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Bionanoparticles such as microorganisms and exosomes are recognized as important targets for
clinical diagnostic and therapeutic applications as well as for food safety and environmental monitoring.
Other nanoscale biological particles including liposomes, micelles, and functionalized polymeric
particles are widely used in nanomedicine. The recent development of microfluidic and nanofluidic
technologies has enabled lab-on-a-chip platforms for separating and analyzing bionanoparticles;
however, many challenges exist before these platforms are widely adopted. For example, the complex
composition of biological fluids creates a high background for detection. The small dimension and often
low concentration of target species require significant amplification of the sensing signal. This special
issue collects some recent discoveries and developments of micro- and nanofluidic strategies for the
processing and analysis of biological nanoparticles.

Eight papers are published in this special issue and cover the design of microfluidics for
bioseparation [1–6], incorporation of sensors with microfluidics for particle detection [6,7], and modular
devices with both functions [1,6,7]. Nanomaterials have been combined with microfluidics for both
separation [5] and sensing [7] purposes. The special issue also includes a review on programmable
paper-based microfluidics [8].

The collection of papers describe a wide spectrum of separation and sensing mechanisms.
For example, Wang et al. [5] incorporated nanoporous membranes into microfluidic channels, and
demonstrated the separation and enrichment of virus from biological fluids through nanofiltration.
Yang et al. [6] took advantage of particle inertia in curved microfluidic channels to separate and
contain particles in micro-tanks, which were further resolved by optical diffraction. Cheng et al. [7]
coated a surface acoustic wave sensor with oxidized mesoporous carbon nanospheres to trap chemical
compounds in smoke, where the coating increased the sensitivity and selectivity of the acoustic wave
sensor. Boltz et al. [1] designed a split-flow device to perform continuous, in-line quality control
of nanoparticle synthesis. Nanoparticles were detected by incorporating a fluorescence detector
with the side channel. Soum et al. [4] fabricated conductive electrodes and dielectric films on a
paper-based microfluidic chip to facilitate droplet manipulation based on electrowetting on dielectric
materials. Luo et al. [3] studied the separation of non-magnetic particles in ferrofluids under a magnetic
field. Liao et al. [2] employed optically induced dielectrophoresis to separate cancer cells from blood.
The review paper by Soum [8] examined various paper-based microfluidics that are programmable
and discussed the utility of such devices for the detection of biomarkers.

We appreciate all of the authors who submitted papers to this special issue. We would also like to
thank all of the reviewers for dedicating their time to help improve the quality of the submitted papers.
The collection of papers will hopefully bring out more innovative ideas and fundamental insights to
overcome the hurdles faced in the separation and analysis of bionanoparticles.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Recent advanced paper-based microfluidic devices provide an alternative technology for
the detection of biomarkers by using affordable and portable devices for point-of-care testing (POCT).
Programmable paper-based microfluidic devices enable a wide range of biomarker detection with high
sensitivity and automation for single- and multi-step assays because they provide better control for
manipulating fluid samples. In this review, we examine the advances in programmable microfluidics,
i.e., paper-based continuous-flow microfluidic (p-CMF) devices and paper-based digital microfluidic
(p-DMF) devices, for biomarker detection. First, we discuss the methods used to fabricate these two
types of paper-based microfluidic devices and the strategies for programming fluid delivery and
for droplet manipulation. Next, we discuss the use of these programmable paper-based devices for
the single- and multi-step detection of biomarkers. Finally, we present the current limitations of
paper-based microfluidics for biomarker detection and the outlook for their development.

Keywords: paper-based microfluidic device; flow control; droplet actuation; multi-step assay;
biomarker detection; digital microfluidic device

1. Introduction

Because of cost, disposable, paper-based microfluidic devices have become an attractive tool
for point-of-care testing (POCT) and medical screening in the developing world. Paper-based,
continuous-flow microfluidic (p-CMF) devices were first invented in 1949 by Müller and Clegg [1];
however, no proof of concept for the use of such devices for portable, onsite detection in biosensing
applications was reported until 2007 when Whitesides’ group published their report [2]. Not only
are p-CMF devices cost-effective and eco-friendly, they can also transport fluid samples via capillary
action. Because capillary action in a paper channel is passive, it limits the flexibility of fluid handling.
Being the focus of research by many academics, p-CMF devices were soon developed so that they could
be programmed to transport fluid samples to target locations within a set time. These programmable
p-CMF devices can automatically transport fluid samples in sequence for the whole of detection
protocols. Therefore, they can be used in a wide range of analytical assay applications involving both
single- and multi-step detection protocols.

Another type of paper-based microfluidic device is the paper-based digital microfluidic (p-DMF)
device, which was introduced by Shin’s group [3] and Wheeler’s group [4] in 2014, even though the first
DMF had been reported by Pollack et al. in 2000 [5]. P-DMF devices transport a fluid sample (droplet)
by using the electrowetting on dielectric (EWOD) technique in which a droplet is actuated by applying
an electric field to electrode arrays coated with a hydrophobic dielectric layer [6,7]. Although p-DMF
devices are based on the same principle as other DMF devices, they have advantageous features such as
portability and the capability to deliver, delay, merge, and split small-volume samples. Because p-DMF
devices are inexpensive and easy to fabricate, they are more suitable for POCT than DMF devices
fabricated on plastic films [8–10], printed circuit boards (PCBs) [11,12], and glass substrates [13,14] are.

Micromachines 2019, 10, 516; doi:10.3390/mi10080516 www.mdpi.com/journal/micromachines3
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Since the initial reports on p-CMF and p-DMF devices, they have become attractive research topics
and have been developed for real-world applications in biomarker detection.

Easy, low-cost fabrication is a major advantage of paper-based microfluidic devices [15]. The p-CMF
is commonly fabricated by patterning a hydrophobic material (fluid barrier) on the surface of hydrophilic
paper [1,2,16–18] and cutting out a channel from the hydrophilic paper [19–22]. The paper channel of
the p-CMF device is inherently a porous matrix that provides continuous capillary action for fluid
transport. The capillary action on the paper surface can be controlled by way of physical and chemical
modifications [23–25]. Through control of the capillary action, the p-CMF device can be programmed
for challenging detection protocols to manage the fluid flow better [25,26]. On the other hand, p-DMF
devices are fabricated by patterning conductive electrode arrays on paper substrates and then coating
the electrode arrays with a hydrophobic-dielectric layer [3,4]. Because the operation of a p-DMF device
is based on the EWOD technique, an electrical switching system and a control software interface are
needed to program the fluid transport [27,28].

As analytical platforms, paper-based microfluidic devices are commonly used to transport
fluid samples and to store chemical reagents for the colorimetric and electrochemical detection of
target analytes [29–32]. The traditional p-CMF is limited by low sensitivity and by difficulty in
achieving multi-step assays with automatic processes [25]. Furthermore, p-DMF devices still require a
portable electrical switching system and a controlled software interface for the assay protocols [33].
Programming the fluid transport (delay, mix, merge, split, valve, and sequential fluid delivery) in the
p-DMF device provides flexibility of fluidic manipulation and opens a wide range of analytical assays
for a better detection result.

In this review, we describe the recent advances in programmable paper-based microfluidic devices
from their fabrication methods to their applications for biomarker detection, as schematically shown
in Figure 1. For p-CMF and p-DMF devices, we present the methods used for their fabrication and
the techniques used to control fluid transport in a programmable way. We give some examples of
lab-on-a-chip applications using programmable paper-based microfluidic devices. We end this review
with a discussion of the current limitations on and the future aspects for the use of programmable
paper-based microfluidic devices in real-world applications.

 
Figure 1. Schematic illustration of a programmable microfluidic device (paper-based continuous-flow
microfluidic (p-CMF) and paper-based digital microfluidic (p-DMF)) fabricated on a sheet of paper.
Various developed methods can be used to program these devices to manage a fluid sample for
high-sensitivity and multi-step assay detection of biomarkers at point-of-care (POC).

4



Micromachines 2019, 10, 516

2. Fabrication of p-CMF Devices

The fibrous cellulose network in a filter, chromatography paper, and nitrocellulose paper allow
fluid to flow by capillary action in a paper matrix. The fluid flow in the paper is mainly influenced by
the cohesive and the adhesive forces that are dominated by the surface tension of the fluid and the
surface chemistry of the cellulose fiber network, respectively. A paper-based guided channel for fluid
flow can be fabricated by turning a sheet of paper into a paper-based microfluidic platform that can be
used to manipulate the fluid sample. The common methods used for the fabrication of paper-based
microfluidic devices, such as patterning a hydrophobic barrier, cutting out a channel, layer-by-layer
assembly, and laser treatment, can be found in various review papers [15,23,34]. These methods allow
paper-based microfluidic devices to be fabricated at low-cost and in a simple way.

Patterning a hydrophobic fluid barrier in a fibrous cellulose network, which was introduced
in 1949 by Müller and Clegg [1], was the first method used to fabricate paper-based microfluidics.
Creating a hydrophobic fluid barrier involves two principles: physically blocking the porous networks
in the paper, and chemically modifying the surfaces of the cellulose fibers in the paper. To block the
pores in the paper physically, one has to deposit a hydrophobic material into the matrix of the paper to
create fluidic barriers (Figure 2) [15,23]. Paraffin film is a pre-made, low-cost material that is widely
used in laboratories to shield containers so as to avoid leakage. Because paraffin is hydrophobic, it can
be used to create the hydrophobic barriers needed for the fabrication of p-CMF devices. Depending on
the design of the microfluidic channel, one cuts paraffin out from its film and hot-laminates it so that it
melts on the surface of the filter paper. The melted paraffin penetrates into the porous network in the
paper to create hydrophobic barriers, and the area unoccupied by paraffin remains as a hydrophilic
channel; as a result, a p-CMF device can be fabricated [16,35].

 
Figure 2. Patterning hydrophobic barriers on paper for fabricating p-CMF devices. (a) Screen-printing
of polydimethylsiloxane (PDMS ink for patterning PDMS-hydrophobic patterns, (b) scanning electron
microscope (SEM) images of paper (left) and PDMS-paper (right), and (c) fabricated p-CMF devices.
Reprinted with permission from the authors of [36]. Copyright 2015 The Royal Society of Chemistry.

Hydrophobic wax is a common material used in the fabrication of p-CMF devices because it
is cheap and printable. It can be printed by using a wax printer to generate wax patterns on the
surface of paper [17,37–39]. After patterning, the printed wax has to be heated at about 100 ◦C to
melt so that it can penetrate the paper matrix to block the porous network in the paper. For the
fabrication of p-CMF devices, polydimethylsiloxane (PDMS) and polymethylmethacrylate (PMMA)
can be used to block the porous networks in paper [36,40]. An aqueous solution of PDMS and PMMA
can flow into the matrix of paper immediately after screen-printing; however, the printed patterns
require a post-treatment to remove solvents to obtain hydrophobicity. PDMS patterns have to be
cured by drying at about 120 ◦C while PMMA patterns can be left to dry in the ambient. Titanium
oxides (TiO2) have been used as hydrophobic agents to block the pores in paper [41]. They were
formulated as aqueous ink and deposited into the paper by direct handwriting with a correction pen.
Another method, chemical surface modification, is performed by introducing a new material to bind to
the cellulose paper chemically, thus forming hydrophobic surfaces. The common materials used in the
modifications are alkyl ketene dimer (AKD) [42,43] and commercial permanent marker ink [18,44,45].
In the fabrication of p-CMF devices, Inkjet printing and pen-plotting are used for patterning AKD and
the permanent marker ink, respectively, onto the surface of the paper [42–44]. Trichlorosilane (TCS)
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is deposited on paper by using chemical vapor deposition (CVD) to create fluidic barriers in p-CMF
devices [46].

Cutting a piece from porous paper, such as a filter or chromatography paper, is a straightforward
method for fabricating paper-based microfluidic devices. It does not require any external material to
be deposited in the paper matrix as the above methods do because the porous networks in the paper
end at the cutting edge (Figure 3b). The part of the paper cut from the paper sheet is directly used
as the microfluidic material (Figure 3c). This method mainly relies on cutting with a blade [21,22] or
a laser, for example [20,47]. Cutting the paper with a blade is called the contact-cutting mode and can
be performed manually by using scissors or a blade with a mask. The cutting can also be done digitally
by using a digital cutting plotter with its blade. The cutting resolution depends on the sharpness of
the blade and the toughness of the paper. On the other hand, cutting the paper with a laser is called
the non-contact cutting mode and provides fast, high quality cutting with programmable control
(Figure 3a).

Figure 3. Cutting and shaping paper in the fabrication of p-CMF devices. (a) The use of a laser beam
to cut and shape paper to form a large paper channel, (b) SEM image of the paper channel formed
by using the laser, and (c) prepared p-CMF devices with various channel widths. Reproduced with
permission from the authors of [20]. Copyright 2018 under the terms and conditions of the Creative
Commons Attribution.

Paper-based microfluidic devices can be fabricated by assembling the cut paper, the paper or
the adhesive film, the paper to form a three-dimensional (3D) channel (Figure 4). Stacking, origami,
and lamination can be used to assemble each layer of the microfluidic device [48–53]. This fabrication
method relies on the abilities to pattern a hydrophobic fluid barrier and to use a cutting method to
generate each layer before the layers are assembled together. The assembling of the layers of the
fabricated microfluidic device in the stacking and the origami methods requires a holder to ensure that
the layers stay in contact with one another. The microfluidic devices fabricated by using the lamination
technique do not require a holder because each layer can bind together due to the adhesive material
coated on the laminating films. Molding is another way to fabricate a paper channel. In this method,
a mold is created and filled with a mixture of cellulose powder and water [54]. A paper channel with
cellulose networks based on the shape of the mold is generated after drying.

Embossing is a relatively new and low-cost fabrication method for p-CMF. Because paper is
soft and porous, it can be compressed to form any desired geometry. Using a compressor to apply
sufficient pressure to the paper with a stamp, researchers can rapidly form paper channels (Figure 5a–c).
The paper channel can either be a compressed or molded area [48,55,56]. However, the pristine channel
requires hydrophobic barriers to work as guided barriers (Figure 5d). The hydrophobic barriers can be
created by silanization on the compressed channels [48] and applying wax to the boundaries of the
molded channels [35,55,56]. During the embossing process of a hot-embossing method, hydrophobic
barriers and paper channels can be made, so no post-treatment is required for the fabrication [56].
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Figure 4. (a) Fabrication of a 3D p-CMF device by assembling components such as adhesive tape and
embossed paper. (b) The fabricated 3D p-CMF device before fluidic loading and (c) after 5 s of fluidic
loading. (d) The flow of the fluid at the ends of the channels. Reprinted with permission from the
authors of [48]. Copyright 2014 American Chemical Society.

 
Figure 5. (a) Schematic of the fabrication process, including embossing, for the p-CMF device.
(b) Images of the top (top) and cross-sectional (bottom) views of the embossed paper channel. (c) SEM
image of the boundary of the embossed paper channel before applying wax. (d) p-CMF device after
applying the wax and loading it with blue ink. Scale bars represent 5 mm. Reprinted with permission
from the authors of [55]. Copyright 2018 Elsevier B.V.

A laser beam can cause a hydrophobic surface to become a hydrophilic surface. Based on the
hydrophilic-hydrophobic contrast principle in the fabrication of p-CFM devices, one can use laser light
to irradiate hydrophobic paper to produce hydrophilic channels in the surface of that paper (Figure 6).
First, pristine paper has to be coated with a hydrophobic agent, for instance, octadecyltrichlorosilane
(OTS) n-hexane [57], TiO2 [58,59], a photopolymer [60,61], or a hydrophobic so-gel [62,63], to generate
hydrophobic paper. Once the hydrophobic paper has been made, a designed area on the hydrophobic
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surface can be exposed to laser irradiation to create hydrophilic channels. The hydrophilic channels
allow fluid to flow while the remaining hydrophobic area functions as a fluid barrier. Summary of
some published fabrication methods of p-CMF devices is shown in Table 1.

Figure 6. (a,b) Schematic showing the use of a laser to irradiate a hydrophobic surface to fabricate a
p-CMF device. (c) Water droplet on a hydrophobic surface and the spreading of water on a hydrophilic
surface that had been subjected to UV irradiation. Reprinted with permission from the authors
of [58]. Copyright 2014 American Chemical Society. (d) A typical design of a fabricated p-CMF device,
and a high magnification image of the boundary between the hydrophobic and the hydrophilic surfaces.
Reprinted with permission from the authors of [62]. Copyright 2018 American Chemical Society.

Table 1. Summary of published fabrication methods, materials, advantages, and disadvantages of for
p-CMF devices.

Method [References] Materials Advantages Disadvantages

Hot laminating [16] Paraffin film Simple and low-cost Requires a cutter and
hot-laminator

Wax printing [17,37–39] Wax

Rapid and low-cost; no
mask needed;
programmable printing;
mass production

Requires cure at high
temperature

Screen printing [36,40]

Polydimethylsiloxane
(PDMS);
polymethylmethacrylate
(PMMA)

Rapid and low-cost; can
print with high viscosity
ink

Requires cure at high
temperature and screen
mask

Photolithography [2,57]
Photoresist;
octadecyltrichlorosilane
(OTS)

High resolution; mass
production

Requires clean room
facilities

Direct handwriting [41] Titanium oxide (TiO2) Rapid and low-cost
Heavily depends on
writers’ skill; difficult to
mass produce

Inkjet printing [42–44]
Alkyl ketene dimer
(AKD); commercial
permanent marker ink

Customizable design;
programmable printing

Requires low viscosity
ink; nozzle clogging

Plotting [18,45,64] PDMS; commercial
permanent marker ink

Simple operation;
low-cost

Requires a customized
dispenser

Chemical vapor
deposition (CVD) [46] Trichlorosilane (TCS) Rapid and simple

process
Requires vacuum pump
and mask
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Table 1. Cont.

Method [References] Materials Advantages Disadvantages

Cutting [20–22,47] –
No hydrophobic agent is
required; high resolution
(laser cutter)

The resolution depends
on the sharpness of a
cutting blade; Expensive
(laser cutter)

Layer-by-layer
assembling [48–53]

RFSiCl3, wax,
photoresist; tape

Can create 3D channel;
multiple layer channels

Requires a cutter, tape,
and holder

Molding [54] Cellulose powder No hydrophobic agents
are required Requires molding

Embossing [35,48,55,56] RFSiCl3; wax; Paraffin
film,

Can create 3D channel;
simple and low-cost

Requires high pressure
and molding

Laser treatment [57–63]

Octadecyltrichlorosilane
(OTS); TiO2;
photopolymer;
hydrophobic so-gel

Can control surface
energy of paper channel

Requires large area of
hydrophobic coating on
paper

3. Fabrication of p-DMF Devices

Digital microfluidic devices actuate a fluid droplet based on the EWOD technique, which requires a
set of conductive electrode arrays, a dielectric layer, and a hydrophobic layer. The conductive electrode
array allows the applied voltage to induce an electrostatic force at the interfaces between the dielectric
layer and conductive liquid while the hydrophobic layer minimizes the surface energy and the surface
friction. The characteristics of the conductive electrode arrays and the hydrophobic-dielectric layer are
important parameters that influence the performance and the robustness of a DMF device. We should
note that the fabrication cost of those components must be low if the devices are to be used for POCT.
Because DMF devices can be fabricated on paper substrates, the so-called p-DMF devices, they should
be cheap, disposable, and suitable for low-resource laboratories.

The fabrication of a p-DMF device starts from the patterning of conductive electrode arrays on a
paper substrate. The patterning of conductive electrode arrays can be done by using photolithography or
an etching method, which requires clean-room facilities. For simple, low-cost patterning of conductive
electrode arrays for p-DMF devices, Shin’s group introduced the Inkjet printing method [3,28].
They printed carbon nanotube (CNT) ink by using an office Inkjet printer to pattern conductive CNT
electrodes on photo paper (Figure 7a). Fobel et al. also used the Inkjet printing method for patterning
conductive electrode arrays on photo paper [4]. Their conductive electrode arrays were printed using
silver nanoparticle (AgNP) ink, so they could obtain electrodes with higher conductivity compared
to the ones printed from CNT ink. The Inkjet-printed electrodes are thin (about submicron to a few
microns thick), which is suitable for thin dielectric layer coating, the next step in the fabrication of
p-DMF devices. Another printing method, screen printing, can be used for patterning conductive
electrodes on paper [65,66]. By using this method with silver-based and carbon-based ink, Yafia et al.
printed multiple conductive electrode arrays on paper [65]. Screen-printed electrodes are generally
thick (≥10 μm) because the ink used for printing has high viscosity. With high-pressure air, Abadian and
Jafarabadi-Ashtiani generated conductive electrode arrays on paper by spraying graphite onto paper
that had been covered with a mask [67]. Jafry et al. introduced a micro-syringe pump to dispense
AgNP ink for patterning conductive electrode arrays on filter paper [68]. A contact printing method
using a ballpoint pen with a digital plotter was recently proposed and used for patterning AgNP
electrode arrays on photo paper (Figure 7d,e) [69]. That method provides an affordable way for printing
in a programmable manner. When electrodes are printed in this way, their thicknesses are roughly
submicron, and they have high electrical conductivity.
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Figure 7. Fabrication of p-DMF devices. (a) Patterning of conductive electrode arrays for a p-DMF
chip by Inkjet printing of CNT ink on paper. (b) Schematic illustration of the components of a p-DMF
device: CNT electrodes, Parylene-C dielectric layer, Teflon AF hydrophobic layer, and slippery silicone
oil layer. (c) A fabricated p-DMF chip. Adapted with permission from the authors of [3]. Copyright
2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Printing of conductive electrode arrays
for a p-DMF chip on paper by using a ballpoint pen with AgNP ink and a digital plotter. (e) Printed
electrodes, (f) a prepared dielectric layer modified with silicone oil, and (g) a p-DMF chip. Reproduced
with permission from the authors of [69]. Copyright 2019 under the terms and conditions of the
Creative Commons Attribution.

After the conductive electrode arrays have been fabricated, a dielectric layer and a hydrophobic or
slippery surface are required to make a complete p-DMF device (Figure 7b–g). The material used for
the dielectric layer has to have a high breakdown voltage to avoid dielectric malfunction when a high
voltage is applied during operation. Parylene-C, a reliable dielectric material for use in electronics, is
commonly used as the dielectric layer for p-DMF devices [3,4,28]. It can be deposited on the printed
electrode arrays by using chemical vapor deposition (CVD). Another material, a PDMS thin film,
can be prepared by spin coating and used as the dielectric layer for a p-DMF chip [68]. For an easy,
low-cost method without the need for clean-room facilities, researchers have proposed some affordable
materials, such as parafilm [65], adhesive tape [66], and commercial food wrap [69], for use as dielectric
layers. Because most of these dialectic materials are hydrophilic or have low hydrophobicity, for better
EWOD performance, a hydrophobic and/or slippery layer is required. Teflon is a common hydrophobic
material used for hydrophobic coating while silicon oil is used for generating slippery surfaces [4,69,70].
Summary of some published fabrication methods of p-DMF devices is shown in Table 2.
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4. Strategies for Programming the Delivery of a Fluid Sample in p-CMF Devices

Delivery of fluid samples in the p-CMF device is a passive process and results from capillary flow
or wicking flow inside the fibrous cellulose network. This passive flow in the p-CMF device can be
described by using the Lucas Washburn equation, which was derived to describe capillary flow in a
one-dimensional model in cylindrical tubes. In that equation, the flow distance (x) is proportional to
the square root of time (t1/2):

x =

√
γr cos(θ)t

2ŋ
(1)

where γ, θ, and ŋ are the fluid surface tension, the contact angle of the fluid with the channel wall,
and the fluid viscosity, respectively; r and t are the pore radius of the paper and time, respectively.
Based on the Lucas Washburn equation, the physical structure and the surface chemistry are the critical
microfluidic parameters that control the speed of fluid flow in the p-CMF device. With these concepts,
researchers have developed a variety of programmable p-CMF devices by using various methods to
control these parameters. Some of the excellent methods, such as variation of the channel dimensions
(width, and depth), control of the permeability of the paper, use of pattern fluid-flow regulators, and
control of the surface chemistry of the paper channels, have been used to manipulate fluid sample
delivery in p-CMF devices.

When the channel width is varied, several parameters must be explored to explain the wicking
flow of the fluid in open paper channels. In a paper channel that is thick (~0.70 mm) and has a straight
boundary, wicking flow shows no changes when the width of the channel is varied (Figure 8a) [71,72].
However, wicking flow decreases in a thinner channel (0.18 mm) when the width of the channel
becomes smaller (Figure 8b) [72]. The decrease in flow speed in a thin channel can be explained by
the edge effect of the cut channel where the edges hinder the flow. In a flow effect similar to that
for a thin channel with cut boundary, a hydrophobic boundary channel enables a faster flow speed
in a thicker channel with a larger width (horizontal orientation) (Figure 8c,d) [71,73–75]. When the
channel width and height are increased, the edge effect is significantly reduced over the total area of
the channel, which allows faster flow. Another method to manipulate the flow in the hydrophobic
boundary channel is to carve the channel either longitudinally or perpendicularly, thus accelerating or
de-accelerating the flow, respectively [76]. The longitudinally crafted channels create a flow path for
fast laminar flow while the perpendicularly crafted channels resist the flow.

Depending on the capillary force, the characteristics of liquid flow in a paper-based channel
are influenced by the permeability of the porous paper. Hydrophobic materials can be used to
reduce the pore size of the paper so that the permeability is minimized. Wax can be melted so
that it can penetrate the matrix of the porous paper to block some pores, or at least minimize their
size, because the permeability of the paper depends on the amount of wax deposited in the paper.
As the permeability of the paper channel is reduced, the flow speed of the liquid in the channel is
decreased [77,78]. Another material, agarose, can be used to control the permeability of porous paper
(Figure 9a). Agarose can penetrate the matrix of the porous paper so that the pore size becomes smaller
(600 nm to 250 nm) with increasing concentration of agarose (0.5% to 4.0%) [79]. The smaller pore size
leads to reduced permeability, so the flow in the paper matrix is slower (Figure 9b).

Dissolvable materials have been used to delay the flow of fluid in p-CMF devices. Dissolvable
sugars (trehalose, sucrose) have been used to block temporarily the pores in the paper channel and
enhance the viscosity of the fluid [80,81]. During flow, the fluid dissolves the sugar in the paper channel.
The dissolution of sugar delays the flow and enhances the viscosity of the fluid. With increasing
amount of sugar in the paper channel, the fluid flow can be dramatically delayed (Figure 10a–c).
Because of this effect, dissolvable materials have been used to control the volume of the aqueous
sample to be delivered by the p-CMF device. Houghtaling et al. formulated dissolvable bridges made
of sugar (trehalose) and used them to automate the delivery of fluid samples [82]. Their dissolvable
bridge was mounted between the source pad and the main channel. The volume of fluid that passes
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the dissolvable bridge is defined by the cross-sectional area and the composition of the bridge and by
the choice of the feeder material. Jahanshahi-Anbuhi et al. used water-soluble pullulan films as valves
in p-CMF devices to shut off the flow after the pullulan film had been dissolved because a sufficient
volume of liquid had passed through it (Figure 10d) [83].

 

Figure 8. Influence of the geometries of the p-CFM channels on fluidic flow behavior. (a,b) Thickness
and width of paper channels, (c,d) height of channel (the gap between the top and the bottom surface).
(a,b) Reprinted with permission from the authors of [72]. Copyright 2016 under the terms and conditions
of the Creative Commons Attribution. (c,d) Reproduced with permission from the authors of [75].
Copyright 2018 The Royal Society of Chemistry.

 
Figure 9. Regulation of the fluid flow in a p-CMF device by controlling the permeability of the paper channel.
(a) SEM images of paper (left) and of agarose-paper (right). (b) Fluid flow distance versus square root of
time in paper channels with and without treating with various concentrations of agarose. Reprinted with
permission from the authors of [79]. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 10. Delay of fluidic flow by incorporating a dissolvable material in a p-CFM device. (a) Schematic
of a method for preparing a p-CMF device for which time delay is controllable. (b) Images of fluidic
flow distances at specific times in paper channels modified with various concentrations of sugar.
(c) Arrival time of fluid at the ends of channels versus the concentration of sugar used in the paper
channels. Reproduced with permission from the authors of [81]. Copyright 2013 The Royal Society of
Chemistry. (d) The pullulan film works as a dissolvable bridge to shut off the flow of liquid when a
certain amount of liquid has passed through the bridge. Reproduced with permission from the authors
of [83]. Copyright 2014 The Royal Society of Chemistry.

Hydrophobic materials are commonly patterned in the paper channels to regulate the fluid flow
in p-CMF devices. The hydrophobic patterns in the paper channel act as obstacles to delay the flow of
fluid (Figure 11). Wax pillars were printed on nitrocellulose membrane by Rivas et al. to delay the flow
of a fluid sample in the channel [84]. The wax pillars were printed onto the nitrocellulose membrane by
using a wax printer; this was followed by heating at 110 ◦C for 90 min. Using this method, they could
slow the flow to 0.18 × 10−3 m/s. Preechakasedkit and co-workers also printed wax as line patterns
onto a nitrocellulose membrane channel by using a wax printer [85]. With their design, they could
delay the sample delivery time in their channel by approximately 11 s. PDMS patterns were also used
as fluidic barriers to slow fluid flow (Figure 11a,b) [86]. The PDMS patterns were created by using a
pipette to drop manually 0.1 μL of PDMS solution onto a nitrocellulose membrane. With five patterns,
the delivery of the fluid sample could be delayed by 97.2 ± 0.4 s (Figure 11c). He et al. used a laser
direct-write (LDW) method to induce a photopolymer to create solid barriers in a paper channel [87].
When the speed of laser direct writing was slower, the polymer patterns created for use as fluidic
barriers were thinner. In this way, the fluid flow can be significantly decreased.
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Figure 11. Regulation of the fluid flow in a p-CMF device by using hydrophobic patterns. (a) Schematic
for the modification of a p-CMF device with PDMS barriers, (b) simulation of the flow of fluid in an
unmodified and a modified channel, and (c) flow distance versus square root of time in the p-CMF
devices unmodified and modified with different numbers of PDMS droplets (barrier). Adapted with
permission from the authors of [86]. Copyright 2016 American Chemical Society.

Absorbent materials can drag fluid into their matrices through capillary action. The absorbent
pads made of porous paper or porous polymer can be used in p-CMF devices to delay the flow of
fluid. Toley et al. used paper-based absorbent pads (shunt) mounted on a paper channel to divert
liquid flowing in the channel in order to delay delivery of the sample (Figure 12) [88]. By varying the
shunt length and thickness, they could achieve 3 to 20 min of time delay (Figure 12b,c). Similar to
the above concept, Tang et al. used sponge shunts made of porous polyurethane to decrease the flow
rate in a p-CMF device by placing the shunt at a junction between a conjugation pad and a main
channel [89]. Akyazi et al. proposed photopolymerized ionogel for delaying the flow of fluid in a
p-CMF device [90]. The ionogel solution was deposited on the surface of the paper channel; this was
followed by irradiation with UV light for photopolymerization. When the photopolymerized ionogel
came into contact with the fluid, it absorbed the fluid into its matrix and swelled. The absorption and
the swelling processes delay the time of fluid travel through the paper channel.

Controlling the surface chemistry of the paper channel is an effective method for programming
the delivery of a fluid sample by a p-CMF device. When the hydrophobic surface of paper is exposed
to laser light, it can become a hydrophilic surface [59]. If the surface wettability of a microfluidic
channel can be controlled, both the capillary action in the channel that allows the fluid to flow and
the flow speed of the fluid can be controlled (Figure 13). Songok et al. used UV light to irradiate
hydrophobic paper (CA ≈ 160◦) to create a hydrophilic surface (CA ≈ 15◦) for the fabrication of p-CMF
devices (Figure 13a) [58,91,92]. They could vary the time delays of fluid flow by varying the geometry
of their paper channels (Figure 13b) [91], and they could create fast capillary flow with speeds up to
approximately 9 mm/s by adding a hydrophobic top cover on their paper channels (Figure 13c) [92].

