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MRI performance of a composite
contrast agent based on palygorskite pores and
channels binding effect to prolong the residence
time of water molecules on gadolinium ions†

Minzhi Zhao,a Zhonghua Tang,b Jia Zhang,a Guorui Fu,a Weibing Xu, *a

Qingfeng Wuc and Lumei Pu*a

Herein, gadolinium tannate was simply and conveniently coated on the surface of palygorskite by in situ

reaction of a coordination polymer formed between tannic acid and Gd3+. The palygorskite–tannate

gadolinium–polyvinyl alcohol integrated composite (PAL@Gd@PVA) is successfully prepared after the

introduction of polyvinyl alcohol onto the palygorskite–tannate gadolinium. The structure is

characterized by Fourier transform infrared spectroscopy, thermogravimetric analysis, X-ray diffraction

spectroscopy, X-ray photoelectron spectroscopy, and transmission electron microscopy analysis. The

results show that TA-Gd and PVA are successfully loaded on the surface of palygorskite, and the rod

crystal structure of palygorskite in the composite remains intact. Palygorskite fibres constitute the

framework of the composite and play a key role in supporting and crosslinking the composite. The

prepared compounds showed negligible cytotoxicity and low haemolysis rate, showing good

biocompatibility. In vitro MRI results showed that the longitudinal and transverse relaxation rates of the

composite are 59.56 and 340.81 mm�1 s�1, respectively.
Introduction

Magnetic resonance imaging (MRI) is an imaging method based
on the difference of relaxivity time between different tissues of
the human body. It has attractedmore andmore attention for its
advantages of high spatial resolution, having no limitation of
tissue penetration ability and its harmlessness for the human
body.1–4 However, many organs and tissues in the human body
are similar in density and relaxivity rate and other characteris-
tics. In order to increase the contrast of images of different
tissues and improve the accuracy of diagnostic results, a contrast
agent needs to be injected before MRI testing.5,6 MRI contrast
agents can be divided into two types, namely T1 and T2. T1
contrast agents enhance MRI signals by reducing the longitu-
dinal relaxation time of protons in water molecules around
tissues, and are also known as positive contrast agents because
of their role in increasing brightness of MRI images. T2 contrast
agents weaken the magnetic resonance imaging signal by
reducing the transverse relaxation time of protons in water
molecules around tissues, and are also known as negative
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contrast agents because of their effect on increasing the dark-
ness of MRI images.7–9 It is mainly 1 contrast agents that
enhance the signal that have been approved for clinical use.
Among them, the gadolinium (Gd) ion has seven unpaired
electrons outside the nucleus, which exhibits the strongest
paramagnetism and can enhance MRI signal intensity to the
greatest extent and is widely used as a T1 type contrast agent.10

However, the commercially used Gd-based MRI CAs suffer low
relaxivities and insufficient stability.11 The development of MRI
CAs with high relaxivity and high stability is of essential
importance in both academic and clinical applications. Based
on the Solomon–Bloembergen–Morgen (SBM) theory,12 the
relaxivity can be signicantly enhanced by tuning three impor-
tant parameters: (i) the number of inner-sphere water molecules
directly coordinated to the Gd(III) centre, q; (ii) the residence
time of the coordinated water molecule, sM; (iii) rotational
correlation time representing the molecular tumbling time of
a complex, sR.13 A widely used strategy is appending Gd(III)
complexes to a macromolecular platform,14 such as den-
drimers,15 proteins,16 and other kinds of slow rotating
objects,17,18 to prolong sR for the enhancement of relaxivity.
However, this method only uses the property of slow rotation
velocity of carrier to extend sR, and the improvement of relaxa-
tion rate by this method is limited. If the water molecules near
gadolinium ion can be bound simultaneously to reduce the
water exchange rate, the relaxation rate can be further improved.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Palygorskite (PAL) is a natural nanometer rod-like hydrated
magnesium aluminum silicate mineral and the theoretical
formula of Mg5Si8O20(OH)2(H2O)4$nH2O, which consisting of
two double chains of the pyroxene-type (SiO3)

2� like amphibole
(Si4O11)

