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Biosensors are promising biotechnology products that can be widely used for environmental monitoring, food
analysis, and healthcare diagnostics. To detect analytes of interest, the use of nanotechnology in bio-analytical
devices is advantageous for increased sensitivity, device simplification, and rapid sensing with multiple cap-
abilities. Depending on the application, biosensors can be fabricated from different materials. TiO, is a semi-
conductor material and has received significant attention for various applications such as sensors, solar cells,
water splitting, etc. The wide applicability of recently developed novel composition and structure of TiO, ma-

terials has accelerated the development and miniaturization of biosensor devices. This study focuses on recent
achievements in TiO, nanostructured hybrids-based biosensors for detecting various biological markers im-

portant for healthcare.

1. Introduction

In the fields of healthcare, biological analysis, food safety, en-
vironmental monitoring, and chemical analysis, biosensors have be-
come an important practical tool. When compared to conventional
analytical methods, biosensors are much smaller devices which provide
real-time information and are ideal for rapid measurement and analysis.
The increasing demand for simple, cost-effective, rapid, and portable
screening methods in medical research, agricultural inspection, in-
dustrial quality control, and food safety has accelerated the develop-
ment of biosensors. The improvement of biosensors requires inter-
disciplinary collaboration involving physics, materials science,
chemistry, and life sciences. Enzyme-based sensors require complicated
enzyme immobilization and exhibit a limited lifetime due to deactiva-
tion of the immobilized enzyme. Furthermore, the properties of the
bioactive layer associated with transducers govern biosensor perfor-
mance. Therefore, retaining high electroactivity of the protein or en-
zyme on the electrode surface is crucial. Research interest in nanos-
tructured materials has considerably increased in recent years due to
their high active surface area and regular size.

Monitoring of various molecules present in biological systems and
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the environment has garnered significant interest in the field of nano-
technology [1,2]. The novel and multifunctional properties of nano-
particles have attracted a diverse research community with interests in
various fields such as food, security, transportation, and health. The
smart and efficient usage of nanomaterials has the potential to enhance
electronic device performance while improving detection limits and
sensitivity. However, the availability of commercialized biosensors is
currently lacking, but rigorous efforts have been made to improve the
accuracy, miniaturization, analysis speed, and resolution of biosensor-
based devices. Applications involving nanomaterials in the medical
field include drug delivery, point-of-care diagnostics, imaging, and
biomaterials. The unique properties of nanostructured metal nano-
particles such as gold, silver, and nickel, as well as semiconductor
materials including ZnO, TiO,, CeO,, and SnO, have found many ap-
plications in the development of biosensors.

Since the discovery of photocatalytic water splitting using ultra-
violet light on the surface of TiO, by Fujishima and Honda [3-5] in
1972, increasing interest in the field has led to many developments.
Application of TiO, nanoparticles is widespread in a variety of pro-
mising fields such as photocatalysis, photovoltaics, and sensors [6-9].
In addition, TiO, nanoparticles are photo-corrosion resistant,

E-mail addresses: dr.npshetti@gmail.com (N.P. Shetti), reddy.chem@gmail.com (K.R. Reddy), cvrphy@gmail.com (C.V. Reddy).

! Affiliated to Visvesvaraya Technological University, Karnataka.

https://doi.org/10.1016/j.colsurfb.2019.03.013

Received 11 December 2018; Received in revised form 20 February 2019; Accepted 6 March 2019

Available online 16 March 2019
0927-7765/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2019.03.013
https://doi.org/10.1016/j.colsurfb.2019.03.013
mailto:dr.npshetti@gmail.com
mailto:reddy.chem@gmail.com
mailto:cvrphy@gmail.com
https://doi.org/10.1016/j.colsurfb.2019.03.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2019.03.013&domain=pdf

N.P. Shetti, et al.

biocompatible, nontoxic, and can be produced on a large-scale under
mild conditions leading to low-cost fabrication and widespread utili-
zation of these particles [10-13]. Recently, the use of TiO, nanoma-
terials with improved composition and structure in the form of sensing
devices has been developed [14-17]. The sensors can be classified
based on their sensing targets or working principle, with groups in-
cluding electric [14], gas [18,19], humidity [20], environmental [21],
optical [22], and biosensors [23].

Hence, a review about the sensors-based healthcare applications
should be carried out. In the current review, we report the recent
achievements in TiO, nanostructured hybrids-based sensors.
Fabrication strategies, control of morphological structures, influencing
parameters for enhancing sensing characteristics of TiO»-based nano-
hybrids for detecting various biological markers are discussed in detail.
Furthermore, we also described future perspectives on using these
materials for sensing applications.

1.1. Phases of TiO,

Anatase, brookite, and rutile are the three natural TiO, phase structures
with band gaps of 3.2, 3.02, and 2.96 eV, respectively [24,25]. The in-
creased stability of anatase and rutile compared to that of brookite facil-
itates their wider application. In rutile and anatase TiO,, a single unit cell
consists of 6 atoms (Fig. 1) and the TiOg octahedron is relatively more
distorted in anatase compared to that of rutile [26-28]. TiO, materials are
environmentally friendly and biocompatible with ideal properties for a
potential interface to immobilize biomolecules [29,30]. The bio catalytic
activity of enzymes immobilized on TiO, materials is maintained by co-
ordination bond formation with amine and carboxyl groups in the enzymes
[31,32]. The biosensing ability of the TiO, material is typically related to
structural properties, valance band location, and hole generation and
availability at the surface of the material to be harvested by outer free
electrons. The reaction between the analyte and biomolecule produces
electrons which are easily collected by TiO, due to its electron accepting
character.

A variety of samples including cell cultures, bodily fluids, and food can
be analyzed using biosensors [33]. High selectivity and sensitivity can be
achieved in biosensors via specific binding affinity of the immobilized
biological recognition elements to the target compounds. Due to the pre-
viously mentioned merits of TiO, nanomaterials, they hold great promise
for the immobilization of biological components [34,35].

