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Ultrasensitive iron-based magnetic resonance
contrast agent constructed with natural polyphenol
tannic acid for tumor theranostics
Lu An, Yu Cai, Qiwei Tian*, Jiaomin Lin and Shiping Yang*

ABSTRACT Because of the toxicity of Gd(III) complexes and
the poor T1 magnetic resonance imaging (MRI) contrast of
superparamagnetic iron oxide, the development of new stable,
non-toxic, and efficient contrast agents is desirable. Herein,
tannic acid (TA), a large natural polyphenol, and bovine ser-
um albumin (BSA) were used to construct non-toxic Fe(III)
complexes with increased relaxivity based on a strategy slow-
ing the molecular spin. Compared with the commercial T1

contrast agent Magnevist®, TA-Fe@BSA not only exhibits
comparable T1 MRI contrast enhancement under 0.5, 1 and
7 T magnetic fields both in vitro and in vivo, but also has
better stability and biocompatibility. Moreover, TA-Fe@BSA
with near-infrared (NIR) absorption demonstrates efficient
tumor ablation via photothermal effects. These results de-
monstrate their strong potential as an alternative T1 MRI
contrast agent and tumor theranostics agent in clinical set-
tings.

Keywords: tannic acid, Fe(III) complex, low-toxic, MRI contrast
agent, photothermal therapy

INTRODUCTION
Magnetic resonance imaging (MRI) has been widely used
in medical diagnosis due to its advantages of non-inva-
siveness, non-radiativity and high spatial resolution,
especially for the examination of soft tissue lesions [1,2].
The enhanced T1 contrast is favored because it improves
imaging, avoids the “blooming effect”, and makes it easier
to distinguish between different regions [3,4]. Among the
reported T1 contrast agents, Gd(III)-based complexes are
already in clinical use [5–7], and superparamagnetic iron
oxide nanoparticles (NPs) (SPIONs), which exhibit T1
contrast at sizes < 3 nm, are the most promising for

clinical use because of their good biological compatibility
[8,9]. However, they both have some intrinsic flaws, in-
cluding the renal toxicity of Gd, and the easy aggregation
of SPIONs in vivo, which result in poor T1 contrast be-
cause of the loss of their ultra-small size [10,11]. There-
fore, it is of great practical significance to develop a new
T1 contrast agent with two advantages of (1) low toxicity
and (2) efficient contrast performance.

The twisted octahedral geometry of Fe(III) containing
weak-field ligands results in high-spin d5 complexes,
which has properties similar to clinically applied Gd(III)
agents [12,13]. More importantly, iron as an endogenous
metal, its complexes exhibit lower cytotoxicity and have
been proposed as an alternative to Gd(III) complexes
[14,15]. Gallic acid-Fe coordination polymers with lower
biotoxicity have been reported as T1 contrast agents by
our group [16] and Liu et al. [17]. However, the imaging
performances of these contrast agents are not very sa-
tisfactory due to the low relaxivity, and there are few in-
depth studies on their toxicity and applicability in vivo.
Hence, a significant amount of work still needs to be
carried out to replace Gd(III) agent. To improve the
imaging performance and relaxivity, the inner-sphere and
outer-sphere relaxation mechanisms need to be con-
sidered. The inner-sphere mechanism involves three key
factors, the spin correlation time of the compound (τR),
the residence lifetime of inner bound water (τm), and the
number of water molecules directly coordinated to the
metal ion (q); while the diffusion correlation time (τD) of
water molecules determines relaxivity based on the outer-
sphere mechanism [18,19]. The increase in relaxivity can
be achieved by increasing τR, τD, q and 1/τm. Another key
factor to be considered is the toxicity and stability.
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Therefore, choosing a appropriate ligand to increase the
relaxivity while reducing the toxicity of the Fe complexes
is a promising way.

