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A Practical Microfluidic Chip Kit for

Monitoring Both Patient Immunity and Tumor

Progression, in Response to Therapy

A. Shahein, Biotechnology and L. Chaubet, Mechanical Engineering



Abstract— Several new microfluidic cellcapture techniques have surfaced with the ability to

detect and enumerate both neutrophils and rare

circulating tumor cells (CTCs). Microfluidic devices

provide certain distinct advantages over the

conventional methods of neutrophil counting, and

outcompete the only other FDA-approved mode of CTC

capture. Evaluating the frequency of both neutrophils

and CTCs in blood is of prime importance to

chemotherapy patients. Neutrophil counts provide a

measure of patient immune status and infection risk,

while CTC counts have been found to correlate strongly

with tumor metastatic potential, treatment efficacy and

overall survival rate. In our paper we discuss state-ofthe art microfluidic devices and strategies for efficient

and pure cell capture, with a focus on CTCs and

neutrophils. We move to propose two microfluidic cellcapture chips, as part of a realistic kit for monitoring

the status of chemotherapy patients in response to

treatment. The design, fabrication, sterilization and

limitations of this proposal are discussed. We conclude

the paper with a commentary on the microfluidics

market, keeping the spotlight on diagnostics, and review

some regulatory details relevant to our device.



I. BACKGROUND

A. Microfluidics

To say that microfluidics has a lot offer is a massive

understatement. The field is still young, exciting, and

showing no signs of slowing down. A simple patent

search shows a dramatic surge in the number of

microfluidic patents being filed in the past 20 years.

Terry et al. are credited with creating the first

microfluidic device, a miniaturized gas chromatography

system, in 1979 [1]. In the early nineties, the field
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developed as an offshoot from the discipline of

microelectromechanical systems (MEMS), and a greater

theme of miniaturization.

Some of the most promising applications of

microfluidics come from its use in a biomedical context.

Within this domain, microfluidic technology has

contributed towards many different practices, including

drug screening, tissue engineering, tissue and organ

modeling, diagnostics and even therapy, to name a few.

In general, microfluidics refers to the control and

manipulation of micron-scale fluid flow. By operating at

these physiologically relevant dimensions, the

technology is very well suited to studying cellular

mechanisms. For example, microfluidic channels can be

manufactured on the order of tens of micrometers,

corresponding to a few times the typical diameter of a

red blood cell and a similar size to capillaries. On this

small scale, the fluid flow is laminar and as a result very

predictable. The streamlines can be determined

accurately, allowing for precise control of flow patterns.

As a result, the physical, chemical and spatial

microenvironment in microfluidic channels can be

adapted specifically to the desired function [2]. In

particular, these predictable fluid dynamics can be used

to create a complex biological system that mimics an

environment of interest in many different types of native

tissue. For instance, specific organs can be modeled

through the controlled arrangement of distinct cells in a

similar way to their native physiological situation [2].

Microfluidics is extremely practical, and brings

several distinct advantages to biomedical technology.

Owing in part to the optical transparency of PDMS,

among other properties that will be discussed further, the

biological processes under investigation can be imaged

live in the simulated tissue, and at a high resolution. At

the micro-scale level, very little reagent and a lower

number of cells are required, both of which can either be

expensive, rare, or difficult to obtain. Furthermore,

multiple assays investigating different phenomena can
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be analyzed all at once on a single chip, increasing the

throughput. The drastic increase in surface-to-volume

ratio associated with microfluidics increases the chance

that a biochemical reaction of interest will occur, further

increasing throughput. When decreasing the diameter of

a channel, the surface area scales down by a quadratic

factor, while volume scales down as a cubic function of

distance. Furthermore, standardized manufacturing

processes have become well established in the field,

making it easy to produce the desired micro-scale

components for a given application. Three-dimensional

microfluidic structures, although less straightforward to

manufacture, are becoming very accessible. By using

microfluidic in vitro models, the ethical problems

associated with investigative animal studies can be

avoided and a lower overall cost can be obtained [2].

Through its portability, practicality and low cost,

microfluidics is bringing diagnostics and disease

monitoring closer to the point of care (POC), rather than

central clinical laboratory testing.

Controlled mixing, pumping and diffusion, as well as

droplet formation and manipulation are all examples of

the immense range of fluid control possibilities available

and currently used in microfluidics. Below are a few

examples of how microfluidics is currently being used to

enrich biomedical research. The discussion is limited to

a few select topics, in an attempt to give a taste of the

incredible potential that microfluidics possesses from a

biomedical standpoint.

Microfluidics has found important purpose for

engineering biomimetic scaffolds in the field of tissue

engineering. A major challenge faced when transplanting

biological tissue involves a failure to reconstitute the

microvasculature found in native tissue, which is needed

to supply transplanted cells with nutrients and oxygen.

To address this challenge, tissue scaffolds consisting of

microfluidic networks pre-seeded with endothelial cells

can be designed. Upon transplantation, the endothelial

cells form a microvasculature that can connect to the

host’s vessel network to support the introduced tissue.

These microchannels are made with dimensions very

similar in size to capillaries.

The initial microfluidic tissue constructs were

fabricated using PDMS, which is transparent, flexible

and biocompatible, but not biodegradable. Wang et al.

developed a new type of biodegradable elastomer,

poly(ester amide), poly(1,3-diamino-2-hydroxypropaneco- polyol sebacate) (APS), with ideal mechanical

properties and biocompatibility for tissue-scaffold

implantation [3]. Importantly, APS has a chemical

composition that can be tuned slightly in order to adjust
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the degradation time to between 6 weeks and 1 year [3].

Many traditional biodegradable polymers either

experience too rapid of degradation (PGS) or non-ideal

mechanical properties (PLGA and silk) to support

vascularized tissue. Unlike APS, many conventional

biodegradable polymers also lack the ability to be

functionalized efficiently, a property that is needed in

order to facilitate cell attachment. With APS, Wang et

al. were able to design their microchannel network to

have constant flow and distribution of oxygen and

nutrients, as well as similar shear stress properties and

pressure drop levels to native tissue. This is all while

maintaining a biodegradable scaffold which will

dematerialize after it serves its appropriate function, or

after the biological transplant it supports becomes

structurally and functionally integrated into the host.

Microfluidics has also led to the development of a

novel and advanced cell-culture device, known as organon-a-chip. Through this technique, the physiological

functions of organs can be modeled by culturing distinct

living cells in continuously perfused chamber of

micrometer-dimension. Different chambers can be

connected by microchannels to create a heterogeneous

dynamic of cell-cell interactions. With the proper design,

this system has the ability to recapitulate natural tissues

and organs to a better degree than traditional twodimensional and three-dimensional culture systems.

