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Abstract: In biomedical diagnosis, the efficient separation and purification of specific targets from
clinical samples is the desired first step. Herein, the concept of virtual filter membranes based on
optically-induced dielectrophoresis (ODEP) manipulation in a microfluidic channel is proposed
as a light screening membrane for the separation of polystyrene (PS) microparticles with three
different diameters of 15.8, 10.8 and 5.8 µm. The ODEP manipulation velocity of three types of
PS microparticles reacted with the color brightness setting was investigated to determine the light
intensity to induce an ODEP force higher than the drag force of fluid speed. The color brightness of
the light bar in three areas of the light screening membrane was selected as 60%, 70% and 100% to
isolate PS microparticles with diameters of 15.8, 10.8 and 5.8 µm, respectively. With a double light
bar and a flow rate of 3 µL/min, the recovery rate and isolation purity was improved by 95.1~100%
and 94.4~98.6% from the mixture of three types of PS microparticles within 2 min, respectively. This
proposed light screening membrane could be a candidate for the separation of small-volume and rare
biomedical samples, including circulating tumor cells (CTCs) and bacteria in the blood.

Keywords: brightness; light screening membrane; microfluidic; ODEP; polystyrene

1. Introduction

In biomedical applications, the separation and purification of specific targets (e.g.,
cells and bacteria) with high efficiency and speed from clinical samples are beneficial for
real-time diagnosis and academic investigation [1–3]. To obtain biomarkers with high
purity, conventional methods, including filtering membranes [4], density centrifugation [5],
immunomagnetic microbeads [6], and metal-electrode-based dielectrophoresis (DEP) [7],
have been developed. The basic mechanism of separation involves constructing microstruc-
tures as barriers to restrict the movement of specific targets. The purification results can
be determined by the dimensions of the targets [8], deformability [9] and affinity of the
filtering membrane [10]. Due to their simple structure and high throughput properties,
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filtering membranes are the most common choice in clinical sample separation [11]. How-
ever, the purity of targets after separation by filtering membranes may not be acceptable for
direct application in subsequent biomedical analysis and applications, including diagnosis,
cytological assessment, cell culture, and gene sequencing [11]. For example, the purity
of filtering membrane-based circulating tumor cell (CTC) isolation preparations directly
from the blood of cancer patients is only 0.1~10%, making subsequent application difficult
(e.g., CTC enumeration or gene analysis) [12]. In the meantime, the recovery rate and
throughput of targets decrease with process time due to blocking by accumulated targets
in the filter membranes, which is not suggested for biosamples having a limited volume.

To solve the limitations of conventional filtering membrane-based isolation methods,
a DEP technique embedded in a microfluidic system has been proposed for the isolation
and purification of bioparticles as a new platform for filtering membranes [13]. Particle
manipulation using the DEP working mechanism was first proposed by Herbert A. Pohl in
1951 [14]. With an applied electric field provided by defined electrodes, dielectric particles
(e.g., biological cells) can be electrically polarized with surface charges. An interaction
between the induced surface charges of particles and the applied nonuniform electric field
can be generated as the DEP force. Therefore, many designs of metal microelectrode arrays
are used to control the electric field to manipulate these particles for specific applications,
including particle patterning [15], enrichment [16], and classification [17]. The integration
of metal microelectrode arrays as a controllable filtering membrane and DEP force-based
manipulation in a microfluidic system is believed to be a potentially effective solution for
the isolation and purification of bioparticles, which can have fewer blocks by the release of
particles with a properly applied external electric field [13]. Reports in the literature have
also demonstrated the use of this technique for a wide variety of biological applications,
including the centration of specific cells [18], removal of bacteria in the water [19] and
isolation of CTCs from cancer patients’ blood samples [20]. However, the complexity of
metal electrode design and process could highly constrain application of the DEP force-
based isolation method.

