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ABSTRACT: We report on a magnetic focus lateral flow
biosensor (mLFS) for ultrasensitive detection of protein
biomarkers in a practical format. With valosin-containing
protein as a target protein, we show that the developed mLES
concept could detect as low as 25 fg/mL with magnetic focus
to enhance target capture efficiency to deliver a 10°fold
improvement in sensitivity compared to that of conventional
lateral flow (LF) systems. The conceptualized strategy utilizes
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a simple magnet placed beneath the three-dimensional printed LF device to concentrate the targets at the signal zone without
any additional instrumentation. In addition, protein mixtures extracted from the tissue of cervical cancer patients was also
utilized to validate the sensor. To investigate the effect of magnetic focus on sensitivity, surface-enhanced Raman spectroscopy
and dark-field imaging was utilized to characterize the distribution and movement of Fe;O, core—Au shell nanoprobes in a
model LF strip. Our experiments show that the magnetic focus results in an increased interaction time between the magnetic
probe-labeled targets and the capture antibody, yielding a higher capture efficiency, allowing for ultrasensitive detection of the
target not possible before with LF. The proposed mLES can be utilized to detect a range of trace protein biomarkers for early
diagnosis and can be combined with diverse pretreatment and signal amplification steps to query complex samples.

hort detection time, on-site operation, and versatility are
salient features of the lateral flow immunoassay (LFIA),
making it an ideal tool for point-of-care (POC) tests. LFIA has
been used to detect diverse protein targets, viruses, and
pathogenic bacteria.' ~® With integration of multiple antibodies
against different targets on a single strip, LFIA has also been used
for target screening.”® The lateral flow (LF) strips comprise
several pieces of paper-based material assembled on a plastic
backboard, making LFIA a cost-effective technique. The porous
paper-based material provides a conducive environment for
target capture with signal amplification steps.”” With this simple
technique, complex matrixes such as blood, urine, and even food
matrixes or unpurified water samples were analyzed.”'*~"* The
LF strip has been fitted with a portable reader or a smartphone
accessory for on-site application.'*'® LFIA has already exhibited
strong commercial success for instance as a pregnancy test kit
with an estimated market value of about 4.7 billion U.S. dollars
worldwide as of 2015.'°
Although LFIA is a promising analytical technique, primary
limitation is its lack of sensitivity to detect targets at low levels
while retaining its simplicity. For instance, with conventional
LFIA the sensitivity for protein detection has been reported to
be in microgram per milliliter,'” whereas the expectation for
POC tests and other applications require a much higher
sensitivity. One possible route for improved sensitivity is sample
pretreatment for target concentration, which could also reduce
the influence from the nontarget substances when using complex
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samples and mixtures.”" """ Pretreatment to process different
samples with LFIA requires additional instrumentation and
increased detection time. Another common strategy is to
prepare probes with nanoparticles with high extinction
coefficient such as gold or silver nanoparticles that can provide
a strong colorimetric readout™””" for further enhancement with
silver staining to improve the visible signal.””* Fluorescent
signals using florescent beacons such as nanoparticles doped
with fluorophore molecules, quantum dots, and upconversion
nanoparticles could provide improved sensitivity compared to
colorimetric signals,"”*”** but they require a fluorescent reader.
Besides, enzyme-based colorimetric signal amplification has also
been used to further improve LFIA.?

From past work, one of the compounding factors that affect
sensitivity of LFIA is the capture efficiency of targets at the
detection (or target capture) zone. This in fact is influenced by
the flow speed of the sample in the LF strip, which also affects
the binding kinetics (due to less interaction time) of the targets
in the sample at the capture zone. For instance, Zeng et al.
constructed LF strips with two types of nitrocellulose (NC)
membranes with a 3 and 4 min sample migration time to yield a
signal-to-noise ratio of 13 and 11, respectively, indicating slightly
improved results from the strips with longer sample migration
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times.”> Kumar et al. assembled LF strips with NC membranes
of pore size S, 10, and 15 pm and showed that S ym pore size
yielded better sensitivity because it had the slowest wicking
time.”® The relationship between sensitivity and duration of flow
(i.e., flow speed) on the NC membrane was attributed to the
interaction time: the longer the flow time, the longer the
interaction time of the probe-labeled targets with the antibodies
immobilized at the detection zone, resulting in a higher target
capture efficiency and thus better sensitivity.' It should be
noted that in an LF strip the sample migration on the strip
depends on capillary action, so as to present the targets to the
probes located at the conjugate pad for labeling and to the
antibodies immobilized at the detection zone for recognition.
These initial efforts demonstrated that by reducing the rate at
which the sample flows on the strip, the interaction time of the
target and the capture antibodies can be increased, allowing for a
higher capture efficiency. Several strategies were proposed based
on this concept. For instance, Rivas et al. printed wax pillars of
different patterns on the LF strip to give rise to a
pseudoturbulence flow effect, yielding a slight improvement in
sensitivity.”” Tang et al. added a sponge between conjugate pad
and NC membrane to reduce the fluid flow rate, to achieve a
tenfold signal improvement.”® An electrophoresis technique
termed as isotachophoresis (ITP) was introduced to regulate the
movement of charged probes in the strip controlled by
voltage.””*" However, ITP-based LFIA methods require extra
instrumentation and experimental setup for voltage control to
regulate the flow of probes.

