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Abstract

Here, a photoelectrochemical (PEC) biosensor was established by a
co-sensitization strategy with cascade energy level arrangement for ultrasensitive
detection of prostate-specific antigen (PSA). The proposed co-sensitization strategy
was based on the well-matched energy level arrangement of four kinds of organic
photoactive materials, in which poly {4,8-bis[5-(2-ethylhexyl)thiophen-2-yl]benzo[1,2
-b:4,5-b"]dithiophene-2,6-diyl-alt-3-fluoro-2-[ (2-ethylhexyl)-carbonyl]thieno[ 3,4-b]thi
ophene-4,6-diyl} (PTB7-Th) was wused as the photoactive material and
perylenetetracarboxyl diimide (PDI), fullerene (nano-Cg), polyaniline (PANI) were
employed as the sensitizers. The resulted PTB7-Th/PDI/nano-Cgo/PANI cascade
co-sensitization structure with narrow energy level gradient (<0.54 eV) could
effectively improve electron transfer capability, obviously raise light energy
utilization and significantly enhance photoelectric conversion efficiency, leading to
dramatically enhanced photocurrent response. Using PSA as a target model, the
proposed PEC biosensor exhibited high sensitivity and excellent stability with a wide
detection range from 1 fg/mL to 0.1 ng/mL and a detection limit of 0.43 fg/mL.
Moreover, the proposed PEC biosensor provides a cascade co-sensitization strategy
that could significantly improve PEC performances and opened up a promising
platform to establish high selectivity, stability and ultrasensitive analytical techniques.
Keywords: photoelectrochemical; co-sensitization strategy; cascade energy level
arrangement; PTB7-Th

1. Introduction
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Photoelectrochemical (PEC) analysis, as a novel and promising analytical
technique in the biosensing field, has attracted considerable attention because of its
desirable advantages such as simple equipment, low cost, low background signal and
high sensitivity.'® Classical PEC sensor commonly requires photoactive material and
sensitizer to produce photocurrent response with the addition or generation of electron
donor or acceptor.7'12 However, there are still limitations such as uneven distribution
and poor stability of the added electron donor/acceptor. In recent years, a novel
donor-acceptor (D-A)-type photoactive material'* '* poly {4,8-bis[5-(2-ethylhexyl)
thiophen-2-yl]benzo[ 1,2-b:4,5-b"]dithiophene-2,6-diyl-alt-3-fluoro-2-[ (2-ethylhexyl)-
carbonyl]thieno[3,4-b]thiophene-4,6-diyl} (PTB7-Th) has gained extensive research
interest, which is attributed to the fact that PTB7-Th is different from traditional

. . 1.15-20
photoactive materials

and it can produce continuous photocurrent response
without any addition of electron donors or electron acceptors.”’ > Recently, we
constructed two types of PEC sensors by using PTB7-Th as the photoactive material,
fullerene (nano-Ceo)** and polyaniline (PANI)® as the sensitizer, respectively.
Although photocurrent response of the above-mentioned works presented great
improvements, the deficiencies still existed such as the limited photoelectric
conversion efficiency originating from larger energy level gradient between PTB7-Th
and its sensitizer. Therefore, it is extremely important to find the energy level
arrangement matched photoactive materials with narrow energy level gradient to

sensitize PTB7-Th for further improve its photoelectric conversion efficiency.

Perylenetetracarboxyl diimide (PDI) is a n-type semiconductor with good
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film-forming ability, excellent stability and high photoelectric conversion efficiency,*
which has been widely used in organic solar cells as an electron acceptor.27'29 In
particular, the 2.07 eV energy level width of PDI matches well with the 1.58 eV**
energy level width of PTB7-Th, making PDI an ideal candidate for enhancing the
photocurrent signal of PTB7-Th. In view of these inherent advantages of PDI, in this
work, we first employed PDI as a sensitizer to enhance the PEC signal of PTB7-Th.
In order to further improve the photoelectric conversion efficiency of PTB7-Th,
nano-Cgo (2.60 e¢V)** and PANI (3.0 ¢V)**** were introduced into this work as
sensitizers to form a cascade co-sensitization structure with narrow energy level
gradient (<0.54 eV), which could lead to a significantly enhanced photocurrent signal
because of its high light energy utilization and strong electron transfer capability.
Herein, a PEC biosensor was proposed by a co-sensitization strategy constructed
by four well-matched organic photoactive materials for ultrasensitive detection of
prostate-specific antigen (PSA) (Scheme 1). PTB7-Th, PDI, nano-Cg were modified
on the glassy carbon electrode (GCE) successively, and then gold nanoparticles
(AuNPg) were deposited on the modified electrode surface. Subsequently, capture
DNA was incubated on the surface of GCE/PTB7-Th/PDI/nano-Cgo/depAu via Au-S
bond followed by blocking with hexanethiol (HT). Upon the addition of labeled
antibody-DNA1 (DNA1-Abl), the immunocomplex of capture DNA and DNA1-Abl
was formed. The introduction of target (PSA) could induce the formation of

