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Detection and quantification of biologically-relevant analytes using handheld platforms
are important for point-of-care diagnostics, real-time health monitoring, and treatment
monitoring. Among the various signal transduction methods used in portable biosensors,
photoelectrochemcial (PEC) readout has emerged as a promising approach due to its
low limit-of-detection and high sensitivity. For this readout method to be applicable
to analyzing native samples, performance requirements beyond sensitivity such as
specificity, stability, and ease of operation are critical. These performance requirements
are governed by the properties of the photoactive materials and signal transduction
mechanisms that are used in PEC biosensing. In this review, we categorize PEC
biosensors into five areas based on their signal transduction strategy: (a) introduction of
photoactive species, (b) generation of electron/hole donors, (c) use of steric hinderance,
(d) in situ induction of light, and (e) resonance energy transfer. We discuss the
combination of strengths and weaknesses that these signal transduction systems
and their material building blocks offer by reviewing the recent progress in this area.
Developing the appropriate PEC biosensor starts with defining the application case
followed by choosing the materials and signal transduction strategies that meet the
application-based specifications.

Keywords: biosensing, photoelectrochemical (PEC), affinity-based bio, photoactive materials, plasmonic
biosensing

INTRODUCTION

Biosensors are devices that are used for analyzing biologically-relevant species using specific
biorecognition elements and transducers (Soleymani and Li, 2017). Based on the nature of the
biorecognition event, biosensors are classified into biocatalytic and affinity-based devices (Zhao
et al., 2015b). In biocatalytic biosensors, immobilized enzymes are used to recognize their specific
substrate molecule, whereas affinity-based biosensors incorporate a synthetic or biological capture
agent such as aptamers (Zhao et al., 2016), DNAzyme (Zhao et al., 2017a), single stranded DNA
(Zhao et al.,, 2014), or antibodies (Zhao et al., 2018) to specifically capture the biologically-
relevant target. The interaction between the analyte and the capture agent is translated into a
readable signal by a transducer. To date, transduction methods relying on acoustic (Zhang et al.,
2018d), optical (Spackov4 et al., 2016), gravimetric (DeMiguel-Ramos et al., 2017), electrochemical
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(Alizadeh and Salimi, 2018), electronic (Kirste et al., 2015), and
photoelectrochemical mechanisms (Zhao et al., 2015b) have been
reported for use in biosensing systems. Researchers often choose
a transduction method that offers the right level of sensitivity,
specificity, speed, and multiplexing for the desired application,
and meets requirements with respect to instrumentation cost,
size, and ease-of-use.

Due to the growing demand for rapid clinical diagnosis
and health monitoring using handheld systems, there has been
an increasing push for the development of new bioanalytical
techniques that combine high sensitivity, specificity, and
speed with portable and inexpensive readout instrumentation.
Photoelectrochemistry is an emerging signal transduction
method that has the potential to meet the stringent requirements
of the field of biosensing. In photoelectrochemical (PEC)
bioanalysis, biological interactions between the analyte and the
biorecognition element result in a change in the generated
PEC current or voltage. In these systems, the photo-electrode
or PEC label used in the biosensor is activated upon optical
excitation. This optical excitation or biasing reduces the reliance
of PEC systems on electrical biasing, which allows them
to be operated under low or no applied electric potential.
It has been shown that a lower limit-of-detection can be
achieved using PEC signal readout compared to a similar
assay that is coupled to electrochemical readout (Yildiz et al.,
2008; Golub et al., 2009). Although PEC biosensors rely on
both optical and electrochemical mechanisms, they can be
excited using low powered broad-spectrum light sources and
read using inexpensive electrical circuits. As a result, it is
possible to miniaturize PEC systems into inexpensive and
integrated platforms that are similar in operation to handheld
electrochemical readers (Golub et al., 2009). Additionally, PEC
biosensors can be easily multiplexed by incorporating multiple
individually accessible electrodes on the same platform.

Affinity-based PEC biosensors combine the high specificity of
biorecognition agents such as ssDNA, antibodies, and aptamers,
with the sensitivity of PEC biosensors, and are the focus of this
review article. There are previously-published review articles that
are focused on a specific type of biorecognition-target interaction
such as DNA sensing (Zhao et al,, 2014), immunoassays (Zhao
et al, 2018), enzymatic sensing (Zhao et al, 2017a), and
aptasensing (Deng et al., 2016; Zhao et al., 2016). However,
our focus is on the elements that are important for building
a PEC biosensor, regardless of the target analyte. Toward this
goal we will discuss the construction of a photoelectrochemical
cell, photoactive materials used in creating these devices, and the
signal transduction mechanisms that are employed in PEC signal
generation (Figure 1).

CONSTRUCTION OF A
PHOTOELECTROCHEMICAL CELL

Generally, a PEC cell consists of an optical excitation source,
an electrochemical cell, and an electrochemical reader.
The electrochemical cell consists of four main components
(Figure 1): (i) a working electrode (WE) that is often constructed

by immobilizing photoactive materials on a conductive
substrate, (ii) a counter electrode (CE), (iii) a reference electrode,
and (iv) an electrolyte to generate PEC signals using redox
reactions. Upon illumination, the redox reactions driven by the
electrochemically active species in the electrolyte generate an
electric signal between the WE and the CE that is recorded by
the electrochemical reader. To create an application-specific
PEC biosensor, much attention has to be paid to the design of:
(i) the sensing electrodes using photoactive species having the
appropriate electronic and optical properties and/or conductive
collectors; (ii) the transduction mechanism based on the target
analyte and device application; and (iii) the electrolyte that
contains the redox species that participate in the generation of
the photoelectrochemical signal. The majority of the affinity-
based PEC biosensing strategies reported to date rely on
measuring photocurrents for signal readout (Zhao et al., 2018).
To design a PEC bioassay, suitable for a specific application,
it is important to have a comprehensive knowledge of these
components and the strategies that are used in incorporating
them in a synergistic fashion.

PHOTOACTIVE SPECIES FOR PEC
BIOSENSORS

Photoactive species are materials that respond to optical
excitation by generating excited electronic states and converting
optical energy to chemical and electrical energy (Bard et al.,
1980). These species enable a PEC cell to generate or modify
an electrochemical signal in response to light or electromagnetic
radiation. In PEC biosensors, photoactive species are used as
the building blocks of photoactive electrodes and/or as labels
or reporters that associate with the biorecognition element (Fan
et al,, 2015), target analyte (Han et al., 2017a), or solution-
borne surfaces such as magnetic beads and metallic nanoparticles
(NPs) (Tu et al.,, 2018). Due to its instrumental role in signal
transduction, choosing the right photoactive material is critical
to the development of PEC biosensors.

The photoactive materials used in PEC biosensing are
chosen based on their electronic and optical parameters
(incident photon-to-current conversion efficiency (IPCE), carrier
mobility, response time, energy levels, and absorption spectrum),
size/structure, stability against photobleaching, and ability to
functionalize and integrate into devices. One of the most
important parameters for evaluating photoactive materials used
in PEC devices is IPCE. IPCE measures the photocurrent
collected per incident photon flux as a function of illumination
wavelength, which allows researchers to compare the efficiency of
the photoactive species at different regions of the electromagnetic
spectrum (Chen et al, 2013). IPCE collectively evaluates the
optical and electronic properties of materials such as their
ability to absorb electromagnetic radiation and transport and
collect charged carriers through the PEC cell. The electronic
and optical properties of photoactive materials need to be
selected such that the materials can supply charge carriers
having sufficient energy (indicated by the band structure of
the material) to drive the desired electrochemical reaction.
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FIGURE 1 | Schematic representation of the building blocks of a PEC biosensing system: the PEC cell, photoactive materials, and various signal transduction

ofF
> Uve

species

Transduction
mechanism

1%!19 ™
96,, ‘duab (O

T4 Msauy

It is also important for these electrochemical reactions to
occur at high rates (measured using IPCE). The wavelength
dependence of IPCE is important in understanding the type
of optical excitation source that is required for designing
a PEC biosensor (Kolesova et al., 2018). Fine-tuning the
size and shape of photoactive species in the nanoscale is
also important for enhancing the PEC performance of the
biosensor as structural tunability on the nanoscale changes
the band structure of the materials, and can be used to
enhance the surface-to-volume ratio of electrodes created from
photo-active materials (Fu and Zhang, 2018). Resilience to
photobleaching is important because photoactive materials
that degrade due to multiple cycles of photoinduction do
not allow the target-induced changes in the photocurrent
to be reliably measured in a PEC biosensor (Kolesova
et al., 2018). Furthermore, for a photoactive material with
the desired electronic, optical, and stability parameters to
be used in a biosensing device, it is critical for it to
have a chemical structure that can be easily functionalized
with the typical termination chemistries of biorecognition
elements (amine, thiol, carboxyl, aldehyde, to name a few).
Finally, it is critical for these photoactive materials to have
the sufficient level of mechanical robustness and adhesion
to be integrated into miniaturized chips or strips used in
biosensing platforms.

The three major classes of photoactive materials commonly
used in PEC biosensors include (i) inorganic semiconductors,
(ii) organic semiconductors, and (iii) hybrid semiconductors
(Devadoss et al., 2015; Zhu et al., 2016), which will be discussed
in detail in this section.

Inorganic Semiconductors

Semiconductors from non-carbonous materials are known
as inorganic semiconductors. Generally, in inorganic
semiconductor transducers, electrons are excited from the
valence band (VB) to the conduction band (CB) upon absorption
of photons with energies higher than that of their band
gaps. This results in the generation of electron-hole pairs
that can engage in redox reactions at the surface of the
working electrode. The direction of the photocurrent (anodic
or cathodic) depends on the applied electric field and the
position of the semiconductor Fermi level with respect to
the electrochemical potential of the electrolyte (Figure 2).
In general, the mobile charge carriers (electrons for n-type
and holes for p-type semiconductors) in the semiconductor
traverse the bulk of the electrode while minority carriers
take part in the redox reactions at its surface (Gratzel, 2001).
Therefore, usually n-type semiconductors are used to produce
anodic photocurrents, whereas p-type semiconductors are
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chosen for cathodic photocurrent generation (Zhao et al,
2014).

