow, and permeability of basal membrane 
(Oddo et al., 2019). To date, models have realized the co-culture of 
related cells and shear stress applied to the BBB, but to precisely mimic 
the BBB requires biomaterial with a thickness of approximately 100 nm 
meeting such parameters as homeostasis, tissue maintenance, cell dif
ferentiation, and cell structural support (Nag, 2003; Oddo et al., 2019; 
Partyka et al., 2017). Strategies to recreate the BBB include sandwich 
structure design, parallel structure design and 3D tubular structure 
design. As a less common strategy, the vasculogenesis model has also 
been used in BBB systems to realize microvessels de novo (Amirifar 
et al., 2022) (Fig. 1). The sandwich design uses two PDMS micro
channels (upper and lower) separated by a porous membrane such as a 
polycarbonate membrane with 0.2–3 μm pore diameter. The upper 
channel can be used to grow BMECs, and the lower channel can be used 
to produce pericytes and ASTs. This design’s shortcomings include 
cell-cell contact inhibition, cell seeding variations and low membrane 
transparency which prevents accurate imaging (Maoz et al., 2018; Oddo 
et al., 2019; Sellgren et al., 2015). The parallel design uses PDMS mi
crostructures such as a membrane horizontally separating two aligned 
microchannels (Amirifar et al., 2022). This design provides limited 
cell-cell interaction and sub-optimal imaging and PDMS membrane is 
about 50 μm thicker than that of the human BBB (about 100 nm) 
(Prabhakarpandian et al., 2013). In the 3D tubular structure design, 
cylindrical microchannels are used to achieve a consistent, continuous 
flow and uniform shear stress along the inner walls of the micro
channels. Partyka et al. engineered a microfluidic device with a 
vessel-like structure to apply controlled flow to a co-culture of cerebral 
endothelial cells and ASTs-laden 3D hydrogels where the blood flow 
revealed mechanical stress (shear stress and cyclic stretch) regulating 
the barrier function by controlling transport across and along cerebral 
microvasculature walls (Partyka et al., 2017). Finally, vasculogenesis 
design has been presented as an advanced strategy to reconstruct 
microvessels de novo in BBB systems (Oddo et al., 2019). Bang et al. 
developed a system of dual microchannels for BMECs and neural cells 
separated by a fibrin hydrogel and supplemented by different media 
types to separate cell types. BMECs created vascular-like networks 
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within the fibrin hydrogel. This model cannot provide a complete neu
rovascular unit because of irregular branching but can achieve a func
tional model to evaluate endothelial cell and neuron interactions (Bang 
et al., 2017). The BBB assay on different microfluidic devices introduced 
mechanisms for an investigation with human brain microvascular 
endothelial cells (HBMECs), human brain vascular pericytes (HBVPs), 
and 3D human astrocytic (HAs) network. BBB models with various levels 
of shear stress were designed for the transepithelial/transendothelial 
electrical resistance (TEER) assay (Fig. 2). 

2.2.3. Disease models 
Alzheimer’s disease (AD) is an age-related neurodegenerative dis

order characterized by β-amyloid (Aβ) plaques and tau proteins (Yoon 
et al., 2021). Park et al. designed a microfluidic chip based on 3D neu
rospheroids derived from rat embryos; Aβ treatment with dynamic flow 
realized the flow rates of cerebrospinal fluid (CSF) and reduced the 
viability of neurospheroids, and dynamic flow improved Aβ expression 
(Liu et al., 2022; Park et al., 2015). Cho et al. developed a microfluidic 
chemotactic platform composed of a large central compartment, soluble 
Aβ patterns of surface-bound Aβ, and an annular compartment loaded 

with human microglia. Microglial responses to both long-lasting gradi
ents of soluble Aβ and patterns of surface-bound Aβ were successfully 
quantified (Cho et al., 2013). Deleglise et al. presented a microfluidic 
device using primary cortical mouse neurons by compartmentalizing 
axon terminals from cortical neurons’ cell bodies and applying Aβ 
peptides locally to each cellular compartment. Aβ application to the 
somatodendritic chamber caused axonal degeneration and a rapid loss 
of presynaptic connections in the cortex, but Aβ application to the 
chamber of extended axons had minimal effect. This system reportedly 
was useful in detecting early changes in AD (Deleglise et al., 2014). A 
recent study developed the AD-on-a-chip model; based on an NSCs 
spheroid-based biochip, it includes a multichannel system and micro
electrode arrays (MEAs), allowing impedance analysis to detect network 
formation and degeneration in real time. In the presence of Aβ, synapse 
function and neurotransmitter-acetylcholine concentration were 
reduced, while reactive O2 species accelerated. For network generation 
and neurite degeneration, real-time electric cell-substrate impedance-
sensing data were comparable with biological data (Liu et al., 2022). 
Gao et al. designed a hippocampal neuronal network chip induced by Aβ 
oligomers to measure neuronal electrical activity and network 

Fig. 1. (A) Design strategies for BBB models, 
including sandwich design, parallel design, 3D 
tubular structure design, and vasculogenesis. Reprin
ted with permission from (Oddo et al., 2019). (B) 
Microfluidic chemotaxis device mimicking patholog
ical Aβ environments in AD brains. Reprinted with 
permission from (Cho et al., 2013). (C) Brain cancer 
chip design and fabrication. (i) Device including 
microchannels and microwells with inlet and outlet 
reservoirs above inlet and outlet orifices. (ii) Layers 
used for device generation. (iii) Photo of designed 
device. (iv) Christmas tree-shaped gradient generator 
channel system for the brain cancer chip. This device 
consists of an array of 24 separate culture chambers, 
three inlet reservoirs, and one outlet reservoir with a 
gradually decreased channel width from 300 to 100 
μm. The sub-channels connect the microwells and the 
main channel to prevent captured cells from escaping 
the microwell. Reprinted with permission from (Fan 
et al., 2016).   
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connectivity. After the treatment of Aβ oligomers, two firing patterns 
with distinct alterations from the interneurons and pyramidal neurons 
were monitored. The treatment of Aβ oligomers resulted in progressive 
network dysfunction. The disruption in neuronal network connectivity 
was validated through the spatial firing pattern map and channel 
cross-correlation (Gao et al. 2019). Altogether, microfluidic approaches 
employed for Aβ detection in plasma included IME sensors, droplets 
containing magnetic bead-based immunoassay, and enhancement of the 
detector’s performance by dielectrophoretic force (Fig. 3). 

Parkinson’s disease (PD) is a slowly progressive neurodegenerative 
disease that affects the peripheral autonomic nervous system, leading to 
the loss of dopaminergic neurons and tremors, bradykinesia, and rigidity 
(Sharabi et al., 2021). Kane et al. developed a microfluidic platform for 
long-term maintenance and monitoring of patient-derived human neu
roepithelial stem cells differentiating into dopaminergic neurons. They 
used calcium imaging to establish the electrophysiological activity of 
differentiated neurons and used an immunostaining assay to study the 
efficiency of the differentiation protocol. This automated platform 
facilitated long-term maintenance and made longitudinal optical 
detection of cellular parameters possible in real-time and end-point as
says (Kane et al., 2019). Cavaliere et al. designed a platform with a single 

well or microfluidic chambers, providing a connection between the 
primary cultures of cortical neurons and ASTs. А-Synuclein (α-syn) is an 
important biomarker for monitoring the progression of PD; active 
transport of α-syn was determined between cells and any cell types, and 
α-syn uptake and spread from ASTs to neurons was found to result in 
neuronal death (Cavaliere et al., 2017). 

Huntington’s disease (HD) is a devastating and progressive neuro
degenerative disorder with motor, psychiatric and cognitive features. 
HD occurs due to the repetition of a CAG trinucleotide in the Huntingtin 
gene (Bates et al., 2015). Virlogeux et al. introduced an OoC model to 
realize healthy and HD networks of presynaptic, synaptic, and post
synaptic neuronal compartments controlling the progression from 
axonal growth to synapse regulation. Different parts of the cortico
striatal circuit exhibited major defects associated with the changing 
global synchronization of the network, including presynaptic dynamics, 
synaptic structure and conduction, and postsynaptic traffic and 
signaling. In particular, the genetic status of the presynaptic compart
ment was found to be necessary and sufficient to replace or repair the 
circuit (Virlogeux et al., 2018). The researchers employed this system to 
identify and validate new drug candidates for HD treatment (Virlogeux 
et al., 2021). 

