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ABSTRACT Magnetic resonance angiography using gadolinium- »

Surface

based molecular contrast agents suffers from short diagnostic *
o structure
™

window, relatively low resolution and risk of toxicity. Taking into
account the chemical exchange between metal centers and
surrounding protons, magnetic nanoparticles with suitable surface
and interfacial features may serve as alternative T, contrast agents.

Nano-bio
interface

Herein, we report the engineering on surface structure of iron oxide

nanoplates to boost 7; contrast ability through synergistic effects

between exposed metal-rich Fe;0,(100) facets and embedded Gd,03
dusters. The nanoplates show prominent T, contrast in a wide range of magnetic fields with an ultrahigh r; value up to 61.5 mM~" s~". Moreover,
engineering on nanobio interface through zwitterionic molecules adjusts the in vivo behaviors of nanoplates for highly efficient magnetic resonance
angiography with steady-state acquisition window, superhigh resolution in vascular details, and low toxicity. This study provides a powerful tool for
sophisticated design of MRI contrast agents for diverse use in bioimaging applications.
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agnetic resonance imaging (MRI)
Mis a noninvasive and tomographic
technique with high spatial reso-

lution in tissue contrast, which holds great
promise for disease diagnosis in clinic.’
Approximately 35% of clinical MR scans
are aided with contrast agents to improve
diagnostic accuracy.>® Because of good
biocompatibility and excellent magnetic
properties,** iron oxide nanoparticles have
been extensively explored as MRI contrast
agents through controlling over the size,%°
composition,'® ' and morphology.’*~"*
For example, iron oxide nanoparticles show
feasible T, contrast by decreasing the size to
approximately 3 nm, which were employed
as magnetic resonance angiography (MRA)
contrast agents.” Contrast-enhanced MRA
is an established clinical tool enabling to
detect and evaluate a variety of vascular
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pathologies.'®'® However, ultrasmall iron
oxide nanoparticles cannot output high-
level diagnostic information about vascular
details (e.g., veins) in MRA due to the rela-
tively low T; contrast ability and intrinsic
T, interference. Gadolinium chelating
molecules are employed as diagnostic T,
contrast agents in clinic; however, these
molecular contrast agents suffer from poor
physiological stability, uncontrollable phar-
macokinetics, and a risk of toxicity.' '
MRA studies using conventional molecular
agents are also limited by short acquisi-
tion windows due to the rapid perfusion
of molecules into extracellular compart-
ments after first pass of aorta.?? Develop-
ment of novel contrast agents that
overcome low efficiency and poor bio-
distribution are urgently needed for highly
efficient MRA.
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Surface and interfacial properties of nanoparticles
play an important role in their interactions with
surroundings, such as protons and biological media
during in vivo studies.”>** Recently, we demonstrated
that exposed metals on the surface of magnetite nano-
plates are major contributions to protons T; relaxa-
tion enhancement because of the sufficient magnetic
centers for protons coordination and chemical
exchange.?® The magnetite nanoplates with iron-rich
(111) exposed surfaces also have tunable T, relaxivities
through regulating (111) surface-to-volume ratio of
nanoplates. However, iron ions show relatively low
contrast ability in T; imaging, especially in higher
magnetic fields (e.g., clinical 3.0 T), which limits the
use of nanoplates for bioimaging applications. The
nanobio interface between nanoparticles and biologi-
cal media is another key factor that may determine the
biological identity and eventually, influence the in vivo
behaviors of nanoparticles.”®*’ Foreign nanoparticles
are prone to being recognized by immune systems and
accumulating in liver and spleen, leading to uncontrol-
lable distributions and unexpected pharmaceutical
effects in vivo. Therefore, a suitable surface function-
ality of nanoparticles is extremely important to regu-
late the nanobio interface for desirable utility in
complex biological systems.

Herein, we present novel engineered iron oxide
nanoplates, which is composed of exposed Fe;04(100)
facets and embedded Gd,O; clusters, as a highly
efficient T; contrast agent for high-resolution MRA in
small animals. The T; relaxivity of Gd,0s-embedded
iron oxide nanoplates (GdIOPs) was greatly enhanced
due to a large proportion of exposed metals (i.e., Fe
and Gd) on surface. Moreover, we successfully regu-
lated the in vivo behaviors of GdIOP through engineer-
ing the nanobio interface using different functional
molecules. GdIOP with protein corona can serve as an
efficient T, —T, dual-modal contrast agent for accurate
imaging of liver and detection of liver lesions. Corona-
free GdIOP with ultrahigh T, relaxivity can achieve
high-resolution MRA with a prolonged acquisition
window and low potential of gadolinium-induced
toxicity comparing to the commerical agent Magnevist.
The engineered GdIOPs have a great potential to act
as highly efficient MRI contrast agents for imaging and
diagnosis of cancer and cardiovascular diseases.

