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Enhancing the Efficacy of Metal-Free MRI Contrast Agents
via Conjugating Nitroxides onto PEGylated Cross-Linked
Poly(Carboxylate Ester)

Shiwei Guo, Xiaoming Wang, Yan Dai, Xinghang Dai, Zhiqian Li, Qiang Luo, Xiuli Zheng,
Zhongwei Gu, Hu Zhang, Qiyong Gong, and Kui Luo*

Herein, two water-soluble PROXYL-based magnetic resonance imaging (MRI)
macromolecular organic contrast agents (mORCAs) are designed and
synthesized: linear and cross-linked PCE-mPEG-Ppa-PROXYL. They are
prepared by conjugating linear and cross-linked poly(carboxylate ester) (PCE)
with poly(ethylene glycol) (mPEG2000)-modified nitroxides (PROXYL),
respectively. Both mORCAs form self-assembled aggregates in an aqueous
phase and PROXYL is protected inside a hydrophobic core to achieve great
resistance to reduction in the physiological environment, and they have low
toxicity. Since cross-linked PCE-mPEG-Ppa-PROXYL possess a branched
architecture, its self-assembled aggregate is more stable and compact with a
greater particle size. Cross-linked PCE-mPEG-Ppa-PROXYL outperform the
linear one in the following aspects: 1) its longitudinal relaxivity (r1 = 0.79
mm−1 s−1) is higher than that of the linear one (r1 = 0.64 mm−1 s−1) and both
excel the best mORCA reported so far (r1 = 0.42 mm−1 s−1); 2) its blood
retention time (≈48 h) is longer than that of its linear counterpart (≈10 h); 3)
cross-linked PCE-mPEG-Ppa-PROXYL provided better MR imaging contrast
resolution in normal organs (liver and kidney) and tumor of mice than the
linear one. Overall, cross-linked PCE-mPEG-Ppa-PROXYL may have great
potential to be a novel metal-free macromolecular contrast agent for MR
imaging.
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Metal-based contrast agents (CAs) are com-
monly used in MR imaging for enhancing
imaging sensitivity, nevertheless, they en-
counter serious toxic issues due to metal
ions.[1] Therefore, there is a pressing need
for developing safe and effective metal-free
MRI CAs. It has been demonstrated that
stable nitroxides (e.g., 2,2,5,5-tetramethyl-
1-pyrrolidinyl-N-oxyl (PROXYL), 2,2,6,6-
tetramethylpiperidinyl-1-oxyl (TEMPO),
etc.) with unpaired electrons were capa-
ble of offering MR imaging contrast via
shortening the relaxation of 1H protons
of water.[2] However, commonly-used
nitroxides with a low molecular weight
(MW) could not be applied clinically.
First, nitroxides have only one unpaired
electron, thus they have a relatively low
longitudinal relaxivity (the r1 value), while
in metal-based CAs, gadolinium (Gd3+)
has seven unpaired electrons and man-
ganese (Mn2+) has five ones.[3] Second,
nitroxides are sensitive to endogenous
reducing species (e.g., glutathione and
ascorbate), and they can be rapidly reduced
to diamagnetic hydroxylamines in vivo.[3,4]
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Therefore, commonly-used nitroxides fail to provide clinically ap-
plicable contrast within a clinically relevant time scale.

According to previous reports, conjugation of small molecular
CAs with macromolecules is an effective strategy to improve in
vitro and in vivo imaging efficacy of CAs.[5] To date, this strategy
also has been applied for constructing nitroxides-based macro-
molecular organic contrast agents (mORCAs) to overcome the
above shortcomings of nitroxides.[3,6] Crowds of low-MW nitrox-
ides are covalently conjugated to macromolecular scaffolds, thus
the relatively low relaxivity of nitroxides is increased in multi-
ple orders. The pioneering study was to conjugate low-MW ni-
troxides onto terminal functional sites of poly(propyleneimine)
or poly(amidoamine) dendrimers.[5b,6] It has been demonstrated
that the r1 values of these nitroxides-based mORCAs were
proportional to the number of nitroxides per macromolecule.
The bioreduction rate of nitroxides, in comparison with free
nitroxides, was significantly decreased.[5–7] However, poor wa-
ter solubility and biodegradability of these mORCAs hamper
their applications. Rajca et al. introduced poly(ethylene glycol)
(PEG) chains into spirocyclohexyl nitroxides-based polypropy-
lenimine dendrimers, resulting in good water solubility, an ad-
equate half-life of nitroxides and a high r1 value (0.42 mm−1

s−1).[8] The same strategy was employed to prepare spirocyclo-
hexyl nitroxides-based branched-bottle brush polymeric mOR-
CAs (ORCAFluor P1)[9] and brush-arm star polymeric mOR-
CAs (BASP-ORCAs).[3,10] As expected, similar results were ob-
tained. However, several challenges still remain, including: 1)
poor biodegradability of macromolecules, resulting in poten-
tial toxicity (e.g., reactive oxygen species (ROS) effects, in-
flammation, and neuronal toxicity);[11] 2) complexity in syn-
thesizing these macromolecules. Two biodegradable nitroxides-
based mORCAs, a PROXYL-based amphiphilic poly(ethylene
glycol)-b-polycarbonate (PEG-b-PC) diblock copolymer (P1)[12]

