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Autoantibodies have high specificity and stability and are easy to detect. Anti-p53 autoantibodies can be
used as biomarkers for the early detection of oral cancer. However, most studies detected anti-p53 in
sera samples. In this study, a microfluidic chip combined with magnetic immunoassay, which can
automatically detect the concentration of anti-p53 in saliva, was developed. The use of a micromixer can
shorten the immunoassay time: the mixing time of the antigen and antibody can be reduced from the
original 60 min off-chip to 20 min, making the total immunoassay time around 60 min. A method of
moving magnetic beads and the antibody instead of manipulating fluid was utilized to simplify fluid
control and decrease contamination caused by non-specific protein adsorption to the surface of
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1. Introduction

Statistics from the World Health Organization have shown that
the number of deaths due to cancer in 2011 exceeded the
number of deaths due to heart disease or stroke and that
cancer will be the main cause of death worldwide in the next few
decades.** In Taiwan, malignant tumors have been the leading
cause of death in recent years and the number of deaths due to
oral cancer is ranked fifth among the different types of cancers.’
Even though current medical technology has tremendously
improved, 40-50% of oral cancer patients still die within 5 years
of being diagnosed.®” The main cause of this is that most
patients are diagnosed at the late stage of cancer; this means
that the cancer could have already metastasized or the tumor
could have expanded, which implies some degree of risk for
subsequent surgery and providing treatment while the thera-
peutic effect is limited. The diagnosis of oral cancers is
dependent on questions asked by physicians during diagnosis

“Department of Electronic Engineering, Chang Gung University, Taoyuan 333, Taiwan.
E-mail: yenheng@mail.cgu.edu.tw; Fax: +886-3-2118507; Tel: +886-3-2118800 ext.
3789

*Graduate Institute of Medical Mechatronics, Chang Gung University, Taoyuan 333,
Taiwan

“Department of Otolaryngology-Head & Neck Surgery, Chang Gung Memorial Hospital,
Linkou, Taoyuan 333, Taiwan

“Department of Medical Biotechnology and Laboratory Science, Chang Gung
University, Taoyuan 333, Taiwan

‘Molecular Medicine Research Center, Chang Gung University, Taoyuan 333, Taiwan
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c7ra13734f

This journal is © The Royal Society of Chemistry 2018

anti-p53 in the saliva of patients was detected in the chip.

such as whether patients have any family history of the disease
and whether patients have a habit of chewing betel nuts,
smoking, or alcohol use or through physicians' observations of
whether patients have white plaque, oral fibrosis, hyperplasia,
masses, ulcers, etc., and whether tissue biopsy has been per-
formed. However, these methods may result in delayed diag-
nosis if patients at their early stages of cancer show no signs or
if their signs are difficult to observe.*® Therefore, in recent
years, many scholars have searched for biomarkers for the early
diagnosis of cancers. Among these biomarkers, autoantibodies
have stability and high specificity and have mature auxiliary
reagents available. Therefore, many autoantibodies have
already been used as biomarkers for the detection of various
cancers such as colorectal cancer,' breast cancer,'*™ ovarian
cancer," lung cancer,”* and liver cancer."”* In addition,
serum or salivary autoantibodies can be used as biomarkers for
the early detection of oral cancer.’®®® Our research team
screened and selected four potential autoantibodies from saliva
samples in 2014 (ref. 21) for using them as biomarkers for the
early detection of oral cancer. Other studies have shown that the
concentration of anti-p53 in saliva is a potential biomarker for
screening oral cavity squamous cell carcinoma.**** Among
them, anti-p53 has the highest sensitivity. Therefore, this study
used anti-p53 in the saliva as the target for detection; among
body fluid samples, salivary samples can be non-invasively
collected.

