
lable at ScienceDirect

Journal of Science: Advanced Materials and Devices 7 (2022) 100417
Contents lists avai
Journal of Science: Advanced Materials and Devices

journal homepage: www.elsevier .com/locate/ jsamd
Original Article
ROS-responsive Ag-TiO2 hybrid nanorods for enhanced photodynamic
therapy of breast cancer and antimicrobial applications

Yike Hou a, b, 1, Asim Mushtaq a, b, 1, Zhe Tang a, b, Eithne Dempsey c, Yuling Wu a, b,
Yuguang Lu a, b, Cong Tian a, b, Jabeen Farheen a, b, Xiangdong Kong a, b, **,
M. Zubair Iqbal a, b, *

a Institute of Smart Biomedical Materials, School of Materials Science and Engineering, Zhejiang Sci-Tech University, Hangzhou 310018, PR China
b Zhejiang-Mauritius Joint Research Center for Biomaterials and Tissue Engineering, Zhejiang Sci-Tech University, Hangzhou 310018, PR China
c Department of Chemistry, Kathleen Lonsdale Institute for Human Heath Research, Maynooth University, Maynooth, Ireland
a r t i c l e i n f o

Article history:
Received 13 September 2021
Received in revised form
16 December 2021
Accepted 5 January 2022
Available online 10 January 2022

Keywords:
Hybrid nanostructures
Silver-Titanium dioxide composites
Nanorods
Heterogeneous structure
Photodynamic therapy
Antimicrobial agent
* Corresponding author. Institute of Smart Biomed
terials Science and Engineering, Zhejiang Sci-Tech Uni
China.
** Corresponding author. Zhejiang-Mauritius Join
materials and Tissue Engineering, Zhejiang Sci-Tech U
PR China.,

E-mail addresses: kongxd@zstu.edu.cn (X.
(M.Z. Iqbal).

Peer review under responsibility of Vietnam Nati
1 These authors contributed equally.

https://doi.org/10.1016/j.jsamd.2022.100417
2468-2179/© 2022 Vietnam National University, Hano
licenses/by-nc-nd/4.0/).
a b s t r a c t

There has been significant interest in designing heterostructured nanoparticles with excellent synergistic
properties and multifunctionality. Herein, this work reports on the design of reactive oxygen species-
(ROS-) responsive Ag decorated TiO2 hybrid nanorods (HNRs) with dual functionalities of enhanced
photodynamic therapy and antibacterial activity. A de-wetting phenomenon was employed to nucleate
and crystallize Ag nanoparticles onto the surface of TiO2 nanorods resulting in Ag-TiO2 hybrid nano-
composites. The use of the Pluronic® F-127 polymer, which is permitted by the Food and Drug
Administration (FDA), remarkably improved the biocompatibility of Ag-TiO2 HNRs tested in 4T1 breast
cancer cells. Furthermore, Ag-TiO2 HNRs endocytosed by cancer cells produced high intracellular ROS
under UV conditions (5.6 mW cm�2), resulting in cancer cell apoptosis. Similarly, the distinctive features
of Ag NPs on TiO2 nanorods slow down the recombination rate of electronseholes, and exhibited 90%
killing efficacy against Escherichia coli (gram-negative/rods) and Staphylococcus aureus (gram-positive/
cocci). The potential of photo-activated Ag-TiO2 HNRs, as demonstrated in this work, indicates that this
heterostructured material is a promising novel dual-therapeutic strategy against cancer cells and mi-
crobial agents.

