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ABSTRACT: Photoactive material is the most crucial factor which intimately determines analytical performances of the photoelec-
trochemical sensor. Based on high affinity of dipyrido [3,2-a:2°,3’-c] phenazine (dppz) with DNA helix, a novel photoactive inter-
calators, [(ppy).Ir(dppz)]"PFs (ppy = 2-phenylpyridine and dppz = dipyrido [3,2-a:2°,3’-c] phenazine) was prepared and character-
ized by UV-vis absorption spectroscopy, fluorescence spectrum and cyclic voltammetry. The photoelectrochemical properties of
the as-prepared iridium(IIl) complex immobilized on the ITO electrode was investigated. Either cathodic or anodic photocurrent
generation can be observed when triethanolamine (TEOA) or dissolved O, is used as a sacrificial electron donor/acceptor, respec-
tively. The probable photocurrent-generation mechanisms are speculated. A highly sensitive iridium(III) complex-based photoelec-
trochemical sensor was proposed for DNA detection via hybridization chain reaction (HCR) signal amplification. Under optimal
conditions, the biosensor was found to be linearly proportional to the logarithm of target DNA concentration in the range from
0.025 to 100 pmol L™ with a detection limit of 9.0 fmol L™ (36). Moreover, the proposed sensor displayed high selectivity and

good reproducibility, demonstrating efficient and stable photoelectric conversion ability of the Ir(IlI) complex.

Photoelectrochemical sensing as a newly emerged yet
promising technique has received substantial interest in bio-
logical analysis.' Due to the reduced background signals re-
sulted from the complete separation of excitation source (light)
and detection signal (current), it possesses potentially higher
sensitivity than conventional optical and electrochemical
methods. Moreover, benefiting from the utilization of elec-
tronic readout, this technique also shows some obvious ad-
vantages, including simple instrument, low cost, and easy min-
iaturization. As a result, a variety of photoelectrochemical
sensing systems have been developed to detect biologically
important species in the past decade.” Since the performance
of the photoelectrochemical sensors depends intimately on the
properties of the photoactive materials utilized, much effort
has been devoted to design and synthesize novel materials, and
the various active species, such as semiconducting nanoparti-
cles, organic small molecules, and metal complexes, have
been investigated for photoelectrochemical study to meet par-
ticular demand. Among them, metal complex is an important
branch due to their thermal and photochemical stability, highly
applicable photophysical and redox properties. So far, most of
photoelectrochemical platforms about metal complexes have
only focused on ruthenium complexes. Since Takagi et al.
reported ruthenium complex as intercalator for the photoelec-
trochemical detection of double-strand DNA,3 Guo et al. de-
signed a series of ruthenium complexes-based photoelectro-
chemical detection system for various targets, including bio-
tin/avidin recognition, the nucleotide, and DNA—damage.4 Gao

et al. synthesized a photoactive threading bis-intercalator con-
sisting of two N,N’-bis(3-propyl-imidazole)-1,4,5,8-
naphthalene diimides (PIND) linked by a Ru(bpy),”* (bpy =
2,2’-bipyridine) complex (PIND-Ru-PIND) for photoelectro-
chemical detection of the target nucleic acids.*® Haddour et al.
synthesized ruthenium complex appended with electropoly-
merizable pyrrole groups and biotin as affinity binding groups
for detection of anti-cholera toxin antibody.m’) Liu et al. de-
veloped a photoelectrochemical method for double-stranded
DNA detection using a high-affinity DNA intercalator,
Ru(bpy),dppz (dppz = dipyrido[3,2-a:2’,3’-c]phenazine) as the
signal indicator.’ Compared with the extensive research on
ruthenium complexes, less attention has been paid on the pho-
toelectrochemical properties of iridium complexes despite
their outstanding properties very similar to ruthenium com-
plexes.

In the past decades, iridium complexes have extensively
been utilized to organic light-emiting diodes,” electrogenerated
chemiluminescence,7 and light-emitting electrochemical cells,8
thanks to their many merits, such as high luminescence effi-
ciency, stability, tunable photophysical properties and diverse
excited-state characteristics. Especially, compared to Ru com-
plexes, Ir(Ill) complexes possess greater flexibility on struc-
tural design of coordinated ligands, which render them more
flexible photoelectrochemical performances and could be used
to detection of more diverse species. Recently, Cosnier’s
group demonstrated a novel cyclometallated Ir(III) complex
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[bis(2-phenylpyridyl)(pyrrole-etherbipyridyl)Ir(III)]PF4 exhib-
its similar photoelectrochemical properties and comparable
photocurrent efficiency to [bis(bipyridyl)(pyrroleether bi-
pyridyl) Ru(ID](PFs), complex.9 It generates anodic photocur-
rents in the presence of sodium ascorbate as a redox sacrificial
donor, and cathodic photocurrents with methylviologen and
oxygen as acceptors. Inspired by this report, we envision that
novel iridium complexes-based photoelectrochemical active
species with improved and stable photocurrents probably can
be achieved by proper choice of the coordinated ligands.