The optically-induced dielectrophoresis (ODEP) platform may be a potential candidate
to tackle the technical hurdle and limitation of the DEP force-based isolation method. ODEP,
with the feasibility of creating “virtual” electrodes using tunable optical images projecting
the semiconductor substrate, was proposed to manipulate microparticles in a microfluidics
system in 2005 [21]. This technical feature not only decreases requirements of the process but
also increases the flexibility of microparticle manipulation and is more user-friendly due to
its use of computer-interfaced control illumination [21–23]. Leveraging the technical merits
of ODEP-based microparticle manipulation, this technical feature has been successfully
demonstrated to manipulate microparticles or bioparticles for various applications (e.g.,
alignment or patterning of magnetic microbeads [24], isolation of varied types of circulating
tumor cells (CTCs) from cancer patients’ blood samples [25], and purification of cells
or bacteria with various degrees of drug resistance [26]). ODEP has a similar working
principle to the DEP mechanism mentioned previously. Metal microelectrode arrays of
DEP chips are replaced with optical electrodes projected to the absorbed semiconductor
layer in ODEP chips. In the first input signal, an alternating-current (AC) voltage across the
solution layer is given through the top transparent electrodes, indium–tin–oxide (ITO) glass
substrates, and bottom photoconductive electrode, photoconductive material on ITO glass.
The second input signal, light with a defined power, is projected to the photoconductive
electrode in designed patterns, which works as the virtual electrode with the gradient of
the electrical field between the illuminated and dark areas. The electron-hole pairs are
generated by the projected light and thus significantly decrease the electrical impedance of
the illuminated area. This photoinduced phenomenon leads to the exerted electric voltage
dropping across the solution layer inside the illuminated area and following a locally
nonuniform electric field in the illuminated area. In the ODEP system, the interaction
between the nonuniform electric field and electrically polarized microparticles is practically
controlled to manipulate these microparticles. Therefore, in short, scientists can simply
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control the light images projected into an ODEP system to manipulate the microparticles in
a controllable manner [21–23].

Based on the mechanism of ODEP, a method integrated with different widths of
microfluidics and light patterns was proposed in our study as a filter membrane to separate
and collect cells with different dimensions [27]. Due to the different flux forces generated
in different channel widths, ODEP force has been proven to separate cancer cells and white
blood cells with isolation purities of 93.1~100%. However, this proposed microfluidic chip
is complicated in design and fabrication. To simplify the microfluidic structure, in this study,
we propose a novel “virtual filter membrane” design with a straight microchannel and the
modification of illumination patterns with different ODEP forces to separate microparticles
with different dimensions. In particular, in a previous report, modification of the intensity of
the illumination pattern was demonstrated to modify the ODEP force to microparticles [28].
Therefore, in this study, a light screening membrane constructed using three light intensities
is proposed as a “virtual filter membrane” to investigate the screening and separation of
microparticles with different diameters for the first time. The natural advantage of simple
modification of illumination patterns in the ODEP system can be used to collect and release
the separated microparticles, which could solve the block issue in the conventional filtering
membrane-based isolation method. To evaluate the feasibility of this concept, three types
of polystyrene (PS) microparticles with diameter differences of 5 µm were selected in this
study to determine the proper illumination conditions and the separation efficiencies (e.g.,
recovery rate and isolation purity) of the light screening membrane. The condition for each
PS microparticle can be clearly defined using systematic investigation in the ODEP system.

2. Materials and Methods
2.1. ODEP Microfluidic Chip and Experimental Setup

In this study, an ODEP microfluidic chip with its top-view layout and design of
light patterns (illustrated in Figure 1A) was used to evaluate isolation performance. A
specifically designed “light screening membrane” contains multiple light bar arrays with
a width of 100 µm and three various light intensities in each area (e.g., (I), (II), and (III)
in Figure 1A). In the structure of this microfluidic chip, briefly, a primary microchan-
nel (e.g., length = 20.0 mm, width = 1.0 mm, height = 50.0 µm) with two holes (e.g.,
diameter = 1.0 mm, height = 50.0 µm) was designed for loading/removing a micropar-
ticle suspension sample as well as for sample transportation/collection. The structure
of the ODEP microfluidic chip is schematically illustrated in Figure 1B, encompassing a
fabricated polydimethylsiloxane (PDMS) connector (e.g., Layer 1), an indium–tin–oxide
(ITO) glass (e.g., Layer 2), a double-sided adhesive tape (thickness: 50 µm) with a fab-
ricated microchannel (e.g., Layer 3), and an ITO glass coating with a photoconductive
material containing a 20-nm-thick n-type hydrogenated amorphous silicon layer and a
1-µm-thick hydrogenated amorphous silicon layer (e.g., Layer 4) [28]. The fabrication of
the ODEP microfluidic chip can be divided into four separate parts from Layers 1 to 4.
Layer 1, the PDMS connector, was fabricated using computer-numerical-controlled (CNC)
machining for mold making, PDMS replica molding and drilling a hole. Layer 2, the
up-side-down ITO/glass (R01, InnoLux Corporation, Hsinchu, Taiwan), functions as a
top electrode in the primary microchannel. Layer 3, the 50 µm-thick microchannel, was
fabricated using manual cutting with a custom-made metal mold in double-sided adhesive
tape (L298, Sun-yieh, TYN, Taiwan) and a hammer punch as shown in Figure S1. Layer
4, a 1000 nm-thick intrinsic hydrogenated amorphous silicon (a-Si:H) on a 20 nm-thick
n+-doped hydrogenated amorphous silicon (n+ a-Si:H) layer, was continuously deposited
on ITO/glass using plasma-enhanced chemical vapor deposition (AKT4300, Applied Mate-
rials, Santa Clara, U.S.). After each layer was fabricated, the two punched holes located in
Layer 2 were aligned to the microchannel in Layer 3 and the supporting substrate in Layer
4 using the double-sided adhesive tape and one punched hole located in Layer 1 by oxygen
plasma treatment. To expose the ITO/glass as the bottom electrode, a 20% KOH solution
was used to etch the intrinsic a-Si:H and n+ a-Si:H layers.
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Figure 1. Schematic presentation of the (A) top-view layout and (B) separated layer of the whole
ODEP microfluidic chip (Layer I: PDMS connector; Layer II: ITO glass; Layer III: double-sided
adhesive tape with a fabricated microchannel; Layer IV: ITO glass coating with a photoconductive
material). (C) Overall experimental setup for ODEP manipulation. (D) Pictures of fabricated ODEP
chips and measurement system.

