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Abstract: In the last decades, bioengineers have developed myriad biomaterials for regenerative medicine. De-
velopment of screening techniques is essential for understanding complex behavior of cells in the biological mi-

croenvironments. Conventional approaches to the screening of cellular behavior in vitro have limitations in terms 
of accuracy, reusability, labor-intensive screening, and versatility. Thus, drug screening and toxicology test 

through in vitro screening platforms have been underwhelming. Recent advances in the high-throughput screen-
ing platforms somewhat overcome the limitations of in vitro screening platforms via repopulating human tissues’ 

biophysical and biomchemical microenvironments with the ability to continuous monitoring of miniaturized 
human tissue behavior. Herein, we review current trends in the screening platform in which a high-throughput 

system composed of engineered microarray devices is developed to investigate cell-biomaterial interaction. Fur-
thermore, diverse methods to achieve continuous monitoring of cell behavior via developments of biosensor 

integrated high-throughput platforms, and future perspectives on high-throughput screening will be provided. 

Keywords: High-throughput platforms, cell-biomaterial interactions, cellular microenvironments, biomaterial screening, organs-on-a-chip, 
myriad biomaterials. 

1. INTRODUCTION 

 A myriad of microenvironmental factors has proven to influ-
ence the way cell behaves including adhesion, apoptosis, prolifera-
tion, and cell differentiation [1-7]. The cell microenvironments are 
often categorized into biochemical and biophysical factors [8]. Bio-
chemical factors include chemical composition of extracellular 
matrix (ECM), soluble bioactive molecules, and cell-secreted pro-
teins. Micro- and nano-topography, matrix elasticity, stiffness, and 
wetting properties are examples of biophysical factors. In addition 
to these passive microenvironmental cues, active mechanical and 
electrical inputs also affect the developmental process of various 
organ systems such as musculoskeletal and cardiovascular tissues 
[9, 10]. In an attempt to understand cellular behaviors by recapitu-
lating the microenvironments of cells, researchers have investigated 
novel biomaterials with varying chemical and physical properties. 
The developed biomaterials have provided a facile way to tempo-
rally and spatially engineer microenvironments of cells resulting in 
different cell behaviors and functionalities for various therapeutic 
applications [11, 12]. Although traditional in vitro approaches to 
screening microenvironments are clumsy and inadequate for screen-
ing the vast number of microenvironmental factors, it has been 
found that the engineered microenvironmental cues allow an in-
depth understanding of diverse cellular behavior. High-throughput 
screening technique is one of the most effective methods of screen-
ing the interaction between vast combinations of cellular microen-
vironments and cellular behaviors [13, 14]. In comparison to con-
ventional approaches, high-throughput screening provides superior 
advantages including usage of minimal input materials and cells, 
expeditious screening and faster analysis, and detecting of multiple 
targeted samples on a single device. Diverse approaches have been 
taken to produce a comprehensive biomaterial library to consider 
the synergistic influences of biological microenvironments on cell 
responses. In an attempt to understand the cellular responses re-
garding their physical and chemical microenvironments, cellular  
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behavior was first simplified into 2-dimensional (2D) platforms. 
However, the complex human cells interact with 3-dimensional 
(3D) microenvironments, and the 2D biomaterial microarrays are 
not adequate to represent the complexity of cell microenvironments 
in the human body. Therefore, there have been continuous efforts 
on developing high-throughput screening platforms with 3D bioma-
terial microarrays, which are capable of applying bioactive physical 
stimuli with temporally controllable biochemical cues by integrat-
ing microfluidics to understand accurate 3D cellular behaviors. For 
the continual monitoring of cell and tissue behavior according to 
the interaction between biomaterials and cells, research to integrate 
high-throughput screening platforms on developing biosensor has 
received significant attention. The developed high-throughput 
screening platforms with biosensors allow detailed observation and 
more predictable assessments of the interaction between microenvi-
ronments and dynamic responses of the cells. Moreover, biosensors 
which are capable of continuous and automated monitoring of cel-
lular responses over a long period of time make it more suitable for 
testing chronic drug response [15]. 

 In this review, we introduce the leading-edge developments of 
high-throughput approaches for monitoring interactions between 
vast combinations of microenvironments and cellular behaviors. 
Three approaches to high-throughput screening are introduced. 
Firstly, screening of biochemical microenvironments including 2D 
and 3D biomaterial microarrays with integrated microfluidic sys-
tems. Secondly, screening effects of biophysical environments cov-
ering the effects of micro/nano topography and stiffness, and active 
mechanical and electrical stimuli on cellular responses. Lastly, 
biosensors for the investigation of integrated cellular responses in 
vast combinations of microenvironments are reviewed. Further-
more, forthcoming challenges to developments of high-throughput 
platforms and future perspectives are discussed. 

