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A B S T R A C T

Plant polyphenol-based coordination polymers (CPs) with ultra-small particle size and tailorable
compositions are highly desired in biomedical applications, but their synthesis is still challenging due to
the sophisticated coordination assembly process and unavoidable self-oxidation polymerization of
polyphenol. Herein, a general ligand covalent-modification mediated coordination assembly strategy is
proposed for the synthesis of water-dispersible CPs with tunable metal species (e.g., Gd, Cu, Ni, Zn, Fe)
and ultra-small diameter (8.6–37.8 nm) using nontoxic plant polyphenol (e.g., tannic acid, gallic acid) as a
polymerizable ligand. Polyphenol molecules react with formaldehyde firstly, which can effectively retard
the oxidation induced self-polymerization of polyphenol and lead to the formation of metal ions
containing CPs colloidal nanoparticles. These ultrafine nanoparticles with stably chelated metal ions are
highly water dispersible and thus advantageous for bioimaging. As an example, ultra-small Gd contained
CPs exhibit higher longitudinal relaxivity (r1 = 25.5 L mmol�1 s�1) value with low r2/r1 (1.19) than
clinically used Magnevist (Gd-DTPA, r1 = 3.7 L mmol�1 s�1). Due to the enhanced permeability and
retention effect, they can be further used as a positive contrast agent for T1-weighted MR imaging of
tumour.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Nanoscale coordination polymers (CPs) with tailorable organic
ligands and metal species, various morphologies and structures, as
well as tunable particle size, have attracted increasing attentions
due to their broad applications such as sensing, biomedical
imaging and therapy [1–7]. Metal-phenolic coordination polymers
(MPCPs) or metal-phenolic networks (MPNs) are one kind of CPs,
which are usually constructed using plant polyphenol as a build
block [8–17]. Plant polyphenols are secondary metabolites of plant
with highly diverse chemical structures, which are widely existed
in fruits and vegetables. Specially, plant polyphenols show
antifouling, antibacterial, antioxidant, nontoxic and adhesive
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properties, as well as strong chelate abilities with various metal
ions including rare earth, transitional and alkaline earth metal ions
[18–36]. Based on the coordination assembly, the resultant MPCPs
with different metal species show fascinating optical and magnetic
properties, as well as broad applications in catalysis, separation,
medical imaging, sensing and drug delivery [18–36]. In order to
fully explore their potential applications and improve their
performance, it is desirable to develop a versatile synthesis
strategy to realize the controllable synthesis of MPCPs with
tunable compositions and nanostructures.

Particle size is one of the most important parameters for CPs,
which plays a pivotal role in determining their behavior in vivo
involving cellular internalization, biodistribution, clearance rate
and excretion pathway [37]. For gadolinium-based coordination
polymer nanoparticles, the smaller size leads to higher contrast
ability due to larger specific surface area, while smaller size results
 Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cclet.2020.05.021&domain=pdf
mailto:jingwei@xjtu.edu.cn
https://doi.org/10.1016/j.cclet.2020.05.021
https://doi.org/10.1016/j.cclet.2020.05.021
http://www.sciencedirect.com/science/journal/10018417
www.elsevier.com/locate/cclet


