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ABSTRACT: There is an increasing interest in using photoelectrochem— — & 5, Capture Target
istry for enhancing the signal-to-noise ratio and sensitivity of electro- Ti0, (IPS) S Antibody ' Antigen
chemical biosensors. Nevertheless, it remains challenging to create H

photoelectrochemical biosensors founded on stable material systems that Z

are also easily biofunctionalized for sensing applications. Herein, a N

photoelectrochemical immunosensor is reported, in which the concen- . 5.0
tration of the target protein directly correlates to a change in the measured

photocurrent. The material system for the photoelectrode signal transducer

involves using catecholate ligands to modify the properties of TiO, —> =

nanostructures in a three-pronged approach of morphology tuning, e R R
photoabsorption enhancement, and facilitating bioconjugation. The

catecholate-modified TiO, photoelectrode is combined with a signal-off direct immunoassay to detect interleukin-6 (IL-6), a key
biomarker for diagnosing and monitoring various diseases. Catecholate ligands are added during hydrothermal synthesis of TiO, to
enable the growth of three-dimensional nanostructures to form highly porous photoelectrodes that provide a three-dimensional
scaffold for immobilizing capture antibodies. Surface modification by catecholate ligands greatly enhances photocurrent generation
of the TiO, photoelectrodes by improving photoabsorption in the visible range. Additionally, catecholate molecules facilitate
bioconjugation and probe immobilization by forming a Schiff-base between their —COH group and the —NH, group of the capture
antibodies. The highest photocurrent achieved herein is 8.89 A cm™, which represents an enhancement by a factor of 87 from
unmodified TiO,. The fabricated immunosensor shows a limit-of-detection of 3.6 pg mL ™" and a log—linear dynamic range of 2—
2000 pg mL™" for IL-6 in human blood plasma.

KEYWORDS: photoelectrochemistry, immunosensor, biosensor, TiO,, 3D nanostructures, surface modification, catecholate

H INTRODUCTION interfering electrochemical signals, thus enhancing the signal-
to-background ratio and limit-of-detection of PEC biosen-
sors.”'! In PEC immunosensors used for protein biosensing,
biorecognition occurs on the surface of the photoelectrode, on
which photon-enabled electrochemical reactions are meas-
ured.” Tt is desirable for photoelectrodes used in PEC
biosensing to have high incident photon-to-converted electron
efficiency to increase the electrochemical reaction rate and the
resultant photocurrent.”""

TiO, is commonly used as the photoactive material in PEC
biosensing'>~"” due to its high photocatalytic efficiency,
chemical stability, tunable morphology, water insolubility,
low toxicity, low cost, and ideal conduction and valence band
levels for driving electrochemical reactions.”'®'? However,
unmodified TiO, has poor light absorption in the visible

Biosensors are devices that couple biorecognition elements
with signal transduction mechanisms to quantify and analyze
biologically relevant analytes.' Research in the field of
biosensing is increasingly focusing on improving real-time
health monitoring, point-of-care diagnosis, treatment selection,
and monitoring of treatment response.l_5 Recent investiga-
tions have highlighted the importance of protein biosensing for
the reliable detection of inflammatory processes, autoimmune
disorders, cardiovascular disorders, and cancers.®™ Among the
signal transduction methods used for signal readout in
biosensors, photoelectrochemical (PEC) readout has gener-
ated tremendous interest due to its low limit-of-detection
(LOD),"” high sensitivity,” and broad linear dynamic range.*
In PEC signal transduction, light and electricity are used as
input and output signals, respectively. This decoupling of input

and output signals in conjunction with photoamplification Received: ~ September 22, 2021
strategies allows for the creation of highly sensitive Accepted:  October 11, 2021
biosensors.”>'" Given the possibility of optical biasing in Published: October 19, 2021

