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Green Synthesis of Sub-10 nm Gadolinium-Based
Nanoparticles for Sparkling Kidneys, Tumor, and
Angiogenesis of Tumor-Bearing Mice in Magnetic

Resonance Imaging

Bingbo Zhang,* Weitao Yang, Jiani Yu, Weisheng Guo, Jun Wang, Shiyuan Liu, Yi Xiao,*

and Donglu Shi*

Gadolinium (Gd)-based nanoparticles are known for their high potential in
magnetic resonance imaging (MRI). However, further MRI applications of
these nanoparticles are hampered by their relatively large sizes resulting in
poor organ/tumor targeting. In this study, ultrafine sub-10 nm and biocom-
patible Gd-based nanoparticles are synthesized in a bioinspired, environ-
mentally benign, and straightforward fashion. This novel green synthetic
strategy is developed for growing dextran-coated Gd-based nanoparticles
(GANPs@Dex). The as-prepared GANPs@Dex is not only biocompatible but
also stable with a sub-10 nm size. It exhibits higher longitudinal and trans-
verse relaxivities in water (r, and r, values of 5.43 and 7.502 s7' x 1073 m™"

of Gd**, respectively) than those measured for Gd-DTPA solution (r; and r,
values of 3.42 and 3.86 s™' x 102 m~! of Gd**, respectively). In vivo dynamic
T;-weighted MRI in tumor-bearing mice shows GANPs@ Dex can selectively
target kidneys and tumor, in addition to liver and spleen. GANPs@Dex is
found particularly capable for determining the tumor boundary with clearly
enhanced tumor angiogenesis. GANPs @Dex is also found cleared from
body gradually mainly via hepatobiliary and renal processing with no obvious
systemic toxicity. With this green synthesis strategy, the sub-10 nm GANPs@
Dex presents promising potentials for translational biomedical imaging
applications.

1. Introduction

Contrast-enhanced magnetic resonance
imaging (MRI) has been extensively medi-
cally employed for its high signal-to-noise
ratio and refined resolution, utilized with
the aid of contrast agents.!!] Gd-DTPA,
the so-called Magnevist, is one of the
most frequently used contrast agents in
clinic settings.”l Although stable in its
molecular structure, it is limited by poor
relaxivity, specificity, and retention time
in blood stream.P’! These barriers signifi-
cantly hinder its applications in target-
specific imaging and dynamic MRI. There
is, therefore, a great need to search for
the biocompatible contrast agents that
exhibit high sensitivity and specificity for
targeting desired organs or tumors with a
large imaging time-window.
Nanoparticle-based  contrast agents
are particularly promising candidates for
addressing these critical issues.l**! Unique
properties have been observed from the
newly discovered nanomaterials including
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metals, semiconductors, ceramics, and polymers for biomedical
imaging.*® The relaxivities of nanoparticle-based contrast
agents can be improved over their small molecular counter-
parts.®1% And the free surface area on the nanosized contrast
agents is readily available for conjugating with antibodies, pep-
tides, aptamers, and drugs, which can enhance their targeting
capabilities and theranostic functionalities.'!! The nanosized
contrast agents are advantageously characterized by prolonged
circulation time in vivo, and enhanced delivery to the target
area.[l?]

Two major nano-based MRI contrast agents have been devel-
oped, namely, superparamagnetic iron oxide (SPIO) nano-
particles and Gd-based nanoparticles.’1%13141 The SPI1Os are
reported to have high r,/r; ratios, usually characterized as the
negative contrast agents for liver disease MRI. Due to their rela-
tively large sizes, SPIOs can be easily captured by macrophago-
cyte in liver.' The blooming effect of SPIO in T,-weighted
MRI has been observed to amplify the signals due to affected
protons at the distant sites. This effect often exaggerates the size
of labeled area and blurs the image, making it difficult to dis-
tinguish suspected lesions from the adjacent normal tissues. "]
Gd-based nanoparticles with low r,/r; ratios, as T;-positive con-
trast agents, exhibit much improved brightening performance
of MRI and tissue/lesion differentiation.

However, the current synthesis techniques for developing
Gd-based nanoparticles are largely hindered in part by high-
energy consumption (high temperatures), stringent conditions
(pH values, ionic strengths, and pressure), and low reproduc-
ibility and yield.'! There is an increasing need to develop
eco-friendly and effective methods for producing ultrafine Gd-
based nanoparticles for efficient targeting, especially for kidney
imaging. Relative large sized Gd-based nanoparticles can easily
induce reticuloendothelial system (RES) captures, resulting in
skimpy kidney, tumor accumulation, and poor tumor margin
enhancement.

