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Current diagnostic technologies primarily rely on bulky and costly analytical instruments. Therefore,
cost-effective and portable diagnosis tools that can be used for point-of-care tests (POCT) are highly
desirable. In this study, we report a cost-effective, portable capillary-based biosensor for quantitative
detection of biomarkers by the naked eye. This capillary-based biosensor was tested by measuring the
distance of blue ink movement, which was directly correlated with the oxygen (O,) produced by efficient
core-shell Pt@Au nanoparticles (Pt@AuNPs) catalysts decomposed hydrogen peroxide (H,0,). By linking
the Pt@AuNPs with antibodies, capillary-based biosensor sandwich immunoassays were constructed. The
concentrations of the target proteins were positively correlated with the distances of ink movement. To
demonstrate their performance, the biosensors were used to detect the cancer biomarker sprostate-
specific antigen (PSA) and carcinoembryonic antigen (CEA). The linear detection range (LDR) of the ca-
pillary-based biosensor for detecting PSA was from 0.02 to 2.5 ng/mL, and the limit of detection (LOD)
was 0.017 ng/mL. LDR of the biosensor for detecting CEA was from 0.063 to 16 ng/mL, and the LOD was
0.044 ng/mL. For detection of PSA and CEA in clinical serum samples, the detection results of the ca-
pillary-based biosensor were well correlate with the results from of chemiluminescence immunoassays
(CLIAs). Thus, the capillary-based biosensor may potentially be a useful strategy for point-of-care testing,

in addition to being portable and cost effective.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The healthcare field is currently facing enormous challenges.
Accurate and timely diagnoses of diseases have the potential for
saving vital time in determining the appropriate treatment,
especially in life-threatening conditions. Conventional diagnostic
technologies, such as enzyme-linked immunosorbent assays (ELI-
SAs) (Moody et al., 2001), chemiluminescence immunoassays
(CLIAs) (Tanaka and Matsunaga, 2000), electrochemical im-
munoassays (Tang et al., 2007), electrochemiluminescence im-
munoassays (ECLIs) (Wang et al., 2012), and protein chip assays
(Wang et al., 2012), have high sensitivity and high specificity.
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However, these diagnostic methods rely on bulky and costly ana-
lytical instruments and require specialized training. Therefore,
cost-effective, compact and accurate diagnostic tools that can be
used as point-of-care testing (POCT) devices are highly desirable.

One of the most widely used POCT devices is im-
munochromatographic sensor, such as colloidal gold-based im-
munochromatographic sensors (Chen et al., 2015; Hou et al., 2015),
due to their ease of use, portability, cost-effectiveness and easily
visualized results. When coupled with high-efficiency tracers, such
as fluorescent nanoparticles (Fu et al., 2013; Shi et al., 2015),
quantum dots (Li et al., 2012), enzymes (Qin et al., 2015) and coded
SERS nanoparticles (Fu et al., 2015; Liang et al., 2014), these im-
munochromatographic sensors can be used for quantitative de-
tection with high sensitivity and accuracy. However, to obtain
quantitative results, these devices require expensive equipments.
Other products widely used in POCT devices include microfluidic
chips (Gervais et al,, 2011; Ghannad-Rezaie et al., 2012). Micro-
fluidic chips have the potential to revolutionize clinical diagnoses
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and personalized therapies due to these could offer quantitative,
high-throughput, rapid results and are affordable and portable.
However, in practice, microfluidic chips require costly fluid-in-
troducing accessories and pump control systems and result read-
ing instruments, such as fluorescence or optical absorption read-
ers, mass spectrometers or electrochemical or glucose meters, to
yield quantitative results (Song et al., 2012). These practical bar-
riers limit the application of microfluidic chips for clinical and
personal use widely. Recently, the Qin and Yang research groups
have designed elegant multiplexed volumetric bar-chart chips (V-
Chips) for quantitative POCT diagnostics (Li et al., 2015; Song et al.,
2013, 2014, 2012; Zhu et al., 2014). These methods can be used for
quantitative measurement of target proteins and biomarkers.