Herein, as a proof of concept, natural polyphenolic
tannic acid (TA), bovine serum albumin (BSA) and
Fe(III) salt were used as safe materials for the construc-
tion of Fe complex (TA-Fe@BSA). TA, which is widely
used in the pharmaceutical, food additive and biomedical
fields because of its non-toxic and antibacterial properties
[20,21], has been demonstrated to form a highly stable
complex with Fe [22,23]. More importantly, the mole-
cular structure of TA is larger compared with gallic acid
ligand, which is beneficial to slowing down the molecular
spin and increasing τR after coordinate with Fe [24,25].
BSA, which is biodegradable and non-immunogenic [26–
28], not only improves biocompatibility but also restricts
the rotation of Fe and the diffusion of water molecules
because of the macromolecular steric effects [29]. This
can effectively increase τR and τD, further improving the
MRI contrast performance for in vivo imaging (Scheme
1). In addition, TA-Fe3+ coordination complex has high
potential for tumor photothermal therapy (PTT) [30]. As
expected, the obtained TA-Fe@BSA not only had good
stability and biocompatibility, but also showed excellent
MRI contrast enhancement under magnetic fields of 0.5,
1 and 7 T. The relaxivity was comparable to that of the
commercial contrast agent Gd(DTPA) (Magnevist®).
Moreover, TA-Fe@BSA can be applied for efficient tumor
ablation as a photothermal agent due to the absorption in
the near-infrared (NIR) regions. This study proposes a
process to develop low-toxicity Fe(III)-based complexes

with enhanced MRI performance and PTT effects.

EXPERIMENTAL SECTION

Materials and characterization
TA (99%) and FeCl3·6H2O were purchased from Sinopsin
chemical reagents (Shanghai). BSA was purchased from
Amresco (USA). All reagents were used directly without
further purification. A JEOL jem-2011f transmission
electron microscope (TEM, Japan) was used to char-
acterize the morphology of the obtained NPs. The size of
the obtained NPs was determined via atomic force mi-
croscope (AFM, Bruke NanoScope IIIa SPM, German)
and dynamic light scattering measurements (DLS, Mal-
vern nano-zs90, UK). A Fourier-transform infrared
spectrophotometer (Nicolet Avatar 370 FT-IR spectro-
photometer) was used to measure the composition of the
obtained NPs using the potassium bromide tablet meth-
od. The absorption spectra of the obtained NPs were
measured on a UV-Vis-NIR spectrophotometer (Beck-
man Coulter DU 730, USA). The Fe content was con-
firmed by using an inductively coupled plasma atomic
emission spectrometer (ICP-AES, Varian VistaMPX,
USA).

Synthesis of TA-Fe@BSA NPs
The BSA-Fe complex was prepared by mixing the BSA
solution (10 mL, 2.22 g mL−1) and FeCl3 aqueous solution
(108 μL, 0.1 g mL−1) under magnetic stirring. After
30 min, 1.02 mL of TA aqueous solution (10 mg mL−1)
was added dropwise to the formed BSA-Fe complex so-

Scheme 1 Schematic illustration of the fabrication of TA-Fe@BSA, and the key factors that affect relaxivity, as well as their application in T1 MRI and
PTT.
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lution under stirring. The mixture was stirred for 19 h at
room temperature. Then, the supernatant was collected
via centrifugation at 8000 r min−1. Finally, the TA-Fe@
BSA NPs were obtained from the collected supernatant
via ultrafiltration centrifugation at 3500 r min−1 for 5 min
with a molecular weight cut-off of 100 kDa.

In vitro MRI
To study the MRI properties of the TA-Fe@BSA NPs, an
aqueous solution containing different concentrations of
Fe (0, 0.125, 0.25, 0.5, 1 and 2 mmol L−1) was placed in a
0.5 T MRI system (NMI20-Analyst; Niumag) to test the
longitudinal relaxation time (T1) and transverse relaxa-
tion time (T2). T1-weighted and T2-weighted MRIs for
TA-Fe@BSA NPs were also taken. T1 was measured using
a hard-pulse Q-IR sequence. T2 was measured by a hard-
pulse CPMG sequence. T1 and T1-weighted MR imaging
were also tested under 1 T (NMG1-Analyst) and 7 T
(Bruke BioSpec70/20 USR) magnetic fields.

