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An origami paper-based nanoformulated
immunosensor detects picograms of VEGF-C
per milliliter of blood
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Detecting vascular endothelial growth factor C (VEGF-C), a kind of tumor biomarker, is of
significant clinical importance in evaluating the prognosis of patients with cancer. However,
laboratory analyses are usually not suitable for point-of-care testing because they are
expensive and time consuming. In response to these challenges, we fabricated an origami
paper-based microfluidic electrochemical device. To improve the specificity of VEGF-C
detection, nanocomposites, synthesized by new methylene blue (NMB), amino-functional
single-walled carbon nanotubes (NH,-SWCNTSs), and gold nanoparticles (AuNPs), were used
to modify the surface of working electrodes. Results of electrochemical detection showed
that the immunosensor had excellent linearity, ranging from 0.01 to 100 ng mL~! (R2=
0.988), and the limit of detection was 10 pg mL~1. To confirm the high specificity of the
device under real-world conditions, we evaluated the device using clinical serum samples
from our hospital. The results demonstrated that the device had an excellent performance
and could provide a platform for real-time detection of cancers.
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belongs to the VEGF family, is a major inducer of angio-

genesis under both normal and pathological conditions!-3.
With a high degree of homology to VEGEF, it plays an important
role in regulating the formation of the lymphatic vessels*. Serum
concentrations of VEGF-C are typically in the nanogram per
milliliter range®. However, overexpression of VEGF-C is observed
in various malignant tumors®’. Thus, determining VEGF-C levels
could be useful for predicting advanced disease and individuals at
risk for cancer?.

To date, only a few studies on the detection of VEGF-C have
been reported, and immunohistochemistry is the most widely
accepted method of detecting VEGF-C in clinicopathological
circumstances!®!!, Because determining VEGF-C by immuno-
histochemistry is time consuming, is complex, and requires
complicated preprocessing of blood samples, alternative tech-
nologies have been developed based on interactions between
antibodies and antigens!2. For example, Duff et al. proposed
using quantitative indirect enzyme-linked immunosorbent assay
(ELISA) with goat polyclonal anti-human VEGF-C antibody to
detect VEGF-C both in normal individuals and in patients with
colorectal cancer in plasma. The assay was highly sensitive and
enabled detection at a range of 0.4-100 U mL~! with less than 8%
variation!. Cai et al. reported a resistive-pulse biosensor using
antibody-modified silver nanoparticles (AuNPs) and nanopip-
ettes to detect VEGF-C; its main challenge was to differentiate
AuNPs with attached antibodies for VEGF-C and antigen-
conjugated particles, as they were of similar size!3. Although these
methods are relatively simple and easy to perform for point of
care testing (POCT), they all showed an inefficient performance.
Therefore, the development of a cost-effective and rapid means of
detecting VEGF-C is urgently needed.

Microfluidic paper-based analytical devices (uPADs), which
are fabricated from paper, have attracted lots of research attention
since they were first introduced by Whitesides and colleagues in
20071415, As a substrate material, paper has many unique
advantages over traditional materials, including low cost!®, good
biocompatibility!”, and power-free fluid transport via capillary
action!8, What is more, it is easy to fabricate such a device by
either creating barriers within the paper itself or selectively cut-
ting and removing paper without the need for an ultraclean
room!%20, As a result, yPADs are good alternatives when low cost
and portability are critical?!22, Researchers have used different
detection methods to conduct chemical measurements based on
paper microfluidics?3-2%. Colorimetry is the method most widely
used with uPADs, and results of these assays are usually quan-
tified by comparing the intensity of the color with the naked eye
or by camera, which lacks the sensitivity and selectivity of tra-
ditional analytical instrumentation?2’. Thus, a detection method
with high specificity and sensitivity is needed to determine low
levels of analytes in complex biological samples, including plasma
and urine. Electrochemical detection is an attractive alternative
method because of its high sensitivity, high selectivity, and quick
response with the proper choice of detection potential and elec-
trode material?®?%. An additional advantage of electrochemical
detection is its simplicity of instrumentation, which requires little
electrical power in the field®0. Thus, many researchers used
electrochemical methods to detect biochemical substances and
made an excellent progress, such as hydrogen peroxide, glucose,
and biomarkers31-33, In our previous work, we fabricated a
microfluidic paper-based analytical device for the highly sensitive
detection of carcinoembryonic antigen (CEA). The device enabled
electrochemical detection using graphene-based nanocomposites
modified screen-printed carbon electrodes.

Carbon nanotubes were first discovered in 1991 and have
received much attention in the ensuing years>>. Depending on the

Vascular endothelial growth factor C (VEGF-C), which

conditions in which they are formed, they can be categorized as
either multi-walled coaxial tubules (multi-walled carbon nano-
tubes; MWCNTSs) or bundles consisting of individual cylinders
(single-walled carbon nanotubes; SWCNTSs)3%37, Experimental
results have shown that CNTs possess extremely high electron
transfer capacity as well as a high Young’s modulus33. Given their
excellent properties, they have been widely used in the mod-
ification of various biosensors3®40. What is more, the introduc-
tion of nanomaterials has made a great contribution to the boost
development of pPADs with excellent analytical properties*!.

