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Enhancing the Sensitivity of Photoelectrochemical DNA Biosensing
Using Plasmonic DNA Barcodes and Differential Signal Readout
Amanda Victorious®, Sudip Saha®, Richa Pandey, and Leyla Soleymani*

Abstract: Photoelectrochemical biosensors hold great promise
for sensitive bioanalysis;, however, similar to their electro-
chemical analogues, they are highly affected by the variable
backgrounds caused by biological matrices. We developed
a new PEC biosensing strategy that uses differential signal
generation, combining signals from two separate but correlated
binding events on the biosensor, for improving the limit-of-
detection, sensitivity, and specificity of PEC DNA biosensors
in biological samples. In this assay, the binding of unlabeled
target DNA is followed by the capture of a signal amplification
barcode featuring a plasmonic nanoparticle. The interaction of
the plasmonic barcode with the semiconductive building
blocks of the biosensor results in significant signal amplifica-
tion, and together with differential signal processing enhances
the limit of detection and sensitivity of the assay by up to 15-
and three-fold, respectively, compared to the previously-used
PEC assays with a single binding event, demonstrating a limit
of detection of 3 fM.

Introduction

Photoelectrochemical (PEC) biosensors have been heav-
ily explored over the past decade due to their promise for
improved signal-to-noise ratio and enhanced limit-of-detec-
tion.'”] These biosensors translate specific biorecognition
events into a change in the output PEC signal.™ As with
their electrochemical analogues, the limit-of-detection of
PEC transducers is often compromised due to signal fluctua-
tions caused by environmental interferents and minute
variations in experimental conditions."”! In response, ratio-
metric or differential assays, combining two or more PEC
signals, have been implemented to reduce the effect of
interference and experimental variations, enhance detection
accuracy at trace analyte concentrations, and improve anal-
ysis reliability.®1

The existing ratiometric PEC biosensors typically use
multiple photoactive species—signal reporters™!"'?! or la-
bels®®l—that need to be activated at various voltages'? or
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wavelengths® in order to obtain multiple signal readings for
each biorecognition event. Although this multi-species ap-
proach is effective in increasing the signal-to-noise ratio of
PEC biosensors, it increases the complexity of the measure-
ment instrumentation and the calibration algorithms needed
to deal with the varying baseline signals and chemical and
optical stability observed when multiple photoactive materi-
als are used in a single system.

For PEC biosensors to be translated from the laboratory
to the market, it is highly desirable for high sensitivity and
specificity to be paralleled with facile operation and instru-
mentation. As a result, new approaches for ratiometric/
differential PEC signal transduction using a single photo-
active species, operated at a single voltage using a single light
source are needed.

Several PEC biosensors have recently been developed
that use the interaction between plasmonic nanoparticles
(NPs) such as Au and Ag with semiconductive photoelectr-
odes to translate biomolecular recognition to a change in the
PEC signal.l'*'¥ Among these, systems that use robust and
stable materials are highly desired for use in biosensing
devices that undergo multiple washing, incubation, and
potential scan steps. Au/TiO, systems offer excellent chemical
and photostability and have been used in protein,*! heavy
metal,'® glucose!"”! and nucleic acid detection."® The major
role of Au NPs in these sensing systems is to improve the
photoconversion efficiency of the functionalized TiO, elec-
trodes upon biorecognition, thereby enhancing the photo-
current. Depending on the assay design, different roles—
injection of hot charge carriers, extending the light absorption
range, and excitation of charge carriers in TiO, via plasmon
energy transfer—can be played by the Au NPs upon target
binding to modulate the photocurrent."”*!! More specifically,
biorecognition causes the Au NPs to either come into
proximity?? of (signal-on) or move away”” from (signal-off)
the TiO, electrodes. However, these bioassays only focus on
harnessing the modulation of photocurrent influenced by Au
NPs.

In this work, we sought to answer the question: Is it
possible to effectively utilize and combine photocurrent
modulation—both upon the capture of the unlabeled target
and the binding of a plasmonic barcode (Au NP-modified
DNA strand)—to achieve improved analytical sensitivity ?