Walji and MacDonald studied the influence of temperature on the wicking flow of fluid in a
p-CMF device [72]. They found that the fluid flows faster in a paper channel that has been cured at a
higher temperature. The 45 ◦C fluid took about 8 min to flow through a 45-mm channel while the 15 ◦C
fluid took 11 min. Niedl and Beta controlled fluidic transport in p-CMF devices by using heat [93].
Their paper channels were mounted with thermoresponsive hydrogels (NIPAM-AcAm) that stored
fluid (Figure 14). At higher temperature, the hydrogels collapse faster and continuously release fluid
into the paper channel at a higher rate (Figure 14b,c). They were able to control the release of fluid by
varying the temperature in their paper channels.
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Figure 12. Delay of the fluid flow in a p-CFM device by using absorbent pads. (a) Schematics of the
flow of fluid in a paper channel modified with an absorbent pad, and (b) images of fluid’s travel in
paper channels modified with absorbent pads of various lengths. (c) Flow distance versus square root
of the time the fluid is flowing through paper channels modified with absorbent pads of various lengths.
Reprinted with permission from the authors of [88]. Copyright 2013 American Chemical Society.

 

Figure 13. Changing the surface wettability of a paper channel by treating it with UV irradiation to
control the flow of fluid in the channel. (a) Surface contact angle of a water droplet as a function of time
on a paper surface treated with UV irradiation for 0, 5, 10, and 20 min. (b) Flow distance of the fluid
versus time traveled in paper channels with various geometries due to changes in the wettability of the
channel’s surface. (c) Sequential fluid delivery in the p-MF device. Adapted with permission from the
authors of [91]. Copyright 2016 Springer-Verlag Berlin Heidelberg.

 

Figure 14. Controlled release of a fluid in a p-CMF device by using a thermoresponsive hydrogel. Fluid
(a) stored in and (b) released from a hydrogel at high temperature. (c) Controlling the length of fluid
flow in a p-CMF device by heating it at different temperatures. Reproduced with permission from the
authors of [93]. Copyright 2015 The Royal Society of Chemistry.
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5. Droplet Manipulations in p-DMF Devices

Manipulations, such as transporting, mixing, and merging, of fluid droplets on a p-DMF device
are controlled by switching off and on the electrical power applied to the conductive electrode arrays.
When a certain voltage is applied, a droplet starts to decrease its contact angle (CA) and reaches a new
equilibrium, the so-called wetting equilibrium (Figure 15a). This phenomenon can be explained by the
Young–Lippmann equation:

cosθL(V) = cosθY(0) +
1

2γlv
CV2, (2)

where θL(V) and θY(0) are the CA of a droplet when a voltage V and no voltage are applied, respectively.
γlv is the interfacial tension of conductive liquid (droplet). C and V are the capacitance of the interface
and the applied voltage, respectively. When the symmetry of a wetted droplet is broken, it can be
moved to a higher wetting surface by an applied voltage (Figure 15b).

 

Figure 15. Schematic illustrations of the activation of a fluid droplet on a DMF chip by using the
electrowetting on dielectric (EWOD) technique and of droplet wetting when a certain voltage is applied
to the system: (a) symmetric and (b) asymmetric.

Conventionally, when the electrical power applied to operate a p-DMF device is switched on
or off, the switch is operated manually or by using the LabVIEW or the MATLAB software [3,68].
When programmable software is used, the handling of the fluid droplets on a p-DMF device is
much easier to control than it is when manual switching is used. However, the above systems lack
portability because of the number of required devices, such as power supplies, computers, and Arduino
circuit boards. Recently, a wireless, portable control system was built to operate a p-DMF device
(Figure 16a) [27,28,69]. The control system is based on an Android smartphone operated by the Android
OS, which can be installed by using an application called DMF toolbox (version 1.0) (Figure 16b).
When the proposed system was used, a p-DMF chip could manipulate fluid droplets in a simple and
programmable way (Figure 16c).

Because electrode arrays of p-DMF devices and connection lines are printed on the same side
of the paper, they can interfere with each other during a droplet’s actuation when they overlap the
droplet. Without a feedback system, a droplet can exhibit unexpected movement when an automatic
control system is used. To solve this problem, researchers proposed better algorithms for eliminating
the interferences during the operation of a p-DMF chip [94,95].
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Figure 16. (a) Schematic illustration and (b) image of the operation system for a p-DMF device.
Reproduced with permission from the authors of [27]. Copyright 2017 IEEE. (c) A p-DMF chip actuating
a droplet by using the operation system. Reproduced with permission from the authors of [28].
Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

6. Biomarker Detection by Using Programmable p-CMF Devices

That the p-CMF device can transport a sample without the need for an external device makes it
very suitable for use as a POCT device. Programming the fluid transport is the ultimate way to achieve
an advanced lab-on-a-chip application for the detection of analytes, and it enables single-step and
automated multi-step assay protocols with high detection sensitivity. The high detection sensitivity
of the p-CMF device is due to the regulation of physical flow and the time delay of the reaction.
Because the samples in the p-CMF devices can be programmed for delivery in sequence to the reaction
zone, automated multi-step assay detection is achieved.

Colorimetric detection using paper-based microfluidic devices is a common method for detecting
target analytes [96,97]. Because the result can be read qualitatively and quantitatively by using the
naked eye, this technique has emerged as a prime candidate for use in POCT. However, the detection
sensitivity in conventional p-CMF devices is relatively low. Some excellent methods [98] to amplify the
detection signal in p-CMF devices, such as the use of metal (Ag, Au, Fe3O4/Au) nanoparticles [99–101],
catalysts (horseradish peroxidase (HRP), Pt nanocrystals [102,103], and chitosan to modify the paper’s
surface [104], have been reported. Moreover, regulating the flow behavior of fluid samples by using
a controllable p-CMF device is a straightforward method for enhancing the signal in colorimetric
detection (Figure 17). When fluidic barriers, such as wax or PDMS patterns, are introduced into the
paper matrix in p-CMF devices, the flow behavior of the fluid sample can change from laminar to
turbulent flow, which would improve the sensitivity for detection of analytes by up to threefold [84–86].
Absorbent pads (shunts, sponges) have been used for decreasing the flow rate of fluid samples in
p-CMF devices to achieve higher signals when detecting nucleic acids [79,86,89]. Designing a p-CMF
device to have spatial constrictions of the flow path may lead to a slower flow rate of the fluid sample
at the detection zone, thereby allowing more reactants to be bound together; therefore, the signal
intensity should be increased [105].
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Figure 17. Increasing the detection sensitivity by regulating the flow of the fluid sample in a p-CMF
device. (a) For lateral flow assay, a sponge was incorporated into a p-CMF device to decrease the flow
rate of the fluid sample. (b,c) Comparison of the colorimetric detection signals of hepatitis B virus
(HBV) for the unmodified and the modified p-CMF devices. Adapted with permission from the authors
of [89]. Copyright 2017 under a Creative Commons Attribution.

Most conventional p-CMF devices have the limitation that they cannot automatically transport
fluid samples in sequence while most assay protocols for detecting biomarkers require multi-step
reactions. To detect those biomarkers using multi-step assay protocols, researchers have developed
methods for programming sequential sample delivery in p-CMF devices without requiring valves and
pumps. Without the need for these additional devices to control the sample transport, programmable
p-CMF devices have become attractive microfluidic platforms for biomarker detection in POCT.
Absorbent pads made of cellulose can be placed on the paper channel to divert fluid into it and delay
fluid flow in a p-CMF device [88]. If the thickness and the length of the absorbent pads are increased,
the fluid flow delay can be increased from 3 min to 20 min. With this control technique, transport of
fluid samples in sequence to a detection zone has been realized for the detection of the malaria protein
Pf HRP2. By varying the amount of sugar (sucrose) dissolved in the channel of a p-CMF device, the
time delays of fluid sample delivery could be varied from minutes to nearly an hour (Figure 18) [81].
Because a higher content of sugar in the channel provided a lower fluid-flow speed (longer delay time),
the sugar contained in the paper-based channels was varied to allow fluid samples to be delivered to a
detection zone in sequence (Figure 18a,b). A multi-step assay for detection of malaria was successfully
performed by using a p-CMF device (Figure 18c). A controllable p-CMF device was fabricated by
shining laser light onto a filter paper coated with a photo-polymerizable polymer to create a solid
barrier. In this p-CMF device, the fluid flow could be delayed from a few minutes to over half an hour
by varying the number and the thicknesses of the polymer barriers [87]. This fabricated p-CMF device
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could be programmed to deliver fluid samples and reagents sequentially for automated multi-step
detection of C-reactive protein (CRP). A p-CMF device was fabricated by layering dry pullulan films
containing reagents on paper and was successfully used for sequential sample deliveries for multi-step
assays for the detection of pH, drugs (methamphetamine-like compounds), and intracellular bacterial
enzymes (secondary amines) [106].

 

Figure 18. Automated multi-step assay by using a p-CMF device with programmable delivery of the
fluid samples. (a) Schematic design of a p-CMF for sequential sample delivery in a multi-step assay
protocol for detection of malaria. (b) Image of sequential sample delivery in the p-CMF device and
(c) colorimetric detection of malaria, which was achieved by using the programmable p-CMF device.
Adapted with permission from the authors of [81]. Copyright 2013 The Royal Society of Chemistry.

7. Biomarker Detection by Using Programmable p-DMF Devices

P-DMF devices, which have performances similar to those of other DMF devices, are novel
microfluidic platforms because they can be used to manipulate small-volume droplets independently
without the need for channels, pumps, and microvalves; thus, this type of microfluidic device,
the p-DMF device, is most suitable for multi-step assay protocols, as well as for other single-step
assay protocols [33,107]. In addition to their abilities to transport fluid and delay its flow, p-DMF
devices can mix two or more samples effectively to allow homogeneous mixing between a sample and
a reagent. Moreover, the p-DMF device is cost effective and disposable, which makes it more suitable
for POCT than other DMF devices on glass or PCB. Although the use of p-DMF devices for chemical
and biological assays is less popular than the use of other DMF devices fabricated on glass, plastic,
and PCB, the use of p-DMF chips as platforms for detecting biomarkers has shown significant progress.

Simple assay protocols for colorimetric detection of glucose by using a p-DMF chip as a microfluidic
platform was demonstrated [66]. In the detection, the p-DMF chip was mainly used for mixing the
fluid samples and transporting the mixed sample to a p-CMF channel where the detection reagent was
immobilized. Another group used a p-DMF chip as a microfluidic platform for sample preparation
for protein digestion processes [108]. After protein digestion protocols (disulfide bond reduction,
alkylation, buffering, and tryptic digestion) had been conducted using the paper chip, the samples
were successfully analyzed by using a MALDI-TOF mass spectrometer to identify the proteins.
A programmable, portable p-DMF chip was introduced for multiple electrochemical detections of
biomarkers (Figure 19) [28]. Controlled by an Android smartphone via a wireless system, the p-DMF
chip was programmed for multi-step assay protocols (Figure 19a). The fluid samples and reagents were
transported, mixed, and washed in sequence on a paper chip for the detection of glucose, dopamine,
and uric acid in human serum (Figure 19b–d).
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Figure 19. Electrochemical detection by using a p-DMF chip. (a) Programming sample delivery on the
chip for assay protocols. (b) Schematic illustration of a p-DMF chip with an electrochemical sensor.
(c) Electrochemical signal received from uric acid of various concentrations and (d) the calibration
curve. Reprinted with permission from the authors of [28]. Copyright 2017 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.

8. Challenges and Future Directions of Programmable Paper-Based Microfluidic Devices

Although paper-based microfluidic devices have made significant progress related to their
fabrication method, operation technique, and application, they are still limited for analyzing challenging
biomarkers such as cells and micro-nano bioparticles. Increasing the resolution of the p-CMF channels
may allow such biomarkers to be studied by using p-CMF devices. Currently, because making very fine
channels in p-CMF devices is more difficult than it is in polymer-based microfluidic devices, the latter
devices are commonly used, instead of p-CMF devices, for the study of red blood cell deformation [109].
Moreover, being able to better control the characteristics of fluid transport such as the flow speed
in p-CMF devices will pave the way for their application in a wide range of biomarker analyses.
Unlike polymer-based microfluidic devices that are operated by external pumping systems, p-CMF
devices are passively operated by capillary action. However, the flow of fluid in the p-CMF channel
is weak and decreases with time. Because the surface of paper can be easily modified for chemical
binding, p-CMF devices are commonly used for immobilizing enzymes, antibodies, and chemical
reagents for chemical and biological assays [29].

Recently, the use of p-DMF devices for biomarker assays has increased significantly. With the
recent development of fabrication methods, p-DMF devices can be fabricated easily and more affordably.
Moreover, portable control systems and software for operation of the p-DMF devices are now well
developed, so p-DMF devices are more flexible for fluid control. We encourage researchers to use
p-DMF devices as microfluidic platforms for biomarker analyses.

9. Conclusions and Outlook

Our review on the recent development of programmable paper-based microfluidic devices shows
rapid progress in the fundamental understanding and engineering of devices for advanced fluid
sample handling. In the near future, programmable paper-based microfluidic devices should become
promising tools for screening patients for a wide range of diseases. Because the devices can be
programmed for better control of fluidic sample transport, delay, valving, mixing, and merging,
more and more diseases can be detected using a single- or a multi-step assay protocol with highly
sensitive signal detection. Even though these programmable paper-based microfluidic devices have
notable advantages in term of fluidic handling, they are currently more expensive than traditional
paper-based microfluidic devices because they require additional modifications involving the use of
functional materials and/or advanced engineering. If the price of assay detection is to become more
affordable, their fabrication cost must be reduced because these devices are disposable. We encourage
researchers to continue making contributions on the development of paper-based microfluidic devices,
especially contributions regarding cheaper fabrication and controllability methods, so that they can be
used for a wide range of applications. The use of existing programmable paper-based microfluidic
devices to explore new methods for detecting new biomarkers is strongly recommended.
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Abstract: Microfluidic devices that allow biological particle separation and concentration have found
wide applications in medical diagnosis. Here we present a viral separation polydimethylsiloxane
(PDMS) device that combines tangential flow microfiltration and affinity capture to enrich HIV virus in
a single flow-through fashion. The set-up contains a filtration device and a tandem resistance channel.
The filtration device consists of two parallel flow channels separated by a polycarbonate nanoporous
membrane. The resistance channel, with dimensions design-guided by COMSOL simulation, controls
flow permeation through the membrane in the filtration device. A flow-dependent viral capture
efficiency is observed, which likely reflects the interplay of several processes, including specific
binding of target virus, physical deposition of non-specific particles, and membrane cleaning by
shear flow. At the optimal flow rate, nearly 100% of viral particles in the permeate are captured
on the membrane with various input viral concentrations. With its easy operation and consistent
performance, this microfluidic device provides a potential solution for HIV sample preparation in
resource-limited settings.

Keywords: HIV diagnostics; cross-flow filtration; microfluidic device; COMSOL; nanoporous
membrane

1. Introduction

Diagnosis of viral infection such as HIV is still largely limited by resources in high-incidence areas
such as sub-Saharan Africa. Microfluidic devices have been widely explored to tackle this challenge
as they offer the potential of miniaturized, portable devices that are easy to operate and provide
results faster than traditional viral-load or immunoassay tests [1–3]. In terms of measuring the HIV
concentration in circulation, i.e., the viral load, challenges exist to separate and enrich viral particles
from a complex fluid that contains many non-specific particles in the similar size range. For example,
after primary HIV infection, the viral load could raise to thousands of particles per microliter of blood
while there could easily be billions of extracellular vesicles in the same volume [4,5]. It has been an
active research topic to efficiently extract viral particles of interest with simple procedures to facilitate
subsequent viral detection.

Various microfluidic devices have been fabricated to separate, sort and concentrate biological
particles from complex fluids [6–8]. Paper-based microfluidic devices have been introduced for
point-of-care testing especially in resource-limited settings, as they are inexpensive to fabricate and
allow passive transport of fluids without active pumping [9–12]. PDMS-based microfluidic devices,
on the other hand, have improved optical, thermal and mechanical properties compared to paper, glass
or silicon-based ‘lab-on-a-chip’ devices [1,13–15]. Depending on the mechanisms, the methods can be
divided into physical and affinity separation approaches. Different physical properties, such as particle
size, density, shape, electrical and dielectrical properties have been employed to separate viruses
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from other species. While they are flexible and have high throughputs, electrical separations often
require special solutions to suspend the sample to reduce joule heating and/or electrical field shielding.
Acoustic and optical separations also face the challenge of heating, especially in separating sub-micron
and nanometer-sized species. Hydrodynamic separations, including pinched, inertia and dean flow
fractionation are often not effective to separate nanoparticles. Dead-end filtration, although easy to
operate, is prone to clogging. Furthermore, these physical methods generally lack specificity, as the
target particles usually share similar physical properties to some of the non-specific species [6,8,16–18].
Affinity separation uses a solid matrix decorated with a receptor to specifically bind the target particles.
For example, magnetic separation uses affinity magnetic beads combined with a magnetic field to
temporarily immobilize the bound species while washing away all the other species. Although easy to
operate and versatile towards targets of different sizes, magnetic separation could face variable yields
especially at low target concentrations [19–21]. Flatbed microfluidic channels coated with antibodies
have low capture efficiency for viruses due to the size mismatch between the channel and target
particles. Introducing micro- and nanostructures such as posts and pores into microchannels or using
nanofludics directly could significantly improve the interactions and capture yield, whereas they face
issues such as fabrication complexity, high flow resistance and low throughput [22,23].

To address the challenges discussed above, especially the lack of specificity in physical separation
and low throughput in affinity isolation of virus, we propose the combination of tangential flow
microfiltration and affinity capture to separate HIV viruses. Nanofiltration is widely used in the
pharmaceutical industry to eliminate virus contamination in blood-based products, using membranes
with cut-off sizes smaller than viruses [24,25]. To improve throughput and reduce cake formation, one
typical approach is cross-flow filtration, also referred to as tangential filtration. The fundamental idea
is to force solute through a membrane while maintaining a tangential flow to clean the membrane.
Compared to dead-end filtration, cross-flow filtration is able to achieve high separation efficiency
while maintaining a high throughput by reducing membrane clogging. Beyond the conventional use
to eliminate undesirable virus contamination, cross-flow filtration has been applied to harvest viruses
and cells in microfluidic devices [26–31]. While cross-flow microfiltration separates species based on
the physical size alone, functionalizing the membrane with affinity chemistry renders it specifically
towards the surface biochemistry of the target species. Combining the tangential microfiltration and
immunoaffinity capture methods in a microfluidic channel, Mittal et al. demonstrated isolation of rare
cancer cells with a capture efficiency of 70% [32]. However, to our knowledge, the approach has not
been evaluated for virus separation.

In this work, we utilize a tangential flow polydimethylsiloxane (PDMS) device with a sandwiched
nanoporous membrane to isolate and concentrate HIV virus. Cross-flow filtration is coupled with
affinity separation to promote specificity and efficiency of HIV capture. As shown in Figure 1b,
by applying an external resistance channel to control the permeation volume, the viral sample is
partially pushed towards the membrane in the top channel and partially moves tangential to the
membrane. Such diverted flow promotes the interaction between viral particles and the functional
membrane surface. During filtration, particles smaller than the pores are able to cross the membrane
and exit via the bottom channel outlet (permeate) while large particles in the sample exit through
the top outlet (retentate). This easy-to-operate approach offers efficient viral sample processing with
high throughput.
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Figure 1. Schematics of the working principle of the device used in this work. The device is comprised
of two flat channels separated vertically by a polycarbonate (PC) nanoporous membrane (pore size
of 50 nm). The membrane is functionalized with NeutrAvidin to capture the biotinylated virus, with
nonspecific binding blocked by bovine serum albumin. (a) When there is no cross-membrane flow,
the virus primarily flows through the top channel. (b) When filtration is promoted using a resistance
channel connected to the top channel, fluid enters the device through the top channel inlet and exits
from both top (retentate) and bottom (permeate) outlets of the filtration device. The virus is pushed
onto the membrane and captured by affinity binding. The arrows in the channels indicate local fluid
velocity magnitude and direction.

2. Materials and Methods

2.1. Materials

SU-8 photoresist was purchased from MicroChem (Newton, MA, USA). 3′′ silicon wafers were
purchased from Silicon Inc. (Boise, ID, USA). Sylgard 184 silicone elastomer kit was obtained from
Dow Corning (Midland, MI, USA). Nuclepore track-etched polycarbonate (PC) membrane (pore size of
50 nm) was purchased from Thomas Scientific (Swedesboro, NJ, USA). Toluene and lyophilized bovine
serum albumin (BSA) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Phosphate buffered
saline (PBS) was obtained from Mediatech (Herndon, VA, USA). NeutrAvidin and triton-X 100 were
purchased from Thermo Scientific (Rockford, IL, USA). An HIV-1 p24 enzyme-linked immunosorbent
assay (ELISA) kit was obtained from PerkinElmer (Waltham, MA, USA).

2.2. Assembly of Porous Membrane and Main Channels

As shown in Figure 2, the filtration device contains a top channel and a bottom channel separated
by a track-etched PC membrane with 50 nm pores. The height and length of two channels are identical
of 0.1 mm and 30 mm while the top channel is 3 mm in width and 1 mm wider than the bottom channel
for ease of channel alignment during device assembly. The bottom channel also contains cylinder posts
0.5 mm in diameter to support the membrane from sagging. Post positions are shown in the inset in
Figure 2a.

Both the top and bottom PDMS channels were fabricated by standard soft lithography techniques.
Briefly, SU-8 photoresist was patterned on silicon wafers in the clean room using standard
photolithography. Afterwards, PDMS base and curing agent (Sylgard 184 silicone elastomer kit)
were mixed at a 10:1 ratio and poured on the wafer molds. After 30-min degassing, the pre-polymer
mixture was baked at 60 ◦C overnight to fully cure the PDMS. The cured PDMS was then removed
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from the molds, resulting in an open top channel and a post-containing bottom channel. The inlet and
outlet ports of each channel were punched using a blunt-tip needle.

 

Figure 2. Schematic and photograph of the device. (a) A schematic showing the filtration device.
A nanoporous PC membrane (50 nm pores) was assembled between two PDMS slabs containing molded
microfluidic channels. The inlet in the top channel and outlets of both channels are labeled together
with channel dimensions. The bottom right inset shows a top view of the molded PDMS posts which
are regularly distributed in the bottom channel to physically support the membrane. (b) Photograph of
the filtration device connected to a 65 mm long resistance channel. The devices are filled with food dye
for visualization.

Next, a 50-nm pore-size PC membrane with a surface area comparable to the PDMS slab/channel
was adhered between the two channels using a PDMS ‘glue’ which is a mixture of PDMS pre-polymer
and toluene in a 1:1 ratio (w/w) [33]. 0.5 mL of the glue mixture was spin-coated on a glass slide
(25 mm × 75 mm) for 1 min at 2000 rpm. As soon as spinning was finished, PDMS slabs/channels were
placed on the glass slide with the channel side facing down for 30 s. The PC membrane was placed on
top of the glue-coated bottom channel, and then the glue-coated top channel PDMS layer was aligned
and put on top of the membrane and bottom channel. The thinly spin-coated layer of glue prevented
glue from squeezing into or occluding the PDMS channels during assembly. Assembled devices were
baked at 60 ◦C for 5 h to fully cure the PDMS glue. Pieces of tubing (10 cm long) were inserted into the
inlet and outlet ports.

2.3. Resistance Channel and Flow Tests

A thin and straight microchannel was connected with the top outlet of the filtration device to
control the flow resistance in the tangential flow path. The resistance channel is 0.2 mm in width,
0.04 mm in height and 65 mm in length. The procedure to fabricate the resistance channel in PDMS
using standard soft lithography is the same as that described above for the filtration channels. The cured
PDMS resistance channel was bonded to a glass slide (75 mm × 25 mm) using oxygen plasma (Nordson
MARCH, Concord, CA, USA).

Flow tests were performed with and without the resistance channel connected to the top outlet
(retentate) of the filtration device. 250 μL PBS was introduced into the top inlet of the filtration devices
at different flow rates using a syringe pump (Chemyx, Stafford, TX, USA). Outflow was collected from
both the retentate and permeate outlets, and weighed to calculate the volume ratio of solution draining
through the membrane.

2.4. Membrane Functionalization and Viral Capture Test

Before the viral capture test, 250 μL deionized water was first injected by hand through the top
inlet of the filtration device followed by 250 μL PBS buffer injection. Then, 150 μL NeutrAvidin at
a concentration of 1 mg/mL in 1% BSA/PBS (w/v) was injected and incubated at room temperature
for 2 h for membrane functionalization. Afterwards, PBS was hand injected to remove loosely bound
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NeutrAvidin from the channel. Next, the device was filled with 1% BSA/PBS solution and incubated at
room temperature for 30 min in order to block any bare uncoated membrane. PBS buffer was used to
wash the channel and purge air bubbles afterwards. At each incubation step, the tubing was clamped to
avoid any bubbles being introduced into the device. No resistance channel was used in the membrane
functionalization procedure. After membrane functionalization, the resistance channel was connected
to the top outlet of the filtration device to add flow resistance to the tangential flow path.

Pseudotyped HIV was cultured [34] and biotinylated [35] as reported before, and diluted to final
concentrations using 1% BSA/PBS. 250 μL viral solution was pumped from the top inlet at defined
flow rates. After this virus capture step, the resistance channel was disconnected and PBS was used to
flush away unbound virus. Subsequently, 250 μL 0.5% Triton X-100 was injected at 2400 μL/h flow
rate using a syringe pump from the top inlet to lyse the captured virus. Outflow from the top channel
outlet was collected. HIV concentration in the lysate was determined using a commercial p24 ELISA
assay according to the manufacturer’s recommended procedures. The HIV concentration in the lysate
was compared to the input HIV concentration in order to calculate the virus capture efficiency.

2.5. Fluid Dynamics Simulation

3D simulation was carried out by COMSOL Multiphysics software (version 5.3a, COMSOL Inc.,
Stockholm, Sweden) to optimize fluid flow in the microfluidic channel with a sandwiched membrane.
The simulated dimensions of the filtration device match those used experimentally. Stabilizing posts are
not included in the simulation. Water was selected as the fluid in the channel domains. The membrane
domain was set as a 10-μm-thick porous matrix with 10% porosity and permeability of 2.02 × 10−18 m2,
which were obtained from the manufacturer’s data sheet and independent filtration tests, respectively.
The flow in both the top and bottom channels was assumed to be steady state laminar flow and
was described by the Navier–Stokes equation, while the membrane region was characterized by
a Forchheimer-corrected version of the Brinkman equation [36]. A user-controlled octahedron mesh
was applied to all the domains. Mesh convergence was confirmed. A no-slip boundary condition was
applied to all solid walls.

3. Results

Combining cross-flow microfiltration and affinity capture, we hypothesize that a high capture
efficiency of viral particles can be achieved with continuous flow in a microfluidic channel. The filtration
device consists of two parallel channels separated by a permeable PC nanoporous membrane. The viral
sample flows in from the inlet at the top channel whereas two outlets are available at the other end of
both the top and bottom channels. Thus, the sample can flow parallel to the membrane out of the top
outlet as the retentate, or cross the membrane and exit from the bottom outlet as the permeate. The
cross-membrane flow carries bioparticles from the top channel towards the membrane for their capture,
while the tangential flow above the membrane continuously cleans the membrane from clogging.
Specific viral capture is achieved through pre-functionalization of the membrane. Here, we study how
the viral capture is influenced by top channel flow rates and viral concentrations.

3.1. Computational Analysis of Fluid Permeation through the Membrane

We first used COMSOL simulation to examine fluid flow in the proposed filtration device.
To control the fraction of fluid exiting from the two channels separated by the membrane, an external
straight microchannel is connected to the top retentate outlet of the filtration device, which increases
the hydrodynamic resistance of the flow path tangential to the membrane. Without it, the membrane
resistance is so high that little sample drains to the bottom permeate channel. As the resistance channel
has a much smaller cross section compared to the top channel in the filtration device, it has much greater
resistance, thus dominates the total resistance of the tangential flow path. In the membrane permeation
flow path, the flow resistance is dominated by the porous membrane. Thus, by changing the length of
the resistance channel, the permeation volume through the membrane can be readily controlled.
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To guide the design of the resistance channel, the same dimension of the filtration device was
used in the simulation as the experimental device (Figure 2a), and a permeable membrane separated
the top and bottom channels. The resistance channel was simulated as an extension of the top channel
beyond the filtration region (top of Figure 3a). It was 0.04 mm in depth and 0.2 mm in width, and with
varying length from 45 to 85 mm. The two outlets, one at the bottom filtration channel and the other at
the end of the resistance channel, were set to atmospheric pressure. The normal flow velocity at the
inlet (at the left end of the top channel) was fixed at 2.4 mm/s in the simulation, which corresponded to
a volumetric flow rate of 2400 μL/h.

 

Figure 3. Magnitude profile of +x velocity and permeation percentage in the device from COMSOL
simulation. (a) The top view of the simulated device and profiles of the axial velocity in y-z cross
sections of the channel at different distances from the inlet. The simulated geometry contains a filtration
device (region I) of two channels separated by a porous membrane and a 65-mm-long resistance channel
(region II). The top channel of the filtration device is connected to the resistance channel, while the
bottom channel is open to air at the outlet. The velocity profiles correspond to positions of different
cross sections along the +x direction. These positions are labeled on the left of the velocity profiles
in values (mm) and also as dashed lines in the x-y view of the simulated device (top). Axial flow is
along the +x direction and the average inlet velocity is 2.4 mm/s. The left color legend of velocity
magnitudes corresponds to the filtration device (region I) and right color legend corresponds to the
resistance channel (region II). The magnitude of the axial velocity is observed to decrease in the top
channel, but increase gradually in the bottom channel from the inlet to the outlet. (b) Fluid fraction
permeating through the membrane and inlet pressure as a function of the resistance channel length.
The blue solid circles correspond to the left y-axis and empty orange circles correspond to the right
y-axis. The lines are to guide the eyes. The cross-sectional area of the resistance channel is constant.
The average flow velocity at the inlet is 2.4 mm/s in all cases.
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An example of the simulation results is shown in Figure 3a. The resistance channel is 65 mm
long in this case. Enlarged y-z cross sections in Figure 3a exhibit the x-component velocity profile
at different locations from the inlet along the axial direction (+x direction). As demonstrated by the
velocity profile in various cross sections normal to the axial flow, the fluid velocity gradually decreases
in the top channel and increases in the bottom permeate channel. This indicates that the fluid from
the inlet gradually drains through the porous membrane and flows out from outlets above and below
the membrane. The volumetric flow rates, obtained by surface integration of the axial velocity, yield
980 μL/h and 1420 μL/h at the top and bottom outlets respectively, corresponding to a fraction of
permeation of 59.10%. The inlet pressure is around 20.8 kPa from the simulation. The average axial
velocity in the bottom channel exceeds that of the top channel towards the end of the filtration device
due partially to the greater volumetric flow rate and partially to the smaller cross-sectional area of
the bottom channel. When the permeation fraction was evaluated for different inlet velocities of 0.3,
1.0, 1.7 and 3.1 mm/s, the value was found to be consistently around 59.10% and independent of the
sample flow rate. This is understandable, as the ratio of the volumetric flow rate in the two parallel
flow paths is equal to the inverse ratio of the flow resistance, and is independent of the input flow
rate. The inlet pressure was also evaluated from the COMSOL simulation and was found to increase
linearly with the average input velocity, changing from 2.6 kPa at 0.3 mm/s to 26.8 kPa at 3.1 mm/s.
All of these pressure values are well below the burst pressure of the sandwiched device, which was
found to be 70–100 kPa using a homemade pressure-testing device.

The fraction of permeated fluid volume was then simulated with various resistance channel
lengths. Using the same cross-sectional area of 0.04 mm × 0.2 mm, channels of 45, 55, 65, 75 and 85 mm
in length were tested at 2.4 mm/s inlet flow velocity. As the hydrodynamic resistance of a rectangular
channel is proportional to its length, the longer resistance channels are expected to divert a larger
amount of fluid to the bottom channel through the membrane. Results in Figure 3b show that the
ratio of permeation volume rises from 50.02% with a 45 mm resistance channel to 65.38% with an
85 mm one. The inlet pressure increased from around 17.6 to 23.0 kPa, accordingly, due to greater flow
resistance. The results indicate that the permeation volume can be easily controlled using properly
selected resistance channels.