Different organ-on-a-chip systems have even been

designed to involve physiologically accurate levels of

fluid shear stress, compression and cyclic strain.

Furthermore, organ-specific dynamics such as the

recruitment of circulating immune cells or reactions to

drugs can be modeled effectively. The interactions

between different organs has also been recreated [4].

Another example where the unique properties of

microfluidics are exploited is in modeling immunecancer interactions. Indeed, Businaro et al. used a PDMS

microfluidic platform to investigate how IRF-8

transcription factor gene expression (necessary to

generate competent immune responses) contributes to

the cross-talk occurring between immune and cancer

cells in vitro. Splenic immune cells from either IRF-8

knockout or wild type mice were cultured in a

microfluidic environment connected to a group of

aggressive melanoma cells (B16 cells). IRF-8 knockout

mice are documented to develop melanomas because

their immune cells conduct insufficient levels of

immunosurveillance. These immune cells were separated

from the cancer cells by microchannels designed to

allow cell migration. In the case of the wild type mice,

the immune cells migrated to the melanoma cell
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chamber and interacted tightly. In contrast, the IRF-8

knockout cells remained static while the tumor cells

moved to the microchannels and became more invasive.

Through this study, Businaro et al. demonstrated the

capacity of microfluidic co-culture systems to model a

dynamic between cancer and immune cells. With some

extrapolation, these types of in vitro systems can be

developed further to model specific cellular interactions

for the testing and advancement of cancer therapies [5].

B. Cancer Treatment and Neutrophil Count

Currently the most accepted and prevalent cancer

management regimens involve chemotherapy, radiation

therapy, or a combination of both. Although these forms

of intervention have resulted in greatly increased

survival rates and medical progress, complications

arising from their immunosuppressive nature have been

long

documented.

Canonical

chemotherapeutic

treatments are anti-mitotic and function by inhibiting

tumor cell replication. This form of cytotoxicity is nonselective,

and

the

systemic

application

of

chemotherapeutic agents results in damage to normal

host tissue. This is especially true for cells that divide

rapidly, such as bone marrow cells, damage to which

causes myelosuppression and immunodeficiency.

Additionally, many types of malignant tumors have been

found to exert immunosuppressive effects on the host’s

immune system, further escalating the problem [6]. For

instance, the immune system can be weakened when

solid tumor malignancies penetrate the bone marrow, or

through several lymphoproliferative malignancies, like

hairy cell leukemia, chronic lymphocyte leukemia or

natural killer cell lymphomas [7]. As a result of their

immunocompromised state, oncology patients are known

to have a very high incidence of infection.

Common hospital practice involves evaluating the

immune state of a patient prior to initiating or continuing

chemotherapy. Customarily, patients will have their

blood drawn before each chemotherapy session to enable

a calculation of their absolute neutrophil count (ANC).

Neutrophils are first responders for the immune system

and primary defenders against infection. An ANC can

help to estimate the general immune status of the patient,

making it one of the most common measures for patients

undergoing cancer treatment. Neutropenia is defined as

excessively low levels of neutrophils, and is a common

side effect of chemotherapy. The ANC of healthy

individuals will be in the range of 2500 to 6000 cells per

microliter, while patients with values below 500 are

classified as having severe neutropenia, and a

significantly increased risk of infection [6]. If the

neutrophil count drops below a critical level, therapy is
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often postponed and dose-adjusted, which has been

associated with poorer treatment outcomes. To counter

this, granulocyte-colony stimulating factor (G-CSF) is

often administered to patients to promote the survival,

differentiation, and growth of mature neutrophils and

their precursors.

The conventional method for determining a patient’s

absolute neutrophil count is through manual microscopic

analysis using both a blood smear and hemocytometer.

A blood smear can be stained for differential counting,

most commonly with a Romanofsky stain, to determine

the percentage of white blood cells (WBCs) that are

neutrophils, usually ranging from 50-60% [6]. This

percentage is then multiplied by the total white blood

cell count obtained either manually, using a Neubauer

chamber, or through the use of an automated counter.

This method has various limitations from both a

diagnostic and economic standpoint. In order to establish

a high enough statistical accuracy to be used reliably in a

clinical setting, 400 WBCs must be counted in 2 blood

smears [7]. However, in samples with very low

neutrophil levels there are often not enough leukocytes

to count even 100 cells, and as a result the measurements

will be limited in precision [6]. Adding to the challenge,

the morphology of WBCs in the blood smear is often

distorted by chemotherapy and radiotherapy, which can

complicate manual differential counting and render it

less precise. The traditional procedure for determining

ANC is not direct and also necessitates quantifying total

WBC count. This added step wastes resources under the

specific circumstances where medical staff are only

interested in a neutrophil count.

In recent years, the prominence of these problematic

samples has increased as more and more patients receive

chemotherapy and radiotherapy. In order to get around

these problems and sources of imprecision, manual cell

counts are becoming progressively replaced with the use

of automated cell counters, most commonly flow

cytometers. However, automated cell counters are

expensive and need to be operated by trained

technicians. The associated costs limit flow cytometers

to large well-funded hospitals, where they are usually

only found in central clinical laboratories rather than

point-of-care sites [7]. Many of the disadvantages

associated with conventional methods for measuring

ANC can be circumvented through the use of

microfluidic chips, as will be discussed in this paper.

C. Cancer Treatment and CTC

Circulating tumor cells (CTCs) are shed from primary

tumor sites and have the capacity to form new tumors in

the body. CTCs are a multi-functional biomarker and
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very rarely found in healthy subjects [8]: the presence of

CTCs in a patient’s blood sample is indicative of at least

a primary cancer site. Diagnosing that the cancer has

metastasized to a secondary site is much harder to do,

but CTCs have been found to correlate strongly with the

metastatic potential of a given tumor. CTCs are

produced early in tumor development [9], facilitating the

possibility of early detection and diagnosis, which

correlates well with survival rate in cancer patients. CTC

detection can be used as an indication of epithelial,

breast, colon, lung and prostate cancer, [10] and likely

others. Furthermore, the circulating tumor cell count has

been shown correlate well with treatment efficacy [10]

and the overall survival rate of patients [11].

