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Abstract: Photodynamic therapy (PDT) is a promising tumor therapy and has been proven to be
an effective, safe and minimally invasive technique. Hematoporphyrin monomethyl ether (HMME)
mediated PDT has been used in clinical treatment of port wine stain (PWS) due to its single com-
ponent, high yield of singlet oxygen and short light-sensitive period. However, as an amphiphilic
photosensitizer, HMME is easy to aggregate due to the presence of a hydrophobic group, which
undesirably reduced its generation of singlet oxygen and bioavailability. In this study, we synthesized
the stable conjugate of Au@TiO2 core-shell nanostructure with HMME, and the influence of different
factors on PTD efficiency were studied. The results showed that the nanostructure had higher PTD
efficiency for KB cells than that of HMME. The irradiation wavelength, gold nanoparticle shape and
the shell thickness are all important factors for KB cell PDT.

Keywords: Au nanoparticles; TiO2; HMME; conjugate; PDT

1. Introduction

Continuous optimization and development in surgery, radiotherapy [1,2], chemother-
apy [3], gene therapy [4,5] and photodynamic therapy (PDT) [6–10] demonstrate that scientists
are continuing the fight against the most serious threat to human health—malignant tumors.
At present, all these available treatment strategies used in clinical treatments inevitably
cause damage to normal tissues and severe undesired side effects while killing tumor cells
and/or tissues. Therefore, it is urgent to find a treatment strategy that not only selectively
kills cancer tissues but also relatively minimizes the damage to surrounding normal tis-
sues. For this purpose, the advantages of photodynamic therapy are more significant [11],
especially for superficial cancers, such as skin cancer and oral mucosa cancer.

Photosensitizer [12,13], excitation light and reactive oxygen species (ROS) are the three
main elements in photodynamic therapy [14]. The light of a specific wavelength interacts
with the photosensitizer, which induces a series of cellular and tissue effects. Photosen-
sitizers exposed directly to light will realize the transfer of photon energy to molecular
oxygen, producing ROS and singlet oxygen to induce apoptosis and necrosis in the pro-
cess [14]. Obviously, a photosensitizer with stable performance, strong photosensitivity,
low toxicity and fast metabolism is the key to improve the PDT effect. Hematoporphyrin
monomethyl ether (HMME) is such a photosensitizer with the promising clinical applica-
tion prospect [15–17]. HMME mediated PDT has been used in clinical treatment of port
wine stain (PWS) [18] and glioma due to its single component, high yield of singlet oxygen
and short light avoidance period after drug delivery, which has an evidently significant ef-
fect [16]. However, as an amphiphilic photosensitizer, HMME is comprised of easy to form
aggregates due to the presence of hydrophobic groups, which reduces its photosensitive
viability or PDT efficiency.
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Using designed nanodrug delivery systems to improve the delivery efficiency and
singlet oxygen generation of a photosensitizer is one of the promising strategies [19,20].
Recently, nanomaterials such as liposomes [21,22], natural polymer nanoparticles [23,24],
metal-based nanoparticles [25–28], quantum dots [29], etc., have been widely used to
improve the effect of PDT. Among these, gold nanoparticles (GNPs) [30–32] stand out
because of their unique optical characteristics, easily modified chemical properties and
good biocompatibility. Additionally, GNPs can enhance the ROS and singlet oxygen
generation of photo-agents adsorbed on their surface [33]. However, the direct exposure
of photo-agents to the physiological environment usually leads to dissatisfactory drug
loading or unexpected drug inactivation [34], and when using GNPs as drug carriers, the
spatial distance between the photo-agents and the surface of nanoparticles will influence
the optical properties of the agents due to the localized surface plasma resonance (LSPR)
of GNPs. When the photo-agents are tightly combined on the surface of GNPs, their
fluorescence will be quenched and the generation of ROS and singlet oxygen will reduce
because of the resonance energy transfer. Conversely, when the spatial distance exceeds a
certain range, the LSPR effect of GNPs will be too weak to enhance the singlet oxygen of
photo-agents.

Nanosized titanium dioxide (TiO2, mainly anatase) is a typical biocompatible semicon-
ductor oxide material, which has been widely used in photocatalysis [35], dye-sensitized
solar cells (DSSCs) [36], nano-therapeutic drugs [37,38], photocatalyse water splitting [39],
organic degradation [40] and other aspects [41]. In this study, we designed to cover the
GNP’s surface with a certain thickness of TiO2 layer to form an Au@TiO2 core-shell struc-
ture, which could not only improve the photosensitizer loading by utilizing the abundant
hydroxyl groups in TiO2 shell but also maximize the enhancement of LSPR to improve the
intracellular uptake of the photosensitizer and PDT efficiency. A complete experimental
system using the conjugate (AuNP@TiO2–HMME and AuNR@TiO2–HMME) was estab-
lished, and the photodynamic effect of the conjugate on KB cells was tested in this study,
with a view that the verified results were expected to provide references for improving the
development of drug delivery system for PDT.

