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Abstract−TiO2, which is one of the most explored materials, has emerged as an excellent photocatalyst material for
environmental and energy fields, including air and water purification, self-cleaning surfaces, antibacterial and water
splitting. This review summarizes recent research developments of TiO2-based photocatalyst used for photocatalytic
antibacterial applications. Several strategies to enhance the efficiency of TiO2 photocatalyst are discussed, including
doping with metal ions, noble metals, non-metals, and coupling with other materials. The mechanism of photocata-
lytic antibacterial activity in the presence of nano-sized TiO2 is also discussed. The modified TiO2 photocatalyst signifi-
cantly inhibits the growth of bacterial cells in response to visible light illumination. TiO2 photocatalysis appears to be
promising as a route of advanced oxidation process for environmental remediation.
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INTRODUCTION

Bacterial contamination has become a crucial problem due to
causing many infections in food storage, medical implants, hospi-
tal settings, biosensors and public health events [1]. There is an in-
creasing awareness of human health and diseases and techniques
in which we control microbes from affecting the safety and com-
promising the health of individuals [2]. Traditional techniques of
manual cleaning with wiping are not effective in the longer term,
cannot be standardized, and are time-consuming and staff inten-
sive. Moreover, there are several problems associated with the use
of aggressive compounds [3]. However, wiping every surface with
these antibacterial agents develops an environment where the
resistant bacteria survive [4].

Antibacterial agents are used extensively in hospitals and other
public areas. A variety of biocide organic or metallic biocides has
been used for mold inhibition are only operative for short-term
and can themselves be toxic [5]. Some antimicrobial agents are
very irritating and harmful, and recent investigations are targeted
toward formulating new types of safe and inexpensive biocidal
materials [6]. The development of simple, low-cost and more effec-
tive antibacterial methods is very important, because, in recent
years, damage caused by harmful microorganisms has become a
serious social problem, as demonstrated repeatedly by the occur-
rence of Legionella infections in full-time baths, food poisoning
caused by Staphylococcus aureus (S. aureus), and hospital infections
caused by medicine-resistant bacteria such as Methicillin-Resistant
S. aureus (MRSA) are more common in hospital environments.
Surfaces act as reservoirs of microorganisms which could, in turn,
lead to the spread of microbial infections [7]. Particularly in areas

of intensive medical use, regular and thorough disinfection of sur-
face is required in order to reduce the number of bacteria and to
prevent bacterial transmission [3].

The applications of the nano-sized TiO2 photocatalytic process
is a conceptually simple and promising technology to inhibit bac-
terial contamination. Titanium dioxide exists in three crystalline
phases, anatase, rutile, and brookite [8]. The most common are
anatase and rutile as brookite is less stable. In the crystal structure
of TiO2, each Ti4+ ion is surrounded by an octahedron of six oxy-
gen (O2−) ions, while each oxygen atom by three titanium atoms.
The octahedron in rutile is irregular, showing a slight orthorhom-
bic distortion. The octahedron in anatase is significantly distorted
so that its symmetry is lower than orthorhombic. The structures
of anatase and rutile crystals have been demonstrated generally in
terms of chains of TiO6 octahedra having common edges. In the
rutile structure, each octahedron is in contact with ten neighbor
octahedrons (two sharing edge oxygen pairs and eight sharing cor-
ner oxygen atoms); while in the anatase structure, each octahe-
dron is in contact with eight neighbors (four sharing an edge and
four sharing a corner) and in brookite both edges and corners are
shared to give an orthorhombic structure [8]. In view of the three
major polymorphs of TiO2, the rutile TiO2 is the most comprehen-
sively explored in fundamental studies, and anatase is the most
widely investigated phase in the applied studies, which plays a cen-
tral role in many industrial applications [9]. Anatase type TiO2 is
considered as the most photoactive phase and extensively applied
semiconducting material for environmental applications [10].

Since the discovery of the “Honda-Fujishima effect” [11] TiO2

has proved to be one of the most efficient material for environ-
mental remediation because of its various desirable properties. Dis-
infection of a surface by photochemical transformations on TiO2 is
a suitable possible alternative to using chemical disinfectants such
as chlorine bleach, because it avoids the use of chemicals for which
there are currently concerns about possible toxicity and mutagene-
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sis [12-14]. Subsequently, scientists and engineers are involved in
developing alternative antibacterial techniques. In recent years,
immobilized TiO2 has been utilized as a self-cleaning and disinfec-
tant material for coating many clinical tools including sanitary
ware, food packaging, tableware, building materials and medical
devices. In 1985, Matsunaga et al. first demonstrated the photocat-
alytically killing mechanism for the microbial cells of Saccharomy-
ces cerevisiae (yeast), Lactobacillus acidophilus and Escherichia coli
(bacteria), and Chlorella vulgaris (green algae) in water using a Pt-
TiO2 photocatalyst [15]. Since then, much research has been per-
formed on the photocatalytic antimicrobial performance of nano-
sized TiO2. With energy provided larger than the band gap of TiO2,
the electron (e−)/hole (h+) pairs are generated and react with O2

