
NOVEMBER/DECEMBER  2011  ▼  IEEE PULSE  19

B
iological or biomedical microelectromechani-
cal systems (BioMEMS) are poised to have a 
significant impact on clinical and biomedi-
cal applications. These devices—also termed 
lab-on-chip or point-of-care (POC) sensors—rep-
resent a significant opportunity in various 

patient-centric settings, including at home, at the 
doctor’s office, in ambulances on the way to the 
hospital, in emergency rooms (ERs), at the hospital 
bedside, in rural and global health settings, and in 
clinical or commercial diagnostic laboratories. The 
potential impact of these technologies on the early 
diagnosis and management of 
disease can be very high for 
sensing and reporting on param-
eters ranging from physiological 
to biomolecular. As health-care 
delivery and management be-
come increasingly personalized 
and individualized and as genomic, proteomic, and 
metabolic technologies unravel the human genetic 
and epigenetic dispositions to disease, detection of 
multiple markers (at any of the Omics scale) at an 
individualized level to assess the state of health and 
disease will become even more important.

Various diseases afflicting the human condition 
worldwide and in the United States can be generally 
categorized into communicable or noncommunica-
ble diseases. The eradication and management of 
these diseases represent one of the biggest challeng-
es facing modern day society, both in terms of loss 

of human lives and monetary burdens on  society. 
The key communicable diseases such as human 
 immunodeficiency virus (HIV)/acquired immune 
 deficiency syndrome (AIDS), malaria, tuberculo-
sis (TB), and other diseases caused by  infectious 
agents continue to be a major cause of death and 
suffering worldwide. The key noncommunicable 
diseases such as cardiovascular, cancer, diabetes, 
and chronic respiratory diseases have emerged rela-
tively unnoticed in the developing world and are 
now becoming a global epidemic. In 2008, 36 mil-
lion people died from noncommunicable diseases 

worldwide, representing 63% of 
the 57 million global deaths that 
year [Figure 1(a)]. By 2030, 
noncommunicable diseases are 
projected to claim the lives of 52 
million people, nearly five times 
as many deaths as communica-

ble diseases worldwide, including in low- and mid-
dle-income countries [1].

POC, clinical BioMEMS can make a signifi-
cant impact on these grand challenges. Cancer 
and cardiovascular diseases are the two leading 
causes of death in the United States, as shown in 
Figure 1(b). In 2010, about 1.5 million Americans 
were diagnosed with cancer and about 570,000 
were expected to die of cancer [2]. The National 
Institutes of Health estimates the overall cost of 
 cancer in 2010 at US$263.8 billion. Despite con-
siderable effort, there has been limited success 
in reducing per capita deaths from cancer since 
1950. This calls for a paradigm shift in the un-
derstanding, detection, and intervention of the 

On a Chip
By Nicholas Watkins, Daniel Irimia, 
Mehmet Toner, and Rashid Bashir

Digital Object Identifier 10.1109/MPUL.2011.942762

Date of publication: 30 November 2011

2154-2287/11/$26.00©2011 IEEE

BioMEMS in Clinical 
and POC Applications

NOVEMBER/DECEMBER  2011  ▼  IEEE PULSE  19



20  IEEE PULSE  ▼  NOVEMBER/DECEMBER  2011

evolution of cancer from a single cell to tumor scale. POC 
clinical BioMEMS can be used for the collection of circulat-
ing tumor cells (CTCs), detection of protein or deoxyribonu-
cleic acid (DNA) cancer  biomarkers from serum, collection 
of  exosomes, and the detection of micro-ribo-
nucleic acid (micro-RNA) for cancer  detection 
and epigenetic analysis.