immunocomplex between detection antibody-DNA2 (DNA2-Ab2) and signal

DNA-nano-Au bars, which resulted in proximity-dependent hybridization capture
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1
2
3 . . .
4 DNA and signal DNA-nano-Au bars. Under the condition of H,O, and horseradish
5
6 perxidase (HRP), aniline was polymerized on the signal DNA-nano-Au bars to
7
2 produce PANI for photocurrent signal amplification. Thereby, the enhanced PEC
10
11 signal is quantitatively correlated with the concentration of PSA. The successful
12
1 i construction of the as-proposed PEC biosensor based on a co-sensitization strategy
15 . . . . . . .
16 can significantly improve the photoelectric conversion efficiency, which paves a new
17
12 way in early cancer diagnosis, clinical cancer monitoring and various protein
20 ,
21 detection.
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Scheme 1. Schematic illustration of the preparation of PEC biosensor, (A) the situ deposition of
PANI on the signal DNA-nano-Au bars under the condition of H;O, and HRP, (B) the electron
transfer between four well-matched organic photoactive materials and photocurrent amplification
of PTB7-Th by three sensitizers.
2. Experimental Section
2.1 Preparation of Antibody-DNA

Antibody-DNA was accomplished by three steps. First, 0.0002 g
hydroxysuccinimide ester (SPDP) was dissolved in 100 pL 95% ethanol to obtain
solution A and 0.0015 g dithiothreitol (DTT) was added to 100 pL glacial acetic acid
solution to obtain solution B. Second, the 10 uL solution B was added in the 2.5
uM 48 uLL. DNAT1 and 2.5 uM 49 uLL. DNAZ2 solution respectively on the shaker react
for 1.5 hin 37 “C to obtain solution C. At the same time, 100 pL solution A reacted
with 100 pL PSA enzyme-labeled antibody for 2 h in 4 ‘C to obtain solution D.
Finally, the obtained solution C was mixed with 100 pL solution D respectively to
incubate overnight at 4 “C. The unreacted antibody and DNA were removed and
stored at 4 ‘C when not in use.
2.2 Preparation of nano-Au bars

For preparation of the nano-Au bars, briefly, 0.3645 g hexadecyl trimethyi
ammonium bromide (CTAB) was dissolved in boiling water and mixed with the 102
pL 1% HAuCly to obtain solution A. Then, the mixture of 0.0038 g NaBH,4 and 10 mL
ice water was added to the solution A and stirred for 10 min to obtain solution B,

followed by the stand growth for 3 h. Subsequently, 0.006798 g AgNOs, 1 mM 2.06
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mL HAuCl,, 3.645 g CTAB, 0.0176 g ascorbic acid (AA) were mixed with 120 pL
solution B. The resulting solution was aged for 20 h to get a uniform solution, which
was centrifuged, washed, redispersed in 100 pL phosphate buffer solution (PBS, pH =
7.4, 0.1M) solution and stored at room temperature for use.
2.3 Preparation of Signal DNA-nano-Au bars

For preparation of the signal DNA-nano-Au bars, firstly, 50 uL nano-Au bars
solution was dissolved in 500 uL PBS (pH = 7.4, 0.1 M) solution. Then, 50 uLL 100
1M signal DNA was mixed with 550 pL nano-Au bars solution though Au-N bond on
the shaker for 14 h to obtained signal DNA-nano-Au bars solution, which was
centrifuged, washed and stored in -20 ‘C for further use.
2.4 Preparation of PEC Biosensor