and a TEMPO-based water-soluble polyurethane mORCA (PU6-
ORCA),[13] have been prepared to address these challenges via
simple synthesis methods. They were biodegraded to low-MW
segments in the physiological medium. Their r1 values may be
improved (0.22 mm−1 s−1 for P1 and 0.19 mm−1 s−1 for PU6-
ORCA). A low loading of nitroxides was the primary reason
for such low r1 values for both biodegradable nitroxides-based
mORCAs. Recently, self-assembled bi(2,2,6,6-tetramethyl-3,6-
dihydropyridin-1-oxyl, TEMDO)-modified ureabenzene nanopar-
ticles (2-HEG) have been prepared, and this bi(TEMDO)-based
CA had a high loading of nitroxides and a high r1 value (0.41
mm−1 s−1). It was not attempted for in vivo MR imaging.[14]

Therefore, we hypothesize that more efficient nitroxides-based
mORCAs could be obtained via manipulating key properties of
polymers including MW, particle size, load capacity, solubility,
and biodegradability via different preparation methods.

Herein, we designed and prepared water-soluble PROXYL-
based poly(carboxylate ester) MRI mORCAs from the same
monomer but with different structures (linear and cross-linked
PCE-mPEG-Ppa-PROXYL, see Figure 1), which consisted of
nontoxic components. Because the cross-linked structure may
be more rigid than the linear one, cross-linked PCE-mPEG-
Ppa-PROXYL could form a stable self-assembled aggregate
(Figure 1). Therefore, PROXYL could be more effectively pro-
tected inside the hydrophobic core and higher in vivo stability
could be achieved.

The synthesis process for both linear and cross-linked PCE-
mPEG-Ppa-PROXYL was quite simple (Schemes S1–S3, Sup-
porting Information). First, we prepared diacrylate (DAC)
monomer with thiols protected by 4-Methoxytrityl (Mmt) and
PEGylated PROXYL-based polymer (PTE-mPEG-PROXYL), re-
spectively (Scheme S1, Supporting Information). The cross-
linked polymer with Mmt groups (cross-linked PCE-SMmt)
was synthesized via amine-catalyzed thiol-ene click polymer-
ization of dithithreitol (DTT) with DAC-SMmt using 10% of
1,1,1-propanetrimethanol tris(3-mercaptopropionate) (TMTP) as
a cross-linker. After polymerization, the cross-linked PCE-SMmt
was treated in an acidic environment (CF3COOH/Et3SiH) to re-
move the Mmt groups, and a fluorescence dye (maleimide func-
tionalized pyropheophorbide-𝛼𝛼, Ppa-maleimide Ppamaleimide)
and PTE-mPEG-PROXYL were successively conjugated onto
the polymeric branched chains, resulting in cross-linked PCE-
mPEG-Ppa-PROXYL (Scheme S2, Supporting Information). The
preparation process for the linear PCE-mPEG-Ppa-PROXYL was
similar to that of the cross-linked one except no cross-linking
agent in the polymerization (Scheme S3, Supporting Informa-
tion).

The diacrylate monomer with a MmtS group (DAC-SMmt)
was synthesized via a condensation reaction (Scheme S1, Sup-
porting Information), and its structure was confirmed by 1H
nuclear magnetic resonance spectra (NMR), 13C NMR, liquid
chromatography-mass spectrometer (LC-MS) and matrix assisted
laser desorption ionization high resolution mass spectrometry
(MALDI-HR MS) (Figures S1–S4, Supporting Information). In
order to simultaneously achieve good water solubility and a high
loading of PROXYL, a low-MW polymer at a ratio of 1:1 between
mPEG2000 chains and PROXYL (PTE-mPEG-PROXYL) were
used in the synthesis procedure. The synthesis of PTE-mPEG-
PROXYL was performed in the following steps, as shown in
Scheme S1 (Supporting Information). First, a condensation reac-
tion between 2-(pyridin-2-yldisulfanyl)ethan-1-amine hydrochlo-
ride (PTE·HCl) and Boc-Lys(Fmoc)-OH was carried out, result-
ing in PTE-NHBoc with a dithiopyridine group, and this was
evidenced from the spectra of 1H NMR, 13C NMR, LC-MS and
MALDI-HR MS (Figures S5–S8, Supporting Information). Next,
PTE-NHBoc was treated with CF3COOH to remove the Boc
group followed by its amidation with 3-carboxyl-PROXYL (3-
CP), resulting in an intermediate product PTE-PROXYL, which
was confirmed by LC-MS and MALDI-HR MS (Figures S9 and
S10, Supporting Information). Additionally, the peaks in the 1H
NMR spectrum (Figure S11, Supporting Information) became
too broad to be quantified, which indicated the presence of para-
magnetic nitroxides.[8a,15] Due to poor stability of the dithiopy-
ridine group in a strong organic base (e.g., piperidine), depro-
tection (de-Fmoc) of PTE-PROXYL was realized under carefully
controlled conditions (piperidine, 4 °C, 30 min). The depro-
tected PTE-PROXYL reacted with mPEG-BnNO2, yielding PTE-
mPEG-PROXYL. Compared with the 1H NMR spectrum of PTE-
PROXYL, the intensity of peaks in the low field region was clearly
reduced, while the intensity of peaks ranging from 2.5 to 5.0 ppm
was significantly boosted as shown in Figure S12 (Supporting In-
formation). The MW was larger compared to mPEG-BnNO2 as
shown in Figure S13 (Supporting Information). These results in-
dicated that removal of the Fmoc groups and subsequent intro-
duction of mPEG2000 chains were successfully accomplished.
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Figure 1. Illustration of linear a) and cross-linked b) PCE-mPEG-Ppa-PROXYL. DLS results and SEM images for linear and cross-linked PCE-mPEG-Ppa-
PROXYL were embedded in the illustrations.

