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Introduction

Abstract. Although TiO, can be used to effectively generate reactive oxygen species (ROS) for photodynamic
application, its absorption in the ultraviolet range makes the excitation harmful to tissue. Based on the concept of
a sensitized solar cell, TiO, nanoparticles (NPs) are sensitized by linking with the photosensitizer, HMME, to
form HMME-TiIO, nanocomposites (NCs) for demonstrating the photodynamic effects under the illumination of
white light. The HMME-TiO, NCs of different composition ratios are prepared for maximizing the generation of
ROS and optimizing the inactivation effect of KB cells. The material characteristics and the ROS generation
capability of the HMME-TiO, NCs with the optimized combination ratio show their merits in a photodynamic
process under white light irradiation. The application of such NCs to KB cell experiments results in a higher
inactivation efficiency when compared to pure HMME of the same concentration. © 2016 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.21.12.128001]
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efficient therapy. However, the ultraviolet excitation of TiO, by

Photodynamic therapy (PDT) combines photosensitizer and
light illumination for generating reactive oxygen species (ROS)
to cause selective damage on targeted diseased tissue.'> A pho-
tosensitizer can be selectively accumulated in cancerous tissue.
Upon light irradiation within its absorption spectrum, a photo-
sensitizer absorbs photon energy and reacts with molecular oxy-
gen, leading to the generation of ROS. During this process, the
ROS generation efficiency of the photosensitizer and the exci-
tation spectrum are two important factors. TiO, nanoparticles
(NPs) have been widely used in sensitized solar cells and photo-
catalytic degradation of different pollutants by combining with
photosensitizers.”'* A photosensitizer can effectively absorb
sunlight for transferring energy into TiO, and hence generating
electron—hole pairs in a solar cell. TiO, NPs can also be used to
produce ROS for the photodynamic process in tumor treat-
ment.!'""'” However, its absorption in the ultraviolet range
makes its direct application to PDT impractical. Similar to the
concept of a sensitized solar cell, TiO, NPs can be linked with
a photosensitizer such that they can be excited by visible light
through the absorption of the photosensitizer for PDT application.
Although such a technique has been demonstrated, the cancer cell
inactivation efficiency was not significantly improved.'®' If the
sensitized TiO, nanocomposites (NCs) can effectively absorb
visible light of a broad spectrum, they can be used for daylight
PDT. Photodynamic and photothermal effects for tumor treat-
ment based on near-infrared laser illumination of surface-modi-
fied or hydrogenated TiO, NPs have been reported.”>>* The
application of a near-infrared laser for PDT to tumor treatment
has the advantage of deeper tissue penetration and hence more
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near-infrared laser illumination relies on a process combining
the up-conversion mechanism of a linked material and the trans-
fer of ultraviolet energy from the up-conversion material into
Ti0,.222 Such a complicated process requires delicate design
and synthesis of the linked materials to TiO, NPs for achieving
a high enough TiO, excitation efficiency. In this regard, linking
a TiO, NP with a photosensitizer, which effectively absorbs
visible light, for efficient TiO, excitation can be an alternative
approach of great use.

The conventional clinic-based PDT is time-consuming and
laborious for medical professionals and patients and requires
special equipment that takes up space.”* Furthermore, the major
side effects of the conventional PDT include severe pain
during the light irradiation process and posttreatment inflamma-
tory skin reactions.”® To solve these problems in the conven-
tional PDT, using daylight as the light source of PDT has
been proposed.?*° Using daylight as the PDT light source not
only can simplify the treatment process but also can reduce pain
because of the higher tolerance of humans to natural day-
light.33%3! For daylight PDT development, the improvement
of ROS generation efficiency based on a modification of the
used photosensitizer, such as linking the photosensitizer onto
a certain NP, for enhancing daylight PDT efficiency is an impor-
tant research task.