Here we present electrochemical detection for a microfluidic
paper-based analytical device for highly sensitive point-of-care
detection of VEGF-C in serum samples. Our previous working
electrode was coated with as-synthesized new methylene blue
(NMB)/NH,-SWCNTs/AuNPs nanocomposites to introduce
electrochemical signals and improve electrode conductivity.
Working electrodes were subsequently coated with VEGF-C
antibodies for the detection of VEGF-C in human serum samples.
A real-time electrochemical detection method, which avoided
labeling biometric molecule, was used to realize the goal of
POCT. The premise behind the detection method was that the
formation of an insulating antigen and antibody compound on
the electrode would hinder the electrons transfer efficiency, which
in turn would result in a lower current. Results of electrochemical
detection showed that the immunosensor had excellent linearity,
ranging from 0.01 to 100 ngmL~! (R?=0.988), and the limit
of detection was 10 pgmL~!. What is more, the immunosensor
showed a good performance in repeatability, selectivity, and
specificity. The fabricated electrochemical paper-based immuno-
sensor, with its high sensitivity and low cost, provides an alter-
native platform for early cancer detection, in particular in less
developed areas.

Results

Characterization of synthesized NMB/NH,-SWCNT/AuNPs.
We used transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) to observe properties of the NMB/
NH,-SWCNT/AuNP nanocomposites. A TEM image is shown in
Fig. la. SWCNT, which had a tubular structure, is shown.
SWCNT nanomaterial increased the current response by redu-
cing the electrode impedance. Because of the interactions between
benzene rings, NMB molecules could combine with SWCNT by
n-1t stacking interactions. Meanwhile, circular particles adhered
evenly to the SWCNT. This suggests that AuNPs were uniformly
distributed on single-walled carbon nanotubes without aggrega-
tion by the connection between Au and amino groups. The
AuNPs provided sites for antibodies to attach. This indicates that
synthesis could lead to excellent performance of nanocomposites.
Given the great combination of nanocomposites, the device had
good electrochemical properties.

SEM images are shown in Fig. 1b and Fig. lc. As shown in
Fig. 1b, after modification of the nanocomposites, the surface of
the working electrode had a rough structure. The increase in the
specific surface area led to a decrease in current impedance, which
was advantageous for signal transmission. Figure lc shows an
enlarged SEM image, which shows the nanoporous structure
more clearly.

Electrochemical properties of the VEGF-C immunosensor. The
CV and DPV responses were measured with an autolab instrument
in 0.1 M PBS solution (pH = 7.4). The CV responses are shown in
Fig. 2a. From this graph, we can see that the bare electrode had no
response (curve a5). This means that bare electrodes had no oxi-
dation or reduction without nanocomposite modification. By con-
trast, with NMB/NH,-SWCNT/AuNP nanocomposite modification,
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Fig. 1 Characterization of synthesized NMB/NH,-SWCNT/AuNPs. a Transmission electron microscopy (TEM); b, ¢ Scanning electron microscopy (SEM)

images of the NH,-SWCNT/NMB/AuNP nanocomposites.
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Fig. 2 Electrochemical properties of the VEGF-C immunosensor and the nanocomposites assembly process. a CV responses of the device: (al) CV
responses of NH,-SWCNT/NMB/AuNP nanocomposites modified working electrode; (a2) The working electrode coated with VEGF-C antibody; (a3) The
working electrode immobilized with BSA blocking solution; (a4) The immunosensor incubated with 500 pg mL~1 VEGF-C antigen; (a5) The bare working
electrode. b DPV responses of the device: (b1) The working electrode modified with NH,-SWCNT/NMB/AuNP nanocomposites; (b2) The working
electrode coated with VEGF-C antibody; (b3) The working electrode immobilized with BSA blocking solution; (b4) The immunosensor incubated with
500 pg mL~1 VEGF-C antigen; (b5) The bare working electrode. ¢ CV responses of the device: (c1) CV responses of NH,-SWCNT/NMB/AuNP
nanocomposites modified working electrode; (c2) The working electrode immobilized with NH,-SWCNT/NMB composites; (c3) The working electrode
coated with NMB only. d DPV response of the device: (d1) The working electrode modified with NH,-SWCNT/NMB/AuNP nanocomposites; (d2) The
working electrode immobilized with NH,-SWCNT/NMB composites; (d3) The working electrode coated with NMB only.

the electrodes showed better electrochemical performance (curve
al), which could suggest that electrode modification was effective.
Affected by NMB, the oxidation peak and reduction peak were
obtained at —300 and —360 mV, respectively. Because VEGEF-C
antibodies affected the electron transfer of electroactive substances
on the surface of the electrodes, the peak current decreased steadily
with VEGF-C antibodies (curve a2). Similarly, when BSA blocking
solution was added to the surface of the electrodes, the responses
also decreased gradually (curve a3). Subsequently, the peak current

fell in pace with the continuous addition of protein (curve a4),
which confirms that the specific binding of antigen and antibody
also had an effect on the electron transfer of electroactive substances.
The higher the concentration of protein, the greater the effect
on the signal. The CV results suggest great performance of the
immunosensor.

The obtained DPV responses are shown in Fig. 2b. The
responses were measured under the same conditions as the CV
responses. As shown in Fig. 2b, when NMB/NH,-SWCNT/AuNP
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composites were modified, the working electrodes (curve bl),
whose peak current was 25.91 pA, performed better than the bare
electrodes (curve b5). Then, when we added the anti-VEGF-C
antibody, the peak current fell to 23.46 uA (curve b2). Next, after
we dropped the BSA blocking solution, the electrodes’ responses
steadily decreased to 22.32 pA (curve b3). Because of the influence
of the VEGF-C antigen, with the dripping of 500 pg mL~! VEGF-
C, the electrodes showed a dramatic decrease in the peak current
(curve b4). The CV curve and DPV curve fully verify the
correctness of our experimental premise. Accordingly, they
confirm that modification of the paper-based immunosensor
was successful for testing.