1.2. Methods for synthesis of hybrid nanoparticles

TiO, nanoparticles can be synthesized using different methods in-
cluding electro-deposition [36-38], hydrothermal [39-42], sol-gel
[43-45], chemical vapor deposition (CVD) [46-48], physical vapor
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Fig. 1. Structure of TiO,. (A) Rutile, (B) anatase.
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deposition [49-51], micelle/inverse micelle, and direct oxidation
techniques. The TiO, crystal structure synthesized can be controlled to
favor anatase, rutile or amorphous phases using the above-mentioned
methods. The precise phase structures can be created by adjusting the
temperature and pressure to certain values. Furthermore, TiO, nano-
material geometry can be altered to achieve nanosphere, one-dimen-
sional, and three-dimensional nanostructures. Recently, researchers
have developed TiO, nanomaterials with different structures. However,
the present investigations have focused on the synthesis of TiO5 nano-
materials with prime importance on usage of dopant and development
of composite material to improve the properties of TiO, nanomaterials.

Development of innovative strategies to prepare nanomaterials
consisting of desired properties have attracted researchers in the field of
material science. To control the extrinsic properties and to obtain ma-
terials with define architecture, and desired properties for targeted
applications, agglomeration of nanoparticles appears to be an ideal
approach. To control the intrinsic properties, doping nanomaterials
with metal ions is a promising and effective way.

Generally, the synthesis of nanoparticles could be categorized into
two domains: physical and chemical methods. The physical methods
are simpler as compared to chemical methods but the control of size of
hybrid nanoparticles are complex. Whereas, the chemical method of
synthesis of hybrid nanoparticles provide a better performance along
with controlled nanostructures and a strong hybridization between
nanoparticles is obtained. Further, the chemical method for synthesis of
hybrid nanoparticles exhibits unsolicited properties due to the presence
of chemical species such as polymer shells, stabilizing agents. In addi-
tion, within the final nanostructures, the individual nanoparticles re-
main sometimes separate and distinct.

Hybrid nanoparticles can be synthesis either by the reduction of
metal precursor or by the processing routes. The reduction of metal
precursors, chemical reduction and photoreduction methods can be
used. Further, hybrid nanoparticles can be fabricated by various pro-
cessing routes such as thermal decomposition, hydrothermal, copreci-
pitation, sol-gel, sonochemical, electrodeposition, and seeding growth.

1.2.1. Chemical reduction (CR) and photoreduction (PR) methods

These methods are usually performed to obtain deposition of noble
metals nanoparticles on the surface of oxide metal nanoparticles to
form noble metal decorated oxide metal nanoparticles. The synthesis
process involves adsorption of noble metal ions on the surface of oxide
metal nanoparticles and then chemical reducing agents or by photo-
irradiation (in PR method) are used for the reduction reaction, assisted
with ultrasonication sometimes for the synthesis. However, the draw-
back such as, the mixture of both pure noble metal nanoparticles and
hybrid nanoparticles can be resolved by (i) by using local immobiliza-
tion of chemical reducing agent on the surface of OM nanoparticles
[52]; (ii) by using a redox reaction of metal hydroxide and noble metal
ion (without using the reducer [53]); and (iii) by using a low weight
ratio of NM precursors and OMs (e.g., NMs:OMs, 1:30).

Considering the photoreduction method, photoelectrons form oxide
metals play a crucial role during the process upon radiation of light.
The free electrons from transition metal act with metal ions on the
surface to form nanoparticles on the hosting nanoparticles surface
(Figs. 2 and 3).

1.2.2. Sol-gel method

Sol-gel method is one of the most common methods used for the
synthesis of hybrid nanoparticles. Various hybrid nanostructures can be
obtained depending upon the ligand/surfactant/stabilizers used during
the synthesis. The size of the hybrid nanoparticles are accurately con-
trollable, however, the bonding/hybridization between hybrid nano-
particles is relatively weak.

Giampiccolo et al. synthesized TiO, and graphene/TiO, hybrids
through a simple sol-gel method as a multifunctional material, for
catalytic and gas sensing activity, for monitoring NO, with the aid of
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Fig. 3. Synthesis step for hybrid nanoparticles by the chemical reduction
method.

UV- or Vis-light. The graphene/TiO, hybrids were synthesized by two
methods, one involved the addition of graphene to the reaction vessel
prior to initiating the sol-gel reaction followed by annealing (GTiO,S)
and the other was an addition of graphene to TiO, nanoparticles which
had already been annealed (GTiO,M). It was further suggested that the
conductometric sensor based on GTiO.S was having higher response to
NO, as compared to that of TiO, and GTiO,M [54].

Talane et al. [55] proposed a sol-gel method for the preparation of
pure and erbrium-doped TiO, with anatase structure. The synthesized
nanoparticles were poly-crystalline in nature and the size decreased
with increasing concentration of Er* 2 ions, implying that the growth of
crystallite is hindered due to the presence of dopant ions on the grain
boundary. With the increasing concentration of erbium the crystalline
nature reduced due to the substitution of Er** ions into the site of Ti**
leading to disorder. The findings were important in terms to understand
the optical, structural and luminescence properties of erbrium doped
TiO, nanoparticles for use in a bio-imaging device, light emitting de-
vices and solar cells. The proposed methodology for the synthesis of
erbium-doped TiO, luminescent nanoparticles with uniform shape, size
and crystalline phase is essential to control their properties and ex-
ploring their potential application in various fields.

Wei et al. [56] synthesized Sn-doped TiO, nanoparticles by sol-gel
method assisted by ultrasonic assistance. Synthesizing anatase crystal-
line TiO, nanoparticles with the high specific surface area are sig-
nificantly important in promoting photo-catalytic activity and in in-
dustrial application. However, it has been observed that the amorphous
TiO, aerogels have to be calcined at high temperature to improve the
crystalline property of TiO, aerogels. This leads to a decrease in the
specific surface area due to the collapse of the aerogel framework.
Hence, direct synthesizing of crystalline phase without annealing and in
the ultrasonic-assisted sol-gel process is significant. The results con-
firmed the Sn-doped TiO, aerogels had a co-existing phase with high
specific area and micropores which could be converted into mesopores.

