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ABSTRACT

Photothermal agents, which can convert near-infrared light into heat with a

minimal attenuation of the energy and prevent undesirable thermal damage to

healthy tissue, provided an opportunity for accurate heat delivery to desired

sites. Herein, we designed cyclo(Arg-Gly-Asp-D-Tyr-Lys) peptide c(RGDyK)-

conjugated TiO2 nanoparticles (TiO2-RGD NPs) with an ideal biocompatibility

and targeting property. TiO2-RGD NPs exhibited intense absorbance in near-

infrared region, a high stability in physiological conditions, and the pho-

tothermal conversion efficiency of *38.5%. Due to the specific affinity between

c(RGDyK) and avb3 integrin, TiO2-RGD NPs showed the high targeting prop-

erty for U87-MG cells with overexpression of avb3 integrin. After incubation

with TiO2-RGD NPs (100 lg/mL) and under 808 nm near-infrared laser irra-

diation (1 W/cm2), the viability of MCF-7 cells by deficient expression of avb3
integrin was *71%, while the viability of U87-MG decreased to *31%, which

have been demonstrated as an effective targeting photothermal therapy agent.

Introduction

Photothermal therapy (PTT) based on photothermal

agents (PTAs) with the near-infrared (NIR) absorption

has aroused an increasing attention in the past years due

to their advantages of eliminating tumors noninvasively

[1] and enhances the therapeutic efficacy to cancer

selectively [2].NanoparticulatedPTAsare includinggold

nanomaterials [3–9] such as gold nanorods, gold nano-

shells, goldnanocages, andgoldnanocrystals andcarbon

nanomaterials [10–12] such as graphene nanomesh,

nanographene oxide, graphene quantum dots, and car-

bon nanotubes, copper-based nanoparticles [13–15], and

other inorganic nanoparticles [16–18]. To perform the

clinical application of PTT in the future, it is necessary to

develop highly efficient and biocompatible PTAs.
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On January 20, 2015, Obama announced a precision

medicine initiative in his state of the union address [19].

Thereafter, precision therapy has been an emerging

approach for personal medicine. As for precise pho-

tothermal therapy, it is one of the most important issues

to develop PTAs with targeting property in order to

secure the irreversible destruction of tumor cellswithout

damage to adjacent healthy cells. To perform the target-

ing property of PTAs to tumor, receptor-mediated

recognition has been regarded as an effective strategy.

According to Kessler’s work [20], cyclo(Arg-Gly-Asp-D-

Tyr-Lys) peptide c(RGDyK) is a particularly effective

ligand to bind avb3 integrin receptors which are highly

expressed on blood vessels in tumor [21]. Therefore, it is

effective to conjugate c(RGDyK) onto nanoparticles to

target avb3 integrin overexpressed tumor. [22–24] Our

group has developed RGD-conjugated magnetic

nanoparticles for targeted photothermal therapy and

imaging in vivo. [16, 25–27].

TiO2, a famous wide-band semiconductor, has

been explored extensively in the field of energy

conversion and photocatalysis due to the outstanding

of electron transport, charge separation, and UV light

absorption [28–30]. With the advantage of low toxic-

ity, it has been also applied in the field of sonody-

namic therapy [31–35] and UV-induced

photodynamic therapy [36]. As far as we know, few

studies have been reported about the near-infrared

(NIR)-driven targeting phototherapy.

To overcome the less penetration depth of UV

light, we prepared TiO2 nanoparticles (TiO2 NPs)

with the high temperature thermal decomposition

method. Importantly, due to the absorption of elec-

trons localized on Ti(I) sites and free electrons in the

conduction band, the synthesized TiO2 NPs exhibited

an intense absorbance in the NIR region. Considering

targeting property of c(RGDyK) to avb3 integrin,

c(RGDyK) was covalently conjugated to TiO2 NPs

with a PEG liker by a strain-promoted click chem-

istry. By use of NIR-driven photothermal therapy,

targeted photothermal therapy was performed for

avb3 integrin overexpressed cancer cells (Scheme 1).

