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Abstract 

Two-dimensional (2D) Titanium nanosheets (Ti NSs) have shown many excellent properties, such as nontoxicity, satis-
factory photothermal conversion efficacy, etc. However, the biomedical applications of Ti NSs have not been inten-
sively investigated. Herein, we synthesized a multifunctional Ti NS drug delivery system modified with polydopamine/
polyethylene glycol (Ti@PDA-PEG) and applied simultaneously for photothermal therapy and chemotherapy. Doxo-
rubicin (DOX) was utilized as a model drug. Ti@PDA-PEG NS shows an ultrahigh antitumor drug DOX loading (Ti@
PDA-PEG-DOX). The prepared Ti@PDA-PEG-DOX NS as robust drug delivery system demonstrates great stability and 
excellent multi-response drug-release capabilities, including pH-responsive and near-infrared -responsive behavior 
and obviously high photothermal efficiency. Both in vitro and in vivo experimental results have shown high biosafety 
and outstanding antitumor effects. Therefore, this work exhibits the enormous potential of a multifunctional platform 
in the treatment of tumors and may stimulate interest in the exploration of other new 2D nanomaterials for biomedi-
cal applications.
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Introduction
Photothermal therapy (PTT) is a typical antitumor tech-
nology. Photoenergy is converted into heat by photo-
thermal agents (PTAs) under near-infrared (NIR) laser 
irradiation at tumor sites, which can destroy tumor tis-
sues without harming healthy tissues by providing a 
spatiotemporally controllable thermal effect within the 
light-irradiated area [1]. However, single-photothermal 
therapy has difficulty eliminating tumor cells due to light 
scattering and absorption in tumor sites [2–4]. Therefore, 
PTT in combination with chemotherapy has attracted 
widespread attention in tumor treatment. According to 
reports [5, 6], combination therapy was better than indi-
vidual therapeutic models for antitumor therapy, which 
could improve tumor treatment efficacy, elevate long-
term prognosis and reduce drug side effects.

Recently, two-dimensional (2D) nanomaterials have 
been considered promising PTAs in the field of PTT and 
other antitumor therapy combined with PTT. In 2004, 
graphene was successfully prepared [7], which was a 
milestone among 2D nanomaterials. Then, an increas-
ing number of 2D nanomaterials have been explored [8], 
such as graphene derivatives, MXenes [9], BP nanosheets 
(NSs) [10], transitional metal dihalcogenides [11, 12], and 
Pd NSs [13]. Compared to other nanomaterials, 2D nano-
materials have many advantages including the number of 
layers of 2D nanomaterials being changed to adjust their 
optical properties [14] and their large surface area load-
ing other molecules for combined therapy [15]. Titanium 

(Ti) and its alloys, such as  Ti3C2 [16],  TiS2, and TiN, have 
attracted extensive research interest in various fields, 
including physics, energy evolution and medical mate-
rials. In particular, Ti and its alloys have become one of 
the most attractive materials in the field of biomaterials 
for the replacement or repair of artificial joints, dental 
implants, interventional cardiovascular stents, etc. Ti 
NS, as a new and economic 2D nanomaterial, has shown 
satisfactory photothermal conversion efficacy and good 
biosafety. However, there are few reports about the bio-
medical applications of 2D Ti NSs, especially in the field 
of drug delivery systems.

According to a previous report [17], Ti NSs displayed 
strong NIR light absorbance and outstanding photother-
mal conversion capability, and the photothermal conver-
sion efficiency (PTCE) value was calculated to be as high 
as 61.5%. The PTCE value of Ti NSs was significantly 
larger than that of other important photothermal agents, 
such as Au nanoparticles (21%) [18],  MoS2 (24.4%) [19], 
and antimonene NSs (41.8%) [20]. However, the appli-
cation of 2D Ti NSs in medical materials is largely lim-
ited, partially due to their instability and easy oxidation 
in vitro and in vivo. Herein, a polydopamine (PDA) layer 
was coated on the surface of Ti NS to improve its prop-
erty [21]. Since 2007, Messersmith et  al. [22] proposed 
a simple surface modification method based on dopa-
mine. In recent years, PDA modification has been widely 
used in the biological field due to its high biocompat-
ibility, excellent functional platform, biodegradation at 
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low pH values and potential photothermal properties. 
On the whole, the PDA shell could not only improve Ti 
NS stability but also further serve as a platform for sec-
ondary modification. To improve the therapeutic effect 
and safety, polyethylene glycol (PEG) was introduced to 
increase the retention time of NSs in the blood circula-
tion and enhance the drug delivery ability at the tumor 
site [23]. In addition, it is crucial to load effective anti-
tumor drug on nanomaterials to strengthen antitumor 
function.

In this work, we designed and fabricated a multifunc-
tional nanoplatform based on Ti NSs applied simultane-
ously for photochemo tumor therapy, which utilized Ti@
PDA-PEG NSs as PTAs and doxorubicin (DOX) as the 
chemotherapeutic agent. The PDA film was coated on 
Ti NSs to stabilize the nanoplatform before use in  vivo 
and further connected to mPEG-SH via Michael addi-
tion. Finally, DOX-loaded Ti@PDA-PEG NSs formed the 
entire drug delivery system (Ti@PDA-PEG-DOX). Under 
NIR laser irradiation, the prepared multifunctional nano-
platform for PTT combined with chemotherapy showed 
significant tumor inhibition in  vitro and in  vivo. Based 
on these studies, the Ti@PDA-PEG-DOX NS drug deliv-
ery platform could be promising in antitumor treatment, 
which also further boosted the research of other novel 
2D nanomaterials in the field of biomedicine.

