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Platelet-derived growth factor BB (PDGF-BB) is a potential biomarker of tumor angiogenesis. For the first
time, we developed a highly sensitive aptasensor for PDGF-BB with an enhanced test line signal by using
two different gold nanoparticles (AuNPs). Herein, we describe a highly sensitive biosensor for PDGF-BB
detection that combines biotinylated aptamer on a sample pad and poly thymine-Cy3-AuNP-
monoclonal antibody complexes against PDGF-BB immobilized on conjugate pad A. Streptavidin (SA)
and rabbit anti-mouse polyclonal antibody were also immobilized in the nitrocellulose membrane at the
test and control zones, respectively. When the target PDGF-BB protein was added, it first bound the
aptamer, and later the monoclonal antibody to form a biotinylated complex that was captured by SA,
resulting in a visual red line on the test zone. In addition, to enhance the sensitivity, another monoclonal
antibody against Cy3 was conjugated on AuNP B and immobilized on conjugate pad B to form a AuNPs

(A&B)-antibody-(PDGF-BB-Cy3)-aptamer-biotin-SA complex on the test line when a loading buffer was
Received 23rd March 2020 . . 1
Accepted 7th May 2020 subsequently added. This approach showed a linear response to PDGF-BB from 3 ng mL™~ to 300 ng
mL~! with a limit of detection as low as 1 ng mL™* obtained in 10 minutes. Our biosensor displayed

DOI-10.1039/d0ra02662] results through red lines readable by the naked eye. Interestingly, our approach has been successfully
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1. Introduction

PDGF-BB is a significant cell factor present in serum that is
considered as a potential biomarker for tumor angiogenesis due
to its critical role in cell growth, division and signaling
processes.™* It is also involved in tumor growth and progres-
sion.”* Thus, the identification and quantification of PDGF-BB
is of particular interest. A number of studies have developed
selective and facile detection methods for PDGF-BB cancer
biomarkers,>® however, these approaches mainly depended on
either multistep antibody-based binding assays, such as
enzyme-linked immune sorbent assay (ELISA), or nanosphere-
based procedures. For instance, ELISA and traditional nano-
spheres require complicated procedures and large sample
volumes and are expensive.”** Therefore, the development of
novel detection methods for PDGF-BB is imperative.
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applied for real sample verification, proving its applicability for cancer monitoring and diagnosis.

Biosensors have novel implications toward developing the
macromolecular detectors.”*™® For example, existing biosen-
sors for PDGF-BB detection include electrochemical func-
tionalized hybrid carbon nanofiber FET-type electrode'® and
carbon-based nanocomposites with aptamer-templated silver
nanoclusters.” Although the direct immobilization of the
nanocomposites on the electrode enhances sensitivity and
selectivity, their modification process is complicated and time
consuming.**

A number of aptamers have been identified for various
organisms' whole cells and compartments (e.g., thrombin,
DNA polymerase) through three-dimensional, covalent
binding or nucleic acid hybridization in a sequence-specific
manner.””*” Nanomaterial-based aptamers have attracted
more attention compared to other detection methods owing to
their remarkable low cost, reliability, sensitivity, and effi-
ciency.*®*’ Liu et al. developed lateral flow aptasensor (LFA) for
the simultaneous detection of PDGF-BB and thrombin.*
Therefore, herein, we developed a signal-enhanced and
sensitive direct detection method that displays readable
results to the naked eye. Our assay detected PDGF-BB using
two different gold nanoparticles (AuNPs) for signal and
sensitivity enhancement. This method could also be used as
an alternative for apparatus-based assays to simplify the
detection process, thereby displaying results through red lines
readable by the naked eye.
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2. Experimental

2.1. Preparation of AuNP-antibody-DNA conjugates

AuNPs with an average diameter of 40 nm were prepared using
the citrate reduction method®**** with slight modifications.
First, 1% sodium citrate (1.4 mL) (Sigma-Aldrich, Steinheim,
Germany) was added to a rapidly stirred and boiling aqueous
solution (100 mL) of 1 mM HAuCl, (1 mL) (Sigma-Aldrich,
Steinheim, Germany). When the solution turned red, it was
left to boil for additional 10 minutes, followed by cooling to
room temperature under protected conditions from the light.
Finally, the prepared AuNPs were stored at 4 °C.

