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Abstract 

Developing multifunctional composites has received widespread attention for can-
cer treatment. Herein, a metal–phenolic network (MPN)-based composite loading 
with chemotherapy agents (TAFP) exhibits high anti-tumor therapeutic efficacy via 
photothermal therapy (PTT), chemo-dynamic therapy (CDT), and chemotherapy. The 
nanocomposite was formed by mixing the chemotherapeutic drugs (cisplatin, DDP) 
into the tannic acid (TA) and Fe3+ network (TAFe) to integrate the synergistic effect of 
PTT, CDT, and chemotherapy. Due to the acidic tumor microenvironment, the active 
substances could be released with the degradation of the metal–phenolic network, 
and the released DDP would induce the chemotherapy. More importantly, the released 
TA under the acidic environment could increase iron bioavailability by converting Fe3+ 
to Fe2+, which converts hydrogen peroxide (H2O2) to highly toxic hydroxyl radical via 
the Fenton reaction. Meanwhile, the heat generated from TAFP after near-infrared (NIR) 
laser irradiation could enhance the therapeutic effect of CDT and chemotherapy. Fur-
thermore, the composite exhibited unique anticancer efficacy in vivo with low toxicity. 
Collectively, this work may facilitate the development of metal–phenolic network-
based photothermal agents for clinic anti-tumor applications.

Keywords:  Cancer, Metal–phenolic network, Photothermal therapy, Chemo-dynamic 
therapy

Introduction
Cancer has become a great social burden for its mortality rate (Siegel et al. 2022). Tra-
ditional strategies mainly include surgical excision and chemotherapy of the tumor. For 
surgical excision, it is very hard to remove all tumor cells by surgery, which often causes 
postoperative metastases or tumor recurrence. Furthermore, conventional chemother-
apy usually causes severe side effects and drug resistance (Marcus et  al. 2014; Zahedi 
et al. 2012). As a result, finding new treatments to improve anti-tumor efficacy is crucial.

The chemotherapy–dynamic therapy (CDT) is a burgeoning treatment strategy in 
which Fenton reactions generate hydroxyl radicals with high cytotoxicity for inducing 
apoptosis in cancer cells (Li et  al. 2020a, b; Min et al. 2020; He et al. 2021). Hydroxyl 
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radical is believed to be the most potent and toxic reactive oxygen species (ROS) in biol-
ogy, causing more harmful oxidative damage to tumor cells (Dong et al. 2019; Li Yang 
et  al. 2020). The majority of the CDT agents are iron-based inorganic nanomaterials, 
such as iron nanometallic glasses (AFeNPs) (Zhang et  al. 2016), Fe3O4 nanoparticles 
(Shen et al. 2018), and FePt nanoparticles (Ma et al. 2017). Briefly, iron-based nanomate-
rials dissolve ferrous ions under the weakly acidic conditions of the tumor microenviron-
ment (TME) and trigger the Fenton reaction to overproduce H2O2, generating hydroxyl 
radical to trigger apoptosis and suppress tumors. Most importantly, this approach is safe 
for normal tissues, as the Fenton reaction is substantially inhibited under slightly alka-
line conditions and in the absence of H2O2 in the normal microenvironment (Szatrowski 
and Nathan 1991). Furthermore, the efficiency of CDT can be enhanced by depleting 
and reducing species in the TME. Tannin acid (TA) is a representative plant polyphenol 
that has been approved by the US Food and Drug Administration (FDA) for use in food 
and medicine (Ejima et  al. 2013; Liu et  al. 2018). It has been used for surface deposi-
tion onto nano-therapeutic platforms by coordinating with metal ions to form metal–TA 
complexes with pH-sensitive decomposition properties (Dai et al. 2018), which could be 
used to design the nanocomposites to sense and respond to the endogenous triggers of 
acidic pH in TME (Liu et al. 2022). TA rapidly reduces Fe III to Fe II, which solves the 
disadvantage of low catalytic efficiency of the Fenton reaction (Zhang et al. 2018; Zheng 
et  al. 2017). Phototherapy, which utilizes photo agents to absorb near-infrared (NIR) 
light (650–1350 nm) to induce a therapeutic response, has attracted considerable atten-
tion. It not only eliminates tumor cells by hyperthermia but also stimulates systemic 
immune responses by promoting the release of tumor-associated antigens (TAAs) and 
tumor-specific antigens (TSAs). Moreover, mild photothermal heating can enhance the 
uptake of nano drugs by tumor cells and further trigger the release of therapeutic agents, 
enhancing the anticancer effect through a synergistic manner of PTT and chemotherapy 
(Chen et al. 2019). Besides, by generating local heat from PTT, the Fenton reaction was 
further accelerated, resulting in CDT with high efficiency (Nie et  al. 2019). Certainly, 
chemotherapy can also indirectly increase the efficiency of CDT by inhibiting certain 
specific cell signals to promote cell death (Deng et al. 2019). Compared with monothera-
pies, such as chemotherapy or immunotherapy, synergistic effects significantly enhanced 
tumor suppression (Zhou et al. 2021). Therefore, a synergistic therapeutic strategy that 
significantly boosted tumor suppression is becoming an increasingly important trend in 
cancer treatment. However, most of the previous research based on two mechanisms 
presents synergistic cancer therapy, such as PTT/CDT, CDT/chemotherapy, and PTT/
chemotherapy (Hu et al. 2021, 2018), and little effort has been devoted to developing a 
platform for achieving synergistic PTT/CDT/chemotherapy.