Inorganic semiconductors such as titanium dioxide (TiO;)
(Tian et al., 2018), cadmium telluride (CdTe) (Lin et al,
2016; Hao et al., 2017b; Li et al., 2018a), cadmium sulfide
(CdS) (Gong et al., 2015; Ge et al,, 2016a; Lv et al., 2017),
Molybdenum disulphide (MoS;) (Zang et al., 2016; Wang
et al, 2019), cadmium selenide (CdSe) (Matylitsky et al.,
2009; Wang et al.,, 2014c), and zinc oxide (ZnO) (Han et al,
2017b) are used extensively in affinity based PEC biosensors
(Hong et al, 2015; Lin et al, 2016; Hao et al, 2017b; Li
et al., 2018a). Inorganic semiconductors offer a few advantages
over their organic counterparts as discussed in the following
section. These materials typically exhibit longer stability under
mechanical, electrical, and environmental stress (Yu et al,
2017b). High-performance inorganic semiconductors can be
precisely fabricated into various structures at the nanoscale,
matching the size of subcellular and molecular components
and allowing better probing of biological targets (Jiang and
Tian, 2018). Inorganic semiconductors usually require lower bias
voltages (due to their higher charge mobility and charge-carrier
separation efficiency) (Nelson, 2002), exhibit faster response time
in the generation of charge carriers upon excitation, and allow
for easier device passivation for use in physiological fluids as
compared to organic SCs (Jiang and Tian, 2018).

Photochemical stability and high catalytic efficiency make
TiO, a promising material for affinity-based PEC biosensing
(Tomkiewicz and Woodall, 1977; Wang et al.,, 2014b). While
promising, pristine TiO, suffers from a variety of problems
such as poor response in the visible range owing to its wide
band gap (Liu et al., 2010) and relatively fast recombination of
photogenerated charge carriers (Chen and Mao, 2007). In order
to overcome these limitations, scientists are turning to hybrid
TiO, architectures that incorporate other materials such as metal
cations and anions (Daghrir et al., 2013), semiconductors of MySy
(Du et al., 2017) and MyOy (Liu et al., 2017a) configuration,

and carbon based materials (Komathi et al., 2016). CdTe is also
widely used in PEC biosensing owing to its large bulk absorption
coefficient (>10* cm™! in the red, ~10° cm™! in the blue)
(Mitchell et al., 1977) and near-infrared band gap (E; ~ 1.5eV)
(Sarkar et al., 2012) making it suitable for operation in the visible
region of the solar spectrum. One of the issues with CdTe is
the low abundance of tellurium, which makes it economically
inviable for biosensing (Wang et al., 2010). Due to the availability
of precursors and ease of crystallization (Zhou et al., 2015), there
is a move toward other chalcogenides of CdE (E =S, Se). These
alternatives are mostly used as sensitizers due to their narrow
band gaps (CdS = 2.4 eV, CdSe = 1.7¢eV) (Zhou et al., 2015). In
addition, they offer higher conduction bands edges compared to
most metal oxides (ZnO, TiO;), making them useful for reactions
where electrons need to be transferred from the conduction band
of these materials (Zhou et al., 2015). However, their inability to
integrate into device fabrication due to their poor adhesion onto
the substrate and the inherent toxicity of Cd limit the possibility
of using Cd-based materials in commercial biosensing platforms
(Yue et al, 2013). ZnO is another wide band gap (direct band
gap of 3.37¢eV in the near UV spectral region) semiconductor
used in PEC biosensors, which offers biocompatibility, excellent
photoactivity (large exciton binding energy at room temperature
(Ozgiir et al., 2005), high charge carrier mobility, and thermal
and chemical stability (Tu et al., 2011). ZnO can be structurally
tuned and has been used in flower (Han et al., 2017a), rod (Kang
et al., 2015), wire (Zhao et al., 2016), and pencil (Qiao et al.,
2016) architectures for biosensing applications. Nevertheless,
the photocatalytic performance of ZnO diminishes in aqueous
solutions due to the fast recombination of photogenerated charge
carriers (Liu et al., 2014). Apart from these materials, emerging
inorganic semiconductors are being investigated for use in PEC
biosensing. Specifically, MoS, is under investigation for use in
PEC cells due to its ability to generate an internal electric field at
the contact surface for photoinduced charge separation, which
increases the carrier lifetime (Jiang et al., 2019). Additionally,
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Bi-X (X = §,V,0) materials are being investigated due to their
tunable bandgap and photostability in acidic solutions (Jiang
etal., 2019).

Inorganic semiconductors are widely used in developing PEC
biosensors; however, a remaining challenge, as with other types of
materials used in biosensors is related to non-specific adsorption
causing interference to the signal by producing high noise
levels or low reactivity (Rim et al., 2017). Hydrophilic coating
strategies have been employed for metal oxides and sulfides but
most of these strategies have downsides under severe biological
conditions or where long-term stability is needed. Furthermore,
conditions such as high temperature, high salinity, and non-
neutral pH, intensify these effects (Cheng et al., 2008; Kadian
et al, 2018). To overcome these challenges, researchers are
focusing on integrating inorganic semiconductors into hybrid
antifouling networks, which has been previously reviewed (Zhao
et al., 2016).

Organic Semiconductors

Organic materials such as graphitic carbon nitride (g-C3Ny),
porphyrin, azo dyes, chlorophyll, bacteriorhodopsin, and
polymers such as semiconducting polymer dots (Pdot),
phthalocyanine, poly(thiophene), phenylenevinylene (PPV), and
their derivatives have been used for constructing photoactive
electrodes that can be applied to PEC biosensors (Ikeda et al.,
2009; Da et al, 2018; Shi et al., 2018b). Some of the main
advantages offered by organic semiconductors lies in their
improved mechanical compliance (Xu et al., 2017), intrinsic
stretchability (Xu et al., 2017), and their amenability to low-
temperature all-solution-based processing (Zhao et al., 2017b;
Jiang and Tian, 2018). This allows inexpensive fabrication of
large-area films on flat, irregular, and flexible substrates, which
provides opportunities for the development of flexible and
printed electronic based biosensors used in wearable technology
(Malliaras, 2001; Zhao et al., 2017b).

Graphitic carbon nitride (g-C3N4) is a metal-free two
dimensional polymeric semiconductor, which is attractive for
PEC biosensing due to its high physicochemical stability and
inexpensive and earth abundant nature (Wang et al., 2017). It
has a smaller band gap (~2.7¢eV) (Su et al, 2010) compared
to commercial TiO, NPs (~3.0-3.2¢eV) and is able to absorb
light in the visible portion of the solar spectrum up to 460 nm
(Ong et al, 2016). G-C3Ny4 has a desirable electronic band
structure due to the presence of m-conjugated sp? hybridized
carbon and nitrogen. It is also electron-rich and has basic surface
functionalities due to the presence of Lewis and Bronstead
basic functions (Zhu et al., 2014). This has enabled g-C3Njy to
be applied to the degradation of organic pollutants, hydrogen
evolution reaction, biosensing, and energy conversion (Wu et al.,
2015; Liu and Dai, 2016; Li et al., 2017a; Panneri et al., 2017;
Tong et al., 2017; Shi et al., 2018a). Da et al. (2018) constructed
a novel “signal-off” PEC aptasensor using an aptamer bridged
DNA network in conjunction with g-C3Ny to detect vascular
endothelial growth factor (VEGF165). This photo-electrode
exhibited a stable photocurrent response with no severe decay
under periodic oft-on-off light excitation for nine cycles over a
timeframe of 350 s. While g-C3Ny is a promising material, its low

quantum yield in its pristine form (0.1% at 420-460 nm) (Maeda
et al,, 2009) remains an obstacle to its incorporation as a high-
performance photoactive material for biosensing (Zheng et al.,
2012; Zhang et al., 2013). In order to enhance the efficiency of
this material, the use of g-C3Ny in conjunction with materials like
TiO, and CdS has been reported for biosensing applications (Liu
etal., 2015; Wang et al., 2016a; Fan et al., 2018). The formation of
heterojunction with these materials helps to accelerate the charge
transport and reduce the recombination rate by separating the
charge carriers generated in g-C3Ny (Ong et al., 2016).

Porphyrins, a group of macrocyclic organic compounds
composed of four pyrrole rings joined via methine (=CH-)
bonds are being investigated for use as photoactive materials
or sensitizers in PEC systems (Kesters et al., 2015) due to their
wide availability in nature, high molar absorptivity and thermal
stability (Lash, 2015). One such example is the use of porphyrin
derivative, iron(IIl) meso-tetrakis (N-methylpyridinum-4-yl)
porphyrin (FeTMPyP), in a PEC DNA biosensor (Zang et al.,
2015). In this case, CdS quantum dots (QDs) modified with
ssDNA formed the photo-active electrode. The porphyrin
derivative specifically binds to dsDNA via groove interactions
and reports the presence of dsDNA by catalyzing the oxidation
of luminol to generate chemiluminescence. The photocurrent
intensity of the biosensor did not show a detectable change after
storage for 10 days, highlighting the stability of this biosensor.
Porphyrin-based materials have been used in conjunction with
inorganic semiconductors such as TiO;, (Shu et al,, 2015), ZnO
(Tuetal., 2011), and CdTe (Shi et al., 2016) to enhance the IPCE
of these systems. A major difficulty in the wide spread use of
porphyrin is that its chemical synthesis usually requires several
steps with low overall yield, amounting to a high material cost
(Kwon et al., 2003; MedKoo Biosciences, 2009).