PEC biosensors, these systems are operated at lower applied
electrical potentials compared to their electrochemical counter-
parts, which reduces the background signals caused by
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range'”'® along with high photogenerated charge carrier

recombination rate, limiting its photocurrent generation
efficiency.'®'” To overcome these limitations, researchers
have employed various photoabsorption and photocurrent
amplification strategies that couple TiO, with plasmonic noble
metal nanoparticles (NP),** quantum dots,”" metal-oxides with
different bandgaps,”” and organic ligands.”> The surface
modification of TiO, nanostructures with organic ligands,
particularly catecholate ligands, is a very promising photo-
absorption and photocurrent amplification strategy due to their
strong adsorption onto the surface of metal oxides and the
resultant formation of charge transfer complexes.'”****

The most commonly used TiO, structures used in PEC
biosensing are nanoparticles due to their high surface area to
volume ratio.””">'® In spite of this, when TiO, nanoparticles
are made into films deposited onto photoelectrodes, a large
fraction of their surface area is inaccessible due to their
compact form factor, thus limiting their interaction with the
electrolyte and their available surface area for modification with
biorecognition layers. Three dimensional (3D) nanostructures
mitigate this problem by forming porous photoelectrodes,
through which they improve electrolyte and biomolecular
access. Additionally, 3D nanostructures improve photocurrent
generation by increasing charge carrier migration and reducing
charge recombination rate, since charge carriers are less
localized compared to nanoparticles.”'¥*%*”

Here, we sought to create 3D TiO, nanostructures that
yielded a porous architecture desirable for biosensing, had
enhanced PEC current generation in the visible light compared
to unmodified TiO, nanostructures, and could be easily
functionalized with biorecognition elements for biosensing.
For this purpose, we used multifunctional catecholate
molecules. Catecholate ligands are known to strongly adsorb
onto the surface of TiO,.'”***° As such, researchers have
demonstrated that surface modification of TiO, nanostructures
with catecholate ligands is an excellent photoexcitation
enhancement strategy.lz'w_32 The TiO,—catecholate ligand
complex is utilized in various applications such as PEC
biosensing,lz’13 water splitting,so’3 33 solar cells,®* ¢ and
photocatalytic pollutant degradation.”” ™ Previous studies
have primarily focused on enhancing the photoexcitation of the
TiO,-catecholate ligand complex by adding catecholate ligands
to presynthesized TiO, nanostructures. The formation and
performance of TiO,—catecholate complexes is influenced by
the chemical structure of the catecholate molecules. The
chemical properties and electric charge of the functional
groups of catecholate ligands influence their solubility,
adsorption on TiO, particles, strength as dispersing agents,
photovoltaic performance of the complexes, and their
interactions with other components of the biosensors. As
such, in situ modification of TiO, using catecholates as capping
and dispersing agents for synthesis is promising for tuning the
morphology and properties of TiO, structures. The goal of this
work was to take advantage of the strong surface adsorption
property of catecholate ligands to tune the morphology of
TiO, during synthesis to produce 3D TiO, nanostructures that
were able to form highly porous photoelectrodes. The
catecholate surface modification was also hypothesized to
enhance photocurrent generation in the 3D TiO, nanostruc-
tures by improving photoabsorption and charge. Lastly, the
functional groups on the catecholate molecules would allow
facile functionalization of the photoelectrodes with biorecog-
nition elements.

The developed 3D TiO, photoelectrodes were functional-
ization with biorecognition elements for creating a biosensor
for analyzing interleukin-6 (IL-6), a biomarker with key roles
in immunomodulation, hematopoiesis, and inflammation
processes in the human body. IL-6 levels in the body are
linked to several cancers and diseases such as meningitis,
Alzheimer’s disease, rheumatoid arthritis, lymphoma, myeloma,
or psoriasis."”** The results presented below reveal key
insights into development of new material systems for the
fabrication of high performance PEC biosensors.

