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Gadolinium oxide nanoplates with high longitudinal
relaxivity for magnetic resonance imaging

Minjung Cho™", Richa Sethi®, Jeyarama Subramanian Ananta narayananb,Seung*
Soo Lee?, Denise N. Benoit®, Nasim Taheri®, Paolo Decuzzi®®, Vicki L. Colvin®

Molecular-based contrast agents for Magnetic Resonance Imaging (MRI) are often
characterized by insufficient relaxivity, thus requiring the systemic injection of high doses to
induce sufficient contrast enhancement at the target site. In this work, gadolinium oxide
(Gd,0;) nanoplates are produced via a thermal decomposition method. The nanoplates have a
core diameter varying from 2 to 22 nm, a thickness of 1 to 2 nm, and are coated with either an
oleic acid bilayer or an octylamine modified poly (acrylic acid) (PAA-OA) polymer layer. For
the smaller nanoplates, longitudinal relaxivities r; of 7.96 and 47.2 (mM-s)”' were measured at
1.41T for the oleic acid bilayer and PAA-OA coating, respectively. These values moderately
reduce as the size of the Gd,0O; nanoplates increases, and are always larger for the PAA-OA
coating. Cytotoxicity studies on human dermal fibroblast document no significant toxicity,
with 100% cell viability preserved up to 250 uM for the PAA-OA coated Gd,0; nanoplates.
Given the 10 times increase in longitudinal relaxivity over the commercially available Gd-
based molecular agents and the favorable toxicity profile, the 2 nm PAA-OA coated Gd,0;

nanoplates could represent a new class of highly effective T; MRI contrast agents.

Introduction

Magnetic Resonance Imaging (MRI) has emerged as a powerful
non-invasive imaging technique because it allows in vivo
examination of biological samples with excellent spatial
resolution.'® * ° They work by either shortening the
longitudinal relaxation time (T;) or the transverse relaxation
time (T,) of water protons. Two contrast agents in use clinically
are gadolinium (Gd)-based chelates and iron oxide
nanoparticles.* *'? Gadolinium chelate MR contrast agents are
positive contrast agents because they shorten T, relaxation time
leading to increase signal intensity. Gadolinium-
diethylenetriaminepentaacetate (Gd-DTPA, Magnevist®) is
among the most popular clinical agent; it can be used to
enhance tissue pathology, detect leaks in the blood-brain barrier
(BBB), and in some cases identify physiological changes in
tissue.”

There are no commercially available, nanoscale T, contrast
agents, analogs of the T, iron oxide nanoparticles. However a
nanoscale reformulation of T; contrast agents could offer
several unique advantages for biomedical imaging in that
nanoparticles can concentrate a large number of magnetic ions
in a small volume thus offering a high signal to noise ratio.'"
1314 Furthermore, as compared to molecular T, agent,
nanoparticles can have longer circulation life in the blood, more
cellular retention, and various targeting moieties can be readily
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conjugated on their surfaces to enable molecular imaging.
Indeed, an ongoing limitation of Gd-chelates is their toxicity at
higher doses and the possible occurrence of nephrologenic
system fibrosis (NSF). '*'? Nanoscale T, agents would have a
different set of toxicity issues and because of its crystalline
form would likely leach less gadolinium as compare to chelates.
Given this potential, there has been recent interest in producing
gadolinium containing nanoparticles for use as T; contrast
agents. In particular, gadolinium oxide nanoparticles formed
via a low temperature strategy have r; relaxivity values up to 10
(mM:s)"!, which is comparable to commercial chelates.’** To
compete with the clinically approved contrast agents, nanoscale
T, contrast agents must present substantially higher relaxivities
and improved safety profiles. Only recently, ultra-small
gadolinium oxide nanoparticles were proposed as in-vivo T,
contrast agents with r; relaxivity values ranging between 8 and
15 (mM-s)™" 2" 2428 A still outstanding question is the extent to
which these values can be boosted by controlling the diameter
and surface coating of the nanoparticles. Since, water protons
must come into close contact with the Gd*'-ions, a proper
design of the surface of the gadolinium oxide nanoparticles is
critical. In this work, we synthesize gadolinium oxide
nanoparticles via a thermal decomposition method. After a
physico-chemical characterization of the nanoparticles, the
effect on the longitudinal relaxivity r; of their characteristic size
and surface coating is systematically investigated.
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Experimental Section