It have been demonstrated that amine-catalyzed thiol-ene
click polymerization is an effective and simple strategy to ob-
tain various functionalized polymers.[16] Herein, to achieve good
degradability of nitroxides-based mORCAs, both the diacrylate
monomer (DAC-SMmt) and the tri-thiol cross-linker (TMTP)
contained hydrolyzable ester bonds in the backbone. Addition-
ally, the amount of the cross-linker (TMTP) in the mORCAs
should be controlled to be no greater than 10%, because if the
amount exceeded, the solubility of the polymer became very
poor. The amine-catalyzed thiol-ene click polymerization of DAC-
SMmt and DTT with 10% TMTP as a cross-linking agent was
performed at 25 °C for only 10 min, resulting in a cross-linked
polymer with Mmt groups (cross-linked PCE-SMmt, Scheme S2,
Supporting Information). Compared with 1H NMR spectrum of
DAC-SMmt (Figure S1, Supporting Information), the peaks in
the 1H NMR spectrum (Figure S14, Supporting Information) be-
came wide, and the heights of peaks ranging from 5.6 to 6.5 ppm
assigned to the double bonds of DAC-SMmt were clearly de-

creased, while the peak heights ranging from 2.0 to 5.0 ppm were
increased, indicating successful polymerization of DAC-SMmt
and DTT. In addition, gel permeation chromatography (GPC)
analysis showed that this polymer had a MW of 20.0 kDa (Fig-
ure S15, Supporting Information). Linear PCE-SMmt was also
obtained via the above polymerization procedure while no cross-
linking agent was used (Scheme S3, Supporting Information).
The changes in 1H NMR spectra before and after linear polymer-
ization were similar to those for cross-linking polymers (Figure
S16, Supporting Information). The MW of linear PCE-SMmt was
22.1 kDa (Figure S17, Supporting Information). Additionally, the
polydispersity index (PDI) of cross-linked PCE-SMmt and linear
PCE-SMmt was 1.2 (Figure S15, Supporting Information) and 1.1
(Figure S17, Supporting Information), respectively.

After the above polymerization, the cross-linked PCE-SMmt
was treated in CF3COOH/Et3SiH to remove the Mmt groups, re-
sulting in cross-linked PCE-SH. A fluorescence dye (maleimide-
functionalized pyropheophorbide-𝛼, Ppa-maleimide) for in vivo
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or in vitro fluorescence imaging was then covalently attached to
the branched chain of cross-linked PCE-SH via thiol-ene click
chemistry. Because the water solubility of the polymer was very
poor, hydrophilic modification was required, but at the same
time, the loading amount of nitroxides needed to be guaran-
teed. Therefore, a PEGylated PROXYL derivative (PTE-mPEG-
PROXYL) with a 1: 1 ratio of PEG to nitroxides was conjugated
onto the branched chains of the polymer via thiol-disulfide ex-
change reaction, forming the water soluble cross-linked PCE-
mPEG-Ppa-PROXYL as a green solid. Compared with the 1H
NMR spectra of PTE-mPEG-PROXYL (Figure S12, Supporting
Information) and cross-linked PCE-SMmt (Figure S14, Support-
ing Information), the peaks in 1H NMR spectrum (Figure S18,
Supporting Information) changed significantly in both high and
low fields. In addition, the polymeric MW increased from 20.0 to
26.1 kDa after chemical modification and remained low at PDI
(1.2) (Figure S19, Supporting Information). As expected, electron
paramagnetic resonance (EPR) analysis (Figure S20, Supporting
Information) showed that this final polymer possessed param-
agnetism and the spin concentration was 0.135 mmol g−1. These
results indicated that successfully formation of cross-linked PCE-
mPEG-Ppa-PROXYL. Linear PCE-mPEG-Ppa-PROXYL with a
MW of 25.6 kDa (Figure S21, Supporting Information) and a
spin concentration of 0.072 mmol g−1 (Figure S22, Supporting
Information) was successfully obtained via the similar procedure.
It was soluble in water rather than DMSO due to a high con-
tent of hydrophilic components, and its chemical structure was
confirmed by 1H NMR in D2O (Figure S23, Supporting Infor-
mation). According to the above data, the spin concentration of
cross-linked PCE-mPEG-Ppa-PROXYL were higher than that of
the linear one, which implied that cross-linked PCE-mPEG-Ppa-
PROXYL had a higher r1 values than the linear one.