Biocompatibility
Mouse breast cancer 4T1 cells and human umbilical vein
endothelial cells (HUVEC) were used to evaluate the cy-
totoxicity of the TA-Fe@BSA NPs. The cells were placed
in a 96-well plate and cultured for 12 h in a cell incubator
(37°C, 5% CO2). As the cells grew into the logarithmic
phase, various concentrations of NPs (0, 0.06, 0.12, 0.25
and 0.5 mmol L−1) were added. After 12 and 24 h of in-
cubation, the cell viability was investigated using a 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bro-
mide (MTT) assay. In addition, the 4T1 cells were in-
cubated with different concentrations (0‒6 mmol L−1 Fe)
of NPs for 24 h, and the IC50 value was calculated using
GraphPad Prism 6 with six parallel samples per con-
centration.

Hemolysis assays were carried out as follow: 0.4 mL of
red blood cells (RBCs, 2% volume ratio) were treated with
1 mL of deionized water, phosphate buffered saline (PBS),
or PBS containing TA-Fe@BSA NPs (60, 120, 250, or
500 μmol L−1). After 1 h, the mixtures were centrifuged to
collect the supernatant. The hemolysis ratio was tested
using the absorbance of the supernatant at 570 nm and
calculated by

A A
A AHemolysis ratio = × 100%.sample PBS

H O PBS2

After intravenous injection of the TA-Fe@BSA NPs
(2 mmol L−1, 100 μL) for 16 days, mouse blood was col-
lected for biochemical index analysis, including alkaline
phosphatase (ALP), alanine aminotransferase (ALT), as-

partate aminotransferase (AST) for liver function eva-
luation, creatinine (CREA), and blood urea nitrogen
(BUN) for renal function evaluation. For the blood rou-
tine examination, the white blood cell count (WBC),
RBC, mean cell hemoglobin (MCH), mean cell volume
(MCV), hematocrit (HCT), hemoglobin concentration
(HGB), mean corpuscular hemoglobin concentration
(MCHC), and platelets (PLT) were determined. In addi-
tion, the main organs including the heart, liver, spleen,
lung and kidney were collected, and the damage to the
organs by TA-Fe@BSA was evaluated from the H&E
stained slices. The healthy mice treated with PBS (100 μL)
were set as control (n = 3).

In vivo MRI studies
In vivo MRI studies were carried out using the following
equipment: 0.5 T (Niumag MiniMR-60), 1 T (NMG1-
Analyst), and 7 T (Bruke BioSpec70/20 USR). Magnevist
and TA-Fe@BSA NPs (20 μL, 2 mmol L−1) were injected
intratumorally into symmetrical sides of the 4T1 bilateral
tumor-bearing mice, respectively. Cross-sectional MRI
scans were performed before and 0.5 h after intratumoral
injection of TA-Fe@BSA NPs.

After intravenous injection of TA-Fe@BSA NPs
(150 μL, 2 mmol L−1), coronal plane scanning was per-
formed before and after NP injections (0.5, 1, 2, 4 and
6 h).

The biodistribution analysis
To determine the metabolism pathway of TA-Fe@BSA,
the 4T1 tumor-bearing mice were randomly divided into
six groups (n = 3), and received intravenous injection
with TA-Fe@BSA NPs (150 μL, 2 mmol L−1) at different
time points (0.5, 1, 2, 4, 6 and 24 h), respectively. After
that, the mice were sacrificed, and the main organs and
metabolites (heart, liver, spleen, lung, kidney, tumor,
urine and feces) were collected for ICP-AES analysis of Fe
content. The distribution of TA-Fe@BSA NPs was cal-
culated as the injected dose percentage per gram of tissue
(% ID/g).

Measurement of photothermal performance
The temperature change of the TA-Fe@BSA NPs with
different Fe concentrations (0.03, 0.06, 0.12, 0.25, 0.5, 1
and 1.5 mmol L−1) was collected using an FLIR A300
thermal camera with irradiation by a 808 nm laser
(1 W cm−2) for 15 min. Water was used as control. The
photostability was measured by the absorption change of
the NPs before and after irradiation. For the temperature
change, the NPs were treated with eight cycles of 15 min
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laser exposure followed by 15 min rest.