Pdots are a class of emerging photoactive nanomaterials that
offer incredible photostability (photobleaching quantum yield of
1077-10719), tailorable electrical and optical properties, minimal
toxicity, good biocompatibility and ease of processing (Wang
et al., 2016b; Li et al, 2017b; Shi et al, 2018b; Zhang et al.,
2018c). Pdots and PPV derivatives have recently been used in
PEC biosensors (Shi et al., 2018b; Zhou et al., 2018) due to
their extraordinary light harvesting ability resulting from their
large two-photon absorption cross sections (Feng et al., 2010).
However, their use in biosensing architectures are required
to be thoroughly explored because of their pH dependence
and tunability of photoelectrochemical properties according
to their molecular weights (Wu and Chiu, 2013; Yu et al,
2017a). Moreover, the photoelectrochemical properties of these
materials are highly dependent on the electron transfer processes
within the 7-conjugated bonds (Wang et al., 2018a), requiring
a fundamental understanding of these processes to be able to
design highly efficient photoelectrochemical biosensing devices.

Organic semiconductors are attractive due to their tunability,
low cost, metal free nature, and relative abundance; however,
their low quantum efficiency often requires them to be coupled
with other photoactive materials for creating photoelectrodes.
Unlike the ionic or covalent bond in inorganic semiconductors,
organic semiconductors are made of molecular units held
together by weak van der Waals interactions (Dyer-Smith and
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Nelson, 2012). As a consequence, the mobility of the charge
carriers in organic materials is generally smaller with longer
response times upon excitation as compared to their inorganic
counterparts (Dyer-Smith and Nelson, 2012) leading to smaller
conductivity (Kus et al., 2018). Consequently, more research is
needed toward creating all organic photoelectrodes that can be
used in biosensing.

Hybrid Semiconductors
Hybrid semiconductors are formed by: (i) coupling two inorganic
semiconductors with different band gaps, (ii) complexation
of organic and inorganic semiconductors (Zhao et al., 2014),
and (iii) combining metal NPs (usually Au or Ag) with
organic/inorganic semiconductors.

Coupling two or more inorganic semiconductors extends
the absorption spectrum and increases the charge separation
efficiency of the PEC system (Wen and Ju, 2016). As a
result, hybrid material systems offer a higher photon-to-current
conversion efficiency, which is important for enhancing the
performance of biosensors (Zhao et al., 2014). For example,
when TiO, NPs are used with CdS QDs in insulin detection
(Wen and Ju, 2016), CdTe is excited using visible light, and
the photo-induced electrons are transferred from CdTe to the
conduction band of TiO-, NPs. Liu et al. (2017b) demonstrated
improved sensitivity of microcystin detection by forming Z-
scheme heterojunction of CdTe with Bi,S3 nanorods due to
enhanced charge separation. Another strategy used to enhance
the solar light harvesting efficiency of photoanodes composed
of wide bandgap semiconductors (i.e. TiO;, ZnO, etc.) is
upconversion (Chen et al, 2018). This is a type of anti-
stoke process in which emission of higher energy photons is
achieved by the absorption of two or more low-energy photons
(Naik et al,, 2017). Qiu et al. (2018) developed a hybrid
upconverting structure where the narrow absorption band of
TiO, was improved by the use of core-shell NaYF4:Yb,Tm@TiO,
upconversion microrods. In this system, doped Yb** ions
absorbed near-IR light, whereas the doped Tm®" emitters
produced the UV light through energy transfer upconversion
(ETU). The upconverted photons were then absorbed by the
TiO, NPs, thereby, yielding effective IR-UV upconversion (Qiu
et al., 2018). This core-shell NaYF4:Yb,Tm@TiO, structure was
used to detect carcinoembryonic antigen (CEA), which is a
biomarker for colorectal cancer.

Complexation of organic and inorganic semiconductors are
used to overcome the low charge conductivity, narrow absorption
spectrum, and strongly bound excitons that are encountered
in organic semiconductors (Malliaras, 2001; Coropceanu et al.,
2007). This class of transducers typically demonstrates improved
PEC response and physical and chemical properties compared to
their purely organic or inorganic counterparts (Zhao et al., 2016;
Hao et al., 2017a). This type of complexation was demonstrated
using TiO, mesocrystals (inorganic semiconductor) sensitized
with polyethylenimine (organic polymer) (Dai et al, 2017).
Polyethylenimine reduces the electron transport energy barrier
of TiO, mesocrystals by reducing the work function and
thereby increasing the generated photocurrent. This type of
performance enhancement was also seen in reduced graphene

oxide (RGO)/CdS/ZnS photoelectrode, where a widened light
absorption range, spatial separation of photogenerated electron-
hole pairs, accelerated electron transfer, and reduction of surface
defects resulting from the coupling of ZnS (wide bandgap,
~3.8¢eV) and CdS (narrow bandgap, ~2.4eV) was observed
(Zhao et al., 2016). By using RGO further enhancement of the
photocurrent was achieved as it facilitates the excited electron
transfer from the conduction band (CB) of CdS to the CB of
ZnO. Ultrafast electron transport was also realized by Matylitsky
et al. (2009) and Wang et al. (2014c) by adsorbing an electron
acceptor, methyl viologen (MV) on the surface of CdSe QDs.
Here, MV acted as an electron relay and facilitated ultrafast
electron transport in a timeframe of ~70 fs. The ability of MV
in enhancing IPCE by working as an electron relay was exploited
by Long et al. (2011) to demonstrate ultrafast electron transport
in cysteine bioanalysis by using a MV coated CdS QD based
system. Surface sensitization of a wide band gap semiconductor
with an organic material such as a dye is an alternative method of
creating efficient hybrid materials. Here, an increase in efficiency
of the excitation due to the injection of electrons directly into the
CB of the semiconductor from the excited dye and expansion
of excitation wavelength range results in higher photocurrent
generation (Lim et al.,, 2017; Ma et al., 2018; Yan et al., 2018).
Yotsumoto Neto et al. (2016) demonstrated the usefulness of
such hybrid materials in sensing L-Dopamine by using iron
phthalocyanine (FePc) dye sensitized TiO, system to enhance
the PEC performance due to the charge transfer property of
FePc. Additionally, the antioxidant character of FePc is also
hypothesized to enhance stability of the biorecognition units
used in this study by inhibiting PEC-induced damage to the
attached biomolecules typically seen in the case of wide band gap
semiconductors such as TiO,.

The coupling of inorganic/organic semiconductors with metal
nanoparticles is increasingly used in PEC devices due to the
ability of metal NPs such as gold, platinum and silver to enhance
the photoresponse of the system through surface-plasmon
resonance (SPR). Han et al. (2017a) detected a-fetoprotein (AFP),
a key clinical indicator used for diagnosing primary liver cancer,
using Au-ZnO flower-rods. Here, Au NPs enhanced the anodic
photocurrent of ZnO flower-rods by extending the absorption to
the visible region and by enhancing charge separation. Besides
the SPR effect, Au NPs have been shown to improve the charge
transfer properties of the substrate. For example, Lv et al.
(2017) deposited Au NPs on p-CuBiyO4 electrodes to reduce
the charge transfer resistance and hence enhance the cathodic
photocurrent of p-CuBi;O4. Another hybrid photoelectrode
used in biosensing is created by Au NP-decorated hematite
(a-Fe;O3) nanorods (Li et al, 2018b). Despite being widely
used in other PEC applications (such as PEC water splitting,
photovoltaic cells etc.), «-Fe;O3 has been rarely used in PEC
biosensing due to poor electron mobility and lack of binding with
capture biomolecules. Enhancement of electron mobility was
achieved by decorating a-Fe, O3 with Au NPs. Moreover, Au NPs
were also used to covalently attach capture biomolecules to the
photoactive electrodes. Au NPs have also been used as anchors
to deposit probe DNA and for improving the photocurrent
of g-C3Ny-based photoelectrodes (Wang et al., 2018b). In this
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work, Au NPs are used with g-C3Ny for detecting zeatin, one
of the main cytokines found in plant tissues responsible for
promoting plant growth.

Hybrid semiconductors are gaining popularity as transduction
elements for PEC biosensors owing to their performance
enhancement resulting from the coupling of desirable qualities
of its constituent materials and the unique properties generated
as a consequence of their complexation. To be able to achieve
higher IPCE from these hybrid structures, it is important to
carefully choose the materials and control their composition
and morphology. Controlling interfacial defects is an important
consideration for designing hybrid PEC systems. A summary of
the photoactive materials used in PEC biosensing is presented in
Table 1.

TRANSDUCTION MECHANISM

Several signal transduction strategies have been proposed to
translate a biorecognition event to a PEC signal. The signal of
a PEC biosensor depends on the properties of the photoactive
material, applied potential, light intensity, wavelength, and the
type and concentration of the electron donor or acceptor (Zang
et al., 2017). Depending on the mechanism chosen, the PEC
biosensor operates in either signal-on or signal-off mode. In the
former case, the PEC signal increases upon target recognition,
and in the latter case it decreases (Zhao et al., 2018). In this
review, we have categorized the signal generation strategies used
in affinity-based biosensors as: (i) introduction of photoactive
species, (ii) generation of electron/hole donors, (iii) use of steric-
hindrance, (iv) in situ induction of light, and (v) resonance
energy transfer (Figure 3). In this section, we discuss the recent
biosensing reports categorized under these mechanisms.