The real challenge when it comes to using this

measure, however, is the rarity of CTCs. Most patients

with metastatic cancer have under 10 CTCs per milliliter

of blood, although there have been rare reports of

patients with hundreds to even 1300 CTCs per milliliter

of blood [12]. In one milliliter of blood there are around

5 billion red blood cells (RBCs) [13], with a less

significant amount of white and other blood cells. The

concentration of CTCs in blood can be estimated to vary

from 0.2 to 260 cells per billion. Typical blood cells

range from 6 to 15 μm [14] with white blood cells

(WBCs) corresponding to the larger part of the range.

CTCs, due to their continuous growth and interaction

with the environment, have a wide size range, from 4 to

30 μm. They are usually found to be larger than normal

blood cells [13]. Accordingly, even though CTCs are

extremely rare, different methods have been developed

to exploit their size difference as a means of isolating

them. This defining characteristic is often combined with

CTC-specific functionalization to help in their capture.

Currently there are no approved methods for CTC

capture as a primary form of diagnosis; the very limited

number of FDA-approved devices still have critical

limitations. The approved devices are all used for patient

monitoring and as an auxiliary diagnostic. The field of

CTC capture and analysis is still in an early, more

experimental phase.

II. STATE-OF-THE-ART FOR NEUTROPHILS AND CTC

CAPTURE

An underlying key principle in all cell capture designs

is the increased surface-to-volume ratio at a microscopic

scale, which improves the likelihood that cells adhere to

a given surface. Furthermore, flow velocity and shear

force are two essential parameters that affect the ability

of a surface to capture cells through chemical binding

(i.e. functionalization). The flow velocity determines the
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duration of contact between passing cells and a surface

(like the microchannel walls), and is also related to shear

stress. The shear stress must be kept at a minimum to

ensure that cells do not detach under the given flow [15].

Typically, the methods of cell capture involve some

physical interaction to bring the cell to rest, or to bring it

into contact with some physical structure. This is

followed by biochemical interactions to adhere the cell

to the structure’s surface. Conversely, these biochemical

interactions can be designed to occur first, followed by

physical manipulation. Some designs, however, only

rely on physical interactions, and can achieve separation

of target cells from other nonspecific cells without

surface functionalization. Some design terms will be

used repeatedly in order to describe the different

methods. Efficiency (or recovery) is the fraction of target

cells captured relative to the total number of target cells

in a given sample. Purity is the number of target cells

captured compared to the number of total cells captured

[10]. In order to enumerate target cells once they are

captured, cell-specific stains (usually fluorescent) are

flown through the microchannels, and the microfluidic

chip can be observed directly under a fluorescence

microscope.

A. Neutrophil Capture

As mentioned above, neutrophils are key cells of the

immune system, and their count in blood can reflect

immune competence. In the following section,

neutrophil capture using microfluidics will be discussed

using a few experimental examples from the literature. It

is important to note that the current research puts

emphasis on isolating neutrophils for downstream

genomic and proteomic analysis. The devices that are

discussed are not necessarily optimized only for

neutrophil enumeration.

In an experiment by Kenneth et al., neutrophils were

captured onto the functionalized walls of a microfluidic

device. After counting them, their genomics and

proteomics were analyzed. The microfluidic device was

made of PDMS channels bound to glass for direct

screening under a microscope. They report the highly

efficient capture of neutrophils from 150 μl of whole

blood, within 5 mins. The blood began by flowing

through the main device channel, which then split off

into 16 chambers (see Fig. 1 a) to occupy the maximum

area available on a standard microscope slide (38 mm x

75 mm) to optimize capture [16]. The walls of these 16

channels were functionalized to specifically bind to

neutrophils and eosinophils. They used CD66b-specific

monoclonal antibodies which specifically binds to an

adhesion molecule only expressed in neutrophils and
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eosinophils. To fix the antibody, they used the standard

biotin-avidin interactions: biotinylated CD66b antibodies

bound to avidin molecules that were covalently attached

to the channel walls (see Fig. 1 b). To reduce nonspecific

binding after capturing the target cells, they flowed

phosphate buffer saline (PBS) with bovine serum. Since

eosinophils are much less abundant than neutrophils (by

a factor of 30), the eosinophils captured were deemed

negligible, within 3% of the total captured cells.



a



b



c



	



	



Figure 1: (a) microfluidics chip, (b) CD66b antibodies (green)

binding to the advinin molecules covalently attached to the walls

(red), (c) resulting fluorescent image from neutrophil capture

stained using DAPI (blue), antibody to CD14 conjugated to FITC

(green) and antibody to CD66b conjugated to phycoerythrin (red)

[16].



They also optimized for neutrophil capture by sizetuning the channel height to 50 μm, which is a few times

larger than the average diameter of neutrophils. This

maximizes contact between neutrophils and the channel

walls without restricting flow. The flow rate was also

tailored to maximize capture. The optimal levels of both

parameters, channel height and flow rate, are mainly

determined empirically through experimental testing

[17]. After running blood through the device, neutrophilspecific fluorescent stains were introduced to enable

counting directly with a fluorescent microscope (see Fig.

1 c). After capturing the cells, a lysis solution was run

through the channels to expose the RNA and proteins of



immobilized cells. Then, the channels were washed with

a neutral solution to collect the RNA and proteins. This

experiment demonstrated that microfluidic devices have

the ability to isolate cells for downstream genomic and

proteomic analysis, maintaining an extraction quality

similar to with traditional methods [16].

In an experiment by Sethu et al, aimed at capturing

leukocytes for downstream analysis, the authors

employed chaotic advection through herringbone mixers

[18]. In brief, chaotic advection uses a particular inner

channel pattern to randomly mix the fluid. It increases

the collision rate of channel contents against the walls,

thus increasing the probability of surface to cell

interactions. However, in this experiment, the use of

microfluidic channels combined with mixing was just

for whole blood cell lysis. They were able to rapidly and

efficiently lyse whole blood by inducing osmotic shock.

The blood was introduced at the same time as deionized

water in a 1 to 30 proportion, respectively, creating a

sudden hypotonic environment. The blood cell lysate

was collected and resuspended into an isotonic solution.

Then, through centrifugation, they were able to collect

leukocyte pellets [18].

An experiment by Cheng et al. aimed to specifically

count CD4+ T-cells in HIV-infected patients using a

microfluidic device with functionalized channel walls

[19]. The number of cells captured with their

microfluidic device was compared to results obtained

using a flow cytometer. In the experiment both methods

derived similar cell counts, but the microfluidic device

processed whole blood directly, reduced the operating

and processing costs significantly, and only required a

finger prick (10 μl) of blood [19].