2. Material and Methods
2.1. Preparation and Modification of Gold Nanoparticles

The gold nanoparticles obtained by the seed growth method [42,43] were coated with
a layer of surfactant cetyl trimethyl ammonium bromide (CTAB). The CTAB bound to the
surface of the gold nanoparticles would form a chemically adsorbed bilayer, hindering the
binding to other biomolecules. Therefore, it is indispensable to make the gold nanoparticles
have better biocompatibility, stability and lower cytotoxicity by modifying the surface. In
this process, Poly-(sodium 4-styrenesulfonate) (PSS) was obtained from Sigma Aldrich
Co. (St. Louis, MO, USA) and employed to modify the gold nanospheres owing to its low
toxicity and strong anion electrolytic activation [44]. The specific process was to take 10 mL
of the prepared gold nanospheres solution at 27 ◦C, centrifuge at 13,000 rpm for 20 min,
remove excess surfactant CTAB and resuspend in a certain volume of ultrapure water to
make the absorbance OD ≈ 1. Then, 0.8775 g NaCl was dissolved in 50 mL ultrapure
water to obtain 50 mL, with 0.3 mol/L NaCl solution as the original solution, taking a
part to dilute to 6 mmol/L. 0.02 g PSS which was dissolved in 10 mL, 6 mmol/L NaCl
solution, and magnetic stirring was performed to obtain 10 mL, 2 g/L PSS solution. During
magnetic stirring, 10 mL of gold nanospheres solution (the absorbance OD ≈ 1) was added
dropwise to the PSS solution, and the stirring time was at least 4 h, so that the PSS could be
fully absorbed on the surface of gold nanospheres. After completion, the solution was left
standing for 4 h at 27 ◦C. The prepared PSS–AuNP solution was centrifuged at 10,000 rpm
for 20 min, repeated to remove excess PSS from the solution, and then the solution was
dissolved in 0.2 mL of ultrapure water for use.

Rod-shaped gold nanoparticles (gold nanorods) as the anisotropic precious metal
nanoparticles specifically have two plasmon resonance absorption peaks, which are the



Nanomaterials 2022, 12, 1358 3 of 13

transverse absorption peak (SPRT) and the longitudinal absorption peak (SPRL). The
position of the SPRL absorption peak is highly adjustable, which can be adjusted from
the visible light region to the near infrared region. The special properties bring a lot of
biological applications [45], which are very notable. Based on the scheme of preparing gold
nanorods by Hongwei et al. [46], gold nanorods were prepared and were further oxidized
to shrink the rods to produce gold nanorods with the desired SPRL [47]. In this study, based
on successful preparation of gold nanorods (in practice, SPRL = 810 nm, aspect ratio = 3.86),
heating at 60 ◦C water bath, 25 mL, 1 mol/L HCl and 0.25 mL, 0.5% H2O2 were added to
the solution under magnetic agitation in order to obtain gold nanorods with blue-shifted
absorption peaks (in practice, SPRL = 600 nm, aspect ratio = 1.97).

2.2. Synthesis of the Au@TiO2–HMME Conjugates

The process of the Au@TiO2–HMME conjugate preparation is shown schematically in
Figure 1. The TiOH2+ generated by the hydrolysis of TiCl3 could closely attach to negatively
charged PSS through electrostatic attraction and further be oxidized to obtain AuNP@TiO2
core-shell nanostructures; after that, the AuNP@TiO2 core-shell nanostructures were mixed
with HMME to form a conjugate in which the TiO2 shell thickness is determined by the
NaHCO3 amount. Briefly, 1.5 mL, 0.93 mol/L of NaHCO3 solution was dropwise added
to the Erlenmeyer flask containing 8 mL of ultrapure water and 0.3 mL of TiCl3 solution
with stirring. When the solution became darker, the prepared PSS–AuNP solution was
added immediately and the reaction maintained for 30 min. The obtained AuNP@TiO2
solution was centrifuged at 8000 rpm for 30 min and repeated to remove excess TiO2.
Then, the prepared AuNP@TiO2 solution (1 nmol/L) was mixed with HMME of different
concentrations for reaction at room temperature in the dark for 24 h. The preparation of
AuNR@TiO2–HMME conjugate was similar to the AuNP@TiO2–HMME process.
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Figure 1. Flowchart of preparation of Au@TiO2–HMME.

2.3. Characterization of the Au@TiO2 Core-Shell Nanostructures and Conjugates

The spectra of HMME, Au nanoparticles, Au@TiO2 core-shell nanostructures and
Au@TiO2–HMME were measured and compared by ultraviolet-visible spectrophotometer
(V-550 UV/VIS, JASCO, Ashikaga, Japan).

The morphological characteristics and dispersion of different nanostructures, such as,
gold nanospheres, AuNP@TiO2 with different size, AuNR@TiO2 with different SPRL and
the Au@TiO2–HMME conjugate, were observed by transmission electron microscopy (TEM)
(H-600 TEM, NEC, Tokyo, Japan) The nanomeasure software was used to measure the
statistical size of gold nanoparticles. The particle size and surface potential of nanomaterials
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were measured and analyzed by a laser particle size analyzer (Mastersizer 2000, Malvern,
Malvern, UK).

2.4. Cell Culture

In this study, human oral epidermoid carcinoma cells (KB cells) purchased from
Sigma Co. (Xi’an, China) were used. The culture medium was prepared by adding 89%
high glycemic solution DMEM (Hyclone Co., Logan, UT, USA) to 10% fetal bovine serum
solution (Hangzhou Sijiqing Bioengineering Materials Co. LTD, Hangzhou, China) and 1%
double antibody solution (Haimen Biyuntian Biotechnology Research Institute, Haimen,
China). KB cells were incubated with 10 mL culture medium in a cell incubator (Heraell150,
Thermo, Waltham, MA, USA), in which the temperature was maintained at 37 ◦C, the CO2
concentration was 5%, and the air humidity was 95%. All the cells used in the experiment
were in logarithmic growth phase.