RESULTS AND DISCUSSION

Synthesis and Characterization. We synthesized the
GdIOPs by thermal decomposition of gadolinium ole-
ate and iron oleate complexes in 1-octadecene, as well
as the presence of oleic acid as surfactant (detailed in
the Methods). The X-ray photoelectron spectroscopy
(XPS) analysis of the obtained GdIOPs reveals typical
magnetite phase with the peaks at 711.4 and 724.2 eV
coresponding to Fe 2p3/2 and Fe 2p1/2 transitions,?®2°
respectively (Figure S1 in Supporting Information).
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Representative transmission electron microscopy
(TEM) images show the nanoplates are uniform with
length of about 9 nm (Figure 1a, and Figure S2 in
Supporting Information). In the high-resolution TEM
(HRTEM) image of a flatten nanoplate, a pair of per-
pendicular crossed Fe304(220) planes with the inter-
planar spacing distance of 3.1 A indicates that the
planar surface of nanoplates are exposed with (100)
facets (Figure 1b). We also notice that they are in shape
of nanoplates with a thickness of about 1.8 nm
(Figure 1c), rather than cubes. HRTEM image of a
vertical nanoplate further shows that the nanoplates
are with only three-layer periodicity of atomic arrange-
ment of Fe304(100) planes, in which the interplanar
spacing distance is 8.4 A (Figure 1c, inset). On the basis
of these findings, we propose that the obtained nano-
plates are packed with only two cells of Fe;0, crystal
in thickness, which is rarely reported previously. The
X-ray diffraction (XRD) pattern of GdIOP indicates
that there are mixed magnetite (JCPDS. 65—3107)
and Gd,03 (JCPDS. 012—0474) phases, which is con-
sistent with the select-area electron diffraction (SAED)
pattern (Figure S3 in Supporting Information). This
result implies a domain-aggregated structure of GdIOP
composed of Gd,0; clusters and Fe30, domains. The
presence of Gd species were also confirmed by energy-
dispersive X-ray (EDX) element mapping and line
scanning analysis, exhibiting homogeneous distribu-
tions of Gd and Fe elements across nanoplates
(Figure 1d,e). The molar percentage of Gd with respect
to total metals is about 14.2% measured by inductively
coupled plasma atomic emission spectroscopy (ICP-
AES) analysis.

We also used synchrotron X-ray absorption spec-
troscopy (XAS) to further envision the structure of
GdIOP. XAS spectrum of GdIOP shows an additional
peak at about 7248 eV comparing to that of single-
domain Fe3;0,4 nanoparticles (Figure 1f). This peak is
attributed to overlap of Fe K-edge fluctuations and Gd
Ly-edge absorption. The X-ray absorption near edge
structure (XANES) spectrum is a sensitive method to
analyze coordination geometry, bonding environ-
ment, and electronic structure of central atoms.*° The
Fe K-edge XANES spectrum of GdIOP shows a white-
line peak at 7130 eV, similar to that of Fe;04 sample
(Figure 1g). In addition, a pre-edge peak at 7112.5 eV
can be found in both GdIOP and FesO4 samples, which
is ascribed to 1s — 3d (quadrupolar) and 1s — 4p
(dipolar) electronic transitions of tetrahedral and octa-
hedral iron ions.3° The decreased adsorption intensity
may be attributed to increased structural disorder
in GAIOP comparing to that of Fe;0,4 sample,®' which
further confirms that long-range-order of iron oxide
domains in GdIOP may be perturbed by the existence
of Gd,Oj5 clusters.

Field-dependent magnetization (M—H) curves of
GdIOP show saturation magnetization moments (M)
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Figure 1. Characterizations of GdIOP. (a,b) TEM and HRTEM images of on-plane view of GdIOP, respectively, showing
Fe30,4(100) basal planes of GdIOP. (c) TEM and HRTEM (inset) images of vertically aligned GdIOP, indicating three-layer
periodicity of Fe30,4(100) planes (each with about 8.4 A) in thickness. (d) EDX line-scanning features across a GdIOP (inset) and
(e) elemental mapping images, showing uniformly distributed Gd and Fe elements. (f) Normalized Fe K-edge XAS spectrum of
GdIOP and Fe30, (single-domain) samples using transmittance mode. (g) Fe K-edge XANES spectrum of GdIOP and Fe30,
samples. The reduced intensity of GdIOP indicates the increased structural disorder comparing to that of Fe;0, samples.
(h) M—H curves at 300 and 5 K show partially paramagnetism due to the domain-aggregated structure of GdIOP.

are about 219 and 68.8 emu/g at 300 and 5 K
(Figure 1h), respectively. The M—H curves of GdIOP
also show partially paramagnetism probably due to the
presence of Gd,Os clusters. Zero-field cooling (ZFC)
and field cooling (FC) measurements give the blocking
temperature (Tg) of GAIOP at about 90 K (Figure S4 in
Supporting Information). GdIOPs reveal a remarkable
My deviation (~46.9 emu/g) between 300 and 5 K, which
is significantly different from those of superparamgnetic
single-domain Fes0,4 nanoparticles, usually with devia-
tion less than 10 emu/g. This phenomenon may be
attributed to the high level of long-range-order distur-
bance at 300 K because thermal agitation effect is
enhanced by the existence of multiple domains in
GdIOP. On the contrary, at low temperature (5 K) below
Tg, thermal agitation effect becomes less dominated so
that spin reorientation occurs and leads to much higher
magnetic moments. These results indicate that GdIOP
is composed of Fe304(100) facets exposed iron oxide
domains and Gd,O; clusters, which may have great
potential in T; and T, relaxation enhancements.

