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ABSTRACT: Pancreatic polypeptide (PP) is a specific biomarker of non-functional pancreatic neuroendocrine tumors
(NF-pNETS), clinical significance of PP inspires researchers to make great efforts in developing sensitive and specific sen-
sors. However, there is no existing biosensor for detecting PP that combines facility and functionality. Addressing this
challenge, a pair of aptamers which could be used to develop sandwich assay for PP is reported. First, several high affini-
tive aptamers are screened through graphene oxide-based SELEX, and appropriate dual-aptamers which could bind to
different epitopes of PP are identified through fluorescence assays. Then the feasibility of the dual-aptamers for construct-
ing sandwich assay is validated via dynamic light scattering. This sandwich assay shows considerable sensitivity and speci-
ficity. The above results imply that the dual-aptamers have the potential to develop novel sensors for PP in clinical sam-

ples.

Pancreatic polypeptide (PP) is a 36 amino acid peptide
produced and secreted by PP cells of the pancreas.’ It was
found to be associated with pancreatic neuroendocrine
tumors (pNETSs) since 1978” and later proven to be a spe-
cific marker of non-functional pancreatic neuroendocrine
tumors (NF-pNETs).> NF-pNETSs occupy more than half of
the pNETSs and have no specific hormone-related clinical
syndromes.* > The rate of malignancy in NF-pNETs is >
60%, and most patients present with metastatic disease at
diagnosis.”® Quantification of PP might contribute to the
diagnosis and prognosis of NF-pNETs.’

In general, the basal PP in serum is < 100 pmol” and as-
sociates with age and gender."” It would be sharply elevat-
ed (even to be 100-fold) in the presence of NF-pNETSs with
a sensitivity of 50 ~ 80 %."” The most common method to
detect PP is radioimmunoassay (RIA) ®, whether in clini-
cal medical laboratories (e.g., ARUP Laboratories" and
Mayo Medical Laboratories”) or in-house assays'®. RIA is a
sensitive and specific technique but still has several dis-
advantages: radioactive materials, specialized equipment
and a laboratory classified for handling radioactive as-
says.” Antibody-based enzyme-linked immunosorbent
assay (ELISA) was another widely used protein detection
assay in biomedical research and clinical diagnostics'®,
however, there was no reported ELISA for PP until now.
While LC-MS/MS-based method has also been developed
for PP detection, this method still requires expensive
equipment and complicated operation.” New strategies
for PP detection were still urgently needed.

Aptamers are short, single stranded DNA or RNA de-
veloped by an in vitro process called SELEX (systematic
evolution of ligands by exponential enrichment).* Due to
the stable and cost-effective features, aptamers have been
proven to be powerful molecular tools in biosensing and
medical diagnoses in recent years.” The targets of ap-
tamers range from ions, small molecules, proteins, bacte-
ria, cells to tissues.” Meanwhile, aptamers have been in-

corporated with series of techniques, such as fluores-
cence, electrochemistry, colorimetry, surface enhanced
Raman scattering (SERS) and surface plasmon resonance
(SPR), etc. to construct sensors.” As affinitive reagents,
aptamers show superiority to antibodies, particularly for
the small size targets with poor immunogenicity.** Lots of
aptamer-based sensors for small biomolecules have been
widely designed, improving the detection of small bio-
molecules.” PP is a linear peptide with the molecular
weight of 4.2 kD,*® which is much smaller than many pro-
teins. Aptamers might offer versatility and flexibility in
sensor constructions for PP.

