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Iron-polyphenol nanoparticles are usually prepared with nontoxic plant polyphenols as a main building
block, which are an emerging photothermal agent for photothermal therapy. However, till now, few
works have been made on the controllable synthesis of iron-polyphenol nanoparticles with tunable com-
position, as well as investigation of the relationship between material composition and photothermal
property. In the present study, iron-polyphenol colloidal nanoparticles with tunable diameter (21–
303 nm) and ion content (9.2–97.6 mg/g), as well as high colloidal stability are successfully synthesized
using different polyphenols (such as tannic acid, epigallocatechin gallate, gallic acid, epicatechin and
proanthocyanidin) as a ligand. In addition, photothermal performance is highly dependent on the organic
ligand, iron content and particle size. Higher iron content and smaller diameter can contribute to higher
photothermal performance. The iron-polyphenol nanoparticles with the optimal iron content and particle
size are selected as a photothermal agent. They can effectively inhibit the tumour growth in vivo. The cur-
rent work demonstrates a general synthesis strategy for iron-polyphenol colloidal nanoparticles with tai-
lorable composition and clarifies the relationship between material composition and photothermal
performance. Moreover, it is conductive to the rational design of polyphenol-based photothermal agents
for theranostic applications.
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1. Introduction

Photothermal therapy (PTT) has been considered an efficient
cancer therapy technique. It employs photothermal agents (PTAs)
to induce local hyperthermia in order to ablate tumours under
light irradiation [1–3]. PTT technique exhibits advantages con-
taining high therapeutic selectivity, minimal side effects and
non-invasiveness [4–5]. Under near-infrared (NIR) laser irradia-
tion, the tumour with accumulation of PTAs can only be elimi-
nated. The features such as good biocompatibility and high
photothermal performance are proved to be key parameters for
an excellent photothermal agent. Till the present, different PTAs
including metal nanoparticles (e.g., Au) [6–8], carbon nanomateri-
als (e.g., carbon nanotubes, carbon nanoparticles and graphene)
[9–11], polymers (e.g., polydopamine, polypyrrole) [12–13] and
semiconductor nanomaterials (e.g., MoS2 and WS2) [14–15] have
been developed. Despite great progresses on the development of
PTAs, there remains enormous room to improve PTAs in biocom-
patibility, photothermal performance and multi-functions [16–
20].

Polyphenols refer to water-soluble plant phenolic compounds.
Besides, they reveal different biological functions including chem-
ical defense, structural support, pigmentation and prevention of
radiation damage [21–25]. Due to the low cost, nontoxicity,
renewability and strong metal-chelating ability of polyphenol, var-
ious metal-polyphenol nanoparticles have been prepared. Such
metal-polyphenol nanoparticles exhibit widespread applications
in biomedicine, bioimaging, biosensor, catalysis, energy conversion
and storage [26–43]. Iron-polyphenol nanoparticles present excel-
lent biocompatibility, efficient photothermal performance and
broad applications in imaging-guided therapy [44–54]. For exam-
ple, Liu et al. [44] prepared iron-gallic acid coordination polymer
nanodots (~5.3 nm). The nanodots can be employed in T1-
weighted magnetic resonance imaging (MRI) and PTT. Zhao et al.
[45] synthesized nanoscale iron-ellagic acid coordination crystals
with rhombohedral morphology (~240 nm) for T2-weighted MRI
and PTT. Our group prepared bimetal (Gd/Fe)-tannic acid polymer
nanoparticles with tunable Gd/Fe ratio and ultra-small diameter
(~23 nm) for T1-weighted MRI and PTT [46]. Liu et al. [47] reported
nanovesicle-supported iron-tannic acid for tumour-specific pho-
toactivated application, like PTT, photothermal imaging, photoa-
coustic imaging and T1-weighted MRI. Based on the above
progresses, iron-polyphenol nanoparticles have revealed promis-
ing theranostic applications. However, the reported iron-
polyphenol nanoparticles usually showed uncontrollable particle
size and monotonous composition. The particle size and composi-
tion of iron-polyphenol nanoparticles exert conspicuous effect on
their photothermal performance. Till now, over 8000 phenolic
compounds with various chemical structures and functions have
been found in plant tissues [26]. These polyphenols may endow
the iron-polyphenol complex with new functions. To further
explore the functions and applications of metal-polyphenol
nanoparticles, a general method for controllable synthesis of
metal-polyphenol colloidal nanoparticles using different polyphe-
nol ligands is highly required. Moreover, it is beneficial to under-
standing the relationships between the composition of iron-
polyphenol complex and photothermal performance. For all we
know, there are extremely few works on the controllable synthesis
of iron-polyphenol nanoparticles with tunable composition and
particle size, as well as investigation of the relationship between
composition and photothermal performance of polyphenol-based
photothermal agents.

