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2D Gadolinium Oxide Nanoplates as T1 Magnetic
Resonance Imaging Contrast Agents
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Robia G. Pautler, and Vicki L. Colvin*

Millions of people a year receive magnetic resonance imaging (MRI) contrast
agents for the diagnosis of conditions as diverse as fatty liver disease and
cancer. Gadolinium chelates, which provide preferred T1 contrast, are the
current standard but face an uncertain future due to increasing concerns
about their nephrogenic toxicity as well as poor performance in high-field MRI
scanners. Gadolinium-containing nanocrystals are interesting alternatives as
they bypass the kidneys and can offer the possibility of both intracellular
accumulation and active targeting. Nanocrystal contrast performance is
notably limited, however, as their organic coatings block water from close
interactions with surface Gadoliniums. Here, these steric barriers to water
exchange are minimized through shape engineering of plate-like nanocrystals
that possess accessible Gadoliniums at their edges. Sulfonated surface
polymers promote second-sphere relaxation processes that contribute
remarkable contrast even at the highest fields (r1 = 32.6 × 10−3 m Gd−1 s−1 at
9.4 T). These noncytotoxic materials release no detectable free Gadolinium
even under mild acidic conditions. They preferentially accumulate in the liver
of mice with a circulation half-life 50% longer than commercial agents. These
features allow these T1 MRI contrast agents to be applied for the first time to
the ex vivo detection of nonalcoholic fatty liver disease in mice.

1. Introduction

Roughly sixty million people per year undergo magnetic res-
onance imaging (MRI). Half of these procedures require
Gadolinium-containing contrast agents (CA) to visualize soft
tissue, organs, and possible abnormalities associated with
disease.[1–3] These clinical contrast agents operate exclusively by
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reducing the longitudinal spin magnetiza-
tion relaxation times (T1) of protons found
mostly in water throughout the body.[4,5]

Other types of MRI contrast, such as that
resulting from the reduction of transverse
spin relaxation times (T2), can be gener-
ated from iron oxide nanoparticles.[6] While
these materials were approved for use by
2009 by the US FDA, their dark contrast
is difficult to interpret as well as concerns
about hepatic toxicity from iron overload
has led to their commercial failure.[2,3,7–10]

As a result molecular T1 contrast agents re-
main the gold standard for CA-enhanced
MRI. The best agents possess large absolute
T1 relaxivities (r1) under clinically relevant
(B0 > 1.4 T) field strengths. Additionally
maximum T1 signal is typically enhanced
when there is a match between the lon-
gitudinal and transverse relaxation times
(r2/r1 ≈ 1).[3,11,12] When CA meet these con-
ditions the bright features in T1-weighted
MRI images can lead to definitive diagnoses
and treatment monitoring.[1,4,5,10,11]

Eight FDA-approved Gadolinium
chelates (GCCA) are available for clinical

use and ongoing research seeks to improve and expand these
molecular platforms.[10,13] Gadolinium is an essential component
of these materials. With 7 unpaired electrons (S = 7/2), a large
magnetic moment (7.94 𝜇B), and long electron spin relaxation
times (10−9 to 10−8 s), this atom is ideally suited for promoting
the efficient relaxation of water protons.[2,5] However, as the field
strength ofMRI scanners has increased the performance of these
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conventional contrast agents has fallen as their dominant inner-
sphere relaxation processes are strongly depressed at higher
magnetic fields.[11,14–16] One solution is to increase the physical
dimensions of the chelates so as to slow their tumbling rates
and improve T1 contrast at higher Larmor frequencies.[1,5,10,17,18]

Larger GCCA also provide an avenue for biomolecular con-
jugation and possible targeting, thereby opening the door to
more functional imaging.[1,5,10] Despite these advances, there is
growing concern about the nephrogenic toxicity of even these
macromolecular contrast agents due to release of Gd3+ from
their chelators. Several of the commercial GCCA are contraindi-
cated in patients with renal insufficiency due to prolonged
circulation times and the European Medicines agency has in
2017 restricted the use of some of the GCCA because of these
concerns.[3,10,13,19–22]

Gadolinium-containing nanocrystals offer a promising al-
ternative to molecular Gadolinium complexes for T1-enhanced
MRI.[23–25] Studies at clinically relevant field strengths report
that these materials can possess ionic r1 (e.g., per [Gd

3+]) com-
parable to commercial agents (r1 = (3–7) × 10−3 m Gd−1 s−1)
and in some cases even larger r1 (≈60 × 10−3 m Gd−1 s at 1.5
T).[10,15,20,26–39] Johnson et al. formed high-contrast ultrasmall
(≈10 nm) NaGdF4 nanoparticles (r1 = 78.2 mm−1 s−1, r2/r1 = 1.5,
1.41 T) small enough to undergo clearance through the kidneys.
Previous reports demonstrate that the r1 of pure Gadolinium-
containing nanocrystals (e.g., Gd2O3 or NaGdF4) is optimized
at smaller nanoparticle dimensions presumably because there
are proportionally more surface Gd3+ per particle.[20,26,38,40–44] A
more relevant metric for nanoparticle CA may be their overall or
per-particle contrast. Using this metric, Gd2O3 nanoparticles—
by virtue of the many Gadolinium ions they contain—possess
relaxivities thousands of times larger than GCCA. Such high
contrast Gadolinium-containing nanocrystals could reduce the
effective dosage for CA-enhanced MRI thereby limiting possible
toxicity; alternatively, such materials may also enable molec-
ular imaging using MRI to detect small amounts of targeted
Gadolinium-containing nanocrystals.[35,39]

Fully realizing the opportunities of these nanocrystal T1 agents
requires a material design that overcomes the apparent contra-
diction between surface Gd3+ accessibility and the need for par-
ticle stability in biological media. Gadoliniummust come within
2–3 Å of water in order to affect the most efficient inner-sphere
spin relaxation processes.[10,11,14] Such accessibility is not easily
achieved as nanocrystal surfaces are necessarily coated with sur-
factants or polymers that prevent particle aggregation and non-
specific protein adsorption.[41,45–47] One approach is to give up
on inner-sphere relaxation processes and amplify the less effi-
cient second-sphere relaxation processes that occur when water
associates with ligands bound to the Gadolinium.[16,33,34,38,48–55]

As an example, Zheng et al. showed that charged polymer coat-
ings exhibited strong hydrogen bonding with water and resulted
in nanoparticles with larger T1 relaxivities.

[38] 2D nanoparticles
could offer a resolution to the problem of surface access: their
edges could remain unblocked by coatings thus providing an av-
enue for the close approach of water while their large faces pro-
vide a platform for polymer functionalization. Xiao et al. has ex-
plored this strategy with a Gd-doped iron oxide nanoplate but the
approach has not been pursued in pure Gadolinium-containing
nanomaterials.[35]

Here Gd2O3 nanoplates (GONP) by virtue of their unusual
shape and highly charged coatings are shown to possess excellent
T1 MRI contrast even at high applied fields.[20,56,57] Inspired by
the importance of CA-enhanced MRI in detecting and assessing
liver disease, this efforts exploits the role of the liver in nanoparti-
cle clearance and demonstrates how T1 CA-enhanced MRI from
nanoscale materials be used to detect nonalcoholic fatty liver dis-
ease (NAFLD).[8,46,58–65] Symptoms of this disease can be aggra-
vated by iron overload, and an iron-free, high r1, and liver-specific
CA such as the one described here could offer many advan-
tages over the current approaches.[66,67] At clinically relevant field
strengths the ionic relaxivities (per [Gd3+]) of these nanoplates are
almost twenty times larger than the commercial agent,Magnevist
(63.0 vs 3.5 × 10−3 m Gd−1 s−1) with a much lower r2/r1 (1.17 vs
1.5); per contrast agent the relaxivity (e.g., per particle) is over
fifty thousand times larger than commercial contrast agents. The
magnetic field (at 1.4, 3, and 9.4 T) and weak size-dependence
of their relaxivities suggest that both inner-sphere and second-
sphere relaxation mechanisms contribute to their extraordinary
performance. These nanoparticles show no appreciable acute in
vitro cytotoxicity despite being readily taken into cells where they
remain active as T1 CA. These contrast agents clear the blood
and the body approximately twice as fast as molecular agents
and distribute through tissues three times slower. They also ac-
cumulate more readily in extracellular and intravascular spaces
and like many nanoparticles are cleared predominantly hepati-
cally likely via the Kupffer cells of the reticuloendothelial system
(RES). The natural biodistribution of these materials suggest op-
portunities for applying these T1 CA to liver imaging, and this
potential is demonstrated by using nanoscale T1 CA-enhanced ex
vivo MRI to detect early-stage liver disease in an ex vivo mouse
model.