Compared to competitive assays, sandwich assays pro-
vide higher affinity and specificity to the targets because
of two recognition elements.” The sandwich formats in
ELISA conduce to minimize false positive results then
reach an ultra-low detection limit.”® However, developing
sandwich ELISA is still problematic as limited analytes
could provide enough immunogenic sites to generate an-
tibodies for different epitopes.” Some researchers have
chosen aptamers, which are accessible entirely syntheti-
cally in vitro, as alternatives in constructing sandwich-
type sensors.’® Dual-aptamers, i.e. a pair of aptamers
which could bind to different epitopes of one target, were
screened for several targets, such as thrombin, platelet-
derived growth factor BB, H5Nx viruses, etc., and sensors
were developed for sensitive and specific quantification.®”
3 Although split-aptamers were also used in constructing
sandwich assays, they usually showed inactivity at physio-
logical temperature and decreased affinity.>*

Herein, for the first time, high affinitive aptamers
against PP were screened, and a sensitive and specific
sandwich assay was developed via dual-aptamers. The
aptamers were obtained through graphene oxide-based
SELEX (GO-SELEX), an immobilization-free screening
strategy.’® After 18 rounds of selections, three affinitive
aptamers named 26_17, 10_13 and 5_13 were obtained.
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Most importantly, 26_17 and 10_13 were proven to be the
dual-aptamers for PP via fluorescence and dynamic light
scattering assays. This dual-aptamers recognized PP sen-
sitively and specifically, showing their value in PP detec-
tion.

Experimental Section

Materials and reagents. Pancreatic polypeptide (98%,
purified by RP-HPLC) was purchased from ChinaPeptides
Co., Ltd. (China). Graphene oxide (GO) was purchased
from Nanjing XFNANO Materials Tech Co., Ltd. (China).
Bovine serum albumin (BSA) and N-(2-
Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)
(Hepes) were both purchased from Genview (USA). Hu-
man serum albumin (HSA) was purchased from Beijing
Dingguo Changsheng Biotechnology Co., Ltd. (China).
Hemoglobin (Hb) was purchased from Sangon Biotech-
nology Co., Ltd. (Shanghai, China). Glucagon (Glu) was
purchased from Xi'an Plant Bio-engineering Co., Ltd.
(China). Insulin (Ins) was purchased from Aladdin Indus-
trial Corporation (China). 2x Power Taq PCR MasterMix
was purchased from BioTeke Corporation (Beijing, Chi-
na). Streptavidin agarose microbeads and NAP-5 columns
were purchased from GE Healthcare Life Sciences (USA)
for ssDNA generation experiments. SYBR® Gold (10,000 x)
and SYBR® Green I (10,000 x) were both purchased from
Invitrogen (USA). Gold chloride hydrate (HAuCl,-4H,0O)
was purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China). Human serum was purchased from Beijing
Reanta Scientific and Technology Co., Ltd. (China). Ace-
tonitrile (HPLC grade) was purchased from J&K Scientific
Ltd (Beijing, China). The DNA pool was purchased from
Takara Biotechnology (Dalian, China), and the other DNA
sequences were synthesized, purified and characterized
(ESI-MS) by Sangon Biotechnology Co., Ltd. (Shanghai,
China). All of the chemical reagents were of analytical
grade or higher, and were used as received without any
further purification. Ultrapure water (18.2 MQ.cm) was
used throughout.

The selection of aptamers based on GO-SELEX. All
the sequences used in SELEX were listed in Table S-1.

Mode I: The ssDNA pool was first incubated with PP at
37 °C for 2 h, then GO was added and the mixture was
incubated for 25 min at 25 °C. Non-specific ssDNA would
be adsorbed on GO and then removed by centrifugation
at 17,700 g for 15 min. The supernatant containing ssDNA-
target complexes were amplified by PCR. The ssDNA
would be generated from PCR products by isolating and
purifying, and then used as the pool for next round selec-
tion.

Mode II: The ssDNA pool was first incubated with GO
at 25 °C for 25 min. After removed the supernatant
through centrifugation at 17,700 g for 15 min, the precipi-
tate was collected and resuspended in binding buffer, and
then incubated with PP at 37 °C for 2 h. To get ssDNA-
target complexes, the mixture was centrifugated and the
supernatant was amplified and purified to generate ssD-
NA pool for next round selection.

Mode III: In order to obtain high specific aptamers,
counter-SELEX was needed during the process of selec-
tion. The ssDNA pool was first incubated with counter-
targets (BSA, HSA and Hb) at 37 °C for 1 h, then GO was
added and the mixture was incubated for another 25 min
at 25 °C. The non-specific ssDNA strands which bound to
counter-targets would be removed by centrifugation at
17,700 g for 15 min. The precipitate was collected and re-
suspended in binding buffer, and then incubated with PP
at 37 °C for 2 h. To get ssDNA-target complexes, the mix-
ture was centrifugated and the supernatant was amplified
and purified to generate ssDNA pool for next round selec-
tion.