Based on these considerations, a lower-cost, more portable and
more easily used capillary-based quantitative biosensor was de-
veloped in our study. This biosensor used general sandwich im-
munoassay with antibody-coated magnetic beads (MBs) and an-
tibody-coated Pt@AuNPs to detect prostate-specific antigen (PSA)
and carcinoembryonicantigen (CEA). In detection of positive
samples, mAb1-Pt@AuNPs was bound to mAb2-MBs through an-
tigen bridge effect, after be washed and added H,0,, large volume
of O, was generated. In detection of negative samples, no mAb1-
Pt@AuNPs were bound to mAb2-MBs without antigen, after be
washed and added H,0,, nearly no O, was generated. The con-
centrations of these biomarkers were calculated by measuring the
movement distance of blue ink as induced by the production of O,
via Pt@AuNPs-catalyzed decomposition of H,0,. The target protein
concentrations were positively correlated with the moving dis-
tance of the blue ink (Fig. 1). In the detection of PSA and CEA for
clinical serum samples, the results of the capillary-based biosensor
were well correlated with those of commercial chemilumines-
cence immunoassays (CLIAs). Because of its low-cost, user-friendly
operation and simple fabrication, capillary-based biosensors have
good potential as POCT devices, especially in resource-limited
areas.
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Fig. 1. Principle of the capillary-based biosensor. (a) Schematic illustration of a
typical capillary-based biosensor. For detecting positive samples, MB-mAbs first
captured the target antigens, then Pt@AuNP-mAbs was combined with the com-
plex, and the Pt@AuNPs catalyzed H,0, to generate O, thereby forward-displacing
the blue ink within the capillary; For detecting negative samples, Pt@AuNP-mAbs
cannot be combined with MB-mAbs, therefore did not produce O,, which cannot
promote the blue ink. (b) Picture of a single-channel device. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

2. Materials and methods
2.1. Chemicals and materials

Chloroauric acid (HAuCls-3 h,0), Chloroplatinic  acid
(H,PtClg - 6H,0), PVP 40,000, streptavidin, catalase and Tween-20
were obtained from Amresco (USA). Bovine serum albumin (BSA),
horseradish peroxidase (HRP), CK-MB, a-fetoprotein (AFP), pros-
tate specific antigen (PSA) and carcinoembryonicantigen (CEA)
were purchased from Sigma-Aldrich. Trisodium citrate was pur-
chased from Damao reagent (Tianjin, China). N-Hydro-
xysuccinimide activated MBs (NHS-MBs) with a diameter of 1 um
were purchased from Shanghai Beaver Biological Technology Co.,
Ltd. (Shanghai, China). Monoclonal antibodies for PSA and CEA
were obtained from Shanghai Lingchao Biological Technology Co.,
Ltd (Shanghai, China). Serum samples associated with PSA were
collected from the Department of Laboratory Medicine, Guang-
dong No. 2 Provincial People’s Hospital (Guangzhou, China). Serum
samples associated with CEA were collected from the Cancer
Center of the First Affiliated Hospital of Jinan University
(Guangzhou, China). Hydrogen peroxide (H,0,, 30 wt%), Coo-
massie brilliant blue (CBB) G-250, methyl blue and other com-
monly used reagents were purchased from GZ Chemical Reagent
(Guangzhou, China). Steel microtubules (@ 0.4 mm*0.15 mm),
polytetrafluoroethylene (PTFE) capillaries (@ 0.3 mm*0.2 mm),
fluorinated  ethylene  propylene (FEP) capillaries (@
0.3 mm*0.2 mm), silica micropipe (@ 0.6 mm*0.3 mm), silica ca-
pillaries (@ 0.3 mm*0.2 mm), silica gel plugs (@ 5 mm), and min-
iature valves (@ 2 mm) were purchased from Pureshi (Shanghai,
China). Melt adhesive (EVA Hot Glue, a plastic binder that changes
in the physical state of the binder over a range of temperatures.)
and a melt adhesive gun were bought from Dremel (Nantong,
China). Cutter knife, Small electric drill, acrylonitrile butadiene
styrene(ABS) plates special glue (a vinyl polymer as the main body,
one-component solvent-based ABS plastic s ABS plastic special
glue) were obtained from Crab Kingdom Technology Co., Ltd.
(Shenzhen, China).

