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ABSTRACT: Currently used small molecular magnetic resonance
(MR) imaging contrast agents (CAs) in clinics have relatively
short half-lives, which has limited the acquisition of high-resolution
organ and angiographic images. Therefore, development of a facile
strategy for the synthesis of long-circulating CAs with the
transforming potential for MR imaging still remains a great
challenge. Here we communicate the design and synthesis of
PEGylated polyethylenimine (PEI) and its application as enhanced
T, CA for the long-circulating blood pool as well as efficient organ
and tumor imaging. In this study, PEI was covalently grafted with
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gadolinium (Gd™) chelator and mPEG-NHS, followed by acetylation of the remaining amines to improve biocompatibility and
prolong circulation time. With the relatively long circulation time (3.8 h), the formed multifunctional PEI (PELNHAc-
DTPA(Gd™)-mPEG) can be used as an enhanced T, CA for blood pool and major organ imaging, and could be cleared from the
body 96 h post administration through the urinary system. Importantly, the PELNHAc-DTPA(Gd™)-mPEG complexes
displayed a strong T, contrast effect for tumor imaging through the enhanced permeation and retention effect. These findings
suggest that the synthesized PELNHAc-DTPA(Gd™)-mPEG may be used as a promising CA for T; MR imaging of various

biological systems.
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1. INTRODUCTION

Among various molecular imaging modalities, magnetic
resonance (MR) imaging has been used as one of the most
powerful tools in clinical noninvasive diagnosis due to its high
spatiotemporal resolution and impressive tissue penetration.'
Apart from the instrument and different imaging methodology,
the performance of MR imaging is strongly determined by
contrast agents (CAs), which could significantly enhance the
contrast effect and increase the sensitivity of the images for
more accurate clinical diagnosis.>® Based on different models of
relaxation, MR imaging CAs could be divided into longitudinal
(Tl)—positive agents and transverse (Tz)—negative agents, which
respectively lead to brighter image in T,-weighted MR imaging
and darker image in T,-weighted MR imaging compared with
precontrast images.’ Generally, gadolinium (Gd™)- or man-
ganese (Mn")-based CAs’~® and superparamagnetic iron oxide
nanoparticle-based CAs>'°~"? are typical T, and T, contrast
materials, respectively. Compared with T, CAs which can
intrinsically produce dark signals and confuse their location
with the signals from bleeding, calcification, tissue—air
interfaces, and susceptibility artifacts, T-based agents have
predominant positive signal—enhancing ability to generate
higher spacial resolution.” In this case, the current clinically
used MR imaging CAs are dominant with paramagnetic Gd"-
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based complexes, such as Magnevist (Gd-DTPA), Dotarem
(Gd-DTOA), and Gadovist (Gd-DO3A-Butriol)."* Unfortu-
nately, these Gd"-based T, CAs are based on small molecular
agents, which display severe disadvantages such as short half-
decay time and rapid extravasation from the vascular space.
Therefore, the contrast enhanced time window for MR imaging
is very narrow, which has limited the acquisition of the higher
resolution images of angiography as well as organs.'®

In order to overcome such drawbacks inherent to small
molecular CAs, numerous Gd™-loaded macromolecular CAs
have been constructed to increase their blood circulation time
as well as to improve their imaging specificity.'® These
macromolecular CAs have been developed by simply couplin
Gd™ chelate to polymers,g’17 dendrimers,'®"® micelles,”
liposomes,”" and proteins.”*** Although these formed agents
have demonstrated increased circulation time as well as
enhanced MR contrast effect with the dramatically increased
Gd" loading, their translation to clinical applications has often
been hampered by their sophisticated synthesis, expensive
carriers, and difficulty synthesizing large amounts. Therefore,
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Scheme 1. Schematic Illustration of the Design (a) and Synthesis Procedure (b) for Multifunctional PEI for MR Imaging
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development of a facile strategy for synthesis of Gd"-loaded
macromolecular MR imaging CAs with the transforming
potential for biomedical imaging still remains a great challenge.

Polyethylenimine (PEI) is an inexpensive reagent and widely
available in large quantities, and has been frequent!y employed
as an effective nonviral vector for gene delivery.” —26 Taking
advantage of the high density of amines in its structure, PEI has
also been employed as stabilizer or template to synthesize,
modify, or assemble inorganic nanomaterials.””*®
amine-rich groups make PEI distinctly cytotoxic,””*° a variety
of chemical modifications, such as acetylation and PEGyla-
tion,>' 7> can address some of these concerns and improve its
biocompatibility. Moreover, these amine groups of the PEI
endow it to be further modified easily with various desirable
functional groups, such as targeting ligands and drug molecules,
for targeted drug and gene delivery.**** In our previous work,*®
PEI-mediated multifunctional multiwalled carbon nanotubes
(MWCNT) were formed and used for enhanced blood pool
and passive tumor MR imaging. However, for further
transferring the results obtained with mice to human, the
potential biotoxicity of MWCNT should be considered. These
studies lead us to hypothesize that PEI itself can also be used as
the desired platform for T)-based MR imaging with the
transforming potential.