In each Mode, ssDNA pools were first dissolved in 1x
Binding Buffer (20 mM Hepes, 120 mM NaCl, 5 mM K(l, 2
mM MgCl2, pH=7.4) and denatured as follow: heated at
95 °C for 5 min, cooled down in ice-bath for 5 min and
then remained in room temperature for 5 min. The
amounts of GO were determined according to the optimal
mass ratio of GO/ssDNA (Figure S-1). PCR was conducted
in 10 parallel tubes with 50 uL reaction volume, which
contained 2x Power Taq PCR MasterMix (25 uL), Forward
Primer (10 uM, 2.5 uL), Biotin-Reverse Primer (10 uM, 2.5
pL), supernatants (2.5 uL) and ultrapure water (17.5 pL).
The process of PCR was performed as follows: 94 °C for 10
min, followed by cycles of a rapid three-step PCR (30 s
denaturation at 94 °C, 30 s annealing at 56.9 °C, 30 s ex-
tension at 72 °C), and finally extension at 72 °C for 7 min.
The best cycle number was determined by 2 % agarose gel
or 12 % native polyacrylamide gel electrophoresis, and 20
parallel tubes with the same components mentioned
above were amplified by PCR again at the best cycle
number to prepare pools for next round. All the PCR am-
plifications were carried out in Mastercycler pro (Eppen-
dorf, Germany). Streptavidin agarose microbeads were
used to capture dsDNA products from PCR through strep-
tavidin-biotin reaction, and ssDNAs were generated and
collected by denaturation (200 mM NaOH) and centrifu-
gation at 2,500 g. After a desalting step by NAP-5 col-
umns, the collected ssDNAs would be quantified by UV-
visible measurements (Biospec-nano, Shimadzu) at 260
nm and used as the pools for next round.

Preparation of AuNP-aptamer. The AuNP-26_17 and
AuNP-10_13 were prepared as follow: 5-SH-26_17 (100 uM,
10 pL) or 5-SH-10_13 (100 uM, 10 uL) was incubated with
5-SH-Helper (100 uM, 10 pL) and 13 nm AuNPs (980 pL)
at 4 °C for 16 h. Then PBS (30 mM, containing 300 mM
NaCl, pH=7.4, 500 puL) was added and the solution was
remained at 4 °C for 40 h. The excess DNA were removed
by centrifugation at 13,300 g for 30 min at 4 °C, and the
red precipitate would be washed twice with 1x Binding
Buffer. The AuNP-26_17 or AuNP-10_13 were finally dis-
pended in 1 x Binding Buffer (500 uL) and stored at 4 °C
before using.

Feasibility of sandwich assay. Seven solutions (100 uL
each) contained different components were prepared: a) 3
nM bare AuNPs; b) 3 nM AuNP-26_17; ¢) 3 nM AuNP-
10_13; d) 3 nM AuNP-26_17 and 15 nM PP; e) 3 nM AuNP-
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10_13 and 15 nM PP; f) 1.5 nM AuNP-26_17 and 1.5 nM
AuNP-10_13; g) 1.5 nM AuNP-26_17, 1.5 nM AuNP-10_13
and 15 nM PP. The above solutions were incubated at 25
°C for 2 h, and the average particle size of each solution
was measured by particle size analyzer (Zetasizer Nano
7S, Malvern).

Quantification of pancreatic polypeptide via
sandwich assay. Under the optimal conditions, AuNP-
26_17 (1.5 nM) and AuNP-10_13 (1.5 nM) were incubated
with increasing concentrations of PP (o, 1, 2.5, 5, 7.5, 10, 15,
25 and 50 nM) at 25 °C for 2.5 h. After incubation, average
particle size of each solution was measured. The specifici-
ty was characterized by incubating AuNP-26_17 (1.5 nM)
and AuNP-10_13 (1.5 nM) with increasing concentrations
(0,1, 2.5, 5 and 10 nM) of different proteins (Glu, Ins, HSA,
BSA and Hb). And the average particle size of each solu-
tion was measured after incubation.