Fig. 2. Mechanisms for BBB assay on different microfluidic devices. (A) Schematic diagram for investigation of the mechanisms the BBB contains; ECs communicate 
with the blood vessels and endothelial monolayer covered by pericytes enables the expression of aquaporin-4 through ASTs that regulate the water inflow control and 
substances transporters across the membrane the bloodstream and brain. (B) Schematic description of the microfluidic system designed for BBB model with HBMECs, 
HBVPs), and 3D HAs network. (C) The microengineered BBB model of the microfluidic device is included upper channel (blue) and lower channels (red)) were 
compartmentalized with three parallel chambers using micropillars (scale bar = 500 μm). (D) The membrane between the upper and lower channels with an EC 
monolayer, ASTs, and pericytes was measured based on TEER (EC (n = 11), BBB (n = 12), **p < 0.01 by t-test). BBB models with various levels of shear stress were 
measured based on TEER (No shear (n = 5), 0.4 dyne/cm (n = 4), and 4 dyne/cm2 (n = 12), *p < 0.05 by t-test). Reprinted with permission from (Ahn et al., 2020). 
(E) Schematic photo of the Substantia Nigra (SN) Brain-Chip of two microfluidic channels of microengineered chip with brain endothelial cells derived from iPSC. 
These cells were cultured seeding on the lower channel (vascular), and dopaminergic neurons differentiation of iPSC, microglia, primary brain ASTs, and pericytes 
seeding on the upper surface chamber (brain) with the 3D reconstruction of all cell lines in SN Brain-Chip. Reprinted with permission from (Pediaditakis et al., 
2021b). (F) To evaluate the permeability transwell and TEER assay (in vitro) of EC cells covered on a porous surface and co-cultured with neurovascular unit cells 
such as HAs and HBVPs. For penetration measurements, solute or nanoparticles were labeled with radio- or fluorescent for measurements of apical (luminal) and 
basolateral (abluminal) sides. Furthermore, volt-ohm meters were used to measure TEER (in vitro). For permeability measurements of radiolabeled solutes in the 
brain (in vivo) were used imaging techniques such as SPECT and polyethylene terephthalate (PET) were used. Reprinted with permission from (Aday et al., 2016). (G) 
This μBBB system is a multi-layered device with two glass (perpendicular flow) channels, four PDMS substrates, and a porous polycarbonate membrane. Reprinted 
with permission from (Booth and Kim, 2012). 
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To date, several types of research have focused on designing BoC 
systems to model tumorigenic microenvironments. In general, 2D cul
tures are utilized to investigate the cellular biology of tumors and the 
efficacy or toxicity of drugs (Unger et al., 2014). Nevertheless, 3D cell 
culture models could be beneficial in defining signaling molecules 
employed in cell-cell and cell-matrix interactions and new drug research 
(Lancaster et al., 2013; Mofazzal Jahromi et al., 2019; Tanner and 
Gottesman, 2015). Fan et al. developed a 3D brain cancer chip with 
glioblastoma multiforme, the most common and dangerous type of brain 
tumor. Using photo-lithography, they created a chip system with glio
blastoma cell cultures on poly(ethylene) glycol diacrylate hydrogel to 
test Pitavastatin and Irinotecan in combination (Fan et al., 2016). 
Terrell-Hall et al. developed a BBB model in a microfluidic chip 
composed of a central basolateral compartment that included ASTs, 
pericytes, and neurons. An outer apical case included endothelial cells 
with perfusion comparable to physiological fluid flow. An array with 3 
μm pores separates the chambers. Later, ASTs were replaced in the 
model by Met-1 metastatic murine breast cancer cells to create the 
blood-tumor barrier model. Shear stress, permeability, and efflux 
properties were similar to in vivo data (Terrell-Hall et al., 2017). 
Meanwhile, Oliver and colleagues developed a platform to quantita
tively assay the dynamic phenotypes of breast cancer cells and brain 

metastases behavior (Fig. 4) (Oliver et al., 2019). 

3. Basic biosensing principles 

Despite their extraordinary features, BoC platforms have limited 
ability to accumulate real-time data about cells and their microenvi
ronment in monitoring tissue development and their interaction with 
different stimuli (e.g., drug management) (Azizgolshani et al., 2021; 
Ferrari et al., 2020). Any instability in the physical environment of the 
culture can damage cells, so the features of the culture environment 
must be constantly monitored to ensure the physiological functioning of 
cultured cells within the OoC models (Khorsandi et al., 2021; Rezaei and 
Irannejad, 2019). Although there are numerous characterization ap
proaches, such as different types of viability tests and quantification of 
biomarkers, to evaluate the cytotoxicity or functionality of therapeutic 
components, they still depend on ELISA or other off-chip analysis and 
imaging techniques and are usually limited by end-point tests. So, 
real-time monitoring of any change in BoC platforms is critical. An 
essential advancement has been integrating biosensors with BoC plat
forms (Caballero et al., 2017; Rudi and Kratz et al., 2019). 

Biosensors are platforms capable of converting a biological or 
chemical reaction into measurable signals (Chadha et al., 2022; Kang 

Fig. 3. Microfluidic approaches for Aβ detection (A) IME chip with four IME sensors and the enlarged photo of one IME pair. (B) Schematic illustration of IME sensor 
and PDMS chip incorporated with two microchannels on the chip to simultaneously load EPPS treated and nontreated that were injected with green and blue color 
solutions. (C) Sequential process of the IME sensor functionalized with the silicon dioxide (SiO2) layer with 3-(ethoxydimethylsilyl)propylamine (APMES), Aβ 
antibody (6E10), polyvinyl pyrrolidone–aldehyde (PVP-CHO), and BSA were employed to Aβ detection with low concentrations in plasma. (D) IME sensors optimized 
by synthetic Aβ (1–42). Subsequent impedance changes (|ΔZ/Z0|, %) were measured by the interaction between Aβ and its antibody. (E) Logarithmical linear 
sensitivity to Aβ levels resulting in impedance changes of 4.0% (100 fg/mL), 5.5% (1 pg/mL), 7.3% (10 pg/mL), 9.2% (100 pg/mL), and 8.9% (1 ng/mL) (n = 5). (F 
and G) Analysis of WT mice samples Aβ levels [black dot, WT (n = 9); red dot, TG (n = 9)]; impedance changes with median values of 4.5%, 4.1% (lower quartile), 
and 4.6% (upper quartile). Analysis of TG mouse samples Aβ levels; impedance changes with the median value of 6.0%, 4.5% (lower quartile), and 6.7% (upper 
quartile) without and with EPPS treatment (n = 5). Two-tailed t-tests performed in the statistical analyses (*P < 0.05 and ***P < 0.001; nonsignificant analysis is not 
indicated). Reprinted with permission from (Kim et al., 2019). (H) Schematic illustration belonging to the operational protocol of the microfluidic devices for Aβ 
detection. Emulsion droplets contained magnetic beads and Aβ peptides encapsulated in fluorocarbon oil; droplets were pulled into the holding coil, collected using a 
PTFE capillary, and trapped in different reservoirs on a plastic wall plate. Then droplets containing magnetic beads were pushed parallel, downscaled with four 
synchronized magnetic tweezers, recirculated and moved unidirectionally. These droplets also are included with Aβ samples, fluorescence-detecting solutions, and 
washing buffer solutions in mixing plates. Finally, magnetic beads measured immunoassay using the detection droplet of the enzymatic substrate. Reprinted with 
permission from (Mai et al., 2018). (I) Schematic diagram of performance enhancement of the sensor by dielectrophoresis force. The efficiency of the antibody-Aβ 
reaction with high binding was enhanced 2-folds using the dielectrophoresis force. Reprinted with permission from (Kim et al., 2021). 
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et al., 2022; Zare et al., 2021). They contain a bio-receptor, analyte, 
transducer, and detector (Qin et al., 2022). It is hoped that integrating 
these devices into the BoC systems can facilitate disease detection and 
treatment, halt disease progression and contribute to drug testing 
(Aleman et al., 2021; Mir et al., 2022; Xie et al., 2022). An AD model was 
fabricated to study network neurodegeneration mechanisms and 
different therapeutic methods that could be used in the disease. The 
model functioned based on the electrical activity of neurons and their 
network connections through multisite measurements (Gao et al. 2019). 

BoC devices integrate different types of biosensors for monitoring the 
culture environment (such as dissolved O2, temperature, and pH), cell 
activity, cell function (such as organ activity and barrier integrity) and 
respond to external stimulation factors like mechanical, electrical, and 
drugs (Fig. 5) (Zhu et al., 2021). Notable characteristics of this inte
gration are high compatibility with microfluidic devices, high detection 
capacity, high sensitivity and minimal invasiveness (Kilic et al., 2018). 
BoC devices enable the fabrication of PoC devices for real-time detection 
and control of disease, even at home (Khorsandi et al. 2019, 2019zsoylu 
et al., 2022). Agostini and his coworkers manufactured a type of PoC 
biosensing chip for recognizing GFAP, a known biomarker for CNS 
diseases that include intracerebral hemorrhage, optical neuromyelitis, 
glioblastoma multiforme, multiple sclerosis, and traumatic brain in
juries. A quartz-crystal-microbalance sensor within the chip worked 
based on the interaction of biomarkers and immobilized antibodies on 
its surface (Agostini et al., 2021). 

