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A new concept of energy resonance absorption for photocurrent quenching was proposed using a system of quantum dots (QDs)
and the matched dye. The QDs were used as the photocurrent producer, and the dye had an absorption band overlapped with
that of the QDs, which led to the resonance absorption of the excitation energy and thus decreased the photocurrent of QDs. By
using porphyrin and fluorscein isothiocyanate isomer I as the resonance absorption dyes, the proposed mechanism was proved
by UV-Vis spectra, photoluminescence spectra and photocurrent-to-wavelength response, respectively. The interaction of the
absorption-matched dye with biomolecule could be conveniently used to introduce it into the photocurrent quenching system,
leading to a simple switch-off biosensing method for detection of the biomolecule. As example, a label-free method was pro-
posed for photoelectrochemical detection of target DNA. This method showed a detection range from 6.0 to 600 nmol/L with a
detection limit of 2.5 nmol/L. The result demonstrated that the photocurrent quenching via energy resonance absorption not
only contributed to the theoretical study of photoelectrochemistry, but also provided a universal tool for photoelectrochemical

biosensing.
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1 Introduction

Photoelectrochemistry has attracted widespread research
interest owing to its significant applications in varieties of
fields such as cell fabrication [1-5] and organic synthesis
[6,7]. Its advantages including little destructive effect on
biological samples [8], separation of the electrical signal
from light signal [9,10] and low applied potential [11,12]
have led to excellent analytical performance for photoelec-
tronchemical (PEC) detections of proteins [13—15] metal
ion [10], DNA [16,17] and small molecules like dopamine
[18] and H,0, [19]. In these protocols, the detection signals
are usually produced through five ways: (1) use photocur-
rent producers such as semiconductor nanoparticles [9,20,21]
and nanoparticle conjugates [22] as signal tags for signal-on
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PEC sensing; (2) utilize the sensitizing effect of analyte on
photocurrent producer to design PEC sensing methods
[11,18,19]; (3) form the trapping sites of produced excitons
by the interaction of analytes such as metal ions with the
producers to decrease the photocurrent [10]; (4) inhibit the
electron emission via the energy transfer from the producer
to tag labeled to analyte [23-25]; (5) form some precipitates
on photocurrent producer by analyte-related biocatalysis to
block the electron transfer for signal-off PEC sensing
[14,24]. In the fourth PEC detection protocol, the optical
properties of the tag and the distance between the tag and
the photocurrent producer must fulfill the conditions for
energy transfer [14,23-25], which limits the application of
this protocol.

To overcome the limitations occurred in energy transfer-
based PEC biosensing, this work proposed a novel concept
of energy resonance absorption, which could happen when
the absorption band of a dye overlapped the absorption band

chem.scichina.com link.springer.com



880 Wen et al.

of the photocurrent producer. This event decreased the ab-
sorption of exciting energy by the producer, thus inhibited
electron emission and decreased the photocurrent density.
Using quantum dots (QDs) as the photocurrent producer,
both fluorscein isothiocyanate isomer I (FITC-I) and Fe(IIl)
tetrakis(1-methyl-4-pyridyl)porphyrin (Fe""TMPyP) were
used as the absorption-matched dyes to verify the concept
of energy resonance absorption. In comparison with the
energy transfer mechanism, the energy resonance absorp-
tion possesses less relativity with the distance between the
dye and producer. As an example, the specific interaction
between tetrakis(4-N-methylpyridyl) porphine (H,TMPyP)
and double stranded DNA (ds-DNA) was used for design of
a label-free biosensing method. This switch-off photo-
electrochemical detection method for target DNA showed
good analytical performance. The energy resonance absorp-
tion provides a promising universal platform for PEC bio-
sensing.