Chemicals. The Gadolinium nitrate hexahydrate (Gd(NO);*6H,0,
99.99 %), oleic acid (OLAC, technical grade 90 %), oleylamine
(OLAM, technical grade 70 %), l-octadecene (1-ODE, technical
grade 90 %), poly(acrylic acid) (PAA, Mw=1800), octylamine (OA,
99 %), dulbecco’s modified eagle’s medium (DMEM), fetal bovine
serum (FBS), penicilin-streptomycin (PS), and trypsin-EDTA were
purchased from Sigma-Aldrich. The synthesis was under high purity
nitrogen (N,, 99.99 %) flow. Methanol (99.8 %), acetone (99.5 %),
hexane (98.5 %), sodium bicarbonate (99.7 %), and
dimethylformamide (DMF, 99.8 %), nitric acid (HNOs, 70 %) and
hydrogen peroxide (H,O,, 30 %) were purchased from Fisher
Scientific; 1-ethyl-3-[3-dimethylaminopropyl] carboiimide
hydrochoride (EDC) was purchased from Thermo Scientific, The
CellTiter 96® Aqueous One solution Cell Proliferation Assay (MTS
assay) was purchase from Promega; Human derman fibroblast
(HDF) cells were purchased from Cambrex.

Synthesis of gadolinium oxide (Gd,0s) nanoparticles. 2 mmol of
gadolinium nitrate hexahydrate was mixed with oleic acid (4 mmol)
and 1-octadecene (5 g) and stirred for 2 hours at 110 °C until the Gd
precursor was completely dissolved in the solvent as Gd-oleate
precursors. After increasing the temperature from 110 to 290 °C, the
reaction mixture was refluxed at 290 °C for 3-18 hours. After the
reaction is done, the temperature was cooled down to room
temperature. The resulting colloidal solution (5 mL) was centrifuged
with methanol (20 mL) and acetone (20 mL) at 4150 rpm for 30
minutes and redispersed with hexane. This purification was repeated
six times resulting in purified gadolinium oxide nanoparticle
solution. Finally, the Gd,O; nanoparticles (5 nm) were prepared and
stored in hexane. To make larger Gd,O; nanoparticles (8, 11, 13, and
22 nm), the oleylamine (2, 6, 8, and 12 mmol) and more 3 g 1-
octadecene were added into the gadolinium-oleate mixture (2 mmol
gadolinium nitrate hexahydrate, 4 mmol oleic acid, 5 g 1-
octadecene) after heating at 110 °C for 2 hours and then refluxed at
290 °C for 3-18 hours. For making smaller 2 nm Gd,0;
nanoparticles, the refluxed reaction temperature was increased from
290 to 320 °C with the amounts of gadolinium nitrate hexahydrate (2
mmol), oleic acid (4 mmol), and 1-octadecene (5 g).

Oleic acid bilayer coated Gd,0; nanoparticles. The oleic acid
bilayer coated Gd,O; nanoparticles were modified by a previously
published procedure.” A specific amount of oleic acid (from 30 pL
to 300 pL) was introduced to 1 mL of Gd,0; nanoparticles solution
dispersed in ethyl ether (1,500 - 4,000 mg/L of Gd ion
concentration).  After stirring for 24 hours, ultra pure water
(Milipore, 18.2 MQ-cm) or 0.1 M sodium bicarbonate (pH 9)
solution was introduced and stirred for 2 hours. Then a probe
sonicator (UP 50H, Dr. Hielscher) was used with 60% amplitude for
10 minutes for the dispersion in water. The Gd,O; aqueous solution
was further stirred for 1 day to evaporate ethyl ether completely by
opening the cap. The purification of water-soluble Gd,O;
nanoparticles was carried out using ultracentrifugation (optima L-
90K ultracentrifuge, Beckman coulter) at 40,000 rpm for 3 hours
twice and followed by syringe filteration (pore size of 0.45 uM,
Whatman NYL). The resulting clear brown aqueous solution was
acquired after purification. To calculate the transfer yield of oleic
acid coating, the concentrations of gadolinium ion were compared in
both original and transferred solution. Finally, Gd,O; nanoparticles
were dispersed in ultra pure water.

Octylamine (OA) modified poly acrylic acid (PAA) (PAA-OA)
polymer synthesis. The preparation of PAA-OA polymer and PAA-
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OA coated Gd,O; nanoparticles followed a previously published
procedure.’® To make PAA-OA copolymer, first PAA (0.6 g, 0.33
mmol) was dissolved in DMF (10 g). After stirring for 10 minutes,
EDC (0.58 g, 3 mmol) was added to the PAA/DMF solution, and
octylamine (0.5 mL, 3 mmol) was sequentially introduced to the
PAA/EDC/DMF solution. After stirring overnight, rotavap was used
to remove DMF and keep the PAA-OA solution in a vacuum. The
final PAA-OA solution (15 mg/mL) was redispersed in chloroform
(40 mL).