The GCE was completely burnished by a-Al,O; powders and then washed
ultrasonically in deionized water for several times before modification. Then, the
prepared 3 uL. PTB7-Th solution was immobilized and filmed on the electrode surface.
Afterwards, 7 uL PDI solution and 10 pL nano-Cg were attached on the modified
PTB7-Th electrode surface successively. Next, the electrodeposition process was
accomplished by immersing the electrode in 1% HAuCls solution under -0.2 V
constant potential for 30 s to deposit AuNPs (depAu) on the surface of
GCE/PTB7-Th/PDI/nano-Cg. And the modified electrode was cleaned carefully with
deionized water to remove the excess regents, followed by drying in air. Subsequently,
2.5 uM 20 uL capture DNA was incubated on the electrode at room temperature for

14 h to form a self-assembled monolaye1 (SAM) though Au-S bond. Finally, 1 mM 10
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pL HT was added to the modified sensing interface for 45 min to avoid nonspecific
adsorption. The unreacted reagents on the electrode were cleaned entirely with
deionized water after each step.
2.5 Measurement Procedure

20 uL 2.5 uM DNA1-Abl was coated on the modified electrode at 4°C for 2 h,
after that the target (PSA) was dropped on the electrode. Subsequently, 20 uLL 2.5 uM
DNA2-Ab2 and 20 pL 2.5 uM signal DNA-nano-Au bars were incubated on the
obtained electrode for 2 h. Then 10 puL aniline (19 mM, pH = 4.0 adjusted by 0.1 M
HI) was dropped on the electrode for 20 min. Next, 0.80 mM HRP and 3.5 mM
H,0,”* were immobilized on the electrode to polymerize aniline for 10 min. After the
PANI was deposited on the modified electrode, photocurrent can be detected at room
temperature. The PEC measurement was performed in 6 mL PBS (pH = 7.0, 0.1 M).
3. Results and Discussion
3.1 Morphology of the Nanomaterials

The morphologies of the PTB7-Th, nano-Cg), nano-Au bars and PANI@nano-Au
bars were characterized by scanning electron microscopy (SEM). Figure 1A showed
the PTB7-Th photograph, which exhibits a wrinkled film structure. The nano-Cg
showed globular structures at approximate 100 nm (Figure 1B). The SEM photograph
of nano-Au bars with needle structure of 1 uM diameter was demonstrated in Figure
1C, indicating the successful synthesis of nano-Au bars. The morphology of the
PANI@nano-Au bars showed nanocapsule structures of around 2 puM diameter in

Figure 1D, indicating the successful synthesis of PANI@nano-Au bars.
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Figure 1. The SEM photographs of PTB7-Th (A), nano-Cgy (B), nano-Au bars (C) and
PANI@nano-Au bars (D).
3.2 Characterization of PEC Biosensor

In order to verify the successful preparation of PEC biosensor, the photocurrent
characterizations of each step are shown in Figure 2. PTB7-Th, PDI, nano-Cgy were
drop-cast onto a bare GCE surface successively, the photocurrent intensity increased
gradually (curve b, c¢, d), demonstrating that PTB7-Th, PDI, nano-Cg, are
well-matched photoactive materials for the construction of the PEC biosensor. After
AuNPs were deposited, the photocurrent was significantly enhanced (curve e¢). Then
the modifed electrode was incubated with capture DNA, the photocurrent decreased
derived from the poor charge transfer of DNA sequence (curve f). As anticipated, a

9

ACS Paragon Plus Environment



oNOYTULT D WN =

Analytical Chemistry

decreased photocurrent (curve g) was observed after blocking with HT. Subsequently,
the photocurrent intensity decreased after immobilization of DNA1-Abl, PSA (0.1
ng/mL) DNA2-Ab2 and signal DNA-nano-Au bars (curve h). This could be explained
by the fact that the immobilization of these macromolecules on the modified electrode
hinder the charge transfer. The strongest photocurrent was obtained after in situ
deposition of PANI (curve i). The above results show that the PEC biosensor was
successfully constructed. To further demonstrate the successful preparation of PEC
biosensor, the assembly steps of the sensing interface were characterized by cyclic

voltammetry (CV) measurement (Figure S2, Supporting Information).