Materials and methods

Materials

Titanium (IV) fluoride (TiF4, 99%), nitrosonium

tetrafluoroborate (NOBF4), 1-octadecene (90%)

(1-ODE), 1-octadecanol (1-ODOL, 97%), N,N-

dimethylformamide (DMF), toluene, hexane, acetone,

ethanol, and 2-propanol were purchased from Acros

Organics. Oleylamine (OLAM, 70%), oleic acid

(OLAC, 90%), and acetonitrile were purchased from

Sigma Aldrich. Dibenzylcyclooctyne-PEG2000 (DBCO-

PEG2000) and dibenzylcyclooctyne-PEG2000-NHS

(DBCO-PEG2000-NHS) were purchased from

Nanocs Inc. Cyclo(Arg-Gly-Asp-D-Tyr-Lys) peptide

c(RGDyK) was purchased from Peptide International,

Inc. All reagents were used without further purifica-

tion. Water used in all experiments was purified using

a Milli-Q Plus 185 water purification system (Milli-

pore, Bedford, MA) with resistivity higher than

18 MX�cm. Cellulose dialysis membranes (molecular

weight cut-off, MWCO = 14 000) were acquired from

Fisher.

Preparation of azide functionalized TiO2

nanoparticles (TiO2–N3 NPs)

TiO2 nanoparticles could be synthesized according to

the literature [37]. 0.1 g of NOBF4 was dissolved in

10 mL DMF to form a yellow solution. The yellow

solution was mixed with a hexane dispersion of TiO2

NPs (10 mL). Then, 2 mL, the mixture solution of

toluene and hexane (1:1, v/v), was added and cen-

trifuged. After centrifugation, blue TiO2-BF4 NPs

were obtained. Secondly, 20 mg 2-azido-1-(3,4-dihy-

droxyphenyl)ethanone was dissolved in 10 mL DMF,

and adjusted pH value of the solution to 10 using

tetrabutyl ammonium hydroxide, which was mixed

with the above blue precipitation. After reaction for

8 h, the mixture was centrifuged to obtain TiO2–N3

NPs.

Synthesis of PEGylated functionalized TiO2

nanoparticles (TiO2-PEG NPs)

Two milligrams of DBCO-PEG2000 was added in the

ethanol solution of TiO2–N3 NPs (5 mL, 1 mg/mL),

then after the reaction at room temperature for 24 h,

the solution was centrifuged to obtain TiO2-PEG NPs.

Preparation of RGD-conjugated TiO2

nanoparticles (TiO2-RGD NPs)

Two milligrams of DBCO-PEG2000 was added into the

mixture solution with the ethanol solution of TiO2-N3

NPs (5 mL, 1 mg/mL) and the DMF solution of
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DBCO-PEG2000-NHS (0.25 mL, 2 mg/mL). After the

reaction at room temperature for 24 h, the mixed

solution was centrifuged to obtain TiO2-NHS NPs.

The PBS solution of c(RGDyK) (2 mL, 1 mg/mL) was

added in the aqueous solution of TiO2-NHS NPs

(0.5 mL, 1 mg/mL) for the reaction for 4 h. Then, the

mixed solution was dialyzed in ultra-pure water for

48 h. After that the solution was transferred to a vial

and saved at 4 �C.

Photothermal experiments in solution

The aqueous suspension of TiO2-PEG NPs with

different concentrations was put in a cuvette with

an optical path length of 1.0 cm. Then the cuvette

was illuminated by an 808-nm laser with a power

density of 0.6 W/cm2 for 10 min. The change of

temperature was monitored by a digital thermo-

couple device.

In vitro toxicity

U87-MG (human glioblastoma cells), MCF-7 (human

breast cancer cells), and L929 cells (mouse fibroblast

cells) were cultured in DMEM or RPMI 1640 medium

(Thermo, USA) supplemented with 10% FBS (Gibco,

USA) and 1% penicillin–streptomycin (Thermo, USA)

at 37 �C under a 5% CO2 atmosphere. Cells were

generally plated in cell culture flasks and allowed to

adhere for 24 h, then harvested by treatment with

0.25% trypsin–EDTA solution (Gibco, USA). U87-

MG, MCF-7 and L929 cells were plated in 96-well

microplates with a density of 104 cells/well. After the

incubation for 12 h, cells were incubated with TiO2-

RGD NPs with different concentrations (10, 20, 50,

100, and 200 lg/mL), respectively. The cytotoxicity

was assessed with a standard 3-[4, 5-Dimethylthia-

zol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT)

method.