An immunoassay is an important biological analysis tool.
The principle is to use the specificity between antibodies and
antigens to detect the concentration of specific substances in
samples. Commonly used immunoassays include fluorescence
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immunoassay,” chemiluminescence immunoassay,” and
enzyme-linked immunosorbent assay.”* Even though these
immunoassays are well developed, the analysis still takes
several hours and analysis results may be affected by human
factors; therefore, experienced personnel are required for per-
forming them. In recent years, micro total analysis systems have
been employed in multiple analytical domains. This technology
uses microelectromechanical technology to combine micro-
devices such as micropumps, micromixers, and microvalves
into a chip. These microdevices are used to manipulate micro-
fluids to perform biological and biochemical analysis.>”*® This
chip has advantages such as rapid reactions, portability,
improved sensitivity, and the low quantity of reagents used. In
addition, automation can be achieved through the combination
of software and hardware.”

Microbeads are commonly used in immunoassays. The use
of a combination of microbead- or carbon nanotube-based
immunoassay and electrochemiluminescence for detecting
cancer biomarkers has been demonstrated.**** Chen et al
proposed single microbead-anchored immunoassay, which
allowed the detection of multiple antigens.** Pre-labeled fluo-
rescent magnetic beads are widely used in multiplex immuno-
assays.*® In addition, the combination of bead-based
immunoassay with a microfluidic system has advantages of
rapid detection and high integration.** Choi et al. (2002) pub-
lished a study on magnetic immunoassay in microfluidic
chips.® They proved that this magnetic bead-based biochemical
detection system can use low amounts of reagents for analyzing
proteins. This chip fixes magnetic beads for reagents and
samples to pass through, and magnetic beads are used to
capture corresponding antigens and antibodies. If magnetic
beads can be mixed within the fluid, the effect of mixing would
be even better. In addition, there are studies using pneumatic
microdevices to allow magnetic beads and reagents to be
transmitted, mixed, and washed.***® However, in this design,
most mixing reactions occur in one reaction well, and this may
result in contamination in the reaction well due to the
adsorption of the analyte on the surface of the reaction well
during incubation. Some research teams used immiscible oil-
water liquids to separate each reaction well and used magnets
to control the movement of magnetic beads and mixing with
samples; this method does not require the manipulation of
liquids for analysis.>*****” The advantage of this method is that it
does not require valves to separate reaction wells and prevent
contamination. However, the effects of mixing of reagents and
magnetic beads are not as good.

In the present study, microvalves, micromixers in combina-
tion with solenoid valves, X-Y stages, and magnets were used to
develop an automated detection platform. In this platform,
magnetic bead-based immunoassays are used to analyze and
quantitate the concentrations of anti-p53 autoantibodies in
saliva. The chip uses microvalves to separate every reaction well,
which can avoid the cross-contamination of reagents between
adjacent wells. The use of multiple reaction wells and moving
magnetic beads decreases the non-specific adsorption of
proteins and antibodies and reduces wash steps, thereby
increasing the detection accuracy. In addition, the combination

15514 | RSC Adv., 2018, 8, 15513-15521

View Article Online

Paper

of micromixers to achieve high efficiency mixing can decrease
the total detection time. We hope that this chip can help oral
cancer patients be diagnosed early and to provide early treat-
ment, thereby improving their survival rates and lowering the
use of medical resources.

2. Materials and methods

2.1. Chip design and fabrication

Fig. 1(a) shows the magnified view of the microfluidics chip,
whose structure mainly consists of three layers. These layers are
the reaction wells and channel layers in the upper. Five reaction
wells of equal size were designed for the chip, which was filled
with samples, wash buffer, detection antibodies, and color-
developing agents (enzyme substrate). The diameter of each
reaction well was 11.4 mm and the height 2 mm. Each well was
filled with approximately 200 pL of the reagent, and the length
and width of the channels connecting the reaction wells were
4.6 mm and 0.2 mm, respectively. The bottom layer contained
four pneumatic microvalves' and five pneumatic micromixers’
air chambers, and their locations corresponded to the center of
the microchannels and reaction wells in the upper layer. There
was a polydimethylsiloxane (PDMS) membrane of 100 pm
thickness between the upper and lower layers. When pressure
was exerted in air chambers below the membrane, pneumatic
microvalves and micromixer were driven by membrane
uplifting.