Researchers from the Nanyang Technological

University of Singapore used inertial microfluidics to

separate leukocytes from erythrocytes in whole blood

[20]. Inertial microfluidics exploits the fact that the flow

is laminar in microfluidic channels, hence streamlines

are well defined and can be used to effectively separate

different particles based on their size. The center of mass

of spherical particles with a specific radius will follow

these streamlines. Cells are forced against one side of the

channel through a dynamic called “sheath flow” (see

Fig. 2). At a sharp corner, the streamlines are

compressed closer together by pinched flow

fractionation. Through this situation, particles of

different sizes are restricted at different distances against

the corner of the wall because of their finite radii.

Immediately after the corner the streamlines begin

operating again, and the particles are separated

dependent on their radii (see Fig. 2). When lysed blood
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was introduced to the device, neutrophils and monocytes

were separated from lymphocytes with 85% purity. In 10

μl, around 40000 leukocytes were sorted. They then used

the isolated neutrophils and monocytes to test for rolling

phenotypes by further flowing them into a channel

coated with E-selectin [20].



Figure 2: Inertia microfluidics using a liquid without particles as

the sheath flow to push the flow of liquid with particles against

the upper wall (a), effectively creating a pinched flow. The

particles are then separated downstream based on size and will

follow their respective streamlines. They can then be detected or

collected separately [21].



Techniques exploiting microfluidics for neutrophil

capture can be used to address the previously discussed

limitations of conventional neutrophil counting. Firstly,

because microfluidic-based capture methods employ

functionalization to enhance the purification of target

cells, it is not a problem if there are low neutrophil levels

in the blood sample (as seen for chemotherapy patients).

The problems associated with the atypical morphology

of neutrophils in conventional differential counting

methods is avoided entirely because of the specific

binding of neutrophils to functionalized walls, rather

than basing their identity on physical appearance.

Furthermore, microfluidic chips are inexpensive,

supplied through an easy and fast manufacturing

process. The overall time required to get a valid ANC
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can be reduced significantly with microfluidics. As was

seen, it takes as little as 5 minutes for neutrophils to be

captured on the microchannel walls. Following this, the

only remaining steps are fluorescent staining and

microscopic imaging. The former can be performed

relatively quickly by minimally trained staff, while the

latter can be completed through a simple computer

program that correlates the total fluorescent signal with

ANC. There is no need for a specialized technician, as

with flow cytometry. The microfluidic device also

allows for the absolute neutrophil count to be determined

directly, without need for a total white blood cell count.

B. CTC Capture

There are several different modes of capturing

circulating tumor cells. There is continuous research

being done on different ways to optimize CTC capture;

the process it is still arduous and each of the

commercially available devices has its limitations. In the

following section, a few of the more popular methods for

CTC capture are discussed.

External forces can be used, such as electric and

magnetic fields, to actuate target cells for subsequent

capture. Electrical field methods, known as

dielectrophoretic (DEP) aims to separate target cells by

manipulating the different dipoles induced [22]. These

dipoles depend on the cell size, cell membrane and

cytoplasmic charge properties. By adjusting the electric

field, CTCs of interest can be targeted as their size, cell

membrane and cytoplasmic charge are generally

different from other blood cells (RBCs, WBCs) [9], [22].

Magnetic field trapping is a method based on the

manipulation of nano to micro-dimension magnetic

beads for the capture of CTCs. Magnetic beads coated

with antibodies specific to a cell type of interest can be

pre-incubated with the cells to confer magnetism. A

common cancer-specific marker is the epithelial cell

adhesion molecule (EpCAM), for which monoclonal

antibodies have been produced. Once the magnetic beads

are bound, the cells can be manipulated in many

different ways with a magnetic field to enable their

capture. Although several devices based on external

force techniques were shown to yield promising results,

the required equipment is generally quite complex and

has a high cost.

Another common method for rare cell capture is

known as microfiltration. Through this technique for

instance in the form of a membrane, can be used to filter

cells directly based on their size. A membrane can be

perforated with holes large enough to only trap

circulating tumor cells, permitting the smaller blood

cells to pass through. An experiment conducted on
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tumor cells averaging 17 μm in diameter, and a

microfilter with pores of 11 μm resulted in recovery rate

of about 87% [23]. However, this method only targets

one specific size range of CTCs, which are not

necessarily reflective of the entire population. Moreover,

the throughput is typically lower because the flow is

heavily restricted by the filter. That being said, 3D

microfilters and double layered filters are currently being

explored with distinct advantages, for example, the

ability to minimize cell damage while capturing a wider

a size range of CTCs.

Micropost arrays are one of the most well known,

researched and explored techniques for rare cell capture.

They work by exploiting the high area to volume ratio in

microfluidic devices. On a fundamental level, this

method uses size-based streamline sorting, just as with

inertial microfluidics described earlier. When cylindrical

microposts are staggered in an array, CTCs are forced

into contact with them as they flow past. Streamlines

follow the boundaries of the microposts. They expand at

the front and rear points of the cylinder, and are

compressed on the sides perpendicular to the channel

walls (Fig. 3). This is due to the flow accelerating

through a reduced area. Other geometries like octagonal

and triangular posts are also being used [24]. The

compressed streamlines bring cells traveling along them

into contact with the cylinder if the cells’ radii are bigger

than the distance between the compressed streamline and

the posts (Fig. 3).
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with antibodies to increase specific adhesion and thus

capture rates [24]. Though this method is very well

known and was shown to be effective, the manufacturing

of these silicon microposts is very expensive. It requires

high grade clean rooms that are not commonly available

and are very expensive to set up.

Chaotic advection mixing, generated through

purposefully designed inner channel topologies has also

been used and was shown to yield great results when

combined with functionalization. Indeed, herringbone

micromixers were used in an experiment to increase

throughput and purity. Efficiencies of around 90% were

obtained from blood spiked with pancreatic CTCs,

combined with a relatively high purity and throughput

[26]. This type of device is likely the easiest, fastest, and

cheapest in terms of manufacturing. Its inherent

simplicity makes it an ideal choice when looking at rapid

prototyping or for applications necessitating practicality.

Other devices using combinations of the previously

discussed methods (i.e. external forces, microfiltration,

micropost arrays or chaotic advection) are currently

being investigated. Capture through completely different

fluid phenomena have also been conducted, such as

through inertial focusing, or biomimicry to enhance the

natural segregation of cells that can occur in vessels. For

the purpose of this report only the most popular

techniques for CTC capture were discussed, but it should

be noted that there are many other strategies being

explored in the field.

III. DESIGN OVERVIEW



Figure 3: Cell-wall contact in micropost array with

immunocoating. Obstacles are in gray and laminar streamlines

around microposts are shown. Larger particle, in blue, contact

more often to microposts than smaller particle, in yellow [25].