In this design, ODEP-based manipulation for the separation of microparticles was
performed in the area with virtual light screening membranes (e.g., length = 0.8 mm and
width = 1.0 mm) in the primary microchannel, as shown in Figure 1C. The tested micropar-
ticle suspension sample was transported in the primary microchannel using a syringe pump.
For ODEP-based microparticle manipulation, a function generator (AFG-2125, Good Will
Instrument Co., Ltd., New Taipei City, Taiwan) was used to apply an alternating current
(AC) bias voltage between the top and bottom ITO/glasses of the ODEP microfluidic chip.
A commercial digital projector (EB-X05, Epson, Nagano, Japan) controlled by a computer
was used to project light images to the photoconductive material (e.g., intrinsic a-Si:H
layer in Layer 4) to generate ODEP force on the manipulated microparticles. In this study,
a charge-coupled device (CCD)-equipped microscope (Zoom 160, OPTEM, Fairport, NY,
USA) was utilized to observe and record the performance of ODEP-based microparticle
manipulation. The setup of the entire system is schematically illustrated in Figure 1C. The
picture of the fabricated ODEP chip and measurement system is shown in Figure 1D. A
transmission mode imaging setup is obtained by the back-side illumination provided by
a projector through the ODEP chip to record images by CCD on the top side. The optical
path including the objective lens (e.g., Nikon Plan Fluor 10X, NA = 0.30) equipped in the
microscope and the objective lens (e.g., S511012, Arno Electro-Optics Ltd., New Taipei City,
Taiwan) equipped in the project is schematically plotted, as shown in Figure S2.
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2.2. The Working Mechanism of the Light Screening Membrane

The operation mechanism of ODEP for microparticle manipulation is described in the
introduction section and can be derived from the conventional formula of DEP force as
listed in Equation (1) [25,26,29]:

FDEP = 2πr3ε0εmRe[fCM]∇|E|2 (1)

In Equation (1), r is the radius of the microparticle, ε0 is the vacuum permittivity, εm is
the relative permittivity of the surrounding solution, ∇|E|2 is the squared gradient of the
electric field, and Re[fCM] is the real part of the Clausius–Mossotti factor (fCM) [25,26,29].
As mentioned above, the photo intensity of illumination patterns projected on the photo-
conductive material layer of the chip (e.g., Layer 4 of Figure 1B) can be used to modify the
force of ODEP [30]. This can be explained by the electric field modification through extra
photoinduced carrier generation by illumination, which is proportional to the absorption
of the photoconductive material layer [24,31]. The higher illumination intensity causes the
generation of additional photoinduced carriers, which reduces the electrical impedance
in the light-illuminated region and follows a high surface potential [24,31]. This increased
high surface potential induced a high gradient of electric field and follows a high ODEP
force, which can be explained by the high ∇|E|2 of Equation (1). Therefore, various
illumination intensities of patterns are designed to enhance the operation and collection
efficiency of microparticles.