In the current work, a general synthesis strategy is developed
for iron-polyphenol colloidal nanoparticles using five different
polyphenols as a chelating ligand (Scheme 1), including tannic acid
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(TA), epigallocatechin gallate (EGCG), gallic acid (GA), epicatechin
(EC) and proanthocyanidin (PAC). The iron-polyphenol colloidal
nanoparticles demonstrate tunable diameter (21–303 nm) and iron
content (9.2–97.6 mg/g), as well as high colloidal stability. Subse-
quently, the relationship between composition and photothermal
performance is systematically investigated. The factors including
the kind of polyphenol ligand, Fe content in the complex and par-
ticle size can obviously affect the photothermal performance of the
iron-polyphenol colloidal nanoparticles. In addition, a high iron
content and small diameter can effectively enhance the photother-
mal performance. Iron-tannic acid colloidal nanoparticles with
optimized composition are selected as a typical photothermal
agent. Moreover, they can be successfully used to kill cancer cell
in vitro and in vivo.
2. Materials and methods

2.1. Materials

Tannic acid (TA, 98%), gallic acid (GA, 99%), epigallocatechin gal-
late (EGCG, 95%), epicatechin (EC, 95%), proanthocyanidin (PAC,
98%), FeSO4�7H2O (99%) andpolyvinylpyrrolidone (PVP,Mw=58kg/-
mol, 99%) were bought from Macklin Biochemical Co., Ltd.
Formaldehyde solution (37 wt%) and ammonia solution (25 wt%)
were bought from Tianjin Zhiyuan Chemical Co., Ltd. Calcein ace-
toxymethyl ester (Calcein-AM, 96%), propidium iodide (PI, 99%),
3-(4, 5-dimethylthiazol-2-yl)-2, 5-dipheny-ltetrazolium bromide
(MTT, 97%) as well as Dulbecco’s modified Eagle’s medium (DMEM)
were provided by Sigma-Aldrich Co. All the chemicals were
employed in a direct way without further purification.
2.2. Synthesis of iron-polyphenol colloidal nanoparticles

The iron-polyphenol colloidal nanoparticles were synthesized
via a sol-gel process based on different polyphenols as a ligand,
including TA, EGCG, GA, EC and PAC. Typically, PVP (0.3 g) was dis-
solved in the mixture of water (37 mL), ethanol (8 mL) as well as
ammonia (0.45 mL, 25 wt%). Subsequently, TA (0.2 g) was dis-
solved in the above solution followed by addition of formaldehyde
solution (0.38 mL, 37 wt%). After 12 h, FeSO4 aqueous solution
(2 mL, 50 mg mL�1) was supplemented. After another 12 h, the
solution was transferred to autoclave for hydrothermal treatment
at100 �C for 12 h. The obtained products were dialyzed to remove
the small molecules (e.g., NH4OH). The solid products were col-
lected via a freeze-dried process. When EGCG, GA, EC and PAC were
used as an organic ligand, the synthesis procedure was similar. The
amount of all the polyphenols kept 0.2 g. The obtained iron-
polyphenol colloidal nanoparticles were denoted Fe-TA, Fe-EGCG,
Fe-GA, Fe-EC and Fe-PAC, respectively.
2.3. Characterizations

Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) images could be captured using JEM-F200 and
Gemini SEM500, respectively. Inductively coupled plasma mass
spectrometry (ICP-MS, NexION 350D) had been used for determin-
ing iron contents. Dynamic light scattering (DLS) and zeta poten-
tials could be measured with Zetasizer Nano ZS (Malvern
Instruments Ltd, UK). NIR lasers (808 nm, VCL-808, Beijinghonglan
Laser) were adopted for NIR irradiation. Infrared images were col-
lected by an infrared camera (FLIR, E8).



Scheme 1. Schematic illustration of the synthesis and PTT applications for iron-polyphenol colloidal nanoparticles.
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2.4. Photothermal performance

Iron-polyphenol colloidal solution at varying concentrations (0,
0.25, 0.5, 0.75, 1, and 1.5 mg/mL) should be under NIR laser irradi-
ation (808 nm, 1.0–2.0 W/cm2) for 10 min. The real-time temper-
ature and infrared images were collected using an infrared
camera. Photothermal conversion efficiency (g) could be measured
in accordance with the previous report [46].
2.5. In vitro cytotoxicity

Iron-polyphenol colloidal nanoparticles’ cytotoxicity could be
measured using MTT assay. Hela cell was used as a model [46].
To evaluate PTT performance, cells should be under laser exposure
(1.0 W/cm2) for 5 min. Other procedures were same as that in the
evaluation of cytotoxicity. The therapeutic effects were further
evaluated by live/dead cell staining assays. Cells needed to be dyed
in Calcein-AM (20 nM) and PI (100 nM) solution for 30 min. Finally,
confocal laser scanning microscope was used to image the cells.
2.6. In vivo photothermal therapy

EMT-6 tumour bearing BALB/C mice (20 g, female) were used as
a model to evaluate photothermal therapy performance in vivo.
Animal experiments followed The Care and Use of Laboratory
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Animals of the Medical Research Council of Xi’an Jiaotong Univer-
sity. The mice bearing a 50 ~ 80 mm3 EMT-6 tumour came under
four groups (n = 5) at random: PBS only (PBS group), Fe-TA only
(Fe-TA group), PBS and NIR laser (Laser group), Fe-TA plus NIR laser
(Fe-TA + Laser group). For Fe-TA + Laser group, the mice had intra-
venous injection of Fe-TA solution (4 mg/kg). Mouse tumors should
be exposed to laser (808 nm, 1.0 W/cm2) for 5 min after injection
for 4 h. During the treatment process, body weights and the
tumour volumes were monitored every 2 day. On 18th day, all
the mice were euthanized. The tumour tissues were weighted after
resection. Meanwhile, prime mice organs like heart, spleen, liver,
lung, kidney as well as tumour had been removed and preserved
in 4% paraformaldehyde solution for histological analysis.
2.7. In vivo biodistribution and clearance

The BALB/C mice (n = 3, 20 g, female) were sacrificed after 4, 12
and 72 h of intravenous injection with iron-polyphenol nanoparti-
cles (4 mg/kg). Then, the main organs and tumour tissues were col-
lected. After weighting, they were homogenized in cold PBS (1:2,
w/v). The iron contents were measured by ICP-MS. To study the
metabolic pathway of iron-polyphenol nanoparticles, three BALB/
C mice (20 g, female) were intravenously injected with iron-
polyphenol colloidal solution. The iron contents in urine and feces
were determined by ICP-MS.
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3. Results and discussion

