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Herein, we constructed a novel sandwich surface plasmon resonance (SPR) detection assay for sensitive
prion disease-associated isoform (PrP5¢) detection, utilizing bare gold film and apatamer-graphene oxide
(AGO). Due to the self-assembling behavior of PrP5¢ on gold surface, the non-modified gold surface can
be directly used as sensing surface for the quick detection, for the purpose to avoid the interference from
the traditional, complex and changeable probe-modified sensing surface. And due to the highly specific
affinity of AGO towards PrP5¢, the sandwich type SPR sensor exhibits excellent analytical performance
towards the discrimination and quantitation of PrP%¢. A good linear relationship was obtained between
SPR responses and the logarithm of PrP5¢ concentrations over a range of 0.001-1 ng/mL. The detection
sensitivity for PrPS® was improved by ~156 orders of AGO compared with SPR direct detection format.
Besides, morphological changes of the sensing film surfaces were investigated by high resolution AFM
imaging, confirming the capture of PrPS¢ molecules and their further specific recognition by AGO. The
specificity of the present biosensor was also investigated by PrP¢ and other regents as controls. By com-
pared with other reported methods, the AGO enhanced sandwich SPR assay was confirmed to be efficient,
sensitive, and with wide working range.

Keywords:

Surface plasmon resonance
Prion protein
Aptamer-graphene oxid
Sandwich

Self-assembling

© 2017 Published by Elsevier B.V.

detection of the trace quantities of PrPS¢ is an important measure
for prion disease diagnosis at the presymptomatic stage.

In decades, numerous traditional methods have been proposed
to detect PrP5¢, such as protein misfolding cyclic amplification

1. Introduction

Prion diseases are recognized as highly contagious and scarcely
incurable, and are of a worldwide great concern [1-3]. Prion protein

has drawn great attention due to its pathological potential to prion
diseases [4]. PrP€ and PrPS¢ are two isoforms with the same amino
acid sequence, but are different in conformation. PrPS¢ is supposed
to be a marker for transmissible spongiform encephalopathies
infections, and is also considered to be the causative agent [5,6]. In
certain conditions, B-sheet rich PrPS¢ can introduce the transforma-
tion of PrP€ into PrPS¢ [7,8]. By now, the pathological concentration
of PrP5¢ in human beings is unknown, but the minimum lethal dose
in hamsters is reported less than 2 nM [9]. Thus, discriminate and
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(PMCA) [10,11], ELISA [12], micromechanical resonator arrays
[13,14], fluorescence correlation spectroscopy [15], FIAsH flu-
orescence [16], and immune-quantitative real-time PCR assays
[17]. These assays have been proved to be sensitive, fledged and
commonly-used in practical tests. But they are not suitable for
the use of high-throughput detection or routine testing because
they require practiced experimental skills and expensive instru-
mentations, and they are time- and labor-consuming. Nowadays,
surface plasmon resonance (SPR) sensors are fully commercialized
tools for quantifying various molecules involving in theranostics,
pharmaceutics, food safety, environmental monitoring, and home-
land security [18-20]. With the revolutionary developments of
nanoscience, many scientific reports suggest that a lower limit
of detection and a wider detection range can be obtained when
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integrating nanomaterials into a miniaturized SPR system [21-23].
However, nanomaterials-enhanced SPR-based detection methods
for the detection of PrPS¢ are barely reported [24,25].

Current SPR systems are involved in initial receptor immobiliza-
tion onto the SPR gold film, to establish a specific sensing film. But
this perspective is time-consuming, and needs to be re-considered.
Our previous work suggests that these processes result in a rough
sensing surface with various conformations of the receptor on
it, causing unavoidable non-specific interactions at the nano-bio
interfaces at single-molecule level. These interactions are supposed
to affect the specificity of the SPR detection system [26]. Actu-
ally, bare gold films have been used in electrochemical [27,28]
and SPR [29-31] detections of various molecules, considering their
convenient surface treatment requirements and in-complex sur-
face topographies. PrP¢ molecules (monomers, dimers and trimers,
Fig. S1B, the corresponding molecular dynamic simulation was
described in details in the Supporting Information) are proved to
self-assemble on gold surface via a coupling reaction between the
disulfide bond and gold atoms [32,33]. This kind of self-assembly
of proteins on inorganic substrates is now of great interest for
biomedical engineering, providing a novel approach to the develop-
ment of SPR [34,35]. William James and co-workers optimize and
select a RNA aptamer (SAF-93), which binds selectively to PrPSc,
and can be used in the detection of PrP5¢ in vitro [36,37]. From the
three-dimensional structures of PrPS¢ molecules in Fig. S1B, we can
confirm that the active sites in PrP5¢ towards SAF-93 remain free
and available to SAF-93 when PrP5¢ molecules self-assemble on the
gold surface.