Surface Structure and MRI Performance. We then studied
the contrast enhancement ability by MR phantom with
different concentrations of GdIOP, which can provide
intuitional views of contrast ability by distinguishing
brightness (T,) or darkness (T5) of the images. The GdIOP
samples with different concentrations (with respect to
total metal ions) were prepared and conducted with
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both T;- and T,-weighted MRI study under four different
magnetic fields (0.5, 3.0, 7.0,and 9.4 T). The GdIOPs show
clear contrast in T;-weighted imaging at 0.5, 3.0, and
7.0 T MRl scanners (Figure 2a), while the weak T; contrast
at 9.4 T may be due to strong T, interference in such a
high magnetic field. T, contrasts of GdIOP are evident in
all magnetic fields, indicating an intrinsic transverse
decaying effect of iron oxide domains (Figure 2a).

The relaxivity results show that GdIOP owes a large
ry value of 61.5 & 3.1 mM~" s (the mM represents to
the concentration of total metal (Fe + Gd) ions) at 0.5 T.
Then the r, value decreases to 20.5 +0.5,6.8 &= 1.3, and
43+ 0.7 mM~" s as elevating applied fields to 3.0,
7.0, and 9.4 T, respectively (Table 1). The enhanced T,
relaxivity of GdIOP can be attributed to both iron-
terminated Fe30,4(100) basal planes and the exposed
Gd,03 clusters (Figure 2b). Exposed Fe and Gd ions
may synergistically enhance protons T; relaxation by
providing efficient paramagnetic islands for protons
coordination and chemical exchange. Besides, protons
T, relaxation would also benefit from convenient hop-
ping on the flatten surface of GdIOP, which may further
interact with nearby metals in one relaxation
process. 333 To further confirm these hypothesis, we
prepared spherical GdIO nanoparticles and Fes04(100)
facets enclosed 10 nanocubes. The spherical GdIO
nanoparticles are about 12 nm in diameter with Gd
percentages of about 13.8%, and the 10 cubes are
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Figure 2. Surface structure and MRI performance. (a) T;- and T,-weighted phantom imaging of GdIOPs under four different
magnetic fields (0.5, 3.0, 7.0, and 9.4 T), suggesting good contrasts in T, —T, dual-modal imaging in a wide range of magnetic
field (0.5, 3.0, and 7.0 T). At 9.4 T, GdIOPs mainly show T,-dominated contrast ability. (b) Atomic top and side views of
Fe30,4(100) basal planes and Gd,03 decorated surface characteristics of GdIOP. The exposed iron and gadolinium ions on the
surface of GdIOPs may provide efficient chemical exchange for protons, accelerating the T, relaxation. The sizes of atoms are
not to scale. (c) Comparison of r, values of GdIOPs, 10 cubes, and GdIO spheres in 0.5 T (n = 3. Data represent mean =+ s.d.). The
10 cubes are packed with six Fe30,4(100) planes but without Gd species, GdIO spheres are with similar Gd doping but without

metal-rich Fe30,4(100) planes.

TABLE 1. r; and r, Values of GdIOPs under Different
Magnetic Fields”

Ho (T) nmM's™) nmM's™) nin
0.5 615 £ 3.1 1472 £ 3.7 24
3.0 205 £ 05 1454 £ 11.5 7.1
7.0 68 +13 1588 + 5.4 234
94 43 4+07 167.6 + 7.2 389

“The mM represents to concentrations of total iron and gadolinium ions (n = 3.
Data represent mean =+ s.d.).