Iron-polyphenol colloidal nanoparticles were synthesized via a
modified sol-gel process based on our previous report [34]. Differ-
ent kinds of polyphenols including TA, EGCG, GA, EC and PAC were
selected as an organic ligand. FeSO4�7H2O was used as an iron
source. Polyphenols reacted with formaldehyde under the catalysis
of ammonia hydroxide in the water/ethanol system. The
polyphenol-formaldehyde oligomers were obtained with the assis-
tance of PVP (Mw = 58 kg/mol). Then Fe(II) ions were added to che-
late with the polyphenol-formaldehyde oligomers through metal-
catchol coordination interactions. In the synthesis process, PVP
was used to regulate the formation of iron-polyphenol nanoparti-
cles and prevent them from aggregation. Consequently, iron-
polyphenol colloidal nanoparticles with ultrasmall size and excel-
lent colloidal stability were succesfully obtained. They were
denoted Fe-TA, Fe-EGCG, Fe-GA, Fe-EC and Fe-PAC, respectively.

The hydrodynamic diameter for iron-polyphenol colloidal
nanoparticles was measured by DLS (Fig. 1a–e). The hydrodynamic
diameter for Fe-TA, Fe-EGCG, Fe-GA, Fe-EC and Fe-PAC was 24, 21,
25, 27 and 30 nm, respectively. All the iron-polyphenol colloidal
nanoparticles were highly dispersed in water with dark colour.
The dark colour was associated with phenolic oxygen’s
Fig. 1. The hydrodynamic size distributions of iron-polyphenol colloidal nanoparticles in
corresponding photographs of iron-polyphenol nanoparticles in aqueous solution and ch
EGCG, Fe-GA, Fe-EC and Fe-PAC solution (1.0 mg/mL). (g) Temperature change curves a
under laser irradiation (808 nm, 1.5 W/cm2). (i) Photothermal conversion efficiency of Fe
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ligand-to-metal charge transfer band [44,55]. The UV–Vis-NIR
absorption spectrum of five iron-polyphenol nanoparticles at the
same concentration (1 mg/mL) was recorded (Fig. 1f). The absor-
bance of Fe-TA, Fe-EGCG, Fe-GA, Fe-EC and Fe-PAC at 808 nm
was 0.705, 0.610, 0.440, 0.438 and 0.402, respectively. Their pho-
tothermal performance was further investigated. The iron-
polyphenol colloidal solution with identical concentration (1 mg/
mL) was under laser irradiation (808 nm, 1.5 W/cm2) for 10 min.
Temperature of iron-polyphenol colloidal solution increased when
irradiation time increased (Fig. 1g). Specifically, the temperature of
Fe-TA, Fe-EGCG, Fe-GA, Fe-EC and Fe-PAC solution was 65.3, 58.6,
54.1, 48.5 and 46.5 �C after irradiation for 10 min (Fig. 1h). The
photothermal conversion efficiency of Fe-TA, Fe-EGCG, Fe-GA, Fe-
EC and Fe-PAC was around 43.6%, 37.9%, 36.1%, 35.8% and 35.2%
according to the fitting cooling curve (Fig. 1i, Fig. S1). The pho-
tothermal conversion efficiency of such iron-polyphenol colloidal
nanoparticles was comparable to that for other iron-polyphenol
polymers with excellent photothermal performance (Table S1).
The surface property of iron-polyphenol colloidal nanoparticles
was also investigated. The zeta potentials of Fe-TA, Fe-EGCG, Fe-
GA, Fe-EC and Fe-PAC were �4, �4, �3, �5 and �4 mV, respec-
tively (Fig. S2a). The zeta potentials of iron-polyphenol nanoparti-
cles were depended on the amount of PVP polymers (Fig. S2b). In
water: (a) Fe-TA, (b) Fe-EGCG, (c) Fe-GA, (d) Fe-EC and (e) Fe-PAC. The inset is the
emical structures of polyphenols. (f) UV–Vis-NIR absorption spectrum of Fe-TA, Fe-
nd (h) heat map of Fe-TA, Fe-EGCG, Fe-GA, Fe-EC and Fe-PAC solution (1.0 mg/mL)
-TA, Fe-EGCG, Fe-GA, Fe-EC and Fe-PAC. Results are presented as mean ± S.D. (n = 3).
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case that PVP increased from 0 to 0.4 g, zeta potentails of Fe-TA
nanoparticles changed from �21 to �1 mV. Such results revealed
that the surface of nanoparticles was coated with nonionic PVP
polymers.