2.2. Apparatus

Microplate reader (Bio-Tek Instruments, Inc.), transmission
electron microscope (TEM, PHILIPS, Holland), and a centrifuge
(Beckman, Germany) were used. Ultrapure water (Milli-Q grade,
Millipore) with a resistivity of 18.2 M£2/cm was used throughout
this study.

2.3. The reaction system

2.3.1. Preparation of mAb1-Pt@AuNPs

Thirteen-nanometer gold nanoparticles (AuNPs) were synthe-
sized according to a previously reported method (Liu and Lu,
2006) with slight modifications. Typically, 100 mL ultrapure water
in a conical flask was heated to boil with vigorous stirring, and
1 ml 1% HAuCl, solution was added, after boiling again, 1 mL of 1%
trisodium citrate was added rapidly and kept stirring over a period
of 10 min. Gradually, the color of the solution changed from light
yellow to purple and finally to a wine-red color. Stop heating and
keep stirring, the resultant AnNPs were stored in 4 °C after cooling
to room temperature. Core-shell Pt@Au nanoparticles (Pt@AuNPs)
were synthesized (Li et al., 2006) as follows: 200 pL 3.86 mM
H,PtClg was added to 10 mL AuNPs. The mixture was heated to
80 °C under magnetic stirring, and 400 pL aliquot of 10 mM as-
corbic acid was slowly added drop wise into this mixture over
3 min with a syringe pump. Afterward, the mixture was heated
and stirred for an additional 30 min The diameters of the obtained
Pt@AuNPs were determined via TEM to be approximately 16 nm. A
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Fig. 2. Stability of the capillary-based biosensors. (a) Movement distances of blue ink with different concentrations of Pt@AuNPs for a single capillary-based biosensor (three
trials). (b) Movement distances of blue ink with different concentrations of Pt@AuNPs for three capillary-based biosensors. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

specific amount of 1 mg/mL detecting mAb1 was mixed with 1 mL
Pt@AuNPs in PBS buffer at pH 6.5. The mixture was kept at room
temperature (RT) for 1 h. Next, 100 pL blocking buffer was added
to block the surface of the Pt@AuNPs, and the unconjugated
mAbls were removed via centrifugation. Finally, the antibody-
conjugated Pt@AuNPs were suspended in 500 pL of 10 mM PBS
solution (pH 7.2) and stored at 4 °C.

2.3.2. Preparation of mAb2-MBs

One hundred microliters of MBs was washed with 1 mL
washing buffer and suspended in 1 mL PBS. Capturing mAb2s were
diluted to 1 mg/mL using 100 mM MES (pH 4.8); this dilution was
added to the other MBs preparation. After 2 h, 100 pL of 3 M
ethanolamine at pH 9.0 was added, and the mixture was reacted in
a rotary mixer for an additional 1 h. The unconjugated mAb2s
were removed by using a magnetic rack. The resultant mAb2-MBs
were suspended in 1 mL PBS and stored at 4 °C.

2.3.3. Sandwich immunoassays for PSA and CEA

PSA was diluted to different concentrations with PBS buffer
(0.01 M, pH 7.4). Then, specific volumes of mAb2-MBs were added
to 150 pL of the different concentrations of PSA. The mixtures
were reacted in a rotary mixer for 30 min Magnets were used to
separate and remove the supernatants, which were re-suspended
in 200 pL PBST (0.1% Tween-20 in 0.01 M, pH 7.4 PBS) and col-
lected again to wash away any excess PSA. This washing process
was performed 3 times. The mixtures were then re-suspended
with 148 pL PBS and incubated with 2 pL of mAb1-Pt@AuNPs for
30 min. After being washed 5 times, the reaction complexes were
stored in PBS. The same procedures were used for the CEA
immunoassays.