3.2. Experimental Evaluation of Fluid Permeation

Clogging is one of the main obstacles in microfiltration-based separation devices. Pressure
accumulation caused by membrane fouling and clogging often lead to leakage and failure of the
filtration device. In a tangential filtration device, however, the tangential flow clears the membrane
fouling continuously, leading to greater permeate rate and extension of the device lifetime. As described
above, the maximum backpressure and permeation fraction are controllable by the resistance channel
design. In addition, sealing of the membrane in between the microchannels was also optimized to
improve device integrity. To seal the membrane between two channels, we used a mortar layer of
PDMS prepolymer as the glue between the PDMS slabs and the PC membrane [33]. A thin layer of
PDMS precursor was spin-coated on the surface of a glass slide. The thickness of PDMS layer was
controlled by the spinning speed and time [37]. Inked on the top and bottom PDMS blocks/channels, the
precursor was able to penetrate through the porous membrane and hold on to the PDMS block/channel
on the other side. After curing the glue layer at 60 ◦C, the membrane was sealed firmly between the
two channels without any bubbles or membrane wrinkles. This method allows a uniformly thin layer
of ‘glue’ to be transferred to the PDMS while accurately maintaining the channel geometry. Using
a homemade pressure-testing device, the microfluidic device was found to be capable of holding up
to 70–100 kPa of pressure. The maximum pressure in the experiments was designed to be less than
30 kPa through proper resistance channel selection to ensure integrity of the filtration device.

Based on the analysis above, a 65-mm-length resistance channel was used to collect up to 60%
filtrate. Flow tests were then carried out experimentally to examine the fluid permeation ratio at
various flow rates and inlet viral concentrations. Permeation was first tested at different flow rates with
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PBS buffer and the results are shown in Figure 4a. As predicted, all fluid flows out of the top outlet
without the resistance channel and no permeate is collectable from the bottom outlet (thus not plotted).
With the 65 mm resistance channel, on the other hand, 60.54 ± 7.79%, 59.71 ± 5.78%, 57.95 ± 5.83%, 54.04
± 3.82% and 56.94 ± 4.05% of the input fluid permeates through the membrane and flows out from the
bottom outlet at respective flow rates of 300, 1000, 1700, 2400 and 3100 μL/h. No statistical difference is
observed among the results at different flow rates. On average, the experimental permeation is 57.83 ±
2.56%, which compares well to the COMSOL simulation results of 59.10% permeation.

Figure 4. Fluid fraction permeating through the membrane as a function of (a) different flow rates
and (b) inlet viral concentrations. In (b) the white bars are results from filtration devices connected
with 65-mm-length resistance channels, while black bars are results from devices without. Error bars
represent the standard deviation from at least 3 independent tests under the same condition. * indicates
statistical difference based on two-tailed Student’s t-test at a 95% confidence interval.

Next, we flowed solutions containing pseudotyped HIV at various concentrations through the
microfluidic device at the same inlet flow rate of 2400 μL/h. As shown in Figure 4b, without the
resistance channel, outflow from the bottom outlet is less than 1% in all cases. With the resistance
channel, the permeation volumes are 36.56 ± 4.86%, 40.75 ± 2.81%, 49.49 ± 9.68% and 53.54 ± 3.77% of
the feed at respective input concentrations of 5 × 105, 1 × 106, 5 × 106 and 1 × 107 particles/mL. Thus,
a greater input particle concentration yields greater fluid permeation. This is counter-intuitive as one
would expect that more viral particles could potentially block more membrane pores, leading to less
permeation. However, this phenomenon may be explained by the carrier solution used in this work.
Since HIV was spiked in PBS containing 1% BSA and the membrane pore size is 50 nm, BSA aggregates
could clog the pores. When a greater virus concentration was used, the sample would contain less
carrier solution or reduced BSA interference, thus allowing greater permeation.

3.3. Viral Capture Efficiency

Viral capture tests were performed with biotinylated pseudotyped HIV in the tangential flow
device with a pre-functionalized membrane. First, samples at a concentration of 5 × 106 particles/mL
were tested at different flow rates of 300, 1000, 1700, 2400 and 3100 μL/h. The resistance channel was
disconnected from the device after applying the viral sample and the devices were rinsed with PBS at
the same flow rate as the sample flow. Afterwards, Triton X-100 was flowed in to lyse the captured
virus and release p24 antigen, the protein that makes up the core of HIV. Without the resistance channel,
the lysis solution flowed almost exclusively out of the top outlet. Concentrations of p24 in the lysis
solution and in the earlier flow-through solution were tested by a commercial ELISA assay. Mass
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conservation was confirmed by comparing the sum of the virus in different output fractions to that
in the input. Capture efficiency was then calculated by the ratio of the p24 amount lysed out from
the top channel to that in the input solution. As shown in Figure 5a, the capture efficiency is greatly
dependent on the flow rate. A peak capture efficiency was found at flow rates of 1700–2400 μL/h. Viral
capture percentage is 31.93 ± 8.25% at 1700 μL/h and 46.61 ± 16.19% at 2400 μL/h without statistical
difference between these two flow conditions (95% confidence interval with Student’s t-test). At flow
rates of 300, 1000 and 3100 μL/h, the capture efficiency further deceases to 4%–15%, and the difference
in capture efficiency is significant between these flow rates and 2400 μL/h. Possible causes of this viral
capture flow rate dependence are discussed later in the text. At each flow rate, control experiments
were also carried out using filtration devices without resistance channels. In such cases, permeation
through the membrane was negligible, as was the binding efficiency. The low capture efficiency
without the resistance channel is understandable by comparing the characteristic time of different
transport processes. The residence time of samples in the filtration microchannel is around 10–120 s
at the flow rates tested, while the diffusion time of 100 nm diameter particles across a 0.05-mm-high
channel is much greater, at about 250 s. Thus, when filtration is restricted, diffusion of viral particles to
the channel walls is limited, resulting in low capture efficiency.

 
Figure 5. Viral capture yield as a function of (a) sample flow rates and (b) viral concentrations. Viral
concentration used in (a) was 5 × 106 particles/mL. The flow rate applied in (b) was 2400 μL/h. The
white bars are results from filtration devices connected with the 65 mm resistance channel, while black
bars are results from devices without. Error bars represent the standard deviation from at least 3 devices
under the same conditions. Statistical analysis was conducted for (b) by applying an independent
Student’s t-test at a 95% confidence interval and no statistically significant difference is observed among
the white bars.

Next, a range of viral concentrations, 5 × 105, 1 × 106, 5 × 106 and 1 × 107 particles/mL, were tested
as the input samples. The flow rate was fixed at 2400 μL/h, which showed the highest average yield
at the concentration of 5 × 106 particles/mL as described above. With the resistance channel, 39.68 ±
14.84%, 43.99 ± 0.67%, 45.21 ± 4.18% and 48.54 ± 18.70% of viral particles are captured from the input of
the lowest to highest viral concentrations. The capture efficiency was further divided by the percentage
of permeation volume to gain an understanding of capture from the filtered fraction. This yields
capture efficiencies of 106.79 ± 26.39%, 108.60 ± 8.91%, 92.70 ± 11.40% and 90.51 ± 18.70%, respectively,
in the permeated fraction, and there is no statistical difference among the different concentration groups
(95% confidence interval with Student’s t-test). Without the resistance channel, the capture yields
are significantly lower. From the input samples of the lowest to highest viral concentrations, 2.33 ±
2.71%, 13.95 ± 1.10%, 5.35 ± 1.80% and 4.68 ± 1.54% viral particles are captured. As little flow drained
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through the membrane without an external resistance channel according to COMSOL simulations and
flow experiments discussed above, these yields indicate viral separation achieved by affinity capture
only. This may explain capture efficiencies higher than 100% with resistance channels, after captures
were normalized to permeation volume. Significant differences are observed between each pair of tests
with and without the resistance channel at the same viral concentration. The results confirm that the
tandem filtration device and resistance channel yield consistent and close to 100% viral capture from
the membrane permeate in a wide range of input concentrations.

4. Discussion

Overall, we implemented tangential flow filtration in microfluidic devices for viral capture in
a high throughput and simple flow-through fashion. The device contains a filtration device coupled
with a 65-mm-long resistance channel to achieve a 6:4 split in volume of the permeate versus retentate.
While maintaining laminar flows in both the permeate and retentate compartments, the filtration
process promotes viral interactions with the functionalized capture membrane, while the tangential
flow continuously clears non-specific deposits on the membrane. Compared to the filtration device
alone without the resistance channel, which could represent a flatbed capture channel (as no fluid
permeates through the membrane), the tangential filtration device allows significantly improved
capture yields. Flow rate-dependent yields were observed with a peak at 1700–2400 μL/h. Reduced
capture at slow flow is likely a result of competition between specific capture and non-specific deposit
on the membrane. Similar competition has been reported before for immunoaffinity cell capture from
blood. For example, capture of CD4+ T lymphocytes from blood in a flatbed microfluidic channel is
more efficient when the near-wall shear is strong enough to clear the surface of red blood cells [38].
In our work, although a cell-free sample of unpurified virus culture spiked in a BSA solution is used,
the presence of extracellular vesicles and protein aggregates in the virus culture and carrier solution
are also capable of interacting nonspecifically with the membrane, especially under the permeation
pressures applied. According to Altmann et al., the deposition of a streaming particle in a crossflow
microfluidic system depends on the balance of the lift force and drag force acting on the particle [39].
These hydrodynamic forces are functions of the particle size and flow rate. At low flow rates, all
particles have a great chance to interact with the membrane, and nonspecific deposit in this case
competes with specific capture of viral particles. On the other hand, high flow rates create great wall
shear stress and short sample residence time, both of which lead to reduced binding of both specific and
nonspecific species [32]. Thus, the peak capture efficiency at the flow rates 1700–2400 μL/h represents
a balance where nonspecific binding is reduced by tangential flow, while specific binding is not yet
reduced by the shear stress.

In our tangential flow microfiltration device, membrane clogging is alleviated compared to dead
end microfiltration, which often requires vibration or back flow periodically to disperse the cake
layer [40–42]. Permeation is well controlled at flow rates up to 3100 μL/h and virus concentrations up
to 1 × 107 particles/mL. Combined with affinity capture, close to 100% virus is consistently captured
on the membrane from the permeate. Compared to other viral separation devices reported in the
literature, the devices described here have the advantages of greater capture yield, high operable flow
rates and simple operation procedures [43–45].

Although biotinylated HIV particles and a NeutrAvidin coating are used in this work as proof of
principle, the tangential filtration device is adaptable to other affinity chemistries targeting viral surface
proteins. As permeation is easily controlled by the geometry of the resistance channel, the capture
yield from the input stream is tunable and can be improved by either increasing the permeate fraction
or feeding the retentate into the device repeatedly. As the target viral particles are captured through
an affinity chemistry on a membrane within a microfluidic channel, enrichment and purification are
both achieved. With recent development of optical and electrical bio-sensors [46,47], the filtration
device could be developed into a diagnostic device by integrating sensors onto the capture membrane,
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an ongoing effort in the group. With simplified operation and fast sample processing speed, the device
holds promise for viral analysis in resource-limited settings.

5. Conclusions

In conclusion, we successfully assembled a sandwich PDMS device incorporating a nanoporous
PC membrane for viral particle separation. Combining tangential filtration and affinity capture,
separation of HIV virus is demonstrated in continuous flow. The efficiency of viral capture is flow
rate-dependent. At the optimal flow rate, close to 100% of viral particles are captured on the filtration
membrane from the permeate with various viral concentrations. This low-cost and easy-to-operate
device provides a promising solution to viral sample processing in resource-limited settings.
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Abstract: Crop diseases cause great harm to food security, 90% of these are caused by fungal
spores. This paper proposes a crop diseases spore detection method, based on the lensfree diffraction
fingerprint and microfluidic chip. The spore diffraction images are obtained by a designed large
field of view lensless diffraction detection platform which contains the spore enrichment microfluidic
chip and lensless imaging module. By using the microfluidic chip to enrich and isolate spores in
advance, the required particles can be captured in the chip enrichment area, and other impurities
can be filtered to reduce the interference of impurities on spore detection. The light source emits
partially coherent light and irradiates the target to generate diffraction fingerprints, which can be
used to distinguish spores and impurities. According to the theoretical analysis, two parameters,
Peak to Center ratio (PCR) and Peak to Valley ratio (PVR), are found to quantify these spores. The
correlation coefficient between the detection results of rice blast spores by the constructed device and
the results of microscopic artificial identification was up to 0.99, and the average error rate of the
proposed device was only 5.91%. The size of the device is only 4 cm × 4 cm × 5 cm, and the cost is
less than $150, which is one thousandth of the existing equipment. Therefore, it may be widely used
as an early detection method for crop disease caused by spores.

Keywords: crop disease; lensfree; light diffraction; image processing; microfluidic

1. Introduction

Rice is the most important crop all around the world. Currently, approximately 5.6 billion people
(80% of the world’s population) have rice as their staple food. Rice consumption is expected to reach 8
million tons in 2030 owing to population and economic growth [1]. The blast fungus causes a serious
disease on a wide variety of grasses including rice, wheat, and barley [2]. Rice blast disease, which is
caused by a kind of spore named Magnaportheoryzae [3], affects most of the rice-producing countries
and has already spread to approximately 85 countries [4]. The severity of rice diseases has been
unprecedented in the past 20 years, particularly in China’s Yangtze River basin region in 2018. Most
rice disease spores are airborne microparticles with a size of 10–20 μm, and are difficult to detect and
capture. Therefore, it is necessary to establish a rapid and effective spore detection facility to prevent
crop diseases.

Several methods have been proposed to detect spores which cause rice diseases. Spore analysis
is a powerful technique and has been widely used in plant diseases control [5]. In these researches,
identification of spores, which can quantitatively evaluate the effect of disease control, is a routine and
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essential tache in spore assays [6]. Polymerase chain reaction (PCR) is widely used in spore detection
due to its high quantitative analysis ability [7]. Rice is a widely cultivated food crop. Although the
accuracy of PCR detection is high and the speed is fast enough, the method needs professional personnel
and to be sent back to the laboratory for testing, which is not suitable for large-scale promotion in
the field. The staining method is also often used in cell and spore identification. The staining agent
can impregnate the target and mark it [8], which requires various special stains and destroys the
tissue smears. Micromechanical cantilever arrays can be used to detect spore concentration rapidly
and quantitatively. This method has the characteristics of high precision and high sensitivity, but it
requires a clean detection environment [9]. The common method is to visually measure and count the
spores under microscope [10], but the microscope is expensive and bulky, and cannot be widely used
outdoors. Most of these methods require complex procedures and multiple reagents, resulting in low
experimental repeatability [11]. Also, these complex experimental procedures are time-wasting and
labor-intensive [12].

To improve the above problems, developing a convenient and intelligent low-cost spore detection
facility has become a hotspot of the filed. Lensless imaging technology is valuable for spore research
because in these research fields the statistical regularities are based on the behavior of large populations.
Therefore, it is concerned by researchers and applied in the fields of blood cell counting [13] and
viability detection [14], particle size classification [15], biofilm detection [16], etc. Traditional optical
microscopy has a complex lens structure, so it is not suitable for large-scale popularization because
of its large volume and high price. Its precise optical part is sensitive to external conditions such as
temperature and humidity, and it is difficult to adapt to complex field environments. Compared with
the microscopic imaging mode, lensless imaging technology only uses a complementary metal oxide
semiconductor (CMOS) module, which is small in size, stable in performance, and not susceptible to
environmental impact. Traditional microscopic imaging has a very small field of view (FOV), usually
less than 0.5 mm2. Without moving the lens, it is difficult to cover the whole enrichment area of
microfluidic chip. The active imaging area of the CMOS sensor is about 20 mm2, which means the
FOV is about 20 mm2 and it is approximately 100 times larger than that of a conventional optical
microscope. Different to the field of biomedicine, there are many impurities in the air. If the spores
are collected directly without filtering, a large number of impurities will be mixed into the samples,
which will reduce the accuracy of image detection in the later stage. Therefore, the microfluidic
chip must be added to the spore collection process to separate most impurities. Microfluidic chip
has many advantages, such as little reagent consumption, fast automatic detection, low cost, high
integration, and has allowed researchers concentrate the whole process of a biochemical reaction on
the chip [17]—mostly applied in the field of liquid and medical testing [18]. Because PM2.5, PM10,
and other air pollutants have a great impact on human health, researchers have designed a variety of
microfluidic chips for the filtration and enrichment of airborne microparticles [19,20]. However, few
microfluidic chips have been developed to enrich spores of crop diseases. In this paper, a microfluidic
chip is designed to enrich and separate airborne spores. According to the above technology, a spore
detection device has been developed, which includes the microfluidic chip and lensless imaging
module. It can enrich and detect spores and realize early monitoring of crop diseases.

2. Materials and Methods

2.1. Design of Microfluidic Chip

The microfluidic device is fabricated by the standard soft-lithography technique [21,22]. The
master mold is created on a silicon substrate mold by exposing the photoresist SU-8. After being peeled
off from the mold, the polydimethylsiloxane (PDMS) slab is punched through to make ports at the inlet
and outlet. The plastic tubes, with a small amount of glue at their ends, are inserted through the inlet
and outlet ports. The PDMS slab is treated with oxygen plasma and then bonded to a glass substrate
(20 mm × 55 mm). Finally, the assembled device is cured at 70 ◦C for 30 min to enhance bonding. A
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sectional view of the enrichment and separation of the microfluidic chip is shown in Figure 1. It has a
two-stage separation–enrichment structure to simplify the fabrication process and reduce the costs. L1,
L2, L3, and L4 represent the width of channel 2, channel 3, channel 4, and channel 5, respectively. The
value of D1 is collection tank 1 entrance width minus channel 2 width. The value of D2 is width of
collection tank 2 entrance minus width of channel 4. The arc channel is composed of two concentric
arcs with different radii. R1 and R2 are the radius of the inner arc of the arc channels respectively.
To obtain better experimental results, 16 μm particles were used to represent rice blast spores and 2
μm particles were utilized to represent impurities in the environment. When particles pass through
channel 1 and Arc channel 1, the force on the particles is the same because of the same flow rate of
the two channels, but the direction of the force was changed due to the change of the shape. The two
particles with different sizes deviate from the trajectory due to the force in two different directions,
thus realizing the original separation of the two particles. The 16 μm particles with a larger particle
size enter collection tank 1 due to their larger velocity. In order to keep the 16 μm particles in collection
tank 1 and 2 μm particles into the second structure, L1 should be smaller than L2. The shape and
design principle of the first and second structure are the same, so L3 should be smaller than L4.

Figure 1. Structural chart of microfluidic chip.

2.2. Numerical Method

The commercial COMSOL Multiphysics 5.1 was utilized to simulate the flow field and particle
motion of microfluidic chip. For numerical analysis, the model parameters were set at width of particle
entrance = 2000 μm, length of channel 1 = 12,000 μm, R1 = 1000 μm, width of Arc channel 1 = 2000
μm, length of channel 3 = 8000 μm, R2 = 1050 μm, width of Arc channel 2 = L2, length of channel 4 =
10,000 μm, length of channel 5 = 5000 μm. All microchannels are 100 μm in height. The parametric
study was performed by varying the L2/L1, L4/L3 ratio in the range of 1–2 and D1, D2 value in the
range of 800–1800 μm to determine the effect of enrichment and separation.

The flow was assumed to be steady, two-dimensional axisymmetric, and incompressible. Moreover,
Reynolds numbers of collection tank 1 and 2 were 173 and 346, respectively. The temperature was
293.15 K and the applied pressure was 101.3 kPa. The velocity inlet condition at the particle entrance,
pressure outlet condition at the particle exit, and no-slip condition in all walls were set as the boundary
conditions. The laminar inflow rate is 115 mL/min. Continuity, momentum, and energy equations
were solved repeatedly by adjusting the convergence criterion at 10−6.
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After flow analysis, the behavior of particles was investigated. For the particle behavior analysis,
the COMSOL Multiphysics Particle Tracing Module was used. A particle was assumed to be
permanently collected when it hit any wall. The particle density was set at 1000 kg/m3 to express the
aerodynamic size. Spore concentration in the air is very low, so 40 particles (2 μm particles and 16 μm
particles, 20 of each) were arranged at regular intervals from the center of the particle entrance to the
edge. The Lagrangian method is convenient for describing particle movement. The single particle
motion equation is expressed as follows:

mp
d2rp

dt2 = F f + Fo. (1)

In the formula, rp is the particle motion position vector, mp is the particle mass, and t is the particle
motion time. Ff is the force of fluid on particles and Fo is the force of an external potential field on
particles. The particle motion can be followed by solving the particle motion Equation (1).

2.3. Diffraction Imaging Detection Platform Setup

The detection facility designed in this paper has the characteristics of small size, low-cost, and
convenience. The schematic diagram is shown in Figure 2. The facility has main two parts—the
microfluidic chip and the lensless imaging module. The nano-microspheres (1–4 μm), pollen, dust,
and spore-carrying rice grains were mixed with water and put into the aerosol generator to produce
aerosol. Then, the aerosol was passed through the drying tube to eliminate the water vapor. Then, the
dried mixture gas was passed through the flowmeter to obtain stable gas flow rate. At this stage the
mixed gas finally enters the microfluidic chip.

Figure 2. Portable real-time rice disease spores detection using characteristics of diffraction fingerprints
on the microfluidic chip.

The spores were separated and enriched by external force through the microfluidic chip, shown in
Figure 2. The microfluidic chip consists of two red-labeled enrichment regions and three microchannels
with different diameters. The lensless imaging module includes the light source and CMOS sensor.
OSRAM’s LA E65B LED (617 nm) is selected as the light source. The diameter of the micropore was
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100 μm directly below it. The CMOS sensor was located 45 mm below the micropore. The MT9P031
image sensor chip with 5 million pixels from Aptina was selected. The size of the imaging area was
5.70 mm × 4.28 mm, which means the FOV was up to 24 mm2 and approximately 100 times larger than
that of a 200× conventional microscope. The LED light source was monochrome, so a black-and-white
version of the chip was customized to obtain gray image directly to improve the signal-to-noise ratio
of the image. In addition, a drawer-type sample tray was designed to realize quick replacement of the
microfluidic chip. When using the device, the air pump was turned on to collect the spore mixture
gas into the microfluidic chip for enrichment and separation. Then, the lensless imaging module
photographed the diffraction fingerprints of enriched spores in the microfluidic chip and transferred
the image to PC for image processing and saving. The facility realizes the independent operation of
spore enrichment, sampling, photographing, uploading, and detection.

2.4. Spore Detection Using Diffraction Parameters

In order to design a spore detection system based on spore diffraction fingerprint, the acquisition
and image processing of the diffraction fingerprint were automatic. The steps of acquisition and
analysis of lensless diffraction fingerprint information are as follows: (1) Spores are enriched by
microfluidic chip; (2) the enrichment area of microfluidic chip is placed on the CMOS sensor; (3)
high definition diffraction fingerprint images are acquired by CMOS sensor; (4) diffraction fingerprint
images are transferred to computer for further processing as described in the following steps: a.
Images are read sequentially; b. the diffraction fingerprints of each spore are extracted from the picture;
c. characteristic parameters are calculated by using pixel information of diffraction fingerprint; d.
comparing the calculated characteristic parameters with the threshold value of spore characterization
to determine whether the target is the spore or not. There is no need to add additional reagents and
the whole process is time-saving and labor-saving.

In the study (shown in Figure 3), two parameters, Peak to Center ratio (PCR) and Peak to Valley
ratio (PVR), were designed to quantify these spore fingerprint characteristics and are formulized as
follows, respectively:

PCR =
AP
C

, (2)

PVR =
AP
AV

. (3)

Figure 3. The light intensity value profile of calculated spore diffraction fingerprint.

AP is the average relative light intensity of the two peaks (P1, P2) in a single spore fraction
fingerprint. AV is the average relative light intensity of the two lowest points (V1, V2). The dark
fringe nearest to the center (C) is called the main dark fringe, and the bright fringe is called the main
bright fringe.

45



Micromachines 2019, 10, 289

The parameters were employed to distinguish spores and other impurities. Matlab was utilized
to extract spore fingerprints and calculate the parameters corresponding to each spore. A spore
was identified as a rice blast spore only when the two calculated parameters satisfy both of the two
conditions that PCR and PVR were between the determined threshold. The threshold levels of every
specific spore lines should be determined by comparing the average PCRs and PVRs of rice blast
spores in advance. In the study, the two threshold levels of the selected rice blast spores’ lines were
determined to be 1.25–1.40 of PCR and 3.35–3.5 of PVR from 2000 spores of rice blast. The spore, whose
corresponding fingerprint parameters satisfy the thresholds given above, could be identified as a rice
blast spore.

3. Results and Discussion

3.1. Simulation and Experiment of Microfluidic Chip

3.1.1. Particle Motion Simulation

Figure 4a,b shows the relationship between the separation and enrichment effect of 16 μm particles
and L1, and the relationship between the separation and enrichment effect of 16 μm particles and L2/L1.
The D1 is 500 μm, the L1 and value of L2/L1 is changed. The separation and enrichment effect of 16 μm
particles are better when L1 = 1500, 1400, and 1300 μm; and the separation and enrichment effect of 16
μm particles are best when L2/L1 = 1.4.

  
(a) (b) 

  
(c) (d) 

Figure 4. (a,b) Separation and enrichment of 16 μm particles; (c) separation and enrichment of 2 μm
particles; (d) effect of channel 2 length on particle separation and enrichment.

In order to study the relationship between the separation and enrichment effect of 2 μm particles
and L3, the relationship between the separation and enrichment effect of 2 μm particles and L4/L3 must
also be studied. Figure 4c only shows L3 = 700, 800, 900, 1000 μm because when L3 takes other larger
values, 2 μm particles cannot be collected, but all reach the exit. When L3 = 700 μm, the separation and
enrichment effect of 2 μm particles are better regardless of the value of L4/L3; when L3 takes different
values, there is no uniform L4/L3 value that can make the best separation and enrichment effect under
these conditions.

In order to study the effect of channel 2 length on particle enrichment and separation, a variable
channel 2 length (2000–10,000 μm) was set up. As shown in Figure 4d, when the length of channel 2 is
5000 μm, 6000 μm, and 7000 μm, most 16 μm particles can enter the 16 μm collection tank, and most
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2 μm particles can enter the next structure. When channel 2 is too short, all particles cannot obtain
enough centrifugal force, so it is difficult for particles to enter the collection area. When channel 2 is
too long, the centrifugal force obtained by the particles will be too large, and the small particles will
also enter the 16 μm collection area. Finally, the length of channel 2 is 5000 μm.

In order to study the relationship between the separation and enrichment effect of 16 μm particles
and the D1, the L2/L1 is 1.4. By changing the value of D1, the range of D1 is 100–1000 μm. When L1
changes from 1900 μm to 1000 μm, the number of 16 μm particles collected is studied. Figure 5a,b
shows that the D1 of optimum separation and enrichment is different when L1 is different, and 200,
300, and 500 μm can be regarded as the optimum D1.

 

 

  

(a)  (b) (c) 

Figure 5. (a,b) Relationship between the separation and enrichment effect of 16 μm particles and D1;
(c) relationship between the separation and enrichment effect of 2 μm particles and D2.

Figure 5c shows the relationship between the separation and enrichment effect of 2 μm particles
and D2. The number of 2 μm particles collected under different L3 conditions was studied. The best
separation and enrichment effect are obtained at D2 = 1000 μm.

In order to determine the final structure of microfluidic chip, the optimal structure parameters
should be further selected. For the primary structure of collecting 16 μm particles, the optimum L2/L1
is 1.4. Considering that the small size of micro-structure will increase the complexity of the fabrication
process, L1 = 1500 μm is chosen as the optimum channel width and channel 2 is 5000 μm in length.
When L1 = 1500 μm, D1 has little effect on the separation and enrichment of particles. In order to
simplify the structure, the D1 is 500 μm. For the secondary structure of collecting 2 μm particles, only
when L3 = 700 μm can the separation and enrichment effect be better. When L3 = 700 μm, L4/L3 has
little effect on the separation and enrichment of particles. In order to simplify the structure, L4/L3 =
1.4 is chosen. The optimum D2 is 1000 μm. Figure 6a is the simulation result of the separation and
enrichment effect of two kinds of particles, 20 particles each. 19 particles of 16 μm were collected in
collection tank 1, and 19 particles of 2 μm was collected in collection tank 2. Figure 6b is the velocity
distribution in the microchannel of the chip.

  

(a) (b) 

Figure 6. (a) Particle trajectory simulation in microfluidic chip; (b) simulation of velocity distribution
in microfluidic chip (m/s).
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As shown in Figure 6, the principle of separation and enrichment of the first structure is first
analyzed. The mixed gas enters the microchannel from the inlet of the microfluidic chip and obtains
a horizontal to right initial velocity. If there is no Arc channel 1, the particles cannot get enough
centrifugal force to enter collection tank 1 at a right angle turn. When the Arc channel 1 is added, the
Arc channel 1 has a coupling effect with the right angle turn, which increases the centrifugal force of
the particles, so that it can enter collection tank 1. In the simulation, the density of all the particles
is the same, so the larger the diameter of the particles, the greater the centrifugal force. The 16 μm
particles can enter collection tank 1 due to their large centrifugal force, while the 2 μm particles can
enter the second structure. Then the principle of separation and enrichment of the second structure
is analyzed. Similar to the first structure, Arc channel 2 and the right angle turn produce a coupling
effect, which increases the centrifugal force of the particles and facilitates entry into collection tank 2.
Reducing L3 accelerates the particles, increasing the acceleration of the 2 μm particles and increasing
the centrifugal force to enter collection tank 2.

3.1.2. Spore Collection Experiment

Figure 7a,b is an experimental image taken by a scanning electron microscope. Rice blast spores
are collected in collection tank 1. The target in the red circle is the rice blast spore. The spore samples
of rice blast were cultured from rice grains, so the fine impurities in collection tank 1 were rice husks,
as shown in the black circle marker (not all markers for the clarity of the picture), which affect the
shooting effect. Other impurities are collected in collection tank 2. Therefore, the designed microfluidic
chip can separate and collect rice blast spores.

  

(a) (b) 

Figure 7. (a) Samples collected in collection tank 1; (b) samples collected in collection tank 2.

3.2. Diffraction Imaging Detection Platform

3.2.1. Diffraction Fingerprints Calculation and Investigation

Traditional optical microscopy imaging technology is based on the change of wavelength (color)
and amplitude (brightness) when light passes through transparent substances. The morphology of
microorganisms is directly observed by the naked eye through microscopy. The light emitted by LED
is converted into coherent light through micro-holes, thus realizing coherent illumination. As shown
in Figure 2, the light emitted by the LED light source passes through the micropore directly below it,
and produces partially coherent light. The partially coherent light propagates over a certain distance
and then irradiates on the sample plane (microfluidic chip). Diffraction hologram is formed by the
interference of the sample’s backlight and scattered light on the sample plane, which is photographed
by CMOS imaging chip directly below the sample plane.

The classical scalar diffraction theory was first proposed by Huygens in 1678. Huygens believed
that any point on the wave surface could be regarded as the source of secondary spherical wavelet in
the process of light propagation. Fresnel further proposed in 1818 that the interference between the
wavelet source and the wavelet source should be superimposed. Hence, the famous Huygens–Fresnel
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principle is proposed that the light vibration at any point outside the wavefront should be the result of
the coherent superposition of all wavelets on the wavefront. The Huygens–Fresnel principle can be
utilized to explain the diffraction of light. Its mathematical expression can be written as follows:

U(Q) = c
�
∑ U0(P)K(θ)

ejkr

r
dS. (4)

Among them, S is the surface of object wavefront. In this work, the object wavefront S is formed
by light source transmitting through spore sample. c is a constant,

∑
is an integral plane, U0(P) is the

complex amplitude of P at any point on the wavefront, U(Q) is the complex amplitude of Q at any
point in the light wave field, r is the distance from P to Q, θ is the angle formed by the normal N and
PQ at the wavelet front where P is located, and K (θ) is the tilt correlation between P and Q.