To understand the relationship between composition and pho-
tothermal performance of iron-polyphenol colloidal nanoparticles,
the iron contents were measured by ICP-MS (Fig. S3). The iron con-
tents in Fe-TA, Fe-EGCG, Fe-GA, Fe-EC and Fe-PAC were 85.7, 72.3,
69.2, 65.4 and 60.3 mg/g, respectively. Iron content in Fe-TA was
the highest among the iron-polyphenol nanoparticles. TA molecule
has numerous catechol groups, which can coordinate with large
amount of iron ions under alkaline condition. The photothermal
performance was concerned with PTAs photo adsorption capabil-
ity. The photo adsorption ability for iron-polyphenol colloidal
nanoparticles was ascribed to the strong ligand-to-metal transfter
properties. Therefore, the contents of iron species in the nanopar-
ticles played a key role in enhancing the photothermal perfor-
mance. A higher iron content results in a higher light adsorption
and photothermal performance. To further verify the effects of iron
content on the photothermal performance, Fe-TA colloidal
nanoparticles with different iron contents were prepared by sim-
ply altering the proportion between iron precursor and tannic acid.
The iron content in Fe-TA colloidal nanoparticles increased from
9.2 to 97.6 mg/g when the amount of metal precursor increased
from 0.01 to 0.12 g (the amount of TA kept constant, 0.20 g,
Fig. 2a). The sample was denoted Fe(x)-TA (x = 0.01, 0.03, 0.05,
0.07, 0.1 and 0.12, x referred the amount of iron precursor). The
temperature of Fe(x)-TA solution with the same concentration
Fig. 2. (a) The mass of metal precursors versus the contents of Fe in Fe(x)-TA nanopart
(808 nm, 1.5 W/cm2). (1)–(6) in Fig. 2a and b were Fe(0.01)-TA, Fe(0.03)-TA, Fe(0.05)-TA,
Fe-TA synthesized using varying amount of PVP. The size of (1)-(5) was 24, 77, 164, 269 an
referred Fe-TA with different size (24, 77, 164, 269 and 303 nm). Findings should be pr

176
(1 mg/mL) was recorded after irradiation for 10 min. The final tem-
perature in Fe(x)-TA solution enhanced when the content of Fe
increased (Fig. 2b). When Fe content in Fe-TA was 14.3 mg/g, the
final temperature of solution was as low as 32 �C after irradiation
for 10 min. When Fe content in Fe-TA was 85.7 mg/g, the temper-
ature of Fe-TA solution was 65.3 �C. When Fe content in Fe-TA was
97.6 mg/g, the temperature of Fe-TA solution was 55 �C. The
decreased temperature may be ascribed to the limited chelating
capacity of polyphenols. When excess Fe precursors were added,
Fe-TA nanoparticles tended to agglomerate (Fig. S4). The excess
Fe ions would act as a crosslinker to bind the adjacent colloidal
nanoparticles, resulting in the agglomeration of iron-polyphenol
nanoparticles. The photothermal performance of iron-polyphenol
colloidal nanoparticles was closely related to the iron content.
Higher iron content in the colloidal nanoparticles resulted into
higher photothermal performance. The excess iron species led to
the agglomeration of iron-polyphenol nanoparticles and lowered
the photothermal performance.

