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G W N e

Abstract: An early and accurate diagnosis of Candida albicans is critical for the rapid antifungal
treatment of candidemia, a mortal bloodstream infection. This study demonstrates viscoelastic
microfluidic techniques for continuous separation, concentration, and subsequent washing of Candida
cells in the blood. The total sample preparation system contains two-step microfluidic devices: a
closed-loop separation and concentration device and a co-flow cell-washing device. To determine
the flow conditions of the closed-loop device, such as the flow rate factor, a mixture of 4 and 13 um
particles was used. Candida cells were successfully separated from the white blood cells (WBCs) and
concentrated by 74.6-fold in the sample reservoir of the closed-loop system at 800 uL./min with a
flow rate factor of 3.3. In addition, the collected Candida cells were washed with washing buffer
(deionized water) in the microchannels with an aspect ratio of 2 at a total flow rate of 100 pL/min.
Finally, Candida cells at extremely low concentrations (Ct > 35) became detectable after the removal of
WBCs, the additional buffer solution in the closed-loop system (Ct = 30.3 & 1.3), and further removal
of blood lysate and washing (Ct = 23.3 £ 1.6).

Keywords: Candida; white blood cell; separation; washing; viscoelastic fluid

1. Introduction

Candidemia is a bloodstream infection caused by Candida and is the most common
form of candidiasis [1]. Among more than 150 species of the genus Candida, Candida albicans
(C. albicans) is the most pathogenic type and has a 40-54% mortality rate in hospitalized
patients [2]. Therefore, early diagnosis of C. albicans is essential for the rapid antifungal
treatment of fungal infections [3]. The conventional method for the diagnosis of Candida
fungal infections is a blood culture [4], though it is critically limited because it can overlook
extremely low concentrations of Candida in the blood and has a long duration. To address
the current limitations, a genomic amplification method, the real-time polymerase chain
reaction (RT-PCR), has been used as a non-culture-based diagnostic method with high
sensitivity (~95%) and specificity (~92%) [5]. However, the sensitivity of PCR can be
compromised by other nucleated cellular products such as white blood cells (WBCs), blood
cell lysates, and low concentrations of Candida cells. Multi-step centrifugation processes
are still required to enhance PCR analysis results [6]. Therefore, it is necessary to develop
methods for the separation, concentration, and washing of Candida cells.
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Recent advancements in microfluidic technology have enabled the increased use of
microfluidic-based separation and concentration of particles/cells in biological and clinical ap-
plications [7,8]. Microfluidic techniques for separation and concentration can be divided into
two categories depending on the use of external force fields (active and passive techniques).
Active techniques adopt various force fields, including electric [9,10], magnetic [11,12], opti-
cal [13], and acoustic forces [14,15], whereas passive techniques utilize the channel geometry
and/or hydrodynamic effects of the flow without using external forces [16].

Cell washing is necessary for sample preparation before biological and clinical anal-
yses [17,18] because a medium exchange of cells from a high background to a washing
buffer at a low background can enhance the sensitivity and accuracy of the analysis results.
The standard method for cell washing is centrifugation, which is limited by possible cell
damage induced by high shear conditions, manual pipetting steps, and batch processes [19].
Therefore, microfluidic technique-based cell washing has been widely used as an alternative
to centrifugation. These microfluidic cell-washing techniques include active and passive
methods [19], which are all conducted in Newtonian fluids.

Recently, viscoelastic non-Newtonian microfluidics has gained much attention based on
intrinsic nonlinear elastic forces in pressure-driven flows [20]. Compared to other passive
methods using Newtonian fluids, viscoelastic particle/cell manipulation can be achieved
in a simple straight microchannel due to the non-uniform distribution of the first normal
stress difference (N1) [21], eliminating the need for complicated channel structures. There-
fore, viscoelastic microfluidics has been applied to the focusing [21,22], separation [23-27],
concentration [28,29], and washing of particles/cells [19].