2. Results and Discussion

2.1. Synthesis of Gadolinium Oxide Nanoplates

In 2004 Cao was the first to report an approach for forming uni-
form Gd2O3 nanoplates in organic solutions; this route has been
fully explored and expanded upon to produce a wide range of rare
earth nanoparticles.[68–75] Specifically, soluble Gadolinium oleate
forms at 110 °C from Gadolinium salts, oleyl amine (OLAM),
oleic acid (OA), and 1-octadecene.[76] At temperatures greater
than 290 °C this precursor decomposes and initiates nucleation
and subsequent nanocrystal growth. The dimensions of these
materials increase with the ratio of OLAM to OA, as well as time,
trends are observed by others who have used a similar chemistry
to form other rare-earth and transition metal oxides.[68–75,77] A
consistent observation with rare-earth oxide materials, however,
is the frequent appearance of plate-like nanocrystals with edge
thicknesses on the order of 1 to 2 nm. Some ascribe the asymmet-
ric shape to the particular crystallographic structure of these ox-
ides, while others invoke the influence of soft templating around
lamellarmicelles formed from aggregated OLAM andOA.[20,72,74]

Whatever the mechanism of formation, multiple studies have re-
vealed that these plate-like nanocrystals possess surface coatings
bound preferentially to their larger faces.[68,71,74]

Achieving dimensional control over these Gd2O3 nanopar-
ticles is important for potential MRI applications as
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Figure 1. a) TEM image of as-synthesized GONP sample (scale bar = 50 nm). b) Diagram depicting edge-to-edge (red) and face-to-face (orange)
alignment of GONP on the TEM grid. c) Size distributions for the diameter of GONP (n = 502). Using a 95% CI and accounting for the resolution limit
in the TEM used (0.23 nm), the average diameter of the monodisperse sample is 12.0 ± 0.36 nm. d) XRD patterns for GONP. The sample diffraction
pattern is well matched with the standard JCPDS card for cubic Gd2O3 (red) and slightly matched with the standard JCPDS card for monoclinic cubic
Gd2O3 (blue).

nanocrystalline size is known to affect the relative amount
of surface Gadolinium as well as nanoparticle biodistribution,
pharmacokinetics, and cellular uptake.[23–25] For the proposed
synthesis the overall size of these nanoparticles increases with
the ratio of OLAM to OA or with reaction time. This approach
yielded a library of Gd2O3 nanoparticles with face edges ranging
from 2 to 15 nm (Figure S1, Supporting Information). When
reaction time was held constant at 18 h, increasing the amount
of OA relative to the OLAM resulted in smaller nanoparticles
(Figure S1a, Supporting Information). Oleic acid increases the
amount of soluble precursor and, therefore, speeds nucleation
at the expense of growth. Alternatively, increasing the amount
of OLAM apparently promotes nanocrystal growth (Figure S1b,
Supporting Information). Since an amino group is a stronger
binging ligand for the Gadolinium precursor, its presence re-
sults in less rapid decomposition, fewer nucleation events, and
consequently larger particles.[71] Reaction time also increases
the dimensions of the nanocrystals, but has the unwanted effect
of increasing their size distributions (Figure S1c, Supporting In-
formation). Ostwald ripening can occur at longer reaction times
after the precursor Gadolinium is depleted. Because growth can
only occur from the dissolution of smaller nanocrystals, the size
distributions under these conditions also broaden with time.[78]

Because of this, dimensional control in this study was achieved

solely through manipulation of the surfactant (OLAM/OA)
ratios.
The dimensions and morphology of Gd2O3 nanoplates

(GONP) sample were characterized using transmission electron
microscopy (TEM) (Figure 1a). These nanoplates have 12.0 nm
faces with thin edges (≈1.1 nm) and relatively uniform dimen-
sional distribution (Figure 1c). Further TEM images show that
while face length is varied from 6 to 15 nm (Figure S2a–d,
Supporting Information) the GONP edge width remains fixed
at ≈1.1 nm, or roughly the length of one unit cell of cubic
Gd2O3.

[69,79] The 2Dmorphology of these samples is evidenced by
edge-to-edge and face-to-face organization on the TEM grid (Fig-
ure 1a,b and the inset of Figure S2b in the Supporting Informa-
tion). X-ray diffraction (XRD) data suggest the presence of cubic
(Ia3̄) andmonoclinic (C2/m) phase bulkGd2O3 (Figure 1d).How-
ever, the contributions ofmonoclinicGd2O3 to the XRDpattern is
minor, thus confirming the predominance of cubic phase Gd2O3
(bixbyite) in these GONP. Peak broadening is consistent with the
small dimensions of the 12.0 nmGd2O3 nanoplates and the peak
width for the (440) plane is markedly larger than other reflections
which is consistent with the observed 2D morphology of these
nanocrystals. The large face of the nanoplate has been reported
to vary from squares and rounded squares to quasi-circular poly-
gons, an observation consistent with our own results.[68,70,72,73,77]
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Figure 2. a) Schematic illustration of encapsulation process of GONP using PAMPS-LA amphiphilic copolymer. In this structural model red, gray,
blue, and yellow spheres represent oxygen, carbon, nitrogen, and sulfur atoms, respectively. b,c) NMR spectra at different regions for PAMPS-LA and its
monomers. d) FT-IR spectra of PAMPS-LA and its monomers and e) GONP before and after PAMPS-LA encapsulation. d,e) Significant peaks highlighted
in gray. f) MALDI-TOF mass spectrum of PAMPS-LA polymer with average molecular weight of 4300 Da. DLS data indicating that the g) hydrodynamic
diameter and h) zeta potential of GONP-5 remains unchanged over a broad pH range (0–14). i) These nanoplates also demonstrate similar hydrodynamic
stability in a variety of biologically relevant dispersion media (water, DMEM, FBS, and PBS). g–i) Reported hydrodynamic diameters and zeta potentials
are the average of three independent measurements with the standard deviation represented by error bars.

2.2. Surface Modification of Gadolinium Oxide Nanoplates

To form nonaggregating nanoparticles in aqueous biological me-
dia their as-prepared hydrophobic surfaces are typically modified
by polymers or surfactants.[47,80,81] These coatings can block wa-
ter protons from coming within 2–3 Å of surface Gadolinium ef-
fectively limiting the most efficient inner-sphere spin relaxation
processes.[10,11,14] The 2D geometry of these materials provides a
solution to these two opposing materials requirements as illus-
trated in the scheme (Figure 2b) depicting plate-like nanocrystals
and the surface-associated polymers. The nanoplates were ini-
tially coated with oleic acid (OA); which anchors the hydropho-
bic end of an amphiphilic copolymer.[80] Due to the formation
mechanism of plate-like rare earth oxides, the edges have little

or no OA surface coating.[20,68,72,74] It is on these narrow edges
that surface Gadolinium are located, and are accessible for close,
inner-sphere interactions with water protons.[20,56,57]

Previously several other surface coatings were explored to
optimize both colloidal stability and MRI contrast for these
nanoplates.[20] Here a sulfonated copolymer, poly (2-acrylamido-
2-methylpropane sulfonic acid-lauryl acrylate), or PAMPS-LA,
confers excellent colloidal stability while maintaining optimal
contrast performance (Figure S3, Supporting Information). Orig-
inally developed for use in the harsh environments of oil and
gas reservoirs, this class of polymer has not previously been
used in nanomedicine.[82,83] Its sulfonic acid functional group en-
sures excellent colloidal stability over a wide range of conditions
and we note that other sulfonated polymers are biocompatible
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at clinically relevant concentrations.[82–85] Also, more negatively
charged surface coatings enhance the relaxivity of Gadolinium-
containing nanocrystals.[20,38,86] Here we expect that the sulfonic
acid groups will structure water around the nanoplates and accel-
erate second-sphere relaxation processes.[11,14–16,33,34,38,48–55] Addi-
tionally, inner-sphere Gd3+–water interactions are facilitated as
amphiphilic encapsulation leaves the Gadolinium at the edges
uncoated (Figure 2a).
Nuclear magnetic resonance (NMR) and Fourier-transform in-

frared spectroscopy (FT-IR) were used to characterize PAMPS-LA
and encapsulated nanoplates (Figure 2b–e). NMR data confirm
the polymerization of AMPS and LA into PAMPS-LA. Vinylic
1H peaks (5.5–6.5 ppm) in monomers are absent in PAMPS-LA.
Also, the methyl group triplet of LA (0.85–1.1 ppm) and singlet
of AMPS (1.35–1.45 ppm) are present in PAMPS-LA (Figure 2c).
The downfield shift in themethyl triplet fromLA to PAMPS-LA is
attributed to sulfonate-associated cation deshielding. Broadening
of the AMPS methyl singlet in PAMPS-LA is likely due to tum-
bling rate deceleration. FT-IR data indicate that PAMPS-LA ex-
hibits vibrationalmodes characteristic of itsmonomers, but with-
out their C=C stretching mode (1612 cm−1), further confirming
AMPS-LA polymerization (Figure 2d). For instance, asymmetric
and symmetric S=O stretching (AMPS) at 1238 and 1079 cm−1,
AMPSN–H (stretch) and amide (II) at 3236/3038 and 1551 cm−1,
and C=O and C–H stretches (LA) at 1729 and 2825/2855 cm−1

are all present in PAMPS-LA. Figure 2e shows the IR spectra of
as-synthesized nanoplates, PAMPS-LA, and PAMPS-LA coated
nanoplates. Spectra of PAMPS-LA-GONP and PAMPS-LA are
mostly identical with a stronger presence of CH2 peaks (2924
cm−1) because of the encapsulation of OA. Matrix-assisted laser
desorption ionization-time of flight mass spectrometry (MALDI-
TOF MS) data indicated a weight average molecular weight of
4300 Da for PAMPS-LA, corresponding to ≈20 monomers (Fig-
ure 2f). We found the PAMPS-LA molecular weight to be an im-
portant variable to control as larger polymers could cause aggre-
gation and or block edge Gd3+–water interactions.
The colloidal stability of encapsulated Gd2O3 nanoplates