B RESULTS AND DISCUSSION

With the purpose of creating 3D TiO, nanostructures, we
explored the addition of catecholate molecules during the acid-
hydrothermal synthesis of TiO,. 3,4-Dihydroxybenzaldehyde
(DHBA) and caffeic acid (CA) were the catecholate molecules
used for the TiO, synthesis process (Figure 1A). The common
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Figure 1. (A) Chemical structures of catecholate molecules used for
modifying TiO,, (B) bonding mechanisms of a catechol group to
TiO, surface: (a) bidentate chelating, (b) bidentate bridging (inner
sphere), and (c) bidentate bridging (outer sphere) bonding of
catechol group. R group represents —CH—CH—COOH for CA and
—COH for DHBA.

structural features shared by catecholate molecules is the
presence of an aromatic ring with two adjacent phenolic —OH
groups. The chemical structures of the molecules also included
a short hydrocarbon chain that ends in various functional
groups. In the case of DHBA and CA, their hydrocarbon
chains end in —COH and —COOH groups, respectively.”**’
Catecholate ligands readily adsorb onto the surface of metal
oxide particles via bidentate bonding (Figure 1B).">*%*" In this
bonding mechanism, surface Gibbs energy is minimized when
adsorbed water molecules dissociate to produce a hydroxylated
surface. The bidentate type bonding occurs via the surface
adsorption process, when two adjacent phenolic —OH groups
are deprotonated and coordinate with the metal cation through
dehydration of the surface hydroxyl groups or by outer sphere
bonding.**~*

Seven different TiO, nanostructures were synthesized using
a standard acid-hydrothermal synthesis procedure*® and CA or
DHBA was added in situ to observe changes in the
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Figure 2. (A) TEM images of synthesized TiO, nanostructures. (B) SEM images of synthesized TiO, nanostructures deposited onto ITO-PET
substrate. (C) XRD data of acid-hydrothermally synthesized TiO, nanostructures (a) bare TiO,, (b) DHBA-TiO, (IS), and (c) CA-TiO, (IS).

morphology and PEC response of the nanostructures: bare
TiO,, CA-TiO, (IS), DHBA-TiO, (IS), CA-TiO, (PS),
DHBA-TiO, (PS), CA-TiO, (IPS), and DHBA-TiO, (IPS).
Bare TiO, refers to the unmodified sample that did not have
any catecholate molecules added during or after the synthesis
process. CA-TiO, (IS) and DHBA-TiO, (IS) refer to samples
that had CA or DHBA added during synthesis. CA-TiO, (PS)

50853

and DHBA-TIO, (PS) are samples that were first synthesized
as the bare TiO,, but had CA or DHBA added to them after
synthesis. Lastly, the CA-TiO, (IPS) and DHBA-TiO, (IPS)
samples had CA or DHBA added both during and after
synthesis. The bare TiO, were composed of aggregated
nanorods that radially extended outward; whereas, the CA-
TiO, (IS) and DHBA-TiO, (IS) were made of more loosely

https://doi.org/10.1021/acsami.1c18240
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Figure 3. FTIR spectroscopy data for (a) bare TiO,, (b) CA-TiO, (PS), (c) DHBA-TiO,(PS), (d) CA-TiO, (IS), and (e) DHBA-TiO, (IS). (i)

and (ii) are CA and DHBA, respectively.

packed nanorods and were surrounded by nanoparticles
(Figure 2A). These new morphologies are attributed to
DHBA and CA readily adsorbing onto the surface of TiO,
nanostructures as they form, stabilizing their surface to prevent
aggregation. When the TiO, nanostructures are deposited onto
a planar substrate they form a nanoporous surface, as shown by
SEM imaging (Figure 2B). As shown in the XRD data, both
the CA-TiO, (IS) and DHBA-TiO, (IS) predominantly
contain the rutile phase, with small amounts of anatase and a
negligible amount of brookite phase impurities (Figure 2C).
The shape of the diffraction peaks suggests that all the
synthesized particles have high crystallinity; however, the CA-
TiO, (IS) and DHBA-TiO, (IS) showed lower crystallinity
than the unmodified particles. With the addition of surfactants
that have preferential binding affinity for specific crystal facets,
it is possible to control the growth of TiO, nanostructures
during synthesis.”’~*’ On the basis of density functional theory
models, catecholate ligands are known to preferentially adsorb
onto the {110} facet of rutile TiO,.” It is proposed that CA
and DHBA, preferentially adsorb onto the {110} facet of TiO,
during acid-hydrothermal synthesis, preventing further growth.
This encourages anisotropic growth of TiO, on other crystal
facets with high surface energies. This is supported by the XRD
data, where we see that the {211} diffraction of peak of the
CA-TiO, and DHBA-TiO, are higher than the {110}
diffraction peaks, whereas the opposite is the case for the
bare TiO,.