In this study, we propose two-step viscoelastic microfluidic devices to achieve closed-
loop separation and concentration, followed by continuous cell washing of C. albicans. To
the best of the authors” knowledge, microfluidic techniques have not been applied to the
continuous separation, concentration, and washing of fungi in blood for high-sensitivity
molecular detection. We evaluated the device’s performance using particles of different
sizes depending on the suction flow rates to optimize the flow conditions of the closed-loop
separation system. In addition, the washing performance of our device was examined by
measuring the absorbance of the collected samples depending on the sample-to-sheath flow
rate ratios. Finally, our devices were used to separate, concentrate, and wash Candida cells for
clinical diagnosis. The device’s performance was validated by post-analysis using RT-PCR.

2. Materials and Methods
2.1. Device Fabrication

Two-step microfluidic devices were used for viscoelastic closed-loop separation, con-
centration, and co-flow washing. The first-step closed-loop device consisted of four parallel
microchannels with one inlet and two outlets. The channel comprised the first stage for cell
focusing at the centerline and the second stage for size-based cell separation [24]. The de-
vice has a high aspect ratio (x = h/w, where & is the height and w is the width) cross-section
with a width of 40 um in the 1st stage and 70 pm in the 2nd stage and a height of 125 um.
The 1st stage width was determined to achieve a blockage ratio (3 = a/w, where a is the
particle/cell diameter) larger than 0.1 for Candida, which is known to be approximately
4 pym in diameter (8 = 0.1). The second-step co-flow device consisted of two inlets and
two outlets. The width and height of the channel were 40 and 80 pum, respectively, with an
aspect ratio of 2. The exact device design and channel size were given in Figure S1 in the
Supplementary Information.

A polydimethylsiloxane (PDMS) microchannel was fabricated using a conventional
soft lithography technique. The channel was fabricated on a replica mold using an SU-8
negative photoresist (MicroChem, Newton, MA, USA) on a silicon wafer. The PDMS base
and curing agent (Sylgard 184, Dow Corning, Midland, MI, USA) were mixed using a 10:1
ratio, degassed in a vacuum chamber, and thermally cured in an oven for 1 h at 80 °C. The
cured PDMS channels were peeled off and bonded to a glass slide using oxygen plasma
(Femto Science, Hwaseong, Republic of Korea).
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2.2. Sample Preparation

A viscoelastic non-Newtonian fluid, 0.1% (w/v) hyaluronic acid (HA) sodium salt
(357 kDa, Lifecore Biomedical, Chaska, MN, USA), was prepared in phosphate-buffered
saline. The high shear viscosity and relaxation time of the solution were 0.89 mPa-s and
0.25 ms, respectively [30]. Fluorescent polystyrene particles with diameters of 4 (green, Ther-
mokFisher, Waltham, MA, USA) and 13 um (red, ThermoFisher, Waltham, MA, USA) were
used to examine the flow characteristics prior to application to the biological samples. The
particle diameters were chosen to serve as analogs to Candida cells and WBCs, respectively.
The particles were suspended in a 0.1% HA solution at approximately 1 x 10° particles/mL.

Single-donor human whole blood (Innovative Research Inc., Novi, MI, USA) was used
in this study. C. albicans SC5413 was provided by Dr. Jeong-Yoon Kim at the Department
of Microbiology and Molecular Biology, Chungnam University, Republic of Korea. Yeasts
were cultured overnight at 30 °C in 10 mL of yeast extract-peptone-dextrose (YPD) broth
(Qbiogene, Inc., Carlsbad, CA, USA), and the cultured cells were quantified by phase-
contrast microscopy (40x power) using a counting grid. For the final biological application,
1 mL of whole blood was mixed with 8 mL 1 x BD FACS lysing solution (BD Biosciences,
San Jose, CA, USA) and 1 mL of 1% HA solution containing 100 nm fluorescent particles
(R100, ThermoFisher, Waltham, MA, USA). Therefore, the final concentration of the HA
solution was 0.1%. Nano-sized fluorescent particles were added to visualize the viscoelastic
fluid flow in the second-step co-flow system. The final concentrations of WBCs and
C. albicans were approximately 2 x 10° cells/mL and 6 x 10% cells/mL, respectively. To
examine the possibility of clinical applications of our microfluidic system, we determined
that the concentration ratio of Candida cells to WBCs was relatively high compared to the
early stages of clinical cases [31-33].