and H2O to form superoxide anion radicals (O2
∙−) and hydroxyl

radicals (∙OH). These oxidative species (h+, ∙OH, and O2
∙−) are all

extremely reactive, which are considered to be the dominant oxi-
dative species contributing to the destruction of microorganism
cells [10]. However, the bare TiO2 photocatalyst can be activated
by ultraviolet light irradiation due to its wide band gap energy of
3.2 eV. Recent research has identified the chemically modified
TiO2-based photocatalysts, which work under visible and UV light
illumination, offering the potential to extend their application in
photocatalytic disinfection.

Several reviews have been published on the photocatalytic per-
formance of TiO2 over the past years that mainly discuss proper-
ties of TiO2 [16], photocatalytic water splitting technology [17], and
photodegradation of organic compounds [18]. However, hardly any
attention has been paid to photocatalytic antibacterial properties of
modified TiO2-based photocatalysts.

The present review considers the recent progress of the photo-
catalytic efficiency of modified TiO2 and demonstrates their poten-
tial applications in the biomedical and environmental field. This
review emphasizes the photocatalytic antibacterial performance of
modified TiO2, doping TiO2 with metal ions and non-metals, and
coupling TiO2 with other materials. We believe that this compre-
hensive review on TiO2-based photocatalytic antibacterial materi-
als would help to promote TiO2-based photocatalysts research for
the development of alternative disinfection technology. TiO2-based
photocatalyst technology is a very promising as it is, highly stable,
low cost, and environmentally benign.

MECHANISM OF PHOTOCATALYSIS

In photocatalysis, a semiconductor material interacts with light
of sufficient energy to generate reactive oxygen species (ROS), which
are responsible for photochemical transformations. Traditional TiO2

photocatalyst shows activity under UV light only. In photocataly-
sis, the light of energy greater than the bandgap of the semicon-
ductor excites an electron from the valence band to the conduction
band, creating a pair of a negatively charged free electrons and a
positively charged electron hole. The electrons are then free to
migrate within the conduction band and the holes may be filled
by an electron from an adjacent molecule. This process can be
repeated. Thus, holes are also mobile. The electrons and holes gen-
erated by the reactions have strong reducing and oxidizing power.
Electrons and holes may recombine (bulk recombination) a non-
productive reaction, or, when they reach the surface, react to give
reactive oxygen species (ROS) such as O2

−· and ·OH (Fig. 1(a)).
These in solution can react to give H2O2, further hydroxyl, and
hydroperoxyl radicals. The reaction of these ROS with organic
compounds results in the mineralization.

TiO2+hν→TiO2 (e−cb+h+
vb) (1)

O2+e−cb→O2
−· (2)

H2O+h+
vb→•OH+H+ (3)

•OH+•OH→H2O2 (4)

O2
−·+H2O2→•OH+OH−+O2 (5)

•OH+Organic+O2→CO2+H2O (6)

The preponderance of evidence on photocatalytic chemistry in
aqueous solution suggests that the hydroxyl radical generated by
hole transfer does not diffuse from the surface of the TiO2 into
bulk aqueous phase [20]. ROS are extremely reactive when in con-
tact with microbes; therefore, microorganisms in air and water can
be destroyed when they come into contact with the surfaces of a
photocatalyst. This also provides a promising strategy for the deg-
radation of environmental pollutants [10]. Photocatalysis has been
shown to be capable of killing a wide range of organisms, including
Gram-negative and Gram-positive bacteria, including endospores,

Fig. 1. Schematic diagram of (a) The ultraviolet (UV)-responsive TiO2 photocatalytic reaction, (b) the visible light responsive Cu-TiO2 photo-
killing mechanism [19].
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fungi, algae protozoa and viruses [21]. The hydroxyl radical is an
extremely aggressive oxidant, and as such, it can attack various
biological molecules and impair their proper functioning (Fig. 1(b)).