To characterize the assembly process of VEGF-C sensor, we
measured the CV and DPV responses of the immunosensors
which were modified with NMB, NMB/NH,-SWCNT, and NMB/
NH,-SWCNT/AuNP, respectively. The CV responses are shown
in Fig. 2c. From this graph, we can see that the working electrode
had an electrochemical signal due to the fact of NMB (curve c3).
By contrast, after adding the NH,-SWCNT nanomaterial, the
electrode showed a better electrochemical performance, which
could suggest that NH,-SWCNT could reduce the resistance of
the sensor (curve c2). Similarly, when AuNP was assembled on
the nanocomposites, the peak current also increased gradually
(curve cl).

The obtained DPV responses are shown in Fig. 2d. The
responses were measured under the same conditions as the CV
responses. As shown in Fig. 2d, when the NMB was modified on
the working electrode, the sensor had a redox signal (curve d3).
When NH,-SWCNT was connected to NMB, the peak current
rose to 22.3 pA (curve d2). Then, when AuNP was assembled on
the nanocomposites, the working electrode (curve d1), whose
peak current was 2591 pA, performed better than the sensor
modified by NH,-SWCNT/NMB composites, which confirmed
that the gold nanoparticles could improve the detection
sensitivity of the sensor.

Optimization of experimental conditions for the immuno-
sensor. During the experiment, we found that the concentration
of NMB, the ratio of NMB/SWCNT to AuNPs, and the con-
centration of anti-VEGF-C antibody affected the response of the
paper-based device. To determine the best concentration of NMB,
we prepared different concentrations of NMB solution, ranging
from 0.5 to 8 mg mL~!. We mixed the different concentrations of
NMB and SWCNT at a ratio of 1:1. After that, we determined
their responses, which are shown in Fig. 3a. From this graph, we
can see that the device performed best when the concentration of
NMB was 2 mg mL~1L.

The amount of AuNPs also played an important role in the
performance of the immunosensor. As shown in Fig. 3b, AuNPs
were mixed with NMB/SWCNT nanocomposites at ratios of
1:1, 2:1, 5:1, 8:1, and 10:1. We observed that when the ratio
increased to 5:1, the peak current reached its maximum, which
confirms that 5:1 was the best proportion of AuNPs and NMB/
SWCNT.

To optimize the concentration of the antibody, we prepared the
antibody mother liquor in a concentration of 1pgmL~L After
that, we diluted the antibody to different concentrations, ranging
from 0.031 to 1pgmL~!. Then we added antibodies on the
surface of several electrodes that were modified by NMB/NH,-
SWCNT/AuNP nanocomposites. After CV and DPV scanning in
the PBS solution (pH = 7.4), the results were recorded and are
shown in Fig. 3c. The results suggested that as the dilution
multiple of the anti-VEGF-C antibody increased, the DPV
response of the device increased. When the antibody was diluted
to 8 times (0.125 pgmL~1), the peak current of the DPV curve
achieved its maximum response. Based on this, we eventually
selected 0.125pgmL~! anti-VEGF-C antibody for subsequent
experiments.

Repeatability and selectivity of the VEGF-C immunosensor.
The selectivity of an immunosensor can reflect the anti-interference
ability of the device, which is a critical factor for assessing the
performance of the device. To test the selectivity of the immuno-
sensor, we used several interfering substances, including epidermal
growth factor receptor (EGFR), programmed death ligand 1
(PD-L1), carcinoembryonic antigen (CEA), neuron-specific enolase
(NSE), ascorbic acid (AA), and uric acid (UA). To begin the
experiment, we mixed 1 ngmL~! VEGF-C protein with 10 ngmL~!
of the interfering substance. After that, we determined the DPV
response with the VEGF-C immunosensor. The results are shown in
Fig. 4a. Current variation in the interfering substances influence was
7.88%, —4.55%, 2.48%, 3.04%, —3.18%, and 1.16%, respectively.
Because EGFR is a membrane protein present in a low concentra-
tion in the serum, the impact of EGFR was not great. The impact of
the remaining interferers was within 4.55%, which means that the
immunosensor showed great selectivity.

The repeatability of the immunosensor played an important role
in our evaluations of the device. We characterized the repeatability
of the immunosensor by determining 500 pgmL~! VEGEF-C
protein with three different devices. The results are shown in
Fig. 4b. The coefficient of variation (CV) of the device was 0.67%.

Analytical performance of the VEGF-C immunosensor. The
electrochemical response of the immunosensor indicated its
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Fig. 3 Optimization process of the VEGF-C immunosensor. a Effects of different concentrations of new methylene blue, the best concentration of NMB
was 2 mg mL~1. b Effects of the proportion of NMB/SWCNT to AuNPs, the best ratio of NMB/SWCNT to AuNPs was 1:5. ¢ Influence of the dilution
multiple of the VEGF-C antibody, the best concentration of the VEGF-C antibody was 0.125 pg mL~".
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performance for detecting the concentration of the VEGF-C
protein. As shown in Fig. 5a, DPV responses decreased gradually
when the concentration of VEGF-C protein increased. Electron
transfer on the surface of the electrodes was affected by the
antigen—-antibody immunocomplex, which led to a decrease in
DPV responses. The x-axis of Fig. 5b shows the logarithm con-
centration of the VEGF-C antigen, and the y-axis displays the
DPV peak current. The calibration plot shows an excellent linear
relationship, whose R? was 0.988 at the concentration 10 pg mL~!
to 100 ng mL~!. The regression equation of the calibration plot
was Lapy (UA) = 19.434 - 2.419 1g Cyggr-c (pg mL™1). The limit
of detection (LOD) of the immunosensor, which was obtained by
actual measurement, was 10 pgmL~L.

