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  Abstract 

 

Lately, there have been huge research interests in developing micro-electro-mechanical 
systems (MEMS) for various biological and medical applications. These bioMEMS based 
devices are considered instrumental to develop many life-saving biomedical technologies. To 
this end, a number of studies have focused on the developments of bioMEMS in the field of 
molecular biology, biotechnology, medicine, biochemical and material sciences and also in 
microsystems technology. The applications of bioMEMS are extensive that include diagnostic 
research, drug delivery, therapeutics, tissue engineering, biosensors and lab-on-a-chip systems 
for regenerative medicine, to name a few. Here, we present a perspective on the important 
breakthroughs in bioMEMS including the advances in microfabrication, monitoring and 
modulating cellular activities along with notable applications of bioMEMS in the modern 
healthcare sector.  
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1. Introduction 

Last few decades have witnessed notable 
research efforts to develop highly controllable 
microscale fabrication techniques for 
applications in a wide range of biomaterials 
substrates. These efforts have subsequently 
led to the development of biological micro-
electro-mechanical-
technology, which represents an emerging 
new area of biotechnology [1]. The field of 
bioMEMS technology is enabled by the 
combination of a number of technologies 
including electronics, fluidics, optics, sensors, 
and micro/nanotechnology. BioMEMS 
devices offer a vast array of life-saving 
biomedical technology applications. These 
include genomics and proteomics, early lab-
on-a-chip devices for point-of-care (POC) 
diagnostics as well as clinical diagnostics, 
toxicity screening to artificial organ assist 
devices, implantable tissue constructs and 
also in-vitro tissue models for drug delivery 
systems. The design principles of BioMEMS 
fabrication techniques are based on low-cost, 
simplicity and ease of processability.  These 
are the technology drivers of bioMEMS 
fabrication techniques. Researchers have 
leveraged these principles to build new and 
emerging technology platforms such as 
organ-on-a-chip and tissue engineering for 
applications in next generation regenerative 
medicine [2-6].  

Organ-on-a-chip technology is a very 
important development in the modern 
healthcare sector as a result of direct impact 
of the applications of bioMEMS technology. A 
combination of different technologies 
consisting of microfluidics, bioMEMS, and 
biomaterials is employed to fabricate organ-
on-a-chip devices. These devices are useful 

to mimic mechanical and biochemical 
microenvironment of tissues and simulate 
multi-level organ systems on a lab bench, 
which can be leveraged for real in-vitro 
studies. These include drug testing and 
disease research that helps develop 
implantable functional devices for practical 
applications. Researchers have 
demonstrated successful implementation of 
brain, liver, heart, kidney, lung, and intestine 
functions on a chip platform that have been 
integrated with a range of electronics. 
Microsensors play important roles in these 
applications of bioMEMS devices by 
providing assistance with many transducing 
functions such as temperature, pressure 
and force, acceleration, pH, humidity and 
many biological and chemical functions that 
are converted into an electrical signal. 
Capacitive sensors are usually used as 
common sensing techniques [7, 8].  

However, the challenges of achieving 
a seamless integration of bioMEMS devices 
include interfacing electronics with a human 
body with minimized dimension, weight, and 
power consumption. It also requires the 
device to be safe and reliable along with 
circuits to be functional in all situations 
including harsh and humid environment [2].  

In this perspective overview, we have 
described some of the fundamentals of 
bioMEMS technology and its biomedical 
applications.   

2. Cell Capture, Modulation and 
Monitoring using BioMEMS Platform   

Conventional microfabrication techniques 
that are used in microelectronics and chip 
making industry can be leveraged in the field 
of BioMEMS for manipulating liquids and 
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biological entities at small length scales. 
Figure 1 shows the microfabrication process 
that consists of etching and vacuum 
deposition of thin films on the wafer. It uses 
reactive ion etching along with sputter etching 
of the exposed area of the material for 
removal. Vacuum deposition process is 
employed to coat a thin layer of material on 

the surface of the wafer. Several deposition 
methods can be employed that include 
chemical vapor deposition processes 
process, plasma enhanced chemical vapor 
deposition and molecular beam epitaxial 
growth, which is a relatively new technique 
that allows deposition of films with molecular 
thickness [8].  

 

Figure 1: Schematic depiction of various microfabrication steps for the etching and deposition 
process in the design and development of MEMS technology [Source:  Sensors (Basel) (2008)]. 