MATLAB was utilized to calculate the diffraction fingerprint with the same parameters setting as
that of the experimental setup. Fourier transform and discretization are used and suitable sampling
intervals are selected in calculation. Figure 8a shows that the spore image is processed into an
impermeable boundary and analyzed as the pattern of a diffraction screen. Firstly, the contour of the
spore is displayed by setting the gray threshold through the grayscale display, then the noise in the
image is removed by setting the threshold of the boundary pixel point, and the blank vacancy in the
spore is filled. Finally, a similar spore pattern is generated through the black and white inversion.
The generated spore contour image is calculated using the formula (4) to obtain the image shown
in Figure 8b. The ordinate represents the relative intensity of the light field. It can be seen that the
amplitude of the central light field is high, the amplitude of the edge is low, and the periphery of the
edge presents a state of high and low alternation. In other words, in the center of the captured pattern
the diffraction fringes are distinct, while at the edge the fringes are effectively eliminated. The reason is
that the partially coherent light source contains rays of different phase. The rays lead to different fringe
distribution at the edge of the pattern. The result is good for diffraction fingerprint quality because it
reduces spore’s signatures overlap. The center area and these main fringes are more valuable.

  
(a) (b) 

Figure 8. Spore image processing and spore fingerprint captured in this work. (a) Gray processing of
spore image; (b) spore diffraction fingerprint calculation.

A rice blast spore can be approximately regarded as an oval. The observations indicate that spore
morphology has a close relationship with the diffraction fingerprint. The spore models were set to
ellipses, which had the same coverage area but different short and long axes. The ratio of semi-minor
axis length is 1:1, 1.5:1, 2:1, 2.5:1, and 3:1. Their diffraction intensity patterns are shown in Figure 9.
As the ratio of semi-minor axis length increases, the position of the main dark fringe and the main
bright fringe changes little, while the brightness of the main dark fringe of the diffraction fingerprint
decreases and the brightness of the main bright fringe increases. The above changes will cause changes
in PCR and PVR parameters.
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Figure 9. The light intensity value profile of the calculated spore diffraction fingerprint.

According to the analysis above, two parameters, PCR and PVR are designed to quantify the Peak
to Center ratio and Peak to Valley ratio. The two computational expressions are described in formulas
(1) and (2).

3.2.2. Validation and Superiority of Proposed Approach

Gas mixed rice blast spores were prepared by using an aerosol generator. Then, mixed gas was
pumped into the designed microfluidic chip and the performance of the device was verified by taking
pictures. Collection tank 2 of the microfluidic chip was observed under a microscope. Figure 10a is a
spore sample which has not been enriched and separated by microfluidic chip. There are more small
particle impurities in it than in Figure 10b. Excessive impurities will cause adverse effects such as
overlap, as Figure 10c shows, which will affect the accuracy of subsequent diffraction imaging detection
of spores. The detection accuracy of samples without microfluidic chip enrichment is about 80%, and
that of samples with microfluidic chip enrichment is 94%. Because of the high concentration of spores
in the disposed spore solution and less other impurities, better results can be obtained without using
the microfluidic chip for enrichment and separation. However, in the field environment there are many
impurities, low spore concentration and excessive impurities will make the detection accuracy less
than 50%. So, it is necessary to use microfluidic chip to pre-filter samples before detection. To assess
the validity and reliability of a screening method which used the two parameters as a criterion for
spore screening, 20 experimental samples mixed with impurities such as pollen, dust, and beads were
selected in the assay. The two parameters, PCR and PVR, were computed from the corresponding
diffraction fingerprints. Twenty groups of experiments were conducted. Figure 10d is the result of
the test. The manual counting results and automatic counting results are shown in Figure 10e. It
can be concluded that the error rate ((Automatic counting result–Manual counting result)/Manual
counting result) fluctuates around 5%, with a maximum of 10% and an average error of 5.91%, which
is an acceptable range. The correlation coefficient (R2) of the 20 groups of test results is 0.9912, and
the automatic counting method is highly correlated with the manual counting method. Figure 10f
is a cluster analysis of rice blast spores and 2 μm beads using PVR and PCR parameters. It can be
concluded that the two substances are clearly classified. Figure 10g is the result of Bland–Altman
analysis of the two methods. All the points are within the 95% consistency interval. These analysis
results reveal a good agreement between the two modalities and prove the validity of this approach.
Furthermore, the proposed approach is a continuous detection method, and the cost of our constructed
platform is far lower than that of other techniques.
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q

Figure 10. (a) Spore samples not enriched and separated by microfluidic chip; (b) spore samples
enriched and separated by microfluidic chip; (c) overlapping interference of diffraction image; (d)
diffraction image taken by complementary metal oxide semiconductor (CMOS), the fingerprints
in red circles correspond to spores; (e) experimental result; (f) cluster analysis; (g) analysis by the
Bland–Altman method.

4. Conclusions

In summary, an approach which can enrich and distinguish spores utilizing a microfluidic chip
and lensfree spore diffraction fingerprints in an automatic manner is demonstrated. The designed
microfluidic chip can enrich rice blast spores. The two parameters, PCR and PVR, were firstly designed
to quantify the characteristics of spore diffraction fingerprint and validated to screen spores. Both
of the proposed approaches and manual counting methods were employed to measure spore. The
high correlation of 0.9912 and Bland–Altman analysis revealed a good agreement and validated the
proposed approach. The detection accuracy of rice blast spores was 94%. The cost of our constructed
platform is far lower than others, and no extra operation is required during the detection process. This
approach is high-automatic, continuous, time-saving, and labor-saving. These results and advantages
illustrate that the proposed approach may be widely used for fungal disease detection caused by spores.
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Abstract: The objective of this research was to develop a surface-acoustic-wave (SAW) sensor of
cigarette smoke to prevent tobacco hazards and to detect cigarette smoke in real time through
the adsorption of an ambient tobacco marker. The SAW sensor was coated with oxidized hollow
mesoporous carbon nanospheres (O-HMC) as a sensing material of a new type, which replaced a
polymer. O-HMC were fabricated using nitric acid to form carboxyl groups on carbon frameworks.
The modified conditions of O-HMC were analyzed with Scanning Electron Microscopy (SEM), Fourier
transform infrared spectrometry (FTIR), and X-ray diffraction (XRD). The appropriately modified
O-HMC are more sensitive than polyacrylic acid and hollow mesoporous carbon nanospheres
(PAA-HMC), which is proven by normalization. This increases the sensitivity of a standard tobacco
marker (3-ethenylpyridine, 3-EP) from 37.8 to 51.2 Hz/ppm and prevents the drawbacks of a
polymer-based sensing material. On filtering particles above 1 μm and using tar to prevent
tar adhesion, the SAW sensor detects cigarette smoke with sufficient sensitivity and satisfactory
repeatability. Tests, showing satisfactory selectivity to the cigarette smoke marker (3-EP) with
interfering gases CH4, CO, and CO2, show that CO and CO2 have a negligible role during the
detection of cigarette smoke.

Keywords: surface acoustic wave; second-hand smoke; 3-ethenylpyridine; oxidized hollow
mesoporous carbon nanosphere

1. Introduction

Second-hand smoke (SHS), which is also called environmental tobacco smoke (ETS) or passive
smoking, is a serious environmental pollution, composed of the main-stream smoke exhaled by active
smokers and the side-stream smoke expelled from the lit tobacco product, such as a cigarette [1].
More than 4700 substances are now recognized as constituents of cigarette smoke [2]. More than
60 compounds are known to cause cancer in a human body [3], such as tar (including mutagenic
and carcinogenic agents produced from incomplete combustion during smoking), tobacco-specific
nitrosamines (TSNA), polonium-210, polycyclic aromatic hydrocarbons (PAH), etc. [4]. SHS is harmful
for everybody, especially pregnant women and children. Statistical data reveal that people exposed to
SHS have a greater risk of lung cancer (20–30%), oral cancer, asthma, chronic obstructive pulmonary
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disease (COPD), coronary heart disease (25%), and childhood illness [5,6]. A medical report states
that, from 2010 to 2014 in the USA, smoking rates of adults fell from 43% (1965) to 18% today, but the
number of deaths caused by smoking and exposure to SHS is still estimated to be about 480,000 per
year [7].

In the complicated mixture of SHS, nicotine and 3-ethenylpyridine (3-vinylpyridine, 3-EP) are two
important markers for sensing cigarette smoke because they are specific to tobacco and the vapor phase
in SHS. 3-EP is a pyrolysis product of nicotine [8]. Even though the concentration of 3-EP in a smoke
area is typically less than nicotine, the stable characteristics and smaller rate of surface absorption of
3-EP leads to it still being used as an SHS marker in various related research [9]. Most measurements
of ambient nicotine are analyzed with a gas chromatograph - mass spectrometer (GC-MS) and typically
have a prolonged sampling period of days because of the small effective rates of sampling [10,11].
At present, conductive polymer-based sensors have been designed to monitor a tobacco-specific vapor
such as nicotine or 3-EP for real-time detection, but some drawbacks such as a lack of repeatability or a
long response time must be improved [12,13].

Devices based on microelectromechanical systems (MEMS) have been widely used in many
areas such as particle separation [14], chemical detection [15,16], biomedical detection [17], and
microfluidics [18,19]. Surface-acoustic-wave (SAW) devices are easily manufactured with MEMS
techniques and are used for gas sensing. The basic principle of a SAW sensor is that the coated
interdigital transducer (IDT) stimulates a piezoelectric substrate with a stable electrical resonant
frequency when a radio frequency (RF) signals in and converts it to propagate mechanical waves along
the surface of the device, which is known as a surface acoustic wave. When the target is adsorbed by
the sensing layer, the surface acoustic wave slows because of the mass loading. The resonant frequency
decreases and the mass change would be proportional to the gas concentration observed as a frequency
shift. Because the energy of SAW highly concentrates on the substrate surface [20], it is sensitive to
any perturbation on the surface such as temperature, mass change, conductivity, and elasticity. These
properties endow SAW devices with many advantages such as extremely high sensitivity, small size, a
wireless sensing platform, and a low working temperature [15].

The sensitive coating of an SAW sensor is typically a polymer film with a suitable functional group,
polarity, molecular geometry, and more. Some devices in the literature combine nanomaterials such as
nanowire, carbon nanotube (CNT), graphene into the polymer for improved detection performance
on increasing the sensing area, and leading to an increased mass loading [21–23]. However, a
polymer-based sensing film has some drawbacks including lack of thermal stability and a mismatch
between glass transition temperature and ambient temperature. Furthermore, some target vapor
permeates into the polymer causing the polymer film to expand, called a swelling effect [24]. In this
research, a surface-acoustic-wave (SAW) sensor is used to detect an SHS marker at a small concentration
and cigarette smoke with sensing materials of two kinds – hollow mesoporous carbon nanospheres
(HMC) combined with a polymer as a nanocomposite, and a modified nanomaterial without a polymer
called oxidized hollow mesoporous carbon nanospheres (O-HMC). A sensitive and real-time cigarette
sensor can help one avoid the SHS damage in public places such as a hospital and a school.

2. Materials and Methods

2.1. Preparation of a Surface-Acoustic-Wave (SAW) Sensor

The SAW chips with a delay line were fabricated with MEMS techniques on a 128◦ YX-lithium
niobate (LiNbO3) piezoelectric substrate, which has a large electromechanical coupling coefficient
(K2, 5.5%) and large velocity (3992 m/s) [25]. The delay line consisted of a pair of input and output
interdigital transducers (IDT) with each having 50 pairs of fingers with gold (thickness 100 nm) and
chromium (20 nm) deposited with an e-gun evaporator. The acoustic wavelength of the interdigital
transducers (IDT) is designed to be about 34 μm. The operating frequency of the SAW device is about
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114.2 MHz near 23 ◦C The insertion losses (IL) range from 6 to 9 dB, which is characterized with a
network analyzer.

To complete the fabrication, the finished wafer was cut into chips. The dimensions of each device
were 13.4 mm × 7.4 mm × 0.5 mm. To decrease the gas diffusion volume and to decrease the response
time, a self-designed micro-chamber (800 μL) is mounted on a printed-circuit board (PCB). The gas is
delivered with dispensing needles, which is shown in Figure 1a.

Figure 1. (a) Image of surface-acoustic-wave (SAW) sensor with a micro-chamber. (b) Spin-coated SAW
chip with oxidized hollow mesoporous carbon nanospheres (O-HMC). (c) Schematic diagram of SAW
sensing system.

2.2. Sensitive Materials

In this research, sensing materials of two types were chosen for the detection of cigarette smoke.
One is a polymer-based and the other is only a nanostructure, without a polymer. For a polymer-based
sensing film, poly-acrylic acid (PAA) is used for its universality. It has a glassy state near 23 ◦C because
its glass transition temperature is about 106 ◦C, so it is hard to adsorb a target like a flexible polymer
film [26]. To increase the reaction area and to decrease the response time, hollow mesoporous carbon
nanospheres (HMC) are used to produce a nanocomposite sensing material (PAA-HMC). Each HMC
has a specific surface area about 2350 m2/g. The average size is in the range of 80 to 120 nm with a
porosity of 4 nm.

To avoid the disadvantages of a polymer, a non-polymer-based sensing material, oxidized hollow
mesoporous carbon nanospheres (O-HMC) is a suitable material for detection since it combines the
properties of functional groups of a polymer (carboxyl group) and a large specific surface area of
a nanomaterial. The fabrication of O-HMC is simple, modified by liquid-phase oxidation of HMC
directly, and treated with nitric acid (2.5 M) at an appropriate temperature and for an appropriate
period to introduce functional groups on the carbon framework [27]. These two sensing materials
are solid after fabrication. In attempt to facilitate the coating, a sensing material (10 mg) is added to
ethanol (1 mL) as a solvent. Before coating, the aggregation of this sensing material was prevented
through ultra-sonication for 20 min, spin coating with great uniformity at 1500 rpm, and heating at
90 ◦C for 10 min to remove the solvent, which is shown in Figure 1b. The black dots on the delay line
are the O-HMC.
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2.3. Sensing System

The SAW sensing system is shown in Figure 1c. A standard gaseous SHS marker (3-EP) is
prepared on dipping 3-ethenylpyridine liquid into a polytetrafluoroethene-based (PTFE) sampling bag
to produce a saturated vapor. A three-way valve installed on the sampling bag can switch a sample or
dry air from an air compressor (relative humidity about 20%). A sample of cigarette smoke is collected
from a lit cigarette (Marlboro, tar 10 mg and nicotine 0.8 mg per cigarette) and placed on the bottom
of a glass syringe. The cigarette smoke was drawn with a pump (Thomas, diaphragm pump 2002,
400 mL/min) into a sampling bag. Before detection of the cigarette smoke, the sampling bag was left at
ambient temperature for 15 min to preclude any influence of temperature. For a dynamic detection, a
gas sample was drawn into the micro-chamber with a peristaltic pump (flow rate of 20 mL/min). At the
beginning of tests, dry air flowed into the chamber until the frequency response was stable. The gas
sample channel was then switched for adsorption, and, eventually, the dry air valve was opened again
to purge the sensing material and to complete one cycle. Since the temperature and humility effects
by a piezoelectric subtract would be relatively large, the un-coated sensing chip would be used to
eliminate the environmental interferences. All detection took an untreated HMC-coated SAW sensor
as a reference for improved stability [15,16,28,29]. The frequency response was recorded in a computer
with a general purpose interface bus (GPIB) card, which was connected to a frequency counter, and
which monitored the frequency change between the sensing chip and the reference.

3. Results

3.1. Sensitive Analysis of a Material

The surface morphologies of HMC and O-HMC with varied chemically modified parameters
were analyzed using a scanning electron microscope (SEM), as shown in Figure 2. The original HMC
showed the size to range from 80 to 120 nm and its mesopores to have a diameter about 4 nm, which is
shown in Figure 2a. After oxidation, some carbon species were cleaved from the carbon nanospheres,
which made an incomplete spherical appearance shown in Figure 2b. When the modified conditions
are too harsh, the carbon nanospheres are damaged with HNO3, which leads to structural collapse to
decrease the pore size. This might be explained by the repair of surface oxygen on the carbon walls [27].
The O-HMC seem to crosslink with each other, shown in Figure 2c, and show a serious aggregation
problem that many O-HMC aggregate into clumps of diameter greater than 1 μm, which is shown in
Figure 2d.

 
Figure 2. SEM images. (a) Hollow mesoporous carbon nanospheres (HMC). (b) O-HMC modified at
80 ◦C and 15 h. (c) O-HMC modified at 110 ◦C and 24 h. (d) O-HMC modified at 110 ◦C and 24 h on a
small scale.
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Considering the sensing application, the chemical structure of HMC and O-HMC was characterized
with infrared spectra (FTIR) and scanned in a range from 500 to 4000 cm−1, as shown in Figure 3.
The HMC before and after oxidation seem to have a similar spectrum, but show a significant difference
of the C=O vibrational line at 1730 cm−1. A comparison with the spectrum before oxidation indicates
that this signal denotes the presence of carbonyl or carboxyl groups. When HMC were treated with
nitric acid, the stronger oxidation increased the intensity at 1730 cm−1, which means that more carboxyl
groups were modified.

Figure 3. Infrared (IR) spectra of HMC and O-HMC with modified parameters.

The XRD pattern of the HMC shows three signals that are indexed as (110), (211), and (220)
reflections of structure Ia3d, shown as Figure 4 [30]. A transformation of structure occurred after the
removal of the silica template. The carbon framework became atomically disordered, as revealed by
the (110) signal appearing. The (110) reflection is symmetrically forbidden for Ia3d [31]. Too much
oxidation leads to structural changes, revealed by the weakened (110) and (211) XRD reflections by
damaging the original structure or cleavage of the carbon. Based on the above analysis, to retain
sufficient modification for great sensitivity and the complete nanostructures for a large surface area,
O-HMC-80 ◦C-15 h was chosen as the appropriate sensing material for subsequent detection.

Figure 4. XRD of HMC and O-HMC with modified parameters.
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3.2. Detection of the Standard Cigarette Marker

Figure 5 shows the frequency response of 3-EP detection (3 ppm) with sensing material of three
types. It clearly shows that the sensing layer of O-HMC without a polymer is more sensitive than
polymer-based PAA-HMC for detection of 3-EP, which is a greater frequency shift of 90 Hz. Taking
60 s for the adsorption, the desorption time is 90 s. Hydrogen bonding between the carboxylic acid
and 3-EP become desorbed to the original frequency. Showing an effective reversible detection, this
result proves that the modified O-HMC is a suitable choice to replace a polymer-based sensing material
(PAA-HMC). In addition, the non-treated HMC shows slight adsorption, likely because some 3-EP is
trapped in the porous nanostructure.

Figure 5. Frequency response of sensing materials for detection of 3-EP (3 ppm).

3.3. Normalization

The mass loading of the sensitive layer is an important factor for the sensor performance. In general,
more sensing material coating can cause a greater frequency shift. However, too much sensing material
results in small energy transmission. To compare the sensitivity of various sensing materials with no
influence caused by the amount of coating, normalization is a necessary step. The frequency shift of
a surface-acoustic-wave sensor is assumed to conform to Equation (1) for an acoustically thin and
perfectly elastic thin film, k1 and k2 are piezoelectric material parameters, f 0 is the central frequency
of the SAW device, h is the thickness of the sensing film, ρ is the density of the sensing film, m is the
mass of adsorbed molecules, and A is the coated area [32]. Equation (2) is derived from Equation (1)
because mcoating and �f coating are constant after coating. mgas is linear with �f gas, which means that
the frequency shift caused from an inconsistent amount of coating can be calibrated on dividing by
�f coating. In this research, the normalized frequency shift is defined as a ratio of the frequency shift
caused by detection and coating (�f gas/�f coating) [16].

� f = (k1 + k2) f02h ρ = (k1 + k2) f02 m/A (1)

� fgas/ � fcoating = mgas/mcoating (2)

This frequency shift caused on coating is shown in Table 1. In the non-polymer-based sensing
materials, it can observe that, when the chemical oxidation is stronger, the material surface is more
hydrophilic because of more oxygen-containing functional groups introduced. The deposited amount
after spin coating (1500 rpm, 30 s) remaining in the sensing area (gold) is greater, which results in a
large frequency shift. The HMC has a hydrophobic property. Therefore, under the same conditions of
spin, the coating remains less than O-HMC. The original frequency shift and normalized frequency
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shift with 3-EP at varied concentrations is shown in Figure 6. Both types of sensing materials present
satisfactory linearity, and the sensitivity (defined as the slopes of the regression line, �f gas/sample
concentration) of PAA-HMC and O-HMC are 37.8 and 51.1 Hz/ppm. The detection limit (LOD) of the
sensor is less than 1 ppm. Furthermore, it is insufficiently accurate to analyze the sensitivity of sensing
materials of the two types from the original frequency shift because the deposited O-HMC is much less
than PAA-HMC. The frequency shifts of the coatings (Δf coating) were 60 kHz for O-HMC and 120 kHz
for PAA-HMC. After normalization, it shows a larger difference and the sensitivity can be more clearly
compared for the two sensing materials. The slope of the regression line for O-HMC is about 2.7 times
that for PAA-HMC.

Table 1. Surface-acoustic-wave (SAW) Resonant frequency before and after coating.

Sensing Materials Before Coated (MHz) After Coated (MHz) Coated Frequency Shift (Hz)

Polymer based
PAA-HMC 114.71 114.59 120,000

Non-polymer based
O-HMC-110 ◦C-24 h 114.98 114.88 100,000
O-HMC-80 ◦C-15 h 114.12 114.07 50,000
O-HMC-80 ◦C-3 h 114.16 114.11 50,000

HMC 114.16 114.13 30,000

Figure 6. Frequency shift (deep blue and deep red) and normalized frequency shift (blue and red) of
sensing materials O-HMC, polyacrylic acid, and hollow mesoporous carbon nanospheres (PAA-HMC).

3.4. Detection of Cigarette Smoke

Besides the detection of pure 3-ethenylpyridine, cigarette smoke is also detected with the same
system and same sensing material. Unlike the pure compound of 3-EP, the cigarette smoke is a
complicated mixture, including toxic volatile organic compounds (VOC) of many kinds such as
benzene, toluene, formaldehyde, phenol, and sticky tar, which is produced by incomplete combustion.
Figure 7a is the frequency response of cigarette smoke (burning 1 cigarette) detected with O-HMC,
but the sample of cigarette smoke was collected without a filter. It shows that the frequency response
continuously decreases when the cigarette smoke flows into the micro-chamber. The adsorption cannot
achieve a dynamic balance and desorption cannot fully return to the original resonant frequency. This
abnormal phenomenon of detection was likely due to the surface adhesion of tar. When the cigarette
smoke sample was collected without a filter, sticky tar and particulate matter (PM) might cover the
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detection area, even sticking to the porous structure of the sensing material, which makes permanent
mass loading and causes incomplete desorption.

Figure 7b is the frequency response for detecting cigarette smoke with O-HMC for five successive
cycles. The sample of cigarette smoke (1 cigarette burning) is collected with a 1-μm filter. The SAW
frequency decreased immediately when the cigarette smoke was introduced. Compared to the sample
of cigarette smoke without a filter, the filtered cigarette smoke sample took about 4 min to complete the
adsorption and 15 min to complete the desorption and to recover to the original frequency. The average
frequency shift was about 4200 Hz. After filtering, it can also detect repeatedly like the detection of pure
3-ethenylpyridine, but unfiltered tar still slightly influences the sensor performance in repeatability.

Figure 7. (a) Frequency response of the O-HMC-coated SAW sensor for detection of cigarette smoke
without a filter. (b) Frequency response of the O-HMC-coated SAW sensor for detection of cigarette
smoke with a 1-μm filter.

3.5. Selectivity of an Oxidized Hollow Mesoporous Carbon Nanospheres (O-HMC)-Coated SAW Sensor

When a cigarette burns, many chemical compounds are released into the air such as carbon oxide,
carbon dioxide, methane, furans, PAH, nicotine, and 3-EP [4,13,33]. Because the properties of some
compounds in cigarette smoke are similar to those of the cigarette marker and are also adsorbed on the
sensing material, it is difficult to conclude that the total frequency shift in the detection of cigarette
smoke is contributed from the cigarette marker. To determine the influence of non-cigarette- related
substances, a selectivity test is necessary. Figure 8 shows a comparison of sensitivity of the SAW
sensor coated with an O-HMC-sensitive material towards CO, CO2, CH4, and 3-EP (SHS marker),
which indicates a high selectivity to the cigarette smoke marker because of the high affinity of 3-EP to
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O-HMC. These results indicate that the frequency shift due to CO and CO2 could be negligible during
the detection of cigarette smoke, but CH4 shows a larger adsorption to O-HMC as the micro-pores
and meso-pores in the carbon of diameter less than 2 nm has an effective adsorption capacity for
methane [34]. As the SAW sensor performance is also seriously affected by moisture, the frequency
shift at varied relative humidity (RH) is also measured to calibrate the influence of water molecules.
Overall, the selectivity of O-HMC toward cigarette smoke is adequate to apply the SAW sensor and
detection under real conditions.

Figure 8. Selectivity of SAW sensor coated with O-HMC towards CO2 (1.27%), CH4 (150 ppm), CO
(350 ppm), and 3-EP (standard cigarette marker, 17 ppm).

4. Conclusions

Statistical data indicate that persons exposed to second-hand smoke (SHS) have a greater risk
of lung cancer and coronary heart disease. The surface-acoustic-wave (SAW) gas sensor coated with
oxidized hollow mesoporous carbon nanospheres (O-HMC) detects the second-hand smoke marker
(3-ethenylpyridine) and cigarette smoke. This non-polymer sensitive coating is made through treatment
with nitric acid and has many carboxyl groups to bond with the tobacco marker. The O-HMC is
more sensitive than PAA-HMC and can avoid the shortcomings of a polymer-based sensing material.
It shows satisfactory selectivity to CO, CO2, CH4, and 3-EP. The large specific surface area caused by
the porous structure and the self-designed micro-chamber lead to rapid detection at a small flow rate.
Besides the detection of the pure compound, the SAW sensor detects cigarette smoke repeatedly with a
filter of suitable size to remove excess tar and particles, which have great potential as a real-time smoke
detector. This SAW sensor is an important distinction from passive sampling and time-consuming
measurements of ambient nicotine. It allows for a demonstration of the concentration changes in the
air cigarette marker from a specific smoking condition and provides the immediate protection from
tobacco hazards.
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Abstract: A key aspect of microfluidic processes is their ability to perform chemical reactions in small
volumes under continuous flow. However, a continuous process requires stable reagent flow over
a prolonged period. This can be challenging in microfluidic systems, as bubbles or particles easily
block or alter the flow. Online analysis of the product stream can alleviate this problem by providing
a feedback signal. When this signal exceeds a pre-defined range, the process can be re-adjusted
or interrupted to prevent contamination. Here we demonstrate the feasibility of this concept by
implementing a microfluidic detector downstream of a segmented-flow system for the synthesis of
lipid nanoparticles. To match the flow rate through the detector to the measurement bandwidth
independent of the synthesis requirements, a small stream is sidelined from the original product
stream and routed through a measuring channel with 2 × 2 μm cross-section. The small size of
the measuring channel prevents the entry of air plugs, which are inherent to our segmented flow
synthesis device. Nanoparticles passing through the small channel were detected and characterized by
quantitative fluorescence measurements. With this setup, we were able to count single nanoparticles.
This way, we were able to detect changes in the particle synthesis affecting the size, concentration,
or velocity of the particles in suspension. We envision that the flow-splitting scheme demonstrated
here can be transferred to detection methods other than fluorescence for continuous monitoring and
feedback control of microfluidic nanoparticle synthesis.

Keywords: lipid nanoparticles; online analysis; microfluidics; plug flow mixer; fluorescence;
precipitation; single particle analysis; nanoparticle characterization

1. Introduction

Continuous processes provide numerous advantages over batch processes for the production
of chemical and pharmaceutical products [1–3]. For example, continuous processes often result
in significantly lower waste production [4] and better process control than batch processes [5].
Importantly, continuous processes are often amenable to a microfluidic implementation, enabling
efficient production of small batches [2,3]. Several microfluidic systems for the continuous production
of nanoparticles have been demonstrated in the past. Examples include systems for the synthesis
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of quantum dots [6,7], metal particles [8–10], metal oxide particles [11], drug nanoparticles [12], and
polymer nanoparticles for medical application [13,14]. Liposomes [15] and lipid nanoparticles [16]
have raised great interest as drug carriers. Lipid nanoparticles are of special interest for encapsulating
poorly water-soluble active ingredients to facilitate their transport in the bloodstream and uptake
into cells [17,18]. Since—especially at early stages of drug discovery and development—drugs are
often produced only in small amounts, there is an interest in continuous microfluidic processes for
synthesizing lipid nanoparticles continuously and efficiently at a small scale. By this motivation, the
synthesis of lipid particles in microsystems has been demonstrated previously [19–24].

Process stability over several hours or days is an important challenge for the synthesis of uniformly
sized nanoparticles in microfluidic systems. During the long time of production, the process can be
altered by time-dependent changes, including mechanical wear of the pumping system, a change in
the reactant composition, or the blockage of microfluidic channels by particles and gas bubbles. Such
changes can compromise the quality or make the product unusable. Therefore, being able to monitor
the process output is of great interest for designing reliable and robust microfluidic systems for the
synthesis of nanoparticles. In contrast to an end-point analysis of small batches, online analysis allows
the continuous measurement of important product characteristics and the ability to counteract any
change. Adding such an analysis to a microfluidic system is tied to special requirements. First, a low
volume without large cavities or dead volume is critical to avoid back mixing and to minimize the
time delay between synthesis and characterization. Second, the flow rate through the detector needs
to be matched to the detection bandwidth. This is important in order to ensure that particles pass at an
adequate frequency while spending sufficient time in the detector to elicit a quantifiable response.

To analyze particles in a microfluidic setup, different kinds of detectors have been proposed [25,26].
The most commonly used techniques for analyzing nanoparticles are bulk methods, which analyze
the collective effect induced by all particles in a reference volume. Examples of such techniques
include dynamic light scattering [27,28], fluorescence spectroscopy [7,29], ultraviolet–visible (UV/Vis)
spectroscopy [30], and X-ray absorption [31,32]. The drawback of bulk analysis techniques is a limited
capability to detect samples with high polydispersity or a multimodal distribution. Another way to
detect particles is by single particle analysis (SPA). Among the most well-known SPA-based systems are
flow cytometers and cell sorters [33]. SPA detectors in microfluidic systems can use different detection
principles like impedance detection [34–38], static light scattering [39–43], and fluorescence-based
detection [43–48]. Often two or three of these detection principles are coupled [34,43,47,49,50]. Most
microfluidic single-particle detectors described in the literature have been developed to detect and
differentiate particles bigger than 1 μm. Smaller particles are significantly more difficult to detect, as the
signal strength in all the above methods decreases nonlinearly with size [35,36,40–44,46,48,51,52].

Therefore, to achieve an adequate signal-to-noise ratio, it is important to choose the flow rate
through the detector slow enough to be able to measure at a relatively low bandwidth. However,
the direct sequential coupling of continuous-flow synthesis with a flow-through detector does not
allow independent flow-rate adjustment. Therefore, while nanoparticles have been measured in
microfluidic systems by different bulk sensors online [6,7,27,28,30–32], there are no studies, to our
knowledge, combining a low sample volume microfluidic online SPA detector for sub-micron particles
with a nanoparticle synthesis setup.

In this study, we combine a microfluidic lipid nanoparticle precipitation setup with a fluorescence
detection system able to detect the nanoparticles in a small stream. In our system, lipid nanoparticles
are synthesized by solvent-antisolvent-precipitation, in which an organic phase containing the lipid
and a fluorescent dye is mixed with an excess of water [53]. The organic solvent, which is miscible
with water, diffuses into the much bigger water volume. In the mixture, the character of the water
dominates so that the lipids precipitate, encapsulating the dye. Since a higher oversaturation leads to
a reduced particle size, rapid mixing to homogeneity is important to avoid concentration gradients
that would result in a broad size distribution. To achieve this, we employed a plug-flow mixer first
described by Erfle et al. [24], in which the fluids that are to be mixed are combined in plugs divided by
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gas. As these plugs propagate through the system, rapid mixing takes place due to recirculation of the
fluids within the plugs.