Reaction well, D: 11.4 mm, H: 2 mm

PDMS

(@)

Connection channel
H: 200 pm, W: 1.2 mm,

H: 1.5mm air chamber, H: 1.5 mm

(b)

Micro, valve

L

§ E
)
<

Sample & bead Detection antibody TMB solution l

f———— 8 cm

Fig. 1 (a) Exploded view of the microfluidic chip. The chips are made
up of three PDMS layers: the top layer contains the reaction wells and
microchannels, the middle layer is a 100 um membrane, and the
bottom layer contains the pneumatic mixers' and microvalves' air
chambers. (b) Shows the photograph of the chip. Red ink denotes the
mixer, green ink the valves, and blue ink the reaction wells and
channels. The size of the chip is 8 x 4 cm.

This journal is © The Royal Society of Chemistry 2018
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The fabrication process of the chip included using the
drawing software (Solidworks, Dassault Systémes SOLID-
WORKS Corp., USA) to design the master mold of the chip. This
was followed by using a computer numerical controlled CNC
(EGX-400, Roland Inc., Japan) for processing two pieces of
polymethylmethacrylate (PMMA) boards to produce the master
molds of the upper and lower layers. Then, PDMS was formu-
lated (A : B ratio of 10 : 1, Sil-More, Taiwan), homogeneously
mixed, and poured into the master mold. Vacuum was used to
remove bubbles in PDMS, and the molds were then transferred
to an oven for baking at 80 °C for 2 h. After solidification, the
molds were removed. For the production of the membrane for
the middle layer, 5 g of PDMS was poured onto a polished
PMMA board (10 x 10 cm) and a spin coater (MS-A100, MIKASA,
Japan) was used in two stages with parameters of 500 rpm for
10 s and 1000 rpm for 10 s to create a membrane with a specific
thickness of approximately 100 um. This was then placed in an
oven for baking at 80 °C for 1 h for solidification. After the
structure of each layer formed, a 0.5 mm diameter biopsy punch
(ProSciTech, Australia) was used to punch holes on the chip to
create inlets for air to enter. A plasma cleaner (PDC-001, Harrick
Plasma, USA) was used to adhere the various layers. The size of
the chip was 8 x 4 cm, as shown in Fig. 1(b).

2.2. Design and working principle of the pneumatic
micromixer and microvalves

Pneumatic micromixers were used to increase the incubation
efficiency of the immunoassay, and the schematic diagram is
shown in Fig. 2(a). The working principle of the micromixer is to
divide the air chambers below the reaction well into four zones,
and the air chamber above each zone contained a membrane
made of elastic PDMS. When compressed air at certain pres-
sures was injected into the air chamber, the membrane was
lifted up. When the four zones of membranes were actuated
with sequential time differences, a vortex-like disturbance was
created in the fluid inside the reaction well above the air
chamber and a mixing effect was achieved. Magnetic bead-
based immunoassays were used in this study and the beads
were moved and passed through five reaction chambers.
Therefore, microchannels connected the reaction wells to each
other to transport magnetic beads. Furthermore, to avoid
contamination caused by the reagents or samples in adjacent
reaction well while operating the micromixer, pneumatic valves
were designed in channels to prevent the interconnection of
fluids between reaction wells. The method proposed by the
Quake team®® was used as reference for designing these valves.
The channels were designed in an arc shape so that when the
membrane rose, it completely adhered to the channels, and the
fluids were separated without any leakage. Fig. 2(b) shows the
schematic diagram of this design.

2.3.
chip

Operation procedure of the autoantibody immunoassay

Magnetic bead-based immunoassay was used for the detection
of autoantibodies, and the concept of moving magnetic beads
instead of transporting fluids was used to complete the entire
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Fig. 2 Schematic diagram of the operating principle of the micro-
mixers and valves. (a) Compressed air is injected into the four inde-
pendent air chambers below the micromixers. The membrane on the
top of the air chamber was pushed by the air and rise up. When
compressed air was sequentially driven into the four chambers,
a vortex-like disturbance was created in the liquid above the
membrane. (b) When the compressed air was injected into the air
channel of the microvalves, the membrane above the air channels rose
and obstructed the channels. Only arc-shaped channels allowed the
valves to be fully closed.