PAA-OA coated Gd,O; nanoparticles. The varied amounts of
PAA-OA polymer from 1 to 7 mL were mixed with ImL Gd,O;
nanoparticle/chloroform solution (typically 1,500 to 4,000 mg/L of
Gd ion concentration). The mixed solution was stirred for 24 hours
and then evaporated the chloroform by using vacuum or air. After
adding 0.05 M sodium bicarbonate solution (10 mL), a probe
sonicator with 60 % amplitude was used for 10 minutes. The
resulting solution was purified with ultracentrifugation (40,000 rpm
for 3 hours, twice) and filtered out with syringe filter (0.45 uM,
Whatman NYL). The clear brown Gd,0O; nanoparticle solution was
acquired and completely dissolved in ultrapure MQ water.

Cell Culture. Human derman fibroblast (HDF) were used and
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with
10% fetal bovine serum (FBS) and 1 % penicilin-streptomycin (PS).
The cells were lifted by trypsin-EDTA and re-suspended in media
(DMEM with 10% FBS and 1% PS) solution for the passaging.

Cell Viability test (MTS assay). To determine the cell toxicity
depending on the surface coatings (oleic acid and PAA-OA), the
standard colorimetric assay, MTS (CellTiter 96, Promega) was used.
HDF cells were placed and grown in 96 well culture plates with over
80 % confluency. Each set was prepared with different concentration
of Gd,0; nanoparticle solutions (0-500 uM). One set was treated as a
blank (no nanoparticles) and last set was used for the untreated
control (ethanol). The treated cells with Gd,O; nanoparticle aqueous
solution were incubated for 24 hours. The solution was then
suctioned out and replaced with 100 uL fresh media (DMEM with
FBS 10 % and 1 % PS) solution and 20 uL MTS agent to each well.
After incubating for 1 hour at 37 °C and 5 % CO,, the absorbance at
490 nm of the solution was measured with a plate reader
(SPectraMax, M2, Molecular devices). The experiment was repeated
three times for the average. The LDs,, which gives the lethal dose
required for half of the cells to die, was calculated by the percentage
of the cell viability.

Characterization

Transmission Electron Microscope (TEM). To measure the
diameter of the Gd,O; nanoparticles a JEOL 2100 field emission
TEM operating at 200 kV with a single tilt holder was used. TEM
sample was prepared by evaporation of one drop of Gd,Os
nanoparticle solution on the ultrathin 400 mesh copper grids (Ted
Pella Inc.). The size and size histograms of Gd,O; nanoparticles
were calculated by counting over 1000 particles with Image-Pro Plus
5.0 (Media Cybernetics, Inc., Silver Spring, MD).

X-ray Diffraction (XRD). X-ray powder diffraction of Gd,O;
nanoparticles was carried out using a Rigaku D/Max Ultima IT with a
zero background sample holder. The X-rays were generated at 40
KV and 40 mA and the range of 20 was 10 to 80 degrees. For the
reference the JCPDS card was used.

This journal is © The Royal Society of Chemistry 2012
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X-ray Photoelectron Spectroscopy (XPS). XPS data was recorded
by PHI quantera with a monochromatic aluminium 38.6 W. An x-ray
source, with an x-ray spot size (200 um) with a pass energy of 26 eV
was used for the measurement

Dynamic Light Scattering (DLS) and Zeta potential. The
hydrodynamic size (nm) and zeta potential (mV) of oleic acid and
PAA-OA coated Gd,O3 nanoparticles were measured by Malvern
Zetasizer Nanoseries (Malvern, UK). The measurement was repeated
five times for the average.

Inductive Coupled Plasma-Optical Emission Spectroscopy (ICP-
OES). To measure the gadolinium concentration in a nanoparticle,
Perkin Elmer ICP-OES equipped with auto sampler was used. The
preparation of sample for ICP-OES was prepared by acid digestion
using nitric acid (HNO; 70 %) and hydrogen peroxide (H,O,, 30 %).

Total organic carbon (TOC) analyzer. A Shimadzu TOC-L was
used to measure the carbon concentration for surface functionalized
gadolinium nanoparticles in water. Three replicates of each sample
were prepared by adding 1 ml of the stock nanoparticle sample and
diluting to 8.5 mL with Milli-Q 18 MQ pure water. Each sample
was run on a total non-purgeable organic carbon (NPOC) assay with
triplicate 50 pL injections. The calibrations from 0.5 to 60 ppm were
prepared using TOC standard solution (Sigma-Adrich) with high R,
(0.998) value.

Calculation of grafting density (GD). The calculation of grafting
density (o) was calculated from TOC data using the equation below,
similar to previously published method.?'

