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Magnetic resonance imaging (MRI) is the most frequently used
tool for the detection and diagnosis of cancer in clinical
settings, due to its high-resolution, noninvasive monitoring
manner and excellent tissue penetration depth.' However, it is
still hard to differentiate tumors from healthy tissues by MRI,
due to its unsatisfactory detection sensitivity.* Many para-
magnetic contrast agents (CAs) have been demonstrated and
applied to enhance the image contrast and to ultimately high-
light the pathological areas. The positive CAs, so-called Tj-
weighted CAs, generate bright signals,*® whereas, the negative
CAs with dark signals are called T,-weighted CAs.” Gd**-based
Ty CAs are famous positive CAs with great safety, which have
been widely applied clinically. Unfortunately, some Gd**-based
T, CAs may trigger the development of nephrogenic systemic
fibrosis with renal failure.® Thus, the signal intensity, which is
related to the concentration of CAs in the region of interest,
should be improved to decrease its injected doses. Many studies
have been focused on the development of various Gd-based T;-
weighted contrast agents with high r; value and low r,/r; ratio;
both parameters are used to characterize the performance of
MRIL." High relaxivity and low r,/r; ratio could be achieved by
a high payload of active magnetic centers according to the SBM
theory.”** Forming covalent conjugations with macromolecules
is an effective way to control the tumbling motion and ensure
optimal water residency times.'* Various polymers, such as
polyethylene glycol (PEG), poly(N-2-hydroxypropyl meth-
acrylamide) (PHPMA), poly(lactic-co-glycolic acid (PLGA) and
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In this study, we report the preparation and characterization of the PVA-DTPA-Gd conjugate as a potential
MRI contrast agent (CA). The ry value and the r,/ry ratio were about 5.6 mM™
vitro toxicity studies not only demonstrated that the polymeric system possessed good biocompatibility, but
also proved that the conjugate could be an attractive candidate for CA.

1571 and 1.31, respectively. In

chitosan have emerged as promising carriers for delivering the
Gd chelates. Typically, Lim et al. conjugated gadolinium
chelates to a serial of polyamidoamine dendrimers, and the
resultant CAs exhibited high r; value and long circulation in the
blood.* Telechelic PEG-polymers end-capped with diphenyla-
lanine motifs containing a DOTA-Gd complex bound on
a lysine side chain at the centre of the peptide moiety were
synthesized with relaxivity of around 11 mM ' s * (B, = 3.0 T).*®
A dendronized heparin-gadolinium polymer CAs was reported
and its r; value was 16.3 mM ' s7' (B, = 3.0 T)."® Guo et al.
conjugated Gd-DOTA onto a biodegradable poly[N-(1,3-di-
hydroxypropyl)methacrylamide] copolymer backbone through
a GSH-sensitive cleavable disulfide bond to produce novel Gd-
CAs; its relaxivity was 10.24 mM ' s~ (B, = 3.0 T).Y In
another report, multiple chelated Gd(ui) ions were attached to
the hydrazide modified dextran-poly(glycidyl methacrylate),
and the prepared MRI CAs exhibited a satisfactory r; value of
44.4 mM ™" s7' (B, = 3.0 T)."® As a kind of synthetic polymer,
polyvinyl alcohol (PVA) is an interesting commercial polymer
with the highest annual production of over 1.2 billion kg." PVA
is non-toxic, biodegradable, biocompatible and low-cost,
making it a promising potential component of sustainable
and degradable commodity plastics.?*** A few studies on PVA-
based CAs have been published and the majority of them
involved complicated methods that are not conducive to the
large-scale production of CAs, with increased security risks and
cost. For example, Cilliers et al. reported the synthesis and
characterization of PVA embolic particles modified with DTPA-
Gd, with the help of dangerous n-butyl lithium.** Tachibana
et al. fabricated poly(vinyl alcohol)-gadolinium CA via two
complex and costly steps. (i) PVA was stirred with carbonyl
diimidazole, then 1,3-propanediamine was added to the
mixture and the product was obtained by freeze-drying. (ii) The
aminated PVA was reacted with DOTA-NHS-ester to form the
PVA-DOTA.*

In order to simplify the reaction process of PVA-based CAs,
a novel preparation strategy for PVA-DTPA-Gd conjugate was
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Scheme 1 The synthesis of the PVA-DTPA-Gd conjugate.

proposed and realized in this study. As Scheme 1 shows, PVA-
DTPA was synthesized by grafting DTPA onto PVA via the reac-
tion between the anhydrides of DTAP and ~OH groups in PVA.
The biodegradable PVA-DTPA-Gd conjugate was successfully
constructed by the chelating reaction between DTPA and Gd*".
By varying the feed ratio, the loaded content of DTPA could be
facilely and securely regulated. The macromolecular contrast
agents could efficiently retard rotational motion, increase
rotational correlation time and prevent rapid renal clearance.