In this work, a unique approach was developed to synthe-
size the inorganic—organic Gd-based hybrid nanoparticles
via dextran-assisted green chemistry. The Gd-based hybrid
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nanoparticles were derived from a suspension of gadolinium
chloride hexahydrate, dextran, and ammonium hydroxide in a
straightforward, environmentally benign, one-pot, and repro-
ducible synthetic route at low temperature. The synthesis is
similar to biomineralization of organisms in nature: seques-
tering and interacting with inorganic ions, followed by pro-
viding scaffolds for the minerals formed.'*'”] The dextran
molecules sequester the Gd ions and entrap them upon adding
Gd>?** ions into the aqueous dextran solution. The entrapped
ions to form Gd-based nanoparticles in situ are then activated
by adjusting the pH. This progressive reaction is assisted by
the scaffold ability of dextran molecules and slightly heated for
crystallization.

The method developed in this study is simple, reproduc-
ible, and environmentally benign. The resulting GANPs@Dex
are sub-10 nm in hydrodynamic diameter and exhibiting excel-
lent imaging performance on the whole body level, sparkling
the kidneys, liver, spleen, tumor, and tumor angiogenesis at the
edge.

2. Results and Discussion

2.1. Physicochemical Properties of GANPs @ Dex

A green chemistry was employed to synthesize Gd-based nano-
particles assisted by the FDA-approved dextran at low temper-
ature for MR imaging on the whole body level, sparkling the
kidneys, liver, spleen, tumor, and tumor angiogenesis at the
edge, as shown in Scheme 1.

We screened key parameters including the feeding ratios of
dextran to GdCl;3+6H,0 (i.e., 150 mg:40 mg; 75 mg:40 mg; and
37.5 mg:40 mg) and reaction temperatures (25, 37, and 80 °C)
in the synthesis of GANPs@Dex. It was found that the reac-
tion solutions in the samples of 75 and 37.5 mg of dextran
were turbid, while solution was optically clear in the sample
of 150 mg of dextran, indicating the dextran should be suffi-
cient for the formation of nanoparticles (Figure S1, Supporting

GdNPs@Dex R

NHs -Hz:0
-

Scheme 1. lllustration of the one-pot and facile synthesis of GANPs@Dex and its MR imaging performance on the whole body, plus tumor and tumor

angiogenesis.
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Information). Upon determining the optimal feeding ratio, the
reaction temperature was further investigated. It suggests no
obvious difference on hydrodynamic diameters of the resulting
samples synthesized at 25, 37, and 80 °C (Figure S2, Sup-
porting Information). However, relaxation rate test results show
reaction at relatively higher temperature can produce higher r
and r, of GANPs@Dex (Figure S3, Supporting Information).
This temperature-dependent relaxation improvement is most
likely associated to the high conversion ratio of Gd*" ions to
GANPs@Dex at high temperature. At lower temperatures,
most of Gd3* ions were lost in crystallization, which reduces
the effective concentrations of GANPs@ Dex in solution. There-
fore, the feeding ratio of dextran to GdCl;+6H,0 is determined
at 150 mg:40 mg and the reaction temperature is set at 80 °C
for GANPs@ Dex synthesis.

Dextran is an abundant, inexpensive polymer that con-
sists solely of o-p-glucopyranosyl monomers. Dextran has a
large number of hydroxyl groups that provide chelation and
hydrogen-bonding interactions with added Gd** ions, forming
polysaccharide-Gd3* intermediates. Particularly, the macro-
molecular structure of dextran can foster chemical transfers
of polysaccharide-Gd?** intermediates to its oxide forms upon
addition of ammonium hydroxide. In alkaline environment,
polysaccharide-Gd** complexes are not stable and most likely
exhibit transformations from chelated ions, to hydroxide, and
finally to oxide. More importantly, this progressive reaction is

A
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assisted by the scaffold ability of dextran molecules. One can
imagine that in the absence of dextran, Gd*' ions can also
be triggered to oxide form in alkaline environment and plus
heating, but the resultant could be micro-sized or bulk aggre-
gates. In this study, the participation of dextran can effectively
eradicate this phenomenon and incubate separated and ultras-
mall-sized nanoparticles.

