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Abstract: An X-ray-attenuation-based in vivo imaging can be a promising candidate for real-time
detection of cancer in an early stage due to its significantly longer penetration depth compared to
currently investigated fluorescence-emission-based imaging techniques. It has recently been demon-
strated that this novel concept of imaging is feasible using cesium lead bromide (CPB) quantum dots
(QDs) stably embedded in silicon dioxide (SiO,) nanoparticles (NPs). However, further improve-
ments are necessary to realize its practical use, especially in terms of X-ray attenuation efficiency. In
this study, we have found that the X-ray attenuation capability of CPB/SiO, NPs was significantly
enhanced by embedding an organic X-ray scintillator, 2,5-diphenyloxazole (PPO), together with CPB
QDs in the NPs. The embedment not only solved the water dispersibility and stability problem of
PPO, but also significantly increased the Hounsfield unit of the NPs, which was proportional to the
degree of X-ray attenuation, by 2.7 times.

Keywords: X-ray attenuation; attenuation-based imaging; cesium lead bromide; 2,5-diphenyloxazole;
Hounsfield unit

1. Introduction

Researches on the biological applications of semiconductor nanocrystals, such as
in vivo imaging and diagnostics, have been steadily evolving [1,2]. Especially, emission-
based optical imaging technologies using fluorescent nanomaterials have attracted attention
in order to overcome the limited target-specificity and contrast issues of conventional tomo-
graphical techniques such as magnetic resonance imaging (MRI), computed tomography
(CT), and positron emission tomography (PET) [3-5]. However, currently investigated
fluorescence-emission-based approaches have a fatal drawback of short tissue penetration,
that is, fluorophores existing deep inside the body are hardly detected outside [6-8]. Al-
though fluorophores emitting the wavelength, A, of longer tissue penetration, especially
near-infrared-II (A of 900-1700 nm), have extensively been investigated in recent years,
they also have intrinsically limited penetration depth and a trade-off between the depth
and the resolution [7,8]. To overcome the limitations of such emission-based imaging
technologies, we have recently proposed an X-ray-attenuation-based imaging technique
using cesium lead bromide (CPB; CsPbBr3) quantum dot (QD)-embedded silicon dioxide
(5i0,) nanoparticles (NPs) that effectively attenuate incident X-rays [9]. Because X-rays
have almost unlimited depth of tissue penetration, the X-ray-based imaging can be a
plausible candidate for real-time in vivo detection of cancer wherever it is located in a
body. When NPs, the surface of which is conjugated with cancer-specific antibodies, are
injected intravenously into a tumor-grown mouse, a bright spot at the tumor position is
clearly visible due to the target-specificity of the NPs and the outstanding X-ray attenuation
capability of the CPB QDs therein.
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However, there still remains much room for improving the X-ray attenuation quantum
yield and stability of NPs for their practical use. Recently, it has been reported that the
X-ray attenuating quantum efficiency of a CPB-containing liquid scintillator is significantly
improved by adding organic scintillators such as 2,5-diphenyloxazole (PPO) [10]. In
addition, the significantly short decay time (~7 ns) of PPO is also expected to result in a
rapidly repeated consumption of incident X-ray photons [11,12]. The improvement was
explained by the effective transfer of X-ray-induced charges from PPO molecules to CPB
nanocrystals via the strong interaction between N atoms of PPO and Pb atoms of CPB.
In the literature, a mixture of inorganic CPB nanocrystals and organic PPO molecules
dispersed in octane is used as a liquid scintillator. However, it is not possible to use the
mixture directly in vivo due to its extremely poor dispersibility and stability in water.
In this study, we have solved both problems by encaging PPO molecules and CPB QDs
simultaneously and stably in SiO, NPs. The synthesized CPB-PPO/SiO, NPs were highly
dispersible in water and showed significantly improved the X-ray-attenuating efficiency,
compared to the SiO, NPs containing CPB QDs only.