Herein, we propose a unique strategy termed as magnetic
focus lateral flow sensor (mLFS) whereby a simple low-cost
magnet is utilized to increase the residence time of the target
labeled with gold-coated magnetic probes at the detection zone.
The magnetic probes comprise Fe;O, core/gold shell
nanostructures modified with antibodies for target recognition
and an enzyme-based colorimetric signal amplification. The
magnetic focus concept could control the movement of probe-
labeled target in the LF strip because of the magnetic field
provided by a simple external magnet placed under the LF strip.
The sensitivity obtained could be increased more than 10° times
assisted by an enzyme-based amplification compared to the
conventional LFIA system for protein detection’”** or 2 X 10*
times compared to the current enhanced techniques reported in
the literature.”* We have utilized this strategy for pathogen
detection with two probes, magnetic probe for magnetic focus to
enhance target capture efliciency and gold probes for enzymatic
amplification.” Although excellent sensitivity was obtained, the
improvement in sensitivity is limited because of the size of the
bacterial cells (1—3 ym) and its control by the magnetic force.

In our previous research, the relation between expression level
of valosin-containing protein (VCP) and cervical cancer was
demonstrated.*® Here, we develop an ultrasensitive platform to
detect VCP. With magnetic focus, as low as 25 fg/mL of purified
VCP could be detected in phosphate buffered saline (PBS)
buffer with naked eyes within 45 min assisted by enzyme-based
colorimetric signal amplification. To the best of our knowledge,
this is the lowest detected protein level reported by visual
recognition utilizing LF devices. Contrastingly, without
magnetic focus, as high as 100 pg/mL of VCP could not give
rise to any visible signal in control experiments when other
detection conditions are the same with enzymatic amplification.
When real samples were tested, in extracted protein mixture
from tissue lysates, VCP can be recognized in 16 pg/mL of total
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protein, suggesting the detection of VCP in low amounts from
tissue samples.

To further understand mLFS, for the first time we show
evidence of the contribution of magnetic focus on enhanced
sensitivity by surface-enhanced Raman spectroscopy (SERS)
and dark-field imaging of the modified magnetic nanoparticles
along with particle image velocimetry (PIV) experiment. With
an external magnet, in a simulated system we note from the
SERS intensity change and dark-field images a higher
concentration of probes at the target zone. Furthermore, PIV
analysis of dark-field images indicated a slower speed, affirming
increased interaction time. The spatial distribution of probes
along the cross-section of a microchannel was also evaluated.
Results indicate a higher concentration of targets at the signal
generation zone, contributing to increased capture efficiency,
resulting in improved sensitivity.

B EXPERIMENTAL SECTION

Materials. HAuCl,-xH, 0, FeCl;, FeCl,, 4-mercaptopyridine
(4-MPy), sodium citrate, and sodium carbonate reagents were
obtained from Sigma (St. Louis, MO, U.S.A.). NaOH was
purchased from Mallinckrodt Chemicals (Bedminster, NJ,
U.S.A.). NaBH, was obtained from Acros Organics (Morris
Plains, NJ, U.S.A.). Tetramethyl benzidine (TMB) substrate
solution was obtained from Moss Inc. (Hanover, MD, U.S.A.).
Purified VCP (catalog number: CF48) was obtained from
Novoprotein (Summit, NJ, U.S.A.). The anti-VCP antibodies
p97/VCP antibody (2HS) (M1S) and p97/VCP antibody
(2B2) (M18) were purchased from Novus Biologicals, LLC
(Centennial, CO, U.S.A.). Pierce Streptavidin Poly-HRP (HRP,
horseradish peroxidase) and EZ-Link Sulfo-NHS-LC-Biotin was
obtained from ThermoFisher Scientific (New York, U.S.A.). All
materials in the experiments were used as purchased without
further purification. Glasswares used in the experiment were
washed with fresh aqua regia and then rinsed with deionized
(DI) water multiple times.