J. Qin et al. / Chinese Chemical Letters 32 (2021) 842–848 843
in lower chemical stability and the higher risk of leakage of toxic
gadolinium ion [38–42]. Generally, MPCP particles were synthe-
sized via the template synthesis strategy. A sacrificed template
such as polystyrene sphere was usually used [10]. Due to the strong
adhesive property of polyphenol, the metal ions and polyphenolic
ligands were deposited on the surface of template. After selective
removal of template, MPCP capsules were obtained. The diameter
of the capsules was relied on the size of template. Generally, it is
difficult to synthesize MPCPs with diameter below 50 nm due to
the limited choice of template and the complicated procedures for
selective removal of the template. Alternatively, template-free
synthesis strategy did not require external template or the tedious
procedures for selective removal of template. The nanoscale MPCPs
can be synthesized using different synthesis strategies such as self-
assembly via coordination or hydrogen bonding interactions and
sol-gel process [43–50]. During the synthesis process, a competi-
tive ligand was used to modulate the coordination assembly
process. For example, poly(vinylpyrrolidone) (PVP) can effectively
control the particle size of CPs [2]. Liu et al. reported the synthesis
of coordination polymer nanodots with a small diameter of 5.3 nm
and excellent renal clearance properties based on the coordination
reactions among Fe ions, gallic acid and PVP [51]. In our previous
work, a controllable sol-gel synthesis strategy was proposed for
the preparation of MPCP colloidal spheres with diameter of around
300 nm [44]. Despite great successes in the synthesis of MPCP
particles, the size control for MPCP in the sub 50 nm scale is still a
great challenge. The small diameter can effectively enhance the
dispersion and stability of MPCP nanoparticles when they are in
the buffer solution. Moreover, the smaller nanoparticles show
larger surface-to-volume ratio and higher r1, which are beneficial
for in vivo T1-weighted MR imaging. Moreover, most of the
previous reports mainly focused on iron-phenolic coordination
polymers. The controllable synthesis and in vivo biomedical
applications for other metal-phenolic coordination polymer
nanoparticles have rarely been investigated. To the best of our
knowledge, the synthesis of MPCPs with ultra-small diameter
(10�50 nm) and tunable metal species have rarely been reported
due to the difficulty to mediate the metal-ligand coordination
assembly process in the molecular scale.

Herein, we demonstrate a general ligand covalent-modification
mediated coordination assembly strategy for the synthesis of
nanoscale MPCPs with ultra-small hydrodynamic diameter
(8.6–37.8 nm), high colloidal stability and tunable metal species
Fig. 1. Schematic illustration of the synthesis of ultra-small G
(e.g., Gd, Cu, Ni, Zn and Fe) using plant polyphenol as an organic
ligand. The polyphenolic ligand (i.e., tannic acid, abbreviation as
TA) is firstly modified via a phenol-formaldehyde reaction, which
can effectively retard the oxidation induced self-polymerization of
polyphenol in alkaline conditions. After adding different metal
ions, various MPCP nanoparticles are successfully synthesized via
the metal-ligand coordination assembly process. PVP can effec-
tively prevent the aggregation of MPCP nanoparticles by capping
on the surface of MPCP nanoparticles. Moreover, other polyphenols
such as gallic acid (GA) can also be used as a ligand to synthesize
MPCP nanoparticles. To explore their potential biomedical
application, Gd containing CPs (i.e., Gd-TA), which show high
colloidal stability, low cytotoxicity and leakage of Gd ions, high
longitudinal relaxivity (r1 = 25.5 L mmol�1 s�1) value with low r2/r1
(1.19), are successfully used as a positive contrast agent for
T1-weighted MR imaging of the tumour.

The synthesis of nanoscale MPCPs mainly included two steps
(Fig. 1). Firstly, polyphenol (e.g., TA) reacted with formaldehyde in
the alkaline conditions to form TA-formaldehyde oligomer.
Secondly, different metal ions were added to trigger the metal-
ligand coordination assembly. In this process, PVP molecules were
used to prevent the aggregation of MPCP nanoparticles. As a result,
MPCP nanoparticles with small diameter and high colloidal
stability were successfully synthesized. The obtained samples
were denoted M-TA (M refers metal species). Here, Gd-TA CPs were
used as a typical example. The photograph of Gd-TA in water
(1.0 mg/mL) showed a clear solution, indicating a good dispersi-
bility (Fig. 2a). After standing for 30 days, no precipitate was
observed, revealing a high colloidal stability of Gd-TA in water.
Transmission electron microscopy (TEM) image of Gd-TA showed
spherical nanoparticles with an average size of 20.2 nm (Fig. 2b
and Fig. S1 in Supporting information). Gd-TA CPs were further
characterized by atomic force microscopy (AFM) (Fig. 2c). The
diameters of Gd-TA CPs labeled in the AFM image were 16.9, 9.8
and 12.7 nm respectively by calculation of the height of nano-
particles (Fig. 2d). The hydrodynamic diameter of Gd-TA was
centered at 21.0 nm (Fig. 2e), which remained nearly unchanged
(20.9 nm) after storage for one month. When Gd-TA CPs were
transferred to other buffers, such as HEPES (pH 7.4, 0.01 mol/L),
Tris-Borate-EDTA (TBE) (pH 8.0,1x), phosphate-buffered saline (pH
7.3, 0.01 mol/L), NaCl solution (0.9 wt%) or dulbecco's modified
eagle medium (DMEM) supplemented with 10% foetal bovine
serum (FBS) (v/v), Gd-TA CPs still showed good dispersibility
d-TA-formaldehyde coordination polymer nanoparticles.