2.4. The read-out system

2.4.1. Device assembly

Our detection device was assembled from acrylonitrile buta-
diene styrene (ABS) plates. Two parallel steel microtubules were
inserted into silica gel plugs to seal the reaction tubes and were
fixed on one end of the ABS skeleton. One of the steel micro-
tubules was connected to a miniature valve, and the other one was
linked with a polytetrafluoroethylene (PTFE) capillary through a
silicone micropipe. Several small pieces of the ABS material were
pasted on the observation panel to form card slots and fix the PTFE
capillary. The materials for manufacturing the device were shown
in Fig. S1.

2.4.2. Signal generation and reading

After the immunoreactions, 300 pL of 30% H,0, was added to
the EP tube and quickly agitated. Then, the EP tube was connected
to the silicone plug on a readout device, and the micro valve was
opened for 5 min after the addition of H,0O,. Subsequently, the
micro valve was shut, and the moving distance of the blue liquid in
the PTFE capillary was recorded every 5 min.

2.5. Analytical procedure for clinical samples

The PSA and CEA serum samples were measured by using the
capillary-based biosensor with the above-described procedure. If
the concentrations of the detected biomarkers were greater than
the linear detection range of the capillary-based biosensor, the
serum samples were diluted by a factor of 10 and reanalyzed.

3. Results and discussion
3.1. Stability of the read-out device

To assess the stability of the device, the movement distances of
the blue ink were recorded every 5 min after reaction (Fig. 2). For
investigation of the intra batch variation, the same device was
tested for three times sunder the same experimental conditions
(Fig. 2(a)). For investigation of the inter batch variation, the same
sample was tested with three parallel devices (Fig. 2(b)). There
were no obvious diversity for intra and inter batch. Additionally,
we found that the capillary material and the composition of the
blue ink influenced the stability of the device. Different capillary
materials (silica, FEP and PTFE) and inks comprising different
substances (alcohol-diluted CBB G-250 and ultrapure water-di-
luted methyl blue) were tested (Fig. S2). We selected the PTFE
capillary and alcohol-diluted CBB G-250 for further tests. The
whole device was assembled with ABS, special glue and melt ad-
hesives. Because of the wide availability of the materials and the
ease of manufacturing, the entire device was low in cost, and the
cost of all materials was less than 0.7 dollars.

3.2. Characterization of Pt@AuNPs

Recent studies have reported that Pt@AuNPs have the ability to
efficiently catalyze H,O, to generate O, (Zhu et al.,, 2014). The
synthesized Pt@AuNPs had good dispersion and uniform particle
size and the surfaces of the particles had regular petal-shaped
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Fig. 3. Characteristic catalytic effects of Pt@AuNPs. (a) TEM images of AuNPs and image of AuNP solution. (b) TEM images of Pt@AuNPs and image of Pt@AuNPs. (c) Catalytic
effects for different concentrations of H,0, solution for 25 pM catalase, Pt@AuNPs and mAb-Pt@AuNPs. (d) Catalytic effects for different concentrations of catalase and

Pt@AuNPs in 10 M H,0,.

protrusions (Fig. 3(a) and (b)). UV-vis spectra of AuNPs and
Pt@AuNPs shown in Fig. S3, AuNPs displayed strong optical ab-
sorption near 520 nm, whereas the absorbance of Pt@AuNPs de-
creased at 520 nm and increased from 570 nm to 580 nm. These
results indicated that the Pt@AuNPs were synthesized successfully.