Researchers have shown that cell seeding, 
cell culture, modulation, monitoring, and 
analysis can be achieved on a single chip 
with high efficiency by employing 
miniaturization that allows the integration of 
various components with different functions 
on a bioMEMS technology platform (Figure 
2). High-throughput platforms can be realized 
to build an array of microscale wells that are 
interconnected via fluidic channels. 
Microfabrication techniques can be 

leveraged to achieve such highly integrated 
arrays with fluidic control for individual wells 
[7].  

A micropipette is used in the 
conventional cell culture approach. This is 
done to add the metered biochemical 
agents/products. This is a complex operation 
that produces a decreasing stimulation 
profile due to consumption of factors by the 
cell or via noncellular chemical degradation 
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[7]. However, microfluidics technology is 
employed in a biochemical MEMS based cell 
culture and modulation of cell behavior.  This 
approach enables the critical ability to 
perfuse cultured cells with a well-defined 

stimulus pattern. This results in facilitating 
stimulus response analysis that can be used 
to simulate nutrient concentrations in blood 
following fasting and feeding [7]. 

Figure 2: An integrated bioMEMS platform is shown with its key components to monitor and 
modulate cellular activity [Source:  IEEE Pulse (2011)].

Further, in the traditional method based on 
electrophysiology, cells are electrically 
induced and tracked to study how a network 
of neurons collectively executes high-level 
functions that include memory and cognition. 
However, individual stimulation of neuron 
cells is a challenge. The bioMEMS approach 
overcomes this problem. In bioMEMS 
platform, micro-patterned electrodes that are 
based on microelectronics fabrication 
process on culture platforms can be 
combined with microfluidics. This can allow 
precise temporal and spatial exposure to 
biochemicals that can stimulate single 
neurons [7]. Optical mode of bioMEMS is an 
advanced version of the technology that takes 

advantage of the photonic structures and 
diodes. In this design, the integrated 
microoptofluidic systems can be combined 
with the techniques of high-content imaging 
that enable a variety of on-chip 
measurements. This can also create highly 
portable devices that can be used in remote 
settings. BioMEMS mode can be employed 
in mechanical perturbation. This can be 
applied to study cell response in various 
ways ranging from changes in morphology 
to gene expression. Microfluidics technology 
enables such bioMEMS mechanical mode 
for applying quantifiable fluidic shear forces 
on cells [7, 8].
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3. BioMEMS for Early Detection and 
Monitoring of Cardiovascular Disease  

Cardiovascular disease (CVD) affects the 
heart, veins, and arteries. CVD is a serious 
medical condition that causes heart 
attacks/coronary heart disease, 
strokes/cerebrovascular, peripheral arterial 
disease, rheumatic heart and congenital heart 
diseases as well as deep vein thrombosis and 
pulmonary embolisms. The fatalities that 
result from CVD are known to be quite 
devastating. Researchers have estimated 
that by 2030, more than 23.6 million people 
worldwide will die from CVD alone, which is a 
frightening scenario [9]. BioMEMS technology 
is considered very promising for early 
detection and effective monitoring of heart 
disease. It has been shown that one of the 
principle origins of heart failure is due to the 
increased pro- and anti-inflammatory cytokine 
levels. Researchers developed BioMEMS 
device based on silicon substrate for multiple 
cytokine detection. The fabricated BioMEMS 
consisted of eight gold working electrodes for 
the simultaneous detection of different 
cytokines. This was achieved by employing 
electrically addressable diazonium-
functionalized antibodies [10].  

Current research efforts are focused 
on developing innovative bioMEMS 
technologies for remote monitoring of heart 
failure patients. The goal of this research is to 
develop technologies for early detection of 
any medical conditions related to CVD. To 
this end, one novel idea is based on 
implementing wireless bioMEMS technology. 
This is for the purpose of implantation in the 
pulmonary artery using a minimally invasive 
procedure, which can subsequently 
measures and transmits data. It is believed 

that such a bioMEMS based detection 
platform would allow for early interventions 
before the situations can worsen in all CVD 
related medical conditions [11-14].  