about 15 nm in side lengths enclosed by six Fe30,4(100)
facets (Figure S5 in Supporting Information). Under
the same conditions at 0.5 T, the r, values are 11.2 and
19.3mM~" s~ for the spherical GdIO and the cubic 10
nanoparticles, respectively, much lower than that of
GdIOP (Figure 2c). These results indicate that T; relaxa-
tion enhancement of GdIOP is contributed to both
paramagnetic clusters and surface exposed iron ions.
T, relaxation enhancement is related to proton
spin—spin relaxation turbulence by local field inhomo-
geneity, therefore, nonspherical nanostructures (e.g.,
cubes, octapods) possessing large-area effective region
were recognized as enhanced T, contrast agents.'>'”
Additionally, r, value is also proportional to M on the
basis of outersphere theory that laid the foundations for
general knowledge of magnetic contrast agents.>*>*
Thus, r, value of GdIOP may be influenced by three
factors: (i) M;, (ii) effective radii, and (iii) synergistic
effects between nanoscale iron oxide domains,
which may achieve a larger r, value than that of
individuals.3®37 As a result, GdIOPs exhibit a relatively
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large r, value of 147.2 4+ 3.7mM ' s ' at 0.5 T, even the
My is as low as 21.9 emu/g at 300 K. It is interesting that
the r, value increased moderately to 1454 + 11.5,
1588 & 5.4,and 167.6 £ 72 mM~" s~ " at 3.0, 7.0, and
9.4 T, respectively (Table 1). This phenomenon is differ-
ent from that of superparamagnetic nanoparticles,
which usually show dramatically increased r, values
as elevating magnetic fields due to the high M,. One
major obstacle for superparamagnetic nanoparticles to
exhibit T; contrast ability at higher fields (e.g., clinical
3.0 T) is the strong T, decaying effect at transverse
direction, which reduces T, signal recovery when it rolls
from longitudinal to trasnverse direction in principle.'
Therefore, the fabrication of domain-bounded struc-
ture of GAIOP may be an effective strategy to achieve
T,—T, dual-modal contrasts through attenuating M;
(or T, interference effect) while without sacrificing T,
effect.

To further investigate the relationships between
embedded Gd,Os; clusters and the T; and T, relaxiv-
ities, we synthesized two other Gd-rich and Gd-poor
GdIOP samples with similar sizes and surface structures
but with Gd percentages of about 26.6 and 11.1%,
respectively (Figure S6 in Supporting Information). The
results show that the more Gd species in GdIOP, the
higher r; and r, values are obtained. The Gd-poor and
Gd-rich GdIOP samples exhibit r; of 46.7 + 2.0 and
66.3 + 3.1 mM~" s at 0.5 T, respectively (Table S1 in
Supporting Information). The r, values are of 122.1 £+
7.9 and 2157 £ 42 mM~' s~ at 0.5 T for Gd-poor
and Gd-rich GdIOP, respectively. These results further
imply that the synergistic effect of multiple iron oxide
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Figure 3. Engineering on nanobio interfacial property of GdIOPs. (a,b) HPLC-GFC profiles of GdIOP@SC and GdIOP@ZDS
before (upper) and after (lower) incubated with 20% (v/v) FBS for 3 h. The retention time changes for GdIOP@SC indicate
possibly formation of protein corona in the presence of serum proteins, whereas the peak of GAIOP@ZDS is clearly
distinguishable from FBS in GFC profile probably owing to the corona-free characteristic. (c) T; MRI of SMCC-7721 cells after
incubated with same concentrations of GAIOP@SC and GdIOP@ZDS samples for 3 and 24 h. Cells were collected and mixed
with 50% (v/v) agarose gel. The brighter signals indicate enhanced cellular uptake of GdIOP@SC than that of GAIOP@ZDS. The
control group was PBS for comparison. (d) Quantification of cellular uptake of GdIOP@SC and GdIOP@ZDS samples with about
5 x 10° cells per well (ICP analysis, n = 3. Data represent mean =+ s.d.).

domains are major contributions to T, relaxation en-
hancement, while the high proportional of exposed
Gd,03 clusters are responsible for the enhanced T,
effect because gadolinium ions are superior to iron
ions in T; relaxation enhancement.

Nanobio Interfacial Property. Surface coating of nano-
particles plays a critical role in biomedical applications,
which is relevant to biodistribution, toxicity, and clear-
ance issues in vivo.3®3° A thin layer coating on surface is
also extremely important for nanoparticles as efficient
T, MRI contrast agents.?> We chose two small molecules
sodium citrate (SC) and zwitterionic dopamine sulfo-
nate (ZDS) as individual surface modifiers to achieve
good water-dispersibility and water-permeability.®
Zwitterion is an emerging platform that can avoid
host nanoparticles from nonspecific adsorption with
proteins, probably due to strong electostatic binding
between zwitterion and water rather than weak hydro-
gen bonding.*°~*