The particle size of linear and cross-linked PCE-mPEG-Ppa-
PROXYL was directly measured via dynamic light scattering
(DLS) and their morphology via transmission electron mi-
croscopy (TEM). DLS results showed that two mORCAs could
self-assemble in the aqueous phase to form aggregates via the hy-
drophilic and hydrophobic effect (Figure 1). However, the particle
size and stability of both self-assembled aggregates were signifi-
cantly different. The particle size of cross-linked PCE-mPEG-Ppa-
PROXYL (≈25 nm) was significantly higher than that of the lin-
ear one (≈12 nm). The morphology of the cross-linked mORCA
was observed under a TEM, while the linear mORCA could not
be detected (Figure 1). The structure of cross-linked PCE-mPEG-
Ppa-PROXYL was rigid and its self-assembled aggregate was very
stable, so its morphology could be maintained even after water
was removed. However, linear PCE-mPEG-Ppa-PROXYL with a
flexible structure formed a loose self-assembled aggregate, and
the structure became scattered after losing the hydrophobic effect
due to water removal, thus its morphology could not be observed
under a TEM.

In addition, the zeta potential of the linear and cross-linked
mORCAs was close to a neutral value (Figure S24, Supporting
Information), which indicated that adsorption of opsonization
proteins in the blood onto mORCAs may be avoided, thereby re-
ducing the clearance of both mORCAs by the reticuloendothe-
lial system, ensuring their stability in the blood circulation, and
prolonging their circulation time. Moreover, their particle size
in the aqueous phase was greater than 10 nm, and they could

be effectively accumulated into tumor tissues via the enhanced
permeate and retention (EPR) effect, especially for cross-linked
PCE-mPEG-Ppa-PROXYL. Additionally, we used GPC to study
the in vitro esterase-catalyzed degradability (hydrolysis) of the two
mORCAs (Figures S25 and S26, Supporting Information). The
two polymers showed biodegradable features.

We evaluated the feasibility of cross-linked PCE-mPEG-Ppa-
PROXYL and linear PCE-mPEG-Ppa-PROXYL as MRI contrast
agents by measuring their longitudinal relaxivity (r1) using a
clinical 3.0 T MRI scanner. Both cross-linked PCE-mPEG-Ppa-
PROXYL and linear PCE-mPEG-Ppa-PROXYL revealed bright
signals in the T1-weighted MR imaging. As shown in Figure 2a,
the r1 value was calculated by plotting the 1/T1 value with
gradient concentrations of linear and cross-linked PCE-mPEG-
Ppa-PROXYL. The r1 value of the cross-linked PCE-mPEG-Ppa-
PROXYL (0.79 mm−1 s−1) was significantly increased compared
to linear PCE-mPEG-Ppa-PROXYL (0.64 mm−1 s−1) and 3-CP
(0.19 mm−1 s−1) (Figure 2b). Compared with 3-CP, two poly-
mers had a greater MW and contained many nitroxides, so the
longitudinal relaxivity was significantly increased by the multi-
plication effect.[17] Between two polymers, the nitroxides con-
tent (Spin concentration) of the cross-linked PCE-mPEG-Ppa-
PROXYL was higher than that of the linear one, resulting in
increasing the local concentration of nitroxides, thus maximiz-
ing the multiplication effect. In addition, compared with the lin-
ear one, the self-assembled aggregate from cross-linked PCE-
mPEG-Ppa-PROXYL had a larger nano size, which could delay its
flipping speed more effectively to achieve a higher longitudinal
relaxivity. Although the self-assembled aggregates from the cross-
linked polymer were more rigid than those from the linear one,
they still had enough flexibility to meet full and rapid contact be-
tween the single electron of PROXYL and the surrounding water,
therefore, the structural rigidity had no adverse effect on the re-
laxivity of the cross-linked PCE-mPEG-Ppa-PROXYL.

We compared metabolism of nitroxides in linear and cross-
linked PCE-mPEG-Ppa-PROXYL and 3-CP in vivo through elec-
tron paramagnetic resonance (EPR) analysis of mouse blood at
different time points. The results showed that the concentra-
tion of nitroxides of 3-CP in the blood decreased faster than that
of two mORCAs, and was undetectable after injection 1 h (Fig-
ure 2c,d), which indicated that 3-CP was rapidly reduced or me-
tabolized in the body. For two mORCAs, the concentration of ni-
troxides decreased rapidly in the first 10 min after injection (Fig-
ure 2d), and then the speed of decline slowed down significantly
(Figure 2c,d). In the linear PCE-mPEG-Ppa-PROXYL group, the
blood concentration of nitroxides was still detectable until 10
h after injection (Figure 2c,d), while in the cross-linked PCE-
mPEG-Ppa-PROXYL group, a longer blood circulation time up
to 48 h was observed (Figure 2c,d). In the early stage after in-
jection, the concentration of nitroxides was high, so the concen-
tration of nitroxides in the blood decreased at a faster rate. After
then slow metabolism of macromolecules and their protective ef-
fect on nitroxides gradually played a leading role in maintaining
the stability of nitroxides, so the blood concentration of nitrox-
ides in macromolecules decreased slowly. The cross-linked PCE-
mPEG-Ppa-PROXYL self-assembled in an aqueous environment
to form a big (≈25 nm) and compact self-assembled aggregate,
and the hydrophobic nitroxides was better protected inside the
hydrophobic core to improve the stability of nitroxides because
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Figure 2. In vitro longitudinal relaxivity a) of linear (Group 1) and cross-linked PCE-mPEG-Ppa-PROXYL (Group 2) and 3-CP (Group 3). b) r1 values of
contrast agents. c) In vivo temporal nitroxide concentration profile of linear and cross-linked PCE-mPEG-Ppa-PROXYL and 3-CP in the blood up to 48 h,
and d) detailed concentration change within 1 h.