Figure 1 shows the main physicochemical properties of the
prepared GANPs@Dex. Transmission electron microscopy
(TEM) in Figure 1A shows the ultrafine GANPs@Dex (=3.0 nm)
with uniform size distribution without obvious aggregates. It
should be noted that this bioinspired synthesis can be easily
scaled up to multigram-scale level or higher. The inset in
Figure 1A is the lyophilized powder of GANPs@Dex (12.5 g).
The energy dispersive X-ray (EDX) analysis reveals the Gd ele-
ment in the nanostructure (Figure 1B). The crystal structure of
GANPs@Dex was identified by X-ray diffraction (XRD) analysis.
As seen from Figure 1C, the main diffraction peaks in this XRD
spectrum are attributed to the crystal structure model of Gd,03
from Powder Diffraction File PDF 12-0797. Relatively low-res-
olution X-ray photoelectron survey scan, in the binding energy
region 0-1200 eV, were recorded for the sample of GANPs@
Dex, as shown in Figure 1D. The C 1s transition is evident
at 284.6 eV associated with the hydrocarbon contamination,
which is almost always presented on the samples, used as an
energy reference. The valence states of Gd and O components
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Figure 1. The main physicochemical properties of GANPs@ Dex. A) TEM of GANPs@Dex (scale bar: 50 nm), inset is the picture of lyophilized powder
of GANPs@Dex; B) EDX spectrum of GANPs@Dex; C) XRD pattern of GANPs@Dex; D) a low-resolution XPS spectrum of GANPs@Dex; E) a high-
resolution Gd (4d) spectrum and F) O (1s) spectrum, including experimentally measured curve, background curve, and fitted curve. G) DLS of fresh
GdNPs@Dex and redissolved GANPs@Dex from their lyophilized powder; and H) FTIR spectra of GANPs@Dex and pure dextran.

Adv. Healthcare Mater. 2017, 6, 1600865

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

(3 of 11) 1600865

didvd 1Ind



[
™}
o
g
-l
wd
=
[

1600865 (4 of 11)

ADVANCED
HEALTHCARE
MATERIALS

ADVANCED
SCIENCE NEWS

www.advhealthmat.de

are revealed by the high-resolution X-ray photoelectron spec-
troscopy (XPS) analysis in Figure 1E,F. It shows the high-res-
olution Gd spectrum of the GANPs@ Dex nanoparticles in the
Gd 4d region. The strong peak at 143.2 eV corresponds to Gd
4d 5/2, which agrees well with the reported value for the Gd,0;
phase.'¥l High-resolution O 1s spectrum of the GANPs@ Dex
nanoparticles is also provided in Figure 1F, showing three
peaks at 530.3, 531.7, and 532.7 eV, corresponding to the O in
Gd,05 and O in dextran, respectively.™!

The lyophilized GANPs@Dex can be easily redissolved in
deionized (DI) water or buffers, such as phosphate buffered
saline (PBS), borate buffer, etc. The hydrodynamic diameters
(HDs) of fresh GANPs@Dex and redissolved GANPs@Dex
after lyophilization are shown with nearly the same size in
Figure 1G. It suggests dextran coating on the Gd-based nano-
particles is effective and conducive to their hydrophilization.
Its good water solubility benefits the terminal use and storage;
since lyophilized GANPs@Dex has a longer shelf life com-
pared with their aqueous counterparts and they can be ready
for injection just by dissolving them with physiological saline.
This successful coating is also supported by the Fourier trans-
form infrared spectroscopy (FTIR) spectra, in which the main
characteristic peaks of pure dextran can be found in the FTIR
spectrum of GANPs@Dex (Figure 1H).

2.2. Relaxivity Study of GANPs@ Dex

To evaluate the capability of GANPs@Dex as an effective MR
contrast agent, their longitudinal (T;) and transverse (T))
relaxation times were measured by a 1.41 T NMR analyzer,
respectively. The plots of 1/T; and 1/T, versus Gd*" ions con-
centrations are shown in Figure 2A,B. As shown in this figure,
GANPs@Dex exhibits a higher r;, value of 5.43 s x 107 m7! of
Gd** and r, value of 7.502 s7! x 1073 m~! of Gd**, than those of
the commercial Magnevist (Gd-DTPA, r; = 3.42 x 103 m7! s7};
r,=3.86 x 1073 M~! s7!) under the same condition. The relaxivity
can be improved by nano-sized contrast agents.?” The increase
of r; and r, values is associated with the confined tumbling of
Gd** in macromolecule of dextran or nanoparticles, resulting
in the longer rotational correlation times.?!] The relatively low
ry/1 ratio (r,/r; = 1.38/3) is beneficial to produce a desired T;-
weighted contrast effect.

www.advancedsciencenews.com

For further MRI characterization, T)-weighted MR images
of GANPs@Dex with various concentrations of Gd** were
obtained. As can be seen from Figure 2C, the MR signals of
GANPs@Dex intensify with increasing Gd*" concentrations.
This confirms that GANPs@Dex behaves as positive contrast
agent. The MR signal intensity of GANPs@Dex is further quan-
titatively demonstrated. The comparative study on relaxivity
suggests superior nano-sized GANPs@Dex performance over
their small Gd** counterparts, acting as a T;-enhanced MR con-
trast agent for biomedical imaging.