The detector uses a micron-sized channel instead of a focusing sheath stream to ensure the
measurement of single particles in a defined detection spot [48,51,54]. The whole particle suspension is
flown through a microfluidic channel. A much smaller measurement channel branches off this channel.
The small profile of the measurement channel (2 μm width and height) confines the volume of liquid
and ensures that a great majority of the detection events is caused by isolated single particles. Detection
itself is accomplished by focusing a laser on a part of the small channel to excite the fluorescent dye
Nile Red, which is added to the lipid nanoparticles during precipitation. A characteristic phenomenon
of Nile Red is that its fluorescence is heavily quenched in water so that the accumulated lipophilic
dye molecules in the lipid particles are much brighter than the ones remaining in water [55]. By the
combination of the quenching and the lipophilic accumulation in the lipid particles, the particles
generate a fluorescent intensity much stronger than the surrounding liquid. The fluorescence emission
is collected and analyzed. Here each passing particle generates a peak, the height of which corresponds
to the number of fluorophores in the particle. The length of the peaks corresponds to the residence time
in the detection spot. Assuming homogenous distribution of fluorophores in the lipid volume, the peak
height can be used as a measure for particle size, while the residence time allows the measurement of
the velocity in the channel. Based on the velocity, geometrical parameters and the number of particles
per minute, the concentration of particles can be measured.

2. Materials and Methods

2.1. Mixing Chip

The mixing system included a micromixer which operated according to the principle of segmented
gas–liquid flow [24]. Borosilicate glass (Schott BOROFLOAT® 33, Schott AG, Mainz, Germany) was
chosen as the material because it is mechanically and chemically stable, biocompatible, and transparent
for optical observations [12,56,57]. The fabrication of the microsystem and the structuring of the
glass was performed by femtosecond laser ablation (microSTRUCT c; 3D Micromac AG, Chemnitz,
Germany). Details about the manufacturing process can be found in Erfle et al. [24]. The micromixer has
a symmetrical design in which the solutions are divided after entry and reunited at the flow-focusing
point (see Appendix A). By this arrangement, the organic phase was focused in the middle of the
channel, and the contact to the wall was limited to prevent fouling. The streams were generated by two
syringe pumps (neMESYS 290N, Cetoni GmbH, Korbussen, Germany). Due to the small dimensions,
mixing by convection was limited. To increase the mixing efficiency, nitrogen was injected at the
flow-focusing point where the streams merge, achieving immediate segmentation of the continuous
flow into liquid plugs. In these liquid plugs, recirculation was induced, which increases the mixing
rate. In the mixture, the oversaturation of solvent led to the precipitation of particles, so a higher
oversaturation increased the number of small particles. Thus, better mixing quality led to a smaller
and more homogeneous size of the precipitated particles. The gas stream was regulated by a pressure
regulator (OB1 MK3, ELVESYS, Paris, France), which allowed to control the plug length and thereby
influence the particle size. A camera was used to measure the plug size and allowed adjustment of the
particle/plug size.

The mixing chip was linked to the detector by capillary tubing made of polyether ether ketone
(PEEK) with an inner diameter of 0.5 mm and an outer diameter of 0.821 mm with a length between 5
and 10 cm (Figure 1). The major part of the product stream was routed to a pressurized vial without
passing the detector. A fraction of the product stream was rerouted by a Y-connector to the detector.
The vial was pressurized up to 0.8 bar to drive the liquid through the detector.
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Figure 1. Flowchart and structure of the online analysis setup.

2.2. Detection Setup

The particle detection chip consisted of a structured silicon element closed by Borofloat glass.
The chips were fabricated using lithography and standard silicon processing. The small measurement
channel was first etched into silicon anisotropically by deep reactive ion etching (DRIE) on an STS
Multiplex system (Surface Technology Systems, Newport, UK) using a Bosch process with alternating
cycles of C4F8 for sidewall passivation and SF6 for etching. Large supply channels were then patterned
by lithography and etched to a depth of 30 μm using a Bosch process. After this step, the channels
were sealed by anodic bonding to an unstructured Borofloat wafer, and access holes were etched
through the silicon from the backside using DRIE. The channel structure contained two 75 μm wide
supply channels, which were connected by a measurement channel only 2 μm deep and wide. These
dimensions were the design values. An example of a real device cross section is shown in the appendix.

The chip was connected to capillary tubing by a special holder allowing a microscope objective to
operate at a distance less than 2 mm from the glass surface and, at the same time, connect the capillaries
tightly to the backside of the chip. The buffer supply channel was filled with Hellmanex solution to
purge stuck particles from the chip every four minutes. The outlet of the product supply channel was
connected to a pressure-controlled vial. Additional pressure-controlled vials were connected to the
inlet and outlet of the buffer supply channel. These pressure-controlled vials provided a tunable and
stable flow, driving the particle suspension through the measurement channel or fresh buffer solution
through the purge channel.

The analyzed channel area was illuminated by a 532 nm laser (CPS 532, Thorlabs, Newton, NJ,
USA), which was focused on the chip by the microscope objective (LD-Plan NEOFLUAR 40×/0.6
Corr Ph2, Carl Zeiss AG, Oberkochen, Germany). The same objective collected the emitted light and
projected it on a detector after passing a dichroic mirror (MD 568, Thorlabs, Newton, NJ, USA) and
an emission filter (FELH0550, Thorlabs, Newton, NJ, USA). The light was analyzed by an avalanche
photodiode (APD 110A, Thorlabs, Newton, NJ, USA). The signal of the photodiode was amplified
200 times and low-pass filtered at 10 kHz by a preamplifier (SR 560, Stanford Research Systems,
Sunnyvale, CA, USA) before it was analyzed by an oscilloscope (PicoScope 4262, Cambridgeshire, UK).
The oscilloscope measured the signal every 10 μs in a range of 5 V (DC).
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For experiments using reference particles to characterize the whole system, the injected
organic phase was replaced by an aqueous solution of reference particles, while all other solutions,
pressures, and apparatus stayed the same to allow the characterization of parameters without
changing concentration.

2.3. Chemicals and Solutions

The detector was calibrated and characterized using an aqueous solution containing fluorescent
beads with a nominal diameter of 200 nm (F-8809, Thermo Fisher Scientific, Waltham, MA, USA) at
a concentration of 4 * 106 particles per milliliter. In addition, the solution contained Rhodamine to detect
the flow direction even in case of clogging (10 μg/mL; Quality for Fluorescence, Merck, Darmstadt,
Germany), sodium chloride (5.48 mg/mL, >99.8%, Carl Roth, Karlsruhe, Germany), sodium azide
(20 μg/mL, >99%, Carl Roth, Karlsruhe, Germany), and sodium dodecyl sulfate (0.1 mg/mL, >99%,
Merck, Darmstadt, Germany).

For the precipitation experiments, castor oil (5 mg/mL, Henry Lamotte Oils, Bremen, Germany),
polysorbate 80 (2.5 mg/mL, BioXtra, Merck, Darmstadt, Germany), and Nile Red (8 μg/mL, technical
grade, Merck, Darmstadt, Germany) were dissolved in ethanol and filtered through a 200 nm syringe
filter (Polypropylene, VWR International, Radnor, PA, USA). The aqueous solution used consisted of
deionized water filtered through a 200 nm syringe filter.

The system was purged with a 2% solution of Hellmanex (Hellmanex III, Helma Analytics,
Müllheim, Germany) in deionized water, which was filtered through a 200 nm syringe filter
(Polypropylene, VWR International, Radnor, PA, USA).

The gas bubble generation and pressurizing of vials was done with nitrogen.

2.4. Nanoparticle Characterization and Data Processing

To get additional information about the experiments, the produced particle suspensions were
collected and analyzed by a NanoSight NS300 (Malvern Instruments, Malvern, UK) to measure the
particle size distribution and concentration. For this measurement, the sample was diluted one
thousand times, kept at 25 ◦C, and illuminated by a laser with a wavelength of 405 nm. The movement
of particles was tracked for one minute with a rate of 25 frames per second. Assuming that the viscosity
of the liquid corresponds approximately to that of water, the sample was analyzed with a detection
limit of 20 arbitrary units. The detected particles were counted to measure the concentration and
tracked to measure the Brownian motion, allowing the determination of the size of a single particle.

The data collected by the online detector were analyzed using a Matlab script, which set the
baseline to zero by subtracting a low pass filtered version of the signal from itself. The new data track
contained the peaks, which exhibited a plateau consisting of single elevated points. Our peak-finding
algorithm marked only the highest value of each peak. After identifying the peaks, the script measured
the number of peaks per second, the height of the peaks above the baseline, and the width of the peaks
at the half height. A fixed value was added to the arbitrary units to compensate an offset induced by
the baseline subtraction.

2.5. Experiments

Five different nitrogen plug sizes were used in the segmented-flow system to precipitate
nanoparticles with different size distributions and concentrations. The liquids were mixed using
controlled flow rates of 140 μL/min in the aqueous channel and 60 μL/min in the organic channel.
The nitrogen pressure was adjusted to get the aimed plug size. From previous experiments, we knew
that the mean particle size generated in plugs of the selected lengths was expected to vary between
95 nm and 170 nm in diameter [24].

The detector was started 5 min after a stable stream was established to allow time for the
suspension to reach the detector. The detector measured the particles at 4 min intervals to allow
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purging of the measurement channel. After three cycles, the measurement was finished and the system
was purged to continue with a different plug size.

3. Results and Discussion

3.1. Particle Concentration

First, we investigated the ability to measure the concentration of precipitated nanoparticles
continuously using our coupled plug-flow mixer and fluidic bypass detector. The data (Figure 2a)
show that by increasing the pressure drop in the synthesis, the concentration of particles in the product
stream dropped. Importantly, this drop was consistently measured by our online detection method
and off-line by batch measurements with the NanoSight instrument. For the NanoSight measurements,
the sample flowing through the bypass was collected, and the concentration of nanoparticles was
measured by counting the particles in the volume defined by the objective used in the NanoSight.
The concentration of particles measured in the collected product showed the same dependence on
the pressure drop as the microfluidic online detection. To find out whether the change in the number
of detected particles was related to the change in precipitation or to varied flow velocity, the system
was tested with reference particles under the same conditions. In comparison to the precipitated lipid
nanoparticles, the reference particles showed no significant change in the number of detected particles
with varied flow velocity. The change in particle number was therefore related to the synthesis in
the chip and did not depend on changes in flow rates in the setup, which allowed us to correlate
the microfluidic measured parameter with the concentration and thus calibrate these parameters for
further processes (Figure 2b).

(a)

Figure 2. Cont.
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(b)

Figure 2. (a) Particles per minute measured with the microfluidic detector (red and green) and
concentration of lipid nanoparticles in the collected product stream measured by the NanoSight
system (blue). Error bars represent the standard errors of the respective measurement techniques. (b)
Correlation of the microfluidic measured particles per minute and concentration.

3.2. Single-Particle Analysis by Fluorescence

Given that the concentration of Nile Red in the lipid nanoparticles is uniform, the maximum peak
intensities that are detected in our setup are proportional to the volume of the particles. Histograms of
the maximum peak intensities measured in experiments with different mixing conditions are shown in
Figure 3a. Different mixing conditions were set up by varying the length of the gas plugs between the
liquid segments in the mixer.

(a)

Figure 3. Cont.
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(b)

(c)

Figure 3. (a) Histograms of the fluorescence intensity of different experiments. (b) Histograms of the
reciprocal residence time of different experiments. (c) Heatmap for all particles of a 1419 μm plug
experiment to detect correlations between fluorescence intensity and residence time (colored areas in
(a) and (b) represent the variance of three to four repeated experiments under the same conditions).

The histograms of the maximum peak intensities reveal a distribution which can be approximated
by a superposition of Gaussian curves. The reduction in plug size leads to a reduction of the mean
particle size up to 29%. This reduction is not due to a shift of the maxima in the histograms, but rather
due to a narrowing of the distribution, which is more pronounced for particles much bigger than
the mean. This change indicates that a bigger plug size leads to an increased polydispersity of the
particle suspension.

The histograms of the reciprocal residence time show a very prominent peak in all experiments
(Figure 3b). The height of the peaks varies between the experiments. These differences result from
the different concentration of particles in each experiment as described before. A change of the mean
value between the experiments is detectable, but is not due to a shift of the main peak. Instead, the
histograms reveal additional peaks resulting from particles with lower residence times. These peaks
are more prominent at larger plug sizes (and a lower pressure drop in the measurement channel) and
lead to an increase of the mean value. Since the value represents the reciprocal residence time, this
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means that some particles were much faster, passing the measurement channel at conditions with
a lower pressure drop.

The combination of fluorescence peak amplitude and width reveals very interesting details about
the particle distribution, as shown in the scatter plot in Figure 4c. While most of the particles follow
a narrow size distribution, some particles were scattered over a wider range of sizes and velocities.
The interesting point is that the majority of the outliers seemed only to differ in one value from the
majority of the points (Figure 3c). This independence of the outliers supports the hypothesis that
the phenomena are not connected with each other and even very big particles can move freely in the
channel. At a qualitative level, the scatter plot did not reveal any strong indication that outliers in
size systematically deviate from the residence time distribution of the majority of the particles. This
would be commensurate with the hypothesis that their velocity distribution follows the flow velocity
field within the narrow channel. However, a more detailed quantitative analysis would be needed
in the future to thoroughly elucidate potential systematic connections between residence time and
particle size. Besides the predictable effects of steric hindrance within the small channel, connections
between size and residence time distribution could also be suspected for reasons of stiction and other
size/morphology-related effects.

To investigate whether the fluorescence intensity histograms measured with the microfluidic
device were consistent with nanoparticle tracking analysis (NTA), the sample was collected at the
outlet and analyzed with the NanoSight instrument. In this way, it was possible to measure the same
sample in the microfluidic detector and by NTA and compare the resulting histograms. In this work,
the focus was on measuring relative changes in a given distribution rather than absolute particle sizes.
Therefore, the calibration was done by adjusting the arbitrary units on the x-axis of the histogram of
particle diameters (measured by NTA) and the histogram of the third root of fluorescence intensities
(measured by the microfluidic detector). The scale factor for the abscissa was chosen to obtain an
overlap at the halved maxima of the two histograms (Figure 4a). The alignment was then transferred
on two other measurements (Figure 4b,c) showing that a small shift of the peak maximum between the
samples was traceable with both measurement techniques. This made it possible to trace a change
in particle size in fluorescence and to establish a connection between particle size and fluorescence
intensity. Note that although we consider this calibration sufficient for simple process monitoring,
it would be interesting to pursue the option of an absolute independent calibration in future work. This
could be accomplished by identifying suitable reference particles whose photophysical characteristics
match those of the Nile Red-dyed lipid nanoparticles.

(a)

Figure 4. Cont.
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(b)

(c)

Figure 4. Comparison of qualitative histograms of the third root of fluorescence intensity and particle
diameter at different precipitation conditions. The Poisson errors for the microfluidic detector were
below a reasonable graphic expression in this context. (a) 812 μm plug size. (b) 529 μm plug size. (c)
386 μm plug size.

While the peak maximum and the reduction of particle concentration was traceable with both
techniques, the polydispersity measured by the NanoSight system was increased in the second and
third example (Figure 4b,c). A possible explanation for this is the much smaller number of particles
measured with the NanoSight, combined with the possibility of systematic changes in the sample upon
collection and transfer to the instrument. Further studies would be needed, however, to investigate
this difference in more detail.

3.3. Continuous Monitoring to Detect Alterations in Nanoparticle Synthesis

The previous experiments demonstrated the capacity of the setup to detect fluorescent
nanoparticles and recognize changes in the process of particle generation, but only under stable
process conditions. As a next step, we studied the ability to detect transient situations when the process
is destabilized at examples recorded during prolonged experiments previously described.
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We monitored the signal from the fluorescence detector continuously and analyzed the three
measured parameters (single-particle peak amplitude, peak frequency, and residence time) in 15 s
intervals. As seen in Figure 5, different types of perturbations could be recorded. The analysis of
the three parameters that were recorded allowed a detailed analysis of the transient phenomena.
In one experiment, a slow drift in the particle-per-minute count and in the residence time per particle
could be detected, as seen in the comparison between Figure 5a,b. This perturbation means that,
despite constant synthesis condition, the throughput and velocity in the detector were reduced, which
could be the result of fouling. Similarly, a much faster and unstable change in the residence time
and the number of particles was detected (Figure 5d), which could be interpreted as clogging of the
measurement channel. In both incidents recorded before, the intensity of the particles was not affected
by the perturbations, indicating that the precipitation was unaffected. In contrast, in a third detected
incident, the precipitation was disrupted, showing changes in all three parameters (Figure 5c). Since
the concentration and velocity rose suddenly, a subtle change in flow rate and/or pressure within
the fluidic system is likely the cause. A sudden pressure increase can lead to precipitation of larger
particles, as seen in the intensity measurement. Using this method, we were able to detect these
changes and record the time at which they occurred.

(a) (b)

(c) (d)

Figure 5. Detected perturbations of the online synthesis. Colored areas represent the standard error of
the average value for 15 s measurement frames. (a) No incidents. (b) Drifting change. (c) Incident in
synthesis. (d) Clogging.

In the future, this information could be used either as a feedback signal to stabilize the synthesis
conditions or to suspend the process in time to prevent contamination of the collected product. In such
applications, the response time of the detector is an important figure. Our two-chip synthesis/detector
system provided interesting insights into realistically attainable response times with similar designs.
Here the response time was limited mainly by two factors. First, there was a delay of 90 s in our
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system until the liquid reaches the detector. Second, at least two data points needed to be collected
to identify a step change in the measured parameters. In our example, this added up to a minimum
response time of 120 s until a change in synthesis conditions was visible. There is much room for
improvement, however, for example by placing the synthesis and detection systems in closer proximity
or by increasing the fluidic throughput. Our experience suggests that future systems could realistically
be optimized to response times shorter than ten seconds.

4. Conclusions

By combining a microfluidic single particle analysis with a particle synthesis chip, we were able to
realize an online analysis of nanoparticles synthesized in a microfluidic system. A unique characteristic
of our detector is that only a small fraction of the generated particles is withdrawn from the product
stream and guided through a detection channel, which has a volume of only 2 pL. Nanoparticles
passing through the small channel one-by-one were detected by fluorescence. Transient changes in the
particle synthesis were detected in different parameters and could be assigned to a specific time of the
process. The single particle signals allow a very detailed analysis based on the histograms and the
discussion of outliers.

By detecting the differences between different process conditions, we validated that the stability in
size and concentration of the particles—in this process—can be detected, and that incidents happening
during the process can be monitored.

To reach a feedback-controlled process, the analysis has to be automated in a single program to
allow the fast detection of changes and to counteract those changes by adjusting control parameters
of the synthesis (e.g., the driving pressures). Another valuable addition would be a robotic sample
collection device that is reached by the stream later than the detector and so could respond to incidents
by rerouting the tainted product and protect the already produced particle solution. Since a fast
response of such a system is crucial, detection and synthesis should be combined in a single chip to
lower the reaction time.

The comparison with particle size measurements, as shown in this work, allow a validation that
the changes in intensity are related to a change in particle size. However, for a validated calibration,
samples containing the same particles in a narrow size range would have to be measured with the
microfluidic detector and an external calibration to correlate intensity to particle size.

In the future, the fundamental limits (e.g., minimum concentration, smallest possible response
time) of this approach should also be further studied to allow a better understanding of the applicability
of the detector. In addition, by adding static light scattering detection to the setup, the need for
a fluorescent dye in the lipid nanoparticles could be eliminated to increase the number of applications
for the detector. To increase the long-term stability of the detection, future setups could replace the
small measurement channel with a wider channel that incorporates a flow focusing technique. This
would increase the resistance of the method against clogging.

In summary, we developed a microfluidic device able to continuously monitor and detect changes
in microfluidic nanoparticle synthesis processes, consuming only nanoliter samples.
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Appendix A

Mixing Chip

The mixing chip is built by combining two glass slides, which are both structured to a depth of
100 μm to achieve a round or oval profile [24]. The fluid channels branch in two symmetrical channels
until all streams are combined in a crossing section (Figure A1). To ensure the purity of the liquids,
the inlet channels contained particle traps. The crossing section merges five channels into a single
stream. In this section the diameter of the different channels vary widely, so that the organic phase
containing channels are only 20 μm wide, while the water channels had a width of 100 μm. In addition
to these doubled channels the 150 μm wide gas channel is entering the crossing section. The combined
stream leaves the crossing section in a straight 2500 μm long and 200 μm wide channel to ensure an
optimal mixing process before the liquid leaves the chip.

Figure A1. Photograph of the mixer chip

Detection Chip

The critical part of the detection chip is the measurement channel with a nominal depth and width
of 2 μm. The channel itself has a length of 400 μm, from which 200 μm are shaped in an U to allow the
laser alignment without hitting the supply channels (Figure A2b). The supply channels with a width of
75 μm and a depth of 30 μm allow the regulation and exchange of content of the measurement channel
by adjusting the pressure between the four access points. To connect the access points by capillary
tubings on the back of the chip, the supply channels spread the access points over the area leading to
a length of more than 8 mm for each of them (Figures A2a and A3).

(a) (b)

Figure A2. (a) Photogrpaph of the detection chip and (b) measurement channel.
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Figure A3. Cross section of channels used in the detection chip.
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Abstract: In order to fabricate a digital microfluidic (DMF) chip, which requires a patterned array of
electrodes coated with a dielectric film, we explored two simple methods: Ballpoint pen printing to
generate the electrodes, and wrapping of a dielectric plastic film to coat the electrodes. For precise
and programmable printing of the patterned electrodes, we used a digital plotter with a ballpoint
pen filled with a silver nanoparticle (AgNP) ink. Instead of using conventional material deposition
methods, such as chemical vapor deposition, printing, and spin coating, for fabricating the thin
dielectric layer, we used a simple method in which we prepared a thin dielectric layer using pre-made
linear, low-density polyethylene (LLDPE) plastic (17-μm thick) by simple wrapping. We then sealed
it tightly with thin silicone oil layers so that it could be used as a DMF chip. Such a treated dielectric
layer showed good electrowetting performance for a sessile drop without contact angle hysteresis
under an applied voltage of less than 170 V. By using this straightforward fabrication method, we
quickly and affordably fabricated a paper-based DMF chip and demonstrated the digital electrofluidic
actuation and manipulation of drops.

Keywords: dielectric film; plastic wrap; ballpoint pen printing; conductive electrode; digital
microfluidic chip; electrowetting

1. Introduction

A few decades ago, a digital microfluidic (DMF) chip was introduced as a new type of
lab-on-a-chip (LOC) device [1–3]. The DMF chip manipulates droplets on the surface of a set of
electrode arrays coated with a dielectric film and actuated by applying an electrical potential. The
actuation principle is based on the so-called electrowetting on dielectric (EWOD) phenomena. EWOD
is a very practical way for fluidic manipulation in microfluidic devices. It has been used for creating
an electrowetting valve to control the flow of the fluid in a continuous-flow paper-based microfluidic
device [4,5]. Moreover, EWOD has been effectively used for the mixing, splitting, and transporting of
aqueous samples, which are essential characteristics for LOCs [6–8]. That type of LOC was a simplified
and minimized device, because many scalable components, such as complex pumps, guiding channels
and valves, had been removed and replaced with planar structures capable of actuating a DMF drop
driven by the EWOD phenomena [9–11].

Micromachines 2019, 10, 109; doi:10.3390/mi10020109 www.mdpi.com/journal/micromachines81
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For the fabrication of a planar DMF chip, a set of patterned electrode arrays and a thin dielectric
layer must be fabricated [1–3]. Many deposition methods can be used to pattern electrodes, but
most rely on the phases of the deposited materials, such as metals with lithography and sputtering,
wet-based inks with inkjet printing, copper-based printed circuit boards with etching, and so
on [9,12,13]. Particularly, a paper-based DMF chip, which is much easier to implement for inkjet
printing of patterned electrodes than any other conventional substrates, such as wafers, glasses
and polychlorinated biphenyls (PCBs), was introduced, providing an easy and convenient means of
fabricating DMF LOCs [8,14–17]. Commonly, thin dielectric layers for DMF chips are generated by
using spin coating and chemical vapor deposition (CVD), which require a clean room facility [18,19].
These processes cause the fabrication of DMF chips to be expensive, even though the cost of LOC
devices for point-of-care (POC) applications should be inexpensive.

Here we introduce and exploit a simplified way of printing that uses a ballpoint pen filled with
ink made of a conductive material, as well as a digital plotter for printing electrode arrays on paper for
a DMF chip. Moreover, even though parylene-C has been widely used for the deposition of dielectric
films, especially when the CVD method is used, we attempted to devise a significantly simpler way to
fabricate dielectric films; to that end, we explored a wrapping method that uses a pre-made plastic
film. By combining the above two simplified deposition methods to deposit a double-layer, i.e., a
dielectric layer top-coated onto a conductive layer, we affordably fabricated a paper-based DMF chip
and successfully demonstrated its good electrofluidic performance and operation.

2. Materials and Methods

2.1. Chemicals and Materials

Silver nanoparticle (AgNP) ink was purchased from Advance Nano Products Co., Ltd (DGP
40LT-15C, Sejong, Korea). The surface tension and the average particle size were 22 mN/m and less
than 50 nm, respectively. For the ink cartridge and the housing barrel of the ballpoint pen, we used
the cartridge from a ball pen (ball diameter of 1.0 mm, Zebra, Tokyo, Japan) and the barrel from a
permanent marker (Monami, Yongin-si, Korea), respectively. Inkjet photo paper (C13S042187, Epson,
Tokyo, Japan) was selected for the printing substrate because it is glossy and thermally stable up to a
temperature of 200 ◦C. A digital plotter (Cricut Explore Air, Provo Craft & Novelty, Inc., South Jordan,
UT, USA) with software (Cricut Design Space, Ver. 3) was employed for the printing. The ballpoint pen
used for the printing with a digital plotter was prepared as reported previously [20]. After the original
ink had been removed, the empty cartridge was sonicated in an ethanol bath for a day, after which
it was cleaned with water. The cleaned cartridge was then filled by pipetting with 80 μL of AgNP
ink. A plastic film, which is used to wrap food in a home kitchen (thickness of ~17 μm, Cleanwrap,
Seoul, Korea) and is made of flexible, stretchable linear low-density polyethylene (LLDPE) was used.
For both the lubricant and the adhesive filler, dielectric silicone oil with a dynamic viscosity of 10 cP
(Sigma-Aldrich, St. Louis, MO, USA) was used.

2.2. Printing of Electrode Arrays for Paper-Based DMF Chip

In the patterning of electrodes for the paper-based DMF chip, we used AgNP ink, which is a highly
conductive material, a ballpoint pen, and a digital plotter. The electrode arrays for the paper-based
DMF chips were designed using computer-aided design software (Adobe Illustrator CC 2015, Adobe,
San Jose, CA, USA) and then exported to an AutoCAD Interchange file (*.DXF). Before the printing,
the prepared ballpoint pen was inserted into clamp A of the digital plotter. Then the design file was
uploaded to an online design space of the digital plotter and set as the writing function. We set the
printing file as the writing function (Clamp A) with a printing speed of 5 cm/s. The printing speed
was fixed at 4.6 cm/s for a horizontal or vertical line and at 5.9 cm/s for a 45◦-tilted line. After the
printing, the AgNP electrode arrays were annealed at 170 ◦C for 30 min to reduce electrical resistance.
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We characterized the printed patterns by using a field emission scanning electron microscope (FE-SEM)
(JSM-7100F, JEOL, Pleasanton, CA, USA).

2.3. Preparation of Thin Dielectric Film for Paper-Based DMF Chip

The dielectric layer for the paper-based DMF chip was prepared using a commercial pre-made
plastic wrap (17 μm) made of LLDPE. It was prepared by fixing it to an adhesive plastic frame
to make it flat. We applied silicone oil (20 μL) to cover the entire surface of the LLDP-dielectric
layer to reduce the layer’s surface friction during the movement of a droplet on the surface. We
applied a thin layer of silicone oil to the printed electrodes and to the substrate to ensure that the
LLDPE-dielectric layer bonded to the printed electrodes and the substrate with no air bubbles at the
interface. The surface properties of the LLDPE-dielectric film were observed by using atomic force
microscopy (AFM) (NanoStation, Pucotech, Seoul, Korea) and Fourier-transform infrared spectroscopy
(FT-IR) (Agilent Technologies, Cray 640 FTIR, Santa Clara, CA, USA). The contact angles (CA) of
droplets were measured by using a freeware program (ImageJ, 1.51p, National Institutes of Health
(NIH), Bethesda, MD, USA) on images of water droplets captured by using a contact angle analyzer
(Phx 300, Image XP 5.6U, SEO, Seoul, Korea). The leakage of electrical current was measured by using
a source meter (Keithley, 2400, Keithley Instruments, Solon, OH, USA).

3. Results

3.1. Electrode Arrays of the Paper-Based DMF Chip

In the fabrication of the DMF chip, the electrode size and shape must be carefully designed and
depend on the sample volume and whether the system is closed or open. Obtaining a proper method
for printing a customized electrode is crucial. To that end, we explored a simple printing method
using a customized ballpoint pen [20–22] and a type of direct contact printing in which we simply
replaced the pigment ink in the stylus with conductive AgNP ink. After the ballpoint pen had been
prepared, we inserted it into a pen holder of the plotter for printing in a programmable manner [20].
The contact pressure and the lateral movement of the ballpoint pen controlled by the digital plotter
allowed the deposition gap of the ballpoint pen to open, and rotated the ballpoint of the ballpoint pen.
As a result, AgNP ink was deposited on the printing substrate. Figure 1 shows the printing setup for
patterning electrode arrays for a paper-based DMF by using a ballpoint pen and a plotter. With the
printing system, a layman can print a customized design on paper in minutes without the need for
expensive equipment (Video S1).

 
Figure 1. Printing setup for patterning electrode arrays on paper for the fabrication of a digital
microfluidic (DMF) chip by using a ballpoint pen and a digital plotter.

In Figure 2a,b, we demonstrate the printing on paper of AgNP electrodes with the various sizes
and shapes that are commonly used in DMF chips and with the desired designs. However, if a large
electrode is to be printed, the printed electrode has to be designed as a group of lines [20]. The printed
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electrodes showed clean edges and good resolution, and by printing the AgNP electrodes using a 1-mm
ballpoint-pen diameter, we were able to generate in a single printing an electrode with a minimum
width and gap of 850 ± 50 μm and 200 ± 50 μm, respectively (Figure 2c). The SEM image shows that
the printed electrode contained a high density of AgNPs connected to their neighbors (Figure 2d).
Moreover, the thickness of the printed electrode (single printing) was 450 ± 50 nm, which is suitable
for DMF use (Figure 2e).

Because the printed AgNPs are, manifestly, neither strongly metallic bonded nor perfectly
crystallized, but rather a grouped domain of aggregated nanoparticle grains, in order to enhance
the conductivity of the AgNP film and to make it more tightly bonded, we thermally annealed the
printed AgNPs at 170 ◦C for 30 min. This low-temperature annealing was selected in consideration of
the limited thermal resistance of the photo paper (210 ◦C) (Figure 2c). With our setup, the electrical
resistance of the AgNP pattern was about 16 Ω/cm for one printing, was reduced to about 7 Ω/cm
for two printings and was slightly less for three and four printings (Figure 2f). The slight reduction
in electrical resistance for three and four printings is because the first printed layer can be squeezed
by a ballpoint pen during the printing of a next printed layer. This is a limitation of the contact
printing technique in the printing of multi-layer patterns. Although increasing the number of printings
increased the electrical conductivity of the printed pattern, with our printing setup, one printing
was sufficient to generate a highly conductive electrode for a DMF chip. These results clearly show
that our printing method has the ability to fabricate electrodes in arbitrary patterns. Furthermore,
the deposition of a thin electrode is interesting because such an electrode has definite advantages in
many applications, including DMF chips.

Figure 2. Printing silver nanoparticle (AgNP) electrodes on paper. (a) Electrode designs with various
sizes and shapes, (b) electrodes printed with the designs in (a) and (inset) an enlargement of one design,
and (c) printed AgNP lines. SEM images of the printed pattern: (d) top view and (e) cross-sectional
view. (f) Surface electrical resistance of the printed AgNP line versus the number of printings.