The effect of particle size on the photothermal performance was
investigated. The amount of PVP was changed during the synthesis
process while keeping the ratio of iron/TA unchanged. Fe-TA
nanoparticles with different size were obtained (Fig. 2c). The
hydrodynamic size of Fe-TA nanoparticles was 24, 77, 164, 269
and 303 nm, respectively. The size of Fe-TA nanoparticles
decreased dramatically with the increase of PVP. PVP polymers
attached onto the surface of Fe-TA nanoparticles and prevented
the agglomeration of nanoparticles. The photothermal perfor-
mance for Fe-TA nanoparticles with different size was then
icles. (b) Photothermal curves of Fe(x)-TA with different contents of Fe under laser
Fe(0.07)-TA, Fe(0.1)-TA and Fe(0.12)-TA, respectively. (c) The hydrodynamic size of
d 303 nm, respectively. (d) Photothermal curves of Fe-TA with different size. (1)-(5)

esented as mean ± S.D. (n = 3).
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investigated. The final temperature of Fe-TA colloidal solution
increased when the size of Fe-TA decreased (Fig. 2d). When the size
of nanoparticles become smaller, the nanoparticles showed higher
absorption/scattering ratios [56–58]. Therefore, more light energy
can be converted to heat energy. The final temperature of Fe-TA
solution increased when the size of Fe-TA decreased (Fig. 2d).
The above results indicated that the photothermal performance
of Fe-TA was related to the particle size.

Based on the above results, Fe-TA colloidal nanoparticles with
hydrodynamic size of 24 nm were selected as a typical photother-
mal agent for further investigation. Fe-TA colloidal solution
showed no precipitation for 30 days. The hydrodynamic diameter
kept nearly constant (26 nm), indicating high colloidal stability
(Fig. 3a). TEM image of Fe-TA nanoparticles was spherical, and its
mean diameter was around 20 nm (Fig. 3b). The atomic force
microscopy (AFM) image also confirmed this result (Fig. 3c-d). Fur-
thermore, Fe-TA nanoparticles exhibited excellent hydrophilicity
and stability in different dispersants, including water, phosphate-
buffer saline (PBS), 0.9% NaCl solution, Tris-Borate-EDTA (TBE)
and Dulbecco’s modified Eagle medium (DMEM). The hydrody-
namic size of Fe-TA in HEPES, TBE, PBS, NaCl, Tris-HCl and DMEM
buffers was 30, 28, 22, 27, 25 and 20 nm, respectively (Fig. S5a, b).
Such good dispersibility in different buffers is beneficial to their
biomedical applications.

The impact by concentration and power density on photother-
mal performance was studied. Fe-TA colloidal solution (diameter:
24 nm) with different concentrations (0–1.5 mg/mL) was exposed
to laser (1.5 W/cm2). The temperature of the solution increased
Fig. 3. (a) Hydrodynamic diameter for Fe-TA on 0 and 30 day. Findings have been express
along the line labeled in AFM image.
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rapidly when the irradiation time increased from 0 to 10 min
(Fig. 4a). Thermographic images of Fe-TA colloidal solution with
different concentrations further proved excellent photothermal
performance (Fig. 4b). The temperature of Fe-TA colloidal solution
(1.0 mg/mL) increased to 65.3 �C under laser irradiation (1.5 W /
cm2). The final temperature in Fe-TA colloidal solution was related
to the power density of laser (Fig. 4c). Both the equilibrium tem-
perature and the absorption at 808 nm of Fe-TA solution were
nearly unchanged after four cycles of irradiation (Fig. 4d, Fig. S6),
indicating a high photostability of Fe-TA colloidal solution.