In vitro photothermal therapy (PTT)

U87-MG and MCF-7 cells were incubated with

TiO2-PEG NPs or TiO2-RGD NPs (100 lg/mL) for

different incubation time (0, 2, 4, 8, 12, and 24 h,

respectively), followed by washing with phosphate

buffer solution (PBS, pH 7.4) for three times. After

an 808-nm laser irradiation (1.0 W/cm2) for 10 min,

MTT assay was further used after incubation for

another 1 h.

Scheme 1 Schematic illustration for the design of TiO2-RGD NPs and targeted near-infrared photothermal therapy for avb3 integrin

overexpressed cancer cells.
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Characterization

TEM images were collected on a JEOL JEM-2010

transmission electron microscope operating at an

accelerating voltage of 200 kV. FT-IR spectra were

collected using a Nicolet Avatar 370 FT-IR spec-

trometer in the 400–4000 cm-1 region. The samples

were pelletized with KBr before measurements. The

surface potential and hydration radius were mea-

sured using a Malvern Zetasizer Nano ZS model

ZEN3690 (Worcestershire, U.K.) equipped with a

standard 633 nm laser. The concentration of Ti was

determined by inductively coupled plasma mass

spectrometry (ICP-MS, VISTAMPXICP VARIAN).

Results and discussion

Synthesis and characterization
of functionalized TiO2 NPs

According to the literature, TiO2 NPs was synthe-

sized with a high uniform tetragonal bipyramidal

morphology of the lateral size of *17 nm (Fig. 1a).

[38] The pure anatase phase was confirmed by

powder X-ray diffraction (PXRD) (Fig.S1). The bind-

ing energy of Ti2p3/2 peak located at 458.9 eV sug-

gested the existence of Ti(I) (Fig.S2). To perform

water solubility and targeting property of TiO2 NPs,

TiO2 NPs were modified by 2-azido-1-(3,4-dihy-

droxyphenyl)ethanone (DA–N3) through a typical

process of ligand-exchange reaction, in which

nitrosonium tetrafluoroborate (NOBF4) was used to

replace the ligand on the surface of TiO2 NPs. [39]

The azide stretching frequency located at 2100 cm-1

in the FT-IR spectrum (Fig.S3) confirmed the exis-

tence of azide on the surface of TiO2 NPs. From the

thermogravimetric analysis (TGA), the content of

DA-N3 on the surface of TiO2 NPs was *15%

(Fig.S4). Followed by strain-promoted click chem-

istry, DBCO-PEG2000 and DBCO-PEG2000-NHS were

grafted on TiO2 NPs (Fig.S5) [40]. Lastly, RGD was

conjugated on the surface of TiO2 NPs with the amide

bond to obtain targeted TiO2-RGD NPs (Fig.S5). As

shown from TEM (Fig. 1b), TiO2-RGD NPs had a

mean edge length of *19 nm, which was similar to

that of TiO2 NPs. The hydrodynamic diameter of

TiO2-RGD NPs dispersed in water was about 53 nm

(Fig. 1c), which was similar to that of TiO2-PEG NPs

(Fig.S6). The surface potential increased to -15.1 mV

for TiO2-RGD NPs comparing with -30 mV of TiO2-

PEG NPs due to the positive charge of RGD (Fig. 1d),

which could be explained by the surface coverage of

TiO2 NPs with RGD. To verify its stability under

physiological conditions, diameter changes of TiO2-

RGD NPs were monitored in water, PBS, 1640 plus

10% fetal bovine serum (FBS) as simulated in vivo

plasma (Fig. S7). The diameters of TiO2-RGD NPs

Figure 1 TEM images of

TiO2 NPs (a) and TiO2-RGD

NPs (b), respectively. c The

hydrodynamic diameter of

TiO2-RGD NPs dispersed in

water. d The zeta potential of

TiO2–N3, TiO2-PEG, and

TiO2-RGD NPs, respectively.
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were almost no changes in physiological conditions

within one week. Moreover, TiO2-PEG NPs also

exhibited good stability at different pH values

(pH = 5.4, 7.0, 8.4, and 10.0, respectively) (Fig. S8).