Stability of the VEGF-C immunosensor. One of the advantages
of the paper-based device is its low cost. Thus, the stability of the
VEGEF-C immunosensor is particularly important. To determine
the stability of the device, we produced several sensors. After
preliminary preparation, the devices were stored at 4 °C. Then we
chose one paper-based device each week and measured its DPV
response with 1 ng mL~! VEGF-C antigen. Until the peak current
dropped 20%, we considered the device valid. The results are
shown in Fig. 6. In the first 4 weeks, the peak current remained
steady. Subsequently, the response decreased gradually. In the
sixth week, the peak current fell to 85.23% of the initial signal.
After storage for 7 weeks, the response fell to 70.30%, which

meant that the device was invalid. Therefore, we believe that the
device has a lifetime of 6 weeks.

Analytical results of the VEGF-C clinical serum samples. To
prove that the instrument has practical applications, we tested
clinical serum samples with the VEGF-C immunosensor and
compared the results to those detected by a commercial instru-
ment from the hospital. All clinical serum samples were provided
by Peking University Cancer Hospital & Institute with VEGF-C
concentrations ranging from 4.06 to 14.66 ngmL~!. The com-
parison of results is shown in Table 1. The relative deviation
between the two methods was less than 9.81%, which confirms
that the immunosensor was able to achieve clinical detection. The
results also demonstrate that the paper-based device had an
excellent specificity of detection. This method represents a plat-
form for the real-time detection of cancers.

Comparison of performance of sensors for the VEGF detection.
According to Table 2, we compared the performance of our
immunosensor to other VEGF detection devices. The
results showed that we had made some progress in linear
range, LOD, and relative deviation. It may demonstrate that
the origami paper-based immunosensor proposed in this work
enabled a relative wide linear range, with similar limit
of detection.

COMMUNICATIONS BIOLOGY | (2021)4:121| https://doi.org/10.1038/s42003-020-01607-8 | www.nature.com/commsbio 5


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01607-8

13

100%
124 '\ 94.25%
11

-
o
1

o)
L

70.30%

Currents (uA)
©

o N
1 1

[9)]

T T T T T

1 2 3 4 5 6 7
Storage times (weeks)

Fig. 6 The performance of stability of the paper-based immunosensor.
The figure showed the lifetime of several devices stored at 4 °C before the
devices were invalid. When the peak current dropped 20%, we considered
the device valid.

Table 1 Assay results of clinical serum samples using the
proposed VEGF-C immunosensor and a commercial
instrument.
No. Currents Proposed Reference Relative
(uA) immunosensor concentration deviation (%)
(ng/mL) (ng/mL)
1 8.91 5.77 5.31 8.72
2 8.72 6.65 6.06 9.81
3 8.57 7.30 7.86 —7.09
4 8.51 7.59 8.31 —8.72
5 8.07 9.56 8.81 8.56
6 834 8.36 9.01 —-7.22
7 8.27 8.66 9.56 —-9.44
8 7.86 10.53 9.91 6.27
9 8.09 9.46 10.01 —5.48
10 7.69 1.29 10.36 9.01
n 7.56 1.84 1n.21 5.63
12 74 12.54 12.06 3.97
13 7.44 12.39 13.31 —6.93
Discussion
Table 2 Comparison results of the proposed VEGF-C
immunosensor and other sensors for detection of VEGF.
No. Substance Linear range LOD (pg Relative Reference
(pg mL—1) mL-1) deviation (%)
1 VEGF 10-70 10 5.0 42
2 VEGF 0-400 100 10 43
3 VEGF 5-125 5 1.47 44
4 VEGFe  10-800 12 45
5 VEGF-C 0.4-100U 0.4U 8.0 3
6 VEGF-C 10-100,000 10 0.67 This work

In this work, we fabricated a low-cost electrochemical immuno-
sensor based on an origami paper-based device for highly sensi-
tive detection of VEGF-C. We selected three kinds of materials to
synthesize the bio-sensitive membrane, including new methylene
blue (NMB), single-walled carbon nanotubes (SWCNT), and gold
nanoparticles (AuNPs). NMB can introduce electrochemical

currents for the immunosensor due to its redox characteristics.
SWCNT is used because of the following two reasons: (i) it could
improve the detection sensitivity due to its large specific surface
area and good electrical conductivity; (ii) it could help immobilize
NMB through n-n stacking interactions. In addition, the AuNPs
are introduced not only for its fast electron transportation but
also for the interactions between amino groups of VEGF-C
antibodies and gold. In the end, these three materials are syn-
thesized together to form a functionalized nanomaterial. After
antibody modification, the immunosensor has the ability to detect
VEGE-C.