2.3. Experimental Procedure and Post-Analysis

The injection and suction flow in the first-step closed-loop device were controlled by a
peristaltic pump (Reglo ICC, Ismatec, Wertheim, Germany), whereas the sample and sheath
fluids were injected into the second-step co-flow device using a syringe pump (Fusion-4000,
Chemyyx, Stafford, TX, USA). During the experiment, the particles and cells were monitored
using an inverted microscope (IX71, Olympus, Tokyo, Japan) equipped with a color CCD
camera (CS230B, Olympus, Tokyo, Japan). The numbers of Candida cells and WBCs were
counted manually using a hemocytometer.

To validate device performance, real-time (RT) PCR was performed using a CFX-96 in-
strument (BioRad, Hercules, CA, USA). DNA was extracted from whole blood as described
previously [34], with minor modifications. Red blood cells were briefly lysed in red cell
lysis buffer (Invitrogen, Waltham, MA, USA) for 10 min at 37 °C. After centrifugation at
3000 rpm for 10 min, the pellets were treated with 200 puL of 1 M sorbitol and 5 U/pL of
zymolyase (Invitrogen, Waltham, MA, USA) at 37 °C for 30 min. DNA from each sample
was extracted using the QIAmp DNA Mini Kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. RT-PCR was performed using the SYBR Green Kit (Bio-Rad,
Hercules, CA, USA). For C. albicans quantification, primers specific to the ITS1-ITS2 region
of C. albicans were used (forward, TTTATCAACTTGTCACACCAGA and reverse, ATCC-
CGCCTTACCACTACCGH65). The gPCR reaction mixture contained 2 pL of gDNA, 10 uL of
iQ SYBR Green Supermix (2x), 1 uL of forward primer (5 pmol/uL), 1 uL of reverse primer
(5 pmol/pL), and RNase-free water in a total volume of 20 uL. The cycling conditions were
as follows: initial denaturation at 94 °C for 3 min, followed by 35 cycles of denaturation at
95 °C for 20 s, and annealing and elongation at 60 °C for 40 s.

3. Results

A schematic representation of the workflow and microfluidic devices used for continu-
ous separation, concentration, and washing are shown in Figure 1. The workflow consisted
of three steps: (1) a closed-loop system for cell separation and concentration; (2) Candida
cell washing; and (3) post-analysis using RT-PCR. The first-step device was a closed-loop
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system that used a microfluidic device with four parallel channels to reduce the flow re-
sistance of the microchannel for closed-loop operation. As shown in Figure 1, randomly
distributed cells were injected into the microchannel using a tubing pump (process (@ in
Figure 1), and all cells were focused along the centerline under the viscoelastic effect for
initialization at the 1st bifurcation (1st bi) of each channel among four parallel channels
prior to separation. Then, size-based cell separation was achieved due to a size-dependent
elastic force (F, ~ a3, where a is the particle/cell diameter) at the 2nd bifurcation (2nd bi) of
each microchannel [35,36]. The detailed working principle of each channel of the first-step
device has been described elsewhere [24]. Separated Candida cells at the center outlet were
recirculated to the microchannel (process (2) in Figure 1), whereas WBCs were continuously
removed from the side outlet (outlet B of the first-step device) (process 3 in Figure 1).
Therefore, Candida cells were highly concentrated at the center outlets and were collected
from the sample reservoir. The center outlets of four parallel channels were connected to
a single outlet A of the first-step device. Then, as shown in “Candida cell washing” in
Figure 1, concentrated Candida cells were injected into the center inlet of the second-step
single co-flow device. Deionized water (DW) was used as the sheath fluid at the rear inlet.
Candida cells and the blood lysates were initially suspended in a 0.1% HA solution. During
the flow, Candida cells laterally migrated across the viscoelastic/Newtonian fluid interface
toward the equilibrium positions in Newtonian fluid (DW) owing to the balance of the
four forces, including the elastic force (F,), inertial lift force (F; ), wall lift force (F; i), and
Stoke’s drag force (Fp) [19,37].