Introduction of Photoactive Species

In this signal transduction strategy, the photoactive material
is incorporated into the target/probe complex in the form
of a label, which enhances or quenches the PEC response.
Signal modulation is initiated by bringing the label into
the close proximity of a conductive/ photoactive substrate
following a biorecognition event. Once in proximity to the
appropriate substrate, electron hole pairs are generated at
the surface of the photoactive material upon light excitation.
These electron-hole pairs then take part in chemical reaction
with the redox species in the electrolyte or interact with
the underlying substrate to either generate a measurable
signal or enhance an existing one (Figure 3a). Different types
of photoactive species, such as semiconductor nanocrystals
(Yue et al,, 2013), metallic nanoparticles (Wang et al., 2019)
and organic semiconductors such as g-C3Ny4, PFP (poly(9,9-
bis(6’-(N,N,N,-trimethylammonium)hexyl) fluorene-co-alt-1,4-
phenylene) bromide, etc. (Dai et al, 2016; Liu et al., 2018)
have been commonly used as a signal label. In this strategy,
it is crucial to (i) minimize the size of bioconjugated labels to
reduce steric hindrance, (ii) decrease the effect of the label on
the mass transport and complexation of the biomolecule, and
(iii) diminish non-specific protein adsorption to develop labels
that do not interfere with assay functionality. Semiconductor

nanocrystals possess dimensions in the order of 1-100nm,
making them an excellent choice as PEC labels. The PEC signal
of QDs in a complex environment stems from a myriad of
factors such as the intensity of excitation source, the magnitude
of applied bias potential, the absence/presence of electron donors
and acceptors, as well as the inherent photophysical properties
of QDs (Zhao et al, 2015a). These materials are particularly
appealing owing to their tunable excitation spectrum resulting
from quantum confinement, narrow and symmetrical emission
spectrum, high quantum yield and good optical stability (Smith
and Nie, 2010). Noble metal NPs are also commonly exploited
for this approach (Golub et al., 2009; Hao et al., 2019). Plasmonic
features of these particles such as intensive localized electric
field generation in the near field, strong far-field light scattering,
large absorption cross section in plasmonic resonance band, and
light induced charge separation exhibited by these labels offer
photocurrent modulation (Malekzad et al,, 2017; Hao et al,
2019).

In this sensing scheme, in addition to the type of labels
used, the electrode material greatly influences the assay design.
Here, the electrode is typically constructed from wide bandgap
semiconducting materials such as TiO;, g-C3Ny, ZnO, p-
CuBi;04, and hematite (Fe;O3), where the photoactive label
extends the absorption to the visible wavelength and improves
the charge separation efficiency of the electrode. However, given
that signal transduction is induced using a photoactive label, non-
photoactive electrodes can also be used in these assays (Willner
et al., 2001; Golub et al., 2009).

QDs are widely used as signal transduction reporters in PEC
biosensors following the pioneering work of Willner et al. (2001)
and Golub et al. (2009) in the early 2000s. In one of these works,
ssDNA immobilized on a gold substrate was hybridized with
CdS NP-tagged target DNA to a create a crosslinked CdS/DNA
network (Yildiz et al., 2008; Golub et al., 2009). It was observed
that the photocurrent emanating from these networks could
be switched ‘on’ and ‘off” using the light source through the
photoejection of conduction-band electrons of CdS particles
that were in contact with or at tunneling distances from the
electrode using Ru(NHj3)s as an electron mediator. Using a
similar strategy, Li et al. (2018a) reported an approach where
they used DNA tetrahedron (TET) to deposit CdTe QDs and
a methylene blue intercalator in the presence of the target
analyte. Since the electrode was not photoactive, this system was
operated at near-zero noise level and with a limit-of-detection
of 17 aM and a linear range of 50 aM—50 pM in the presence
of target miRNA-141 under light excitation (590 nm). When
the DNA TET-CdTe QDs-MB complex was used as a signal
probe, the PEC response (0.82 pwA) was ~2.5-fold higher as
compared to the PEC response based on the DNA TET-CdTe
QDs complex alone (Figure 4A). In contrast to the previously
discussed assays, the introduction of photoactive materials can
also occur in the absence of the target analyte (Chu et al., 2018).
In an assay of this type, the dsDNA capture probe contains
a carboxyl-terminated ssDNA building block that is removed,
through strand displacement, from the electrode upon target
introduction. In the absence of the target strand, CulnS,;/ZnS
(ZCIS) QDs, and n-doped carbon dots are captured and increase
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TABLE 1 | Properties of various photoactive species used in PEC biosensing.

Photo electrode
material

Excitation

Stability (“N”
cycles, Rsd (%),

Base

photo-current

Enhanced Enhanced charge
absorption separation

Ease of functionalization References

period) (A)
1.1 Inorganic Semiconductors
TiOs NWs Simulated sunlight - 115 x107%  No No Yes Wang et al., 2014b
TiOo NWs functionalized
with HRP via
APTES-gluteraldehyde
coupling.
CdTe QD Xenon lamp; 420nm  Fairly stable. ~2.17 x 1077 No Decreased. Trap Yes; 3-Mercaptopropionic  Lin et al., 2016
cut-off filter N =17, ~Rsd sites resulting from  (MPA) modified CdTe via
~9.16%, 360s Agy Te formation one pot synthesis; resultant
create new carboxyl terminated surface.
electron-hole
recombination
centers.
CdTe QD 590 nm Very stable. ~3.80 x 1077 No No Yes; MPA modified CdTe via Li et al., 2018a
N = 8, Rsd ~0.9%, one pot synthesis; resultant
275s carboxyl terminated surface.
CdTe QD 590 nm Very stable. ~2.10 x 10~ No No Yes; MPA modified CdTe via Hao et al., 2017b
N = 15, no decrease (anodic) one pot synthesis; resultant
in photocurrent, 425s  ~1.20 x 10~7 carboxyl terminated surface.
(cathodic)
1.2 Organic Semiconductors
g-C3Nyg Visible Very stable. ~3.00 x 1076 Yes Yes; MB No Daet al., 2018
N = 9, no significant intercalators
decrease in following duplex
photocurrent, 350 s formation at g-C3Nyg
enhance separation
efficiency.
FeTMPyP Chemiluminescence Very stable. ~2.50 x 1077 Yes No No Zang et al., 2015
Rsd ~4.3%. Long
term stability over 10
days.
PFBT Pdots (Polymer 450nm Stable. ~3.00 x 1078 No Yes; photogenerated Yes; Carboxylated surface ~ Shi et al., 2018b
dots) N =20, 400s electrons transferred obtained via synthesis
to the proton in procedure allows for easy
solution at low pH  immobilization of pDNA via
value. amine-carboxyl interaction.
1.3 Hybrid Semiconductors
1.3.1 Inorganic -Inorganic
CdTe-BinS3 Visible Fairly stable. ~4.00 x 10=7  Yes Yes; Z-scheme No Liuetal., 2017b
N = 8, Rsd~7.3%, heterojunction
350s formation between
CdTe and BinS3.
CdS/zZnS Visible Good long-term ~3.00 x 1075 Yes Yes; Formation of  Yes; CdS was modified by Shiet al., 2018a
stability; 95.6% of its heterojunction carboxyl groups which was
original value after 5 allowed the transfer used to attach with amine
months of photogenerated  terminated DNA.
electrons to ZnS
conduction band.
Core-shell Infrared Fairly stable. ~1.256 x 1077 Yes Yes; Enhanced No Qiu et al., 2018
NaYF4:Yb, Tm@TiOo N =10, Rsd ~7.9%, separation due to
250s formation of
Z-scheme
heterojunction
(Continued)
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TABLE 1 | Continued

Photo electrode Excitation Stability (“N” Base Enhanced Enhanced charge Ease of functionalization References
material cycles, Rsd (%), photo-current absorption separation
period) (A)
1.3.2 Organic-Inorganic
TiOs-polyethylenimine Visible Very stable. ~4.00 x 1076 Yes Yes; Improved Yes; Organic ligand Dai et al., 2017
mesocrystal N =10, Rsd charge separation  (OAM/PEI) modification
~2.04%, 250 s via ligand (OAM/PEI) confers the complex with
Excellent long-term maodification reactive amine terminations
stability; 94.8% of capable of further chemical
initial value after 12 reaction.
days
CdS-MV Xenon lamp Poor stability. ~1.00 x 10~ No Yes; MV coating of  Yes; Thioglycolic acid (TGA) Long et al., 2011
CdS facilitates fast  capped CdS QDs formed
charge separation  via precipitation-based
and a slow charge  synthesis; resultant carboxyl
recombination upon terminated surface.
irradiation.
TiOs-EPM 380-480nm Very stable. ~3.00 x 1076 Yes No Yes; Amine and hydroxyl Ma et al., 2018
N = 10, Rsd terminations on TiO»
~2.04%, 400 conferred via EPM (ligand)
conjugation.
1.3.3 Metal NP -Inorganic/Organic
AuNP-ZnO FRs Simulated sunlight ~ Very stable. ~250 x 1075 Yes Yes; AuNPs inthe No Han et al., 2017a
N =15, no decrease Au-ZnO FRs
in photocurrent, 300 s heterostructure
enhances charge
separation.
AuNP on p-CuBisO4 >420nm Good long-term ~4.00 x 1077 No Yes; AuNPs, asa  Yes; Au NPs, as a front Lvetal., 2017
stability; 99.8% of its front contact of contact of p-CuBis O, allow
original value after 3 p-CuBioO4 enhance conjugation with thiol
weeks the efficiency of terminated biomolecules.
charge separation
Au NP/Graphene Xenon lamp Very stable. ~45 %1077 No Yes; g-C3Ng and  Yes; Au NPs allow Wang et al., 2018b
QD/g-C3Nyg N =15, Rsd ~1.5%, GQD reduce the conjugation with thiol
nanosheet 20s probability of terminated biomolecules

recombination of
photogenerated
electrons and holes.