Different mechanisms of killing have been proposed, including
(a) the killing mechanism implies an oxidation of the intracellular
coenzyme A (CoA), which inhibits cell respiration and subse-
quently causes cell death as a result of a direct contact between
TiO2 and target cell, leading to cell death [22]; and (b) bacterial
death is caused by a significant disorder in the cell permeability and
decomposition of the cell walls [23]. It is suggested that cell wall
damage might take place prior to cytoplasmic membrane damage.
Fig. 2 shows a proposed mechanism for the photocatalytic bacteri-
cidal effects. During the photooxidation process, the UV light irra-
diation also causes cell damage. Oguma et al. [23] reported that long
wavelength UV light (i.e., 320-400 nm) mainly damages microor-
ganisms by exciting photosensitive molecules within the cell, and
the generated ROS adversely affect the genome and other intracel-
lular molecules sub-lethally or lethally causing cell mutations, growth
delay. Sunada et al. [24] reported cell membrane damage due to
the photocatalytic degradation of endotoxin from Escherichia coli
(E. coli) with TiO2 thin films. Another study by Maness et al. [25]
showed the photo-oxidation of bacterial cell components responsi-
ble for cell death. Damage to the cell membrane directly leads to
leakage of minerals, proteins, and genetic materials, causing cell
death. Keller et al. [26] disputed that many parameters were act-
ing significantly at the biological level and not taken into account
for chemicals. Gogniat et al. [27] showed that the rate of adsorp-
tion of cells onto TiO2 is positively correlated with its bactericidal
effect. The adsorption was consistently associated with a reduc-
tion bacterial membrane integrity, as revealed by flow cytometry.
They suggested that adsorption of cells onto aggregated TiO2, fol-
lowed by loss of membrane integrity, was key to the bactericidal
effect of photocatalysis.

STRATEGIES FOR IMPROVING TiO2 
PHOTOACTIVITY

Different approaches have been adopted for improving TiO2 pho-
tocatalytic efficiency, all of them consisting of either morphologi-
cal modifications, such as increasing surface area and porosity, or

the incorporation of additional components, such as metals or a
second semiconductor phase. However, contradictory reports are
available in the literature devoted to TiO2 improvement, very likely
because changing composition or morphology unavoidably modi-
fies other parameters which also affects efficiency. The major draw-
back in the semiconductor photocatalysis is the recombination of
photogenerated charge carriers as it lowers the activity [28]. To in-
crease photocatalytic activity, various strategies have been adopted,
including doping with metals, non-metals and heterojunction cou-
pling, which can narrow the electronic properties and, thus, alter
the optical properties of TiO2. For making visible light driven pho-
tocatalyst and retard possible electron-hole recombination, doping
of TiO2 with transition metal ions is one of the most successful
strategies. Potential applicability of TiO2 photocatalyst is prevented
by its wide band gap, which lies in the UV light region.
1. Metal Doping

Transition metal ions can provide additional energy levels within
the band gap of a semiconductor. Electron transfer from one of
these levels to the conduction band requires lower photon energy
than in the situation of an unmodified semiconductor [29]. TiO2

has been doped with many different transition metals for visible
light photocatalytic activity, but very few reports are available on
visible light antibacterial activity (Table 2). Metal-doping of TiO2

has been extensively explored as a way to improve photoactivity
under visible light [30]. Nevertheless, foreign cations frequently act
as recombination centers and, therefore, significant improvements
are only possible at low concentration of dopants, and using care-
ful synthesis methods to limit lattice distortion. Optimum compo-
sition metal ion dopant in TiO2 extends visible light absorption
due to decrease in the band gap values (Table 1). The develop-
ment of copper-modified photocatalysts with antibacterial capaci-
ties in the dark and enhanced photocatalytic activities under light
conditions has been reported in a number of studies, and may
present a low-cost alternative to noble metal based biocidal photo-
catalysts. As part of a study to investigate the effect of metal ion
doping in TiO2 nanoparticles, our group has recently reported supe-
rior visible-light-induced photocatalytic activities of copper, nickel
and iron-doped TiO2 nanoparticles towards E. coli and S. aureus
bacterium [19,31,32]. Sayilkan et al. evaluated the antibacterial activ-
ity of hydrothermally synthesized Sn4+ ion doped TiO2 thin films
against E. coli and S. aureus in the presence of weak UV light [33].

To enhance photoactivity, TiO2 doped with metal ions can im-

Fig. 2. Proposed bactericidal mechanism in the presence of TiO2
photocatalyst.