We used the prepared immunosensor for basic performance
testing. The results demonstrated that the immunosensor enabled
a linearity range from 10 pgmL~! to 100 ngmL~! for VEGF-C
standard solutions, with a LOD of 10 pg mL~! at a signal-to-noise
ratio of 3. The electrochemical immunosensor also exhibited good
selectivity, repeatability, and stability. To make the sensor have a
relative good performance, we optimized the experimental con-
ditions for the immunosensor. The results showed that the
immunosensor had a good response when the concentrations
of NMB and the anti-VEGF-C antibody were 2mgmL~! and
0.125 ug mL~1, respectively. And the proportion of AuNPs and
NMB/SWCNT was 5:1. What is more, we further validated the
reliability of the immunosensor by assaying clinical serum sam-
ples with certain concentrations of VEGF-C. compared with other
VEGEF protein family biosensors, the paper-based immunosensor
had a better performance. In conclusion, compared to other
platforms, the proposed immunosensor has the following three
advantages. First, origami was used for sample preparation and
electrochemical detection, which makes the device much easier to
use. In addition, the design further reduces production costs by
decreasing the amount of printing masks during screen printing,
as all electrodes are printed on one side. Second, NMB/NH,-
SWCNT/AuNP nanocomposites were newly synthesized to
modify the paper-based device. Experimental results showed that
the device exhibited excellent electrochemical properties after
modification and could be used for further detection. Third, a
label-free detecting device was used that avoided sample pre-
treatment, which makes the device suitable for point-of-care
testing.

In the future, we will focus on the following three research
directions. Firstly, due to the fact that multi parameter detection
can improve the accuracy of cancer diagnosis, it is more mean-
ingful to detect multi tumor biomarkers simultaneously to realize
the clinical diagnosis function. According to the detection prin-
ciple we used in this work, our device could be suitable for
detection various biomarkers by replacing the bio-recognition
elements. As a result, if we combine the multi-parameter paper-
based device with different modification processes, multi-
parameter detection could be realized.

Secondly, antibodies are used as bio-recognition elements in
this work, however, antibodies are usually expensive and thus
lead to the high cost of these sensors in usage and maintenance. It
will be helpful to reduce the fabrication costs by using aptamers
as the recognition elements instead of antibodies, as they are
much cheaper, stable and easier to modify.

Finally, the goal of point-of-care testing would be fully realized
if we combine the low-cost disposable paper-based device with
commercially available portable electrochemical detectors. What’s
more, the proposed device will be more suitable for early cancer
detection at home or in resource-limited areas. However, the
performance of the immunosensor is only verified by clinical
serum samples in this work, as for the on-site quick testing, the
device will need to integrate the serum separation function for the
whole blood detection.
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Methods

Apparatus. An Autolab electrochemical workstation (PGSTAT302N, Herisau,
Switzerland) was used to perform electrochemical measurements, including dif-
ferential pulse voltammetry (DPV) and cyclic voltammetry (CV). Ultrapure water
was processed by an ultrapure water instrument (Michem, China). To create the
hydrophobic region, we used a Xerox Color Qube 8570 digital wax printer. Other
apparatuses, such as an ultrasonic generator (KH2200E; Hechuang, China), a
transmission electron microscope (HT7700; Hitachi, Japan), and an oven (DZF-
6020MBE; Boxun, Shanghai), were also used.

Materials and reagents. NH,-SWCNT was provided by Nanjing Xianfeng
Company (XF-NANO, China). New methylene blue (NMB) was bought from
Bailingwei Company (Beijing, China). Anti-VEGF-C antibody came from Beijing
Biolink Biotechnology. Human VEGEF-C protein was purchased from Sino Biolo-
gical (Beijing, China). Phosphate-buffered saline (PBS) was prepared with a PBS
tablet (Sigma, USA). Bovine serum albumin (BSA) was purchased from Beijing
Chemical Reagents Company, China. Chromatography Paper (Whatman No.1)
was purchased from Shanghai Wishes Biotechnology (Shanghai, China).

Other materials included conductive carbon ink (Acheson-ED581ss, USA)

and conductive Ag|AgCl ink (Yingman, CNC-01, China). All chemicals were of

RE 2 FH1

RE1

CE1l MC 2
CE2 MC1

ol
ﬁ Adding samples Folding %
b

analytical reagent grade and were used without further purification. Finally, Peking
University Cancer Hospital & Institute provided us clinical serum samples with
certain concentration of VEGF-C.

Fabrication of the origami paper-based device. A basic illustration of the ori-
gami device is displayed in Fig. 7a. The substrate of the paper-based biosensor was
made of Whatman No. 1 Chromatography Paper. To fabricate the microfluidic
channels, we used wax printing technology to divide the filter paper into hydro-
phobic (color) and hydrophilic (white) regions. All hydrophobic illustrations were
patterned on a Xerox digital wax printer. After wax printing, the filter paper was
placed in an oven (120 °C) for 3 min so the wax liquor would soak the paper.
Subsequently, we used screen-printing technology to fabricate the electrodes. The
working electrodes (WE 1 and WE 2) and counter electrodes (CE 1 and CE 2)
were made of carbon ink, whereas the reference electrodes (RE 1 and RE 2) were
printed with Ag|AgCl ink. The paper-based device had three functional areas. The
CEs and REs were printed in the blue area. The microfluidic channels (MC 1 and
MC 2) and filter holes (FH 1 and FH 2) were on the gray area. The working
electrodes were printed in the red area. The working electrodes had a diameter of
3 mm, the microfluidic channels had a width of 1.5 mm, and the filter holes had a
diameter of 4.5 mm. The folding of the device is shown in Fig. 7b. The sample