In this paper, we report the fabrication of an NC by linking
a photosensitizer onto a TiO, NP for enhancing white light
absorption and ROS generation capability. Also, we demon-
strate more effective photodynamic effects by using such NCs
when compared with the case of pure photosensitizer. TiO, NP
has been widely used as a regenerative photocatalyst that effec-
tively absorbs ultraviolet light for generating cytotoxic hydroxyl
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and superoxide radicals.>? Such a behavior of a TiO, NP makes
it useful for serving as a photodynamic therapeutic agent.'333-3¢
While ultraviolet light may damage human tissue, it has been
shown that porphyrins as photosensitizers can effectively absorb
light in the visible range.>”*® In this regard, the porphyrin-based
photosensitizer HMME has been applied to the clinical treat-
ment of port wine stain. For such an application, HMME has
quite many advantages, such as stable structure, high singlet
oxygen yield, strong photodynamic efficiency, low toxicity, and
fast clearance.’®*" In this study, HMME is used as the sensitizer
of TiO, NPs based on its advantage of visible light absorption.
The combination of HMME and TiO, NP can help in enhancing
white light absorption and hence daylight PDT efficiency.

2 Materials and Methods

TiO, NPs are obtained from the Capital Normal University
(Beijing, China). HMME is purchased from Fudan Zhangjiang
BioPharmaceutical Co. (Shanghai, China). It is dissolved in
dimethyl sulfoxide (DMSO, Sigma Aldrich, St. Louis, Missouri),
stored at room temperature, and then diluted as needed in ultra-
pure water or Dulbecco’s modified eagle media (DMEM) (Gibco/
BRL, Carlsbad, California). It has been reported that the amount
of sensitizer linked onto TiO, NPs would affect the sensitizing
efficiency.*! To determine the optimized linkage ratio for achiev-
ing the maximum sensitizing efficiency, HMME-TiO, NCs with
different combination ratios are synthesized. HMME can be
linked to TiO, NPs through the interaction between the anchoring
carboxyl groups (COO—) of HMME and hydroxyl groups on the
surface of TiO, NPs. The HMME-TiO, NC can also be formed
through the interaction of anchoring carboxyl groups (COO—)
directly with TiO,.'®**** The chemical structure of HMME and
the linking process are schematically shown in Fig. 1.

A stock solution of HMME with the concentration of
600 pug/mL is prepared by dissolving 0.012 g HMME in 2 mL
DMSO and 18 mL ultrapure water. Also, a stock solution of
60,000 ug/mL TiO, NP is prepared by dissolving 1.22 g TiO,
powder in 20 mL ultrapure water. HMME-TiO, NC samples
with different combination ratios are synthesized by mixing
different amounts of HMME with TiO, NP aqueous solution
under sonication. The samples are then stirred in dark for 24 h
at room temperature to form HMME-TiO, NCs.

The absorption spectra of HMME-TiO, NC samples are
recorded using an ultraviolet-visible spectrophotometer (V-550
UV/VIS, JASCO, Japan). The crystal lattice structures of
TiO, NP and HMME-TiO, NC are analyzed with x-ray diffrac-
tion (XRD) using an x-ray diffractometer (X’pert Powder,
PANalytical B.V., Netherlands). The morphologies of the NP

I

and NC are studied with transmission electron microscopy
(TEM) (JEM-2100, JEOL, Japan). Fluorescence spectra of
HMME and HMME-TiO, NC, and DCF, which is produced
when DCFH-DA (2’,7'-dichlorodihydro-fluorescein diacetate)
reacts with ROS for evaluating the ROS generation efficiency,
are measured using a fluorescence spectrophotometer (F-4500,
HITACHLI, Japan). Fourier transform infrared spectroscopy (FI-
IR) spectra are obtained using an infrared spectrometer (Vetex
70, Bruker, Germany). The powder samples of HMME, TiO,
NP, and HMME-TiO, NC are individually mixed with KBr
and then are pressed to form pellets for the FI-IR analysis.
Hydrodynamic sizes of the particles are evaluated with the
dynamic light scattering method (Zeta Sizer nano ZS90, Malvern,
UK). Before the XRD and FT-IR measurements, the solution
sample of HMME-TiO, NC is dried up to become a powder in
a vacuum drying oven (DZF-6050, Beijing Zhongkehuanshi
Instrument Co., Ltd., China).