Fig. 2. (a) Photographs for Gd-TA solution for 0 and 30 days. (b) TEM and (c) AFM images for Gd-TA nanoparticles. (d) The height profile along the line marked in the AFM
image. (e) The hydrodynamic diameter distributions of Gd-TA solution at 0 day and 30 days measured by DLS.
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without macroscopic aggregations (Fig. S2 in Supporting informa-
tion). The hydrodynamic diameters of Gd-TA CPs in these buffers
were in the range from 18.1 nm to 21.1 nm, which were close to
21.0 nm (the diameter in water). Such excellent dispersibility
would facilitate their further biomedical
applications.

X-ray diffraction (XRD) patterns for Gd-TA nanoparticles
revealed an amorphous structure (Fig. S3 in Supporting informa-
tion). X-ray photoelectron spectroscopy (XPS) for Gd-TA showed
the existence of C, N, O and Gd element (Fig. S4 in Supporting
information). Gd 4d spectra showed two peaks centered at 142.1
and 148.0 eV, which were ascribed to the Gd 4d5/2 and Gd 4d3/2,
respectively [52]. Gd 3d spectra showed two peaks centered at
1187.1 and 1221.0 eV, which were ascribed to the Gd 3d5/2 and Gd
3d3/2, respectively. The N 1s spectra can be fitted with two peaks at
about 398.49 and 399.24 eV, which are assigned to pyridinic
nitrogen and pyrrolic nitrogen, respectively [53]. The nitrogen
atoms in the CPs were from PVP and ammonia. The presence of
pyrrolic nitrogen atoms indicated the existence of PVP on the
surface of Gd-TA. Gd contents were determined by inductively
coupled plasma-mass spectrometry (ICP-MS). The Gd contents in
the Gd-TA were 2.97%, 4.30%, 5.52%, 6.67% and 7.42 wt% when the
mass ratios of Gd precursor to TA were 0.125, 0.25, 0.375, 0.5 and
0.626 respectively (Fig. S5a in Supporting information). The Gd
contents in Gd-TA showed a linear relationship with the mass ratio
of Gd source to TA. The hydrodynamic diameter of Gd-TA
nanoparticles increased from 8.6 nm to 26.6 nm when the mass
ratios of Gd precursor to TA increased from 12.5 wt% to 62.5 wt%
(Fig. S5b in Supporting information). Such results indicated that
the size of Gd-TA CPs could be slightly adjusted by changing the
amount of Gd precursor. With more amounts of Gd precursors
added, more Gd ions would coordinate with the TA molecules
(or oligomers) and then the size of the resultant CPs increased.
In order to investigate the possible formation mechanism of the
ultra-small coordination polymer nanoparticles, we firstly studied
the recipes during the synthesis process. Gd ions could coordinate
with TA directly in alkaline conditions. When neither PVP nor
formaldehyde was used, fibrous Gd-TA CPs with size in the
micrometer scale were obtained (Fig. S6a in Supporting informa-
tion). XRD patterns of the Gd-TA fiber showed highly crystalline
framework (Fig. S3 in Supporting information). When PVP was
used and formaldehyde was not used, Gd-TA rhombohedron was
prepared (Fig. S6b in Supporting information). XRD patterns of the
Gd-TA rhombohedron also showed a crystalline framework
(Fig. S3), which were consistent to that of the Gd-TA fiber. PVP
molecule has amide moieties, which can weakly coordinate with
Gd ions. Consequently, the nucleation and growth process of Gd-TA
coordination crystals can be mediated by PVP molecules. As a
result, Gd-TA CPs showed different morphologies and small
diameters after addition of PVP. However, PVP cannot affect the
crystalline structure of CPs, indicating that PVP only acted as a
protective layer to mediate the growth of Gd-TA crystals.
When formaldehyde was used and PVP was not used, Gd-TA
nanoparticles with diameter below 50 nm were obtained (Fig. S6c
in Supporting information). XRD patterns of Gd-TA nanoparticles
showed an amorphous structure (Fig. S3 in Supporting
information), indicating that formaldehyde could effectively
prevent the crystallization process of Gd-TA CPs.