Encouraged by the excellent photothermal performance of iron-
polyphenol colloidal nanoparticles, we further investigated their
cytotoxicity and in vitro PTT performance. The cytotoxicity was
evaluated through MTT assay using Hela as a model cell. The cyto-
toxicity of Fe-TA was relatively low without NIR irradiation
(Fig. 4e). The cell viability remained approximately 90.1% when
Fe-TA colloidal solution concentration reached to 1.0 mg/mL. Com-
parably, Fe-TA colloidal nanoparticles showed an obvious inhibi-
tion effect on cell viability under NIR irradiation. As Fe-TA
colloidal solution concentration increased, the cell viability under
NIR irradiation decreased obviously. 23.0% of Hela cells survived
when Fe-TA colloidal solution concentration approached 1.0 mg/
mL under NIR irradiation. These findings demonstrated that Fe-
TA had a great potential as a photothermal agent of PTT. Hela cells
could be considered model tumour cells and received different
treatments: control (Group I), Fe-TA only (Group II), 808 nm laser
irradiation only (Group III), and Fe-TA plus 808 nm laser irradiation
(Group IV). Processed cells could be co-stained with Calcein-AM as
ed by mean ± S.D. (n = 3). (b) TEM and (c) AFM image for Fe-TA. (d) The height profile



Fig. 4. (a) Time-dependent temperature change curves for Fe-TA solution at each concentration under laser irradiation (808 nm, 1.5 W/cm2). (b) Thermographic images of Fe-
TA solution with different concentrations (0–1.5 mg/mL) under a laser (808 nm, 1.5 W/cm2) for 0–10 min. (c) Temperature elevation curves for Fe-TA over four cycles (ON/
OFF) of laser. (d) Power-dependent temperature change curves of Fe-TA solution with 1 mg/mL under laser irradiation (808 nm) with varying power density. (e) The Hela cell
viability after incubation using Fe-TA with varying concentrations with (or without) laser exposure (808 nm, 1.0 W/cm2) for 5 min. (f) Confocal fluorescence images for
calcein AM (green) and PI (red) containing Hela cells following various processing. Scale bar, 100 lm. Findings should be expressed by mean ± S.D. (n = 3). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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well as PI. Negligible cell death was observed in Group I, II and III.
Comparably, almost all the cells were killed in Group IV (Fig. 4f).
The obtained results indicated that Fe-TA colloidal nanoparticles
had low cytotoxicity. However, Fe-TA colloidal nanoparticles effi-
ciently killed cancer cell with the assistance of laser via the pho-
tothermal process.

Based on the efficient photothermal performance of Fe-TA
in vitro, we further evaluated the therapeutic effect using BALB/C
mice bearing EMT-6 tumour as a model. All animal experiments
were carried out based on The Care and Use of Laboratory Animals
of the Medical Research Council in Xi’an Jiaotong University. After
intravenously injection of Fe-TA colloidal solution for 4 h, the mice
were exposed to a laser (808 nm, 1.5 W/cm2) for 5 min. The spatial
distributions of temperature at the tumour site were monitored
with an infrared imaging camera. The temperature of the tumour
region with injection of Fe-TA dramatically increased from 34 to
57 �C within 5 min. By comparison, the temperature of the tumour
region for the control group (injection of PBS only) increased from
34 to 40 �C (Fig. 5a, b). Such results revealed the excellent pho-
tothermal performance of Fe-TA in vivo, making it possible to elim-
inate tumours of mice.

The mice came under four groups (n = 5) randomly, including
phosphate buffer saline (control group), Fe-TA nanoparticles only
178
(Fe-TA group), 808 nm NIR laser only (Laser group), and Fe-TA
nanoparticles plus 808 nm NIR laser (Fe-TA + Laser group). The
body weight was within a normal range for all groups during the
treatment process, indicating a low systemic toxicity of Fe-TA
(Fig. 5c). The tumour growth rate and final size for Fe-TA group
and Laser group were similar to those of the control group, sug-
gesting that laser irradiation or Fe-TA alone would not effectively
inhibit the tumour growth (Fig. 5d). It should be noted that the vol-
ume of tumour in the Fe-TA + Laser group was much smaller com-
pared with that in the control group, indicating successful
photothermal ablation of the tumours (Fig. 5e, Fig. S7). Further-
more, the histological analysis of tumours confirmed that tumour
cells experienced serious damages in Fe-TA + Laser group (Fig. 5f).