_ [C] * MW,
"~ MW, % C,, = [NP] » (4m12,,)

g

The non-purgeable organic carbon concentration ([C]) from TOC
analysis must be converted from mg/L (ppm) to mol/liter (molarity)
by considering molar mass of carbon (12,010 mg/mol). To determine
the number of polymer molecules the carbon concentration is
multiplied by the molecular weight of the monomer (MWn) and
divided by the polymer molecular weight (MWp) times the number
of carbons per monomer (Cn). By dividing the molar concentration
of nanoparticles [NP], and the surface area of the particle the
resulting grafting density is achieved.

MR Relaxivity measurement. Various concentration of Gd,O;
(0.01 — 2 mM) was prepared by dilution from the stock solution of
Gd,03 nanoparticles capped with oleic acid and PAA-OA for MR
relaxivity measurement. To measure r; and 1, of Gdy,0O4
nanoparticles, the MR relaxometer (NMR analyzer, mq 60, Bruker)
at 1.41T was used. The r; and r, values were calculated by
determining the slope of 1/T, or 1/T, (s™') at varying TR and TE
values against gadolinium concentration (mM).

MR phantom imaging. To image phantoms in MR, a MRI clinical
3T Philips Ingenia MRI scanner (Andover, MA, USA) was used. T,
weighted contrast enhancement was performed running a standard
spin-echo (SE) sequence with 500 ms TR and 23 ms TE. The voxel
size is 0.4 X 0.4 mm and slice thickness was 1 mm. For this
measurement, the different concentrations of Gd,0; aqueous
solution (oleic acid, PAA-OA) were used and compared the contrast
with Magnevist® (Gd-DTPA) at same concentration.

Results and discussion

This journal is © The Royal Society of Chemistry 2012
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Synthesis and physico-chemical characterization of Gd,0;
nanoplates

A central goal of this work is to examine the effect of the
diameter and surface coating of Gd,0; nanoparticles on the
longitudinal r; relaxivity in aqueous suspensions. Towards that
end, we adapted synthetic methods, generally used to form
uniform metal oxide nanocrystals in organic solutions, to the
synthesis of gadolinium oxide. This synthesis proceeds via the
thermal decomposition of gadolinium nitrate precursors in the
presence of organic surfactants (oleic acid or a mixture of oleic
acid and oleylamine). Decomposition occurs at high
temperature (290 °C) (Scheme. 1).

¢
CigHse J\:IJ;LL ;FJ::\/

Gd(NO3); 4 3 CygH340,

6H,0 Vs
2 3 CygHyN A f"?g %5:'"’
Gadolinium(lll) nitrate Oleic acid 1-octadecene (ODE) 64,0 nanoparticle
hexahydrate Oleylamine

Scheme. 1 Schematic diagram and photographs showing the synthesis of
Gd,O3 nanoparticles based on thermo-decomposition of gadolinium(III)
nitrate hexahydrate in the presence of organic surfactant (oleic acid and
oleylamine) and 1-octadecene.

In a typical reaction, a Gd-oleate precursor is firstly prepared
by heating gadolinium nitrate hexahydrate and oleic acid at
110°C for two to three hours. This pre-treatment leads to much
better particle uniformity than reported before, perhaps because
of the ordering of the fatty acid chains.** This treatment results
in a black-brownish Gd-oleate complex, which is then refluxed
at 290 °C under N, for three to eighteen hours. The resulting
Gd,0; nanoparticles are nearly monodisperse with narrow
diameter distributions (<15%) (Fig. 1, Fig. S1, and Fig. S2).
Following this approach, Gd,0O; nanoparticles with various
diameters were formed, ranging from 2 to 22 nm, by tailoring
the reflux time, temperature, precursor concentration, and
surfactant type and amount (Fig. S3). In Fig. 1, transmission
electron microscopy (TEM) images are shown for Gd,O;
nanoparticles with different core diameters.

The shape, morphology, crystal structure, and composition of
Gd,05 nanoparticles were evaluated by transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and X-ray diffraction (XRD), respectively. In the TEM images
of Fig. 1, the some Gd,0; nanoparticles appear as ultrathin
plates laying down on the underlying carbon coated copper grid
while others are standing on their side perpendicularly to the
grid (Fig. 1 and Fig. S2). For the standing Gd,O; nanoparticles,
an edge thickness of the order of 1.1 to 1.2 nm was measured.
Due to high oxophilicity, the oleic acid ligand was strongly
bound to the gadolinium nanoparticles rather than oleylamine.**
The capped oleic acid ligand prevented self-aggregation of
nanoparticles via inter-particle dipolar-dipolar repulsive force
with good dispersibility (side to side).*® The size of the Gd,O;
nanoparticles was increased by increasing the amount of
oleylamine with oleic acid (Fig. S3). Note that over the last few
years, other authors have also observed that gadolinium oxide
and rare earth doped Gd,0; nanoparticles often form unusual