The AuNP-antibody complex was produced as previously
described*"** with slight modifications. Briefly, the anti-PDGF-
BB monoclonal antibody (5 puL, 1 mg mL ™', Abcam, Cam-
bridge, USA) was added to 1 mL of the AuNP A (pH 8.5) solution
and shaken gently for 5 minutes. The mixture was centrifuged
(1.0 x 10" rpm, 35 minutes, 10 °C) and rinsed 3 times in
suspension buffer I (20 mM NazPO,, 0.25% Tween-20, 10%
sucrose, and 0.1% NaN3). The red particles were resuspended in
100 pL suspension buffer I for further use.

The five types of functionalized poly Ts oligonucleotides
(COOH-poly Ts1-Cy3, COOH-poly Ts2-Cy3, COOH-poly Ts3-Cy3,
COOH-poly Ts4-Cy3, and COOH-poly Ts5-Cy3) (Table 1,
Shanghai Sangon Biological Engineering Technology,
Shanghai, China) were resuspended in phosphate buffer
(10 mM, pH 7.0). Then, the poly Ts oligonucleotides (100 mM,
100 puL) were activated by 0.1 mg of EDC (Aladdin Chemistry Co.,
Ltd, Shanghai, China) and 0.1 mg of NHS (Aladdin Chemistry
Co., Ltd, Shanghai, China) for 30 minutes at room temperature.
To quench the EDC, 0.4 uL of 2-mercaptoethanol (20 mM,
Sigma-Aldrich, Steinheim, Germany) was added. Subsequently,
5 uL the mixture was added to the AuNP A-antibody complex
solution (10 times concentration, 100 pL) for 30 minutes. The
freshly prepared mixture was centrifuged (1.0 x 10* rpm, 10
minutes, 4 °C) and rinsed 3 times with suspension buffer II
(20 mM NazPOy, 5% BSA, 0.25% Tween-20, 10% sucrose, and
0.1% NaNj3). The poly Ts-Cy3-AuNPs A-anti-PDGF-BB complexes
were therefore stored at 4°Cfor further use. Conjugate pad B was
prepared similarly using AuNP B and anti-Cy3 monoclonal
antibody (Sigma-Aldrich, Steinheim, Germany).

2.2. Construction of the lateral flow biosensor

Rabbit anti-mouse polyclonal antibody (0.05 mg mL ™", 50 uL,
Abcam, Cambridge, USA) and SA (0.05 mg mL™*, 50 uL, Sigma-
Aldrich, Steinheim, Germany) were respectively dispensed onto

Table 1 Poly Ts oligonucleotides

View Article Online

Paper

A _ CPA CPB
[ Poly Ts-Cy3- | AuNPs B-
< | AuNPs A-Anti- | Anti-Cy3
| PDGF-BB o

Biotinylated
| Complex

| Complex
Aptamer e

LR LR
CL NM AP BP

o

WPM CBW TL

_0
c o
o w?

L r',.
Test Line Control Line
@ Biotinylated zC()()H-PoI) Ts-Cy3 .PDGF—BB Streptavidin
PDGF-BB Aptamer

69 AuNPs A&B

Fig. 1 Schematic illustration of the highly sensitive lateral flow
biosensor (LFA). (A) The biotinylated aptamer was immobilized on the
sample pad, while COOH-poly Ts-Cy3-AuNP A anti-PDGF BB complex
and AuNP B-anti-Cy3 complex were immobilized to both conjugate
pads (CPA/CPB), respectively. (B) The complexes were assembled to the
biosensor's nitrocellulose membrane (NM) containing streptavidin on
the test line (TL) and rabbit anti-mouse on the control line (CL). (C) Upon
PDGF BB recognition by the aptamer, the target-aptamer complex flow
and react with CPA's Mouse anti-PDGF BB, which is subsequently
captured by mouse anti-Cy3. The AuNPs’ complex is captured on the TL
zone by the immobilized streptavidin, and excessive complexes are
captured on the CL by the rabbit anti-mouse. Other parts of the
proposed biosensor: waterproof membrane (WPM), chasing buffer well
(CBW), absorbent pad (AP), backing pad (BP).