2. SCREENING OF BIOCHEMICAL MICROENVIRO-
NMENTS 

2.1. Biomaterial Microarrays  

 Tissue culture-polystyrene (TCPS) is currently regarded as a 
gold standard of cell culture platform for various cell types. How-
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ever, uncontrollable chemical and physical property of TCPS could 
regulate cell fates in unexpected directions. For example, Yang et 
al. lately verified the new finding that human mesenchymal stem 
cell (hMSC) fate could be regulated by their previous culture time 
on TCPS because cells memorize their past physical microenvi-
ronments via Yes-associated protein (YAP) and transcriptional 
coactivator with PDZ-binding domain (TAZ) signaling pathway. 
Consistent exposure to culture microenvironments activates YAP-
TAZ signaling pathway which leads to constitutive activation pro-
moting hMSC’s multipotency towards osteogenesis [16]. In addi-
tion, cellular chemical microenvironments need to be controlled by 
coating TCPS with cell type-specific ECM proteins or adding solu-
ble bioactive molecules into the culture medium for long-term pres-
ervation of pluripotent human embryonic stem cells (hESCs) [17]. 
In an attempt to solve the challenges of maintaining cellular micro-
environments, and prolong its functionality, various biomimetic 
biomaterials have been investigated biomimetic of cell microen-
vironments to modulate its behavior. Particularly, hydrogels with 
synthetic or natural ECM proteins have received considerable atten-
tion due to their high cell viability, ease of chemical modification, 
and injectable property that can be used to various therapeutic ap-
plications [18, 19]. To analyze the cellular behaviors in biomaterials 
composed of different ECM proteins, various high-throughput ap-
proaches have been developed. High-throughput biomaterial 
screening platform, which is made of hydrogel microarray is capa-
ble to carry out simultaneous analysis of sophisticated interactions 
regarding vast microenvironmental factors and hydrogels. Fabrica-
tion of the high-throughput hydrogel microarrays for screening cell 
behavior involve various methods including a contact printing, soft-
lithography, and superhydro-phobic-hydrophilic patterning [20-27]. 
The contact printing method employs capillary force exerted from 
hollow pin arrays to move biomaterials into the tips of the array, 
followed by a tip-substrate contact. Various high-throughput 
screening platforms have used the contact printing method to ana-
lyze interactions between cells and biomaterials, having different 
chemical compositions [28-30]. For instance, combinatorial screen-
ings of cellular behaviors on the contact printed biomaterial arrays 
were conducted. Biomaterial arrays composed of different amounts 
of collagen I, II, IV, fibronectin, and laminin were spotted on to a 
substrate in order to investigate cell functions and differentiation of 
murine ESCs, and rat hepatocytes [28, 29]. Similarly, Mei et al. 
employed a high-throughput system for the examination of hESC 
behaviors on synthetic biomaterials [30]. Biomaterial microarrays 
with different chemical compositions were printed onto poly(2-
hydroxyethyl methacrylate)-coated glass surface via contact print-
ing method. Arrays consisted of 496 different biomaterial composi-
tions was generated from the mixtures of 22 different acrylate-
based-monomers with different concentrations and ratios. They 
investigated how self-renewal property of hESCs was regulated on 
2D microenvironments including chemical properties, surface 
roughness, elastic modulus, and wetting properties. Polymers with 
high acrylate content with moderate wettability showed enhanced 
colony formation of hESCs, which represents self-renewal property 
of hESCs. Gobaa and colleagues developed high-throughput 
screening platforms using hydrogel microwells (Fig. 1a) [23]. To 
fabricate hydrogel microwells, solutions containing different pro-
tein compositions were spotted onto silicon micropillars, followed 
by a contact printing onto partially crosslinked polyethylene glycol 
(PEG) hydrogel substrate. Through the approach, isolated 2D mi-
croenvironments could be generated onto the hydrogel. It was ob-
served that mesenchymal stem cell (MSC) differentiation and pro-
liferation properties could be affected by the composition of ECM 
proteins, stiffness, and cell densities. 

 The 2D microarrays of biomaterials could provide effective 
ways to monitor the interaction between cells and biomaterials. 
However, cells in the body interact with complex 3D microenvi-
ronments, which results in different cellular behaviors [31-34]. 
Thus, enormous efforts have been directed to advance high-

throughput platforms for analyzing the influence of 3D microenvi-
ronments on cellular behaviors [22, 35-39]. Dolatshahi-Pirouze et 
al. investigated the correlation between osteogenic differentiation 
of hMSCs and bone tissue-associated ECM components including 
fibronectin, laminin, and osteocalcin, in cell-laden hydrogel arrays 
using the contact printing method (Fig. 1b). The observation sug-
gests that the incorporating ECM protein components significantly 
promote hMSCs’ osteogenic differentiation. With the data collected 
from the observation, an optimal composition of the incorporated 
ECM proteins and growth factor have been figured out for os-
teogenic differentiation of hMSCs. Besides the contact printing 
technique, 3D biomaterial arrays also have been fabricated via wet-
tability patterning. Formation of the 3D biomaterial arrays is 
achieved by applying wettability patterns on surfaces enabling the 
cell laden biomaterials to be isolated onto the hydrophilic area bor-
dered by hydrophobic region. Superhydrophobic surfaces showing 
extreme water-repellent property have received attention for various 
biomedical applications due to their anti-biofouling property [40-
43]. The patterning of hydrophilic arrays on superhydrophobic sur-
face provides a facile way for the generation of 3D biomaterial 
arrays. An innovative protein delivery and profiling method has 
been proposed by Oliveira et al [44]. To overcome the limitations 
that a conventional analytical method possesses, the wettability 
patterning of superhydrophobic-hydrophilic regions was used to 
examine the protein releases from protein matrix. Bovine serum 
albumin (BSA) was encapsulated in alginate, and placed on the 
center of the superhydrophobic surface followed by crosslinking. 
After the mixture being cross-linked, a phosphate-buffered saline 
(PBS) was dispensed covering the alginate hydrogel on each pat-
terned surfaces (Fig. 1c - i). The quantity of the released protein 
was measured by florescence imaging technique obtaining compa-
rable data to conventional on-chip protein releasing methods. Be-
side the quantification of protein released, the device is also capable 
of visualize the distribution of the proteins over time (Fig. 1c – ii). 
The chip-based assay allowed precise control over protein release 
via contrasting wettability. Similarly, Salgado et al. fabricated mi-
croarray with alternating hydrophilic and superhydrophobic pat-
terns to develop high-throughput screening platform [45]. Square-
shaped hydrophilic array patterns were formed onto a superhy-
drophobic polystyrene (PS) substrate by using a plasma treatment. 
Two cell types including fibroblasts and pre-osteoblast cells were 
studied with 24 different hydrogel compositions, composed of a 
mixture of alginate, chitosan, collagen, and hyaluronic acid, to in-
vestigate cellular behavior. The two cells were encapsulated into 
the hydrogels and their cytocompatibility and metabolic activity 
were investigated. The study not only highlights the performance of 
the contrasting wettability patterns of superhydrophobic, and hy-
drophilic arrays, but also non-destructive analysis of the platform 
which is promising for complex investigation of 3D biomaterial 
microarrays-cells interaction. Similar wettability patterning meth-
ods have been developed to generate separated droplet microarrays, 
which can be potentially used to various high-throughput screening 
platforms [46-49]. Recently, Li et al developed surface-wettability 
guided assembly (SWGA) method which is used to create spatially 
engineered of 3D biological microenvironments (Fig. 1d) [39]. In 
order to apply wettability patterns on hydrophilic glass surface, 
lithography was done to a microarray patterned thin polydimethyl-
siloxane (PDMS) layer assembling the layer with a glass substrate. 
Cell-laden biomaterial arrays were precisely patterned via wettabil-
ity difference between the hydrophobic, and hydrophilic surfaces. 
The SWGA method enables fabrication of various shaped hydro-
gels containing different cell types. Furthermore, heterogenous 
microenvironments were achieved by assembling interconnecting 
hydrogel arrays from two substrates with varied shapes. The afore-
mentioned methods for the manufacture of biomaterial microarrays 
provide the individually and spatially engineered cellular microen-
vironments, which are also useful techniques for the development 
of new biomaterials and drugs. 
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2.2. Microfluidic Systems 