© 2022 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Amongst cancer therapies, photodynamic therapy (PDT) has
been considered to be a non-invasive, auspicious, and clinically
approved treatment approach that overcomes the shortcomings of
other traditional anticancer therapies like chemotherapy and ra-
diation therapy [1]. In PDT, the photosensitizer (PS) is a key player.
First, the PS is locally or systemically administered into the desired
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area, and then a laser with a specific wavelength is used to irradiate
the target tumor [2]. The administrated PS generates reactive ox-
ygen species (ROS) after irradiation with subsequent cell death.
However, traditional PSs are based on organic macro-molecules
that have a rapid circulation time in the body with low efficiency
under exposure to light [3,4]. Therefore, to improve the limitations
of traditional PSs, inorganic TiO2 nanoparticles have been of in-
terest since they have shown great potential in applications to
nanomedicine and environmental science [5]. Moreover, it is
believed that the size and shape of TiO2 particles have a notable
influence on their photocatalytic properties [6]. Generally, small-
sized nanoparticles present a large surface area that is beneficial
for light absorption properties, resulting in an enhancement of
photocatalytic performance [7]. Results revealed that a particle size
ca. 25e40 nmwas optimal for TiO2 photocatalytic activity [8]. TiO2
NPs with ~3.2-eV energy bandgaps can be activatedwith ultraviolet
(UV) light and undergo electron transfer reactions followed by
photogenerated electron holes. As a result, multiple ROSs are
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generated, e.g., hydroxyl (HO$) and superoxide radical (O2�), which
then react with biological molecules such as phospholipids of the
cellular membrane, macromolecules, DNA, and proteins resulting
in tumor ablation [9e12]. However, studies have demonstrated a
requirement for high intensity UV or visible light to activate PSs,
thus hindering the practical therapeutic applications of TiO2 NPs
[13]. Interestingly, TiO2 nanorod-shaped structures were shown to
exhibit enhanced photocatalytic properties due to high surface area
as compared with TiO2 nanoparticles [14,15]. Therefore, it is
necessary to design biocompatible nanocomposite-based materials
with multifunctional characteristics that can possess the required
properties under low light intensity conditions.

Furthermore, bacterial infections (particularly those that are
antibiotic resistant) continue to be a global concern with respect to
public health, clean potable water supplies, and food contamina-
tion [16]. Reports have revealed that microbial activity and bacterial
infections cause the death of about 3 million people annually in
developing countries [17]. Due to the excessive use of antibiotics,
antimicrobial resistance has been a driver for research endeavors
that include various metals-based nanoparticles in relation to new
antimicrobial agents [18]. Amongst these, Ag has attained note-
worthy attraction as an antibacterial agent due to low toxicity and
biocompatibility [19]. Indeed, hypertoxic Agþ ions are released in
an oxidizing environment when Ag NPs are irradiated by an
external source of light, which results in efficiently inhibited tumor
and bacterial growth [20]. Recent studies confirmed that the anti-
microbial properties of Ag NPs are profoundly superior to Cu and Au
NPs [21,22]. In addition, ultra-small (5 nm) Ag NPs demonstrated
excellent antibacterial effects as compared to large-sized nano-
particles, regardless of their shape, due to their high surface area. In
addition, particles with high surface areas possessed faster disso-
lution rates when compared to those with smaller surface areas
[23]. Further, the inhibition of microbes and the controlled inter-
action of NPs and bacteria can be achieved by doped hybrid
nanostructures. These unique materials have attained significant
attention recently as the next generation “smart nanorobots” owing
to their multifunctional properties with a wide range of applica-
tions. These versatile structures consist of multiple components
with various functionalities in a single entity to address the
abovementioned challenges in PDT and antimicrobial action
[24e26]. In addition, control over homogeneous size and shape and
the biocompatibility of nanocomposites are currently under
investigation.

In this work, a facile synthesis method was used to prepare Ag-
TiO2 nanorodswhere Ag NPs placed on the surface of TiO2 nanorods
slow down the recombination of electronehole pairs resulting in
enhanced photocatalytic activity. This, in turn, produces enough
reactive oxygen species to destroy the cancerous cells and bacterial
strains under study. The growth mechanism, cytotoxicity, ROS
generation, in vitro PDT under low-power UV irradiation
(5.6 mW cm�2), and antimicrobial properties of the prepared Ag-
TiO2 hybrid nanorods (HNRs) are investigated in this work and
discussed in detail. A schematic of the ROS-responsive Ag-TiO2
hybrid nanorods for enhanced photodynamic therapy of breast
cancer and antimicrobial applications are illustrated in Scheme 1.