In this study, the platform based on metal–phenolic network was successfully devel-
oped using a simple one-pot method at room temperature (Scheme 1) and exhibited a 
superior antitumor effect via PTT/CDT/chemotherapy synergistic strategy. As illus-
trated in Scheme 1, the resulting composites TAFP exhibited an excellent photothermal 
effect in killing cancer cells under 808 nm laser irradiation. Meanwhile, the conversion of 
Fe3+ to Fe2+ by TA could transfer the mild oxidant H2O2 into highly toxic hydroxyl radi-
cals, which induce CDT to kill cancer cells via the Fenton reaction as mentioned above. 
In addition, the TAFP could generate ROS under NIR laser irradiation, which enhanced 
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the CDT effect. Moreover, the acidic pH microenvironment enabled the release of DDP 
from the network, which could penetrate deeper into the tumor to enhance the anti-
tumor effect. Overall, due to the synergistic effects of PTT/CDT/chemotherapy, the 
TAFP showed great potential in anti-tumor therapy and represented a simple strategy 
for designing powerful metal-based composites.

Materials and methods
The main reagents and materials

Tannic acid (TA) and chloride hexahydrate (FeCl3·6H2O) were obtained from Aladdin 
Reagent Company (Shanghai, China). Cisplatin (DDP), 4′,6-diamidino-2-phenylindole 
(DAPI), Cell Counting Kit-8 (CCK-8), PI/calcein-AM and Reactive Oxygen Species 
(ROS) Assay Kit were purchased from Beyotime Biotechnology (Shanghai, China). 
FITC–DDP was purchased from QIYUE biology (Xian, China). An 808  nm NIR laser 
device (Shanghai Connect Fiber Optics Company) and a near-infrared thermal imaging 
camera (FLIR™ A325SC camera) were applied for photothermal therapy. SKVO3 cells 
were purchased from Sangon Biotech Co., Ltd.

Synthesis of TAFe and TAFP

TAFe was synthesized via a self-assembly method. Briefly, TA and FeCl3 were dispersed 
in deionized water and stirred for 30 min at a molar mass ratio of 1: 4 at room tempera-
ture. Then, the mixture were collected by centrifugation and further washed with deion-
ized water several times to remove the excess TA or FeCl3. For the synthesis of TAFP 
or FITC-labeled TAFP, TA, DDP or FITC–DDP and FeCl3·6H2O were first dispersed in 
deionized water, respectively, at a molar mass ratio of 1:1:4. The DDP was mainly dis-
persed in water using ultrasonic dispersion method. Then, the above solutions were 

Scheme 1  Scheme illustration of the fabrication process of TAFP composites, and the antitumor procedure 
of TAFP composites via the PTT/CDT/chemotherapy synergistic effect
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mixed and stirred for 30  min. The final products was washed as descripted above for 
further use.