Herein, we prepared a cationic Ir(Ill) complex,
[(ppy).Ir(dppz)]"PFs (ppy = 2-phenylpyridine), where ppy is
the most traditional cyclometallated ligand, and the selection
of dppz is based on its planar structure, which could render the
complex to intercalate between the base pairs of a DNA helix
with high affinity.'” The UV-vis absorption, fluorescence, and
photoelectrochemical properties of the as-prepared complex
were investigated. Using the Ir(IIl) complex as intercalated
reporter, a facile and effective photoelectrochemical sensing
platform was established for sensitive determination of target
DNA via the amplification of the hybridization chain reaction
(HCR). To our knowledge, it is the first example that iridium
complex-based photoelectrochemical sensor was established.
We anticipate that this precursor study will be useful for ex-
ploiting excellent iridium complexes-based photoactive mate-
rials to achieve ultrasensitive detection platform.

EXPERIMENTAL SECTION

Materials and Reagents. Indium tin oxide (ITO) slices
(ITO coating 180 & 25 nm, sheet resistance <10 Q/square)
were purchased from Weiguang Corp. (China). IrCl;-3H,0, 2-
phenylpyridine (ppy)- 1,10-phenanthroline, o-
phenylenediamine were purchased from Aladdin. Triethano-
lamine  (TEOA), 6-Mercapto-1-hexanol ~(MCH), 3-
mercaptopropyltrimethoxysilane ~ (MPTMS) and  tris(2-
carboxyethyl) phosphine hydrochloride (TCEP) were obtained
from Fluka. Tetrabutyl ammonium hexafluorophosphate
(BuyNPFg) was obtained from JK (China). Other reagents were
all of analytical grade and used without further purification.
Phosphate buffered solutions (PBS, 0.1 mol L™ and 0.01 mol
L") were prepared by mixing the stock solutions of NaH,PO,
and Na,HPO,. Doubly distilled water was used in all experi-
ments. Manipulations relating to Ir(Ill) complexes were car-
ried out under nitrogen atmosphere, although they are air sta-
ble, due to the possible oxidation and thermal decomposition
during the reactions. All of synthetic oligonucleotides were
prepared from SBS Genetech Co. Ltd with the following se-
quences: Capture DNA (thiolated capture DNA immobilized
on the electrode through Au-S bond, Cp-DNA): 5'-SH TAT
TAA CTT TAC TCC-3'; C-DNA (complementary to Cp-
DNA): 5-GGA GTA AAG TTA ATA-3'; Target DNA: 5'-
TCA GCG GGG AGG AAG GGA GTA AAG TTA ATA-3'
hairpin DNA HI1: 5'-CTT CCT CCC CGC TGA CAA AGT
TCA GCG GGG-3'; hairpin DNA H2: 3'-GTT TCA AGT
CGC CCC GAA GGA GGG GCG ACT-5'; single-base mis-
match DNA: 5'-TCA GCG GGG AGG AAG GGA GTA AAT
TTA ATA-3'; noncomplementary DNA: 3'-GCG GCC TGG
GCT GAA ACC AAC TTT ATT CAG-5'.

Apparatus. 'H NMR spectra were recorded on a Bruker
Avance 500 spectrometer using tetramethylsilane (TMS) as an
internal standard. The UV/Vis absorption spectra were record-
ed on a Shimadzu UV-2600 spectrometer. The PL spectra