2.5. Evaluating the Intracellular Uptake of the Au@TiO2–HMME Conjugates

Under the excitation light of 380 nm band, HMME can emit fluorescence with the
wavelength of 631 nm and 692 nm. To visually verify the delivery efficiency of the conjugate,
after cell lysis with cell lysis buffer (SDS, Haimen Biyuntian Biotechnology Research
Institute, Haimen, China), the fluorescence intensity of HMME at 631 nm was measured by
a fluorescence spectrophotometer (F-4500, Hitachi, Tokyo, Japan) to determine the amount
of HMME entering the cell. Samples were divided into four groups: DMEM solution only,
the core-shell nanostructure group (10 nm TiO2), HMME only and the conjugate of different
TiO2 layer thickness (4 nm, 10 nm and 18 nm). The gold nanospheres concentration in each
drug group was 0.2 nmol/L, and the HMME concentration was 3 µg/mL.

2.6. Evaluating the Photodynamic Effects of the Au@TiO2–HMME Conjugates on KB Cells under
Different Light Sources

KB cells were used as the research object and Cell Counting Kit-8 (CCK-8) cytotoxicity
detection reagent was used to detect the cell viability with HMME and different Au@TiO2–
HMME conjugates on KB cells. All cell viability results were measured by the absorption
at 450 nm 24 h after being mixed with 20 µL CCK-8 reagent using the microplate reader
(Infinite 200PRO, Tecan, Männedorf, Switzerland).

In order to determine the reasonable concentration range of HMME in subsequent
photodynamic experiments, we first investigated the dark toxicity of different concentration
of HMME on KB cells. Then, in order to determine the applicable range for the concentration
of gold nanospheres, we studied the effect of AuNP@TiO2 core-shell nanostructures with
different TiO2 shell thickness on cell viability at different gold nanospheres concentration
under dark.

The effect of different light source, different TiO2 layer thickness and different con-
jugates on KB cell viability were compared in further detailed experiments. Different
illumination light sources were selected, namely a 532 nm LED green light coupled to the
optimal excitation wavelength (550 nm) of the conjugate AuNP@TiO2–HMME, a xenon
lamp with wide spectral range and a 635-nm continuous laser coupled to a characteristic
peak (660 nm) of the conjugate AuNR@TiO2–HMME.

To compare the effect of light dose, the irradiation dose of a LED green light and a
xenon lamp were set as 0.3 J/cm2, 0.6 J/cm2 and 1.2 J/cm2, respectively. The influence
of different core-shell thickness of AuNP@TiO2–HMME on the PDT effect was studied
under the appropriate illumination condition. Finally, the PDT effects of the two conjugates
AuNP@TiO2–HMME and AuNR@TiO2–HMME were compared.

2.7. Statistical Analysis

All results of statistical analysis were performed using SPSS 12.0 (IBM, New York, NY,
USA). Error bars represent Standard Error of Mean (SEM). p-values compared with control
group were calculated using paired Student’s t test. *, p < 0.05. **, p < 0.01. ***, p < 0.001.
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****, p < 0.0001. p-values of < 0.01 were considered significant, and p-values of <0.001 were
considered highly significant.

3. Results and Discussion
3.1. TEM Characterization of the Samples

Figure 2a–c respectively showed the TEM images of the prepared gold nanospheres
with the absorption peak of 540 nm, AuNP@TiO2 core-shell nanostructures and the conju-
gate AuNP@TiO2–HMME. The results of particle size statistics by Nanomeasure software
also showed that more than 81% of the gold nanospheres are between 21 and 26 nm, which
indicated that the gold nanospheres prepared by the seed growth method were uniform in
size and stable in shape. The nanostructure with the shell thickness of about 18.23 nm in (b)
showed that TiO2 was evenly coated on the outer layer of gold nanospheres. After coupling
with HMME, the shell thickness of the conjugate AuNP@TiO2–HMME is about 18.67 nm
in (c). The TEM image of the gold nanorods (SPRL = 600 nm, the aspect ratio = 1.97) that
were prepared by the seed growth method and then obtained by oxidizing and shrink-
ing were shown in Figure 2d. Figure 2e is the TEM image of the AuNR@TiO2 core-shell
nanostructure, in which the longitudinal shell thickness of TiO2 was 12.55 nm and the
lateral shell thickness was about 13.40 nm. Figure 2f is the TEM image of the conjugate
AuNR@TiO2–HMME, in which the longitudinal shell thickness of TiO2 was about 16.51 nm
and the lateral shell thickness was about 17.16 nm. Comparing the TEM images of the
conjugate Au@TiO2–HMME and the original Au@TiO2 core-shell nanostructures, it was
found that there were little differences in morphology and size. Subsequently, the spectral
absorption peaks of different materials were characterized.
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nanorods with the SPRL = 600 nm; The TEM images of different core-shell nanostructures form
(b,e), and conjugates (c,f) were synthesized by different core structures.
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3.2. Absorption Spectroscopy Characterization of the Au@TiO2 Core-Shell Nanostructures and
the Conjugates

Figure 3 shows the UV-vis absorption spectra of different materials. Figure 3a shows
that coating gold nanosphere with TiO2 layers did not seem to affect the absorption peak.
Compared with the AuNP@TiO2 core-shell structure, the absorption peak of the conjugate
was about 5 nm redshift due to HMME binding, indicating that the absorption spectra of the
conjugates were not simply superimposed by the spectra of two conjugated components.
Gold nanorods with SPRL = 600 nm were used as gold cores, and a layer of TiO2 was
uniformly coated on the surface to obtain the AuNR@TiO2 core-shell nanostructure, the
longitudinal absorption peak and the transverse absorption peak of which were redshifted
to 664 nm and 530 nm, respectively. After adding equal volume of HMME for 24 h,
the longitudinal absorption peak of the AuNR@TiO2–HMME complex was redshifted to
676 nm. The results show that the absorption peaks of the conjugates were stable, which
was beneficial to the selection of the wavelength of the light source in the subsequent
experiments.
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Figure 3. UV-vis spectra (a) of HMME, Au nanospheres, AuNP@TiO2 core-shell nanostructures and
AuNP@TiO2–HMME conjugate. UV-vis spectra (b) of HMME, Au nanorods, AuNR@TiO2 core-shell
nanostructures and AuNR@TiO2–HMME conjugate.