Physicochemical characterization

The morphology of the TAFP complex was characterized by the scanning electron 
microscopy with the accessory EDS system (SEM, FEI, Nova 450, USA). The morphol-
ogy and surface chemistry of the TAFP was further performed through Transmission 
electron microscopy (TEM, FEI, Talos F200S, USA). The diameter distribution and zeta 
potential of the TAFP were determined via dynamic light scattering measurements 
(Zetasizernano, Malvern, UK), and the spectrum of the composites were analyzed via 
Fourier Transform Infrared Spectroscopy (FTIR, Thermo Scientific Nicolet iS5, USA). 
The surface chemistry of TAFP was analyzed via X-ray photoelectron spectroscopy 
(XPS, Thermo ESCALAB 250XI, USA). Ultraviolet–visible (UV–vis) absorption spectra 
of TAFP was recorded via an UV–vis spectrometer (Thermo Scientific, USA). The degra-
dation of TAFP composites were evaluated by dissolving in PBS with various pH values 
of 7.4, 6.5, and 5.5 for 24 h to simulate neutral healthy body fluids and acidic TME.

Loading efficiency of DDP by high‑performance liquid chromatography (HPLC)

The loading efficiency was performed and analyzed using Agilent HPLC 1260 with 
Hypersil-ODS2 chromatographic column (250  mm × 4.6  mm, 5  μm). Separation was 
carried out at 23 °C, and the mobile phase was a mixture of water, methanol and acetoni-
trile (31:31:38), with a constant flow of 1.6 mL/min. Detection was performed at 254 nm 
as previous reported (Toro-Córdova et  al. 2016). Briefly, 1  mg DDP was added in the 
mixture (10 mL) and stirred as described in the manuscript. The supernatant was then 
collected after centrifugation for further detection. Concentrations were calculated from 
peak areas of standard calibration curves using HPLC software. The loading efficiency 
was calculated following the equation: (The amount of drug loaded)/(amount of drug 
before loading) × 100%.

In vitro photothermal measurement

To assess the photothermal performance of composites, 100 μL TAFP solutions ultra-
sonically dispersed in PBS was added into 96 well plate at different concentrations (25, 
50, 100, 200, 400  μg/mL), and then treated with 808  nm laser irradiation (1  W/cm2, 
10 min). Then, 200 μg/mL TAFP solutions was treated with 808 nm NIR for 10 min at 
different power values (0.5, 1, 1.5, 2 W/cm2). 100 μL PBS as a control group was also 
treated with 808 nm NIR for 10 min. Then, five circles (200 μg/mL, 1 W/cm2) with lasers 
on/off were conducted to detect the photothermal stability of TAFP. Thermal imaging 
cameras (FLIR™ A325SC camera) were applied to collect the temperature changes and 
data.

Cell culture

The human ovarian cancer cell line of SKVO3 was used to evaluate the anti-tumor 
efficacy of TAFP, and was originally obtained from Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). The SKVO3 cells were grown at 37  °C in RPMI 1640 
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(HyClone, Logan, UT, USA) containing 10% fetal bovine serum (FBS), 1% penicillin, 
and 1% streptomycin.

In vitro cytotoxicity assessment

The cytotoxicity of TAFP on SKOV3 was first studied by CCK8 method after incu-
bation with different concentrations of composites. Then, the cytotoxicity of TAFP 
with or without laser irradiation was further evaluated by CCK8 method. In brief, 
the SKOV3 cells (1 × 104 per well) dispersed in complete medium were seeded into 
a 96-well plate to grow overnight. Then, the media were replaced with 100  μL of 
medium containing different concentrations of TAFP composites. After co-cultured 
for 4  h, the cells were treated with or without laser irradiation at a power density 
of 1  W/cm2 for 10  min. The cells were then incubated for another 6  h, followed by 
removing the medium. Afterward, 110  μL medium mixed with 10  μL CCK8 was 
added to each well and kept at 37 °C. The 450 nm absorbance was measured after 2 h 
of incubation at 37 °C using a microplate reader (Thermo Fisher, USA). The cell viabil-
ity was calculated according to the following formula: cell viability = (OD value of test 
group—OD value of blank group)/(OD value of the untreated group—absorbance of 
blank group) × 100%.

For Live/Dead staining, SKOV3 cells (2 × 105) were seeded into a 6-well plate and were 
cultured overnight for attaching. The cells were than co-cultured with PBS, TAFe (80 μg/
mL), and TAFP (80 μg/mL) with or without laser irradiation (1 W/cm2, 10 min) for 4 h. 
Calcein–AM/propidium iodide staining reagents was used for identify live and dead 
cells. Briefly, the media in the 6-well plate were washed with PBS, and co-incubation at 
37 °C with 1 ml 0.2 μM calcein–AM/propidium iodide for 45 min. After washing again 
with PBS, the cells were observed under a fluorescence microscope (Leica, Germany).