Transmission electron microscope (TEM) charac-
terization. Under the optimal conditions, AuNP-26_17
(1.5 nM) and AuNP-10_13 (1.5 nM) were incubated with
increasing concentrations of PP (o, 5, 10, 15 nM) at 25 °C
for 2.5 h. Then 20 pL of each sample was dripped onto the
copper grid and dried by air. After that, the AuNPs were
characterized by JEM-3010 (JEOL, Japan).

Results and discussion

In vitro selection of aptamers based on GO-SELEX.
The aptamers were developed based on a previously re-
ported GO-SELEX strategy with three mode (Scheme 1).%*
Based on the combination of three different screen mode,
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DNA pools were enriched by PP gently to avoid losing the
affinitive sequences. Mode I and Mode II were both posi-
tive selections, whereas Mode III consisted of positive and
negative selections. Compared to Mode 1, better affinity
was needed to form target-ssDNA complexes in Mode II,
as the ssDNA pools were adsorbed onto GO before being
incubated with PP. In Mode III, ssDNA pools undergo the
ordeals of counter-targets and GO before forming target-
ssDNA complexes. Therefore, the selection stringency of
the three modes was: Mode I < Mode II < Mode III. These
three protocols were conducted alternately among the
selection progress: Mode 1 was used to eliminate most
non-specific sequences from random ssDNA and enrich
the pool gently; Mode II was conducted to improve the
stringency of selection; Mode III was carried out to obtain
the specific and affinitive aptamers for PP. Optimal mass
ratio of GO/ssDNA was also determined before selections,
0.6 pg/pmol was chosen according to the results in Figure
S-1. Other details of the processes were listed in Table S-2.

After 18 rounds of selections, the enrichment assays
were conducted (Figure S-2) and the PCR products of
round 13" and 17" were subjected to high-throughput
sequencing. As the sequencing results shown in Table S-3,
there were fifty sequences with copy number > 2. These
sequences indicated non-significant homology (data not
shown), but we still went on the study because the most
abundant sequences identified in the selection products
might not be necessarily the highest affinity aptamers.*

/Sequencing
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Scheme 1. Schematic illustration of GO-SELEX with three protocols. Mode I and II were both positive selections with
different incubation orders. ssDNA pools were first incubated with PP in Mode I, but in Mode II they were firstly incubat-
ed with GO. In Mode III, positive and negative selections were integrated together to eliminate non-specific binding.

Characterization of aptamers. Purchase and charac-
terizing of fifty 75 nt DNA oligomers would cost high and

be a laborious task. To reduce cost and accelerate charac-
terization, we cut down the primers and combined DNA
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fluorescent dyes with microplate to construct two label-
free strategies (Figure S-3): 1) SYBR® Green I-assisted fluo-
rescence assay; 2) SYBR® Gold and GO-assisted fluores-
cence assay. Experimental details about the characteriza-
tion of fifty primers-free sequences were shown in Sec-
tion-6 in Supporting Information (SI). Only the sequences
with significantly fluorescent signal changes of SYBR”
Green I or SYBR® Gold can be the candidates, as the bind-
ing might change the secondary structures of DNA or
create new complexes which could not be adsorbed onto
GO. As the result, eight sequences (Table S-4) were
picked out.