Table 1. Metal ion dopant concentration and band gap values
Dopant concentration Band gap value (eV) Ref.
Bare TiO2 3.23 [36]
V (3.0-13.0) 2.84-2.56 [37]
Fe (0.5-1.0 mol%) 3.03-3.02 [38]
Fe (1.0-3.0 mol%) 3.02-2.72 [32]
Co (5.0 wt%) -- [39]
Ni (1.0-3.0 mol%) 2.95-2.36 [31]
Cu (2.0 wt%) 2.83 [40]
Cu (1.0-3.0 mol%) 2.89-2.60 [19]
Sn (10-50 wt%) 3.32-2.28 [33]
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prove the trapping-to-recombination rate ratio. However, when
metal ions are incorporated into TiO2 host lattice, the impurity
energy levels formed in the band gap of TiO2 can also lead to de-
crease the rate of recombination between photogenerated charge
carriers. When the trapped electron and hole are transferred to the
surface of the photocatalyst, then photocatalytic reactions occur
and for this, metal ions should be doped near the surface of the
photocatalyst to allow efficient charge transfer. Not all metal-
doped TiO2 photocatalyst will exhibit positive effects. The dopant
content directly influences the rate of e−/h+ recombination [34];
there is an optimum concentration of dopant ions where the thick-
ness of the space-charge layer is similar to the depth of light pene-
tration. Xin et al. [35] reported enhanced photocatalytic activity of
TiO2 at low doping content of Fe3+ (Fe/Ti≤0.03 mol%) and de-
creased photocatalytic activity at higher content.
2. Noble Metal Loading

The addition of noble metals is another approach for the modi-
fying photocatalysts. Active antimicrobial noble metals (silver, gold,
platinum) were incorporated in TiO2 photocatalyst to enhance the
bactericidal activity (Table 2). Because the Fermi levels of these
noble metals are lower than that of TiO2, photo-excited electrons
can be transferred from the conduction band of TiO2 to metal par-
ticles deposited on the surface of TiO2, while photogenerated holes
in the valence band remain on TiO2. This greatly reduces the pos-
sibility of electron-hole recombination, resulting in efficient sepa-
ration and higher photocatalytic activity [29].

Caballero et al. reported antibacterial activity of TiO2 commer-
cial powders doped with Pt against E. coli under fluorescent light
irradiation. Platinum doped TiO2 photocatalyst showed excellent
bactericidal activity due to the effective distribution of the TiO2

nanoparticles and the better charge separation in the doped semi-
conductor photocatalyst [41].

Silver-modified TiO2 photocatalyst materials have been exten-
sively studied in the past decades [42-44]. Silver is a well-known
antibacterial agent in the absence of light. The mode of bacteri-
cidal action has been proposed to be due to the sorption of silver
ions onto the negatively charged bacterial cell wall, causing deacti-
vation of cellular enzymes, disruption of the permeability of the
membrane, and causing eventual cell lysis and death [45-47]. In
the case of noble metal modified TiO2 photocatalyst, the role of
interfacial charge transfer between noble metal and TiO2 is empha-
sized as a photocatalysis-enhancing mechanism, which may con-
tribute to photocatalytic inactivation in addition to the antibacterial
and oligodynamic effects of the incorporated noble metals.

Armelao et al. prepared TiO2 and Au/TiO2 nanosystems using a
hybrid RF-sputtering/sol-gel approach and tested photocatalytic
antibacterial activity against B. subtilis. They claimed that an increase
in the annealing temperature enhances the antibacterial proper-
ties of both TiO2 and Au/TiO2 systems [48]. In another study, Li et
al. reported that the gold nanoparticles modified TiO2 nanotubes
can potently destroy S. aureus and E. coli in darkness. The authors
proposed an antibacterial mechanism from the perspective of
localized surface plasmon resonance of Au nanoparticles, respira-
tory electrons of bacterial membrane transfer to Au nanoparticles
and then to TiO2, which makes bacteria steadily lose electrons
until death [49].

3. Non-metal Doping
Among the many chemical modifications adopted for shifting

the TiO2 band gap to lower energy, currently the most promising
route seems to be the partial substitution of oxygen with non-met-
als (N, C, and S). Extensive research on a non-metal doping tech-
nique for enhancement of bactericidal activity of TiO2 has been
reported (Table 2). In particular, most of the studies have focused
on non-metal doped TiO2, which shows remarkable photoactivity
under visible light illumination. Doping of non-metal ions (N, C,
S etc.) in TiO2 host lattice could shift its photoresponse in the visi-
ble region [50-53]. Asahi et al. reported theoretical calculations for
the narrowing band structure of nitrogen-doped TiO2 [54]. It was
found that N atoms substituted the lattice oxygen sites responsible
for narrowing the band gap by mixing the N2p and O2p states.
Mei et al. studied the effect of material microstructure, the nature
of paramagnetic radicals and the role of the calcination tempera-
tures on the effective incorporation of nitrogen in the TiO2 lattice
[55]. The photocatalytic proprieties of N-TiO2 under the visible light
show a promising extension for environmental application because
doping nitrogen into TiO2 changes the refraction index, hardness,
electrical conductivity, elastic modulus, and the photocatalytic activ-
ity of visible light absorption [56].