Because both formaldehyde and PVP can effectively change the
morphology, size and crystalline structure of Gd-TA CPs in different
ways, we further changed the amount of formaldehyde or PVP to
investigate the structure evolution of Gd-TA CPs. When the volume
of formaldehyde increased from 0 to 3.8 mL, the hydrodynamic
diameters of the obtained Gd-TA deceased from 287.1–18.8 nm
(Fig. 3a). When the amount of PVP increased, the hydrodynamic
diameters of Gd-TA decreased from 375.9–22.7 nm (Fig. 3b). We
further measured the Zeta potential of Gd-TA nanoparticles



Fig. 3. (a) The hydrodynamic diameter for Gd-TA synthesized with different amounts of formaldehyde. (b) The hydrodynamic diameter for Gd-TA coordination polymers
synthesized using different amounts of PVP. (c) 13C NMR spectra for TA and TA oligomer. (d) The hydrodynamic diameter for TA-based nanoparticles at different reaction
times. (e) The possible polymerization reaction of TA in alkaline conditions. (f) The proposed formation mechanism of TA-based nanomaterials via two different assembly
paths.
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synthesized using different amounts of PVP (Fig. S7 in Supporting
information). When the amount of PVP increased from 0 to 0.4 g,
the Zeta potential increased from �16.1 mV to �0.86 mV. Gd-TA
CPs showed negatively charged surface. PVP showed neutral
surface. When the amount of PVP increased, more PVP molecules
were capped on the surface of Gd-TA nanoparticles, resulting into a
decreased Zeta potential. The hydrodynamic diameters of CPs were
further monitored during the synthesis process. At the first stage,
the hydrodynamic diameter was around 2 nm, which could be
ascribed to the TA molecules (Fig. 3d). When formaldehyde was
added into the solution, the diameter slightly increased to 6 nm.
Solid-state nuclear magnetic resonance (NMR) was further
employed to characterize the reaction between TA and formalde-
hyde (Fig. 3c). Solid-state 13C NMR for TA molecule showed four
bands, which could be ascribed to C¼O, Ar-O, Ar-C and Ar-H. After
addition of formaldehyde, an obvious new peak at around 50 ppm
was observed. The new peak could be attributed to the formation
of Ar-C-O band, indicating a phenol-formaldehyde addition
reaction between TA and formaldehyde in the alkaline conditions.
The diameter of oligomers was stable from 6 to 10 h, indicating that
further polymerization of TA was suppressed. When Gd ions were
added into the solution, the diameter was slightly increased to
20 nm. The Gd ions can further crosslink the TA-formaldehyde
oligomers via a metal-catechol coordination assembly process. The
diameter kept nearly constant after 20 h. For comparison, the
hydrodynamic diameters of polymers in the absence of formalde-
hyde were further investigated (Fig. 3d). The diameter increased
gradually from 2 nm to 486 nm when the reaction time reached
12 h. Solid-state NMR results showed an obvious shift of bands for
poly(tannic acid) when compared with that of tannic acid (Fig. S8
in Supporting information). In alkaline condition, TA molecules can
be spontaneously oxidized by oxygen, triggering an oxidization
polymerization process of TA. As a result, fibrous MPCPs were
obtained.