3.3. Intracellular Uptake of the Au@TiO2–HMME Conjugates

As for the good photodynamic effect of the conjugate on the cells, as mentioned earlier,
we speculated that after the amorphous TiO2 on the outer layer of the gold nanospheres
was combined with HMME, its high specific surface area absorbed more HMME molecules
into the cells, which improved the killing effect on the cells. Here, we evaluated the
amount of the HMME that the cells absorbed by measurement fluorescence of HMME.
Under 380 nm excitation light, that HMME strongly absorbs, the stronger fluorescence
(631 nm) intensity was detected. As shown in Figure 4, no fluorescence was produced
in the control group and the core-shell nanostructure group. The fluorescence intensity
of cells incubated by HMME was lower than that of the conjugate group with the same
concentration. Additionally, the fluorescence intensity increased with the increase in TiO2
layer thickness of the conjugate, which indicated that with the increase in the thickness of
TiO2 on the outer layer of the gold nanosphere, the specific surface area of the whole core-
shell nanostructure increased so that more HMME molecules could be absorbed into the
cell, which is consistent with the previous speculation: namely, the core-shell nanostructure
can deliver more photosensitizer molecules into the cell, thus having a more significant
killing effect on the cell. Conjugates with different TiO2 layer thickness have different
cell killing efficiency, which was attributed to the matching degree of the AuNP@TiO2
core-shell absorption peak and HMME characteristic peak. The above results can be used
as a reasonable temporary explanation for the experiment, and the further mechanism of
conjugate binding photosensitizer to promote the efficacy of PDT remains to be explored.
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Figure 4. Comparison of intracellular fluorescence intensity of different drug groups after incubation
(excitation: 380 nm, emission: 631 nm).

3.4. Dark Cytotoxicity of the Au@TiO2–HMME Conjugate on KB Cells

Taking gold nanospheres as an example, the dark toxicity of cells was investigated
prior. The dark toxicity of different concentrations of HMME on KB cells are shown in
Figure 5a. When the HMME concentration was in 0.5–6 µg/mL, the cell dark toxicity
could be ignored with greater than 95% of viability, and when the HMME concentration
increased to 10 µg/mL, the cell viability decreased to 53.72% of the control group (DMEM
only). In the successive study, the concentration of HMME was reasonably set within
6 µg/mL. Figure 5b shows the dark toxicity results of AuNP@TiO2 core-shell nanostructures
with different thickness at the concentration of the gold nanospheres solution from 0.1 to
0.5 nmol/L. Compared with the control group (DMEM only), the cell viability was all above
95.55%, indicating that the nanostructure had low dark toxicity to cells. Especially, when the
concentration was 0.2 nmol/L, which was chosen as the standard concentration of the gold
nanospheres solution for subsequent experiments, the difference was relatively minimal.
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3.5. Effects of Different Light Sources on PDT of Drug-Treated Cells

The cells incubated with the drug AuNP@TiO2–HMME (the shell thickness of
AuNP@TiO2 was 4 nm and the concentration of HMME is 3 µg/mL) were irradiated
by two different light sources (one was green light LED with a central wavelength of
532 nm, and the other was xenon light with a broad spectrum), and the PDT effect is shown
in Figure 6, while DMEM-cultured cells were used as the control group. HMME has a
characteristic absorption peak at 536 nm, and the characteristic peak of the conjugates is at
540 nm after red shift, which is consistent with the LED wavelength and within the wide
spectrum range of xenon lamp. The synergies of PDT of HMME and the surface plasmonic
resonance effect should achieve using the wavelength irradiation. When the LED light
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dose was 0.3 J/cm2, the activity of cells incubated by AuNP@TiO2–HMME decreased to
39.81% compared with the control group, and the cell killing rate increased by about 35%
compared with the 74.85% cell activity of the intergroup control HMME-incubated cell
group. Under the same dose of xenon lamp irradiation, the activity of the AuNP@TiO2–
HMME incubated cell group decreased to 44.45%, and that of the HMME-incubated cell
group decreased to 61.57%. Similarly, compared with the control group, the activity of
AuNP@TiO2–HMME incubated cells decreased to 21.42% and 6.4% under 0.6 J/cm2 and
1.2 J /cm2 LED irradiation, respectively, while, under the same light dose of xenon lamp
irradiation, the activity of the cells incubated by AuNP@TiO2–HMME decreased to 29.72%
and 7.87%, respectively. Under the conditions of different light doses, 532 nm green LED
combined with AuNP@TiO2–HMME consistently produced a better photodynamic effect
than the xenon lamp. It is also worth noting that under different light sources and different
light doses, the conjugated AuNP@TiO2–HMME produced significantly higher cell-killing
effects than the cell group incubated only with HMME.
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3.6. Effect of Different Shell Thickness of Conjugates on Cell Photodynamics