So far, different types of biosensors have been incorporated into BoC 
platforms to monitor their various features (Table 1). We classify these 
biosensors according to their specific properties and their incorporation 
into the BoC systems for a particular detection. 

Fig. 4. A μBBNiche device designed to assay the 
process of brain metastatic. (A) Schematic rendering 
of a μBBN device. (B) Sections of the μBBNiche device 
with the top and bottom channels and porous mem
brane. (C) Confocal 3D rendered objects of μBBNiche 
device. The hCMEC/D3 endothelial layer in the 
μBBNiche device forms a barrier between the top and 
bottom channels. (D) Top view of the μBBNiche in
strument (black rectangle) shows MDA-MB-231-BR 
cells post-seed 24 h top-down chamber (scale bar =
1000 μm). (E) Side view of the channel in μBBNiche 
system with insets cancer cells show various stages in 
metastatic cascade of traversing endothelium. The 
dashed line is stated with survival, pursued by 
adherence, then extravasation. In the end, pre- 
colonization is planned for the endothelium (black 
circles highlight representative cells) (scale bar =
200 μm). (F) μBBNiche system after adding 10 kDa 
FITC-Dextran; assessed with hCMEC/D3 cells (black 
boxes) and device without (green boxes) at the 
timeframes 0, 1, and 24 h. (G) Quantitative perme
ability measured after adding FITC-dextran in devices 
with and without the hCMEC/D3 layer over 24 h. 
Average values of three regions with n = 3 biological 
replicates. Error bars represent standard deviation 
(*p < 0.05). Reprinted with permission from (Oliver 
et al., 2019).   

Fig. 5. Schematic of incorporation of different biosensors into BoC platforms. 
Biosensors are real-time detectors that work based on different detection 
methods including optical (like optical and surface plasmon resonance), elec
trochemical (amperometric, potentiometric, voltametric, etc.), electrical, and 
multi-detectors. They can be incorporated into brain-on-a-chip platforms for 
real-time monitoring of disease models. 
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Table 1 
Analytical performance of BBB microfluidic devices.  

Sensing 
mechanisms 

Coupling methods Analytes Cell types/samples Microfluidic materials LOD Refs 

Electrical Mass spectrometric Neurotransmitters 
(dopamine, serotonin, 
aspartic acid, and 
glutamic acid) 

PC-12 neuronal cells PDMS, nano-electrospray Au 
electrode 

42 Nm (DA), 49 Nm 
(5-HT), 8 nM (Asp), 
32 nM (Glu) 

(Li et al., 
2016) 

Electrical AFM, FESEM Aβ (1–42) CSF CNT film, metal-semiconductor field 
effect transistor structure, Au top 
gate, Si/SiO2, Au, and Cr electrodes 

1 pg/mL (Aβ (1–42)) (Oh et al., 
2013) 

Electrical TEM, FM α-syn α-syn protein Si oxide film, small unilamellar 
vesicles, 1,2-dioleoyl-sn-glycero-3- 
[phospho-L-serine], 1-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphocholine 

N/A (Hu et al., 
2016) 

Electrical SEM, FM, FITC Human IgG, AD7c- 
NTP 

Static tremors of 
neurodegenerative 
disease patients 

Morpho menelaus wings up layer, 
SiO2 nanoparticles 

12 ng/mL (human 
IgG) and 4.5 ng/mL 
(AD7c-NTP) 

(He et al., 
2018) 

Optical Single-step magnetic- 
beads-based 
immunoassays 

Aβ (1–40), Aβ (2–40), 
and Aβ (5–40) 

CSF Green LED, Si photodiode, custom- 
made lock-in amplifier 

0.5–1 nM (Mai et al., 
2018) 

Optical FITC Aβ (1–42) Wild-type mouse 
plasma 

300 nm thick uniform SiO2, Pt 
electrodes, Ti layer, PDMS 

100 fg/mL to 1 ng/ 
mL 

(Yoo et al.) 

Optical N/A Aβ (1–42) CSF Si/SiO2, dimethylacrylamide, N- 
acryloyloxy succiniester, 3- 
(trimethoxysilyl)propyl 
methacrylate 

73.07 pg/mL (Aβ 
(1–42)) 

(Gagni et al., 
2013) 

Optical AFM and X-ray 
photoemissive 
spectroscopy 

Aβ (1–42) CSF Si wafer carboxylated 
alkyltrichlorosilane 

300 ng/mL (66 nM) (Ammar 
et al., 2013) 

Optical SEM imaging Aβ (1–42), T-tau CSF Anodic aluminum oxide thin film, 
aluminum thin film, PDMS 

7.8 pg/mL (Aβ 
(1–42)), 15.6 pg/mL 
(T-tau) 

(Song et al., 
2018) 

Optical SERS, AFM and SEM 
images, optical 
microscopy 

NAA Blood plasma (severe 
and mild TBI) 

Sub-micrometer pillars, plasmon- 
active nanometric Au layer 

0.021 pg/mL (0.12 
pM) (NAA), 3.99 pg/ 
mL 
(0.19 pM) (S100B), 
3.35 pg/mL (0.02 
pM) (GFAP) 

(Rickard 
et al., 2020) 

Optical FM PDGF-AA, GDNF, IGF- 
1, BDNF, FGF-2, BMP- 
4, IL-6, CNTF, NT-3 
β-NGF 

hiPSCs PDMS-fabricated microchambers 
array, multiplexed in situ tagging 
array, SU-8 2100 (Microchem), 4- 
inch silicon wafer 

20.4 pg/mL (GDNF), 
18.0 pg/mL (PDGF- 
AA), 2.7 pg/mL (IL- 
6), 8.5 pg/mL 
(CNTF), 14.9 pg/mL 
(IGF-1), 23.3 pg/mL 
(BDNF), 12.0 pg/mL 
(FGF-2), 57.2 pg/mL 
(NT-3), 11.2 pg/mL 
(BMP-4), 39.1 pg/mL 
(β-NGF) 

(Abdullah 
et al., 2020) 

Electrochemical Confocal fluorescent 
imaging 

Dopamine 
homeostasis 

SH-SY5Y cells ITO WE, ITO counter/Pseudore RE 11.6 nM (Yu et al., 
2019) 

Electrochemical Computed tomography 
scan image 

Glutamate, glucose, 
and lactate 

Cortex (peri-lesion 
tissue) 

PDMS, polyetheretherketone, 
Veroclear, ABS 3SP white 

0.25 μM (Samper 
et al., 2019) 

Electrochemical CV, EIS, 
chronoamperometry 

Dopamine SCF SiO2, Au, Ag, Cr adhesive layer, 
PDMS 

0.1 nM (Senel et al., 
2020) 

Electrochemical WE geometry (circle, 
line, cross, star), CV 

Dopamine SH-SY5Y cells ITO WE, ITO counter/pseudo-RE 30 nM (Yu et al., 
2016) 

Electrochemical SEM, EDX detector, 
AFM, CV 

ADAM10 SCF DμP, an array of 8 WE, CE, pseudo- 
RE, syringe pump, chromatographic 
injection valve, poly 
(diallyldimethylammonium 
chloride), AuNP film 

0.35 fg/mL (de Oliveira 
et al., 2020a) 

Electrochemical N/A GFAP CNS injuries PET substrate, nitrocellulose, virgin 
wood, PMMA, pressure-sensitive 
adhesive sheets fibers 

3 pg/mL and 39 mL 
pg/mm2 

(Salahandish 
et al., 2022) 

Electrochemical SEM, PET, Mini-Mental 
State Examination, 
Magnetic resonance 
imaging 

Aβ (1–42) AD patient plasma 
samples 

SiO2, Ti, the Pt electrodes, APMES, 
PVP-CHO, PDMS 

0.1 pg/mL (Kim et al., 
2019) 

Electrochemical FESEM, AFM, X-ray 
photoelectron 
spectroscopy 

Aβ Human serum Electrode materials (Ag/AgCl, 
nonpolarizable) and Au 
(polarizable), Cr and Au, micron- 
scale organic electrochemical 
transistor 

100 zM (Koklu et al., 
2021)  
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3.1. Electrical biosensors 

Electrical biosensors are based on an electrode modified with bio
recognition elements that detect the existence of a specific analyte by 
generating an electrical signal (Ansari and Malhotra, 2022; Dilgin et al., 
2021). They can be classified into electrochemical or electronic sensors 
(Nadzirah et al., 2022). They can be incorporated simply into BoC 
models and demonstrate the extensive dynamic ranges with low detec
tion limit (Rothbauer and Ertl, 2020; Zhu et al., 2021). Since the tech
nical counterpart plays a crucial role in the development of a BoC, the 
equipment should allow extended recordings of the spontaneous activity 
brought on by the interactions of the ensembles as well as the delivery of 
electrical pulses in a secure environment (stimulus-evoked activity). In 
this regard, integrated microelectrode arrays (MEAs) are an accepted 
and effective means of interacting with the biological equivalent. MEAs 
function on combined physiological and electrical processes (Brofiga 
et al., 2021; Obien et al., 2015). The first 3D MEA effort was applied to 
brain slices in 1997. The cutting process results in accumulation of dead 
cell layers on the surface of brain tissues, so that coupling to planar 
electrodes is challenging. The need to comprehend information trans
mission within the 3D neural system has grown over time. To map the 
3D electrophysiological activity, biocompatible and minimally intrusive 
technologies have been created. A platform was created by Soscia et al. 
in 2020 to measure the electrophysiological activity of three separate 3D 
cultures, simultaneously; each device featured 80 thin-film electrodes on 
10 flexible polymer probes. A year later, Shin et al. created a device to 
collect information about the functional topological characteristics of 
the network; the device recorded the electrophysiological activity of in 
vitro 3D models. The device was also used in the AD-on-a-chip model for 
real-time assessment of the formation and degeneration of networks 
using impedance analysis; here, impedance electrodes were used to 
determine the effect of Aβ addition to the BoC model, and it was found 
that the presence of Aβ increased the impedance value due to neurite 
damage (Liu et al., 2022). 