2.3. Stability Study of GANPs@ Dex

The above results show GANPs@Dex with well-defined struc-
ture, good water dispersion capability, sub-10 nm size, and
improved relaxivity. These properties are beneficial to their
biomedical imaging applications as a MRI contrast agent.
Before in vivo imaging, the stability of GANPs@Dex was fur-
ther investigated. Figure 3A-D shows good colloidal stability of
GANPs@Dex in different buffers with varying pH values and
ionic strengths. The HD of GANPs@Dex has no appreciable
difference. The storage time has insignificant effect on HDs of
GANPs@Dex (Figure 3C). The dispersion ability of GANPs@
Dex is observed to be similar in PBS, water, and Dulbecco’s
modified eagle medium (DMEM) containing 10% fetal bovine
serum (FBS) (Figure 3D) without sediments. Particularly, the
relaxivity of GANPs@Dex after different storage time remains
stable, shown in Figure 3E, suggesting no Gd>* leaking or nan-
oparticle aggregating.l! This prominent stability of GANPs@
Dex is mainly resulted from the dextran-assisted synthesis
strategy.

Dextran was used for assisting synthesis of Gd-based nan-
oparticles in a green chemistry manner, in contrast to the
traditional environment-hazardous technical processes. Pre-
viously reported synthetic methods involve organic solution
and high-temperature heating or reflux processing. Some raw
materials with potential toxicity are fed in the reaction. Herein,
the dextran-assisted green synthetic route is proved effective
and straightforward. The as-prepared GANPs@Dex exhibits
sub-10 nm size and decent relaxivity with good stability. These
properties are believed to favor the following in vivo MR
imaging.
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Figure 2. Relaxivity properties of as-prepared GANPs@ Dex and Magnevist: Plots of A) 1/T; and B) 1/T, versus Gd** concentration; and C) in vitro T;-
weighted MR images of GANPs@ Dex at varying Gd* concentrations ranging from 0 to 1.4 x 1073 m in PBS and their corresponding T signal intensities.
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Figure 3. Stability study of GANPs@Dex. A) Colloidal stability at different pH buffers, B) ionic strengths, and C) storage time in PBS; D) the digital
photos of GANPs@Dex dispersed in PBS (1%, pH = 7.4), water, and DMEM containing 10% FBS and 1% PS; E) relaxation time curves of GANPs@

Dex with varying investigated time in PBS.

2.4. Cytotoxicity and Hemolysis Study of GANPs@ Dex

GANPs@Dex has been identified in this study as an effective
T;-positive MR imaging contrast agent. For in vivo imaging
with GANPs@Dex, biocompatibility is an important factor
for clinical applications. The cytotoxicity of GANPs@Dex was
evaluated via standard CCK-8 assays with no obvious cell
toxicity. The relative viability can keep up to above 90% even at
a high concentration (200 mg L) as shown in Figure 4A.
Furthermore, the hemolytic behavior of the GANPs@Dex
was investigated at different concentrations by incubating with
red blood cells (RBCs), using PBS and deionized water as the
negative and positive control, respectively. Inset of Figure 4B
shows that negligible red color can be observed in superna-
tants, which indicate nearly no hemolysis of RBCs occurrence.
The calculated hemolysis ratios present unapparent enhance-
ment with the increase of the GANPs@Dex concentrations
(from 6.125 to 200 mg L), and the highest hemolysis ratio is

=~0.8%, which is much lower than 5% that for the clinical safety
standard.??l This is indicative that GANPs@Dex has almost
no side effects on blood. This good biocompatibility can be
attributed to the dextran encapsulation. It is well known that
dextran is a complex branched glucan composed of chains of
varying lengths (from 3 to 2000 kDa). It is used medicinally as
an antithrombotic (antiplatelet) to reduce blood viscosity, and as
a volume expander in hypovolemia.l?)l Consequently, GANPs@
Dex is considered to be safe for in vivo applications.

2.5. In Vivo MRI in Tumor-Bearing Mice and
Angiogenesis Detection

In vivo MR imaging performance of GANPs@Dex was investi-
gated on living mice. The solution of GANPs@ Dex was injected
via tail vein with the dose of 0.05 mmol Gd kg™ body weight.
The T;-weighted MR images of the mice were recorded at
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Figure 4. Invitro biocompatibility analysis of GdNPs@ Dex: A) Relative viabilities of SK-OV-3 cells incubated with different concentrations (0-200 mg L")
of GANPs@ Dex. B) Hemolysis assay of GANPs@ Dex after incubation with human red blood cells (RBCs) for 2 h. Inset: The digital picture after cen-
trifugation. PBS and deionized water were used as a negative and positive control, respectively.
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Figure 5. A) T;-weighted MR images in living mice (TR/TE of 600 ms/6.17 ms) at preinjection and 30 min, 110 min, 7.5 h, and 24 h postinjection
of GANPs@Dex with dosage of 0.05 mmol Gd** kg™ weight in the regions of the liver (L), kidneys (K), and spleen (S) and quantification of signal-
to-noise ratio (SNR) of intensity (post)-to-intensity (pre) contrast in B) liver, C) kidney, and D) spleen at 30 min, 110 min, 7.5 h, and 24 h postinjection
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of GANPs@Dex, respectively.