2. Experimental

2.1. Synthesis of Ag-TiO2 hybrid nanorods (HNRs)

TiO2 nanorods were fabricated with a hydrothermal approach.
Firstly, a mixture of 3.5 g, 3.3 g, and 2.3 g of oleic acid, oleyl amine,
and ethanol, respectively, was prepared and then 3.4 g of titanium
(IV) butoxide dissolved using stirring to obtain homogeneous
2

solution. Subsequently, the above solution was transferred into a
20-mL Teflon tube and placed into another 100-mL Teflon tube
providing an atmosphere of water and ethanol with a 1:2.5 ratio.
The solution was sealed into a stainless steel autoclave and placed
in an oven at 180 �C for 18 h. After the reaction solution was cooled
down to room temperature, the sample was washed twice with
ethanol and the product was obtained by centrifugation. Finally, the
resulting TiO2 material was dissolved in a non-polar solvent such as
cyclohexane (10 mL). To grow the Ag nanoparticles on the TiO2
nanorods, a thermal decomposition method was employed. A ho-
mogeneous solutionwas prepared bymixing 50 mg of silver nitrate
(AgNO3), oleyl amine (1 mL), and 4-tert-butyltoluene (20 mL) using
10min of sonication. Then, the TiO2 (1 mL) prepared in cyclohexane
was poured into the above-mentioned homogeneous mixture and
heated at 120 �C for 45 min under a nitrogen atmosphere. The Ag-
TiO2 nanoparticles were stabilized and dispersed in cyclohexane
(10 mL) after washing three times with the mixture of ethanol and
acetone. Finally, the FDA-approved triblock copolymer Pluronic® F-
127 was used to change the phase of the prepared materials from
organic to an aqueous solution [25]. Briefly, PF-127 (1 g) was dis-
solved in trichloromethane CHCl3 (100 mL) before the addition of
the Ag-TiO2 HNRs (1 mL) from the stock solution and stirred for 4 h.
Afterwards, water (10 mL) was added into the above solution to
prepare an aqueous-organic emulsion. CHCl3 was vaporized using a
rotary evaporator. Finally, aqueous-dispersed HNRs were attained
and washed twice with ethanol using centrifugation.

2.2. In vitro cell toxicity experiment

In order to evaluate the cytotoxicity of the aqueous dispersed
Ag-TiO2 HNRs, the colorimetric methyl thiazolyl tetrazolium (MTT)
assay was employed. Particularly, 4T1 cells were seeded into a 96-
well plate and cultured for 24 h in Dulbecco's modified eagle me-
dium (DMEM, high glucose, GIBCO, C11995) supplemented with
10% fetal bovine serum (FBS, Thermo, SH3007003). Following this,
the cells were incubated with PF-127-coated Ag-TiO2 HNRs of
different Ti concentrations (0, 20, 40, 80, and 100 mg/mL, diluted in
DMEM) for 24 h at 37 �C under 5% CO2. Then, the MTT solution
(10 mL, 5 mg/mL) was added to each Bell and incubated for an
additional 4 h before the addition of 100 mL of DMSO (Amresco,
code 0231) for dissolution of the precipitate. Finally, a microplate
reader (iMark 168e1130, Bio-rad, USA) with a wavelength of
480 nm was employed to measure the absorption of each well.

2.3. Detection of ROS generation

The ROS generation performance of the prepared Ag-TiO2 HNRs
was examined using the 1O2 scavenger 1,3-Diphenylisobenzofuran
(DPBF). Initially, DPBF was diluted with DMSO to a suitable con-
centration and then mixed with the HNRs. The absorbance of the
DPBF-HNRsmixturewasmonitored by a UV-vis spectrophotometer
before and after 5 min of UV irradiation.

2.4. In vitro photodynamic therapy

To evaluate the PDTeffect of Ag-decorated TiO2 hybrid nanorods
on the 4T1 breast cancer cell line, the incubation time of HNRs was
decreased to 4 h, and then the growth media was replaced with a
fresh medium. The 4T1 breast cancer cells were incubated for a
further 24 h after UV irradiation (0 min, 10 min, and 30 min).
Following this, the MTT solution (10 mL, 5 mg/mL) was added to
each well and incubated for another 4 h before the addition of
100 mL of DMSO (Amresco, code 0231) for dissolution of the pre-
cipitate. Finally, a microplate reader (iMark 168e1130, Bio-rad,