¢ # Mouse anti-PDGF BB ‘1‘.’

bbi f-mous
and Cy3 I Rabbit Anti-mouse

a 25 mm wide strip of nitrocellulose membrane (Shantou Ealon,
Shantou, China) to form control and test zones, respectively,
using a lateral flow dispenser (Shanghai Kinbio, Shanghali,
China). The membrane was then dried at 50 °C for 12 hours and
kept in low humidity room (<30%) or dessicant containing
plastic bags.

Fiberglass (Shanghai Kinbio, Shanghai, China) strips of
25 mm in width were soaked in sample pad buffer (1% Triton,
1% BSA, 2% glucose, 50 mM biotinylated aptamer, 100 uM of
biotinylated aptamer, pH 8.0). Then, the sample pads were
dried and stored in the low humidity room at 25 °C.

The polyT-Cy3-AuNP A-anti-PDGF-BB complexes (2.2
uL ecm™ ") were dispensed onto a 7 mm wide strip of fiberglass to
form conjugate pad A. The AuNP B-anti-Cy3 complexes (2.2
pL cm™") were dispensed onto a strip of fiberglass (15 mm in

Name Sequences (5'-3)

Biotinylated aptamer
COOH-poly Ts1-Cy3

COOH-TTTTTTTTTTTTTTTT-Cy3

AGGGCGCGTTCTTCGTGGTTACTTTTAGTCCCGTTTTTT-biotin

COOH-poly Ts2-Cy3
COOH-poly Ts3-Cy3

COOH-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-Cy3
COOH-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT TTTTT-Cy3

COOH-poly T4-Cy3

COOH-TTTTTTTTTITTTTTTTTTTTTTTTTTTTTTTTTTTTTITTTTTTTTTTTTTTTTTTTTT-Cy3

COOH-poly Ts5-Cy3
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width) to form conjugate pad B. Conjugate pads A and B were
then dried at 50 °C for 12 h and kept at low humidity.

The absorbent pads (Shanghai Kinbio, Shanghai, China)
were strips of thick absorbent paper 17 mm in width. Water-
proof membranes were strips 20 mm in width. Our biosensor
was then assembled using the conjugate pad B, waterproof
membrane, sample pad, conjugate pad A, nitrocellulose
membrane and absorbent pad were attached along the long axis
of an adhesive plate with an overlap of 2-3 mm in the order
shown in Fig. 1B. The plate was then cut into 4 mm wide strips
by a programmed high speed paper cutter (Shanghai Kinbio,
Shanghai, China).

2.3. Detection of PDGF-BB protein

Twenty pL of different concentrations of purified PDGF-BB
proteins (Abcam, Cambridge, USA), breast cancer serum and
PDGF-BB spiked serum (10%) were directly loaded to sample pad.
Then, a loading buffer for signal enhancement, 1.5 pL of AuNP B-
Anti Cy3 complexes and 40 pL of loading buffer (20 mM Tris-HCl,
150 mM NaCl, pH 8.0) was loaded up to the final volume of 60 puL
were subsequently loaded in conjugate pad B 5 minutes later. For
semi-quantification, the biosensor was then scanned after 5
minutes using a handheld “strip reader” (Shanghai Kinbio,
Shanghai, China). PDGF-AA, PDGF-AB, and Epidermal Growth
Factor (EGF) were bought from Abcam (Cambridge, USA). The
human serum samples were bought from Xinfan (Shanghai,
china). The LFA was read using a portable LFA reader (Shanghai
Kinbio, Shanghai, China) and peak areas were obtained using
Image] (NIH, USA), which provided peak intensity values to plot
test lines colorimetric signal intensities.

2.4. Statistical analysis

Results are expressed as means + SD. Data were analyzed using
SPSS 11.0 Software (SPSS Inc., IL., US). A P-value less than 0.05
was regarded to be statistically significant.