TEER-based biosensors are a type of electrical biosensor established 
to measure barrier integrity noninvasively. This sensor measures the 
tension in different cell growth and differentiation stages using electrical 
resistance across a monolayer of cells (Bednarek, 2022). Two electrodes 
(made of metal wires or patterned thin film electrodes) are mounted on 
both sides of the microfluidic channel; the voltage drop across them is 
measured for a square-wave low-frequency AC (Jain et al., 2020). The 
sensor can also determine whether a chi-square wave is fully formed or 
intact. TEER measurements integrated into BoC models could facilitate 
cell viability predictions and drug toxicity evaluation (Jeong et al., 
2018; Khalid et al., 2020; Yu et al., 2020). TEER could also be used for 
rapid noninvasive detection of membrane permeability via measuring 
the electrical impedance across the cellular layer, as seen in study 
evaluating the effect of inflammatory stimuli conditions on the perme
ability of a BBB-on-a-chip model (Yu et al., 2020). 

3.2. Electrochemical biosensors 

Electrochemical biosensors are a subclass of electrical sensors that 
function based on direct conversion of a biological event into an elec
trical signal. The conversion uses a counter electrode (CE), a working 
electrode (WE), and a reference electrode (RE) (Ahadian et al., 2018; 
Lopes et al., 2022). One of the most exciting uses of these biosensors is in 
the structure of various BoCs. Biosensors can be functionalized and 
calibrated individually, then attached to the chip to measure in-situ 
analytes (Syama and Mohanan, 2021). They can be used to measure 
ion concentrations (pH acidification), O2 (respiration), short-term 
reactive species, and molecules like glucose and lactate (energy meta
bolism) (Kavand et al., 2022). 

According to the electrochemical reaction type, potentiometric, 
voltammetric, and amperometric biosensors have been introduced 
(Ahadian et al., 2018; Kavand et al., 2022). The potentiometric sensors 

react to analyte concentration variations using features like chemically 
modified electrodes, ion-selective membrane types, and ion-selective 
field-effect transistors (Lopes et al., 2022; Rezaei and Irannejad, 
2019). In voltammetric and amperometric sensors, frequently used for 
measuring the metabolic markers and microenvironmental physical 
parameters of BoC platforms, detection is based on changes in the cur
rent value (Matthews et al., 2021; Zhu et al., 2021). Enzyme-based 
sensors integrated into the structure of BBB platforms have been used 
to monitor reactive oxygen (ROS) production. These biosensors function 
on the interaction between an enzyme (like superoxide dismutase or 
horseradish peroxidase) and a type of ROS molecule (like H2O2) that can 
be used to monitor neuroinflammation reactions (Mir et al., 2022). 
Conductance, impedance and capacitor-derived impedance are other 
electrochemical principles underlying the function of electrochemical 
biosensors (Rezaei and Irannejad, 2019). Incorporating enzymes 
(enzymatic biosensor); organic and inorganic mediators; aptamers; 
RNA; and molecularly imprinted polymers in the structure of these 
biosensors could improve their selectivity and accuracy for detection of 
a specific analyte, even when it is present only in low concentrations 
(Karimi-Maleh et al., 2020). 

Electrochemical biosensors are divided into two functional types: 
sensors that measure metabolic activity (e.g., glucose or lactate, O2, and 
pH with high time resolution) and sensors that measure biomarkers such 
as proteins, exosomes or other specific molecules (Kavand et al., 2022). 
An electrochemical biosensor detecting glutamate released from brain 
organoid ESCs was a novel method for identifying dynamic changes in 
neurotransmitter levels within hESC-derived cerebral organoids, which 
could be used to improve models for neurodevelopmental and neuro
logical disorders (Nasr et al., 2018). 

3.3. Optical biosensors 

Optical biosensors function through an optical transducer system 
that converts biorecognition sensing element signals into optical signals 
(Damborský et al., 2016). Optical biosensors can be applied to the 
measurement of biological parameters using different features of light 
(resonance, reflection, polarization, and plasmon effect) and direct 
integration with microfluid. They are highly sensitive biosensors with 
long-lasting optical signals, low noise, and high time-resolution, elimi
nating the need for physical and electrical contact between the electrode 
and the detector in solution. Optical biosensors do not form an O2 
discharge zone at the electrode surface, so they are more practical at low 
O2 levels (Kilic et al., 2018). Optical biosensors are categorized as 
labeled and unlabeled. Unlabeled biosensors function to generate the 
signal directly by interacting the analyzed material with the transducer. 
In contrast, in Labeled biosensors function apply a labeling agent, then 
measure the optical signal using such methods as colorimetry, fluores
cence, luminosity, chemical illumination, SPR and amplified surface 
Raman scattering (SERS) (Khorablou et al., 2021). Colorimetric sensors 
such as pH, glucose, nicotinamide adenine dinucleotide, and 6-hydroxy 
dopamine are very popular in BoC platforms because they are simple 
and low-cost (Ahadian et al., 2018). Rickard et al. reported using a 
SERS-integrated optofluidic device for PoC detection of neurological 
biomarkers of severe traumatic brain injury (sTBI), such as N-acetylas
parate (NAA) and GFAP. Their simple, non-invasive, affordable, repro
ducible and portable technology for neural trauma assay is intended for 
triage of traumatic brain injury (TBI) patients in clinical and prehospital 
settings. The main challenge associated with TBI-indicative biomarkers 
diagnostics is they are considerably lower in concentration than CSF due 
to the dilution of blood volume (Rickard et al., 2020). 

Fluid-based biosensors are the most common and easily used optical 
biosensors. Photoluminescence biosensors have been incorporated into 
an O2 sensor, detecting O2 pressure using the quenching capability of O2 
(Mousavi Shaegh et al., 2016). Most fluorescence biosensors are coupled 
with lab-on-chip devices to detect biomarkers of different brain-related 
diseases; various biosensor-integrated chips are introduced according to 
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the interaction between the target molecule and a detecting compound 
that is intrinsically fluorescent or labeled with a fluorophore. The 
interaction between the molecules leads to the appearance of fluores
cence via the Förster resonance energy transfer. Before the interaction 
between the analyte and its targeted compound interaction, no fluo
rescence is recorded due to the presence of a quenching agent; the 
interaction between the analyte and its target triggers structural change 
and the appearance of fluorescence (Khan and Song, 2020). Different 
BoC systems using this feature have been fabricated to detect neurode
generative diseases and brain-related cancers and drug diffusion across 
the BBB (Ameri et al., 2020; Brazaca et al., 2020; Liang and Yoon, 2021; 
Song et al., 2020). 

Due to their ease of integration, SPR and local surface plasmon 
resonance (LSPR) are extensively used in microfluidic instruments for 
bioassay. A beam of light trapped in metal nanoparticles or nano
structures smaller than the wavelength of light causes LSPR (Zhu et al., 
2021). The sensitivity of SPR sensors can be enhanced by combining 
them with other technologies, such as nanohole arrays. These stimulate 
plasmons to produce excellent light transmission and are very sensitive 
to changes in surface refraction resulting from adhesion of biomolecules 
to the biosensor’s surface (Nangare and Patil, 2022; Picciolini et al., 
2018; Zhao et al., 2017; Zhu et al., 2021). Due to their extraordinary 
optical transmission, which can prevent the prism-coupling mechanism, 
nanohole arrays easily fit into the lens-free on-a-chip imaging setup, 
making them ideal candidates for miniaturization. This combination of 
SPR sensor and nanohole array was used for the highly sensitive and 
selective detection of cytokine sections from live cells (Liao et al., 2019). 