 For the last decade, basic biological studies and drug discovery 
have flourished due to newly developed microfluidic systems as 
emerging cell culture platforms, because the complexly designed 
microchannels mimic various biological environments that cannot 
be achievable by using conventional cell culture platforms [50-52]. 
Particularly, microfluidic systems can spatially and temporally 
control cellular biochemical microenvironments by flowing cell 
culture media with desired water-soluble bioactive molecules and 
chemical compounds. Recently, researchers have developed micro-
fluidic high-throughput screening platforms to investigate cellular 
behavior in response to their spatially and temporally controlled 
chemical microenvironments. By utilizing advection, random 
Brownian motion, and laminar flow of liquids, well-controlled 
chemical gradients can be generated [53, 54]. The microfluidic 
high-throughput screening platform typically contains a microflu-
idic cell culture chamber, integrated with a chemical gradient gen-
erator to apply chemical gradients to cells [55, 56]. For example, 
Awwad et al. developed microfluidic high-throughput screening 
platform using a long perfused cell culture chamber with a chemical 
gradient generator [56]. The chemical gradient generator was cre-
ated by using multiple ramified microchannels, connected to the 
cell culture chamber. The chemical gradient generator enabled the 
spatial control of chemical gradients inside the cell culture chamber 
by utilizing Laminar flow and diffusive mixing. The concentration 
of stimulant, Interleukin-1β (IL-1β), could be spatially controlled 
from 0.005 to 0.1 ng/mL within the cell culture chamber and the 
cellular response of Chinese Hamster Ovary (CHO) cells was inves-
tigated. The chemical gradient generator could also be integrated 
with hanging-drop culture platform for screening 3D cell spheroids 

behavior according to the spatially controlled chemical gradients. 
3D cell-laden hydrogel construct into microfluidics was fabricated 
via diverse physical and chemical cross-linkage. Ostrovidov et al. 
reported a microfluidic device for fabricating hydrogels with a 
concentration gradient of target drugs [57]. In order to make drug 
concentration within the hydrogel prepolrymer solution, researchers 
injected PEG-diacrylate (PEGDA) hydrogel prepolymer solution 
with the drug into the chemical gradient generator. The microfluidic 
device contains a microfluidic gradient generator with its chamber, 
two inlets connected to a microchannels for controlled drug concen-
tration via diffusion and an outlet (Fig. 2a – i). After the injection 
of the PEGDA prepolymer solution, photocrosslinking process is 
carried out to make hydrogel constructs with desired drug concen-
tration. They further characterized drug release profiles of drug-
containing hydrogels and toxic effects of okadaic acid on cells (Fig. 

2a – ii). Frey et al. investigated various 3D cellular behavior includ-
ing metabolic activity and cell-to-cell interactions according to the 
cell type and perfusion configuration via chemical gradient genera-
tor integrated hanging drop culture platform [58]. The hanging drop 
culture system is composed of a gradient generator connected to a 
four-by-four culture array for continuous flow (Fig. 2b – i). Multi-
cellular spheroids were formed at the bottom surface of ‘hanging 
drop’ culture platforms via injecting cells through cell loading 
ports. Spatially controlled chemical gradients could be perfused to 
the formed 3D cell spheroids through microfluidic channels (Fig. 
2b – ii). The time-dependent spheroidal growth, and its fluores-
cence imaging were also investigated over 60 hours (Fig. 2b – iii). 
Similarly, Occhetta et al. developed microwell embedded microflu-
idic system to observe the effects of growth factors on 3D hMSC 
behavior in high-throughput manner [59]. They observed that the 
proliferation of hMSCs was significantly increased compared to the 

 

Fig. (1). Formation of biomaterial mircroarrays for high-throughput screening of cellular behaviors in different chemical microenvironments. a) Fabrication of 

2D hydrogel microarrays using contact printing method to fabricate artificial isolated niches. b) Contact printed cell-laden 3D hydrogel arrays to investigate 

osteogenic differentiation of hMSCs. c) (i) 3D hydrogel array on superhydrophobic-hydrophilic patterned substrate for high-throughput screening of cellular 

behavior. (ii) distribution of proteins across 3D hydrogel over time. d) Surface-wettability-guided assembly (SWGA) of 3D hydrogel arrays for heterogeneous 

cell patterning and cell behavior screening. Reproduced with permission of: Nature Publishing Group, ACS Publications, and John Wiley & Sons. 
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static 2D culture and screened growth factors induced chondrogenic 
differentiation of hMSCs. Biomimetic 3D hydrogel arrays have 
introduced to microfluidics to induce spatially controlled chemical 
microenvironments [60, 61]. Similarly, human lung epithelial 
(A549) cells, and PEG hydrogel encapsulated hepanoma (HepG2) 
cells were generated in the microfluidic device via photolithogra-
phy to investigate cellular responses to anticancer drugs by Gao et 
al [62]. Microfluidic devices allow a simple way to spatially control 
chemical microenvironments of cells via perfusion of a controlled 
drug and chemical compositions during cell culture. Further, micro-
fluidic devices allow an in-depth understanding of various physio-
logical processes in native tissues due to their microchannel mim-
icking biological environments. Thus, microfluidic system com-
bined with biomaterial microarrays can be potentially used as a 
universal platform to investigate tissues’ developmental process, 
drug efficacy, and stem cell differentiations regarding their tempo-
rally and spatially controlled chemical microenvironments in a 
high-throughput fashion. 