The fact suggested that TiO2-RGD NPs should be

stable enough for further in vivo application.

Due to the absorption of electrons localized onTi(I)

sites and free electrons in the conduction band, TiO2

NPs exhibited an appreciable absorbance in the NIR

region (Fig. 2a). [38] A broad absorption in the NIR

region of TiO2 NPs encouraged us to investigate their

photothermal property. The photothermal effect of

different concentrations of TiO2-PEG NPs (100, 200

and 400 lg/mL, respectively) was evaluated by an

808-nm NIR laser irradiation (0.60 W/cm2) for 600 s

(Fig. 2b). The solution of TiO2-PEG NPs showed a

rapid increase in temperature during the laser irradi-

ation. In contrast, under the same experimental con-

dition, the temperature ofwater displayednoapparent

increase. At the concentration of 400 mg/mL, the

temperature was raised by 11.8 �C after an 808-nm

laser irradiation. The decrease in the concentration of

TiO2-PEG NPs will slow down the temperature

increment, illustrating that the thermal energy was

converted by the NIR optical absorbance of TiO2-PEG

NPs. According to the calculation method reported by

the literature, the photothermal conversion efficiency

of TiO2-PEG NPs was *38.5% (Fig. 2c) [41]. Mean-

while, the photothermal stability of TiO2-PEGNPswas

investigated by cycles of 808-nm laser on/off of

aqueous solution of TiO2-PEG NPs. After nine repe-

ated cycles of laser on/off, the temperature increase in

TiO2-PEGNPs exhibited no obvious changes (Fig. 2e).

Furthermore, the photothermal stability of TiO2-PEG

Figure 2 a Photothermal

effect of different

concentrations of TiO2-PEG

NPs (100, 200, and 400 lg/
mL, respectively).

b Temperature changes of with

different concentrations TiO2-

PEG NPs (0, 100, 200, and

400 lg/mL, respectively)

under an 808-nm laser

irradiation (0.60 W/cm2).

c Photothermal efficiency of

TiO2-PEG NPs (400 lg/mL)

under an 808-nm laser

irradiation (0.60 W/cm2).

d Plot of cooling time versus

negative natural logarithm of

the temperature driving force

obtained from the cooling

stage as shown in (c).

e Photothermal cycle curve of

TiO2-PEG NPs.

Figure 3 Cell viabilities of U87-MG, MCF-7, and L929 cells

after being incubated with TiO2-RGD NPs for 12 and 24 h,

respectively.
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NPs can also be confirmed by absorption spectra

having nearly no obvious changes before and after

laser irradiation (Fig.S9). These data all clearly

demonstrated that TiO2-PEG NPs have high pho-

tothermal conversion efficiency and photothermal

stability during NIR irradiation.

In vitro cytotoxicity of TiO2-RGD NPs

MTT assay was performed to quantitatively examine

the viabilities of U87-MG cells (avb3 integrin overex-

pression). As a control, we also examined the via-

bility of MCF-7 cells (which express low level of avb3
integrin) and normal cells (L929 cells). As shown in

Fig. 3, no significant cytotoxicity of TiO2-RGD NPs

was observed for normal cells even at a high con-

centration of 200 lg/mL. However, TiO2-RGD NPs

showed relatively higher cytotoxicity to tumor cells

than that of normal cells (L929 cells) especially at a

high concentration of 200 lg/mL, which was due to

the high specific targeting ability of TiO2-RGD NPs

and the high cytotoxicity as a result.

Targeted property of TiO2-RGD NPs

To confirm the targeting ability of TiO2-RGD NPs

in vitro, cell viabilities of U87-MG and MCF-7 cells

were measured after the incubation with TiO2-RGD

NPs (100 lg/mL) for different time (0, 2, 4, 8, 12, and

24 h, respectively) and then an 808-nm laser irradia-

tion (1.0 W/cm2) for 10 min, respectively (Fig. 4a).