Pathakoti et al. [57] demonstrated the mechanisms of toxicity of
sulfur-doped TiO2, nitrogen-fluorine-codoped TiO2 in a model
organism E. coli after exposure to simulated solar light and visible
light irradiation. They found that the sulfur-doped TiO2 did not
show enhancement in photocatalytic activity towards E. coli inacti-
vation under visible light. On the other hand, Lee et al. found an
excellent antibacterial activity for nanoporous C-TiO2 and S-TiO2

towards E. coli and S. aureus under visible light irradiation [58].
He et al. reported efficient photocatalytic activity under visible

light against E. coli by N-doped TiO2 prepared by sol-gel method
[50]. Raut et al. [59] reported the synthesis of nanodot chains as
well as self-aligned nano-platelets of N-doped TiO2 thin film, by
ultrasonic spray pyrolysis and their antimicrobial properties were
studied at near UV, normal room light, and sunlight against Pseu-
domonas aeruginosa. A similar enhancement due to the presence
of nitrogen in TiO2 for the degradation of methylene blue and
Gram-positive bacteria (Bacillus amyloliquifacience) was reported
by Soni et al. [60,61]. Kajitvichyanukul et al. studied the antibacte-
rial effects of Ni-doped and N-doped TiO2 nanoparticles and found
that the N-doped TiO2 nanoparticles have more antibacterial activ-
ity than the Ni-doped TiO2 [62]. Yu et al. tested visible light induced
photocatalytic inactivation of E. coli in presence of N-TiO2 nano-
powders as well as nanofilms [63].

Similarly, carbon doping also shifts the band gap energy in the
visible light region. Cheng et al. [64] reported the visible light activ-
ity of carbon containing TiO2 against several human pathogens
including Staphylococcus aureus, Shigella flexneri, and Acinetobacter
baumannii. They also studied the interaction of photocatalyst with
pathogens using scanning electron microscopy and confocal Raman
spectroscopy techniques. A low temperature non-hydrothermal
low power microwave synthesized carbon-doped anatase-brook-
ite titania nano-heterojunction photocatalysts for S. aureus under
visible light tested by Etacheri et al. [51]. They found that the
interband C2p states were responsible for the band gap narrowing
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of the carbon doped heterojunctions. They also proposed that the
efficient electron-hole separation at the anatase-brookite interface
is responsible for superior visible-light-induced photocatalytic and
antibacterial activity of carbon-doped anatase-brookite nano-het-
erojunctions. More recently, Shim et al. [65] investigated micro-
bial inactivation kinetics and mechanism of carbon-doped TiO2

under visible light irradiation and found that the antibacterial
activity was attributed to the release of ROS on the surface of the
C-TiO2.
4. Hybrid Nanocomposites

It is possible to create coupled colloidal structures, in which illu-
mination of one semiconductor produces a response in the other
semiconductor at the interface between them, and the semicon-
ductor nanocomposite exhibits very high photocatalytic activity
[66]. The geometry of particles, surface texture, and particle size
play a significant role in interparticle electron transfer [29]. A ter-
nary hybrid CdS/Pt-TiO2 nanotube photoelectrode developed by
dipping and deposition technique and ionic layer adsorption and
reaction (SILAR) showed higher bactericidal activity for E. coli
[67]. Hamal et al. [68] demonstrated that TiO2 codoped with sil-
ver, carbon, and sulfur can serve as a multifunctional generic bio-
cide as well as a visible light activated photocatalyst. It shows strong
antimicrobial properties without light activation against both E.
coli and B. subtilis spores. Several other nanocomposites of TiO2

exhibited bactericidal activity in the dark (Table 2), indicating that
undetermined mechanisms additional to photocatalytic ROS pro-
duction were responsible for toxicity.

Since their discovery, carbon nanotubes (CNTs) have attracted
great attention for their extraordinary mechanical, electrical, and
optical properties. Akhavan et al. reported [69,70] sol-gel synthe-
sis of CNT-doped TiO2 thin films for visible light photoinactiva-
tion. For this, E. coli bacteria were irradiated by a 110 mWcm−2

mercury lamp at room temperature. N-doped TiO2 photocatalyst
added polytetrafluoroethylene composite material was developed
to remedy these shortcomings. This paper reports the surface char-
acteristics, and the bactericidal and self-cleaning performance of
the newly developed composite material [71]. Also, Chen et al. ob-
served the excellent antibacterial activity of sol-gel synthesized
MWCNT/TiO2 composites with sunlight against E. coli [72].