2 Experimental

2.1 Materials and reagents

Meso-2,3-dimercaptosuccinic acid (DMSA) and cadium
chloride (CdCl,-2.5H,0) were purchased from Alfa Aesar
China Ltd. (China). Tellurium rod (4 mm in diameter) was
purchased from Leshan Kayada Photoelectricity Co. (Chi-
na). H,TMPyP and Fe""TMPyP were from Professor Osamu
Ikeda at Kanazawa University (Japan) as gifts. FITC-1 was
purchased from Heowns Co., Ltd. (China). 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) was purchased
from Sigma-Aldrich Inc. (USA). Tris(hydroxymethyl)-
aminomethane was purchased from Wohong (USA). Target
DNA (5-ATGGGGTCTGTC), amino group labeled probe
DNA (5'-GACAGACCCCAT-NH,-3"), the 4 alkyls modi-
fied probe DNA (5'-GACAG-ACCCCAT-CH,CH,CH,CH,-
NH,-3’), 8 alkyls modified probe DNA (5-GACAGACC-
CCAT-CH,CH,CH,CH,-CH,CH,CH,CH,-NH,-3"), single-
base mismatched target (5'-ATGGGTTCTGTC), and double-
base mismatched target (5'-ATGTGGTCTTTC) were pur-
chased from Shanghai Sangon Biological Engineering
Technology & Services Co., Ltd. (China) and used without
further purification. All the other chemicals were of analyt-
ical grade. Phosphate buffer saline (PBS, pH 7.2) containing
137 mmol/L NaCl, 2.5 mmol/L. MgCl,, and 2 mmol/L
KH,PO, was used as electrolyte. All aqueous solutions were
prepared using ultra-pure water obtained from a Millipore
water purification system (=18 MQ, Milli-Q, Millipore).
The indium tin oxide (ITO) membrane covered glass was
purchased from Jiangsu Conduc Optics & Electronics Co.,
Ltd. (China). Prior to use, the ITO glass was cut into 4.5 cm
x0.8 cm slices and successively bathed in 0.5 mol/L. NaOH
for 10 min, 10% H,O, for 10 min, and acetone for 30 min,
and then washed with water and dried in air. The DMSA
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capped CdTe QDs was synthesized by our previously re-
ported electrolysis method [26].

2.2 Modification of ITO electrode

As the photocurrent producer, 10 pL. DMSA capped CdTe
QDs was dropped onto ITO electrode and dried at 37 °C to
form a stable QDs modified ITO electrode. The QDs-dye
modified ITO electrode was prepared by dropping 10 pL of
1 mmol/L dye (H,TMPyP, Fe""TMPyP, or FITC-I) solution
on QDs modified ITO electrode, drying at room tempera-
ture, and then washing with 100 pL. PBS buffer.

For DNA detection, the DNA probe was linked to the
QDs by dropping the mixture of 10 pL 0.5 mg/mL EDC and
10 pL 2.0x10™> mol/L DNA probe on a QDs modified ITO
electrode and reaction at room temperature for 30 min. Af-
ter the electrode was washed with PBS buffer and dried at
37 °C, 10 pL target DNA of different concentrations were
dropped on the probe to hybride at 37 °C for 30 min. Af-
terwards, 10 pL of 3.0 mmol/L. H,TMPyP was added on the
layer to react for 20 min. Finally, the ITO was thoroughly
washed with water for photocurrent detection.

2.3 Photoelectrochemical response

PEC measurements were performed on an assambled sys-
tem with a 500 W Xe lamp (CHF-XM-500 W, purchased
from Beijing Trusttech Co., Ltd., China), a monochromator
(Omni-A150, purchased from Zolix Instruments Co., Ltd.,
China), and a CHI660D electrochemical workstation
(Shanghai Chenhua Instruments Co., Ltd., China) as the
external voltage supplier and the detector of the photocur-
rent as well. The modified ITO electrode as the working
electrode, a platinum wire electrode as the auxiliary elec-
trode and a saturated calomel electrode as the reference
electrode were inserted into a quartz PEC cell to form a
three-electrode system. 10 mL pH 7.2 PBS was added into
the cell as the electrolyte. By setting the monochromator
and electrochemical work station for the desired illuminat-
ing wavelength and desired external voltage, the photocurrent
was recorded upon off-on internals of the illumination.