After ligand exchanging process, we used gel filtra-
tion chromatography (GFC) to determine the sizes
of GdIOP@SC and GdIOP@ZDS because this method
allows online analysis of nanoparticles with high reli-
ability and repeatability.**** The sizes of nanoparticles
are inversely related to retention time incorporated
with high performance liquid chromatography (HPLC)
system. The GdIOP@SC and GdIOP@ZDS samples show
a very similar retention time of 16.2 min in GFC profiles
(Figure 3a,b, top), which are calibrated as about 12 nm
using a series of protein standards (detailed in the
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Methods and in Figure S7 in Supporting Information).
These results indicate that GdIOP is successfully coated
with a thin layer on surface, which were also confirmed
by TEM analysis (Figure S8 in Supporting Information).
To further evaluate the potential stability in vivo,
we monitored the size changes of GdIOP@SC and
GdIOP@ZDS samples after incubated with 20% (v/v)
fetal bovine serum (FBS) solution at 37 °C for 3 h. The
GdIOP@SC appears an broadened peak with the reten-
tion time move forward to about 15.1 min, indicating
the sizes grow to 30—50 nm (Figure 3a). This phenom-
enon may be ascribed to the formation of protein
corona strucutures through nanspecific adsorption
with serum proteins (Figure 3a, right). While the
GdIOP@ZDS shows the stable retention time with a
sharp peak separated from individual FBS particles
(Figure 3b and Figure S7 in Supporting Information),
indicating corona-free characteristic of GAIOP@ZDS in
the presence of serum proteins (Figure 3b, right). The
dynamic light scattering (DLS) analysis also showed
that GAIOP@ZDS are stable in PBS buffer (1x, pH 7.4)
either with or without FBS with a size of about 11.8 nm,
while the GdIOP@SC in PBS buffer (1%, pH 7.4) showed
an increased size of about 65 nm in the presence of FBS
(Figure S9 in Supporting Information). We also used
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) to further determine the corona-
free or protein corona characteristic of GAIOP@ZDS or
GdIOP@SC after incubated with FBS. The gel showed
clear proteins separated from GdIOP@SC group with
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Figure 4. GdIOPs as T,—T, dual-modal MRI contrast agents. (a) T;- and T,-weighted MR images (7.0 T) of mice acquired at
preinjection and postinjection (p.i.) of GdIOP@SC with a dose of 2.0 mg (Fe + Gd)/kg mouse body weight. Each acquisition
contains coronal and axial planes. The white dash circles in preinjection images indicate ROI of liver. Signal changes ASNR in
liver of (c) T;- and (d) T,-weighted images at both coronal and axial planes (n = 3. Data represent mean =+ s.d.), showing that
maximal signal changes in liver were achieved at about 60 min p.i.

5 min, 1 and 3 h incubation time (Figure S10 in
Supporting Information), indicating that the formation
of protein corona happened within the first 5 min.*>4
On the contrary, there were little observed proteins in
gel for GdIOP@ZDS group under the same conditions,
indicating a corona-free characteristic over a long
period of time.

Accordingly, we then compared the cellular uptake
efficiency of GAIOP@SC and GdIOP@ZDS samples
using SMMC-7721 cell as an example. The cells were
collected to conduct T; MRI after incubated with
GdIOP@SC and GdIOP@ZDS samples (80 ug/mL). The
GdIOP@SC treated cells show brighter contrasts in
T, imaging than GdIOP@ZDS at both 3 and 24 h
(Figure 3c), indicating that the formation of protein
corona or agglomeration structure may enhance the
cellular uptake efficiency (Figure S11 in Supporting
Information). The ICP-MS analysis confirmed that cel-
lular uptake of GdIOP@SC is about 14 folds higher
than that of GdIOP@ZDS (Figure 3d). Meanwhile,
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT) assay shows that GdIOP are nontoxic
to both SMMC-7721 and Hela cells even at higher
concentrations (120 ug/mL, Figure S12 in Supporting
Information). It is noteworthy that cellular uptake of
nanoparticles may vary between different shapes, sur-
face coatings, and cell models.*’**® Qur results indicate
that the formation of protein corona of GdIOP@SC
may increase cognition of nanoaparticles by cells and
enhance cellular uptake. Moreover, nanoparticles with
protein corona strucuture in biofluids may be rapidly
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recognized by immune systems and accumulate in
mononuclear phagocyte system (MPS),>” which is of
benefit to liver cancer diagnosis in clinic (e.g., Feridex).
On the contrary, nanoparticles with corona-free char-
acteristic in biological fluids may escape from opsoniza-
tion effect in vivo,**” having great potential to control
the nanobio interface and in vivo behaviors.

T,—T, Dual-Modal MRI in Liver. We first used GdIOP@SC
sample to evaluate the in vivo MRI performance at
a 7.0 T MRI scanner. Because of potential formation
of protein coronas in blood fluids, GdIOP@SC is prone
to accumulate in liver owing to existence of a large
number of hepatic Kuffer cells. T; and T, images at both
coronal and transverse planes of region of interest
(ROI) liver were acquired at preinjection and 20, 60,
and 240 min postinjection (p.i.) of GdIOP@SC with
a dose of 2.0 mg (Fe + Gd)/kg mouse body weight
through tail vein. The ROIs at both planes reveal a
brighter contrast in T, imaging and a darker contrast in
T, imaging at 20 min after administration, suggesting
rapid accumulation of GdIOP in liver (Figure 4a,b).
Signal changes ASNR (signal-to-noise ratio, ASNR =
|SNRpost — SNRprel/SNRgre) in ROI reached to maximum
of 74.0% and 51.6% at about 60 min p.i. for T; and
T, imaging, respectively (Figure 4c,d). Afterward, the
ASNR dropped at 240 min p.i. may be due to excretion
of GdIOP from liver into hepatobiliary metabolism
pathway. These results indicate that GdIOP has poten-
tial to serve as a T;—T, dual-modal MRI contrat agent
for liver imaging, which may be helpful for accurate
diagnosis of liver lesions.'
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Figure 5. Contrast-enhanced MRA study at a clinical 3.0 T scanner. (a) MRA images of rats preinjection and postinjection (p.i.)
of GdIOP@ZDS with a dose of 0.2 mmol (Fe + Gd)/kg rat body weight. At 5 min p.i., we acquired two scans in succession to
show the whole body of rat. The labeled numbers in the images point out vascular details including: 1, inferior cerebral veins;
2, upper vein; 3, jugular vein; 4, arteria carotis communis; 5, arch of arota; 6, subclavian vein; 7, inferior vena cava; 8,
descending aorta; 9, hepatic portal vein; and 10, rennal vein. (b) MRA study using a commercial contrast agent Magnevist
(Gd-DTPA) with an injection dose of 0.2 mmol Gd/kg rat body weight, showing relatively low contrast enhancements in blood
vessels and unavoidable perfusion of Gd into soft tissue space at 5 min p.i. (c) Comparison of quantification of signal changes
ASNR at arteria carotis communis and subclavian vein after 1 min p.i. of GdIOP@ZDS or Magnevist (n = 3. Data represent