Bacterial infection has been a major threat to ornamental fish
in aquariums. Reducing the bacterial pathogen loading in water is
an ecofriendly alternative to control fish disease. Yeh et al. [73]
demonstrated a fish pathogen reduction procedure using TiO2 sol-
gel coating Fe3O4@TiO2 powder on a glass substrate. After 3 h of
visible light irradiation, the immobilized Fe3O4@TiO2 inhibition
efficiencies for fish bacterial pathogen were, respectively, 50% for
Edwardsiella tarda (BCRC 10670) and 23% for Aeromonas hydroph-
ila (BCRC 13018). Moreover, the authors reported the bactericidal
effect of TiO2/Fe3O4 towards marine fish pathogen under LED light
irradiation [74].

Janpetch et al. demonstrated efficient antibacterial activity against
E. coli and S. aureus bacterium under fluorescent light using the
hybrid nanocomposite material of bacterial cellulose nanofibers
and N-F-codoped TiO2 nanoparticles [75].

The antimicrobial properties of apatite-coated TiO2 cotton tex-
tiles were investigated by Kangwansupamonkon et al. [76]. The

antibacterial performance was observed under black light, visible
light, and dark conditions. Apatite-coated TiO2 suspensions after
black-light exposure demonstrated strong antimicrobial activity
against four types of bacteria (S. aureus, E. coli, S. aureus (MRSA),
and M. luteus) and at a higher extent as compared with visible
light and dark conditions.

In another study, Chen et al. [77] tested the antibacterial perfor-
mance of Cu/TiO2/chitosan three-component nanoparticles. They
reported that this hybrid material exhibits excellent antibacterial
ability against E. coli and S. aureus due to the synergistic antibacte-
rial effect of the Cu, TiO2 and chitosan components in the nano-
particles.

Rana et al. [78] showed that the introduction Nd3+ dopant into
the TiO2 photocatalytic shell of TiO2-coated nickel ferrite compos-
ite nanoparticles significantly enhances the photocatalytic antimi-
crobial performance. The increased performance was correlated to
the inhibition of electron-hole recombination and a decrease in
the band gap energy of TiO2.

PHOTOCATALYTIC ACTION ON BACTERIA

Various studies involving the photo-killing effect on Gram-pos-
itive and Gram-negative bacterium by modified TiO2 have been
conducted (Table 2). The photocatalytic antibacterial performance
of TiO2 is mainly dependent on the structure of the bacterial cell
wall. Many studies have been performed on various species, never-
theless; the results are too some extent contradictory. Some authors
reported that Gram-positive bacteria were more sensitive to pho-
tocatalysts than Gram-negative [79-81]. Although, there is a large
amount of research that demonstrated Gram-negative bacteria were
more resistant to photocatalytic bactericidal activity than Gram-
positive bacteria [32,82]. Gram-negative bacteria are relatively more
resistant because of the nature of their cell wall, which restricts
absorption of many molecules to movements through the cell
membrane [19,82]. Lactobacillus was found to be more sensitive
than E. coli on a Pt-doped TiO2 photocatalyst [15].

The variance in photocatalytic inactivation of bacteria is typi-
cally attributed to the difference in cell wall structure between
Gram-negative and Gram-positive bacteria (Fig. 3). Gram-nega-
tive bacteria have a triple-layer cell wall with an inner membrane,
a thin peptidoglycan layer, and an outer membrane, whereas Gram-
positive bacteria have a thicker peptidoglycan without an outer
membrane. Also, this may relate to different affinities for photocat-
alyst and cell wall of bacteria. To achieve better photocatalytic in-
activation, direct contact between bacteria and surface of TiO2 is
crucial, which will increase the probability of attack by ROS. From
this, it can be concluded that the rate of photocatalytic antibacte-
rial activity is governed not only by cell wall thickness but also by
the morphology of cell envelope and resistance of the outer mem-
brane to the ROS produced on the surface of photocatalyst [81].

Some fungi can persist in severely stressful conditions where
bacteria cannot due to their stronger cell wall structure; fungi can
survive at high osmotic pressures. Although, fungal diseases are
not as widespread as those caused by bacteria [83]. However, some
fungi, algae, and protozoa have been shown to be susceptible towards
TiO2 photocatalyst. The photocatalytic fungicidal activity on Can-
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dida albicans (MTCC-1637), Candida glabrata (MTCC-3019), Can-
dida tropicalis (MTCC-184), and Candida parapsilosis (MTCC-2509)
has shown good resistance to pure TiO2 as well as TiO2 : Fe thin
films, whereas Candida glabrata (MTCC-3019), showed less resis-
tance [83,84].

Ochiai et al. [85] investigated the role of TiO2-coated materials
in the inactivation and removal of algae. They assessed the inhibi-
tion ability of the TiO2-coated materials using Anabaena flosaquae
and found that the fabric-supported Pd/TiO2 showed high inhibi-
tion activity for algal growth. Some researchers studied photocata-

Table 2. Antibacterial activity with modified TiO2 photocatalyst

Bacteria Metal Non-metal Nobel Composite Activity
in dark

Activity
in light Ref.