F ~ ELAIY AMa/W)PQ3%, 1)

dx
F=Fy+Fw ~pla/W)*Q?, (2)
Fp = 3mtnsaVy, 3)

where x, N1, A, W, Q, p, 175, and V), are the lateral distance, first normal stress difference,
relaxation time, microchannel width, flow rate, solution density, fluid viscosity, and lateral
velocity of the particle/cell, respectively. Finally, Candida cells that migrated laterally to
DW were washed and collected at the side outlets (outlet B of the second-step device),
while the debris from lysed blood and viscoelastic non-Newtonian fluid was removed to
the center outlet (outlet A of the second-step device).

Because of the simultaneous effect of various forces during the flow, nondimensional
numbers, such as the Reynolds number (Re), Weissenberg number (Wi), and elasticity number
(El), were adopted to characterize the viscoelastic flow system in microchannels. Re is defined
as the ratio of the inertial force to the viscous force, and Wi is the ratio of the elastic force to the
viscous force. El shows the relative effect of fluid elasticity on inertia, which is used to predict
the significance of elasticity over inertia in particle migration dynamics.

n

Wi = Ave, ®)
Wi

El= 2, ©)

where Vi, Dy, 11, and 1. indicate the mean flow velocity, hydraulic diameter of the channel,
characteristic viscosity of the solution, and characteristic shear rate, respectively. Finally,
the washed Candida cells were analyzed by molecular analysis (RT-PCR). The baseline is
the fluorescence noise level in early cycles, and the threshold is the significantly detectable
increase in fluorescence, which is set before the analysis. The threshold cycle (Ct) indicates
the cycle at which the amplification plot crosses the threshold value.
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To determine the flow rate conditions for the separation of Candida cells and WBCs
in the first-step closed-loop device, the effect of the suction flow rates at the rear outlet
(outlet B) on the flow characteristics of 4 and 13 um particles was examined. Figure 2
shows the viscoelastic separation of 4 and 13 um particles depending on the flow rate factor,
which is the ratio of the inlet flow rate to the outlet flow rate at the center outlet (outlet
A) of the outlet region [31]. At the inlet of the microchannel, a mixture of 4 and 13 pum
particles was randomly injected at a total flow rate of 800 uL/min (Figure 2a). At the outlet
bifurcation, 13 um particles (8 = 13/70 = 0.18 > 0.1) migrated laterally to the center of
the 70 um-width channel, compared to 4 um particles (8 = 4/70 = 0.05 < 0.1). In this
study, the widths of the outlet channels were designed to be 200 um at outlet A and 300 pm
at outlet B, such that the initial flow rate factor at outlet A was determined to be 2.5. To
further manipulate the flow rate factor to optimize device performance, the suction flow
rate at the side outlets (outlet B) was controlled from 480 to 700 pL/min, while the inlet
flow rate was fixed at 800 pL/min. The flow-rate factor was examined, ranging from 2.5 to
8.0 at intervals of 0.5.

Separation & concentration Candida cell washing

Tubing pump . Qutlet B
W Candida cell s >
ee e =
0.1%HA, ®e ® o o %' .. - Qutlet A
i\ L]
DW ® o :).
Outlet B
Inlet Middle Outlet
________ BN ESERENERS

Flow direction

’ [J Newtonian [ Non-Newtonian ‘

Post-analysis

v Molecular analysis

Inlet 1st bi 2nd bi

Waste
o —/ =
AN — _/ o (Outlet B) "
.l... e, 9°°0 o 8 ® g
v \ T Na :
® WBC Closed-loop ‘v
* Candida (Outlet A) ‘ Number of PCR cycles

Figure 1. Schematic of continuous separation, concentration, and purification of candida cells using
viscoelastic fluid.