The PH value of solution in the reaction system was increased by adjusting the amount
of NaHCO3, so as to regulate the thickness of TiO2 outer layer of gold nanospheres to 4 nm,
7 nm, 10 nm and 18 nm, respectively. Cells incubated with different drugs were irradiated
with 532 nm LED of 0.6 J/cm2. Figure 7 showed the photodynamic effect of AuNP@TiO2–
HMME synthesized by nanocore-shell structures with different shell thickness. Compared
with the control group, the activity of cells incubated with AuNP@TiO2–HMME conjugates
of 4 nm core-shell thickness and 18 nm core-shell thickness decreased to 21.42% and 17.73%.
The activity of cells incubated with conjugates of 7 nm core-shell thickness and 10 nm core-
shell thickness decreased to 25.24% and 27.77%. By contrast, the conjugates AuNP@TiO2–
HMME with 4 nm and 18 nm shell thickness seemed to show better photodynamic effects,
the reasons for which are discussed later. Under the same conditions, the cell activity of
HMME-treated cells decreased to 49.38%, which was much higher than that of the conjugate
incubated cells.
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3.7. Comparison of Photodynamic Effects of Different Core-Shell Nanostructures Combined
with HMME

Figure 8 shows the changes in cell activity after incubating cells with the synthesized
conjugates AuNP@TiO2–HMME and AuNR@TiO2–HMME under different light doses.
Using a LED with a central wavelength of 532 nm and a 635-nm laser as the light sources,
the cells were then incubated with the synthesis of AuNP@TiO2–HMME with an excitation
wavelength of about 532 nm and AuNR@TiO2–HMME with a SPRL of 630 nm, and the
cell survival rate calculated under different light doses. Compared with cells incubated
only with HMME, both cell groups incubated with AuNP@TiO2–HMME and AuNR@TiO2–
HMME showed better photodynamic effects. Compared with the control group, the activity
of the cell group incubated by AuNP@TiO2 decreased to 21.42% at 0.6 J/cm2 irradiation,
while the cell activity of the AuNR@TiO2–HMME incubated group only decreased to 67.79%.
When the light dose was increased to 1.2 J/cm2, the cell activity decreased to 6.4% and
40.74%, respectively. The experimental results showed that the core-shell nanostructures
synthesized by using gold nanorods as the core and being coated by TiO2 and the core-shell
nanostructures synthesized by using gold nanospheres as the core were combined with
HMME, in which the latter obviously showed better photodynamic effect.
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4. Discussion

In this study, we prepared a series of Au@TiO2 core-shell nanostructures to evaluate
their enhancement for HMME mediated PDT on KB cells. Evaluation of the PDT effect of
the Au@TiO2–HMME conjugates was shown in Figures 6–8. The first certainty was that
HMME conjugated with Au@TiO2 showed better PDT effects than that of HMME alone on
KB cells, which may due to the higher efficiency intracellular delivery and the higher drug
delivery rates of the Au@TiO2–HMME conjugates. At the same time, due to the existence
of the local field enhancement effect, the photodynamic effect of Au@TiO2–HMME under
optimal conditions was improved compared with that of pure HMME in cells.

As shown in Figure 3, all the Au@TiO2 core-shell nanostructures had the LSPR absorp-
tion peak of the Au core, and the absorption spectrum of Au@TiO2–HMME conjugates
proved the successful loading of HMME on the Au@TiO2. The Au@TiO2–HMME conju-
gates exhibited better inhibitory effect of KB cells under the LED at its SPR absorption than
the xenon lamp when using different light sources with the same power density, which is
obvious in Figure 6. A reasonable explanation is that the synthetic AuNP@TiO2–HMME
shows the maximum absorption rate at around 540 nm, which matches the LED with the
central wavelength of 523 nm. At the same time, compared with the xenon lamp with the
same power, the LED has a narrower band, and the power is mainly concentrated near the
central wavelength, resulting in a better cell-killing effect.

TEM results (Figure 2) exhibited that the prepared Au@TiO2 core-shell nanostructures
and Au@TiO2–HMME conjugates had good dispersion, surface topography and stability,
and that their size is close to optimal for cell endocytosis. Figure 7 compared the pho-
todynamic effects of AuNP@TiO2–HMME with different shell thickness under the same
condition. The results showed that the shell thickness has no appreciable effect on the
overall PDT efficacy. Furthermore, the sublet different therapy efficiency for different shell
thickness is mainly due to the SPR effect of AuNPs. When the TiO2 layer thickness is 4 nm,
the absorption peak of AuNP@TiO2 is 540 nm, matching the HMME characteristic peak at
536 nm, which can give full play to the SPR effect of gold nanomaterials. In addition, local
field enhancement is dependent on the distance from the surface of gold nanoparticles [48],
while for a TiO2 layer thickness of 18 nm, the particle size of about 50 nm is closest to the
ideal size of endocytosis, which induced more HMME uptake by cells [49].

At the same light dose with a different wavelength, the killing effect of AuNP@TiO2–
HMME is better than that of AuNR@TiO2–HMME, as shown in Figure 8. At the same
wavelength, the AuNP conjugates have a much better killing effect than HMME alone,
while for AuNR conjugates, the cell viability was almost as some as HMME alone. We
suspect that this is related to the efficiency of endocytosis and the specific surface area
of different core-shell nanostructures, with AuNP@TiO2 nanostructures having higher
specific surface area and endocytosis efficiency. This result may indicate that the shape of
nanoparticles does affect their interactions with cells, and that spherical and shorter rod
particles may be more easily endocytosed by cells than longer rod nanoparticles [49,50]. On
the other hand, HMME has a weaker absorption at 635 nm than 530 nm, and the 635 nm
was not the surface plasmon resonance peak of the AuNR conjugate, which limited the
SPR effect of the conjugate. However, the results demonstrated that the AuNR has weaker
drug delivery efficiency than AuNP in this study. On the whole, our experiments have
proved some good phenomena in that these designed Au@TiO2 nanostructures can also
enhance the PDT reaction of the photosensitizer adsorbed on their surface with the help of
plasmonic gold core under the SPRL wavelength.