3. Results and discussion

3.1. Working principle of the proposed biosensor

In this study, we first report a highly sensitive biosensor for
PDGF-BB with an enhanced signal at the test line by using two
different gold nanoparticles (AuNPs). The biosensor includes
six components: a sample pad, a nitrocellulose membrane, an
absorbent pad and two conjugate pads separated by a water-
proof membrane (Fig. 1). One conjugate pad contains AuNPs A-
anti-PDGF-BB complex modified with a 5’ carboxyl group and
a 3’ Cy3 group on functionalized polythymine (Ts) oligonucle-
otides, while the other pad is composed of AuNP B-anti-Cy3
conjugate. Rabbit anti-mouse polyclonal antibody and SA were
respectively fixed in the nitrocellulose membrane at the control
and test zones. When the target PDGF-BB protein was added, it
bound the biotinylated aptamer immobilized in the sample
pad, and then captured at the first conjugate pad A to form poly
Ts-Cy3-AuNP A-anti-PDGF-BB-aptamer-biotin complex. Next,
the biotin on the complex was captured by SA to form a red line
on the test zone. The excess complexes without PDGF-BB
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protein continued to migrate towards the absorbent pad and
were captured with the second antibody on the control line. To
enhance the signal on the test line, we subsequently migrated
the AuNP B-anti-Cy3 conjugate immobilized on conjugate pad B
using to capture the Cy3-containing complexes on both the test
and control zones. Due to the conjugation of AuNP A with
different lengths of oligonucleotides which could increase the
binding sites of the AuNP B-antibody complex.

The optical property of AuNPs enabled qualitative and semi-
qualitative analysis of the test line by bare eye observation and
optical density reading using a portable “strip reader”, respec-
tively. Thus, our biosensor performs without nuclease or fluo-
rescence labeling and does not need complicated instruments
to detect the target protein.

3.2. Optimization of parameter conditions

Concentrations of NaCl in the loading buffer and pH for the test
condition were investigated in order to optimize the parameter
conditions. The biosensor was tested in the presence of 30 ng
mL~" of the purified PDGF-BB protein loaded with different
concentrations of NaCl in the loading buffer. Bands were
observed at 150 mM NacCl (Fig. 2A), which were consistent with
the calculated peak areas (Fig. 2B).

3.3. Sensitivity of the biosensor

Different concentrations of purified PDGF-BB protein were used
to test the sensitivity of the proposed biosensor. Fig. 3A shows
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Fig. 2 (A) Biosensor loaded with the corresponding intensities in the
presence of different concentrations of NaCl: 100 mM, 150 mM,
200 mM in loading buffer. (B) Comparison of test line peak areas
responding to different concentrations of NaCl in loading buffer (*p <
0.05, n = 3).
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Fig. 3 (A) lllustration of the LFA detection response (left) and the
corresponding semi-quantitation intensities (right) loaded with 0, 1, 3,
30, 100 and 300 ng mL* of purified PDGF-BB protein. (B) Comparison

of peak areas of the test lines corresponding to different concentra-
tions of PDGF-BB (*p < 0.05, n = 3).
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Table 2 Comparison of different PDGF-BB detection methods

Method Detection range (ng mL ) LOD (ng mL ") Reference
An AuNPs colorimetric sensor with 37-1480 20.38 33
isothermal strand displacement

amplification

An aptasensor with graphene oxide 3.0895-21.5895 3.0895 34
fluorescence resonance energy

transfer

A hydroxylamine amplified gold 1.11-111 1.11 35
nanoparticle-based aptasensor

A fluorescence aptasensor based on 10-100 7 36

silver nanoparticles

A fluorescent aptasensor based on 3.7-1850 2.405 37

split complementary strand of

aptamer and magnetic beads

A colorimetric assay integrated 0.0007585-0.07585 0.000151 38
polymerase-mediated rolling-circle 7

amplification and DNA enzyme-

catalyzed colorimetric reaction

A fluorescence assay on 0.074-1850 0.074 39

a functionalized diamond surface

Electrochemiluminescence assay 1.85-1.85 x 107 1.48 40

A signal-enhanced and sensitive 3-300 1 This study

LFA for the rapid detection of PDGF-
BB

the biosensor detection response and the corresponding semi-
quantitation when loaded with different concentrations from
0, 1, 3, 10, 30, 100 to 300 ng mL~ "' of the PDGF-BB protein. No
band was observed in the absence of PDGF-BB at the test zone.
The semi-quantitation results showed a visible line at the test
zone as low as 1 ng mL™" and of PDGF-BB protein, which can be
deemed as the threshold for visual detection (Fig. 3A). This
sensitivity was obtained in 10 minutes. The intensities of the
bands increased gradually with the concentration of PDGF-BB
at the test zones (Fig. 3B).The regression equation is Y =
144.6X + 25.13 with a correlation coefficient of 0.9902, where Yis
peak area of the test line, and X is the log concentration of
PDGF-BB. This enhanced response provided several advantages
over previously published methods (Table 2),**** and was 1000
times smaller than the traditional double sandwich antibody
lateral flow biosensor (Fig. 6).