50854

The expected bidentate bonding of catecholate molecules to
metal oxides was evaluated using FTIR spectroscopy (Figure
3) for a subset of the above-mentioned nanostructures. In the
wavenumber range of 1000—2000 cm ™', bare TiO, does not
have any discernible peaks; however, CA and DHBA show
several peaks. These CA and DHBA peaks were also observed
in the CA-TiO, (PS) and DHBA-TiO, (PS) samples, with
minor shifting. It was also observed that the peaks related to
C—O stretching and bending (1528, 1597, and 1296 cm™! are
intensified, while other peaks are reduced. This indicates the
formation of bidentate-type bonding between TiO, and CA/
DHBA. In the CA-TiO, (IS) and DHBA-TiO, (IS) samples,
most peaks not related to C—O stretching and bending are
significantly reduced compared to bare TiO, suggesting that
the surface adsorbed CA and DHBA may be partially
decomposed during synthesis after binding to the surface of
TiO,.

All the TiO, nanostructures, modified with catecholate
molecules during or after synthesis, were optically and
photoelectrochemically characterized (Figure 4). For bare
TiO,, we observe excellent light absorption in the UV range
(<380 nm) and poor light absorption in the visible range
(380—700 nm) (Figure 4A). The UV/vis spectroscopy
confirms that all TiO, nanostructures with the catecholate
surface modification show significantly enhanced absorption in
both the visible range and the near UV range, compared to the
bare TiO,. Adsorption of catecholate ligands on the surface of
TiO, forms charge transfer complexes that greatly improve

https://doi.org/10.1021/acsami.1c18240
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Figure 4. Optical and photoelectrochemical characterization of TiO,
nanostructures. (A) UV/visible absorbance spectroscopy of TiO,
nanostructures. (B) Chronoamperometric curves of TiO, nanostruc-
tures with and without optical illumination. (C) Summary of
photocurrent densities for various TiO, nanostructures. The bars

Figure 4. continued

represent the mean value obtained from at least three separate
electrodes, with the error bars representing the standard deviation.
The photocurrent measurements were performed at 0 V potential vs
Ag/AgCl using 0.1 M ascorbic acid in 0.1 M PBS as the electrolyte.
The photoelectrodes were irradiated with white light and the average
photocurrent density was measured by taking the running average of
the last 10 s of the irradiation period.

light absorption in the visible and the near UV range by
facilitating improved photoexcited electron injection into the
TiO, conduction band.*****' Photocurrent measurements
were performed by exciting the TiO, photoelectrodes using
white light (Figure 4C). Photons with energies high enough to
overcome the TiO, bandgap generate electron—hole pairs. The
holes in the valence band oxidize ascorbic acid at the
electrode/electrolyte interface, generating an anodic photo-
current.””>* The photocurrent density of the TiO, nanostruc-
tures when ordered from highest to lowest are CA-TiO,(IPS)
> CA-TiO,(PS) > DHBA-TiO,(IPS) > DHBA-TiO,(PS) >
CA-TiO,(IS) > DHBA-TiO,(IS) > bare TiO,. The sample
with the highest photocurrent is CA-TiO, (IPS) at 8.89 uA
cm™2, which demonstrates an enhancement by a factor of 87
from bare TiO,. CA-modified TiO, had higher photocurrents
compared to their DHBA-modified counterparts. This is
consistent with our previous experiments,12 where it was
shown that catecholate ligands with longer hydrocarbon tails
demonstrate a larger photocurrent enhancement. The IS
samples demonstrate lower photocurrents compared to the
PS or IPS samples. The IPS samples slightly outperform PS
samples, which can be explained by their crystalline
composition. Based on the XRD data (Figure 2C), IPS
samples contain both rutile and anatase phases, whereas the PS
samples only contain the rutile phase. The combination of
rutile (~3.0 eV) and anatase (~3.2 eV) phases improves the
photocurrent of IPS samples via dual sensitization. Coupling
large bandgap and small bandgap semiconductors results in a
multistaged bandgap that improves electron—hole pair
generation efficiency by allowing lower energy photons to
excite the system; this process results in improved absorbance
in the visible range.”*™°