Herein, we constructed a novel sandwich SPR detection assay
for sensitive PrPS¢ detection (Fig. 1). Our results confirmed that the
non-modified gold surface could be directly used as sensing surface
for the quick detection due to the self-assembling behavior of PrPS¢
on gold surface. AGO sheets were used as recognition and amplifi-
cation reagents for the enhancement of SPR signals. This sandwich
type SPR sensor here exhibited excellent analytical performance
towards the quantification and quantitation of PrP5¢, with high sen-
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sitivity and good selectivity. Atomic force microscope (AFM) was
used to investigate the morphology of the SPR substrate surface
after the detection. To the best of our knowledge, it was the first
time that PrPS¢ was detected by means of SPR with bare gold film
as sensing film and with AGO as signal enhancement regent. This
proposed approach can also be used to detect other analytes with
similar thiol groups by altering the corresponding aptamer in the
AGO conjugates.

2. Experimental methods
2.1. Chemicals

Prion protein was purchased from Calbiochem® in Germany
(sequence: aa 23-231, shown in Fig. S1A, theoretical PI/Mw:
9.39/23571.92). PBS (pH 7.2) was purchased from Themo Sci-
entific in USA. Thiol end-functionalized peptide nucleic acid
(thiolPNA, [38]) and terminal amino functioned SAF-93 with
twenty thymine bases as the spacer were synthesized by
Shanghai Sangon Biotechnology Co. in China. The terminal
amino functioned anti-ricin aptamer (NHy-(CH;)g-5"-(To)-
CGTAGGTTCGGGGCGGAGTGGTCCGGAAGGTGGCGTGG-3') which
was used as a control, was also synthesized by Shanghai Sangon
Biotechnology Co. in China [26]. ThioPEG were purchased from
Prochimia Surfaces in Poland. Cys-protein G (Catalog #: 1002-04)
was obtained from Shanghai PrimeGene Bio-Tech Co. in China.
Expandable graphitic flake (code no 50870) were purchased from
Fluka. Other reagents were obtained from Sigma-Aldrich with
analytical grade or higher.

2.2. Treatment of PrP€ and PrP5¢

The purity of purchased prion protein was determined by SDS-
PAGE as >95%. The protein was stored at —20°C. Before each
experiment, the protein was centrifuged (20,000 x g) for 4°C to
remove pre-existing aggregates. The transformation from PrP¢ to
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Fig. 1. Schematic representation of the SPR sandwich detection assay.
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Fig. 2. (A) SPR sensorgram and (B) calibration curve of SPR direct detection of PrP*¢ utilizing bare gold film.

PrPS¢ was induced by incubation of PrP€ in sodium acetate-acetic
acid buffer (pH 4.0).

The standard procedure to digest PrP€ and PrPS¢ samples con-
sists of treating samples with proteinase K (PK, 50 wg/mL) for
60 min with shaking at 37°C. The digestion was stopped with
Laemmli electrophoresis buffer.

2.3. Synthesis of AGO conjugates

The carboxylic acid functioned graphite oxide (GO-COOH) was
synthesized using the procedure and chemicals reported by Liu
etal. [39].

Then EDC (75 mM) and NHS (15 mM) were added into the syn-
thesized GO-COOH solution and the mixture was bath sonicated
for 30 min. After that, the aptamer (10 pg, diluted in 200 L PBS)
was added and the mixture was bath-sonicated for another 10 min,
followed by stirring for 12 h in 4°C. The final product, AGO, was
collected by centrifugation in PBS buffer.