Before cell experiment, the capability of HMME-TiO, NCs
for generating ROS is evaluated with photocatalytic analysis
through the photo degradation of methyl blue (MB) under
irradiation. A xenon lamp with the emission spectral range of
380 to 700 nm for simulating solar irradiation is used as the
light source. The distance between the lamp and the NC solution
is 12 cm. For this measurement, HMME, TiO, NPs, and
HMME-TiO, NCs with different combination ratios (the con-
centrations of TiO, NP in the TiO, NP and HMME-TiO, NC
solutions are fixed at 7.5 mg/mL) of 6 mL are individually
added to 6 mL MB aqueous solution (10 mg/L). The solution
is irradiated after it is stirred in the dark for 2 h to accelerate MB
adsorption. The residual concentration of MB is determined by
measuring its absorption at 664 nm using the ultraviolet—visible
spectrophotometer.

KB cells, which are obtained from The Fourth Military
Medical University, Xi’an, China, are cultured in DMEM (high
glucose, Gibico) medium with 10% (v/v) fetal bovine serum
(Sijiqing, China) and 1% (v/v) penicillin streptomycin combi-
nation (Sigma) in a humidified standard incubator (HERA
cell 150 Copper, Thermo Fisher Scientific) under 5% CO,
atmosphere at 37°C. In an incubator, KB cells are seeded in
96-well plates at a density of ~1 x 10* cells per well and cul-
tured for 12 h in a complete medium. Then the medium is
replaced by serum-free DMEM containing HMME, TiO, NPs,
or HMME-TiO, NCs. Wells with cells are divided into different
groups. In the control group, the cells are mock-treated (without
drug or irradiation). In the photodynamic group, cells are incu-
bated with HMME, TiO, NPs, or HMME-TiO, NCs and then
illuminated by a xenon lamp. In the cytotoxicity group, cells are
also incubated with HMME, TiO, NPs, or HMME-TiO, NCs,
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Fig. 1 Schematic demonstration of HMME conjugation onto TiO,.

Journal of Biomedical Optics

128001-2

December 2016 « Vol. 21(12)



He et al.: Sensitized TiO, nanocomposites through HMME linkage. . .

but no light irradiation is applied. The HMME-TiO, NCs with
the concentrations of TiO, NP at 100, 200, and 400 pg/mL and
the combination ratio at 1:800 are used in this experiment. The
concentrations of HMME used in this experiment are 0.125,
0.25, and 0.5 ug/mL. The concentrations of used pure TiO,
NPs are also 100, 200, and 400 pg/mL. After incubation for 6 h,
cell samples are washed twice with PBS and then fresh DMEM
is added to the samples. In the photodynamic group, cells are
irradiated with the xenon lamp for 5 min with a power density
of 60 mW /cm?. After irradiation, cells are incubated for another
12 h for viability evaluation. Cell viability is evaluated with
the CCK-8 assay, in which 110 uL. DMEM containing 10 uL.
CCK-8 (purchased from Dojindo, Japan) is added to the
wells. The cells are then incubated for another 1 h at 37°C with
5% CO, for measuring the absorbance levels (OD values) at
450 nm using a microplate reader (Infinite M200 Pro., Tecan,
Switzerland).

Generation of ROS is evaluated by using DCFH-DA as a
probe. In the incubator, KB cells are seeded in 6-well plates at
a density of 2.5 X 10° cells per well and incubated for 12 h in
a complete medium. Then cells are incubated with DMEM
containing HMME, TiO, NPs, or HMME-TiO, NCs with the
combination ratio at 1:800 and the TiO, NP concentration at
400 pg/mL for 6 h. The medium is then replaced by DMEM
containing 10 uM DCFH-DA. Next, the cells are incubated for
30 min at 37°C. After that, cells are washed and irradiated with
the xenon lamp for 5 min. The generated intracellular ROS can
oxidize nonfluorescent DCFH-DA to become fluorescent DCF.
Ten minutes after 5-min irradiation, microscopic images of KB

cells are recorded using Nikon eclipse Ti fluorescence micro-
scope (Nikon, Japan). The fluorescence intensity at 535 nm is
also monitored under the excitation of 485-nm light by using a
fluorescence spectrophotometer. All statistical analyses are per-
formed using SPSS18.0. Student’s ¢-distribution test is utilized
to compare the data obtained under different experimental con-
ditions. P-values of <0.05 are considered to be significant.