Cutting Turn over

N
AN R

Folding

Fig. 7 Structure and fabrication of the origami paper-based device. a Display for each functional area, including working electrodes (WE 1 and WE 2),
counter electrodes (CE 1 and CE 2), reference electrodes (RE 1 and RE 2), microfluidic channels (MC 1 and MC 2), and filter holes (FH 1 and FH 2). b The
folding process of the device. Cut along the dotted line and fold the paper-based device as shown in the picture to get an available device.

b ) f Mixing thoroughly

Mixing thoroughly

Blocking

¢ nmB

\ AuNPs

| Anti-VEGF antibody

® BSA

Immobilize antibody

Fig. 8 Nanocomposite modification process of the VEGF-C immunosensor. Schematic diagram of nano material modification. First, the single wall carbon
nanotubes (SWCNT) and new methylene blue (NMB) were mixed. After that, gold nanoparticles (AuNPs) were modified on the NMB/SWCNT

nanocomposites. Then, the NMB/SWCNT/AuNPs three-in-one nanocomplex was assembled on the surface of the working electrode. After the antibody
was fixed, the other sites on the electrode surface were blocked with BSA. Finally, the nanocomposites were successfully modified on the electrode surface.
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drop flowed along the microfluidic channels. Running through the filter holes, it
came into contact with the three electrodes. Then the sample could be detected
electrochemically. Compared to traditional paper-based biosensors, the origami
device had two main advantages. First, paste-free technology made the device easy
to use. Before measuring, the user only needed to fold the paper along the black
line. Once the device was folded, the electrode interface was naturally exposed,
which reduced the difficulty of use. Second, all electrodes were printed on the
front side, which decreased the amount of printing masks, which in turn reduced
production costs.

Synthesis of functional biologically modified materials. A diagram of the pre-
paration of the paper-based VEGF-C biosensor is shown in Fig. 8. To recap briefly,
we synthesized NMB/NH,-SWCNT/AuNP nanocomposites coated on the surface
of working electrodes to achieve VEGF-C protein detection. The process of syn-
thesizing NMB/NH,-SWCNT/AuNP nanocomposites was as follows:

We first prepared NMB/NH,-SWCNT composites. That is, 2 mg mL~! NMB
was prepared, and simultaneously 2 mg mL~! NH,-SWCNT was prepared. We
mixed the two materials at a ratio of 1:1. To ensure that the composites were well
mixed, we stirred the mixture vigorously for 24 h at 25 °C. Next 100 uL AuNP
solution was mixed with 20 uL NMB/NH,-SWCNT nanocomposite obtained
previously. The AuNP solution mentioned above were synthesized in our
laboratory. The protocol of the synthesis was as follow: Firstly, 1% Chloroaurate
solution and 1% trisodium citrate solution were prepared. And then, 0.5 ml 1%
chloroauric acid solution was added into 49.5 ml ultra-pure water to reduce the
concentration of chloroauric acid to 0.01%. After that, the solution was heated to
boiling with a magnetic stirrer. Under the vigorous stirring of the magnet, 2.5 ml of
trisodium citrate solution was added rapidly. Subsequently, the mixture was stirred
vigorously for 20 min. Then stopped heating after the solution turned red.
Continued stirring until the temperature of the solution fell back to room
temperature. Through this method we obtained nano-gold particles with a
diameter of about 20 nm.

After synthesizing the NMB/NH,-SWCNT/AuNP nanocomposite, we modified
the working electrode with 10 uL of the composite. Working electrodes were placed
in an oven (50 °C) until completely dried. Subsequently, 10 pL anti-VEGF antibody
was added to the working electrodes. Because of interactions between the AuNPs
and the sulfhydryl group of antibodies, they made an excellent combination with
the working electrodes. After drying at 4 °C, 10 uL 1% BSA protein solution, whose
solvent was a PBS solution, was dropped on the surface of the working electrodes as
a blocking solution. Finally, the device was stored at 4 °C.

Immunoassay of the paper-based immunosensor. Prior to detecting the stan-
dard sample, we needed to wash the working electrodes several times with

PBS solution. Having done that, we dropped 10 uL of different concentrations of
VEGEF-C protein on the device. To ensure that the proteins and antibodies were
fully integrated, we incubated the device at 25 °C for 20 min. Then we used an
autolab instrument to evaluate the performance of the device by detecting CV and
DPV properties. Because the shape of the VEGF-C protein concentration can
influence the peak current of a DPV curve, we could calculate the concentrations of
samples by examining their peak current. We determined CV curves at a scan rate
of 100 mV/s between —0.6 and 0.1 V. At the same time, we measured DPV
responses under conditions of 0.025 s modulation time, 5mV step potential and
0.5 s interval time in the range of —0.6 to 0.1 V.

Statistics and reproducibility. The TEM and SEM images were repeated at least
once at a different time or by a different researcher. The electrochemical properties
(Fig. 2) and stability (Fig. 6) of the immunosensor were successfully reproduced.
The error bars shown in the text (Fig. 3, Fig. 4 and Fig. 5) were derived from three
independent experiments. The analytical results of the VEGF-C clinical serum
samples were verified by clinical application specialists.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study are available
within the paper and the supplementary information files. Source data for charts in the
main figures is available in Supplementary Data 1.

Received: 11 January 2020; Accepted: 16 December 2020;
Published online: 26 January 2021

References

1. Weich, H. A. et al. Quantification of vascular endothelial growth factor-C
(VEGEF-C) by a novel ELISA. J. Immunol. Methods 285, 145-155 (2004).