Based on the above results, we speculate that ultra-small
coordination polymer nanoparticles were formed via a ligand
covalent-modification mediated coordination assembly process. In
alkaline conditions, polyphenol not only shows strong chelate
ability towards different metal ions, but also can be polymerized
via oxidation induced polymerization process [54]. Because the
coordination reaction shows faster kinetics than the oxidation
induced polymerization reaction, the formation of MPCPs is mainly
driven by the coordination assembly process (Fig. S9 in Supporting
information). However, when the synthesis target was the
nanoscale CPs with ultra-small particle size, the coordination
assembly process should be conducted in a controlled manner. In
this situation, the oxidation induced polymerization of polyphenol
cannot be ignored, which also obviously affect the particle size of
nanoscale CPs. In the previous report, tannin gel was synthesized
by covalent crosslinking of tannin with formaldehyde [55,56].
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Herein, it was found that the covalent crosslinking of TA with
formaldehyde can effectively retard the oxidation induced
self-polymerization of TA (Fig. 3e). In the alkaline condition, TA
can be oxidized and polymerized to form polymer crystals. The
growth rate of crystals in each direction was different (Fig. 3f). As a
result, the fibrous polymer crystals were obtained. The addition of
metal species may not obviously affect the fibrous morphology
according to our previous report [25]. As a result, fibrous MPCPs
with large crystal size were prone to be formed via this growth
pathway. When PVP molecules were utilized to mediate the
growth process of crystals, rhombohedron crystals with a few
hundreds of nanometers were obtained. However, the covalent
modification of polyphenol ligand using formaldehyde would
change the pathway of the polymerization process. As a result,
nanoparticles with small size and amorphous framework were
obtained. When metal ions were added into the solution, metal-
phenolic coordination polymers were formed due to the metal-
ligand coordination assembly process. The metal ions not only
coordinate with polyphenol to form metal-phenolic coordination
polymers, but also induce the aggregation of nanoparticles by
connecting adjacent particles via a coordination bond. PVP
molecules can modulate the metal-polyphenol coordination
assembly process by weakly coordinating with metal ions. When
sufficient amount of PVP was used, PVP can effectively prevent the
aggregation of the nanoparticles by capping on the surface of CPs.

In order to verify the universality of the proposed strategy,
different kinds of metal ions, polyphenols, aldehydes or PVP
molecules with different molecular weights were used during the
synthesis process. Metal-phenolic coordination polymer nano-
particles with ultra-small diameters were also successfully synthe-
sized. For example, when Cu(NO3)2, Ni(NO3)2, Zn(NO3)2 and FeSO4

were used as a metal precursor, Cu-TA, Ni-TA, Zn-TA and Fe-TA
nanoparticles were successfully synthesized. The hydrodynamic
diameters of Cu-TA, Ni-TA, Zn-TA and Fe-TA were 23.7, 37.8, 19.0 and
18.1 nm respectively (Fig. S10a in Supporting information). The
MPCP nanoparticles were formed by the coordination assembly
process. The differences in the diameter for different MPCPs were
duetodifferentcoordinationinteractionsbetweenmetalspecies and
polyphenol ligand. Such nanoparticles can be easily dispersed in
water like Gd-TA (Fig. S11 in Supporting information). TEM images
further confirmed the spherical morphology and uniform diameter
(Figs. S10b-e in Supporting information). When other aldehydes
such as glutaraldehyde and acetaldehyde were used to replace
formaldehyde, Gd-TA nanoparticles with hydrodynamic diameters
of 15.7 and 18.2 nm were synthesized respectively (Fig. S12a in
Supporting information). The diameter of the particles was slightly
smaller than that of Gd-TA synthesized using formaldehyde. When
PVP with different molecular weight (24 kg/mol) was used, the
hydrodynamic diameter of Gd-TA was 15.9 nm (Fig. S12b in
Supporting information). When other polyphenols such as gallic
acid (GA) were used as the organic ligands, gadolinium-phenolic
coordination polymer nanoparticles (Gd-GA) with hydrodynamic
diameters of 32.7 nm were prepared (Fig. S12c in Supporting
information).Suchresults furtherprovedthatthisversatilesynthesis
strategy could be used to synthesize coordination polymers with
ultra-small diameter (< 50 nm) and tailorable compositions.