The anti-ricin aptamer functioned GO sheets were synthesized
in the same way, and were named as A;GO.

2.4. Instruments and measurements

The biosensor system called BI-2000 along with the gold films
(50 nm thick) was supplied by Biosensing Inc. (Arizona, USA). The
gold film was mounted on a SPR prism with the matching oil.
Then PrP5¢ samples with different concentrations in PBS buffer
were successively injected onto the bare gold film. Then the AGO
conjugates solution was injected into the cuvette to enhance the
detection signals. To investigate the specificity and selectivity of
the detection assay, mixture solutions of PrPS¢ and six other regents
(3-mercaptopropionic acid (MPA), thioPEG, thioPNA, Cys-protein
G, albumin from bovine serumin (BSA), and PrP®) in different con-
centration proportions were introduced. Besides, the PK digested
PrPS¢, PrP¢ and PrPC/PrPS¢ mixture samples were also detected by
the AGO enhanced SPR detection assay described here. The corre-
sponding SPR signals were obtained in three repeated experiments
independently.

An Agilent 5500 Controller combined with a 50 wm by 50 pm
Agilent multipurpose AFM scanner was used to obtain high-
resolution AFM imgaes. All the images were obtained in air at room
temperature. Before the AFM imaging of the gold sensing surfaces
after the detection processes, we dried the surfaces gently with
nitrogen gas flow. For the AFM imaging of the GO and AGO sheets
on mica surface, we firstly dropped the sample solution on freshly
cleaved mica surface, and then dried the surface gently with nitro-

gen gas flow. Silicon cantilevers tip with spring constant of around
0.1 N/m were used for experiments. The images were acquired by
using Agilent magnetic AC (MAC) mode AFM with a magnetically
coated cantilever. The obtained AFM images were processed by
WSxM software.

3. Results and discussion
3.1. Direct detection of PrPS¢

For the direct detection format, after SPR baseline being kept
constant caused by the chip surface being rinsed with PBS buffer, a
series of PrP5¢ solutions with different concentrations were sepa-
rately injected into the SPR cell, followed by being rinsed with PBS.
Fig. 2A shows the representative real-time sensorgram of SPR for
detection of PrPS¢ with direct detection format. The SPR responses
gradually increase with the PrPS¢ concentration increasing from 0.5
to 2500 ng/mL in Fig. 2A (from 3.16 RU to 442.86 RU). The sensing
film surfaces after the detection of PrPS¢ with the concentrations
of 0.5, 50, 100, 250, and 500 ng/mL are shown by topography AFM
images in Fig. 3. The corresponding 3D AFM images were shown
in Fig. S2. It can be seen from Figs. 3 and S2 that, vastly differ-
ent degrees of molecule coverage were observed, with the lower
concentration inducing a lesser degree of PrP5¢ binding. For the
surface exposed to 0.5 ng/mL PrP5¢ sample, only individual parti-
cles were observed by AFM. From the corresponding cross-section
files of these particles, the height values of these particles were
~0.8 nm, which were consistent to our previous results [32]. With
the increase of PrPS¢ concentration, we may see that the Prpsc
molecules assembled on the gold films, forming monolayers with
different degrees of density (Figs. 3 and S2). The height of these
layers ranged from ~1.00 nm to ~1.2 nm, indicating that these lay-
ers were formed by PrP5¢ oligomers as previously reported [32]. All
these results indicate that the SPR responses are attributed to the
binding of PrPS¢ molecules onto the bare gold film.

The detection signal exhibited a good linear relationship with
the concentration from 0.5 to 500 ng/mL (Fig. 2B), and concen-
trations as low as 0.5 ng/mL can be readily measured. The linear
regression equation was y =0.54x +2.96 (R2 =0.9948, x is the con-
centration of PrPS¢ (ng/mL) and y is the SPR signal (RU)). SPR
gold surface was almost saturated when the concentration was
500 ng/mL (Fig. 3), implying less active site remained free for the
binding of PrP5¢ molecules when the concentration increased. This
explained why the signal increased slightly with the increasing of
the concentration from 500 to 2500 ng/mL.
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Fig. 3. The AFM topography images of the surface morphologies of the SPR gold surface after exposing to PrP5¢ solutions with different concentrations, and the corresponding
cross-section profiles following the labeled lines. The corresponding 3D AFM images were in Fig. S2.