Nanoscale, 2014, 00, 1-3 | 3
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shapes, including nanorings, nanoplates, and ultra-narrow
nanorods.*>*

Fig. 1 TEM images of Gd,O; nanoparticles ranging from 2 nm to 22
nm. The diameter of Gd,O5 nanoparticles ((a)-(f)) are 1.79 £ 0.23, 5.02
+0.45,7.95 £ 0.82, 10.82 = 1.75, 13.18 + 2.09, and 21.97 = 2.78 nm,
respectively. The scale bars are 50 nm except for A (20 nm). The
histograms for the size distribution of Gd,O3 nanoparticles are shown in
supporting information Fig. S1.

The chemical composition and crystalline structure of the
products were consistent with Gd,O3; nanoparticles. XPS found
Gd 4d;,, and Gd 4ds), features which correspond to oxidation
state of Gd in keeping with Gd*" at 146.2 eV and 141 eV,
respectively (Fig. S4A). As it is apparent in the XRD data of
two different Gd,O; nanoparticles (Fig. S4B), the peaks are
quite broad as it is expected for such thin plates (< 1.2 nm).3% 3%
40 By overlapping the reference peaks using JCPDS card, the
Gd,0; nanoparticles contained both cubic and monoclinic
structures®, with the larger 22 nm Gd,O; nanoparticles
presenting more abundantly monoclinic features.

In order to be employed as T; MR contrast agents, the Gd,03
nanoparticles have to be transferred to water using
biocompatible coatings. These are responsible for two
seemingly opposite functions: preventing the release of toxic
Gd"-ions'"", modulating for the interaction of water
molecules with the surface Gd-ions. Two different surface
coating strategies were considered: a dense and thin oleic acid
bilayer; an octylamine modified polyacrylic acid (PAA-OA)
layer (Fig. $5).°% 3% *! In both cases, the original organic layer
present at the nanoparticle interface was not disturbed. Fig. 2(a)
illustrates the phase transfer process using oleic acid and PAA-
OA. In the case of the oleic acid bilayer, a free acid group is
presented at the surface. On the other hand, the PAA-OA wraps
the organic amine to the particle leaving the PAA to impact
stability in aqueous solutions. Note that polyacrylic acid co-
polymers represent a very different kind of surface coating as
compared to the OA bilayers. In fact, these amphiphilic
polymers contain both hydrophobic tails (octylamine (OA)) and
hydrophilic COOH groups. This derives from the fact that the
hydrophobic OA  surrounds the hydrophobic Gd,0;
nanoparticles, whereas the hydrophilic chain transfers them into
water. This process does not require a direct ligand exchange of
the nanoparticle surface coating, but rather encases the particles
in another thicker layer of polymer. As a result, the PAA-OA
polymer coated Gd,O; nanoparticles tend to have a larger
hydrodynamic diameter (core size 22 nm, oleic acid coating 43
nm, and PAA-OA coating 47 nm, Fig. S6 and Table S1).
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Fig. 2 Phase transfer of Gd,O; nanoparticles using oleic acid bilayer and
poly acrylic acid (PAA)-octylamine (OA) (PAA-OA) polymer. (a)
Schematic diagram of phase transfer method of ligand exchange using oleic
acid and polymer encapsulation using PAA-OA. (b) The grafting densities of
oleic acid and PAA-OA by the calculation of total organic carbon (TOC)
analysis (see experimental section).

Both the oleic acid and PAA-OA capped Gd,O; nanoparticles
had negative surface charges, with a zeta-potential value
ranging from -60 to -80 mV as a function of the nanoparticle
diameter. The hydrodynamic size of the coated Gd,O;
nanoparticles was monitored over time at various temperatures
and under different buffer conditions, pH, and ionic strengths.
While both coating strategies provided a good stability under
most tested conditions, the PAA-OA Gd,O; nanoparticles were
more stable in aqueous solutions than oleic acid capped Gd,0;
nanoparticles (see Fig. S7 to Fig. S10, and Table S2).

Another important feature for both nanoparticles is the surface
density of the coating agent in that it would impact the access
of water molecules to the superficial Gd*'-ions, and thus the
MRI properties of the nanoparticles. The surface polymer
coverage can be determined by total organic carbon analysis
(TOC).*! Since the grafting density decreases as the molecular
weight of the polymer increases, a high molecular weight
polymer would have lower surface densities and offer more
easy access to water molecules. The molecular weights of oleic
acid and PAA-OA are 283 and 2783 g/mol, respectively.”” *°
Using TOC, on the 5 nm Gd,O; nanoparticles, the larger
molecular weight coating (PAA-OA) gave a grafting density
ten times smaller than that of the smaller molecular weight
oleic acid coating (Fig. 2(b)), namely 8.67 molecules/nm? for
the PAA-OA and 0.86 molecules/nm? for the oleic acid bilayer.