Scheme 1. A graphical representation of prepared Pluronic® F-127 coated Ag-TiO2 HNRs for antibacterial and photodynamic therapy applications.
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USA) with a wavelength of 550 nm was used to evaluate the
absorbance of each well. For the qualitative assay, cytotoxicity was
analyzed using a live/dead cytotoxicity kit (Mesgen Biotech,
Shanghai, China). Briefly, various concentrations (0, 40, 80, and
120 mg/mL) of prepared Ag-TiO2 HNRs were incubated with 4T1
cells for 12 h. Then the culture medium was substituted with fresh
medium and exposed to UV light (5.6 mW cm�2) for 0, 15, and
30 min. After incubation for another 4 h at 37 �C, the cells were
stained for 30 min with Calcein AM and propidium iodide (PI).
Finally, the live/dead cells were detected using a confocal scanning
laser microscope (A1, Nikon, Japan) with excitation and emission of
green (Calcein-AM, ex/em¼ 488/518 nm) and red (PI, ex/em¼ 535/
615 nm) fluorescence.
2.5. Antibacterial activity testing

The antibacterial properties of the prepared TiO2 and Ag-TiO2
HNRs were investigated using Escherichia coli (gram-negative rods)
and Staphylococcus aureus (gram-positive cocci). A monocolony of
E. coli and S. aureus on a LuriaeBertani (LB) agar platewere separately
transferred into two 10-mL LB culture media and grown at 37 �C for
12 h. The cultures were dilutedwith LB culture medium to adjust the
OD at 600 nm to 0.1 AU (1 � 107 CFU/mL). Then the bacteria were
diluted10 timeswith LB toobtain thedesired concentrationof1�106

colony forming units (CFU/mL). The synthesized TiO2 and Ag-TiO2
HNRs (500 mg/mL)were incubatedwith the bacterial culture (100 mL)
and 800 mL of Luria broth for 6 h in a shaking incubator (37 �C,
160 rpm). Control experiments were carried out in parallel with the
same conditions using phosphate-buffered saline (PBS). All mea-
surementswere carried outwith n¼ 4 trials. Finally,100 mL of each of
the cultured samples was added into a 96-well plate and the optical
density was read at 600 nm using a microplate reader.
2.6. Characterization

X-ray diffraction patterns (XRD) were made using a D8 Focus
Powders diffractometer (Bruker) with Cu Ka radiation
(l ¼ 0.154 nm). Structural characterizations were investigated by
transmission electron microscopy (TEM), high-resolution TEM
(HRTEM), and energy dispersive analysis (EDS) using a JEOL-2100
electron microscope. The zeta potential was tested on a Zetasizer
Nanoseries (Nano-ZS, Malvern Instruments). Inductively-coupled
plasma mass spectrometry (ICP-MS) was performed with an
3

Optima 2100 instrument from PerkinElmer. X-ray photoelectron
spectroscopy (XPS) was carried out on a Thermo Fisher Scientific K-
ALPHA System.
3. Results and discussion

Comparative crystallographic studies were conducted in order
to observe the purity of the prepared materials and the influence of
Ag NPs on TiO2. The diffraction pattern for TiO2 and Ag-TiO2 are
shown in Fig. 1(a). Diffraction spectra corresponding to TiO2 and
Ag-TiO2 HNRs is well-indexed to the tetragonal anatase structure
with lattice parameters of a ¼ b ¼ 3.785 Å, c ¼ 9.514 Å and
a¼ b¼ g¼ 90� (JCPDS file No.21-1272). The planes (101) (004), and
(200) showed the crystallinity of the prepared TiO2 NRs. However,
the crystal intensity decreased in Ag-TiO2 HNRs and some planes
such as (105) and (211) merged into a single plane. In addition, the
plane (102) at ca. 30� was not evident in the XRD of Ag-TiO2 HNRs.
Furthermore, some diffraction planes of Ag, such as (111) (142) and
(220), were not apparent because these planes overlap with the
(004) (211) and (204) diffraction planes of TiO2, respectively [27].
From the XRD results, it is obvious that a low amount of Ag (ultra-
small Ag NPs) did not influence the anatase crystalline phase but
did disturb the crystallinity of the nanoparticles as Ag NPs present
at the surface of TiO2 [28,29].

Furthermore, in order to confirm the existence of Ag in the
synthesized material, energy-dispersive spectroscopy (EDS) was
conducted as shown in Fig. 1(b). The EDS spectra showed Ag peaks
clearly visible in the spectrum. The strong copper peak (Cu) came
from the TEM copper grid used as the sample holder.