To eliminate false-positive results caused by non-
specific adsorption of DNA dyes in the label-free strate-
gies, eight candidate sequences were labelled with 5(6)-
carboxyfluorescein (FAM) (Table S-5) and further ex-
plored by a GO quenching assay. To determine the Ky, PP
were incubated with series concentrations of the se-

25000
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'S 4000 |
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30000
(D)

quences (10-200 nM) in dark, then GO were added with
consistent mass ratio to ssDNA for adsorbing free ssDNA.
After centrifugation, the fluorescence intensity of super-
natants (F) would be measured. Negative controls, i.e.
equivalent ssDNA and GO but without PP, were also con-
ducted to determine the basal fluorescence (Fo), and the
change of fluorescence (AF) was calculated through sub-
tracting the Fo from F. As shown in Figure 1, there were
four candidates which exhibited significant signals, but
only three fit the binding saturation curves well
(Y=BpaX/(Kg+X), X represented the concentration of ap-
tamers, Y represented the AF), named 26_17, 10_13 and
5_13. K4 and sequences of these aptamers were listed in
Table 1. The Ky of 26_17, 10_13 and 5_13 were lower than 8o
nM, indicating high affinities to PP. Secondary structures
of these aptamers were also simulated and shown in Fig-
ure S-4.

10000

8000 -

6000 -

B
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Figure 1. The affinity characterization assays. Binding saturation curves of selected aptamer to PP (A) 26_17; (B) 10_13; (C) 5_13;
(D) 1_13. AF=F-Fo, where F and Fo represent the fluorescence intensities at 525 nm with or without PP, respectively. The error
bars indicated the standard deviations of three parallel experiments.

Table 1. Sequences and K, of selected aptamers.

Name Sequence of random region (5™-3") Length K4 (nM)

26_17 GGCACCGCTGTTTTAGCCTCGGCTGAGACAAGGGC 35 33.15 £ 4.08
10_13 CGTGCAATGTCGAATGCATGAGCAAACATGGCGAT 35 58.81£3.28
513 GGTTGATGTGCAACGAAGTAAGCATTAGCCAAAAG 35 7739 £3.93
113 AGCCAAAACGGTGTTGAGGCCATGGCCTAACACAT 35 -

Here we hoped to obtain appropriate aptamer pairs
which were suitable for constructing sandwich assays for
PP. Therefore, a fluorescence quenching assays were con-
ducted to pick out the sequences which could bind to
different sites of PP. As shown in Figure 2A, two aptamers
labelled with fluorophore or quencher were incubated
with PP together. If the aptamers could bind to PP simul-

taneously, shorter distance between fluorophore and
quencher would induce the decrease of fluorescence in-
tensity. To pick out the pairs, three preferred aptamers
were divided into three groups: 1) 26_17 and 10_13; 2)
26_17 and 5_13; 3) 10_13 and 5_13, and the effects of differ-
ent labelling sites were also considered (Table S-6). As
shown in Figure 2B, only the pair of 5-BHQ1-26_17 and 3'-
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FAM-10_13 showed significant reduce of fluorescence in-
tensity when PP was present, whereas other pairs did not
(Figure S-5). To determine whether this phenomenon was
just a false-positive result induced by the hybridization
between two aptamers, fluorescence intensities of 3-
FAM-10_13 only in the present of increasing 5-BHQi1-
26_17 or PP were also determined. As shown in Figure 2C,
there were no significant changes in fluorescence intensi-
ty when PP was absent; meanwhile, PP would not influ-
ence the fluorescence of 3-FAM-10_13 (Figure 2D), so the

ACS Sensors

decreased signal in Figure 2B might be induced by the
formation of sandwich complex. Results in Figure 2C also
supported the hybridization prediction of 26_17 and 10_13
(Figure S-6), as there was not obvious hybridization be-
tween 26_17 and 10_13 under experimental conditions and
the fluorescence intensity was invariant. Moreover, speci-
ficity of the dual-aptamers was also characterized. As
shown in Figure 2E, there were no significant changes in
fluorescence intensity in the present of control proteins,
showing the high specificity of the dual-aptamers.
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[ Y S« ':”/ \
[ ] © ¢
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2 v T A I
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Wavelength /nm
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Figure 2. Fluorescence quenching assay to pick out the dual-aptamers. (A) Schematic illustration of fluorescence quenching
assay; Apt-FAM: FAM-labelled aptamer; Apt-BHQ1: BHQ1-labelled aptamer; PP: pancreatic polypeptide. (B) Fluorescence spec-
tra of 100 nM 3’-FAM-10_13 in the present of 100 nM 5-BHQ1-26_17 and increasing concentration of PP (o, 10, 20, 50 and 100 nM).
(C) Fluorescence spectra of 50 nM 3'-FAM-10_13 in the present of increasing concentration of 5’-BHQ1-26_17 (o, 10, 20, 50 and 100
nM). (D) Fluorescence spectra of 50 nM 3'-FAM-10_13 in the present of increasing concentration of PP (o, 10, 20, 50 and 100 nM).
(E) Specificity investigation of the dual-aptamers. F’ and Fo represented the fluorescence intensities at 525 nm of 100 nM 3-
FAM-10_13 and 100 nM 5-BHQ1-26_17 with or without 100 nM proteins (PP, BSA, HSA, Hb, Ins or Glu), respectively. The error
bars indicated the standard deviations of three parallel experiments.