The radii and spacing of the cylinders as well as the

staggering distance and other geometrical features can be

controlled and optimized to target for different cell sizes,

and select for CTCs. Usually, the microposts are coated



The rationale for our design was to provide a faster,

cheaper and easier way for hospitals to monitor both the

neutrophil and CTC levels. This would enable medical

practitioners to oversee how both the cancer and the

patient’s immune system respond to therapy.

Neutrophils are counted on a regular basis, with further

refinement microfluidics could allow for a reduction in

the cost compared to flow cytometry and time compared

to conventional counting methods, while facilitating

more straightforward analysis of problematic samples.

As for the CTC count, it is still very experimental but the

literature agrees on its relevance and ability to forecast

treatment efficacy, metastatic potential and overall

survival rate. Microfluidics is unquestionably the leading

technology for enumerating these cells. Though our

design is not likely to be perfect, it will be as practical as

possible and can serve as a field example for the routine

use of CTC capture.

Our first design idea comprised a single chip enabling

both neutrophil and CTC capture. If this single chip was
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easy to use, cheap, and required minimal training and

equipment, it would be an ideal device for routine use in

clinical settings. A single chip could reduce

manufacturing processes and allow for simultaneous

screening, simplifying the process. It could reduce

screening time by having one chip to screen, combined

with a computer program that can obtain both counts

rapidly. With further research and understanding of the

topic, we quickly realized that a two-in-one chip would

be very impractical and less efficient. Indeed, the

reduced area available caused by the fitting of both

devices onto a single standard microscope glass would

inevitably reduce device efficiency and throughput.

Furthermore, since both capture devices have different

time scales and sample volumes, it would be illogical to

introduce blood for both neutrophils and CTCs at the

same time and then carry out different staining

procedures. The neutrophil-specific side would be ready

for staining and screening well before the CTC-specific

side was finished receiving blood. Although the flow

rates could be adjusted to make divergent volumes

perfuse either channel and finish at the same time, it

would take a longer than necessary duration to measure

the neutrophil count. The ANC is needed before a

patient actually commences a chemotherapy session for

the day, so this would be an unacceptable situation.

Instead, we decided to opt for two identical chips, one

measuring ANC and the other the CTC count. For the

sake of practicality, we plan on packaging the devices

together in a kit that includes all of the necessary stains,

tools and equipment required for operation, as these

accessories are not commonly found in hospitals. We

will of course, include the full comprehensive protocol

to maximize user-friendliness. Our design objective is

therefore to create a complete, cheap and user-friendly

biosensing kit that can measure both the ANC and CTC

count.

The kit will include a number of ANC and CTC-count

chips, packed in groups of 10 to 20 chips in standard

biomedical transparent pouches. Corresponding amount

of Micro-to-macro interfacing tubes would also be

included. The latter are very cheap and commercially

available. They would also be pre-sterilized. A syringe

pump (provided only if needed). A full protocol. The

different stains (very little volumes). And also the two

computer software: one that quantifies ANC based on

total fluorescence, and one that can track CTC.

Provided the hospital has a fluorescent microscope

with programmable stage, the estimated cost would be

below 400$ for the first order, including the syringe

pump, and much lower for further orders as the pump,
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commercially available at a few hundred dollars, won’t

be needed anymore. However, this rough estimate does

not include the development cost that are typically very

high for FDA regulated (regulation is discussed in a

further section) product such as ours.

With the kit, the overall procedure to determine ANC

is estimated to take under 30 minutes, while the CTC

count would take less than 3 hours. Both would require

only minimal training. These time scales are very

relevant in clinics as once the patient has their blood

drawn, he or she waits for the doctor’s approval based

on the ANC, before engaging in chemotherapy. While

receiving chemo, which takes several hours, the CTC

will be processed and the results obtained before the

patient leaves care.

A. Design Concept

For both neutrophil and CTC capture, we will make

use of the herringbone mixers outlined by Sheng et al.

[26] and also by Sethu et al. [18], to increase the chance

of target cell collision with the device surfaces. This will

increase the probability of cell adhesion to surfacecoated antibodies on the microchannel walls. The

physical dimensions will be based on the design by

Sheng et al. as shown in Fig. 4 below.



Figure 4: Microfluidics chip design by Sheng et al. (a) chip with

scale reference, (b) the herringbone pattern from one channel top

view, (c) simplified herringbone pattern from one channel side

view [26].



They showed that when using healthy blood spiked

with controlled numbers of CTCs, efficiencies of over

90%, purity of over 84%, high viability and throughput

of 1 µl per second (which can process 1 ml of blood in a

bout 17 minutes) were obtained [26]. These results
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compete with those published from most other CTC

capture devices, making it an appealing choice. As for

the neutrophil-specific capture design, we believe the

same herringbone mixer pattern would yield better

results than the simple rectangular cross sectional

channels previously reviewed.

B. Materials and Fabrication

Before getting into the materials and fabrication

techniques that we chose for our design, the different

options are discussed in a quick overview to demonstrate

the rationale for our selection.

Several materials and microfabrication techniques are

currently used to design the array of different

microfluidic devices. Material-wise, traditionally the

devices are fabricated on a silicon or glass substrate.

However, polymer-based substrates are becoming a

good alternative because of their low cost, rapid

prototyping, ability to be mass produced and their wide

range of simple fabrication techniques [27]. Silicon and

glass both have higher mechanical properties and lower

elongation (are less elastic) compared to polymers,

making them much harder to manufacture. As such,

polymers are the best fit for our design and we will

restrict our discussion to their use.

Polydimethylsiloxane (PDMS), a highly hydrophobic

(contact angle above 90°) silicon elastomer is widely

used and very well suited to many applications of

microfluidics. It is a moderately stiff material, with a

modulus of around 600 KPa depending on the ratio of

base and curing agent, as well as temperature and curing

time [28]. This elasticity allows it to conform to surfaces

to provide efficient sealing of microfluidic channels. It is

also optically transparent at around 300 nm thickness. It

is biocompatible, nontoxic, chemically inert, nonfluorescent, cheap, and very easy to manufacture using

extensively developed techniques (outlined in Fig. 5). A

key property of PDMS that exploited by its simple

fabrication techniques is its hyperelasticity, allowing it

to undergo large deformations without permanent

damage. It is also non-permeable to liquids, making it

well suited to microfluidics. PDMS has proven its use in

other applications, being used for catheters, as well as

ear and nose implants [27].