At FF = 2.5 (suction flow rate of 480 puL/min at outlet B), some of the laterally migrated
13 um particles were collected with 4 pm particles at outlet A, as indicated by the yellow
triangles in Figure 2b. At FF = 3.5 (suction flow rate of 572 pL/min at outlet B), 4 and 13 um
particles were separated (Figure 2c). As the suction flow rate at outlet B increased further
to 622 puL/min (FF = 4.5, Figure 2d), a few 4 um particles could not be recovered at outlet A
and were deflected into outlet B, as indicated by the green triangle.

Figure 2e shows the device performance depending on the FF using the concentration
factor and recovery rate. The concentration factor is defined as the ratio of the particle
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concentration of the sample collected at outlet A to the initial particle concentration at the
inlet, whereas the recovery rate is defined as the ratio of the number of particles retrieved
from outlet A to the number of particles injected at the inlet. An increase in the flow rate
factor from 2.5 (suction flow rate = 480 pl./min) to 3.5 (suction flow rate = 572 pl./min)
increased the concentration factor to approximately 3.5. However, as the flow rate factor
increased further to FF = 4.5, the concentration factor decreased to approximately 3.2
because a certain amount of 4 um particles flowed to outlet B. The recovery rate remained
higher than 98% at a flow rate factor between 2.5 and 3.5, as shown in Figure 2e. However,
at FF = 4.5, the recovery rate decreased to approximately 83.7% due to 4 pm particles
deflected to outlet B. For an elaborate determination of the flow rate factor to achieve
high separation efficiency, the flow rate factor ranging from 2.5 to 4.5 was examined at
narrower intervals of 0.1. Therefore, the optimized flow rate factor was decided at 3.3 for
the closed-loop separation and concentration.

(@) Inlet (b) FF=2.5 (c) FF=3.5 (d) FF=4.5

4 um
particles
»

A
Outlet A
Flow direction }\/‘

%13 pm
particles Outlet B
Y

(e) . | mmmm Concentration Factor mmmm Recovery rate |

= 4 120 5
® 100 &
c 3 8
o 80 ®
g 2 | - 60 >
£, 40 8
3 20 9
o

G 0- | | Lo &
~ 2.5 3.0 35

Flow rate Factor

Figure 2. Viscoelastic separation of 4 and 13 um particles at the (a) inlet and outlet depends on the
flow rate factors of (b) 2.5, (c) 3.5, and (d) 4.5 at the inlet flow rate of 800 uL/min. Green and yellow
triangles indicate 4 and 13 um particles, respectively. (e) Concentration ratio and recovery rate of
4 pm particles at the center outlet (outlet A).

To examine the performance of the closed-loop system, the time-dependent separation
and concentration of Candida cells from the WBCs in a viscoelastic closed-loop system
were examined. Figure 3a—c shows the stacked images of the time-dependent continuous
separation and concentration of Candida cells from 10 different images captured in the
single channel among the four parallel channels in the closed-loop device at an inlet flow
rate of 800 uL/min with FF = 3.3 at outlet A (suction flow rate at outlet B = 558 uL./min). At
the inlet, the WBCs and Candida cells were randomly distributed across the microchannels.
The initial volume of the samples used in this experiment was 10 mL. After viscoelastic flow
in the first-step device, Candida cells were separated from the WBCs because of the size-
dependent elastic force (T = 1 min in Figure 3a). Finally, after 18 min of closed-loop system
operation, the number of Candida cells flowing in the microchannel noticeably increased,
while the number of WBCs in the microchannel decreased (T = 18 min in Figure 3c). After
18 min of closed-loop system operation, all samples in the sample reservoir were consumed,
and the residual volume of the sample in the connecting tubing was approximately 130 L,
as the dead volume.
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Figure 3. Stacked microscopic images showing viscoelastic closed-loop separation and concentration
of Candida cells from white blood cells at a flow rate of 800 pL/min with FF = 3.3 at the (a) outlet at
time T = 1 min, (b) outlet at time T = 5 min, and (c) outlet at time T = 18 min. Microscopic images of
the 1:10 diluted sample before and after the closed-loop separation and concentration process at the
(d) inlet, (e) outlet A, and (f) outlet B for manual counting. (g) Concentration of Candida cells and
white blood cells at the inlet and outlet A and B.