mean =+ s.d.).

Under the same conditions, we also evaluated MRI
performance of Gd-rich GdIOP in vivo. The results show
that T, contrast in mouse liver is evident, whereas T;
contrast is barely found and turn to even darker at 120
and 240 min p.i. (Figure S13 in Supporting Information).
This phenomenon can be attributed to the very strong
T, decaying effect (r,=231.3+62mM 's 'at7.0T) of
Gd-rich GdIOP at transverse direction (Table S2 in
Supporting Information), which may reduce T, signal
recovery efficiency when longitudinal vectors turn to
transverse plane.' At the mean time, we did the hema-
tological and biochemical analysis and histological
assessment of mice treated with GdIOP with a high
dose of 5 mg (Fe + Gd)/kg mouse body weight (n = 3).
The results show that major hematological parameters,
liver function markers, and major organ tissues are
normal in treatment groups comparing to controls
(Figure S14 in Supporting Information), indicating good
biocompatibility of GAIOP in the mouse model.

Contrast-Enhanced MRA Study. We then foused on the
corona-free characteristic of GdIOP@ZDS as a potential
MRA contrast agent. MRA is an important clinical tool
to detect various blood diseases, such as myocardial
infarction, atherosclerotic plaque, and tumor angio-
genesis.** > However, it is still challenging to achieve
steady-state imaging and high-resolution contrast in
MRA study using conventional molecular contrast
agents, largely due to the relatively low efficacy and
potentially redistribution of molecules into extracellu-
lar compartment.'® GdIOP@ZDS takes advantages of
highly efficient T; contrast ability and improved in vivo
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behaviors may hold great promise to serve as a novel
MRA contrast agent.

We performed MRA study on rats (average body
weight of 200 g) ata 3.0 T clinical scanner by intraveous
injection of GdIOP@ZDS with a dose of 0.2 mmol
(Fe + Gd)/kg rat body weight. Immediately, strong
contrast in vascular nets was found at 1 min p.i. and the
signal can maintain with superhigh resolution as long
as 15 min (Figure 5a). At 5 min p.i.,, we acquired and
merged two scans in sucession fouscing upper and
lower part of rat body. The prominent vascular details of
whole body inculding inferior cerebral veins, upper
vein, jugular vein, arteria carotis communis, arch of
arota, subclavian vein, inferior vena cava, descending
aorta, hepatic portal vein, and rennal vein can be clearly
distiguished (Figure 5a, and Supporting Video S1). More
importantly, little signal intensity enhancement was
found in interstitial space of rat body, indicating trace-
less perfusion of GdIOP into tissue space owing to
an adequate nanometer size (e.g., 7—12 nm)." On the
contrary, a comparative study using the commercial
T, contrast agent Magnevist (Gd-DTPA) shows weak
contrast in vascular nets using the same dose of
0.2 mmol Gd/kg rat body weight (Figure 5b). An
inherent reason is the relatively low r; value for
Magnevist (~3.6 mM~' s~' at 3.0 T, Figure S15 in
Supporting Information), which is about 5-fold lower
than that of GdIOP. The ASNR values in arteria carotis
communis and subclavian vein at one min p.i. of
Magnevist are 2.1-fold and 6.5-fold lower than those
of GAIOP, respectively (Figure 5c). The even lower ASNR
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in subclavian vein may be attributed to immediate
perfusion of molecular Magnevist into tissue space,
which renders molecular Magnevist difficult to obtain
detailed diagnostic information in veins by single
injection. The perfusion effect for Magnevist became
more obvious at about 5 min p.i, showing brighter
signals spread throughout the rat body. In comparison
with Magnevist, these results indicate that engineered
GdIOP is a very superior MRA contrast agent with
high-resolution in vascular details and an extended
acquisition time window.