2.4 Spectroscopic measurements

The UV-Vis spectra were recorded on a UV-3600 UV-Vis-
NIR Spectrometer (Shimadzu, Japan). The photolumines-
cence spectra were recorded on a RF-5301 PC luminescence
spectrometer (Shimadzu, Japan). Meanwhile, the circular
dichroism (CD) spectra were obtained with a J-810/163-900
Circular Dichroism Spectrometer (JASCO, Japan).

3 Results and discussion

3.1 Photocurrent quenching

DMSA capped CdTe QDs as the photocurrent producer and
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H,TMPyP as an absorption-matched dye were used to veri-
fy the new photocurrent quenching mechanism. At the ex-
citation wavelength of 420 nm, the QDs modified on ITO
electrode produced excitons on their surface to release elec-
trons into the vacant conduction, which was then accepted
by dissolved oxygen to produce a strong cathodic photocur-
rent (Scheme 1(a)) [10]. Upon the coverage of H,TMPyP on
QDs modified ITO, the photocurrent density (J,) decreased
(Figure 1(a)). The plot of J, vs the concentration (C) of
H,TMPyP showed a linearity with a regression equation of
J,=—0.41C+0.33 (R*=0.99, Figure 1(b)). This relationship
was different from that for exciton trapping induced photo-
current decreasing [10], implying the different photocurrent
quenching mechanism. Considering the facts that the ab-
sorbance of H,TMPyP was positively correlated to its
amount coated on ITO and that the linearity was unrelated
to the thickness of H,TMPyP, i.e. the distance between the
photocurrent producer and H,TMPyP, the linear decrease of
photocurrent density could be attributed to the absorption of
the exciting energy by H,TMPyP (Scheme 1(b)), which
lowered the amount of formed exciton and thus decreased
the photocurrent density.

3.2 [Energy resonance absorption

The synchronous energy absorption or energy resonance
absorption by H,TMPyP and QDs resulted from the over-
lapped absorption bands of QDs and H,TMPyP from 390 to
440 nm (Figure 2(a)). The effect of H,TMPyP on the exci-
tation intensity of DMSA capped CdTe QDs (Figure 3(a))
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Scheme 1 (a) Schematic illustration of photocurrent generated on

QDs-H,TMPyP modified ITO electrode under irradiation; (b) energy dia-
gram for energy resonance absorption by QDs and H,TMPyP.
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Figure 1 (a) Photocurrent responses of QDs modified ITO electrode
covered with 10 uL 0.0, 1.0, 2.0, 3.0, 4.0 and 5.0 mmol/L H,TMPyP (from
top to bottom); (b) plot of photocurrent density vs. the concentration of
H,TMPyP.
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and the unmatched emission wavelength of QDs (580 nm,
Figure 3(b)) with the absorption band of H,TMPyP (around
420 nm, Figure 2(a)), which excluded the possibility of en-
ergy transfer from excited QDs to H,TMPyP [27,28] further
confirmed the quenching mechanism of energy resonance
absorption. In the absence of H,TMPyP, the excitation
spectrum of QDs showed three main excitation bands,
ranging from 330 to 374 nm, 376 to 400 nm, and 412 to 463
nm, respectively (Figure 3(a)). Upon the addition of
H,TMPyP, their excitation intensities decreased by 37.6%,
43.8% and 83.3%, respectively. The greater decrease of the
excitation band ranging from 412 to 463 nm was attributed
to the resonance absorption of H,TMPyP at its characteristic
absorption band.