3.4. Multi-sensors 

A network of sensors detecting one element or various elements in 
communication led to the fabrication of multi-sensors. These exquisitely 
sensitive biosensors are used for highly accurate detection of an analyte 
(Liang and Yoon, 2021). As BoC platforms advance, it is critical to use 
integrated and multi-parameter sensors for automated and online 
monitoring of biochemical reactions; tissue metabolites; microenviron
mental parameters (ie, O2 and cytokines); and the extracellular envi
ronment (Ferrari et al., 2020). It is impossible to monitor these in an 
organ with a simple biosensor. Instead a combination of biosensors is 
needed. Thus, multi-sensors are ideal for monitoring multi-organ plat
forms (Ferrari et al., 2020). 

4. BoC platforms incorporating advanced biosensing 
technologies 

In disease modeling and personalized medicine, OoC systems have 
shown promise in predicting clinical outcomes. Still, these systems have 
limited in their ability to collect real-time data on diseased and healthy 
tissue environment just as their limited capability to simulate human 
pathophysiology in a biologically relevant manner. Single-time end- 
point analyses (e.g., ELISA, cell viability, qPCR) evaluate cellular status 
and responses to certain chemical and mechanical stimuli, but under
standing intracellular signaling pathways requires real-time and label- 
free analysis. To date in-situ integration of sensors is considered signif
icant progress in tackling the technical drawback of such systems. To 
monitor the cellular microenvironment (e.g., pH, dissolved O2) in the 
lung (Khalid et al., 2020), liver (Weltin et al., 2017), gut (Marrero et al., 
2021), heart (Zhang et al., 2021), and BoC systems (Li et al., 2021; Liang 
and Yoon, 2021), several electrochemical (MEAs, impedance spectros
copy, TEER, etc.) and optical (e.g., SPR) sensors have been reported over 
the last decades. Advantages of the microfluidic devices include mimicry 
of electrophysiological natural media, low-cost, real-time monitoring, 
improved electrical recording in vitro, and adaptation to fluid 
complexity (Curto et al., 2017; Holloway et al., 2021). Meanwhile, 
machine intelligence and/or data-driven optimization involved in OoC 
technologies will significantly benefit microfluidic platforms. 

Development and modulation of more sophisticated microscopy, spec
troscopy, and automated multi-sensing instrumentation is overcoming 
some of the challenges to detection of reactions on microchips (Galan 
et al., 2020). 

Microphysiological systems based on sensing devices enable inte
grated monitoring platforms using impedance, TEER, and electrophys
iological techniques. These systems allow continuous multiparametric 
data collection – over hours, not weeks – by monitoring cell media and 
cellular processes, including phenotype, cell metabolism, and growth 
(Holloway et al., 2021; Modena et al., 2018). 

4.1. Monitoring BBB integrity with electrical sensors 

The brain establishes physical interaction between the sensors and 
neural cells, allowing the transfer of information through the CNS 
(Yaldiz et al., 2022). The BBB is formed by endothelial cells interacting 
with brain perivascular cells such as pericytes, ASTs, microglia, etc. Its 
integrity protects neurons and other brain cells from disease-associated 
molecules (Fig. 6A). The tight intercellular junctions of brain endothelial 
cells within the BBB have high electrical resistance, maintaining selec
tive permeability. Although freeze-fracture electron microscopy or 
paracellular tracer compounds (e.g., fluorescein isothiocyanate (FIT
C)-labeled dextrans, horseradish peroxidase) are widely used to control 
barrier integrity and permeability (Adriani et al., 2017; Partyka et al., 
2017), the potential interference problems of the tracers limit their uses. 
Noninvasive and biocompatible TEER measurements are a widely 
accepted standard for continuous monitoring. More recently, they have 
become an emerging technology for BBB-on-a-chip platforms. Since 
TEER measurement requires a monolayer feature, these measurements 
in BBB-on-a-chip systems can also be regarded as 2D. 

One step closer to in vivo, the cell-laden hydrogel layers and the 
continuous flow causing shear stress on cells within the BBB-on-a-chips 
can be considered critical differences from the transwells. It is chal
lenging to monitor and record changes in membrane integrity using 
TEER due to the small dimensions of BBB-on-a-chip systems, but inser
ted electrodes/probes in the microfluidic channels have shown promise 
in such scenarios (Jeong et al., 2018; Motallebnejad et al., 2019; Ugolini 
et al., 2018; Yu et al., 2020). Still, electrode material characteristics, 
uneven current densities, minor variations in cell confluency and even 
geometry-related effects have a significant impact on TEER, continuing 
to challenge the assessment of barrier quality in OoC systems (Odijk 
et al., 2015). To cross-validate the differences in barrier function within 
the same device, Ahn et al. adopted the structure of BBB where the 
porous membrane was sandwiched between the upper, then lowered the 
PDMS layers supported by BMECs and by human ASTs. They then 
measured the TEER values of both monolayer BMECs and BBB model, 
including BMECs and 3D ASTs-laden hydrogels, via electrode wires 
inserted in the inlet and outlet of channel (Ahn et al., 2020). The re
searchers reported that as a result, hydrogel layer in the lower channel 
prevents the electrode coating and concluded the TEER might be 
affected by the uneven distribution of the potential across the mem
brane. Another issue reported with microfluidic-based platforms was 
due to the continuous flow and layer-by-layer 3D constructs; there was a 
lower standard of TEER values than transwells for the BBB (Wolff et al., 
2015). Wang et al. developed a model with continuous tight junction 
and in vivo-like TEER values. They used primary rat astrocytes, smaller 
and less complex compared to their human counterparts. Although they 
asserted that BMECs respond to rat-sourced ASTs, they switched to 
human-sourced ASTs to create a complete human model for further 
development (Wang et al., 2017). Vatine et al. on the other hand, made a 
fully-humanized BBB-on-a-chip platform, combining OoC technology 
with human iPSC-derived brain microvascular endothelial-like cells, 
ASTs and neurons (Vatine et al., 2019) (Fig. 6B). Their iPSC-based 
BBB-on-a-chip model, in which Au electrodes were integrated into the 
platform, obtained physiologically relevant TEER values even under 
high shear stress conditions. Using iPSC-BMECs with BBB-on-a-chips, 
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Park et al. built humanized BBB and compared it with normoxic con
ditions to investigate the enhancement effect of hypoxia. To measure 
TEER values, they evaluated barrier functions using TEER chips gener
ated for OoC platforms and reported enhanced barrier function in per
icytes and ASTs (Henry et al., 2017; Park et al., 2019b). 

4.2. Sensing neuronal activity 

The BBB regulates the motion of cells, molecules, and ions between 
blood and neural tissues, preventing the influx of pathogens and neu
rotoxicants (Pulido et al., 2020). Its unique selectivity has thwarted 
many drug candidates at the screening phase and remains a challenge in 
modern medicine (Bang et al., 2019). Increased BBB permeability and 
subsequent leakage of non-specific molecules are strongly associated 
with damage caused by trauma-like neurological conditions (Takata 
et al., 2021). The barrier permeability may be affected by neuronal ac
tivity, which plays a pivotal role in the myelination of axons, calcium 
signaling and the vital functions of neurons and glial cells (e.g., survival, 
proliferation). Hence, undefined electrical or chemical signals trans
ferred through sensory neurons may cause neurodegenerative diseases 
(e.g., AD). BBB-on-a-chip is a suitable platform for super-resolution 
microscopy that promotes cell co-culture accomplished with fluid 
flow. For instance, stimulated emission depletion-driven microfluidic 
assay integrated with omics leads to high-throughput outcomes in 
single-cell manipulation (Booth and Kim, 2012; Oddo et al., 2019). 
Therefore, besides BBB, one of the recent advancements in BoC systems 

is the real-time measurement of electrical activity. BoC platforms allow 
spatial and temporal resolution control of the extracellular environment 
and support high-resolution analysis of subcellular signals. Meanwhile, 
thin transparent substrates indicate automation and super-resolution 
imaging for precise monitoring changes correlated to cellular dy
namics. These microfluidic systems can easily integrate with other 
sensing tools for biomarker detection, real-time electrical measure
ments, monitoring of cell cultures and other applications (Esch et al., 
2015; Oddo et al., 2019; Whitesides, 2006). 