� running parallel to the bre axis.19 PAL is rich in pores
and channels due to its unique crystal structure and stacking
pattern, including micropores and mesopores within the crystal
texture, as well as macropores between particles.20 A variety of
water molecules are bound in the abundance of pores and
channels of PAL. These bound water molecules are stable and
cannot be completely volatilized even when heated.21 When
these water molecules, which have lost their freedom due to the
restriction of pores and channels of PAL, contact with gadoli-
nium ions, the residence time on gadolinium ions will be
greatly extended, thus greatly improving the relaxivity proper-
ties of contrast agents. Inspired by the effect of pore bound
water molecules, herein, gadolinium ion is introduced into the
outlet of the surface pores and channels of PAL by the technique
of in situ forming a coordination polymer layer on the surface of
PAL with metal gadolinium ion and tannic acid. The results
showed that gadolinium ions were successfully introduced into
the surface of PAL and the rod crystals of PAL remained intact.
The designed and prepared composites show good biocom-
patibility and negligible cytotoxicity. Moreover, as MRI contrast
agent, the longitudinal relaxation rate in vitro of the composite
is up to 59.56 mm�1 s�1, shows a good application prospect.
Experiment
Materials and characterize

Palygorskite (PAL) was purchased from Jiangsu Palygorskite
International Co., Ltd. Gadolinium chloride hexahydrate
(GdCl3$6H2O, 99%) was purchased from Shanghai Yuanye
Biotechnology Co., Ltd. Polyvinyl alcohol (PVA) was purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. DMEM
medium, 3-(4,5-dimethylthiazole-2-yl)-2,5-dipheny-ltetrazolium
bromide (MTT) and Fetal bovine serum (FBS) were purchased
from Beijing Solar bio Science & Technology Co., Ltd. Dimethyl
sulfoxide (DMSO) and tannic acid (TA) were purchased from
Tianjin Hengxing Chemical Reagent Manufacturing Co., Ltd.
Kunmingmice were purchased from Lanzhou University Medical
College. Deionized water (H2O) laboratory homemade.
Preparation of PAL@Gd-n

500 mg PAL were accurately weighed and dispersed in 4.5 ml
deionized water. Then it was crushed by ultrasound in ice bath
for 10 min to obtain 10% PAL solution. 0.5 ml and 1.0 ml 10%
PAL solutions were added to 4.4 ml and 3.9 ml deionized water,
respectively. Then 50 mL tannic acid solution (40 mg ml�1) was
added to all the above solutions, and vortexed for 3 min. Then
add 50 mL GdCl3$6H2O solution (10 mg ml�1) and vortex for
5 min. Finally, 5 ml MOPS solution was added to the solutions
and vortexed for 5 min. Then centrifuged them at 8000 rpm for
10 min and washed with distilled water for three times. Then
remove the supernatant, and dispersed in 5 ml distilled water to
obtain PAL@Gd-n, n was 0.5 and 1.0.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Preparation of PAL@Gd-n@PVA

0.5 g PVA and 20 ml distilled water were added to a round-
bottomed ask. Then put it in an oil bath stir to dissolve at
50 �C. 1.0ml PVA solution was added to the PAL@Gd-n solution.
The solution was stirred overnight at room temperature, then,
centrifuged at 8000 rpm for 10 min, washed with distilled water
for three times. Then remove the supernatant, and the solid
obtained was PAL@Gd-n@PVA.
Characterization

Fourier transform spectra were measured on an iS50 FT-
IR(Nicolet) spectrophotometer. Samples were thermogravi-
metric analysed with Netzsch STA 409 PC Analyzer at a heating
rate of 10 �C min�1 from 25 �C to 900 �C. The particle size and
zeta potential of PAL-TA-Gd were measured by zeta particle size
analyser (SALD, 2300, SHIMADZU, Japan) at room temperature.
XPS analysis was performed on the samples using VG Multi-Lab
2000. XRD data of PAL and PAL@Gd-n@PVA were measured at
XRD-6100(Shimadzu, Japan). TEM images were acquired by
JEM-2100 (Japan Corporation) at 200 kV. Enzyme marker (RT-
6100) Shenzhen Leidu Life Technology Co., Ltd. The dissocia-
tion amount of Gd3+ in the matrix was measured by ICPPLASMA
1000. The T1 and T2 weighted images and in vivo imaging of the
samples were collected on the 1.0 T nuclear magnetic resonance
analyser (Ningbo Chuanshanjia Electrical and Mechanical Co.,
Ltd., China).
Cell cytotoxicity assay