the contact between endogenous reducing substances and nitrox-
ides in macromolecules could be significantly reduced. However,
the self-assembled aggregate of linear PCE-mPEG-Ppa-PROXYL
was smaller (≈12 nm) and loose, and the aggregate could not ef-
fectively protect hydrophobic nitroxides, so that nitroxides was
rapidly reduced by the endogenous reducing substances in vivo.
Additionally, since the metabolic rate of substances in human
body was slower than that in mice, it may be expected that the
cross-linked PCE-mPEG-Ppa-PROXYL will have longer retention
of nitroxides in human blood, which may result better MR imag-
ing effect in vivo.

We further investigated the in vivo efficacy of both linear and
cross-linked PCE-mPEG-Ppa-PROXYL as a magnetic resonance
contrast agent in tumor and healthy major organs of mice. The
enhancement in MR signal intensities was quantified at various
time points after injection of both mORCAs, and 3-CP was used
as a control.

For MR contrast imaging of major organs, ten healthy BALB/c
mice were inspected under a clinical Siemens 3.0 T MRI scanner
at different time points from pre-injection to 0.5 h post-injection.
The MRI signals of major organs (liver and kidney) were en-
hanced after 5 min of injection, and the trends in the enhance-
ment were different for two mORCAs. In the liver after injec-
tion of the cross-linked PCE-mPEG-Ppa-PROXYL (Figure 3a), the
MRI signal enhancement began at 5 min, and reached a peak at
15 min. The enhancement was maintained up to 25 min, and
started to decrease down to the pre-injection level at 30 min. In
the kidney (Figure S27, Supporting Information), the MRI signal
intensity was incrementally increased up to 30 min post injection
of the contrast agent. At 30 min, the signal was much stronger in
the kidneys in the cross-linked PCE-mPEG-Ppa-PROXYL-treated
group. Quantitative analysis of MRI images in the liver and kid-
ney showed that the trend of the T1 values was different in two or-
gans (Figure 3c and Figure S28, Supporting Information). In the
liver, the T1 value increased by about 147% at 15 min (Figure 3e),

after that, it gradually decreased and returned to the pre-injection
level at 30 min. However, in the kidney, the T1 value substan-
tially increased, compared with the pre-enhancement level, and
reached about 160% at 30 min (Figure S29, Supporting Informa-
tion).

After injection of the linear PCE-mPEG-Ppa-PROXYL (Fig-
ure 3b,d), the MRI signal in the liver started to increase at 5 min,
and reached a peak (about 118% of the pre-injection level) at
10 min (Figure 3e), after that, the signal experienced a decrease,
and returned to the pre-injection MRI signal at 30 min. In the
kidney (Figures S30 and S31, Supporting Information), the MRI
signal intensity was observed to become stronger within 10 min,
and became the strongest (about 120% of the pre-injection level)
at 10 min (Figure S29, Supporting Information). The enhance-
ment was weakened after 10 min. Both organs after injection of
3-CP were also scanned by the same method as a control, and
it was found that there was no obvious enhancement in normal
mouse organs (liver and kidney) and no change in the T1 value
(Figure S32, Supporting Information). These results indicated
that compared to 3-CP, two mORCAs had displayed better imag-
ing quality in vivo over a longer time. This could be explained by
that two mORCAs had a higher relaxivity as shown from in vitro
measurements. Another contributing factor was the stability of
PROXYL that was protected in the hydrophobic core of the self-
assembled aggregates of two mORCAs by reducing exposure of
nitroxides to endogenous reducing substances. Additionally, be-
tween two mORCAs, the cross-linked PCE-mPEG-Ppa-PROXYL
outperformed the linear one in providing stable MRI enhance-
ment in the liver and kidney because of a higher relaxivity of
cross-linked PCE-mPEG-Ppa-PROXYL in vitro and a larger parti-
cle size and a more rigid structure of its self-assembled aggregate.
The in vivo imaging results of the above three groups were con-
sistent with their in vitro relaxivities. Meanwhile, a continuous in-
crease in the MRI signal and the T1 value in the kidney indicated
that both linear and cross-linked PCE-mPEG-Ppa-PROXYL were
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Figure 3. T1 mapping imaging of liver after injection of a) cross-linked and b) linear PCE-mPEG-Ppa-PROXYL. The liver was labeled with red dashed
lines, and darker blue signals in the liver suggest sharper enhancement in the MR images. In the cross-linked PCE-mPEG-Ppa-PROXY-treated group,
pronounced enhancement in the liver was achieved after 25 min, while in the linear PCE-mPEG-Ppa-PROXYL-treated group, signal enhancement in the
liver was seen after 15 min but the blue signals are relatively weak. The corresponding T1 values were spatially displayed in the liver after injection of c)
cross-linked and d) linear PCE-mPEG-Ppa-PROXYL at different durations. e) The 1/T1 values for two liver groups were quantitatively analyzed (p < 0.05).