To achieve continuous screening, separation and collection, the design of a fixed
screening membrane constructed using different illuminations is determined based on the
flow rate of microparticles with different diameters (e.g., PS microparticles with diameters
of 15.8, 10.8, and 5.8 µm) in the microfluidics. Due to the fluid movement driven by the
syringe pump, PS microparticles also follow the direction but with different drag forces
due to the reaction between the surface layer and its volume. When PS microparticles
approach the light screening membrane, the negative ODEP force generated by the uniform
electrical field from the illumination intensity makes a stop force to flow force, which
slows down the PS microparticles [30]. While the negative ODEP force is higher than the
drag force by flow rate, PS microparticles are entirely stopped as a function of capture
in front of the light screening membrane [22]. In contrast, the negative ODEP force is
smaller than the drag force by flow rate, and PS microparticles can pass through the light
screening membrane [22]. Due to the positive correlation between particle dimensions
(e.g., r3 in Equation (1)) and ODEP force, the larger PS beads have a higher ODEP force
compared to smaller PS microparticles. Therefore, the light screening membrane with a
lower intensity (e.g., smaller ∇|E|2 generation in Equation (1)) can be used to capture
larger PS microparticles with a proper arrangement. In the lower intensity illumination,
the ODEP force generated for smaller PS microparticles requires a higher intensity of light
screening membrane to be blocked. This operational concept is schematically illustrated in
Figure 2A. Based on this mechanism, a design is proposed in the study with multiple light
screening membranes of different intensities to separate PS microparticles with multiple
dimensions, as shown in Figure 2A. Three areas of light screening membranes with 3
different intensities marked as (I), (II) and (III) from the left to right side of the microfluidics,
as shown in Figure 1A and 2A, are used to block PS microparticles of 3 different diameters
(e.g., 15.8 µm, 10.8 µm and 5.8 µm). The lowest intensity can be set as the first screening
membrane (e.g., area (I)) for the largest PS microparticles (e.g., diameter = 15.8 µm) on the
left side. The other PS microparticles with a smaller diameter will pass through area (I)
because the induced ODEP force is too small to overcome the flow force. In area (II), the
intensity of the light screening membrane is increased to catch and bypass PS microparticles
with diameters of 10.8 and 5.8 µm through a similar mechanism. Then, PS microparticles
with the smallest diameter (e.g., 5.8 µm) are blocked in area (III) with the highest intensity
of light screen membranes.
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Figure 2. Schematic plot of the (A) operating mechanism and (B) designed procedures of 3 areas with
different light intensities and double light bars in each area. The mixture of 3 types of PS microparticles
is shown in B(i). (ii) With light screening membranes, PS microparticles with a small diameter can
pass through due to decreased ODEP force generation. (iii) After steady state manipulation, 3 types
of PS microparticles are automatically separated into 3 designated areas. (iv) The light bars shown in
area (III) are released. (v) Two types of PS microparticles are still isolated in areas (II) and (I). (vi) The
light bars shown in area (II) are released. (vii) Only 1 type of PS microparticle is still isolated in area
(I). (viii) The light bars shown in area (I) are released. (ix) all PS microparticles are flushed out.

This dynamic operation is schematically shown in Figure 2B(i–iii). After the sep-
aration of 3 types of PS microparticles, the light screen membranes in area (III) can be
removed to release the smallest PS microparticles without ODEP force blocking, as shown
in Figure 2B(iv). After the smallest PS microparticles flow away, as shown in Figure 2B(v),
the light screen membranes in area (II) can be removed to release the middle-sized PS
microparticles, as shown in Figure 2B(vi). Following the same procedure, the smallest PS
microparticles can be released to flow by removing the light screen membranes in area
(I), as shown in Figure 2B(vii–ix). Using the differences in release time of 3 types of PS
microparticles, the various retention time differences among PS microparticles would be
beneficial for subsequent collection of PS microparticles of 3 different diameters. With this
designed protocol of light screening membranes, PS microparticles of 3 different diameters
can be easily separated and collected in a single microfluidic device. The detailed design
and operation of this protocol are presented in Section 2.3.