were recorded on a Hitachi FL-4500 fluorescence spectrome-
ter, and were carried out in thoroughly degassed CH;CN. Cy-
clic voltammetry was carried out using an electrochemical
workstation (CHI 660C). A three-electrode assembly was used
with glassy carbon disk (diameter 2 mm) as the working elec-
trode, a platinum wire as the counter electrode, and Ag/AgNO;
(Ag/Ag") as the reference electrode in anhydrous CH;CN con-
taining 0.1 mol L' Bu,NPF as the supporting electrolyte. The
potential was calibrated against an aqueous SCE using ferro-
cene (Fc) as an external standard, where E;,, (Fc*/Fc) = 0.40 V
vs. SCE." Electrochemical impedance spectroscopy (EIS) was
performed on an electrochemical workstation (CHI 660C)
with a three-electrode system in 0.1 mol L™ pH 7.4 PBS con-
taining 10 mmol L Fe(CN6)3'/4' (1:1) as the redox probe, and
recorded in the frequency range of 0.01 Hz to 100 kHz under
an oscillation potential of 5 mV. Photoelectrochemical meas-
urements were performed with MPI-EO photoelectrochemical
analysis system (Xi’an Remex Analysis Instrument Co. Ltd.
Xi’an, China). A 150-W Xe lamp equipped with omni-A 150
monochromator (Zolix) was used as the irradiation source. A
conventional three-electrode system were equipped with a
modified ITO (0.25 cm?) as the working electrode, a platinum
wire as the auxiliary electrode, and a saturated Ag/AgCl elec-
trode as the reference electrode.

Synthesis of the Ligand dppz and the Complex
[(ppy).Ir(dppz)]'PF,". The ligand dppz and the complex
[(ppy).Ir(dppz)] 'PFs~ were synthesized according to the litera-
ture methods with appropriate modifications (see the Support-
ing Information).'*®'>"?

Preparation of [(ppy),Ir(dppz)]'PF,- Modified ITO
Electrode. ITO electrode was cleaned with NaOH (1 mol L")
and H,0, (30%), then washed successively with acetone, etha-
nol, and twice-distilled water under ultrasonication, and dried
at room temperature. 10 uL of the [(ppy),Ir(dppz)]"PFs” solu-
tion in CH;CN (1 x 10™* mol L_') was spread dropwised on the
ITO electrode with a syringe and dried at room temperature.
The photoelectrochemical properties of the thus-obtained elec-
trodes were measured in PBS solution (pH = 7.4).

Preparation of AuNPs. AuNPs were prepared according to
the method reported previously with a slight modification." 10
mL of 38.8 mmol L™ trisodium citrate solution was added to
100 mL of boiling 1.0 mM HAuCl, solution quickly and
stitred for 10 min under refluxing. The color of the solution
changed from pale yellow to wine red in the end, which was
an indication for the formulation of the AuNPs. After refluxed
for an additional 15 min, the nanoparticle solution was al-
lowed to cool down to room temperature with continuously
stirring. The particles were examined by UV-vis absorption
spectra and characterized by absorption maximum at 510 nm,
which corresponds to the size of ca. 20 nm. The as-prepared
AuNPs was kept away from light in freezer (4 °C) for the next
use.

Preparation of Intercalated [(ppy).Ir(dppz)] 'PF, Modi-
fied ITO Electrode. After cleaning according to the method
above, the ITO electrode was immersed in 5% MPTMS etha-
nol solution overnight. Thus, the ITO surface was functional-
ized with an SH-rich self-assembled layer. After careful rins-
ing with ethanol, the ITO electrode was heated to 80 °C to
remove loosely bound MPTMS molecules in order to prevent
gold nanoparticle aggregates in the next step. Then, the SH-
modified electrode was immersed in above-prepared AuNPs
(10-fold diluted) for 10 h at room temperature. After rinsing
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with excess twice-distilled water, the AuNP-modified elec-
trode was ready for further experiments. Cp-DNA (activation
with TCEP, 10° mol L™, 20 xL) was dropped on the above
AuNP-modified ITO electrode for 6 h at 37 °C. Then, it was
rinsed thoroughly with PBS buffer (0.01 mol L, pH=7.4)to
remove any weakly absorbed Cp-DNA. 50 uL of MCH (107
mol L™") was used to saturate the possible bare AuNPs for 1 h
at 37 °C and flushed with 0.01 mol L™' PBS buffer. C-DNA
(10 mol L™, 20 uL) was dropped on the electrode modified
with Cp-DNA, and incubated for 1 h at 37 °C, subsequently
washed with copious amounts of PBS buffer. Finally, the as-
modified electrode with ds-DNA was immersed in
[(ppy).Ir(dppz)] 'PFs~ solution (5 x 107 mol L™, 200 uL,
CH;CN : PBS (0.1 mol L_l) =1:1(V/V)) for 0.5 h. The re-
sulting electrode was washed adequately with PBS buffer to
clean off the unbinding [(ppy).Ir(dppz)]"PF, . The photoelec-
trochemical properties of the thus-obtained electrodes were
measured with or without electron donor in 0.1 mol L™ PBS
solution (pH = 7.4) irradiated with 380 nm light.