Other examples of possible polymers include

polymethylmethacrylate (PMMA). It is also rather

hydrophobic, with contact angle of 72° [29]. Like

PDMS, it is cheap, biocompatible, and optically

transparent. However, it much stiffer than PDMS, with a

modulus of around 2.5 GPa [29]. Accordingly, it is much

harder to manipulate, making it less attractive for simple

and rapid manufacturing. That being said, researchers
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are avidly looking into PDMS-PMMA composite

materials to combine the hyperflexibility of PDMS with

the more rigid PMMA [30].

Poly-lactic-co-glycolic

acid

(PLGA)

is

a

biodegradable thermoplastic with tunable biodegradation

rates as a function of the ratio of its monomer

constituents, poly-lactic-acid (PLA) and poly-glycolicacid, and its molecular weight. It is also biocompatible

and there are surface treatments possible to better control

the surface interactions with biological material. It has a

relatively high modulus of elasticity, at 2 GPa [31], but

still well below the bone’s modulus, which is typically

from 10-30 GPa, for comparison. Nevertheless, PLGA is

still used in microfluidics because of its ability to

degrade in the body without toxicity. Experiments with

micro to nano-scale PLGA beads, for example,

synthesized from droplet microfluidics are being used

for drug delivery systems, among other applications. As

previously reviewed, several other classes of

biodegradable polymers (like APS) are being explored

for use in microfluidics.

Hydrogels are also being used in combination with

microfluidics, revolutionizing the classical biomaterial

approach of changing only the chemical and physical

properties of the whole material. Indeed, microfluidic

patterns can be embedded directly in a hydrogel to

provide better spatial and temporal control over the

biological environment without changing the overall

properties of the material, in this case, hydrogels [32].

PDMS is the obvious choice here for our design.

Hydrogels are way too soft, while PLGA and PMMA are

too stiff. Combined with the well-known and easy

manufacturing technique for PDMS (soft lithography), it

is the optimal choice for the design of both microfluidics

chips. The biocompatibility and optical transparency of

PDMS are also very important, but what really sets

PDMS apart from PMMA and PLGA is that it is very

flexible and the manufacturing techniques are much

easier and faster.

Fabrication techniques include, for example,

photolithography for patterning of silicon microposts.

However, photolithography requires a well-controlled

environment (high grade clean room), which is very

expensive and not readily available. The use of

photolithography is usually restricted [33]. Soft

lithography is an alternative solution often used in the

field of microfluidics to pattern “softer” materials such

as PDMS, especially when faster, cheaper, and easier

manufacturing is needed. It includes microcontact

printing, replica molding (REM), microtransfer molding,

micromolding

in

capillaries,

solvent

assisted



A. Shahein and L. Chaubet

micromolding (SAMIM) and other useful manufacturing

techniques. Microcontact printing can be combined with

self-assembled monolayers to deposit specific

monolayers on the substrate, as to give it targeted

properties, for example, either a cell-friendly surface or

not. REM and SAMIM can produce, at low costs,

nanoscale features (at least one edge smaller than 100

nm) on different soft materials [33]. The general steps

involved in soft lithography are outlined in Fig. 5 below,

with some of the different possibilities associated with it.
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After undergoing baking, UV exposure (using a second

mask) and post-exposure baking, both layers are

developed simultaneously [26] (Fig. 6 d). Next, a PDMS

replica is made, similar to the top right process in Fig. 5

where a PDMS stamp is made from negative PR. To

close the PDMS replica, i.e. to complete the

microfluidics channel, another PDMS layer is bonded to

the first one (Fig. 6 e) using oxygen plasma bonding. To

produce the inlet and outlet, the sites of interest on the

PDMS are punctured, with diameters slightly smaller

than the tube that will be inserted. The PDMS is then

bonded to a 25 mm x 75 mm standard glass microscope

slide, once again using oxygen plasma bonding. Again,

the manufactured microfluidics chip, for both neutrophil

and CTC capture, is directly taken from Sheng et al. (see

Fig. 4).



a	

	

	

b	

	

	

	

c	

	

	

d	

	

	

	e	

	



Figure 5: General fabrication steps and some associated

techniques of soft lithography [33].



As our devices will be made from PDMS, soft

lithography is the obvious choice. Similar to the

procedure outlined by Sheng et al., a silicon wafer is

spin coated first with a layer of SU-8 (Fig. 6 a), a

negative photoresist (PR), crosslinking upon exposure to

UV light that can exhibit particularly high aspect-ratiofeatures. This first layer is used to pattern the main

channel [26] (Fig. 6 b). After soft baking, there is UV

exposure using the first photomask. The photomask is

made from laser or e-beam cutting, directly from a

computer model. Post exposure-baking, a second layer

of SU-8 is spin coated (Fig. 6 c). This second layer will

be used for the patterning of herringbone structures.



	



Figure 6: Schematic of manufacturing steps for herringbone

patterns. Left is the channel front view. Right is the channel side

view. (a) spin coating of SU-8 on silicon wafer followed by

crosslinking (using a photomask). The dark gray represents

crosslinked SU-8. The white part represents non-crosslinked SU8. (b) second SU-8 layer spin coated layer and cross-linked, (c)

Development of the two layers, losing the non-cross linked SU-8.

(d) pouring and curing of PDMS. The light gray represents PDMS

that is cured. (e) peeling of PDMS off the SU-8 mold, and closing

of the channels with another sheet of PDMS.



The same mask can be used for both the neutrophil

and CTC specific microchannels. We believe that 8

channels of 2.1 mm width and 100 µm height (50 µm for

the main channel, and 50 µm for the herringbone

features), exactly as outlined by Sheng et al., would

yield sufficient capture of neutrophils and CTCs. For the

neutrophil-capture chip, using Sheng et al.’s design will
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yield a reduced total volume compared to a design

reported by Kotz et al. However, since we are only

interested in counting cells per specific volume (and not

total neutrophil quantity) we believe this will still be

sufficient. Indeed, the reduced throughput can be

addressed by using a lower amount of blood for

processing combined with the increased capture rate

through using herringbone patterns. Having the same

exact device for both capture systems holds practical

value in terms of manufacturing. The functionalization

will obviously not be the same.

C. Functionalization

After rinsing with PBS, another solution containing

advidin proteins diluted in PBS is injected [5], [26].

These proteins will

attach

to the surfaces

upon

incubation and will serve as anchors. Then, the

biotinylated antibody (biotin and a specific antibody

bonded together) is injected. For CTC capture,

biotinylated anti-EpCAM is used, while biotinylated

anti-CD66b is used to capture neutrophils. After

incubation, antibodies will be fixed to the surface.