There have numerous efforts to record the electrical activity of 
neuronal populations in real-time (Gao et al., 2020; Niaraki et al., 2022; 
Seymour et al., 2017). To this end, integrating passive and active 
high-density MEAs into microfluidic-based BoC platforms could provide 
a facile tool for understanding neural circuits and interactions (Forro 
et al., 2021) (Table 2). Notably, the assembly of planar/3D MEAs with 
transparent PDMS-based microfluidic platforms provides a controlled 
growth pattern, recording activity-dependent dynamics of cells (Glad
kov et al., 2017; Moutaux et al., 2018; Shen et al., 2019). Moreover, 
prepared PDMS channels could be mounted with MEAs (Gao et al., 
2021) or divided into separate modular networks connected with 
micro-tunnels, enabling synchronous electrical activity in a closed chain 
configuration (van de Wijdeven et al., 2019). Analysis of NSCs rosettes 
shows multiple cytokines signaling by cell-cell interaction microchip for 
simultaneously tracking ten cytokines (PDGF-AA, IGF-1, BDNF, GDNF, 
FGF-2, BMP-4, IL-6, β-NGF, CNTF, and NT-3), morphological changes 
and biomarkers expression. These microchips could be used in tissue 

Fig. 6. Representative in vitro platforms designed for real-time monitoring of various parts of CNS. (A) An illustrated explanation of the BBB system. Adapted from 
“Neuron Anatomy” and “Brain Vascular System” BioRender.com (2022). (B) Human iPSC-based BBB-on-a-chip platform integrated with gold (Au) electrodes to 
measure real-time TEER values. Reprinted with permission from (Vatine et al., 2019). (C) Schematics of the PDMS assembled MEAs chip (left) and the microscope 
images, showing the growth of the hippocampal neuronal network on the chip surface (right). Reprinted with permission from (Gao et al. 2019). (D) Photograph of 
the high-density complementary metal-oxide-semiconductor technology (CMOS)-MEAs system along with the electrode array and image of a hippocampal neuronal 
network. Reprinted with permission from (Nieus et al., 2018). (E) Wire-bonded CMOS-MEAs on printed circuit board (left) and scanning electron microscopy (SEM) 
image of one active area, including four different electrode sizes. Reprinted with permission from (Miccoli et al., 2019). 
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architecture studies, cell morphology evaluation, analysis of cytokine 
signaling, and biomarker expression. 

A key function of this new device is to characterize the rosette 
cytokine signature and analyze changes in cytokine signaling of dis
rupted rosette structures in cells. Other functions include modeling 
neurodegeneration or neuroplasticity and opioid drug reactions; anal
ysis of genetic mutation screening and microscopy in neuro
degeneration; and subset interactions using partially dissecting rosettes 
(Abdullah et al., 2020). 

Track-Etched magnetic NanoPOre provides a framework for nano
fluidic immunomagnetics to examine multiple sub-populations of brain- 
derived extracellular vesicles (EVs) and miRNA biomarkers isolation to 
develop potential detection for TBI. TENPO approaches accelerate the 
isolation of EVs from half a day to less than an hour, which shows the 
translation of this technology into a PoC device by miniaturized miRNA 
detection. However, detection sensitivity challenges have emerged due 

to the low concentration of biomarker circulation, proteolytic degra
dation, clearance by the kidney or liver, and the possibility of binding 
biomarkers to carrier proteins. Isolation of EVs biomarkers faces mul
tiple challenges, such as the nanoscale size of EVs, isolation with a 
relatively long timespan (>6 h), co-purification with cellular debris, and 
non-selective isolate. Sorting and detecting by microfluidics into com
plex media can be more appropriate than nanoscale, but EVs are limited 
to low throughput and susceptible to nanofluid obstruction (Ko et al., 
2018). An LED-mediated framework has been coupled to a microfluidic 
platform capable of high throughput ELISA sample detection. The 
platform offers superior features compared to that of conventional 
ELISA, such as automation, reagent volumes reduced to 200 nL, a sig
nificant decline in process time, and detection of emitted fluorescent 
signals that advances the relatively accurate and rapid molecular 
sensing of AD. Moreover, it uses the detection of a wide spectrum of Aβ 
peptides supported by sample fractionation with a magnetic 

Table 2 
Summary of 2D and 3D neural cell cultures monitored by passive and active MEAs (For MEA classification, studies using CMOS were listed as active and those not used 
as passive).  

MEAs type Device Refs. 

Active (w/ 
CMOS) 

Passive Purpose Cell type Culture period (Days in vitro; DIV)  

+ Recording the spiking activity of the neurons Primary dissociated hippocampal 
neurons 

25 (Gladkov et al., 
2017)  

+ Analyzing the effect of phencyclidine on the 
electrical behavior of all three brain regions 

Primary harvested neuronal and 
glial cells 

20 (Dauth et al., 
2017)  

+ Development of MEMS-based 3D cell culture system 
for recording neuro-electrophysiological activity 

SH-SY5Y and hiPSC-derived 
cortical neurons 

21 (Bastiaens et al., 
2018)  

+ Investigating the activity-dependent dynamics in the 
physiological context of brain circuits 

Primary dissociated cortical 
neurons 

14 (Moutaux et al., 
2018)  

+ Monitoring neural network activity and intra-/inter 
nodal connectivity 

Primary cortical neurons and ASTs 27 (van de Wijdeven 
et al., 2019)  

+ Recording the electrophysiological response of 
neuronal networks 

Primary hippocampus neurons 28 (Shen et al., 
2019)  

+ Multisite and dynamic monitoring of long-term 
bioelectrical activity changes in neurodegenerative 
networks 

Primary dissociated hippocampal 
neurons 

13 
*Treated with Aβ oligomers for 
several timelines at DIV 13. 

(Gao et al. 2019)  

+ Noninvasive way to monitor and support neural 
growth in a 3D ECM-collagen gel 

hiPSC-derived neurons and ASTs 45 
*Representative data were provided 
for DIV 38. 

(Soscia et al., 
2020)  

+ Monitoring the spontaneous neuronal network 
activities 

hPSC-derived neurons 130 
*32 days for pre-differentiation 

(Pelkonen et al., 
2020)  

+ Monitoring the neural spikes and local field 
potentials. 

Embryo neural stem cells 10 (Gao et al., 2020)  

+ Detecting the olfactory stimuli patterns Primary harvested olfactory 
receptor and bulb neurons 

14 (Gao et al., 2021)  

+ Stimulation of presynaptic axons and recording the 
post-synaptic muscle activity 

hiPSCs-derived motor neurons and 
myoblasts 

24 (Duc et al., 2021)  

+ Interpretation of neural network dynamics in a label- 
free manner 

hiPSCs-derived cortical neurons 79 (Demircan Yalcin 
et al., 2021)  

+ Real-time investigation of neurotoxicity of Aβ on 
neural networks 

Dissociated NSCs 8 
*5 days of culture and Aβ treatment 
for 24, 48, and 72 h 

(Liu et al., 2022)  

+ Monitoring real-time cellular adhesion upon 
exposure to stress factors 

Dopaminergic neural cells 4 
* Cell network reaches the confluent 
state at DIV 4 

(Niaraki et al., 
2022) 

+ Long-term electrical monitoring of changes at the 
cellular level regarding neurodegenerative network 
activity 

Primary dissociated hippocampal 
neurons 

24 
* Aβ exposure at different 
concentrations for several timelines 
at DIV 24 

(Amin et al., 
2017) 

+ Quantification of state dependency in cell culture 
responses 

Primary dissociated hippocampal 
neurons 

24 (Nieus et al., 
2018) 

+ Simultaneous monitoring of electrophysiological 
activity and assessment of primary neurons growth 

Primary dissociated hippocampal 
neurons 

43 (Miccoli et al., 
2019) 

+ Investigating the influence of electrode size- 
dependent parameters on neural signals 

Primary dissociated cortical cells; 
brain slices; organotypic slice 
cultures 

18 (Viswam et al., 
2019) 

+ Synaptic connectivity mapping through an 
intracellular neuro-electronic interface 

Primary dissociated neuronal cells 33 
*Data were given for intracellular 
experiments: DIV10-14, 
Extracellular: 26-33 

(Abbott et al., 
2020) 

+ Characterization and comparison of network 
bursting in human motor and dopaminergic neurons 

hiPSC-derived neuronal cell lines 
and primary dissociated neurons 

42 (Ronchi et al., 
2021)  
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beads-based capillary (Mai et al., 2018). Most electrochemical sensors 
for detecting Aβ oxidation signals suffer from a low signal rate, espe
cially on electrode surfaces with non-specific absorption of serum pro
tein. magneto-immunocapture followed by fluorescent labeling was 
reported for sensitive determination of Aβ peptides enrichment. This 
strategy removes extra fluorescent dyes (Mai et al., 2015). 

Physiologically relevant models for human neuromuscular junctions 
(Duc et al., 2021), epileptic seizures (Pelkonen et al., 2020), 
schizophrenia-like states (Dauth et al., 2017), AD developments, and 
aberrant neuronal activity (Fig. 6C) (Gao et al. 2019; Liu et al., 2022) 
and several others have shown the relevance of such systems for elec
trophysiological measurements of neuronal cells. Besides 2D neural in
teractions, 3D neuronal cell cultures providing more realistic data 
regarding neuronal network activity and drug toxicity screening have 
been reported for passive and active MEAs (Bastiaens et al., 2018; 
Demircan Yalcin et al., 2021; Shin et al., 2021; Soscia et al., 2020). 
Although passive MEAs (having 60–256 electrodes) have been primarily 
proposed in the literature, the key advantages of MEAs, using CMOS are 
their high resolution, identifying the activities of each neuronal cell, 
detecting small signals, and acquiring readouts at network cell and 
subcellular levels (Miccoli et al., 2019; Nieus et al., 2018; Viswam et al., 
2019) (Fig. 6D–E). As such, CMOS-activated electrode arrays exploiting 
large-scale neuronal recordings (up to 60 thousand electrodes) (Forro 
et al., 2021) were reported to perform high spatiotemporal bioelectrical 
imaging (Amin et al., 2017), receive intracellular recordings from 
thousands of connected neurons (Abbott et al., 2020; Nieus et al., 2018), 
investigate network bursting in human motor and dopaminergic neu
rons, and detect cell type-specific oscillatory patterns through HD-MEAs 
(Ronchi et al., 2021). Furthermore, MEAs and multi-electrode array-
based microfluidic chips as potential platforms offer significant benefit 
due to the division of neurons in specific compartments, and accurate 
patterns based on position cells can be high for detecting neuronal firing 
that probes in monoculture (Holloway et al., 2021). 