TiO, with tetragonal anatase phase consisting of an average crys-
talline size of 10-14 nm was synthesized by sol-gel method. Further the
addition of neodymium as dopant suggested the presence of separate
peak in XRD pattern at 20 = 31.78 (1 2 1) indicated the presence of
brookite phase of TiO, and the presence of the rutile phase was con-
firmed from peaks at 260 = 45.48 (2 1 0) and 55.10 (1 1 0). 100%
anatase phase was observed for pure TiO, nanoparticles were as the Nd-
doped TiO, nanoparticles consisted of a mixture of anatase, rutile and
brookite phases of TiO, nanoparticles. Increasing the concentration of
Nd dopant decreased the mass fraction of anatase phase. The phase
transformation was significantly affected by the acid concentration and
temperature. The growth of TiO, nanoparticles was inhibited due to
adsorption of Nd ions, hence the crystallite size decreased with
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Fig. 2. Synthesis step for hybrid nanoparticles
by chemical reduction method.

3" reduction step

increasing concentration of Nd. The FESEM investigations suggested
the spherical-like particles with irregular arrangement and non-uniform
distribution [57].

1.2.3. Hydrothermal and thermal decomposition processes

These methods are advantages in ease controlling of the size and
shape of nanoparticles. High temperature and pressure are usually re-
quired by the hydrothermal process, whereas multiple steps are in-
volved in thermal decomposition.

Mehraz et al. [58] proposed a method for large scale production of
Sn-doped TiO, nanoparticles using the hydrothermal method. Size and
the shape of prepared nanoparticles were strongly dependent on the
temperature and the Sn doping content. TiO, phase and morphology
transformation were promoted by dopant depending on the synthe-
sizing temperature. The increasing amount of added Sn dopant in-
creased the size of TiO, nanoparticle building units from 9.8 to 30.4 nm
and reduced its band gap energy at certain Sn dopant amount threshold.
At a temperature below 100 °C, increasing Sn doping produced rutile
phase, whereas above 100 °C the main phase was anatase and not af-
fected by Sn dopant content. At higher temperature shape change from
less spherical to hexagonal plate shape was induced by Sn doping.
Concluding that Sn doping amount has a significant influence on the
optical and structural properties of Sn-doped TiO,.

Viet et al. [59] reported a one-step hydrothermal process for the
synthesis of Si-doped TiO, nanotubes from commercially available SiO5
and TiO,. The morphological investigations suggested that the Si atoms
were well embedded into the crystal lattices of TiO, nanotubes. The
synthesized nanotubes were uniform and the diameter of the nanotube
was of 8 = 2nm with a length of 100-200 nm. The XRD analysis of Si-
doped TiO, nanotubes suggest the appearance of three peaks at
20 = 24°, 48°, and 61° corresponding to (101), (200), and (204) crystal
lattice planes of anatase phase of TiO, and at 20 = 27.25° corresponds
to (110) plane of rutile phase of TiO».

Sun et al. [60] proposed a method for immobilization of TiO, na-
notubes on carbon fibers based on alkali treatment of TiO, nanowires
using hydrothermal process. The results obtained from the character-
ization of these nanomaterials suggested that the entire surface of
carbon fibers were covered with TiO, nanotubes having the inner and
outer diameter of ca 4.6 and 8.7 nm, respectively. The EDS (energy
dispersive spectrometer) and XPS (X-ray photoelectron spectrometer)
analysis suggested that the main elements present on the surface of
carbon fibers/TiO, nanotubes were C, O, and Ti. XRD analysis revealed
the transformation of titanate nanotubes to anatase TiO, nanotubes.
The key finding suggested that a flexible non-metallic substrate can be
used efficiently for the immobilization of TiO, nanotubes.

1.2.4. Coprecipitation method

This method is simple and efficient, but after the formation of na-
noparticles, they undergo formation of clusters and these clusters join
to form aggregates and hen further agglomerates very quickly. In ad-
dition, sedimentation of the whole precipitate occurs depending upon
the properties and the density of the nanoparticles. To prevent this, in
situ stabilizers are used to keep the particles in nano form which cover
their surface immediately after the formation of nanoparticles.

Ma et al. [61] proposed a possible growth mechanism of Ag-Fe304
core-shell nanowires by coprecipitation method. In aqueous solution,
silver nanowires were used as the nucleation site for the growth of
Fe304. Simple adjustments in reaction conditions such as the con-
centration of FeCly/FeCl,, poly (vinylpyrrolidone), reaction
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temperature, and time allowed easy control of size and morphology of
core-shell nanowires.

In addition, recent years have witnessed significant importance for
the synthesis of composite material [62-65]. Development of photo-
catalyst that have activity under visible irradiation and low re-
combination of photo-generated electron/hole pair is significant in the
application of TiO, nanomaterials in wide applications. The research
has been explored and investigated various compounds in this contest.
Rodriguez et al. [66] synthesized bismuth oxychloride (BiOCl) TiO,
composite by sol-gel method. BiOCl is a tetragonal structure consisting
of Cl-Bi-O-Bi-Cl sheets, developing an electric field which is generated
by an inner layer of {Bi,O,}" interacting with Cl- ions by Van der
Waals force and induce higher separation of electron/hole pair.

Bismuth vanadate (BiVO,) has been widely investigated for its ex-
cellent performance in ferroelastic and paraelastic, acoustic-optical
properties, photocatalysts, and ionic conductivity. Oliveira et al. [67]
reported the dielectric and structural characterization of composite
synthesized from the mixture of BiVO4and TiO,. The investigations
suggested that the addition of TiO, improves the thermal stability of the
composites.

There are reports suggesting the synthesis of various TiO, composite
material such as polydopamine/TiO, [68], wollastonite@TiO, [69],
NiO/TiO, [70], polyamide6 (PA6)/Nylon6/TiO, [71], Ni-W-TiO, [72],
SiO5 on Ti0,-SiO, composite [73]. In addition, synthesizing nanoma-
terial based on their structure has been reported. The literature has
suggested that the nanomaterials have been synthesized in various
structures such as nanoflakes [74], nanoflowers [75,76], nanosheets
[771, nanorods [78] and nanotubes [79].