Experimental section
Materials
Doxorubicin hydrochloride, dopamine hydrochlo-
ride and Cy5 were purchased from Aladdin (Shanghai, 
China). mPEG-SH, 5000  Da was purchased from Pon-
sure. Tris-(hydroxymethyl) aminomethane (tris) was 
obtained from Sangon Biotech (Shanghai, China). Iso-
propyl alcohol (IPA, HPLC grade) was purchased from 
Sinopharm Chemical Reagent. RPMI1640 was purchased 
from Gibco Life Technologies. Unless otherwise stated, 
other reagents were of analytical grade.

Synthesis of Ti@PDA‑PEG‑DOX NSs
Preparation of Ti NSs
Ti nanosheets were prepared using a modified liquid-
phase exfoliation of the corresponding bulk sample [17]. 
First, 200  mg of Ti powder was dispersed in 25  mL of 
isopropyl alcohol (IPA). Then, the mixture solution was 
sonicated for 24  h in an ice bath at a power of 520  W, 
and sonication was set to an on/off cycle of 2 s/2 s. After 
sonication, the obtained brown dispersions were centri-
fuged at 6000 rpm for 15 min to discard the unexfoliated 
Ti powder. Finally, the collected supernatant was centri-
fuged at 12,000 rpm for 40 min to remove IPA, and the 
precipitate was dried in a vacuum freeze drier. The dried 

Ti nanosheets (NSs) were packaged in tin foil to avoid 
oxidation and stored at 4 °C for further use.

Preparation of Ti@PDA‑PEG NSs
The PDA layer was obtained on the surface of Ti NSs 
by oxidation and self-polymerization of dopamine in a 
weak alkaline solution. Briefly, 5 mg of dopamine hydro-
chloride was dissolved in 10  mL of Tris–HCl (0.01  M, 
pH = 8.5) buffer solution, and then 10  mg of Ti NSs 
was added to the dopamine hydrochloride solution. 
Afterward, the mixed solution was stirred (250  rpm) 
in the dark at room temperature overnight. To remove 
free dopamine, the reaction solution was centrifuged 
(12,000  rpm, 40  min) and washed using deionized (DI) 
water.

To graft PEG, 10 mg of Ti@PDA NSs was dispersed in 
10 mL DI water with predissolved 30 mg mPEG-SH, and 
NaOH solution was added to adjust the pH value of the 
solution to 8.0. After stirring (250 rpm) overnight in the 
dark at room temperature, the obtained product was cen-
trifuged (12,000 rpm, 40 min) and washed with DI water 
three times except for unbound mPEG-SH. Subsequently, 
the Ti@PDA-PEG NS samples were dried in a vacuum 
freeze drier and stored at 4 °C before use.

Drug loading
For DOX loading, the prepared Ti@PDA-PEG NSs (1 mg) 
were dispersed into phosphate-buffered saline (PBS, 
pH = 7.4) and then mixed with different doses of free 
DOX solution to final concentrations of 0.2, 0.4, 0.8 mg/
mL at different feeding ratios (DOX/Ti@PDA-PEG NSs 
feeding ratio = 1.0, 2.0, 4.0). The mixtures were incubated 
for 24 h in the dark in a shaker at 37 °C and centrifuged at 
12,000 rpm for 30 min. DI water washed the precipitate 
to remove the remaining DOX. Cy5-loaded Ti@PDA-
PEG NSs were prepared using a similar method. All the 
supernatant was collected, and its absorbance at 480 nm 
was measured by a UV–vis spectrophotometer. The load-
ing efficiency (LE%) of DOX was calculated using the for-
mula below:

where  mo and  mr display the mass of the original and 
residual DOX in solution, respectively.

Material characterization
The morphology and size of nanosheets were charac-
terized by transmission electron microscopy (TEM, 
HT7700 Exalens, Hitachi, Japan). Atomic force micros-
copy (AFM) images were acquired using a Bruker Dien-
sion Icon microscope (USA). The size/polydispersity 
index and zeta potential of the samples were measured 

LE (%) =
mo −mr

mTi@PDA - PEG
× 100%,
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on a NanoBrook Omni (NanoBrook Omni, Brookhaven 
Instruments Co, USA). UV–vis–NIR absorption spectra 
were collected using a UV–vis–NIR spectrophotometer 
(UV1800PC, JING HUA Instruments, China). Raman 
spectra were obtained on a high-resolution confocal 
Raman microscope (Thermo Fisher DXR 2xi, USA). The 
chemical compositions of the Ti NSs, Ti@PDA NSs, 
Ti@PDA-PEG NSs and Ti@PDA-PEG-DOX NSs were 
analyzed by X-ray photoelectron spectroscopy (XPS, 
Thermo Scientific ESCALAB 250Xi, USA). Fourier trans-
form infrared spectroscopy (FTIR) was carried out on an 
IRTracer-100 (Japan) using the KBr method to monitor 
the synthesis process of the nanosheets.