In this study, multifunctional PEI-loaded Gd™ was designed
and synthesized for the MR imaging application (Scheme 1a).
PEI was first modified with Gd™ chelator and polyethylene
glycol (PEG). The macromolecules formed were chelated with
Gd", followed by complete acetylation of the remaining PEI
amines (Scheme 1b). The obtained PELNHAc-DTPA(Gd™)-
mPEG was thoroughly characterized via different techniques
and its MR imaging performance was evaluated both in vitro
and in vivo. Results show that the multifunctional PEI formed
could be used as enhanced T, CA for blood pool and major
organ imaging. Moreover, this longer blood circulating T,
contrast effect provides great opportunity for imaging tumors
through the enhanced permeation and retention (EPR) effect.
Importantly, the facile synthesis and nontoxic property of the
polymers used make it the desired platform for MR imaging
with the transforming potential.

2. EXPERIMENTAL SECTION

2.1. Materials. Branched polyethylenimine (PEI) (M,, = 25 000),
cyclic diethylenetriamine pentaacetic anhydride (cDTPAA), and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
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were purchased from Sigma-Aldrich (St. Louis, Missouri) and used
as received. PEG monomethyl ether with one end of N-hydroxy
succinimidyl ester group (mPEG-NHS, M,, = 5000) was obtained from
Shanghai Seebio Biotech, Inc. (Shanghai, China). Roswell Park
Memorial Institute-1640 (RPMI-1640) medium, fetal bovine serum
(FBS), Dulbecco’s modified eagle’s medium (DMEM), penicillin, and
streptomycin were purchased from HyClone Lab., Inc.(Logan, UT).
Human epithelial carcinoma (KB) cells and mouse macrophage (Raw
264.7) cells were obtained from the Institute of Biochemistry and Cell
Biology (Shanghai, China). Triethylamine (TEA), acetic anhydride
(Ac,0), GdCl;, and all other chemicals were from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) and used as received.
Regenerated cellulose dialysis membranes (molecular weight cutoff
8000—14 000) were acquired from Shanghai Yuanye Biotechnology
Co., Ltd. (Shanghai, China).

2.2. Synthesis of PEI-DTPA. First, 80.0 mg PEI (0.0032 mmol)
was dissolved in 40 mL water. Then, 57.1 mg cDTPAA (0.16 mmol)
in 6 mL water was added into the solution of PEI under vigorous
magnetic stirring. The reaction was continued for 12 h to obtain PEI-
DTPA. Finally, the excess reactants were removed from the reaction
mixture by extensive dialysis against phosphate buffer solution (PBS)
and water for 2 days, followed by lyophilization to obtain the PEI-
DTPA.

2.3. Synthesis of PEL.NHAc-DTPA(Gd")-mPEG. PEL-DTPA
(68.6 mg, 0.0016 mmol) dissolved in 15 mL water was added to 16
mL mPEG-NHS solution (160 mg, 0.032 mmol). After 1S h reaction
under vigorous magnetic stirring, the reaction solution was purified
and lyophilized according to the procedure used for purification of
PEI-DTPA to obtain PEI-DTPA-mPEG.

For synthesis of PELNHAc-DTPA(Gd™)-mPEG, PEI-DTPA-
mPEG (114.3 mg, 0.0008 mmol) dissolved in 20 mL water was
added to 4 mL GdCl; (10.5 mg, 0.04 mmol) under vigorous magnetic
stirring. Three hours later, TEA (60.0 yL) was added and thoroughly
mixed with the reaction mixture for 30 min, and then excess Ac,0O
(40.0 uL) was dropwise added into the reaction mixture under
vigorous stirring for 18 h to neutralize the remaining PEI amines. The
formed PELNHAc-DTPA(Gd™)-mPEG was purified and lyophilized.
The control complexes PEI-DTPA(Gd™), PELNHAc-DTPA(Gd™),
PEI-DTPA(GA™)-mPEG, and PELNHAc-DTPA-mPEG were also
synthesized using the same method.

2.4. Characterization Techniques. 'H NMR spectra were
measured by a nuclear magnetic resonance spectrometer (Bruker
DRX 400, Germany). The Gd™ composition of the samples was
acquired with Leeman Prodigy inductively coupled plasma-optical
emission spectroscopy (ICP-OES, USA). Zeta-potential values of the
formed materials were determined by a Zetasizer Nano ZS system
(Malvern, UK). UV—vis spectroscopy measurements were conducted
by using PerkinElmer (Lambda EZ-210) in transmission mode.

2.5. In Vitro MR Imaging. In vitro T-weighted MR images and
T, relativities were measured with a conventional spin—echo
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acquisition in a 3.0 T clinical MR system (GE Medical Systems, USA)
at room temperature. Water solution of Gd-DTPA (Magnevist) and
the PELNHAc-DTPA(Gd™)-mPEG (1.8 mL) formed with different
Gd™ molar concentrations (0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mM) were
prepared in 2.0 mL tubes. T relaxation was obtained using the SE/2D
sequence and four echoes were employed with the following
parameters: FOV = 12 cm, matrix = 256 X 256, TE = 10.7 ms, and
TR = 300, 600, 900, 1200 ms.