mainly through the metabolism in the kidney, which ensured the
safety of the contrast agents.

For contrast imaging in the tumor by linear and cross-linked
PCE-mPEG-Ppa-PROXYL, two mORCAs exhibited a similar
trend in the enhancement of contrast imaging: two mORCAs in
breast cancer rapidly enhanced the contrast image within 5 min
and the enhancement peaked at 5 min, and then the degree of
enhancement decreased continuously to a similar level of bright-
ness as pre-injection at 30 min. It was noted that linear PCE-
mPEG-Ppa-PROXYL (Figure 4b) was weaker than cross-linked
PCE-mPEG-Ppa-PROXYL at the peak time (Figure 4a). Quanti-
tative analysis of the above tumor MRI images by the T1 value
showed that the cross-linked PCE-mPEG-Ppa-PROXYL peaks at
the tumor site at around 5 min (Figure 4c), and the T1 value in-
creased by about 182% (Figure 4e), indicating this mORCA may
be applied to tumor diagnosis and imaging. Similarly, the sig-
nal enhancement by linear PCE-mPEG-Ppa-PROXYL reached a
peak at the tumor site at around 5 min (Figure 4d), but the signal
was weaker than cross-linked PCE-mPEG-Ppa-PROXYL, and the
T1 value increases about 152% (Figure 4e). This result was well
correlated with the in vitro relaxivity results of linear and cross-
linked PCE-mPEG-Ppa-PROXYL and aligned well with the MR
imaging results in the healthy organs. 3-CP was used as a con-

trol in tumor imaging and it was found that there was no signal
enhancement at the tumor site (Figure S33, Supporting Informa-
tion). Both mORCAs had a nano size of >10 nm and more nitrox-
ides in both polymers were accumulated in the tumor site via the
EPR effect.[18] Since cross-linked PCE-mPEG-Ppa-PROXYL had
a larger nano size and the EPR effect at the tumor site was much
better than the linear one, the degree of enhancement was higher.
The MRI signal and the T1 value of two mORCAs decayed rapidly
in the tumor microenvironment in comparison with those in
healthy organs, which was due to a high concentration of reduc-
ing substances (such as glutathione) in tumor tissues, leading to
rapid conversion of nitroxides into diamagnetic nitrogen-hydroxy
compounds under the action of reducing substances.

In addition, the T1 relaxivity was measured via the MR T1 map-
ping sequence method in accordance with the signal intensity by
different flip angles. The biggest advantage of this method was
that it could sensitively detect changes in the MRI signal caused
by the low relaxivity nitroxide magnetic resonance contrast agent
and accurately measured changes in the T1 value from each voxel
in the image, and more precisely quantified the degree of en-
hancement in the signal intensity at the organ or tumor site. To
the best of our knowledge, this sequence was used for the first
time to evaluate the in vivo imaging of nitroxides-based magnetic
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Figure 4. T1 mapping imaging of tumor by a) cross-linked and b) linear PCE-mPEG-Ppa-PROXYL. The tumor was labeled with red lines, and darker blue
signals in the tumor suggest sharper enhancement in the MR images. Two mORCAs exhibited a similar enhancement trend as the post-injection time
extends, but the degree of enhancement from cross-linked PCE-mPEG-Ppa-PROXYL was better than the linear one. The corresponding T1 values were
spatially displayed in the tumor after injection of c) cross-linked and d) linear PCE-mPEG-Ppa-PROXYL at different durations. e) The 1/T1 values of two
tumor groups were quantitatively analyzed (p < 0.05).

resonance contrast agents. At the same time, using this sequence,
we found that cross-linked PCE-mPEG-Ppa-PROXYL had a bet-
ter in vivo imaging effect, compared to linear PCE-mPEG-Ppa-
PROXYL and 3-CP.

The linear and cross-linked PCE-mPEG-Ppa-PROXYL poly-
mers were uptaken by cells but showed low toxicity (Figures S34–
S38, Supporting Information). The detailed results and discus-
sion were provided in the Supporting Information.