2. Sensing processes of TiO,

Depending on the desired application, the working principle for the
various sensors is quite different. As shown in Fig. 4, TiO»-based sensors
can be classified into 3 common types based on the application: COD,
gas, and bio-sensors. Though the applications are quite different, the
sensing process is largely similar and can be summarized by the fol-
lowing steps (Fig. 5):

Targeted sample : gas

Targeted sample : chemicals in water

Targeted samples: biological material

Tiania matrix with biomolecules

) |

Gas sensor

COD sensors

Electrochemical sensors
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a) Binding between the receptor and analyte.

b) Signal production due to the chemical or biochemical reaction and
reception by the transducer.

c) With an appropriate reference, the detector amplifies the previously
converted electronic signals.

d) The signal is sent to computers for data processing and inspection of
the results by the operator.

2.1. Measuring principle of biosensors

According to the sensing mechanism, the measuring principle of the
biosensor can be classified into four major types: (a) potentiometry, and
(b) amperometry.

Potentiometric methods: These methods are usually adopted in an
electrochemical cell, where the potential signal is recorded from the
accumulation of a charge potential when no significant current flows
through the working electrode relative to the reference electrode. The
literature is full of examples of the development of various field-effect
transistor (FET) devices including light-addressable potentiometric
sensors (LAPSs), ion-selective electrodes (ISEs), metal-oxide sensitive
FETs (MOSFET), and ion-sensitive FET (ISFET). Amongst these types,
ISFET and enzyme-modified ISFET devices are most widely used and
investigated. The FET devices work on the principle of an electric field
used to control the conductivity of a semiconductor film between two
electrodes. The FET devices are widely used in the field of electro-
chemical biosensors as they can detect weak signals based on high
impedance semiconductors.

Amperometry methods: Amperometric measurements are usually
performed using a three-electrode system. A TiO, working electrode is
combined with a counter and a reference electrode. These electrodes
are connected to an electrochemical work-station which collects the
current signals generated from the redox reactions of an electroactive
species at a given potential. Based on the current collecting mode of the
sensor, amperometry or voltammetry is used depending on the given
potential dynamics. However, both give signals that are directly pro-
portional to the bulk concentration of the analyte when measured over
a linear potential range.

Resistance

Time
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Fig. 4. TiO, based biosensors.
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Fig. 5. Systematic presentation of biosensor working.

3. Electrochemical biosensors for medical applications

To advance point-of-care medical devices, electrochemical methods
provide several advantages including simple design, miniaturization,
low fabrication costs, low detection limits, and small operating vo-
lumes. The application of electrochemical biosensors in the medical
field originated in 1962 with the study by Clark and Lyons regarding
coupling between an oxygen electrode and glucose oxidase.

The authors created a simple and rapid blood glucose detector
which was easily commercialized. Since then, many modern biosensors
have been developed using various transducers and bio-recognition
elements and have been extensively adopted for health monitoring. To
develop bio-sensing devices with improved performance, TiO, nano-
materials, including nanoflowers [80], nanotubes [81], nanoparticles
[82], composites [83,84], and nanosheets [85] coupled with antibodies,
microorganisms, enzymes, and DNA have been fabricated.

3.1. Enzyme-based TiO, biosensors

To fabricate electrochemical enzyme biosensors, TiO, nanoparticles
are excellent for immobilization and encapsulation of the relevant en-
zyme [83,84]. Recent studies have shown that long-term stability and
enzyme bioactivity can be improved by using titania-modified elec-
trodes. Various enzymes such as tyrosinase, urease, horseradish per-
oxidase (HRP), glucose oxidase (GOD), cytochrome c (cyt c), and glu-
tamate dehydrogenase can be easily immobilized on the surface or
inside of the TiO, nanostructure. The combination of multi-walled
carbon nanotubes (MWCNTs) and TiO, nanoparticles represent a novel
material for photoelectrochemical determination of lactic dehy-
drogenase. Characterization of the nanoparticle composite material
suggested that the TiO, nanoparticles grown on the surface of the
MWCNTs were anatase. The electrode regenerated nicotinamide ade-
nine dinucleotide and was able to immobilize the enzyme on its surface.
The hydrothermal method was used to grow the TiO, nanoparticles on
the surface of the MWCNTs. The reports suggested that the regeneration
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of NAD+ holes was achieved by irradiating the MWCNT and TiO,
composite. The MWCNTs present in the composite moved the electrons
far away from the TiO, nanoparticles and prevented electron-hole re-
combination. The electrochemical experiments also suggested that the
bioactivity of LDH and NAD + was retained in the composite [86].

Liu et al. grew TiO, nanotubes on graphene nanoplatelets via the
alkaline hydrothermal method [87]. Electrode modification was per-
formed by simple application of the mixture of graphene, TiO,, tyr-
osinase (Tyr), brominated 1-decyl-3-methylimidazole([Demim]Br), and
Nafion on the glassy carbon electrode surface. The [Demim]Br is a room
temperature ionic liquid used to improve the biocompatibility and
electrical conductivity of the nanocomposite material. Nafion mediated
graphene and tyrosinase immobilization on the electrode surface. The
fabricated biosensor was used for the amperometric determination of
catechol. Cyclic voltammograms recorded in presence (TiO,|[Demim]
Br|Nafion|Tyr|GCE) and absence (TiO,|[Demim]Br|Nafion|GCE) of
tyrosinase as an electrode modifier suggested that the reduction and
oxidation peak currents for catechol on the TiO,|[Demim]Br|Na-
fion|Tyr|GCE were increased by 68.5% and 39.3%, respectively. This
was attributed to the catalytic effect of Tyr toward catechol redox.
Furthermore, the voltammograms recorded in presence of graphene to
form GNPs-TiO,|[Demim]Br|Nafion|GCE in absence of Tyr and
GNPs-TiO,|[Demim]Br|Nafion|Tyr|GCE in presence of Tyr showed that
the reduction peak increased by 215% and the oxidation peak of ca-
techol disappeared. This was attributed to the exceptional flexibility
and electrical conductivity of graphene that increased the electron
transfer kinetics of the biosensor. Zhu et al. [88] fabricated an electrode
using polyaniline (PANI) and TiO, nanotubes which provided low
electrochemical interference, good electrical conductivity, and ex-
cellent biocompatibility. Glucose oxidase (GOD) was immobilized on
the surface of the hydrothermally produced TiO, nanotubes on which
aniline was polymerized. The immobilized GOD produced a voltam-
metric response due to electron exchange between the flavin adenine
dinucleotide in GOD and electrode surface, as described by the fol-
lowing equation:
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GOD (FAD) + 2e~ + 2H" 5 GOD (FADH,)