3.2. Dielectric Layer of the Paper-Based DMF Chip

Our easy printing of conductive materials to obtain precisely patterned electrodes meets the
challenge of being a simple coating process for achieving highly hydrophobic dielectric films and
offers an affordable way to fabricate paper-based DMF chips. The intervening dielectric thin film
allows the use of high voltages for inducing a stronger electrowetting force so that the shape of the
drop can be sufficiently deformed, and the drop can eventually move [3]. However, since Berge
introduced an excellent dielectric material, parylene-C, which has a very high electrical breakdown
voltage (200 V/μm), new attempts to obtain alternative dielectrics have been surprisingly rare, except
for a few materials, such as Teflon, SU-8, CYTOP, and polydimethylsiloxane (PDMS) [3,19,23–26]. Even
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worse, most thin-film deposition methods, such as CVD for parylene-C and spin-coating for Teflon,
require heavy instruments, including gas- and temperature-control systems on a lab-scale, which is a
severe obstacle to the affordable fabrication of DMF chips.

Because of the above factors, we explored a new approach, the hand-wrapping approach, to
fabricate a dielectric film for a paper-based DMF chip by using a commercially available plastic film
made of LLDPE. Originally, this method was developed by Gaudi Labs in 2017 and was then made
available to the public [24]. Even though commercial, pre-made LLDPE wrap is low-cost, the pristine
wrap cannot be used for the dielectric layer of a DMF chip without treatment. AFM data showed that
the surface of the pre-made LLDPE film contained some defects (Figure 3a,b). These defects may allow
electrical current leakage during the operation of a DMF chip under high voltage. Low hydrophobicity
(contact angle: ~93◦) is another drawback of the pre-made LLDPE film; this causes the surface friction
to increase, thereby impeding the movement of drops during DMF chip operation. To overcome these
limitations, we applied a thin layer of silicone oil on the LLDPE-dielectric film in order to make the
surface slippery, thus reducing the surface friction [27–29] (Figure 3c). For ease of handling and the
avoidance of wrinkles, we used an adhesive plastic frame, to which the LLDPE-dielectric film was
fixed to make it flat (Figure 3c). With the FT-IR spectrum, we confirmed the presence of a thin layer of
silicone oil on the LLDPE-dielectric film (Figure 4d). We believe that covering the LLDPE film with a
thin layer of silicone oil seals the surface defects on the surface of pre-made LLDPE, which should
minimize the leakage of electrical current during high-voltage DMF chip operation. We observed the
leakage current across the LLDPE-dielectric layer treated with silicone oil by applying various voltages
from 50 V to 200 V (Figure 4a). The leakage current density dramatically increased when 50 V to 175 V
were applied, and rapidly increased when a higher voltage was applied. However, this low leakage of
electrical current can be ignored if the operation voltage is lower than 200 V. With our method, we
were able to rapidly prepare and apply a dielectric layer for our fabricated paper-based DMF chip
without the need for any special tools or devices.

Figure 3. Surface morphology of the commercial LLDPE film. (a) Atomic force microscopy (AFM) image of
the film and (b) representative surface profile extracted from (a) at the dashed line. (c) Schematic structure
of a dielectric film prepared for the paper-based DMF chip and a photograph of the prepared dielectric film
with three colorful drops on it. (d) FT-IR spectrum of a LLDPE-dielectric film with and without a silicone
oil coated.
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Figure 4. (a) Leakage current density across the LLDPE-dielectric film and its schematic measurement
(inset). Characterization of the electrowetting on dielectric (EWOD) experiment on the LLDPE-dielectric
film: (b) EWOD setup, and (c,d) the electro-spreading of the drop under applied voltages.

3.3. Droplet Actuation on the Paper-Based DMF Chip

For a sessile drop on the LLDPE-wrapped electrodes, we measured the CA as a function of the
applied voltage (Figure 4b) so as to investigate the dielectric properties of the LLDPE-dielectric film. As
shown in Figure 4c, the initial CA at no voltage was greater than 90◦, indicating that the hydrophobicity
of the film was sufficient for EWOD applications (black, Figure 4c). However, the CA response to
changes in the applied voltage was irregular, not smooth, the so-called CA hysteresis [3], mostly due
to the existence of an air gap under the LLDPE-dielectric film. In order to remove the air gap, we
coated the bottom side of the LLDPE-dielectric film with a dielectric liquid sealant, silicone oil, to a
thickness of roughly 200 nm [3,14,24]. After this sealant treatment, we obtained a much-improved CA
response (green in Figure 4c), and the variation in the CA with applied voltage was small, being only
Δθ = 93 − 68 = 25◦ for ΔV = 100 − 170 = −70 Vdc. Of course, we ignored both the initial inert wetting
region at low voltages < 100 Vdc (leftmost dashed line in Figure 4c), and the saturated CA region at
high voltages > 170 Vdc (middle dashed line in Figure 4c). To increase the differential CA, Δθ(V), we
also coated the top of the wrapped film with silicone oil to lubricate the surface. As a result, Δθ(V)
was doubled from 25◦ to 50◦ for ΔV = −40 Vdc (orange in Figure 4c). Figure 4d shows representative
images of sessile drops wetted on the surface of the LLDPE-dielectric films at zero and 170 V taken
from Figure 4c.

According to the Young-Lippmann equation describing the relationship between the Young and
the Lippmann contact angles, θY(0) and θL(V), for the equilibrium states of the drop,

cos θL(V) = cos θY(0) +
1

2γlv
CV2 (1)
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where γlv is the interfacial tension between the liquid and the vapor. A higher voltage is needed to
compensate for the excessive thickness of the plastic wrapped film, 17 μm, because of the capacitance
C = εA/d, where A, d and ε are the area, thickness, and permittivity of the capacitor [3,23,30].
Fortunately, however, due to the quadratic dependence on the voltage, the required voltage for
our excessively thickly wrapped film was still low in the range of less than 210 Vdc (rightmost dashed
line in Figure 4c), which can be provided by a small-size electronic power supply. If this were not the
case, electric breakdown might occur because the required voltage for a 17-μm thickness would be
425 V due to the relatively low dielectric strength of 25 V/μm of the LLDPE-dielectric film.

3.4. Operation of the Paper-Based DMF Chip

Finally, using the same multilayer configuration for the EWOD experiment (Figure 4b), except for
replacing the single electrode with a trail-patterned array of electrodes, we fabricated a paper-based
DMF chip easily, rapidly and affordably. The paper-based DMF chip (area 5 cm × 5 cm) demonstrated
in Figure 5a costs less than USD 1 to make with a setup that costs approximately USD 241. Because a
high voltage (Vdc > 170 V) caused the drop’s spread to reach sub-maximal CA saturation, we operated
our paper-based DMF chip at a voltage of 170 V. With the applied voltage, the electrode arrays (width:
800 μm, gap: 400 μm) could move a 5-μL drop along the activated electrode (yellow mark, inset
of Figure 5a). The drop was sufficiently deformed and touched the adjacent electrode, eventually
moving toward the activated electrode. The drop’s movement across the planar electrodes can be
attributed to the large differential variation of CA, Δθ = 50 ◦C (orange, Figure 4c) because the actuation
EWOD force is proportional to Δθ according to Furmidge’s equation [30,31]. Similarly, we successfully
demonstrated digital fluidic manipulation along the trail-patterned electrodes.

 
Figure 5. Demonstration of drop actuation on an affordable paper-DMF chip: (a) a printed paper
chip and (inset) drop actuation scheme and (b) the chip connected to a power switching device.
(c) A smartphone App being run through wireless Bluetooth, and (d) three digital drops initially at rest
being simultaneously transported (top) to merge into one drop at the center and then being transported
to the left (bottom).
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A 15-μL drop was formed by transporting and merging three 5-μL drops along different paths
after the paper-based DMF chip had been connected to a custom designed control system (Figure 5d,
Video S2). The control system consists of a hardware prototype and a smartphone, as shown in
Figure 5b,c. The smartphone runs a custom-developed app that can send commands over a Bluetooth
link to the hardware prototype. The hardware prototype is based on the Stelaris LM4F120 Launchpad
(Texas Instruments, Dallas, TX, USA) development board, which is interfaced with a Bluetooth module,
a display, a custom-developed isolated flyback boost converter, and an electrode driver board based
on a commercially available integrated circuit (HV2201, Microchip, Chandler, AZ, USA). The control
system design is similar to that in our previous reports [8,32]. Our paper-based DMF chip can be used
more than 100 times without damage. In addition, it is a benefit of the design that the dielectric layer
can be substituted, which is different from the parylene coatings that are attached to the surface.

4. Conclusions

In conclusion, two affordable methods for generating both conductive electrode arrays and
dielectric layers for use in the fabrication of paper-based DMF chips were introduced. The conductive
electrode arrays for the DMF chips were printed according to a program on paper by using the prepared
ballpoint pen and a digital plotter. In the preparation of the dielectric layer for the paper-based DMF
chip, we used commercial food wrap made of LLDPE. We framed and treated the LLDPE-dielectric film
with a thin layer of silicone oil on both surfaces (front and back). The treatment provided a slippery
surface and covered the surface defects in the LLDPE-dielectric film, thereby preventing the leakage of
current during chip operation. We investigated the properties of the LLDPE-dielectric film, and the
results showed that the film sufficiently satisfied the dielectric requirements for a multilayer DMF chip.
This approach holds much promise as a simple, easy, and rapid way to fabricate paper-based DMF
chips affordably.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/10/2/109/s1,
Video S1: Printing on paper the conductive electrode array for the DMP, Video S2: Operation of the DMF with a
smartphone App.
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Abstract: The ability to focus biological particles into a designated position of a microchannel is vital
for various biological applications. This paper reports particle focusing under vertical and inclined
magnetic fields. We analyzed the effect of the angle of rotation (θ) of the permanent magnets and
the critical Reynolds number (Rec) on the particle focusing in depth. We found that a rotation angle
of 10◦ is preferred; a particle loop has formed when Re < Rec and Rec of the inclined magnetic field
is larger than that of the vertical magnetic field. We also conducted experiments with polystyrene
particles (10.4 μm in diameter) to prove the calculations. Experimental results show that the focusing
effectiveness improved with increasing applied magnetic field strength or decreasing inlet flow rate.

Keywords: flow focusing; magnetic field; microparticles; ferrofluids

1. Introduction

Continuous flow focusing of microparticles/cells is an essential step for the downstream
counting [1] and analyses [2] in microfluidics. Since it allows focusing the samples into a narrow region
near the centerline of the microchannel, there is a wide range of applications [3–5] for increasing the
detection efficiency in flow cytometry and throughput in particle sorting, as well as for protecting
samples from unwanted interactions with the channel walls, which may cause shear or surface-induced
damages to the sample. An efficient flow-focusing system should be able to push particles away from
the walls of the channel and align them to move along defined flow paths. Focusing particles to a
narrow stream, however, is not a trivial task. Due to the laminar nature of microfluidic flows, particles
suspended in a fluid medium tend to follow the fluidic streamlines unless a lateral force moves
them from their original paths [6]. Hydrodynamic forces have been commonly used to manipulate
streamlines to guide particles to a confined region [7], which belongs to a passive focusing technique.
However, many active focusing techniques, i.e., the use of external fields, have been applied to
focused particles in microfluidic devices, such as acoustic, optical, and electrical focusing techniques,
which typically require high power instruments (such as lasers or high voltage power supplies) [8].

Ferrofluids have demonstrated great potential for a variety of focusing of non-magnetic
micro-particles/cells in microfluidics [9]. Compared to other technologies, magnetic focusing
technology, which refers to the induced motion of particles in a non-uniform magnetic field,
has distinct advantages, such as low cost, less sample consumption, no heating problem, and does not
require expensive external systems as an aid [10]. Magnetic focusing technology, magnetophoresis,
can be either positive or negative depending on whether the particle is more or less magnetizable
than the suspending medium. Magnetic particles suspended in nonmagnetic solutions experience
positive magnetophoresis and are directed along the magnetic field gradient toward a magnet [11].
In contrast, the non-magnetic particles suspended in the magnetic solutions are subjected to negative
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magnetophoresis and pushed away from the magnet [12]. The former phenomenon has been widely
used to separate and sort cells or biomolecules in microfluidic devices by selectively labeling target
cells with functionalized magnetic beads such as CellSearch technology [13], which is the only one
approved by the US Food and Drug Administration (FDA).

In recent years, the use of negative magnetophoresis to focus particles in microchannels has
attracted the attention of many scholars. Zhou et al. [14] developed a three-dimensional numerical
model to simulate the transmission of diamagnetic particles during inertial focusing and magnetic
separation in the entire microchannel and found that the predicted particle trajectories are roughly
consistent with experimental observations. They further proposed a method for symmetrically
embedding two repulsive permanent magnets around a linear rectangular microchannel in a
microfluidic device based on polydimethylsiloxane (PDMS) to study the three-dimensional magnetic
focusing of polystyrene particles in a ferrofluid [15]. Zhu et al. [16] have embedded permanent
magnets in a PDMS-based microfluidic chip, in which magnets can be placed very close to a planar
microchannel to enhance the magnetic field and field gradients. The non-magnetic particles can be
focused continuously in a paramagnetic solution.

Since the end of an inclined magnet will form a high gradient region near the channel wall,
an enhanced negative magnetophoresis will push the nonmagnetic particles toward the centerline by
placing two opposite magnets on both sides of the channel. This situation is ideal for the magnetically
induced flow focusing operation. There are few studies [17–19] on the ferrohydrodynamics with
inclined magnetic fields, which focus on the effect of the flow patterns, inclination angle, and saturation
magnetization on the heat transfer performance. To the best of our knowledge, no research explored
the flow focusing of nonmagnetic particles by using the inclined magnetic fields. When the flow rate
is also small, or the magnetic field is strong, the particles will be pushed back by the magnetic force
before entering the magnetic field region, forming a circulation loop. It is necessary to consider the
critical flow rate and the relative magnetic field parameters to control the particles accurately.

In this paper, we study the magnetically induced focusing of non-magnetic particles in ferrofluids
under inclined magnetic fields. The effective focusing of the particles is achieved under different
conditions including the rotation angle and critical Reynolds number. The paper is organized as
follows: We first analyzed the various forces acting on the particles and determined the equation of
motion of the particles. Then, we calculated the magnetic force that the particles are subjected to when
the permanent magnets are placed in parallel or tilted. Again, we calculated the critical conditions,
the critical magnetic field and flow rate, and compared them with the experimental results. Finally,
we dimensioned the magnetic field and flow field and analyzed the focusing effectiveness of the
particles at the exit of the channel.

2. Theoretical Analysis

Microfluidic magnetic focusing is a research field that involves the interaction between magnetism
and fluid flow on a microscale [20]. In this section, we analyzed the vital forces that may affect the
particle trajectory while passing through a microfluidic device. Non-magnetic microparticles in
ferrofluids, under continuous flow conditions, are subject to a variety of forces, including magnetic
force, viscous drag force, gravity/buoyancy, Brownian motion, the interaction between particles and
surrounding medium, and interparticle effects, shown in Figure 1a,b. We first estimate the order of
magnitude of each force to identify the dominant force for useful focusing.
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(a) (b) 

Figure 1. Schematic of the forces acting on the particle. (a) Forces analysis of a non-magnetic particle
in the x, z-direction; (b) forces exerted on the particle when two permanent magnets are opposite
in polarity.

2.1. Magnetic Force

Non-magnetic microparticle experience a negative magnetophoretic force, Fm, in a ferrofluid
when subjected to a non-uniform magnetic field. The force can be written as [21]

Fm = −Vpμ0(M·∇)H, (1)

where Vp is the volume of the individual microparticle; μ0 is the magnetic permeability of the vacuum,
and equal by 4π × 10−7 H/m; the effective magnetization of the ferrofluids around the microparticles
M (could be determined by the classical Langevin theory) is collinear with a static magnetic field H
produced by the permanent magnet.

2.2. Viscous Drag Force

In low Reynolds number microfluidic systems, the hydrodynamic drag force, Fd, is related to
the size and velocity of the particle, and the drag coefficient. We use the classical Stokes’ formula to
present the drag force:

Fd = 3πηDp(up − uf)CD, (2)

where η is the viscosity of suspensions; Dp is the diameter of the non-magnetic microparticles; up and
uf are the velocities of microparticles and suspensions, respectively. The coefficient, CD, accounts for
the increased fluid resistance when the particle moves near the microfluidic channel surface [22]:

CD =
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, (3)

where Δ defines the shortest distance between the particle surface and channel wall.

2.3. Gravity and Buoyancy

The gravity and buoyancy of the non-magnetic particles in ferrofluids can be written as a resultant
force, Fn, as shown in the following equation:

Fn =
πD3

p

6

(
ρp − ρ f

)
g, (4)

where ρp and ρf are the density of the nonmagnetic particles and the magnetic fluid, respectively;
g is the gravitational acceleration. For a 5 μm particle in EMG 607 ferrofluids (ρp = 1064 kg/m3,
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ρf = 1100 kg/m3, g = 9.8 m/s2), the calculated gravity and buoyancy are 6.98 × 10−2 pN and
7.20 × 10−2 pN, respectively, both of which are approximately two orders of magnitude smaller
than magnetic and drag forces (~pN).

2.4. Brown Force

The phenomenon that suspended particles never stop moving irregularly is called Brownian
motion. The Brownian force, FB, can be expressed by the following formula: [23]

FB = ζ

√
6πkBηTDp

Δt
, (5)

where kB is the Boltzmann constant; T is the absolute temperature; Δt is the magnitude of the
characteristic time step; the parameter, ζ, is the Gaussian random number with zero mean and
unit variance. Brownian motion only affects the motion of the particle when the particle diameter
is small enough (less than the critical diameter of the particle), or the Fm applied to the particle is
weak [12]. In order to be able to determine the particle diameter that affects the Brownian motion,
Gerber [24] et al. used the following formula to calculate the critical diameter of the particle:

∣∣F∣∣Dp ≤ kBT, (6)

where |F| is the resultant force of the non-magnetic particles. When the applied magnetic field is
1 T, the critical diameter of the Fe4O3 particles in water can be calculated as 40 nm according to the
above formula.

Moreover, the interactions of the particle itself and with fluid usually could be neglected in a
low concentration condition. Finally, only the magnetic force and drag force need to be considered in
our study.

2.5. The Motion Equation of Particles

Figure 2 illustrates the focusing mechanism of non-magnetic particles in the magnet-microchannel
system, where particles are pushed away from the high field region and concentrated along the
centerline of the channel under the actions of two magnets with same opposite polarity. The motion of
particles can be analyzed by considering dominant magnetic and hydrodynamic forces. Thus,

mp
dup

dt
= Fm + Fd. (7)

Figure 2. Schematic of the particles focusing mechanism. When two rectangular permanent magnets
are placed at the center of a channel length with the same opposite polarity, and its direction of
magnetization perpendicular to the channel wall, the magnet field magnetizes the ferrofluids within
the microchannel and subsequently affects the particle motion.
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3. Materials and Methods

Figure 3a shows a picture of the microfluidic chip adopted in our experiment. The straight channel
was fabricated with PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) by soft lithography [25].
Neodymium iron boron (NdFeB) permanent magnets were embedded on both sides of the channel
with the same pole. The angle of rotation of the permanent magnet and the distance between the
magnet and the channel can be changed during the experiment. The spatial position of the magnet
and the channel is shown in Figure 3b and their specific sizes are given in the following section.

We used a commercial water-based magnetite ferrofluid (EMG 607, Ferrotec Corp., Tokyo, Japan)
in our experiments. The volume fraction of magnetite particles for this ferrofluid is 1.8%. Initial
magnetic susceptibility is 0.36; saturation magnetization is 7962 A/m; viscosity is 1.3 × 10−3 N·s/m2.
The particle solution was made by suspending 10.4 μm polystyrene particles (Bissler Corp., Tianjin,
China) in ferrofluid at a volume ratio of 1:1. The dilute ferrofluid was prepared by mixing the original
ferrofluid with pure water to a concentration of 0.022%. Tween 20 (Fisher Scientific Corp., Carlsbad,
CA, USA) was added to the particle suspension at 0.1% by volume to minimize their aggregations and
adhesions to channel walls.

As shown in Figure 3c, microparticles suspended in the diluted ferrofluid were driven through
the microchannel by an infusion syringe pump (Harvard PHD 2000, Harvard Apparatus, Holliston,
MA, USA). Two equal length tubes are inserted into the chip inlet and outlet, respectively, and bonded
with glue. Before the experiment, the inlet tube was connected to the syringe, and the outlet tube was
placed in the beaker. Particle motion was visualized using an inverted microscope (Nikon TE2000U,
Tokyo, Japan) under bright-field illumination. Digital videos (at a time rate of around 12 frames per
seconds) and images were recorded through a CCD camera (PixeLINK-B742F, Ottawa, ON, Canada)
and post-processed using image analysis software (ImageJ; http://rsb.info.nih.gov/ij/).

(a) 

(b) (c) 

Figure 3. Experimental chip and system: (a) picture of the microfluidic chip with permanent magnets
embedded in polydimethylsiloxane (PDMS); (b) schematic diagram of the spatial position of the
channel and magnet, and note that the centerline of the permanent magnet is on the same plane as the
centerline of the channel; (c) the experimental setup.

4. Results and Discussion

4.1. Magnetic Field

The system considered in the model consists of a microfluidic channel and a permanent magnet,
in which dimensions of the channel and the magnet are labeled, as illustrated in Figure 4. The magnetic
force experienced by a particle in the microchannel under a magnetic field can be expanded according
to Equation (1),

Fmx = −Vpμ0

[
Mx

∂Hx(x, y)
∂x

+ My
∂Hx(x, y)

∂y

]
, (8a)
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Fmy = −Vpμ0

[
Mx

∂Hy(x, y)
∂x

+ My
∂Hy(x, y)

∂y

]
. (8b)

 

(a) 

 

(b) (c) 

Figure 4. The dimensions of (a) the microfluidic channel and (b) the permanent magnets; (c) the
relative locations of the microchannel and the magnets: lc = 50 mm, wc = 1 mm, hc = 1 mm, lm = 25 mm,
wm = 3 mm, hm = 10 mm, t = 5.5 mm, xm = 25 mm, ym = 6 mm; x-y coordinate system is within the
microchannel, with its origin at the center of the cross-section of the microchanel.

We use the Langevin equation to obtain the relationship between the saturation moment of the
Fe3O4 nanoparticles Md and the effective magnetization of the ferrofluids M, as follows [21]:

M
φMd

= coth(α)− 1
α

, (9a)

α =
πμ0Md Hd3

6kBT
, (9b)

where d = 10 nm is the average diameter of the Fe3O4 nanoparticles; φ is the particle volume
concentration; Md = 4.423 × 105 A/m can be calculated from the manufacturer-provided saturation
magnetization of ferrofluids. Moreover, the analytical expressions for x- and y-component of the
effective magnetization can be expressed as

Mx = M
Hx

H
, (10a)

My = M
Hy

H
. (10b)

The analytical expressions for the x- and y-component of the magnetic field strength for single
rectangular magnet are given by Equation (11a,b) [26].

Hx(x, y) =
Ms

4π

{
ln

[
(x + 0.5lm)

2 + (y − 0.5wm)
2

(x + 0.5lm)
2 + (y + 0.5wm)

2

]
− ln

[
(x − 0.5lm)

2 + (y − 0.5wm)
2

(x − 0.5lm)
2 + (y + 0.5wm)

2

]}
, (11a)

Hy(x, y) = Ms
2π

{
tan−1

[
wm(x+0.5lm)

(x+0.5lm)2+y2−0.25wm2

]
− tan−1

[
wm(x−0.5lm)

(x−0.5lm)2+y2−0.25wm2

]}
. (11b)

The expressions for the magnetic field gradients are

∂Hx(x, y)
∂x

=
Ms

2π

⎡
⎣ x+0.5lm

(x+0.5lm)2+(y−0.5wm)2 − x+0.5lm
(x+0.5lm)2+(y+0.5wm)2

− x−0.5lm
(x−0.5lm)2+(y−0.5wm)2 +

x−0.5lm
(x−0.5lm)2+(y+0.5wm)2

⎤
⎦, (12a)
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∂Hx(x, y)
∂y

=
Ms

2π

⎡
⎣ y−0.5wm

(x+0.5lm)2+(y−0.5wm)2 − y−0.5wm

(x−0.5lm)2+(y−0.5wm)2

− y+0.5wm

(x+0.5lm)2+(y+0.5wm)2 +
y+0.5wm

(x−0.5lm)2+(y+0.5wm)2

⎤
⎦, (12b)

∂Hy(x, y)
∂x

=
Ms

2π

⎡
⎢⎢⎣

wm[y2−(x+0.5lm)2−0.25wm
2]

[(x+0.5lm)2+y2−0.25wm2]
2
+wm2(x+0.5lm)2

− wm[y2−(x−0.5lm)2−0.25wm
2]

[(x−0.5lm)2+y2−0.25wm2]
2
+wm2(x−0.5lm)2

⎤
⎥⎥⎦, (12c)

∂Hy(x, y)
∂y

=
Ms

π

⎡
⎢⎣

wmy(x−0.5lm)

[(x−0.5lm)2+y2−0.25wm2]
2
+wm2(x−0.5lm)2

− wmy(x+w)

[(x+0.5lm)2+y2−0.25wm2]
2
+wm2(x+0.5lm)2

⎤
⎥⎦, (12d)

where Ms = Br/μ0 is magnetization of the permanent magnet, Br is remanent magnetization of the
permanent magnets.

The above formula is based on the origin of the permanent magnet as the coordinate origin,
and the permanent magnet is placed vertically, that is, the magnetization direction is the y-direction,
as shown in Figure 4b, the N-pole of the permanent magnet is on the upper side, and the S-pole is
on the lower side. However, we choose the center at the entrance of the channel as the origin of the
coordinates. Therefore, coordinate transformation (translation and rotation) is necessary. A rotation
matrix is used to perform a rotation of points in the xy-Cartesian plane counter-clockwise through an
angle, about the origin of the coordinate system. The coordinates after translation and rotation are
obtained by using matrix multiplication. The coordinate translation is (x-xm, y+ym), and the rotation
angle is θ (0◦ ≤ θ ≤ 90◦) for the permanent magnet below the channel (Equation (13a)), while for the
permanent magnet above the channel, the coordinate translation is (x-xm, y-ym) and the rotation angle
is π-θ, Equation (13b). Note that the subscript 1 (and subscript 2) in the following matrix equations
represent the correlation calculation of the permanent magnets below (and above) the channel.

[
x′1
y′1

]
=

[
cosθ sinθ

−sinθ cosθ

][
x − xm

y + ym

]
, (13a)

[
x′2
y′2

]
=

[
cos(π − θ) sin(π − θ)

−sin(π − θ) cos(π − θ)

][
x − xm

y − ym

]
. (13b)

Substituting the Equation (13a,b) into the Equation (11a,b), respectively, the magnetic field strength
after the rotation of the permanent magnet can be obtained, and then the magnetic field strength in the
coordinate system of Figure 4c can be obtained by conversion, see Equation (14a,b).

[
Hx1,r(x, y)
Hy1,r(x, y)

]
=

[
cosθ −sinθ

sinθ cosθ

][
Hx′1

(
x′1, y′1

)
Hy′1

(
x′1, y′1

)
]

, (14a)

[
Hx2,r(x, y)
Hy2,r(x, y)

]
=

[
cos(π − θ) −sin(π − θ)

sin(π − θ) cos(π − θ)

][
Hx′2(x′2, y′2)
Hy′2(x′2, y′2)

]
. (14b)

In the same way, we can get the rotated magnetic field gradients in the coordinate system of
Figure 4c, see Equation (15a,b).

⎡
⎣ ∂Hx1,r(x,y)

∂x
∂Hx1,r(x,y)

∂y
∂Hy1,r(x,y)

∂x
∂Hy1,r(x,y)

∂y

⎤
⎦ =

[
cosθ −sinθ

sinθ cosθ

]⎡⎢⎣
∂Hx′1(

x′1,y′1)
∂x′1

∂Hx′1(
x′1,y′1)

∂y′1
∂Hy′1(

x′1,y′1)
∂x′1

∂Hy′1(
x′1,y′1)

∂y′1

⎤
⎥⎦
[

cosθ sinθ

−sinθ cosθ

]
, (15a)
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⎡
⎣ ∂Hx2,r(x,y)

∂x
∂Hx2,r(x,y)

∂y
∂Hy2,r(x,y)

∂x
∂Hy2,r(x,y)

∂y

⎤
⎦ =

[
cos(π − θ) −sin(π − θ)

sin(π − θ) cos(π − θ)

]⎡⎢⎣
∂Hx′2(

x′2,y′2)
∂x′2

∂Hx′2(
x′2,y′2)

∂y′2
∂Hy′2(

x′2,y′2)
∂x′2

∂Hy′2(
x′2,y′2)

∂y′2

⎤
⎥⎦
[

cos(π − θ) sin(π − θ)

−sin(π − θ) cos(π − θ)

]
. (15b)

Therefore, the magnetic force acting in the x- and y-directions on the particle can be calculated by
Equation (8a,b). Then we add the magnetic forces generated by the two permanent magnets at the
same position to obtain the final magnetic force in the x- and y-directions.

Fmx = Fmx1 + Fmx2 , (16a)

Fmy = Fmy1 + Fmy2 . (16b)

4.1.1. The Vertical Magnet Filed

The vertical magnetic field means that two permanent magnets are placed in parallel with the
same polarity, i.e., θ = 0. Based on the above analysis, we can calculate the magnetic field strength and
the magnetic force acting on the particle at the center of the channel, i.e., y = 0.

Figure 5a,b shows the magnetic field strength and the magnetic force generated by two permanent
magnets from the channel inlet (x = 0 mm) to the outlet (x = 50 mm) at the center of the channel (y = 0
mm), respectively. Although the polarities of the first and second permanent magnets are opposite,
the resulting magnetic field strength in the x-direction is the same, with a maximum of ±73.52 kA/m
on the left (right) sides and a minimum of 0 kA/m in the middle. The value of the magnetic field
strength in the y-direction is the opposite number, with a minimum of 0 kA/m on both sides and a
saddle-shaped change in the middle. Therefore, the total magnetic field strength is twice the original
value for the x-direction and 0 kA/m for the y-direction, as shown in Figure 5a.

  

(a) (b) 

Figure 5. The results of vertical magnetic field: (a) The magnetic field strength and (b) the magnetic
force acting on the particles at the center of the channel. Note that the residual magnetization of a
single permanent magnet is 1.2 T.

The trend of the corresponding magnetic force is also the same, that is, the values in the x-direction
(y-direction) are the same (opposite), as shown in Figure 5a. The magnetic force in the y-direction
at the center of the channel is 0 N, indicating that the particles at the center are only related to the
magnetic force in the x-direction, and the particles on both sides of the center line will move toward
the center. It can be seen from the total magnetic force curve in the x-direction that the particles will
decelerate (maximum: −25.57 pN) and accelerate (maximum: 11.53 pN) when moving at the center of
the channel, and then decelerate (maximum: −11.53 pN) and accelerate (maximum: 25.57 pN).

These facts indicate that the strength of the magnetic field of the permanent magnet is proportional
to the magnetic force acting on the particles; the particles at both ends of the permanent magnet are
subjected to the largest magnetic force and the smallest in the middle; the particles are subjected to a
negative magnetic force when initially entering the magnetic field, which will prevent the particles
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from continuing to move forward, after which the particles are substantially subjected to a positive
magnetic force, causing the particles to accelerate.

4.1.2. The Inclined Magnet Field

The inclined magnetic field means that the two permanent magnets with the same polarity are
placed at an angle θ (0◦ ≤ θ ≤ 90◦) on both sides of the channel. Analogous to the vertical magnetic
field, we calculated the magnetic field strength and magnetic force at the center of the channel when
the angle changes from 10◦ to 50◦, as shown in Figure 6. Note that Figure 6a–d shows the magnetic
field strength and the magnetic force of the permanent magnet below the channel; the permanent
magnet above the channel is only a sign change, which can be referred to as a vertical magnetic field,
which is not shown here.