It has been reported that 3D metal-oxide nanostructures
such as nanorod arrays,”” nanoflowers,”® and mesoporous
films®” demonstrate higher charge carrier separation, reduced
charge carrier recombination rate, and lower charge transfer
resistance, compared to their NP counterparts.22'6 This has
been attributed to the increased length-scale of 3D
nanostructures, which provides a “highway” for charge
transport along their longitudinal direction.””°" 3D nanostruc-
tures also boast higher light absorption than NP morphologies
due to increased internal light scattering.”>*” All of these
qualities generally endow 3D nanostructured metal oxides with
enhanced photocurrent generation over metal oxide NP. The
observed surfaces in Figure 2B have a similar morphology to
the 3D nanostructured metal oxides found in literature and are
expected to have similar photocurrent generation enhance-
ment. Additionally, it has been reported that 3D nano-
structured electrodes can increase the sensitivity of a biosensor
by a 100-fold comgared to their planar counterparts made
from nanoparticles.””"** The use of 3D nanostructures gives
photoelectrodes a higher electroactive surface area compared
to planar photoelectrodes of the same footprint, which in turn
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Figure 5. Characterization of the PEC immunoassay (A) Fabrication of the signal-off inmunoassay: (a) deposition of DHBA-TiO, (IPS) on the
substrate (b) modification with capture antibody and (c) complexation with target protein. (B) Photocurrent density of DHBA-TiO, (IPS)
photoelectrodes at bare, probe immobilization, and target capture stages of immunosensor operation in buffer. (C) PEC curves demonstrating the
signal response at various target concentrations in buffer. (D) Photocurrent signal decrease at various IL-6 concentrations obtained from the PEC
immunosensor in buffer. The inset shows a calibration curve with the data points fitted to a line by equation S = 10.76 X log C + 9.43 and with R* =
0.99. (E) PEC curves demonstrating the signal response at various target concentrations in 20% human blood plasma. (F) Photocurrent signal
decrease at various IL-6 concentrations ontained from the PEC immunosensor in 20% human blood plasma. The inset shows a calibration curve
with the data points fitted to a line by equation S = 12.02 X log C + 10.25 and with R* = 0.98.
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TiO, (IPS) photoelectrodes. (B) Photocurrent density measurements following the storage of capture antibody modified DHBA-TiO, (IPS)

photoelectrodes for 7 days.

increases the probe molecule immobilization density and the
target capture density.”>"** The photocurrent enhancement,
solely attributed to the physical features of the nanostructures,
could not be directly quantified here due to the presence of
photoabsorption enhancing catecholate ligands. The DHBA-
TiO, (IPS) nanostructures were used for the creation of PEC
biosensors due to their high photocurrent and the presence of
—COH group on their surface that can react with the —NH,
groups of antibodies through Schiff-base reactions. The PEC
biosensor is created by immobilizing anti-IL6 capture anti-
bodies on the photoelectrode, which can then bind to the
target IL-6 antigen (Figure SA). It is expected that in the
presence of IL-6, the measured photoelectrochemical current
would decrease due to the reduced access of the ascorbic acid
to the electrode surface. Other 3D nanostructured electrodes
composed of nanorod arrays,’”*>*® nanoflakes,”**”°® and
mesoporous films®’ (Supporting Information, SI, Table S1),
have been reported in the literature for PEC applications.
These 3D nanostructured electrodes are generally made from
metal oxides such as TiO,, ZnO, and BiOL®® Some of these
structures also include functionalization with other photoactive
materials such as plasmonic NPs, quantum dots, and other
metal oxide nanoparticles as part of a broader photoexcitation
enhancement strategy.”’ >>®" Hydrothermal synthesis is the
most common method for fabricating these 3D nanostructured
photoelectrodes, followed by chemical vapor deposition,
electrodeposition, and successive ionic layer adsorption and
reaction. However, all of these fabrication methods require
initial seeding of a substrate with a precursor structure to
create the 3D nanostructuring.’’ This makes the fabrication of
3D nanostructured electrodes highly inefficient, lengthy, and
costly, as the production is limited by the geometric area of the
substrate able to fit inside the instrument used for synthesis.
The synthesis method presented in this work does not suffer
from such a drawback. Acid-hydrothermal synthesis of TiO,
combined catecholate-induced morphology tuning can pro-
duce hierarchical 3D TiO, nanostructures without the need for
substrate seeding, resulting in high volume and high
concentration suspensions of 3D nanostructures.