4. BioMEMS Chip for Point-of-Care 
Clinical Applications  

Recent studies have suggested that 
BioMEMS can make a significant 
contribution in the areas of point-of-care 
(POC) patient clinical care as well as the 
affordability of providing that care to the 
patients. To this end, BioMEMS platform for 
POC clinical applications has been 
considered in the case of non-
communicable diseases. These include 
detection of protein or deoxyribonucleic acid 
(DNA) cancer biomarkers from serum along 
with the detection of micro-ribonucleic acid 
(micro-RNA) for cancer detection and 
epigenetic analysis. POC clinical 
applications can also be extended to the 
collection of exosomes and collection of 
circulating tumor cells. POC clinical 
applications of bioMEMS chip are also 
suggested for infectious diseases. It is 
crucial to obtain accurate helper T cell and 
viral load counts at regular intervals to 
monitor the health of virus-
immune system. BioMEMS based rapid, 
POC detection of these infectious diseases 
offers promise and open up new therapeutic 
pathways to better manage these diseases 
[15].  

With respect to the fabrication of 
bioMEMS chip, researchers have leveraged 
complementary metal oxide semiconductor 
(CMOS) circuits and technology that are 
employed in microelectronics fabrication 
process. They demonstrated bioMEMS chip 
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based on planar microcoil array as both 
magnetic field source and the front-end 
inductive sensor. This bioMEMS technology 
was demonstrated for highly efficient 

magnetic beads manipulation and a 
quantitative detection in point-of-care 
diagnostics Figure 3 [16].   

Figure 3: (a & b) CMOS technology-based mass producible bioMEMS chip. A combination of 
MEMS and microfluidic technology is used in the design [Source:  Microelectronic Engineering 
(2014)].

5. BioMEMS for Specific Drug Delivery to 
Enhance the Efficacy of Treatments 

In recent years, extensive research and 
developments have taken place to develop 
innovative drug delivery devices that have 
revolutionized the course of therapeutic 
treatment to combat complex diseases. It has 
been shown that these drug delivery devices 
have the potential to overcome the 
challenges of systemic administration that 
limits providing site-specific high drug 
potency especially at the body tissues that are 
infected. In view of the unprecedented 
potentials of new drug delivery systems 
especially that are based on bioMEMS 

platform, the current research efforts in the 
pharmaceutical industry are directed to 
exploring the reliable actuating mechanisms 
that seek to precisely control the dispensing 
of drugs. The overall goal of this research is 
to develop a process that provides therapy 
and dispense drugs precisely at the infected 
sites. This eventually controls therapeutic 
effects that result in minimum toxicity. An 
innovative concept is based on the wireless 
actuation of drug delivery devices. This has 
been considered by the researchers lately, 
to adopt an intervening noninvasive 
approach that enables easy release of 
encapsulated drug compounds. 
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Subsequently, the device is swallowed or 
injected and traverses through the body to 
reach to the desired location or specific tissue 

sites. A schematic illustration of the whole 
process is depicted in Figure 4 [17].

Figure 4: An innovative concept of targeted drug delivery using a swallowable capsule drug 
delivery device. The device allows dispensing of drug through tiny microneedles that work by 
external actuation [Source:  Appl. Phys. Rev. (2019)].  

As Figure 4 shows, the efficacy of 
pharmaceutical treatments can be greatly 
enhanced by physiological feedback from the 
patient using the bioMEMS based biosensors 
platform. In related studies, researchers 
demonstrated closed loop drug delivery by 
integrating of these systems with bioMEMS 
based drug delivery devices (Figure 5) [18-
20].

Concluding Remarks

The BioMEMS technology offers new 
possibilities in expanding the horizons and 
scope of ever-growing drug delivery platforms 
that can impact a number of key areas in 

pharmaceutical and biotechnology 
industries. Recent studies have shown 
promise of bioMEMS technology platform 
for new innovative ways of modulating, 
monitoring, and accommodating biological 
entities. These novel techniques can be 
leveraged to create a more physiologically 
relevant environment to achieve realistic 
responses from cultured cells, which 
promotes new devices for life saving 
applications.

The BioMEMS field is growing rapidly, and 
there is a need for simplifying and 
standardizing BioMEMS tools. Seamless 
operations of BioMEMS devices are limited 
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by two of the major obstacles that include 
complexity and unreliability. In future studies, 
we anticipate testing of new proof-of-concept 
bioMEMS devices for the reliability in 

operating these technologically important 
BioMEMS devices for real-world 
applications. 

 

 

Figure 5:  A schematic illustration of bioMEMS based closed loop drug delivery platform along 
with the characterization data is shown [Source:  Int J Pharm. (2018)].  
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