Encouraged by the high colloidal stabilityand ultra-small particle
size of MPCPs, we further investigated their potential biomedical
applications. Specially, Gd-TA nanoparticles were used as a contrast
agent for magnetic resonance imaging (MRI). The cytotoxicity of
Gd-TA was firstly evaluated on Hela, U87 and MCF-7 cells by a
standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) method (Fig. S13 in Supporting information). The
viability of all three cells was not significantly affected when the
concentration of Gd-TA CPs reached 960 mg/mL. Such results
indicate that Gd-TA CPs have a low cytotoxicity.
One of the main issues for Gd-based CPs was the leakage of toxic
Gd ions owing to the small diameter of CPs and their unstable
framework. The stability of Gd-TA was investigated by dialysis
against PBS buffer (Fig. S14a in Supporting information). The
residual Gd in Gd-TA CPs was as high as 99.0% after dialysis for
168 h. Comparably, the residual Gd in the crystalline Gd-TA
rhombohedron obtained without usage of formaldehyde was only
61.9% after dialysis for 168 h. These results indicate that the
formaldehyde can effectively improve the stability of the Gd-TA
coordination polymers. Formaldehyde can crosslink the polyphe-
nol ligand, resulting into a more rigid and dense framework of the
coordination polymers (Fig. S14b in Supporting information).
These results also indicate that covalent crosslinking of organic
ligand in the coordination polymers can effectively increase the
stability of coordination polymers. Because free Gd ions are toxic,
such excellent stability of Gd-TA CPs is beneficial for their
application in MRI.

Inspired by the above results, we further studied the relaxivity
of the Gd-TA CPs. The longitudinal (r1) and transverse (r2)
relaxivities of the Gd-TA NPs were 25.5 and 30.3 L mmol�1 s�1

respectively (Fig. 4a). The r2/r1 value was 1.19, suggesting that
Gd-TA CPs could be employed as an efficient contrast agent for
T1-weighted MRI. The r1 value was 6.9 folds higher than that of
Magnevist (Gd-DTPA, r1 = 3.7 L mmol�1 s�1) measured in the same
conditions, and was also higher than the previously reported
gadolinium-phenolic coordination polymers (Table S1 in Support-
ing information) [23,43,51]. This high r1 value may be ascribed to:
(1) the small size of the particles, which facilitate the approaching
of water molecules to the metal sites; (2) PVP coating, which slows
down the rotational diffusion of the particles, resulting into
increased relaxivity at low field strengths [57,58]. To further
evaluate the MRI contrasting ability, T1-weighted MR images of Gd-
TA dispersions with different Gd concentrations were collected
using a 1.0 T MRI scanner (Fig. 4c). The intensity of MR signal was
positively correlated with the concentrations of Gd in the solution.
Gd-TA CPs showed a higher signal intensity than Gd-DTPA at the
same Gd concentrations.

To further evaluate the MRI performance in vivo, EMT-6 tumour
bearing mice were injected with Gd-TA CPs solution (4 mg/kg) via
the tail veins and placed in a 1.0 T MRI scanner. The MRI signal of
the tumour increased gradually, and reached a maximum at 2 h
post-injection, indicating the effective uptake of Gd-TA CPs in
the tumour via the enhanced permeability and retention (EPR)
effect (Figs. 4b and d). The highest relative signal enhancement
(RSE) was 77.8%�7.1%. Subsequently, the MR signals receded
slowly. Such results further revealed that Gd-TA CPs can be used as
an efficient MRI contrast agent for enhancing the contrast of the
tumour region.