(GONP) in various media was confirmed with dynamic light
scattering (DLS) (Figure 2g–i). While hydrodynamic diameter
(DH) is only a semiquantitative measure of dimension, signifi-
cant increase in DH can indicate early stages of aggregation and
colloidal instability.[87] The DH for 5 nm GONP (GONP-5) is be-
tween 25 and 31 nm, encompassing the Gd2O3 core, OA surface
layer, PAMPS-LA, and associated electric double layer (Figure 2i;
Figure S4, Supporting Information). Due to the acidic nature
of the AMPS sulfonate, DH depends only weakly on pH and re-
mains approximately constant over a broad pH range (Figure 2g).
However, at conditions below the pKa of AMPS (1.9), PAMPS-LA
becomes slightly more positive (Figure 2h).[84] Nanoplate average
dimensions were also measured in biologically relevant media
including Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), and phosphate buffer saline (PBS) (Fig-
ure 2i; Figure S4, Supporting Information). GONP-5 dimensions
remained approximately constant in all these environments.

2.3. Relaxivity Measurements

Water proton relaxation time measurements, both longitudinal
(T1) and transverse (T2), as well as the corresponding relaxivities

(r1 and r2) and their ratio (r2/r1) are an important metric of MRI
contrast. Large relaxivities, or fast water proton relaxation rate per
Gd3+ ion (×10−3 mGd−1 s−1), generally correspond to greater con-
trast, more resolved MRI data, and lower effective CA dosages.
For T1 CA specifically, the relaxivity ratio (r2/r1) should be close
to 1 to mitigate confounding effects ofMxy on image analysis and
consequent reduction in image contrast.[12,88] Commercial, clini-
cally available T1 contrast agents are molecular Gd3+ chelates sta-
ble in biological media. For field strengths of 1.5 T, these contrast
agents have ionic r1 between 3 and 7 mm−1 s−1 and relaxivity ra-
tios between 1 and 2.[10,14]

PAMPS-LA encapsulated Gd2O3 nanoplates (GONP) have
ionic r1 10–20 times larger than these commercial contrast agents
((60.9–63.0) × 10−3 m Gd−1 s−1) and r2/r1 close to 1 (1.17–
1.29). Ionic relaxivities are weighted necessarily by the amount
of Gadolinium that leads to a signal, not the amount of con-
trast agent; such ionic relaxivities, which report the signal con-
trast as a function of the molar concentration of Gd3+, are stan-
dard metrics for comparing contrast agent design. Figure 3a,b
shows the relaxation rates (1/Tn, n = 1 or 2) of GONP of vary-
ing face length (2, 5, and 12 nm) as a function of Gd3+ concen-
tration. As a benchmark, these data were compared to the re-
sponse of the commercial contrast agent, Magnevist. These data
can be used to determine relaxivity (r1 or r2) by finding the slope
of the linear regression (Table 1). The r1 for the smallest (2 nm,
GONP-2) and largest (12 nm, GONP-12) GONP are (61.0 ± 2.7)
× 10−3 and (63.0 ± 4.4) × 10−3 m Gd−1 s−1, respectively. These are
nearly 20 times larger than the r1 of Magnevist (3.4 ± 0.1 mm−1

s−1). However, on a per CA basis—which may be the most ac-
curate relaxometric measure of nanoscale CA performance—
these nanoplates exhibit T1 relaxivities more than fifty thousand
times that of the clinical agent, Magnevist. Also important is
the relative ratio of r2 to r1 and the r2/r1 for these GONP are
nearly 1 over a broad range of sizes and magnetic field strengths.
Without complex and unconventional pulse sequences, highly
active T2 relaxation can diminish the effect of a T1 CA as the
signal decays due to processes other than those ascribed to T1
contrast.[12]

The relaxivities (r1 and r2) of any contrast agent depend
on a combination of inner-, second-, and outer-sphere re-
laxation mechanisms.[4,5,10] In all cases, protons must come
within some distance of magnetically active ion(s) contained
in the contrast agent in order to be affected; the underly-
ing mechanism of spin transfer leads to different distance
sensitivities.[4,5,10] Though inner-sphere relaxation mechanisms
are usually dominant for molecular contrast agents, the signifi-
cance of second-sphere processes is also recognized—especially
in slower tumbling nanoscale contrast agents.[16,33,34,38,48–55] One
characteristic indication of inner-sphere relaxation processes is
the strong dependence of r1 on external magnetic field strength
(B0).

[7,20,26,33,34,38,40,51,81] Caravan et al. showed for molecular com-
plexes that large magnetic fields can quench inner-sphere r1 yet
have little impact on other relaxation processes.[11] They derived
a quantitative relationship for the dependence of r1 on static B0
due to inner-sphere relaxation processes.[11,14] According to the
model, the maximum in r1 is achieved once the tumbling rate
(1/𝜏r) reaches the proton Larmor frequency (𝜔H); as the Larmor
frequency increases at higher field strengths the relaxivity is ex-
pected to fall.[14] For nanoscale and macromolecular CA with
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Figure 3. a) Longitudinal and b) transverse relaxation rates as a function of Gadolinium concentration for PAMPS-LA-GONP (2, 5, and 12 nm) compared
to Magnevist at 1.4 T. c) R1 for GONP-12 at 1.4, 3, and 9.4 T are 63.0, 46.9, and 32.6 mm−1 s−1, respectively, thus illustrating its inverse relationship with
field strength. d) T1-weighted images of GONP (12 nm) at different concentrations of Gadolinium at 9.4 T. a–c) All reported T1 and r1 are the average of
three independent measurements with the standard deviation represented by error bars.

Table 1. Relaxivity values for PAMPS-LA-GONP and Magnevist in DI water at 1.4 T.

Contrast agent Core [nm]
r1/[Gd

3+]
[mm−1 s−1]

r1/M
[(mg mL−1)−1 s−1] r1/NP [mm−1 s−1]

r2/[Gd
3+]

[mm−1 s−1]
r2/M

[(mg mL−1)−1 s−1]
r2/NP

[mm−1 s−1] r2/r1

Magnevist – 3.5 ± 0.1 – – 5.1 ± 0.2 – – 1.5

Gd2O3-PAMPS-LA (GONP-2) 2 61.0 ± 2.7 338 4950 75.9 ± 2.1 419 6160 1.24

Gd2O3-PAMPS-LA (GONP-5) 5 60.9 ± 0.7 336 30 900 78.6 ± 3.6 434 39 800 1.29

Gd2O3-PAMPS-LA (GONP-12) 12 63.0 ± 4.4 348 184 000 73.5 ± 2.4 406 215 000 1.17

slower tumbling rates, themaximum r1 usually falls between≈60
and 100 MHz (≈1.4–2.3 T for 1H).[4,7,33,48]

To explore this field dependence over a clinically relevant
range, the performance of these materials was measured in dif-
ferentMRI scanners operating at three field strengths, 1.4, 3, and
9.4 T. Figure 3c shows that r1 decreases as B0 increases which
is consistent with an inner-sphere relaxation mechanism as de-
scribed by Caravan et al. However, what is notable is that these
2D nanocrystals possess substantial relaxivity at the highest field
strengths (32.6 × 10−3 m Gd−1 s−1 at 9.4 T). Commercial molec-
ular contrast agents have T1 relaxivities of at most ≈(5–6) × 10−3

m Gd−1 s−1 at field strengths above 3 T (Figure S6, Supporting
Information).[10,15,33,34] These data illustrate that the nanocrys-
tals studied here also possess substantial second-sphere contri-

butions to their spin relaxation processes which are less sensitive
to the applied field.
To further examine the role of second-sphere processes, the

performance of the nanocrystals was measured with differ-
ent surface coatings. Two charged polymer surface coatings
(PAMPS-LA and PAA-LA, similar molecular weights) and a neu-
tral polymer coating (PEG) were applied to the same type of
Gadolinium-containing nanocrystals (Figure S6 and Table S1,
Supporting Information). These data demonstrate that relaxo-
metric performance is severely diminished with a neutral hy-
drophilic surface coating (PEG) as opposed to highly charged hy-
drophilic surface coatings with H-bonding capabilities (PAMPS-
LA and PAA-LA). Neutral hydrophilic surface coatings are not
able to structure water very efficiently, thereby reducing the
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Figure 4. a) Biodistribution profile of GONP-12 measured by percent injection dosage of Gd3+ for various organs 24 h after administration. b) Pharma-
cokinetic profile of GONP-12 measured by Gadolinium per volume blood of mice as a function of time (up to 4 h) after injection in hours. All reported
values are the average measurement of six samples (mice) with the standard deviation represented by error bars.

