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X-ray Attenuation Properties of Ultrasmall Yb,O3; Nanoparticles as a
High-Performance CT Contrast Agent
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Ultrasmall heavy metal-oxide nanoparticles can be utilized for highly enhancing contrasts in com-
puted tomography (CT). In this study, ultrasmall Yb2O3 nanoparticles coated with biocompatible
and hydrophilic D-glucuronic acid were for the first time prepared through a simple one-step polyol
process, and their X-ray attenuation properties were investigated by measuring phantom images
and X-ray attenuation powers. The average particle diameter of the nanoparticles was estimated
to be 2.1 + 0.1 nm by using transmission electron microscopy. The observed X-ray attenuation
power was stronger than that of a commercial iodine CT contrast agent (i.e., Ultravist®) at the
same atomic concentration and much stronger at the same number density, proving the potential
of ultrasmall Yb>O3 nanoparticles for use as a powerful CT contrast agent.
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I. INTRODUCTION

Ultrasmall heavy metal-oxide nanoparticles can
be applied to cutting-edge nanotechnology including
nanomedicine [1,2]. Especially, their application as a
computed tomography (CT) contrast agent is promis-
ing owing to their strong X-ray attenuation properties
originating from the high X-ray attenuation coefficients
of heavy metals [3] and the dense population of heavy
metals per nanoparticle. Therefore, they can serve as
high-performance CT contrast agents that are superior
to commercial iodine contrast agents.

Gold (Au) nanoparticles have been most intensively
studied so far because of their having higher biocompat-
ibility than other metal nanoparticles [4-18]. However,
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Au is very expensive, which is a disadvantage of using Au
nanoparticles. Therefore, other metal and metal-oxide
nanoparticles should be tried as CT contrast agents be-
cause they are relatively cheaper than Au nanoparticles.

Yb possesses a high X-ray attenuation coefficient [3].
However, studies on ultrasmall ytterbium-oxide (Yb3Os3)
nanoparticles as CT contrast agents are very poor. The
Yb2 O3 nanoparticles previously reported as CT contrast
agents had been prepared at high temperatures through
calcination (> 800 °C), and as a result, their particle
diameters were large (> 100 nm) (é.e., not ultrasmall)
[19,20], which is not appropriate for biomedical applica-
tions because they cannot be excreted through the renal
system after administration [4]. Furthermore, their sur-
faces were coated with biocompatible ligands in a sepa-
rate step. Therefore, their preparation process was very
complex.

In this report, we present for the first time a facile
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Fig. 1. (Color online) One-step polyol preparation of D-
glucuronic acid-coated ultrasmall Yb2O3 nanoparticles.

one-step polyol preparation method of ultrasmall YbyO3
nanoparticles [average particle diameter (davg) = 2.1 £
0.1 nm] coated with biocompatible and hydrophilic D-
glucuronic acid. In this method, nanoparticle formation
and surface-coating were accomplished through one-step
in solution. The coated nanoparticles were character-
ized using various experimental techniques. Their X-ray
attenuation properties were characterized by measuring
phantom images and X-ray attenuation powers. The
nanoparticle solution sample exhibited an X-ray atten-
uation power stronger than that of a commercial iodine
CT contrast agent, Ultravist®, proving the potential of
such ultrasmall nanoparticles for use as a powerful CT
contrast agent.

II. EXPERIMENTAL DETAILS

An outline of the one-step polyol preparation method
is provided in Fig. 1. Two separate solutions were
prepared: (i) a precursor solution made of 2 mmol of
YbCl3-6H50 and 2 mmol of D-glucuronic acid in 10 mL
of triethylene glycol (TEG) in a 100-mL three-necked
round bottom flask and (ii) an NaOH solution made of
7 mmol of NaOH in 10 mL of TEG in a 50-mL flask. The
three-necked round bottom flask was suspended inside a
silicon oil bath for temperature control. The precursor
solution was magnetically stirred at room temperature
under atmospheric conditions until the precursor was dis-
solved, after which the NaOH solution was added to the
precursor solution. The reaction solution was heated to
100 °C and then maintained at that temperature for 12 h
with magnetic stirring. The product solution was cooled
to room temperature, transferred to a 1-L beaker, and
then filled with 400 mL of ethanol. The product solution
was magnetically stirred for 10 min and then kept in a re-
frigerator for a few days until the product nanoparticles
had settled to the bottom of the beaker. The transpar-
ent top solution was decanted, and the remaining prod-
uct solution was diluted with 400 mL of ethanol. This
washing process was repeated three times. Half of the
sample by volume was dried to a powder form in air
for various characterizations, and the remaining half was
washed with triple-distilled water three times using the
same process as above for the preparation of the aqueous
solution sample.