It is crucial for an ideal MRI contrast agent to safely
metabolize in biological systems. Here the biodistribution and
clearance pathway of Gd-TA CPs in vivo were investigated by MRI.
The mice were intravenously injected with Gd-TA CPs solution
(4 mg/kg) and the MR images were acquired at 0, 0.25, 0.5, 1, 2, 4, 6
and 12 h after injection (Figs. S15a and b in Supporting
information). The MRI signals enhanced in the veins and the
RSE reached 31.2%�2.3% at 2 h post-injection. The liver region
showed the maximum RSE (25.3%�2.4%) at 2 h after intravenous
injection, suggesting that Gd-TA CPs were mainly accumulated in
the reticuloendothelial system. After 12 h, the signal in liver region
obviously reduced, indicating that most of Gd-TA could be
effectively excreted out of mice body by hepatobiliary pathway
[59,60]. However, the MRI signal in the kidney and bladder
enhanced slightly throughout the whole experiment, indicating
that only a small portion of Gd-TA CPs were excreted from the body
via renal filtration.



Fig. 4. (a) Plot of 1/T1 and 1/T2 over Gd concentration of Gd-TA nanoparticles and Magnevist (Gd-DTPA). (b) The quantification of signal enhancement for tumours after
intravenous injection of Gd-TA at different time intervals. (c) MR images of Gd-TA nanoparticles and Magnevist (Gd-DTPA) with different concentrations of Gd. (d) In vivo T1-
weighted MR images of nude mice bearing tumours after intravenous injection of Gd-TA at different time intervals.
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Additionally, the feces and urine of mice were collected after
intravenous injection of Gd-TA CPs for MRI and ICP-MS analysis.
After intravenous injection for 60 h, the accumulation of Gd in fecal
and urinary excretion were 64.2% and 18.7% of the injected dose
respectively (Fig. S15c in Supporting information). This results
further confirmed that hepatobiliary pathway was the main
metabolic pathway of Gd-TA in mice body. Correspondingly, MRI
signal of the feces enhanced continuously from 12 h to 60 h. These
results proved that Gd-TA CPs could be effectively excreted out of
mice body, which was beneficial to minimize long-term retention
and potential toxicity of the particles.

Furthermore, we systematically evaluated the in vivo toxicity of
Gd-TA through hematology and histochemical analyses. Consistent
with the control group, the hematology analysis parameters of
Gd-TA-treated groups at 1 and 3 days were in good agreement with
the reference normal ranges (Fig. S16 in Supporting information)
[61]. The major organs (spleen, lung, heart, liver and kidneys) of the
Gd-TA-treated group were collected at 1 and 3 days after injection
for a histology analysis. There were not any noticeable abnormali-
ties or lesions in the major organs betweenthe control group and the
treatment group (Fig. S17 in Supporting information). The above
results further confirmed the low toxicity of the Gd-TA.
The preliminary toxicity analysis in vivo revealed that Gd-TA may
be used as a potential nanoplatform for MRI.

In summary, coordination polymer colloidal nanoparticles with
ultra-small diameters (8.6–37.8 nm) and tunable metal species
(e.g., Gd, Cu, Ni, Zn, Fe) were successfully synthesized via a ligand
covalent-modification-mediated coordination assembly strategy
using plant polyphenol as a polymerizable ligand. Formaldehyde
can effectively adjust the coordination assembly process by
reacting with polyphenolic ligand via a phenol-formaldehyde
addition reaction. As a result, instead of fibrous coordination
polymer crystals, amorphous metal-polyphenol coordination
nanoparticles with ultra-small size and high colloidal stability
were obtained. Moreover, the covalent modification of polyphe-
nolic ligand can effectively increase the stability of coordination
polymers (Gd-TA), resulting into a low leakage of Gd ions. Gd-TA
CPs showed high longitudinal relaxivity (r1 = 25.5 L mmol�1 s�1)
with a low r2/r1 ratio (1.19), which were used as a promising
contrast agent for enhanced T1-weighted MRI of the tumour region
of mice. We believe that the general synthesis strategy reported
here can be applied for the synthesis of multifunctional polymer
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nanoparticles using renewable and nontoxic plant polyphenol as a
ligand for various biomedical application purposes, such as
sensing, imaging and therapy.
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