second-sphere contributions to nanoparticle r1.
[15,16,49,53,55] These

results agree with relaxation theory that indicates second-sphere
interactions increase with the number of water molecules in that
coordination sphere (q′).[15,16] Potential methods for maximizing
second-sphere contributions to r1 would be to increase the graft-
ing density of—or number of charged groups on—the charged,
hydrophilic monomer in the encapsulation copolymer.
Notably, while the r1 of GONP-12 may decrease at higher B0,

this does not necessarily influence detectability when used for
MRI imaging because signal-to-noise ratio (SNR) is known to
increase with field strength.[14,89] However, phantom images in
Figure 3d show that the optimized nanocrystal contrast agents
exhibit significant contrast even at 9.4 T. In conjunction with the
direct relationship between field strength and SNR, it can be in-
ferred that these materials would perform exceptionally well at
high-field strengths.
Another striking feature of these nanoplates is that their large

dimension has little impact on their r1 (Table 1). The most sig-
nificant factors affecting the inner-sphere relaxation of a T1 CA
are its tumbling rate, electron spin angular momentum of its
magnetically active ion(s) (S), hydration number (q), and the
distance between the magnetically active ion(s) and water pro-
tons (rH).

[4,5,10,11,14] Gadolinium(III), with its seven unpaired d-
electrons, has the largest possible electron spin angular momen-
tum of any metal ion (S = 7/2), which makes it the atom of
choice for T1 CA.

[2,5] Since r1 is indirectly proportional to the
tumbling rate and scales linearly with increasing q, it would be
expected that Gadolinium-containing nanocrystals would gen-
erally have larger r1 than molecular contrast agents because of
their larger size and low coordination number surface Gadolin-
ium ions.[11,14,15,31,45,47,48,81] Additionally, Gadolinium-containing
nanocrystals should allow for cooperative water proton relax-
ation, an advantage that traditional chelates cannot provide.[31,74]

The relatively weak size dependence observed here suggests
that vacant edges play a significant role in the relaxation pro-
cess. Briefly, as nanoplate size increases, the number of surface
Gadolinium ions facilitating water proton relaxation per contrast
agent volume decreases, a trend that opposes the expected in-
crease in r1 due to lower tumbling rates.[31,81] The overall magni-
tude of nanoplate r1 also indicate the presence of vacant edges
because for inner-sphere T1 relaxation mechanisms, 1/T1 de-

creases with increasing Gd3+–water distance to the power of 6
(1∕T1 ∝ 1∕r6H).

[4,5,10,11,14] This, along with second-sphere contri-
butions, might explain why, despite being similar in size and
composition to other reportedGadolinium-containing nanoparti-
cles, these materials have much larger r1 at clinically relevant B0.

2.4. Pharmacokinetic and Biodistribution Characterization

The pharmacokinetics and biodistribution of MRI contrast
agents creates both opportunities and constraints for the imaging
of specific organs and diseases. A biodistribution study of GONP-
12 24 h after administration confirms the hepatobiliary system as
the primary clearance pathway (Figure 4a). This is the expected
clearance pathway for negatively charged nanomaterials with hy-
drodynamic diameters of about 25 nm.[3,23–25,90] In general, the
specific hydrodynamic diameter of particles with dimensions be-
tween 20 and 100 nm does not significantly impact biodistribu-
tion or biological activity. In this size range the surface coating
has more influence over clearance times from the blood, and the
route of elimination is often observed to be through the reticu-
loendothelial system (RES).[3,23–25,46,90]

High accumulation of Gadolinium ions in the liver and
spleen provides strong evidence of RES clearance of GONP-
12. Phagocytic Kupffer macrophage cells of the liver serve as
highly effective hosts for uptake of the negatively surface charged
nanocrystals.[91] This observation was the motivation for the ap-
plication of GONP-12 to the diagnosis of liver disorders related
to macrophage activity such as NAFLD as described later.
After Gadolinium-chelate contrast agents (GCCA) are ad-

ministered intravenously, they distribute in the blood, the
extracellular and intravascular spaces, and are later eliminated
from the body through excretory organs.[92] It is well documented
that elimination half-life plays an important role in determin-
ing the safety of GCCA. In fact, the combination of extended
elimination half-life and kinetic stability of GCCA seem to be
closely linked to the presence of nephrogenic systemic fibrosis
in patients suffering from renal failure and the deposition of
Gadolinium in various tissue (brain, bone, skin, etc.) in healthy
patients with multiple administrations.[3,10,13,20–22] Though the
majority of GCCA are extracellular fluid agents, there are also
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Table 2. Plasma kinetics of magnevist and gadolinium oxide nanocrystals.

Contrast agent Cltot [mL min−1 kg−1] 𝛼1/2 [h] 𝛽1/2 [h] Vd [L kg
−1]

Magnevist 1.94 0.2 1.6 0.26

GONP-12 1.03 0.6 0.8 0.07

blood-pool agents (Ablavar) and liver-specific agents (Mul-
tiHance and Primovist/Eovist).[1,13,21,28,92] Extracellular fluid
agents, like Magnevist, distribute in the blood quickly, and in
a patient with normal renal function they clear from the blood
with an approximate elimination half-life of 1.5 h.[10,24]

It is important to determine how long it takes for GONP-12
to distribute in the body as well as the speed at which they clear
from the blood. Figure 4b shows the concentration of Gadolin-
ium in the blood of six healthymice 4 h postinjection. It is evident
from the plasma kinetics that, after an hour, the bloodwas cleared
of half of the initial injection doses of GONP-12. This is com-
pared to the experimental circulation half-life of 1.5 h for com-
mercial Gadolinium chelates.[10] Moreover, the secondary phar-
macokinetic parameters were determined more accurately based
on the fit of a two-component biexponential function to the clear-
ance data (Equations (1)–(4) and Table 2).[92] While more time
points would help improve this model, the data collected do al-
low an estimate of the total clearance rate of the CA based on
the blood (Cltot), the distribution half-life (𝛼1/2), the elimination
half-life (𝛽1/2), and the volume of distribution (Vd)

CP = Ae−at + Be−bt (1)

𝛼1∕2 =
ln (2)
a

(2)

𝛽1∕2 =
ln (2)
b

(3)

Cltot = Vd ⋅ b (4)

The distribution half-life for GONP-12 is 0.6 h, which is longer
than Magnevist (0.2 h). However, GONP-12 have a shorter elimi-
nation half-life (0.8 h) than Magnevist (1.6 h). This means that
GONP-12 have a slower distribution rate constant (a in Equa-
tions (1) and (2)), and a faster elimination rate constant (b in
Equations (1), (3), and (4)). The 0.07 L kg−1 volume of distribution
for GONP reflects the plasma volume, which suggests their pres-
ence in the intravascular space. This stands in contrast to the vol-
ume of distribution of Magnevist (0.26 L kg−1), which indicates
its presence in the extracellular space.[92] A faster elimination and
smaller volume of distribution results in an overall slower total
clearance rate of blood for GONP-12 (1.03 mL min−1 kg−1) than
for Magnevist (1.94 mL min−1 kg−1). It is well established that as
much as 90% of similarly sized, nondegradable nanocrystals are
removed from vital organs and excreted over longer periods of
time (>7 days), and there is little reason to expect these materials
would have significantly different rates of accumulation.[46,93,94]

Specifically in the case of several types of Gadolinium-containing
nanoparticles at most a few percent of the injected dose remains
in the organism after several weeks.[95–97]

2.5. In Vitro Cellular Uptake, Cytotoxicity, and Gadolinium
Release from GONP

The negatively charged surfaces of these nanoplates suggests
that they will be readily taken up by phagocytic cells such as
macrophages.[91] Figure 5a confirms this expectation and shows
the amount of Gadolinium taken up by macrophage (Raw 264.7)
cells after 24 h of incubation time. The cells exhibit maximal up-
take at 50 × 10−6 m of Gd3+. These results are in striking con-
trast to Magnevist which, after 2 h, only exhibit marginal cellular
uptake compared to GONP-12 (Figure S7, Supporting Informa-
tion). Given their presence inside of cells, there is an opportunity
for MRI-based cellular imaging.
Here we investigated whether the high r1 of Gd2O3 nanoplates