Probe Preparation. Magnetic probes were prepared with
Fe;O, core/Au shell nanostructures based on the reported
method with modification.””** Briefly, 30 mL of 0.1 M NaOH
solution was boiled. After injection of 2 mL of 0.4 M sodium
citrate solution, under strong stirring, 0.2 M FeCl, and FeCl,
were quickly added. The obtained solution was refluxed for 4 h.
The synthesized Fe;O, was washed with ethanol and DI water
three times, individually, and redispersed in 10 mL of DI water.
The magnetic Fe;O, core/Au shell nanoparticles were
synthesized based on a quick reduction process with NaBH,.*
In general, 80 uL of Fe;O, was mixed with 920 uL of DI water,
followed by the addition of 100 yL of 1% HAuCl,. The obtained
mixture was sonicated for 15 min, and then 200 uL of 10 mM
ice-cold fresh NaBH, was quickly injected. The resulting
solution was sonicated for 15 min. The obtained dark red
Fe;0, core/Au shell nanoparticles were washed with water three
times and kept at 4 °C. The nanoparticles obtained had an
average diameter of about 45 nm.

The magnetic Fe;O, core/Au shell nanoparticles were
functionalized with biotin and antibody to recognize the target
protein VCP.>** One milliliter of nanoparticles was mixed with
1 pL of 0.5 M sodium carbonate and 100 uL of 10 mM
phosphate buffer (pH 7.4). Then 10 pg of M18 antibody was
added to the solution and shaken for 2 h. The number of
antibodies bound to each nanoparticle is estimated to be around
184 by Bradford protein assay based on the change in antibody
concentration before and after conjugation, and the concen-
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Figure 1. Schematic depicting the effect of magnetic focus in mLFS. Without magnet, the magnetic probe-labeled targets move along with the sample
flow on the LF strip, resulting in a low capture efficiency (left). With magnet, the probe-labeled targets are focused at the signal generation zone due to

magnetic focus, thus increasing capture efficiency of labeled targets (right).

tration of nanoparticles were determined with a prior reported
method.” To block the residual surface of nanoparticles, 122 uL
of 5% casein in 10 mM phosphate buffer was added and kept
under gentle shaking overnight. With centrifugation, unbound
antibodies and casein were removed and the obtained
nanoparticles were redispersed in 1 mL of 10 mM phosphate
buffer. To biotinylate the nanoparticles modified with antibody,
10 pg of Sulfo-NHS-LC-Biotin was added and the mixture was
kept under gentle shaking for 1 h. The modified nanoparticles
were washed and redispersed in 100 yL of 10 mM PBS and kept
at 4 °C for detection.

Lateral Flow Strip Assembly. The lateral flow strips used
in the experiments were 6.0 X 0.5 cm in size and assembled on
plastic backing cards (mdi Membrane Technologies, Harris-
burg, PA, U.S.A.). The strip consists of four parts: nitrocellulose
membrane (90CNPH-N-SS40 from mdi Membrane Technol-
ogies) at 2.5 X 0.5 cm; absorbent pad (Grade 17 Chr Cellulose
Chromatography Papers from GE Healthcare Life Sciences,
Marlborough, MA, U.S.A.) at 1.5 cm X 0.5 cm; conjugate pad
(Grade 6613H from Ahlstrom North America, Alpharetta, GA,
U.S.A.) at 1.1 X 0.5 cm; and sample pad (Sample Pad Type
GFB-R4 from mdi Membrane Technologies) at 1.7 X 0.5 cm.
The NC membrane was first attached to the plastic backing card
at the 1.3 cm position from one end where the absorbent pad
was then attached. From the other side of the NC membrane,
conjugate pad and sample pad are attached. There is a 0.2 cm
overlap between each part.