Photothermal ablation of tumor
Four groups, including PBS, PBS+Laser, TA-Fe@BSA
NPs, and TA-Fe@BSA NPs+Laser, were used to evaluate
the photothermal effects of TA-Fe@BSA NPs both in vi-
tro and in vivo. The laser wavelength was 808 nm with a
power density of 1 W cm−2, and the irradiation time was
5 min. PBS, PBS+Laser, and TA-Fe@BSA NPs
(1 mmol L−1) were the control, laser control, and agent
control groups, respectively, while the TA-Fe@BSA NPs
(1 mmol L−1)+Laser group was the treatment group.

For the in vitro investigation, the treatment effect was
evaluated via trypan blue staining. The cells in a 96-well
plate were divided into the above four groups. PBS was
added into the wells for the groups of PBS and PBS
+Laser, while 1 mmol L−1 TA-Fe@BSA NPs was used for
the groups of TA-Fe@BSA NPs and TA-Fe@BSA NPs
+Laser. Experiments on the four groups were carried out
in parallel. After exposing the cells to the laser for the
groups of PBS+Laser and TA-Fe@BSA NPs+Laser, all the
cells in the four groups were stained with trypan blue for
15 min. Then, the cells were washed with PBS and ob-
served using an inverted optical microscope (Motic
AE2000).

For in vivo investigation, 4T1 tumor-bearing mice were
used as the tumor model and randomly divided into the
above four groups, with six mice in each group. For the
groups of PBS and TA-Fe@BSA NPs, the mice were only
intravenously injected with PBS (20 μL) and TA-Fe@BSA
NPs (20 μL, 2 mmol L−1), respectively. The mice in the
groups of PBS+Laser and Fe@BSA NPs+Laser were ex-
posed to the laser 2 h after injection with PBS (20 μL) and
TA-Fe@BSA NPs (20 μL, 2 mmol L−1), respectively. Both
the injection and laser irradiation were only given on the
first day. After laser irradiation, each group receiving
laser treatment was imaged and their temperatures were
monitored by using an NIR thermal imaging camera.

For histopathological section analysis, one mouse from
each group was sacrificed after treatment and the tumor
was excised, and hematoxylin eosin (H&E) staining and
terminal deoxynucleotidyl transferase (TdT)-mediated 2ʹ-
deoxyuridine 5ʹ-triphosphate (dUTP) nick end labeling
(TUNEL) were used to evaluate the necrosis and apop-
tosis rate of the tumor. The tumor size and body weight
of the remaining mice were recorded every day for 16
consecutive days.

Ethical statement
All animal experiments were carried out in strict ac-

cordance with the guidelines for care and use of labora-
tory animals of Shanghai Normal University and
approved by the Animal Ethics Committee of Shanghai
Normal University.

RESULTS AND DISCUSSION
The designed TA-Fe@BSA complex was synthesized
using a modified version of our previous report [16]. TA
was added dropwise into the mixture of Fe(III) and BSA
to form a Fe complex, where TA coordinated with Fe(III)
via the phenolic hydroxyl group. During the growth
processes, BSA not only stabilized the NPs by serving as a
carrier of Fe(III) via coordination of the N-terminal
amines and cysteine residues with Fe(III), but also im-
proved the biocompatibility by virtue of its biodegradable
and non-immunogenic features [26,27]. The relationship
between the Fe(III):TA molar ratio and the relaxivity was
first explored (Table S1). The relaxivity of TA-Fe@BSA
increased as TA increased until a molar ratio of 1꞉0.15 (r1
= 4.20, r2 = 4.49). As the TA concentration continued to
increase, rapid precipitation was observed at molar ratios
of 1꞉0.5 and 1꞉1. Thus, TA-Fe@BSA synthesized at this
condition (Fe(III)꞉TA = 1꞉0.15) was selected for further
investigation. TEM, AFM and DLS were used to de-
termine the morphology and size distribution of the ob-
tained TA-Fe@BSA. As expected, monodisperse,
spherical nanodots with an average size of ~21 nm were
successfully prepared (Fig. 1a, b and Fig. S1). The hy-
drodynamic diameter increased to (28.8±3.7) nm, which
could be ascribed to the hydrophilicity of the outer BSA
layer (Fig. 1c) [31]. In addition, the peaks at 1206 and
1085 cm−1 in the FT-IR spectra could be assigned to TA,
the 1647 and 1534 cm−1 peaks were characteristics of the
amide I and amide II band vibrations of BSA (Fig. 1d)
[30,32]. The slight shift indicates the coordination of Fe
(III) and TA and also the interaction between Fe(III) and
the amide of BSA. This was further confirmed by the Vis-
NIR absorption spectra and fluorescence spectra. An
obvious ligand-to-metal charge-transfer (LMCT) band
could be observed at 570 nm for TA-Fe@BSA because of
TA and Fe(III) coordination (Fig. 1e) [22], and the
fluorescence of BSA was quenched because of the com-
bination of Fe(III) and BSA (Fig. S2). Furthermore, the
NPs maintained proper size and absorption stability (Fig.
1f and Fig. S3). The above results all indicate the suc-
cessful synthesis of TA-Fe@BSA.