Fabrication of the DNA Sensor. The cleaning of the ITO
electrode and further modification with AuNPs and Cp-DNA
were carried out according to the same way as above. Prior to
use, the hairpin DNA H1 and H2 were heated to 95 °C for 2
min and then allowed to cool to room temperature for 1 h. The
prepared Cp-DNA modified electrode was soaked in 20 uL
target DNA solution at various concentrations for 2 h. After
rinsing with PBS buffer and air drying, the prepared electrode
was incubated with a mixture of 10 uL H1 (10_6 mol L_l) and
10 xL H2 (107° mol L™") in the reaction buffer for 2 h, and
then rinsed with PBS buffer and air dried. The as-prepared ds-
DNA modified electrode was immersed in
[(ppy)-lr(dppz)]'PF, solution (5 x 10 mol L™, 200 #L) and
incubated for 0.5 h and then washed with PBS buffer to re-
move the nonspecifically adsorbed complexes.

Photoelectrochemical Measurement. The photocurrent in-
tensity of the resulting functionalized electrode was recorded
in 0.1 mol L™ PBS solution (pH = 7.4) containing 0.1 mol L™
TEOA as sacrificial electron donor during the photocurrent
measurement irradiated with 380 nm light. The light was
switched on and off every 20 s and the applied potential was
0.1V.

RESULTS AND DISCUSSION

Electronic Absorption, Fluorescence and Electrochemi-
cal Properties. The absorption and emission spectra at ambi-
ent temperature in CH;CN are shown in Figure 1. The com-
plex showed intense intraligand ('IL (n—n* (dppz and ppy))
absorption bands (¢ > 10* dm’ mol™ cm™) at approximately
270, 342, 365 and 384 nm. The complex also displayed weak
absorption at around 468 nm attributed to metal-to-ligand
charge transfer (MLCT) (dn (Ir)—n* (dppz and ppy)) transi-
tions with reference to previous photophysical studies on re-
lated iridium(IIT) systems,"” which is similar to that of Ru(Il)
complex (Figure S1, see the Supporting Information). The
absorption onset at 520 nm corresponds to a HOMO-LUMO
energy difference of 2.38 eV according to Ey o= 1240//1(,“5&.16

Upon photoexcitation, the complex displayed phosphores-
cent emission with a maximum wavelength at 610 nm in
CH,CN. According to previous reports about this complex,'*”
the emission is assigned to *MLCT (dn (Ir)—n* (dppz) excited
state. Quantum efficiency (®,,) of the complex was estimated
to be 0.0065 with Ru(bpy);”*(®,, = 0.015) in CH;CN as a ref-

Analytical Chemistry

erence (see the Supporting Information).”*® The lower quan-
tum yield is probably due to the hydrogen-bonding interac-
tions between the diimine ligands and solvent molecules. The
electrochemical properties of [(ppy).lr(dppz)]* has been stud-
ied by cyclic voltammetry. The complex showed a couple of
anodic couple at Ej, = +1.26 V with an onset oxidation poten-
tial of +1.18 V vs. SCE (Figure 1(B)), which was assigned to
metal-centered Ir"/Ir'™ oxidation. Also the complex exhibited
reduction couples at —1.38 and —1.76 V vs. SCE (Figure S2,
the Supporting Information), which were assigned to the re-

duction of the diimine ligands according to previous stud-
. 10(c), 17
ies.
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Figure 1 (A) Electronic absorption and emission spectra of
[(ppy)2Ir(dppz)]*PFs™ (2 x 107 mol L™") in CH;CN, the excited wave-
length for the emission spectra is 375 nm. (B) Cyclic voltammograms
of [(ppy)aIr(dppz)]* (10'3 mol L™") and Fc (10'5 mol L', external
standand) in anhydrous CH3CN containing 0.1 mol L BuyNPFg as
the supporting electrolyte at 25 °C, glassy carbon electrode, scan rate,
100 mV s~

Photoelectrochemical Property. The photoelectrochemical
property for [(ppy).Ir(dppz)]" was investigated through coat-
ing it on the ITO electrode. Upon changing the excitation
wavelength between 200—600 nm, a preliminary photocurrent
action spectrum is obtained with a peak at around 380 nm, as
shown in Figure S3 (see the Supporting Information) , which
is coincident with the absorption spectrum of [(ppy),Ir(dppz)]’,
indicating that the complex coated on the ITO electrode is
responsible for the photocurrent generation.