A structural investigation such as the shape and size of the
synthesized materials was performed using TEM. The low magni-
fication image (Fig. 2a) illustrates the homogeneous shape and size
of the TiO2 nanorods. Furthermore, the obvious growth of ultra-
small Ag nanoparticles can be seen on the TiO2 nanorods and all
the Ag nanoparticles were deposited on the surface of the nanorods
(Fig. 2b) establishing a heterogeneous structure. Finally, the high
resolution HR-TEM image presents a single Ag NP-TiO2 nanorod
structure and it can be seen that the size of the spherical Ag
nanoparticle is about 4 ± 1 nm whereas the size of the individual
nanorod is about 35 ± 5 nm in length and 13 ± 2 nm in width. HR-
TEM scanning reveals lattice spacing values of 0.354 nm and
0.231 nm, which are incorporated with the interplanar spacing
planes of (101) and (111) in the TiO2 and Ag structure, respectively.



Fig. 1. (a) XRD pattern of the prepared TiO2 and Ag-TiO2 HNRs and (b) EDS spectra of Ag-TiO2 hybrid nanorods.
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As the sizes of the Ag nanoparticles are very small, they do not have
sufficient ability to alter the dominant phase of TiO2 as demon-
strated in the XRD spectra. The distribution of size and dimensions,
including width and size of prepared Ag-TiO2 HNRs, were analyzed
using the digital image processing software ImageJ from TEM im-
ages as shown in the Supporting Information (Figure S1(a, b)). The
growth mechanism of Ag-TiO2 hybrid nanorods is presented in
Fig. 2d. In this facile synthesis route, the hydrothermally-prepared
TiO2 nanorods were mixed with a homogeneous solution con-
taining silver precursor along with oleyl amine and TBT. The
nanorods were fully dispersed inside the solution and, over time,
the Ag precursor formed unstructured shells around the nanorods.
As it is well known that temperature and time are pivotal
Fig. 2. (a) Transmission electron microscope images of TiO2 nanorods (b, c) TEM and high r
possible growth mechanism of hybrid nanorods.

4

parameters that affect crystal growth, by increasing the reaction
parameters, the lattice mismatch between TiO2 and Ag will become
enhanced, and the shell starts to rupture. At a certain limit, the Ag
shells nucleate and anneal at different positions on the surface of
nanorods forming Ag spherical nanoparticles in a process called de-
wetting. Furthermore, Pluronic® F-127, an FDA-approved triblock
polymer, was employed for surface modification of the prepared
nanoparticles thus improving biocompatibility and phase transfer
fromhydrophobic to aqueousmedia. The zeta potential of uncoated
HNRs and Pluronic® F-127-coated HNRs was assessed to under-
stand the surface charge. Figure S1(c) demonstrates that PF127-
modified NPs have þ6 mV surface potential and bare HNRs
have �10 mV, which indicates successful surface modification.
esolution TEM images of Ag-TiO2 hybrid nanorods, and (d) graphical representation of
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In addition to structural characterization, x-ray photoelectron
spectroscopy was employed to further confirm the states and sur-
face components of Ag, Ti, and O in the Ag-TiO2 HNRs. Fig. 3(a) re-
veals two significant XPS peaks at 368.0 eV and 373.9 eV, which are
Fig. 4. Confocal photomicrographs of 4T1 after 6 and 12 h of co-incubation with Ag-TiO2@PF
cell membrane probe), and nuclei were dyed by DAPI (blue).

Fig. 3. Quantitative XPS analysis of (a) Ag 3d spectra of Ag

5

assigned to Ag (3d5/2) and Ag (3d3/2), respectively. The difference
between these two binding energies is about 6 eV indicating the
purity of theAgNPs located on the surface of TiO2 nanorods as Ag (0)
metallic in nature. Fig. 3b also shows two sharp peaks at 458.8 eV
127, which was labeled with FITC (green), the cell membrane labeled with Dil stain (red

NPs, (b) Ti 2p spectra of Ti, and (c) O 1s spectra of O.