3 Characterization Results of HMME-TiO,
Nanocomposite

TEM analysis provides us with the information about the mor-
phologies of TiO, NPs and HMME-TiO, NCs. Most TiO, NPs
are sphere-like in shape with an average diameter around 10 nm.
Some of them are aggregated, as shown in the TEM image of
Fig. 2(al). Such aggregations can be formed during the prepa-
ration of a specimen for TEM observation.*® Figure 2(a2) shows
the TEM image of a single TiO, NP. Figure 2(a3) shows the
crystalline diffraction pattern of TiO,. Figures 2(b1)-2(b3)
and 2(c1)-2(c3) show the TEM analysis results similar to
Figs. 2(al)-2(a3), respectively, for the HMME-TiO, NCs with
the combination ratios of 1:100 and 1:800, respectively. With
such low combination ratios, the number of HMME molecule
adsorbed onto a TiO, NP is small such that the morphology
of an HMME-TiO, NC is similar to that of a TiO, NP. From
Figs. 2(a3), 2(b3), and 2(c3), one can see that both TiO, NP
and HMME-TiO, NC are in the anatase phase, indicating that
the interaction of HMME and TiO, does not change the crystal
structure of TiO,. Anatase TiO, can have a higher catalytic

Fig. 2 TEM images (a1) and (a2) and crystalline diffraction pattern (a3) of TiO, NP. (b1)-(b3) and
(c1)—(c3): TEM analysis results similar to (a1)-(a3) for the HMME-TiO, NCs with the combination ratios
of 1:100 and 1:800, respectively.
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Fig. 3 XRD diffraction patterns of TiO, NP and HMME-TiO, NC.

activity when compared with the brookite or rutile structure.
Figure 3 shows the XRD patterns of TiO, NP and HMME-
TiO, NC (combination ratio at 1:1000) powders. The XRD pat-
terns of both TiO, NP and HMME-TiO, NC exhibit consistent
multiple sharp peaks in 26 scan at 25.3, 37.9, 48.0, 53.8, 55.1,
and 62.7 deg, which confirm that the TiO, NP has the anatase
structure.*! The results in Fig. 3 also indicate that the adsorption
of HMME molecules onto TiO, NP does not change the crystal
structure of TiO,. According to Scherrer’s equation, i.e., D =
0.891/p cos 6, we can estimate the sizes of TiO, NP and
HMME-TiO, NC. Here, A represents the wavelength of x-ray
radiation (0.154 nm), $ is the full-width at half-maximum of
the most intense peak in the XRD diffraction pattern, and 6 is
the diffraction angle of the most intense peak (25.3 deg). The
estimated sizes of TiO, NP and HMME-TiO, NC are 10.4 and
10.6 nm, respectively, indicating that the linkage of HMME onto
a TiO, NP does not significantly change the size.

Figure 4 shows the UV-vis absorption spectra of HMME,
TiO, NP, and HMME-TiO, NCs with various combination
ratios. Here, one can see that the absorption of TiO, NP is quite
strong in the deep-ultraviolet range and decays to almost zero in
the visible range. HMME has an absorption peak around 380 nm
and has a long absorption tail in the visible range. After the
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Fig. 4 UV-vis absorption spectra of HMME, TiO, NP, and HMME-
TiO, NCs with various combination ratios.
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Fig. 5 Emission spectrum of the used xenon lamp.

adsorption of HMME onto TiO, NP, as x in the combination
ratio 1 :x increases from 20 to 800 (decreasing HMME molecule
number adsorbed onto a TiO, NP), the shoulder of TiO, absorp-
tion spectrum keeps red-shifting and merges with the HMME
absorption peak, which blue shifts by ~17 nm after it is linked
with TiO, NP. Meanwhile, although the absorption level of
HMME in the visible range decreases after it is linked with
TiO, NP, this level generally keeps increasing as x increases
from 10 to 800. However, when x is further increased from 800,
the shoulder of TiO, absorption spectrum starts to blue shift and
the absorption level in the visible range starts to decrease. In
other words, to maximize the absorption of the HMME-TiO,
NC, the HMME molecule number adsorbed onto a TiO, NP
cannot be too large or too small. The absorption of the HMME-
TiO, NC in the emission spectral range of the xenon lamp is
maximized when x = 800. The emission spectrum of the used
xenon lamp is shown in Fig. 5. The absorption spectral varia-
tions described above in Fig. 4 are due to the complex formation
between HMME and TiO, through the anchoring group
(—CO0—) of HMME.*"—#