2. Akagi, K. et al. Vascular endothelial growth factor-C (VEGEF-C) expression in
human colorectal cancer tissues. Br. . Cancer 83, 887 (2000).

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Sun, L. et al. Metastasis-associated in colon cancer-1 upregulates vascular
endothelial growth factor-C/D to promote lymphangiogenesis in human
gastric cancer. Cancer Lett. 357, 242-253 (2015).

Ichikura, T., Tomimatsu, S., Ohkura, E. & Mochizuki, H. Prognostic
significance of the expression of vascular endothelial growth factor (VEGF)
and VEGF-C in gastric carcinoma. J. Surg. Oncol. 78, 132-137 (2001).
Joory, K. D., Levick, J. R., Mortimer, P. S. & Bates, D. O. Vascular endothelial
growth factor-C (VEGF-C) expression in normal human tissues. Lymphat.
Res. Biol. 4, 73-82 (2006).

Miao, H., Ruan, S. & Shen, M. VEGF-C in rectal cancer tissues promotes
tumor invasion and metastasis. J. Buon 23, 42-47 (2018).

Costache, M. I. et al. VEGF expression in pancreatic cancer and other
malignancies: a review of the literature. Rom. J. Intern. Med 53, 199-208
(2015).

Jiang, L. et al. Serum vascular endothelial growth factor-C levels predict lymph
node metastasis and prognosis of patients with gallbladder cancer. Oncol. Lett.
16, 6065-6070 (2018).

Xia, H. et al. Overexpression of VEGF-C correlates with a poor prognosis in
esophageal cancer patients. Cancer Biomark. 17, 165-170 (2016).

Zong, S. et al. Prognostic significance of VEGF-C immunohistochemical
expression in colorectal cancer: a meta-analysis. Clin. Chim. Acta 458,
106-114 (2016).

Naruse, T. et al. Inmunohistochemical study of vascular endothelial growth
factor-C/vascular endothelial growth factor receptor-3 expression in oral
tongue squamous cell carcinoma: correlation with the induction of
lymphangiogenesis. Oncol. Lett. 10, 2027-2034 (2015).

Cai, H. et al. Resistive-pulse measurements with nanopipettes: detection of
vascular endothelial growth factor C (VEGF-C) using antibody-decorated
nanoparticles. Anal. Chem. 87, 6403-6410 (2015).

Duff, S. E,, Li, C., Renehan, A., O’'Dwyer, S. T. & Kumar, S. Inmunodetection
and molecular forms of plasma vascular endothelial growth factor-C. Int. J.
Oncol. 22, 339 (2003).

Martinez, A. W., Phillips, S. T., Butte, M. J. & Whitesides, G. M. Patterned
paper as a platform for inexpensive, low-volume, portable bioassays. Angew.
Chem. Int. Ed. 46, 1318-1320 (2007).

He, Y., Wu, Y., Fu, J.-Z. & Wu, W.-B. Fabrication of paper-based microfluidic
analysis devices: a review. RSC Adyv. 5, 78109-78127 (2015).

Cinti, S. et al. Low-cost and reagent-free paper-based device to detect chloride
ions in serum and sweat. Talanta 179, 186-192 (2018).

Gao, C. et al. Flexible and biocompatibility power source for electronics: a
cellulose paper based hole-transport-materials-free perovskite solar cell. Sol.
RRL 2, 1800175 (2018).

Channon, R. B. et al. Rapid flow in multilayer microfluidic paper-based
analytical devices. Lab Chip 18, 793-802 (2018).

Xia, Y., Si, J. & Li, Z. Fabrication techniques for microfluidic paper-based
analytical devices and their applications for biological testing: a review.
Biosens. Bioelectron. 77, 774-789 (2016).

Yamada, K., Henares, T. G., Suzuki, K. & Citterio, D. Paper-based inkjet-
printed microfluidic analytical devices. Angew. Chem. Int. Ed. 54, 5294-5310
(2015).

Koesdjojo, M. T. et al. Cost effective paper-based colorimetric microfluidic
devices and mobile phone camera readers for the classroom. J. Chem. Educ.
92, 737-741 (2015).

Amin, R. et al. Continuous-ink, multiplexed pen-plotter approach for low-
cost, high-throughput fabrication of paper-based microfluidics. Anal. Chem.
89, 6351-6357 (2017).

Silva, T. G. et al. Simple and sensitive paper-based device coupling
electrochemical sample pretreatment and colorimetric detection. Anal. Chem.
88, 5145-5151 (2016).

Nouanthavong, S., Nacapricha, D., Henry, C. S. & Sameenoi, Y. Pesticide
analysis using nanoceria-coated paper-based devices as a detection platform.
Analyst 141, 1837-1846 (2016).

Giider, F. et al. Paper-based electrical respiration sensor. Angew. Chem. Int.
Ed. 55, 57275732 (2016).

Wang, B., Lin, Z. & Wang, M. Fabrication of a paper-based microfluidic
device to readily determine nitrite ion concentration by simple colorimetric
assay. J. Chem. Educ. 92, 733-736 (2015).

Morbioli, G. G., Mazzu-Nascimento, T., Stockton, A. M. & Carrilho, E.
Technical aspects and challenges of colorimetric detection with microfluidic
paper-based analytical devices (WPADs)-A review. Anal. Chim. Acta 970, 1-22
(2017).

Mettakoonpitak, J. et al. Electrochemistry on paper-based analytical devices: a
review. Electroanalysis 28, 1420-1436 (2016).