analysis. Fig. 3 shows the operation procedure of the chip. First,

samples and reagents required for the immunoassay were
individually loaded in five reaction wells in the chip: 200 puL of
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Fig. 3 Operation procedures for the detection of autoantibody of the
chip. (a) Magnetic beads with p53 antigen capture the autoantibodies
from samples. (b) A magnet was used to move the magnetic beads to
the next reaction well for washing so that unbound substances can be
washed off. (c) All magnetic beads containing autoantibodies to be
tested were allowed to bind to detection antibodies with enzymes at
the ends. (d) A magnet was used to move the magnetic beads into the
next reaction well to wash excess detection antibodies. (e) Magnetic
beads with detection antibodies were allowed to react with the
enzyme substrate. The supernatant was aspirated to microplates, and
a stop solution was added. A microplate reader was used to read
values.

mouse anti-p53 antibody standard solution or patient's samples
and 5 pL of magnetic beads coated with p53 antigen (5 x 10’
beads per mL) in the first reaction well, 200 puL of phosphate
buffered saline (PBS) wash buffer in the second and fourth
reaction wells, 200 pL of 20 ng mL " anti-mouse IgG-conjugated
horse radish peroxidase (HRP) or biotinylated anti-human IgA
with streptavidin-HRP in the third reaction well, and 200 pL of
color-developing agent in the fifth reaction well. The mouse
anti-p53 antibody and anti-mouse IgG were used to set up the
proposed assay platform. For anti-p53 autoantibody detection
in human saliva, anti-human IgA was used. Following that, the
pneumatic micromixer below the first reaction well was started
to facilitate the fluid and magnetic beads mix for 20 min. The
p53 antigen on the magnetic beads was used to capture anti-p53
in the samples or specimen. After completing this step, an
external magnet was used to collect the magnetic beads for
1 min. Then, these beads were moved to the next reaction well at
a speed of 133 um s~ '. After the magnetic beads were moved to
the second reaction well, the external magnet was removed and
the micromixer below the well was activated for 1 min to
promote mixing of the magnetic bead and PBS wash buffer. This
was to remove excess nonspecifically bound substances. After
washing was completed, the magnetic beads were collected
again below the reaction well for 1 min. After collecting the
magnetic beads, the beads were moved to the next reaction well.
In the third reaction well, the magnetic beads that captured
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anti-p53 and detection antibodies containing HRP were mixed
for 20 min. After mixing was completed, the steps of the
collection and movement of magnetic beads were repeated. The
operation procedure of the magnetic beads in the fourth reac-
tion well was the same as that in the second reaction well: to
remove the excess detection antibody. In the fifth reaction well,
HRP-containing magnetic beads were mixed with an enzyme
substrate (TMB) for 15 min. The color intensity is related to the
concentration of autoantibodies captured. Lastly, the magnetic
beads were attracted at the side of the reaction wells, and
a Pipetman was used to aspirate 100 pL of the samples into
a microtube and 50 pL of the stop solution was added. Finally,
100 pL of the sample was pipetted into a 96-well plate, and
a microplate reader (SpectraMax M5, Molecular Devices, Sun-
nyvale, USA) was used to read the optical density at 450 nm. The
reaction product has an absorbance peak at 450 nm; when light
at 450 nm passes through the sample, some of it is absorbed by
sample and the transmitted part can be measured by an optical
sensor. The amount of transmitted signal is related to the target
protein.