As shown in Figure 2(A), steady cathodic photocurrents
were obtained from [(ppy),Ir(dppz)]* modified electrode when
it was illuminated by a 380 nm light in 0.1 mol L™ PBS solu-
tion (pH = 7.4). The photocurrent response was very stable
under several on-off cycles of light irradiation without any
bias voltage. The photocurrent dependence on an bias voltage
potential of —0.3 ~ 0.3 V was investigated to understand the
behavior of electron injection of [(ppy),Ir(dppz)]” (depicted in
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Figure 2, curve a-g). From Figure 2(B), it is clearly found that
the negative bias voltages applied have a great impact on the
photocurrents, and the more negative the bias voltage, the
greater the photocurrent. It probably could be attributed to an
enhancement of the rate constant for charge transfer. When
positive bias voltage was applied to the ITO electrode, cathod-
ic photocurrent slowly decreases with the increase of bias
voltage, which is maybe due to easier recombination of elec-
tron-hole pairs.18 The dark current reveals a similar change
tendency to the photocurrent. When positive or without bias
voltage was applied, the dark current from [(ppy).Ir(dppz)]
modified ITO electrode is low or almost negligible, while a
significant dark current was generated when applied bias volt-
age is negative, especially at —0.3 V. To reveal the reason of
high dark current at high bias voltage, a control experiment
was performed by measuring the photocurrent in the absence
of [(ppy).Ir(dppz)]*in PBS at various bias voltages, the results
was depicted in Figure S4 (see the Supporting Information). It
indicated that high dark current does not arise from the direct
electrochemical reduction of oxygen. It probably arises from
electrochemical redox of Ir(Ill) complex according to similar
bellléivior of Ru(bpy)32+ and Re(I) complex reported previous-
ly.
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Figure 2 (A) Photocurrent responses induced by switching on and off
the light (380 nm) irradiation from [(ppy)2lr(dppz)]* modified ITO
electrode in 0.1 mol L™ PBS solution (pH = 7.4) at applied bias volt-
age of (a) 0.3V, (b) 0.2V, (c)0.1V,(d)O0OV,()-01V, ) -02V
and (g) 0.3 V. (B) Plotting of photocurrent vs. bias voltage based on
(A), (a) dark current (switch off) (b) photocurrent (switch on).

To further exploit the application of [(ppy),Ir(dppz)]” as a
photoelectrochemical probe, photoelectrochemical behavior of
the Ir(Ill) complex intercalated to double-stranded DNA was
investigated. The assembly process of the modified electrode
was illustrated in Scheme 1. After the ITO electrode was func-
tionalized with MPTMS, AuNPs was immobilized through
Au-S bond. Thiol-functionalized capture DNA (Cp-DNA)
self-assembled on AuNPs modified ITO electrode through
Au-S bond and hybridized with its complementary DNA (C-

DNA) by the double-stranded. [(ppy).Ir(dppz)]”, as photoelec-
trochemical signal reporter, was intercalated into the resulting
ds-DNA structure attached to the electrode. The photoelectro-
chemical signal from the intercalated [(ppy),Ir(dppz)]” was
investigated. As shown in Figure 3, steady cathodic photocur-
rents were generated in PBS solution under light irradiation at
380 nm without any bias voltage (curve a). Obviously, under
several on-off cycles of light irradiation, the photocurrent re-
sponses were prompt and reproducible. To acquire optimal
operating conditions, the photocurrent dependence on the bias
voltage was investigated. From Figure 3(B), it was found that
cathodic photocurrent increased with the increasing of nega-
tive bias voltage applied to the electrode. However, when ap-
plied bias voltage is at —0.2 V, a very obvious dark current
appeared (curve b and c). To further understand the flow di-
rection of electron through ds-DNA, the effect of the electron
donor and bias voltage on [(ppy).Ir(dppz)]" modified ITO
electrode were also investigated. Employing TEOA as sacrifi-
cial electron donor, very stable and reproducible anodic pho-
tocurrent was produced (curve d). When positive bias voltage
was applied, a great increment of anodic photocurrent can be
seen with the increase of bias voltage (curve e and f). In view
of greater dark current at 0.2 V, 0.1 V of applied bias voltage
is the optimum condition since generated photocurrents pos-
sess high efficiency, good stability and good reproducibility.
The maximum incident photon to current conversion efficien-
cy (IPCE) with TEOA as electron donor at 0.1 V bias voltage
was derived to be to be 0.38% (see the Supporting Infor-
mation), which is far more than the 0.065% of
[Ru(bpy),L](ClO,), based multilayer film.”’
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Figure 3 (A) Anodic (curve a—c) and cathodic (curve d—f) photocur-
rents from [(ppy).Ir(dppz)]+ intercalated into ds-DNA induced by
switching on and off the light (380 nm) irradiation in 0.1 mol L™ PBS
solution (pH = 7.4) at applied bias voltage of (a) 0, (b) —0.1 V and (c)
—0.2 V; and containing 0.1 mol L™ TEOA as sacrificial electron do-
nor at applied bias voltage of d) 0, (e) 0.1 V and (f) 0.2 V. (B) Plot-
ting of current vs. bias voltage based on (A).
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Scheme 1 Diagram for Assembling of Intercalated [(ppy).Ir(dppz)]'PFs  Modified ITO Electrode.
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In order to have an insight into the mechanisms of cathodic
and anodic photocurrent generation, the control experiments
were carried out in both deoxygenated and air-equilibrated
electrolyte solutions. As shown in Figure S5 (see the Support-
ing Information), when the electrolyte solution was deoxygen-
ated through bubbling N, for 30 min, the photocurrent de-
creased sharply about 80%, suggesting dissolved O, played an
important role in the process of anodic photocurrent genera-
tion. The small residual photocurrent was attributed to trace
amount of residual O, in the electrolyte solution, which is hard
to remove completely under our experimental conditions. In
addition, excited-state redox potentials were estimated through
cyclic voltammetry data and UV-vis absorption spectral to
demonstrate the photocurrent generation. From an onset oxida-
tion potential E,,(0x) at +1.18 V and the first onset reduction
potential E . (red) at —1.38 V, the excited state redox poten
tials of Ir'"™*/Ir" and I'"™*/Ir'"™™" was determined to be —1.20 V
and 1.0 V, respectively, according to the equations:”'