2.3. Screening, Isolation, and Collection of Various-Sized PS Microparticles

Based on the working mechanism presented in Section 2.2, a protocol for virtual light
screening membranes with functions of screening, isolation, and collection is proposed in
the study by evaluating PS microparticles of 3 different diameters, including 15.8 µm (No.
100247-10, Microspheres-Nanospheres, Corpuscular Inc., New York, NY, USA), 10.8 µm
(No. 100243-10, Microspheres-Nanospheres, Corpuscular Inc., New York, NY, USA), and
5.8 µm (No. 100231-10, Microspheres-Nanospheres, Corpuscular Inc., New York, NY,
USA). First, PS microparticles of 3 different diameters were mixed and replaced with
prepared low conductivity solution (e.g., distilled water with 0.05% BSA; conductivity:
6.5~8.0 µS min−1) to wash and replace the original storage solution. The mixture of PS
microparticles of 3 different diameters was suspended in 100 µL of the prepared low
conductivity solution. Then, 2 µL of this mixed sample was loaded into a hole of the ODEP
chip, as shown in Figure 1A, using a syringe pump (Fusion 200, Chemyx, Stafford, TX,
USA). As shown in Figure 2B(i,ii), the mixed sample can be pushed into the microfluidic
device at a stable speed by the control with a syringe pump. The designed light screening
membranes were generated by the projector and focus setup in the area of microfluidics
for 3 different areas, as shown in Figure 1A. The ODEP force generated by light intensity
was investigated for PS microparticles of 3 different diameters separately to determine the
optimized conditions for the separation of PS microparticles. The intensity modification of
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light screening membranes was achieved by the simple and reliable transparency setting in
PowerPoint software and following projection adjustment to microfluidics by the projector.
To generate the gradient of intensity, light screening membranes are defined as a white
color pattern with different levels of transparency in a black slide background. The color
brightness of the pattern can be modified by setting the transparency of the white color
in the PowerPoint file. To confirm the relationship between illumination intensities and
pattern color brightness, the intensity of the light screening membranes was measured
using a thermopile laser power detector (XLP12-3S-H2-D0, GENTEC-EO, Quebec City, QC,
Canada). With the maximum and minimum brightness of white and black color patterns
(i.e., the white and black pattern transparency settings are 0% and 100%, respectively), the
illumination intensity in the location of the microfluidics chip is 3.25 and 0.43 mW/cm2,
respectively. In addition, the corresponding light intensity and the color brightness ratio
are shown in Figure S3. An approximately linear correlation (R2 = 0.98) was observed,
representing a good index to evaluate and control light intensity for ODEP manipulation.
After confirming the basic correlation between the color brightness ratio and light intensity,
various light screening membranes can be generated easily by settings in the PowerPoint
file to determine the feasibility of separating and screening for PS microparticles of 3
different diameters. The entire procedure of all experiments was recorded using optical
microscopy and CCD as a video. The recovery rate and isolation purity were calculated
by the number of PS microparticles of 3 different diameters using various light screening
membranes, as described in Section 2.2.

2.4. Evaluation of ODEP-Based Microparticle Manipulation Performance

To have good control and efficiency of light screening membranes, the light intensity-
induced ODEP force was investigated using the concept of ODEP manipulation force,
which is the net force between the ODEP and friction forces working on the manipulated
microparticle. The detailed protocol was experimentally performed according to published
literature [22,25,26]. In steady-state microfluidics under a continuous flow, the movement
of a microparticle is controlled by the effective force between the viscous drag of the fluid
and the generated ODEP manipulation force. The hydrodynamic drag force of a moving
microparticle according to Stokes’ law is as follows:

F = 6πrηv (2)

In Equation (2), r is the microparticle radius, η is the fluidic viscosity, and v is the
velocity of a moving microparticle. In a given solution, the properties of microparticle
and light intensity, the ODEP force is determined. Using a moving light image with the
same light intensity, the ODEP force remains constant, but the drag force increases with the
velocity of a moving microparticle. With the increasing velocity of the moving light image,
the drag force finally becomes larger than the ODEP force, which induces a microparticle out
of the control of the light image and its ODEP force. The maximum velocity of a moving
light image that can manipulate such a microparticle can be determined as the ODEP
manipulation velocity in this study [22,25,26]. In an experimental setting, a rectangular
light bar with a width of 100 µm was moved at a control velocity from 400 to 20 µm/s to
confirm the ODEP manipulation velocity of each light intensity and the PS microparticles
of different diameters, including 15.8, 10.8 and 5.8 µm.

2.5. Statistical Analysis

The data from separate experiments are presented as the mean ± the standard de-
viation. One-way analysis of variance (ANOVA) was applied to evaluate the significant
influence of the conditions tested on the outcomes. Tukey’s honestly significant difference
(HSD) post hoc test was then utilized to check differences between the two conditions
explored when the null hypothesis of ANOVA was rejected.
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3. Results and Discussion
3.1. ODEP Manipulation Performance of PS Microparticles in Response to Different
Light Intensities

Before evaluating the light screening membrane, the diameter of these types of PS
microparticles was measured using a CCD and the associated software for microparticles
numbers greater than 30. The results are shown in Figure 3A. The measured diameters of
these three types of PS microparticles were 15.11 ± 0.36, 10.33 ± 0.42, and 5.51 ± 0.36 µm
for 15.8, 10.8, and 5.8 µm PS microparticles, respectively. The p value was less than 0.05.
No overlapping diameter region was observed, indicating decreased interference in the
ODEP manipulation. Based on our previous findings [28], the basic conditions were
selected as 10 Vpp and 1.5 MHz for the chip bias condition and rectangular light bar with a
maximum light intensity of 3.25 mW cm−2 for ODEP manipulation. As shown in Figure 3B,
the ODEP manipulation velocity was 185.1 ± 14.0, 136.8 ± 19.3, and 73.6 ± 12.3 µm/s
for PS microparticles of three different diameters, including 15.8, 10.8, and 5.8 µm PS
microparticles, respectively. A significant difference among the three groups was found
at p < 0.05. This positive correlation between diameter and ODEP manipulation velocity
meets the expectation from Equation (1). A larger ODEP force is induced by a larger
diameter of PS microparticles and the subsequent higher manipulation velocity.
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Figure 3. (A) The diameter of 3 types of PS microparticles measured using CCD software.
(B) ODEP manipulation velocity of the types of PS microparticles. All results are presented as the
mean ± standard deviation of at least 3 separate experiments. (NS: no significance, and *: significant
difference (p < 0.05).