Tang et al. [89] loaded cholesterol oxidase on an electrode to im-
prove the analytical performance of an electrochemiluminescent (ECL)
biosensor for cholesterol on a nanocomposite comprised of Au nano-
particles/ion liquid/hollowed TiO, nano-shell on pre-functionalized
ITO glass. As part of the nanocomposite catalysis, the enzymatically
produced hydrogen peroxide intensified the ECL of luminol. The fab-
ricated biosensor also showed the lowest detection limit compared to
those of previously developed methods. This was attributed to the in-
troduction of Au nanoparticles and hollow TiO, nanoparticles. The TiO,
nanoparticles as a semiconductor generate e/h+ pairs which promote
redox reaction of the molecule attached to the surface of the electrode.
Furthermore, the reduced band gap due to the Au decoration results in
the production of more e/h+ pairs. The small Michaelis—-Menten con-
stant confirmed the effective activity of cholesterol oxidase to catalyze
the production of H,0, via cholesterol oxidation.

An electrochemiluminescent biosensor based on Au/hollowed-TiO,
nano-composite pre-functionalized electrode was proposed for the de-
termination of cholesterol. Cholesterol oxidase was immobilized in
presence of bovine serum albumin by cross-linking glutaraldehyde onto
functionalized ITO [89]. For the diagnosis of diabetes, fast and reliable
determination of blood glucose levels is important. The catalytic ability
of glucose oxidase has been extensively used to fabricate electro-
chemical glucose biosensors. The development of third generation
biosensors which use direct electron transfer (DET) between the elec-
trode surface and FAD cofactor of the glucose oxidase without a med-
iator is the main goal of glucose detection. However, it is difficult to
realize DET of the enzyme at the conventional electrode since the redox
center in the biomolecule is located deep within the enzyme cavity.

Yang et al. [90] developed tetragonal columnar shaped TiO, (TCS-
TiO5) nanorods to immobilize glucose oxidase as part of a novel elec-
trochemical glucose biosensor based on direct electrochemistry. The
TCS-TiO, nanorods immobilized the enzyme to retain its bioactivity
and structure with fast electron transfer through a surface-controlled
and quasi-reversible process. Electron transfer between the electrode
surface and enzyme was enhanced due to the large surface area of the
TCS-TiO» nanorods. The voltammograms recorded using the modified
GOx/TCS-TiO,/chitosan/GCE showed distinct and well-defined peaks
indicating that the TCS-TiO, improved the electrical contact between
the electrode surface and redox active center of the enzyme, facilitating
the direct electrochemistry of GOx. In addition, the larger surface area
of the electrode increased the reduction peak current compared to that
of other electrodes. In addition, the peak potentials for oxidation and
reduction were separated by 54 mV, suggesting faster direct electron
transfer between the electrode surface and redox-active site.

3.2. Doped TiO, nanoparticles

TiO, nanoparticles are photocatalytically active materials with re-
liable chemical properties, low toxicity, and low cost. However, the
widespread application of TiO, nanoparticles is restricted in some fields
due to its lower quantum efficiency due to easy recombination of photo-
generated carriers and its wide band gap. To address these issues,
methods such as non-metal and metal doping, as well as semiconductor
coupling, have been used. TiO, nanoparticles doped with metals such as
stanium, zinc, gold, and platinum have been used for photocatalysis,
gas sensing, and humidity center. Due to its high chemical stability and
superior photocatalytic activity, doped TiO, nanoparticles have also
been used as biosensors. Doped TiO, nanoparticles have been used to
increase optoelectrical performance, as doping can increase transpar-
ency and electrical conductivity as well as dramatically influence the
sensing performance and crystalline structure of TiO», nanofilms.

Chou et al. [91] proposed a glucose biosensor composed of a ru-
thenium-doped TiO, sensing electrode fabricated using a co-sputtering
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system. A glucose biosensor was prepared by drop casting an enzyme
composite onto the Ru/TiO, sensing film. Fabrication of the Ru/TiO,
sensing film was achieved using a co-sputtering system consisting of a
radio frequency power generator and DC power supply with titanium
and ruthenium targets. Under a working pressure of 3 X 10~ 2 torr, the
sensing film was deposited for 1 h at a growth rate of 7.9 nm/min. After
annealing the Ru/TiO,-based pH sensing film was packed using an
epoxy resin. To immobilize the enzyme on the sensing film, a composite
solution of glucose oxidase, 5wt% Nafion, and 0.1 M phosphate buffer
was dropped on the surface of the Ru/TiO, sensing film and then stored
at 4 °C. The Ru/TiO, sensing film was observed to form a nanoflake-like
structure. The sensing properties of the potentiometric glucose bio-
sensor were analyzed in the concentration range of 100-500 mg/dL
glucose using a voltage-time measurement system. Chen and Kafi [92]
reported an amperometric biosensor based on Au-modified TiO, na-
notube array-immobilized horseradish peroxidase and methylene blue
with chitosan. The titania nanotube arrays were grown on a Ti substrate
via anodic oxidation, and a gold thin film coating was deposited using
the argon plasma technique.