To evaluate the biodistribution of Fe-TA in mice, tumour-
bearing mice were sacrificed at 0, 4, 12 and 72 h after injection
of iron-polyphenol colloidal solution. Iron contents in main organs
(spleen, heart, kidney, liver, lung) and tumour were measured via
ICP-MS. The iron content reached highest in tumour after 4 h of
injection (Fig. S8a). Fe-TA nanoparticles could effectively accumu-
late in the tumour region due to the enhanced permeability and
retention effects. The iron content of liver also revealed a peak after
4 h of injection, indicating that Fe-TA nanoparticles were mainly
captured by the reticuloendothelial system. Four hours later, liver



Fig. 5. (a) In vivo infrared thermal images for mice following intravenous injection with or without Fe-TA under laser irradiation (1.5 W/cm2, 5 min). (b) Temperature in
tumour region versus irradiation time. (c) Body weight and (d) tumour volume curves of different groups of mice. (e) Photograph for mice and tumour harvested following
different treatments after 18 days. (f) H&E staining of tumour slides. Findings should be expressed by mean ± S.D. (n = 5, ⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001, measured using
Student’s t-test). Scale bar: 50 mm.
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iron content progressively lowered and recovered after 72 h. In
vivo metabolic pathway of Fe-TA nanoparticles was further inves-
tigated (Fig. S8b). The iron content in urine and feces of mice at dif-
ferent time intervals was measured by ICP-MS. There were 61.1%
and 35.5% of Fe-TA eliminated through feces and urine after
60 h. Such results revealed that Fe-TA nanoparticles were smoothly
discharged from mouse body through hepatobiliary pathway
[59,60].

Lastly, in vivo toxicity of Fe-TA colloidal nanoparticles was
investigated by hematological and histochemical analysis. For the
hematological assessment, the blood parameters associated with
acute toxicity were normal except for the white blood cell (WBC)
count (Fig. S9) [61]. The WBC level after injection with Fe-TA solu-
tion was lower in comparision with that of the control group after
1 day of injection. However, WBC level recovered after 3 days. The
temporal decrease of WBC level could be ascribed to body tempo-
ral iron overload [62]. The WBC level recovered to a normal range
when Fe-TA nanoparticles were cleared. The main organ like heart,
liver, spleen, lung and kidney should be extracted in histology
analysis on day 1 and 3 after injection of Fe-TA solution. In compar-
ision with the normal mice, neither noticeable inflammation nor
damage was observed in the major organ (Fig. S10). These results
indicated that Fe-TA nanoparticles showed low toxicity to the mice
with the current experimental dosage.
4. Conclusion

A general strategy is demonstrated to synthesize iron-
polyphenol colloidal nanoparticles with tunable diameter (21–
303 nm) and iron content (9.2–97.6 mg/g), as well as high colloidal
stability using different polyphenols (such as tannic acid, epigallo-
catechin gallate, gallic acid, epicatechin and proanthocyanidin) as
an organic ligand. The photothermal performance of such nanopar-
ticles depends on the kind of polyphenol ligand, iron content and
particle size. Generally, iron-tannic acid colloidal nanoparticles
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with high iron contents and small particle size show high pho-
tothermal performance. To inhibit tumour growth in vivo, the
iron-polyphenol colloidal nanoparticles are further used as an effi-
cient photothermal agent. To date, most of reported iron-
polyphenol colloidal nanoparticles show uncontrollable particle
size and monotonous ligand [44–45]. Besides, the current work
provides a versatile strategy for rational design and synthesis of
polyphenol-based colloids with tunable diameter and composi-
tions. Moreover, the relationship between material composition
and photothermal performance is systematically investigated.
The current work is conductive to rational design of polyphenol-
based photothermal agent. Based on the proposed synthesis strat-
egy, other plant polyphenols could also be used to fabricate
polyphenol-based colloidal nanoparticles with special property or
function. We believe that functional polyphenol-based colloidal
nanoparticles would exhibit promising prospects for biomedical
imaging and cancer treatment.
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