Similarly, infectious diseases cause 4% of to-
tal deaths in the United States, which appears to 
be much smaller than cancer and heart disease, 
but take a huge toll on our medical and finan-
cial system because of the need for testing in 
medical laboratories and hospitals. Worldwide, 
14–17 million people die of infectious diseases 
in developing countries. The global health crisis 
has  affected millions of people with HIV/AIDS, malaria, and TB. 
With more than 33 million people living with HIV/AIDS in the 
world, obtaining accurate helper T cell and viral load counts at 

regular intervals is crucial in monitoring the health of an HIV-
positive patient’s immune system. Rapid and point-of-use de-
tection of these  infectious diseases could dramatically change 
how these diseases are managed and treated.

From the user’s perspective, these BioMEMS 
devices for clinical, POC, and biomedical appli-
cations can potentially be used in a variety of 
settings as shown in Figure 2. These  settings 
can range from individualized skin-mount 
 devices measuring vitals and physiological 
 parameters from the skin or beneath it to in 
vitro analysis of body fluids for markers or dis-
eases or target cells and to one-time-use de-
vices at diagnostic laboratories, doctor’s office, 
or bedsides in the hospital. Rapid diagnostics 

at these aforementioned settings, in addition to transit to the 
hospital in ambulance or in ER settings, are also critically 
needed.

FIGURE 1 (a) Total deaths reported worldwide by Broad Cause Group, World Bank by income group and gender, 2008. (Adapted from 
WHO, the global status report on noncommunicable diseases in 2010 [1].) (b) Cause of death for all ages in 2007 in the United States. 
(CLRD: chronic lower respiratory diseases [3].)
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FIGURE 2 Application and settings where clinical POC can be used, ranging from personalized to hospital and ER settings. 
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Attributes of Biochip 

Sensors

These BioMEMS and biochips 
are built from silicon, plastics, 
or polymer by using micro and 
nanofabrication technologies. 
The devices include microflu-
idic elements such as channels 
and wells for fluid and sample 
transport and could employ a 
range of processing, separa-
tion, and sensing modalities 
(optical and electrical) [4]. 
These devices can also have 
integrated sample prepara-
tion modules and biological 
recognition elements such as 
antibodies or DNA molecules 
for selective capture on the 
same chip sensor. Clinical flu-
ids of interest can provide a 
rich source of  diagnostic and 
prognostic markers for various 
diseases. The  possible targets 
from clinical fluids of interest 
include cells,  bacteria, viruses, 
exosomes, protein or nucleic  acid-based biomarkers, or small 
 molecules—where many or all of these  targets have  applications 
in body fluids such as blood, urine, saliva, and cerebrospinal fluid. 
Blood is an especially unique tissue with target analytes that can 
be used for early detection or determining the progression of dis-
ease [5]. However, extracting and separating the target entities 
of interest from the blood can be particularly  challenging. As de-
picted in Fig  ure 3,  separating target subpopulations of cells from 

whole blood  requires the handling of volumes of blood that can 
span more than three orders of magnitude.

The diagnostics and prognostics for diseases could represent 
the largest and most fruitful area in BioMEMS. Figure 4 depicts 
a schematic overview of such a device, highlighting the various 
steps for detection and analysis of biological targets for clinical 
or biomedical applications. In general, the use of micro- and 
 nanoscale technologies is well justified because of the following 