E @YY = £y (i8I0Y) - Eg g (1)

* - <
E (lr][[. L /h.llL L )= Eonsc[ (lr“]. L/h.llL L )+ E()-O (2)

Scheme 2 Proposed Mechanism of Photocurrent Generation.
Solid lines and dotted lines represent cathodic and anodic photo-
current generation, respectively.
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Ir(I)/Ir(IV)

Using above-mentioned energy level values, the energy lev-
el diagram was thus constructed, and the proposed cathodic
and anodic photocurrent generation mechanism is depicted in
Scheme 2. The cathodic photocurrent probably involves the
formation of the excited state [(ppy),Ir(dppz)]"* excited by the
light irradiation and a subsequent electron transfer from the
excited state [(ppy).Ir(dppz)]™* to the electron acceptor O, in
the electrolyte solution. The electrode further donated an elec-
tron to regenerate the [(ppy).Ir(dppz)]" ground state, triggering
the photocurrent generation. However, in presence of TEOA
as electron donor, the excited state [(ppy).Ir(dppz)]™* was
reduced by TEOA to (ppy).Ir(dppz), which was demonstrated
by emission quenching experiments (see the Supporting In-
formation) and the quenching behavior is similar to that of the
reported cationic iridium complexes.” Since Ir(Il) is not elec-
trochemically accessible, diimine ligands accept an electron to
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L% The generated (ppy),Ir(dppz) finally injects an electron
into the electrode resulting in an anodic photocurrent.g‘24

Fabrication of the DNA Sensor. HCR was first reported
by Pierce et al. and has been extensively used for enzyme-free
amplified detection of DNA with PCR-like sensitivity.” It is
triggered by an initiator and form a long nicked ds-DNA pol-
ymer through a cascade of hybridization events between two
helper DNA hairpins. Herein, we proposed a DNA detection
system employing [(ppy).Ir(dppz)]* as intercalated indicator.
As depicted in scheme 3, the protocol involves thiolfunctional-
ized Cp-DNA self-assembled on the AuNPs functioned ITO
electrode. In the absence of target DNA, both hairpin H1 and
H2 are in the closed form. The weak interaction between Ir(III)
complex and the short ss-DNA causes a considerably low pho-
toelectrochemical background signal. However, in the pres-
ence of target DNA, one end of it was captured with Cp-DNA
self-assembled on the electrode, and the other end as the initia-
tor to trigger the HCR. Therefore, a small amount of DNA,
with the assistance of helper hairpins H1 and H2, can form
long ds-DNAs, which permit the intercalation of numerous
[(ppy)-lr(dppz)]* and achieve significantly amplified photoe-
lectrochemical signals.
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Figure 4 Electrochemical impedance spectroscopy of different elec-
trodes (a) the bare ITO electrode; (b) ITO/MPTMS; (c)
ITO/MPTMS/AuNPs;  (d) ITO/MPTMS/AuNPs/Cp-DNA;  (e)
ITO/MPTMS/AuNPs/Cp-DNA/Target DNA; (f) ITO/MPTMS
/AuNPs/Cp-DNA/Target DNA/HI + H2. The spectra were recorded
in 0.1 mol L™ pH 7.4 PBS containing 10 mmol L™' Fe(CNg)**as the
redox probe, using a frequency of 100 KHz to 0.01 Hz under an oscil-
lation potential of 5 mV.