Although great efforts have been made to develop
faster gradients, advanced pulse sequences, and novel
k-space sampling strategies to meet the demands of
faster acquisition speed for MRA, limits still exist on
MRA study in terms of acquiring higher spatial resolu-
tion and contrast-to-noise ratio using conventional
gadolinium chelating molecules.>*** Molecular con-
trast agents are prone to rapidly leak out from vascular
nets during circulation due to ultrasmall size (<3 nm),"®
which causes the necessity for continual administra-
tions of contrast agents during the finite imaging
window of first pass MRA. Steady-state MRA enables
increased signal-to-noise ratio and higher resolution
by increasing the number of measurements and deac-
tivation of partial k-space acquisition schemes. How-
ever, this technique requires longer and steady-state
contrast window which is carefully executed consider-
ing the potential toxicity of gadolinium chelates.
Gadolinium chelates were recently warned by U.S.
Food and Drug Administration (FDA) with respect to
its risk of causing nephrogenic systemic fibrosis (NSF),
probably due to unexpected release of Gd ions by
demetalation or transmetalation effect in physiological
environment.>® It is urgently needed to develop a
highly efficient blood pool contrast agent toward

METHODS

Synthesis of GdIOP. The synthesis of GdIOP is straightforward
as following: gadolinium oleate and iron oleate complex were
prepared from reaction of sodium oleate and GdCl; and FeCls
with needed molar raitos. The obtained dry oleate complex
(1 mmol) was dissolved in 1-octadecene (15 mL) with addition
of oleci acid (0.16 mL) as surfactant. The reaction system was
allowed to refluxin N, atomsphere for 2 h. After cooling to room
temperature, excess isopropanol was added to the solution.
The black products were collected by centrifugation and redis-
persed in hexane for further use.

X-ray Absorption Spectroscopy (XAS) Measurements. The Fe K-edge
X-ray absorption spectra were recorded at beamline BL14W1 of
Shanghai Synchrotron Radiation Facility (SSRF, at Shanghai, China)
with the electron storage ring operated at 3.5 GeV. The Fe K-edge
spectra of Fe foil standard was measured simultaneously at the
third ionization chamber and was used for the energy calibration.
The data was collected in the transmittance mode using Si(111)
double-crystal monochromator. The as-obtained XAS data were
processed according to the standard procedures using ATHENA
software implemented in the IFEFFIT packages.

Preparation of Sodium Citrate (SC) or Zwitterionic Dopamine Sulfonate
(ZDS) Coated GdIOP. The preparation of SC or ZDS coated GdIOP
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to gain more precise diagnostic details in clinic appli-
cations. Nanoparticles with appropriate size and rela-
tively good physiological stability are desirable as
alternative solutions. More importantly, nanoparticles
are prone to be modified on the chemical and physical
properties, which allow us to modulate the MRI
performance and in vivo behaviors of engineered
nanoparticles.?® The strategy of surface and interfacial
engineering on magnetic nanoparticles is likely to
become a new breakthrough to design highly efficient
blood pool contrast agents, which may provide revolu-
tionary alternations to molecular contrast agents in
clinic.

CONCLUSIONS

In summary, we introduced an efficient strategy
to develop high-performance MRI contrast agents
through engineering on surface structure and nanobio
interface. The enhanced T, and T, contrasts of GdIOP
can be attributed to (i) the exposed metal centers
on surface, and (i) spin collection effect of the multi-
domain architectures. These features render GdIOP
highly efficient in T; and T, contrast imaging, both
in vitro and in vivo, in a wide scope of magnetic fields
(0.5,3.0,and 7.0 T). Moreover, we used ZDS as a surface
modifier to adjust the nanobio interface of GdIOP,
which shows highly efficient in MRA with excellent
details in vascular nets and extended acquisition win-
dow. The merit of improved circulation time in blood
fluids also holds great promise for GAIOP@ZDS to deliver
guest drugs to tumor through enhanced permeation
and retention effect. Overall, this study may shed light
on the route to develop high-performance MRI contrast
agents through engineering on surface and nanobio
interface of magnetic nanoparticles for sensitive and
accurate diagnosis in complex biological systems.

were carried out through a ligand exchange process. Excess
of SC or ZDS (10 mg) were dissolved in 5 mL of ultrapure water
and 10 mL of acetone, the as-prepared hexane-dispersed GdIOP
(0.1 mmol) was added to the flask. The solution was then heated
to reflux for 2 h before the nanoparticles were precipitated,
suggesting the successful ligand exchange. The precipita-
tion were then collected by centrifugation and redispered
in distilled water. The final products were stored at 4 °C for
further use.

MRI Relaxivity and MR Phantom Study. The GdIOP with various
total metal (Fe and Gd) concentrations were prepared within
1% agar for MR phantom study. Longitudinal and transverse
relaxation times were measured and used for calculating the
relaxivities of GdIOP. T,-weighted and T;-weighted MR images
were acquired at four different scanners under the following
parameters: TR/TE = 2000/80 ms (T5), TR/TE = 300/10 ms (T;),
128 x 256 matrices, Repetition times = 8.