For further understanding, the interaction between the
anchoring groups of HMME and TiO,, FI-IR spectra of
HMME, TiO, NP, and HMME-TiO, NC are analyzed.
Figure 6 shows the FT-IR spectra of HMME (black line), TiO,
NP (red line), and HMME-TiO, NC with the combination ratio
at 1:800 (blue line). For HMME, the depressions around 1163
and 1610 cm™' are caused by the stretching vibrations of the
C—N and C=N bonds, respectively, in pyrrole. The other two
depressions around 1547 and 3313 cm™! are related to the
stretching and bending vibrations of the N—H bond. The depres-
sion around 1703 cm~! originates from the vibration of the
anchoring group —COOH. For TiO,, the characteristic features
of —OH are observed around 1624 and 3232 cm™!. The broad
and deep depression in the range from 800 to 450 cm™' results
from the vibration of the Ti-O bond.'® The characteristic vibra-
tion features of both HMME and TiO, can be observed in the
FT-IR spectrum of HMME-TiO, NC, confirming the adsorption
of HMME onto TiO, NP. Figure 7 shows the magnified portion
of the FT-IR spectra in the spectral range of 1000 to 2000 cm™.
Here, we can more clearly observe that the —COOH vibration
feature around 1703 cm™! of HMME disappears. A depression
feature appears around 1622 cm™~! after HMME is conjugated
onto TiO,. This feature is quite close to the TiO, feature at

December 2016 « Vol. 21(12)
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Fig. 7 FT-IR spectra of HMME, TiO, NP, and HMME-TiO, NC the
same as those in Fig. 6 but in a smaller spectral range.

1624 cm~2. The result again confirms that HMME is conjugated
onto TiO, through the interaction between the —COOH anchor-
ing groups in HMME and a TiO, NP.>°

Figure 8 shows the fluorescence spectra of HMME-TiO,
NCs of different combination ratios with a fixed HMME con-
centration at 10 pg/mL. The results show that the HMME fluo-
rescence is quenched when TiO, NP concentration increases.
When the combination ratio of HMME-TiO, NC is 1:x with
x > 10, the fluorescence of HMME is completely quenched.
Similar fluorescence quenching behaviors of TCPP,* anthra-
cene-9-carboxylic acid,’! and H2THPP ** by linked TiO, for
solar cell applications have been reported. Such a behavior is
caused by electron transfer from the excited state of the sensi-
tizer into the conduction band of TiO,. Under light irradiation,
electrons transit from the ground state of HMME into its excited
state. Electrons can then be transferred into the conduction band
of TiO,, leading to the quenching of HMME fluorescence.*’ 3

The photocatalytic activity of HMME-TiO, NC indicates
the capability of producing ROS under white light irradiation.
The photocatalytic activities of TiO, NPs and HMME-TiO,
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Fig. 9 Photocatalysis degradation of HMME, TiO, NP, and
HMME-TiO, NCs with different combination ratios.

NCs with different combination ratios are examined with the
photodegradation of MB under white light irradiation. The
results are shown in Fig. 9. Here, the normalized absorption lev-
els at 664 nm are shown as functions of irradiation time. Under
xenon lamp irradiation, the photoactivity of HMME-TiO, NC
with the combination ratio of 1:100 shows no difference from
that of TiO, NP. When x of the combination ratio 1:x increases
from 300 to 1200 (decreasing HMME molecule number adsorbed
onto a TiO, NP), the photoactivity of HMME-TiO, NC first
increases and then decreases. In particular, the degradation
for the HMME-TiO, NC with the combination of 1:800 reaches
94% after 60 min irradiation. The results confirm that the
amount of adsorbed HMME plays an important role in the sen-
sitizing process.** From Fig. 9, one can see that HMME-TiO,
NC with the combination ratio of 1:800 has the highest photo-
activity. After 60-min irradiation, 94% MB is degraded by
HMME-TiO, NC (1:800), whereas only 52% is degraded by
TiO, NP. This result confirms that the photoactivity of TiO, NP
under white light irradiation is significantly enhanced through
the sensitization effect of HMME.