(GONP) was maintained intracellularly. Figure 5b shows that re-
laxation times of cells labeled with GONP dramatically decreased
as compared to the unlabeled control cells. In vitro T1- and T2-
weighted images of corresponding cell pellets further confirms
the contrast enhancement of labeled cells (Figure S8, Support-
ing Information). Despite the complex intracellular matrix and
the competition that water protons may have with intracellular
biomolecules for interaction with the edge Gadolinium, these
findings are extremely promising for MR cellular imaging appli-
cations such as the visualization of stem cell-based therapies.[98]

Cytotoxicity assays based on 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) are a convenient, sensitive, and colorimetric method for
evaluating cell viability.[98] Using this MTS assay, Raw 264.7
macrophage viability was not significantly affected by incubation
with GONP-12 over a wide range of physiologically relevant
Gadolinium concentrations (Figure 5c; Figure S9, Supporting
Information). GONP retain a viability of nearly 100% at the
maximum concentration of 300 × 10−6 m (Figure S9d, Sup-
porting Information). These results were confirmed using a
live–dead assay which is a common cytotoxicity test used to
differentiate viable from nonviable cells based on plasma mem-
brane integrity.[99–101] Fluorescent microscopy of HDF and Raw
264.7 stained cells revealed no cell death even at the highest
dose of Gadolinium oxide nanoplates (Figure S9a, Supporting
Information). In addition to cell viability, the micrographs show
that the spindle shape of HDF cells and the round shape of
Raw 264.7 cells were not affected by the addition of different
concentrations of surface-coated nanoplates.
A more sensitive cellular assay was applied to measure the ef-

fects of nanoparticle exposure on fibroblast function. Commonly
referred to as a scratch or wound-healing assay, this test is a
straightforward, inexpensive, and well-developed in vitro method
for investigating cell migration.[102] After scratching a monolayer
cell culture, themigration of cells to fill the gap over time (wound
healing) is observed via an optical microscope.[103] This study
can be particularly useful for indirectly investigating the toxic ef-
fects of Gd-containing compounds on fibroblasts—a cell type in-
tegrally involved in fibrosis and tissue healing in Gd-associated
NSF. Optical micrographs of cells incubated with and without
nanocrystals were captured at various time intervals as fibrob-
lasts moved to fill in empty space (Figure S9b, Supporting Infor-
mation). Fibroblasts were remarkably insensitive to GONP and
even at the highest nanocrystal concentration (200 × 10−6 m)
the artificial wound was healed by more than 60% (Figure S9c,
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Figure 5. a) Average Gadolinium per cell and b) average T1 relaxation times of cells (seeding density: 6 × 106/well) incubated with GONP-12 ((0–100)
× 10−6m Gd3+) for 24 h. c) Average viable fraction of cells (seeding density: 2 × 104/well) incubated with GONP-12 ((0–100) × 10−6m Gd3+) evaluated
by MTS assay after 24 h. All reported values are the average of triplicate measurements with standard deviation represented by error bars.

Supporting Information). The results of this experiment may not
be representative of an in vivo response, but they do provide a
means to screen novel contrast materials based on their more
subtle effects on important cellular processes.[102]

Clinical doses of 0.1 mmol kg−1 are typically given for Mag-
nevist, a value approximately equal to the maximumGadolinium
concentration of 300 × 10−6 m used here.[28,92] Given the high r1
of these nanoplates, and their different possible imaging appli-
cations, lower effective dosages would be likely. Further studies
of both the acute and chronic toxicity of these materials in vivo
are required, but the in vitro cytotoxicity results for nanoplates as
compared to Magnevist are promising.[20,31]

To further characterize the safety profile of these nanoparticles,
we evaluated their propensity to dissolve (Figure S10, Supporting
Information) in a variety of aqueous media. There was no mea-
surable release of Gadolinium from the GONP except under the
most acidic (pH = 2) conditions. Samples were placed in dialysis
membranes which allowed the passage of free Gadolinium into
the dialysate but retained intact nanocrystals.[104,105] After three
days of equilibration at a 1:1000 volume ratio, Gadolinium con-
centrations in both the dialysate and sample were determined by
ICP-MS (Figure S10, Supporting Information). No Gadolinium
was detected in the dialysate of nanoplate samples except for the
most acidic case (pH = 2) and we can conclude that at least 97%
of the Gadolinium remained in a nanoparticle form. A longer
time study, over several weeks, confirmed that the materials
have no measurable ion release even in mildly acidic (pH = 4.3)
conditions (Figure S11, Supporting Information). This chemical
stability could arise from the particle’s organic coatings, or it
could reflect the insolubility of bulk Gadolinium oxide in water.
Given that a bulk Gadolinium oxide powder did show some,
albeit small, release of free Gadolinium in these experiments, we
conclude that the surface coatings play some role in protecting
these GONP against dissolution.

2.6. Detecting Nonalcoholic Fatty Liver Disease with Gadolinium
Oxide Nanoplates

A spectrum liver disorder, nonalcoholic fatty liver disease
ranges from relatively benign hepatic steatosis to the necro-
inflammatory stage of nonalcoholic steatohepatitis, to fibrosis,
cirrhosis, and hepatocellular carcinoma.[106] Nonalcoholic fatty
liver disease (NAFLD) has emerged as the most common

liver disease, and has been identified as a major public health
problem affecting ≈10–40% of the population—depending on
sex, geographic location, and diagnostic metric used—in the
developed world.[107–109] Disease development and progression
is traditionally described as a two-stage process. The first stage
is characterized by noninflammatory and nonfibrotic hepatic
steatosis—the accumulation of fat in the liver. The second stage,
often called nonalcoholic steatohepatitis (NASH), is less well
defined but can be characterized by inflammation-induced necro-
sis, fibrosis, cirrhosis, elevated reactive oxygen species (ROS),
hepatocellular carcinoma, liver failure, and increased rate of
mortality.[106–109] Studies show that ≈20% of baseline borderline-
NASH NAFLD patients develop NASH and 60% of first stage
NAFLD patients develop borderline-NASH or NASH.[109] The
cause of this progression to more advanced stages of NAFLD
(e.g., NASH) is still under debate, and improved imaging is
needed to better understand the disease and its progression.
The traditional method of NAFLD diagnosis and assessment

of disease severity is the liver biopsy.However, thismethod is lim-
ited by sampling error and variability, grading inconsistency, and
invasiveness.[64,110] As a result, there has been ongoing research
into the use of noninvasive imaging to assess the state of the liver
using ultrasonography (US), computed tomography (CT), mag-
netic resonance spectroscopy, andGCCA and ION contrast-based
MRI.[8,58–65] Small GCCA such as Magnevist have limited value
for liver imaging as they clear through the kidneys; hepatobiliary
GCCA, such as Primavist (e.g., gadoxetic acid), can be effective
for liver imaging, but their use has been associated with various
levels of hepatotoxicity.[29,59,61–63] While the mechanism has not
been unequivocally proven, the presence of Gadolinium deposits
suggests that the GCCA release toxic, free Gadolinium most
likely from acidic lysosomal compartments within the Kupffer
cells.[111–113] While nanocrystals are also taken up by Kupffer cells
in the liver, the remarkable chemical stability of these materials,
even under mildly acidic conditions, should limit the release of
free Gadolinium and reduce the likelihood of this particular tox-
icity mechanism (Figures S9 and S10, Supporting Information).
Nanoparticle-based T2 CA-enhanced assessment has been

used with success in both animal models and humans to
assess liver uptake and provide a functional evaluation for
NAFLD.[8,58,60,65] As previously mentioned, it is widely accepted
that the second stage in NAFLD is characterized by inflam-
mation and the overproduction of reactive oxygen species
(ROS).[114] A confounding factor in ROS production is iron
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Figure 6. T1-weighted images (RAREVTR protocol) of normal chow mice a) without and b) with GONP-12 administration (liver outlined in green). T1-
weighted images of high fat diet mice c) without and d) with GONP-12 administration (liver outlined in green). All mice with GONP-12 were sacrificed for
imaging 4 h after administration. e) Liver T1 with and without (control) GONP-12. The average liver T1 of normal chow mice decreased 34.3% compared
to a 20.2% decrease for the high fat diet mice. Statistics: Two-way ANOVA. f) Percentage of injected doses of Gadolinium per gram of tissue in normal
and fatty liver. The high fat diet mice livers had significantly lower %ID g−1 than those of mice fed with normal chow. Statistics: One-way ANOVA. e,f)
Reported T1 and %ID g−1 are the average of two samples (mice) with the standard deviation represented by error bars. *p < 0.05, **p < 0.01, and
***p < 0.001.