2.4. Reagent, sample, and experimental setup

The magnetic beads (2.8 pum, Dynabeads M-270 Carboxylic Acid,
Thermo Fisher Scientific) used for the immunoassay were ob-
tained from Invitrogen. Before the immunoassay, the p53
antigen (Recombinant Human His6-p53, Boston Biochem) was
coated on the surface of the magnetic beads following the
manufacturer's protocol. To quench the non-reacted activated
carboxylic acid groups, the coated beads were incubated in
a wash buffer for 15 min, which contains 50 mM Tris, 0.1%
bovine serum albumin (BSA), and 0.1% Tween-20 in a solution
at pH 7.4. We experimentally confirmed that the microbeads
were fully coated by the antigen at maximum binding capacity
(ESI Fig. S11). The standard solutions for the sample were
prepared by dissolving mouse anti-p53 antibodies (SC-126,
Santa Cruz Biotechnology) in PBS buffer solution and were
serially diluted into concentrations of 4 ug mL™*, 400 ng mL ",
40 ng mL™', and 4 ng mL~'. PBS, BSA, and 2 N H,SO, stop
solution were purchased from Sigma-Aldrich. Anti-mouse IgG-
conjugated HRP (1 mg mL™ ', NEF822001EA, PerkinElmer)
was purchased from PerkinElmer. The color-developing agent
tetramethylbenzidine was purchased from Clinical Science
Products, Inc. Because the purified human anti-p53 autoanti-
body is difficult to obtain, the mouse anti-p53 antibody and
anti-mouse IgG-conjugated HRP were used to set up the plat-
form. On the other hand, because IgA is the main class of
antibodies present in human saliva (more than 300 times the
level of 1gG),*** the secondary antibody of goat biotin-
conjugated anti-human IgA (205008, AbD Serotec, USA) and
streptavidin-HRP (BioLegend, USA) were used for detecting the
human anti-p53 autoantibody. The saliva samples of three
patients containing high, medium, and low anti-p53 autoanti-
body concentrations, respectively, were used. All volunteers
underwent oral mucosal screening test. The individuals with
oral cancer were biopsy proven and underwent routine
checkups according to the standard protocol. This research

This journal is © The Royal Society of Chemistry 2018
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followed the tenets of the Declaration of Helsinki, and all
patients signed an informed consent form approved by the
Institutional Review Board of Chi-Mei Medical Center (IRB
number: 10012-L02) before participating in the study and
permitting the use of saliva samples. During the experiment,
these samples were diluted 25 times in PBS. The collected saliva
samples were first centrifuged at 3000 x g for 15 min at 4 °C,
and protease inhibitor cocktail (2 uL mL™", Sigma-Aldrich) was
added to the supernatant. Then, the samples were stored at
—80 °C in a freezer. For detailed sample processing procedures,
please see ref. 21. The experimental setup is shown in ESI
Fig. S2.1 LabVIEW (National Instruments, USA) was used to
control the solenoid valve and the X-Y stage (X-LSM 1004, Zaber,
USA). A DAQ (USB-6001, National Instruments, USA) device was
used to transmit signals to the solenoid valve. The air
compressor (JW-2525N, Jun-wei, Taiwan), solenoid valve
(S070M-SBG-32, SMC, Japan), and chip were connected and the
micromixer and microvalve were driven by opening and closing
the solenoid valve. An X-Y stage that can be controlled by
a program was located below the chip. A strong magnet was
placed above the stage to adsorb magnetic beads in the chip,
and the magnet was obtained from dismantling hard disks. The
chip was placed on a platform with an adjustable z-axis, and the
distance between the adjustable chip and the strong magnet
was 0.5 mm. The closer the distance between the two, the better,
ensuring that there is sufficient magnetic force to attract the
magnetic beads. The movement speed, position, and dwell time
of the strong magnet were used for the collection and move-
ment of the magnetic beads.