We aimed at developing a differential biosensor using the
TiO,/Au system, using Au NPs as the sole PEC species. To
achieve this, we investigated the use of two subsequent and
correlated PEC measurements. First, we measured the change
in PEC current induced by the binding of an unlabeled target
to a probe DNA. Second, we measured the additional PEC
current change obtained when the unreacted probes were
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bound to a signal amplifying barcode (SAB) generated from
AuNP-labeled DNA strands, for signal amplification. The
signal changes measured during the two binding events were
differentially combined to enhance the limit of detection
(LOD) of the system. The use of SAB as an amplification
sequence builds on the premise that plasmonic NPs in direct
contact or close proximity to semiconducting materials
possessing favorable energetics, modulate carrier life-
time,®*?¥ thus, altering the PEC current. Using this differ-
ential strategy, the influence of background contributions is
effectively suppressed, which in turn enhanced sensitivity by
more than three times and LOD by 15 times compared to an
analogous assay that measured a single binding event.

Results and Discussion

We created the differential PEC biosensor by combining
two sequential but correlated binding events on a single
photoelectrode. A porous network of TiO, NPs was deposited
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on ITO substrates to create the photoelectrode, yielding the
initial photocurrent profile (Figure 1a, (i)). These photo-
electrodes were then bio-functionalized with 15-nucleotide
long single stranded DNA (ss-DNA) probes and subsequently
blocked with monoethanolamine (MEA) to prevent non-
specific adsorption. The immobilization of probe DNA on the
photoelectrode surface was verified using chronocoulometry
and the probe coverage was measured as Sx
10" moleculescm 2 (Supporting Figure S1).

A resulting decrease in photocurrent was anticipated
following bio-functionalization due to the induction of steric
hindrance between the photoelectrode and the species in the
electrolyte (Figure 1a, (ii)). Upon incubation with 25-mer
complementary DNA targets (unlabeled), hybridization oc-
curs between a fraction of the total probe population and the
targets, leaving behind a population of available unhybridized
probe strands. A further decrease in photocurrent is expected
due to steric hindrance (Figure 1a, (iii)). The SAB strand is
then hybridized with the available probe strands. The length
of the ssDNA probe (15-mer) is shorter than the length of the
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Figure 1. The operation of the differential PEC biosensor. a) Schematic illustration depicting the development of the PEC biosensor with the
expected change in photocurrent profile depicted at each stage of sensing: (i) Baseline photoelectrodes are created via solution deposition of TiO,
NPs onto ITO substrates, yielding an anodic photocurrent upon 405 nm illumination. (ii) Bio-functionalized photoelectrodes are created by
depositing 15-mer DNA probes on photoactive TiO, substrates, yielding a decrease in photocurrent. (iii) 25-mer nucleotide targets are hybridized
onto the transducer, resulting in a further decrease in photocurrent. (iv) Introducing SABs gives rise to an amplified photocurrent following
hybridization. An SEM image demonstrates the photoelectrode surface structure (bottom left). b) A depiction of the combination of signals
following target and SAB hybridization to yield the differential signal processing scheme used in this study.
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SAB strand (25-mer), with the resulting DNA complex
containing both double and single stranded regions.™?! It
has been previously demonstrated that the Au NPs on the
SAB have a high probability of coming into direct contact
with TiO, NPs owing to the dynamic motion of the DNA
complex used in this work.™®! Direct contact between Au and
TiO, NPs facilitates charge transfer between the two particles,
thereby enhancing the anodic photocurrent (Figure 1a,
(iv)).””# The presented DNA sensing approach, involving
two hybridization steps, presents two benefits: 1) the target
DNA strand does not need to be labeled prior to introduction
on the chip, and 2) the combination of the signal changes
induced from the two hybridization steps is expected to
increase the assay sensitivity (Figure 1b). It should be noted
that this two-hybridization approach makes it possible for the
SAB binding to result in the displacement (completely or
partially) of the target strands.”**! Partial hybridization of
the SAB with the existing target-hybridized probes becomes
more probable at longer nucleic acid strands.”**!! Under the
conditions used here, the use of a 15-mer DNA probe, a 25-
mer DNA target, a 25-mer SAB strand with the same
sequence as the target strand, and a room temperature
hybridization step, we expect less than 10 % of target strands
to be removed by the SAB strand,”* thus not making
competitive strand replacement a significant contributor to
the assay performance. As a result of the assay design, we
expect it to be ideally-suited for detecting short nucleic acid
targets such as microRNA (18-25 mer) or short DNA
barcodes released from DNA machines.” MicroRNAs have
been identified as clinically important diagnostic biomarkers
for various diseases including cancer,”** cardiovascular
conditions,® and infectious diseases.”