Our study showed Au@TiO2–HMME conjugates could be a potential photo-agent
for the treatment of skin cancer and oral mucosa cancer. However, in the subsequent
research, the photodynamic experimental parameters of the conjugate Au@TiO2–HMME
data on KB cells would be measured in greater detail to find the optimal photodynamic
treatment condition by adjusting the shell thickness and HMME concentration. On the
other hand, it is a good attempt to give full play to the high catalytic activity of anatase and
improve the killing effect of the combination on cells by converting amorphous TiO2 into
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ideal anatase after calcination. This study completed the preparation and modification of
gold nanoparticles, the preparation of conjugate which consisted of Au@TiO2 core-shell
nanostructures with HMME and the cell experiments of the Au@TiO2–HMME conjugate. By
means of the transmission electron microscope, ultraviolet visible light spectrophotometer
and others, the size, morphology, absorbance and other characteristics of the synthetic
material were characterized and analyzed, and the formation of stable conjugate was
observed. Based on the above experiments, we could find that the conjugate had a greater
effect on cell activity than HMME at the same concentration alone. For more remarkable
performance of AuNP@TiO2–HMME, the high specific surface area of TiO2 could promote
more HMME molecules to enter the cell, leading to an improvement in the photodynamic
effect. Under the irradiation of 532 nm LED, the photodynamic effect of AuNP@TiO2–
HMME with 4 nm or 18 nm core-shell thickness was better. The better realization of the
photodynamic effect of HMME is affected by the wavelength of the irradiation light source
and the plasma absorption peak of the Au@TiO2 core-shell nanostructure drug carriers.
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K.; Kulbacka, J. Photodynamic therapy—Mechanisms, photosensitizers and combinations. Biomed. Pharmacother. 2018, 106,
1098–1107. [CrossRef] [PubMed]

http://doi.org/10.14218/JCTH.2018.00060
http://www.ncbi.nlm.nih.gov/pubmed/31293919
http://doi.org/10.1111/resp.13870
http://www.ncbi.nlm.nih.gov/pubmed/32516852
http://doi.org/10.1016/j.critrevonc.2020.102988
http://www.ncbi.nlm.nih.gov/pubmed/32599374
http://doi.org/10.1016/j.coms.2018.08.006
http://doi.org/10.1007/s11010-020-03834-3
http://doi.org/10.1021/acsbiomaterials.9b01251
http://doi.org/10.1186/s12951-021-00903-7
http://doi.org/10.1016/j.pdpdt.2020.101782
http://doi.org/10.1021/acsami.1c06818
http://doi.org/10.1016/j.dyepig.2020.108937
http://doi.org/10.1016/S1359-6446(99)01412-9
http://doi.org/10.1016/j.pdpdt.2020.102091
http://www.ncbi.nlm.nih.gov/pubmed/33453423
http://doi.org/10.1016/j.nantod.2018.02.010
http://doi.org/10.1016/j.biopha.2018.07.049
http://www.ncbi.nlm.nih.gov/pubmed/30119176


Nanomaterials 2022, 12, 1358 12 of 13

15. Huang, Z. Photodynamic therapy in China: Over 25 years of unique clinical experience Part two-Clinical experience. Photodiagn.
Photodyn. Ther. 2006, 3, 71–84. [CrossRef] [PubMed]

16. Ding, X.; Xu, Q.; Liu, F.; Zhou, P.; Gu, Y.; Zeng, J.; An, J.; Dai, W.; Li, X. Hematoporphyrin monomethyl ether photodynamic
damage on HeLa cells by means of reactive oxygen species production and cytosolic free calcium concentration elevation. Cancer
Lett. 2004, 216, 43–54. [CrossRef] [PubMed]

17. Lei, T.C.; Glazner, G.F.; Duffy, M.; Scherrer, L.; Pendyala, S.; Li, B.; Wang, X.; Wang, H.; Huang, Z. Optical properties of
hematoporphyrin monomethyl ether (HMME), a PDT photosensitizer. Photodiagn. Photodyn. Ther. 2012, 9, 232–242. [CrossRef]

18. Zhang, Y.; Zou, X.; Chen, H.; Yang, Y.; Lin, H.; Guo, X. Clinical study on clinical operation and post-treatment reactions of
HMME-PDT in treatment of PWS. Photodiagn. Photodyn. Ther. 2017, 20, 253–256. [CrossRef]

19. Xin, J.; Wang, S.; Wang, B.; Wang, J.; Wang, J.; Zhang, L.; Xin, B.; Shen, L.; Zhang, Z.; Yao, C. AIPcS(4)-PDT for gastric cancer
therapy using gold nanorod, cationic liposome, and Pluronic (R) F127 nanomicellar drug carriers. Int. J. Nanomed. 2018, 13,
2017–2036. [CrossRef]

20. Wang, Q.; Jiang, N.; Fu, B.; Huang, F.; Liu, J. Self-assembling peptide-based nanodrug delivery systems. Biomater. Sci. 2019, 7,
4888–4911. [CrossRef]

21. Derycke, A.S.L.; de Witte, P.A.M. Liposomes for photodynamic therapy. Adv. Drug Deliv. Rev. 2004, 56, 17–30. [CrossRef]
[PubMed]

22. Feng, L.Z.; Cheng, L.; Dong, Z.L.; Tao, D.; Barnhart, T.E.; Cai, W.; Chen, M.; Liu, Z. Theranostic Liposomes with HypoxiaActivated
Prodrug to Effectively Destruct Hypoxic Tumors Post-Photodynamic Therapy. ACS Nano 2017, 11, 927–937. [CrossRef] [PubMed]