Detection of ROS and in vitro cellular uptake

To evaluate the ROS generation ability of TAFP with or without laser irradiation (1 W/
cm2, 10  min), DCFH-DA was applied to measure the ROS levels. In brief, a total of 
1.0 × 104 SKOV3 cells were seeded into 6-well plates per well and incubated for 24  h 
overnight. The media were replaced with complete medium with 80 μg/mL TAFP and 
co-cultured for 4 h, followed by treating with or without laser irradiation at a power den-
sity of 1 W/cm2 for 5 min and 10 min, respectively. After incubation for another 4 h, the 
medium was replaced with DCFH-DA (10 μm/L) and co-cultured at 37 °C for 10 min. 
The cells were then washed three times with serum-free culture medium to fully remove 
DCFH-DA, and observed under a fluorescence microscope. The mean fluorescence 
intensity of images were calculated using ImageJ software. To detect the cellular uptake 
activity, the FITC-labeled DDP was applied to prepare the FITC–TAFP as description 
above. First, the SKOV3 were seeded into a 12-well plate at a density of 1 × 105 cells/
well overnight. Then, the medium was replaced with FTIC–TAFP composites followed 
by laser irradiation at 1 W/cm2 for 10 min or not. After incubation for 2 and 4 h, the cells 
were washed with PBS three times and stained with DAPI for 5 min, followed by washing 
for another 3 times. Then, the cells were observed under the fluorescence microscope.
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In vivo antitumor study

SKOV3 cells (3 × 106) were subcutaneously injected into the back of the Balb/c mice to 
establish the original tumor models. Once the tumor volume reached 60–70  mm3, the 
mice were randomly divided into 6 groups (n = 4): (1) PBS (100 μL), (2) PBS + NIR, (3) 
TAFe, (4) TAFe + NIR, (5) TAFP, (6) TAFP + NIR. Mice in laser group were then irradi-
ated by an 808 nm laser for 10 min (1 W/cm2) after 1 h of intratumoral injection, and 
two intensive treatment was conducted on day 3 and day 5. The tumor volume and 
body weight were recorded every 2 days. The tumor volume was calculated according to 
the formula: tumor volume = (length × width2)/2. After 14 days of treatment, the mice 
were sacrificed, and the tumors were photographed. The main organs and tumors were 
fixed in 4% formalin for histological analysis. All animal work followed guidelines of 
the Administration of Affairs Concerning Experimental Animals, and was approved by 
the Animal Ethical Committee of Tongji University of Science and Technology, China 
(Approval Number: TJBG11122102).

Statistical analysis

All data were expressed as mean ± standard deviation (SD). Comparisons among multi-
ple groups were performed using the one-way ANOVA analysis. All the statistical analy-
ses were performed using SPSS statistical software version 25 (IBM Corp, Armonk, NY), 
and the differences of ***p < 0.001, **p < 0.01, *p < 0.05 were represented significant differ-
ence between groups.

Results
Fabrication and physicochemical characterization of TAFP

As shown in Fig.  1a, the anticancer drug DDP was integrated into the metal–phe-
nolic network (TAFe) via chelation interactions between catechol groups and DDP 
using a simple one-pot method at room temperature (Zhu and Su 2017). The TEM 
images and elements mapping showed the morphology of TAFP and the distribution 
of elements including C, N, Fe, O, Pt (Fig. 1b, c), which indicated the successful syn-
thesis of composites. In addition, the structure and components of the metal–phe-
nolic network loaded with DDP was further characterized by SEM and mapping as 
shown in Additional file  1: Figs. S1, S2. Meanwhile, a clear Tyndall effect (Fig.  1d) 
could be observed, indicating the outstanding dispersibility and stability of the com-
posites. The successful integration of DDP could also be proved by the FTIR spectra 
(Fig. 1e), in which the strong absorption peak of amine at 3285 cm−1 also presented 
at the TAFP spectra. Meanwhile, the UV–vis spectra showed that the absorption peak 
near 203  nm were both observed in the spectra of DDP and TAFP (Fig.  1f ), which 
also illustrated the successful loading. As description in the TEM or SEM images, the 
details of elements could be further detected from the XPS analysis (Fig. 1g), in which 
Fe3+ was evidenced by the peak at 712.5 eV spectrum of Fe 2p, and the Pt 4f spectrum 
was evidenced by the high-resolution XPS pattern at the peak of 75  eV (Additional 
file 1: Fig. S3). The EDS of TAFP also confirmed the presence of C, O, Fe, Pt in corre-
spondence with the SEM and TEM results. The mean diameter of TAFP measured by 
DLS was about 500 nm, as shown in Fig. 1i, which could provide large enough surface 
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for the absorption of energy from laser irradiation. A zeta potential value other 
than − 30 mV to + 30 mV is generally considered to have sufficient repulsive force to 
attain better physical colloidal stability (Park et al. 2020). In addition, HPLC was per-
formed to determine the DDP loading efficiency. As shown in Additional file 1: Fig. 
S4, the correlation coefficient of the standard curve was 0.9998, which indicated a 
good linearity. The final concentration of DDP in the supernatant was 45.192  mg/L 
from the peak area according to the standard curve. As a result, the loading efficiency 
of DDP was 54.8%, which was enough for chemotherapy in the presence of PTT and 
CDT. As shown in Additional file 1: Fig. S5, the absolute value of zeta potential for 