The differential sensor design was verified by measuring
the photocurrent and charge transfer resistance in each step
of the sensor development process (Figure 2). For the photo-
current measurements, we used an LED light source with an
excitation wavelength of 405nm and an intensity of
160 Wm2. Ascorbic acid (AA) was used as the hole
scavenger to generate an anodic current upon optically
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exciting the electrode (Figure2a). A 45% photocurrent
decrease was observed after probe deposition due to the steric
hindrance of AA caused by the single stranded capture probe
(Figure 2b).P"! Subsequently, MEA was used to block the
unbound sites of the working electrode which further
decreased the photocurrent by 35% as MEA impedes the
access of AA to the surface of TiO, nanoparticles. Following
this, target DNA was introduced on the surface and a 45%
photocurrent reduction was observed. As target DNA hybrid-
izes with the capture probe on the photoelectrode, it further
hinders the access of AA (Figure2a). Finally, a 105%
enhancement in photocurrent was observed upon the intro-
duction of the SAB to the substrate (Figure 2b). Enhance-
ment of photocurrent under UV excitation has been reported
in similar systems due to Fermi level equilibration as
optically-excited electrons from the conduction band of the
semiconductor move to the Au NPs, thereby reducing the
carrier recombination rate.***! Optical excitation at 405 nm
can also generate hot electron and hot holes via d-sp
transition in Au NPs.**# It is possible that these hot holes
directly oxidize AA, while the hot electrons are transferred to
TiO, NPs, thereby increasing the photocurrent (Figure 2a).

Electrochemical impedance spectroscopy (EIS) at open
circuit potential was also used to characterize the stepwise
fabrication process of the proposed assay design (Figure 2c).
The charge transfer resistance (R,) of the photoelectrode
decreased by 78 % after DNA probe attachment (Supporting
Table S1 and Supporting Figure S2). This is contrary to the
usual observation found in the literature where probe
immobilization increases R..***! A study reported by Imani
etal. showed that the addition of ssDNA on dopamine
modified TiO, NPs results in a higher electron transfer rate
due to the quantum mechanical tunneling effect by bridging
the molecular medium between the donor and the acceptor
sites of ssDNA and TiO, NPs, respectively.“"! Therefore, the
observed reduction in R, in this work can also occur due to
the amine-modified ssDNA covalently bonding with the
aldehyde groups on the 3.4-dihydroxybenzlaldehyde
(DHBA) linker on the TiO, NP surface having the same
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Figure 2. Photoelectrochemical signal generation on the differential DNA biosensor. a) Schematics showing the mechanism for photocurrent
generation: (i) Bare TiO, electrode, (ii) after hybridization with complementary target, (iii) after hybridization with SAB. b) Photocurrent
measurement after each step of the biosensor operation with 1 pM target in buffer using a 405 nm LED as excitation source at 160 Wm™2. All
photocurrent measurements were performed at 0 V bias vs. Ag/AgCl. using 0.1 M ascorbic acid (AA) in 0.1 M PBS as electrolyte at each step of
the biosensor construction. c) Electrochemical impedance spectroscopy measurements were performed in dark at open circuit potential vs. Ag/
AgCl reference electrode using 2 mM [Fe(CN)¢* /= in 0.1 M PBS and 0.1 M KCl as electrolyte. The equivalent circuit based on the shape of the
Nyquist diagram is shown in the inset. Charge transfer resistance between the redox couple and the electrode is denoted by R, which can be
determined from the diameter of the semicircle. R, Z, and CPE denote the solution resistance, Warburg impedance and constant phase element,