The developed biosensor was used as a phenolic biosensor. The
principle for the developed horseradish peroxidase modified electrode
was the activation of HRP cycles by H,0O, to generate active oxyferryl
radicals. By direct or indirect electron transfer to phenol, aromatic
amines, ferrocenes, and amine ruthenium, the peroxidase immobilized
on the electrode surface was reduced to its native state. Bukkitgar et al.
[2] proposed an electrochemical method for the determination of
atorvastatin. A composite electrode was prepared by fabrication of TiO5
and clay nanoparticles. A technique such as cyclic voltammetry and
square wave voltammetry was used for the investigations. The modified
carbon paste electrode with TiO, nanoparticles and nano clay enhanced
the response of atorvastatin about 4-5 times as compared to the bare
carbon paste electrode. The proposed method had its application in the
determination of atorvastatin in pharmaceutical dose form and human
urine sample.

3.3. TiOz-graphene hybrids-based biosensors

The extraordinary physical properties of graphene, including high
specific surface area, chemical stability, and excellent charge carrier
mobility, have garnered considerable attention. The two-dimensional
layers of sp bonded carbon and one atom thick structure of graphene is
useful as supporting material for metal and metal oxide catalyst na-
noparticles. Considerable attention has been recently paid to TiO,-
loaded graphene as an electrochemical biosensor. In addition to the
superior properties such as high electrocatalytic activity and bio-
compatibility, TiO,-graphene provides facile support for enzyme im-
mobilization and direct electron transfer to enhance the electro-
chemical activity of the enzyme (Tables 1 and 2).

Liu et al. [93] prepared a titania nanoparticle modified reduced
graphene oxide (TiO,NPs-rGO) nanocomposite with immobilized he-
moglobin as a mediator-free biosensor. The double-layered structure of
the synthesized TiO,NPs-rGO provided an excellent matrix for he-
moglobin immobilization and facilitated direct electron transfer, im-
proving H»O, detection performance. Hemoglobin immobilization on
the electrode surface with retention of bioactivity was achieved, as
hemoglobin usually exhibits electrocatalytic activity toward H;O,,
CI3CCOOH, and nitrite. The study used H»O, as a probe to investigate
the electrocatalytic activity of Nafion/Hb/TiO,NPs-rGO/GCE (Nafion,
hemoglobin TiO, nanoparticles reduced graphene oxide on glassy
carbon electrode). The reaction was further studied using a titania
nanosheet modified reduced graphene oxide (TiO,NS-rGO) nano-
composite with immobilized hemoglobin to fabricate a mediator-free
biosensor. Comparing the nanoparticles and nanosheets, improved
sensor performance was observed in the linear range of 0.1-145 uM and
the detection limit of the sensor was 10 nM.

Jang et al. [94] developed a glucose biosensor by adsorption of
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Table 1

Type of hybrid TiO, nanostructures used for the biomedical application.
Nanomaterial type Bio component Technique used LOD Application in biochemical detection Refs
Macro-mesoporous HRP Voltammetric 1.65uM H>0, [108]
MoS,-TiO,@Au DNA Voltammetric 5x107"'M Tetracycline [109]
Porous TiO, GOD Amperometric Glucose [110]
TiO, nanotube array GOD Amperometric 5uM Glucose [111]
Au/TiO, nanotubular GOD Voltammetric - Glucose [112]
Pt/TiO, colloidal GOD Amperometric 0.25 uM Glucose [113]
(AuNPs)x/GR-TiO, HRP Photoelectrochemical 0.02 pM Thrombin [114]
TiO, hollow nanofiber GOD Voltammetric 0.8uM Glucose [82]
CP/MWCNT-Inulin-TiO, Urease Voltammetric 0.9 uM Urea [115]

glucose oxidase on the surface of a TiO, graphene nanocomposite
electrode. A colloidal mixture of TiO, nanoparticles and graphene oxide
nanosheets were used to fabricate the TiO,-graphene composite by
aerosol assisted self-assembly (AASA). Morphological investigations of
the synthesized composite revealed a spherical shape with graphene
nanosheets encapsulating the micron-sized TiO, particles with a degree
of encapsulation proportional to the ratio of graphene: TiO,.

Boobphahom et al. [95] developed an electrochemical sensor based
on nickel foam (Ni foam), titanium dioxide sol/graphene nanocompo-
site and lactate oxidase (LOx) successfully. 3D porous Ni foam electrode
was coated with TiO,/graphene nanocomposite to develop a novel
electrode as an electrochemical biosensor. TiO, sol/graphene modified
Ni foam offered a drastic increase in the current response as compared
to unmodified Ni foam electrode for the detection of H,O,. Further, LOx
was immobilized on the modified electrode for lactose sensor through
H,0; detection. The sensitivity and stability increased interestingly due
to the combination between graphene and TiO, sol. In presence of as-
corbic acid, dopamine, and glucose no interference was observed and a
wide linear range of 50 uM-10 mM with a detection limit of 19 uM was
reported for lactate.

3.4. Photoelectrochemical biosensors

Wang et al. [96] proposed a novel electrochemical biosensor for
detection of microRNA-396a MoS,/g-C3N,/black TiO, heterojunction
as the photoactive material and gold nanoparticles carrying Histostar
antibodies (Histostar@AuNPs) for signal amplification. Indium tin
oxide electrode surface was deposited wihMoS,/g-C3N4/black TiO,
initially followed by gold nanoparticles and probe DNA was assembled
on modified electrode surface. S9.6 antibody was used to recognize the
hybridization with miRNA-396a which resulted in rigid DNA: RNA
hybrid. The captured antibody can further conjugate with the sec-
ondary IgG antibodies of Histostar@AuNPs, thereby leading to the
immobilization of horseradish peroxidase (HRP). The developed bio-
sensor could detect miRNA-396a with a detection limit of 0.13 fM in the
linear concentrations range from 0.5 fM to 5000 fM.