The catalytic properties of Pt@AuNPs were studied. We de-
monstrated the catalytic effect of different concentrations of en-
zymes and Pt@AuNPs in 10 M H,0, in triplicate (Fig. 3(c); Fig. S4
(A)). To three EP tubes were added 297 pL H,0,, 3 pL of 2.5 nM,
1 nM or 0.2 nM of ultrapure water-diluted catalase solutions. The
tubes were then connected to the readout device, and the micro-
valve was shut immediately. The EP tubes were subsequently
shaken. For each catalyst, the reaction was monitored by taking
pictures every minute for the first 5 min and every 5 min from 5 to
30 min (Fig. S4 (B)). When the concentration of catalase was less
than 2 pM, the generated O, was not sufficient to move the liquid
drop. The moving distance of the blue ink increased as the catalase
concentration increased over 2 pM, but the droplet was no longer
moving after a certain period of time. Then, we used Pt@AuNPs to
perform the same catalytic experiments. Surprisingly, even the
concentration was low as 2 pM, catalytic effects and ink movement
were observable. Moreover, the Pt@AuNPs steadily catalyzed H,0,
to generate O, over a prolonged period of time, thereby indicating
the excellent stability of the Pt@AuNPs. To evaluate the effects of
labeling the Pt@AuNPs with antibodies, we performed another
groups of experiments with monoclonal antibody-labeled
Pt@AuNPs (mAb-Pt@AuNPs) (Fig. S4 (C and D)). The data shown
that the catalytic activity of mAb-Pt@AuNPs did not significantly
decrease versus Pt@AuNPs.

We also studied the catalytic performances of catalase and
Pt@AuNPs for different concentrations of H,0, (Fig. 3(d)). With
highly concentrations of H,0,, the Pt@AuNPs had higher and more
stable catalytic performances than catalase. At low H,0, con-
centrations, the catalytic performance of the Pt@AuNPs was less
than that of catalase in the short term. However, as the reactions
proceeded, the catalytic activity of the Pt@AuNPs gradually ex-
ceeded that of catalase (Fig. S4 (E and F)). Additionally, to de-
monstrate the stability of Pt@AuNPs, we stored catalase and the
Pt@AuNPs at room temperature and measured their activities once
every week for 8 weeks (Fig. S5). The results demonstrated that
the activity of catalase rapidly decreased, and the activity of the
Pt@AuNPs remained stable over time. These proved that the
Pt@AuNPs have high catalytic efficiency and good stability.

3.3. Measurement of PSA and CEA by using the capillary-based
biosensor

To enhance the performance of this biosensor, the amounts
of monoclonal antibodies (mAb) labeled Pt@AuNPs and MBs were
optimized (Fig. S6). Four microliters of 1 mg/mL anti-PSA mAb1 or
5pL of 1mg/mL anti-CEA mAbl was used for labeling 1 mL
Pt@AuNPs; similarly, 8 pL of 1 mg/mL anti-PSA mAb2 or 10 pL of
1 mg/mL anti-CEA mAb2 was used to label 100 pL MBs. Then, effects
of the mAb1-Pt@AuNPs and mAb2-MBs addition on properties of this
biosensor were study (Fig. S7). The results indicated that 2 pL mAb1-
Pt@AuNPs and 6 pL mAb2-MBs were the optimal addition amounts
for detecting PSA and CEA, respectively. To reduce nonspecific reac-
tions, we optimized the blocking buffer for mAb1-Pt@AuNPs (Fig. S8).
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Fig. 4. Detection of PSA and CEA used the capillary-based biosensor. (a) Droplet moving distances for different concentrations of PSA. (b) Linear standard curves of the
capillary-based biosensor for PSA. (c) Actual read-outs of PSA samples at 30 min. (d) Droplet moving distances for different concentrations of CEA. (e) Linear standard curves
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A mixed blocking buffer solution consisting of BSA, PVP 40,000 and
PEG 4000 was used to block the mAb1-Pt@AuNPs.