PAL@Gd-0.5@PVA was selected as the representative to test the
following performance. Human umbilical vein endothelial cells
(HUVEC) were cultured in DMEM medium. 10% fetal bovine
serum (FBS), 100 U mL�1 penicillin and 0.1 mg ml�1 strepto-
mycin were added to each medium. The cells were stored in an
incubator with 5% CO2, 37 �C. The cytotoxicity of PAL@Gd-
0.5@PVA was evaluated with HUVEC cells by MTT assay. Typi-
cally, 100 mL HUVEC cells (0.5–5 � 103/well) cultured with
DMEMwere inserted into a 96-well plate and cultured overnight
for adherent growth. Then add different concentrations of (25,
50, 100, 200, 400 mg L�1) PAL@Gd-0.5@PVA solutions for 48 h,
add 20 mL MTT (5 mg ml�1) to each well, incubate in an incu-
bator. Aer 4 h, the 96-well plate was taken out and 150 mL
DMSO was added to each well. Then shock for 10 min. The
absorbance (OD) was recorded under a 490 nm microplate to
evaluate the cytotoxicity.
Hemolytic test

Taking seven centrifuge tubes, add 400 mL 2% red blood cell
suspension to each tube, then add 400 mL PAL@Gd-0.5@PVA
solution of different concentrations (25 mg L�1, 50 mg L�1, 100
mg L�1, 200 mg L�1 and 400 mg L�1) to ve of them, respectively.
The other two tubes were lled with equal volume (400 mL) of
distilled water and PBS buffer as positive control and negative
control, respectively. All the centrifuge tubes were placed in an
incubator at 37 �C for 1 h, then centrifuged at 3000 rpm for
10 min. Finally, 100 mL supernatant was transferred to the 96-
RSC Adv., 2022, 12, 7328–7334 | 7329
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well plate, and the OD value of each well on the 96-well plate was
measured with a microplate analyser at 540 nm.
In vitro and vivo MRI test

PAL@Gd-0.5@PVA was selected as the representative to test
MRI performance. The sample was dispersed in deionized water
and the concentration was set to be 0.009–0.03 mmol L�1 (equal
Gd3+ concentrations). The longitudinal relaxation time (T1) and
transverse relaxation time (T2) were measured by 1.0 T MRI
scanner. T1 was measured using a standard reverse recovery
pulse series. T2 measurements were made using the CPMG spin
echo magnetic pulse series. Then, according to the graph of
T1�1, T2�1 vs. Gd3+, the relaxation rate of r1 and r2 were
calculated.

The 8 week-old Kunming mice were injected with 60 mL 8%
chloral hydrate to induce anesthesia (Experimental Animal
Centre of Lanzhou University, 20 � 2 g). Then 300 mL PAL@Gd-
0.5@PVA solution was injected through the tail vein (n¼ 3), and
scanning imaging was performed on the mice for 1 h, 2 h, 4 h,
6 h and 8 h, respectively. The control group received PBS.
Finally, a scan was performed 24 h aer injection. The T1-
weighted imaging parameters were set as follows: TR/TE ¼
360/11 ms; matrix ¼ 256 � 256; slice thickness ¼ 0.3 mm; 128
slices and inter slice gap ¼ 0.3 mm. All animal procedures and
euthanasia were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of Gansu agricultural
University and approved by the Animal Ethical and Welfare
Committee of Gansu agricultural University.
Results and discussion
Preparation and characterization

The design and preparation process based on PAL contrast
agent is shown in Scheme 1. Firstly, a coordination polymer
layer formed by tannic acid and gadolinium ions is coated on
the surface of PAL in a weakly alkaline aqueous solution, and
gadolinium ions are introduced into the outlet of the pores and
channels on the surface of PAL, so as to block the water
Scheme 1 The fabrication process of the PAL@Gd@PVA composite MR

7330 | RSC Adv., 2022, 12, 7328–7334
molecules in the pores and channels. It is named as PAL@Gd-n,
n represents the added amount of PAL. Then, a long chain of
polyvinyl alcohol is introduced to wrap the PAL@Gd-n, which
improved the stability and biocompatibility of the PAL@Gd-n
and formed the nal composite material PAL@Gd-n@PVA.
Firstly, the PAL, TA and two composites are studied by FTIR and
the result is showed in Fig. 1a. As for the PAL, the characteristic
absorption peak at 3600 cm�1 belongs to the stretching vibra-
tion of Si–OH,22,23 while the absorption peak at 976 cm�1