In the absence of H,TMPyP the photocurrent density of
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Figure 2 (a) UV-Vis spectra of H,TMPyP (I) and QDs (I); (b, c¢) de-
pendence of photocurrent density of QDs (b) and QDs covered with 10 uL.
1.0 mmol/L. H,TMPyP (c) on excitation wavelength. The wavelength
changes from 360 to 490 nm.
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Figure 3 (a) Excitation spectra of as-synthesized DMSA capped CdTe
QDs in presence (I) and absence (II) of 1.0 mmol/L. H,TMPyP with an
emission wavelength of 580 nm; (b) emission spectrum of as-synthesized
DMSA capped CdTe QDs with the excitation wavelength of 380 nm.
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QDs increased with the decreasing excitation wavelength
and reached the maximum value at 380 nm (Figure 2(b)), as
the change of its absorption band (Figure 2(a)). At 360 nm
the photocurrent density obviously decreased, though the
absorption band continuously increased at shorter wave-
length due to the electronic transition between molecular
orbitals of QDs instead of that from valence band to con-
duction band [29,30]. In the presence of H,TMPyP, the
photocurrent density showed different change tendency. It
showed a minimum value at 420 nm, smaller than that at
440 nm (Figure 2(c)). The minimum photocurrent density at
the characteristic absorption band of H,TMPyP also con-
firmed the resonance absorption of H,TMPyP, which effi-
ciently decreased the excitation energy of QDs.

3.3 Photocurrent quenching by different absorption
matched dyes

In order to further verify the photocurrent quenching mech-
anism of the energy resonance absorption, FITC-I and
Fe""TMPyP were used as the absorption-matched dyes, re-
spectively. The main absorption band of FITC-I ranged
from 455 to 508 nm with a peak value at 490 nm, and the
absorption band of Fe""'TMPyP was from 390 to 457 nm
with the peak value at 423 nm (Figure 4(a)). These absorp-
tion bands overlapped with that of QDs, thus they could
produce energy resonance absorption. In the presence of
these dyes, the photocurrent density decreased obviously at
the overlapped absorption bands (Figure 4(b)). Additionally,
similar to H,TMPyP, the absorption peak of Fe''TMPyP
also located in one of the excitation bands (from 412 to 463
nm) of QDs and unmatched with the emission wavelength
of QDs for energy transfer. Upon the coverage of
Fe""TMPyP on QDs surface, the excitation intensity of QDs
decreased by 40%, 26.1%, and 86.6% in the regions of 330
to 374 nm, 376 to 400 nm, and 412 to 463 nm, respectively
(Figure 4(c)). The greater decrease of the excitation intensi-
ty in the overlapped band resulted from the energy reso-
nance absorption. This mechanism for photocurrent
quenching provided a new platform for design of biosensing
strategy.

3.4 Application in DNA sensing

By the interaction of the absorption-matched dye with target
biomolecules, the proposed photocurrent quenching mecha-
nism could be conveniently used for label-free biosensing.
For example, H,TMPyP could specifically interact with
double stranded DNA (ds-DNA) [31-33]. After probe DNA
hybridized with target DNA, the circular dichroism (CD)
spectrum showed a positive Cotton effect at 270 nm and a
negative Cotton effect at 240 nm (Figure 5(a), blue line). In
the presence of H,TMPyP, the CD spectrum showed a new
negative signal at 442 nm (Figure 5(a), red line) due to the
formation of porphyrin-DNA complex through an intercalation

Sci China Chem  May (2015) Vol.58 No.5

0.9

(a)
(0]
S 0.6{ \J IRAN|
4]
£
2 0.3
<
0.0 . .
300 400 500 600
A (nm)
1.04 )
o |
8 4
N I N—
© 051
£ |
S 1 i\{ Pz
0
360 400 440 480 520
A (nm)
30
(c)
2 I
@ 204
8
=
101
Il
0 y y .
350 400 450
A (nm)