To investigate the correlation between light intensity and the proper manipulation
for three types of PS microparticles, various light intensities of rectangular light bars were
examined in advance to test the ODEP manipulation velocity for its ODEP force separately.
The color brightness of the rectangular light bar was modified as described in Section 2.3.
Based on Figure S3, adjustment of the transparency setting in the PowerPoint file can be
used to reliably control the color brightness and corresponding light intensity. To facilitate
understanding, descriptions of light intensity are all presented by the color brightness in
the subsequent sections. As shown in Figure 4A–C, the ODEP manipulation velocity of
various color brightness settings of rectangular light bars is presented for PS microparticles
with diameters of 15.8, 10.8 and 5.8 µm. A clear trend of the ODEP manipulation velocity
decreasing with decreasing color brightness was observed for all three types of PS micropar-
ticles, which meets the expectation of the ODEP operation mechanism, as described in
Section 2.2. As shown in Figure 4A, the ODEP manipulation velocity of PS microparticles
with a diameter of 15.8 µm was 185.1 ± 14.0, 173.8 ± 15.2, 145.3 ± 17.4, 94.9 ± 14.3, 64.6 ±
18.2, and 49.2 ± 17.4 µm/s for color brightnesses of 100%, 90%, 80%, 70%, 60%, and 50%,
respectively. With a color brightness of 40%, the ODEP manipulation velocity was less
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than the minimum setting of 20 µm/s in this experimental design, as described previously
in Section 2.4. Similar testing results of PS microparticles with a diameter of 10.8 µm are
shown in Figure 4B. Significant differences were found between groups of different color
brightnesses. The ODEP manipulation velocity of PS microparticles with a diameter of
10.8 µm was 136.8 ± 19.3, 125.7 ± 21.6, 106.8 ± 17.3, 59.5 ± 8.1, and 38.9 ± 14.4 µm/s for
color brightnesses of 100%, 90%, 80%, 70%, and 60%, respectively. At the same color bright-
ness, the ODEP manipulation velocity of PS microparticles with a diameter of 10.8 µm
at different color brightness values was smaller than that at 15.8 µm. The lowest color
brightness was observed as 60% for PS particles with a diameter of 10.8 µm due to an
ODEP manipulation velocity less than 20 µm/s. These behaviors are well explained by
the ODEP force decreasing with the diameter of the PS microparticle and light intensity
controlled by the setting of color brightness. For PS microparticles with a diameter of
5.8 µm, the ODEP manipulation velocity was 73.6 ± 12.3 and 70.2 ± 13.6 µm/s for 100%
and 90% image color brightness with p > 0.05, respectively. With a color brightness less
than 80%, the ODEP manipulation velocity was clearly significantly reduced (p < 0.05).
The ODEP manipulation velocities were 52.3 ± 11.8, 33.6 ± 11.5, and 21.7 ± 5.6 µm/s for
80%, 70%, and 60% of image color brightness, respectively. Based on these results, the
modification of color brightness was confirmed to have a different ODEP force from light
intensity and its ODEP manipulation velocity.
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Figure 4. Evaluation of the ODEP manipulation velocity versus the setting of color brightness in the
PowerPoint file for PS microparticles with diameters of (A) 15.8, (B) 10.8 and (C) 5.8 µm. The results
are presented as the mean ± standard deviation of at least 3 separate experiments.