Adkins, J., Boehle, K. & Henry, C. Electrochemical paper-based microfluidic
devices. Electrophoresis 36, 1811-1824 (2015).

Sateanchok, S., Wangkarn, S., Saenjum, C. & Grudpan, K. A cost-effective
assay for antioxidant using simple cotton thread combining paper based
device with mobile phone detection. Talanta 177, 171-175 (2018).

8 COMMUNICATIONS BIOLOGY | (2021)4:121| https://doi.org/10.1038/s42003-020-01607-8 | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01607-8

ARTICLE

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Li, L. et al. A 3D origami electrochemical immunodevice based on a Au@Pd
alloy nanoparticle-paper electrode for the detection of carcinoembryonic
antigen. J. Mater. Chem. B 2, 6669-6674 (2014).

Li, W. et al. Fully-drawn origami paper analytical device for electrochemical
detection of glucose. Sensors & Actuators B Chemical. 231, 230-238

(2016).

Wang, Q. et al. Paper-based analytical device for detection of extracellular
hydrogen peroxide and its application to evaluate drug-induced apoptosis.
Electrochim. Acta 204, 128-135 (2016).

Wang, Y. et al. A novel label-free microfluidic paper-based immunosensor for
highly sensitive electrochemical detection of carcinoembryonic antigen.
Biosens. Bioelectron. 83, 319-326 (2016).

Ibrahim, K. S. Carbon nanotubes-properties and applications: a review.
Carbon Lett. 14, 131-144 (2013).

Ouyang, M., Huang, J.-L. & Lieber, C. M. Fundamental electronic properties
and applications of single-walled carbon nanotubes. Acc. Chem. Res. 35,
1018-1025 (2002).

Odom, T. W., Huang, J.-L., Kim, P. & Lieber, C. M. Atomic structure and
electronic properties of single-walled carbon nanotubes. Nature 391, 62
(1998).

Niyogi, S. et al. Chemistry of single-walled carbon nanotubes. Acc. Chem. Res.
35, 1105-1113 (2002).

Gilshteyn, E. P. et al. A one-step method of hydrogel modification by single-
walled carbon nanotubes for highly stretchable and transparent electronics.
ACS Appl. Mater. Interfaces 10, 28069-28075 (2018).

Dong, J., Salem, D. P., Sun, J. H. & Strano, M. S. Analysis of multiplexed
nanosensor arrays based on near-infrared fluorescent single-walled carbon
nanotubes. ACS Nano 12, 3769-3779 (2018).

Wang, Y. et al. Electrochemical integrated paper-based immunosensor
modified with multi-walled carbon nanotubes nanocomposites for point-of-
care testing of 17p-estradiol. Biosens. Bioelectron. 107, 47-53 (2018).
Sezgintiirk, M. K. A new impedimetric biosensor utilizing VEGF receptor-1
(Flt-1): early diagnosis of vascular endothelial growth factor in breast cancer.
Biosens. Bioelectron. 26, 4032-4039 (2011).

Ravalli, A., Marrazza, G., Rivas, L., Escosuramuniz, A. Dla & Merkoci, A.
Electrochemical antibody-aptamer assay for VEGF cancer biomarker
detection. Lect. Notes Electr. Eng. 268, 175-178 (2014).

Sezgintiirk, M. K. & Uygun, Z. O. An impedimetric vascular endothelial
growth factor biosensor-based PAMAM/cysteamine-modified gold electrode
for monitoring of tumor growth. Anal. Biochem. 423, 277-285 (2012).
Moghadam, F. M. & Rahaie, M. A signal-on nanobiosensor for VEGF165
detection based on supraparticle copper nanoclusters formed on bivalent
aptamer. Biosens. Bioelectron. 132, 186-195 (2019).

Acknowledgements

This work was sponsored by the National Natural Science Foundation of China (NSFC)
(61960206012, 61527815, 61775216, 61673024, 61771452), the National Key Research
and Development Program (2017YFA0205902), and the Key Research Programs
(QYZD]J-SSW-SYS015) of Frontier Sciences, CAS.

Author contributions

S.S. and Y.W. designed and implemented the experiment. J-T.L., J-P.L., and X-X.C.
provided technical assistance. Y.X. and T.M. performed the laboratory work. Y.X, S.Y.,
Y-Y.M.,, and Y.Y. contributed the clinical serum sample from the hospital. S.S. and Y.W.
wrote the paper, and all authors discussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s42003-
020-01607-8.

Correspondence and requests for materials should be addressed to X.C.
Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

COMMUNICATIONS BIOLOGY | (2021)4:121| https://doi.org/10.1038/s42003-020-01607-8 | www.nature.com/commsbio 9


https://doi.org/10.1038/s42003-020-01607-8
https://doi.org/10.1038/s42003-020-01607-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	An origami paper-based nanoformulated immunosensor detects picograms of VEGF-C per�milliliter of blood
	Results
	Characterization of synthesized NMB/NH2-SWCNT/AuNPs
	Electrochemical properties of the VEGF-C immunosensor
	Optimization of experimental conditions for the immunosensor
	Repeatability and selectivity of the VEGF-C immunosensor
	Analytical performance of the VEGF-C immunosensor
	Stability of the VEGF-C immunosensor
	Analytical results of the VEGF-C clinical serum samples
	Comparison of performance of sensors for the VEGF detection

	Discussion
	Methods
	Apparatus
	Materials and reagents
	Fabrication of the origami paper-based device
	Synthesis of functional biologically modified materials
	Immunoassay of the paper-based immunosensor
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