scheduled temporal points pre- and postinjection. As seen from
Figure 5A, the main organs of mice, liver, kidneys, and spleen,
are all significantly enhanced upon injection of GANPs@Dex at
30 min postinjection. After a period of circulation in blood, the
contrast enhancement at these areas is found decreasing, and
the signals in liver and spleen at 24 h postinjection decrease
to the pre level. The quantified signal-to-noise ratios (SNRs)
are further demonstrated in Figure 5B-D. Since organs such
as liver and kidney play a vital role in metabolizing nanoparti-
cles, they have been regarded as organs of interest to study the
fate of nanoparticles in vivo.?Yl The fate of GANPs@Dex was
determined in liver, kidney, and spleen for 24 h in mice. This
up-to-down enhancing pattern in these organs is attributed to
the uptakes of GANPs@Dex at first and then metabolized by
the body.

It is worth noting that the renal cortexes are clearly visual-
ized in MR imaging by GANPs@Dex in this study. The MR
signal reaches the highest intensity 30 min after injection,
indicating a rapid glomerular filtration process, and could be
observed for up to at least 110 min. In fact, the enhanced sig-
nals at 7.5 and 24 h were also observed. Evidently, GANPs@
Dex is well-secreted by the kidneys; hence, they can serve as an
ideal agent for investigating renal anatomy, glomerular physi-
ology, and neoplastic disease process. According to studies on
the size-dependent biodistribution of nanoparticles for kidney
accumulation, the nanoparticles with a diameter below 20 nm
were found in kidneys.”>?/l However, few studies showed

wileyonlinelibrary.com
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significant nanoparticle accumulation in kidneys. In this study,
GANPs@Dex with sub-10 nm in HD exhibits significant con-
trast enhancement in both kidneys. For kidneys imaging, the
contrast agents should be ultrafine to shuttle in glomerulus
with a cutoff size of =5.5 nm for efficient kidney excretion of
nanoparticles.””-?8 The results in this study indicate the escape
of GANPs@Dex from the RES and consequent excretion from
the body via the kidney system.

The results of whole body MR imaging show GANPs@Dex
particularly target the kidneys, besides the liver and spleen.
To further assess the application potentials in cancer imaging
of GANPs@Dex, in vivo MRI was performed using the mice
model with subcutaneous tumor xenografts grown from
implanted 4T1 cells. A detectable signal increase in the tumor
area can be observed at 24 h postinjection (Figure 6). Compared
with the MR enhancing kinetics in liver, spleen, and kidneys, it
is found that the tumor is gradually enhanced instead of rapidly
in the investigated period. It could be ascribed to the difference
in density of vessel networks between the metabolic organs of
mice and the implanted solid tumors.

Particularly, the boundary between tumor and normal tissue
is well-enhanced after GANPs@ Dex administration. The deter-
mination of tumor edge is conducive to grading the malignancy
of tumors and their treatment schemes.”?’l In the current
study, the boundary is determined by the enhanced angiogen-
esis around the tumor. And this enhancement is found quite
effective, prompt, and persistent, which further discloses the

Adv. Healthcare Mater. 2017, 6, 1600865
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Figure 6. A) Solid tumor and angiogenesis detection in the boundary by T;-weighted MRI in tumor-bearing mice (TR/TE of 600 ms/6.17 ms) at
preinjection and 30 min, 110 min, 7.5 h, and 24 h postinjection of GANPs@ Dex with dosage of 0.05 mmol Gd*" kg™' weight and B) their quantified
signal-to-noise ratio (SNR) of intensity (post)-to-intensity (pre) contrast in tumor denoted by T and C) angiogenesis at the edge denoted by E pointed
by the arrow at 30 min, 110 min, 7.5 h, and 24 h postinjection of GANPs@ Dex, respectively.