December 2016 « Vol. 21(12)
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Fig. 10 Bright field [(a1)-(c1)], fluorescence [(a2)-(c2)] images, and their mergers [(a3)—(c3)] indicating
the ROS generation in KB cells incubated with TiO, NPs, HMME, and HMME-TiO, NCs, respectively,

under xenon lamp irradiation.

4 Application of HMUME-TiO, Nanocomposite
to Cancer Cell Inactivation

Intracellular ROS generation is the major cause for cell damage
in the PDT process.** As shown in Figs. 10(a3)-10(c3), green
fluorescence can be observed indicating that ROS is generated
in the KB cells incubated with TiO, NPs, HMME, and
HMME-TiO, NCs (1:800 in combination ratio), respectively,
under xenon lamp irradiation. The fluorescence intensity in the
cells incubated with HMME-TiO, NCs is stronger than those
incubated with HMME or TiO, NPs. Figure 11 shows the cali-
brated fluorescence intensities under different incubation condi-
tions revealing that a higher intracellular ROS level is observed
in irradiated cells when they are incubated with HMME-TiO,
NCs, when compared with cells incubated with HMME or TiO,
NPs. HMME-TiO, NCs with the combination ratio of 1:800 is
used to evaluate the photodynamic inactivation effect on KB
cells under white light irradiation. The HMME-TiO, NCs, TiO,
NPs, and HMME used in photodynamic experiments are diluted
in DMEM to obtain the desired concentrations. Cells seeded
in a 96-well plate are incubated with HMME, TiO, NP, and
HMME-TiO, NC solutions for 6 h, followed by xenon lamp
irradiation and then further incubation with fresh DMEM media
for 24 h before cell viability measurement. The concentration of
TiO, NP ranges from 100 to 400 pg/mL with the concentration
of HMME (pure HMME or HMME in HMME-TiO, NC) varied
from 0.125 to 0.5 ug/mL. In all cases, HMME and HMME-
TiO, NC have the same HMME concentration, whereas TiO,
NP and HMME-TiO, NC have the same TiO, NP concentra-
tion. As shown in Fig. 12, without light irradiation, the viability
of KB cells incubated with TiO, NP, HMME, and HMME-TiO,
NC of different concentrations is higher than 95%, indicating
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that the cytotoxicity of HMME, TiO, NP, or HMME-TiO, NC
is quite low. The good biocompatibility of HMME-TiO, NC
makes it attractive for PDT application.

Figure 13 shows the viability of KB cells incubated with
HMME, TiO, NP, and HMME-TiO, NCs after xenon lamp irra-
diation of 18 J/cm? in illumination dosage for 5 min. Here, the
cell viability without TiO, NP or HMME remains almost 100%
after irradiation (the case of irradiation only), indicating that
the irradiation power level is harmless to the cells. However,
the viability of cells treated with HMME, TiO, NPs, or
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Fig. 11 Fluorescence intensities of DCF indicating the generated
ROS levels in KB cells when they are incubated with TiO, NPs,
HMME, and HMME-TiO, NCs.
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Fig. 12 Viability of KB cells treated with TiO, NPs, HMME, and
HMME-TiO, NCs of different concentrations. No light irradiation is
applied.

HMME-TiO, NCs decreases with increasing concentration.
The viabilities of cells treated with TiO, NPs of different
concentrations at 100, 200, and 400 pug/mL are 99.6%,
93.4%, and 88.7%, respectively. Those treated with HMME
of different concentrations at 0.125, 0.25, and 0.5 ug/mL are
92.2%, 83.3%, and 55.3%, respectively. Thus, those treated
with HMME-TiO, NCs (containing the same concentrations
of HMME and TiO, NP as those of the HMME and TiO,
NP groups, respectively) are 89.5%, 41.0%, and 15.3%, respec-
tively. The high viability of cells treated with TiO, NPs after the
irradiation for 5 min is due to the low absorption of TiO, NP in
the visible range. It is noted that the photodynamic inactivation
efficiency of HMME-TiO, NC on KB cells is higher than the
efficiency summation of HMME and TiO, NP. This is attributed
to the sensitizing effect of HMME on TiO, for effective ROS
generation under the irradiation of visible light.
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Fig. 13 Viability of KB cells treated with TiO, NPs, HMME, and
HMME-TiIO, NCs of different concentrations. Xenon lamp irradiation
with the dosage of 18 J/cm? is applied.
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5 Discussions