Another flush is conducted to remove any unbound

antibodies. A final rinse is done with bovine serum

albumin and Tween-20 (a detergent) in PBS, as to

passivate the surfaces to reduce biofouling, followed by

another PBS rinse [26].

D. Reusability and Sterilization

The specific design of a microfluidic chip determines

its reusability. Many devices lack the ability to release

bound cells. Our design permits cell release for

downstream analysis, but whether or not a high enough

percentage of cells and debris are washed out for the

device to be reused multiple times is an important

question. Although it would not be much of a problem to

provide disposable chips, as is done with the current

CTC detection cartridges on the market, it would be

environmentally friendly and possibly cost-beneficial to

have some form of reusability. Zhu et al. from the

departments of mechanical engineering and medicine at

Columbia university designed a PDMS microfluidic

platform for T-lymphoblast capture from individuals

with acute lymphoblastic leukemia [34]. Importantly,

they were able to achieve a very high cell-release

percentage through a design based on aptamer-modified

channel walls with trypsin-induced cell clearing [34].

The authors make the claim that this method can

potentially be used for cancer diagnostics. However, it

should be noted that in order to be reused for diagnostic

purposes at a clinical level the cleaning process must be

near to perfect, and the surface modifications must

maintain their integrity fully. One can only imagine the
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repercussions of leaving a CTC bound and inferring a

subsequent diagnosis from it. Their device would also

need to be sterilized between trials, without damage to

surface functional groups.

A more robust option is for the hospitals to send back

the microfluidic cartridges for full sterilization,

defunctionalization, and recycling. In our case this

would not be possible because fully detaching the biotinavidin from the surface would likely not be achievable

without a protocol harsh enough to damage the PDMS.

Several “smart” reversible-immobilization techniques

using other binding partners, like proteins A and G that

are detached by acid treatment, is a design option that

can be explored [35]. At the end of the day it is likely

more cost-effective and certainly more convenient to use

disposable cartridges, which is why this is currently the

most common practice for PDMS microfluidic

diagnostics [35], and the option we are choosing for the

first generation kit. It should also be noted that

depending on the consumption pattern, providing

disposable goods can serve to boost revenue.

As sterilization is important with biomedical devices,

a brief review on some sterilization methods for PDMS

and their effect on surface and bulk properties is covered

below. Mata et al. investigated the effect of ethanol

(ETH), ultraviolet light (UV) and steam autoclave (AS)

sterilization techniques on PDMS 24 hours after

exposure [27]. Using scanning electron microscopy, they

showed that the surface properties, in terms of surface

geometries and surface roughness did not change

significantly using either of the three methods.

Furthermore, to assess the surface hydrophobicity, they

measured the water contact angle and revealed that the

inherent hydrophobicity of the different PDMS

specimens remained the same. As for mechanical testing,

they used nanoindentation to measure properties at the

outermost layer of the PDMS. The outer layer is where

changes are most likely to occur as a result of

sterilization. The results showed that the storage

modulus remained the same for both UV and ETH, but

increased significantly when using AS. Finally, for

mechanical properties of the bulk material, ultimate

tensile strength (UTS) remained the same through both

UV and ETH, but increased significantly for AS,

doubling in one particular PDMS specimen [27].

Once the device is manufactured, it is washed 3 times

with a neutral solution, in this case, phosphate buffered

saline (PBS). As will be discussed further, the solution

is used repeatedly to flush and rinse out any unwanted

particles or as a dilution buffer through which chemicals

are brought to their specific concentrations. Sterilization
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of the PDMS channels was also considered. Although

many methods are available for PDMS sterilization and

have been tested in the literature to observe the impact

on its surface and bulk properties, we believe that rinsing

3 times with PBS is enough for the purpose of our

application. Furthermore, as PDMS is highly

hydrophobic, biological residues will be less likely to

stick to the channel walls, suggesting that rinsing will be

enough. What we really want to avoid is having any

particle, biological or not, left in the channel. As the

primary goal of sterilization is to kill biological residue,

it does not directly answer the need of clearing debris

from the channels, and so investing time and money into

sterilization is not justified. If, however, the

manufacturing environment or further handling of the

chips is not well controlled, there could be

contamination. In that case, we could sterilize the

channels by submerging the whole device in 70%

ethanol (widely available and cheap) for 30 minutes,

without causing any significant change in material

properties [27].

E. Protocol

In the neutrophil protocol, the optimal amount of

blood and flow rate would have to be determined

empirically because this data for our design is not

available. As for the CTC protocol, it was shown that for

this particular device, 1 ml of blood is sufficient at a

flow rate of 1 µl per second [26]. Blood flow is

controlled by an automatic syringe pump that manages

total volume and flow rate through pressure sensors.

Once blood flow stops, a gentle rinse using PBS at 10 ml

per hour for 1 hour is done in the CTC channels to

remove nonspecific cell binding. As for the neutrophil

device, a similar but much faster rinse can be conducted.

The accidental flushing out of some neutrophils can be

accounted for when calibrating the device to determine

ANC.

In order to fix and permeabilize the cells for

fluorescent

staining,

a

solution

of

paraformaldehyde and Triton X-100 or equivalent is

introduced, followed by a rinse with PBS [26]. For

imaging, a mixture of three specific stains, DAPI, AntiCD45, and anti-cytokeratin is run through the channels

to allow for color differentiation upon screening. DAPI

will bind to nucleic DNA in both CTCs and WBCs.

Anti-CD45 binds to WBCs only while anti- cytokeratin

binds to CTCs, as shown in Fig. 7.

The reason why staining is also done for WBCs is

because there is always significant non-specific binding

by WBCs, and since CTCs are so rare, any false positive

need to be ruled out. Note that this problem does not
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apply to neutrophil capture because of the much greater

proportion of neutrophils.



Figure 7: Magnified image obtained after staining with DAPI,

Cytokeratin, CD45 and their merged fluorescent effects for CTC

(d-g) and leukocyte (h-k) [15]. 



After injecting the staining mixture, the device is

incubated for 20 mins followed by PBS rinse. Then the

device is screened using fluorescent microscopy. The

tracking program Qcapture Pro software, or a modified

equivalent, can be used to track the colors

corresponding to CTCs (blue and red). Once the CTC

imaged is obtained, a minimally trained operator verifies

the few captured cell images (typically in the range of 110 depending on the cancer type) to confirm proper

color, size and nucleus-to-cytoplasm ratio (higher in

tumor cells compared to WBCs) [15], [26].