Fresh-frozen tissues were obtained from Grady Hospital,
Atlanta, GA, and Indiana University School of Medicine,
Indianapolis, IN (sample collection and handling were
performed under the approval of Emory University, Indiana
University, and Purdue University Institutional Review Boards
and the extraction of proteins was performed as described in a
previous work.’® The extracted proteins were transferred from
the lysis buffer to PBS buffer through a trichloroacetic acid
protein precipitation process, and the resulting protein pellet
was dissolved in 10 mM PBS. The total concentration of the
obtained protein mixture from tissue was determined with
Pierce BCA protein assay kit (catalog number: 23225;
ThermoFisher Scientific).

Protein Biomarker Detection. To conjugate antibodies
(M15) to LF strips, 0.33 ug of M15 antibody (PBS solution) was
transferred to each LF strip and then dried at 37 °C for 1 h. The
obtained LF strip was placed in a three-dimensional (3D)
printed device where an external magnet (NS2 rare-earth
neodymium permanent super strong magnet) was fixed under
the strip.

The as-prepared probes were mixed with 100 uL of liquid
sample as well as 10 pg/mL streptavidin poly-HRP. The
obtained mixture was kept stable for 10 min to have the probes
react with the VCP target. Then it is loaded on the sample pad of

the LF strip and the sample was allowed to flow for 15 min. The
LF strip was washed with 60 uL of DI water twice with an
additional conjugate pad and absorbent pad in the cross
direction every S min. The wash step could remove the unbound
magnetic probes to avoid possible dots from blank signal for
recognition with naked eyes and better sensitivity. Sixty
microliters of TMB substrate was applied for the generation of
colorimetric signal upon incubation at room temperature for 5
min. The LF strip was then washed with 60 yuL of DI water.
Images were taken to record the final results and the analysis was
performed with Image] (National Institutes of Health,
Washington, DC, U.S.A.). After normalization of images, the
quantified results were obtained from the gray scale value of the
part with deepest color at the dot with the average gray scale
value of the blank part of the strip subtracted. Error bars
represent the deviation of the colorimetric results from three
replications.

PIV Analysis and Simulation on the Spatial Distribu-
tion. Volume illumination was used in particle image
velocimetry (PIV) analysis. Since the particle image size,
intensity, and shape vary with distance from the focal plane,
even for a monodisperse suspension of particles, a Gaussian
function was used to approximate the intensity distribution of
particle images. This Gaussian function was used to fit each
particle image to obtain the key parameters which describe
particle characteristics: the peak intensity of the particle image,
peak location (ux, uy), and particle diameter.”" After each
particle image was detected and fitted with the Gaussian
function, the particle image is removed from the original image
and the detection and analysis of the next particle occurs. The
peak intensity of a particle image generally decreases and the
width of it increases as the distance from the focal plane
increases.”” From the location of the detected particles, the
particle concentration can be extracted. The velocity is
calculated using the cross-correlation methods with the
EDPIV software (developed by Dr. Lichuan Gui). EDPIV is
an advanced PIV processing software package optimized for
UPIV. In a steady flow such as this, averaging the correlation
functions can reduce the influence of Brownian motion because
Brownian motion is a zero mean normally distributed process. In
our case, the correlation functions from 100 pairs of images were
averaged to smooth out the effects due to Brownian motion.*
The spatial distribution of nanoparticles in the microchannel
was simulated on the basis of the results from PIV analysis. The
speed distribution of nanoparticles without magnet reveals the
fluid velocity profiles of the sample solution in the microchannel
based on Poiseuille’s law. Furthermore, because the aqua sample
solution has no interaction with external magnet, the solution
flow in the magnetic field should be the same compared to that
without magnet. On the basis of the fluid velocity profile of
sample solution, the spatial distribution of nanoparticles in the
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magnetic field or without magnet in the microchannel could be
determined based on the movement speed of the nanoparticles.

Characterization. UV—vis spectra of the nanoparticles and
probes were recorded with a Jasco V570 UV/visible/near
infrared (NIR) spectrophotometer (Jasco, Inc.). Zeta potential
measurement was conducted with a Zetasizer NanoZS (Malvern
Instruments). Transmission electron microscopy images of the
samples were collected with a FEI Tecnai G2 20 operating at 100
kV. Raman measurement was performed with a SENTERRA
confocal Raman system (Bruker Optics) with 20X long working
distance objective and 785 nm excitation. Dark-field images
were obtained with a 40X objective with a home-built
hyperspectral dark-field imaging system.****