Fig. 1  Characterization of TAFP composites. a Fabrication process of TAFP composite. b Transmission electron 
microscopy (TEM) image of TAFP composites. c Elements mapping and merged images of TAFP including C, 
N, Fe, O, Pt elements. Scale bar = 100 nm. d Tindal effect of TAFP in deionized water. e FTIR spectra of DDP, 
TAFe, and TAFP. f UV–Vis spectra of DDP, TAFe, and TAFP. g XPS spectrum of TAFP composites indicating the 
coexistence of C, O, Fe and Pt elements. h EDS of TAFP indicating the coexistence of C, O, Fe and Pt elements. 
i Hydrodynamic size distribution of TAFP
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TAFP was − 36.009, which was greater than 30 mV, indicating its stability in aqueous 
suspensions. All the above results indicated the successful synthesis of TAFP and its 
great stability.

In vitro photothermal measurement and degradation

TAFP composite showed an outstanding photothermal-conversion ability by recording 
the temperature variation. First, the ultraviolet–visible (UV–vis) absorption spectra of 
deionized water with different concentrations of TAFP in the range of 200–900 nm are 
shown in Fig. 2a, and the standard working curve of absorbance was drawn to determine 
the excise concentration of TAFP (Fig.  2b). In the photothermal test, a dose-depend-
ent manner of TAFP to absorb infrared light was investigated. As shown in Fig. 2c, d, 
the temperature gradually increased with the concentration of TAFP increasing from 
25 to 400 μg/mL under the irradiation of NIR laser (808 nm, 1 W/cm2). The tempera-
ture could reach up to 30 °C and 59.1 °C at the concentration of 25 μg/mL and 400 μg/
mL, which indicates the dose-dependent photothermal feature of TAFP dispersion. By 
contrast, the PBS solution displayed no temperature increasing under the same irradia-
tion process, which indirectly indicated the great photothermal-conversion ability of the 
TAFP composites. Meanwhile, the photothermal property of the TAFP composites were 
also power-dependent. As shown in Fig. 2e, the final temperature of the TAFP.

Fig. 2  Photothermal properties of TAFP composites. a UV–Vis spectrum of TAFP with different 
concentrations. b Standard curve of TAFP based on the absorbance in UV–vis. c Infrared thermal images of 
PBS and TAFP composites with different concentrations exposed to 808 nm NIR laser irradiation (1 W/cm2, 
10 min). d Temperature variations of TAFP composites at different concentrations under 808 nm NIR laser 
irradiation (1 W/cm2, 10 min). e Temperature variations of TAFP composites (200 μg/mL) under the irradiation 
at various laser power intensities (0.5, 1.0, 1.5, and 2.0 W/cm2). f Temperature variations of TAFP composites 
exposed to five laser irradiation on/off cycles at a fixed concentration of 200 μg/mL (1 W/cm2, 10 min). g 
Heating/cooling curves of TAFP composites at a fixed concentration of 200 μg/mL exposed to 808 nm NIR 
laser irradiation (1 W/cm2). h Digital photos of TAFP composites dispersed in PBS for 24 h with various pH 
values (from left to right: 7.4, 6.5, and 5.5)
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Dispersion could stabilized at 38.2 °C at a weak power density 0.5 W/cm2 and nearly 
56.8 °C at a strong power density of 2 W/cm2. To further evaluate the photothermal sta-
bility of TAFP, the temperature variations of the TAFP dispersion were recorded under 
the five irradiation cycles at 1 W/cm2 for approximately 100 min. After exposure to NIR 
laser irritation for 10 min (light on, heating period), the NIR laser was shut down, fol-
lowed by cooling at room temperature for about 12 min (light off, cooling period). As 
shown in Fig. 2f, g, the TAFP dispersion displayed excellent photothermal stability with-
out significant reduction in photothermal performance during multiple cycles, indicat-
ing its great potential as a powerful photothermal agent based on the metal–phenolic 
network in tumor therapy (Wang et al. 2018). As a consequence of the degradation of 
glucose in malignant cells, the production of large amounts of lactic acid would lead to 
acidic TME (Pérez-Herrero and Fernández-Medarde 2021). For this reason, the state of 
TAFP composites under different pH environments was evaluated to simulate the degra-
dation in acidic environments. As previously reported, PBS at pH values of 7.4, 6.5, and 
5.5 were used to simulate neutral healthy body fluids and acidic TME, respectively (Wu 
et al. 2021). After incubation at 37 °C for 24 h, the optical photos of three different pH 
values are shown in Fig. 2h. It was obvious that the TAFP composites degraded dramati-
cally under acidic TME, especially at pH 5.5, while still keeping their original state at pH 
7.4. Taken together, these results demonstrated that TAFP could be degraded under the 
acidic environment, which could provide a pH-responsible system for the treatment of 
tumor in multiple ways.