Herein, PROXYL (a common nitroxide) was conjugated with
PEGylated linear and cross-linked poly(carboxylate ester) to ob-
tain two novel amphiphilic nitroxides-based mORCAs: linear
and cross-linked PCE-mPEG-Ppa-PROXYL. They formed nano-
sized self-assembled aggregates in an aqueous environment
and PROXYL was protected in the hydrophobic core. Cross-
linked PCE-mPEG-Ppa-PROXYL had a higher spin concentra-
tion, a larger particle size and higher stability for nitroxides.
Therefore, compared with linear PCE-mPEG-Ppa-PROXYL and
reported similar mORCAs, the cross-linked PCE-mPEG-Ppa-
PROXYL possessed a higher longitudinal relaxivity, and pro-
vided long-term and significant in vivo MRI T1 mapping sig-
nal enhancement in tumors or other organs. In addition, cross-
linked PCE-mPEG-Ppa-PROXYL displayed non-toxicity. There-

fore, cross-linked PCE-mPEG-Ppa-PROXYL, as a new structure
of nitroxides-based macromolecular magnetic resonance con-
trast agent, may be expected as candidate for metal-free-based
magnetic resonance contrast agent.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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18, 100524; d) G. Bačíc, A. Pavícevíc, F. Peyrot, Redox Biol. 2016, 8,
226; e) K.-I. Matsumoto, J. B. Mitchell, M. C. Krishna, Free Radical
Res. 2018, 52, 248.

[3] H. V.-T. Nguyen, Q. Chen, J. T. Paletta, P. Harvey, Y. Jiang, H. Zhang,
M. D. Boska, M. F. Ottaviani, A. Jasanoff, A. Rajca, ACS Cent. Sci.
2017, 3, 800.

[4] a) E. L. Dane, T. Maly, G. T. Debelouchina, R. G. Griffin, T. M. Swa-
ger, Org. Lett. 2009, 11, 1871; b) D. Wisser, G. Karthikeyan, A. Lund,
G. Casano, H. Karoui, M. Yulikov, G. Menzildjian, A. C. Pinon, A.
Purea, F. Engelke, J. Am. Chem. Soc. 2018, 140, 13340; c) S. Huang,
H. Zhang, J. T. Paletta, S. Rajca, A. Rajca, Free Radical Res. 2018, 52,
327; d) R. Shiraishi, T. Kaneko, K. Usui, T. Naganuma, N. Iizuka, K.
Morishita, S. Kobayashi, Y. Fuchi, Y. Matsuoka, G. Hirai, ACS Omega
2019, 4, 20715.

[5] a) J. Wu, J. Huang, S. Kuang, J. Chen, X. Li, B. Chen, J. Wang, D. Cheng,
X. Shuai, Adv. Sci. 2019, 6, 1801809; b) J. Y. Zhu, M. Zhang, X. Ding,
W. Qiu, W. Yu, J. Feng, X. Zhang, Adv. Mater. 2018, 30, 1707459; c) Y.
Li, X. Zhao, X. Liu, K. Cheng, X. Han, Y. Zhang, H. Min, G. Liu, J. Xu, J.
Shi, Adv. Mater. 2019, 32, 1906799; d) X. Meng, H. Zhang, M. Zhang,
B. Wang, Y. Liu, Y. Wang, X. Fang, J. Zhang, Z. Yao, W. Bu, Adv. Sci.
2019, 6, 1901214; e) O. Koshkina, G. Lajoinie, F. Baldelli Bombelli,
E. Swider, L. J. Cruz, P. B. White, R. Schweins, Y. Dolen, E. A. van
Dinther, N. K. van Riessen, Adv. Funct. Mater. 2019, 29, 1806485; f)
Z. Ding, H. Sun, S. Ge, Y. Cai, Y. Yuan, Z. Hai, T. Tao, J. Hu, B. Hu,

J. Wang, Adv. Funct. Mater. 2019, 29, 1903860; g) H. Xing, S. Zhang,
W. Bu, X. Zheng, L. Wang, Q. Xiao, D. Ni, J. Zhang, L. Zhou, W. Peng,
K. Zhao, Y. Hua, J. Shi, Adv. Mater. 2014, 26, 3867; h) F. Chen, W. Bu,
S. Zhang, J. Liu, W. Fan, L. Zhou, W. Peng, J. Shi, Adv. Funct. Mater.
2013, 23, 298; i) H. Cai, X. Dai, X. Wang, P. Tan, H. Zhu, L. Gu, Q. Luo,
X. Zheng, Z. Li, H. Zhang, Z. Gu, Q. Gong, K. Luo, Adv. Sci. 2020, 7,
1903243.

[6] a) K.-A. Hansen, J. P. Blinco, Polym. Chem. 2018, 9, 1479; b) K.
Nagura, A. Bogdanov, N. Chumakova, A. K. Vorobiev, S. Moronaga,
H. Imai, T. Matsuda, Y. Noda, T. Maeda, S. Koizumi, Nanotechnology
2019, 30, 224002.

[7] G. Francese, F. A. Dunand, C. Loosli, A. E. Merbach, S. Decurtins,
Magn. Reson. Chem. 2003, 41, 81.

[8] a) A. Rajca, Y. Wang, M. Boska, J. T. Paletta, A. Olankitwanit, M. A.
Swanson, D. G. Mitchell, S. S. Eaton, G. R. Eaton, S. Rajca, J. Am.
Chem. Soc. 2012, 134, 15724; b) A. Rajca, Y. Wang, M. Boska, J. T.
Paletta, A. Olankitwanit, M. A. Swanson, D. G. Mitchell, S. S. Eaton,
G. R. Eaton, S. Rajca, J. Am. Chem. Soc. 2014, 136, 3318.