A series of characterizations was applied to confirm the
successful preparation of the polymer. Firstly, the free PVA,
PVA-DTPA and PVA-DTPA-Gd were all characterized by FT-IR,
and the results are given in Fig. S1.T Compared with the spec-
trum of PVA, a pair of new vibration peaks appeared in the
spectrum of PVA-DTPA-Gd at 1724 and 1639 cm ™', which could
be ascribed to the stretching vibration absorption peak of C=0
in the ester bond and free carboxyl.”® Furthermore, a stretching
vibration absorption peak of C-N appeared at 1225 cm™*.>” All
the characteristic peaks demonstrated the successful synthesis
of PVA-DTPA. For PVA-DTPA-Gd, the peak at 1639 cm™ " dis-
appeared and a new vibration peak appeared at 1591 cm ™,
suggesting that the coordination interaction between the C=0
group in the PVA-DTPA and metal Gd** ions may take place.?®
Additionally, a weak peak at 520 cm " was found in the PVA-
DTPA-Gd conjugate, which could be assigned to the stretching
vibration of the Gd-O bond.*®

The polymer composition was also studied by "H NMR
spectroscopy, and the NMR spectra of the PVA and PVA-DTPA
are shown in Fig. S2.1 The spectra show a broad singlet signal
observed at 4.70 ppm, which corresponds to the chemical shifts
of protons in the -OH group from the PVA repeating units
(Fig. S2at). The broad singlet signal at 6 = 3.86 ppm could be
attributed to the methane proton from the -CH-(OH) group.
The spectrum also showed a characteristic signal of methylene
protons from the main polymer chain of the PVA backbone at
6 = 1.40-1.90 ppm.* In Fig. S2b,{ the resonance signals cor-
responding to methylene protons (-N-(CH,),-N-) and -CH,-
COOH from the DTPA group were located at 6 = 3.78 and
3.02 ppm, respectively (marked as k and 1),**** suggesting that
the DTPA group was successfully bonded to the PVA.

The thermal stability curves of the PVA and PVA-DTPA-Gd
conjugate are presented in Fig. S3.1 The low-temperature weight
loss from 25 °C to 200 °C in both samples corresponds to the
evaporation of the physically adsorbed water.** The PVA showed
a dramatic mass loss of ~60% from around 250 °C to 350 °C,
which was due to the oxidation of -OH groups in the polymer.*
The slow mass loss that occurred between 350 °C and 500 °C
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could be assigned to the combustion of the polymer. The weight
loss of the PVA-DTPA-Gd conjugate also included two parts.
The smooth and sharp weight losses were observed when the
temperature ranged from 100 °C to 260 °C and 260 °C to 500 °C,
respectively. By assuming that pure Gd,O; with a weight
percentage of 12.8% in PVA-DTPA-Gd conjugate, was the main
product of the TGA measurement, it could be estimated that the
Gd*" content in the initial PVA-DTPA-Gd conjugate was about
11.2%, and the rest could be the PVA-DTPA.**

The molecular weight and polydispersity index of PVA and
the PVA-DTPA-Gd conjugate were determined via GPC
(Fig. S41). The results clearly indicated that the obtained curves
are monomodal and symmetrical with a relatively narrow
molecular weight distribution for both samples.*® Tailing peaks
were observed at neither the lower nor higher molecular weight
sides, indicating the complete and successful synthesis of the
target polymer.*® The main molecular characteristics are listed
in Fig. S4.1 The M,, and P values of PVA were determined to be
5.73 x 10* g mol™" and 1.139, respectively, and the M,, and P
values of the PVA-DTPA-Gd were 6.36 x 10" g mol " and 1.223,
respectively. Previous studies demonstrated that the longitu-
dinal relaxivities were molecular weight dependent: the higher
the molecular weight, the greater the longitudinal relaxivity.?” It
was also found that the molecular weights of the polymer
samples were greater than 5 x 10* g mol™ ", which may result in
the high r; value of CAs.