respectively.
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linker chemistry as dopamine, thereby enhancing the prob-
ability of quantum tunneling. It has also been hypothesized
that DNA functionalization reduces carrier trapping sites by
passivating the semiconductor (TiO,) surface, thereby reduc-
ing charge recombination.*”! In order to further validate this
finding, we performed a study by performing cyclic voltam-
metry (CV) in 0.1 M phosphate buffer (PBS) to show changes
in charge transfer kinetics (Supporting Figure S3). This study
showed that the amount of stored charges in the photo-
electrodes were increased from 0.59 mC to 0.72 mC after
DNA functionalization, indicating longer lived excitons.
Similarly, the addition of MEA as a surface blocker further
decreased the charge transfer resistance by 43 %. Upon the
hybridization of target DNA, the R, increased by 110 %,
which is attributed to increased steric hindrance between the
redox species in the solution and the surface of the photo-
electrode.®® Introduction of the SAB resulted in a 33%
decrease in R, which is attributed to improved charge
transfer kinetics due to the addition of Au NPs into the
electrode film.[#>>!

To assess the ability of the differential PEC biosensor in
analyzing DNA targets, we analyzed unlabeled DNA targets
within a concentration range of 1 fM to 100 pM. As expected,
when a solution containing target DNA was introduced to the
device, the electrodes showed a PEC current that monotoni-
cally decreased with increasing target concentration (Fig-
ure 3a). As the concentration of target DNA in the first
hybridization step decreases, there is a larger population of
residual unhybridized probes, allowing more SAB strands to
bind to the photoelectrode yielding a signal increase. As
expected, this signal increase is larger at lower target DNA
concentrations (Figure 3a,b (i)).

The differential PEC sensing strategy is then developed
by combining the photocurrent change after target and SAB
binding steps. More specifically, the absolute value of photo-
current decreases after the target hybridization was subtract-
ed from the absolute value of photocurrent enhancement
after SAB binding. The differential signal for each concen-
tration was plotted to generate a calibration curve (Fig-
ure 3b). A linear fit to the calibration curve yielded a sensi-
tivity of 49 %/ log,,M and LOD of 3 fM in buffer. The reverse
signal-to-concentration effect observed here, where the
largest signals are obtained at the lowest concentrations,
allows high signal-to-noise ratios to be obtained at low
concentrations that are often needed for clinical analysis,
a feature that is not possible with traditional sandwich assays.
This increase in signal at lower concentrations comes with the
inherent drawback of differential signal processing: the
experimental errors obtained from each measurement accu-
mulate in the differential signal, leading to a loss of precision
at all concentrations. Additionally, the use of two hybrid-
ization steps increases the overall assay time; however,
preliminary experiments demonstrate that it may be possible
to reduce the duration of each hybridization step (Supporting
Figure S4).

In order to assess the applicability of the differential
biosensor in analyzing DNA targets in complex biological
matrices, we spiked target DNA at various concentrations
into healthy patient urine (Figures3c,d). The differential

Angew. Chem. Int. Ed. 2021, 6o, 73167322

Research Articles

© 2021 Wiley-VCH GmbH

Internati

assay yielded a sensitivity of 25 %/ log;,M and LOD of 5 fM
in urine. Both LOD and sensitivity deteriorate moderately in
urine compared to buffer (less than a factor of two). This can
be attributed to the biofouling of the photo electrode caused
by the biological components present in urine."!!