[9] M. A. Sowers, J. R. McCombs, Y. Wang, J. T. Paletta, S. W. Morton, E.
C. Dreaden, M. D. Boska, M. F. Ottaviani, P. T. Hammond, A. Rajca,
Nat. Commun. 2014, 5, 5460.

[10] a) G. G. Alvaradejo, H. V.-T. Nguyen, P. Harvey, N. M. Gallagher, D.
Le, M. F. Ottaviani, A. Jasanoff, G. Delaittre, J. A. Johnson, ACS Macro
Lett. 2019, 8, 473; b) H. V.-T. Nguyen, A. Detappe, N. M. Gallagher,
H. Zhang, P. Harvey, C. Yan, C. Mathieu, M. R. Golder, Y. Jiang, M. F.
Ottaviani, ACS Nano 2018, 12, 11343.

[11] a) N. Lewinski, V. Colvin, R. Drezek, Small 2008, 4, 26; b) R. Savla, T.
Minko, Adv. Drug Delivery Rev. 2017, 113, 122; c) A. A. Saei, M. Yaz-
dani, S. E. Lohse, Z. Bakhtiary, V. Serpooshan, M. Ghavami, M. Asa-
dian, S. Mashaghi, E. C. Dreaden, A. Mashaghi, Chem. Mater. 2017,
29, 6578; d) S. J. Hawkins, L. A. Crompton, A. Sood, M. Saunders,
N. T. Boyle, A. Buckley, A. M. Minogue, S. F. McComish, N. Jiménez-
Moreno, O. Cordero-Llana, Nat. Nanotechnol. 2018, 13, 427.

[12] J. M. Chan, R. J. Wojtecki, H. Sardon, A. L. Lee, C. E. Smith, A. Shku-
matov, S. Gao, H. Kong, Y. Y. Yang, J. L. Hedrick, ACS Macro Lett.
2017, 6, 176.

[13] S. Garmendia, D. Mantione, S. Alonso-de Castro, C. Jehanno, L.
Lezama, J. L. Hedrick, D. Mecerreyes, L. Salassa, H. Sardon, Polym.
Chem. 2017, 8, 2693.

[14] K. Morishita, S. Ueki, Y. Fuchi, S. Murayama, T. Kaneko, N. Narita,
S. Kobayashi, G. Hirai, I. Aoki, S. Karasawa, ACS Appl. Nano Mater.
2018, 1, 6967.

[15] a) M. M. Haugland, J. E. Lovett, E. A. Anderson, Chem. Soc. Rev. 2018,
47, 668; b) Y. Qu, Y. Li, X. Tan, W. Zhai, G. Han, J. Hou, G. Liu, Y. Song,
Y. Liu, Chem. - Eur. J. 2019, 25, 7888; c) D. Le, M. Dilger, V. Pertici,
S. Diabaté, D. Gigmes, C. Weiss, G. Delaittre, Angew. Chem. Int. Ed.
2019, 58, 4725.

[16] a) M. Casutt, M. Ruscello, N. Strobel, S. Koser, U. H. Bunz, D. Jänsch,
J. Freudenberg, G. Hernandez-Sosa, K. Müllen, Chem. Mater. 2019,
31, 7657; b) S. Bertlein, G. Brown, K. S. Lim, T. Jungst, T. Boeck, T.
Blunk, J. Tessmar, G. J. Hooper, T. B. Woodfield, J. Groll, Adv. Mater.
2017, 29, 1703404; c) Z. Li, X. Zou, F. Shi, R. Liu, Y. Yagci, Nat. Com-
mun. 2019, 10, 1; d) Y. Liu, W. Hou, H. Sun, C. Cui, L. Zhang, Y. Jiang,
Y. Wu, Y. Wang, J. Li, B. S. Sumerlin, Chem. Sci. 2017, 8, 6182.

[17] a) Z. Zhou, L. Yang, J. Gao, X. Chen, Adv. Mater. 2019, 31, 1804567;
b) X. Zhao, G. Duan, K. Wu, S. W. Anderson, X. Zhang, Adv. Mater.
2019, 31, 1905461.

[18] a) Q. Zhou, S. Shao, J. Wang, C. Xu, J. Xiang, Y. Piao, Z. Zhou, Q. Yu, J.
Tang, X. Liu, Z. Gan, R. Mo, Z. Gu, Y. Shen, Nat. Nanotechnol. 2019,
14, 799; b) D. Pan, X. Zheng, Q. Zhang, Z. Li, Z. Duan, W. Zheng,
M. Gong, H. Zhang, Q. Gong, Z. Gu, K. Luo, Adv. Mater. 2020, 32,
1907490; c) X. Zheng, D. Pan, C. Miao, X. Dai, H. Cai, H. Zhang, Q.
Gong, Z. Gu, K. Luo, Adv. Mater. 2019, 31, 1901586.

Adv. Sci. 2020, 7, 2000467 2000467 (8 of 8) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