The morphology of the PVA-DTPA-Gd conjugate was
analyzed by TEM (Fig. S51). It was found that the PVA-DTPA-Gd
exhibited an irregular size and looked like flakes, and the size
was almost hundreds of nanometers. Furthermore, the EDX
analysis of the PVA-DTPA-Gd shown in Fig. S5b{ successfully
demonstrated the distribution of Gd, O, N and C elements in
the polymer conjugate. The result further implied that the Gd**
ions were fully confined within the polymer during the process
of coordination, and the two components of Gd*" and PVA-
DTPA were strongly coupled together in the conjugate.
Furthermore, the signal of the Cu element was also found in
Fig. S5b,T which might have been due to the copper mesh for
testing. Additionally, it can be clearly observed that the PVA-
DTPA-Gd conjugate had an irregular spherical structure with
the diameter varying from 120 to 150 nm (Fig. S61). The particle
sizes obtained from TEM were smaller as compared to those
obtained from DLS, which may be ascribed to the DLS samples
being thoroughly dissolved in water, while the TEM samples
were initially dispersed in buffer and then dried before
measurements. Therefore, the DLS data represented the real
hydrodynamic diameters.

In Fig. S7a.t The C, O, N and Gd elements are clearly shown
in the XPS survey spectrum of the PVA-DTPA-Gd conjugate,
also indicating that the Gd** ions were successfully intercalated
into the polymer. Fig. S7b-dt shows the C 1s, O 1s and Gd 4d
XPS spectra, respectively. The deconvoluted C 1s XPS spectra
showed six peaks with energies of 284.4 eV, 284.8 eV, 285.2 eV,
285.6 €V, 287.5 eV and 288.4 eV, which could be assigned to the
C atoms coming from C-C, C-O, C-O-C, C-N, O-C=0 and
COOH, respectively.**** Furthermore, two distinct peaks could
be identified in the high-resolution O 1s spectrum (Fig. S7c¥):
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the peak located at 532.3 eV for the C-O groups and the peak at
533.6 eV from the C=0 group.*® In order to confirm that Gd**
was successfully seeded in the PVA-DTPA-Gd polymer, high-
resolution XPS spectra of Gd 4d were obtained (Fig. S7df).
Two strong binding peaks were observed; the binding energy of
142.8 eV could correspond to the Gd 4ds, energy level, and
153.6 eV could correspond to the Gd 4d;,, energy level.* The
appearance of the Gd 4d binding peaks indicated the presence
of the Gd** oxidation state in the PVA-DTPA-Gd. Regarding the
aforementioned results, the existence of Gd-N and Gd-O bonds
demonstrated the successful formation of the PVA-DTPA-Gd
conjugate.

The stability of the PVA-DTPA-Gd was also tested, and the
results are listed in Fig. $8.F In Fig. S8a,} the amount of Gd*"
released by the PVA-DTPA-Gd conjugate was carefully deter-
mined by UV-Vis. A calibration curve was obtained according to
the functional relation between the Gd** concentration and
absorption intensity. It was found that the absorption curves
showed similar shapes, even under different concentrations
(Fig. S8at inset). The maximum absorption wavelength was
located at around 656 nm. The intensity of the UV absorption
peak increased along with the increasing of the concentration of
PVA-DTPA-Gd and a good linear correlation was established
between them with a correlation coefficient of R* = 0.997. Thus,
the amount of Gd** at each time interval could be calculated
according to this linear equation. Fig. S7b{ shows the release
kinetics curve and the related UV spectrum is exhibited in the
inset. Remarkably, it was found that the negligible Gd*" was
released in 75 h, indicating that the PVA-DTPA-Gd conjugate
has excellent stability.

The cellular toxicity of CAs is an important aspect in bio-
logical applications. In this work, the cytotoxicity of the free
DTPA-Gd and PVA-DTPA-Gd conjugate on a normal HUVEC
cell line was evaluated via MTT assay. The viability of the cells
was tested after incubation with free DTPA-Gd and the PVA-
DTPA-Gd conjugate for 48 h, and both of the concentrations of
the tested targets were selected in the range of 10 to 100 pg Gd**
mL . According to Fig. 1, the viability of the HUVEC cells was

[ DTPA-Gd
100 - - B 1 PV?—DTPA-Gd

80

Cell viability (%)

5 10 20 40 60 80 100

Concentration (ug Gd*/mL)