This journal is © The Royal Society of Chemistry 2012
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Relaxometric characterization of Gd,0; nanoplates. Contrast
agents for Magnetic Resonance Imaging (MRI) are evaluated by
their relaxivity (r;,). The longitudinal (T;) and transversal (T,)
relaxation times were measured for various nanoparticle suspensions
using a bench top relaxometer (Bruker Minispec, 1.41 T), whereas
the Gd concentrations were assessed by elemental analysis (ICP-
OES). Fig. 3 (a) and (b) shows the r; and r, relaxivity values for
both the oleic acid and PAA-OA capped Gd,O; nanoparticles with a
core diameter of 2 nm. The r; and r, of oleic acid capped Gd,0s
nanoparticles were 7.96 and 24.96 (mM-s)"', respectively. The r, and
r, of PAA-OA capped Gd,O; nanoparticles were significantly higher
reaching 47.20 and 82.39 (mM-s)", respectively. Specifically, the 1,
relaxivity of the 2 nm PAA-OA coated Gd,0O; nanoparticles is 10
times higher than that of the commercially available Gd-DTPA
(mMs)”, at 1.41 T (Fig. 3(c)).* Such a r; value is also 5 times
higher than that reported for PEG coated gadolinium oxide (8.8 -9.4
(mM-s)") with a 2.2 nm core’™ ** and for the D-glucuronic acid
coated gadolinium oxide (9.9 (mM-s)") with a 1 nm core, at 1.41
T.** Such a significant enhancement in relaxivity as compared to
free Gd-DTPA molecules should be ascribed to the immobilization
of the Gd*'-ions on the surface of the nanoplates and the modulation
of the water molecule diffusion by the surface coating.** ** This high
relaxativity values are also confirmed by the phantom images
presented in Fig. 3(d). At the same concentration, T;-weighted MR
images of PAA-OA capped Gd,O; nanoparticles were much brighter
than oleic acid Gd,03 nanoparticles and commercially available Gd-
DTPA molecules, for a given Gd concentration.

(a) so] . | (b) 200 :

40) r =24.06mM’s" 160, r,=82.39mM’S”
030 ® 120 .

£ 20 : E s0 ;
10 o :- - At 401 e " a1
ol et r,=7.96mM’S o ¥ 4720 mM’'S
00 05 10 15 20 00 05 10 15 20 25
Gd (Il [mM] Gd(Il) [mM]

(c) e0 I This work PAA-OA Gd,0;
N | References . Q
v:f"’ 40 Oleic acid Gd,0,
s
e G[DTPAR

0 2. |
PAA-OA PAA-OAPAA-OA PEG Gg.DTPA
2nm 5nm  8nm Gd,0,
Fig. 3 Plots of the r; and r, and T, weighted MR images. (a) Plots of the r,
and r, of oleic acid bilayer coated Gd,O; nanoparticles as a function of
Gd(III) ion concentration. (b) Plots of the r; and r, of PAA-OA coated Gd,0;
nanoparticles as a function of Gd (III) ion concentration. The r; and r, values
were calculated from the slopes. The r; value of PAA-OA coated Gd,Os
nanoparticle with diameter 2 nm is 10 times higher than Gd-DTPA (4.3 mM~
'™y at 1.41 T. (c) Graph of PAA-OA coated Gd,O; nanoparticles (2, 5, and
8 nm) showing high r, relaxivity values and the reference works of Gd-
DTPA* 52" and PEG Gd,0:2. (d) T, weighted MR images of the oleic
acid coated 2 nm Gd,O; PAA-OA coated 2 nm Gd,0;, and Gd-DTPA
(magnevist) depending on their Gd (I1I) concentration.

0.0625 mM 0.125 mM

0.25 mM

The r; and r, relaxivities of the tested Gd,O; nanoparticles are listed
in Table 1. Table 1 gives the r; and r, relaxivities and their r,/r,
ratio as derived from the slopes of the plot of 1/T and concentration
of Gd*"-ion atoms. From the data, it appears that the PAA-OA
coated Gd,0; nanoparticles have six to eight times higher r; and r,

This journal is © The Royal Society of Chemistry 2012
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values as compared to the oleic acid coated Gd,Oj; nanoparticles, for
the same core diameter. The r,/r, ratio of Gd,O3 nanoparticle is also
an important factor to maximize the T, contrast effect.** The
average 1,/r, ratios for the oleic acid and PAA-OA capped Gd,0,
nanoparticles were 0.4 and 0.6, respectively. These values are
similar to those of the commercially available Gd-DTPA (0.9) and
PEG gadolinium oxide nanoparticles (0.7).%*

Table 1. r; and 1, relaxivities and r,/r, ratios of Gd,0; nanoparticles from the
slopes of the plot of 1/T and concentration of Gd ions.