50857

In order to validate each step involved in the development of
the PEC biosensor, we measured the photocurrent before and
after each step in buffer solution, and quantified the signal
change caused as a result (Figure SB). The immobilization of
probe antibodies on the photoelectrodes resulted in a signal
decrease (—22% to —29%) for all the data sets, that was
significantly larger in magnitude compared to the observed
signal decrease with a blank solution that did not contain any
antibody (—3%). This indicated the successful biofunctional-
ization of the photoelectrode. The immobilization of the
capture antibody decreases the photocurrent by limiting the
access of ascorbic acid from the electrolyte to the photo-
electrode surface.”””® Incubation with the specific target IL-6
demonstrated a significantly larger signal change (—41%)
compared to incubation with the nonspecific target (—3%),
bovine serum albumin (BSA), and the blank (—1%) solution,
demonstrating the ability of the PEC sensor in detecting the
specific target. Target complexation results in further steric
hindrance leading to more signal decrease. In order to
determine the analytical performance of the PEC biosensor,
we assessed it with logarithmically increasing IL-6 concen-
trations in buffer (Figure SC,D) and 20% human blood
plasma, ranging from 2—2000 pg mL~' (Figure SEF). As
expected, the PEC current decreased in magnitude with
increasing target concentration in both mediums (Figure
SD,F), and the percentage change in PEC current increased in
magnitude with increasing the target concentration. The signal
decrease measured in plasma was in good agreement with that
measured in buffer, demonstrating negligible signal change due
to biofouling (<6%). The sensor demonstrated a log—linear
operational range of 2—2000 pg mL™", with a limit-of-detection
(LOD) of 3.6 pg mL™" in plasma and 1.6 pg mL™" in buffer
solution.

The short-term stability of the sensor was evaluated by
measuring the photocurrent density for 20 continuous cycles
for bare DHBA-TiO,(IPS) photoelectrodes (Figure 6A),
demonstrating negligible scan-to-scan variability (signal change
of 0.86% over 20 scans and 14 min). The long-term stability
was evaluated by storing capture antibody modified photo-
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electrodes over a period of 7 days and measuring the
photocurrent density each day (Figure 6B). The sensor
demonstrates good long-term stability, with a ~6% signal
decrease after 7 days.