3. SCREENING THE EFFECTS OF BIOPHYSICAL  

MICROENVIRONMENTS 

 Not only the biochemical microenvironments but also biophysi-
cal microenvironments regulate cellular behavior. Cells sense their 
physical microenvironments, such as surface topography, ECM 
stiffness, and elasticity through surface bounded focal adhesions 
that activate intercellular pathways. The activation process of inter-
cellular pathways via the sensing of biophysical cues is termed 
mechanotransduction [9]. For example, the nano- and micro-
topography of surface direct human neural stem cells (hNSCs) to 
functional neuronal cells through Rho-associated protein kinase 
pathway, and β1 integrin-mediated binding [63, 64]. Whereas, the 
stiffness of ECM can determine stem cell fate [65]. In addition to 
these static biophysical cues, active biomechanical and electrical 
stimuli could promote cell functions and stem cell differentiation 
efficiency [66, 67]. These biophysical cues synergistically affect to 
cells, however, conventional approaches are not suitable to investi-
gate cellular behavior upon the influences of complex biophysical 
microenvironments. Here, we introduce recent advances in high-
throughput screening platforms to aid investigation of the effects of 
biophysical microenvironments including topography, stiffness, and 
active mechanical and electrical stimuli on cellular behavior. 

3.1. Micro- /Nano-topography and Stiffness 

 Micro- and nano-topography of substrate regulate differentia-
tion of stem cells including human induced pluripotent cells 
(hiPSCs), hESCs, and hMSCs [68-70]. In addition, nanometer scale 
holes on cell-repellent surface direct cell migrations and organiza-
tion [71]. To investigate the cellular behavior on the surfaces with 
micro- and nano-patterns, Unadkat et al. developed a ‘Topochips’ 
containing 2,176 different topography patterns from the combina-
tion of three primitive shapes (Fig. 3a) [72]. Polyactic acid (PLA) 
films were used to fabricate micro-topography by using hot em-
bossing methods. The combination of patterns which was able to 
keep its pluripotency or improved osteogenic differentiation of 
hMSCs was screened. Recently, Hu and his colleagues have devel-
oped 96-well plate platform to screen cellular behavior on various 
micro- and nano-topographic patterns (Fig. 3b) [73]. The platform 
was fabricated by bonding micro- and nano-topography patterned 
PDMS layer with a commercial standard bottomless microplate via 
aminosilane-mediated treatment, and oxygen plasma treatment. The 
developed platform is compatible with conventional multiwall 
plated-based cell culture and analytical tools. The topography pat-
terned surface was covered with antibodies including anti-CD3 and 
anti-CD28 to screen the activation and proliferation of T cells on 
different micro- and nano-topologies. The results demonstrated 
increased interleukin 2 (IL-2) cytokine production of T cells on 
trench-grid surfaces with 200 nm trench width and > 2.3 μm grating 
pitch. On the other hand, IL-2 production level diminished at the 
surface with 100nm width and <0.5 μm pitch. They found that IL-2 
cytokine production could be further enhanced by adding bleb-
bistatin. The platform could provide the insight to design biomate-
rials and scaffolding system that can enhance clinical efficacy of 
immunotherapy.  

 The stiffness of matrix and interfacial geometry of cells also 
direct cellular behavior. For example, Englar et al. investigated that 
stem cell lineage specification process depends on substrate stiff-
ness [74]. They investigated the stem cell differentiation of hMSCs 
on polyacrylamide gels having three different stiffness (1, 10, and 
100 kPa) for mimicking physiologically relevant stiffness of brain, 
muscle, and bone, respectively. Cell morphologies and gene expres-
sion showed that hMSCs differentiate to specific cell linages on 
hydrogels with relevant stiffness. As a high-throughput approach, 
Mih et al. fabricated polyacrylamide hydrogel microarrays with 

 

Fig. (2). Microfluidic high-throughput screening platforms a) Spatial control of biochemical microenvironments by using a microfluidic concentration 

gradient device for the investigation of single CHO/GFP-NFjBp65 cell nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) dynamics. b) (i) 

Microfluidic-based hanging-drop culture system for screening 3D cell spheroid behavior in a high-throughput fashion. (ii) Three-step working principle of the 

hanging-drop culture system. (iii) Metabolic activity of cell spheroids and inter-organ interaction were investigated by varying nutrient supply and chemical 

dosage. Reproduced with permission of: ACS Publications, and Nature Publishing Group. 
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different substrate stiffness in commercial 96 and 384 well plates 
[75]. By adjusting crosslinking ratio, a substrate stiffness ranging 
from 0.3 to 55 kPa could be achieved. Using the platform, cellular 
behavior of 7 different cell types was investigated.  
 Cancer stem cells (CSCs) has known that it plays crucial role 
during the metastases process of cancer, although only small per-
centage of CSCs are existed within a tumor [76]. This small popula-
tion of CSCs in tumor is believed to be causing recurrence of can-
cer after surgical treatment and chemotherapy [77, 78]. Thus, un-
derstanding cell behavior of CSCs in response to their microenvi-
ronments are crucial to predict disease progression and develop 
effective anticancer drugs. Recent findings suggest that the bio-
physical cues, such as stiffness and interfacial geometry can influ-
ence CSCs behavior in a diverse way [79, 80]. Lee et al. developed 
micropatterned hydrogel array platform to investigate synergisti-
cally effects of perimeter geometric cues and stiffness on cellular 
behavior of CSCs [81]. Micropatterned hydrogels with 11 different 
shapes and stiffness was used to investigate how the synergistic 
biophysical cues influences CSC behavior and tumorigenicity (Fig. 
3c). They observed that the population of CSCs is highly dependent 
on geometric features of tumor tissue, which increased tumorri-
genicity both in vivo, and in vitro. Regardless of the microhydrogel 
shapes, level of CSC markers was increased. This is a consequence 
of the localized concave, and convex structure at the periphery. 
Spiral shaped hydrogel showed the most increased expression of 
CSC marker, compared to other shapes. Stiffness of the matrix was 
not significantly affect to the CSC marker expression. The results 
demonstrate that how the geometrical features of tumor tissue drive 
normal cancer cells toward CSC-like phenotype, which may help to 
investigate cancer metastasis and develop personalized anticancer 
drugs. 