FIGURE 3 Mining blood for cellular information. Human blood contains a large variety of cells that 
are important for clinical diagnostic or monitoring treatment. Separating target subpopulations 
from whole blood requires the handling of volumes of blood that can span more than three 
orders of magnitude.
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reasons: 1) reduced time-to-result due to small volumes result-
ing in higher effective concentrations, 2) reducing the sensor 
element to the scale of the target species and hence providing 
a higher sensitivity, 3) reduced reagent volumes and associated 
costs, 4) providing one-time-use disposable sensors and cartridg-
es, and 5) the possibility of portability and miniaturization of the 
entire system. Various sensing modalities are used in these devic-
es including optical, electrical, or mechanical. Optical detection 
techniques are perhaps the most common because of their wide 
use in biology and life sciences. Optical detection techniques can 
be based on fluorescence or chemiluminescence. 
The miniaturization of electrophoresis devices, 
biomolecular sensors, and detectors has been of 
wide interest, and as the quantity of reagents, 
sample, and labels are reduced, the demands 
on improving signal-to-noise ratio and sensitiv-
ity are increased. Mechanical detection for bio-
chemical entities and reactions has more recently 
been used through the use of micro- and nano-
scale cantilever sensors on a chip. These devices 
can be used in two modes, namely, stress sensing 
and mass sensing. In the stress sensing mode, the biochemical 
reaction is performed selectively on one side of the cantilever. 
A change in the surface free energy results in a change in sur-
face stress, which results in measurable bending of the canti-
lever. Thus, label-free detection of biomolecular binding can be 
performed. The bending of the cantilever can then be measured 
using optical or electrical means. In the mass sensing mode, 
the cantilever is excited mechanically so that it vibrates at its 
resonant frequency. The resonant frequency is measured using 
electrical or optical means and compared with the resonant fre-
quency of the cantilever once a biological entity is captured. The 
mass change can be found by detecting the shift in resonant fre-
quency. One of the main advantages of the cantilever sensors is 
the ability to detect interacting compounds without the need of 
introducing an optically detectable label on the binding entities. 
In recent years, exciting and significant advances in biochemical 
detection have been made using cantilever sensors, and direct, 
label-free detection of a whole host of entities and mechanisms 
has been reported from DNA, protein, viruses, cells, and cell 
growth [6]–[9].

In addition to the mechanical approaches listed earlier, elec-
trical or electrochemical detection techniques have also been 
used in biochips and BioMEMS sensors. These techniques can 
be amenable to further portability and miniaturization, and 
handheld devices containing these sensors can be easily pro-
duced. Electrical detection includes the following basic types: 
1) amperometric biosensors, which involves the electric cur-
rent associated with the electrons involved in redox processes; 
2) conductometric biosensors, which measures the conductance 
changes associated with changes in the overall ionic medium be-
tween the two electrodes; 3) potentiometric biosensors, which 
measure a change in potential at electrodes due to ions or chemi-
cal reactions at an electrode [such as an ion-sensitive field ef-
fect transistor  (ISFET)]; and 4) giant magnetoresistive (GMR) 
sensors, where a change in electrical conductivity is measured 
when  biomolecule-laden magnetic beads are brought close to 

thin GMR films. The most widely used example of amperomet-
ric sensing is the detection of glucose based on glucose oxidase, 
which generates hydrogen peroxide and gluconic acid in the 
presence of oxygen, glucose, and water. Then, hydrogen perox-
ide is reduced at 600 mV at a Ag/AgCl anode reference electrode. 
Conductometric sensors measure the changes in the electrical 
impedance between two electrodes, where the changes can be 
at an interface or in the bulk region and can be used to indicate 
a biomolecular reaction between DNA, proteins, and antigen/
antibody reaction, or excretions of cellular metabolic products 

indicating cell growth [10]. And finally, potentio-
metric sensors use the measurement of potential 
at an electrode with reference to another elec-
trode. The most common form of potentiometric 
sensors are the ISFETs or chemical FETs (chem-
FETs). These devices are commercially available 
as pH sensors, and many examples have been 
reported in literature. The potentiometric sen-
sors have been downscaled to nanometer dimen-
sion through the use of silicon nanofabrication to 
take advantage of enhanced sensitivity because of 

higher surface area-to-volume ratio [11]. GMR sensors require a 
magnetic particle as a label that is functionalized with capture 
molecules. The particle acts as a label in a sandwich enzyme-
linked immunosorbent assay (ELISA) format performed on thin 
microfabricated GMR films. These sensors, while requiring a 
magnetic label, can provide for a high sensitivity multiplexed 
detection of cancer markers, with high signal-to-noise ratio and 
wide dynamic range in clinical samples [12].