Stability evaluation of Ti@PDA‑PEG‑DOX NSs
For the stability study, Ti@PDA-PEG-DOX NSs (100 μg/
mL) were incubated in water, PBS or cell culture medium. 
The dispersion state of samples in the different media was 
observed and imaged after 72  h. The particle size and 
polydispersity index of the Ti@PDA-PEG-DOX NS aque-
ous solution was measured at predetermined time inter-
vals to study its stability within 72 h. Ti@PDA-PEG-DOX 
NS aqueous solution was stored at room temperature 
and protected from light.

Evaluation of photothermal property
To investigate the effect of the photothermal conditions, 
the photothermal properties of aqueous solutions of dif-
ferent NSs (Ti NSs, Ti@PDA NSs, Ti@PDA-PEG NSs) 
at different concentrations (0–200  μg/mL) were meas-
ured by exposure to an 808 nm NIR laser (Beijing Laser-
wave Electronic Technology Co., Ltd., Beijing, China) at 
a power density of 1.1  W/cm2 for 10  min. To study the 
influence of power density on photothermal perfor-
mance, Ti@PDA-PEG NS solution (100 μg/mL) was irra-
diated under an NIR laser at different power densities 
(0.5–1.5 W/cm2). In addition, the Ti@PDA-PEG NS solu-
tion (100 μg/mL) was irradiated using an 808 nm laser on 
and off for five cycles to assess their photothermal sta-
bility. The temperature changes of the different aqueous 
solutions were recorded using an infrared thermal cam-
era (HT-H8 Infrared Camera, XINTEST).

In vitro pH‑responsive and NIR‑responsive release of DOX 
from Ti@PDA‑PEG‑DOX NSs
To assess the DOX release profile of Ti@PDA-PEG-
DOX NSs, 4  mL of Ti@PDA-PEG-DOX NSs solution 
was transferred a dialysis bag (MWCO = 8–14 kDa), and 
merged in 36 mL PBS at one of two different pH values 
(pH = 7.4 or 5.5).The in vitro release experiment was car-
ried out in the shaker (37 °C, 120 rpm) for 72 h. During 
the incubation process, 4  mL of outside release media 

was removed at different time points to detect absorb-
ance at 480  nm to determine the amount of released 
drug, and fresh PBS solution of the same volume and pH 
value was added. To investigate NIR-triggered release, 
the experiments were carried out at pH = 5.5 and irra-
diated with an 808  nm NIR laser at a power density of 
1.1 W/cm2 over a period of 5 min.

Cellular experiments
Cell culture
The 4T1 cell line was cultured in RPMI 1640 culture 
medium supplemented with antibiotics penicillin (100 U/
mL) and streptomycin (100  μg/mL) containing 10% 
(v/v) fetal bovine serum. Cells were incubated in a 5% 
 CO2-humidified atmosphere at 37 °C.

In vitro biocompatibility assay of Ti@PDA‑PEG NSs
The cytobiocompatibility of Ti@PDA-PEG NSs to cells 
was determined by Cell Counting Kit-8 (CCK-8) assay. 
First, the prepared 4T1 cell suspension was inoculated at 
a density of 5 ×  104 into a 96-well plate and cultured in an 
atmosphere containing 5%  CO2 at 37 °C for 24 h. Subse-
quently, the earlier medium was replaced with 100 µL of 
fresh medium containing different concentrations of Ti@
PDA-PEG NSs (0–100 µg/mL) and incubated for an addi-
tional 24  h. Then, 10  µL CCK-8 solution was added to 
each well, and the whole plate was incubated for another 
2 h. Finally, the absorption of each well was measured at 
450  nm using an enzyme labeling instrument, and the 
cell viability was calculated by comparison with a control 
group using the following equation.

In vitro evaluation of cell cytotoxicity
To evaluate the toxic effect of Ti@PDA-PEG-DOX NSs 
in vitro, 4T1 cells were cultured in RPMI 1640 medium. 
The treatment groups included (1) the control group, 
(2) NIR irradiation group, (3) Ti@PDA-PEG NSs group, 
(4) Ti@PDA-PEG NSs + NIR irradiation group, (5) free 
DOX group, (6) Ti@PDA-PEG-DOX NSs group and (7) 
Ti@PDA-PEG-DOX NSs + NIR irradiation group. The 
DOX concentration was equivalent to 50  μg/mL, and 
the Ti@PDA-PEG NS concentration was approximately 
40 µg/mL. 4T1 cells (cell density of 5 ×  104) were seeded 
in 96-well plates at a dose of 100  μL per well and cul-
tured for 24 h. Then, the culture medium was discarded, 
and new medium containing samples was added to the 
96-well plate according to the different groups. Group 

Cell viability(%) =
ODsample −ODblank

ODcontrol −ODblank
× 100%.
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2, Group 4 and Group 7 were irradiated with an 808 nm 
NIR laser (1.1  W/cm2) for 5  min. After incubation for 
18  h, the percentage of cell viability was determined by 
CCK-8 analysis as described above.