3.2. Active Mechanical and Electrical Stimuli 
 In addition to the aforementioned passive microenvironmental 
cues, temporarily applied external stimuli, such as biomechanical 
strains and electrical signaling cues affect cell behavior [82-84]. In 
the body, many organs dynamically move during the daily life and 
organ functions are governed by electrical signaling from the brain. 
Thus, screening effects of external active stimuli on cell behavior is 
crucial to design new biomaterials for therapeutic applications. It 
has been investigated that the stem cell differentiation efficiency of 
MSCs into functional of load bearing musculoskeletal tissues could 
be significantly enhanced by mechanical stimulation [85-87]. How-
ever, the relationship between the applied strain (magnitude, time, 
and frequency) and corresponding cellular behavior is still unclear. 
To investigate the correlation between the two, high-throughput 
biomechanical stimulation device has been developed by Moraes et 
al. Application of compressive strains to 3D cell-laden hydrogel 
microarrays was achieved by the developed high-throughput system 
[88]. The device contains individually controllable actuating micro-
pillars, which enables applying precisely controlled compressive 
strains to cell-laden hydrogels. Deformation of cell nuclear under 
compression was characterized by applying dynamic compressive 
strain ranging from 0% to 26% to PEG hydrogel. Furthermore, 
continuous tensile stress was applied onto 3D cell encapsulated 
hydrogels which act as human tissues including muscles, blood 
vessels, hearts. To investigate changes in 3D cell encapsulated hy-
drogel arrays upon applied tensile stress, Liu et al. developed a 
deformable membrane device [89]. To adhere hydrogel to the actu-
ating PDMS membrane, a tiol-ene reaction was utilized between 3D 
PEG norbornene (PEG-NB) hydrogel and off-stoichiometry tiol-ene 
based PDMS. Due to the stable and strong bonding between the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). High-throughput approaches to investigate cellular behavior in response to their topology. a) Fabrication of micro-topography patterns by using 
three types of primitive shapes to find the best combination for osteogenic differentiation of hMSCs by evaluation ALP expression, an early osteogenic differ-
entiation marker. Scale bar = 20 µm. b) Mechanobiology screening platform by the integration of micro- and nanotopography patterns with commercial well 
plates. c) Screening cancer tissue behavior according to their geometric features. The interfacial geometry modulates cell shape, adhesion, and pluripotency of 
cancer cells. Reproduced with permission of: United States National Academy of Sciences, and Nature Publishing group. 
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hydrogel and membrane, cell-laden hydrogel arrays were stable 
under dynamic strains for several days. The developed arrays al-
lowed in-depth examination of the 3D cellular behavior of hMSCs. 
Recently, Li et al. fabricated a hydrogel array platform which can 
control applied strain via magnetic force varying from 0 to 60%. 
The developed platform can cover almost all physiological ranges 
of tissues (Fig. 4a – i) [90]. cell behavior in the 3D microenviron-
ments were then compared with the cell in static condition, and it 
showed significant difference in behavior of fibroblsts and myofi-
bers including proliferation, spreading, and differentiation (Fig. 4a 

– ii). In addition, researchers studied time-dependent behavior of 
3D fibroblasts in dynamic strains (~60%) over 7 days (Fig. 4a – 
iii). The results provide an insight on how cells behave upon active 
biomechanical stimuli in 3D.  

 Significant efforts have been made to perform combinatorial 
screening of complex cell behavior in response to active mechanical 
stimuli. However, the aforementioned high-throughput screening 
platforms with mechanical loading ability only address few combi-
nations of active mechanical input and are not able to screen syner-
gistic effects of biomaterial composition and dynamic mechanical 
stimulation. To address it, Seo et al. developed interconnectable 
bioreactors containing multiple actuating microposts operated by 
gas pressure. The actuating microposts allow accurate screening of 
3D hydrogel with different material compositions by precisely con-
trolled compressive strains. The combinatorial high-throughput 
screening of 3D cellular responses can provide accurate prediction 
on how cell differentiate in dynamic mechanical stimulation [91]. 
Each stack of a device is fabricated in three different components 
including a 3-(trimethoxysilyl) propyl methacrylate (TMSPMA) 
treated glass substrate, a media chamber, and a nitrogen gas (N2) 
pressure chamber, which make hydrogel adhesively stable during 
dynamic compression (Fig. 4b – i, ii). For hydrogel array, the pat-
terning process is done by injecting prepolymer mixture containing 
Gelatin methacryloyl (GelMA) and hMSCs into the media chamber 
then UV light and a photomask are applied to selectively pho-
tocrosslink the mixture onto the posts. 3D hMSC responses such as 
cell spreading and osteogenic differentiation were screened in 
GelMA hydrogels with varying concentration via the interconnect-
able bioreactors. The result based on cellular imaging, biochemical 
analysis, gene expression analysis and histological analysis demon-
strates the optimal conditions of cells to initiate cell spreading and 
osteogenic differentiation, and such behavior is significantly influ-
enced by the changes in GelMA hydrogel concentrations and dy-
namic compression (Fig. 4b – iii). The developed high-throughput 
bioreactor in which combinatorial cellular response can be screened 
can potentially allow diverse applications including in vitro organ-
on-a-chip device, which specifically mimic mechanically active soft 
tissues including blood vessels, muscles, cartilage, and tendons or 
drug screening and toxicological applications due to its compatibil-
ity with a various hydrogels composition. 

 Beside active mechanical stimulation, the cell behavior includ-
ing cell proliferation and differentiation can be influenced by elec-
trical stimulation [92, 93]. In addition, several studies have shown 
that naturally occurring endogenous electrical cues can involve 
tissue morphogenesis during developmental process. Consequently, 
the electrical stimulation is one of the most significant microenvi-
ronmental factors that can affect direction of cell fate and function. 
Recently, Jin and colleagues investigated on reprogramming proc-
ess of fibroblasts to functional neuronal cells and role of electrical 
stimulation in the process [94]. The Triboelectric nanogenerator 
utilizes kinetic energy from frictional movement to generate bi-
phasic electrical current pulse (1 Hz, ~270 nA). The research has 
shown that the in vivo and in vitro cell reprogramming efficiency 
can be improved via electrical stimuli and a nonviral delivery of 
specific transcription factors for neuronal lineage. 

 As mentioned above, the electrical stimuli is a significant factor 
in understanding cellular responses. However, investigation of op-

timum electrical stimuli improving cellular behavior in high-
throughput manner has not conducted, yet remained unexplored. In 
order to develop a high-throughput platform that can monitor elec-
trical signals, while applying electrical stimulation, Dai et al fabri-
cated 3D flexible nanoelectronics interfacing 3D human cardiac 
tissue (Fig. 4c - i) [95]. The nanoelectonic devices are consisted of 
electrode arrays with sensors which can individually address elec-
trical stimuli to apply electric signals across 3D cardiac tissue 
contruct (Fig. 4c – ii). Due to the array configuration, action poten-
tial propagation of human heart tissue was spatially manipulated via 
electrical stimuli (1 V, 1.25 Hz) which can possibly address current 
limitations of sensing platforms including optical voltage sensing. 
The miniaturization of the nanoelectronic platform can provide 
various advantages in drug discovery and developing new regenera-
tive medicine as in-depth investigation on 3D engineered tissue 
models such as blood brain barrier, blood vessel regeneration, neu-
ronal network became possible. 

