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HIGHLIGHTS GRAPHICAL ABSTRACT

oA fluorescent aptasensor was
described for detection of prostate-
specific antigen (PSA).
e The biosensor was based on DNA .)9 ‘ I

triangular prism, PicoGreen, strepta- "~ magnex llen

vidin magnetic beads and RecJf

exonuclease. a N "ﬁ: Zk

o The aptasensor was ultrasensitive for b Wagnet et
detection of PSA because of using the R
DNA origami.

e The detection limit of sensing ""“;,',;:""'
method was 30 pg/mL for PSA.

e Applying the designed aptasensor,
PSA was successfully detected in hu-
man serum samples.

ARTICLE INFO ABSTRACT
Article history: In this study, a fluorescent aptasensor is described for ultrasensitive detection of prostate-specific an-
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ggcii"?;jzigzrg"ise‘j form streptavidin magnetic beads (SMBs) and Rec]Jf exonuclease as enhancers of fluorescence difference be-
pri

. tween presence and absence of target. Presence of PSA leads to the formation of the DNA origami. So, a
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Available online 30 April 2020 strong fluorescence is observed following the addition of PG. while, the DNA triangular prism cannot be
formed in the lack of target. Thus, a very weak fluorescence can be measured after addition of PG. The
proposed biosensor indicated high selectivity, a broad linear range from 200 pg/mL to 300 ng/mL and a

K ds: . o - :
D(;\J,/Xv :rriasngular prism very low detection limit of 30 pg/mL for PSA. Applying the designed aptasensor, PSA was successfully
Fluorescent aptasensor detected in human serum samples. This work provides a new way for detection of biomarkers in clinical
Prostate-specific antigen samples.
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world [1,2]. Prostate-specific antigen (PSA) as a glycoprotein is a
reliable biomarker for diagnosis of prostate cancer and assessment
of response to chemotherapy and prostate function [3,4]. The PSA
concentration in serum of healthy people is below 4 ng/mL and
higher concentration is considered as a possibility of appearance of
prostate cancer or other prostate diseases [5,6]. In this way, precise
determination of PSA is important for screening of prostate cancer
and evaluation of its progression.

To date, different traditional techniques, such as chemilumi-
nescent immunoassay [7], surface-enhanced Raman scattering
(SERS) [8], radioimmunoassay [9], enzyme-linked immunosorbent
assay (ELISA) [10] and electrochemical immunoassay [11] have
been presented for PSA detection. These methods are generally
based on the application of antibody as sensing element. So, they
suffer from the antibodies affiliated drawbacks such as high cost,
low stability, time-consuming preparation and difficult procedure
of antibodies modification [12—14].

Aptamers are short single-stranded sequences obtained by an
in vitro combinatorial approach called Systematic Evolution of Li-
gands by Exponential enrichment (SELEX) [6,15]. They can recog-
nize a wide range of targets with high selectivity and affinity by
forming unique three-dimensional shapes [16]. Aptamers have
numerous features over antibodies, including high chemical and
thermal stability, cost-effectiveness, high uniformity, easy labeling
and flexible modification [17—19]. According to these characteris-
tics, aptamers, also known as chemical antibodies, have been
broadly utilized to fabricate biosensors for detection of different
targets.

In recent years, fluorescent sensors have been extensively used
for detection of different substances due to their relative simplicity
regarding analysis and instrumentation, high sensitivity and low-
cost [20—22].

In the current study, a fluorescent aptasensor was presented for
detection of PSA using a DNA triangular prism as a DNA origami
structure, streptavidin magnetic beads (SMBs), RecJf exonuclease
and PicoGreen (PG) as fluorescent dye. The proposed fluorescent
aptasensor was ultrasensitive for detection of PSA because it has
been confirmed that the DNA origami-based aptasensors
commonly show more sensitivity for their targets in comparison
with other kinds of sensing platforms [23]. Furthermore, the uses of
SMBs and Rec]f resulted in more improvement of the aptasensor
sensitivity because in the absence of PSA, the DNA triangular prism
was not formed and the free single-stranded sequences could be
easily removed from the sample using a magnet. Also, Rec]f could
digest single-stranded DNAs (ssDNAs) on the surface of SMBs in the
absence of PSA. So, a great fluorescence emission difference could
be observed following the addition of PG between samples with
and without target. Besides, for target binding, PSA aptamer (Apt)
had to leave its complementary strand (ssDNA1), leading to in-
crease the selectivity of the aptasensor.