For neutrophil enumeration, a similar procedure is

followed but “DAPI (blue), antibody to CD14

conjugated to FITC (green) and antibody to CD66b

conjugated to phycoerythrin (red)” is used, as by Kotz et

al.. To obtain an ANC from the neutrophil images, a

simple program can be experimentally calibrated to
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correlate the total amount of fluorescence obtained from

the whole device with the number of neutrophils

captured. As seen in the protocol, CTC capture involves

more steps, takes more time, and overall is more

complex and sensitive than neutrophil capture.

F. Design Optimization

For CTC enumeration, the first tests to be carried

out involve the capture of CTCs from blood spiked with

a controlled number of CTCs. To control the spiking, a

hemocytometer can be used; different concentrations of

CTCs grown in vitro can be prepared and a small known

amount screened. Different CTC concentration samples,

from non-nucleated cell lysis (to remove RBCs prior to

spiking) or whole blood can then be introduced to the

device. Testing lysed and whole blood is mainly to

assess whether preprocessing of blood will improve

capture efficiency [26]. Different blood flow rates will

be tested to confirm that 1 µl/sec is the rate that

maximizes efficiency. Following optimization, the

device will be ready for pilot and pivotal studies

(depending on the regulatory classification). We believe

that patients with different cancer types including: colon,

pancreatic, lung, breast and prostate cancer can be tested

[26]. One of the goals would be to obtain blood samples

from patients before, during and after cancer treatment in

order to be able to correlate CTC count with tumor

regression and treatment efficacy [15], [26].

As for the neutrophil-enumeration chip, since there are

standard ways of obtaining an ANC, our device’s results

will be compared to a flow cytometry reading and

calibrated accordingly. Since the capture will not be

100% efficient or pure, the reading obtained will need to

be multiplied by a correction factor to match the ANC in

standard methods. The flow rates of the different rinsing

steps will also be tested to yield the fastest possible yet

still accurate ANC. Furthermore, blood from any donor

can be used for testing, making the sample acquisition

much easier than for CTC capture.

G. Limitation and Further Works

The primary limitations of the design rely on the lack

of complete experimental data to validate both the

neutrophil and CTC capture devices. Sheng et al. only

investigated 18 blood samples from pancreatic cancer

patients with their CTC-device design [26]. As such,

capture for other types of CTCs from different types of

cancers and concentrations remains to be seen.

Both our devices could allow for downstream

analysis, as previously discussed. For the neutrophil

capture, a wash with a cell lysis buffer can reveal the

RNA and proteins and allow them to be collected.
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However, it would greatly affect the overall processing

time as greater blood sample volume is required for

enough RNA and proteins to be analysed. As for CTC

capture, a similar wash can be done to dislodge the

bound CTCs for subsequent cellular analysis. However,

the released CTCs would have to be tested for viability,

which was confirmed for spiked blood but not with real

patient blood [26]. In other words, cell viability for

captured CTCs from cancer patients remains to be

shown, for this specific method.

H. Microfluidics Market and Regulation

In 2015 the global microfluidics market was valued at

3.65 billion USD by MarketsandMarkets, an

independent market research firm. This firm projects the

market to reach 8.78 billion USD as of 2021, based on a

compound annual growth rate of 19.2% over the next 4

years [36]. The increased demand for point-of-care

(POC) testing is a primary market driver, utilizing

microfluidics for its ability to solve, miniaturize and

improve the testing time of many diagnostic operations.

The global market for CTC diagnostics is forecasted to

reach 2.16 billion USD by 2020, based on a research

report from Transparency Market Research [37]. A

majority share is currently believed to be held by

Veridex LLC, a subsidiary of Johnson &amp; Johnson.

Veridex LLC released the first FDA-approved CTC

capture device in late 2007, CellSearchTM, operating

through magnetic nanoparticle-based separation.

CellSearchTM was labeled as a Class II device, and was

able to establish substantial equivalence to the

UroVysion Bladder Cancer Recurrence Kit and Vitros

Immunodiagnostic Products CA15-3 Assay to receive

501(k) clearance [38].

With the advance of microfluidics, new innovative

strategies of higher efficiency and greater convenience

have surfaced, often using CellSearchTM as a benchmark.

The vast majority of these devices are restricted to use

for research purposes only. However, recently Vortex

Biosciences won the race to establish a CE mark and

FDA Class I registration for a clinical CTC-Capture

microfluidic chip, the VTX-1 system, deriving faster

results of higher purity than CellSearchTM. The Class I

determination is likely based on its strategic application

of assessing tumor and metastatic progression in

patients, rather than contributing to their primary

diagnosis. After beta testing in late 2016, the product

was launched commercially just under a month ago

(February

24th,

2017).

If

developed

for

commercialization, it is believed that the product

proposed in the design section of this paper would be

labeled as either a Class I or Class II device, depending
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on the requested application. Based off past regulatory

cases, if used to monitor patient risk it would likely

result in a class I filing, while its application towards

determining the optimal therapy would increase the

impact and risk, resulting in a class II label.

In the near future, through its portability and low

sample volumes, microfluidics is expected to push many

more diagnostics towards the home setting. This would

especially benefit patients with chronic conditions or

those undergoing a continued therapy that requires

monitoring. Recently, two graduate students from UCSD

received a combination of SBIR grants and venture

funding to develop a neutrophil counting device

intended for at-home use by chemotherapy patients [39].

From a regulatory standpoint, the FDA requires an

additional CLIA-waver in order for these future in-home

microfluidic diagnostic devices to be used in locations

without trained personnel.

IV. CONCLUSION

The wide range of benefits microfluidics has already

brought to point of care diagnostics endorses further

investment in order to realize the full potential that this

technology holds. Microfluidic diagnostics have many

expectations to live up to. For one, they are charged with

playing a role in addressing the health crisis in

developing countries, where their portability, low cost

and ease of use are ideally suited. Furthermore,

microfluidics is predicted to revolutionize the field of

blood cell enumeration; complete blood cell count chips

with a differential counting capacity are believed to be

just around the corner. As techniques to improve the

purity and efficiency of CTC capture are developed, the

CTC count will become further enabled as a diagnostic

measure. It will likely move from its current role as an

auxiliary metric for monitoring patient status towards

more directly participating in primary diagnoses. This

paper reviewed microfluidics in a diagnostic setting, but

the promise microfluidics holds is part of a more general

theme. High expectations bring a sense of urgency when

it comes to development and commercialization. As the

field matures, in order for the technology to reach its full

potential it will require supportive regulatory evolution

and positive interactions between academia, government

and industry.
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