3. Results and discussion

3.1. Micromixer and microvalve parameter optimization

If there was a high efficient mixer in the chip, the chances of
contact between the antigen and antibody can be increased,
which can shorten the detection time. Therefore, the operation
frequency of the micromixer was first optimized. Binding
between the autoantibodies and detection antibodies by placing
in the micromixer was performed to evaluate the optimal
operation frequency for the pneumatic micromixer. The
remaining immunoassay steps were performed in a 1.5 mL
microtube. Anti-p53 autoantibodies with a concentration of 4 pug
mL " were used for the test. The concentration and volume of
the remaining reagents were as described in Section 2.3. The
three mixing frequencies used were 5, 10, and 25 Hz, and
mixing was performed for 30 min. Finally, color development
results were compared to evaluate the optimal mixing
frequency. Each experiment was performed in triplicate. From
Fig. 4(a), we can observe that the final OD value of a frequency of
10 Hz was the highest, which shows that there was more
binding of detection antibody on the magnetic beads during
mixing. Therefore, the operating frequencies of all micromixers
on the chip were set at 10 Hz. A slower operating frequency
(below 10 Hz) results in poor mixing results, while a faster
operating frequency (25 Hz) results in the deformation speed of
the PDMS membrane being unable to match the discharge
frequency of air pressure and result in no further increase in the
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mixing efficiency.** In addition, the study compared the effi-
ciency of positive pressure-driven mixers and negative pressure-
driven mixers under an operation frequency of 10 Hz. From
these results, we can observe that there were no great differ-
ences in the mixing efficiency between positive or negative
pressure-driven mixers. In the experimental setup, we selected
positive pressure to drive the micromixer for convenience,
which is consistent with the driving method for the microvalves.
In addition, the incubation time between the antigen and the
antibody was optimized in the micromixer. We used the
immunoassay step where the antigen on the magnetic bead
captured the antibody for evaluation. Magnetic beads coated
with p53 and the standard sample of anti-p53 with a concen-
tration of 20 ng mL ™" were added into the micromixer in the
chip and mixed for 10, 20, 30, 40, 50, and 60 min. All subsequent
steps were performed in a 1.5 mL microtube, and the concen-
trations and volumes of the remaining reagents used were the
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Fig. 4 (a) Optimization results of the operating frequency of the
micromixer. Different frequencies were used to mix the detection
antibody and the anti-p53 coated magnetic beads. From the colora-
tion signal we can see that the signal was the highest at a frequency of
10 Hz. In addition, there were no differences in mixing efficiency when
positive pressure or negative air pressure was used. (b) Optimization of
incubation time between antigen and antibody. The chip was used to
carry out different mixing times between anti-p53 and p53 coated
magnetic beads. The OD value approaches saturation after 20
minutes.
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same as those described in Section 2.3. Finally, color develop-
ment results were used to evaluate the mixing time required for
mixing the antigen and the antibody in the chip. The evaluation
of each mixing time was performed using chips and was
repeated in triplicate. The results are shown in Fig. 4(b). The
value approached saturation after 20 min. This shows that after
20 min, the antigens on the magnetic beads fully bound to the
antibodies, and even if the incubation time was further
increased, there was no increase in signal intensity. Therefore,
the sample incubation time in the present study was set to
20 min. In addition, when the mixer in the chip is in operation,
the microvalves in the adjacent wells should remain closed to
prevent reagent contamination between the reaction wells. We
used red dyes added into the microchannels and gradually
increased the air pressure in the pneumatic microvalves to
perform leakage testing. The experiment results showed that
when the air pressure reached 35 kPa, the valves were shut
tightly to prevent adjacent fluids from flowing (ESI Fig. S37).
However, we also observed that when the valves were actuated
greater than 50 kPa for more than 10 min, air bubbles were
produced in the microchannel, which would obstruct the
moving magnetic beads. The membranes may have a certain
permeability; therefore, under conditions where the air pres-
sure duration is long and pressure is too high, the gas passed
through the membrane and produced bubbles. Therefore,
microchannels should not be designed too high to avoid having
to use an overly high air pressure to open and close the valves.
In addition, the channel width was designed to be 200 um to
provide a sufficient channel cross-section for bead movement.

In addition, we have tested magnetic beads having larger size
(approximately 50 pm in diameter, GE Healthcare). It was
observed that the mixing behavior was not as vigorous as the 2.8
pm beads used presently at the same driving frequency. Even
the driving pressure and frequency were increased; some of the
large beads precipitated to the bottom of the micromixer. This
may cause the low mixing efficiency during sample incubation.
Nevertheless, a large bead would be clogged in the micro-
channel between two reaction wells when moving the bead. We
suggest that suitable sizes of a microbead should range from 1
pum to 5 um in this platform.