2.6. In Vitro Cytotoxicity Assay. KB cells were cultured in a 37
°C incubator with 5% CO, in RPMI 1640 cell culture medium
supplemented with 100 ug/mL streptomycin, 100 U/mL penicillin,
and 10% FBS. The cytotoxicity of the materials formed was quantified
using MTT reduction assays. In a typical procedure, KB cells were
cultured in 96-well plates at a density of approximately 6000 per well
overnight to allow the cells to attach. Subsequently, the medium
containing PEI-DTPA(Gd™), PEI-DTPA(Gd™)-mPEG, PELNHAc-
DTPA(Gd™), and PELNHAc-DTPA(Gd™)-mPEG at the same Gd™
molar concentrations (0, 10, 25, 50, 100 M, respectively) was added.
About 24 h later, 20 yL S mg/mL MTT solution was added and the
cell viability was measured at 570 nm by a Thermo Scientific
Multiskan MK3 ELISA reader (USA). After treatment with the
PELNHAc-DTPA(Gd™)-mPEG at different Gd™ molar concentra-
tions for 24 h, the cell morphology was observed using an inverted
phase contrast microscope (Leica DM IL LED) at a magnification of
200X for each sample.

2.7. In Vitro Macrophage Cellular Uptake. To evaluate the
macrophage cellular uptake of the materials formed, Raw 264.7 cells
were selected and continuously cultured with DMEM supplemented
with 10% FBS, streptomycin (100 pg/mL), and penicillin (100 U/
mL). About 2 X 10° cells were seeded into each well of 12-well plates
before the experiments to bring the cells to confluence. The next day,
fresh medium containing PEI-DTPA(Gd™), PELNHAc-DTPA(Gd™),
PEI-DTPA(Gd™)-mPEG, and PELNHAc-DTPA(Gd™)-mPEG with
the same Gd concentration of SO uM was separately added and
incubated for 4 h. After that, the cell medium in wells was removed,
and the cells were washed with PBS buffer 3 times, trypsinsized, and
suspended in cell medium. After determining the cell concentrations
by hemacytometry, the cells were centrifuged (3000 rpm, S min) and
digested in aqua regia solution. Finally, the macrophage cellular Gd
uptake was determined by ICP-OES.

2.8. Hemolysis Assay. For hemolysis study, fresh human blood
stabilized with citrate was provided by Changzheng Hospital
(Shanghai, China) and healthy red blood cells were collected
according to the procedures reported in the literature.”®*” Briefly, 1
mL fresh blood was centrifuged to get the isolated red blood cells
(2000 rpm, S min). Following 4X washing with 6 mL sterile isotonic
PBS, 0.3 mL aliquots of the red blood cells were diluted with 2.7 mL
PBS. Thereafter, 0.1 mL aliquots of the diluted cell suspension were
added to 1.5 mL tubes prefilled with 0.9 mL deionized water (positive
control), 0.9 mL PBS (negative control), and 0.9 mL PBS containing
PELNHAc-DTPA(Gd™) and PELNHAc-DTPA(Gd™)-mPEG with
different concentrations (50, 100, 200, and 400 yg/mL), respectively.
After gentle shaking, the mixtures were left to stand for 2 h at room
temperature, followed by centrifugation at 10000 rpm for 1 min.
Afterward, the photos of the mixtures were taken and the absorbance
of the supernatants was recorded by UV—vis spectrophotometer. The
hemolysis percentages of the samples were calculated according to the
following equation:

Hemolysis percentage = (A, — A,.)/(4,. — A,)) X 100% (1)
where A, is the absorbance value of the samples at 541 nm, A,  and A,
are the absorbance values of the negative and positive controls at 541
nm, respectively.

2.9. Blood Circulation and Pharmacokinetics. For in vivo
blood circulation and pharmacokinetics, 0.15 mL PELNHAc-DTPA-
(Gd")-mPEG or PELNHAc-DTPA(Gd™) saline solution (with Gd™
molar concentration 20.0 mM) was administered intravenously in ICR
mice. After 0.5, 1, 2, 4, 8, 12, 24, and 36 h post-injection, the blood
drawn from eyeballs of mice was harvested. The collected blood

samples were weighed and digested in aqua regia solution overnight,
and then the Gd™ content in the samples was determined by ICP-
OES. The remainder of materials formed in the blood was calculated
by quantifying the content of Gd"™.

2.10. In Vivo Toxicity Studies. All the animal studies were carried
out according to the standard protocol approved by the institutional
committee for animal care. For in vivo toxicity studies, the male S-
week-old ICR mice weighing about 25 g purchased from Shanghai
SLAC Laboratory Animal Co. Ltd. (Shanghai, China) were used. The
body weight of ICR mice in both the test group and control group (n
= 6 for each group) was recorded for one month after administration.
For the test group, 0.15 mL PELNHAc-DTPA(Gd™)-mPEG (with
Gd™ molar concentration 20.0 mM) saline solution was injected via
the tail vein. ICR mice with injection of 0.15 mL saline solution were
selected as the control group.

2.11. Histology Analysis. In terms of histology studies, the above
ICR mice were sacrificed for one month after administration, and
major organs (heart, liver, spleen, lung, and kidneys) were harvested
from both control and test groups. Subsequently, the collected tissues
were fixed in 10% neutral buffered formalin, embedded in paraffin, and
sectioned at 4 pm thickness, followed by staining with hematoxylin
and eosin (H&E). Finally, the histological sections were observed by
an inverted phase contrast microscope.