Fig. 5. UV-vis absorption spectra of PF-127-coated Ag-TiO2 HNRs and DPBF coupled
with Ag-TiO2 HNRs with and without UV irradiation.
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and 464.5 eV corresponding toTi (2p3/2) and Ti (2p1/2), respectively,
which are assigned to Ti4þ in TiO2 with a difference of 5.7 eV.
Moreover, the binding energy at 530.03 eV was attributed to O 1s
(lattice oxygen atom, TieO) as shown in Fig. 3(c). The XPS spectra of
Ag, Ti, and O are consistent with previous reports [30e32].

Fluorescence techniques are useful in materials science and
biology because they enable visualization of in-depth information
with respect to cellenanoparticle interactions. Fluorescent nano-
particles can be easily monitored inside individual cells with high
resolution [33]. Cellular uptake studies are also crucial for under-
standing the efficacy of drugs in photodynamic therapy [34].
Therefore, FITC (an organic fluorophore) was employed with syn-
thesized Ag-TiO2 HNRs to assess cellular uptake. The CLSM images
in Fig. 4 showed that FITC-labeled Ag-TiO2 HNRs were internalized
into 4T1 cancer cells and mainly distributed in the cytoplasm
within 6 h. Remarkably, the HNRs were completely taken up by
cells within 12 h (Fig. 4) demonstrating that the nanomaterials are
promising for drug delivery and therapeutic action. This high
intracellular localization is associated with the positive charge of
the HNRs (þ6 eV zeta potential as given in Figure S1 of the
Supporting Information) via electrostatic attractions [35].

Subsequently, the ROS generation detection study was neces-
sary to reveal the therapeutic success rate following excellent
cellular uptake. In this experiment, 1,3-Diphenylisobenzofuran
(DPBF) was selected as a probe to investigate the ROS genera-
tion capability of the prepared Ag-TiO2 NPs following UV irradi-
ation. DPBF is a common ROS quencher, which reacts irreversibly
with ROSs produced by photosensitizers resulting in a decrease in
absorption of the DPBF at 415 nm [36]. Fig. 5 shows that the ab-
sorption of the Ag-TiO2 HNRs slightly moved from the ultraviolet
to visible region because of localized surface plasmon resonance
(LSPR) of the Ag nanoparticles present on the surface of the TiO2
NRs [37]. The hybrid nanorods combined with DPBF exhibited a
prominent absorption peak at 415 nm corresponding to the DPBF.
However, significant degradation of DPBF was observed after UV
irradiation (5 min), which demonstrated a high level of ROS
6

generation. Overall, the optimum cellular uptake and ROS gener-
ation shown here provides experimental evidence of the potential
of these Ag-TiO2@PF127 HNRs for biomedical phototherapeutic
applications.

Cytotoxicity assessment is an important factor to assess the
prospective applications of nanoparticles in clinics. Therefore, the
cell viability of Ag-TiO2 HNRs was examined using the MTT assay.
Fig. 6 (a) illustrates the toxic impact of the HNRs on 4T1 cells
incubated at various concentrations for 24 h. As understood from
toxicity analysis, the HNRs showed a non-toxic effect at high con-
centration and more than 85% of cells were viable upon incubation
with 100 mg/mL Ag-TiO2 resulting in evidence of low cytotoxicity at
this level.

In addition, the photo killing efficiency of the designed Ag-TiO2
HNRs was assessed by MTT assay after using UV light as an
external stimuli irradiation source. No obvious phototoxic effect
on cancer cells was observed in the control groups, i.e., groups
without HNRs and HNRs without UV irradiation. Fig. 6(b) shows
that photodynamic therapeutic efficacy strongly depended on the
concentration of Ag-TiO2 HNRs and UV exposure time. Negligible
phototoxic effects were determined at low concentration. How-
ever, over 90% cell death was recorded when the HNRs with
120 mg mL�1 concentration were irradiated with 30 min of UV
light at low intensity (5.6 mW cm�2), which demonstrates the
high PDT efficacy of the as-prepared Ag-TiO2 HNRs. Moreover,
confocal scanning laser microscopy images of 4T1 breast cancer
cells stained with propidium iodide (PI) and Calcein AM were
recorded to intuitively verify the in vitro PDT efficiency. After PDT,
live/dead cells were distinguished by Calcein AM (live cells, green
fluorescence) and PI (dead cells, red fluorescence) as shown in
Fig. 6(c). Green fluorescence was observed in the control group,
i.e., only UV irradiation and HNRs without UV irradiation, sug-
gesting that UV alone is harmless to cancerous cells at
5.6 mW cm�2 intensity. However, the red fluorescence (dead cells)
was remarkably enhanced as the UV exposure time and concen-
tration of HNRs increased and all cancer cells were killed at
120 mg mL�1 (30 min), which reveals a high rate of apoptosis.
Therefore, according to the above results, as-prepared Ag-TiO2
HNRs demonstrated the ability to generate 1O2, which led to cell
ablation during in vitro UV irradiation.