Fig. 1 Cytotoxicity studies of PVA-DTPA-Gd in HUVEC cells after
incubation for 48 h.
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still higher than 90% after incubation with the PVA-DTPA-Gd
conjugate and free DTPA-Gd, respectively, even at a concentra-
tion of 100 ug Gd** mL™" for a long incubation time (48 h).
These results indicate that both the free DTPA-Gd and the PVA-
DTPA-Gd conjugate demonstrate no serious toxic effects at high
doses. In addition, it was found that the cytotoxicity of PVA-
DTPA-Gd was lower than that of the free DTPA-Gd, demon-
strating that the conjugated Gd ions are not easily released due
to the excellent binding strength of DTPA to Gd*" ions and the
minimized cell interaction with Gd**. Therefore, the nephro-
toxicity risk induced by the conjugate is potentially lower than
that of free DTPA-Gd at the same Gd dosages.**

Hemolysis is the destruction of the erythrocytes (red blood
cells, RBCs) in the blood, while hemocompatibility is a neces-
sary component of safety. Due to the interactions of the cell-
polymer with the cell membrane, the membrane integrity is
often measured as a proxy for hemocompatibility. When the cell
membrane integrity of the RBCs is destroyed, hemoglobin is
released and thus, the results can be used in quantitative
analysis. The materials can then be defined as non-hemolytic
(0-2% of hemolysis), slightly hemolytic (2-5%), and hemolytic
(5-100%).*® As such, the blood compatibility of the PVA-DTPA-
Gd conjugate was determined and the results are given in Fig. 2
and Fig. S9;t no hemolysis was observed, even at 1100 ug mL ™"
of the experimental agents. When the concentration of the
conjugate was 730 ug mL™", the hemolysis was about 2.53 +
0.31%, meaning that the conjugate is non-hemolytic. When the
concentration of the conjugate increased to 1100 pg mL ™", the
conjugate showed 4.67 + 0.28% hemolysis, which is slightly
hemolytic. These results indicate that that the prepared conju-
gate has no destructive effect on red blood cells, and it has good
blood compatibility. This may be due to the fact that the acidic
groups contained in the polymer hindered its interaction with
red blood cells.

To evaluate the capability of the as-prepared PVA-DTPA-Gd
conjugate in MRI application, longitudinal proton relaxation
times (7;) and spin-spin relaxation times (T,) of the conjugate
were determined. Based on this, the r; and r, relaxivity was
calculated to be 5.6 and 7.3 mM™' s ' (Fig. 3a and b),

J[
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0.04 -
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0.02

Hemolysis (%)

0.01 +
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370 550 734 920

Concentration (ug Gd** mL")

T
1100
Fig. 2 The hemolysis rate of PVA-DTPA-Gd.
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Fig. 3 (a) Ty, (b) T»-relaxation rate and (c) T;-weighted MRI images of

PVA-DTPA-Gd.

respectively, by the linear fit of Gd*" concentration vs. 1/T; and
1/T,. Additionally, the r,/r; ratio, another important parameter
for characterizing contrast agents, was about 1.31, indicating
that this conjugate is a kind of standard T, CAs. Based on this,
the r; value of the PVA-DTPA-Gd conjugate was about 1.24
times higher than that of the DTPA-Gd (r, = 4.5 mM ' s~ ). The
ry/r; ratio was lower than that of the corresponding small-
molecule contrast agent, and the improved relaxivity can be
explained by the complexation leading to slower molecular
tumbling, thus reducing the relaxation time of water.**** These
results successfully demonstrated the excellent contrast effect
of the conjugate prepared in this work. The T;-weighted MR
images of the PVA-DTPA-Gd conjugate and free DTPA-Gd
solutions are exhibited in Fig. 3c and S9,} respectively. It is clear
that the brightness of the MR images was enhanced with the
increase in the concentration of Gd**, as shown in Fig. 3c. It was
also found from the black and white images that the conjugate
exhibited better MRI efficiency as compared to the free DTPA-
Gd (Fig. S10t). These results have demonstrated the great
potential of the polymer conjugate as an effective contrast agent
for Ty-weighted MRI.

Conclusions

In this work, the small molecule chelating agent DTPA was
covalently attached to PVA via a simple reaction. The loaded
content of DTPA could be facilely regulated by adjusting the
feed ratio. The MRI CAs of PVA-DTPA-Gd were successfully
prepared via the reaction between the PVA-DTPA and Gd**, and
it showed satisfactory contrast effect. The mechanism of the
contrast effect of the CAs was discussed, and the experimental
results demonstrated that the polymer CAs had good
compatibility.
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