Cellular uptake
To study the cellular uptake of Ti@PDA-PEG-DOX NSs 
using a fluorescence microscope. A total of 5 ×  104 4T1 
cells were seeded into 6-well plates and incubated for 
24 h. Then, the culture medium was replaced with fresh 
media containing Ti@PDA-PEG-DOX NSs (Ti@PDA-
PEG NS concentration: ~ 40  µg/mL, DOX concentra-
tion: ~ 50  µg/mL). After 5  min incubation with/without 
NIR laser irradiation (808  nm, 1.1  W/cm2), the 6-well 
plate was placed in a 37  °C, 5%  CO2 incubator for 4  h. 
Afterward, the cells were washed three times with PBS, 
fixed using 4% paraformaldehyde solution and stained 
with DAPI for nuclear staining. Then, the cells were 
rinsed again with PBS and imaged using a fluorescence 
microscope.

In vivo antitumor study
Establishment of tumor models
Healthy female mice aged 5–6 weeks (approximately 18 g, 
BALB/c) were purchased and fed in a standard labora-
tory. All animal experimental procedures were approved 
by the Animal Ethics Committee of China Pharmaceuti-
cal University. To establish the tumor models, 4T1 cell 
suspensions (100 μL) in PBS at a density of 7 ×  106 cells 
were injected subcutaneously into the armpit of the right 
limb. The tumor sizes were measured daily using a digi-
tal Vernier caliper to quantify tumor growth. When the 
average tumor volume of the mice reached approximately 
150  mm3, drug delivery to the mice was carried out. The 
tumor volume of the mice was calculated by the formula: 
V = 0.5 × L ×  W2 (V: volume, L: tumor length, W: tumor 
width).

In vivo fluorescence imaging and biodistribution analysis
To investigate the in  vivo biodistribution, 4T1 tumor-
bearing female mice were given an intravenous injection 
of Cy5-loaded Ti@PDA-PEG NSs (the dosage of Cy5 was 
equivalent to 1 mg/kg for each mouse) via the tail vein. 
At fixed time points (1, 2, 4, 8, 12, and 24  h postinjec-
tion), in  vivo fluorescence imaging experiments were 
performed using the IVIS Lumina III In  Vivo Imaging 
System (PerkinElmer, USA) after anesthetizing the mice 
with 10% chloral hydrate solution. Finally, the mice were 
sacrificed, and major organs, including the heart, liver, 
spleen, lung, kidney and tumor tissue, were excised and 
imaged immediately.

Infrared thermal imaging
To investigate the effect of photothermal application 
in vivo, BALB/c mice bearing 4T1 tumors were utilized 
as the animal model for the experiments. 4T1 tumor-
bearing mice were injected intravenously with normal 
saline (NS) and Ti@PDA-PEG-DOX NSs (the dosage 
of Ti@PDA-PEG NSs ~ 5  mg/kg, the dosage of DOX 
~ 6  mg/kg). Twenty-four hours post administration [24, 
25], the mice were anesthetized, and the tumor sites were 
irradiated with an 808 nm laser for 5 min (power density 
of 1.1 W/cm2). During irradiation, photothermal images 
of the tumor site were recorded by an IR camera (HT-H8 
Infrared Camera, XINTEST) at a fixed time interval.

In vivo antitumor study
When the tumor volume reached approximately 
150   mm3, 4T1 tumor-bearing mice were randomly 
assigned into five groups (5 mice per group): (1) normal 
saline (NS) group, (2) Ti@PDA-PEG NSs + NIR irradia-
tion group, (3) DOX group, (4) Ti@PDA-PEG-DOX NSs 
group, and (5) Ti@PDA-PEG-DOX NSs + NIR irradia-
tion group. The dose was ~ 6 mg/kg in terms of DOX, and 
the dose was ~ 5  mg/kg in terms of Ti@PDA-PEG NSs. 
The tumor sites of Group 2 and Group 5 were irradiated 
by an 808  nm laser (1.1  W/cm2, 5  min) at 24  h postin-
jection. Groups 1, 3 and 4 were injected intravenously 
with 100  μL of sample solution on treatment Days 0, 4 
and 8, and only one treatment was performed on Day 0 
for Groups 2 and 5. The tumor volume and body weight 
of the treated mice were recorded at 2-day intervals for 
14 days. At the end point of the animal experiment, the 
mice were euthanized. The tumors and the main organs 
(heart, liver, spleen, lung, kidney) were collected for fur-
ther studies (H&E and TUNEL assay).

Statistical data analysis
The experimental data are shown as the mean ± stand-
ard deviation (n = 3), and the experimental results were 
analyzed by STATISTICA 6.0. Statistical significance 
was assigned to *p < 0.05, **p < 0.01 and ***p < 0.001 as 
extreme statistical significance.

Results and discussion
Synthesis and characterizations of Ti@PDA‑PEG‑DOX NSs
The synthetic process of Ti@PDA-PEG-DOX NSs is 
shown in Scheme  1. First, according to the previously 
reported method [17], Ti NSs were prepared using a 
modified liquid exfoliation technique from bulk Ti in IPA. 
Afterward, a thin PDA film was modified on the surface 
of Ti NS through oxidative self-polymerization of dopa-
mine in Tris buffer (pH = 8.5). The PDA shell improved 
the stability of bare Ti and provided an ideal platform 
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for the secondary modification of NSs. Then, mPEG-SH 
was introduced to the layer of PDA by a Michael addition 
reaction to further improve the behaviors of Ti@PDA 
NSs. Finally, DOX was loaded into Ti@PDA-PEG NSs via 
π–π stacking [26], hydrophobic interactions [27], elec-
trostatic interactions [28, 29], or the interaction between 
DOX (–NH2) and the functional moieties of PDA (qui-
none-like structure) [30], which achieved ultrahigh DOX 
loading. At our test dose, the highest DOX loading capac-
ity of Ti@PDA-PEG NSs reached 276% (Additional file 1: 
Fig. S1).

