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ABSTRACT: Significant work has been done to develop nanoparticle
contrast agents for computed tomography (CT), with a focus on
identifying safer and more effective formulations. Contrast agents for
spectral photon-counting computed tomography (SPCCT), a fast-growing
imaging modality derived from conventional CT, have also recently gained
considerable attention. In this study, we explored the synthesis of
ultrasmall ytterbium nanoparticles (YbNP) and demonstrated that,
potentially, they can be used as conventional CT and SPCCT contrast
agents. These nanoparticles were tested in vitro for their cytotoxicity and
contrast-generating properties with a variety of imaging systems. When
scanned with conventional CT and SPCCT at clinically relevant energies,
YbNP are significantly more attenuating than gold nanoparticles (AuNP),
the contrast agents that have been most well studied. Furthermore, YbNP
were studied for their potential application for labeling and monitoring hydrogels. The presence of the YbNP payload in hydrogels
allowed for hydrogel localization and tracking in vivo. Additionally, the in vivo imaging results revealed that YbNP generate higher
contrast when compared to AuNP used as a label. In summary, this is the first research study to examine ultrasmall YbNP as
conventional CT and SPCCT contrast agents, as well as using them in a hydrogel system to make it radiopaque. These findings
underscore YbNP’s utility as CT and SPCCT contrast agents, as well as their potential for tracking hydrogels in vivo.
KEYWORDS: ytterbium nanoparticles, contrast agents, hydrogel, computed tomography, spectral photon-counting CT

■ INTRODUCTION
Computed tomography (CT) is a noninvasive imaging
technique used for medical whole-body imaging.1,2 It is
frequently used for a range of diagnostic and therapeutic
purposes due to its wide availability, cost-effectiveness, and
short image acquisition times.3 Spectral photon-counting
computed tomography (SPCCT) is an X-ray imaging
technique that is derived from traditional CT.4−6 Recently,
the FDA has granted clearance of an SPCCT system for
clinical use.7,8 Using photon-counting detectors (PCDs),
SPCCT systems determine the energy of individual photons
from an X-ray beam transmitted through the subject.9,10 The
absorbed photons can then be separated into multiple energy
bins allowing for material-specific imaging, known as K-edge
imaging.11,12 SPCCT imaging enables improved spectral
resolution and contrast-to-noise ratios (CNR), reduced
noise, and the ability to distinguish multiple contrast agents
and measure their absolute concentration.13−16

Meanwhile, using nanoparticle contrast agents for different
medical imaging methods, including CT and SPCCT, has
attracted growing interest over the past 2 decades.17−19 The

unique physical and chemical characteristics of nanoparticle
contrast agents, such as their compositions, tunable surface
chemistry, and size, are well established. Moreover, they can
carry contrast-generating payloads that are often inaccessible
by small molecules.20,21 Iodinated small molecules are a class
of X-ray contrast agents that is most extensively used and
commercially accessible for clinical use.14,22 While having
many applications with both conventional and SPCCT
systems, iodinated contrast agents can produce allergic
responses and pose serious complications such as contrast-
induced nephropathy.23,24 Furthermore, iodine’s K-edge
energy (33.2 keV) is too low for K-edge imaging with
SPCCT and clinical imaging due to the size of the patients.25

As a result, novel contrast agents with low toxicity and high X-
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ray contrast production, intended for both conventional CT
and SPCCT, would have a wider range of uses. Some examples
of potential elements suitable for this purpose include
gadolinium, ytterbium, tantalum, gold, and bismuth.25 Over
the last decade, substantial work has gone into developing
nanoparticle contrast agents based on gadolinium, tantalum,
gold, and bismuth.26−29 However, few studies have reported
using YbNP as a contrast agent for CT. Moreover, according to
a recent report from our group, ytterbium has the highest
attenuation and CNR in conventional CT and SPCCT,
respectively, since the K-edge of ytterbium is close to the
center of the X-ray beam used in such systems.25