A slight change in angle will cause a large change in magnetic field strength and magnetic force.
Regardless of the x-direction or the y-direction, the magnetic field strength at the center of the channel
decreases on the left side of the permanent magnet and increases on the right side, as shown in
Figure 6a,b. For example, the magnetic field strength in the x-direction of the left side is reduced from
|−73.52| kA/m to |−53.63| kA/m, and the right side is increased from 73.52 kA/m to 100.74 kA/m
when the angle θ = 10◦. However, we found that there is a transition on the right side when the angle
is increased to 30◦; increasing the angle to 40◦, the magnetic field strength in the x-direction turns to a
negative value, and the y-direction decreases; and then increases the angle to 50◦, the magnetic field
strength in x- and y-direction continues to decrease.

The trend of magnetic force is roughly the same as the strength of the magnetic field: When θ = 30◦,
there is also a transition, as shown in Figure 6c,d. Figure 6e,f show the total magnetic field strength and
the total magnetic force at the center of the channel, respectively. When the permanent magnet is rotated
by a certain angle, the magnetic force on the left side decreases and the right side increases. For example,
when the angle θ = 10◦, the left magnetic force decreases from |−25.57| pN to |−13.48| pN, and the
right side increases from 25.57 pN to 68.65 pN.

Therefore, when the permanent magnet rotates at a certain angle, the magnetic field strength and
magnetic force will also change. This does not mean that the angle can be arbitrarily rotated, because
the magnetic field strength and magnetic force have a transition when the angle is rotated to 30◦,
which is not conducive to particle focusing. It is appropriate to choose a rotation angle of 0◦ < θ < 30◦.

 

(a) 

 

(b) 

Figure 6. Cont.
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(c) 

 

(e) 

 

(d) 

 

(f) 

Figure 6. The results of the inclined magnetic field: The magnetic field strength (a) in the x-direction
and (b) in the y-direction; the magnetic force (c) in the x-direction and (d) in the y-direction; (e) the total
magnetic field strength and (f) the total magnetic force at the center of the channel.

We also calculated the magnetic force in the y-direction of the half channel from y = 100 μm to
y = 400 μm (y = 0 at the centerline of the channel, see Figure 4c), as shown in Figure 7. The maximum
magnetic forces in the y-direction are −4.62 pN (y = 100 μm), −9.27 pN (y = 200 μm), −13.95 pN
(y = 300 μm), and −18.68 pN (y = 400 μm), respectively, for the vertical magnetic field (θ = 0◦,
Br = 1.2 T), as shown in Figure 7a. For the inclined magnetic field (θ = 10◦, Br = 1.2 T), the maximum
magnetic forces are −22.03 pN, −44.36 pN, −67.27 pN, −91.11 pN, respectively, when y is 100 μm,
200 μm, 300 μm, and 400 μm, respectively, as shown in Figure 7b.

These values are negative because the particles are subjected to negative magnetophoresis
(permanent magnet repulsive force) and move toward the centerline of the channel. For the lower
half of the channel, the curve is opposite to Figure 7, with absolute values equal. It is because of the
negative magnetophoresis effect of the two permanent magnets that the particles are focused in the
center of the channel. And when the permanent magnet is inclined at a certain angle, the negative
magnetophoresis effect is enhanced, which is more conducive to the particles focusing.
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(a) 

 

(b) 

Figure 7. The results of magnetic force in the y-direction (half channel): (a) the vertical magnetic field;
(b) the inclined magnetic field.

4.2. Flow Field

The fluid flow pattern needs to be determined to calculate the fluid flow rate in the channel.
The flow state of the fluid can be judged according to the Reynolds number calculation formula:

Re =
ρUDh

η
=

2ρQ
η(wc + hc)

, (17)

where U is the average fluid velocity, Dh = 2wchc/(wc + hc) is the hydraulic diameter of the rectangular
microchannel, and Q is the volumetric flow rate. Normally, ρ = 103 kg/m3, U = 10−3 m/s, Dh = 10−3 m,
η = 10−3 N·s/m2, then Re = 1, which belongs to laminar flow. In the case of laminar flow, the formula
for calculating the fluid velocity in the channel can be obtained [27,28].

u f =

(
Δp
lc

)(
4h3

c
ηπ3

) ∞

∑
n=0

(−1)n

(2n + 1)3 ×
⎡
⎣1 − cosh (2n+1)πy

hc

cosh (2n+1)πwc
2hc

⎤
⎦× cosh

(2n + 1)πz
hc

, (18)

where Δp is the pressure drop of the fluid along the length of the channel; n is an integer. Here,
we introduce the channel aspect ratio ε = hc/wc, and studies have shown that when 1 < ε < 2,
the calculation error will be controlled within 1%, and if the ratio of channel aspect ratio is larger,
the calculation error will also increase. For the small Reynolds number flow, in order to control the
calculation error in Equation (18), only when n = 1 and 2, the calculation result can represent the
flow velocity in the channel, and the final result is more accurate, so Equation (18) can be rewritten
as follows:

u f =

(
Δp
lc

)(
4h3

c
ηπ3

){[
1 − cosh πy

hc

cosh πwc
2hc

]
× cosh

πz
hc

− 1
27

[
1 − cosh 3πy

hc

cosh 3πwc
2hc

]
× cosh

3πz
hc

}
, (19)

where the pressure drop Δp is a function of the volumetric flow rate Q of the fluid in the channel inlet
and can be expressed by the following formula [29]:

Δp =
Qlcηπ4

8wch3
c

×
{[

1 − 2hc

πwc
tanh

(
πwc

2hc

)]
+

1
81

[
1 − 2hc

3πwc
tanh

(
3πwc

2hc

)]}−1
. (20)

101



Micromachines 2019, 10, 56

Substituting Equation (20) into Equation (19) and arranging it, the final formula for the flow
velocity in the channel is:

u f =
Qπ

2wchc
×

{[
1 − 2hc

πwc
tanh

(
πwc
2hc

)]
+ 1

81

[
1 − 2hc

3πwc
tanh

(
3πwc
2hc

)]}−1×{[
1 − cosh πy

hc
cosh πwc

2hc

]
× cos πz

hc
− 1

27

[
1 − cosh 3πy

hc
cosh 3πwc

2hc

]
× cos πz

hc

}
.

(21)

In the laminar flow state, the motion equation of the particles, Equation (7), can be simplified to

Fm + Fd = 0. (22)

Therefore, the flow rate of the particles can be expressed as

upx = umx + u f x =
Fmx

3πηDpCD
+ u f , (23a)

upy = umy + u f y =
Fmy

3πηDpCD
. (23b)

Figure 8a,b shows the flow velocity distribution of the ferrofluids and particles, and the
corresponding drag coefficient. The velocity distribution of the xy cross-section in the rectangular
channel is parabolic, which is approximately the same as the velocity distribution of the circular
channel (Figure 8a). The velocity distribution of the particles is closely related to the magnitude of
the magnetic force, as shown in Figure 8b. The minimum flow rate is 4.87 × 10−4 m/s on the left side
of the permanent magnet, and the maximum flow rate is 9.02 × 10−4 m/s on the right side, which is
consistent with the above analysis. For the y-direction, the effect is to push the particles toward the
center of the channel. The specific analysis is given in Section 4.4.

(a) (b) 

Figure 8. The results of flow field: (a) The flow rate of the ferrofluids in the channel at different inlet
flow rates and drag coefficient along the y-direction; (b) the velocity distribution of particles in the
center of the channel at Q = 20 μL/min (Re = 0.28).

4.3. Magnetic Field and Flow Field Threshold

From Figure 5b we know that Fmx has a negative peak on the left side of the permanent magnet,
which has a large effect on umx from Equation (23a). Once umx < ufx, i.e., upx < 0, the particles will
move in the negative x-direction, forming a loop. Therefore, in order to ensure that the particles can
effectively enter the magnetic field and focus to the center of the channel, it is necessary to calculate the
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critical value of ufx (Q). From the analysis in Section 4.1, we know that 0◦ < θ < 30◦, so we calculated
the critical values at 0◦, 10◦, and 20◦.

Figure 9 shows the critical values in different magnetic fields (Br) and different angles (θ).
Under the same magnetic field, the critical value increases with the increase of the angle, especially
when θ = 20◦, the amplitude is larger, as shown in Figure 9a,b. For θ = 20◦, the critical value is
499.78 μL/min (Rec = 7.05) at Br = 1.2 T (Figure 9a) and has reached 1021.83 μL/min (Rec = 14.41) at
Br = 2.4 T (Figure 9b) in 36.42 mm of the channel. These values are quite large for microchannels, so we
do not consider this case.

 

(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 9. The threshold of magnetic field and flow field: the corresponding critical value of the
permanent magnet after rotating at different angles for (a) Br = 1.2 T and (b) Br = 2.4 T; the corresponding
critical value of (c) the vertical magnetic field and (d) the inclined magnetic field under different Br.

Figure 9c shows the critical value under the vertical magnetic field (θ = 0◦). The critical value is
15.50 μL/min (Rec = 0.22) for Br = 1.2 T and 35.65 μL/min (Rec = 0.50) for Br = 2.4 T; when Br = 3.6 T
and 4.8 T, the critical value is 55.80 μL/min (Rec = 0.79) and 75.96 μL/min (Rec = 1.07), respectively.
In both cases, it is located at 9.96 mm of the channel, which means that as long as the inlet flow rate
Q exceeds this value, the particles will smoothly enter the magnetic field instead of forming a loop.
Figure 9d gives the critical value of the vertical magnetic field (θ = 10◦). The critical value for this
case is generated at 34.65 mm of the channel compared to the vertical magnetic field. For Br = 1.2 T
and 2.4 T, the critical value is 28.74 μL/min (Rec = 0.41) and 61.83 μL/min (Rec = 0.87), respectively.
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The critical value is 94.93 μL/min (Rec = 1.34) and 128.03 μL/min (Rec = 1.81) when Br = 3.6 T and
4.8 T, respectively. These values are greater than the vertical magnetic field at the same Br.

These results show that both the angle of the permanent magnet and the residual magnetization
of the permanent magnet influence the critical flow rate, which in turn affects the particles focusing.
Although the critical flow rate is exceeded, the flow rate at the end of the channel is quite large,
which requires the consideration of the effect of fluid inertia on the particles. In short, we need to
consider all aspects to achieve effective control of particles/cells to meet a variety of application needs.

Figure 10 shows the pictures we obtained through experiments. In the case of a vertical magnetic
field, a loop is formed when Q is less than the critical flow rate (Qc); and an increase in the strength
of the magnetic field will cause more particles to bounce back, forming a thicker loop, as shown in
Figure 10a,b. The same is true for the inclined magnetic field (Figure 10c,d), and the particles in the
loop of the vertical magnetic field are less than the inclined magnetic field under the same Br.

 

(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 10. A loop formed below the critical flow rate. The vertical magnetic field (θ = 0◦): (a) Br = 1.2 T,
Q = 10 μL/min (Re = 0.01) and (b) Br = 2.4 T, Q = 30 μL/min (Re = 0.42); the inclined magnetic field
(θ = 10◦): (c) Br = 1.2 T, Q = 20 μL/min (Re = 0.28) and (d) Br = 2.4 T, Q = 50 μL/min (Re = 0.71).

The particles overcome the influence of the negative magnetic force and smoothly enter the
magnetic field and focus when Q > Qc. We took a picture of the focusing of particles near the exit of
the channel, as shown in Figure 11. The experimental results in Figures 10 and 11 demonstrate that the
critical flow rate determined by our theoretical analysis is correct.
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(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 11. Focusing near the exit of the channel under the vertical magnetic field (θ = 0◦): (a) Br = 1.2 T,
Q = 20 μL/min (Re = 0.28) and (b) Br = 2.4 T, Q = 40 μL/min (Re = 0.56); the inclined magnetic field
(θ = 10◦): (c) Br = 1.2 T, Q = 30 μL/min (Re = 0.42) and (d) Br = 2.4 T, Q = 70 μL/min (Re = 0.99).

4.4. Focusing Effectiveness

The particles can be focused when Q > Qc (Re > Rec). To facilitate a quantitative comparison of
non-magnetic particle focusing in ferrofluids under different Q, we define a dimensionless number,
focusing effectiveness, to evaluate the particle focusing performance,

Focusing effectiveness =
Half width of the focused particles stream

Half width of the channel
=

ye

yc
, (24)

where the width of the microchannel was fixed at 500 μm in all tests of this work and the width of
the focused particle stream was measured near the exit of the channel on the experimental images
by ImageJ.

Figure 12a shows that an increase in flow rate results in a decrease in focusing effectiveness
whether θ varies from 0◦ to 10◦ or Br varies from 1.2 T to 2.4 T. For θ = 0◦ and Br = 1.2 T, the minimum
value of ye is 263.03 μm (Q = 20 μL/min, Re = 0.28), the corresponding effectiveness is 52.61%;
the maximum value is 473.94 μm (Q = 80 μL/min, Re = 1.13), and the corresponding effectiveness is
5.21%; for θ = 0◦ and Br = 2.4 T, the minimum and maximum value of ye is 106.67 μm (Q = 40 μL/min,
Re = 0.56) and 448.89 μm (Q = 100 μL/min, Re = 1.41), respectively, and the corresponding effectiveness
is 78.67% and 10.22%, respectively, as shown in Figure 12b. For θ = 5◦ and Br = 1.2 T, the minimum value
of ye is 228.62 μm (Q = 30 μL/min, Re = 0.42), the corresponding effectiveness is 54.28%; the maximum
value is 455.59 μm (Q = 90 μL/min, Re = 1.27), and the corresponding efficiency is 8.88%; for θ = 5◦

and Br = 2.4 T, the minimum and maximum value of ye is 217.68 μm (Q = 70 μL/min, Re = 0.99) and
492.03 μm (Q = 130 μL/min, Re = 1.83), respectively, and the corresponding effectiveness is 56.46% and
1.60%, respectively. For θ = 10◦ and Br = 1.2 T, the minimum value of ye is 183.58 μm (Q = 30 μL/min,
Re = 0.42), the corresponding effectiveness is 63.29%; the maximum value is 454.11 μm (Q = 90 μL/min,
Re = 1.27), and the corresponding efficiency is 9.18%; for θ = 10◦ and Br = 2.4 T, the minimum and
maximum value of ye is 179.72 μm (Q = 70 μL/min, Re = 0.99) and 473.18 μm (Q = 130 μL/min,
Re = 1.83), respectively, and the corresponding effectiveness is 64.06% and 5.36%, respectively.
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(a) 

 

(b) 

Figure 12. The results of focusing particles at different flow rates. (a) The width of the focused particle
stream; (b) the focusing effectiveness.

These facts indicate that the focusing effectiveness is better when Q is near Qc and the focusing
effectiveness of Br = 1.2 T is less than Br = 2.4 T when θ is the same. Therefore, choosing the right angle
and flow rate is critical to control the particles/cells accurately.

5. Conclusions

The focusing of biological and synthetic particles in microfluidic devices is a crucial step for the
construction of many microstructured materials as well as for medical applications. We analyzed the
performance of the magnetic focusing of the particles under a vertical magnetic field and an inclined
magnetic field. We found that when the rotation angle of the permanent magnet exceeds 30◦, an
inclined magnetic field is unsuitable for particle focusing. We also calculated the effect of the flow
field on the particle focusing, i.e., the critical flow rate. The calculations show that when the rotation
angle exceeds 20◦, the critical minimum flow rate exceeds 500 μL/min, which is quite large for the
microchannel. Therefore, the optimum value of the rotation angle of the magnets should be between
0◦ and 20◦, and 10◦ is preferred. The results also show that the critical flow rate is 15.5 μL/min and
35.65 μL/min for θ = 0◦, Br = 1.2 T and 2.4 T, respectively; for θ = 10◦, Br = 1.2 T and 2.4 T, the critical
flow rate is 28.74 μL/min and 61.83 μL/min, respectively. These relationships have been verified with
experimental results, which agree quantitatively with the predictions.
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Abstract: Circulating tumour cells (CTCs) in blood circulation play an important role in cancer
metastasis. CTCs are generally defined as the cells in circulating blood expressing the surface antigen
EpCAM (epithelial cell adhesion molecule). Nevertheless, CTCs with a highly metastatic nature
might undergo an epithelial-to-mesenchymal transition (EMT), after which their EpCAM expression
is downregulated. In current CTC-related studies, however, these clinically important CTCs with
high relevance to cancer metastasis could be missed due to the use of the conventional CTC isolation
methodologies. To precisely explore the clinical significance of these cells (i.e., CD45neg/EpCAMneg

cells), the high-purity isolation of these cells from blood samples is required. To achieve this
isolation, the integration of fluorescence microscopic imaging and optically induced dielectrophoresis
(ODEP)-based cell manipulation in a microfluidic system was proposed. In this study, an ODEP
microfluidic system was developed. The optimal ODEP operating conditions and the performance of
live CD45neg/EpCAMneg cell isolation were evaluated. The results demonstrated that the proposed
system was capable of isolating live CD45neg/EpCAMneg cells with a purity as high as 100%, which is
greater than the purity attainable using the existing techniques for similar tasks. As a demonstration
case, the cancer-related gene expression of CD45neg/EpCAMneg cells isolated from the blood samples
of healthy donors and cancer patients was successfully compared. The initial results indicate that the
CD45neg/EpCAMneg nucleated cell population in the blood samples of cancer patients might contain
cancer-related cells, particularly EMT-transformed CTCs, as suggested by the high detection rate
of vimentin gene expression. Overall, this study presents an ODEP microfluidic system capable of
simply and effectively isolating a specific, rare cell species from a cell mixture.

Keywords: microfluidic systems; optically induced dielectrophoresis (ODEP); cell isolation;
circulating tumour cells (CTCs); cancer metastasis

Micromachines 2018, 9, 563; doi:10.3390/mi9110563 www.mdpi.com/journal/micromachines109



Micromachines 2018, 9, 563

1. Introduction

Cancer metastasis is the main cause of cancer-induced death [1]. Circulating tumour cells (CTCs),
which have been documented since 1869, are cells that escape from the primary tumour site into
the contiguous vasculature and subsequently exist in the blood circulation [2]. Growing evidence
has revealed that the presence of CTCs in the blood circulation is linked to cancer metastasis or
relapse [1]. Therefore, CTC studies have great potential for understanding the mechanisms behind
cancer metastasis. This information could greatly stimulate scientists to develop new therapeutic
strategies for cancer treatments. In terms of clinical applications, moreover, it has been reported
that the analysis of CTCs, regarded as a liquid tumour biopsy, can be utilized as a diagnostic or
prognostic tool [3] for monitoring cancer metastasis or the therapeutic response [4,5] and for guiding
individualized treatment [6]. To achieve these goals, it is necessary to isolate CTCs from a blood
sample at high purity to possibly avoid the analytical interferences caused by the surrounding blood
cells (mainly leucocytes) [7].

Nevertheless, CTCs are very rare in a blood sample, with an approximate concentration of
1 CTC per 105–107 blood mononuclear cells [8]. This phenomenon makes CTCs difficult to isolate
and purify, particularly in a high-purity manner. Leveraging the recent advances in cell isolation
techniques, a wide variety of CTC isolation and purification methods have been presented and
can be broadly classified as physical and biochemical methods [9]. Overall, the physical-based
methods [8,10] (mainly filtration [11–13]) for CTC isolation are easy to perform and do not require
labelling of the harvested cells, but the cell purity is less than the purity achieved by biochemical
protocols. In the biochemical-based schemes, the techniques of immunomagnetic cell separation
are predominantly adopted for CTC isolation and purification [14,15]. In these methods, magnetic
beads coupled to antibodies specific to a CTCs’ surface antigen (mainly the epithelial cell adhesion
molecule (EpCAM) and cytokeratins (CKs)) are commonly utilized to recognize and bind the CTCs [15].
The magnetically labelled CTCs are then separated from the surrounding cells via an applied magnetic
field. CTC isolation based on this strategy is primarily utilized in current CTC isolation or detection
systems (e.g., the CellSearchTM system [16], the magnetic-activated cell sorting system [17–19],
or DynabeadsTM [20]). Overall, the cell purity of CTCs obtained by the abovementioned cell isolation
scheme ranges from 20% to 50% [16,19,20].

Although the abovementioned CTC isolation schemes have been successfully demonstrated,
leucocyte contamination of the harvested CTCs is commonly unavoidable, possibly causing problems
in the subsequent CTC-related analysis, particularly gene expression assays. This problem is primarily
because the expression levels of some leucocyte genes are unclear. Therefore, their presence could
interfere with subsequent analytical works [7]. This fact highlights the importance of isolating
high-purity (ideally 100%) CTCs for the subsequent high-precision analyses. In addition to the
CTC purity problem, there are some important biological issues that should be further considered. As
discussed earlier, the majority of CTC isolation or purification strategies rely primarily on the use of
EpCAM or CKs for the identification of CTCs. Nevertheless, CTCs, particularly those with a highly
metastatic nature, might undergo the so-called epithelial-to-mesenchymal transition (EMT) [21].
Afterward, the CTCs might reduce their expression of EpCAM and CKs [22] and become motile
cells for migration to distant metastatic sites [23]. In this situation, these clinically important CTCs
associated with cancer metastasis might be missed if the conventional CTC isolation methodologies
are used [24]. This possibility might, to some extent, explain the fact that these EMT-transformed CTCs
are less studied in the literature.

Leveraging the technical advantages of microfluidic technology, moreover, several microfluidic
systems have been demonstrated for the isolation and purification of CTCs with better performance
than the conventional approaches [25]. For example, the CTC-iChip [14], two-stage microfluidic
chip [26], nanostructure embedded microchips [27], parallel flow micro-aperture chip [28],
and herringbone chip [29] mainly utilize EpCAM or other surface antigen-specific antibodies to
recognize, separate, and then isolate CTCs from the surrounding cells in the microfluidic systems.
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Although the isolation and purification of CTCs with higher purity (9.2 to 70% [14,26–28]) was achieved
by utilizing these microscale devices, the problem of leucocyte contamination in the treated samples
has not yet been fully solved. Otherwise, these reported devices or protocols are mainly designed for
the positive isolation of CTCs (i.e., EpCAMpos (positive) CTCs), ignoring the clinically important CTCs
that have undergone EMT (i.e., EpCAMneg (negative) CTCs).

To address the issues mentioned above, we attempted to integrate the techniques of
fluorescence microscopic observations and optically induced dielectrophoretic (ODEP) force-based cell
manipulation in a microfluidic system to isolate the specific cells of interest in a high-purity manner.
In the design, immunofluorescence dye staining and fluorescence microscopic observations were first
used to recognize the target cells. This recognition was followed by ODEP-based cell manipulation
to precisely isolate the targeted cells from the surrounding cells. In this study, an ODEP microfluidic
system was designed and fabricated. Moreover, the appropriate operating conditions (e.g., the size
of the circular light image for manipulating a target cell, and the ring belt width of the circular ring
dark image for repelling the non-targeted surrounding cells) for precisely manipulating cells were
experimentally determined. In this work, the presented ODEP microfluidic system was utilized
to isolate live CD45neg and EpCAMneg cells from blood samples that might contain CTCs that had
undergone EMT. The performance of CD45neg/EpCAMneg cell isolation based on the presented method
was then experimentally evaluated using a cancer cell line model. To initially explore the clinical
significance of these cells (i.e., CD45neg/EpCAMneg cells) that are generally ignored in conventional
CTC studies, a small-scale clinical experiment comparing the cancer-related gene expression levels of
the CD45neg/EpCAMneg cells isolated from the blood samples of healthy donors and head-and-neck
cancer patients was carried out.

The results revealed that the optimal diameter ratio of the target cell manipulated to the circular
light image used for such cell manipulation was approximately 50% within the explored experimental
conditions. In addition, the optimal ring belt width of the circular ring dark image for effective
repellence of the surrounding leucocytes was 60 μm. In terms of the CD45neg/EpCAMneg cell isolation
performance, the tested cancer cell line model demonstrated that the proposed method was able to
isolate CD45neg/EpCAMneg cells without the contamination of leucocytes, the most abundant cell
population in the treated cell samples. This result was further confirmed by the following clinical
sample tests showing that the purity of the CD45neg/EpCAMneg cells isolated from the blood samples
of cancer patients was as high as 100%, which is currently impossible when utilizing existing techniques
for similar tasks. As a demonstration case, a comparison of the cancer-related gene expression levels of
the CD45neg/EpCAMneg cells isolated from the blood samples of healthy donors and cancer patients
was successfully performed. The initial results might indicate that the CD45neg/EpCAMneg nucleated
cell population in the blood samples of cancer patients might contain cancer-related cells, particularly
EMT transformed CTCs, as suggested by the high detection rate of vimentin gene expression. Overall,
this study has presented an ODEP microfluidic system capable of simply and effectively isolating
a specific rare cell species from a cell mixture.

2. Materials and Methods

2.1. Design of the ODEP Microfluidic System for High-Purity Isolation of CD45neg/EpCAMneg Cells

An ODEP microfluidic system was proposed to separate, and then isolate the CD45neg/EpCAMneg

cells from the surrounding leucocytes in a batch-wise manner utilizing the techniques of fluorescence
microscopic observation and ODEP force-based cell manipulation in a microfluidic system. The layout
of the ODEP microfluidic system is illustrated in Figure 1a. In the study, a T-shaped microchannel
was designed, in which the main microchannel (L: 25 mm, W: 1000 μm, H: 60 μm) was used for
transportation of the cell suspension sample, and the side microchannel (L: 15 mm, W: 400 μm,
H: 60 μm) was designed for the collection of the isolated cells. In the design, the fluorescence
microscopic observation and the ODEP-based cell manipulations for the identification, and isolation of
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CD45neg/EpCAMneg cells, respectively, were performed at the junction area (L: 1400 μm, W: 1000 μm,
H: 60 μm) of the T-shaped microchannel, defined as the cell isolation zone. In the microfluidic
system (Figure 1a), three through-holes (D: 1 mm) for tubing connections were designed, one each
for loading and collecting the fresh and waste cell suspension samples, respectively, and the
other one for harvesting the isolated cells. The assembly of the ODEP microfluidic system is
schematically shown in Figure 1b. Briefly, the ODEP microfluidic system was composed of a
top fabricated polydimethylsiloxane (PDMS) substrate (Layer A), an indium-tin-oxide (ITO) glass
substrate (Layer B), double-sided adhesive tape with microfabricated microchannels (Layer C,
thickness: 60 μm), and a bottom ITO glass substrate coated with a layer of photoconductive
material (encompassing a 20-nm-thick n-type hydrogenated amorphous silicon layer and a 1-μm-thick
hydrogenated amorphous silicon layer) (Layer D). In terms of structure, the three through-holes were
located in Layer A and Layer B and were connected directly to the microchannels in Layer C.

2.2. Microfabrication and Experimental Setup

The overall fabrication process was based on a computer-numerical-controlled (CNC) machining,
a metal mould-punching fabrication process, a PDMS replica moulding, a thin-film technology using
sputtering and plasma-enhanced chemical vapour deposition (PECVD), and a plasma oxidation-aided
bonding process [30]. Briefly, the three components of the top PDMS layer (Layer A) (Figure 1b)
were fabricated by the combination of CNC machining and PDMS replica moulding, as described
previously [30]. For the preparation of the ITO glass substrate (Layer B) (Figure 1b), the three
through-holes were mechanically drilled in an ITO glass (15 Ω, 0.7 mm; Ritek, Taiwan) using a driller
(rotational speed: 26,000 rpm). For Layer C, a custom-made metal mould was used to create the hollow
structure of the T-shaped microchannels in double-sided adhesive tape (9009, 3 M, Taiwan) through
a manually punching operation. For the bottom substrate (Layer D) (Figure 1b), a 70-nm-thick ITO
layer was first sputtered onto a cleaned dummy glass and then thermally annealed (240 ◦C, 60 min).
A 20-nm-thick, n-type hydrogenated amorphous silicon layer was then sputtered onto the ITO layer
to improve the adhesion between the fabricated ITO glass and the amorphous silicon layer to be
deposited in the subsequent process. Next, a 1-μm-thick amorphous silicon layer was deposited onto
the treated ITO glass through a PECVD process [30].

In the subsequent assembly process, the three through-hole component (Layer A) was bonded
with Layer B via O2 plasma surface treatment. This step was followed by assembling with Layer D
with the fabricated double-sided adhesive tape (Layer C) (Figure 1b). In operations, the loaded cell
suspension sample was transported in the main microchannel using a suction-type syringe pump
(Syringe pump 1; Figure 1c). To achieve the ODEP force-based cell manipulation [30], a function
generator was used to apply an alternating current (AC) voltage between the two ITO glass layers
(Layers B and D; Figure 1b) of the proposed system. A commercial digital projector (PLC-XU350,
SANYO, Osaka, Japan) coupled to a computer (Computer 1; Figure 1c) was used to display light
images onto the photoconductive material (Layer D) to generate an ODEP force on the manipulated
cells. In addition, a CCD-equipped fluorescence microscope (Zoom 160, Optem, Fairport, NY, USA)
was utilized to observe the manipulation of cells in the proposed system. The overall experimental
setup is schematically illustrated in Figure 1c (a photograph of the experimental setup is provided as
a Supplementary Figure: Figure S1).
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Figure 1. Schematic illustration of the (a) top-view layout and (b) assembly of the optically induced
dielectrophoresis (ODEP) microfluidic system (Layer A: fabricated polydimethylsiloxane (PDMS)
components; Layer B: indium-tin-oxide (ITO) glass; Layer C: double-sided adhesive tape with
microfabricated microchannels; Layer D: ITO glass substrate coated with a layer of photoconductive
material), and the (c) overall experimental setup.

2.3. The Working Scheme for the Isolation and Purification of CD45neg/EpCAMneg Cells

In this work, the combination of fluorescence microscopic observation and ODEP-based cell
manipulation was used to identify, target, separate, and finally isolate the desired CD45neg/EpCAMneg

cells from the surrounding leucocytes in the presented ODEP microfluidic system. The overall
working procedures are illustrated in Figure 2. Briefly, all cells in a treated cell suspension were
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first stained with different fluorescent dyes to identify EpCAM surface marker-positive CTCs
(green colour dot images), CD45 surface marker-positive leucocytes (green colour dot images),
calcein AM-positive live cells (orange colour dot images), and Hoechst-positive nucleated cells (blue
colour dot images). The treated cell suspension sample was then loaded in the ODEP microfluidic
system, and flowed through the main microchannel (Figure 2a). During this operation, fluorescence
microscopic observation was simultaneously carried out at the defined cell isolation zone to detect
the desired live CD45neg/EpCAMneg cells (i.e., the orange colour-only dot images). Briefly, the optical
filter in the fluorescence microscope was set to observe the green and orange colour dot images.
Once an orange colour-only dot image was observed, the cell suspension flow was stopped (Figure 2b).
In the following procedures for the identification and positioning of the desired cells, the optical filters
were switched to first observe the green colour-only dot images (i.e., the leucocytes or EpCAMpos CTCs)
(Figure 2c) and then the blue colour-only dot images (i.e., all nucleated cells) (Figure 2d). After the
contradistinction, the desired cell (i.e., the live EpCAMneg, CD45neg and Hoechstpos cells) in the cell
suspension was then targeted under light field microscopy imaging (Figure 2e). This step was followed
by performing ODEP-based cell manipulation to isolate the cell targeted from the surrounding cells
(Figure 2f–i). Briefly, a large-area light was used to illuminate the cell isolation zone to attract and then
anchor the cells within the light-projected region, as illustrated in Figure 2f. Meanwhile, a circular ring
dark image (OD: 40 μm; ID: 20 μm) was first utilized to enclose the targeted cell and soon followed
by expansion of the width of the ring belt (OD: 80 μm; ID: 20 μm), as shown in Figure 2f,g. In this
work, the circular ring dark image, functioning as a protective ring belt, was designed to prevent the
unwanted adhesion of the surrounding cells to the manipulated cells during the operation process.
The circular ring dark image around and the circular light image on the targeted cell were then moved
to deliver the enclosed cell to the side microchannel, as illustrated in Figure 2g–i. After repeating the
above processes, the cells of interest (i.e., the live CD45neg/EpCAMneg cells) could be isolated, purified,
and finally collected in the side microchannel for the subsequent collection using a suction-type syringe
pump (i.e., Syringe pump 2; Figure 1c).