B RESULTS AND DISCUSSION

The unsatisfactory low detection sensitivity of LFIA is one of the
primary limitations of its applicability to detect trace levels of
targets. Herein, we proposed a magnetic focus strategy which
could significantly improve detection sensitivity of LFIA while
retaining its simplicity and practicality. The concept of mLFS is
illustrated in Figure 1. To generate a signal, the probe-labeled
targets should be captured by the antibodies immobilized on the
LF strip at the detection zone. Our goal is to increase the
sensitivity by enhancing capture efficiency. The basic concept of
the proposed mLFS is to improve the capture efficiency with
magnetic focus provided by a simple magnet to regulate the flow
behavior of magnetic probe-labeled targets after the sample is
applied onto an LF strip. With use of this concept, the speed and
spatial distribution of the Fe;O,/Au probe-labeled targets were
favorably directed by the external magnetic field to result in
improved capture efficiency in our design. It should also be
noted that when the movement is slowed down, the interaction
time of the magnetic probe-labeled targets and the capture
antibodies at the detection zone is also increased. This results in
a higher number of targets at the detection zone. To achieve the
best magnetic focus effect, a simple frame to combine LF strip,
magnet, and sample application was designed and 3D-printed.
As shown in Figure 2, a small holder was used to fix the external

Figure 2. Sample 3D-printed kit for mLFS.

magnet just below the LF strip, a substrate with groove was used
to posit the LF strip, and a cover has two windows: the smaller
one for sample application and the larger one for observation of
colorimetric results. The preparation of the strip and the
detection procedure of mLFS was similar to that in conventional
LFIA. With the implemented steps naked eye observation of
color signals depicting ultralow concentration of the targets was
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possible without any extra instrumentation. The process can be
completed in ~45 min.

To demonstrate the modification of magnetic nanoparticles
and capture of target VCP molecules, zeta potential values of the
magnetic nanoparticles, antibody-modified magnetic probes,
and probes capturing the target VCP were recorded. As shown in
Table 1, the magnetic nanoparticles modification with antibody

Table 1. Zeta Potential Measurement Conducted at 25°C

unmodified magnetic magnetic probes capturing
magnetic NPs probes the target VCP
zeta potential -29.7+ 1.6 -212+ 1.6 —-272+21

(mV)

had an increase in the zeta potential value from —29.7 + 1.6 to
—21.2 + 1.6 mV. The reduction of zeta potential values of the
magnetic probes was noted from —21.2 + 1.6 to —27.2 + 2.1 mV
after interaction with VCP. Since the isoelectric point of VCP is
5.14, the reduction of zeta potential was attributed to the
labeling of magnetic probes with negatively charged VCP
molecules in PBS solution (pH 7.4).

To achieve the best sensitivity, the amount of HRP and
nanoprobe was optimized and the results are shown in Figure S1
(Supporting Information) and Figure 3. Figure S1 shows typical
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Figure 3. Probe optimization for mLFS platform.

images of detection results from serial amount of HRP. It can
been seen that with more HRP the signal from the target
increased while a dot from the blank could also be noted. We
noted that the amount of added magnetic nanoprobes could
influence the signal from the blank and 100 fg/mL of VCP in 10
mM PBS, and the results were quantified in Figure 3. For
detection, the unreacted HRP in the detection zone generated a
light green color in the detection zone as background, while the
brightness difference between the pictures would cause a
deviation in the quantified gray scale value of the strips, both of
which will provide a non-zero value from the blank sample even
though a dot is not produced on the LF strip. In Figure 3, it can
be seen that, for the sample of 100 fg/mL VCP, the signal
increased in proportion to the probes, which should be
attributed to the labeling efficiency between probes and target
VCP. There is no significant increase in the signal with 100 fg/
mL of VCP when the probe amount was from 2 to 3 L, which
may be due to saturated labels at such low concentration of VCP.
Meanwhile, although no dot was observed on the strips from the
blank sample, the color from the green background became
stronger with an increase in the amount of probes from 1 to 2 uL,
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which could be attributed to the increased amount of magnetic
probes linked with HRP kept in the detection zone because of
the magnetic focus. More interestingly, when 3 yL of probes was
added for detection, blue-green dots were observed on the strip
from the blank sample with the normalized color signal around
8. Akey factor in the results is that because of the magnetic focus,
the magnetic particles, irrespective of its interaction with the
target, are kept in the magnetic field at the detection zone. For
magnetic probes labeled with VCP, this suggests a longer
interaction time between the probe-labeled VCP and antibodies
immobilized at the detection zone to yield an enhanced signal of
the targets. If the concentration of the unreacted probes is high,
an increase in nonspecific binding of probes at the detection
zone after wash gives the greenish blue color. These results
indicate that the amount of magnetic probe is important for the
detection sensitivity of mLFS.