3.2. Characterization of GO and AGO AGO were observed to be disk-like under AFM, indicating that
the modification of aptamer on the GO sheets did not change

GO and AGO sheets were imaged on mica via AFM, and their their morphologies. The thickness of AGO was 12.21+0.01 nm
corresponding thickness was collected. The results were shown (Fig. 4C), which was much larger than the thickness of GO sheets
in Fig. 4. From Fig. 4A and B, we may see that both GO and (1.814+0.01 nm, Fig. 4D). The increased thickness was attributed to
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Fig. 4. AFM images of GO (A) and AGO (B). Thickness histogram of GO (C) and AGO (D) measured by AFM.

the modification of terminal amino functioned SAF-93 aptamer on
GO sheets. Fig. S3 showed the UV-vis spectra of the GO and AGO.
Compared with GO sheets, there was an additional absorption band
of AGO at around 260 nm. As we know, 260 nm is the characteris-
tic absorption band of nucleic acids (DNA [40] or RNA [41]). This
result suggested the successful immobilization of aptamer on the
GO sheets.

3.3. Amplification of SPR signals via AGO sheets

A series of PrP5¢ solutions with concentrations from 1 pg/mL
to 250 ng/mL were firstly injected into the SPR cell, successively.
Subsequently, when the SPR signal reached a plateau, the AGO solu-
tion was injected and the in situ SPR curve were shown in Fig. 5A.
As shown in Fig. 5A, the SPR responses resulted from the binding
of AGO increased gradually with increasing PrP5¢ concentration,
enabling us to detect the trace PrP5¢. The 1pg/mL PrPS¢ induces
SPR response of 20.94 RU. While the 250 ng/mL PrP5¢ results in a
larger SPR response of 676.10 RU. A good linear relationship was
obtained between SPR responses and the logarithm of PrPS¢ con-
centrations over a range of 0.001-1 ng/mL (Fig. 5B). The regression

equation was y=547.12+178.35x (R2=0.9904, X is the logarithm
of PrP5¢ concentration and y is the SPR signal). It may be obviously
seen from Figs. 5B and 2B that the sensor response saturation for
amplification detection format occurred at much lower PrPS¢ lev-
els than direct detection format. The PrPSc concentrations as low as
0.001 ng/mL can be readily measured, which is around 500 lower
than that by direct detection format (0.5 ng/mL).

Fig. 6A shows the representative AFM image of the surface mor-
phology of the gold film after the AGO amplification detection assay
for PrP5¢ solution with the concentration of 250 ng/mL. It can be
seen from the zoom-in image and the corresponding cross-section
profiles (Fig. 6B), the thickness of the AGO was ~12 nm, consis-
tent to the results measured on mica surface (Fig. 4D). Fig. 6C is
zoom-in image of the yellow squared area in Fig. 6B, evaluating the
detailed morphology of the sensing surface. Both in the topogra-
phy and corresponding 3D AFM images in Fig. 6C, we were able to
visualize seven dots (pointed by arrows) on the GO surface, which
were supposed to be aptamer-modified GO sheets. All these results
indicated that, the AGO successfully attached onto the sensing sur-
face via the specific interactions between AGO and PrP5¢ molecules,
while the PrP5¢ molecules had already been captured via a cou-
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Fig. 6. (A) AFM image of the surface morphology of the gold film after the amplification assay when sample concentration is 250 ng/mL. (B) (Upper panel) the zoom-in image
of the squared area in (A), (bottom panel) the cross-section profile following the dashed line in the AFM image. (C) The zoom-in topography and 3D AFM image of the squared
area in (B). (For interpretation of the references to colour in the text, the reader is referred to the web version of this article.)

pling reaction between the intramolecular disulfide bond and gold
atoms of the sensing surface. Besides, from the cross-section pro-
files in Fig. 6B, we may also observe the lower signals at around
1 nm (labeled by red dashed lines). These signals were supposed to
be the height values of the exposed PrPS¢ molecules captured on the
surface of sensing film. Again, because the SPR gold film was almost
saturated of AGO when the concentration was 10 ng/mL, and less
AGO could bind to the self-assembled PrP5¢ on the substrate due to
steric hindrance, the signal increased slightly when the concentra-
tion was from 10 to 250 ng/mL. All these results indicate that the
signal enhancement obtained here is attributed to the larger mass
and higher refractive index of GO.