RSD represents relative standard deviation, which signifies the reproducibility of the sensor.

the PEC signal under xenon lamp excitation (spectral range
200-1,200 nm) (Figure 4B). This biosensor exhibited a limit-of-
detection of 0.31 pM with a linear range of 1 pM—100nM in the
presence of target miRNA-21. Furthermore, single base mismatch
studies conducted using miRNA-21 (target), SM miRNA-21
and miRNA-141 showed ~4x higher response in the case
of target as compared to the interfering miRNAs, showcasing
the excellent selectivity of this sensor. In addition to nucleic
acid sensing, QDs are widely used in PEC biosensors created
for protein analysis. In an assay of this type, the presence
of insulin instigated the formation of an immunocomplex
containing DNA-labeled antibody, insulin, secondary DNA
labeled antibody and CdTe-labeled reporter DNA (Wen and Ju,
2016). CdTe induces a sensitization effect on the CdS/TiO,/ITO
electrode, thereby enhancing the photocurrent under white
light excitation (spectral range 200-1,200 nm) (Figure 4C). A
limit-of-detection of 3 fM was exhibited by this sensor with a
linear range of 10 fM—10nM using insulin as the target. The
fabricated sensor exhibited desirable long-term stability with

no significant change in photocurrent following storage for 10
days and excellent selectivity when incubated with a solution
containing interfering agents (IGF-1 and C-peptide). Micro-
RNA (miRNA-155) detection has been shown by introducing
Au NP functionalized N-doped porous carbon ZnO polyhedra
(NPC-ZnO) on CdSe QD based photoelectrode (Meng et al.,
2019). Following, miRNA hybridization with a hairpin structure
probe, Au NP functionalized NPC-ZnO was brought close to
the hybridized double-stranded RNA by using second hairpin
DNA structure (Figure 4D). The NPC-ZnO is also photoactive
and thereby generated a signal-on response under visible light
excitation. This creative design strategy enabled ultrasensitive
miRNA detection with a limit-of-detection of 49 aM (linear range
of 0.1 fM—10nM), which is much lower than the previously
reported photoelectrochemical miRNA detection bioassays (Wen
and Ju, 2016; Chu et al., 2018).

Dai et al. (2016) demonstrated a multiplexed PEC
immunoassay by using two different photoactive materials—
graphitic carbon nitride (g-C3N4) which exhibited an
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FIGURE 3 | Principles of signal transduction in PEC biosensors (a) introduction of photoactive species, (b) generation of electron/hole donors, (c) use of steric
hinderance, (d) in situ induction of light, and (e) resonance energy transfer.
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FIGURE 5 | Introduction of photoactive species: (A) Schematic representation of two potentiometrically resolvable protein detection assays for PSA and human
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anodic photocurrent and CS-Agl which exhibited a cathodic
photocurrent—on a polyamidoamine dendrimer modified cube
anatase TiO, mesocrystal (PAAD@CAM) substrate (Figure 5A).
A competitive immunoassay was designed to analyze PSA
and IL-6 biomarkers using anti-PSA and anti-IL-6 antibodies
labeled with g-C3Ny4 and CS-Agl, respectively. Application of
different bias voltages allowed each of the complexes to be
individually analyzed with IL-6 having a dynamic range of
107°-90 pg mL~! (3.3 x 107> pg mL~! limit-of-detection) and
PSA having a dynamic range of 1076-90 ng mL~! (3.3 x 1072 pg
mL~! limit-of-detection).

Metal nanoparticles are used in combination with photoactive
materials as signal reporters in PEC biosensors. In an assay
of this kind, liposomes loaded with AgNP were labeled with
IgG antibodies to detect IgG on a BiOI/Ni electrode (Yu et al.,
2019). In a sandwich protein binding assay, the liposome-
antibody conjugates were used to label the captured antigen.
Upon binding, the Ag NPs were released using Triton X-
100 and reacted with the p-type BiOI substrate to form an
Agl/Ag/BiOI z-scheme heterojunction, enhancing the cathodic
photocurrent of the electrode due to the reduction of dissolved
O, by Agl and transferring electrons from the conduction band
of BiOI to the valence band of Agl through metallic Ag upon
illumination (410 nm excitation light source) (Figure 5B). This
assay demonstrated a limit-of-detection of 100 fg mL~! and was
linear in the 100 fg mL~!-100 ng mL~! range.

As seen in the previous reports, target labeling provides
the sensitivity and specificity that is needed for bioanalysis
in complex biological samples. However, the introduction of
photoactive species via labeling often impairs the rate and
efficiency of bio-recognition, makes it difficult to perform

quantitative analysis of biomolecular species in real time, and
adds to the assay complexity due to the washing steps. An
alternative method that can overcome some of the drawbacks
of labeling is signal transduction via in situ generation of
electron/hole donors, which is discussed in the following section.

Generation of Electron/Hole Donors

In this approach, target introduction releases free electron/hole
donors (scavenging species) that interact with the photoactive
electrode surface, induce charge separation, and modulate the
photocurrent. A common method to produce electron/hole
donors is by using an enzyme (Zang et al., 2017) to generate
hydrogen peroxide (H,O;) or ascorbic acid (AA). Alkaline
phosphatase (ALP) is used in DNA and protein sandwich
assays (Zhang et al, 2016b; Ju et al, 2019) to catalyze the
conversion of ascorbic acid 2-phosphate (AAP) to ascorbic acid
(AA) upon target binding. AA acts as a hole scavenger and
increases the lifetime of photo-induced carriers, which enhances
the PEC current (Ju et al., 2019). Using a similar approach,
an assay incorporating dual enzyme tags for multiplexed PEC
detection was developed to differentiate between two cardiac
markers—cardiac troponin I (cTnl) and C-reactive protein
(CRP) (Zhang et al., 2016b). ALP-tagged antibody was used
for troponin T detection, and acetylcholine esterase (AChE)-
tagged antibody was used for detecting C-reactive protein (Zhang
et al., 2016b). These tags generate electron donating ascorbic
acid (AA) and thiocholine (TC) by specifically catalyzing the
hydrolysis of AAP or acetylthiocholine (ATC) (Figure 6A).
Under visible light irradiation, the generated electron donors
scavenge photoinduced holes at the surface of the CdS QDs/TiO;
electrode, inhibiting the recombination of the holes and
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FIGURE 6 | In situ generation of electron/nole donors: (A) Incorporation of dual enzyme tags for multiplexed cardiac troponin | (cTnl) and C-reactive protein (CRP)
detection [Reprinted from Zhang et al. (2016a) with permission from American Chemical Society]. (B) Schematic lllustration of near infrared to ultraviolet light-mediated
photoelectrochemical aptasensing for cancer biomarker detection and mechanism of signal generation in NaYF4:Yb,Tm@TiO, photoactive electrode [Reprinted from

Ascorbic acid

i
- ALP

\

Ascorbic acid 2-phosphate

Acetylthiocholine

M,
“ACh

CRP

electrons, thus enhancing the photocurrent. A linear range of
100 ng mL™!-0.1 mg mL ™" (a limit-of-detection of 50 ng mL ™)
was exhibited for CRP, and a linear range of 1 ng mL~!-0.01 mg
mL™! (a limit-of-detection of 0.1 ng mL™!) was exhibited
for ¢Tnl.

In the previous assays, the biorecognition event, the
generation of electron/hole donors, and signal measurement
were performed on the electrode surface. However, it is possible
to perform biorecognition and generate electron/hole donating
species in solution and use the resultant species to modulate the
PEC signal at an electrode surface. An assay of this type detects
carcinoembryonic antigen (CEA) using a sandwich assay on the
surface of magnetic beads (Qiu et al., 2018). Upon aptamer—
CEA-aptamer reaction, the primer DNA on the terminus of the
secondary aptamer initiates rolling circle amplification (RCA)
reaction, resulting in the generation of long guanine (G) rich

oligonucleotide strands (Figure 6B). Subsequent introduction
of exonuclease I and III releases guanine (G) bases following
digestion of the RCA product. The free guanine bases function
as electron donors and enhance the photocurrent of the
NaYF4:Yb,Tm@TiO, microrod electrodes under near-infrared
light excitation. The limit-of-detection of the assay for CEA target
was 3 pg mL~! with a linear range of 10 pg mL~!-40 ng mL~!.
Furthermore, high specificity is demonstrated by this assay when
tested against a complex mixture containing interferents such as
PSA, TB, and human IgG.

In addition to using photoactive species and electron/hole
donors separately, it is possible to combine these signal
transduction mechanisms. For example, the synergistic effect of
electron donor generation and photoactive species introduction
was used to detect alpha-fetoprotein (AFP), which is a biomarker
for liver cancer (Xu et al., 2015). In this assay, AFP-CdS-GOD
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complex was formed by conjugating AFP with CdS QD and
glucose oxidase (GOD). In this work, chitosan which helps
to covalently bind anti-AFP antibody was first deposited on
the photoelectrode composed of ZnO inverse opal structure.
Upon biorecognition with AFP-CdS-GOD, the photocurrent was
enhanced. The enhancement of the photocurrent is attributed
both to the increased absorption spectrum due to CdS QD and
generation of H,O, by GOD as electron donor. This bioassay
showed a limit-of-detection of 0.01 ng mL~! (linear range is
0.1-500 ng mL~!). Moreover, this assay showed good specificity
against CEA, PSA and H,O,.