overload, which further increases ROS and other advanced
NAFLD symptoms.[66,67] Therefore, an iron-free, high r1, and
liver-specific CA-based approach to the detection of NAFLD
would pose multiple advantages over the current approaches.
To assess liver accumulation of GONP, ex vivo MR imaging

was performed 4 h after injection of GONP-12 into live mice
(Figure 6a–d). For the purposes of this study, ex vivo MR imag-
ing offers some advantages over in vivo imaging. Ex vivo MR
imaging eliminates the need for shorter imaging times and re-
duces movement artifacts, resulting in better imaging resolu-
tion and sensitivity—hence its use elsewhere and in similar
applications.[115,116] Both of these advantages are important in
an application dependent on quantitatively measuring the dif-
ferences in the change in contrast enhancement at the same
time point postadministration. Liver T1 were compared between
normal and high-fat diet age-matched mice with and without
injected GONP-12 (Figure 6e). The effect of nanoplate admin-
istration on liver T1 is assessed using a two-way analysis of
variance (ANOVA). The effect of GONP-12 is significantly re-
duced in the NAFLD, high fat diet, mouse model. Specifically,
the decrease in liver T1 due to GONP-12 administration is sig-
nificantly smaller in the NAFLD, high fat diet, mouse model
than in the age-matched mice fed normal chow. Similar exper-
iments have chosen to use signal intensity or signal-to-noise ra-
tios (SNRs) as a metric for probing uptake.[58,65] However, by av-
eraging curve-fit liver T1 values from a series of images across
multiple rodents, the error included (error bars) reflects both

animal-to-animal variation and the signal-to-noise in the system
(Figure 6e,f). The animal-to-animal variation is orders of mag-
nitude larger than that contributed by signal fluctuations and
SNR and thus completely defines the reported error. Also, it is
thought that calculating relaxation times (T1) is relatively unaf-
fected by changes in signal and SNR over time, and therefore
provides a better quantitative metric of than either.[89]In previous
studies, reduced nanoparticle uptake in liver affected by nonalco-
holic fatty liver disease is attributed to reduced uptake by hepatic
macrophages, or Kupffer cells.[58] The leading theory to explain
reduced uptake involves activation of Kupffer cells by, and in-
creased sensitivity to, lipopolysaccharide endotoxin from gut bac-
teria due to the accumulation of fatty acids and cholesterol.[117–123]

When in this activated state, macrophages demonstrate reduced
phagocytosis.[117–123] The average normal chow liver T1 decrease
was 34.3%, compared to a 20.2% average T1 decrease in the high
fat diet mice. After imaging, the liver was dissected and analyzed
for Gadolinium content by ICP-MS. The livers of the high fat diet
mice had a significantly lower percent injected dose of Gadolin-
ium per gram (%ID g−1) than the normal chow mice (Figure 6f).
In rodent models of nonalcoholic fatty liver disease (NAFLD)

using the methionine choline-deficient diet, nanoparticle uptake
has been demonstrated to decrease throughout the disease pro-
gression, with Kupffer cell populations remaining the same or
even increasing.[60] The measurable decrease in GONP-12 up-
take in a mild NAFLD model presented here, as well as the
previously reported decrease in phagocytosis throughout disease
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progression, demonstrate the opportunity to fully characterize
NAFLD mouse models’ disease state through a noninvasive T1
nanoparticle-based MRI.

3. Conclusion

In this study, Gd2O3 nanoplates (GONP) were stabilized by an
amphiphilic, sulfonated copolymer (PAMPS-LA); these materi-
als demonstrated contrast in T1 MRI, measured by the relaxivity
or r1, an order of magnitude larger than commercial T1 agents.
This increase in contrast performance can be attributed is in
part due to their plate-like morphology and negatively charged
surface coatings which together promote spin relaxation pro-
cesses. In vitro studies show that, unlike commercial contrast
agents, nanoplates are readily taken up by cells where they retain
their contrast in MRI. Further development of GONP for clinical
applications will require longer term biodistribution studies to
quantify clearance from the liver given the growing awareness
of the risks of even small accumulations of Gadolinium in the
body.[13,21,22,124] Additionally, while the remarkable chemical
stability of the Gd2O3 nanoplates and their favorable in vitro
cytotoxicity profiles suggest a positive biosafety profile, their in-
vivo toxicity remains to be fully characterized. The performance
advantages of these high T1 contrast materials were exploited in
the application of GONP to the detection of nonalcoholic fatty
liver disease (NAFLD). These imaging results demonstrate the
potential of GONP to differentiate and assess NAFLD of different
severity in mice. These highly stable Gadolinium-containing
nanocrystals have great promise as T1 contrast agents for the
characterization of nonalcoholic fatty liver disease / nonalcoholic
steatohepatitis characterization as well as other applications that
require targeted T1 contrast imaging.

4. Experimental Section
Materials: Syntheses requiring inert atmosphere conditions were

carried out using high purity Argon gas (>99%) purchased from TechAir.
Ethanol (100%) from Koptec USP and acetone (Certified ACS), hexanes
(Certified ACS), DMF (Certified ACS), DEE (Certified ACS), methanol
(Certified ACS), methanol (HPLC grade), nitric acid (Certified ACS),
and water (HPLC grade) from Fisher Chemical were used as received.
The following reagents were received from Sigma-Aldrich: 1-octadecene
(ODE, 90%), oleylamine (OAm, 70%), oleic acid (OAc, 90%), Gadolin-
ium(III) nitrate hexahydrate (Gd(NO3)3·6H2O, 99.99%), 2,2′-azobis
(2-methylpropionitrile) (AIBN, 98%), lauryl acrylate (LA, 90%), 2-
acrylamido-2-methyl-1-propanesulfonic acid (AMPS, 99%), acrylic
acid (AA, anhydrous), poly(ethylene glycol) (PEG, 6 kDa), 𝛼-cyano-4-
hydroxycinnamic acid (MALDI-TOF MS), and Gadolinium standard for
ICP (TraceCERT). The following reagents were received from Cambridge
Isotope Laboratories, Inc.: chloroform-d (CDCl3, 99.8%) and deuterium
oxide (D2O, 99.9%). Raw 264.7 cells, DMEM, FBS, PBS, andMTS reagents
were obtained from ATCC in Manassas, Virginia. For Gadolinium leaching
experiments, bovine calf serum (BCS) was obtained from SAFC (USA
sourced) and the DMEM (10×), DPBS (10×), and Gadolinium(III) oxide
(≥ 99.9%) were all obtained from Sigma. Unless specified otherwise, all
DI water used was purified using a Millipore Milli-Q Water Purification
System.

For syntheses requiring photoinitiation, AIBN was further purified as
follows: unpurified AIBN in dissolved in methanol at 50 °C, solution fil-
tered into ice bath cooled beaker until recrystallization, and AIBN precip-
itate vacuum filter dried. All other reagents were used without further pu-
rification.

Synthesis and Characterization of Gadolinium Oxide Nanocrystals: In a
three-neck flask (50 mL), Gd(NO3)3·6H2O (1.8 g, 4 mmol) was dissolved
in oleic acid (1.25–3.75 mL, 4–12 mmol) and 1-octadecene (12.7 mL,
80 mmol). The reaction mixture was heated to 100–110 °C under inert ar-
gon atmosphere conditions and medium stir for 5 h to remove low boiling
point impurities and generate the clear yellow to light brown Gadolinium
oleate precursor. After this period, oleylamine (0–4 mL, 0–12 mmol) was
added, followed by raising the temperature to 290 °C for 3–18 h. At this
temperature, the Gadolinium oleate complexes decompose, initiating nu-
cleation and nanocrystal growth, generating an opaque brown solution.
While still stirring and under argon, solution allowed to cool gradually to
room temperature. After cooling, the following purification procedure was
done three times: product dissolved in hexanes (5–10 mL), transferred
into a centrifuge tube (50 mL) and filled with a solution of ethanol and
acetone (1:5 vol%), and centrifuged for 10 min at 10 000 rpm. The final
precipitate was resuspended in hexanes (10 mL).

Size, morphology, and composition of nanocrystals were characterized
with a JEOL 2100 field emission gun TEM operated at 200 kV with a single
tilt holder and a Bruker D8 Discovery 2D X-ray diffractometer operating at
40 kV and 40 mA with a Cu tube (1.5413 Å). Diffraction pattern smoothed
using Origin Pro 2016. For TEM, samples were diluted in hexanes un-
til almost colorless and then drop-cast onto Formvar/Carbon coated 400
mesh, copper grids (approximate grid hole size: 42 µm, Ted Pella). For
XRD, samples were highly concentrated, drop-cast onto glass slides, and
heat-dried.

Synthesis and Characterization of Amphiphilic Polymer (PAMPS-LA): To
make PAMPS-LA (Figure S3, Supporting Information), AMPS (0.5175 g,
10 mmol) was dissolved in LA (0.135 mL, 2 mmol) and DMF (3 mL,
155mmol) in a glass scintillation vial (20mL). Once completely dissolved,
AIBN (3.75 mg, 0.091 mmol) was added as the photoinitiator. The result-
ing solution was polymerized inside a UV reactor (Luzchem, 253 nm) for
4 h.

Polymer synthesis was confirmed using a Thermo Nicolet NEXUS 670
FT-IR with a Mercury Cadmium Telluride (MCT) detector cooled with liq-
uid nitrogen and a Bruker high-field NMR spectrometer (400 MHz) with
z-BBFO probe. For NMR, PAMPS-LA (10–20 mg) was mixed with D2O
(700 µL) and pipetted into an NMR tube for analysis. Monomers (10–
20 mg), AMPS and LA, were mixed with D2O (700 µL) and CDCl3 (700 µL)
and pipetted into NMR tube for analysis, respectively. NMR spectra were
analyzed using TopSpin software.