 Current High-throughput approach focus on screening the in-
fluence of active biophysical stimuli, stiffness, and ECM composi-
tions towards 2D and 3D cellular behavior. The promising results 
allow in-depth research on the cells and surrounding 3D biological 
microenvironments with minimal resources and efforts required. 
However, screening and analysis of cellular behavior at the same 
time still remains as challenges. For developments of true high-
throughput platform, standardized platform which is compatible 
with prevalent cell culture techniques, and analysis methods, and 
capable of in situ monitoring is highly demanding. In addition, 
closer collaboration among medical professions, biologist, and en-
gineers is needed from the designing step to widespread high-
throughput screening platform. The advanced high-throughput plat-
form can provide new insights for a variety of research area from 
basic biology study to translational clinics. 

4. INTEGRATION OF BIOSENSOR WITH ORGANS-ON-A-
CHIP PLATFORMS 

 As the development of high-throughput screening platforms 
provides an efficient tool for combinatorial screening of cellular 
behavior, there have been growing interest and needs to develop 
microfluidic biosensor and organs-on-a-chip platforms with inte-
grated sensor enabling continual monitoring of cellular behavior for 
in vitro sequential analysis of cell behavior upon the changes of 
dynamic microenvironments [96]. Changes in physiochemical 
properties are known to cause unwanted variations in the physiol-
ogy of the organoids, which are crucial in predicting cellular re-
sponses from organs-on-a-chip models. For example, changes in 
extracellular acidity (pHe) may cause malfunction of biological 
processes including contraction of cardiac muscles, and immune 
function [97]. In addition, oxygen delivery plays an significant role 
in maintaining cell function [98]. For these reasons, maintaining, 
and monitoring the levels of such physiochemical properties are 
essential to ensure reliable prediction of the complex cellular re-
sponses to the 3D microenvironments successfully. Seyed et al. 
developed optical sensing module for analysis of multiple analytes 
with a microfluidic bioreactor [96]. The developed module is a 
single chip composed pH and oxygen sensor, which is packed by 
using PMMA plates and double-sided adhesive. Real-time pH 
monitoring is achieved by the pH sensor detecting the level of light 
absorbed by culture medium which contains phenol red, and the 
oxygen sensor made of gas-permeable PDMS simultaneously moni-
toring the changes in oxygen level by measuring the level of 
quenching in a fluorophore, [Ru(dpp)3]2+Cl2–tris(4,7-diphenyl-
1,10-phenanthroline)-ruthenium(II) chloride (Fig. 5a – i). In addi-
tion, pH sensitivity was tested conducting step experiment and it 
showed its great sensitivity, as well as selectivity in changing pH 
(Fig. 5a - ii). The developed optical sensor allows real time and 
continual monitoring of physiochemical properties of cell produc-
tion with minimal labor involved in a non-invasive manner.  
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 Despite of recent improvement in microfluidics and screening 
platforms, continual and automated monitoring of the sample espe-
cially in long-term 89culture or drug screening processes remains as 
a development in progress. Information about cell-secreted bio-
markers and status of these organoids is important in understanding 
and maintaining microenvironments for accurate prediction of hu-
man cell and micro-tissue behavior [99]. Hence, prosperous probing 
method to detect biomarker secretion during long-term culture is 
required. Riahi et al. investigated capability of continual and long-
term screening platform by developing a programmable bead-based 
microfluidic electrochemical (EC) immunosensor [100]. The EC 

immunosensor utilizes magnetic microbeads (MB) in which the 
behavior of the MB can be controlled with magnets. Use of dispos-
able MB allows continual monitoring by simply disposing the mi-
crobeads after each analysis and larger surface areas to immobilize 
the targeted biomolecules in large quantities. the MB gets function-
alized with primary antibody which then is loaded and immobilized 
in the reaction chamber. The immobilized MB is led into the chip 
forming covalent bond do an enzyme called Streptavidin HRP (SA-
HRP) resulting in oxidation of 3,3',5,5'-tetramethylbenzidine 
(TMB). Introduction of the oxidized TMB into the detection cham-
ber results in detecting the amounts of biomarkers present in the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). High-throughput screening platforms to investigate cellular responses to applied biomechanical and electrical stimuli.  

a) (i) Magnetic stretching and degrees of separation from applied magnet of μMACs in different GelMA concentration (ii) 3D image of encapsulated fibro-

blasts under different strain condition (iii) Changes in cell proliferation according to time and strain level (~40%) b) (i) Fabrication of interconnectable biore-

actor to investigate mechanical strain-induced cellular responses in 3D (ii) schematic of magnetically actuated microarrays for precise control of dynamic 

compression (iii) cellular behavior in dynamic compression c) (i) Flexible nanoelectronics for mapping and regulation of 3D tissue construct. (ii) Time-