Example 1: Complete Blood Count on a Chip

A complete blood count (CBC) is a diagnostic screening tool 
that provides clinicians with a broad assessment of a patient’s 
health status through a comprehensive analysis of his or her 
circulating blood cells. This fundamental test is normally or-
dered upon patient admission to obtain an initial snapshot of 
a patient’s health status, allowing clinicians to act rapidly in 
determining the  appropriate treatment for disorders such as in-
fection, anemia, cancer, nutrient deficiency, and other diseases. 
Current CBC tests require multiple analysis tools and trained 
technicians, which not only make the tests prohibitively ex-
pensive for many patients but require patients to travel to over-
crowded centralized clinical facilities that may provide results 
in several days or even weeks. A killer application for POC clini-
cal BioMEMS could be a CBC on a chip, which could revolu-
tionize the health-care infrastructure by not only decreasing 
personal health-care costs but also providing a rapid and com-
prehensive assessment during a physician’s visit, or even at the 
convenience of one’s own home, regardless of geographic and 
economic constraints.

As a basis of such a device, an HIV/AIDS diagnostics chip that 
selectively enumerates T lymphocytes expressing the CD4+ cell 
receptor on their surface, using affinity chromatography coupled 
with electrical impedance sensing, has been recently reported 
[13]. The design employs the Coulter principle to electrically 
count the total number of purified leukocytes entering the chip 
before depleting CD4+ T lymphocytes in an antibody-coated 
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capture chamber [14]. The CD4+ T cell count is simply obtained 
by subtracting the entrance count from the number of uncap-
tured leukocytes exiting the chip. This method has been proven 
to closely correlate with an optical counting method with low 
inherent error, showing it to be a feasible technology for portable 
and rapid blood diagnostics.

An electrical chip-based CBC can be realized using the 
 differential counter module as a building block to enumerate and 
analyze the various blood cells (Figure 5). A whole blood sam-
ple is injected into the microfabricated chip and is equally split 
into two branches. Branch A selectively removes erythrocytes 
through a chemical reaction to lyse their membranes, leaving 
the leukocytes intact [15]. The purified population of leukocytes 
can be evenly split among several differential counting modules 
with capture chambers coated with antibody concoctions spe-
cific to the five main leukocyte subtypes (e.g., CD19 antibody 
is specific to monocytes). The total leukocyte count is obtained 
at the  entrance of each differential counter module. Addition-
al capture chambers with other antibody mixtures can create 
a more comprehensive test, such as CD4+ T cells for HIV/AIDS 
diagnostics. Branch B analyzes the blood sample for platelet and 
erythrocyte concentrations by diluting the sample to ensure that 
only one cell crosses the electrical sensing region at an instance 
[16]. In addition, the impedance pulse analysis enables the mea-
surement of erythrocyte volume to obtain the hematocrit level 
(anemia) in addition to the average erythrocyte volume (iron, 
B12, folate  deficiencies, and thalassemia) and erythrocyte distri-
bution width (erythrocyte maturity).

Example 2: Measuring Neutrophil Motility on a Chip

Neutrophils are the first line of defense against infections. They 
represent the most numerous subpopulation of white blood cells 
in the blood and have the ability to migrate within minutes from 
the blood to the site of infection or injury in the tissues. They 
accomplish this demanding task by following chemical concen-
tration gradients of attracting molecules released from the in-
vading bacteria or the cells under stress. The motility function 
of the neutrophils is of great medical interest because failure of 
neutrophils to promptly arrive at sites of infection or inflamma-

tion can result in uncontrollable infections, while overzealous 
neutrophil infiltration can unnecessarily damage normal tissues 
and impair organ function, e.g., in severe forms of asthma and 
arthritis, acute hepatitis, or ischemia-reperfusion injury. How-
ever, measuring the motility of neutrophils is not an easy task. 
In a research environment, most common protocols use Boyden 
chambers [17]; however, these devices rely on gradients that can 
change in poorly controlled ways, and they only provide limited 
information and indirect measures of motility, e.g., the number 
of cells that pass through a membrane with pores.