To determine whether TA-Fe@BSA could serve as an
MRI contrast agent, longitudinal (T1) weighted and
transverse (T2) weighted MRI and the corresponding re-
laxivities were evaluated on a 0.5 T MRI scanner. GA-
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Fe@BSA and Magnevist were used as the control and
measured with the same parameters. As the concentration
of Fe or Gd increased, the T1-weighted images in all three
groups gradually brightened (Fig. 2a). The MRI perfor-
mance of TA-Fe@BSA approached that of Magnevist at
high concentrations, and it performed significantly better
than GA-Fe@BSA. None of the three groups showed
visible T2-weighted imaging. The longitudinal relaxivity
(r1) of TA-Fe@BSA was 4.20 L mmol −1 s−1, which was
close to that of Magnevist (4.71 L mmol −1 s−1) and much
higher than that of GA-Fe@BSA (0.79 L mmol −1 s−1).
This is because of the slow spin dynamics of the com-
pound, which can be attributed to its large structure.
Moreover, the r2/r1 of TA-Fe@BSA was 1.06, lower than
those of Magnevist (1.12) and GA-Fe@BSA (1.10), which
is more beneficial to T1 MRI (Fig. 2b). Similarly, because
the spatial limiting effect of BSA [29,33], the r1 of TA-
Fe@BSA was also higher than that of TA-Fe
(2.08 L mmol −1 s−1, Fig. S4), which demonstrates that
TA-Fe@BSA has potential as a positive T1 MRI contrast
agent. Motivated by the high MRI contrast at low fields,
T1-weighted imaging was further explored at higher fields
(1 and 7 T). A similar brightening trend for 0.5 T was
observed with increasing concentration. An enhanced
field strength resulted in clearer imaging (Fig. 2c and d).
The r1 of TA-Fe@BSA, Magnevist and GA-Fe@BSA were
3.47, 3.89 and 0.86 L mmol −1 s−1 at 1 T, respectively,
while they were 1.10, 1.27 and 0.13 L mmol −1 s−1 at 7 T,

respectively (Fig. 2e). The decrease of r1 with increasing
magnetic field strength could be attributed to the increase
in the proton Larmor frequency, which exceeds the fre-
quency of molecular vibration, thereby interfering with
the relaxation of spin-lattice [29,34]. Overall, the en-
hanced MRI contrast and significantly improved r1 were
comparable to that of commercial Magnevist; hence, TA-
Fe@BSA has potential for use as a T1-weighted MRI
contrast agent.