Moreover, this approach takes less time and implies a novel
method for the rapid detection of cell factors. Such activity can
be attributed to the combination of PDGF-BB protein recogni-
tion elements (aptamer and monoclonal antibody) as well as
our novel test line signal enhancement via the dual conjugate
pads. This activity could be associated with the amino groups
on the AuNP A reacting with the carboxyl groups on the poly Ts
oligonucleotides, which increased the binding sites of AuNP B-
anti-Cy3 complex and later binding on the test line complex.
This method could also be used as an alternative for apparatus-
based assays to simplify the detection process, thereby dis-
playing results through red lines readable by the naked eye.

The performance of our biosensor was further verified by the
conventional ELISA method, which achieved the detection
range approximately 1-50 pg mL™" (Fig. 7). Although the
biosensor was less sensitive than ELISA, our method was much

18604 | RSC Adv, 2020, 10, 18601-18607

faster, easier and inexpensive than ELISA or other methods for
PDGF-BB detection.”"®

3.4. Specificity of the biosensor

The specificity was tested using optimized loading buffer for
molecular interactions prior to testing various interfering
closely and non-closely related components (proteins, DNAs,
etc.). As shown in Fig. 4A, the biosensor exhibited a test test line
responses in the presence of 100 ng mL ™" purified PDGF-BB but
not in other non-specific components. The quantitative
measurements and peak area results also confirmed this activity
(Fig. 4B), validating the excellent performance of this biosensor.

The specificity of the biosensor was further examined by
substituting the PDGF-BB recognizing aptamer with a nonspe-
cific biotinylated oligonucleotide (Table 1, Shanghai Sangon
Biological Engineering Technology, Shanghai, China) on the
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Fig. 4 (A) LFA (left) and its corresponding semi-quantitation (right)
loaded concentrations with PDGF-BB protein, PDGF-AA protein,
PDGF-AB protein, EGF protein, a nonspecific oligonucleotide, and BSA
protein. (B) Comparison of test line peak areas corresponding to
PDGF-BB protein, PDGF-AA protein, PDGF-AB protein, EGF protein,
a nonspecific oligonucleotide, and BSA protein (*p < 0.05, n = 3).
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Table 3 Recovery of PDGF-BB added into serum samples

Added amount Measured amount Recovery RSD
(ng mL ) (ng mL ) (%) (%)
3 2.91 97 4.5
30 31.4 104.7 3.8
100 102.9 102.9 4.1

sample pad, and a new biosensor was constructed using a new
sample pad buffer (1% Triton, 1% BSA, 2% glucose, 50 mM
boric acid, 100 pM nonspecific biotinylated oligonucleotide, pH
8.0). As shown in Fig. 4, only the biosensors with the original
binding aptamer sequence exhibited observable red color on
the test line. These results show that the biosensor has high
sensitivity and specificity and enhances the signal of the test
line. This effect could be attributed to the integrated system
containing the following: (1) monoclonal antibody against
PDGF-BB captured by AuNP A; (2) the amino groups on the
monoclonal antibody (against PDGF-BB and BSA) binding to
AuNP A, which reacts with the carboxyl groups on oligonucle-
otides; (3) PDGF-BB protein recognizing aptamer in the sample
pad; and (4) AuNP B-antibody against Cy3 complexes captured
by the Cy3 of AuNP A-poly Ts-Cy3-Anti-PDGF-BB-aptamer-
biotin-SA complex on the test zone.