Although assays using electron/hole generation overcome
the limitations encountered in labeled assays, they have some
drawbacks that must be considered for using them in analyzing
real-life samples. Enzymes that are typically used to induce
the formation of local electron/hole donors are known for
their instability, relatively low shelf life, and expensive reagent
cost. Additionally, to ensure effective detection using this
scheme, utmost importance must be paid to minimize interfering
scavenging species found in native samples that may consume the
locally generated electron/hole donors required to transduce the
biorecognition events.

Steric-Hindrance Based Assay

Introduction of a biomolecule at the biosensor surface can
sterically hinder the access of electrolyte to the photoactive
transducer to modulate the measured PEC current. This
transduction approach is one of the simplest mechanisms for
developing a biosensor because it usually does not require
labeling steps following the target capture. However, most of
these sensors operate in a signal-off fashion (Pang et al., 2017;
Zang et al., 2017; Fu et al., 2018).

In signal-off PEC biosensing, it is crucial to have a
high photocurrent before target introduction because high
concentrations of the target can completely diminish the PEC
signal (Saha et al.,, 2018). Different approaches have been used
to obtain high baseline PEC currents. Depositing photoactive
materials into three-dimensional scaffolds such as wrinkled
electrodes has been used to increase the photocurrent of
PEC biosensors (Saha et al, 2018). The wrinkle electrodes
showed 10 times higher photocurrent than a planar electrode
composed of CdTe QDs. This wrinkled photoelectrode was
used to detect single stranded DNA by simply hybridizing with
the complementary sequence as a proof-of-concept. Moreover,
it showed stable photocurrent following storage at 4°C in
dark conditions for seven days and exhibited high specificity
against single or multiple pair mismatch. Metal NPs are also
deposited in combination with photoactive materials to enhance
the photocurrent due to their plasmonic properties (Tu et al.,
2016; Hao et al,, 2018a). Fu et al. (2018) used Au NPs as a
photoelectronic transfer promoter in photoactive molybdenum
disulfide (MoS,) nanosheets to detect micro-RNA. To obtain
further reduction of photocurrent, bulky biotin-streptavidin
coupling was used in conjunction with probe hairpin DNA
and target microRNA to increase the signal changes caused by
steric hindrance. This PEC sensor presented a broad linear range
of 10 fM—1nM (limit-of-detection of 4.21 fM) (Figure 7B).

Signal transduction using steric hindrance is ideally suited for
cellular detection because the large size of cells compared to
biomolecules enhances their steric hindrance effect. A signal-
off sensor was constructed to rapidly detect early apoptotic
cells using phosphatidylserine binding peptide (PSBP) bound
to the surface of TiO,/Graphene/Znln,Ss4 photoelectrode as
the biorecognition element (Wu et al., 2018). Here, the access
of AA to the electrode surface was sterically hindered by the
binding of the apoptotic cell decreasing the photocurrent. This
biosensor exhibited an LOD of 3 cells mL~! with a linear range
of 1 x 10%-5 x 107 cells mL™! (Figure7A). A paper-based
cytosensor was reported for detecting breast cancer cells (MCF-
7) constructed from ZnO spheres immobilized on Au nanorod-
modified paper and sensitized with CdTe QDs and nanogold-
assembled mesoporous silica nanoparticles (GMSNs) at their
surface to create the photoactive portion of the biosensor (Ge
et al., 2017). Multiple horseradish peroxidase (HRP) molecules
and branched capture sites were then immobilized onto the
GMSNs using double stranded DNA (Figure 7C). HRP was
used in this assay to generate optical excitation through
chemiluminescence. A signal decrease is observed upon capture
of graphene quantum dot (GQD) labeled cancer cells as H,O»,
the oxidant of luminol based chemiluminescence, is sterically
hindered. These biosensors demonstrated a linear range of 63—
1.0 x 107 cells mL™! and limit-of-detection of 21 cells mL~?.
Lymphoblast (CCRF-CEM) cells were also detected based on
steric hindrance in a PEC biosensor (Li et al., 2019). These
cells were captured using hairpin DNA targeting overexpressed
protein tyrosine kinase-7 on their surface. A decrease in PEC
signal was exhibited on AgInS; NPs photoelectrodes due to steric
hindrance of AA. A limit-of-detection of 16 cells mL~! and linear
range of 1.5 x 102-3.0 x 10° cells mL~! were demonstrated.
Another interesting signal transduction method involves the
generation of a passivating compound as a result of target
capture, which is used to decrease the PEC current generated
on the photo-electrode (Zhuang et al., 2015; Qiu et al., 2018).
An assay of this type combines biorecognition and isothermal
target amplification in solution with signal modulation on
the photoelectrode to detect T4 polynucleotide kinase (PNK),
an important cellular regulator (Zhuang et al., 2015). In this
detection scheme, a hairpin DNA (HP2) strand is phosphorylated
upon the introduction of target PNK and is partially digested by
h-exo to yield an endogenous primer which initiates solution-
based amplification generating DNA fragments. These DNA
fragments activate the peroxidase-mimicking DNAzymes on
the hairpin DNA probes immobilized on the photoelectrode
(HP1) to catalyze the formation of insoluble precipitates at the
electrode surface and attenuate the photocurrent response of the
photoactive electrode. This target induced attenuation of current,
and enabled PNK to be analyzed in the linear range of 2-100
mU mL~!. Zhang et al. (2018a) used this strategy to detect
prostate specific antigen (PSA) on a CdS nanorod electrode. The
presence of PSA led to the formation of a sandwich complex on
Au NPs that contained DNAzyme concatamers that catalyzed
the precipitation of 4-chloro-1-naphthol onto the photoactive
electrodes in the presence of H,O,. The insoluble precipitate
resulted in an attenuation of signal by inhibiting electron transfer
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FIGURE 7 | Steric-hindrance based biosensing: (A) Detection of apoptotic cells by TiO»/EG/Znin,S4 electrodes [Reprinted from Wu et al. (2018) with permission
from American Chemical Society]. (B) Use of Au NPs in conjunction with a semiconductor (MoS») to achieve higher photoresponse [Reprinted from Fu et al. (2018)
with permission from The Royal Society of Chemistry]. (C) Detection of N glycan on ZnO»/CdTe/GMSNSs electrode modified with GQD@conA [Reprinted from Ge et al.
(2017) with permission from American Chemical Society]. (D) Two-channel approach for detecting AFB1 [Reprinted from Hao et al. (2017b) with permission from
American Chemical Society].

from the electron donor AA to the photoelectrode. PSA detection Multi-channel PEC biosensors operated based on steric
was achieved in the 0.005 ng mL~!-50 ng mL~! range with a  hindrance have been developed for improved reliability (Zhang
limit-of-detection of 1.8 pg mL™!. et al,, 2017; Hao et al,, 2018b; Hua et al,, 2018). In an assay
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that uses sunlight instead of an external light source, a two-
channel design enables the device to calibrate its photoresponse
by considering the incoming sun light intensity (Hao et al,
2018b). In this assay, biorecognition event of aflatoxin B1 by
the covalently bound aptamer with the underlying Ag/TiO,/3D
nitrogen-doped graphene hydrogel (3DNGH) resulted in a
decrease of photocurrent. The decrement of the photocurrent
is attributed to the enhanced steric hindrance of the electrolyte
(0.1M PBS) to the electrode surface. Using this ratiometric
approach an LOD of 2.5 x 10™* ng mL™! and linear range of
1.0 x 1073-1.0 x 10° ng mL~! were achieved for the detection
of aflatoxin B1 (AFBI), a highly toxic carcinogen mainly found
in agricultural and sideline products such as cereals and dairy
products. Building on this strategy, Hao et al. (2017b) developed
another two channel device using CdTe-graphene oxide (GO)
and CdTe photoelectrodes for detecting AFB1. A signal increase
was observed on the CdTe-GO electrode because the aptamer
was released from the electrode surface upon target capture,
which improved the access of electrolyte (0.1 M PBS) to the
photoelectrode (Figure 7D). A signal decrease was observed on
the CdTe electrode upon target capture by the immobilized
aptamer. Using this detection strategy, a limit-of-detection of
0.01 ng mL~! and a linear range of 10 pg mL™'-100 ng mL™!
were observed. Compared to single channel PEC biosensors,
this self-referencing design can provide better accuracy and
reliability, thus providing a promising route for the future
development of PEC biosensors.

Steric-hindrance based assays can also combined with other
strategies, for example p53 (cell cycle regulator and tumor
suppressor) detection has been shown by combining two
detection strategies—(i) in situ generation of electron donors and
(ii) the subsequent hindering of AA (Zhu et al., 2016). A protein
G molecular membrane was used to immobilize ALP conjugate
anti-p53 antibody on ordered TiO; nanotubes containing Au
NPs. ALP enzymatic reaction in the presence of AAP generates
AA for scavenging the holes localized on Au NPs. In this
system, immunocomplexation with the target (p53) decreases
the photocurrent signal due to (i) increased steric hindrance
caused by the immunocomplex and (ii) a change in dielectric
permittivity of the Au NPs-TiO, NTs interface following target
capture, which in turn influences the energy coupling between
Au NPs and TiO, NTs. This sensor demonstrated a limit-
of-detection of 0.05 ng mL™! and a linear range of 20-
100 ng mL~! under 410nm light illumination. Additionally,
excellent selectivity was demonstrated by the immunoassay when
faced with interfering agents such as glucose oxidase (GOD),
prostate specific antigen (PSA), lysozyme (LZM), and thrombin.
Furthermore, given that the average level of p53 in lung cancer
patient serum samples is 0.55 ng mL~!, the limit-of-detection
of this assay, along with its excellent selectivity point to its
applicability for clinical use.

The simplicity of steric hinderance based signal transduction
makes it appealing for use in PEC biosensing. However, due to
its signal-off nature, this transduction method is associated with
a higher incidence of false positives as compared to the other
transduction methods discussed in this section. To overcome
this, strategies such as multi-channel sensing with built-in

calibration (Hao et al., 2017b) have been developed for more
accurate and robust biosensing.