The morphology and size of Ti NSs, Ti@PDA NSs, 
Ti@PDA-PEG NSs and Ti@PDA-PEG-DOX NSs were 
observed using a transmission electron microscope 
(TEM, Fig. 1A, B and Additional file 1: Fig. S2). The liq-
uid-exfoliated Ti NSs showed an ultrathin nanosheet 
morphology and an average size of ≈ 100  nm in TEM 
images. The thickness of Ti NSs and Ti@PDA NSs was 
determined by atomic force microscopy (AFM, Fig. 1C–
F). The thickness of Ti NSs was approximately 7 nm, and 
the thickness of Ti@PDA increased to approximately 
9 nm because of the PDA coating on the Ti NS surface. 
Dynamic light scattering (DLS) analysis results (Fig.  1G 
and Additional file 1: Fig. S3) indicated that Ti NSs were 
dispersed in water with a hydrodynamic diameter of 
approximately 150 nm, which was larger than the size of 
the nanosheets obtained from TEM. These results were 
mainly due to different sample states involved in the 
measurement processes. The hydration radius of the nan-
oparticles or the hydrodynamic diameter (hydrated state) 

of the aggregate after the agglomeration of nanoparticles 
were measured by DLS, whereas TEM often gives the 
size of the dried nanosheets [31, 32].

The zeta potential of different samples was investigated 
(Fig.  1H). Bare Ti NSs had a zeta potential of − 35  mV, 
and the zeta potential of Ti@PDA NSs increased to 
− 23 mV. This change in value could be attributed to the 
deprotonation of phenolic hydroxyl groups of the PDA 
shell at neutral pH [33]. When Ti@PDA-PEG NSs were 
loaded with DOX, their zeta potential was − 1.1 mV due 
to the positively charged amino groups on DOX [34]. A 
slightly negative charge would be fit for cell accessibility 
[35]. The absorption spectra showed that Ti NSs and Ti@
PDA-PEG-DOX NSs had broad and strong absorption 
bands covering the UV to NIR regions (Additional file 1: 
Fig. S4). To use the NIR transparent window between 
700 and 1000  nm of biological tissues for PTT, strong 
absorptance in the NIR region is necessary [36]. The Ti@
PDA-PEG-DOX NS solution exhibited a strong UV–vis 
absorption peak at approximately 480  nm, further con-
firming the successful modification of DOX molecules.

Raman spectroscopy was performed to character-
ize the bulk Ti and exfoliated Ti NSs (Fig.  1I), which 
showed similar Raman peaks. For bulk Ti, the  Eg peak 
at ≈ 145.9   cm−1 was observed, which is a well-known 
Eg mode of hcp titanium [37]. A peak at ≈ 147.5   cm−1 
of the exfoliated Ti NSs implies a slight blueshift for the 
ultrathin Ti NSs. The peaks at ~ 242  cm−1 for both bulk 
Ti and exfoliated Ti NSs were caused by the rocking 
vibration of the titanium-oxygen (Ti–O) bond of rutile 

Scheme 1 Schematic illustration of the synthesis of a multifunctional Ti@PDA-PEG-DOX nanosheet drug delivery system and the combined 
photothermo-chemotherapy of tumor cells
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 TiO2 [38]. The background signal of the silicon substrate 
(with the peak at approximately 300   cm−1) could be 
observed for all samples. The result shows that the struc-
ture of exfoliated Ti NSs was the same as bulk Ti.

The chemical components of the nanosheets were ana-
lyzed by X-ray photoelectron spectroscopy (XPS, Fig. 1J, 
K). Compared with the spectra of the bare Ti NSs, the 
N1s peak at a binding energy of ∼ 400 eV in the spectra 

Fig. 1 A, B TEM image of Ti NSs and Ti@PDA NSs. C, D AFM image of Ti NSs and Ti@PDA NSs. E, F Thickness measured from C and D. G Size 
distribution of the Ti NSs by DLS. H Zeta potentials of Ti NSs, Ti@PDA NSs, Ti@PDA-PEG NSs and Ti@PDA-PEG-DOX NSs. I Raman spectra acquired 
from the Ti NSs and bulk Ti. J, K XPS spectra of Ti NSs, Ti@PDA NSs, Ti@PDA-PEG NSs and Ti@PDA-PEG-DOX NSs, J survey spectrum. K Ti 2p spectrum. 
L FT-IR spectra of the Ti-based NSs
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of Ti@PDA NSs and Ti@PDA-PEG NSs was observed, 
which confirmed the presence of a PDA layer. Further-
more, the Ti 2p peak intensity of Ti, Ti@PDA, Ti@PDA-
PEG and Ti@PDA-PEG-DOX NSs showed a gradual 
decreasing trend, while the intensity of C1s gradually 
increased. These results implied that the corresponding 
compounds had been successfully modified. The low C ls 
peak in the spectra of Ti NSs may be attributed to envi-
ronmental pollution. The O 1  s peak at ~ 530  eV in the 
bare Ti NSs corresponds to the  O2− binding energy of Ti–
OH groups [39], which may be due to Ti–O combined in 
solution or Ti NS oxidation in air. In Fig. 1K, a shift of Ti 
2p peaks in the spectra indicated that the chemical states 
of the samples changed from an oxide state to a subox-
ide state with the modification of nanosheets [40, 41], 
which further demonstrated that the modification could 
improve the stability of pure Ti NSs.