corresponds to the stretching vibration of Si–O–Mg.24,25 In the IR
spectrum of TA, the absorption peaks at 3300 cm�1 belong to
the stretching vibration of –OH, while the absorption peaks at
1190 cm�1 and 1606 cm�1 belong to the asymmetric stretching
vibration of C–O and C]C,26 respectively. By comparison, it can
be found that the vibration peak of the both composites at
3600 cm�1 is corresponded to the stretching vibration of Si–O in
PAL, while the stretching and bending vibration of the aromatic
ring carbonyl and C–O and C–C in the TA of the both compos-
ites are in the wavenumber range of 1150–1750 cm�1, respec-
tively. Similarly, the characteristic vibration peaks of C–O and
C–C in the structure of PVA are covered in the above regions due
to the lack of characteristic vibration functional groups. In
addition, the characteristic absorption peaks at 976 cm�1 of PAL
and 1190 cm�1 of TA appeared in the both composites, indi-
cating that TA and Gd3+ are successfully coated on the surface of
PAL. Meanwhile, it can be found that the absorption peak
intensity at 976 cm�1 in PAL@Gd-1.0@PVA is larger, which may
be caused by more APT content in the composite. Fig. 1b shows
the TGA curves for PAL and the both composites. It can be seen
from the curve of PAL that the mass loss is about 7% when the
temperature increases from 25 to 150 �C, which is caused by the
loss of water adsorbed on the surface of PAL, and the subse-
quent weight loss of about 700 �C can be attributed to the loss of
water of crystal in PAL.27 The total weight loss of 17.03% is
observed aer calcination at 800 �C. During the calcination
process of the both composites, the loss of weight is about 8% at
100 �C, which is related to the volatilization of surface adsorp-
tion water. The next loss may be related to oxidative conden-
sation and carbonization of TA and PVA at about 300 �C.28 The
I contrast agent.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) FTIR spectra, (b) TGA curves, (c) size and zeta potential, (d) XRD pattern of the PAL, PAL@Gd-n@PVA composites.
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last slow weight loss can be attributed to the complete
combustion degradation of TA and PVA aer carbonization at
600 �C.29 The total weight loss of both composites is 42.16% and
34.72%, respectively. The weightlessness of both composites is
greater than that of free APT, which is due to the introduction of
high temperature-degradable TA and PVA in the both compos-
ites, indicating that the coordination polymer formed by TA and
Gd3+ is successfully loaded on PAL. In additional, However, the
weight loss ratio of PAL@Gd-0.5@PVA is greater than that of
PAL@Gd-1.0@PVA, which may be related to the PAL content in
PAL@Gd-1.0@PVA being higher than that in PAL@Gd-
0.5@PVA. The stability of the both composites is assessed by
particle size and potential changes over time. The results are
shown in Fig. 1c. It can be seen that the particle sizes of the
prepared compounds PAL@Gd-0.5@PVA and PAL@Gd-1.0
@PVA are about 230 nm and 250 nm at the rst day, and the
PDI are 0.429 and 0.451, respectively. With the extension of time
to the h day, the corresponding particle sizes are 232 and
247 nm, and the PDI increases to be 0.434 and 0.462, respec-
tively. Similarly, the zeta potential of the both composites are
�25.27 and �27.72 mV respectively on the rst day, which also
show insignicantly change with the extension of standing
time, showing good stability. Meanwhile, the larger negative
potential of the composite material is conducive to the circu-
lation and biological activity of the material in vivo.30 Fig. 1d
shows the XRD patterns of PAL and the both composites. It can
be seen that there are obvious diffraction peaks at diffraction
angles 2q ¼ 14.12, 17.03, 19.9, 20.8 and 27.7�, which corre-
sponding to the (200), (130), (040), (121) and (400) crystal plane
© 2022 The Author(s). Published by the Royal Society of Chemistry
of PAL,31 respectively. Aer the composite was formed, the
positions of diffraction peaks in the both composites are not
signicantly different from those of free PAL, indicating that the
rod structure of PAL is not damaged in the preparation process
of the composite, and the rod structure of PAL played a good
role in the skeleton support of the composites. However, the
intensity of each diffraction peak decreases signicantly in both
composites, indicating that the crystallization performance of
PAL decreases aer the composite is formed, which may be
caused by the introduction of TA-Gd coordination polymer
coating on the surface.32