In situ Induction of Light

In conventional PEC biosensing, an external light-source is used
for optical excitation, which imposes additional complexities
for miniaturizing the biosensing platform (Tu et al., 2018).
Elimination of the external light source is often achieved by
employing chemiluminescence (CL) in the PEC biosensor for
generating in situ light of various emission wavelengths (Ge et al.,
2016b; Zang et al., 2017). In an assay of this type, prostate specific
antigen (PSA) was captured and labeled in a sandwich assay
with Au NPs modified with glucose oxidase (pAb,-AuNP-GOx)
(Shu et al., 2016). GOx generates H,O, enhancing the CL of the
system, which in turn increases the photovoltage generated on
the graphene oxide-doped BiVOy4 photoelectrode (Figure 8A).
This system showed a detection limit of 3 pg/mL and good
specificity against CEA and AFP. A similar approach was used
in a paper based PEC biosensor with porous Au/SnO,/rGO
photoelectrodes for detecting ATP (Wang et al., 2014b). In
this assay, the aptamer for ATP detection was split into two
oligonucleotides. One of them (SSDNAI) were immobilized
initially at the electrode surface and the other (SSDNA2) was
conjugated with luminol and GOx into Fe;O4@Au NP. This
nucleotide conjugate NP was brought to the electrode surface
following the ATP introduction and thereby formed the complex
shown in Figure 8B. Once GOx is bound to the electrode, it
catalyzes the CL reaction by generating H,O,, which further
reacts with the luminol. The sensing platform demonstrated a
limit-of-detection of 0.025 pM with specificity against guanosine
triphosphate (GTP), cytidine triphosphate (CTP), and uridine
triphosphate (UTP). A proof-of-concept PEC DNA assay was
also shown using this approach on CdS/MoS; photoelectrodes
(Zang et al., 2016). In this assay, target DNA is captured using
an immobilized hairpin probe. Following the target-induced
unfolding of the probe, the target DNA is displaced by a
hemin-labeled DNA recycling probe. Hemin catalyzes luminol
oxidation and generates CL, exciting the photoelectrode. This
assay demonstrated a limit-of-detection of 0.39 M and specificity
against other forms of DNA (smDNA, tmDNA). The elimination
of external light source makes this form of signal transduction
appealing for the development of point-of-care devices. Yet
another advantage of this method lies in the tunability of
chemiluminescence by changing environmental factors such
as the concentration of oxidizing species, environmental pH
value, hydrophobicity of the solvent, and solution composition
(Augusto et al., 2013; Fereja et al., 2013; He et al., 2014).

The signal transduction strategies elaborated thus far involved
the reaction of photoactivated excitons with solution-based
electron donors and acceptors to generate a measurable
photocurrent, i.e., the signaling strategy established was based on
the direct interfacial electron transfer between the photoactive
material and ambient environment. The following section
discusses signal transduction based on resonance energy
transfer that involves the transfer of acquired electronic energy
following photo-excitation.
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FIGURE 8 | In situ generation of light. (A) PSA detection by coupling HoOo—triggered peroxyoxalate self-illuminated system with an external capacitor on the
photoanode and digital multimeter as readout device [Reprinted from Shu et al. (2016) with permission from American Chemical Society]. (B) Schematic of the
photocurrent generation mechanism in the modified paper sample zone of the Au-PWE under a CL light source [Reprinted from Wang et al. (2014a) with permission

Resonance Energy Transfer

A powerful mechanism for modulating the PEC activity of the
photoactive material in response to biorecognition is resonance
energy transfer (RET) (Shu and Tang, 2017). In this approach, the
biorecognition event serves as a mediator to bring a noble-metal
NPs (Generally Au or Ag) to the proximity of the photoelectrode
(Zang et al.,, 2017). Noble-metal NPs have very high extinction
coefficients (Hartland, 2011) and can function as either signal
quenchers (Zhao et al., 2011) or amplifiers (Han et al., 2015)
depending on the distance between the metal and the other
photoactive materials. If the absorption spectrum of the metal
NP overlaps with the emission spectrum of the photoactive
material, a significant portion of the exciton energy is transferred
to the metal NPs, subsequently decreasing the photocurrent (Yun
et al., 2005). However, when excited at plasmonic absorption
wavelengths, a high electric field can surround the metal NPs
and enhance the photocurrent generated by the photoactive
material (Li et al., 2014a). In these assays, metal NPs are excited
by the emission of the semiconductor already present in the
electrode which is different from the approach where to enhance
the PEC current, metal NPs are introduced during biomolecule
recognition followed by external light as described in section
Introduction of Photoactive Species.

Semiconductor QDs are commonly used as photoactive
materials for electrodes in this approach because it is possible
to tune their emission wavelength by varying their size. Mi-
RNA detection has been shown by using RET between CdS QDs
and Ag NPs under the illumination at a wavelength of 410 nm
(Ma et al., 2016b). As shown in Figure 9A, target microRNA
induces conformational change in the Au NP labeled hairpin
probe deposited on CdS QD. ALP causes Ag deposition on the
Au NPs, which significantly amplifies the signal decrease that is
measured on the photoelectrode. This assay has demonstrated a
detection limit of 0.2 fM with a linear range of 1 fM—100 pM.

The same group has also shown DNA detection without the Ag
deposition-induced amplification strategy (Zhang et al., 2016a)
using CdS QDs and Ag NPs and achieved a limit-of-detection
of 0.3 pM and a linear range of 1 pM—10nM. Ma et al. (2016a)
also used energy transfer between CdS QDs and Ag NPs to detect
TATA-binding protein and achieved a limit-of-detection of 1.28
fM (linear range of 2.6 fM—512.8 pM). The CdS QDs used in
this work have an emission peak around 530 nm which overlaps
with the absorption peak of Au NPs. DNA hybridization was
used to bring Au NP into the proximity of the semiconductor
QDs (Figure 9B). Tata binding protein can further bend this
dsDNA structure and bring Au NPs even closer to the CdS QDs.
The TATA binding protein increases the signal attenuation due
to the combined effect of RET and steric hindrance. This assay
showed excellent selectivity against AFP, CEA, lysozyme, PSA,
and thrombin.

Although Au and Ag NPs are the most popular materials
used for RET-based PEC biosensing, other materials can also
be used in these assays. For example, a signal-off sandwich-
type immunoassay was developed by using CuS nanocrystals
as the photocurrent quencher for early detection of CEA on
CdSeTe@CdS:Mn-sensitized TiO, NPs (Fan et al., 2016b). In
this assay, CEA target antigens were captured using anti-CEA
antibodies immobilized on the electrode surface, and a signaling
antibody labeled with CuS was introduced to reduce the PEC
current (Figure 9C). A limit-of-detection of 0.16 pg/mL with a
linear range from 0.5 pg mL~! to 100 ng mL~! were achieved
using this assay. The specificity of this assay was validated against
PSA, AFP, carbohydrate antigen 19-9 and 15-3.

PEC biosensors that operate based on RET are highly
sensitive. However, many of the RET biosensing assays reported
to date are signal-off (Zang et al, 2017). It is possible to
design a signal transduction method based on RET where the
photocurrent is initially reduced and is turned on following target
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FIGURE 9 | Resonance energy transfer based photoelectrochemical biosensors: (A) Energy transfer between CdS QDs and Ag NPs upon the ALP induced Ag
deposition on Au NPs [Reprinted from Ma et al. (2016b) with permission from American Chemical Society]. (B) Tata binding protein bends the double-stranded DNA
structure and brings CdS QD and Au NPs closer [Reprinted from Ma et al. (2016a) with permission from American Chemical Society]. (C) Schematic illustration of the
signal-off sandwich type immunoassay was developed by using CuS nanocrystals as photocurrent quencher for early detection of CEA [Reprinted from Fan et al.
(2016b) with permission from American Chemical Society]. (D) Thrombin detection using a PEC aptasensing platform based on exciton energy transfer between
CdSeTe alloyed quantum dots and SiO, @Au nanocomposites. In this approach, RET significantly reduces the photocurrent, which is then quickly restored following
the target’s competitive binding and subsequent release of the metal NP tagged capture probe [Reprinted from Fan et al. (2015) with permission from The Royal
Society of Chemistry].

capture and the resultant removal of the metal NP (Shen et al.,  development starts with considering the target analyte of interest,
2015; Liu et al., 2016). Thrombin detection was demonstrated  required limit-of-detection and specificity, interference caused by
using this approach where AuNP-decorated SiO; nanoparticles  the native sample, and constraints of the operating environment
were initially immobilized on CdSeTe QD-photoelectrodes  (point-of-care, lab-based, resource poor compatible). This review
through a dsDNA construct containing a thrombin-selective  aims at helping the reader choose the building blocks—materials
aptamer. Upon target capture, the signal diminishing Au NPs  and signal transduction mechanisms—of a PEC biosensor based
were removed from the electrode vicinity and a limit-of-detection ~ on the constraints imposed by the application.
of 2.8 fM with a linear range of 10 fM—50 pM was achieved Inorganic and organic semiconductors are used as the
(Fan et al,, 2015) (Figure 9D). Consequently, it is possible to  photoactive building blocks for PEC biosensors. In PEC devices,
combine the high sensitivity of RET with reliability of signal-on  photoactive materials are primarily chosen based on their
sensing to create a high-performance biosensor. A summary of  efficiency in converting optical energy to electrochemical current
these recently published affinity-based PEC biosensor including  or voltage. Using these materials in PEC biosensing adds
their sensing mechanism, transduction approach and LOD are  additional requirements in terms of stability, size/structure,
depicted in Table 2. integration, cost, and functionalization. Given that photoactive
materials used in PEC biosensing directly interact with nanoscale
biomolecules, solution-processed photoactive nanomaterials that
CHALLENGES AND FUTURE can be readily used as labels, reporters, or building blocks for
PERSPECTIVES the photoelectrode are primarily used in these systems. An
important challenge with using these materials is their varying
Affinity based biosensors using photoelectrochemistry as their  performance and stability in biosensing conditions that often
transduction mechanism have garnered a lot of interest over the  require operation in complex biological environments and under
past decade due to their exceptional limit-of-detection. Biosensor  stringent washing protocols. Affinity-based PEC biosensors
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TABLE 2 | Summary of the recent affinity-based PEC biosensor.