Figure  1L shows the Fourier transform infrared spec-
tra (FT-IR) of Ti, Ti@PDA, Ti@PDA-PEG and Ti@PDA-
PEG-DOX NSs. The adsorption peak at ~ 3437   cm−1 
could be ascribed to the O–H stretching mode. The –
OH group was produced by Ti–O [42, 43], and the pres-
ence of Ti–O on the surface of Ti NSs was confirmed 
by Raman measurements and XPS. After surface coat-
ing with the PDA layer, a peak at ~ 1477   cm−1 was dis-
played, which was due to the skeleton vibration from the 
benzene ring of PDA. The peaks at ~ 1274   cm−1 can be 
assigned to C–N stretching vibrations. For the PEGylated 
Ti@PDA NSs, the absorption peak at ∼ 2876   cm−1 was 
assigned to the C–H stretching vibration mode from  CH2 
of PEG, and the adsorption band at ~ 1108  cm−1 could be 
ascribed to the C–O stretching mode. Fourier transform 
infrared (FTIR) spectroscopy of Ti@PDA-PEG-DOX NSs 
showed several absorption signals of DOX. The charac-
teristic adsorption peaks at approximately 692   cm−1, 
809   cm−1, 995   cm−1, 1285   cm−1 and 1528   cm−1 can be 
assigned to the weak deformation vibration of the ben-
zene ring [44], the vibration of the single oxygen six-
membered ring, the C–C–C bending vibration of the 
ketone group, the C–H vibration of the single oxygen 
six-membered ring and the C–C vibration of the benzene 
ring, respectively [45]. The FT-IR results indicated that 
the Ti@PDA-PEG-DOX NS nanoplatform was synthe-
sized successfully.

Stability study of Ti@PDA‑PEG‑DOX NSs
Ti@PDA-PEG-DOX NSs were excellently stable in vitro 
within 72 h when incubated in water, phosphate buffered 
saline (PBS, pH = 7.4), or RPMI 1640 medium contain-
ing 10% fetal bovine serum (FBS) (Additional file 1: Fig. 
S5), and the color and dispersion of the test solution 
remained unchanged. This was further confirmed by the 
hydrodynamic diameter of the Ti@PDA-PEG-DOX NS 

aqueous solution without changing for 72 h (Additional 
file 1: Fig. S6).

Evaluation of photothermal performance
The photothermal efficiency of Ti-based NSs was fur-
ther investigated in  vitro by recording the temperature 
changes under irradiation with an 808 nm NIR laser. As 
previously reported [46], 808  nm laser has the highest 
equilibrium point among tissue penetration, tissue self-
heating, and photothermal conversion of photothermal 
agents, which is the main reason that 808 nm laser is pre-
ferred for evaluating photothermal conversion efficiency. 
As depicted in Fig. 2A, for water and aqueous solutions 
of Ti NSs, Ti@PDA NSs, Ti@PDA-PEG NSs, tempera-
ture increased by 0.9  °C, 36.3  °C, 38.3  °C and 42.2  °C, 
respectively upon NIR laser irradiation (808 nm, 1.1 W/
cm2, 10 min). The results showed that Ti-based NSs had 
amazing photothermal conversion capability. Moreover, 
the Ti@PDA NS solution had the highest temperature 
increase among the four samples, suggesting that the 
PDA coating also has photothermal conversion efficiency. 
In addition, the temperature of Ti@PDA-PEG NSs fol-
lowed a dose-dependent and laser power-dependent rela-
tionship (Fig.  2B, C). According to pioneering reports, 
43.0 °C is the critical temperature to induce the death of 
tumor cells [47, 48]. From the results of photothermal 
performance research, Ti@PDA-PEG NSs could eas-
ily achieve a critical temperature or higher temperature 
at low concentrations or short-term laser irradiation. As 
shown in Fig. 2D, the stability of the photothermal effect 
was assessed using an 808  nm laser (power density of 
1.1 W/cm2) on/off for 5 cycles. The highest temperature 
of Ti@PDA-PEG NSs had no significant change, reveal-
ing the excellent photothermal stability of the nanocar-
rier. Taken together, this evidence indicated that Ti@
PDA-PEG NSs are highly promising PTAs.