To evaluate the separation and concentration performance of the closed-loop device,
manual counting was conducted using a hemocytometer. Figure 3d—f show microscopic
images of Candida cells and WBCs before and after the separation and concentration
processes. To show a clear concentration difference between Candida cells and WBCs,
the samples before and after the closed-loop device system were diluted at a ratio of 1:10.
WBCs were stained using CD45-FITC (eBioscience, San Diego, CA, USA), whereas cells
without fluorescent staining were Candida. From the microscopic images, the concentra-
tions of each cell at the inlet, outlet A, and outlet B were manually counted, as shown
in Figure 3e. Before the separation process (inlet), the binary mixture sample contained
WBCs at 2.0 x 10° cells/mL and Candida cells at 6.0 x 10° cells/mL. After separation,
Candida was successfully separated and concentrated in the sample reservoir (outlet A),
containing Candida cells at 4.5 x 10° cells/mL and WBCs at <2.0 x 10% cells/mL. The
results indicate that Candida cells in the final sample were concentrated approximately
74.6-fold, which is slightly lower than the expected concentration factor (~77-fold) based
on the approximate residual volume of 130 uL. This might be due to the wide size distribu-
tion of Candida cells, which affects viscoelastic lateral migration. In the waste reservoir
through outlet B, most WBCs were removed at 2.0 x 10° cells/mL, and a small number of
Candida cells were found to be uncountable using the manual counting method, which
was lower than 1.0 x 10% cells/mL. The purity of separated Candida cells was defined
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as the ratio of the number of Candida cells collected at outlet A to the total number of
cells at outlet A (99.5 4 0.2%), while the removal ratio of WBCs was defined as the ratio of
the number of WBCs removed at outlet B to the total number of WBCs at both outlets A
and B (99.0 & 0.4%). As a further study for clinical optimization, the effect of Candida cell
concentration on device performance, including the concentration factor and the purity of
Candida cells harvested from the device, can be examined.

For a highly sensitive and accurate molecular diagnosis, Candida cells that were
separated and concentrated in the first-step device were washed and collected in deionized
water (DW). Conventionally, Candida cells in lysed blood require a multistep centrifugation
process to remove the lysate for high-sensitivity detection [6]. In our second-step co-flow
system, medium exchange was achieved for Candida cells to remove lysed blood debris
and viscoelastic fluids.

To enhance the device throughput, the effect of the sample flow rate was examined
by increasing the sample flow rate in a microchannel with AR = 2. The sample-to-sheath
flow rate ratio (R) was defined as the ratio of the sheath flow rate to the sample flow rate,
which was modulated from 9 (sample 10 uL/min and sheath 90 uL/min) to 1.5 (sample
40 pL/min and sheath 60 pL/min). Figure 4a,b shows microscopic images at the 900-pum
width expansion region of the microchannel and the normalized particle distribution with
different flow rate ratios at a fixed inlet flow rate of 100 uL/min. With R = 4 (sample
20 puL/min and sheath 80 puL/min), as shown in Figure 4b, as the ratio of the sample flow
rate was increased to enhance the device throughput, the fluorescent stream of 100 nm
particles became wider by approximately 1.8-fold compared to that of R = 9 (Figure 4a).
Based on the fluorescent distribution of the 100 nm particles in Figure 4a,b, the areas
under the curves of R = 9 and R = 4 were compared. Considering the width of the
outlet trifurcation of the microchannel (1:2:1), which was shown as the red dotted lines in
Figure 4a,b, only 1.3% of the total area under the curve was located outside the boundaries
with R = 9, while a larger area (5%) was located outside the boundaries with R = 4. As the
sample-to-sheath flow rate ratio decreases, the flow distribution of 100 nm particles becomes
wider, and the proportion of polymer solution flowing out of the side outlets increases.
Therefore, the sample-to-sheath flow rate ratio was fixed at 4 for the final demonstration.
Meanwhile, for both flow rate conditions in Figure 4a,b, most of the 4 um particles were
focused into two streams between the channel center and sidewalls. Considering the
design of the outlet trifurcation of the microchannel (1:2:1), the streamline of 4 um particles
lay slightly outside of the boundaries between the center and the side outlets, and 4 um
particles flowed to the side outlets for both flow rate conditions.