The particle diameter of the nanoparticles was mea-

Fig. 2. (Color online) HRTEM images (a) before and (b)
after TGA, and (c) a photograph of the D-glucuronic acid-
coated ultrasmall Yb2O3 nanoparticle solution sample.

sured using a high-resolution transmission electron mi-
croscope (HRTEM) with a field emission filament at
an acceleration voltage of 200 kV (Titan G2 ChemiS-
TEM CS Probe, FEI, Hillsboro, OR, USA). The metal
concentration in the aqueous solution sample was mea-
sured using an inductively-coupled plasma atomic emis-
sion spectrometer (ICPAES) (IRIS/AP, Thermo Jarrell
Ash Co., Franklin, MA, USA). A multi-purpose X-ray
diffraction (XRD) machine (X’PERT PRO MRD, PAN-
alytical, Almelo, Netherlands) with unfiltered CuK, ra-
diation (A = 1.54184 A) was used to characterize the
crystal structure of the powder sample. Fourier trans-
form - infrared (FT-IR) absorption spectra for the pow-
der sample pelletized with KBr were recorded using an
FT-IR absorption spectrometer (Galaxy 7020A, Matt-
son Instruments Inc., Madison, WI, USA) to prove the
surface-coating. A thermogravimetric analysis (TGA)
instrument (SDT-Q600, TA Instruments, New Castle,
DE, USA) was used to estimate the amount of surface
coating by recording the TGA curve at temperatures be-
tween room temperature and 900 °C under an air flow.
The biocompatibility of the aqueous solution sample was
determined using a CellTiter-Glo luminescent cell viabil-
ity assay (Promega, Madison, WI, USA) up to 500 pum
[Yb]. Phantom images and X-ray attenuation powers
of the aqueous solution sample were measured using a
micro-CT scanner (Inveon, Simens Healthcare, Erlan-
gen, Germany). The X-ray attenuation power was es-
timated in Hounsfield units (HU) with respect to that
of water (i.e., 0 HU). The parameters used for the mea-
surement were as follows: X-ray source current = 100 A,
X-ray source voltage = 70 kV, imaging time per frame
= 200 ms, and reconstructed image size = 512 x 512.

III. RESULTS AND DISCUSSION

An HRTEM image of the D-glucuronic acid-coated
ultrasmall YbyOs nanoparticles is shown in Fig. 2(a).
The nanoparticles exhibited ultrasmall particle diame-
ters, and their da,, was estimated to be 2.1 £ 0.1 nm
(Table 1). After TGA, however, the particle diameters
ranged from 10 to 30 nm owing to particle growth, as
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Table 1. Average particle diameter (davg), number (Nmetar) of Yb3t ions per nanoparticle, surface-coating amount (P, o,

Nigand ), and X-ray attenuation power relative to Ultravist®.

dave (nm) Nmetal Surface-coating amount X-ray attenuation power relative to Ultravist®
P (%) o (nm*Q) Niigand In atomic concentration In number density
214+0.1 ~ 297 449+ 1.0 9.1+0.1 126 + 10 ~ 1.8 ~ 180

P = weight percent of surface-coated D-glucuronic acid per nanoparticle.
o = grafting density, corresponding to the number of surface-coated D-glucuronic acid molecules per nanoparticle unit

surface area.

Niigana = number of surface-coated D-glucuronic acid molecules per nanoparticle.
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Fig. 3. (Color online) XRD patterns of the D-glucuronic
acid-coated ultrasmall Yb2Os nanoparticle powder sample
before (bottom) and after (top) TGA. All the peaks of the top
XRD pattern labeled with vertical sticks and Arabic numbers
could be assigned with (hkl) Miller indices. Only the strong
peaks were representatively assigned on the top of the peaks.

shown in Fig. 2(b). The aqueous solution sample ex-
hibited a good colloidal suspension [Fig. 2(c)], which is
suitable for application as a CT contrast agent.

The XRD pattern of the powder sample was measured
before and after TGA (Fig. 3). Broad and amorphous
peaks were observed for the powder sample before TGA
(the bottom XRD pattern in Fig. 3) whereas sharp peaks
were observed owing to particle growth after TGA (the
top XRD pattern in Fig. 3), which is consistent with the
HRTEM result shown in Fig. 2(b). All the peaks after
TGA could be assigned with (hkl) Miller indices, and
only the strong peaks were representatively assigned in
the XRD pattern. After TGA, the YbyO3 nanoparticles
showed a cubic structure with a lattice constant (a) of
10.44 £ 0.01 A, which is consistent with the previously
reported value (JCPDS card No. 00-043-1037 [21]).

Surface-coating with D-glucuronic acid was inves-
tigated by recording the FT-IR absorption spectrum
(Fig. 4). The FT-IR absorption spectrum of free D-
glucuronic acid was also recorded for reference (Fig. 4).
The characteristic IR bands of C—H at 2920 cm~*, C=0
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Fig. 4. (Color online) FT-IR absorption spectra of free
D-glucuronic acid and a D-glucuronic acid-coated ultrasmall
Yb2O3 nanoparticle powder sample.

at 1575 cm™!, and C—O at 1085 cm ™! were observed in
the sample. A red-shift of the C=0 band by 135 cm™*
with respect to that (= 1710 cm™1) of free D-glucuronic
acid was observed owing to the electrostatic bonding of
the —COOH group of D-glucuronic acid to the Yb3T
exposed on the nanoparticle surface. Similar red-shifts
have previously been observed in many nanoparticle sys-
tems coated with ligands containing —COOH groups [22—
25], supporting our results.