2.12. In Vivo Blood Pool and Major Organ MR Imaging. For
in vivo blood pool MR imaging, ICR mice were first anesthetized
through intraperitoneal injection of pentobarbital sodium. After that,
0.15 mL PELNHAc-DTPA(Gd™)-mPEG (with Gd™ molar concen-
tration 20.0 mM) saline solution was intravenously administrated. The
T,-weighted images were performed using a 3.0 T clinical MR system
(GE Medical Systems, USA) with 2 mm slice thickness, 6 X 6 cm
FOV, and TR/TE 2000/81.9 ms. Two-dimensional spin—echo MR
images were obtained before and after administration of the materials
at different time points (0.5, 1.5, 3, and 12 h). The total acquisition
time was 2.2 min.

2.13. In Vivo Biodistribution. For in vivo biodistribution studies,
the ICR mice were intravenously injected with 0.15 mL PELNHAc-
DTPA(Gd™)-mPEG saline solution (with Gd™ molar concentration
20.0 mM). At different time points post-injection (0.5, 2, 12, 24, 48,
and 96 h), the mice were euthanized. Major organs, including heart,
liver, spleen, lung, and kidney, were harvested, weighed, and digested
in aqua regia solution overnight. For the excretion study, feces and
urine (about 0.15 g) were collected at different time points post-
injection (0.5, 2, 4, 8, 24, and 48 h) and digested in aqua regia solution
overnight. The Gd™ content was measured by ICP-OES.

2.14. Blood Analysis. For serum biochemistry assay, S healthy
ICR mice were intravenously injected with 0.15 mL PELNHAc-
DTPA(Gd™)-mPEG saline solution (with Gd™ molar concentration
20.0 mM) and sacrificed at 4 days post-injection. In the same time,
another 5 healthy ICR mice were used as a control group and
sacrificed at 4 days post-injection of 0.15 mL saline solution. The
blood drawn from eyeballs of mice was harvested and serum
biochemistry parameters including alkaline phosphatase (ALP),
alanine aminotransferase (ALT), aspartate aminotransferase (AST),
and blood urea nitrogen levels (BUN) were analyzed using an
automatic biochemical analyzer (Beckman Coulter Unicel DxC 800).

2.15. In Vivo Tumor MR Imaging. For in vivo tumor MR
imaging, the male 6-week-old Balb/c nude mice weighing about 25 g
purchased from Shanghai SLAC Laboratory Animal Co. Ltd. were
used. A subcutaneous syngenetic transplantable KB xenograft model
was established by injecting 5 X 10° KB cells in 0.15 mL saline solution
at the right side oxter of the mice. When the tumor nodules had
reached a volume of 0.4—0.8 c¢m®, PELNHAc-DTPA(Gd™)-mPEG
(0.15 mL in saline solution, with Gd™ molar concentration 20.0 mM)
was injected through the tail vein. Two-dimensional spin—echo MR
images were acquired before and 1, 3, and 6 h post- injection. The MR
images were processed using a similar strategy to that described above
for blood pool and major organ MR imaging studies.

2.16. Statistical Analysis. All data were expressed in this article as
mean + standard deviation (SD). One-way ANOVA statistical analysis
was performed by using Origin 8.0 software to evaluate the significance
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Figure 2. T; MR images (a) and linear fitting of r, (b) of Gd-DTPA and PELNHAc-DTPA(Gd™")-mPEG as a function of Gd™ molar concentration.

of the experimental data. 0.05 was selected as the significance level,
and the data were indicated with (*) for p < 0.0, (**) for p < 0.01,
and (***) for p < 0.001, respectively.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of PEI.NHAc-
DTPA(Gd")-mPEG. To prove our hypothesis that covalent
functionalized PEI-based macromolecules enable longer circu-
lation times for effective in vivo T, MR imaging applications,
we were able to generate PEGylated PEI-based macromolecules
for T, MR imaging (Scheme 1). Through covalent function-
alization, the macromolecules formed were able to show better
biocompatibility, longer circulation time, and excellent in vivo
blood pool, organ, and passive tumor MR imaging.

To enable MR imaging, PEI was first covalently modified
with the Gd™ chelator cDTPAA, and the PEI-DTPA formed
was detected by '"H NMR spectroscopy. In the 'H NMR
spectrum of PEI-DTPA (Figure 1a), the peaks between 2.1 and
3.0 ppm are related to the —CH,— proton signals of PEL>**
while the chemical shift at 3.2 and 3.4 ppm is associate with the
—CH,— proton peaks of DTPA. The number of DTPA per PEI
was calculated to be 48.7 + 1.5 based on four batches of PEI-
DTPA, which is consistent with the theoretical value of 50
because of the initial molar feeding ratio of cDTPAA and PEIL
In addition, the zeta potential of PEI and PEI-DTPA was
measured to confirm the surface modification (Table S1,
Supporting Information). It is clear that the positive surface
potential of PEI (48.42 + 6.96 mV) decreased to 35.46 + 10.21
mV after the cDTPAA modification. It is notable that the zeta
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potential increased dramatically to 52.59 + 7.28 mV after the
Gd" chelation.