PAMPS-LA number averaged molecular weight was measured using
MALDI-TOF MS. For MS analysis, a 1:1 by volume mixture was made with
a solution of PAMPS-LA in ethanol (30–50 mg mL−1) and a saturated so-
lution of 𝛼-cyano-4-hydroxycinnamic acid (MALDI matrix) in ethanol.

Surface Modification of Gadolinium Oxide Nanocrystals: To achieve
dispersion of the nanocrystals in an aqueous phase, PAMPS-LA was
used as an encapsulating agent. A 1:1 by volume mixture of a GONP
solution in DEE (25 mg mL−1) and a solution of PAMPS-LA in DMF
(80–120 mg mL−1) were added to a glass scintillation vial (20 mL). Both
solutions were probe sonicated (Hielscher, UP100H) for 5 min prior to
preparing the 1:1 mixture. The mixture was stirred vigorously for 12 h
(cap on) to allow encapsulation to occur. After that time, DI water (10 mL)
was added to the mixture and stirred vigorously for another 12 h (cap
off) to evaporate DMF and DEE and allow the PAMPS-LA encapsulated
GONP to transfer into water. After centrifuging the sample for 30 min at
6000 rpm and discarding the precipitate to remove uncoated GONP, the
following purification procedure was done three times: separated sample
equally between eight ultracentrifuge bottles (26 mL, polycarbonate,
Beckman Coulter), filled each bottle with DI water, centrifuged for 1 h at
45 000 rpm using an ultracentrifuge (Beckman Coulter, Optima L-90K),
gently extracted supernatant liquid, and resuspended precipitate in
DI water. Finally, purified GONP were probe sonicated for 5 min and
filtered using 0.2 µm polyethersulfone (PES) membrane filters (Watman,
Pauradisk 25 mm syringe filter PES, nonsterile).

Nanocrystal encapsulation was assessed using a Thermo Nico-
let NEXUS 670 FT-IR with a Mercury Cadmium Telluride (MCT) de-
tector cooled with liquid nitrogen. Nanocrystal colloidal stability was
assessed using hydrodynamic diameter (based on intensity-weighted
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measurements; Z-average) and zeta-potential data obtain using aMalvern
Zen6300 Zetasizer NanoS equipped with a 633 nm laser.

Relaxivity Measurement and Calculations: The concentration of Gd3+

was measured using a Perkin Elmer Nexion 300 inductively coupled opti-
cal mass spectrometer (ICP-MS) equipped with an autosampler. The sam-
ple preparation started with digesting nanocrystals (100 µL) in nitric acid
(70%, 500 µL, trace metal basis) on a hotplate at ≈90 °C for 2 h. Acidified
solutions were filtered and diluted to 10 mL with deionized water using a
0.2 µm PES syringe filter. Calibration curve samples were prepared using
dilutions of Gadolinium standard solution (0.5, 1.0, 2.5, 5.0, and 10.0 mg
mL−1) for ICP (1002 ppm in 2% nitric acid) using nitric acid solution (2%).
GONP sample solutions ((0.5–2) × 10−3 m Gd3+) were prepared for relax-
ometric analysis.

T1 and T2 measurements were carried out on anMR relaxometer (NMR
analyzer mq60, Bruker, Billerica, MA) at 1.4 T, and on 3.0 and 9.4 T Bruker
Biospec MRI scanners (Bruker BioSpin, Billerica, MA) with varying TR and
TE values. The inverse of relaxation time (1/T1 or 1/T2, s

−1) was plotted
as a function of GONP sample Gd3+ concentration (×10−3 m). A linear
regression was made using the GONP sample concentration data points
and the ionic relaxivities per Gd3+ (×10−3 mGd−1 s−1) were extracted from
its slope. Mass (M) relaxivities (mL mg−1 s−1) were calculated from the
ionic relaxivities (rn, where n = 1 or 2)

rn∕M
(

mL
mg Gd2O3 ∗ s

)
= rn

( L
mmol Gd ∗ s

)
× 2 mmol Gd
1 mmol Gd2O3

×
1 mmol Gd2O3

362.49 mg Gd2O3
× 1000 mL

1L
(5)

Assuming a circular GONP of dimensions 12.0 × 1.1 nm, the per CA
relaxivity (×10−3 m CA−1 s−1) was calculated as follows

MGONP =
(
𝜋 ×

(1.2 × 10 cm
2

)2
× 1.1 × 10−7 cm

)
×
7070 mg Gd2O3

1 mL

×
1 g

1000 mg
=

8.80 × 10−19 g Gd2O3

1 GONP
(6)

r1∕NP
( L
mmol GONP ∗ s

)
= r1

( L
mmol Gd ∗ s

)
× 2 mmol Gd
1 mmol Gd2O3

×
1 mmol Gd2O3

362.49 mg Gd2O3
×
1000 mg Gd2O3

1 g Gd2O3
× 6.022 × 1023 GONP

1 mol GONP

× 1 mol GONP
1000 mmol GONP

(7)

Biodistribution and Pharmacokinetics: All animal work for this study
was performed in Association for Assessment and Accreditation of Labo-
ratory Animal Care (AAALAC) accredited facilities, and the Institutional An-
imal Care and Use Committee approved all procedures (T-23411). To ac-
complish biodistribution studies, six C57BL/6-J immune-competent mice
(6 months old) were injected with Gadolinium oxide nanocrystals (100 µL
of 2.5 × 10−3 m) in PBS via tail vein. Mice were sacrificed by cervical dislo-
cation and tissue was obtained and weighed for measurement by ICP-MS
(Perkin Elmer Nexion 300) at 24 h postinjection. Organ weights are as fol-
lows: lungs (0.5285 g), heart (0.598 g), liver (1.5360 g), spleen (0.2151 g),
and kidneys (0.3578 g). For pharmacokinetic studies, blood (20 µL) was
drawn at time intervals up to 4 h postinjection and stored in glass vials for
ICP-MS analysis.

Cell Labeling: Cell labeling was conducted in preparation for internal-
ization, MRI, and cell viability studies. First, macrophage (Raw 264.7) cells
were cultured over a certain amount of time in DMEMwith penicillin (1%)
and FBS (10%). For the purposes of MR imaging, cell pellets of 6 million
cells or larger are required; therefore, cells were separated into aliquots of
at least 6 × 106 cells and seeded into 6-well cell culture plates. Cell label-
ing was carried out by adding Gadolinium oxide nanocrystals orMagnevist
(0–100 × 10−6 m) for 24 or 2 h at 37 °C and CO2 (5%). After Trypsiniza-

tion, cells were washed 2 times in PBS and then pelleted a third time in
PCR tubes for imaging or ICP-MS experiments.

Cell Viability Assay: An MTS toxicity assay was performed in a 96-well
plate for Raw 264.7macrophages, and each dataset wasmeasured in tripli-
cate. When preparing the assay after detachment from the original culture
flask, cells were plated in the first three rows of a 96-well plate (seeding
density: 2 × 104/well, 100 µL). The fourth 96 row was filled with 100 µL
media without cells to act as the blank. In rows 1–3, 20 µL of nanocrystals
with various concentrations was added from columns 3–11 (this step was
repeated in exactly the same manner for the 2nd and 3rd rows). Instead of
nanocrystals, the 1st column was filled with 20 µL of media and the 2nd
column was filled with 20 µL of PBS (negative control). The last column
(12th) was filled with 20 µL of ethanol (positive control) to produce dead
cells. Rows 5–9 were filled in the same way, but with different concentra-
tions of nanocrystals.

The prepared 96-well plates were placed in the incubator for 24 h. After
the incubation period, the solutions were removed from all wells using
glass pipettes attached to the aspiration tube and fresh prewarmed media
(100 µL), and anMTS reagent (20 µL) was subsequently added to all wells.
After another 1 h incubation period, absorbance of each well at 490 nmwas
measured using a microplate reader (TECAN Infinite M1000).

To calculate cell viability, first the average absorbance of blank wells was
subtracted from the negative control wells, nanocrystal-containing wells,
and positive control wells to remove the absorbance of media or nanocrys-
tals. Then the average absorbance of all wells (except the blank wells) was
divided by the average absorbance of the negative control. In this study,
all negative control cells were considered viable cells where cell viability is
the percentage of the resulting value.