EIS Monitoring of the Fabrication of the Sensor. Elec-
trochemical impedance spectra (EIS) is an effective tool for
probing the features of surface-modified electrodes. The EIS
measurements of the modified ITO electrode at different mod-
ification steps were carried out and the results as Nyquist plot
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Scheme 3 Illustration of the HCR-Based Strategy for Photoelectrochemical Detection of DNA.

Target
Target \ NN\

are illustrated in Figure 4, which showed a semicircle in the
high-frequency region while showed a straight line in the low-
frequency region, demonstrating that the electrode process was
controlled by electron transfer at high frequency and by diffu-
sion at low frequency. It could be seen that the bare ITO elec-
trode exhibited the smallest Ret value (curve a). After func-
tionalization with MPTMS, the ITO surface generated an insu-
lating layer on the electrode surface, which resulted in obvi-
ously increased in Ret (curve b). The Ret value decreased
when AuNPs were further assembling on the ITO/MPTMS
electrode (curve c), which may be because the AuNPs could
facilitate electron-transfer. Subsequently, when the modified
electrode was assembled with the Cp-DNA (curve d) and fur-
ther hybridized with target DNA (curve e), the diameter of
semicircular part successively increased, suggesting the elec-
tron transfer of the redox probe was obstructed by the assem-
bled DNA strands, which slowed down the redox reaction
0fFe(CN6)3'/4_. Finally, when the assembled electrode was
associated with H1 and H2, the polymerization of oligonucleo-
tides leads to a remarkable increased electron transfer re-
sistance (curve f). These results were consistent with the fact
that the electrode was fabricated as expected.

Optimization of Assay Conditions. To achieve excellent
performance in the photoelectrochemical assay for sensitive
detection of DNA, the incubation time for the intercalation and
the concentration of [(ppy).Ir(dppz)]” were optimized by mon-
itoring the changes of the photocurrents. As shown in Figure
5(A), in the presence of target DNA, as intercalation proceed-
ed, the anodic peak current increased due to increase of
[(ppy).lr(dppz)]* intercalated into ds-DNA immobilized on the
electrode surface. After 30 min, the ds-DNAs tend to be satu-
rated with [(ppy).Ir(dppz)]* molecules, and photocurrent
reaches a plateau. At the same time, the influence of incuba-
tion time for intercalation on background current in the ab-
sence of the target DNA was also investigated, as seen in Fig-
ure 5(A), the background currents, resulting from nonspecific
interaction with ss-DNA and electrode adsorption, increased
slowly with the increment of incubation time. Since incubation
time of 30 min renders the sensing system to reach the maxi-
mum signal-background ratio, it was selected for further in-
vestigation. Figure 5(B) shows the effect of [(ppy),Ir(dppz)]”
concentration on the photocurrent in the presence and absence
of target DNA. As can be seen, when the concentration is high
enough, a maximum value of the peak current was obtained.
While, incremental concentration also leads to increased back-
ground signal owing to stronger diffusion process. From the
results, 6 x 10~ mol L™ concentration of [(ppy).Ir(dppz)]*
complex was chosen as the optimum.
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Figure 5 (A) Effect of incubation time for the intercalation of

[(ppy)2Ir(dppz)]* in the presence (e ) and absence (&) of target DNA;

(B) Effect of concentration of [(ppy).Ir(dppz)]* in the presence (e )

and absence (&) of target DNA. The concentration of target DNA was

1.0 x 1072 mol L™'. Measurement was carried out in 0.1 mol L™' PBS
(pH = 7.4) containing 0.1 mol L™ TEOA.