Surface PEGylation of nanoparticles is demonstrated to be
the most preferred and effective method for improving
biocompatibility, avoiding clearance of NPs by the reticuloen-
dothelial system (RES), and increasing circulation time.**~*!
Therefore, PEGylation of the PEI-DTPA amines was
performed. As shown in Figure 1b, compared with the 'H
NMR spectrum of the PEI-DTPA, that of PEI-DTPA-mPEG
shows additional peaks at 3.5 and 3.2 ppm, which are related to
ethylene backbone and methoxyl protons of PEG, respectively.
The number of mPEG per PEI was calculated to be 19.2 + 0.7
(based on four batches of samples), in accordance with the
theoretical value of 20 due to the initial molar feeding ratio of
mPEG-NHS and PEI-DTPA. After further acetylation, the
chemical shifts at 1.7—1.9 and 1.9—2.1 ppm are associated with
the acetyl proton signals linked with the secondary and tertiary
amines, respectively (Figure 1c).*® These results verify the
successful PEGylation and acetylation of PEI-DTPA.

Due to the covered amine group, PEGylation leads to a
significantly decreased surface potential of PEI-DTPA(Gd™)-
mPEG (20.16 + S5.84 mV) compared with that of PEI-
DTPA(GA™) (Supporting Information Table S1). To further
reduce the surface charge, the acetylation of the PEI-
DTPA(Gd™)-mPEG amines was performed and the nearly
electroneutral PELNHAc-DTPA(Gd™)-mPEG with zeta po-
tential of 3.98 + 1.62 mV was obtained. It is notable that the
acetylated product PELNHAc-DTPA(Gd™) without PEGyla-
tion also has relatively low zeta potential (5.87 + 0.79 mV,
Supporting Information Table S1), and this will be beneficial
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for prolonging its circulation half-life and reducing the long-
term toxicity issues. The number of Gd™ per complex was
measured to be 47.4 + 2.5 by ICP-OES, which is consistent
with the theoretical value (50) based on the initial molar
feeding ratio.

The stability of the chelated Gd™ in the PELNHAc-DTPA-
mPEG was also inspected by dialyzing 5 mL PELNHAc-
DTPA(GA™)-mPEG solution (8 mg/mL) against PBS. Two
weeks later, 3 mL of above PBS outer phase was measured by
ICP-OES. The results show that there were no Gd" released
from the PELNHAc-DTPA(Gd™)-mPEG, which is essential to
reduce the possibility of toxic side effects and the onset of
nephrogenic systemic fibrosis induced by free Gd™.

3.2. MR Relaxometry. To investigate the T, contrast effect
of the formed Gd™ loaded multifunctional PEL in vitro MR
imaging was performed. As shown in Figure 2a, similar to the
Magnevist (Gd-DTPA), the PELNHAc-DTPA(Gd™)-mPEG
displays brighter T -weighted MR images with the increase of
Gd" molar concentration. To compare the signal enhancement
of the materials formed with that of Gd-DTPA, the r, relaxivity
was calculated by plotting their 1/T as a function of different
Gd"™ molar concentrations. Results showed that Gd-DTPA and
PELNHAc-DTPA(Gd™)-mPEG displayed r, values of 3.40 and
420 mM"s7!, respectively, suggesting that the loading of Gd™
into multifunctional PEI could slightly increase the r| relaxivity
and improve the T, contrast effect (Figure 2b). It is likely that
only marginal increase in r; was due to a large amount of
internal Gd™ motion within the polymers formed caused by the
PEG linkers, which has previously been reported for Gd"-
conjugated dendrimer nanoclusters.*” However, based on the r,
relaxivity per Gd™ and the average Gd™ content of each PEJ, it
is calculated that the r, relaxivity per PEI was as high as 199
mM™" s7!. Furthermore, it is reported that future improve-
ments in the r; value per particle should be gained through the
development of higher Gd"™-loaded carriers, since the
theoretical maximum r; per Gd"™ was estimated to be only
about 80 at 1.5 T.** Also, biodegradable materials or linkages
should be introduced into the macromolecular gadolinium-
based MRI CAs for their effective excretion.*®

3.3. Cytotoxicity Investigation. Before their usage as a
MR imaging CA, it is essential to evaluate the cytocompatibility
of the formed complexes. MTT assay was conducted to
estimate the KB cell viability treated with PEI-DTPA(Gd™),
PEI-DTPA(Gd™)-mPEG, PELNHAc-DTPA(Gd™), and
PELNHAc-DTPA(Gd™)-mPEG at different Gd™ molar
concentrations for 24 h. As shown in Figure 3, PEI-
DTPA(GA™) exhibits cytotoxicity at 10 uM (p < 0.001)
compared with the KB cells treated with PBS (control cells),
due to the high positive charge of PEL After PEGylation, the
cytocompatibility of PE-DTPA(Gd™)-mPEG has significantly
improved and could not display appreciable cytotoxicity within
Gd™ molar concentration of S0 uM. Through further
acetylation, the PELNHAc-DTPA(Gd™)-mPEG formed did
not display any noticeable cytotoxicity at the relatively higher
Gd™ molar concentration of 100 yM. Also, the product
PELNHAc-DTPA(Gd™) without PEGylation did not show any
noticeable cytotoxicity at the Gd™ molar concentration of 100
U“M. This improved biocompatibility means the positive surface
charge of PEI could be shielded and neutralized via PEGylation
and acetylation as shown in Supporting Information Table S1,
in agreement with the previous report.”®