Gram-negative
Aeromonas hydrophila (BCRC 13018) Fe3O4/TiO2 -- Yes [73]
Edwardsiella tarda (BCRC 10670 Fe3O4/TiO2 -- Yes [73]
Escherichia coli (ATCC8739) Pt-TiO2 -- Yes [41]
Escherichia coli Fe-TiO2 No Yes [32]
Escherichia coli Ag-TiO2 Yes -- [49]
Escherichia coli CNT-TiO2 Yes Yes [70]
Escherichia coli Apatite/TiO2 Yes Yes [76]
Escherichia coli Cu-TiO2 Yes Yes [40]
Escherichia coli N-TiO2 No Yes [63]
Escherichia coli S-TiO2 -- Yes [58]
Escherichia coli S-TiO2 Yes Yes [57]
Escherichia coli Fe-TiO2 -- Yes [38]
Escherichia coli N-TiO2 No Yes [50]
Escherichia coli MWCNT/TiO2 Yes Yes [72]
Escherichia coli (8099) Cu/TiO2/C Yes -- [77]
Escherichia coli (ATCC 23282) Sn-TiO2 -- Yes [33]
Escherichia coli (ATCC 25922) Ag-TiO2 -- Yes [42]
Escherichia coli (DH 5R) V-TiO2 Au-TiO2 No Yes [37]
Escherichia coli (DH5α) Au-TiO2 No Yes [43]
Escherichia coli (DH5α) Ag-TiO2 No Yes [43]
Escherichia coli (IFO 3301) Cu/TiO2 Yes Yes [24]
Escherichia coli (NBRC 3972) N-TiO2 : PTFE No Yes [71]
Escherichia coli (NCIM 2066) Cu-TiO2 No Yes [19]
Escherichia colik-12 (ATCC 29181) Nd3+-TiO2/NiFe2O4 -- Yes [78]
Photobacterium damselae subsp. piscicida TiO2/Fe3O4 No Yes [74]
Salmonella typhimurium (KCCM 11862) Co-TiO2 Yes -- [39]
Gram-positive
Micrococcus luteus Apatite/TiO2 Yes Yes [76]
Micrococcus lylae S-TiO2 No Yes [53]
Staphylococcus aureus Apatite/TiO2 Yes Yes [76]
Staphylococcus aureus Ag-TiO2 Yes -- [49]
Staphylococcus aureus S-TiO2 -- Yes [58]
Staphylococcus aureus (MRSA) N-TiO2 : PTFE No Yes [71]
Staphylococcus aureus (ATCC 6538) Cu/TiO2/C Yes -- [77]
Staphylococcus aureus (ATCC No 35696) Sn-TiO2 -- Yes [33]
Staphylococcus aureus (MRSA) Apatite/TiO2 Yes Yes [76]
Staphylococcus aureus (NCIM 2654) Cu-TiO2 No Yes [19]
Staplylococcus aureus (KCCM 11256) Co-TiO2 Yes -- [39]
Staphylococcus aureus Ag-TiO2 Yes Yes [44]
Bacillus subtilis Au-TiO2 No Yes [48]
Bacillus megaterium (QM B1551) V-TiO2 Au-TiO2 No Yes [37]
Bacillus amyloliquifacience N-TiO2 No Yes [61]
Listeria monocytogenes C-TiO2 No Yes [65]
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lytic inactivation of three species of algae including Anabaena,
Microcystis, and Melosira using TiO2 coated glass beads and UV-
light irradiation. Complete photocatalytic inactivation of Anabaena,
Microcystis, and Melosirawas was obtained in about 30 minutes,
while the inactivation efficiency for Melosira was somewhat lower
due to the inorganic siliceous wall surrounding the cells [86].

Gram-positive bacteria, Gram-negative bacteria, and green algae
have cell walls of different composition. Matsunaga et al. [15] showed
the Chlorella vulgaris has a thick cell wall mainly composed of
polysaccharides and pectin, and 55% of Chlorella vulgaris retained
viability when the organism was incubated for 120 min with TiO2/
Pt particles under metal halide lamp irradiation.

UV light-assisted photocatalytic disinfection is progressively used
for drinking water treatment due to its effectiveness against cyst-
forming protozoa such as Giardia and Cryptosporidium [87]. Still,
some pathogenic viruses such as adenoviruses are highly resistant
to UV disinfection system. An arrangement of photocatalyst and
light source that offers additional inhibition mechanisms may be
able to overcome this critical obstacle.