3.4. Specificity and selectivity

The sandwich SPR detection format described here required
only one specific bio-probe, aptamer SAF-93, which was modified
onto the GO sheets and interacted effectively with the captured
PrPS¢ on the SPR sensing film. The specificity and selectivity of
the sandwich detection assay were investigated. Pure PrPS¢, PrPC,

Cys-protein G, and mixture solutions of PrPS¢ with other regents
mentioned in Section 2.1, were detected by SPR. The SPR responds
were further amplified with AGO. The corresponding direct and
amplified SPR responds were collected in Fig. 7A. We may see
from Fig. 7A that, all the samples induced appreciable but differ-
ent direct SPR responds except of pure PrPC sample. This is because
that PrP¢ have no affinity towards the bare gold film [32], and MPA,
thiolPEG, PNA and Cys-protein G all have sulfhydryl groups and
can assemble on the gold surface, leading to a high “non-specific”
detection signals. But the SPR detection responds is conditioned
by the refractive index change of the sensing film, which is inti-
mately related to the molecular weight of the analytes. Here, the
molecular weights of these four reagents are all lower than PrPS¢
[42-45]. When exposed to the PrP5¢ samples containing these four
regents, part of the active sites of the bare gold film were occupied,
leading a reduction of the binding amount of PrPS¢, As a result, the
direct SPR responds of these four mixtures (Cys-protein G/PrPSc,
PNA/PrP5¢, thiolPEG/PrPS¢ and MPA/PrP5¢) were lower than that of
pure PrP5¢, BSA/PrP5¢ and PrPC/PrPSC. This is because that BSA and
PrPC have no affinity towards the bare gold film. In spite of this, the
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PrP5¢ and Cys-protein G with different ratios in concentration (B).

enhanced signals still remained at high values (>630 RU) because of
the existent PrP5¢ in these samples, which assembled onto the gold
surface, providing binding sites for AGO. As comparison, pure Cys-
protein G sample also induced an apparent SPR responds of 50.98
RU for the direct detection format, but the signal was not signifi-
cantly improved by the amplified format (A =10.26 RU) (Fig. 7A)
because of the absence of PrPSc.

Fig. 7B is the direct and enhanced responds of the mixture
solutions of PrPS¢ and Cys-protein G in different concentration pro-
portions (concentration of PrPS¢ was fixed at 2.12nM (50 ng/mL)
while concentrations of Cys-protein G were 2.12, 4.24, 6.36, 8.48
and 10.6nM). The direct signals showed a linear growth as the
concentration of sulfhydryl groups increased gradually. But the
enhanced signals caused by the specific binding of AGO to PrPs¢
showed a downward trend. This was because, with the growing
proportion of Cys-protein G in the mixture solutions, more surface
areas were occupied by Cys-protein G, causing that the amount of
captured PrP5¢ on gold surface decreased, leading a reduction of the
binding amount of the enhanced conjugates, AGO.

The specificity of AGO to the captured PrP¢ and its non-
specificity to the bare gold film were also investigated. The in situ
SPR curves when AGO were injected into the SPR cell with and
without PrP5¢, along with the in situ SPR curve when A;GO were
injected into the SPR cell with PrPS¢, were shown in Fig. S4. From

Fig. S4 we may see that no SPR response was obtained for A;Go.
And it should be pointed out that the SPR response is around 3.76
RU for AGO without PrPS¢. This is probably due to the non-specific
adsorption of AGO onto the bare gold film. Even so, this response is
much lower than that of AGO with PrP5¢ (569.62 RU).