3.2. Antifouling coating of PDMS

The material of the chip was PDMS. Although this material has
high transparency and biocompatibility, the easy adhesion of
proteins is a major problem in protein study application.
During the present study, we found that some magnetic beads
adhered to the chip surface due to some proteins on the bead
surface. A decrease in the number of beads results in lower OD
values, and this results in the inability to detect samples with
low concentrations. Therefore, PEG-silane coating was used on
PDMS as a protein antifouling agent. The detailed method is
described in ref. 42. The experimental design was to compare
PDMS chips with PEG modification to chips without modifica-
tion for magnetic bead-based immunoassay. In these chips, 5
uL of equivalent number of p53-coated magnetic beads, 0.4 pg
mL~"' of anti-p53 antibodies, and 20 ng mL™' of detection
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antibodies were added. After the immunoassay ended, OD
values were determined and the magnetic beads in the last
reaction well were counted using flow cytometry. Each experi-
ment used three chips and was repeated thrice. Fig. 5(a) shows
the comparison of the OD values. The experiment results
showed that the signal from the PEG-modified chips was higher
than that of the non-modified chips. This may be due to the
modified chip being more difficult for proteins and magnetic
beads to adhere to. In addition, the number of magnetic beads
was counted in the last well using flow cytometry, and the
results are shown in Fig. 5(b). From the results, the number of
beads lost was improved by a PEG-modified PDMS chip (from
approximately 70 000 to 220 000), which provided evidence of
signal increment. In addition, we found that approximately
15% of the magnetic beads adhered to each other in the
modified chips, while 8% of the magnetic beads adhered to
each other in the unmodified chips (ESI Fig. S471). This may be
due to some PEG from the modified PDMS dissolving in the
solution, resulting in more mutual adhesion of magnetic beads.
The experiment shows that PEG modification can decrease
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Fig. 5 (a) Immunoassay results of unmodified PDMS chip and PEG-
modified PDMS chip. The signal intensity of the PEG-modified chip
was higher because PDMS itself can adsorb proteins and thus p53
coated magnetic beads and the analyte to be tested will both be
adsorbed by PDMS. (b) Flow cytometry was used to compare the
unmodified chip and the PEG-modified chip by counting the number
of beads after the immunoassay was completed.
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protein adsorption. Therefore, all chips used in the present
study underwent PEG modification. Besides the adsorption of
magnetic beads on the PDMS surface, external magnets are
a cause of bead loss. If the position of the magnet does not
correspond well with the position of the chip, this results in
insufficient magnetic force and in large number of bead loss.
The magnet was placed approximately 0.5 mm below the chip to
ensure that there was sufficient magnetic force to attract and
collect the magnetic beads. Every time incubation was
completed, the magnet was placed below the mixer for 60 s so
that it could collect the dispersed magnetic beads. During
movement of magnetic beads, a slow speed of 133 um s~ * was
used to ensure that the magnetic beads are attracted to the
external magnetic field (ESI Moviet).

3.3. Detection limit of anti-p53 autoantibodies and
detection in saliva samples from patients

The evaluation of the detection limit was performed using
standard solutions of anti-p53 autoantibodies that were 10 X
diluted serially from 4 ug mL™" to 4 ng mL ', The experiment
procedures are described in Section 2.3. For the negative
control, 200 pL of 1% BSA was used to as a substitute for an
equal volume of anti-p53 samples. The mean and standard
deviation of values was obtained from the use of three chips
that were used thrice. The results are shown in Fig. 6(a). As anti-
p53 concentrations decreased, corresponding OD values after
developed also decreased. The limit of detection (LOD) was
calculated using the 3¢S method,” where ¢ is the standard
deviation of the negative control and S is the slope defined as
Aconcentration/Aintensity. S was calculated using concentra-
tions from 0 to 0.004 pug mL ™" [0.004 ug mL ™ '/(0.079 — 0.052)
OD = 0.145 pg mL~ " OD~']. The LOD was calculated as follows:
3 x 0.0084 x 0.145 pg mL™ " = 3.654 ng mL~". The data also
showed that the signal at 4 ng mL™"' was detected in the
experiment. Compared to plate-based ELISA with the same
reagents, the linear dynamic range of plate-based ELISA was
less than that of the proposed microfluidic chip (ESI Fig. S57).
This may due to the larger surface area of microbeads, which
can immobilize larger amounts of the p53 antigen for autoan-
tibody capture. In addition, the detection limit of plate-based
ELISA was lower than that of the proposed system by more
than one order. This may due to bead loss during the assay in
the chip. In addition, the target autoantibody detected in
a spiked sample matrix can evaluate interferences caused in
a real situation. However, the purified human anti-p53 auto-
antibody is difficult to obtain. We used the mouse anti-p53
antibody and anti-mouse IgG to set up the detection platform
as well as human saliva and anti-human IgA to determine the
feasibility of the real sample detection in the platform. The
saliva samples of three patients with known anti-p53 relative
concentrations (high, medium, and low) were tested to see if the
chip can distinguish the relative concentrations of anti-p53
autoantibodies. The level of anti-p53 autoantibodies in the
saliva sample were determined using the Bio-Plex 200 system
and Bio-Plex Manager software version 4.2 (Bio-Rad Laborato-
ries), which showed the relative fluorescent intensity of the
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Fig. 6 (a) Anti-p53 autoantibody immunoassay results. As anti-p53