In vitro pH‑responsive and NIR‑responsive drug release
The drug-release performance of Ti@PDA-PEG-DOX 
NSs was evaluated under different pH values (pH 7.4 
and pH 5.5) with or without 808  nm laser irradiation 
(Fig. 3A). Within 72 h, only approximately 11.3% of DOX 
was released from the Ti@PDA-PEG-DOX NSs at pH 
7.4, while the release of DOX was elevated to approxi-
mately 26.7% at pH 5.5 over the same time period. The 
pH-dependent DOX release pattern may be attributed 
to the gradual degradation of the PDA layer and the 
increased protonation of the amino group in DOX mole-
cules in an acidic solution [30]. Given the acidic microen-
vironments of tumors and intracellular acidic endosomes 
and lysosomes [49], this pH-responsive release of drugs 
will benefit the application of Ti@PDA-PEG-DOX NSs 
for tumor therapy. After NIR laser irradiation for 5 min at 
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certain time intervals at pH 5.5, the accumulated release 
of DOX was increased to 45.0% within 72  h, indicating 
that NIR triggered accelerated DOX release by Ti@PDA-
PEG-DOX NSs [50]. NIR-responsive accelerated DOX 
release could be ascribed to the photothermal property 
of Ti@PDA-PEG NSs, which made the local temperature 
rise under irradiation weaken the interaction between 
DOX and the drug carrier. In short, the pH-responsive 
and NIR-responsive drug release behavior revealed that 
the Ti@PDA-PEG-DOX NS drug-delivery nanoplatform 
was an excellent candidate for antitumor therapy.

In vitro cytotoxicity assessment
The biocompatibility of Ti@PDA-PEG NSs for 4T1 cells 
was evaluated by CCK-8 assay in vitro. As Fig. 3B shows, 
when the concentration of Ti@PDA-PEG NSs was as 
high as 100  μg/mL, the viability of 4T1 cells remained 
above 94%. The results suggest that Ti@PDA-PEG NSs 
have excellent biocompatibility as drug carriers.

4T1 cells were incubated with different samples with or 
without NIR irradiation (808 nm, 1.1 W/cm2, 5 min) for 
24 h to study the cytotoxicity of NSs in vitro. As shown 
in Fig.  3C, the cell viability of the NIR group and Ti@

Fig. 2 A Temperature elevation curves of water, Ti, Ti@PDA, and Ti@PDA-PEG solutions under 808 nm laser irradiation (1.1 W/cm2). B Temperature 
increase of different concentrations of Ti@PDA-PEG NSs upon irradiation (808 nm, 1.1 W/cm2). C Photothermal heating curves of 100 μg/mL Ti@
PDA-PEG NS solution under various power intensities. D Temperature alternation of Ti@PDA-PEG NSs (100 μg/mL) solution under irradiation at 
808 nm at a power density of 1.1 W/cm2 for five laser on/off cycles
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PDA-PEG NSs group was similar to that of the nega-
tive control group, indicating negligible cytotoxicity 
using laser irradiation alone or Ti@PDA-PEG NSs alone 

in vitro. In addition, Ti@PDA-PEG-DOX NSs showed a 
slightly higher inhibition rate than free DOX at the same 
DOX concentration level, which may be attributed to the 

Fig. 3 A DOX release from Ti@PDA-PEG-DOX NSs in vitro at different pH values with/without an 808 nm NIR laser (1.1 W/cm2, 5 min). B Effect of 
different concentrations of Ti@PDA-PEG NSs on cell viability. C Cell viability of 4T1 cells with different treatments. D Fluorescence images of 4T1 
cells treated with Ti@PDA-PEG-DOX NSs with/without laser irradiation for 5 min (original magnification, ×400). E In vivo fluorescence imaging of 
4T1 tumor-bearing mice at different time points that received Cy5-labeled Ti@PDA-PEG NSs via tail intravenous injection and ex vivo fluorescence 
images of major organs and tumors after systemic administration at 24 h
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responsive release of DOX [30]. Notably, when the Ti@
PDA-PEG NS group was exposed to laser irradiation, the 
viability of 4T1 cells was decreased to only 61%. While 
the Ti@PDA-PEG NS group was combined with both 
DOX loading and NIR laser irradiation, the growth of 
cells was obviously inhibited (15%). The results demon-
strate that PTT combined with chemotherapy is better 
than the sole therapy effect and that Ti@PDA-PEG-DOX 
NSs have great potential as multifunctional nanoplat-
forms for enhancing tumor therapeutic effects.

Cellular uptake
The cellular uptake of the control group, Ti@PDA-PEG-
DOX NSs group, and Ti@PDA-PEG-DOX NSs + NIR 
irradiation group was observed in  vitro by fluorescence 
microscopy (Fig.  3D). The blue and red fluorescence 
signals are from the DAPI-stained nuclei and DOX, 
respectively. The red fluorescence in both the cytoplasm 
and nucleus of the Ti@PDA-PEG-DOX NS group with 
irradiation was stronger than that of the Ti@PDA-PEG-
DOX NS group without irradiation at the same incu-
bation time. This is because the local temperature rises 
under radiation accelerated the release of DOX from Ti@

PDA-PEG-DOX NSs [51, 52]. No red fluorescence signal 
in the picture of the control group was observed.

In vivo imaging and biodistribution analysis
After tail vein injection, the biodistribution and tumor 
accumulation of Cy5-labeled Ti@PDA-PEG NSs were 
monitored in 4T1 tumor-bearing mice at determined 
time points using an in vivo imaging system (Fig. 3E). As 
time passed, the fluorescence signals of the tumor sites 
gradually increased. Meanwhile, the fluorescence signals 
at the tumor sites remained very strong even 24 h after 
injection, which was attributed to the prolonged reten-
tion of NSs in the tumor via blood circulation and the 
enhanced permeability and retention (EPR) effect [53]. 
The right side of Fig.  3E shows an ex  vivo fluorescence 
image of excised main organs (heart, liver, spleen, lung, 
kidney) and tumor tissue after the experiment was fin-
ished. Fluorescence signals were observed in the liver, 
tumor and spleen, and the higher fluorescence signals 
in the liver may be due to the absorption of NSs by the 
reticuloendothelial system. The overall results demon-
strated the promise of Ti@PDA-PEG-DOX NSs for sys-
tematic delivery in tumor treatment.