enon, Au nanoparticles (AuNPs) have been incorporated
with various methods (e.g. dynamic light scattering, col-

Dual-aptamers based sandwich assay for PP. Due to
the strong localized surface plasmon resonance phenom-
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orimetry and SPR) *™** to develop sensitive analytical

methods. Our group have succeeded in detecting adeno-
sine via an AuNP-aptamer based dynamic light scattering
(DLS) *®, showing a much lower limit of detection (LOD)
compared to UV-visible spectrophotometry. Therefore, 5-
SH-26_17 and 5-SH-10_13 (Table S-7) were immobilized
on the surface of AuNPs (AuNP-26_17 and AuNP-10_13) to
construct a sandwich-type DLS for PP. As shown in
Scheme 2, AuNP-26_17 and AuNP-10_13 would disperse
well in solution when PP was absent. However, larger
clusters would exist in the presence of PP because AuNP-
26_17 and AuNP-10_13 could bind to PP simultaneously,
closing the distance of different AuNPs. This process
could be characterized by DLS with clear signal changes.

Pancreatic

bl
Al zi polypeptide
\i2 (PP)
3 T C  Aunps
S s
e 5 LS SHANAN, 2617
=l | ssuanAn, 1013
/['_‘ | '”‘-1 oSS, e Helper

Scheme 2. Schematic illustration of the dual-aptamers based
sandwich-type DLS assay for PP.

The feasibility of sandwich assay was first investigated.
Red-shifts of UV-visible absorption spectra (Figure S-7,
peak in 518nm to 521nm) and increases of hydrodynamic
radio (Figure 3A, from about 7.0 nm to 9.0 nm) both indi-
cated the successful modifications of 5-SH-26_17 and 5'-
SH-10_13 on the surface of AuNPs. Most importantly, only
when AuNP-26_17, AuNP-10_13 and PP were present sim-
ultaneously did the hydrodynamic radio increased obvi-
ously (Figure 3A), demonstrating the sandwich mode
among PP, AuNP-26_17 and AuNP-10_13. However, the
presence of PP could not make clear difference in UV-
visible spectrophotometry of the AuNP-26_17 and AuNP-
10_13 mixture (Figure 3B), so that following experiments
were conducted only through DLS.

(B) —— Bare AuNPs

—— AuNPs-26_17+
AuNPs-10_13

—— AUNPs-26_17+
AuNPs-10_13+PP

Number /%

R Y /el
= s

10 400 500 600 700
Size /r.nm Wavelength /nm

Figure 3. Feasibility of the sandwich assay. (A) The particle
size of (a) bare AuNPs; (b)AuNP-26_17; (c) AuNP-10_13; (d)
AuNP-26_17 + PP; (e) AuNP-10_13 + PP; (f) AuNP-26_17 +
AuNP-10_13; (g) AuNP-26_17 + AuNP-10_13 + PP. Ordinate
was normalized through dividing every data points by peak

value. (B) UV-visible absorption spectra of (a) bare AuNPs, (f)
AuNP-26_17 + AuNP-10_13 and (g) AuNP-26_17 +AuNP-10_13
+ PP. Insert represented photos of the three samples.