The surface element composition of the composite is tested
by selecting PAL@Gd-0.5 @PVA as the representative. Fig. S1a†
shows the XPS survey spectrum of the composite. In addition to
Si, Mg and Al elements in PAL,33 the peaks with binding ener-
gies at 284, 531 and 1218 eV can be found, which corresponding
to C 1s, O 1s and Gd 3d, respectively. The presence of C, O and
Gd on the sample surface indicates that TA–Gd coordination
polymer layer is successfully loaded on the surface of PAL.
Fig. S1b† is deconvoluted C 1s XPS spectra. Fitting results show
that C 1s is divided into three forms, corresponding to C–C,
C]C and C–O respectively,34 which are derived from TA and
PVA. The high-resolution O 1s spectrum (Fig. S1c†) can be tted
into three bonding structures, corresponding to O–C, O–C, and
O–Gd.35 In order to conrm that Gd3+ is successfully coated on
the PAL, high resolution XPS spectra of Gd 4d is summarized in
Fig. S1d.† Two strong binding peaks with the binding energy of
142.8 eV and 153.6 eV can be detected, which correspond to the
Gd 3d5/2 and Gd 3d3/2 energy level.3 The microscopic
RSC Adv., 2022, 12, 7328–7334 | 7331
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Fig. 2 TEM images of PAL@Gd-0.5@PVA composite.
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morphology and structure of PAL@Gd-0.5@PVA are analysed by
TEM (Fig. 2). Low-resolution TEM showed that the rods of APT
is uniformly dispersed in the composite, with rod crystal length
of about 200 nm and diameter of about 30 nm. There is no
obvious agglomeration of PAL in the composite. However, it is
obvious that aer the coating of TA–Gd coordination polymer,
the surface of PAL becomes rough and uneven, and some of the
surface is sporadically embedded with granular materials from
the high-resolution images (the inserted local magnied TEM),
which may be assigned to the TA–Gd coordination polymer and
PVA successfully coated on the surface of PAL.
Fig. 3 (a) T1/T2-weighted MR images of PAL@Gd-0.5@PVA
composite to pure water (control) at 1.0 T with different concentra-
tions; (b) linear correlation between r1 (T1�1), r2 (T2�1) and Gd
concentration, based on reading from (a). The r1 and r2 relaxivities are
the slope of the curve.
In vitro activity research

Good blood compatibility is the prerequisite for the application
of bioactive materials. Haemolytic test is oen used to evaluate
the blood compatibility of materials. The results before and
aer co-incubation of different concentrations of PAL@Gd-
0.5@PVA with freshly collected chicken blood are shown in
Fig. S2.† Deionized water and PBS are selected as the positive
and negative controls, and it could be seen that only the positive
controls had obvious rupture of RBC aer incubation and
centrifugation, while the others all had good hemolysis. The
hemolysis of the composite PAL@Gd-0.5@PVA is 1.46%, 1.62%,
2.11%, 3.41% and 3.88%, respectively (Fig. S3a†), with the
concentration increases from 25 to 400 mg ml�1. Which further
indicates that the composite material had no obvious damage
to red blood cells and had good blood compatibility.36 In view of
the high Gd content in PAL@Gd-0.5@PVA, it is selected as
a representative to test the in vitro activity of the composite. The
content of Gd3+ in PAL@Gd-0.5@PVA composite is accurately
measured by ICP-MS and 5% nitric acid solution is used as the
solvent.37 The standard curve and test results are shown in
Fig. S3b.† It can be seen that the R2 value of the standard curve
7332 | RSC Adv., 2022, 12, 7328–7334
is 0.99936, showing a good linear correlation. The Gd3+

concentration in PAL@Gd-0.5@PVA solution is also tested for
ICP-MS and the absorption strength is compared to the stan-
dard curve to obtain accurately the concentration of Gd3+ in the
solution at 82.2 mg L�1. HUVEC cells are selected as the model,
and the cytotoxicity of the prepared composite is studied using
MTT method, the results show in Fig. S3c.† It can be seen that
the survival rate of HUVEC cells is as high as 96.4% at low
concentrations, which basically as same as that of the control
group. Cell activity is as high as 95% even at concentrations of
up to 400 mg L�1. It is shown that the prepared composite has no
obvious toxic effect on HUVEC cells, shows good biocompati-
bility, and can be used as a contrast agent.