23. Feng, Z.P.; Lin, S.Y.; McDonagh, A.; Feng, Z.; Lin, S.; McDonagh, A.; Yu, C. Natural Hydrogels Applied in Photodynamic Therapy.
Curr. Med. Chem. 2020, 27, 2681–2703. [CrossRef] [PubMed]

24. Duse, L.; Baghdan, E.; Pinnapireddy, S.R.; Engelhardt, K.H.; Jedelská, J.; Schaefer, J.; Quendt, P.; Bakowsky, U. Preparation and
Characterization of Curcumin Loaded Chitosan Nanoparticles for Photodynamic Therapy. Phys. Status Solidi A 2018, 215, 1700709.
[CrossRef]

25. Sun, J.Y.; Kormakov, S.; Liu, Y.; Huang, Y.; Wu, D.; Yang, Z. Recent Progress in Metal-Based Nanoparticles Mediated Photodynamic
Therapy. Molecules 2018, 23, 1704. [CrossRef]

26. Dhanalekshmi, K.I.; Magesan, P.; Sangeetha, K.; Zhang, X.; Jayamoorthy, K.; Srinivasan, N. Preparation and characterization of
core-shell type Ag@SiO2 nanoparticles for photodynamic cancer therapy. Photodiagn. Photodyn. Ther. 2019, 28, 324–329. [CrossRef]

27. Lan, G.X.; Ni, K.Y.; Lin, W.B. Nanoscale metal-organic frameworks for phototherapy of cancer. Coord. Chem. Rev. 2019, 379, 65–81.
[CrossRef]

28. Park, J.; Jiang, Q.; Feng, D.W.; Zhou, H.-C. Controlled Generation of Singlet Oxygen in Living Cells with Tunable Ratios of the
Photochromic Switch in Metal-Organic Frameworks. Angew. Chem.-Int. Ed. 2016, 55, 7188–7193. [CrossRef]

29. Fan, H.Y.; Yu, X.H.; Wang, K.; Yin, Y.-J.; Tang, Y.-J.; Liang, X.-H. Graphene quantum dots (GQDs)-based nanomaterials for
improving photodynamic therapy in cancer treatment. Eur. J. Med. Chem. 2019, 182, 111620. [CrossRef]

30. Liu, Y.; Lee, S.H.; Lee, W.K.; Yoon, I. Ionic Liquid-dependent Gold Nanoparticles of Purpurin-18 for Cellular Imaging and
Photodynamic Therapy In Vitro. Bull. Korean Chem. Soc. 2020, 41, 230–233. [CrossRef]

31. Kang, M.S.; Lee, S.Y.; Kim, K.S.; Han, D.-W. State of the Art Biocompatible Gold Nanoparticles for Cancer Theragnosis.
Pharmaceutics 2020, 12, 701. [CrossRef] [PubMed]

32. Lv, J.L.; Yi, Y.H.; Wu, G.Q.; Liu, W. Gold nanotriangles: Green synthesis and PDT & PTT effect. Mater. Lett. 2017, 187, 148–150.
[CrossRef]

33. Pacioni, N.L.; Gonzalez-Bejar, M.; Alarcon, E.; McGilvray, K.L.; Scaiano, J.C. Surface Plasmons Control the Dynamics of Excited
Triplet States in the Presence of Gold Nanoparticles. J. Am. Chem. Soc. 2010, 132, 6298. [CrossRef] [PubMed]

34. Hah, H.J.; Kim, G.; Orringer, D.A.; Sagher, O.; Philbert, M.A.; Kopelman, R.; Lee, Y.-E.K. Methylene Blue-Conjugated Hydrogel
Nanoparticles and Tumor-Cell Targeted Photodynamic Therapy. Macromol. Biosci. 2011, 11, 90–99. [CrossRef]

35. Guo, Q.; Zhou, C.Y.; Ma, Z.B.; Yang, X. Fundamentals of TiO2 Photocatalysis: Concepts, Mechanisms, and Challenges. Adv. Mater.
2019, 31, 1901997. [CrossRef]

36. Burschka, J.; Pellet, N.; Moon, S.J.; Humphry-Baker, R.; Gao, P.; Nazeeruddin, M.K.; Gratzel, M. Sequential deposition as a route
to high-performance perovskite-sensitized solar cells. Nature 2013, 499, 316. [CrossRef]

37. Kafshgari, M.H.; Goldmann, W.H. Insights into Theranostic Properties of Titanium Dioxide for Nanomedicine. Nanomicro Lett.
2020, 12, 22. [CrossRef]

38. Yadav, H.M.; Thorat, N.D.; Yallapu, M.M.; Tofail, S.A.M.; Kim, J.-S. Functional TiO2 nanocoral architecture for light-activated
cancer chemotherapy. J. Mater. Chem. B 2017, 5, 1461–1470. [CrossRef]

39. Khan, S.U.M.; Al-Shahry, M.; Ingler, W.B. Efficient photochemical water splitting by a chemically modified n-TiO2. Science 2002,
297, 2243–2245. [CrossRef]

40. Zhang, X.Y.; Fu, K.; Su, Z.Q. Fabrication of 3D MoS2-TiO2@PAN electro-spun membrane for efficient and recyclable photocatalytic
degradation of organic dyes. Mater. Sci. Eng. B Adv. Funct. Solid-State Mater. 2021, 269, 115179. [CrossRef]

41. Morales-Garcia, A.; Escatllar, A.M.; Illas, F.; Bromley, S.T. Understanding the interplay between size, morphology and energy gap
in photoactive TiO2 nanoparticles. Nanoscale 2019, 11, 9032–9041. [CrossRef] [PubMed]