To further confirm the cytocompatibility of PELNHAc-
DTPA(Gd™)-mPEG, the KB cell morphology was observed
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Figure 3. MTT assay of the viability of KB cells after treatment with
PEI-DTPA(Gd™), PEI-DTPA(Gd™)-mPEG, PELNHAc-DTPA-
(Gd™), and PELNHAc-DTPA(Gd™)-mPEG at the Gd™ molar
concentrations of 0—100 yM for 24 h.

after incubation for 24 h. As displayed in Figure S1 (Supporting
Information), cells treated with PELNHAc-DTPA(GA™)-
mPEG at the given concentrations (Figure Slb—e) are fairly
healthy and exhibit similar morphology to control cells (Figure
Sla). Therefore, these results demonstrated their excellent
biocompatibility and the feasibility for further in vivo
investigation.

3.4. Macrophage Uptake of the Formed Materials. For
their blood pool imaging applications, the CAs formed should
be able to escape the macrophage uptake. Therefore, in this
study, RAW 264.7 cells were used as a model of phagocytes to
evaluate the in vitro stealth behavior of different modified PEI
according to the previous report.”® ICP-OES was used to
quantify the cellular uptake of Gd content after the Raw 264.7
cells were treated with the materials formed for 4 h at the Gd
concentration of 50 M. As shown in Supporting Information
Figure S2, the treatment of PEL-DTPA(GA™) results in a
significantly high Gd uptake of 11.3 + 2.4 pg per cell, while that
treated with PEI-DTPA(Gd™)-mPEG has relatively low Gd
uptake of 3.8 + 1.5 pg per cell. In contrast, the same cells
treated with PELNHAc-DTPA(Gd™) and PELNHAc-DTPA-
(Gd™)-mPEG display much lower Gd uptake of 0.7 + 0.18 and
0.6 + 0.14 pg per cell, respectively, in agreement with the
previous report.”® These results suggested that the nearly
electroneutral materials with PEGylation and acetylation could
effectively reduce their macrophage cellular uptake and promise
good stealth properties for in vivo applications.

3.5. Hemolytic Behavior. Blood compatibility is a critical
factor for in vivo bioapplications especially for long-circulating
CAs. Therefore, the hemolysis experiments were employed to
assess the hemocompatibilit:?f of the formed materials according
to the previous reports.”®*” As shown in Figure 4, no visible
hemolysis effect can be observed visually even at a
concentration as high as 400 pug/mL for both PELNHAc-
DTPA(Gd™)-mPEG and PELNHAc-DTPA(Gd™). To further
quantitatively determine the hemolysis effect of the samples,
the absorbance of the supernatant at 541 nm (hemoglobin) was
measured using UV—vis spectroscopy. The hemolysis percen-
tages of both materials at different concentrations are all less
than 2%, which suggests excellent biocompatibility of the
materials formed with blood cells and is favorable for their in
vivo applications.
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Figure 4. Hemolytical activity of the PELNHAc-DTPA(Gd™)-mPEG
(a) and PELNHAc-DTPA(Gd™) (b) at different material concen-
trations (50, 100, 200, and 400 pg/mL, respectively). Water and PBS
were used as positive and negative control, respectively. The bottom-
right insets show the photograph of centrifuged red blood cells after
exposure to water, PBS, and different concentrations of the materials.
The upper-right insets show the enlarged UV—vis spectra shown in
each panel.

3.6. Pharmacokinetics Study. For efficient blood pool
MR imaging in vivo, it is essential to investigate the
pharmacokinetics of the materials formed. The Gd"™ molar
concentration in the blood samples of mice after administration
was measured by ICP-OES (Figure S). It is notable that the
half-decay time of the PELNHAc-DTPA(GA™)-mPEG was
measured to be 3.8 h, which is nearly 4 times longer than that
of the materials PELNHAc-DTPA(Gd™) without PEGylation
(0.8 h). This relatively longer circulation time of PELNHAc-
DTPA(Gd™)-mPEG may be due to the fact that the branch
structure of PEI could provide jagged reaction sites for the
following PEGylation, and this structure is quite similar to that
of highly branched PEG. Also, it is reported that the branched
PEG has better performance than the linear one in improving
the circulation time.** This longer half-decay time is a
prerequisite for their application in both blood pool and
tumor MR imaging, since the longer the circulation time, the
greater the chance for materials to reach tumor tissue via an
EPR effect.

B PELNHAc-DTPA(GA")-mPEG

@ PELNHAc-DTPAGA")

Time (h)

Figure S. Blood circulation and pharmacokinetic data obtained for
PELNHAc-DTPA(Gd™) and PELNHAc-DTPA(Gd™)-mPEG.