2. Materials and Methods

5i0; NPs containing CPB QDs and PPO molecules, denoted as CPB-PPO/SiO, NPs,
were synthesized using a modified “rapid co-synthesis and double-encapsulation method”,
which was described elsewhere [9]. Briefly, 2 mL CPB precursor solution prepared by
adding 0.3 g lead bromide (99.999%; Sigma-Aldrich, Seoul, Korea), 0.17 g cesium bromide
(99.999%; Sigma-Aldrich, Seoul, Korea), 1.2 mL oleylamine (70%; Sigma-Aldrich, Seoul,
Korea), 3.6 mL oleic acid (90%; Sigma-Aldrich, Seoul, Korea), and catalytic amount of
ammonium hydroxide (28%; Deajung, Seoul, Korea) in 20 mL N,N-dimethylformamide
(99.5%, Deajung, Seoul, Korea) were rapidly injected into a SiO; precursor solution con-
taining 1600 pL tetramethyl orthosilicate (98%; Sigma-Aldrich, Seoul, Korea) and 200 mg
PPO (grade for spectrometry; Sigma-Aldrich, Seoul, Korea) in 100 mL toluene (99.7%;
Deajung, Seoul, Korea), followed by stirring at room temperature for 2 h. The synthesized
CPB-PPO/SiO, NPs were collected using centrifugation and washed with ethanol three
times, followed by annealing at 150 °C for 2 h to remove surface hydroxyl groups. For
comparison, SiO; NPs containing CPB QDs only, denoted as CPB/SiO NPs, were also
prepared in the same manner without the PPO in the above process.

The size and shape of the synthesized CPB/SiO, and CPB-PPO/SiO, NPs were
characterized by field-emission scanning electron microscopy (FE-SEM, JSM-7610F; JEOL
Ltd., Tokyo, Japan). The existence of the PPO molecules in the NPs was confirmed by
a Fourier-transform infrared (FTIR) spectrometer (Nicolet™ iS™ 50 FTIR Spectrometer;
Thermo Fisher, Waltham, MA, USA). The PPO leakage from the CPB-PPO/SiO, NPs was
evaluated by electronic absorption measurements (Mega-800; Scinco, Seoul, Korea). Three
milliliters of toluene were added into 3 mL of 1 mg/mL CPB-PPO/SiO, NP-dispersed
aqueous solution. After vigorous stirring and phase separation, the toluene layer was
taken, and the measurement was performed. The X-ray attenuation characteristics of the
synthesized NPs were estimated by a micro-CT system (SKYSCAN 1176; Bruker, Billerica,
MA, USA) at a tube potential of 50 kVp.

3. Results and Discussion

The basic strategy for synthesizing CPB-PPO/SiO, NPs is illustrated in Figure 1a.
The embedment of individual CPB QDs without aggregation in SiO, NPs was successfully
performed by the rapid co-synthesis of QDs and NPs, which was well presented in the
earlier report [13]. Briefly, CPB/SiO, NPs were obtained by rapidly injecting a CPB
precursor solution containing a catalyst for SiO; synthesis into a SiO, precursor solution,
hence synthesizing CPB QDs and SiO; NPs simultaneously in a very short time. In this
study, the additional embedment of PPO molecules with CPB QDs in SiO, NPs was
successfully achieved by dissolving the PPO molecules in the SiO; precursor solution prior
to the injection of the CPB precursor solution. The 512 nm-wavelength green emissions
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of both the CPB/SiO, and CPB-PPO/SiO, NPs under UV irradiation indicated that the
individual CPB QDs were well embedded inside the NPs since it was the typical emission
of 4-15 nm CPB QDs (Figure 1b) [13,14]. As shown in the FE-SEM images (Figure 1c,d),
the morphologies of the CPB/SiO, and CPB-PPO/SiO, NPs did not differ significantly,
although the average particle size of the CPB-PPO/SiO; NPs was slightly larger than that
of the CPB/SiO, NPs.

(a)

CPB precursor
Catalyst for SiO,

(b)

CPB/SiO, CPB-PPO/SiO,

PPO molecule

SiO, precursor}

Figure 1. (a) A schematic illustration for the synthesis and structure of cesium lead bromide (CPB)-2,5-
diphenyloxazole (PPO)/SiO; nanoparticles (NPs). (b) Photographs of CPB/SiO; and CPB-PPO/SiO,
NPs taken under UV irradiation. The characteristic green emission of the CPB QDs was observed.
(c,d) Field-emission scanning electron microscopy (FE-SEM) images of CPB/SiO; NPs (c) and CPB-
PPO/SiO; NPs (d).