dependent responses from nanoelectronics under biphasic stimulation. Reproduced with permission of: Nature Publishing Group, and ACS Publications. 
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sample via sensing electrodes. The result of the study demonstrated 
a limit of detection of 0.03 ng/mL, that is significantly lower com-
pared to enzyme-linked immunosorbent assay (ELISA) (0.2ng/mL). 
Traditional methods including ELISA and mass spectroscopy (MS) 
are served as a viable tool for label-free biosensing of biomarker 
detection, however, these existing methods have limited usage due 
to its insufficient sensitivity and selectivity while conducting ex-
periments on complex biological environments. Therefore, high 
sensitivity and selectivity is demanded for biosensors monitoring 
cellular responses and corresponding microenvironments. Shin et 
al. adapted an aptamer instead of antibody on biosensor to detect 
myocardial injury biomarker known as creatine kinase (CK-MB) 
from microfluidic heart-on-a-chip organoid (Fig. 5b – i) [101]. 
Aptamers, which are nucleic acids widely used to detect and quan-
tify various analytes including proteins, have few advantages over 
conventional antibodies when measuring low levels of soluble bio-
markers [102-109]. In comparison to conventional antibodies, ap-
tamers have more uniform deposition over the surface of the sensor 
due its aggregation [110, 111]. Furthermore, functional groups can 
be easily attached to aptamers giving desirable properties. Also, 
aptamer-based sensor demonstrates relatively stable sensitivity and 
selectivity regarding the changes in environments such as pH, tem-
perature, and interferents [112, 113]. The biosensor is composed of 
a microfluidic cardiac reactor containing cardiac spheroids cultured 
from ESC derived cardiomyocytes (ESC-CMs) in a hydrogel. The 
cardiac spheroids are then photo-crosslinked at the bioreactor sur-
face generating cardiac-spheroids-based heart-on-chip platform. In 
order to monitor the changes in level of CK-MB which is expected 
to be secreted upon the exposure of cardiomyocytes to cancer drug, 
doxorubicin (DOX) is one of the common cancer drug introduced 
to the platform. DOX-dosed organoid demonstrated decreased level 
of beating rates and cell viability, and the amounts of CK-MB se-
creted (Fig. 5b – ii, iii) Heart-on-a-chip device was then integrated 
with the biosensor for in situ monitoring allowing easy usage and 
screening in automated manner. The developed aptamer-based mi-
crofluidic biosensor, which is the first integrated sensor for detec-
tion of cell-secreted biomarker without any off-chip processing, 
demonstrates significantly high sensitivity and rapid measurements 
compared to conventional antibody-based biosensors. In addition, 
the aptamer-based approach can be applied to other organ-on-a-chip 
device beside heart-on-a-chip in which continual in situ monitoring 
of biomarker with high sensitivity is required. 

 Recent approaches to biosensor integrated high-throughput 
platforms not only emphasize the sensitivity and selectivity of the 
biosensor but also its regenerative features. Conventional biosens-
ing platforms such as ELISA and MS, as well as electrochemical, 
and fluorescence-based sensor involve excessive proteins and inter-
fering compounds causing inherent saturation of the surface with 
target molecule bindings [114]. Therefore, the microfluidic biosen-
sor with incorporated surface regeneration capability is required for 
fully-automated and continual monitoring of biomolecules or hu-
man cells under complex biological microenvironments. Shin et al. 
developed label free electrochemical microfluidic biosensors which 
can terminate the saturated reaction products of antibody-antigen 
reaction after cycles of screening in an automated manner [115]. EC 
biosensor utilizes microelectrodes to continually monitor biomark-
ers secreted from liver organoids including albumin, and glu-
tathione-S-ransferase-alpha (GST-α). The EC sensor involves 
strong binding interactions including self-assembly monolayer 
(SAM), SPV -biotin, and antibody-antigen. In order to monitor 
target biomolecules in both continual and automated manner, the 
saturated electrode surface requires cleaning process. Therefore, 
excessive remaining molecules on the electrode gets removed with 
thin Au layers by EC desorption method, which applies etching 
solutions onto the electrode surface and electrical potential at 
>±1V. They further investigated the way to optimize the cleaning 
process, and they treated the surface with H2SO4, and K3FE(CN)6 
exposure under electrical sweep. With appropriate applied potential 

and use of sulfuric- and cyanide-based cleaning solutions, majority 
of the thiol-Au bonding was broken resulting in removing most of 
the antibody/antigens. In addition, the electrical current of the re-
generated electrode a was found to be close to 100% of the electri-
cal potential of the as-fabricated electrode sets. Although the mi-
croelectrodes that have been regenerated only last for finite cycles 
of the screenings due to diminish in thickness, it contributes to 
automation of the EC biosensor allowing continual monitoring of 
the biomarkers in complex microenvironments. The finding demon-
strates unprecedented and efficient approach to solve inherent sur-
face saturation due to biomolecules-surface interaction by regener-
ating steps involving etching solutions and electrolysis. 

 Traditional approaches to microfluidic-integrated biosensors 
enable comprehensive evaluation of the cellular behavior observed 
in single organs-on-a-chip device, however, such system is not 
adequate to represent complex interactions between human organs, 
and the complex human cell behavior from the interaction. Thus, 
the prediction based on the biosensor may turns out to be inaccu-
rate. To address the issue, multisensor-integrated organs-on-a-chip 
device was developed [116]. The modular organs-on-a-chip plat-
form controls microfluidic flows in a breadboard via built-in micro-
fluidic channels and pneumatic valves. In addition, it contains mi-
crobioreactors for culture of organoids, a set of different sensing 
modules including sensing modules for microenvironment parame-
ters such as pH and temperature, and multiple EC sensing devices 
detecting cell-secreted biomarkers from organoids in housing 
microbioreactors, and a bubble trap (Fig. 5c - i). The fully auto-
mated screening was achieved by integrated microchips specifically 
designed to allow high sensitivity, and long-term observation on 
organoids in the platform. In addition, it adopts the two-step regen-
eration processes involving etching the electrode surfaces breaking 
bonds between gold electrode and antibodies and removing the Au 
atom layer on the surface, and then applying electrical current to 
regenerate the electrode surfaces. In the research, two organ plat-
forms were constructed to monitor chronic drug responses and 
acute toxicity of biomarkers involving Albumin, GST-α, and CK-
MB upon exposure to acetaminophen (APAP), a non-steroidal anti-
inflammatory drug, which causes hepatotoxicity via necroapoptotic 
mechanisms (Fig. 5c-ii) [117]. For the observation, Cell viability of 
the cell-secreted biomarkers upon different amounts of toxic doses 
were screened for up to 5 days. Interestingly, biomarkers secreted 
from liver organoids including albumin, and GST- α, demonstrated 
dose-dependent behavior resulting in decreases and increases in 
secretion level. Whereas, level of secreted CK-MB from cardiac 
organoid showed minor elevation. Furthermore, the liver-and-heart-
on-a-chip device was investigated on DOX dose which is a popular 
chemotherapeutic drug for diverse cancer. The non-invasive EC 
biomarker analysis allow continual monitoring of changes in dual-
organ platforms in an automated manner, which also can be applied 
to other organ platforms promoting better drug screening perform-
ances. Meanwhile, the several limitations such as usage of PDMS 
which is not suitable for the organ-on-a-chip device as potential 
adsorption and absorption of molecules such as drugs can occur. In 
addition, the highly complex device with relatively large size 
should be acknowledged and require further research to improve. 