To further demonstrate the magnetic focus effect of the
sensor, detection of a serial concentration of VCP with and
without magnet were performed while other conditions were
kept the same with the optimized concentration of probes and
HRP. Images of the detection results are presented in Figure 4.

with  without
magnet magnet
blank blank
25 fg/ml 100 fg/ml
50 fg/ml . 1 pg/ml
100 fg/ml N 10 pg/mi
200 fg/ml 100 pg/ml

Figure 4. Comparison of detection results with and without magnet.

The presence of target VCP was determined by the appearance
of a green dot in the detection zone of the strip. It can be seen
that, with the magnet, a dot in light green could be observed for a
concentration as low as 25 fg/mL of VCP in PBS, while on the
strip from the blank no dot was observed. To the best of our
knowledge, this is the lowest detected concentration of protein
target to date. The color of the dots became stronger when the
VCP concentration increased from 25 to 200 fg/mL. In contrast,
without the magnet there was no visible positive results, even
with 100 pg/mL of VCP. The comparison demonstrated that,
beyond the enzyme-based amplification, the magnetic focus can
improve the detection sensitivity of our device by more than
4000 times. Compared to that of conventional LFIA systems
based on the color of gold nanoparticles (GNPs), the detection
sensitivity improved by about 10° times.>>*> Compared to that
of the LF systems with an enzymatic reaction to enhance the
color signal, the sensitivity improved by 2 X 10* times and did
not require a reader.”

The quantitative results of purified VCP in PBS buffer is
shown in Figure 5. The non-zero value from the blank could be
attributed to the background from HRP in the detection zone of
the strip and the varying levels of brightness in the images. It can
be seen that there is a clear difference in the colorimetric signal
between 25 fg/mL and the blank, indicating that the detection
can reach a limit as low as 25 fg/mL VCP in PBS. Meanwhile, the
quantitative results increased with the concentration of VCP,
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Figure S. Quantitative results of mLFS detection of purified VCP in 10
mM PBS.

suggesting the quantitative determination of target protein
based on the colorimetric signal. Based on the quantitative
results shown in Figure S, the limit of detection was calculated to
be 21.82 fg/mL. To further demonstrate the detection capability
of mLFS in biological samples, a mixture of proteins extracted
from tissue lysate samples were tested for the expression of VCP.
After a typical tissue lysis process, the mixed proteins were
resuspended in 10 mM PBS. The detection results in Figure 6

1
|
0 16 pg/ml 32 pg/ml 64 pg/ml

Figure 6. Detection of VCP in mixed proteins extracted from the tissue
of cervical cancer patients.

show that VCP could be detected at 16 pg/mL of protein
mixtures with naked eyes. Detection of targets in a low amount
of protein mixtures extracted from tissues show the potential of
the device for a range of applications. With higher concentration
of total proteins, the color density of the obtained dots
increased. In our previous work, we demonstrated that, with
enzymatic-enhanced LFIA, VCP could be recognized at a limit
of 28.8 ng/mL of protein mixture extracted from tissue.’® The
results shown in Figure 6 exhibited a marked improvement in
sensitivity in clinical samples.

The comparison between detection with and without external
magnet in Figure 4 demonstrated a dramatic enhancement in
sensitivity due to magnetic focus. To investigate the effect of
magnetic focus on the probes at the signal generation zone,
SERS and dark-field microscopy was used to directly evaluate
the movement and distribution of magnetic probes in the
magnetic field. Limited by the nontransparent LF strip, two
devices were used to study the flow and distribution of
nanoprobes in the microchannel of the NC membrane.