The early application of microfluidic technologies to neu-
trophil motility studies helped solve the problem of gradient 
stability and facilitated the dynamic observation of neutrophil 
migration with single-cell resolution [18]. Microfluidic devices 
quickly become research tools for important problems in the bi-
ology of neutrophil migration [19], from the migration against 
gradients [20], responses to changing gradients [21], or the in-
tegration of average and slope of chemical gradients [22]. How-
ever, moving forward from these pioneering devices to robust 
systems to measure neutrophil motility in clinical settings re-
quires designs that can integrate an array of distinct functions 
to be integrated on the same chip. Devices should be able to 
separate the neutrophils from whole blood quickly and, with-
out activation, generate precise chemical gradients and measure 
neutrophil motility  parameters automatically with minimal op-
eration from the  human operator. Recent advances in the field 
of microfluidic  devices for neutrophil chemotaxis are encourag-
ing, and these goals may be achieved in the near future.

First, separating the neutrophils on the chip can bypass the 
complex procedures for isolating neutrophils from whole blood, 
speeding up the assay, and eliminating the need for bulky 
 centrifugation equipment. One recent example is a microfluidic 
chip that can both isolate neutrophils and monitor their mi-
gration in stable chemical gradients [23]. Only a small drop of 
blood from the finger is required for the assay that has orders of 
magnitude less than the standard assays. Neutrophils are cap-
tured inside the chip in a chamber coated with cell adhesion 
molecules that weakly interact with the target cells. The same 
weak interactions allow the cells to move at a later step when a 

FIGURE 5 (a) Mapping of CBC on a chip. A differential counter design with 1) an entrance counter, 2) capture chamber, and 3) exit 
counter. The scale bar is 1 cm. (Adapted from [18].) (b) An n improved differential module, which has a 1) red blood cell lysis region, 
2) lysis-quenching region, 3) entrance counter, 4) capture chamber, and 5) exit counter. 
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 concentration gradient of a chemoattractant is applied. With the 
use of a microscope, images of the moving cells are  captured and 
their motility is measured. Although effective, the arrangement 
of valves, inlets, and outlets on the chip required to accomplish 
the sequence of steps for the assay could become problematic for 
automation. Second, the precision of measuring the neutrophil 
motility in microfluidic devices can reach beyond the capa-
bilities of any other method available today. Such advance was 
possible through the use of linear channels with cross sections 
smaller than the size of neutrophils (Figure 6), which could 
be regarded as the equivalent of speed tracks in the macrow-
orld [24]. Using this device, for the first time, a normal range of 
neutrophil directional migration speed values was defined for 
healthy volunteers, independent of sex or age of the donor, and 
reproducible from the same volunteer at time points separated 
by weeks. The device also enabled the first precise measurement 
of the neutrophils motility alteration in hospitalized patients af-
ter burn injury. Although the device uses no external syringe 
pumps and has only one inlet and one outlet, it still requires the 
preliminary separation of neutrophils from the sample blood 
using standard techniques. Finally, high-throughput devices ca-
pable of performing more than 50 neutrophil migration assays 
simultaneously have been reported through the use of micro-
fluidic technologies [25]. The new platform can operate at sin-
gle-cell resolution to perform a high content analysis of motile 
neutrophils in a large number of independent chemoattractant 
conditions and screen for the effect of various drugs. However, 
neutrophils have to be separately purified before the assay, and 
the precision of measurements is limited by the physiological 
noisiness of speed and directionality during neutrophil migra-
tion on flat surfaces.

Although some elementary functions have already been 
 demonstrated, the integration of efficient separation, precise 
analysis, and high-throughput format functions in the same 
 device is not a trivial task, and creative new protocols and tech-
nological developments are required to overcome current ob-
stacles. When accomplished, this integration will provide new 
tools for the exploration of interesting biological questions and 
novel  applications to clinical conditions. Evaluating the risk of 
 infections in patients at risk, modulating immunosuppressive 
regiments after a transplant or monitoring the resolution of acute 

and chronic inflammation could provide valuable insights en-
abled by devices for measuring neutrophil motility function in 
the doctor’s office.