4.3. Sensing neuronal metabolites 

Neuronal cells express a wide range of metabolites to maintain ho
meostasis and respond to specific pathological states. These metabolites 
include potassium and calcium ions (Roberts et al., 2018), cytokines 
regulating cell functions during immune responses (Cakmak et al., 
2022), and TNF-α, a pro-inflammatory cytokine seen in neuro
inflammation that reaches elevated levels in neurodegenerative diseases 
(Neniskyte et al., 2014). Located at the presynaptic terminal in neurons, 
α-syn can indicate aggregates implicating PD (Lee et al., 2020). Highly 
selective and highly sensitive analyses of these metabolites in real time 
are important to understanding metabolic activity changes in the ac
tivities of neuronal cells. A recent study reported combining calcium 
sensor imaging and extracellular recordings of local field potentials of a 
cerebral cortex-ganglionic eminence organoid to identify neural oscil
lations (Samarasinghe et al., 2021). Another study investigated the use 
of nanoparticles of FI3, a fluoroionophore with aza-crown-ether-based 
sensing unit producing electromagnetic spectrum emissions ranging 
from green to near-infrared; the FI3 nanoparticles were efficient for 
real-time screening of intra- and extracellular potassium ions in neuro
spheroids (Mueller et al., 2018). An electrochemical sensor based on 
α-syn peptide-imprinted poly(EDOT-co-EDOT-OH)s detected neuronal 
protein α-syn accumulation in midbrain organoid culture medium 
generated from iPSCs of PD patients, where the sensing range was 0.065 
pM–65 nM (Lee et al., 2020). More studies on integrating sensors are 
required for faster diffusion and clinical translation of BoC platforms. 

5. Challenges and limitations of biosensor integrated BoC 
platforms in translation to the clinic 

BoC platforms have rapidly replaced time-consuming animal studies, 
require trained professionals and advanced facilities, and face ethical 

constraints. Challenges in BoC systems accompany engineered platforms 
for biomimicry of the neural circuitry and 3D BBB or natural miniature 
tissues grown inside the microfluidic chip. Nevertheless, new flexible 
chips can be adaped to tissues with 3D geometry and high spatial res
olution and are highly controlled customizable sensors for interfacing 
spheroids of various sizes, allowing following signal propagation in 3D 
(Kalmykov et al., 2019; Pitsalidis et al., 2018). That neurodegenerative 
diseases such as PD and AD are not observed in other animal species is a 
driver for using brain-mimic integrated platforms to comprehend the 
mechanisms underlying complex functions of diseases or to test newly 
synthesized drugs on human-like systems. 

One of the most promising features of these BoC integrated biosensor 
systems is their ability to adapt to personalized medicine. BoC, along 
with microfluidic biosensors, can monitor cerebral concentrations of 
neurotransmitters, biomarkers and metabolic variations and allows 
optical analysis of interconnected cells and receptors (Weisenburger and 
Vaziri, 2018). As an integrated platform, BoC provides automatized 
screening of a vast number of analytes and creates a stable environment 
for efficient solubility and permeability of gas molecules, which is 
important to O2 and CO2 exchange in living cells (Liang and Yoon, 
2021). Although these systems promote the study of neural cells and 
circuitry in a dimensionally and temporally controlled environment, 
biological and technical challenges must be considered. One biological 
challenge in BoC design is that the brain is soft, rough, and has an odd 
shape. The constant rhythmic motion of the brain can disrupt real-time 
monitoring (Choi et al., 2021). Spatial cell arrangements, biocompati
bility, and mechanical stability under physiological conditions are 
challenging parameters (Li and Tian, 2018). Scale must be considered in 
miniaturizing a device mimicking brain behavior (Amirifar et al., 2022). 
Co-culture of different neural cell types to form the brain and cell density 
is the other biological challenge to be considered. To prevent optical 
challenges, the microchannels of the microfluidic biosensor must be 
built of transparent layers, which permits imaging under microscopy 
and high-resolution analysis in normal and pathophysiological condi
tions. Advanced natural and synthetic hybrid polymers might be a so
lution to these problems as a building materials. 

The minor variations within the building material, especially for 
large-scale production and fabrication processes, could also affect cell 
viability, another technical consideration in 3D microfluidic BoC sys
tems. Because of their electroactive MEAs and fluidic channels, these 
systems are limited to monitorization of different microenvironmental 
factors (Mofazzal Jahromi et al., 2019). Soft-lithography is one of the 
most common approaches to consistent production of BoC. However, the 
need for masks, low bio-resistance, and a sophisticated infrastructure 
could limit its applicability (Puryear et al., 2020). Soft-lithography could 
replace robust production methods like 3D printing to address this 
limitation. 3D printing enables proof-of-concept studies to large-scale 
clinical trials by integrating different elements with various mechani
cal behaviors into the same device. A 3D printed microfluidic analyzer 
connected to an electrochemical biosensor for screening dynamic vari
ations in lactate, glutamate, and glucose in injured brain patients has 
been designed in a microdialysate stream at μL/min flow rate (Samper 
et al., 2019); 3D printing was realized with an expensive Ultra 3SP 
machine, and pre and post-operational steps were labor-intensive. Still, 
results are promising for clinical translation. 3D printing provides ac
curate and large-scale mass production, but inadequate optical trans
parency prevents high-resolution imaging (Leung et al., 2022) and the 
bioincompatibility of 3D printed resins remains to be solved. 

Optical approaches to analysis of neural activity have been proposed 
as an alternative to electrochemical-based BoC. These optical systems 
are less invasive than their electrochemical counterparts and do not 
need close proximity to target cells, but photo-bleaching and complex 
instrumentation limit their applicability. To overcome these limitations, 
an electrochemical and optical system integrated inside an incubator 
was developed (Shin et al., 2021). A board was utilized to record elec
trophysiological activity using 63 Pt-black microelectrodes distributed 
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over 18 vertical shanks in a PDMS microfluidic chip. For optical stim
ulation, a small LED was incorporated into the chip. This eliminates 
external light sources and reduces production costs but requires several 
optical interfaces, which is labor-intensive, and uses Pt electrodes, 
which create an interfacial resistance that can cause signal instability. 
Despite these concerns, the design is promising for adapting 
CMOS-based MEAs for biosensing applications. With technological ad
vances, integrating a light source array onto the tip of every shank would 
permit more complex circuits in vitro, which could open doors for 
real-time monitoring in clinical applications. 

The surrounding aqueous droplet compartment of the liquid-liquid 
interface presents a significant challenge but this can be stabilized 
using surfactants. Therefore, droplet coalescence should occur when 
necessary. Meanwhile, different stabilization methods are needed for 
droplet storage according to experimental requirements, such as 
neurological factors (Kaminski and Garstecki, 2017; Zhou et al., 2021). 

A critical challenge to be addressed is protein aggregation assays 
using standard bulky methods by multi-well plates over extended time 
periods, such as mass-spectrometry and protein purification techniques 
based on chromatographic or gel line analysis techniques. To solve such 
problems, the microfluidic channels can potentially perform high 
throughput screens as a favorably alternative to identification of amy
loid formation inhibitors (Ciryam et al., 2013; Guo et al., 2012; Herling 
et al., 2018; Taly et al., 2007). 

The separation and detection of monomeric Aβ peptides with their 
trace quantities (0.1–10 nM) in CSF are very challenging due to (i) their 
tendency to self-assemble and aggregate in the form of heterogeneous 
mixtures; (ii) binding to other molecular partners; (iii) dedicating 
microfluidic devices as it is not possible to analysis with μL-plate- 
mediated sub μL droplets. So far, efforts have addressed improving the 
detection of Aβ peptides microfluidic droplets in the early stages of AD 
(Kim et al., 2015; Mai et al., 2018). 

Microfluidic-based fluorescent signal measurement requires the 
fluorescence microscope (FM) and atomic force microscope (AFM) for 
monitoring micro-cantilever deflection and displacement or the reso
nant frequency of the micro-electro-mechanical systems cantilever 
sensor. Both microscopes must be miniaturized before they can be 
applied to PoC (Song et al., 2020). 