In addition to the contrast performance, good bio-
compatibility is a key prerequisite for practical applica-
tion of an MRI contrast agent. The biocompatibility of
TA-Fe@BSA was demonstrated via cytotoxicity tests,
hemolysis assays, blood routine tests, and analysis of the
biochemical indexes in mice, along with the analysis of
H&E stained major organs’ slices. TA-Fe@BSA displayed
no apparent toxicity to 4T1 and HUVEC cell lines, even
at Fe concentrations up to 1 mmol L−1 (Fig. 3a). Fur-
thermore, the IC50 value for 4T1 cells was
3.31±0.24 mmol L−1 (Fig. 3b and Fig. S5), higher than the
safe dose of Magnevist [35], and the hemolysis rate of
RBCs was as low as 0.36%, indicating that the safety of
TA-Fe@BSA (Fig. 3c). The in vivo toxicity was further
assessed after intravenous injection of TA-Fe@BSA.
Compared with healthy mice, there was no significant
difference in liver and kidney function and for the blood
routine indicators of the tested mice (Fig. 3d). No in-
flammatory infiltration and injury were observed in the

Figure 1 Synthesis and characterization of TA-Fe@BSA. (a) TEM image. Some of NPs are highlighted by the white circles. (b) 3D AFM topography of
TA-Fe@BSA. (c) Hydrodynamic size distribution, and photograph of the solution. (d) FT-IR spectra and (e) Vis-NIR spectra of TA, BSA, TA-Fe,
BSA-Fe and TA-Fe@BSA. (f) Hydrodynamic diameter tracking of TA-Fe@BSA.
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major organs either (Fig. 3e). All the data indicated that
TA-Fe@BSA was safe, non-toxic, and had good bio-
compatibility.

The in vivo T1-weighted MRI performance was first
studied with a 0.5 T MRI scanner. TA-Fe@BSA and
Magnevist were intratumorally injected into the symme-
trical sides of different bilateral tumor-bearing mice. Si-
milarly to the results in solution, TA-Fe@BSA exhibited
contrast enhancement close to commercial Magnevist,
and they both had significantly increased signal intensity
(Fig. 4a and b) [36]. Next, after intravenous injection of
TA-Fe@BSA, the T1-weighted MRI scans of the 4T1 tu-
mor-bearing mice were monitored. The contrast of the
main organs, including the tumor, kidney, liver and
bladder was gradually enhanced with time, and the
maximum MRI signal intensity appeared ~2 h post-in-
jection (Fig. 4c and d). More importantly, the signal in-
tensity of the tumor site obviously increased compared
with the pre-injection intensity, indicating that TA-

Fe@BSA can be used for MRI of tumors.
To further validate the viability of TA-Fe@BSA, in vivo

MRI at higher field strengths (1 and 7 T) was carried out
after intravenous injection. As expected, they presented
positive MRI contrast enhancement with a higher re-
solution as the field strength increased. After ~1–2 h
post-injection, the tumor site, liver and kidney showed
the strongest T1 contrast effect at 1 T, while the bladder
could be observed at ~2–4 h, which could be ascribed to
the metabolic processes (Fig. 5a). The MRI trend was
similar with a 7 T field, except for the bladder (Fig. 5b).
The inconsistencies may be because of the individual
differences between the mice. Overall, the imaging time
was much longer than elimination half-life of commercial
Magnevist [37], which is favorable for long-term ob-
servation and accurate localization of the lesions. The
imaging changes can be seen more clearly by the MRI
signal intensity. The signal value in most organs increased
over time until it reached the maximum at ~1–2 h, and

Figure 2 (a) T1-weighted and T2-weighted MRI scans (0.5 T) and (b) corresponding relaxivity fitting curves of GA-Fe@BSA, TA-Fe@BSA and
Magnevist. T1-weighted MR images of TA-Fe@BSA compared with GA-Fe@BSA and Magnevist at (c) 1 T and (d) 7 T. (e) Corresponding relaxivity
fitting curves of GA-Fe@BSA, TA-Fe@BSA and Magnevist at 1 and 7 T.
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then decreased from 4 to 6 h (Fig. 5c and d). To de-
termine the metabolic pathway, the biodistribution of
TA-Fe@BSA in the major organs after intravenous ad-
ministration was analyzed (Fig. S6). Fe3+ ions were found
in the liver and spleen due to the uptake of NPs by the
reticuloendothelial system (RES) organs [38,39]. Never-
theless, the accumulation of TA-Fe@BSA in the kidney
was observed, consistent with previous reported serum
albumin-assembly NPs [40,41]. The Fe3+ ions were pre-
sent in the urinary and faecal excreta, suggesting TA-
Fe@BSA can be cleared from the body. Therefore, we
speculated that TA-Fe@BSA NPs were metabolized both
in hepatic and renal pathway. In particular, the uptake of
TA-Fe@BSA NPs in the tumor was approximately 12%