To achieve a better performance, we investigated the
effects of temperature, incubation time, ratio of aptamer
to helper and ratio of AuNP-26_17 to AuNP-10_13 in this
assay. As shown in Figure S-8, changes of hydrodynamic
radio (AR) under different conditions would be compared
to conduct the optimization, where AR was calculated by
subtracting the basal hydrodynamic radio of AuNP-26_17
and AuNP-10_13 mixture from the hydrodynamic radio of
AuNP-26_17/PP/AuNP-10_13 complexes. According to the
results of DLS under different conditions, we chose 25 °C,
2.5 h, aptamer: helper = 1.5 and AuNP-26_17: AuNP-10_13
=1to conduct the quantitative detection of PP.

As shown in Figure 4A, AR increased significantly when
AuNP-26_17 and AuNP-10_13 were incubated with increas-
ing concentrations of PP under optimal conditions. It
reached a plateau at the PP concentration of 15 nM, and
showed a good linear response (changed from 1.43 + 0.06
nm to 17.57 £ 0.02 nm) for PP in the range from 1 nM to 15
nM (insert in Figure 4A, R* = 0.9988). The LOD of this
sandwich assay was 56 pM, which was calculated accord-
ing to the standard equation y = 1.187x + 0.138 and the 30
rule. Transmission electron microscope (TEM) images of
AuNP-26_17 and AuNP-10_13 in the present of different
concentrations of PP (Figure 4C) also supported the ag-
gregation of AuNPs, as larger clusters existed with in-
creasing concentrations of PP.
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Figure 4. The LOD of sandwich assay. (A) Variance of the AR
with increasing concentrations of PP (o, 1.0, 2.5, 5.0, 7.5, 10.0,
15.0, 25.0 and 50.0 nM), where the insert indicated the stand-
ard curve. The error bars indicated the standard deviations of
three parallel experiments. (B) Particle size curves corre-
sponding to the standard curve, ordinate was normalized
through dividing every data points by peak value. (C) TEM
images of AuNP-26_17 and AuNP-10_13 after addition of o, 5,
10 and 15 nM PP.
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Specificity of this strategy was also investigated by in-
cubating AuNP-26_17 and AuNP-10_13 with increasing
concentrations (o, 1, 2.5, 5 and 10 nM) of different proteins
(Glu, Ins, HSA, BSA and Hb). As shown in Figure 5, AR
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could only increase remarkably in the present of PP,
demonstrating the high specificity of this sandwich assay.

AR /nm

Figure 5. The specificity of PP to glucagon (Glu), insulin
(Ins), human serum albumin (HSA), bovine serum albumin
(BSA) and hemoglobin (Hb) in sandwich assay.

To evaluate the validity of this sandwich assay, recovery
experiment was conducted in diluted human serum. First-
ly, the standard equation of samples in diluted human
serum was constructed (Figure S-9), and it would be used
to determine the recovery. As listed in Table S-8, recovery
of PP from diluted human serum was 90.7 * 3.6% ~ 108.4
+ 1.6%, which demonstrated that this proposed method
can be used for determination of PP in human serum
samples.

Conclusions

In summary, we screened affinitive aptamers for PP and
constructed a sensitive and specific dual-aptamers based
sandwich assay. To the best of our knowledge, it was the
first time to detect PP by aptamers. This aptamer-base
sandwich assay showed several advantages: 1) environ-
mental friendly: avoiding the use of radioactive materials;
2) operational friendly and time saving: experiments were
conducted through easy incubations and measurements,
while traditional RIA would take more than 3 days to get
the results;" 3) considerable sensitivity and specificity: the
LOD of this strategy in buffer was 56 pM, and control
proteins (e.g. Glu, Ins, HSA, BSA and Hb) would not in-
terfere so much. What’s more, other sandwich assays
based on different principles (e.g. SPR and electrochemis-
try) and amplified strategies (e.g. proximity ligation as-
say) could also be constructed through our dual-
aptamers. To further reduce time cost and simplify assay
procedures, dual-aptamers could be integrated with mi-
crofluidic technologies as well. We believed that the re-
sults in this paper would contribute to the development
of novel biosensors for PP and have the potential in dis-
ease diagnosis.
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