For SERS characterization, a microchannel shown in Figure
S2 was fabricated using a glass capillary tube fixed on a glass slide
for evaluation of probe behavior by SERS. A conjugate pad is
attached to one end of the tube for application of the sample
solution, while at the other end an absorbent pad was attached to
drive the solution flow through the tube. The corner of the pads

DOI: 10.1021/acs.analchem.8b04848
Anal. Chem. 2019, 91, 2876—2884


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b04848/suppl_file/ac8b04848_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b04848/suppl_file/ac8b04848_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.8b04848

Analytical Chemistry

A 24 B
4000 - = ® TR
—— with magnet S0 8 l....l. LR
—— without magnet %‘ o unl
3 3000 c m 5
g 300 §o—a* A% ;
> [ .
z o
[7]
§2ooo- &
c 7
= o
Q
N
1000 - =
£
b
6
M_J\/AM/M S
0
T T M T M T v T T T T T T T 1 T T LI T T T
400 600 800 1000 1200 1400 1600 1800 2 0 2 4 6 8 10 12 14 16 18
Raman shifticm™ Time/min

Figure 7. SERS characterization of the magnetic nanoparticles in the microchannel. (A) SERS signal after 15 min of sample addition; (B) normalized
SERS intensity of the peak at 1091.5 cm™" with respect to time from the application of solution with magnetic nanoparticles in the microchannel and
the corresponding linear fit. Different symbols were from individual measurements.

1A
04 —— With magnet
—— Without magnet
) 0.3
B
L}
]
£ 0.2 4
]
o
0.1
0.0+
T T T T T T T
0 10 20 30 40 50 60
Speed (um/S)

Particle ratio

0.4
B

—— With magnet
—— Without magnet

0.3

0.2

0.1

T M T T T

20 30
Position (um)

0 10 40 50

Figure 8. Illustration of the movement and speed distribution of magnetic nanoparticles in the microchannel and the simulated spatial distribution of
magnetic nanoparticles along the cross section of the microchannel. y-Axis represents the ratio of the number of particles at specific speed (A) or

position (B) to the total number of particles in the microchannel.

was in contact with the microchannel for the sample flow. A
magnet was fixed to the middle of the capillary tube and the
effect of magnetic field on the magnetic probes was tested. The
sample solution with gold-coated magnetic nanoparticles
modified with a Raman reporter (4-MPy) was applied onto
the conjugate pad and the SERS spectra were recorded over
time.

After exclusion of the factors contributing to SERS activity
change due to the accumulation of probes (as discussed in
Figure S3), the SERS intensity of 4-MPy on gold-coated
magnetic nanoparticles was used to reveal the number of
magnetic nanoparticles. It can be seen in Figure 7A that, after
~15 min of sample flow, the SERS intensity from the magnetic
field focused probes is greater than that from the ones without
magnet, indicating that, with magnetic focus, more magnetic
probes can be focused at the detection zone. To further
characterize the increase in accumulation of gold-coated
magnetic nanoparticles with respect to time with and without
magnetic field, the time-dependent SERS intensity was also
recorded. The plots of normalized SERS intensity of the peak at
1091.5 cm™" with and without magnetic field is illustrated in
Figure 7B. A linear fit plotted in Figure 7B reveals that the SERS
intensity from samples with magnetic focus was about 7—10
times greater than that without magnetic focus. When
characterizing by SERS, it is clear that, with magnetic focus,
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the movement of the gold-coated magnetic nanoparticles is
affected by the magnetic focus and their movement is much
slower than that without magnetic focus, resulting in a higher
density of gold-coated magnetic nanoparticles at the signal
generation site. Consequently, a corresponding higher SERS
intensity suggests an increase in concentration of the target
labeled with magnetic probes at the signal generation site,
depicting an improved capture efficiency and, thus, an enhanced
detection sensitivity.

In addition to SERS, dark-field images were recorded to
directly demonstrate the movement of magnetic probes in a
microchannel due to the magnetic field. The test device was
similar to the one used for SERS signal measurement but
modified beause the glass capillary showed a strong background
from dark-field images. As shown in Figure S4, on the glass slide,
wax was applied to form aregion of size 5 X 25 mm, similar to the
size of the NC membrane on the strip used for detection. Then a
cover glass was placed on the glass slide followed by heating to
melt the wax and construct a microchannel between the cover
glass and glass slide separated with a wax layer. The height of the
channel was measured to be about 50 ym. The conjugate pad
and absorbent pad were fixed at the end of the channel,
respectively, while the magnet was fixed beneath the middle of
the channel to evaluate the movement and distribution of the
nanoparticle probe influenced by the magnetic focus. The
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Figure 9. Schematic of magnetic probes in the microchannel. Small dots with black core and golden shell represents magnetic probes. The number,
spatial, and speed distribution profile of the magnetic probes are illustrated based on SERS spectra, dark-field imaging, and simulation results.