Detection of neurotransmitters for analysis is limited because of high 
complexity. Fractionation-based processes such as liquid chromatog
raphy, capillary electrophoresis, spin columns, and packed pipette tips 
reduce this complexity. Meanwhile, combining sample cleanup and on- 
chip analyte detection can reduce the time spent on sample cleanup 
(Croushore and Sweedler, 2013). 

The opacity of 3D MEAs makes simultaneous optical imaging diffi
cult and hinders cell visibility. Optically transparent indium tin oxide 
electrodes allow imaging, but their resistance and signal-to-noise per
formance are inferior to those of opaque (Forro et al., 2021). To solve 
this problem, TiNi-coated electrodes have been produced with no loss of 
transparency using atomic layer deposition (Ryynänen et al., 2019). 
Ag/AgCl, Pt, Pt black, Au, Ti, and metal electrodes have also been used 
in cell studies, while metals such as Co and Ag have shown toxic effects 
on cultured cells. Modified electrodes with large surface area, lower 
impedance, and transparency for optical imaging can be used for inte
grated BoC with biosensors (Fuchs et al., 2021). Due to their complexity, 
BoC-integrated platforms present challenges that remain to be 
addressed. For understanding the underlying mechanisms of 
brain-related diseases, the development of an integrated platform that 
combines organ models, microfluidic components, and biosensors is 
open to improvement. 

In conclusion, BoC translation into the clinic requires more time to 
monitor the brain’s electrophysiological activity and such parameters as 
metabolites and biomarkers. In literature, different methods have been 
introduced to detect biological molecules, and physical, electro
chemical, biochemical, and optical sensing platforms can be integrated 
for in situ automated microenvironment analysis. Despite significant 

technological advances, translation of these findings to the clinical 
setting and the treatment of patients with neurological disorders has 
been slower than expected. Furthermore, standardization and regula
tory endorsement challenges must be confronted in the next few years. 
Promising proof-of-concept studies should not stay in the “valley of 
death,” the gap between bench research and clinical applications (Sey
han, 2019). Multidisciplinary approaches and close collaboration be
tween clinicians, health experts, engineers, and biomedical researchers 
are critical for developing new technologies that can be successfully 
translated into clinical settings. 

6. Conclusion and future outlook 

BoC platforms are preclinical tools with the potential to significantly 
reduce, refine, and even replace animal experiments in drug develop
ment. One of the significant virtues of microfluidic BBB platforms is their 
ability to monitor and record biological reactions to a variety of stimuli 
at once. In this respect, BoC platforms permit faster development of new 
compounds, lower the cost of reagents and cells and eliminate growing 
ethical concerns about animal testing by using cells of human origin that 
are more predictive of human-specific clinical effects (Arora et al., 2011; 
Jin et al., 2020; Ma et al., 2021). Electrochemical and optical biosensors 
are now the favored option for real-time observation of biological ac
tivities. However, they have substantial limitations, including poor 
resolution and short sensor lifetime due to electrode saturation (Li and 
Lee, 2020; Zhu et al., 2021). 

Interface complexity should be eliminated to the greatest extent 
feasible to build BoC platforms so that it will be eventually compatible 
with standardized forms typically used by biotech and pharmaceutical 
businesses. Collaborations with diverse disciplines must create sensors 
capable of automated assessment of BoC systems in continuous, real- 
time, and high-throughput (Gonçalves et al., 2022; Mir et al., 2022). 
Once these hurdles have been cleared, BoC, including next-generation 
biosensors, will enable accurate, detailed simulation of complicated 
and specialized pathologic situations. BoC, for example, might be 
immensely useful in tumor research; studying and monitoring the in
teractions of tumor tissues with other tissues will advance drug detec
tion, biomarker recognition, and long-term pharmaceutical use and 
improve cancer treatment (Petrovszki et al. 2022, 2022zsoylu et al., 
2022). Because of this, multi-sensor and multi-organ platforms will be 
significant for testing drugs for cancer and other diseases, and will 
eventually replace animal models. Because BoC allows for the simula
tion of organ–organ interactions using human-derived cells, difficulties 
associated with phases in clinical stages and subsequent medication 
withdrawal may significantly decrease (Wang et al., 2005). Microfluidic 
BoC systems can potentially push the boundaries of detection devices to 
assay nervous cells’ intracellular and extracellular media. This can be an 
appropriate alternative to use of conventional animal models for disease 
monitoring. The US Food and Drug Administration proposed using 
microfluidic-mediated technologies for experiments prior to animal 
model testing and subsequent human clinical trials (Mofazzal Jahromi 
et al., 2019). It is to be expected that BoC combining numerous bio
sensors will be commonly used in future laboratory research, clinical 
applications, and personalized medicine studies. 

Author contribution 

Berivan Cecen: Conceptualization, Validation, Formal analysis, 
Investigation, Writing original draft preparation, Review & editing. 
Ecem Saygili: Investigation, Visualization, Writing- Original draft 
preparation. Iman Zare: Investigation, Visualization, Writing- Original 
draft preparation. Omid Nejati: Investigation, Visualization, Writing- 
Original draft preparation. Danial Khorsandi: Investigation, Visuali
zation, Writing- Original draft preparation. Atefeh Zarepour: Investi
gation, Visualization, Writing- Original draft preparation. Emine 
Alarcin: Investigation, Visualization, Writing- Original draft 

B. Cecen et al.                                                                                                                                                                                                                                   



Biosensors and Bioelectronics 225 (2023) 115100

16

preparation. 
Ali Zarrabi: Investigation, Visualization, Validation, Writing- Orig

inal draft preparation. Seda Nur Topkaya: Investigation, Writing- 
Original draft preparation. Ozlem Yesil-Celiktas: Conceptualization, 
Methodology, Validation, Investigation, Data curation, Formal analysis, 
Project administration, Supervision, Visualization, Writing – review & 
editing. Ebrahim Mostafavi: Conceptualization, Methodology, Valida
tion, Investigation, Data curation, Formal analysis, Project administra
tion, Supervision, Visualization, Writing – review & editing. Ayça Bal 
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Piliarik, M., Vaisocherová, H., Homola, J., 2009. Biosensors and Biodetection 65–88. 
Pitsalidis, C., Ferro, M., Iandolo, D., Tzounis, L., Inal, S., Owens, R., 2018. Sci. Adv. 4 

(10), eaat4253. 
Prabhakarpandian, B., Shen, M.-C., Nichols, J.B., Mills, I.R., Sidoryk-Wegrzynowicz, M., 

Aschner, M., Pant, K., 2013. Lab Chip 13 (6), 1093–1101. 
Prodanov, D., Delbeke, J., 2016. Front. Neurosci. 10, 11. 
Pulido, R.S., Munji, R.N., Chan, T.C., Quirk, C.R., Weiner, G.A., Weger, B.D., Rossi, M.J., 

Elmsaouri, S., Malfavon, M., Deng, A., Profaci, C.P., Blanchette, M., Qian, T., 
Foreman, K.L., Shusta, E.V., Gorman, M.R., Gachon, F., Leutgeb, S., Daneman, R., 
2020. Genes. Neuron 108 (5), 937–952 e937.  

Puryear Iii, J.R., Yoon, J.-K., Kim, Y., 2020. Micromachines 11 (8), 730. 
Qian, X., Nguyen, H.N., Song, M.M., Hadiono, C., Ogden, S.C., Hammack, C., Yao, B., 

Hamersky, G.R., Jacob, F., Zhong, C., 2016. Cell 165 (5), 1238–1254. 
Qian, X., Jacob, F., Song, M.M., Nguyen, H.N., Song, H., Ming, G.-l., 2018. Nat. Protoc. 

13 (3), 565–580. 
Qin, J., Wang, W., Gao, L., Yao, S., 2022. Chem 13 (10), 2857–2876. 
Ravi, M., Paramesh, V., Kaviya, S.R., Anuradha, E., Solomon, F.D.P., 2015. J. Cell. 

Physiol. 230 (1), 16–26. 
Rezaei, B., Irannejad, N., 2019. Electrochemical Biosensors. Elsevier, pp. 11–43. 
Ricco, A.J., Martin, S.J., 1991. Thin Solid Films 206 (1–2), 94–101. 
Rickard, J.J., Di-Pietro, V., Smith, D.J., Davies, D.J., Belli, A., Oppenheimer, P.G., 2020. 

Nature Biomedical Engineering 4 (6), 610–623. 
Roberts, S., Seeger, M., Jiang, Y., Mishra, A., Sigmund, F., Stelzl, A., Lauri, A., 

Symvoulidis, P., Rolbieski, H., Preller, M., Dean-Ben, X.L., Razansky, D., 
Orschmann, T., Desbordes, S.C., Vetschera, P., Bach, T., Ntziachristos, V., 
Westmeyer, G.G., 2018. J. Am. Chem. Soc. 140 (8), 2718–2721. 

Rodrigues, R.O., Sousa, P.C., Gaspar, J., Bañobre-López, M., Lima, R., Minas, G., 2020. 
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