Lastly, the antibacterial performance of TiO2 NRs and Ag-TiO2
HNRs was investigated by evaluating the growth/viability of gram-
negative E. coli and gram-positive S. aureus bacteria as model mi-
crobes. The bacteria survival percentagewas assessed bymeasuring
the optical density at 600 nm (OD600) after incubation with the
nanomaterials for a period of 6 h. As illustrated in Fig. 7(a and b),
the TiO2 NRs showed negligible inhibition capability and the sur-
vival rate was about 80%. However, the prepared Ag-TiO2 HNRs
exhibited remarkable inhibition of E. coli and S. aureus bacteria.
Indeed, Ag-TiO2 HNRs demonstrated prominent effects on gram-
negative bacteria as gram-negative bacteria contained less pepti-
doglycan resulting in more silver particles or ions on the wall of the
bacterial membrane. The Ag NPs damage the proteins and deacti-
vate bacterial metabolism leading to ROS and oxidative stress
[38,39]. Hence, this outstanding bacteria growth inhibition per-
formance is due to the synergistic effect of the hybrid materials. In
addition, Ag NPs present on the surface of the TiO2 NRs slow down
the recombination rate of electronseholes, which also enhances
antibacterial properties.



Fig. 7. Antibacterial activity of 6-h incubated with TiO2 NRs and Ag-TiO2 HNRs against (a) Escherichia coli, and (b) Staphylococcus aureus at 600 nm.

Fig. 6. Cell viability assay of Ag-TiO2 HNRs by methyl thiazolyl tetrazolium (MTT) assay. (a) Cytotoxicity of Ag-TiO2 HNRs was examined by incubating 4T1 breast cancer cells with
HNRs in 0, 20, 40, 60, 80, and 100 mg/mL concentrations of Ti for 24 h. (b) 4T1 breast cancer cell viability of HNRs analyzed with various concentrations of Ti after UV light irradiation.
(c) CLSM images of PI and Calcein-AM double-stained 4T1 cells under UV irradiation (scale bar is 50 mm).
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4. Conclusion

Biocompatible Ag-TiO2 hybrid nanorods were designed with
high ROS generation ability for enhanced photodynamic therapy
and antimicrobial applications. A facile hydrothermal method was
used to prepare the TiO2 nanorods, and then a thermal decompo-
sition technique was employed to grow the Ag (~4~5 nm) nano-
particles onto the TiO2 (length¼ 35 ± 5 nm and width¼ 13 ± 2 nm)
surface by a de-wetting process. The biocompatibility and aqueous
dispersion capability of Ag-TiO2 HNRs were further improved by
the FDA-approved PF-127 amphiphilic copolymer and negligible
toxicity effects were observed. Owing to their ultra-small size and
hybrid nature, the prepared nanocomposites efficiently accumu-
lated in the 4T1 cancer cells and possessed remarkable ROS gen-
eration to ablate tumor cells investigated by DPBF (ROS quencher).
As an auspicious photosensitizer for phototherapy, Ag-TiO2@PF-127
HNRs demonstrated excellent photodynamic suppression effects
on 4T1 cancerous cells under a very low dose (5.6 mW/cm2) of UV.
In addition, Ag-TiO2 HNRs showed significant antibacterial activity
against E. coli and gram-positive S. aureus bacterial strains as
compared with TiO2 NPs, which is owed to the synergistic prop-
erties of Ag NPs and TiO2 NRs. As shown in this comprehensive
study, biocompatible Ag-TiO2@PF-127 HNRs may serve as a new
promising photo-activated nanomaterial with applications in
photodynamic cancer therapy.
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