The above data makes it evident that catecholate surface
modified TiO, nanostructures, specifically DHBA-TiO, (IPS),
are an excellent material system for use in PEC biosensors with
a wide dynamic range and a low LOD. Some recent examples
for PEC IL-6 biosensors in literature include TiO, nano-
particles dual cosensitized with CdS and CdSe on ITO
electrodes (LOD = 0.38 pg mL ™", dynamic range = 0.1—1 pg
mL™"),"* and the use of perovskite-type LaFeO; nanoparticles
deposited on fluorine-doped tin oxide electrodes (LOD = 33 fg
mL™!, dynamic range = 0.1-100 pg mL™').”" The main
advantage offered by our system is its wide dynamic range
which covers the diagnostic IL-6 concentration range of
diseases such as Alzheimer’s disease (85—567 pg mL™'),
rheumatoid arthritis (17 pg mL™'), myocardial infraction
(28.5-46.5 pg mL™'), cachexia (100 pg mL™'), cardiac
myxoma (>56 pg mL™'), multiple myeloma (5—33 pg
mL™"), hepatocyte carcinoma (7—18.9 pg mL™"), and Burkitt
lymphoma (100.3 pg mL™"),*" while still maintaining clinically
acceptable LOD and stability. Commercial IL-6 biosensors (SI
Table S2) are typically based on enzyme-linked immunosorb-
ent assays (ELISA).”” These commercial devices rely on
chemiluminescence,”® electrochemiluminescence,”* or color-
imetry’> as their principle signal transduction mechanism,
which require the use of benchtop plate readers. The LOD of
these assays range from 0.2 to S pg/mL putting the LOD of
our device (3.6 pg/mL) well within this range. In contrast to
the above-mentioned assays, our newly developed system does
not require target labeling, which reduces the number of steps
required for assay operation. Furthermore, it would be possible
in the future to integrate the assay with hand-held and portable
signal readers for point-of-care analysis.

B CONCLUSIONS

In this work, we developed an advanced material synthesis
process to create photoelectrodes for use in photoelectro-
chemical biosensors. These photoelectrodes use catecholate-
modified TiO, nanostructures to provide a 3D architecture,
enhanced photoelectrochemical response, and functional
ligands for effective biofunctionalization. The chemical
structure of the selected multifunctional catecholate molecules
is a key factor, which governs the material properties and
efficient biosensor performance. Compared to photoelectrodes
created from unmodified TiO,, the catecholate-modified
electrodes developed here increase the measured photocurrent
by about 2 orders of magnitude. These photoelectrodes were
easily modified with antibodies, transforming them into
biosensors for detecting IL-6. The fabricated biosensors
show great performance with a wide dynamic range of 2—
2000 pg mL7’, a limit-of-detection of 3.6 pg mL™" in 20%
human blood plasma, and good short- and long-term stability.
These photoelectrochemical biosensors have the potential to
be used in the clinical analysis of Alzheimer’s disease,
rheumatoid arthritis, myocardial infraction, cachexia, cardiac
myxoma, multiple myeloma, hepatocyte carcinoma, and
Burkitt lymphoma. The results presented here also provide
insights into the development of robust photoactive material
systems for the fabrication of high performance PEC
biosensors.

B EXPERIMENTAL SECTION

Materials. Caffeic acid (CA), 3,4-dihydroxybenzaldehyde
(DHBA), titanium(IV) butoxide, and indium tin oxide/poly(ethylene
terephthalate) (ITO/PET) substrates (surface resistivity 100 €2/sq)
were purchased from Sigma-Aldrich. Hydrochloric acid (37%) was
purchased from Caledon Laboratory Chemicals. Milli-Q grade (18.2
MQ cm) deionized (DI) water was used for all solution preparation
and washing steps.

Acid-Hydrothermal Synthesis of Nanostructured TiO,. In a
Teflon container, 20 mL of the reaction solution was prepared by
mixing 1 M HCl with 1 mL of titanium(IV) butoxide. The Teflon
container was inserted into an autoclave and placed in an oven for 2 h
at 180 °C to prepare TiO, nanostructures via hydrothermal synthesis.
For samples with in situ surface modification, 0.05 g of CA or DHBA
was also added to the reaction solution. After synthesis, the samples
were centrifuged six times at 6000 rpm. This was done to remove
reaction byproducts and restore neutral pH in the TiO, suspension.

Photoelectrode Fabrication. ITO/PET substrates were cut into
dimensions of 1.2 X 0.7 cm” and a small portion of length was masked
with self-adhesive vinyl to preserve electrical contact area. Substrates
were subjected to air plasma treatment for 1 min. The substrates were
then coated with unmodified TiO, or surface modified TiO, by
dropping 10 uL of 0.66 g/L suspension on the substrate surface and
baking them in the oven at 85 °C for 6 min. This process was
repeated three times to deposit three layers.