Cell Culture. All cell lines (HeLa and SMMC-7721) were pur-
chased from Cell Bank of Chinese Academy of Sciences
(Shanghai, China) and cultured in Dulbecco's Modified Eagle's
Medium (DMEM medium with high glucose and 4.0 mM
L-glutamine, no sodium pyruvate) supplemented with 10% fetal
bovine serum (FBS, Hyclone). No antibiotic was added. All cells
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were maintained in a humidified incubator at 37 °C with
5% CO,.

Identification of Protein Corona or Corona-Free by SDS-PAGE. A total
of 300 uL (10 uM) of GAIOP@SC or GAIOP@ZDS was added to
1 mL of diluted FBS in PBS solution to reach the final concentra-
tions of 20% FBS (v/v), respectively. The solution were incubated
at 37 °Cfor 5 min, 1 and 3 h, respectively, and the nanoparticles
were isolated by centrifugation at 4 °C, 14000 rpm for 20 min.
After the removal of supernate, the residual nanoparticles were
dissolved in 60 uL of loading buffer (62.5 mM Tris-HCl, 2% (w/v)
SDS, 10% glycerol, 0.04 M dithiothreitol, and 0.01% (w/v)
bromophenol blue) and heated for 10 min at 95 °C. Samples
were loaded on acrylamide and run at stock gel (5%) for 10 min
(90 V) and at separated gel (8%) for 60 min (130 V). The gel was
then stained with Coomassie brilliant blue (CBB) and washed in
diluted water.

Cytotoxicity Assay. The cytotoxicity of GAIOP was tested by
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide) method using HeLa and SMMC-7721 cells as models.
Cells were first seeded into a 96-well plate with a density of
1 x 10* cells/well in DMEM at 37 °C, and incubated in the
condition of 5% CO, for 24 h. Followed by addtion of different
concentrations of GdIOP, each well was then added with 100 uL
(0.5 mg/mL) of MTT and the plate was incubated for 4 h at 37 °C.
After the addition of 100 uL of DMSO per well, the plate was kept
at room temperature for 4 h. The ODy4go values (Abs.) of each
well were measured by a MultiSkan FC microplate reader. Cell
viability was calculated from OD 490 value of experimental group
by subtracting that of blank group.

Hematology and Serum Biochemistry Analysis. Animal experi-
ments were executed according to the protocol approved
by Institutional Animal Care and Use Committee of Xiamen
University. Before in vivo experiments, the samples were filtered
through sterilized membrane filters (pore size 0.22 um) to
eliminate germs and stored in sterilized vials for use immedi-
ately. Female ICR mice were randomly separated as control
group (n = 3) and experimental group (n = 3). Mice groups were
then injected with PBS and GdIOP solution in the same volume
(100 uL) through tail vein. The dose for experimental group is
5 mg/kg mouse body weight with respect to total metal ions.
At 24 h postinjection, mice were sacrificed to collect blood
immediately after confirmed death for hematology analysis and
serum biochemistry analysis.

Gel Filtration Chromatography (GFC). We performed the GFC
analysis on a Superdex-75 10/300 GL column (GE Healthcare
Life Sciences) in a high performance liquid chromatography
(HPLC) (UltiMate 3000, Dionex) system. The mobile phase is PBS
buffer (1x, pH 7.4) with the flow rate as 0.5 mL/min. The protein
standards with known hydrodynamic diameter containing
blue dextran (2000 kDa, 29.5 nm HD), alcohol dehydrogenase
(150 kDa, 10.1 nm HD), ovalbumin (44 kDa, 6.13 nm HD), and
vitamin B4, (1.35 kDa, 1.5 nm HD), denoted as M1-M4, were used
for calibrating the size of samples. The serum binding test were
performed by mixing 1 «M of nanoparticles and 20% (v/v) FBS
and incubating for 3 h at 37 °C before to run HPLC under the
same conditions. All standards and samples were tested in
triplicate.

Magnetic Resonance Angiography (MRA) Study. MRA was performed
on a 3.0T clinical scanner (Philips Medical System, ACHIEVA 3.0 T)
using a rat coil to acquire signals. Sprague—Dawley (SD) Rats
(200 g) were anaesthetized by pentobarbital sodium at a dose of
40 mg/kg body weight under the protocol approved by Institu-
tional Animal Care and Use Committee. T;-weighted images were
obtained at pre- and postinjection of GdIOP@ZDS or Magnevist
(control) with a dose of 0.2 mmol metal ions/kg body weight
through tail vein. Dynamic MRA images were acquired using
3D-CEMRA sequence with parameters as follows: T;-weighted
fast field echo (T1FFE), TR =7 ms, TE = 3 ms, field of view (FOV) =
100 mm x 100 mm, slices = 60, slice thickness = 1 mm, Flip
angle = 30°.
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