The average amount (P) of surface-coated D-
glucuronic acid on the nanoparticle surface was esti-
mated in units of weight percent by measuring the mass
loss in the TGA curve, after considering the water and
air desorption at temperatures between room tempera-
ture and ~ 105 °C (Fig. 5). The grafting density (o),
corresponding to the average number of surface-coated
D-glucuronic acid molecules per nanoparticle unit sur-
face area [26], was estimated using the bulk density of
YbyO3 (= 9.17 gem™3) [27], the estimated P value, and
the dayg as determined via HRTEM imaging. The aver-
age number (Njigand) of surface-coated D-glucuronic acid
molecules per nanoparticle was estimated by multiplying
the o value by the nanoparticle surface area (= 7d2,,).
The estimated P, o, and Mjgana values are provided in
Table 1. The large value of the Njjgana indicates that the
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Fig. 5. (Color online) TGA curve for the D-glucuronic
acid-coated ultrasmall Yb2Os nanoparticle powder sample.
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Fig. 6. In vitro cellular cytotoxicity of the D-glucuronic
acid-coated ultrasmall YboOgs nanoparticle solution sample
in DU145 cells, showing good biocompatibility up to 500 uM
[YDb].

nanoparticles were coated with a sufficient amount of D-
glucuronic acid. As shown in Fig. 6, D-glucuronic acid-
coated ultrasmall YbyOg nanoparticles were not toxic up
to 500 wm [Yb] in DU145 cells, showing good biocom-
patibility.

The X-ray attenuation properties of the nanoparticle
solution sample were characterized by measuring phan-
tom images and X-ray attenuation powers in HU. The
results were compared with those of Ultravist®. As
shown in Fig. 7(a), the nanoparticle solution sample ex-
hibited a phantom image that was brighter than the
Ultravist® image at the same atomic concentration. This
was also indicated in the plot of the X-ray attenuation
power as a function of the atomic concentration shown in
Fig. 7(b), which is consistent with the magnitudes of the
atomic X-ray attenuation coefficients (i.e., Yb > I) [3].
From the plot, the X-ray attenuation power of the D-
glucuronic acid-coated ultrasmall YbsOg nanoparticles
was estimated to be ~ 1.8 times stronger than that of
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Fig. 7. (Color online) (a) Phantom images of (i)-

(vi) Ultravist® (0-150 mM [I]) and (vii) the D-glucuronic
acid-coated ultrasmall YboO3s nanoparticle solution sample
(77.1 mM [YD]). Plots of the X-ray attenuation power as a
function of (b) the atomic concentration and (c) the number
density. In (c), a reduced range of 0-10 x 10%° was plotted,
and the inset corresponds to a plot over the entire range.

Ultravist® at the same atomic concentration (Table 1).

To plot the X-ray attenuation power as a function
of the number density corresponding to the number of
nanoparticles (or molecules) per liter, we estimated the
number (Npeta1) of Yb?F ions per nanoparticle to be ~
297 by using the formula [28] Nyetal =~ (2/y)(davg/h)>,
in which x (= 2) is the number of Yb3* ions per chem-
ical formula, y (= 5) is the number of ions per chemical
formula, and h is the average ionic diameter of all the
ions in the chemical formula (= 0.232 nm) [29]. The es-
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timated value is also provided in Table 1. By multiply-
ing the atomic concentration by Avogadro’s number and
then dividing the resulting number either by Npetar Or
by three in the case of Ultravist® (i.e., three iodines per
molecule), we obtained the corresponding number den-
sity. The X-ray attenuation power was then plotted as a
function of the number density [Fig. 7(c)]. From the plot,
the X-ray attenuation power of the D-glucuronic acid-
coated ultrasmall YbyO3 nanoparticles was estimated to
be 180 times stronger than that of Ultravist® at the same
number density (Table 1), and this value was 100 times
bigger than that (=~ 1.8) estimated at the same atomic
concentration, corresponding to an advantage of ultra-
small nanoparticle CT contrast agents over molecular
ones. Therefore, the ultrasmall Yb,O3z nanoparticles are
superior to commercial iodine CT contrast agents.

IV. CONCLUSION

In summary, we prepared for the first time ultra-
small YboO3 nanoparticles coated with D-glucuronic
acid through an one-step polyol process and character-
ized their potential for use as CT contrast agent by mea-
suring phantom images and X-ray attenuation powers.
The results are as follows:

(1) D-glucuronic  acid-coated ultrasmall YboOs
(davg = 2.1 £ 0.1 nm) nanoparticles showed good
biocompatibility according to the in vitro cellular
cytotoxicity assessment.

(2) The nanoparticle solution sample showed an X-
ray attenuation power that was stronger than that
of a commercial iodine contrast agent, Ultravist®,
which is consistent with the magnitudes of the
atomic X-ray attenuation coefficients (i.e., Yb >

1).

(3) The X-ray attenuation power of the nanoparticle
solution sample was much stronger than that of
Ultravist® at the same number density, proving the
superiority of the ultrasmall YbsOs nanoparticles
to commercial iodine CT contrast agents.
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