Cakiroglu et al. [97] proposed a light-sensitive hybrid material as a
photoelectrochemical biosensor based on gold nanoparticles modified
mesoporous TiO, coated on an indium tin oxide substrate, after a layer
of MnO,/g-C3Ny. Further, B-galactosidase and Glucose oxidase were co-
immobilized for glucose and lactose determination. The linear mea-
surement ranges were calculated in the range of 0.004-1.75 mM, with a
sensitivity of 1.54pAmM~'cm~™2 for glucose at OV, and
0.008-2.50 mM, with a sensitivity of 1.66 pAm M~ ' ¢cm ™2 for lactose at
—-0.4V.

Wang et al. [98] fabricated CdS/CulnS,/Au/TiO, nanotube arrays
(NTAs) by deposition and dipping technique as well as successive ionic
layer adsorption and reaction method. Improved interfacial electron
transfer and quantum dots of CdS and CulnS, to form an ideal stepwise
band edge structure with TiO, were obtained by using Au nano-
particles. By immobilizing HS-aptamer on the NTAs via Cd-S bond and
Cu-S bond a photoelectrochemical aptasensor was fabricated for

cytochrome c. The investigations were conducted successfully with a
detection range of 5 pM-100 nM.

Qin et al. [99] designed a photoelectrochemical aptasensor based on
graphene quantum dots-sensitized TiO, nanotube arrays (GQDs/TiO,
NTs) for the detection of chloramphenicol. Coupling technique of linker
molecule binding and electrophoretic deposition was used to prepare
the nanohybrids. Through ni—x stacking interaction between GQDs and
the nucleobases of the chloramphenicol aptamer, immobilization of
aptamers of chloramphenicol was demonstrated. A wide linear range
from 0.5nM to 100 nM for CAP detection with a low detection limit of
57.9 pM was reported.

3.5. Electrochemiluminescence biosensors

High sensitivity and selectivity of electrochemiluminescence (ECL)
have proved ECL to be very useful in analytical applications. Its ver-
satility, simplified optical setup compared with photoluminescence and
temporal and spatial control compared to chemiluminescence ECL have
presented outstanding advantages over other common analytical
methods. The importance of ECL techniques for detection for bio-re-
lated applications have been well established and are heavily used in
clinical lab applications commercially [100,101].

Zheng et al. [102] developed a ECL biosensor for sensing deox-
ynivalenol based on Luminol and tris(4,4’-dicarboxylicacid-2,2’-bipyr-
idyl) ruthenium(II) dichloride (Ru(dcbpy)32+) as a new ECL emitter
units. In addition, surfactant assisted synthesized
TiO,mesocrystalsbeside serving as a matrix to accommodate Ru
(dcbpy)32+ it accelerated the electron transfer form reduced Ru
(dcbpy)32+ to oxidized Ru(dcbpy)32+ facilitating ECL response of Ru
(decbpy)s**. The process was established in a wide range from 0.05 pg/
mL to 5ng/mL with the detection limit of 1.67 x 10~ 2 pg/mL.

Fang et al. [103] proposed a ECL immunosensor for the analysis of
deoxynivalenol based on bioprobe composed of TiO,-B with fluoro-
coumarin silicon phthalocyanine and luminol. The enhancement of ECL
signal was owed to the large specific area favorable for increased
loading of fluoro-coumarin silicon phthalocyanine which facilitated the
decomposition of dissolved oxygen to generate reactive oxygen species
participating in ECL reaction of luminol. The proposed immunosensor
with high sensitivity and stability presented a advantageous perfor-
mance in the linear range 1.0 x 10~ ®ng/mL to 10 ng/mL with detec-
tion limit 3.3 x 10~7 ng/ml.

3.6. Amperometric biosensors

Amperometric sensing as compared to other sensing type utilizes
only current measurements which can be obtained simply by two
electrodes one to apply voltage and other to measure current.

Kadian et al. [104] successfully designed a method for glucose de-
tection based on GOx which was immobilized on indium tin oxide/
TiO,/poly(3-hexylthiophene) nanohybrid film. The detection limit was
observed to be of 0.620.02 mg/dL and 0.540.02 mg/dL in the standard
buffer and human saliva samples, respectively. Further, the total time
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Table 2

Electrochemical methods for the determination of an analyte using TiO, nanostructured hybrids.

Refs

Linearity range LOD

Analyte

Electrode material

[115]
[116]

53x107°M

3.30 x 107%-8.5 x 10~ *M

Chlorpromazine

Graphene/TiO,/V,0s5

0.58, 0.38 and 1.04 yM

2.5-110, 0.6-105 and 6.0-97 uM

Acetaminophen (AC), pramipexole (PRX) and

carbamazepine
Clozapine

ZSM-5 nanozeolite-TiO, nanoparticles composite

[117]
[118]
[119]
[120]
[121]
[122]
[123]

[124]

0.43nM
2.6 nM

9.0x 10" "M to 4.0 x 107 °M

0.1 tM=10.0 pM

Ruthenium doped titanium dioxide nanoparticles

TiO, nanoparticles

Erythrosine.
Catechol

TiO2-AuNPs- screen-printed carbon electrodes

TiO2-NT/WO3

Endocrine disruptor propyl paraben

Chlorpyrifos
Idarubicin

7.4pgmL !
3nM

0.01-100 ng/mL
0.012-10.0 yM

0-2000 ppb

Molecularly imprinted film modified hierarchical branched titanium dioxide nanorods

Electrospun carbon nanofibers and TiO, nanoparticles

CuO-TiO; hybrid nanocomposites

1.21 ppb

Methyl parathion.

7.5 x 1077 M and
9.0 x 10°°M

2.0 X 107°t0 1.0 x 10"3M and

7.5%x107°-1.0 x 107 °M

Phenylhydrazine (PhH) and hydrazine

carbon paste electrode with a derivative of hydroquinone and TiO, nanoparticles

[125]
[126]
[127]

1.34 x 107 %M
0.025 nM

2x107°Mand 5.4 x 107*M

Nicotine

TiO, with a carbon paste electrode

1.50 x 10 %M to 2.35 x 10~ *M

0.00005-10 nmol L~ *

Naringenin flavonoid

Thrombin

Nickel oxide nano flowers (3D-NiO) and TiO,-nanowire arrays

1.0 fmol L~!