3.2. The Combination of Light Screening Membranes

Based on the results of Figures 3 and 4, the proper light intensity defined by the
color brightness of the PowerPoint setting demonstrates different ODEP forces for PS
microparticles of different diameters. To compare the overall behaviors of the three types
of PS microparticles, the ODEP manipulation velocity can be considered a representative
factor on a fair baseline. The proper combination of light intensity is investigated and used
to construct the light screening membrane for subsequent size-dependent PS microparticle
isolation in this section. As mentioned previously, the straight primary microchannel
was designed to minimize the cost and complexity of the ODEP chip. Therefore, a single
syringe pump was used to control the movement of PS microparticles in the primary
microchannel, as shown in the schematic illustration in Figure 2A. As clearly shown in
Figure 4, the lowest ODEP manipulation velocity of the same color brightness was observed
for PS microparticles with a diameter of 5.8 µm. To catch all of them, the maximum color
brightness with the largest ODEP manipulation force was defined to overcome the flux force
and follow the highest capture rate in area (III). As shown in Figure 4C, the highest ODEP
manipulation velocity of PS microparticles with a diameter of 5.8 µm was 73.6 ± 12.3 µm/s,
which was also the maximum color brightness. To obtain the actual flow velocity of all
three types of PS microparticles, the fluid rate given by the syringe pump was modified
from 0.3, 0.4, and 0.5 µL/min to determine the velocity of different PS microparticles. The
correlation between the fluid rate given by the syringe pump versus the actual flow rate
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of PS microparticles is shown in Figure S4. The velocities of the 5.8 µm PS microparticles
were 34.1 ± 3.2, 76.6 ± 5.3, and 80.0 ± 13.9 µm/s for fluid flows of 0.3, 0.4, and 0.5 µL/min,
respectively. Therefore, the fluid rate given by the syringe pump was selected as 0.3 µL/min
to have a moving velocity of PS microparticles with a diameter of 5.8 µm less than the
ODEP manipulation velocity of 73.6 ± 12.3 µm/s under a color brightness of 100% with an
acceptable throughput efficiency. At 0.3 µL/min, the moving velocities of PS microparticles
with diameters of 15.8 and 10.8 µm were 43.1 ± 1.9 and 46.6 ± 7.4 µm/s, respectively.
Therefore, the setting of color brightness to catch and release PS particles of diameters
of 10.8 and 5.8 µm should be in the range of ODEP manipulation velocities higher than
46.6 ± 7.4 µm/s and lower than the ODEP manipulation velocity of PS particles with a
diameter of 5.8 µm. Therefore, the color brightness was selected as 70%, which has an
ODEP manipulation velocity of 59.5 ± 8.1 µm/s to catch PS particles with diameters of
10.8 µm and 33.6 ± 11.5 µm/s to release PS particles with diameters of 5.8 µm. In the
meantime, the color brightness was selected as 60%, which has an ODEP manipulation
velocity of 64.6 ± 18.2 µm/s to catch PS microparticles with a diameter of 15.8 µm. Under
this condition, PS microparticles with diameters of 10.8 and 5.8 µm cannot be caught due
to ODEP manipulation velocities of 38.9 ± 14.4 and 21.7 ± 5.6 µm/s, respectively, which
are both lower than the moving velocity of PS microparticles at a fluid flow of 0.3 µL/min.
Screening membranes of 60%, 70% and 100% were established from the right to left side as
areas (I), (II) and (III), as shown in Figure 5A, to capture PS microparticles with diameters
of 15.8, 10.8 and 5.8 µm, respectively.
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results are presented as the mean ± standard deviation of at least 3 separate experiments. (NS: no
significance, and *: significant difference (p < 0.05).

Based on the design of light screening membranes in areas (I), (II) and (III), the recovery
rate and isolation purity of PS microparticles with diameters of 15.8, 10.8, and 5.8 µm and
a fixed fluid rate of 0.3 µL/min were investigated. Based on the video recorded by the
CCD and microscope, images with PS microparticles were observed and analyzed. The
recovery rate of PS microparticles of different diameters was defined as 100% minus the
ratio of the total missing number divided by the total number of PS microparticles with the
same diameter in a light screening membrane. On the other hand, to determine the ability
of the screening membrane in each light area (e.g., (I), (II) and (III)), a parameter named
isolation purity was defined as the total number of each kind of captured PS microparticles
with a specific diameter to the total number of PS microparticles. As shown in Figure 5B,
the recovery rates were 99.0 ± 1.9, 100 ± 0.0, and 90.0 ± 18.2% for 15.8, 10.8, and 5.8 µm
PS microparticles, respectively, captured by a light screening membrane. It was clearly
observed that the recovery rate approached 100% for 15.8 and 10.8 µm PS microparticles.
To study the details of the recovery rate of the entire design with the mixture of three types
of PS microparticles and three light screening membranes, the isolation purity in each area
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was calculated, as shown in Figure 5C. PS microparticles captured in area (I) captured
96.9 ± 6.3%, 3.1± 6% and 0% for diameters of 15.8, 10.8 and 5.8 µm, respectively. In area (II),
PS microparticles with diameters of 15.8, 10.8 and 5.8 µm captured 9.3 ± 11%, 90.7 ± 11.2%
and 0%, respectively. The isolation purity of area (III) was 1.3 ± 3%, 16.8 ± 13% and
81.9 ± 13.4% for diameters of 15.8, 10.8 and 5.8 µm, respectively. The separation of PS
microparticles with specific diameters can be efficiently performed in three categories. The
isolation purity of these proposed light screening membranes with adjustments of intensity,
with the advantages of being fast, simple and with high throughput, achieved greater than
80% for a mixture for three types of PS microparticles.