sample solution was applied onto the conjugate pad to allow the
samples to flow through the absorbent pad through the
microchannel. The movement of magnetic probes in the
channel was recorded by dark-field imaging every 10 s after 2
min of flow initiation (video included as Supporting
Information). The first frame of each video is the image of a
microruler under the same objective. To better track the
magnetic nanoparticles in the images, the exposure time with
magnet was kept at S00 ms while for the case without magnet it
was kept at 100 ms. Results in the video confirm that the
magnetic field reduced the speed at which particles flow through
the strip. Without the magnetic field some larger aggregates of
magnetic nanoparticles was found to move at speeds similar to
the smaller ones, indicating that without magnetic focus the
movement of magnetic nanoparticles was primarily driven by
capillary flow. Contrastingly, with the magnet it was obvious that
some larger aggregates were retained in the same position during
measurement and some others moved at a slower rate compared
to smaller particles, indicating that the magnetic field tends to
reduce the movement of magnetic nanoparticles and this effect
became pronounced with larger aggregates. In Figure S4 the
magnetic nanoparticles trapped in the magnetic field could be
directly noted in the images. To quantify the speed of magnetic
nanoparticles, PIV analysis was performed utilizing the dark-
field images as input data. Figure 8A shows the speed of

movement of magnetic nanoparticles in the microchannel. The
difference in the speed of magnetic nanoparticles with and
without magnetic focus was noted. The peaks of the speed
distribution were 3.3 and 33.5 ym/s respectively for conditions
with and without the magnetic field, rendering a tenfold
difference in speed due to the magnetic focus which could result
in an increase in the density of magnetic nanoparticles in the
detection zone of LF strip. Furthermore, the tenfold reduction in
speed enabled a prolonged interaction which is tenfold longer
than the interaction time between the magnetic probe-labeled
targets and the antibodies immobilized at the detection zone
during mLFS.

The spatial distribution of magnetic nanoparticles in the test
was simulated for conditions with/without magnetic field. In
Figure 8B, the position of x-axis represents the distance from the
wall of the microchannel in the cross section, from a value of 0 at
one side to SO ym at the other side. It can be seen that the
magnetic nanoparticles were concentrated at the wall of the
microchannel where the magnet was fixed, while for conditions
without the magnet, the magnetic nanoparticles mostly
distributed in specific regions away from the walls of the
microchannel because of the effect of “tubular pinch”
phenomena.*’ Simulation results in Figure 8B show the
distribution of the magnetic probe-labeled targets in the
microchannels constructed by the pores of the NC membrane
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in the detection zone of the LF strip. According to the
simulation, magnetic focus could concentrate all the probes in
the region 2 ym from the wall, while without the magnetic focus
only 1.5% of the probes were found in the same region. It is
reported that the capture efficiency of conventional LFIA is less
than 1%.%' Thus, although the magnetic focus would influence
the distribution of probes in the vertical direction of the LF strip
and part of the antibodies in the detection zone may not be
occupied by the target, the distribution of magnetic probe-
captured target in the microchannels could still contribute to
improved sensitivity.

Figure 9 illustrates the effect of magnetic focus on the
movement of nanoparticles. The cross section of the micro-
channel is represented by a blue square, while the magnetic
probes are depicted by small circles with a black core and gold
shell. From the SERS results, the number of magnetic
nanoparticles in the magnetic field was estimated to be seven-
to tenfold greater than that without magnet. The PIV analysis
based on dark-field images indicated a tenfold reduction in the
movement of magnetic probes due to the magnetic field
compared to those without magnet. Simulation results indicated
that the magnetic field could concentrate the probes near the
walls of the microchannel where antibodies were immobilized to
improve capture efficiency to result in increased sensitivity.

B CONCLUSION

In this work, we present a unique mFLS platform based on the
magnetic focus concept for ultrasensitive detection of protein
biomarkers by colorimetry while retaining the simplicity of the
lateral flow device. We show that a cervical cancer protein
biomarker, VCP, could be detected at a concentration as low as
25 fg/mL in PBS. We further show that quantification is possible
in the 200 fg/mL range. The sensor was further tested by
analyzing tissue samples, where VCP could be detected in 16
pg/mL protein mixtures extracted from tissues of cervical cancer
patients. We validate the enhanced particle accumulation and
target capture concept with magnetic focus in LF device by
SERS, dark-field imaging, and PIV simulation. The proposed
mLFS strategy could be extended to detect a variety of other
protein biomarkers and most crucially has the potential to take
POC immunoassays to the ultrasensitive regime to enable the
detection of rare events by naked eye color monitoring.
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