ID g−1 at 2 h, and then gradually decreased, in accordance
with MRI. This can be attributed to the enhanced per-
meability and retention (EPR) effect of NPs with a size
range from 10 to 100 nm, and polymers are especially
suitable for the EPR effect [41–43]. In summary, TA-
Fe@BSA with ultra-sensitive MR performance was de-
monstrated, and it can be exploited as an effective tumor
MRI contrast agent for biomedical diagnosis.

As mentioned above, TA-Fe@BSA not only displayed
enhanced MRI contrast, but also had obvious NIR ab-
sorption, which can be used for tumor treatment. Based
on this characteristic, the photothermal properties of TA-
Fe@BSA were characterized before being used for tumor
PTT. Similar to the MRI results, photothermal imaging

Figure 3 The biocompatibility assessment of TA-Fe@BSA. (a) The cell viability of HUVEC and 4T1 cells incubated with TA-Fe@BSA for 12 and 24 h,
respectively. (b) IC50 dose response of TA-Fe@BSA. (c) Hemolysis percentage of RBCs after incubation with various concentrations of TA-Fe@BSA.
H2O and PBS were used as positive and negative control, respectively. Inset shows photographs of the RBCs with different treatments. (d) Blood
routine and biochemical indexes analyses for mice after intravenous injection of TA-Fe@BSA (n = 3). (e) H&E stained slices of the heart, liver, spleen,
lung and kidney of mice with and without intravenous injection of TA-Fe@BSA. Scale bar = 100 μm.
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was also positively correlated with the concentration, and
it was accompanied by increasing temperature (Fig. 6a
and Fig. S7). The maximum temperature increased by
23°C in 15 min, and the photothermal conversion effi-
ciency was calculated to be 27.8% (Fig. 6b). In addition,
the photostability was excellent after eight laser on/off
cycles, and the absorption of the TA-Fe@BSA aqueous
dispersion before and after laser irradiation remained
virtually unchanged (Fig. 6c and Fig. S8). The relaxivities
of TA-Fe@BSA did not change significantly before and
after irradiation as well (Fig. S9). The above results de-
monstrate that TA-Fe@BSA can effectively convert laser
energy into thermal energy, and it has the potential for
use in PTT. To verify its feasibility, 4T1 cells incubated in
a 96-well plate were randomly divided into four groups.
They were then treated with either PBS, PBS+Laser, TA-
Fe@BSA, or TA-Fe@BSA+Laser, and then stained with
trypan-blue to evaluate the PTT effects. Only the cells of
the TA-Fe@BSA+Laser irradiation group were stained
blue, which indicated the safety of the laser and TA-
Fe@BSA, as well as the good PTT effects (Fig. S10).

Given the excellent in vitro performance, tumor abla-
tion via PTT was then further validated in vivo. For this,

4T1 tumor-bearing mice were randomly assigned to four
groups. With MRI guidance, the strongest signal for the
tumor was present in ~2–4 h. Therefore, for the treat-
ment group, the mice were intravenously injected with
TA-Fe@BSA, and then exposed to an 808 nm laser at
1 W cm−2 for 5 min at 2 h post-injection. The rest of the
groups were used as controls, including PBS injection
group, the group with mice that were irradiated after PBS
injection, and the group with the mice injected with TA-
Fe@BSA but without laser irradiation. Photothermal
imaging of the mice tumor was carried out using an in-
frared imaging camera (Fig. 6d). Under 808 nm laser
exposure, the tumor site of the TA-Fe@BSA+Laser group
gradually brightened over time, accompanied by a sig-
nificant temperature increase that was sufficient to ablate
the tumor. In contrast, the tumor site in the PBS+Laser
group barely changed and the temperature rise was lower
(Fig. 6e). This demonstrated that TA-Fe@BSA had ther-
mal ablation effects in vivo and can be used for PTT.
Next, one mouse from each group was sacrificed and the
tumors were excised for histopathological section analy-
sis. Compared with the other three control groups, the
largest necrotic area was observed in the TA-Fe@BSA