Some losses in the isolation of PS microparticles with diameters of 10.8 and 5.8 µm
indicate a possibility for improvement. Therefore, the number of light screening membranes
in each area was increased from one to two in the upgraded design, as shown in Figure 6A.
As shown in Figure 6B, the recovery rates were 100 ± 0.0%, 100 ± 0.0% and 95.1 ± 1.6%
for PS microparticles with diameters of 15.8, 10.8 and 5.8 µm, respectively. In addition,
the isolation purity of this upgraded design captured 98.1 ± 3.2% of PS microparticles
with a diameter of 15.8 µm in area (I), 94.4 ± 9.6% for PS microparticles with a diameter of
10.8 µm in area (II), and 98.6±2.5% for PS microparticles with a diameter of 5.8 µm in area
(III), as shown in Figure 6C. Isolation purity was dramatically increased with the design
of two light bars in each area, especially for PS microparticles with a diameter of 5.8 µm.
The increment was approximately 16% and achieved a final isolation purity greater than
98%. With this optimized design, the recovery rate and isolation purity of all three types
of PS microparticles were all close to 100%, which can be considered a candidate for real
applications. After the isolation of three types of PS microparticles, the release of each type
of PS microparticle was easily performed by removing light bars in each area separately
in the PowerPoint file. A video of the compact light screening membrane operation is
shown in the supplemental material. In summary, the proper intensity of light screening
membranes was easily obtained by modifying the color brightness in the PowerPoint file
in three areas (e.g., 60%, 70%, and 100%) for the separation and collection of three types
of PS microparticles (e.g., diameters of 15.8, 10.8 and 5.8 µm), respectively. To achieve
high isolation purity, the light bar number of each area can be increased to two. With this
optimized design, a mixture of PS microparticles with diameters of 15.8, 10.8, and 5.8 µm
were separated within 2 min with a high recovery rate and isolation purity of 95.1~100%
and 94.4~98.6%, respectively, in this study. The limitations of conventional physical filter
membranes, including blocking, low efficiency, low through put and poor reusability, can
be improved using this proposed light screening membrane. Further studies based on
light screening membranes, such as small-volume biomedical samples, including CTCs,
bacteria in blood and various cells with drug resistance, represent future applications of
this method.
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Figure 6. (A) Image of the double light-bar design in areas (I), (II) and (III). The color brightness of
each area is set as 60%, 70% and 100% from the left to right side. (B) Recovery rate of 3 different kinds
of PS microparticles and (C) isolation purity of each area in the compact light screening area. The
results are presented as the mean ± standard deviation of at least 3 separate experiments. (NS: no
significance, and *: significant difference (p < 0.05).
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4. Conclusions

In this study, the concept of virtual filter membranes based on ODEP manipulation
and specific design was proposed as a light screening membrane. With the natural behavior
of dimension-determined and light-regulated ODEP force generated on PS microparticles,
the light screening membrane constructed using sequential light bars of suitable color
brightness setting was confirmed to separate three types of PS microparticles (e.g., diameter
of 15.8, 10.8 and 5.8 µm) with very high efficiency of isolation purity in a single straight
microfluidic channel. Using systematic experiments and analysis, the color brightness of
three specific areas was adjusted to 60%, 70% and 100% for the isolation of PS microparticles
with diameters of 15.8, 10.8 and 5.8 µm, respectively. The separation procedure from the
mixture of 3 types of PS microparticles was finished within 2 min, and a high recovery rate
and isolation purity of 95.1~100% and 94.4~98.6%, respectively, was achieved. This pro-
posed light screening membrane can be further applied in the separation of small-volume
biomedical samples, including CTCs, bacteria in blood and various cells, in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors10120540/s1, Figure S1 The picture of microchannel
fabricated using manual cutting with a custom-made metal mold in double-sided adhesive tape.
Figure S2 The schematic plot of optical setup including the optical path and objective lens fixed in
the projector. Figure S3: Light intensity versus the setting of color brightness in the PowerPoint
file. Figure S4: The actual velocity of 3 types of PS microparticles versus the fluid rate supplied
by the syringe pump. Video S1: Real-time video of the procedures of the proposed light screening
membranes with 3 areas of different light intensities and double light bars in each area.
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