42. Zhao, P.X.; Li, N.; Astruc, D. State of the art in gold nanoparticle synthesis. Coord. Chem. Rev. 2013, 257, 638–665. [CrossRef]

http://doi.org/10.1016/j.pdpdt.2006.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25049094
http://doi.org/10.1016/j.canlet.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15500948
http://doi.org/10.1016/j.pdpdt.2012.01.003
http://doi.org/10.1016/j.pdpdt.2017.09.013
http://doi.org/10.2147/IJN.S154054
http://doi.org/10.1039/C9BM01212E
http://doi.org/10.1016/j.addr.2003.07.014
http://www.ncbi.nlm.nih.gov/pubmed/14706443
http://doi.org/10.1021/acsnano.6b07525
http://www.ncbi.nlm.nih.gov/pubmed/28027442
http://doi.org/10.2174/0929867326666191016112828
http://www.ncbi.nlm.nih.gov/pubmed/31622196
http://doi.org/10.1002/pssa.201700709
http://doi.org/10.3390/molecules23071704
http://doi.org/10.1016/j.pdpdt.2019.10.006
http://doi.org/10.1016/j.ccr.2017.09.007
http://doi.org/10.1002/anie.201602417
http://doi.org/10.1016/j.ejmech.2019.111620
http://doi.org/10.1002/bkcs.11943
http://doi.org/10.3390/pharmaceutics12080701
http://www.ncbi.nlm.nih.gov/pubmed/32722426
http://doi.org/10.1016/j.matlet.2016.10.087
http://doi.org/10.1021/ja101925d
http://www.ncbi.nlm.nih.gov/pubmed/20397693
http://doi.org/10.1002/mabi.201000231
http://doi.org/10.1002/adma.201901997
http://doi.org/10.1038/nature12340
http://doi.org/10.1007/s40820-019-0362-1
http://doi.org/10.1039/C6TB02324J
http://doi.org/10.1126/science.1075035
http://doi.org/10.1016/j.mseb.2021.115179
http://doi.org/10.1039/C9NR00812H
http://www.ncbi.nlm.nih.gov/pubmed/31021336
http://doi.org/10.1016/j.ccr.2012.09.002


Nanomaterials 2022, 12, 1358 13 of 13

43. Nikoobakht, B.; El-Sayed, M.A. Preparation and growth mechanism of gold nanorods (NRs) using seed-mediated growth method.
Chem. Mater. 2003, 15, 1957–1962. [CrossRef]

44. Fang, C.H.; Jia, H.L.; Chang, S.; Ruan, Q.; Wang, P.; Chen, T.; Wang, J. (Gold core)/(titania shell) nanostructures for plasmon-
enhanced photon harvesting and generation of reactive oxygen species. Energy Environ. Sci. 2014, 7, 3431–3438. [CrossRef]

45. Huang, X.H.; Neretina, S. El-Sayed, M.A. Gold Nanorods: From Synthesis and Properties to Biological and Biomedical Applica-
tions. Adv. Mater. 2009, 21, 4880–4910. [CrossRef]

46. Liao, H.W.; Hafner, J.H. Gold nanorod bioconjugates. Chem. Mater. 2005, 17, 4636–4641. [CrossRef]
47. Tsung, C.K.; Kou, X.S.; Shi, Q.H.; Zhang, J.; Yeung, M.H.; Wang, J.; Stucky, G.D. Selective shortening of single-crystalline gold

nanorods by mild oxidation. J. Am. Chem. Soc. 2006, 128, 5352–5353. [CrossRef]
48. Zhang, Z.X.; Wang, S.J.; Xu, H.; Wang, B.; Yao, C. Role of 5-aminolevulinic acid-conjugated gold nanoparticles for photodynamic

therapy of cancer. J. Biomed. Opt. 2015, 20, 51043. [CrossRef]
49. Chithrani, B.D.; Ghazani, A.A.; Chan, W.C.W. Determining the size and shape dependence of gold nanoparticle uptake into

mammalian cells. Nano Lett. 2006, 6, 662–668. [CrossRef]
50. Chithrani, B.D.; Chan, W.C.W. Elucidating the mechanism of cellular uptake and removal of protein-coated gold nanoparticles of

different sizes and shapes. Nano Lett. 2007, 7, 1542–1550. [CrossRef]

http://doi.org/10.1021/cm020732l
http://doi.org/10.1039/C4EE01787K
http://doi.org/10.1002/adma.200802789
http://doi.org/10.1021/cm050935k
http://doi.org/10.1021/ja060447t
http://doi.org/10.1117/1.JBO.20.5.051043
http://doi.org/10.1021/nl052396o
http://doi.org/10.1021/nl070363y

	Introduction 
	Material and Methods 
	Preparation and Modification of Gold Nanoparticles 
	Synthesis of the Au@TiO2–HMME Conjugates 
	Characterization of the Au@TiO2 Core-Shell Nanostructures and Conjugates 
	Cell Culture 
	Evaluating the Intracellular Uptake of the Au@TiO2–HMME Conjugates 
	Evaluating the Photodynamic Effects of the Au@TiO2–HMME Conjugates on KB Cells under Different Light Sources 
	Statistical Analysis 

	Results and Discussion 
	TEM Characterization of the Samples 
	Absorption Spectroscopy Characterization of the Au@TiO2 Core-Shell Nanostructures and the Conjugates 
	Intracellular Uptake of the Au@TiO2–HMME Conjugates 
	Dark Cytotoxicity of the Au@TiO2–HMME Conjugate on KB Cells 
	Effects of Different Light Sources on PDT of Drug-Treated Cells 
	Effect of Different Shell Thickness of Conjugates on Cell Photodynamics 
	Comparison of Photodynamic Effects of Different Core-Shell Nanostructures Combined with HMME 

	Discussion 
	References