On the basis of the above study, the in vitroMRI performance
of PAL@Gd-0.5@PVA composite solution is tested. Fig. 3a is
a T1, T2 weighted image of different Gd3+ concentration solu-
tions (25, 50, 100, 200 and 400 mg L�1), and deionized water as
a control. It can be seen that the T1 and T2-weighted images
gradually become brighter with the increase of Gd3+ concen-
tration, but the brightness of T1 image is higher than that of T2
image, which further indicates that the composite can be used
as a T1 contrast agent.28 Then the longitudinal (T1) and trans-
verse (T2) relaxation times of the solution are tested respec-
tively, and the reciprocal of T1 and T2 are plotted against the
Gd3+ concentration, and linear tting is performed. Then the
slope of the tted curve corresponds to the longitudinal (r1) and
transverse (r2) relaxivity rate, the result is shown in Fig. 3b. The
longitudinal (r1) and transverse (r2) relaxation rates of the
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08967f


Fig. 4 In vivo MR imaging of PAL@Gd-0.5@PVA composite at pro-injection and post-injection 1, 2, 6, 8 and 24 h after tail vein injection.
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PAL@Gd-0.5@PVA are 59.56 and 340.81 mM�1 S�1, respectively.
The value of r1 is approximately 15 times higher than the
current clinical contrast agent (4.0 mM�1 S�1),29,30 and the ratio
of r2/r1 is as low as 5.72, which is in the range of 0–10, indi-
cating that the composite can be used as a T1 contrast agent.31,32

The excellent contrast imaging performance may be attributed
to the rod-like structure skeleton of PAL in the composite
material, which is conducive to the easier access of water
molecules in the environment to the Gd3+ loaded on the surface.
Moreover. The residence time of water molecules in the unique
nanopores of PAL on Gd3+ is prolonged due to their being
bound, thereby further improving the relaxation performance.
In vivo MRI

The MRI contrast performance of the composite material was
further veried by in vivo imaging. The PAL-Gd-0.5@PVA is
formulated into a Gd3+ solution with a concentration of
1.6 mg L�1, and 300 mL is injected into the tail vein of mice. The
crown T1-weighted imaging of the mice at pro- and post-
injection time point is shown in Fig. 4. It can be seen that
compared with the whole-body image of the mice pro-injection,
the brightness of the liver of the mice increases signicantly
with time for the post-injection images. At post-injection 4 h,
the brightness in liver gradually decreases. Aer that, the
brightness of the image further gradually decreases with time,
and aer 24 h, it basically returned to the level of pro-injection.
Interesting, in contrast to the image of the liver, which gradually
weakens over time, the image of the intestine becomes brighter
over time. Even at post-injection 24 h, there is still a brighter
signal in the intestinal area. This indicates that the prepared
composite is mainly metabolized by the liver, and then elimi-
nated through the intestine. In addition, the MRI signal in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
kidney is also merged in the Fig. 4. The changes in the kidney
signal over time are basically in sync with the liver. However, the
brightness of the image in the kidney is obviously not that of the
liver, indicating that renal clearance may not be the main
metabolic pathway of the composite contrast agent. The above
results further indicate that the smart designed PAL composite
can improve the brightness of the T1 image of the animal
model, which is of great signicance for improving the accuracy
of diagnosis, suggests the composite as a T1 type contrast
material shows a good application prospect.

Moreover, in the three important parameters inuencing the
performances of contrast agent relaxation, a large number
research is carried out about increasing the hydration number q
and prolonging the rotational correlation time sR. However,
there are few studies on improving relaxation rate by extending
residence time of water molecules on gadolinium ions sm. This
is mainly due to the constraints of water molecules is difficult.
In recent years, the rapidly developing porous materials have
been applied in various elds. The composite contrast agent is
prepared by combining porous materials with gadolinium ions,
and the binding effect of pores and channels of porous mate-
rials on water molecules is used to prolong the residence time of
water molecules on gadolinium ions, thus greatly improving the
relaxation properties of contrast agents, providing a new
method for the development of new contrast agents.

Conclusion

In summary, a composite contrast agent based on PAL and
gadolinium ions is smart designed and prepared by taking
advantage of the restraint effect of the unique pores and
channels of natural clay PAL on water molecules and intro-
ducing paramagnetic Gd3+ to the outlet of the pores and
RSC Adv., 2022, 12, 7328–7334 | 7333
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channels through simple coordination polymerization. Due to
the loss of freedom of water molecules in the pores and chan-
nels, the residence time on Gd3+ is greatly prolonged, thus
improving the relaxation properties of the composite. The rod-
like structure of PAL in the composite remains intact and plays
a key role in skeleton support and crosslinking of the
composite. The results of activity research show that the
composite contrast agent exhibit high stability, good blood
compatibility, low cell toxicity. Moreover, the longitudinal and
transverse relaxation rates showed boost increases and reaching
59.56 and 340.81 mM�1 S�1, respectively. In vivo imaging also
displays enhanced MRI effects. Therefore, it is expected to be
widely used as a new type of T1 contrast agent.
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