Example 3: Bacterial Detection on a Chip

The capture and detection of bacteria and viruses from body flu-
ids at POC also represents a grand challenge. Figure 4 depicted 
the concept schematic of a lab-on-chip that conforms well to the 
detection of infectious agents. Such an integrated device would 
be capable of separating and extracting bacteria from blood, per-
form sorting and concentration of these microorganisms if need-
ed, perform antibody-based capture of target organisms, possi-
bly perform bacterial culture inside the chip to determine the 
presence of live or  viable cells, and also to increase the number 
of cells needed for analysis, lyse those cells, and then perform a 
nucleic acid-based identification of them.

The separation of the bacteria (1 mm or so in size) or viruses 
(50–250 nm in size) from body fluids  poses a great challenge, 
as discussed earlier. Cells occur at a much higher number and, 
hence, increase the background noise, especially from blood. The 
problem of viral separation is intensified because of the presence 
of similarly sized exosomes that are present at much higher con-
centrations than target viruses. Red blood cells and hemoglobin 
are also known to reduce the sensitivity of polymerase chain re-
action (PCR) assays and, hence, separation of the target bacteria 
(1 mm or so in size) and viruses (50–200 nm in size) from oth-
er blood cells is critically important before the identification of 
these entities is performed.

For the case of identification, nucleic acid-based methods 
are still considered the gold standard because of their high 
specificity and selectivity when compared with antibody-
based assays. However, the high cost of reagents and instru-
mentation for optical detection of the amplified PCR product 
and the time it takes to perform the amplification have still 
limited the realization of these methods as truly a POC test 
with total assay time of sample-to-result in, for example, less 
than 10 min. The grand challenge of taking a throat swab, 
sputum, or a sample (or drop) of blood or urine and obtaining 
an identification of bacteria or viruses at low concentrations 
for early detection still remains unfulfilled. The target bacte-
rial counts can be just a few colony forming units (cfu) per 

milliliter of sample fluid at 
the onset of infections. In 
the case of elevated infection 
levels, the  numbers can be 
in tens of thousands to mil-
lions of bacteria per  milliliter, 
in which case the detection 
can be performed by current 
techniques. It should also 
be noted that many bacteria 
might survive or replicate 
within phagocytes. The best 
commercial assays for PCR 
claim 20 min of assay time 
from a 10- to 20-µL sample 
as long as few copies of the 

FIGURE 6 Precise measure of neutrophil motility in a microfluidic chip. Neutrophils that are injected 
in the microfluidic device in the main channel migrate laterally to enter an array of small channels 
filled with chemoattractant, toward which they move at uniform speed [24].
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target DNA are present in that volume. This means that, for 
detection at low concentrations (onset or early detection), ei-
ther the bacteria needs to be grown or amplified by traditional 
petridish cultures, or separate or concentrated from a larger 
volume sample into smaller volumes, before they can be de-
tected using biomolecular assays. It should be noted that, for 
the detection of bacteria from drinking water, environmental 
samples, or pharmaceutical fluids, the target concentrations 
are even lower at 1 cfu/100 mL to 1 cfu/250 mL. For these 
applications, the advantages offered by microfluidics and lab-
on-chip can only be useful if the target bacteria can be con-
centrated from these large volumes down to 0.1–1 mL of fluids 
before they are introduced into these small devices.

Integrated biochip devices that can capture, trap, and de-
tect specific bacteria based on dielectrophoresis and antibody- 
mediated capture [26] have been shown. In addition, to reduce 
the time for detection of bacteria culture and perform the de-
tection electrically, microfluidic chips in which a small number 
of bacterial cells could be concentrated from a dilute sample 
into nanoliter volumes and then cultured have also been dem-
onstrated. Figure 7 shows the silicon biochip platforms used 
for these studies. Taking advantage of the small volume of the 
 biochip, 104- to 105-fold concentrations of bacterial cells from a 
dilute sample can be achieved. Similar platforms can be used to 
perform PCR amplification, and the detection of as few as 10–50 
cells of Listeria monocytogenes has been performed using optical 
fluorescence detection [27].