3.7. In Vivo Toxicology Study. To further investigate the
long-term in vivo biosafety of the complexes formed, body
weight measurement, behavior observation, as well as
histological changes of major organs were used. As shown in
Figure S3a (Supporting Information), both the test and control
groups display similar body weight increases in the 30-day
period, and there was almost no notable difference between
these two groups. In addition, the test group does not present
any changes in exploratory behavior, activity, drinking, eating,
and neurological status compared with the control group
during a 30-day period. To continue to determine whether
PELNHAc-DTPA(Gd™)-mPEG caused any histopathological
abnormalities, histological changes in major organs were
analyzed via H&E staining one month after administration.
The H&E stained slices of the test group did not show any
noticeable lesions, hydropic damage, or any other adverse effect
and their organ morphology was as normal as that of the
control group (Supporting Information Figure S3b). Based on
the results above, PEGylated PEI-based T, CA exhibited high
biocompatibility and appeared to be more promising for further
MR imaging applications.

3.8. Blood Pool MR Imaging. Based on the excellent in
vitro T contrast effect and in vivo biocompatibility, as well as
longer half-decay time of PELNHAc-DTPA(GA™)-mPEG,
further in vivo blood pool and major organ MR imaging
performance was explored. As shown in Figure 6, the brighter
regions of postcaval and major organs as pointed by the red
arrow can be clearly observed post-injection of the materials.
For blood pool MR imaging, the postcaval vein became visible
as brighter regions in Figure 6a at 0.5 h post-injection,
demonstrating that PEGylated PEI-based CA can enhance T,
relaxation in the circulating system. Importantly, this contrast
enhancement was clearly visible 3 h post-injection. For
quantitative analysis of the MR contrast effect, the average
MR signal intensities within finely operator-defined regions of
interest regions were measured. Then, the relative signal
enhancement (RSE) was calculated as the ratio of the signal
intensities in the post-injection image and the pre-injection
image (Figure 7). The RES of the postcaval were 250 + 34.8%,
195 + 23.7%, 135 + 58.4%, and 110 + 20.1% at 0.5, 1.5, 3, and
12 h post-administration, which suggest the slow clearance of
CA from the bloodstream during circulation. It is notable that
the T, contrast enhanced time of PELNHAc-DTPA(Gd™)-
mPEG is comparable to the reported long-circulating CAs, such
as small-sized iron oxide nanoparticles (1 h)* and Gd™
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Figure 6. T -weighted MR images of a mouse postcaval (a), heart (b), liver (c), kidney (d), and bladder (e) after intravenous injection of

PELNHAc-DTPA(GA™)-mPEG for different times.
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Figure 7. Relative T MR signal enhancement of postcaval, heart, liver,
kidney, and bladder of the mouse after intravenous injection of
PELNHAc-DTPA(Gd™)-mPEG for different times.

complexes of DTPA-Biphenyl-2,2'-bisamides (2 h).* In
addition, this long-term blood pool MR imaging is important
in clinical dia§nosis, since it can be used to detect the
thrombosis,*”*® carotid atherosclerosis,*’ myocardial infarc-
tion,* pulmonary embolism," kidney hypoxia and fibrosis,>>
atherosclerotic plaque,53 as well as angiogenesis of tumor.>*
Also, long-term blood pool imaging is essential for steady-state
imaging, which needs more time to obtain and can get high-
resolution imeig(es.46’55

3.9. Major Organ MR Imaging. As illustrated in Figure
6b—e, the heart, liver, kidneys, and bladder region became
brighter zones with the administration of PELNHAc-DTPA-
(Gd™)-mPEG due to its T contrast effect within these organs.
To be specific, the contrast effect of the heart can be easily
observed post-injection because of the appearance of the CA
formed in the blood (Figure 6b). At 0.5 h post-injection,
brighter region of the whole heart was clearly visible with RSE

11465

of 350 + 41.3% (Figure 7). After that, the relative heart signal
enhancement decreased with time and reached just 102 +
21.7% 12 h post-injection, because of the gradual elimination of
CA from the bloodstream. Similarly, the contrast enhancement
of the liver can be visibly monitored post-injection, suggesting
that the injected CA is able to enter the liver with the blood
circulation (Figure 6c). Again, the RSE of liver decreased
considerably from 302 + 32.9% (0.5 h) to about 108 + 15.8%
(12 h), due to its slow clearance. It is remarkable that the
materials could not accumulate in the liver with time because of
the reduced uptake by RES. With regard to kidneys, the
contrast enhancement can be definitely observed (Figure 6d).
Just 0.5 h post-injection, a brighter area with a clearer border
for the entire kidneys could be observed with significant RSE of
234 + 27.9% (Figure 7). The RSE stabilized at about 259 +
20.1% in the following 3 h and decreased to 183 + 23.6% 12 h
after administration. For the bladder, it is noteworthy that the
RSE is still as low as 103 + 20.3% 0.5 h after administration.
Also, the gray bladder imaging marked by the red arrow in
Figure 6e indicated the relatively few materials accumulated in
the bladder, due to the longer circulation time. Then, the
bladder region became brighter and brighter with time and the
RSE increased from 147 + 22.6% to 430 + 15.8% during the
period between 1.5 and 12 h. This means the complexes
formed could be excreted out of the body through the urinary
system over time. These results indicated that the PEGylated
PEI-based MR CA has excellent in vivo behavior, proving the
clear major organ MR imaging and easy excretion out of body.