construction of new vascular networks in malignancies, since
the growth of solid tumors requires concomitant expansion of
vascular networks to maintain the blood supply of oxygen and
nutrients.% Tumor boundary or edge is not always easily dis-
tinguished. It requires the injected nanoparticles reaching the
tumor area while being escaped from the RES capture with
high efficiency. Generally, large-sized nanoparticles could easily
arouse opsonization in blood and further uptake in liver and
spleen for an extended period.*#2°! In this fashion, the ultrafine
or sub-10 nm nanoparticles can more efficiently target the
tumor surroundings, in addition to the kidneys. The imaging
in liver and spleen by GANPs@Dex becomes weakened at
7.5 h postinjection. On the contrary, the kidneys are tempo-
rarily intensified, showing RES escape of GANPs@Dex with
decent blood half-life. This advanced imaging property is also
verified in the enhanced new blood vessels surrounding the
tumor by GANPs@Dex lasting for at least 7.5 h. The imaging
results of tumor and tumor margin in our study are highly
identical to the results in a recently published paper.’!] Pro-
spectively, GANPs@Dex in concert with drugs can be used for
vascular-targeting therapies for treatment of malignant disease.
The long-time residual in tumor blood vessels of GANPs@ Dex
with drugs can disrupt the already formed vessel networks of
growing tumors.l% Interestingly, the MR signals of new blood
vessels and the tumor behave differently with the former
decrease and the latter increases, suggesting GANPs@Dex
transacting the tumor through the adjacent new vessels. Con-
sidering this unique tumor enhancement pattern, it is likely
that the intensified periphery of the tumor is a pseudocapsule.
Pseudocapsules take place along with solid tumor growing and
stimulating the surrounding tissues.?
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Based on the MRI analyses, GANPs@Dex is shown to be
more resistant to rapid RES uptake compared to other large-
sized counterparts. In turn, it is more efficient to reach the
cancerous surrounding areas, such as the new blood vessels
and tumor tissues. GANPs@Dex also exhibits longer imaging
window time than Magnevist. This imaging strength is attrib-
uted to the appropriate HD of GANPs@Dex and advanced
synthetic route. The basic profile descriptions of GANPs@Dex
and the clinically used Magnevist are provided in Table S1
(Supporting Information), including structure format, relax-
ivity, tumor uptake, MR angiography, and the speed of body
clearance.

2.6. Biodistribution and Histological Toxicity Analysis

Time-dependent enhancement pattern reveals that GANPs@
Dex can be metabolized and cleared from body. To further
investigate biodistribution of GANPs@Dex upon administra-
tion, dissociated Gd** ions in main organs were determined via
inductively coupled plasma (ICP) analysis technique, in terms
of the location, pharmacokinetics, and metabolic behavior of
the injected GANPs@Dex in body. The injected GANPs@Dex is
found at all investigated organs, but with different abundances
(Figure 7). GANPs@Dex is primarily captured in the metabolic
organs such as liver, kidney, and spleen, and relative lower
amount of Gd3* ions are presented in heart and lung. The
biokinetics of GANPs@Dex shown in Figure 6 further shows
the time-dependent biodistribution of nanoparticles in every
individual organ. Almost all GANPs@ Dex in liver can be found
cleared within 48 h. The kidney and intestine are also found
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Figure 7. Biodistribution histogram of GANPs@ Dex in the main organs.
Error values were obtained from three parallel tests.

acting as the metabolic organs through the investigated period.
This observation agrees well with the findings by MR imaging
in vivo. Very few retention of GANPs@Dex in main organs is
mainly attributed to the aggregation of GANPs@Dex there.
Taking the MRI profile and biodistribution pattern into consid-
eration, it is concluded that the clearance of GANPs@Dex in
vivo follows hepatobiliary (HB) and renal hybrid processing.

To investigate the potential toxic side effects induced by
GANPs@Dex, the blood samples of mice (n = 4) treated with
GdANPs@Dex were collected for blood routine and blood bio-
chemistry assays at 14 days p.i. Other four mice injected of PBS
were used as control. For blood routine examination, a series of
related standard hematology markers, such as WBC, RBC, HGB,
PLT, HCT, MCV, MCH, and MCHC, were analyzed. As displayed
in Figure 8A-H, all the eight indexes are normal after treatment
with GANPs@Dex. Furthermore, for blood biochemistry assays,
we focused on the changes of their liver and kidney function
markers, including AST, ALP, ALT, A/G, and BUN.¥ It was found
that all these important indexes remain in the normal ranges
(Figure 8I-L). These results suggest that intravenous injection
of GANPs@Dex has no noticeable damage to mice. The hepa-
totoxic and renal toxicity effects even at the dose of 10 mg kg™
are negligible. Furthermore, as GANPs@Dex is present in all
main organs including heart, liver, spleen, lung, kidney, and
intestine, the toxicity of the nanoparticles in these organ tissues
was assessed by means of the histological changes in the suscep-
tible organs. The GANPs@ Dex injected mice were anesthetized,
dissected, and organ tissues were treated for H&E-staining after
two week exposure. As seen in Figure 8M, all investigated organ
tissues have no obvious histological changes. No observable cell
necrosis or inflammatory infiltrate is present in the major organs
after administration. This non- or low- toxicity benefits from the
green chemistry route and the biosafety raw materials. It can
therefore be concluded that GANPs@Dex is biocompatible in
living mice, which is crucial for in vivo biomedical applications.