Sample Coating Co(r:r:)ize . (mM—1S—1) " (mMr1sr1) ity B(J Field
()]
Gd-DTPA® #? - - 43 49 09| 141
Gd,0 * PEG 3 9.4 13.4 07| 141
Oleic acid 2 8003 [ 241+14 |03 1.41
Oleic acid 5 6.0£05 [ 11.2+23 |05 1.41
Oleic acid 8 55+04 | 16.0+4.3 [03 | 1.41
Oleic acid 1 46+05 | 10322 (04| 1.41
540 Oleic acid 22 3004 | 64+02 [05] 1.41
23 PAA-OA 472+58 | 824+99 | 06| 1.41
PAA-OA 456+7.3 | 75144 | 06| 1.41
PAA-OA 337+58 | 70.0£65 (05| 1.41
PAA-OA 11 324+25| 673235 (05| 1.41
PAA-OA 22 21.1+6.6 | 324x96 |07 | 1.41

The variation of the r; relaxivity with the nanoparticle core diameters
can be related to the number of surface metal ions (N) interacting
with the water molecules. Gd,O; nanoparticles have a high surface to
volume ratio, as the core diameter is smaller. In contrast with Gd-
DTPA molecules (N=1), Gd,O; nanoparticles concentrate a large
number of Gd**-ions on the surface (N), possessing high electron
spin (S= 7/2), in a small volume. All the Gd**-ions on the surface
can significantly reduce the characteristic longitudinal relaxation
time T, of the water molecules.?* As the core diameter of Gd,O;
nanoparticles get smaller, the number of surface Gd**-ions in a
certain volume increase. This leads to a higher relaxivity per total Gd
concentration.

In 2009, the work of Lee and colleagues, and reference therein,
reported on the dependence of the r; relaxivity with the diameters of
the nanoparticles, showing that as the core diameter varies from 1.1
to 30 nm the r, relaxivity decreases from 9.9 to 0.1 (mM-s)".>* By
tuning the size of our ultrathin gadolinium nanoplates, we confirmed
that Gd,0; nanoparticles (2 to 22 nm) had high r, relaxivity and that
the r; values decreases as the core size increases for both oleic acid
and PAA-OA coated nanoparticles (Fig. 4).

The r; relaxivities of oleic acid and PAA-OA coated Gd,0;
nanoparticles varied from 7.96 to 3.03 (mM:-s)! and 47.2 to 21.1
(mM-s)”', respectively, as the core diameter increased from 2 to 22
nm. Indeed, the surface to volume ratio (S/V) and number of surface
gadolinium ions in the nanoplates contribute significantly to the
relaxation time of the water molecules. Moreover, the surface
coating of the Gd,0; nanoparticles affect also the relaxivity in that it
modulates the access of water molecules to the Gd**-ions. The oleic
acid (small molecular weight, Mw=283 g/mol) coated Gd,0O;
nanoparticles have much lower r; relaxivity values than PAA-OA
(high molecular weight, Mw=2783 g/mol) coated Gd,0Os
nanoparticles. The dense polymer coating obtained with the low
molecular weight oleic acid bilayer reduces the access of water
molecules to the nanoparticle surface thus limiting the overall

Nanoscale, 2014, 00, 1-3 | 5
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longitudinal relaxivity r;. The opposite trend is instead observed with
the less densely coated PAA-OA nanoparticles.

60 120
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0 7 - " i ™ 0 T 8 : : ™
0 5 10 15 20 25 0 5 10 15 20 25
Core diameter (nm) Core diameter (nm)
80 1.0
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Oleicacid PAA-OA

Fig. 4 Plots of r; and r, depending on the core diameters and surface coatings
(a) plot of r; values of oleic acid bilayer and PAA-OA coated Gd,0O;
nanoparticles as a function of the core diameters from 2 to 22 nm and (b) plot
of r, values of oleic acid bilayer and PAA-OA coated Gd,O; nanoparticles
depending on the core diameters (2 to 22 nm). (c) Plot of r; values of
different sizes of Gd,O; nanoparticles depending on the coating (oleic acid
bilayer and PAA-OA). (d) Plot of r)/r; ratios of oleic acid bilayer and PAA-
OA Gd,Os nanoparticles.