0 a b c d e f g h i
U
-1000

-2000

-3000

]
—

Photocurrent/nA

-4000

Figure 2. Photocurrent responses of (a) bare GCE, (b) GCE/PTB7-Th, (¢c) GCE/PTB7-Th/PDI, (d)
GCE/PTB7-Th/PDI/nano-Cg, (¢) GCE/PTB7-Th/PDI/nano-Cey/depAu, (f) GCE/PTB7-Th/PDI/na
no-Cgo/depAu/capture DNA, (g) GCE/PTB7-Th/PDI/nano-Csp/depAu/capture DNA/HT, (h) GCE
/PTB7-Th/PDI/nano-Cgy/depAu/capture DNA/HT/DNA1-Ab1/PSA/DNA2-Ab2/signal DNA-nan
0-Au bars and (i) GCE/PTB7-Th/PDI/nano-Cgy/depAu/capture DNA/HT/DNA1-Ab1/PSA/DNA2-
Ab2/signal DNA-nano-Au bars/PANI. The PEC measurement was performed in 6 mL PBS (pH =
7.0, 0.1 M).

3.3 Comparison of PEC Responses for Different Photoactive Materials
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For demonstrating the superiority of PDI, nano-Cgy and PANI as sensitizers for
PTB7-Th in this co-sensitization strategy, comparison study was executed by
immobilizing different materials on the GCE surface including (A) GCE/PTB7-Th, (B)
GCE/PTB7-Th/PDI, (C) GCE/PTB7-Th/PDI/nano-Cs, (D) GCE/PTB7-Th/PDI/nano-
Ceo/PANI (aniline was polymerized on the signal DNA-nano-Au bars). The
photocurrent responses for different materials were shown in Figure 3. As shown in
Figure 3A, when PTB7-Th was modified on bare electrode, about 444 nA
photocurrent was observed. In Figure 3B, about 657 nA photocurrent was obtained
when PDI was dropped onto the electrode. Then nano-Cgy was dropped onto the
GCE/PTB7-Th/PDI, an increased photocurrent (1047 nA) was observed in Figure 3C.
When aniline was polymerized on the signal DNA-nano-Au bars (target PSA, 0.1
ng/mL), a significantly increased photocurrent (2828 nA) was observed in Figure 3D,
which was up to 7 times greater than that of PTB7-Th. The results explicitly
demonstrated that the sensitizers (PDI, nano-Cgy and PANI) could significantly
improve the photoelectric conversion efficiency of PTB7-Th, leading to a signal
amplification. To investigate the enhancement effect of nano-Csy and PANI toward
PTB7-Th, the PEC responses of different photoactive materials were recorded (Figure

S3, Supporting Information).
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Figure 3. Photocurrent responses of different materials: (A) GCE/PTB7-Th, (B)
GCE/PTB7-Th/PDI, (C) GCE/PTB7-Th/PDI/nano-Cgy and (D) GCE/PTB7-Th/PDI/nano-Cgy/
PANI (aniline was polymerized on the signal DNA-nano-Au bars).
3.4 Analytical Performance

The excellent performance of the fabricated PEC biosensor was analyzed under
optimal experimental conditions (Figure S1, Supporting Information). The
photocurrent enhanced as the increased of target PSA concentration (Figure 4A). The
linear relationship between the photocurrent and logarithm of PSA concentration
showed a wide detection range of 1 fg/mL - 0.1 ng/mL with a detection limit of 0.43
fg/mL (calculated from the expression of 36/S, where 6 and S stand for the standard
deviation of blank and the slope of the calibration curve, respectively) and a linear

regression equation of / = - 3035.0 - 213.9 lgc (Figure 4B), with a correlation

12

ACS Paragon Plus Environment

Page 12 of 23



Page 13 of 23

oNOYTULT D WN =

aOuvuuuuuuuuundADdDDDIEDNDMNDIAEDNDNDNEWWWWWWWWWWNNNDNNNNNNDN=S S @92 Q2 aaa a0
VWO NOOCULLhAWN-_rOCLVONOOCTULDWN—_rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODUOVUONOUVPSD WN =0

Analytical Chemistry

coefficient of 0.9953 (where I and ¢ were the photocurrent and PSA concentration
correspondingly). The comparison of previously reported methods for protein
detection was shown in Table 1, which exhibited that the fabricated PEC biosensor

possessed prominent potential for ultrasensitive detection of PSA.