After the incubation for 2 h and exposed to an 808-nm

laser irradiation, the viability of U87-MG cells

decreased to *55%. However, under the same condi-

tions, the viability of MCF-7 cells showed a negligible

change. With the incubated time increased from 4 to

24 h, the viability ofU87-MGcells decreased from35 to

25%. These results demonstrated that TiO2-RGD NPs

owned the perfect targeted photothermal effect.

To further evaluate the targeting property, the cel-

lular uptake of TiO2-RGDNPs in U87-MG cells, block,

and control experiments was quantitatively deter-

mined by the amount of Ti per cells measured by ICP-

MS analysis (Fig. 4b). For the block experiment

(RGD ? TiO2-RGD), free RGD (50 lg/mL) was pre-

incubated with U87-MG cells and then cultured with

TiO2-RGD NPs (100 lg/mL), and the uptake of Ti in

U87-MG cells was decreased to 5.52 ± 0.20 pg/cell

from 14.6 ± 0.23 pg/cell in cells being incubated with

only TiO2-RGDNPs.With the incubation of TiO2-RGD

NPs (100 lg/mL) for MCF-7 cells, relatively low cel-

lular uptake of 7.94 ± 0.28 pg/cell Ti was measured.

When U87-MG cells were incubated with TiO2-PEG

NPs (100 lg/mL) with no-targeting property, the

uptake of Ti was 10.8 ± 0.34 pg/cell, which was less

than that of TiO2-RGD NPs. These results indicated

that the cellular uptake of TiO2-RGD NPs is mainly

mediated by RGD endocytosis.

In vitro targeted photothermal therapy

The targeting photothermal therapy was further

studied in vitro. U87-MG and MCF-7 cells were

incubated with the concentration of TiO2-RGD for

4 h, respectively, and then irradiated by an 808-nm

laser (1.0 W/cm2) for 10 min (Fig. 5). The viability of

U87-MG cells decreased to *31% (TiO2-RGD ? L).

As for experiment group, TiO2-RGD NPs were enri-

ched greatly in U87-MG cells due to the targeting

property of c(RGDyK). Therefore, a perfect pho-

tothermal therapy was realized. However, the via-

bility of MCF-7 cells was *71% (TiO2-RGD ? L). For

MCF-7 cells with avb3 integrin deficient expression,

Figure 4 a Cell viabilities of U87-MG and MCF-7 cells incuba-

tion with TiO2-RGD NPs (100 lg/mL) for different time (0, 2, 4,

8, 12, and 24 h, respectively), then irradiated with an 808-nm laser.

b The cellular uptake of Ti per cell of U87-MG and MCF-7 cells

quantitatively measured by ICP-MS analysis.
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TiO2-RGD NPs behaved no-targeting property,

leading to poor photothermal therapy effect. Fur-

thermore, the viability of U87-MG cells incubated

with TiO2-PEG NPs (100 lg/mL) for 4 h and under

the same irradiation was *50% (TiO2-PEG ? L).

Similarly, TiO2-PEG NPs with no c(RGDyK) also

showed no-targeting property and resulted in obvi-

ous the photothermal therapy effect under the laser

irradiation. There was no obvious decrease in the

viability for U87-MG cells and/or MCF-7 cells only

incubated with TiO2-RGD NPs and TiO2-PEG NPs or

only irradiated by an 808-nm laser, respectively. As

control groups, laser only, TiO2-PEG only, and TiO2-

RGD NPs only groups showed low cytotoxicity to

U87-MG cells and MCF-7 cells. Furthermore, after an

808-nm irradiation, the viability of the block group

(RGD ? TiO2-RGD ? L) was also higher than that of

the experimental group. The block group was also

conformed the targeting property of TiO2-RGD NPs

therapy. The data furthermore demonstrated that the

perfect targeting effect of TiO2-RGD NPs should be

an ideal platform for cancer cells.

Conclusions

In summary, we have successfully synthesized

c(RGDyK) conjugated PEGylated TiO2 NPs for tar-

geting photothermal therapy of cancer cells by use of

the specific affinity between c(RGDyK) and avb3

integrin combined a seeded growth method and

strain-promoted click chemistry. Our procedure

offers a simple route to develop novel functional TiO2

NPs and opens up new ideas for multiple applica-

tions of TiO2 NPs in the field of biomedical

application.
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