The r; relaxivity were also measured in relevant biological media
after 1 day and 4 weeks of incubation (Fig. 5). For most tested
conditions, there was little to no change in r, relaxivity. The notable
exceptions were for the case of phosphate buffered saline (PBS) and
cell media solution (DMEM with 10 % FBS and 1 % PS). As
expected, in these conditions, the r; relaxivity values were decreased
mostly due to particle agglomeration by high ionic strength,

multivalent ionic salts formation and nonspecific protein binding.**
49

(a) % T—1Gieic Acid (1 day) (b) 907 Toteic Acid (1 day)
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Fig. 5 Plots of ry relaxivity values on the different conditions including (a)
temperatures (25 and 37 °C), (b) pH (6.6, 7.6, and 10), (c) buffer conditions
(phosphate buffer saline (PBS), borate buffer (BB), cell media solution
dulbecco’s modified eagle’s medium (DMEM) DMEM 1 (10 %), DMEM 2

(20 %), and (d) ionic strengths (NaCl 0.01, 0.05, 0.1, 0.5 M) after 1 day and 4
weeks.
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Cytotoxicity of Gd,0; nanoplates. The nanoparticles were
screened in an acute in-vitro assay designed to evaluate whether
substantial leaching of gadolinium may occur in these system
and if this could affect cell viability. The existing literature
suggests that Gd,O3 nanoparticles are relatively non-toxic.** >
2728 30 Por instance, Lee’s group demonstrated that D-
glucuronic acid coated and lanthanide doped Gd,O;
nanoparticles were not toxic up to 5 puM and 279 pM,
respectively.?* % We evaluated acute cytotoxicity using the
MTS colorimetric assay with human dermal fibroblast (HDF)
cells (Fig. 6).

A(a) e Magnevist
3 )
;100 o® .’ L] « *
E
S 50
T
(&)

ol :

0 200 400 600
Gd(1ll) [uM]

__(b) o’ Oleic acid Gd,0,
X e PAA-OA Gd.0
100 % oo o
% R °
© n!
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3 o ¥

0 e

0 200 400 600
Gd(Il) [uM]

Fig. 6 In vitro cytotoxicity using human dermal fibroblast (HDF) cells (a)
Cell viability (%) exposed to Gd-DTPA using mitochondrial activity (MTS)
assay for 24 hrs. (b) Cell viability data when introduced oleic acid and PAA-
OA Gd,0; nanoparticles (8 nm core diameter) using MTS assay. The cells
were alive up to 500 uM of Gd-DTPA. The LCs of oleic acid and PAA-OA
coated Gd,O; nanoparticles were 120 uM and 270 uM of Gd(IIl),
respectively.

Comparing with oleic acid coated Gd,O; nanoparticles, the
PAA-OA coated Gd,O; nanoparticles were more stable and less
toxic. From the LCs, value, giving the lethal dose required for
half of the cells to die, the percentages of cell viability were
calculated.’” ** The LCs, of oleic acid and PAA-OA coated
nanoparticles were 120 pM and 270 uM, respectively. This cell
viability data confirmed that PAA-OA coated Gd,O;
nanoparticles were much less toxic than the same materials
with an oleic acid coating. Note that the excellent relaxivity r;
and low toxicity of the Gd,O3 nanoparticles would support their
possible application as MRI contrast agents.

Conclusions

We have synthesized Gd,O; nanoplates with a size ranging
from 2 nm to 22 nm by fine tuning various experimental
conditions, including the monomer concentration, surfactant
ratio, and synthesis time. The surface of the Gd,0;
nanoparticles was capped either using an oleic acid bilayer or a
PAA-OA polymer coating. The superior coating stability was
assessed under various experimental conditions, by changing
the temperature, pH, buffer, and ionic strength. From the DLS
and zeta analysis, the water-soluble Gd,O; nanoparticles were
not aggregated and stable for more than 1 month. The
longitudinal relaxivity r; of the 2 nm Gd,O; nanoplates was

This journal is © The Royal Society of Chemistry 2012
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found to be up 10 times higher than that of the commercially
available Gd-DTPA (~50 (mM-s)™! vs ~4 (mM-s)™"). Via in vitro
cell viability analysis, we have demonstrated that Gd,O;
nanoparticles with a PAA-OA coating have no significant
cytotoxicity effect up to a Gd concentration of 250 #M. These
Gd,0; nanoplates represent a new class of T; MR contrast
agents with a high relaxivity and a favorable toxicity profile.
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The MR relaxivity (r;) of PAA-OA gadolinium oxide nanoplates is 10 times higher than that of FDA-approved agent.
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