Figure 4 (a) T1-weighted MR images (0.5 T) of bilateral tumor-bearing mice pre- and post-intratumor injection of TA-Fe@BSA (left) and Magnevist
(right). (b) Corresponding signal changes of the pre- and post-injection in (a). The change of the signal to noise ratio (ΔSNR) was calculated by
|(SNRpost−SNRpre)|/SNRpre [36]. (c) T1-weighted MR images (0.5 T) of 4T1 tumor-bearing mice after intravenous injection of TA-Fe@BSA. (d) The
corresponding MR-signal variations of the tumor, liver, kidney and bladder in (c).
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+Laser group from the H&E stained image. A large
number of apoptosis cells were dyed brown in the TU-
NEL stained slices, where the TA-Fe@BSA+Laser group
showed the highest apoptotic rate (Fig. 6f and g). More-
over, the tumor volume and body weight of the mice were
monitored for 16 days. It can be clearly seen that the
tumors of the treatment group were scabbed, which
shrank remarkably and then completely disappeared 16
days after PPT treatment (Fig. S11). In contrast, the tu-
mors in the other three groups were not suppressed, and
neither laser irradiation nor TA-Fe@BSA alone affected
tumor growth (Fig. 6h). In addition, all groups of mice
maintained a steady weight over the entire PTT treat-

ment, suggesting that TA-Fe@BSA had no significant
toxic side effects, and therefore, has potential to be used
as an effective PPT agent for tumor ablation.

CONCLUSIONS
In summary, the natural polyphenol TA, a ligand with a
large and stable structure, was selected to construct TA-
Fe@BSA as a T1 MRI contrast agent and as a PTT agent
for tumor theranostics. The obtained spherical TA-
Fe@BSA had an average size of ~21 nm and showed an
obvious LMCT band and good biocompatibility. Com-
pared with GA-Fe@BSA, it exhibited superior perfor-
mance as an MRI contrast agent at 0.5, 1 and 7 T fields in

Figure 5 In vivo T1-weighted MR images of 4T1 tumor-bearing mice after intravenous injection of TA-Fe@BSA at (a) 1 and (b) 7 T, and the
corresponding signal variations for the tumor, liver, kidney and bladder at (c) 1 and (d) 7 T, respectively.
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solution, and it demonstrated significantly improved re-
laxivity that was comparable to commercial Magnevist.
The applicability of TA-Fe@BSA as a T1-weighted MRI
contrast agent was also validated in vivo after in-
tratumoral and intravenous injection. Moreover, TA-
Fe@BSA with NIR absorption presented efficient PTT
effects for in vivo xenograft tumor suppression. This
proof-of-concept study demonstrated that TA-Fe@BSA
obtained via a simple synthesis route using large natural

polyphenol ligands may be practical for theranostic ap-
plications.
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天然多酚单宁酸构建的铁基超灵敏磁共振造影剂
及其肿瘤诊疗应用
安璐, 蔡宇, 田启威*, 林焦敏, 杨仕平*

摘要 Gd(III)配合物和超顺磁性氧化铁(SPION)是目前常见的T1

MRI造影剂, 然而由于Gd(III)的毒性和SPION较差的对比度, 需要
开发出新的稳定、无毒的高效造影剂. 本论文基于减慢分子自旋
的策略, 利用生物安全的天然多酚单宁酸和牛血清白蛋白来构建
无毒的Fe(III)复合物TA-Fe@BSA. 该复合物具有良好的增强弛豫
性能, 在溶液和体内测试中, 在0.5, 1和7 T磁场下均具有与商用T1

造影剂Magnevist®相当的T1 MRI增强造影效果, 而且具有良好的
稳定性和生物相容性. 此外, 具有近红外吸收的TA-Fe@BSA基于其
光热效应, 也表现出了有效的肿瘤消融作用. 这些结果证明了TA-
Fe@BSA作为替代性T1 MRI造影剂和肿瘤治疗药物的潜力.
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