Photoactive Material Target Sensing Approach Transduction LOD, linear range References
mechanism

Agl/Ag/BiOI [e[€] Immunosensor, Signal on Introduction of 100 fg mL~1 Yu et al., 2019
photoactive 100 fg mL=1-100 ng mL~!
species

TiOp-CdS Estradiol Immunosensor, Signal off 2 pgmL~! Lietal, 2015

5 pg mL="-4 ng mL~1
Donor-Acceptor-type Thrombin Aptasensor, Signal on 34.6 M Hu et al., 2018
PTB7-Th 100 fM—10nM

CdS NPs
(PAAD)@ TiO,CAM,
g-CgN4Y CS-A9|

CdS QDs/NPC-ZnO
CdS/TiOp, CdTe QDs

Cationic polyfluorene

Oligonucleotides
PSA, IL-6

mMiRNA-155

Insulin

Breast cancer cells

DNA sensor

Immunosensor, Signal
polarity change

DNAsensor, Signal on

Immunosensor, Signal on

Cytosensor, Signal on

3.3 x 1079 pgmL~", 10-90 pg
mL~1 (IL-6)
3.3 x 1073 pgmL~"1, 1076-90 ng
mL=T (PSA)
49 aM
0.1 fM—10nM

3fM
10 fM—10nM

24 cells/mL~1

Willner et al., 2001
Dai et al., 2016

Meng et al., 2019

Wen and Ju, 2016

Liuetal., 2018

derivative (SKBR-3) 1.0 x 102-5.0 x 105 cell mL~!
TiOo/ITO, Au NPs, DNA Peptide sensor, Signal on 50 x 1073 UmL™" Yan et al., 2016
[Ru(opy)®12* 10-50U mL~"
TiOo/Au, CulnS»/ZnS miRNA-21 Aptasensor, Signal on 0.31 pM Chu et al.,, 2018
(ZCIS) QDS 1 pM—-100nM
CdTe, MB miRNA-141 Aptasensor, signal on 17 aM Lietal, 2018a
50 aM—50 pM
MoS»/g-C3Ny/black miRNA Aptasensor, Signal off 0.13fM Wang et al., 2019
TiOo, Au NPs 0.5-5,000 fM
GO/g-CgNy Kanamycin Aptasensor, Signal on 0.2nM Lietal, 2014b
1-230nM
TiOo MIiRNA DNAsensor, Signal Off-On 20 fM Bettazzi et al., 2018
MB MIiRNA DNA sensor, Signal on 27 aM Hou et al., 2018
80 aM—10 pM
CdS/TiOo NT cTnl, CRP Immunosensor, Signal on Generation of 0.1 ng mL=1, 1 ng mL=1-0.01 mg Zhang et al., 2016b
electron/hole mL=" (cTnl).
donor 50 ng mL~1, 100 ng
mL=1-0.1mg mL~" (CRP)
NaYF4:Yb, Tm@TiOo CEA DNAsensor, Signal on 3.6 pg mL~" Qiuetal., 2018
10 pg mL~1-40 ng mL~1
Au NPs, MoS» mi-RNA DNAsensor, Signal off Steric-hindrance 4.21 fM Zang et al., 2016
10 fM—1nM
WS,, Au NP MCF-7 cells Aptasensor, Signal off 21 cells mL~" Lietal, 2016
1 x 102-5 x 10% cells mL~"
AuNP/g-C3Ny4 PNK Aptasensor, Signal off 1mUmL™? Zhuang et al., 2015
210100 mU mL~"
Au NPs, TiOo p53 Immunosensor, Signal off 0.05 ng mL Zhu et al., 2016
20-100 ng mL~!
Ag NPs, TiOp AFB1 Aptasensor, Signal off 25 x 1074 ng mL~! Hao et al., 2018b
1.0 x 1073-1.0 x 108 ng mL~"
Graphene loaded E. coli Aptasensor, Signal off 0.66 cfu/mL Hua et al., 2018
carbon QDs, g-C3Ny 2.9-2.9 x 10 cfu/mL
CuO ALP Immunosensor, Signal off 0.33U L1 Zhang et al., 2018b
nanopyramid-island, 0.5-40.0U L1
AO
TiOo sensitized with Early apoptotic HL-60 Aptasensor, Signal off 3cells mL~! Wu et al., 2018
ZninpSy cells 1 x 103-5x107 cells mL~"
(Continued)
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TABLE 2 | Continued

Photoactive Material Target Sensing Approach Transduction LOD, linear range References
mechanism
Zn0O, Au nanorods, MCF-7 Aptasensor, Signal off 21 cells mL—! Geetal.,, 2017
CdTe QD 63-1.0 x 107 cells mL~"
TiO»/CdS:Mn, CulnS» PSA Aptasensor, Signal off 0.32 pg mL~1 Fan et al., 2016a
nanoflower 1 pg mL=1-100 ng mL~"
CdS, Au NP PSA Aptasensor, Signal off 1.8 pg mL~T Zhang et al., 2018a
0.005-50 ng mL~1
AgInSy NP CCRF-CEM cells Aptasensor, Signal off 16 cells mL~" Lietal, 2019
1.5 x 102-3.0x10° cells mL~"
CdS-MoS, QD DNA DNA sensor, Signal on 0.39 M Zang et al., 2016
1fM—100 pM
TiOo-CdS:Mn PSA Immunosensor, 0.32 pg/mL Fan et al., 2016a
Ratiometric 1 pg/mL—100ng/mL
p-CuBip O4-Au NP AFP Immunosensor, Signal off 14.7 pg/mL Lvetal., 2017
50 pg mL=1-20 ng mL~!
TiOo-EG-ZninySy Apoptotic cells HL-60 Immunosensor, Signal off 1568 cells/mL Wu et al., 2018
1,000-50 x 107
TiOo RAW264.7 Immunosensor, Signal off 50 cells/mL Pang et al., 2017
Nanoneedis@MoO3 macrophage cells 50-1,500 cells/mL
ZnO spheres Au Breast cancer cells Immunosensor, Signal off 21 cells/mL Geetal., 2017
nanorod-CdTe QDs (MCF-7) 100-107 cells per mL
t-mercaptopropionic Tumor cells Aptamer sensor, Signal off 16 cells/mL Lietal, 2019
acid capped AgInSoNP 1.5 x 102-3.0 x 105 cells/mL
CdS-TiOo CEA Dnazyme sensor, Signal In situ induction of 70 ag/mL Ge et al.,, 2016a
off light 70 ag/mL—500 fg/mL
CdTe, CdTe-GO AFB1 Aptasensor, Simultaneous 10 pg mL~1 Hao et al., 2017b
signal on-off 10 pg mL~1-100 ng mL~
BiVO4-rGO-AuNP PSA Immunosensor, Signal on 3 pg/mL Shu et al., 2016
10 pg/mL—80 ng/mL
SnO»,QD-RGO ATP Aptamer sensor 0.025 pM Wang et al., 2014a
0.1 pM—100nM
CdS-Ag NP Micro RNA/ss DNA Aptamer sensor, Signal off ~ Resonance Energy 0.2 fM Ma et al., 2016b;
Transfer 1 fM—100 pM Zhang et al., 2016a
0.3 pM
1 pM—10nM
CdS-AuNP Thrombin TATA Aptamer sensor, Signal off 0.1 M Ma et al., 2016a; Xu
binding protein 1 fM—=10 pM et al., 2016
50 fg/mL
100 fg/mL—10ng/mL
TiOo_x-AuNP ss DNA DNA sensor, Signal on 0.6 pM Shu et al., 2018
1 pM—10nM
CdSeTe-Si0r@Au Thrombin Aptamer sensor, Signal on 2.8fM Fan et al., 2015
10 fM—50 pM

operate by measuring signal changes that occur upon target
binding; consequently, the lack of stability can cause non-target
related signal changes, leading to false-positive or false-negative
results. A key development toward the practical use of PEC
biosensors involves incorporating in situ calibration measures in
the PEC system to account for signal variations that are caused
by the instability of photoactive materials. It is also critical to
integrate functionalized photoactive materials into biosensing
chips, strips, or cartridges using fabrication methods that are
amenable to large volume processing.

We have reviewed the five most widely used signal
transduction mechanisms used in PEC biosensing: introduction

of photoactive species, generation of electron/hole donating
species, use of steric hindrance, in situ induction of light,
and resonance energy transfer. It is evident that it is possible
to use any of these mechanisms to detect various classes of
targets including nucleic acids, proteins, and cells. Additionally,
a low limit-of-detection is possible using all of these assays.
However, these assays vary greatly in terms of their fabrication
and operation complexity. Ultimately, biosensing devices that
are fabricated using scalable materials and methods have a
higher chance for commercialization. Additionally, assays that
can be operated using robust reagents in a simple and rapid
one-pot manner have a higher chance for wide-scale adoption
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and success compared to those that require a sequence of
washing and labeling steps. Consequently, choosing the right
transduction method can be achieved by considering the
collective requirements of a biosensing platform for use in real-
life settings.
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