 Current biosensor including EC biosensor based on microelec-
trodes measures signal from single or multiple organ models at a 
time, and it allows label-free, sensitive, and continuous monitoring 
of cellular responses in unaffected complex biological conditions. 
The investigation on single or multiple cell behavior has promoted 
further integration of microelectrode, which is a sensing compo-
nent, into microarrays for accumulations of a comprehensive library 
of cell behavior from engineered biomaterial microarrays. Zhang et 
al. introduced high-density microarray with individually address-
able electrodes [118]. The electrochemical droplet microarray 
(eDMA) is composed of Au bands which plays a role as wire and 
electrode for up to 20 electrochemical cells, and other two sets of 
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electrodes. The surface of the electrode bands sets is coated by a 
chemically functionalized permeable porous polymethacrylate layer 
which forms contrasting superhydrophobic-superhydrophilic pat-
terns on the surface. Due to the wettability differences between the 
spots and the background, discontinuous dewetting occurs which 
leads to a quick and easy formation of numerous droplets in every 
superhydrophilic surface by simply dragging source droplets over 
the microarray while stopping ion transport and analyte diffusion. 
The one-step separation of the microdroplets allows individual 
addressability of the eDMA and prevents cross-contamination in-

trinsically. The changes in EC behavior of the coated electrode sets 
was investigated in aqueous electrolytes, and it demonstrated the 
full solvation of the polymers by the aqueous electrolyte, thus the 
EC behavior remains unchanged. The EC microarrays with inte-
grated electrodes demonstrate various advantages of the platform 
over conventional microarrays including reversibility of the EC 
property, simple droplet manipulations via porous coating layer, 
and individual addressability of the sensor allowing various appli-
cations in drug screening, biochemical, and living cell monitoring.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5) Contd…. 
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Fig. (5). a) (i) Schematic of the microfluidic optical sensing platform detecting absorbed light detection in culture medium via solid-state optics. (ii) step ex-

periment result showing sensitivity of the pH sensor b) (i) Fabricated microelectrode set, and schematic of aptamers being immobilized onto microelectrode 

surface. (ii) Live/dead staining of cardiomyoctes after its exposure to DOX up to 126h. (iii) Comparison between aptamer, and antibody-based sensor under 

different concentration of CK-MB c) (i) microfluidic integrated biosensor composed of multiple organ modules, and sensing modules. (ii) Live/dead cell stain-

ing of liver-on-chips model upon treatment with 0, 5, 10 mM of APAP at 120h. (iii) Automated EC measurements of changes in hepatic organoids secreted 

albumin, and GST-α. Reproduced with permission of: American Institute of Physics, John Wiley & Sons, and United States National Academy of Sciences. 

 

 Droplet manipulation achieved by superhydrophobic-
hydrophilic patterned surface provides great flexibility and versatil-
ity to biosensor application including the absence of cross-
contamination, reproducibility, and reusability. However, manipula-
tion of droplets including droplet transporting, mixing, and dispens-
ing has been incomplete as the droplet-based microsystem usually 
operates by applying high voltage which makes it less applicable, 
and versatile for biological applications [119, 120]. Seo et al. de-
veloped a single-droplet multiplex colorimetric bioassay platform 
with an unprecedented droplet manipulation method utilizing re-
versible local deformation of superamphipohbic (SPO)-
superamphiphilic (SPI) patterend PDMS [121]. As the PDMS sub-
strate which is used as colorimetric bioassay library is loaded onto 
the droplet manipulation device, the single droplet sample com-
posed of multiple analytes can be controlled through the dimple 
structure generated by applied vacuum pressure beneath the sub-
strate. For colorimetric analysis, the residual liquid from single-
droplet moving to adjacent SPI spot via operation of a vacuum tip. 
The SPI patterned surface is coated with the colorimetric reagent 
including enzymes and a color indicator. Thus, it could indicate the 
level of detected analytes by different concentration of color. By 
developing facile single-droplet manipulation integrated colorimet-
ric bioassay platform, the target analytes can be easily detected 
using only single droplet. In addition, the multiplex bioassay pro-
motes the growth in point-of-care devices which can operate full-
range manipulation of a single droplet of various liquids such as 

water, ethylene glycol (EG), blood, dimethyl sulfoxide (DMSO), 
and hydrogels.  

 The advancements in microfluidics integrated biosensor have 
been gaining attention due to increasing demands for greater accu-
racy and flexibility of detecting methods. The biosensors enable 
continual monitoring of complex cellular responses in 3D complex 
microenvironments via detection of changes in level of physio-
chemical parameters or biomarkers upon stimulation. In addition, 
recent developments of biosensor which is capable of regenerating 
its surface by breaking thiol-Au bonds on the electrode surfaces 
allows automated screening processes with minimal labors in-
volved. Despite of the current advances, development of microflu-
idics integrated high-throughput biosensor has not yet been 
achieved. Further research is needed to integrate conventional ap-
proaches to the biosensors to develop high-throughput biosensor 
which is capable of continual monitoring of multiple biological 
materials with high accuracy and reusability for more in-depth in-
vestigation of complex human cellular behavior in biomaterials. 

CONCLUSION AND FUTURE PERSPECTIVE 

 Current drug screening and toxicology applications are usually 
arranged in vivo with animals, however, investigations on human-
specific diseases have been underwhelming due to the absence of 
appropriate screening platforms. Thus, in vitro screening platform, 
which allows in-depth investigations of cellular behavior in com-
plex microenvironments, is in high demand. To address the issues 
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in the current technique, label-free and regenerative EC microflu-
idic biosensor was developed which could establish a firm ground 
for continual monitoring which is essential for a biosensor. In addi-
tion, integration of the regenerative processes into multisensor or-
gans-on-chip platform via microfluidic breadboard significantly 
enhances reusability, and accuracy of the sensor while making 
automated screening possible. Furthermore, single-droplet based 
multiplex bioassay platform demonstrates diverse applicability of 
the microfluidic-integrated biosensor with improved flexibility. 
Recent advances in screening techniques enabled label-free and 
continual monitoring of cellular behaviors in vast biological micro-
environments. And yet, screening of cellular behavior under dy-
namic microenvironments via high-throughput biosensor remains 
unexplored. Current research on high-throughput system is on the 
way to integrate the system into organs-on-a-chip developing a 
platform capable of continuous monitoring on biomaterials-cell 
interaction independent of the microarrays. We believe further ef-
forts on integrated high-throughput system allow reliable screening 
platform providing accurate predictions of complex human behav-
ior, and testing drug efficacy and toxicity. 
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