2. Materials and methods
2.1. Materials

PSA aptamer (Apt) [24,25] and other ssDNAs were purchased
from Microsynth (Switzerland, Table S1). Immunoglobulin G (IgG),
human serum albumin (HSA), and carcinoembryonic antigen (CEA)
were ordered from Sigma-Aldrich (USA). Alpha-fetoprotein (AFP)
was ordered from ProSpec (Germany). Prostate-specific antigen
(PSA) was obtained from Lee BioSolutions (USA). Streptavidin
magnetic beads (SMBs) and Rec]Jf were purchased from New En-
gland Biolabs (UK). PicoGreen (PG, 200x) was obtained from Invi-
trogen (USA). Human PSA ELISA kit was purchased from
MyBioSource (USA).

2.2. Preparations of aptamer (Apt)-modified SMBs and ssDNA3-
modified SMBs

1.2 mg SMBs was incubated with 10 pL biotin-labeled Apt
(36 uM). Then, 20 mM Tris-HCl (pH 7.4) was used to adjust the
sample volume to 400 pL and the sample was placed at room tem-
perature for 1 h 10 uL biotin-labeled ssDNA3 (26 uM) was transferred
to 1.2 mg SMBs in 20 mM Tris-HCl (pH 7.4, final volume 400 pL) and
incubated for 1 h. 2.5% agarose gel electrophoresis (stained with
GelRed) was applied to evaluate the formation of the complexes.

2.3. Detection of PSA in phosphate buffer saline (PBS)

The process of PSA detection was as follows: 200 pL Apt-
modified SMBs (0.9 pM Apt) was first added to 200 pL ssDNA1
(0.9 uM) for 1.5 h at room temperature, followed by 2.5% agarose gel
electrophoresis analysis (Fig. S1). 50 puL of the above mixture
(dsDNA-modified SMBs, 80 nM) was incubated with 50 pL PBS
(5 mM, pH 7.4) containing various amounts of PSA (0—600 ng/mL)
for 1 h at room temperature. A strong magnet (DynaMag™) was
utilized to collect the supernatants. The supernatants were treated
with 7 pL ssDNA2, 7 pL ssDNA3-modified SMBs and 7 puL ssDNA4
(the final concentration of each strand was 40 nM) for 2 h at room
temperature, followed by removing supernatants using the mag-
net. 7 uL ssDNA5 (40 nM final concentration) was added to each
sample and incubated for 2 h, followed by removal of supernatants
using the magnet. 50 U/mL RecJf was added to each sample and
incubated at 37 °C for 90 min. Finally, the supernatants were dis-
carded by the help of magnet and 10 uL PG (15x) was transferred to
each sample (final volume 100 pL). After incubation for 10 min at
room temperature, fluorescence intensities (Agx = 480 nm and
Aem = 525 nm) were recorded using the Synergy H4 microplate
reader (BioTeK, USA).

2.4. Interference study of the sensing approach

To evaluate the selectivity of the DNA origami-based aptasensor
for PSA detection, the response of aptasensor towards a number of
possible interferents such as HSA, IgG, CEA and AFP was measured.
The concentration of each interferent was 300 ng/mL.

2.5. Determination of PSA in serum samples

To evaluate the practicality of the designed approach, the
developed method was utilized to measure the concentration of
PSA in spiked serum samples as mentioned before. It should be
noted that a simple pre-treatment was performed and serum
samples were diluted 7-fold with 5 mM PBS (pH 7.4).

3. Results and discussion
3.1. Principle of the method

By taking the advantage of DNA origami-based approaches, a
DNA triangular prism-based fluorescent aptasensor was developed
for ultrasensitive determination of PSA. The SMBs and Rec]f were
applied to improve the sensitivity of the aptasensor.

PG is a fluorochrome which specifically interacts with dsDNA.
Following binding to dsDNA, PG shows a high fluorescence
enhancement (>1000-fold), while the free fluorochrome has no
significant fluorescence. Also, it is stable to photobleaching
[26—28]. Rec]f is a ssDNA specific exonuclease which digests the
ssDNA from 5’ to 3’ direction [29,30].

As shown in Scheme 1, in the presence of PSA, the released
ssDNA1 was used as a foundation for the formation of DNA
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triangular prism following the addition of other sSDNAs (ssDNAs2-
5). Treatment with Rec]f did not have any influence on the con-
struction of DNA origami because no free 5’-terminus of ssDNA was
available in the sample. So, strong fluorescence emission was
recorded following the treatment with PG.

In the absence of PSA, no DNA origami was formed because of
lack of presence of the released ssDNA1 in the sample. In the
absence of other ssDNAs (ssDNAs2 and 4), ssDNA5 could not be
hybridized with biotin-labeled ssDNA3 because of their very short
complementary region (7 bp). So, the 5-end of biotin-labeled
ssDNA3 was digested by Rec]f. Therefore, a very weak fluores-
cence emission was observed when the PG was added to the
sample. Application of Rec]f resulted in no presence of sSDNA3 on
the SMBs and sample in the absence of target. Furthermore,
application of SMBs led to easily discard ssDNAs2 and 4 from the
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sample when PSA was absent. Thus, this phenomenon led to in-
crease the sensitivity of the aptasensor and the sensing method
showed a very great fluorescence difference in the absence and
presence of PSA.