Live–Dead Assay: For the live–dead cytotoxicity assay, cell media were
aspirated after HDF and Raw 264.7 cells were incubated with nanocrystals
for the desired period of time. Cells were then washed three times with
PBS to remove any media residue. The working solution of dyes was pre-
pared fresh by diluting the assay dyes in PBS with the final concentration
of 2 × 10−6 m of calcein-AM dye and 4 × 10−6 m of ethidium homodimer-1
(EthD-1). To achieve these concentrations, a 20 µL of 2 × 10−3 m EthD-1
stock solution was first added to 10 mL of PBS and vortexed to ensure
complete mixing (with a final concentration of 4 × 10−6 m). Second, 5 µL
of 4 × 10−3 m calcein-AM was added to the mixture to achieve the final
concentration of 2 × 10−6 m of calcein-AM. These working solutions were
then added directly to the cells (1 mL in each well on the 6-well plate). Cells
were incubated for 30–45min at room temperature before observing them
under the fluorescence microscope (EVOS fluorescence microscope).

Wound-Healing Assay: For the wound-healing assay, HDF cells were
seeded and cultured in the marked 6-well plate until they became nearly
confluent (80–90%).Media was aspirated, and then the surface of the cells
was scratched using a 100 µL pipette tip moving perpendicular to the line
marked at the back of the plate. Next, the cells were washed gently with
PBS to remove the dead scratched cells, and prewarmedmedia containing
different concentrations of nanocrystals were added. After certain time in-
tervals (0, 2, 6, 15, 24, and 48 h), wounds were inspected microscopically
(4× and 10× magnifications) with an orientation at the cross point of the
wound and the marked line.

Mouse Model for Nonalcoholic Fatty Liver Disease Application: Amouse
model was used to study the application of the nanocrystals in MR imag-
ing to assess for nonalcoholic fatty liver disease. Wild-type immune-
competent mice on background C57B6/J were fed a 60% kcal fat diet for
seven months (D12492, Research Diets, New Brunswick, NJ, USA). This
mouse model is beginning to exhibit elevated alanine aminotransferase
and aspartate aminotransferase levels, which is often used as an indicator
of onset NAFLD.

For this experiment, mice were injected with Gadolinium oxide
nanocrystals (11 nmol g−1, GONP-12) via tail vein from a stock solution
containing Gd3+ in DI water (7.6 × 10−3 m). Controls were left uninjected.
Four hours after administration, mice were sacrificed by cervical disloca-
tion and immediately imaged in the MRI. Mice were maintained at 37 °C
by rectal temperature probe and heated air circulation.

Ex Vivo MR Imaging: Ex vivo MR imaging was performed on the
mice after they were sacrificed. Images were acquired on a 9.4 T Bruker
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AvanceBiospec Spectrometer, 21 cm bore horizontal scanner with a
72 mm volume resonator (Bruker BioSpin, Billerica, MA) with Paravision
5.1 software (Bruker BioSpin, Billerica, MA). Mice were imaged using a
Rapid Acquisition with Refocused Echoes protocol with Variable Acquisi-
tion repetition time (RAREVTR) TR = 30.984–15 000 ms (five images), TE
= 6.57 ms, RF = 4, FOV = 3 × 3 cm, matrix size = 128 × 128, 11 m, 48 s,
and 399ms. Beforehand, acquisition on a FLASH tripilot was run for place-
ment. Liver T1 was measured in the sagittal plane, and slices were aligned
with the right kidney to ensure consistentmeasurement. Liver wasmasked
out and analyzed for T1 time in Paravision 5.1. T1 calculations were done
using the built-in tools in Paravision 5.1.

Gadolinium Leaching: Dialysis experiments coupled with ICP-AES
were used to determine the amount of Gd3+ leaching from Gd-containing
samples (GONP, bulk Gd2O3, or Gd(NO3)3) dispersed in a variety of bio-
logically relevant media (water, pH 4–4.5, pH 2, PBS, DPBS, or BCS) over
time (3, 7, 14, and 20 days). Stock sample Gd3+ concentrations were ap-
proximately (3–4) × 10−3 m for GONP, 50 × 10−3 m for bulk Gd2O3, and
5 × 10−3 m for Gd(NO3)3. Spectra/Por 6 dialysis membranes (prewetted
RC tubing, 1 kDa MWCO) were used in all dialysis experiments. A Thermo
Scientific iCAP 7400 DUO inductively coupled plasma atomic emission
spectrometer was used to measure Gd3+ concentrations of samples, tub-
ing, and dialysate. Samples were digested with tubing in aMilestone Ultra-
wave SRCmicrowave digestion system in preparation for ICP analysis. Cal-
ibration curve standards were prepared using 0.044, 0.082, 0.248, 0.490,
0.992, 2.493, 5.012, 9.267, and 49.408 ppm dilutions of a Gadolinium stan-
dard solution for ICP (1002 ppm Gd3+ in 2% nitric acid) using 2% nitric
acid solution. The following experiments always had total mass recoveries
of more than 85%, except in the case of Nano Gd2O3 in BCS.

For 3 day dialysis experiments, ≈1 mL of sample (GONP, bulk Gd2O3,
or Gd(NO3)2) was pipetted into a 3–4 in. section of dialysis tubing, sealed
with clips, and placed in a beaker of medium (water, pH 4–4.5, pH 2, PBS,
DMEM, or BCS) on continuous stir for three days. Samples were often di-
luted (99/100 or 9/10) to achieve the same media concentration as the
dialysate without reducing the Gd3+ concentration too much. Also, in the
case of the bulk powder homogeneous solution could not be prepared, and
micrograms of material weighed on an analytical balance were introduced
in the media with vortexing. The concentration of these bulk powders was
as a result ten times larger than that of the nanoparticles and Gadolin-
ium salt. Experiments using BCS required a 1/10 dilution of samples to
maintain a BCS concentration as close to 100% as possible (90%). For
water, pH 4–4.5, pH 2, and PBS, the volume ratio of sample to dialysate
was 1:1000. For BCS experiments the volume ratio of sample to dialysate
was 1:100. After three days, dialysate and samples (with tubing) were col-
lected, digested, and prepared for ICP analysis. Experiments performed in
triplicate unless noted otherwise.

For time-dependent dialysis experiments, ≈0.9 mL of sample (GONP,
bulk Gd2O3, and Gd(NO3)3) was pipetted into a 3–4 in. section of dialysis
tubing, sealed with clips, and placed in a beaker of medium (water, pH
4–4.5, pH 2, or PBS) for 20 days. Beakers were stirred twice daily, and
10 mL of dialysate was collected at 3, 7, 14, and 20 days for ICP analysis.
Some samples were diluted (99/100 or 9/10) to achieve the same media
concentration as the dialysate without reducing the Gd3+ concentration
too much. After 20 days, samples (with tubing) were collected, digested,
and prepared for ICP analysis.

Statistical Analysis: Electron microscopy was used for dimensional
measurement (Figure 1; Figures S1 and S2, Supporting Information). TEM
images of nanoplate samples were saved as TIF and Gatan DigitalMicro-
graph Image Document 3 files. For each sample, the dimensions (face
length and width) of a minimum of 200 particles (Figures S1 and S2,
Supporting Information) or 500 particles (Figure 1) were manually mea-
sured using the image processing software ImageJ. The average (reported
throughout and in Figure 1, Figures S1 and S2 in the Supporting Informa-
tion, and Table 1), standard deviation (reported throughout and as error
bars in Figures S1 and S2 in the Supporting Information), and the margin
of error based on a 95% CI and resolution limit of 0.23 nm (Figure 1) of
the nanoplate dimensions are reported.

Relaxivity was found as described previously in the Experimental Sec-
tion. The inverse of longitudinal and transverse relaxation times (1/T1 or

1/T2, s
−1) were plotted as a function of GONP sample Gd3+ concentra-

tion (×10−3 m). A linear regression of each data set was made and ionic
relaxivities per Gd3+ (×10−3 m Gd−1 s−1) were extracted from its slope.
The reported average relaxivity (or individual T1) and standard deviation
(reported with mean throughout and as error bars) were calculated from
the results of three independent experiments (Figures 3, 5, and 6 and Ta-
ble 1; Figures S1 and S5–S7, Supporting Information). Quantification of
Gd3+ content in solutions, organs and nanoparticles using ICP-MS were
done using calibration curves as discussed previously in the Experimen-
tal Section. All measurements were performed in triplicate except for the
biodistribution, pharmacokinetic, and ex vivo T1-weighted imaging exper-
iments. The sample sizes for the biodistribution and pharmacokinetic ex-
periments were six (Figure 4). The sample sizes for the ex vivo T1-weighted
images were two (Figure 6). Gadolinium concentrations and % ID are re-
ported as the average with the standard deviation as error bars (Figures 4
and 5; Figure S7, Supporting Information).

DLS measurements were performed in triplicate. Hydrodynamic size
(based on intensity-weighted measurements; Z-average) and zeta poten-
tial are reported as the average with the standard deviation as error bars
(Figure 2).

Student’s t-test was used to analyze the significance of differences in
liver T1 and Gd

3+ content for mice with fatty and normal diets (Figure 6).
The significance of difference becomes greater with decreasing p-value
(significant difference, p < 0.05; very significant difference, p < 0.01; ex-
tremely significant difference p < 0.001)

All statistical analyses performed in Microsoft Office Excel and or Orig-
inPro.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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