Fig. 4 A In vivo infrared thermal images. B Images of tumors in each group removed from the sacrificed mice at the end point of the study. C, D 
Tumor volume growth curve and body weight change curve of 4T1 tumor-bearing mice after intravenous injection with normal saline (NS), Ti@
PDA-PEG NSs, free DOX, Ti@PDA-PEG-DOX NSs and Ti@PDA-PEG-DOX NSs with or without NIR laser irradiation. E Tumor weight of each group taken 
from the sacrificed mice after the experiment was finished. (*P < 0.05, **P < 0.01, ***P < 0.001)
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In vivo photothermal effects
As shown in Fig. 4A, the tumor surface temperatures of 
the mice increased from approximately 34.6 °C to 48.1 °C 
within 5 min under NIR irradiation (808 nm, 1.1 W/cm2) 
after intravenous injection of Ti@PDA-PEG-DOX NSs, 
owing to the excellent photothermal effects of Ti@PDA-
PEG NSs. Elevated temperature at the tumor surface was 
enough to trigger drug release based on the in vitro stud-
ies and even led to tumor ablation [54, 55]. In contrast, 
the mice treated with normal saline (NS) did not show 
obvious temperature changes at the tumor site after laser 
irradiation. In summary, Ti@PDA-PEG-DOX NSs are 
outstanding photothermal conversion capacity in vivo.

In vivo antitumor study
The antitumor efficacy was assessed in a 4T1 tumor-
bearing BALB/c mouse model. As depicted in Fig. 4B, C 
and E, the tumors of the normal saline (NS) group grew 
fastest and formed the largest solid tumor. The tumor 
tissue of the Ti@PDA-PEG NSs + NIR irradiation group 
also grew rapidly due to the poor antitumor effect of 
a single photothermal treatment. As we expected, the 
tumor volume of the Ti@PDA-PEG-DOX NSs group 
was better than that of the free DOX group. Particularly, 
as evidenced by the smallest tumor volume, the group 
treated with Ti@PDA-PEG-DOX NSs + NIR laser irra-
diation had the best antitumor effect. This was ascribed 
to the fact that the EPR effect led to more accumulation 
of NSs, while the heat produced by NIR irradiation could 

induce the release of DOX from Ti@PDA-PEG-DOX NSs 
and promote the endocytosis of nanomaterials [56]. Con-
sequently, the results soundly implied a satisfactory treat-
ment effect of Ti@PDA-PEG-DOX NSs combined with 
NIR irradiation on tumor development.

The mice were weighed during the whole experiment 
to evaluate the safety of each treatment plan. As shown 
in Fig. 4D, the trend of change in the body weight in the 
free DOX group showed a downtrend compared with 
the other groups, reflecting that the free DOX formu-
lation had a toxic effect. The mice in the other groups 
showed slight increases or slight fluctuations in body 
weight throughout the treatment period, indicating 
the safety and very low toxicity of loading DOX onto 
Ti@PDA-PEG NSs. This finding supported that the 
Ti@PDA-PEG-DOX NS drug delivery system is more 
biosafe than free DOX.

The antitumor effect of NSs was further investigated 
by immunohistochemical analysis (H&E and TUNEL 
assays). The apoptosis of tumor cells in the tumor tissue 
was assessed by a TUNEL detection kit (green fluores-
cence). The nuclei and broken DNA of tumor cells were 
labeled with blue fluorescence and green fluorescence, 
respectively, after staining. As shown in Fig.  5, com-
pared with other groups, the degree of apoptosis in the 
Ti@PDA-PEG-DOX NSs + NIR irradiation group was 
the most serious. H&E staining was used to observe 
the physiological morphology of the major organs of 
mice (Additional file  1: Fig. S7). Hepatocellular edema 

Fig. 5 TUNEL staining of tumor tissues after various treatments for 14 days, blue—nuclei and green—TUNEL (scale bar = 20 μm)
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could be observed in the free DOX group due to side 
effects of DOX, which also explains the reason for the 
weight loss of mice in the free DOX group. In addi-
tion, the histomorphology of major organs revealed no 
obvious pathologic changes in the other groups. The 
experimental results further confirm that Ti@PDA-
PEG-DOX NS + NIR irradiation can effectively inhibit 
tumor growth and has high biosafety in vivo.

Conclusions
In summary, we successfully fabricated Ti@PDA-PEG-
DOX NSs as a drug-delivery system for combined 
photochemo tumor therapy. These Ti@PDA-PEG 
NSs showed high drug loading capacity and excellent 
photothermal conversion efficiency for PTT. Using 
DOX as a model chemotherapy drug, the Ti@PDA-
PEG-DOX NSs displayed pH-responsive and photo-
responsive release properties after either extrinsic 
or intrinsic stimuli. According to the results, the Ti@
PDA-PEG-DOX NSs nanoplatform exhibited biosafety, 
biocompatibility and antitumor effects both in  vitro 
and in  vivo. The multifunctional platform based on Ti 
NSs has shown favorable prospects in the application of 
tumor combination therapy.
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