There are two mechanisms for the result that HMME-TiO, NC
has a higher photocatalytic and PDT efficiency than that of
HMME or TiO, NP. First, the absorption of HMME-TiO, NC
in the visible range is enhanced when compared to TiO, NP. In
other words, the irradiation of white light becomes more effec-
tive for PDT. Second, as schematically demonstrated in Fig. 14,
TiO, NP is sensitized by HMME.***31=33 Upon the excitation
of visible light, electrons transit from the ground state of HMME
into the singlet excited state, ! [HMME]*. Some of the electrons
can be relaxed from the singlet excited state into the triplet
excited state, *[HMME]*. In this situation, electrons can be
transferred from '[HMME]* and 3[HMME]* excited states into
the conduction band of TiO,. Then the electrons can be trapped
by the adsorbed O,, resulting in the formation of -O3, H,O,, and
-OH for the degradation of MB present on the surface of TiO,
NP or the damage of cell structure. Such a process finally leads
to the death of cancer cells.

In linking HMME onto TiO, NPs for effective TiO, sensi-
tization and hence efficient ROS generation, the combination
ratio of HMME-Ti0O, NC is a crucial factor. If the HMME mol-
ecule number adsorbed onto a TiO, NP is too small, the sensi-
tization effect is low. However, if the HMME molecule number
adsorbed onto a TiO, NP is too large, stacked HMME molecules
on the surface of a TiO, NP result in an ineffective sensitization
process. As shown in Fig. 4, when in the combination ratio of
HMME-TiO, NC at 1:x with x increasing from 10 to 800, the
shoulder of the major absorption feature keeps red-shifting and
the absorption level in the visible range keeps increasing. These
results indicate that in this combination ratio range, the HMME
molecule number adsorbed onto a TiO, NP is too large such that
an increase of x (corresponding to a decrease of HMME molecu-
lar number on a TiO, NP) leads to higher absorption in the spec-
tral range of the xenon lamp. However, when x becomes larger
than 800, the shoulder of the major absorption feature blue-
shifts and the absorption level in the visible range decreases,
indicating that beyond this point, the HMME molecule number
adsorbed onto a TiO, NP becomes too low and hence the sensi-
tization effect decreases. Figure 8 shows that when x is larger
than 10, the HMME fluorescence is completely quenched, con-
firming that the excited HMME energy is effectively transferred
into TiO, when the HMME-TiO, combination ratio is 1:800.
Then, in Fig. 9, we clearly show that the ROS generation effi-
ciency of the HMME-TiO, NC with the combination ratio at
1:800 is highest among the samples of different combination
ratios. This result is due to its efficient absorption, as shown in
Fig. 4, and effective energy transfer from HMME into TiO,, as
shown in Fig. 8.

Light irradiation

Fig. 14 Mechanism of the sensitization process of TiO, with HMME.
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6 Conclusions

In summary, HMME has been conjugated onto TiO, NPs to
obtain a higher PDT efficiency. HMME-TiO, NCs with different
combination ratios were prepared and characterized with TEM,
XRD, UV-vis, FT-IR, and fluorescence spectra. The results
showed that HMME was successfully conjugated onto TiO,
NP through the interaction between carboxyl and hydroxyl
groups without changing the crystal structure of TiO,. Photo-
catalytic degradation of MB demonstrated that HMME-TiO,
NCs with the combination ratio of 1:800 had the strongest pho-
tocatalytic activity under xenon lamp irradiation. HMME-TiO,
NC could generate more ROS and showed a higher photoinac-
tivation effect on KB cells under xenon lamp irradiation. The
result was attributed to two mechanisms. First, white light
absorption of HMME-TiO, NC is higher than those of TiO,
NP and HMME. Second, TiO, is sensitized by HMME leading
to the effective generation of ROS under xenon lamp irradiation.
Because the dark toxicity of HMME-TiO, NC is not higher than
that of HMME, HMME-TiO, NC is expected to be useful for
daylight PDT.
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