In vitro cytotoxicity assessment

Although the TAFP composites showed excellent photothermal properties according to 
the above results, it was still necessary to evaluate the cytotoxicity of TAFP combined 
with photothermal therapeutic at the cellular level. In vitro cytotoxicity assessment, the 
results showed that TAFP had an excellent therapeutic effect on tumor cells through the 
combined effect of CDT/PTT/chemotherapy. First, after co-incubating SKOV3 cells with 
different concentrations of TAFP for 4 h, the cell viability was detected by the method 
of CCK8. As shown in Fig. 3a, the cytotoxicity of TAFP increases with increasing con-
centrations, indicating that TAFP had certain cytotoxicity on SKOV3 cells. Then, cells 
with different TAFP concentrations were treated under NIR irradiation with fixed power 
density and irradiation time. Figure 3b shows that TAFP was more cytotoxic to tumor 
cells after laser irradiation and was proportional to the concentration gradient of TAFP. 
The superb photothermal-conversion performance made TAFP have a more desirable 
therapeutic effect that the cell viability of the TAFP group was 1.59 times higher than 
the TAFP + NIR group when the concentration of TAFP was 80 μg/mL. In addition, the 
live/dead staining assay results are in agreement with the CCK8 phototoxicity results of 
TAFP. In Fig. 3c, live/dead staining with calcein AM (green) for live cells and PI (red) for 
dead was performed to investigate the effects of the combined PTT/CDT/chemother-
apy tumor treatment. Cells remained alive in the PBS group with or without irradiation 
(1 W/cm2, 10 min), indicating that irradiation is not intrinsically cytotoxic. After expo-
sure to irradiation, more SKOV3 cells were killed when treated with TAFe or TAFP than 
those groups without irradiation, verifying that the combination of PTT/CDT displayed 
better efficacy than monotherapy. In addition, we found that nearly half of the SKOV3 
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cells within TAFP without irradiation remained alive, demonstrating that the antitu-
mor effect of CDT/chemotherapy synergistic treatment needs to be further increased. 
Almost all cells were dead in the TAFP + laser-treated conditions, which suggested that 
the PTT enhanced the antitumor effect, and confirmed the combination of PTT/CDT/
chemotherapy has the best efficacy.

Detection of ROS and the uptake of TAFP by SKOV3

As described above, iron ions released by TAFP bind to H2O2 in tumor cells, produc-
ing highly toxic hydroxyl radicals through the Fenton reaction and triggering tumor 
cell apoptosis. Therefore, we examined ROS generation by TAFP in SKOV3 cells using 
the ROS indicator DCFH-DA. Figure  3d shows that ROS was not produced in PBS/