Example 4: CTC-Chip and 

Circulating Tumor Cells for 

Cancer Diagnostics

Blood-borne metastasis is 
initiated by cancer cells that 
are  transported through the 
circulation from the primary 
tumor to vital distant organs, 
and it is directly responsible 
for most  cancer-related deaths 
[27]. However, CTCs are ex-
traordinarily rare (estimated 
at one CTC per billion normal 
blood cells in the circulation 
of patients with advanced 
cancer), and they have been 
proven to be too difficult to 
isolate in sufficient numbers 
in  order to be clinically use-
ful. The clinical use of CTCs 
is very broad and includes 
the monitoring of individual 
patients with metastatic dis-
ease, noninvasive analysis of 
biomarkers, and acquired re-
sistance to specific treatment 
regimens in targeted thera-
pies, and, ultimately, early 
detection of cancer. Despite 

the fact that the potential of CTCs in the clinical management 
of cancer  patients is significant, the bottleneck has been the 
 development of highly sensitive, high-throughput, and reliable 
 technological platforms for isolation of CTCs from the  peripheral 
blood of patients.

The most widely used CTC isolation techniques rely on 
antibody-based capture of CTCs, which express epithelial cell 
surface markers that are absent from normal leukocytes [28]. 
The Toner group has developed several microfluidic approaches 
called CTC chip for single-step isolation of CTCs from unproc-
essed blood specimens [29]–[32]. The first-generation CTC chip 
is composed of etched 78,000 microposts in silicon that are 
coated with an antibody  specific to epithelial cells (Figure 8). 
Whole blood flows through the chip, and the flow is precisely 
controlled to enhance interaction of cells with antibody-coated 
microposts to maximize binding of tumor cells to the surface 
of the microposts. Isolated CTCs are then analyzed either by 
direct imaging or by molecular approaches. Flow kinetics has 
been optimized for minimal shear stress on cells while enhanc-
ing contacts with the antibody-coated microposts. The CTC chip 
enables a high yield of capture (median, 50 CTCs per milliliter) 
and purity (ranging from 0.1% to 50%), most likely caused by 
the gentle one-step microfluidic processing, which may be criti-
cal when purifying rare delicate cell populations [29]. More re-
cently, we have developed the second-generation microfluidic 
technology using an enhanced platform called the herringbone 
(HB) chip [32]. The HB chip makes use of a microvortex-mixing 

FIGURE 7 (a) The optical micrograph of a microfluidic biochip for bacterial culture and identification 
[10], [26], (b) scanning electron micrograph (SEM)  images of the channels and wells inside the chip, 
and (c) concept schematic of a cartridge housing the chip along with reagents needed to perform 
biomolecular assays.
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device to capture CTCs from whole blood. The simple design 
of the HB chip is conducive to high-throughput manufactur-
ing out of transparent materials, which greatly enhance high-
resolution imaging, including the use of transmitted light mi-
croscopy. The ability to further simplify the device design and 
reduce the manufacturing cost while increasing reliability will 
ultimately enable the validation of CTC chip in multicenter 
clinical trials for identification and validation of clinical utility.

Summary

The future of clinical and POC BioMEMS is very bright. With 
an increasing emphasis on the personalization of medicine and 
the rising costs of health care, early detection and diagnostics at 
the POC will be even more important. Early detection implies 
early intervention, resulting in the saving of lives and reduc-
ing overall spending. The potential impact of these technologies 
on the early diagnosis and management of both  communicable 
and noncommunicable diseases is very high. Many grand 
challenges applications are possible, e.g., routine tests such as 
complete blood cell count on a chip that an individual can per-
form at home; detection of cardiac markers from blood after 
a perceived heart attack; detection of cancer markers such as 
exosomes, CTCs from blood, or protein biomarkers in serum; 
and detection of infectious agents such as virus and bacteria for 
public health. These applications are expected to result in new 

 diagnostic  assays for home, doctor’s office, clinical laboratories, 
and various POC settings.
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