3. Conclusion

In summary, sub-10 nm GANPs@Dex is developed at low
temperature for MR imaging with several major superior
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properties. These include well-defined and stable structure,
excellent stability, and high biocompatibility. Enviable relax-
ivity and rational organ distribution of GANPs@Dex ensure
their high-quality MR imaging of organs interested in this
work. In vivo Tj-weighted MRI in tumor-bearing mice shows
penetration of GANPs@Dex into the solid tumor through the
surrounding tumor angiogenesis. Particularly, the solid tumor
edge can be clearly distinguished with peripheral angiogenesis
enhancement around the tumor. This imaging pattern could
provide great diagnostic values in differentiating benign and
malignant diseases. Furthermore, the synthesis is chemically
green, environmentally benign, and methodologically straight-
forward. All improved properties attribute not only to the
unique synthetic route but also the FDA-approved dextran as
the matrix. GANPs@Dex presents great potentials as a positive
MR imaging agent for whole body imaging with the particular
targeting capabilities for tumors, tumor angiogenesis, and
organ interested.

4. Experimental Section

Materials: Reagents were obtained from either Sigma-Aldrich or Alfa
and were used directly, unless otherwise noted. DI water (18.2 MQ cm at
25 °C) was used throughout the entire experiments.

Synthesis of GANPs@Dex: GdNPs@Dex was synthesized in the
solution of reduced dextran. Reduced dextran was prepared according to
the reported method with minor modifications.B4 5 g of dextran (My,/My
=10 000 Da) was dissolved in 100 mL of deionized water at 25 °C,
followed by the quick addition of 1 g of sodium borohydride. The mixture
was stirred for overnight. The mixture was then purified via dialysis
processing with a membrane dialysis bag (MWCO: 12 000 Da) for 48 h
(change the water every 8 h). The final product was then lyophilized and
stored at 4 °C for further use.

Typically, reduced dextran (30 mg mL™', 5 mL) and GdCl;.6H,0
solution (20 mg mL™", 2 mL) were mixed in a single-neck flask with
magnetically stirring at room temperature for 10 min. Then, 0.5 mL of
ammonia was added into above mixture, followed by stirring for another
5 min. Subsequently, the flask was put into water bath at 80 °C stirring
continuously for 1 h. In the end, the GANPs@Dex were obtained by
centrifugation (8000 rpm, 15 min) and washed with isopropanol and
water three times. The final precipitation was redispersed in 1 mL of
borate saline buffer (pH = 8.2) for further characterization and use.

Nanoparticles Characterization: TEM images of GANPs@Dex were
obtained by a Tecnai G2 F20 instrument operated at an acceleration
voltage of 200 kV with an EDX detector. Dynamic light scattering (DLS,
Nano ZS, Malvern) was used to record the HDs and distribution of
GdNPs@Dex. The relaxation rates of GANPs@Dex and commercial
Magnevist were measured on a 1.41 T minispec mq 60 NMR analyzer
(Bruker, Germany). The XPS measurements were performed on PHI-
5000 CESCA system (Perkin Elmer) with radiation of Al Kex (1486.6 eV)
X-ray source. The powder XRD measurement was performed at room
temperature by using a Rigaku Ultima IIl diffractometer equipped
with a rotating anode and a Cu Ko radiation source. The FTIR
spectra were obtained on a FTIR spectrometer (TENSOR 27, Bruker).
The concentrations of the investigated ions were measured by an
inductively coupled plasma mass spectrometry (ICP-MS, Hitachi Ltd.,
Japan).

Relaxivity Characterization and MR Imaging In Vitro: The longitudinal
(T;) and transverse (T,) relaxation times were determined at a 1.41 T
minispec mq 60 NMR analyzer (Bruker, Germany) at 37 °C. The relaxivity
values of r; and r, were obtained by fitting the 1/T; and 1/T, relaxation
time (s7') versus Gd*" ions concentration determined by ICP-MS. T;-
weighted MR imaging of samples was performed in vitro on a GE MR
system (3.0 T, Signa HDxt). The specific scanning parameters were set
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Figure 8. In vivo toxicological evaluation of GANPs@Dex: Blood routine and blood biochemistry assays before and after intravenous injection with
GdNPs@Dex (0.05 mmol Gd kg™' mice): A) white blood cell (WBC) count; B) red blood cell (RBC); C) hemoglobin (HGB) count; D) platelet (PLT)
count; E) hematocrit (HCT), F) mean corpuscular volume (MCV), G) mean corpuscular hemoglobin (MCH), and H) mean corpuscular hemoglobin
concentration (MCHC). Liver function markers: |) aspartate aminotransferase (AST), alkaline phosphatase (ALP), and alanine aminotransferase (ALT);
J) albumin/globulin (A/G) ratio; K) albumin (ALB). Kidney function marker: L) Blood urea nitrogen (BUN). M) Microscopy images of H&E-stained
tissue slices harvested from the main organs of the mice including the control group without injection and the experimental group injected with

GdNPs@Dex.

as follows: T; spin echo sequence, repetition time (TR) = 2000.00 ms,
echo time (TE) = 108 ms, matrix = 256 x 192, FOV = 80 mm x 80 mm,
FOV phase of 40%, slice width = 2.0 mm, at room temperature.