Figure 2. Schematic illustration of the overall working procedures for the isolation of EpCAMneg and
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CD45neg cells: (a) Fluorescence microscopic observation was performed at the defined cell isolation
zone to detect the live EpCAMneg and CD45neg cells (i.e., the orange colour-only dot images) in
a dynamic cell suspension flow; (b) the cell suspension flow was temporarily suspended when a live
EpCAMneg and CD45neg cell (pointed out by the arrow marker) was observed in the cell isolation zone;
(c) the optical filters in the fluorescence microscope were then switched to observe the green colour-only
dot images (i.e., the leucocytes or EpCAMpos CTCs); and (d) then the blue colour-only dot images
(i.e., the all nucleated cells); (e) after the contradistinction, the desired cell (i.e., the live EpCAMneg,
CD45neg and Hoechstpos cells) in the cell suspension was then targeted under light field microscopy
(pointed out by the arrow marker); and (f) a large-area light was used to illuminate the cell isolation
zone to anchor the cells within the light-projected region. Additionally, a circular ring dark image was
utilized to first enclose the targeted cell and was (g) soon followed by expansion of the width of the
ring belt. (h,i) The circular ring dark image around and the circular light image on the targeted cell
were then moved to deliver the enclosed cell to the side microchannel for the subsequent collection.

2.4. Working Mechanism and the Optimal Operating Conditions for the ODEP Force-Based Cell Manipulation
in This Work

The ODEP-based microparticle manipulation first presented in 2005 [31] has been well described
elsewhere [7,30,32]. Briefly, an AC electrical voltage is first applied between the two ITO glasses
(e.g., Layer B and D; Figure 1b) to produce a uniform electric field between the two glass substrates.
Under this circumstance, the electrically neutral microparticles (e.g., biological cells) within such
an electric field become electrically polarized. The projection of light onto the photoconductive material
on the bottom ITO glass (e.g., Layer D; Figure 1b) can lead to a decrease in the electrical voltage across
the liquid layer within the light-illuminated region. This can thus generate a non-uniform electric
field within the ODEP system. In the ODEP force-based microparticle manipulation, the interaction
between the non-uniform electric field and electrically polarized particles is used to manipulate the
microparticles [30]. In practical applications, one can simply control the movements of a light image to
manipulate microparticles in a manageable manner.

In the proposed ODEP microfluidic system, the ODEP-based cell manipulation was utilized
to separate and then isolate CD45neg/EpCAMneg cells from the surrounding cells, as schematically
illustrated in Figure 2. In this work, the optimal operating conditions (e.g., the size of the circular
light image for attracting and dragging the enclosed target cell and the ring belt width of the circular
ring dark image for repelling the non-targeted surrounding cells, as illustrated in Figure 2f–i) were
experimentally evaluated. In this study, the ODEP force acting on a cell was evaluated based on
a method described previously [30]. Briefly, the ODEP manipulation force, which is the net force
between the ODEP force and the friction force, generated on the manipulated cell was experimentally
evaluated in this work. In a steady state, the ODEP manipulation force of a cell is balanced by the
viscous drag of the fluid. Therefore, the hydrodynamic drag force of a moving cell is normally used
to evaluate the net ODEP manipulation force of a cell according to Stokes’ law (Equation (1)) [33] for
describing the drag force (F) exerted on a spherical particle in a continuous flow condition.

F = 6πrηv (1)

where r, η, and v denote the radius of the cell, the viscosity of the fluid, and the terminal velocity of the
cell, respectively [30]. According to Stokes’ law, therefore, the ODEP manipulation force can then be
experimentally evaluated through the measurement of the maximum velocity of a moving light image
that can manipulate a cell, as discussed previously [30].

Moreover, the ODEP force generated on a cell can be theoretically expressed by Equation (2),
which was also used to describe the dielectrophoresis (DEP) force [34]:

FDEP = 2πr3εmRe[K(ω)]∇E2 (2)
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where r, εm, K(ω), and ∇E2 denote the cell radius, the permittivity of the solution surrounding the
cells, the Clausius–Mossotti factor (associated with the frequency of the electric field, the conductivity
of the medium, the internal conductivity of the cells, and the membrane capacitance of the cells [35]),
and the gradient of the electric field squared, respectively [36]. In terms of ODEP operating conditions,
overall, the ODEP force generated on a specific cell is influenced by the magnitude and frequency of
the applied electrical voltage under a given solution condition. Therefore, the electrical properties
used in this work were first measured to determine the conditions under which no cell aggregation
phenomenon occurs. In addition to the electrical conditions for ODEP operations, the size of the light
image is also reported to influence the ODEP-based microparticle manipulation [37]. In this work,
experimental evaluations were performed to determine the quantitative relationship between the
diameter of the circular light image (20, 30, 40 μm) and the maximum velocity (μm s−1) of the moving
light image that can manipulate (i.e., attract and drag) PC-3 and SW620 cancer cells. Similar work
was also carried out to evaluate the effect of the width of the dark image bar (20, 40, 60, 80 μm) on the
manipulation (i.e., repulse and push) of leucocytes. After these evaluations, the optimal conditions
for the light or dark image were determined for the ODEP-based cell manipulation as described in
Figure 2.

2.5. Evaluation of the CD45neg/EpCAMneg Cell Isolation Performance-Cancer Cell Line Model

Experiments were conducted to evaluate the performance of the presented ODEP microfluidic
system for CD45neg/EpCAMneg cell isolation. This study was approved by the Institutional Review
Board of the Chang Gung Memorial Hospital. Informed consent was obtained from all blood sample
donors (Approval ID: 201601081B0). All the methods were conducted in accordance with the relevant
guidelines for clinical tests. Briefly, blood samples (4 mL each) were obtained from 3 healthy donors.
The erythrocytes in the blood samples were first lysed using an erythrocyte lysis buffer [38]. The treated
sample was further processed to deplete (CD45pos) leucocytes using the EasySep Human CD45
Depletion Kit (StemCell Technologies, Vancouver, BC, Canada). After erythrocyte and leucocyte
depletion, the cells remaining in the treated samples were stained with fluorescent dyes for identifying
EpCAM surface marker-positive CTCs (green colour dot images) (Alexa Fluor 488-labelled EpCAM
antibody, Cell Signalling Technology, Danvers, MA, USA), CD45 surface marker-positive leucocytes
(green colour dot images) (FITC-labelled CD45 antibody, eBioscience, San Diego, CA, USA), calcein
AM-positive live cells (orange colour dot images) (Thermo Fisher Scientific, Waltham, MA, USA),
and Hoechst-positive nucleated cells (blue colour dot images) (Thermo Fisher Scientific). In this work,
SW620 (cancer cell line) cells were spiked into the abovementioned treated cell samples to mimic
the existence of CD45neg/EpCAMneg cells in the cell samples. According to the previous report [39],
there are about 102 to 104 CD45neg/EpCAMneg cells/mL in the blood samples of head-and-neck cancer
patients. Based on this result, therefore, we spiked 2000 cells to 4 mL of blood sample from healthy
donor (i.e., 500 CD45neg/EpCAMneg cells/mL). In general, there will be about 2 × 107 cells remained
in the sample after 4 mL of blood sample is treated with blood cell depletion processes. Therefore,
the percentage of the CD45neg/EpCAMneg cells spiked in a treated blood sample was about 0.01%
(2000/2 × 107 × 100%). Briefly, 2000 SW620 cancer cells stained with the abovementioned fluorescent
dyes except for the EpCAM surface marker dye were spiked into the treated cell samples. The treated
cell samples were then prepared in 100 μL of 300 mM sucrose solution (solution conductivity: 3.4 μS
cm−1). This step was soon followed by the ODEP-based CD45neg/EpCAMneg cell isolation described in
Figure 2. The gene expression of the harvested CD45neg/EpCAMneg cells was then analysed using the
real-time polymerase chain reaction (PCR) technique. Briefly, the total RNA of the cells was extracted
using the PicoPure RNA isolation Kit (Thermo Fisher Scientific) and the cDNA was then synthesized
via the SuperScript IV First-Strand Synthesis System (Thermo Fisher Scientific). This step was followed
by cDNA pre-amplification using TaqMan PreAmp Master Mix (Thermo Fisher Scientific) to increase
the quantity of the target genes. Afterward, TaqMan-based detection was carried to determine the gene
expression levels of the isolated cells. In this work, the TaqMan assays for each gene were purchased
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from Thermo Fisher Scientific and were performed according to the manufacturer’s instructions.
The β-2-microglobulin serves as the internal control gene in this study.

2.6. Comparison of the Cancer-Related Gene Expression of the CD45neg/EpCAMneg Cell Populations Isolated
from the Blood Samples of Healthy Donors and Head-and-Neck Cancer Patients

To initially explore the clinical significance of the CD45neg/EpCAMneg cell populations in the
blood samples of cancer patients, the following small-scale clinical test was carried out. Briefly,
blood samples (4 mL each) were obtained from patients diagnosed with head-and-neck cancer (n = 8)
and from healthy blood donors (n = 5). The blood samples were then processed using the protocol
described earlier to isolate the CD45neg/EpCAMneg cell population. In this study, we only harvested
about 50 CD45neg/EpCAMneg cells in a blood sample for the subsequent gene expression analysis.
This is mainly because 25–50 cells were technically sufficient for the subsequent analysis of their gene
expression. The harvested cells were then analysed to determine their cancer-related gene expression
using real-time PCR as described earlier.

2.7. Statistical Analysis

Data from at least three separate experiments were analysed and presented as the mean ± the
standard deviation. One-way analysis of variance (ANOVA) was used to examine the effect of the
experimental conditions on the results. The Tukey honestly significant difference (HSD) post hoc test
was used to compare the differences between two investigated conditions when the null hypothesis of
ANOVA was rejected.

3. Results and Discussions

3.1. Characteristic Features of the Proposed ODEP-Based Microfluidic System for the Isolation and Purification
of CD45neg/EpCAMneg Cells

In this study, the integration of fluorescence microscopic observation and ODEP force-based cell
manipulation in a microfluidic system was proposed for high-purity isolation of CD45neg/EpCAMneg

cells based on the working schemes described in Figure 2. First, the presented ODEP microfluidic
system features in providing a gentler process for separating and isolating viable cells from a cell
mixture than current techniques [30,40]. This technical advantage might be difficult to achieve using
other microfluidic systems designed for the same purpose, in which the isolated cells might be
damaged due to the high fluidic shear stress in a microfluidic system. This characteristic is found to be
valuable for using the harvested viable cells for subsequent gene expression analysis. Additionally, in
terms of the cell manipulation technique, a more user-friendly and flexible ODEP force-based working
mechanism was adopted in this design compared to that in the other methods (e.g., techniques based
on fluidic control [40], magnetic force [14], thermal control [41], or dielectrophoretic force (DEP) [42])
reported in the literature. Among the cell manipulation methods, the DEP force-based mechanism has
been actively proposed for a wide variety of applications [43], mainly due to its capability of providing
precise cell manipulation and control. Nevertheless, the DEP-based method requires a technically
demanding, costly, and lengthy microfabrication process to create a unique metal microelectrode array
on a substrate that is specific to the application. This technical shortcoming can be adequately solved
by using the ODEP force-based technique, by which a specific microelectrode layout can be simply
and flexibly created or modified through the manipulation of the optical patterns projected on the
photoconductive material-coated ITO glass of the ODEP system (e.g., Figure 1c) that act as a virtual
electrode layout [31]. In practice, one can simply utilize a commercial digital projector to display
optical patterns on the ODEP system to manipulate cells in a simple, flexible, and user-friendly manner
via computer-interface controls [30].

In terms of cell-related studies, the utilization of the ODEP-based mechanism in microfluidic
systems has been presented for various applications, mainly cell patterning [31], cell lysis [44],
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cell fusion [45], cell sorting based on the cellular size [30] or electrical properties [46], and cell isolation
and purification [7]. For the last example, ODEP-based methods have been presented for the isolation
of bacteria [47], droplets [48], and CTCs [7]. For CTC isolation, the ODEP technique was found to be
particularly promising for the isolation of rare cells in a cell mixture in a high-purity manner due to its
ability for precise cell manipulation [7]. The level of cell isolation achieved by such a methodology
is normally technically impossible by the conventional macro-scale devices or methods [14,16,20].
In operations, light images are commonly used to target the wanted cells, and such light images
are then used to manipulate and then separate the targeted cells from the surrounding cells for cell
isolation and purification purposes [7]. It was recently reported that the CTC isolation techniques based
on this method can achieve a CTC cell purity as high as 100% [7], which is currently impossible using
the other existing methods. During the cell manipulation process using moving light images, however,
cautious operations are normally required to prevent the light images from attracting unwanted cells
around the target cells [7]. Otherwise, the purity of the harvested cells might be seriously affected.
To address this issue, one of the technical features of the presented method is to use a large-area light
to illuminate the cell isolation zone to attract and then immobilize all cells within this zone on the
surface of a substrate (Figure 2f). Afterward, a circular ring dark image, functioning as a protective
ring belt, was designed to enclose the targeted cell, effectively preventing the unwanted adhesion of
the surrounding cells to the manipulated cells during the target cell isolation process, as described in
Figure 2f–h. This design not only provides high-purity isolation of the target cells but also makes the
cell manipulation process simpler and more user-friendly.

3.2. Optimal Operating Conditions for ODEP Force-Based Cell Manipulation

In this study, ODEP-based cell manipulation was utilized to separate and then isolate the
CD45neg/EpCAMneg cells from the surrounding cells, as illustrated in Figure 2. For effective and
efficient cell isolation, the optimal operating conditions were experimentally evaluated. As described
earlier in Equation (2), the ODEP force generated on a specific cell is influenced by the magnitude and
frequency of the electrical voltage applied under a given solution condition. In this study, the electrical
condition of 8 V (3 MHz) was first evaluated experimentally, and no cell aggregation phenomenon
was observed under such condition. This result could greatly facilitate the subsequent cell isolation
process. To determine the optimum size of light and dark images for cell manipulation, experimental
evaluations were also performed. In this work, two kinds of cancer cell lines with different sizes
(microscopically estimated diameter: 20.1 ± 1.5 and 10.5 ± 0.9 μm for PC-3 and SW620 cancer cells,
respectively) were used as model cells for the testing. In this study, the ODEP manipulation force
acting on a cell was evaluated through measurement of the maximum velocity of a moving light (dark)
image that can manipulate a cell, as discussed previously [7]. In this evaluation, the quantitative
relationship between the diameter (20, 30, 40 μm) of the circular light image that was used (i.e., the light
illuminating the targeted cell; Figure 2f–i) and the maximum velocity (μm s−1) of the moving light
image that can manipulate (i.e., attract and drag) PC-3 and SW620 cancer cells was first established.
Similar work was also carried out to evaluate the effect of the dark bar image width (20, 40, 60, 80 μm)
on the manipulation (i.e., repulse and push) of the surrounding cells (mainly leucocytes).

The results (Figure 3a,b) revealed that the diameter of the circular light image had a significant
influence (p < 0.01, ANOVA) on the maximum velocity (μm s−1) of the moving light image that can
manipulate the SW620 and PC-3 cancer cells. This result was in line with the previous findings
demonstrating that the size of a light image can play a role in the ODEP-based microparticle
manipulation [37]. For the SW620 cancer cells with average diameter of 10.5 ± 0.9 μm, the measured
maximum velocity that could manipulate this cell type significantly (p < 0.01) decreased when the
largest circular light image (D: 40 μm) was used with the explored experimental conditions (Figure 3a).
This finding can be explained by the fact that under an ODEP field, the electric field within a smaller
light image could be more focused than that in a larger image. This feature could accordingly
contribute to a higher ODEP manipulation force and thus higher maximum velocity for the light
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image manipulation of a cell [7]. For the PC-3 cancer cells with an average diameter of 20.1 ± 1.5 μm,
conversely, the measured maximum velocity significantly (p < 0.05) decreased when the smallest
circular light image (D: 20 μm) was used (Figure 3b). This unexpected result could be because the
circular light image with the smallest size (D: 20 μm) was close to the average size (20.1 ± 1.5 μm) of
the PC-3 cancer cells used in this study. This similarity could, therefore, lead to instability in the ODEP
force generation, as discovered previously [7].

Figure 3. Quantitative relationship between the diameter of the circular light image (and the diameter
ratio of the cell to the circular light image) that is used and the maximum velocity (μm s−1) of the
moving circular light image that can manipulate (i.e., attract and drag) (a) SW620 and (b) PC-3 cancer
cells (right column: the microscopic images of various diameter ratios of cell to circular light image; the
cells are pointed out by arrow markers) and (c) the quantitative link between the dark image width that
is used and the maximum velocity (μm s−1) of the moving dark image that can manipulate (i.e., repulse
and push) leucocytes.

In terms of the ratio of the cell diameter to the circular light image diameter, overall, the maximum
velocity of the circular light image that could manipulate a cell was higher when the ratio was in the
range of 35.1–52.7% and 50.2–66.9% for the SW620 and PC-3 cancer cells, respectively (Figure 3a,b).
Based on these results, the ratio was set at 50% for the following experiments. In this study, moreover,
a circular ring dark image was designed to enclose the abovementioned circular light image when a cell
was targeted. As described earlier, this design was to repel the surrounding cells (mainly leucocytes)
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and thus, to prevent the unwanted adhesion of leucocytes to the manipulated cells during the target
cell isolation process (Figure 2f–i). In this study, a similar evaluation was carried out to determine the
optimal ring belt width of the circular ring dark image for the manipulation (i.e., repulse and push) of
the leucocyte. The results (Figure 3c) exhibited that the size of the ring belt width had a significant
(p < 0.01; ANOVA) impact on the leucocyte manipulation, in which the maximum velocity of the dark
bar image that could manipulate a leucocyte increased as the dark bar image width increased from
20 μm to 60 μm. According to the results (Figure 3c), therefore, the ring belt width of the circular ring
dark image was set at 60 μm for the following works.

3.3. Performance Evaluation of CD45neg/EpCAMneg Cell Isolation

In this study, the performance of the proposed ODEP microfluidic system for the isolation of
CD45neg/EpCAMneg cells was experimentally assessed. First, the erythrocytes and leucocytes in the
blood samples of healthy donors were mostly depleted. The remaining cells in the treated samples were
then stained with four kinds of fluorescent dyes, as described in Figure 2. In this work, SW620 cancer
cells stained with the four fluorescence dyes except for the EpCAM antibody-based dye were spiked
into the abovementioned treated cell samples. Although SW620 cancer cells normally have surface
antigen expression of EpCAM in nature, these cells were not stained with the EpCAM antibody-based
dye in this study, making them non-observable in the fluorescence microscopic observation for the
identification of CD45pos or EpCAMpos cells, as described in Figure 2a–c. Based on this design,
therefore, the SW620 cancer cells spiked in a sample would be grouped into the CD45neg/EpCAMneg

cell population in this study. This design was to mimic the existence of cancer-related cells in the
CD45neg/EpCAMneg cell population in the cell samples. Afterward, the live CD45neg/EpCAMneg

nucleated cells were isolated from the cell samples based on the procedures described in Figure 2.
The recovery rate of the device was evaluated to be 81.0 ± 0.7%. In this study, 50 cells were isolated
and delivered to the side microchannel for the subsequent collection. Practically, about 40 cells were
obtained after the subsequent collection process. The harvested live CD45neg/EpCAMneg nucleated
cells were then analysed to determine their expression of leucocyte-specific (e.g., CD45) and cancer
cell-specific (e.g., EpCAM, and CK19) genes using a real-time PCR system.

The results (Figure 4a) revealed that the expression of the CD45 gene was detectable only in
pure leucocytes (as a control) but not in pure SW620 cancer cells, and the CD45neg/EpCAMneg

nucleated cells harvested via the proposed cell isolation scheme. This result demonstrated that the
CD45neg/EpCAMneg nucleated cells harvested through the proposed ODEP microfluidic system were
pure and not contaminated with leucocytes, the most abundant cell population in the treated cell
samples. This technical advantage was found to be valuable for using the harvested cells for the
subsequent high-precision gene expression analysis because the existence of the surrounding cells,
such as leucocytes, could cause analytical interference [7]. Moreover, the expression of the EpCAM
and CK19 genes was detected only in the harvested live CD45neg/EpCAMneg nucleated cells but not
in leucocytes (as a control) (Figure 4b,c). This result indicated that the spiked SW620 cancer cells
mimicking the existence of cancer-related cells in the CD45neg/EpCAMneg cell population were able to
be successfully isolated and detected by the proposed cell isolation process, and the protocol for gene
expression analysis, respectively.

In addition to the cancer cell line model described above, the performance of CD45neg/EpCAMneg

cell isolation was also evaluated using a clinical sample model. In this work, blood samples were
obtained from patients diagnosed with head-and-neck cancer. The samples were first treated, and
the CD45neg/EpCAMneg cell isolation process was then performed as described in Figure 2. Figure 5
shows the real cell isolation operation process. Briefly, Figure 5a(I–III) demonstrated the process of
fluorescence microscopic observation to identify the CD45neg/EpCAMneg cells marked by the arrow;
these cells were found in both the orange colour-only dot image (Figure 5a(I–II)) and the blue colour dot
image (Figure 5a(III)). After the CD45neg/EpCAMneg cell was positioned using light field microscopy
imaging (Figure 5a(IV)), ODEP-based cell manipulation was carried out to isolate the cells targeted to
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the side microchannel (Figure 5a(V–VII)). Through repetition of the processes abovementioned, the
CD45neg/EpCAMneg cells were able to be isolated and temperately stored in the side microchannel
for the subsequent collection. In this work, the purity of the live CD45neg/EpCAMneg cells in the side
microchannel was further evaluated microscopically. The results (Figure 5b) revealed that the purity of
the live CD45neg/EpCAMneg cells was as high as 100%, which is beyond the currently possible purity
obtained by using other existing cell isolation techniques. In this proof-of-concept study, the proposed
ODEP-based cell isolation system has not yet been automated. The operating time for processing 4 mL
of blood sample was about 4 h, in which the manual fluorescent microscopic observation consumed
most of the time required. As a result, the automation of the proposed system will be our future goal,
which can largely improve the working throughput of the proposed ODEP-based cell isolation system.

Figure 4. Analysis of the gene ((a) leucocyte-specific CD45 and cancer cell-specific (b) EpCAM and (c)
CK19 genes) expression levels in the pure leucocytes, the SW620 cancer cells, and the cells isolated by
the proposed method.

3.4. Comparison of the Cancer-Related Gene Expression of the CD45neg/EpCAMneg Cells Isolated from the
Blood Samples of Healthy Donors and Head-and-Neck Cancer Patients

In conventional CTC-related studies, the cellular proteins EpCAM and CKs are predominately
used as biomarkers to identify CTCs [15]. However, growing evidence has suggested that the use of
these biomarkers to identify CTCs is not sufficient due to the heterogeneous characteristics of CTCs [24].
As a result, the search for other more clinically meaningful markers that might be more relevant to
cancer metastasis has become important. It is well recognized that the CTCs with a highly metastatic
nature might undergo EMT [21], after which their expression of EpCAM and CKs is downregulated [22].
Therefore, these cells are generally ignored in the conventional positive selection-based CTC isolation
schemes. In our recent study, moreover, it was discovered that the number of CD45neg/EpCAMneg

nucleated cells in the blood samples of cancer patients is significantly higher than that of healthy
donors [49]. To initially explore the clinical significance of the CD45neg/EpCAMneg nucleated cells,
in which the EMT transformed CTCs might contain, a preliminary clinical test was carried out. In
this work, the CD45neg/EpCAMneg nucleated cells were isolated from the blood samples of patients
diagnosed with head-and-neck cancer and from healthy donors based on the processes described
in Figure 2. The cancer-related gene expression of the CD45neg/EpCAMneg nucleated cells in the
two sample groups was analysed and then compared. In this work, the investigated cancer-related
genes were genes related to EMT (CDH1, CDH2, EpCAM, CK19, Vimentin, SNAIL1, TWIST1) [50],
multiple drug resistance (MRP1, MRP2, MRP4, MRP5, MRP7) [51], and cancer stem cell (CSC) (ALDH1,
NANOG, OCT4, SOX2, CD133) [52].
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Figure 5. (a) Microscopic images showing the isolation of CD45neg/EpCAMneg cells from the blood
sample of head-and-neck cancer patients: (I)–(III) the processes of the fluorescence microscopic
observation to identify the CD45neg/EpCAMneg cells ((I)–(II) the orange colour-only dot image and
(III) the blue colour dot image), (IV) the target CD45neg/EpCAMneg cell was positioned using light
field microscopy imaging, (V)–(VII) ODEP-based cell manipulation was carried out to isolate the
targeted cells to the side microchannel (a video clip is provided in the supplementary material); (b)
microscopic observations for evaluating the purity the live CD45neg/EpCAMneg cells isolated and
collected in the side microchannel ((I) calcein AM-positive live cells (orange colour dot images), (II)
CD45 surface marker-positive leucocytes, or EpCAM surface marker-positive CTCs (green colour dot
images); (III) Hoechst-positive nucleated cells (blue colour dot images); (IV) the cell image obtained
using light field microscopy).

Table 1 provides a summary of the results of this comparison (the detailed experimental results
are provided as a Supplementary Table: Table S1). In terms of the EMT-related gene expression
(Table 1), briefly, EpCAM gene expression was not detected in the two compared sample groups
because EpCAMpos cells were excluded in the proposed CD45neg/EpCAMneg cell isolation scheme.
This result further confirmed that the purity of the CD45neg/EpCAMneg cells isolated was high,
consistent with the findings in Figure 5. Expression of the CK19 (i.e., gene for an epithelial marker) and
SNAIL1 (i.e., gene for a zinc finger transcription factor that drives EMT progression [53]) genes was not
detected in the healthy blood sample group but was detected in 1 of 8 cancer patients (i.e., detection
date: 12.5%). Vimentin is the major protein constituent of the intermediate filament responsible for
the maintenance of the cytoskeleton structure of a cell. It has been reported that vimentin is involved
in tumour progression, cell migration, and tumour invasion [54]. Over-expression of vimentin in
diverse tumours has been discovered previously [55,56]. In addition, vimentin expression in CTCs was
also reported [57,58], and the detection of vimentin-positive CTCs has been associated with disease
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progression [59,60]. However, the detection of vimentin gene expression in the CD45neg/EpCAMneg

cells has not yet been reported. In this work, vimentin gene expression was detected in 1 of 5 blood
samples from the healthy donors (20%) and in 6 of 8 blood samples from the cancer patients (75%).
Apart from the gene expression discussed above, the expression of other evaluated EMT-related
genes, such as TWIST1, CDH1, and CDH2, was undetectable in the two sample groups. Taken
together, the results described above might indicate that EMT-transformed CTCs might exist in the
CD45neg/EpCAMneg cell population.

Table 1. Gene expression status of CD45neg/EpCAMneg nucleated cells isolated from the blood samples
of healthy donors and head-and-neck cancer patients.

Biological Function Gene Name
Healthy Donor Head-and-Neck Cancer Patient

Positive/Total

EMT-related

EpCAM 0/5 0/8
CK19 0/5 1/8

Vimentin 1/5 6/8
SNAIL1 0/5 1/8

MDR-related

MRP1 0/5 3/8
MRP2 0/5 0/8
MRP4 0/5 0/8
MRP5 0/5 2/8
MRP7 0/5 0/8

CSC-related
NANOG 1/5 2/8

OCT4 1/5 4/8

The gene expression of multi-drug resistance proteins (MRPs) including MRP1, MRP2, MRP4,
MRP5, and MRP7 was not detected in the CD45neg/EpCAMneg nucleated cells isolated from the
blood samples of healthy donors (Table 1). In addition, the expression of these genes, except for the
MRP1 and MRP5 genes, also was not detected in the cells isolated from the blood samples of cancer
patients. Expression of the MRP1 and MRP5 genes was detected in 3 and 2 of 8 samples from cancer
patients (i.e., detection rate: 37.5% and 25.0%, respectively), respectively. The MRPs belong to the
family of adenosine triphosphate -binding cassette transporters and are thought to be responsible for
transporting nutrients, metabolites or drugs through a cell [51]. In cancer, the over-expression of MRPs
is associated with cancer cell resistance to anticancer drugs [51]. Therefore, monitoring the MRP gene
expression of cancer cells could provide valuable information relevant to the disease status during
or after therapies [51]. In this work, the MRP gene expression in the CD45neg/EpCAMneg nucleated
cells was studied for the first time. However, the correlation between the MRP gene expression of
the CD45neg/EpCAMneg nucleated cells and the treatment response or disease progression of cancer
patients was not explored.

Cancer stem cells (CSCs) have been found in many types of cancer, including head-and-neck
cancer [61]. Cancer cells with the characteristics of stem cells are reported to be associated with cancer
progression and treatment resistance [62]. Therefore, the evaluation of CSC-related gene expression
in CD45neg/EpCAMneg cells might provide information relevant to the cancer disease state. In this
work, the expression of CSC-related genes (e.g., ALDH1A1, CD133, NANOG, OCT4, and SOX2) was
analysed in the isolated CD45neg/EpCAMneg nucleated cells. The results (Table 1) exhibited that only
two (i.e., NANOG and OCT4) of these genes were detected in these cells isolated from the blood
samples of cancer patients (2 and 4 of 8 samples, respectively), although the expression of these two
genes was also found in 1 of 5 blood samples of healthy donors. It seemed that the detection rate of
NANOG and OCT4 gene expression in the cancer patient group (25%, and 50%, respectively) was
slightly higher than that in the healthy blood donor group (20%). In this study, as a whole, the EMT-,
MRP-, and CSC-related gene expression of the CD45neg/EpCAMneg nucleated cells isolated from the
blood samples of cancer patients and healthy donors was reported for the first time. The overall results
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described above might indicate that the CD45neg/EpCAMneg nucleated cells isolated from the blood
samples of cancer patients might contain cancer-related cells (e.g., EMT-transformed CTCs due to the
high detection rate of vimentin gene expression). Further clinical study on a large scale is required
to confirm the results reported in this work. Additionally, a clinical study that links the correlations
between the cancer-related gene expression of CD45neg/EpCAMneg nucleated cells isolated from the
blood samples of cancer patients and the cancer disease status might be worthwhile.

4. Conclusions

The current research of CTCs or cells relevant to cancer metastasis (e.g., the CD45neg/EpCAMneg

cells in this study) is normally hindered by the lack of an adequate cell isolation method capable
of efficiently and effectively harvesting these rare cell species with high purity. To address this
issue, this study proposed the integration of the techniques of fluorescence microscopic observations
and ODEP-based cell manipulation in a microfluidic system to isolate the specific cells of interest
in a high-purity manner. In the design, the immunofluorescence dye staining and fluorescence
microscopic observations were first used to recognize the targeted cells. This step was followed by
ODEP-based cell manipulation to precisely isolate the targeted cells from the surrounding cells.
Compared with the other microfluidic systems used for the similar tasks, the proposed ODEP
microfluidic system mainly provides a way to harvest cells in a high-purity, cell-friendly, and low-cost
manner. Moreover, due to the specific design of light images (i.e., circular ring dark image), the
presented system provides a method to effectively prevent the unwanted adhesion of the surrounding
cells to the manipulated cells during the target cell isolation process. This design not only provides
higher purity isolation of the target cells but also makes the cell manipulation process simpler and
more user-friendly than other ODEP-based microfluidic systems used for the same purpose. In this
study, the optimal size of optical images (i.e., 50% for the diameter ratio of the manipulated target cell
to the circular light image used for such cell manipulation, and 60 μm for the ring belt width of the
circular ring dark image) for ODEP-based cell manipulation was experimentally evaluated. In the
cancer cell line model, the proposed method was proved to be able to isolate CD45neg/EpCAMneg

cells without the contamination of leucocytes, the most abundant cell population in the treated cell
samples. This performance evaluation was further confirmed by the subsequent clinical sample tests
demonstrating that the purity of the CD45neg/EpCAMneg cells isolated from the blood samples of
metastatic cancer patients was as high as 100%, which is currently impossible via the existing techniques
for similar tasks. In the comparison of the cancer-related gene expression in the CD45neg/EpCAMneg

cells isolated from the blood samples of healthy donors and cancer patients, the initial results indicate
that the CD45neg/EpCAMneg nucleated cell population might contain cancer-related cells, particularly
EMT-transformed CTCs, as suggested by the high detection rate of vimentin gene expression. Further
clinical study on a large scale is required to confirm the results reported in this work.
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