3.10. Biodistribution Study and Blood Examination.
For more accurate biodistribution behavior of PELNHAc-
DTPA(Gd™)-mPEG in mice, the major organs (heart, liver,
spleen, lung, and kidney) of test mice were collected and
quantified. As shown in Figure 8, liver and spleen have similar
uptake of Gd™ with kidney and heart at nearly all time points.
This means that the materials formed could effectively reduce
the uptake of the RES in liver and spleen compared with many
nanomaterials applied in biomedicine, which showed that the
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Figure 8. Biodistribution of PELNHAc-DTPA(Gd™)-mPEG in the
major organs of the mice including heart, liver, spleen, lung, and

kidney.

uptake of materials in liver or spleen was about ten times
greater than that in other organs.lg’S(’ Therefore, it is essential
for the CA formed to be excreted out of the body through the
urinary system and safely used in clinical application. The
content of Gd" in kidney slightly increased from 26.2% to
27.4% injected dose per g (ID/g) in the first 2 h; after that, the
figure dips to only 1% ID/g at 96 h post-administration. The
Gd" content in heart is relatively high in the first 2 h due to the
high Gd™ content in the residual blood of heart. Also, this
figure displayed a continuous decrease over time because of the
decrease of Gd™ content in the residual blood, while the Gd™
content in lung was relatively low at all time points. It is
noteworthy that nearly all the Gd"™ was cleared from the bodies
96 h after administration, with very little remaining in liver and
spleen (ID/g < 4%). To prove the hepatic safety of the
materials formed, apart from the H&E staining, the liver
function parameters including AST, ALP, and ALT were
measured.”” The results show that all three serum biochemistry

parameters (Table S2, Supporting Information) of the test
group have similar values to that of the control group (p >
0.05), which indicated good function of the liver.

To further investigate the routes of excretion of the CA
formed, the presence of Gd in the urine and feces was also
quantitatively analyzed.>® As shown in Supporting Information
Figure S4, the dose of Gd in urine increased sharply at the first
4 h and reached 10.7% ID/g, then this figure was reduced
slightly to 9.1% ID/g at 8 h. After that, the dose of Gd in the
urine decreased dramatically to 0.8% ID/g 48 h later. In
contrast, the dose of Gd in the feces was relatively low (below
0.8% ID/g) at all time points, even though it shows a gradual
increase within 24 h. This means that excretion is
predominantly through the urinary system, which is consistent
with the results obtained from in vivo MR imaging. To prove
the renal safety of the materials formed, the BUN level was
analyzed. The results (Supporting Information Table S2) show
that the BUN level of the test group has a similar value to that
of the control group (p > 0.05), suggesting the kidney in good
working order.”’

3.11. In Vivo Tumor MR Imaging. The inspiring long
circulation time and excellent in vivo blood pool and major
organ MR imaging performance of PELNHAc-DTPA(Gd™)-
mPEG drives us to pursue its applicability in tumor MR
imaging using a KB xenotransplanted model. The mice were
scanned by MR after 1, 3, and 6 h post-injection (Figure 9). In
images acquired pre-administration, there was little inherent
contrast between tumor tissue and surrounding muscle (Figure
9a). One hour after administration, the subcutaneous tumor
appeared brighter than adjacent tissues. After that, the tumor
lesion region steadily became clearer with the increase of time
and the image shows accurate delineation of the tumor
boundary 6 h later, which suggested efficient diffusion of
PELNHAc-DTPA(GA™)-mPEG in the tumor through the EPR
effect. Quantitatively, the RSE of the tumor region increased
gradually and finally reached 192 + 13.6% in 6 h as shown in
Figure 9b. This excellent tumor MR imaging performance may
be due to the relatively long circulating half-life, since the
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Figure 9. T -weighted MR images (a) and the relative T; MR signal enhancement (b) of the xenograft KB tumor model before and at different time

points after intravenous injection of PELNHAc-DTPA(Gd™)-mPEG.
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efficiency of passively targeting a tumor through EPR is highly
dependent on blood circulation time.

4. CONCLUSIONS

To conclude, a facile strategy has been developed for the
construction of PEGylated PEI-based MR CA for in vivo long-
circulating blood pool as well as efficient organ and tumor
imaging. The multifunctional PEI formed exhibited good
biocompatibility and better MR contrast effect. We showed
that they can be used as enhanced T, CA for blood pool and
major organ imaging, and could be cleared out of the body in
living subjects through the urinary system. Moreover, the
PELNHAc-DTPA(GA™)-mPEG developed were useful for
passive tumor targeting through the EPR effect, and display a
strong T, contrast effect for tumor imaging. These results
suggest that the synthesized multifunctional PEI may be used as
a promising CA for T; MR imaging of various biological
systems, especially in cancer diagnosis. With the high density of
amino groups on the surface, it is expected that functional PEI
may be used as a versatile platform for targeted imaging and/or
drug and gene delivery for tumor diagnosis and therapy.
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