Colloidal Stability and Relaxivity Stability Studies: The as-prepared
GdNPs@Dex was mixed with sodium acetate buffer (0.2 m, pH 5.7),
PBS buffer (0.1 m, pH 7.4), and borate buffer (10 x 10 m, pH 8.2) for
evaluating their colloidal stability in different pH environment. And their
colloidal stability in different ionic strengths (0, 0.5, 1.0, and 2.0 m) and
storage time (3, 6, 12, 24, and 48 h) were also investigated. Moreover,
relaxation times (T; and T,) of GANPs@ Dex were recorded after storage
in PBS for 2, 8, 24, and 48 h.
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Cytotoxicity and Hemolysis Assay: A standard cell counting kit-8
(CCK-8) assay was conducted on ovarian carcinoma cell line (SK-OV-3)
to evaluate the in vitro cytotoxicity of GANPs@Dex. Typically, SK-OV-3
cells (5 x 10%/well) were seeded into a 96-well plate, and then the cells
were incubated in the culture medium for 24 h at 37 °C under 5%
CO, atmosphere. The culture medium was then removed, and cells
were incubated with fresh medium containing 100 uL of GANPs@ Dex
at varied concentrations (0, 6.125, 12.5, 25, 50, 100, and 200 mg L)
at 37 °C under 5% CO, for additional 24 h. 10 uL of CCK8 agentia
(5 mg mL™") was added into the plate replacing the culture medium, and
cells were incubated for further 4 h. In the end, the OD450 value (Abs.)
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of each well was measured using a multifunction microplate reader
(Infinite M200 Pro, Switzerland) for cytotoxicity calculation.

Then, 1.2 mL of GANPs@Dex solution with varying concentrations
(6.125-200 mg L") were incubated with 300 pL of human red blood
cells (2%) for 2 h followed by centrifugation for 10 min. The obtained
supernatants were analyzed by multifunction microplate reader,
recording their ODs7 o values. Deionized water and PBS group were set
as the positive and negative control. The hemolysis ratio was calculated
using a conventional formula: Hemolysis ratio (%) = (mean value of A
(sample, 570 nm) — A (negative, 570 nm))/(mean value of A (positive,
570 nm) — A (negative, 570 nm)).

In Vivo MRI of Tumor-Bearing Mice: All animal experimental
procedures were performed in conformity with a standard protocol
approved by the Institutional Animal Care and Use Committee of Tongji
University. Tumor models were established by injecting subcutaneously
4T1 cells (3 x 10°), suspended in 70 uL of PBS, into the right thigh of
each female nude mouse (five-week old, body weight: =22 g).

In vivo MRI was conducted on a 7.0 T Bruker BioSpec MR imaging
system in tumor-bearing mice. The images were acquired before and
after intravenous injection at a given time (dosage: 0.05 mmol Gd kg™)
using a T;-RARE imaging sequence. The detailed MR imaging parameters
were set as follows: Field of view (FOV) = 30 mm x 30 mm, repetition
time (TR)/echo time (TE) = 600 ms/6.17 ms, number of excitations
(NEX) = 3, matrix = 256 x 256, slices = 36, flip angle (FA) = 90°.

In Vivo Biodistribution and Toxicity Analysis: Balb/c mice were
intravenously injected with 100 UL of GANPs@Dex with a same dosage
for MRI. Subsequently, mice were sacrificed at varying postinjection
time points (2 h, 6 h, 48 h, 96 h, and 14 d), and major organs (heart,
liver, spleen, lung, kidney, and intestine) were collected. After digestion
with aqua regia (3 mL, Viyq/Vianos = 3/1) overnight, the solutions were
filtered first and then diluted to 10 mL by DI water. Gd** contents of
samples were quantified using ICP-MS technique.

The blood samples and main organ tissues of BALB/c mice (heart,
liver, spleen, lung, kidney, and intestine) were harvested after 14 d
postinjection via the tail vein (dosage: 10 mg kg™' mice). The whole
blood and separated serum samples were sent to Shanghai Research
Center for Model Organisms for blood routine and blood biochemistry
assays. The organ tissues were fixed with 4% paraformaldehyde followed
by being embedded in paraffin, sliced (4 um), and then stained with
hematoxylin and eosin (H&E). All of the obtained samples were observed
using an optical microscope (Leica). The mice without injection were
used as the control groups.
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Supporting Information is available from the Wiley Online Library or
from the author.
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