PrPS¢ is partially resistant to proteolysis while PrPC is pro-
tease sensitive. The PK treatment has been used conventionally
in prion detection and discrimination, combining with the tradi-
tional detection assay, western blotting. However, this method is
being questioned, considering that PK digests PrP5¢, being respon-
sible for the possibility of the occurrence of false negative data [46].
To investigate the specificity of the detection assay described here
on the detection of PK digested samples, three samples were intro-
duced and the corresponding direct and amplified SPR responds
were collected in Fig. S5. We may see from Fig. S5 that, only for
the samples consisting of PrP5¢ and without the treatment of PK
digestion, the amplified SPR responds are at very high level (675.00
RU for PrP5¢ and 644.91 RU for PrPC/PrPSC), while the amplified SPR
responds of the digested samples are much lower. Based on this, we
may conclude that the detection assay described here is specific to
the non-PK digested PrP5¢ samples, which is one of advantages of
the present method to remove the need of the PK treatment during
the detection process.
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Table 1
Comparison with other reported methods.
Detection technique type time of analysis working range (nM) detection limit (nM) reference
PMCA Prpsc 9h-44h N/A ~0.0033 [11]
ELISA Prps¢ ~5h N/A 0.08 [15]
micromechanical resonator arrays PrP ~22h 0.08-80 0.08 [14]
fluorescence correlation spectroscopy Prpsc 1h 3 min N/A 0.13 [15]
real-time PCR Prpsc ~20h 538 x 107°-1.76 x 107 3.85x107° [17]
Quantum Dots CdTe rPrP N/A 1-78 0.3 [47]
CdSe/ZnS-Au NPs PrP¢ ~1h 0.82 x 1076-3.30 x 106 33x10°8 [48]
QDs-Magnetic NPs PrpRes ~2h 0.8-306 0.086 [49]
Nanoparticles aptamer-gold rPrP 30 min 0.2-50 0.07 [50]
bare gold rPrP 40 min 0.1-50 ~0.033 [51]
SPR DNA aptamer PrP¢ ~1.5h 50-100 4 [24]
antibody PrP¢ ~1h 2.12-21.2 1.34 [25]
AGO enhanced sandwich SPR assay Prpsc ~30min (direct) 0.021-21.21 below 0.021 This work
~40 min (enhanced) 424 x107°-4.24 x 102 below 4.24 x 10> This work

The detection limit, working range and time of analysis were
comparable to these of the other reported methods (Table 1). It is
easy to see that, the detection limit of AGO enhanced SPR detec-
tion assay described here is dramatically lower than that of the
majority of other methods. Furthermore, the time required for the
analysis of each sample using the present biosensor is only ~40 min,
much faster than PMCA, ELISA, real-time PCR and other methods
(Table 1). Therefore, our data indicate that AGO enhanced sandwich
amplification can be used for fast detection of PrP. Although for the
detection limit and detection time, the AGO enhanced assay have no
advantage compared with these of Cdse/ZnS-Au NPs method, it has
much wider detection range (from 0.21 x 102 to 4.24 x 10~> nM)
than the later.

4. Conclusions

We used bare gold film as SPR sensing film, for the purpose to
avoid the interference from the traditional, complex and change-
able probe-modified sensing surface. Aptamer-modified GO sheets
were used for the amplification of detection signals, which were
characterized by AFM and UV. A good linear relationship was
obtained between SPR responses and the logarithm of PrP5¢ con-
centrations over arange of 0.001-1 ng/mL. The detection sensitivity
for PrP5¢ was improved by ~156 orders of AGO compared with SPR
direct detection format, indicating that AGO have excellent capa-
bility of amplifying SPR signals. Besides, morphological changes of
the sensing film surfaces were investigated by high resolution AFM
imaging, confirming the capture of PrP5¢ molecules and their fur-
ther specific recognition by AGO. The excellent selectivity of the
present biosensor was also confirmed by PrP¢ and other regents as
controls. The results reveal that this proposed approach could also
be used to detect other analytes with intramolecular thiol groups
by altering the corresponding aptamer in the AGO conjugates.
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