Titanium dioxide nanoparticles, multiwalled carbon nanotubes (MWCNT), chitosan and a

novel synthesized Schiff base (SB) (TiO,/MWCNT/CHIT/SB)
Ruthenium-doped TiO, nanoparticles loaded into multi-walled carbon nanotubes

[128]
[128]
[129]

[130]

0.68

0.01-0.9 uM
0.01-0.9 uM

flufenamic acid

0.45 nm

mefenamic acid

Furantril

Ruthenium-doped TiO, nanoparticles loaded into multi-walled carbon nanotubes

Silver-doped titania modified carbon electrode
MWCNTs and Ru doped TiO, nanoparticles

1.98nM

1.0x107°Mto 1.2 X 10" %M

0.01-0.07 M

0.057 nM

Clozapine
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taken for the detection of glucose saliva sample was less than 10s
suggesting a miniature device for detection of glucose for point-to-point
care in medical application.

Paul et al. [105] proposed a new synthetic process using TiO5 na-
noparticles and glucose oxidase together encapsulated into the cavity of
ZIF-8 metal-organic framework for establishing a glucose biosensor.
Double layer capacitance and high surface area of TiO, increased cat-
alytic activity of biosensor to detect low concentration level of 80 nM.
The synthesized nanomaterial was drop-casted on glassy carbon elec-
trode and Amperometry was used to obtain the sensor response.

3.7. Conductometric biosensors

Conductometric biosensors present a number of advantages such as
thin film electrodes suitable for miniaturization and large scale pro-
duction, no reference electrode, consumption of transducers are less,
based on various reaction and mechanism large spectrum of compounds
can be analyzed.

Maniruzzaman et al. [106] proposed conductometric biosensor for
glucose based on GOx immobilized on TiO,-cellulose hybrid nano-
composite. TiOy-cellulose hybrid nanocomposite was prepared by
blending TiO, nanoparticles with cellulose solution prepared by dis-
solving cotton pulp with lithium chloride/N,N-dimethylacetamide sol-
vent. Further, the enzyme was immobilized by physical adsorption
method. The linear response was reported in the range of 1-10 mM.
Sadek et al. [107] proposed a nanoporousTiO, based conductometric
sensors for detection of hydrogen (H,) gas. The sensor responded with
the highest sensitivity of 1.24 to 1% of H, gas at 225 °C.

4. Conclusion and future prospects

With unique properties such as large surface area, non-toxicity,
environmentally friendliness, stability, and excellent biocompatibility,
TiO, has performed exceptionally in physical, optical, chemical, photo-
catalytic, and electronic biosensors. These properties have also allowed
TiO, nanomaterials to be applied for the detection of a variety of sub-
stances in COD, gas, and bio-sensors. The excellent biocompatibility of
TiO, makes it an exceptional candidate for biosensor development.
TiOs-based biosensors have been incorporated into a variety of elec-
trochemical/optical systems based on different sensing properties.
Amperometric devices have provided the fastest and most accurate
measurements to date. In recent years, research groups have focused on
improving the performance of biosensors. The introduction of noble
metals, as well as organic and inorganic compounds, may provide an
alternative to develop novel nanomaterials with unique structures. The
construction of smaller, cheaper, faster, and more efficient devices is a
never-ending quest in the biosensor field, which may require seamless
assimilation of biological and electronic systems.

Optimization of the properties and microstructure of TiO, materials
is a popular research area. This popularity is driven by the need to
develop effectual sensors with more advanced properties, improved
accuracy, lower detection limits, and improved reproducibility.
Detailed investigations of structure, morphology, electronic properties,
and chemical composition should be performed in the future. In terms
of healthcare applications, TiO, biosensors show great promise, but the
popularity and adoption of these biosensors will depend on their re-
liability, awareness, cost, sophistication, availability, and marketing.
Electrochemical sensors are simple, rapid, reliable, and inexpensive
devices that can be used for clinical diagnoses with confidence. TiO,
nanomaterials possess large surface areas as well as unique chemical,
physical, optical, electronic, and photocatalytic properties, are non-
toxic and environmentally friendly, and exhibit excellent biocompat-
ibility and stability. These properties allow TiO, nanomaterials to be
used to construct a wide range of sensing devices for biomedical ap-
plications. TiO, nanomaterials will be increasingly applied for the
fabrication of electrochemical, photocatalytic, and
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photoelectrocatalytic biosensors.

5. New trends in the development of TiO, hybride sensors for
health care

Sensors are the heart of any measurement, control and diagnostics
devices and termed as the critical component. In this review, we re-
ported the usage of TiO, hybrid nanoparticles as a sensor for health care
application. A recent glance of the literature has suggested that there
are various methods for the synthesis of TiO,nanohybrids. It is also
clear that the recent investigation focused majorly on the application of
these hybrids in health care. The use of electrochemical methods sug-
gests that the proposed methods are time-saving, low cost, selective,
sensitive and possibly be converted to miniature devices which very
help in point-to-point care in medical application. Modification of
electrodes with these nanohybrid structures has tremendously im-
proved the analytical efficiency of electrochemical biosensors. These
efforts have significantly lead to perform the investigations in wide
linear range over pico/femto molar concentrations. These methods
would further be an alternate platform for analysis replacing conven-
tional analytical techniques.

Despite the significant progress achieved by nanohybrid TiO, in
medical care synthesis of hybrid TiO, nanoparticles and modification of
the electrode surface especially a specific antibody or aptamers requires
a multistep process. Hence, future research has to focus on fabrication
of electrode with simple and novel recombinant antibodies and apta-
mers offering sensors with rapid binding detection, high specificity
under natural conditions and label-free. In addition, portable and dis-
posable sensors with easy mechanism and methodologies are also need
to be investigated. Further, serious chronic diseases such as cardio-
vascular, asthma, diabetes leading to large annual worldwide deaths
have to be rectified. Finally, determined efforts in the development of
these sensors for health care are still unavailable for end users and are
restricted to laboratory scale.
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