To assure the washing performance with the enhanced device throughput, the absorp-
tion spectra of the samples from the inlet mixture (positive sample), sheath fluid (negative
sample, DW), and two outlets were examined for the full wavelength range (200-500 nm)
(see Figure S2 in the Supplementary Information). 100-nm fluorescent particles were used
to visualize the viscoelastic fluid flow for the washing experiments, and these particles had
absorption peaks at 254 nm. Figure 4c shows the absorbance of each sample at a fixed wave-
length of 254 nm. The sample collected at outlet A with R = 4 showed a lower absorption
intensity compared to that of the inlet sample because the ratio of the trifurcation channel
was lower (1:2:1) than the flow rate ratio. The washing process reduced the absorption
intensity at 254 nm by about 94% in the sample collected at outlet B with R = 4, which
indicates that the viscoelastic fluid flowed out to outlet A. However, as the sample-to-sheath
flow rate ratio decreased to 2.3 to enhance the device throughput, the absorption intensities
of the collected sample at outlet B became higher. Based on the results, it is confirmed that
our second-step washing system at a sample-to-sheath flow rate ratio of 4 and an inlet flow
rate of 100 uL/min is capable of effectively eliminating viscoelastic polymer components
and washing Candida cells with PBS for downstream analysis.

For the final demonstration, Candida cells collected from the sample reservoir in
the first-step closed-loop system (shown in Figure 3) were used for medium exchange.
Figure 5a shows the washing of concentrated Candida cells using a viscoelastic/Newtonian
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co-flow device with AR =2 at a total flow rate of 100 pL/min with a sample-to-sheath flow
rate ratio of 4.

(a) Flow rate ratio R=9 (b) Flow rate ratio R=4
100nm 4pm 100nm 4pm
4 particles particles 1 particles particles
‘ | 2 , 5
4um e o[t 4 um ER o ] e
particles particles
/|
100 nm 1
particles e S 100 nm i T i e,
%, particles EZI
== .
10 100 10 100
L 20+
8 15
Ju 1.0
5 0.5 -
a |
O OO T T T T
< Negative Positive Outlet A Outlet B
(R=4) (R=4)

Figure 4. Effect of the sample-to-sheath flow rate ratio (R) of (a) 9 and (b) 4 on the medium exchange
of 4 um particles from a 0.1% HA solution to deionized water (DW) in the co-flow device with AR = 2.
The total flow rates were 100 pL/min. (c) Absorbances measured by the UV-VIS spectrophotometer
at 254 nm wavelength using the negative sample (inlet A), the positive sample (inlet B), and collected
samples at the outlets with a flow rate ratio of 4.

At the inlet, Candida cells suspended in a 0.1% HA solution were tightly focused along
the centerline by introducing sheath fluids (DW) from side inlets. After flowing through the
second-step co-flow device, Candida cells were transferred from 0.1% HA solution to DW
to be washed, while the distribution of fluorescent intensity remained near the centerline.
The washed Candida cells flowed from the channel sidewalls to a region within 1/4 of the
channel’s width. The distribution of Candida cells was slightly wider than that of the 4 pm
particles, as shown in Figure 4. This might be due to the heterogeneous size distribution of
Candida cells.