Fig. 3  Cytotoxicity assessments of the TAFP with or without NIR irradiation and detection of ROS generation. 
a Cell viabilities of SKOV3 cells after 24 h co-incubation with TAFP composites at different concentrations. 
b Cell viabilities of SKOV3 cells co-incubated with TAFP composites at different concentrations for 6 h with 
or without irradiation by 1 W/cm2 NIR laser irradiation for 10 min. c Digital images of live/dead staining 
for SKOV3 cells treated with PBS, TAFe and TAFP composites with or without NIR laser irradiation. d ROS 
detection of SKOV3 cells co-incubation with PBS or TAFP with or without NIR laser irradiation. e Quantification 
of fluorescence intensity for SKOV3 cells at 10 min after treated with PBS or TAFP with or without NIR laser 
irradiation. Scale bar = 100 μm and 200 μm
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PBS + laser-treated SKOV3 cells, but the cells treated with TAFP generate a little ROS. 
After being treated with TAFP + Laser, the generation of ROS significantly increased 
(Fig.  3e). These phenomena suggested that TAFP could stimulate ROS generation, 
which could be enhanced under laser irradiation. The uptake of TAFP by SKOV3 cells 
was also evaluated by fluorescence microscopy after 2 or 4 h of incubation with FITC-
labeled TAFP (Additional file 1: Fig. S6). It was further verified that intracellular uptake 
increased with the prolonged incubation time through the increase in Pt fluorescence 
originating from TAFP. After exposure to irradiation, the uptake of TAFP was signifi-
cantly enhanced, which indicated that PTT could promote the uptake of TAFP by tumor 
cells. These results above suggested that the combination of PTT/CDT/chemotherapy 
led to preferable anticancer effects.

Photothermal imaging in vivo and anti‑tumor efficacy

Encouraged by the excellent photothermal properties and cytotoxicity of the TAFP com-
posites demonstrated by the above experiments, we further evaluated the photothermal 
imaging and antitumor effects of the TAFP composites in the subcutaneous cancer mod-
els in vivo. SKOV3 cells were subcutaneously injected into the back of the mice to estab-
lish the original tumor models. Mice in the NIR group was irradiated by an 808-nm laser 
for 10 min (1 W/cm2) after 1 h of injection, and another two photothermal treatments 
on day 3 and day 5 were also conducted. The whole process is displayed in Fig. 4a. As 
shown in Fig. 4b, the temperature variation in the tumor sites was recorded by thermal 
imaging. In the TAFe + NIR group and TAFP + NIR group, the final temperature could 
reach up to about 50  °C, while only 33.4  °C in the PBS + NIR group. Previous studies 
demonstrated that photothermal could induce cell death through necrosis via high laser 
intensity (> 1 W/cm2) (Melamed et al. 2015; Ng et al. 2016). In brief, the photothermal 
induces the broken of the cell membrane, which releases the intracellular contents was 
released, which brings the rapid death of cancer cells without receiving potential resist-
ance to PTT. During 2 weeks, the body weight in each group was recorded. As shown in 
Fig. 4d, there was no significant difference in body weight, which indicated the negligible 
systemic toxicity of TAFe or TAFP composites.

In 2 weeks, the tumor volume was recorded every 2 days, and the results showed 
a significant difference between the group of NIR and without NIR. As shown in 
Fig. 5a, b, the tumor growth was not inhibited by PBS and PBS + NIR, while greatly 
suppressed in other groups. In addition, the TAFP group could inhibit tumor growth 
better than the TAFe group, which indicated the chemotherapy effect via the released 
DDP. After receiving the treatment of NIR Laser, the tumor volume was further 
shrunk in the TAFe + NIR group and TAFP + NIR group. Furthermore, the tumor vol-
ume showed a significant difference on day 14 between the TAFe + NIR group and the 
TAFP + NIR group. These results demonstrated that the strategy of PTT/CDT/chem-
otherapy was an effective method in the synergistic inhibition of tumor. To further 
confirm the prominent tumor inhibition efficacy of TAFP + NIR via PTT/CDT/chem-
otherapy, immunohistochemical staining including hematoxylin and eosin (H&E), 
Ki-67, and terminal deoxynucleotidyl transferase (TUNEL) staining was performed. 
The H&E and Ki-67 images showed corresponding results as description above. 
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Especially in TAFP + NIR group, the fewest tumor cells and Ki-67 positive cells were 
observed in the H&E and Ki-67 images, as shown in Fig. 5c, d. Besides, 808 nm laser 
greatly induced the apoptosis of the tumor cells, especially in the TAFP + NIR group 
as shown in Additional file 1: Fig. S7. Moreover, the histocompatibility was evaluated 
via H&E staining of heart, liver, spleen, lung, and kidneys (Fig.  6), and no toxicity 
in  vivo was observed in these major organs. All the above results suggest that the 
TAFP composites with laser irradiation could achieve the best therapeutic effect via 
the PTT/CDT/chemotherapy synergistic treatment without causing noticeable toxic-
ity in vivo, indicating its great potential for application in anticancer treatment.