Figure 4 (a) UV-Vis spectra of as-synthesized DMSA capped CdTe QDs
(1), 1.0 mmol/L Fe""TMPyP (II), and 1.0 mmol/L. FITC-I (III); (b) normal-
ized photocurrent densities at electrodes modified with DMSA capped
CdTe QDs (I), QDs and Fe"™TMPyP (II), and QDs and FITC-I (III) at
different excitation wavelengths; (c) excitation spectra of electrodes modi-
fied with DMSA capped CdTe QDs (I), and QDs and Fe""TMPyP (II) at an
emission wavelength of 580 nm.
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Figure 5 (a) CD spectra of H,TMPyP (yellow), ds-DNA (blue), ds-DNA
in presence of H,TMPyP (red), and ss-DNA + H,TMPyP (green); (b)
schematic illustration of the DNA sensor; (c) photocurrent responses of the
sensor to 0, 0.6, 6.0, 20, 60, 200, and 600 nmol/L (from up to bottom)
target DNA with an excitation wavelength of 420 nm; (d) plot of photo-
current density vs. logarithm of target DNA concentration (color online).
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interaction [31,32,34], while these signals did not occur for
H,TMPyP alone or the mixture of H,TMPyP and probe
DNA. Thus the DNA sensor could be constructed by simply
immobilizing probe DNA functionalized QDs on anITO
electrode. After hybridization with target DNA, the formed
ds-DNA could capture H;TMPyP on the sensor surface by
the intercalation interaction (Figure 5(b)), which led to the
decrease of photocurrent density. With the increasing con-
centration of target DNA the photocurrent density decreased
(Figure 5(c)). The plot of the photocurrent density vs. loga-
rithm value of target DNA concentration showed a good
linearity in the concentration range of 6.0 to 600 nmol/L.
The detection limit of 2.5 nmol/L was lower than that of
Ru(bpy)depz2+ labeled PEC method (4.5 nmol/L) [22],
competitive PEC method (2.2 pmol/L) [21], and Au nano-
particles based fluorescence resonance energy transfer
method (200 nmol/L) [35], showing better analytical per-
formance. In addition, the differentiating ability of the sen-
sor towards the single- and double-base mismatched targets
was evaluated. The photocurrent showed the quenched per-
centage of 42.4%, 11.5% and 3.7% for matched, single- and
double-base mismatched strands (Figure 6(a)), showing
good selectivity.

Meanwhile, the distance between the producer and dye
did not affect the photocurrent quenching or the efficiency
of energy resonance absorption (Figure 6(b)). The photo-
current intensities with none-alkyl strands (column 1), 4
alkyls modified strands (column 2) and 8 alkyls modified
strands (column 3) as the probe to provide the different dis-
tance were almost at the same level. Since the absorp-
tion-matched dyes exist widely, this switch-off strategy can
easily be extended to the detection of other specific targets.

4 Conclusions

This work proposes a concept of energy resonance absorp-
tion for photocurrent quenching. The dyes with an absorp-
tion band overlapped with that of photocurrent producer are
able to resonantly absorb the excitation energy and thus
decrease the photocurrent. Different from the resonance

—~ b
= 45{ (@) 21.00 ®
3, 2
g 20.75
< 30 c
S B 0.50
? [}
215 N
©
5 £ 0.25
L0 o
3 Z o
1 2 3 4 1 2 3

Figure 6 (a) Quenched percentage of the photocurrent intensity in ab-
sence of target DNA (column 1), and in presence of matched target (col-
umn 2), single- (column 3) and double-base mismatched target (column 4);
(b) normalized photocurrent intensity with none-alkyl (column 1), 4 alkyls
(column 2) and 8 alkyls modified strands (column 3) as the probe.
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energy transfer, the distance between the photocurrent pro-
ducer and absorption-matched dye does not affect the effi-
ciency of energy resonance absorption. Moreover, the wide
absorption band of QDs as the photo current producers pro-
vides extensive opportunities for obtaining the absorption-
matched dyes. Thus the proposed mechanism possesses
versatility in varieties of fields. As an example of the appli-
cation, a label-free biosensing method is designed by simply
immobilizing probe DNA functionalized QDs on an ITO
electrode. The intercalation interaction of H,TMPyP with
ds-DNA leads to good biosensing performance. The photo-
current quenching via energy resonance absorption opens a
new avenue for design of photoelectrochemical biosensors
and the study of photoelectrochemistry.

This work was financially supported by the National Basic Research Pro-
gram of China (2010CB732400), and the National Natural Science Foun-
dation of China (21375060, 21135002, 21121091 ).
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