It was found that few naturally adapted bacteria species are tol-
erant to specific toxins or nanoparticles that exist in the environ-
ment. Cu-doped TiO2 nanoparticles were able to inhibit the growth
of Mycobacterium smegmatis, but had no effect against Shewanella

oneidensis MR-1 [88]. This type of bacterium can be considered as
a promising candidate for cleaning of metal oxide nanoparticles
from the environment.

Several mechanisms have been reported for the photocatalytic
antibacterial activity of modified TiO2 nanoparticles, which gener-
ally depends on various parameters, such as particle size, surface
area, crystal structure, pH of solution, catalyst concentration, com-
position, surface modification, light intensity, intrinsic properties
and the bacterial species [32]. These reports specify that the mech-
anism of photocatalytic antibacterial activity of modified TiO2 nano-
particles is very complex and depends on several parameters and
is still only partially understood. However, modified TiO2 nano-
particles are able to reduce the rate of photogenerated charge carri-
ers and produce ROS under light irradiation, resulting in damage
to bacterial cells. Thus, to achieve an appropriate photocatalytic
antibacterial efficiency, it is very important to control the composi-
tion ratio in the modified TiO2.

PHOTOCATALYTIC BACTERICIDAL
APPLICATIONS OF TiO2

TiO2 is a semiconducting material; the electron-hole pairs can
be generated upon irradiation with light may separate charge car-
riers and migrate to the surface where they react with water and
oxygen to produce reactive oxygen species. These come in con-
tact with organic molecules and can ultimately lead to complete
mineralization [89,90]. The application of this process has a wide
range: the purification of air, waste water, disinfection based on
bactericidal properties for coating various materials such as wood,
plastic, fabrics, papers, ceramics, sanitary wares, use of self-clean-
ing on a car windshield.

Supplying clean and inexpensive water to meet human needs is
the grand challenge of the 21st century [91]. The extraordinary
properties of TiO2 are an ideal platform for constructing multi-
functional materials which can be utilized to remove heavy met-
als and organic pollutants from contaminated water [92]. Upon
light irradiation, modified TiO2 photocatalysts can degrade organic
contaminants and inactivate microorganisms. This helps reduce
organic and biological fouling as well as remove contaminants.
Photocatalytic water disinfection is a green technology and same
materials can be used repeatedly. A variety of UV and visible-
light-driven water disinfection systems have proven their effective-
ness for treating polluted water [13,88,92-97].

The development of facile and reliable antibacterial materials
and methods is very important because infection caused by harm-
ful microorganisms has become a serious social problem. TiO2 films
many applications, particularly as photocatalytic coatings. Thus, TiO2

coated materials such as wood [98,99], fabrics [5,100,101], medi-
cal devices [102], dental implants [103], building materials [99,
104], food packaging coating [105,106] plastic coating [106] are
effective for controlling pathogenic infections.

FUTURE PROSPECTS OF NANO TiO2

IN ANTIBACTERIAL

Visible light photocatalytic antibacterial activity appears to be a

Fig. 3. Structures of the cell walls of different classes of microbial
cells. (a) Gram-positive bacteria cell wall is composed of a
thick, complex peptidoglycan sheath outside of the cytoplas-
mic membrane and composed of peptidoglycan, teichuronic
acids, and lipoteichoic acids. (b) Gram-negative bacteria have
a thin single layer of peptidoglycan and lipid bilayer contain-
ing lipopolysaccharide and providing a permeability barrier
of small hydrophilic molecules across the membrane.
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promising and innovative approach for environmental and bio-
medical research and an alternative technique to inhibition bacte-
rial growth. Since 1985, photocatalytic disinfection technology using
TiO2 has retained its importance in research because of the extraor-
dinary physiochemical aspects of nano TiO2, and its capability to
mineralize pollutants as well as microorganisms. Nano TiO2 pos-
sesses large surface area and small particle size and is useful in
photocatalytic disinfection. Photogenerated ROS on the surface of
TiO2 is responsible for killing a wide range of organisms in water,
in the air and on surfaces. Different modified TiO2 based photo-
catalysts have been synthesized and found to be effective for the
photocatalytic disinfection. The surface coating is another option
for developing real systems, which is auspicious for the commer-
cialization of the technology. The urge is to develop a standard pro-
tocol for the testing of the photocatalytic antimicrobial efficiency
of a photocatalyst. Future advances in nanotechnology will pres-
ent great opportunities for designing more effective photocatalytic
disinfection systems, particularly the visible light driven ones. Pho-
tocatalytic systems that use a low-cost visible light lamp and solar
light to achieve adequately high output are of great interest. Photo-
catalytic bactericidal technology has great potential applications in
biomedical and environment remediation but further research is
necessary.
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