Fig. 4  In vivo photothermal imaging and variations of weight. a Schematic illustration of the animal 
experimental process. b Corresponding thermal image of the tumor site injected with PBS, TAFe and TAFP 
under 808 nm NIR laser irradiation (1 W/cm2, 10 min). c Temperature variations at the tumor site exposed to 
808 nm NIR laser irradiation (1 W/cm2, 10 min). d Body weight variations of mice during 2 weeks
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Fig. 5  Antitumor efficacy of synergistic PTT/CDT/chemotherapy. a Tumor growth curves of tumors from 
different groups. b Images of the tumor on day 14 after section. c H&E staining of tumors after the 14 day 
treatment; scale bar = 200 μm. d Ki-67 staining of tumors after the 14 day treatment. Scale bar = 200 μm. 
(*p < 0.05, ***p < 0.001)

Fig. 6  Pathological sections of the heart, liver, spleen, lung and kidney stained with H&E for biosafety 
assessment of above groups in vivo. Scale bar = 200 μm
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Discussion
In this study, the TAFP composites exhibited great photothermal-conversion ability and 
stability as mentioned above. In  vitro experiments, it displayed greater cell cytotoxic-
ity under NIR light at 808 nm compared to other groups without NIR light irradiation, 
which mainly due to the PTT-enhanced CDT/chemotherapy. Meanwhile, a significant 
tumor reduction and necrosis was observed in the TAFP + NIR group, as shown in 
Fig.  5. The targeted, local delivery of TAFP via intratumoral injection may reduce the 
potential for systemic toxicity (Sheth et al. 2020). In addition, the low concentration of 
chemotherapeutic drug could penetrate deeper into the tumor to enhance the antitu-
mor effect without inducing toxicity in vivo. Therefore, we have demonstrated the great 
potential of TAFP in cancer treatment in vitro and in vivo.

In clinical, chemotherapeutic drugs including DDP were selected as the first-line 
chemotherapeutics. However, chemotherapy often induces various side effects, such as 
nausea-vomiting, nephrotoxicity, and so on (Zhu et  al. 2020). As a minimally invasive 
therapy, photothermal therapy could transduce NIR light into heat to kill tumor cells and 
has aroused widespread interest (Sheng et al. 2014). In addition, the temperature rise in 
the tumor site can accelerate the production of ROS to improve the treatment effect via 
a synergism of CDT/PTT (Li et al. 2017). Many studies utilized photothermal materi-
als to carry chemotherapeutic drugs to realize the synergic antitumor effect and reduce 
side effects in bimodal methods, such as CDT/chemotherapy, and PTT/chemotherapy 
(Zhang et al. 2019; Wang et al. 2019). To achieve synergistic PTT/CDT/Chemotherapy 
in a single platform, we created a metal–phenolic platform to load DDP, which displayed 
a great synergistic effect on tumor inhabitation as expected. In the current study, the 
photoresponsiveness of TAFP was mainly attributed to the absorption of light through 
coordination complexes formed between TA and Fe, and the excellent photothermal-
conversion efficiency of TAFe has been approved by researchers (Shim et al. 2020). As 
a result, we could take full advantage of the TAFP complex to kill tumor cells via syner-
gistic effect at a low concentration of chemotherapeutic drugs, which was important for 
improving the efficacy of chemotherapy and reducing the side effects.

Conclusions
In summary, a metal–phenolic-based platform loaded with DDP for antitumor via PTT/
CDT/chemotherapy synergistic therapy was developed. After intratumorally injected, 
the tumor growth was greatly suppressed without systemic toxicity under the 808 nm 
laser irradiation. The TAFP composite in vivo could be degraded and exhibited a syner-
gistic effect in antitumor treatment under mild acidic TME. The released Fe3+ could be 
reduced to Fe2+ with the help of TA, which would generate highly toxic hydroxyl radicals 
via the Fenton reaction. Besides, the 808 laser irradiation could promote the production 
of ROS to induce the PTT-enhanced CDT. Meanwhile, the DDP could also kill tumor 
cells via chemotherapy. Overall, TAFP-mediated synergistic therapy could greatly sup-
press tumor growth without systemic toxicity in vivo, which exhibits broad application 
prospects in anticancer treatment.
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