Adding the signal amplification step using the SAB
significantly enhances the LOD of the system in both buffer
(from 11 fM to 3 fM) and urine (from 73 fM to 5 fM)
compared to using a single target binding step (Supporting
Figure S5). The large enhancement in LOD (~15 times)
observed in urine indicates that the differential signaling
strategy is particularly important for compensating for the
performance loss that is observed in complex biological
samples. In addition to LOD, the differential strategy
enhanced the assay sensitivity by about three times compared
to the single binding assay for both buffer and urine samples.
We further challenged the bioassay by spiking 1 pM of target
DNA into human blood plasma (Supporting Figure S6). It
should be noted that the bioassay utilized polyethylene glycol
(PEG), in place of MEA, to reduce non-specific adsorption at
the biosensor surface. The photocurrent changes observed
after incubating the sensor with the target and SAB strands
were similar to when human urine was used, indicating the
potential use of this assay for biomarker detection in blood
plasma.

To assess the specificity of the nucleic acid biosensor and
its ability in distinguishing between fully matched and
mismatched targets presenting point mutations, detection
was carried out for targets with sequences presenting 1-base,
2-base and 3-base mismatches with the original sequences.
The photocurrent changes obtained following each hybrid-
ization stage (after target and SAB binding) were then
evaluated against those obtained for a perfectly complemen-
tary and a fully mismatched sequence tested in the same
manner (Figure 4).

Following target binding, the current deceased by 48 +
6%, 16t4%, 14+9%, and 6 3% for matched, 1-base
mismatched, 2-base mismatched, and non-complementary
(NC) sequences, respectively (Figure 4a). This trend is largely
attributed to the varying hybridization efficiency in each
scenario, with fewer base mismatches resulting in more
efficient target binding.’*®! The matched, 1-base mis-
matched, 2-base mismatched, and NC sequences exhibited
a109+6%, 160+9%, 179 =8 %, and 202 +4 % increase in
signal magnitude, respectively, following SAB binding (Fig-
ure 4a). In the case of the mismatched sequences, albeit
inefficient, a fraction of the target sequences binds to
available probe sites, still decreasing the available binding
sites for SAB binding, which in turn reduces the SAB-induced
signal enhancement. The differential signal enables highly
distinguishable signal footprints to be realized for the differ-
ent sequences with 60%, 123%, 163 %, and 201 % signal
changes measured for matched, 1-base mismatched, 2-base
mismatched, and NC sequences (Figure 4b). A statistical t-
test was performed to assess the ability of the assays using one
or two binding steps in distinguishing between different
degrees of probe/target complementarity. Using differential
signaling, we were able to distinguish between matched, 1-
base mismatched, 2-base mismatched, and NC sequences
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Figure 3. Limit of detection and sensitivity of the differential assay. All photocurrent measurements were performed at 0V versus Ag/AgCl in

0.1 M ascorbic acid in 0.1 M PBS as electrolyte, illuminated using a 405 nm LED excitation source at 160 Wm™ a,c) PEC graphs demonstrate
signal responses following target and SAB binding in PBS and urine, respectively. b,d) Jitter plots (i) demonstrating the signal changes obtained
from target and SAB binding in buffer and urine, respectively, obtained from (a) and (c). Representation of the differential signal (ii) obtained
from the data presented in (i). The linear region of the calibration curve of the PBS graph was fitted using the equation Al % = —49 log,,C + 173
(correlation coefficient of 97.97 %) while the equation Al % = —25 log,,C + 106 (correlation coefficient of 99.84 %) was used to fit the urine data.
This graph is depicted using a semi-log format, with the x-axis representing the logarithmic concentration (log,, M) of the target analyte.

(Figure 4b). On the contrary, the single target binding event ~ mismatch specificity with a high confidence level (p <0.05
can only distinguish matched from the 1-base mismatched for all scenarios) as compared to its signal-off analogue.
sequence. The differential approach achieves a superior
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Figure 4. Specificity of the differential assay. a) Change in PEC current following hybridization with 1T pM of matched, 1-base mismatched, 2-base
mismatched, and NC targets and SAB binding measured in 0.1 M PBS with 0.1 M AA. b) Differential and signal-off responses for the target
sequences in (a) with * and *** representing p < 0.05 and p < 0.001, respectively.
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