3.2. Optimization of detection conditions

To provide a sensing platform with the maximum performance,
various parameters, including concentrations of SMBs, Rec]Jf and PG
were optimized.

As shown in Fig. 1a and b, the bands of free biotin-labeled Apt
(36 pM) and biotin-labeled ssDNA3 (26 uM) were respectively
disappeared when the concentration of SMBs was 1.2 mg. So, 1.2 mg
SMBs was the sufficient concentration for loading of the mentioned
ssDNAs.
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Scheme 1. Schematic illustration of the DNA triangular prism-based fluorescent aptasensor in the presence (a) and absence of PSA (b).
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Fig. 1. Optimization of the aptasensor conditions. (a) Assessment of the capacity of
SMBs for binding to biotin-labeled Apt. Lane 1: Apt (10 uL, 36 uM), lane 2: Apt + 0.3 mg
SMBs, lane 3: Apt + 0.7 mg SMBs, lane 4: Apt + 1 mg SMBs, lane 5: Apt + 1.2 mg SMBs.
(b) Assessment of the capacity of SMBs for binding to biotin-labeled ssDNA3. Lane 1:
ssDNA3 (10 pL, 26 pM), lane 2: Apt + 0.7 mg SMBs, lane 3: Apt + 1.2 mg SMBs. (c)
Fluorescence intensities under different concentrations of Rec]f. (d) Fluorescence in-
tensities under various amounts of PG.

The concentration of RecJf is another important parameter to
affect the sensitivity of the aptasensor. As indicated in Fig. 1¢, in the
absence of target, the fluorescence response of aptasensor
decreased with increasing the concentration of RecJf between 5 and
50 U/mL and then became constant. Therefore, 50 U/mL was ob-
tained as the optimum concentration of RecJf.

In another experiment, the effect of the concentration of PG on
the fluorescence signal was investigated in the presence of PSA
(Fig. 1d). The result showed that the fluorescence response was

b)

Fig. 2. Investigation of the fabrication and performance of the aptasensor using
agarose gel electrophoresis (2.5%, stained with GelRed) in the presence (a) and absence
of PSA (b). Lane 1: Apt/ssDNA1-modified SMBs, lane 2: Apt/ssDNA1-modified
SMBs + PSA, lane 3: ssDNA1, lane 4: ssDNA2, lane 5: ssDNA4, lane 6: ssDNA3-
modified SMBs, lane 7: released ssDNA1 + ssDNA2 + ssDNA3-modified
SMBs + ssDNA4, lane 8: ssDNA5, lane 9: released ssDNA1 + ssDNA2 + ssDNA3-
modified SMBs + ssDNA4 + ssDNA5 (DNA triangular prism).

maximum when the concentration of PG was 15x. Thus, the opti-
mum PG concentration was 15x.

3.3. Characterization of the aptasensor fabrication and operation

Agarose gel electrophoretic mobility shift assay (Fig. 2) and the
fluorescence measurement (Fig. S2) were applied to assess the
production and performance of the sensing approach.

As exhibited in Fig. 2a, the band of free ssDNA1 appeared (lane
2) following the addition of PSA to Apt/ssDNA1-modified SMBs,
indicating the binding between PSA and Apt and release of ssDNA1
from the surface of SMBs. A single bright band was observed at the
top of gel (lane 7) when other sequences (ssDNA2, ssDNA4 and
ssDNA3-modified SMBs) were incubated with the released ssDNA1,
showing complete interaction between these ssDNAs and their
presences in the surface of SMBs. In the presence of ssDNA5, there
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Fig. 3. SEM images of DNA triangular prism with different scale bars.

was a single brighter band at the same migration location (lane 9),
confirming the self-assembly of the DNA triangular prism was
successful. Also, the formation of this DNA origami was endorsed by
the scanning electron microscopy (SEM, TESCAN MIRA3 micro-
scope, Czech Republic) images (Fig. 3), too. In the absence of PSA
(Fig. 2b), no free ssDNA band was observed (lane 2), showing the
importance of the presence of target for release of ssDNA1. Also,
following the addition of other sequences no band with low
migration was observed (lanes 7 and 9), indicating the important
role of ssDNAT for the formation of the DNA triangular prism.