To validate the device’s performance of separation, concentration, and washing of
Candida cells, SYBR green RT-PCR analysis was conducted using Candida cells in blood
samples at an undetectable concentration. As shown in Figure 5b, before device process-
ing, Candida cells were barely detected due to low concentrations and contaminants in
the sample, such as WBCs and blood lysate (Ct = 36.5 £ 1.0). After the separation and
concentration process, the Ct values at outlets A and B of the first-step closed-loop device
were 30.3 = 1.3 and 37.2 £ 1.4, respectively. The Ct of the collected sample at outlet A
decreased compared to that of the initial sample because of the simultaneous effects of the
removal of WBCs and the increase in concentration. The samples collected at outlet B were
not detected under PCR conditions (Ct > 35). After washing in the second-step co-flow
system, the Ct value decreased further to 23.6 &= 1.6 (outlet B of the second-step washing
device), due to the removal of blood lysate and viscoelastic fluid. A negative control was
not detected under PCR conditions (Ct > 35).
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Figure 5. (a) Continuous purification of concentrated candida cells using a viscoelastic co-flow system.
Stacked fluorescent microscopic images (left) and distribution of candida cells and 100 nm particles
(right) at the outlet region. (b) The Ct values for the negative control (Ct = 38.6) represent the 0.1% (w/v)
HA buffer solution. Before the separation process, candida cells could hardly be detected due to a large
number of contaminants, including blood cells (Ct = 36.5). After the first-step separation, the Ct values
for outlets A and B were 30.3 and 37.2, respectively. After the second-step washing process, the Ct value
was measured to be 23.6. The dashed red line at Ct = 35 indicates the cutoff value for real-time PCR
analysis. The error bars show the standard deviation from repeated measurements (n = 5).

4. Discussion

For the recovery of infectious microorganisms as well as candida cells, centrifugation
has been generally used as the standard method. However, approximately 30 min of
multi-step centrifugation and additional hands-on time for subsequent steps between
centrifugation are required. Additionally, selective separation of candida cells and white
blood cells cannot be achieved [6,31]. Compared to the centrifugation method, our proposed
method can provide concentrated and washed candida cells within ~20 min without the
need for trained personnel for additional pipetting. In addition, due to the advantages of
microfluidics, the device throughput can be further improved by multiplexing the channels
in parallel. In our proposed device, four channels were used in parallel for demonstration;
however, the number of channels can be increased to enhance the device’s throughput.
Then, the processing time of the proposed device can be reduced further. Therefore, we
expect that our viscoelastic microfluidic device can be a simple but powerful tool, enabling
the separation of extremely rare infectious microorganisms.

5. Conclusions

In summary, we have demonstrated a continuous separation, concentration, and
washing method for Candida cells using a viscoelastic fluid, enabling rapid and sensitive
detection of Candida cells by molecular diagnosis. The proposed method contains two-
step viscoelastic microfluidic devices, including a closed-loop device for separation and
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concentration and a viscoelastic co-flow device for cell washing. To validate the device
performance using a viscoelastic fluid, 4 and 13 pm particles were used to examine the
flow characteristics depending on the flow rates. In addition, a mixture of 4 pm and
100 nm particles was used to evaluate the medium exchange over a viscoelastic/Newtonian
fluid interface in microchannels at different aspect ratios with different sample-to-sheath
flow rate ratios. Finally, Candida cells were successfully separated from the WBCs and
concentrated by approximately 74.6-fold in the first-step device. After that, Candida cells
were washed with DW to remove the blood lysate and viscoelastic polymer. Therefore,
undetectable Candida cells in blood samples (Ct > 35) became detectable after using RT-
PCR by sequential separation, concentration, and washing. Therefore, our devices could
be widely used for sample pretreatment of extremely rare disease-related cells to improve
detection sensitivity and accuracy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/mi14040712/s1, Figure S1: Computer-aided microfluidics design (CAD) of
(a) the first-step closed-loop device and (b) the second-step co-flow device; Figure S2: Absorbances
measured by the UV-VIS spectrophotometer at the full range of the wavelength (200-500 nm) using the
negative sample (inlet A, DW), positive sample (inlet B, sample), and collected samples at the outlets
with flow rate ratio of 4.
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