The assay displays selectivity with no background, which has
several advantages over other previously published
methods.*'®*® First, the amino groups on the monoclonal
antibody against PDGF-BB and BSA binding to AuNP A react
with the carboxyl groups on oligonucleotides, which increases
the binding sites of the AuNP B-antibody complex. Second, the
sample pad buffer contains the aptamer which lengthened the
reaction time of the aptamer and PDGF-BB protein.

3.5. Analysis of clinical samples

To investigate the practicality of the biosensor, different
concentrations of PDGF-BB were spiked into human serum
samples and the method was applied to detect clinical samples.
As shown in Table 3, the recovery efficiency of the aptasensor
ranged from 97 to 102.9%. These results confirmed that the
lateral flow aptasensor is practical for detection of PDGF-BB in
clinical samples without the interference of other substances in
serum samples.

We next tested 6 breast cancer negative and positive, and
controls (PGDF-BB, loading buffer) samples. As the lower
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Fig. 5 (A) Representative LFA picture (left) and corresponding semi-
quantitation (right) of the assay loaded with clinical sera and negative
controls. (B) Comparison of test line peak areas corresponding to
clinical serum and negative control (*p < 0.05, n = 3).
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detection limit of our present method was 3 ng mL " with
a good linear range to 100 ng mL ', the clinical serum samples
from breast cancer patients showed a visible red line at the test
lines (Fig. 5A). No observable red band was observed in samples
from normal people. The PDGF-BB protein in the same samples
was proportional to the quantitative measurements and peak
areas from breast cancer patients compared to normal people
(Fig. 5B). The detectable noise in normal samples could be
explained that the mean PDGF-BB concentration in normal
samples has been found to be 0.32 & 0.4 ng mL "%

4. Conclusion

In conclusion, we have developed a novel highly sensitive
biosensor for PDGF-BB detection with enhanced signal inten-
sity at the test line as a result of dual conjugate pads. It
successfully achieved a sensible linear range up to 100 ng mL™"
for PDGF-BB cancer biomarker in 10 minutes of naked eyes
readable red lines. In addition, our produced sample pad buffer
lengthened the reaction time of the aptamer with PDGF-BB
protein, thus excluding the need of sample pre-treatment.
Moreover, the biosensor retained high specificity in the pres-
ence of various interfering compounds and proved applicability
for clinical sample. Apart from singleplex, multiplex detection
of other biomarker(s) by substitution of target recognition
molecule(s) and tuning of buffer. Therefore, it is noteworthy
mentioning that this biosensor promises PDGF-BB based
cancer prognosis and monitoring.

Appendices

Construction of the traditional antibody double sandwich
gold detection method for PDGF-BB protein

The traditional antibody double sandwich gold detection
method for PDGF-BB protein was mainly constructed with
a sample pad, a conjugate pad, a strip of nitrocellulose
membrane, and an absorbent pad. The monoclonal antibody
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Fig. 6 The traditional antibody double sandwich gold nanoparticles
detection method for PDGF-BB protein. (A) The monoclonal antibody
against PDGF-BB binds to the gold nanoparticles. (B) Schematic of the
biosensor. (C) PDGF-BB protein and excessive sample pad complexes
are respectively captured on the test and control lines. (D) Results with
the traditional antibody double sandwich gold nanoparticles detection
method. Sample pad (SP), conjugate pad (CP), nitrocellulose
membrane (NM), test line (TL), control line (CL), absorbent pad (AP).
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Fig.7 ELISA sensitivity for purified PDGF-BB protein (*p < 0.05, n = 3).

against PDGF-BB was coated with 40 nm AuNPs. Both poly-
clonal antibody against PDGF-BB and the rabbit anti-mouse
polyclonal antibody were respectively loaded onto the nitrocel-
lulose membrane at the test and control zones. The PDGF-BB
protein bound the monoclonal antibody to form AuNP-
antibody complexes. The PDGF-BB protein was captured by
the polyclonal antibody to form a clear red test line. The
unbound complexes continued to migrate towards the absor-
bent pad and were captured by the rabbit anti-mouse polyclonal
antibody on the control zone (Fig. 6A-C). As shown in Fig. 7D,
the detection limit was 1 pg mL™".

ELISA for PDGF-BB protein

Different concentrations of PDGF-BB protein samples were
confirmed by the conventional ELISA method (Fig. 7).
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