Analytical Performance of the Photoelectrochemical
Sensor. On the basis of the strategy as stated above, this as-
prepared photoelectrochemical sensor was applied to DNA
detection. Under optimal conditions, photocurrent signals were
measured at various concentrations of DNA with TEOA con-
centration of 0.1 mol L™ and applied bias potential of 0.1 V.
The photocurrent responses were measured by varying the
target DNA concentrations, and the results were depicted in
Figure 6(A). In the absence of target DNA, a relatively low
photocurrent was obtained. As concentration of the target
DNA increases, the photocurrents increased accordingly. The
calibration plot was constructed by plotting photocurrent in-
crement (Al = I — I;, where I and I0 represent the photocurrent
intensity produced in the presence and absence of target DNA,
respectively) against logarithm of DNA concentrations in a
linear range from 0.025 to 100 pmol L (Figure 6(B)) with a
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correlation coefficient of 0.994. The detection limit was esti-
mated to be 9.0 fmol L™ at 36. For comparison, previously
reported DNA detection protocols are presented in Table S1
(See the Supporting Information). This sensitivity of this work
exceeds HCR amplification-based fluorescent and electro-
chemiluminescent method for DNA detection (250 and 15
fmol L™, respectively).zs(b‘c) Also, it increased nearly 2 order
of magnitude compared to that of CdTe quantum dots-based
photoelectrochemical sensor (0.8 pmol L. Obviously, the
improved sensitivity of the proposed method can be attributed
to both the excellent photoelectrochemical behavior of iridium
complex and effective signal amplification strategy. The re-
producibility of the proposed DNA sensor was evaluated by
analyzing five independently fabricated electrodes. The photo
current response offered a relative standard deviation (RSD) of
7.6% toward 5.0 x 10-14 mol L-1 target DNA, which indi-
cated an acceptable accuracy and reproducibility of the assay.
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Figure 6 (A) Photocurrent responses of the sensor to different concen-
tration of target DNA (a) 0, (b) 2.5 x 107 mol L™, (¢) 5.0 x 107
mol L™, (d) 1.0 x 107 mol L™, (e) 5.0 x 107" mol L™, (f) 1.0 x
107" mol L™, (g) 5.0 x 107 mol L™, (h) 1.0 x 107" mol L™". Photo-
current measurement conditions, as in Figure 6; (B) The calibration
curve of Al and logarithm of concentrations of target DNA using the
present photoelectrochemical sensor. The error bars show the standard
deviation of three replicate determinations. Measurement was the
same as Figure 6.

The Selectivity of the Photoelectrochemical Sensor. The
selectivity of the proposed sensor was evaluated by comparing the
photocurrent response to different DNA sequences, including
target DNA, single-base mismatched, and noncomplementary
DNA at the concentrations of 5.0 x 10™%, 5.0 x 107" and 5.0 x
107'? mol L™, respectively. As shown in Figure 7, it can be seen
that the photoelectrochemical responses of non-complementary
DNA have no obvious difference compared to the control experi-
ment in the absence of target DNA. Although the photocurrent
increase in the presence of single-base mismatch DNA was ob-
served owing to their hybridization with Cp-DNA, it was not
comparable with that of the target DNA, suggesting that it
couldn’t open the hairpin to trigger the HCR process. These re-

Analytical Chemistry

sults demonstrated that the photocurrent response was specifically
triggered by perfectly matched target DNA, suggesting that the
proposed DNA assay could offer high specificity for nucleic acid
detection.
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Figure 7 Selectivity investigation of the photoelectrochemical sensor
for target DNA against different DNA sequences: (A) blank (in the
absence of target DNA), (B) noncomplementary DNA, (C) single-
base mismatch DNA and (D) target DNA. The error bars showed the
standard deviation of three replicate determinations.

CONCLUSION

In summary, a novel photoelectrochemical active material,
[(ppy)2Ir(dppz)]™ has been designed and synthesized. The photoe-
lectrochemical property of the Ir(Ill) complex immobilized on
ITO electrode through intercalating into double-stranded DNA
has been investigated. As proven by our research, it exhibited
stable cathodic photocurrent in the presence of O, as electron
acceptor illuminated by 380 nm light, while in the presence of
TEOA as redox sacrificial donor, it exhibited very stable and
reproducible anodic photocurrent at +0.1 V bias potential.
Probable mechanisms have been speculated through calculat-
ing the energy levels of the HOMO and LUMO. Moreover,
employing [(ppy).Ir(dppz)]” as intercalated signal reporter, a
photoelectrochemical sensor has been fabricated for DNA
detection based on HCR signal amplification for the first time.
Benefiting from excellent photoelectrochemical performance
of the Ir(IIT) complex and the amplifying functionality of HCR,
the proposed method exhibits high sensitivity at the femtomo-
lar level. And, this label-free detection approach is also cou-
pled with high selectivity and good reproducibility. Our study
shows that this series of easily synthetic, air-stable and con-
veniently tunable Ir(IlI) complexes are the promising candi-
dates for photoactive materials. It is expected that further im-
proved iridium(III) complexes through the rational molecular
design could be used in more fields for biological assays and
clinical diagnoses.
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