Material Characterization. The morphology of the synthesized
nanostructures was analyzed via transmission electron microscopy
(TEM) imaging using a Thermo Scientific Talos 200X STEM
Microscope. The surface of photoelectrodes fabricated from the
nanostructures were analyzed via scanning electron microscope
(SEM) imaging using an FEI Magellan 400 FEGSEM Microscope.
For SEM imaging the samples were coated with 3 nm thick layer of
platinum. Conventional sample preparation was used for both TEM
and SEM imaging. A Bruker SMART CCD 600 Diffractometer using
a Cu source was used for obtaining X-ray diffraction (XRD)
characterization of the synthesized particles. Fourier transform
infrared (FTIR) spectroscopy was performed using a Bruker Vertex
70 spectrometer and Ultraviolet/visible (UV/vis) spectroscopy was
performed using a Tecan Evo 200 Plate reader.

Photocurrent measurements were caried out using a Zahner
CIMPS-QE/IPCE3 Photoelectrochemical Potentiostat. A standard
three-electrode cell setup was used with white light as a photo-
excitation source. Platinum (Pt) wire was used as the counter
electrode, a silver/silver chloride (Ag/AgCl) electrode for the refence
electrode and TiO, NS or catecholate-modified TiO, NS photo-
electrodes acted as the working electrodes. The electrolyte solution
was composed of 0.1 M phosphate buffered saline (PBS) and 0.1 M
ascorbic acid (AA). The photoexcitation source was a Thorlabs
MNWHL4 mounted LED, which has a neutral white color
temperature (400—700 nm) and an irradiance of 7.7. uW mm™
(see SI Figure S1 for the spectrum of the light source. The
photocurrent measurement was done by running the potentiostat in
chronopotentiometric mode for 60 s. The potential of the PEC cell
was fixed at 0 V, and the working electrode was irradiated with white
light at a 20 s interval. Average photocurrent density was measured by
taking the running average of the last 10 s of the irradiation period.

Antibody/Antigen Complexation and Target Detection.
Photoelectrodes fabricated from DHBA-modified TiO, NS with
both in situ and post situ modification were used for PEC-based
protein detection testing. The immunoassay format utilized was a
direct assay that made use of anti-IL-6 as its single capture antibody
and IL-6 as the target antigen. After fabricating the photoelectrodes,
their photocurrents were measured to obtain the bare signal. In the
first step, a 125 ug mL™" solution of capture Ab was prepared from
stock by diluting in 1 M PBS. Then, 15 mL of the capture Ab solution
was deposited on top of the photoelectrodes and incubated for 24 h at
20 °C. After this incubation period, the photoelectrodes were washed
with 1 M PBS. Photocurrent was once again measured at this point to
get the after-capture-Ab signal. In the next step, various concen-
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trations of the target Ag ranging from 2 to 2000 pg mL™' was
prepared by diluting from stock in 1 M PBS. Then, 15 mL of the
target Ag solution was deposited on top of the photoelectrode and
further incubated for 1 h at 20 °C. The photoelectrodes were washed
with 1x Tris-buffered saline (TBS) and again washed with a mixture
of 1x TBS and 0.5% v/v Tween20 (TBST). The photocurrent was
measured for a final time to obtain the after-target-Ag signal.

Limit of Detection Calculation. A calibration curve was plotted
as a function of the photocurrent density and the concentration of the
IL-6 target Ag, which was used to complex with the Anti-IL-6 capture
Ag immobilized on the photoelectrode. To simulate the effect of
nonspecific absorption of nontarget proteins, one of the measure-
ments contained 2000 pg mL™' of bovine serum albumin (BSA),
instead of IL-6; this measurement was treated as the blank signal.
Limit of blank (LOB) is calculated using the equation:

LOB = Ly, + 3 X Opjank

where, Oy, is the standard deviation of the blank signal and the
factor 3 is used to calculate the LOD within a 95% confidence
interval. The LOD is then calculated from the regression line by
substituting the signal (y-value) with the LOB.

B ASSOCIATED CONTENT

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c18240.

Figure S1, spectrum of the photoexcitation source; Table
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