The result of fluorescence measurement showed that a strong
fluorescence response could be detected from the aptasensor in the
presence of PSA (Fig. S2), implying the successful formation of the
DNA origami and the entrapment of PG in its double-stranded
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Fig. 4. (a) Relative fluorescence response of the aptasensor after adding different
concentrations of PSA (0—600 ng/mL). (b) Linear relationship between the relative
fluorescence response and logarithm of PSA concentration. Fy and F are the fluores-
cence intensities (A\gm = 525 nm) before and after addition of PSA, respectively. (c)
Selectivity test. The relative fluorescence signal changes of the aptasensor in response
to different proteins, including PSA, HSA, IgG, CEA and AFP. Fy and F are the fluores-
cence intensities (Agm = 525 nm) before and after addition of each protein,
respectively.

regions. While, in the absence of PSA, the sensing method displayed
a very weak fluorescence signal because there was no DNA origami
in the sample, confirming the significant role of PSA for the for-
mation of DNA triangular prism. Also, the result exhibited that the
application of Rec]Jf could make more fluorescence different in the
absence and presence of PSA, confirming its role for the improve-
ment of aptasensor sensitivity.
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Table 1

Comparison of the presented biosensor with other reported PSA sensing approaches.
Method LOD Linear range Reference
Multicolor and photothermal dual-readout biosensor for visual detection of PSA 0.31 ng/mL  Not reported [31]
An integrated magnetic microfluidic chip for immunodetection of the PSA using immunomagnetic beads 0.1 ng/mL 0.1-20 ng/mL  [32]
Gold nanoparticle triggered dual optoplasmonic-impedimetric sensing of PSA on interdigitated porous silicon platforms 1 ng/mL 0.1-500 ng/mL [33]
Target-triggered signal-on ratiometric electrochemiluminescence sensing of PSA based on MOF/Au/G-quadruplex 0.058 ng/mL 0.5—500 ng/mL [34]
Visual electrochemiluminescence ratiometry on bipolar electrode for bioanalysis 0.5 ng/mL 1-1000 ng/mL [35]
Gold nano disks arrays for localized surface plasmon resonance based detection of PSA cancer marker 1.49 ng/mL  1.7-20.4 ng/mL [36]
Label-free electrochemical aptasensing platform based on mesoporous silica thin film for the detection of PSA 0.28 ng/mL 1-300 ng/mL  [37]
Our fluorescent aptasensor 0.03 ng/mL  0.2—300 ng/mL Current study

3.4. Analytical performance of the biosensor for PSA detection

The relative fluorescence response of the aptasensor induced by
various concentrations of PSA has been presented in Fig. 4a. As
shown in the figure, with increasing the amount of PSA, the relative
fluorescence signal of the sensing method enhanced gradually. The
linear range between the relative fluorescence signal and logarithm
of PSA concentration was 200 pg/mL-300 ng/mL (Fig. 4b). The limit
of detection (LOD) was measured to be 30 pg/mL in terms of the
rule of signal-to-noise ratio of 3. The designed aptasensor showed
satisfying performance for PSA determination with improved
sensitivity and a wide linear range in comparison with other ap-
proaches for detection of PSA (Table 1) [31—-37].

3.5. Selectivity of the DNA origami-based biosensing system

To validate the aptasensor selectivity, the sensing method was
treated with different interfering proteins, including HSA, IgG, CEA
and AFP. As indicated in Fig. 4c, the added interfering proteins
exhibited very less impact on the relative signal intensities. How-
ever, upon addition of PSA an obvious signal change was detected,
confirming high selectivity of the proposal analytical system for
PSA.

3.6. Analysis of PSA in serum samples

To validate the effectiveness of the proposed aptasensor in real
samples, PSA was spiked into human serum samples and the sam-
ples were analyzed using the aptasensor. As indicated in Table S2, the
recoveries and relative standard deviations (RSDs) for the spiked PSA
serum samples were 91.2—97% and 3.2—7.6%, respectively. The
aptasensor showed acceptable recovery assay compared to com-
mercial human PSA ELISA kit (Table S3). These results indicate that
the DNA origami-based aptasensor has great potential for detecting
PSA in real samples with high accuracy and reproducibility.

4. Conclusion

In this work, a novel fluorescent aptasensor was presented to
determine very low concentration of PSA based on DNA triangular
prism. Applications of the DNA origami, SMBs and Rec]Jf resulted in
remarkable fluorescence difference between presence and absence
of target which showed excellent detection performance for PSA.
The sensing platform has benefits, such as high sensitivity and
selectivity which are attributed to its DNA origami structure and
target-induced release of complementary strand, respectively. The
linear range obtained from fluorescence was 200 pg/mL-300 ng/mL
and LOD was 30 pg/mL. However, the fabrication of the aptasensor
needs multiple steps which increases the time of PSA detection.
Also, the aptasensor was used to determine PSA in human serum
samples. The results exhibited good precision and accuracy of the
approach. The designed sensing approach provides great

opportunity for detection of PSA in biological samples and can be
applied for detection of other targets by simply replacing the cor-
responding sequences.
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