concentration increases, the signal also increases. The detection limit
of the chip is about 4 ng mL™% The entire test requires about 60
minutes. (b) Immunoassay results of saliva samples from oral cancer
patients. The results confirm that the detection performance of the
device is broadly comparable to that of the microtube test. This proves
that this chip can be used for detection in patient samples.

target analyte on the microbead. Simultaneously, results from
the microtube method using the same reaction conditions were
used as a comparison, and the negative control was an equiv-
alent volume of 1% BSA. The results [as shown in Fig. 6(b)] from
the microfluidic chip were consistent with the results obtained
using microtubes. However, the signal detected from the
patient with a medium level of autoantibodies was higher. As
samples obtained from patients only allow for one test, if more
tests were performed to obtain an average value, the signal
should approach the results using microtubes. However, in
general, the results confirm that the proposed device can be
used for detecting autoantibodies in a saliva sample, whereas
most current studies could only detect anti-p53 antibodies in
serum samples. The signal can be improved using the following
methods: the first method is to increase the incubation time
between magnetic beads and the enzyme substrate; however,
this will result in some test time being sacrificed. The second is
to modify the movement path of the X-Y stage so that when the
magnetic beads are being collected, the scanning route can be
used or collection can be repeated to decrease the loss of
magnetic beads. The third is to change the developing substrate
into a fluorescent substrate that can further increase detection
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sensitivity. In addition, we have evaluated* the cross-reactivity
of assay in saliva samples. The antibodies were detected in
saliva samples using antigen-conjugated beads in a single
antigen-coated bead (singleplex) and five antigen-coated beads
(multiplex). The experimental results revealed that the assay
demonstrated limited cross-reactivity between the five autoan-
tibodies in the saliva sample. Furthermore, antibodies
commonly co-existing with anti-p53 IgA, such as IgM and IgG,
may influence the results of the assay. Because IgA is the
dominant antibody class rather than IgG or IgM in saliva
samples (more than 300 times the level of IgG)*** and the
secondary antibody, anti-human IgA we used has high speci-
ficity to human IgA, we expected that 1gG and IgM in saliva
would only have a slight influence in detecting IgA.

4. Conclusion

We developed an automated microfluidics system using Lab-
VIEW to integrate the movement of the XY stage, the actuation
of micromixers, and the opening and closing of microvalves for
the automated immunoassay of anti-53 in saliva. The time for
the immunoassay decreased from 3 h in conventional immu-
noassays to only approximately 60 min using the proposed
platform. The detection limit of this microfluidic chip is
approximately 4 ng mL ™", and relative concentrations can be
detected from saliva. We hope that further optimization can be
conducted such as the optimization of the concentration of the
detection antibody used so that the contamination of excess
detection antibody in the reaction well can be minimized. For
the manipulation route of external magnets, many types of
movement routes can be attempted, and repeated movement
between reaction wells can be performed to decrease the
amount of residual magnetic beads. In addition, the chip
surface can be modified with other materials that prevent
protein adhesion so that the detection signal intensity can be
strengthened and the detection limit can be decreased.
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