We used the capillary-based biosensor to detect PSA and CEA in
PBS buffer. Ten microliters of different concentrations of PSA, from
0 ng/mL to 10 ng/mL, were used. As shown in Fig. 4(a-c), as the
concentration of PSA increased, the movement distance of the ink
increased. In additional, as the H,0, reaction time increased, the
movement distance of the ink increased, too. Standard curves from
different H,0, reaction time of 10 min, 20 min, 30 min, 45 min and
60 min were established (Fig. S10). Standard curve from 30 min
shown better correlation coefficient (R?=0.9984) than others, and
the linear dynamic range, sensitivity and background were ap-
propriate and acceptable. Thus we selected 30 min as the H,0,
reaction time. When the PSA concentration was 0 ng/mL, the ink
movement distance was 31 mm, and the standard deviation (S.D.)
was 2.5 mm. When the PSA concentration was 10 ng/mL, the ink
movement distance was 374.3 mm, and the S.D. was 11.9 mm. The
ink movement distance was used to quantitatively measure the
concentration of PSA. A good linear correlation (R*=0.998) be-
tween the ink movement distance and the PSA concentration was
obtained within the range of 0.02-2.5 ng/mL. The LOD of the ca-
pillary-based biosensor was calculated on the basis of the con-
centration response to the ink movement distance (63 mm-3*S.D.)
and was found to be 0.014 ng/mL. The detection principle of the
CEA was same as that for the PSA. Ten microliters of different
concentrations of CEA from 0 ng/mL to 32 ng/mL were used (Fig. 4
d-f). The LOD of the capillary-based biosensor for detecting CEA
was 0.044 ng/mL. The biosensor could detect a wide linear range
from 0.063 ng/mL to 16 ng/mL. In comparison to other methods,
the developed capillary-based biosensor meets clinical sensitivity
demands and is more portable and cost-effective.

3.4. Selectivity of the capillary-based biosensor

To demonstrate the selectivity of the capillary-based biosensor
for PSA detection, several common proteins, such as CEA, bovine
serum albumin (BSA), horseradish peroxidase (HRP), CK-MB and
o-fetoprotein (AFP), were investigated. The distances of the blue
ink movement were nearly negligible when 1 ng/mL of CEA, BSA,
HRP, CK-MB and AFP were used (Fig. SO (A)). PSA, BSA, HRP, CK-MB
and AFP were used to demonstrate the selectivity of the capillary-
based biosensor for CEA detection. The results are shown in Fig. S9
(B). Negligible distances of the blue ink movement were observed
from 1ng/mL of PSA, BSA, HRP, CK-MB and AFP. These results
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demonstrated the extraordinary selectivity of the capillary-based
biosensor.

3.5. Detection of clinical samples

Application of the proposed capillary-based biosensor for the
detection of PSA and CEA in serum samples was investigated. Nine
serum samples of PSA and sixteen serum samples of CEA were
assayed. Usually, serum PSA and CEA levels of patients are above
4.0 ng/mL and 5.0 ng/mL respectively. For matching the linear
detection range (LDR) of the sensors, the serum samples were
diluted 10 times prior to analysis. The results obtained by this
method were compared with those obtained by the commercially
available chemiluminescence immunoassays (CLIAs). The results
from these two methods exhibited excellent correlations and non-
significant differences (Fig. 5). Indicated the biosensor is an ef-
fective tool for clinical diagnosis.

4. Conclusions

In summary, a capillary-based biosensor that used gas volume
measurements to enable portable, low-cost and instrument-free,
especially quantitative detection of clinical samples was devel-
oped. Cancer biomarkers PSA and CEA were detected by the bio-
sensor. For detecting PSA, LDR was 0.02-2.5 ng/mL and LOD was
0.017 ng/mL. For detecting CEA, LDR was 0.063-16 ng/mL and LOD
was 0.044 ng/mL. The capillary-based biosensors were also used to
detect PSA and CEA in serum samples and shown that results were
consistent with results from routine clinical diagnostic method,
CLIAs. Comparing many traditional diagnostic methods, the ca-
pillary-based biosensor has a number of advantages. First of all,
this device meets the basic requirements for POCT, including af-
fordability, sensitivity, specificity, ease of use, rapid and robust
operation, low equipment requirements, and deliver ability to the
end user (termed “ASSURED” by the World Health Organization)
(Urdea et al., 2006). In particular, the capillary-based biosensor is
simply designed and easy to assemble, this device have the lower
cost than most traditional detection methods, yet it may provide
the better detection capability. Moreover, this biosensor can be
applicable to detect other biomarkers by using the appropriate
antibodies. This biosensor has high potential for clinical diagnoses,
personalized medicine and even environmental and food safety
monitoring.
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Fig. 5. Detection of PSA and CEA in serum samples. (a) The PSA assay results. (b) The CEA assay results.
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