0 - —_—
1750 E 1=-3035.0 - 213.9 lgc
r=10.9953
g -1000 + <
E — £ 2100}
S 2000} ——— 5
: / = us0
2 3000} / S
-g ——0.1 pg/mL -g
——1 pg/mL
~ 4000k A ot mgm| P 2800} B
——0.1 ng/mL
-10 0 10 20 30 40 6 -5 -4 -31 2 -
Time/s lge/(ng-mL™)

Figure 4. (A) Photocurrent response of the PEC biosensor incubated with PSA of different

concentrations, (B) The calibration curve between photocurrent and the logarithm of PSA

concentration.

Table 1. Comparison of previously reported methods for protein detection.

electrochemical 74 pg/mL - 740 ng/mL 28 pg/mL 34

fluorescent 0.05 ng/mL - 20 ng/mL 6.7 pg/mL 36

electrochemiluminescence 1 pg/mL - 10 ng/mL 1 pg/mL 38

electrochemiluminescence 0.0001 ng/mL - 50 ng/mL 0.056 pg/mL 40

photoelectrochemical 0.01 pg/mL - 50 ng/mL 1.5 pg/mL 42
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3.5 Selectivity and Stability of the PEC Biosensor

To monitor the selectivity of the PEC biosensor, a contrast experiment was
studied by incubated different interferences including 0.1 pg/mL CEA, 0.1 pg/mL AFP,
0.1 pg/mL AA, 0.1 pg/mL TB and 0.1 pg/mL Mg*". The blank experiment was
performed by the same method and procedure for constructing PEC biosensor, in
which an equal amount of PBS (pH = 7.0) was substituted for the target PSA and the
obtained photocurrent signal was used as the blank value. As shown in Figure 5A,
there was no apparent photocurrent response for the interferences compared with
target PSA (1 fg/mL), which indicated the constructed PEC biosensor possessed good
selectivity. Figure 5B exhibited the stability of the as-prepared PEC biosensor
incubated with 0.1 pg/mL PSA under successive periodic off-on light irradiation for
10 cycles with LED lamp excitation. The relative standard deviation (RSD) was
3.17%, which demonstrated an expected stability of the fabricated PEC biosensor for

ultrasensitive detection of PSA.

&

-1600 - O-f’—rrr‘ffrrrr—

Z.1200} 3 700}

E £

: = 1400

= -800} = 1400

£ g

5-400- 5-2100-(,,r(rﬁfr/
o i 100 2500

CEA AFP AA TB Mg?* blank PSA 50 100 150 200 250 300 350
Time/s

Figure 5. (A) Selectivity of PEC biosensor toward common interferences: CEA, AFP, AA, TB,
Mg”" and the blank, (B) Stability of PEC biosensor incubated with 0.1 pg/mL PSA.

3.6 Analysis of Clinical Serum Samples
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In order to assess the potential application of our PEC biosensor, clinical serum
samples of various patients (obtained from the Xingiao Hospital of Chongqing, China)
were further analyzed. The results of the assay were compared with reference values
for commercial PSA ELISA kit. As shown in Table 2, no significant differences
between the two methods were obtained in the analysis of six samples, which
indicated that the proposed method had potential application for the detection of
clinical samples. Furthermore, the detailed content of recovery tests was added in
Table S2 (Supporting Information).

Table 2. Assay results of clinical serum samples using the proposed method and PSA ELISA kit.

1 1.0 1.05+1.13 1.04 £1.25 0.95

3 10 11.32+3.26 10.87 +3.02 1.31

5 100 99.34 £2.57 100.52 £ 3.12 -3.34

4. Conclusion

In summary, an ultrasensitive PEC biosensor was constructed based on a
co-sensitization strategy with use of PTB7-Th as the photoactive material and PDI,
nano-Cgy, PANI as the sensitizers. The obtained PTB7-Th/PDI/nano-Cgi/PANI
co-sensitization structure possessed a cascade energy level arrangement with narrow

15
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energy level gradient (<0.54 eV), which could effectively improve photoelectric
conversion efficiency, resulting in significantly enhanced photocurrent signal. By
employing this cascade co-sensitization strategy, our proposed PEC biosensor
exhibited high sensitivity and wide linear range. More importantly, the established
PEC strategy has great prospects of application in clinical cancer diagnosis, biological
research and other related sciences.
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