The embedment of PPO molecules in the NPs was confirmed by FTIR spectroscopic
measurements (Figure 2a). While any vibrational peak in the 1400-1600 cm ! wavenumber
region was absent for the CPB/SiO, NPs, the characteristic aromatic C=C vibrational peaks
originated from the PPO molecules in that region were clearly observed in the spectrum
of the CPB-PPO/SiO; NPs [15]. The encaging of the PPO molecules in the SiO, NPs also
appeared to solve their problem of dispersibility in water. As shown in Figure 2b, the
CPB-PPO/SiO; NPs were highly dispersible in water even at a high concentration of
10 mg/mL, but the unencapsulated PPO molecules were not soluble or dispersible in water.
While the PPO molecules were precipitated in a short time, the dispersibility of the colloidal
CPB-PPO/SiO, NPs in water was maintained for at least 1 h, as shown in Figure 2c. Not
only the dispersibility of PPO molecules, but also their stability in SiO, NPs is important
because of their potential for eye irritation and acute toxicity [16]. Electronic absorption
measurements were performed to evaluate the stability of the embedded PPO molecules
(Figure 2d,e). Prior to the evaluation, it was confirmed that the absorption intensity was
almost exactly proportional to the PPO concentration, as shown in the inset of Figure 2d.
Comparing these spectra, any detectable PPO signal was not observed for the solution,
in which the CPB/SiO, NPs were dispersed for 30 days, indicating the high stability of
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PPO molecules in the NPs. Furthermore, based on the report that most SiO, NPs of this
size intravenously injected into mice are excreted within 7 days [9], the accumulated PPO
or SiO; in the body would be much less. Of course, further in-depth evaluation will be
required to safely apply this material to in vivo imaging.
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Figure 2. (a) Fourier-transform infrared (FTIR) spectra of CPB/SiO, NPs, CPB-PPO/SiO; NPs,
and PPO molecules (from top to bottom). The magnified spectra over the wavenumber region of
aromatic C=C vibration (1400-1600 cm~') are also shown on the right to confirm the embedment
of PPO molecules in the CPB/SiO, NPs. (b,c) Photographs of PPO molecules and CPB-PPO/SiO,
NPs dispersed in water, taken immediately (b) and 1 h after the dispersion (c). (d,e) Electronic
absorption spectra of the solution containing CPB-PPO/SiO, NPs and solutions containing various
concentrations of PPO in tolutene at the 300-380 nm (d) and 300-335 nm (e) wavelength region. The
plot of absorbance vs. PPO concentration and the calibration curve are shown in the inset of (d).
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As shown in Figure 3a—c, the addition of a small amount of PPO molecules in the
CPB/SiOy NPs resulted in a brighter micro-CT image, which is attributed to the enhanced
X-ray attenuation by the synergetic effect of the CPB QDs and PPO molecules (Figure 3a—).
The images were obtained under the same condition, i.e., a tube potential of 50 kVp and
an NP concentration of 1.0 mg/mL. To more quantitatively investigate the enhancement
of the X-ray attenuation quantum efficiency after the addition of PPO molecules in the
CPB/SiO; NPs, the Hounsfield unit (HU) was calculated using the micro-CT imaging of
the NP-dispersed aqueous solutions (Figure 3d). The HU is a quantitative measurement,
which is proportional to the degree of X-ray attenuation when the X-ray penetrates the
matter [17,18]. The corresponding HU value was calculated by the following equation:

HU = (ﬂux_yw‘”“’> % 1000 1)
Hwater — Hair

where iy, Puwater, and p,;, are the attenuation coefficients of the sample solution, water, and
air, respectively. Because the attenuation coefficient of the air is nearly zero, the change of
one HU of the sample represents a change of the 0.1% attenuation coefficient with respect
to that of water. The obtained HU of the CPB-PPO/SiO, NP solution was 154, which was
significantly larger than that of the only-CPB-containing NP solution, i.e., 57.8. The brighter
micro-CT image and the increased HU indicated that the X-ray attenuation capability of
the CPB/SiO, NPs was effectively improved by the addition of PPO molecules.

2001
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Figure 3. (a—c) Micro-computed tomography (CT) images of water (a), the CPB/SiO, NP solution (b),
and the CPB-PPO/SiO;, NP solution (c). The concentrations of both NP solutions were 1.0 mg/mL
in water. (d) Hounsfield units of the CPB/SiO, and CPB-PPO/SiO, NP solutions.
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4. Conclusions

In summary, we have developed a new synthetic route for X-ray-attenuating SiO,
NPs, which contained CPB QDs and PPO molecules simultaneously. The synthesis was
successfully achieved by rapidly mixing a CPB precursor solution containing a catalyst
for 5iO; synthesis and a SiO; precursor solution containing PPO molecules. The effective
embedment of PPO molecules in SiO; NPs, confirmed by FTIR measurements, solved the
poor dispersibility problem of organic PPO scintillators in water. The co-embedment of
inorganic and organic scintillators in SiO, NPs resulted in a significant improvement in
their X-ray-attenuating efficiencies. The HU of the 1.0 mg/mL CPB-PPO/SiO; NP solution
was 154, which was approximately 2.7 times larger than that of the CPB/SiO, NP solution
with the same concentration.
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