In this study, we report a novel YbNP contrast agent that
can be used for both conventional CT and SPCCT. NaYbF4
nanoparticles were made via a thermal coprecipitation method.
The core size of these YbNP can be tuned by modulating the
ratio of reagents used in the synthesis. Several analytical
techniques were used to characterize these YbNP. We
hypothesized that YbNP will suit the needs of both
conventional CT and SPCCT, as well as provide better
contrast than AuNP, while still exhibiting excellent biocompat-
ibility at a lower cost (i.e., $38/g for ytterbium salt vs $122/g
for gold salt).25 As a result, we conducted proof-of-concept
experiments using YbNP in a series of phantom studies to
demonstrate the superior contrast generation of YbNP than
AuNP in both conventional CT and SPCCT than AuNP. The
nanoparticles’ in vitro biocompatibility was assessed by
measuring cell viability in different cell lines. Lastly, because
of the attractive contrast-generating properties of YbNP, we
decided to further investigate their biomedical applications.
Therefore, we integrated YbNP into an injectable hydrogel
previously reported by our group for glioblastoma therapy.30

The previously reported hydrogels had radiopaque AuNP
added to them as contrast agents, allowing both precise
delivery of image-guided radiation and CT monitoring of
hydrogel erosion over time.30 We herein performed in vivo
imaging studies using both YbNP and AuNP-loaded hydrogels
in mice to evaluate the efficacy of YbNP as contrast agents for
hydrogel monitoring. Our findings suggest that YbNP not only
meet the requirements for conventional CT and SPCCT as a
contrast agent but also have high potentials in translational
applications in CT imaging.

■ MATERIALS AND METHODS
Materials. Ytterbium chloride hexahydrate (YbCl3·6H2O), oleic

acid (OA), 1-octadecene (ODE), ammonium fluoride (NH4F), 3-
mercaptopropionic acid (3-MPA), gold (III) chloride trihydrate
(99.9%), sodium borohydride powder (98.0%), poly(bis(4-
carboxyphenoxy)phosphazene) disodium salt (PCPP, 1 MDa), L-
glutathione reduced (GSH), selenocystamine dihydrochloride,
hexamethylenediamine, and chloroform were purchased from
Sigma-Aldrich (St Louis, MO). Sodium oleate was purchased from
TCI America (Portland, OR). HepG2, Renca, and SVEC4-10 cell
lines were purchased from ATCC (Manassas, VA).
Synthesis of YbNP. The synthesis protocol of YbNP was

modified from the thermal coprecipitation method described by Shi
et al.31 Ytterbium-oleate precursor was prepared by adding 0.8 mmol
YbCl3·6H2O to a mixture containing 17 mL of OA and 3 mL of ODE
in a 100 mL three-neck round bottom flask at room temperature. The
reaction mixture was heated to 150 °C at a heating rate of 15 °C
min−1 using a temperature-controlled heating mantle with N2
protection. The reaction was continued at 150 °C with constant
magnetic stirring for 30 min until the color of the mixture changed to
clear yellow. The mixture was allowed to cool to room temperature
following the synthesis of the ytterbium-oleate precursor. After that,

6.6, 9.9, or 13.2 mmol sodium oleate was added to the mixture. A
house vacuum was then used to reduce the pressure for 10 min. Then,
9 mmol NH4F was quickly added to the prior mixture, and the
reaction mixture was heated to 320 °C at a heating rate of 20 °C/min
and kept at 320 °C for 30 min. Throughout the entire synthesis, N2
flow was used. When the reaction was completed, the heating mantle
was removed to allow the mixture to cool to room temperature. The
product was isolated by adding 20 mL of absolute ethanol to the
mixture, and the mixture was centrifugated at 5000 rcf for 10 min.
The supernatant was discarded, and the pellet was collected and
resuspended in 20 mL of ethanol, then isolated again using the same
centrifugation settings. The product was washed at least three times,
and the nanoparticles were dispersed in 5 mL of chloroform for
further use.
To prepare 3-MPA-coated YbNP, 5 mL of 3-MPA solution in

chloroform was added to a glass vial containing 5 mL of previously
obtained YbNP suspended in chloroform. The solution was stirred
overnight at 350 rpm with continual magnetic stirring. The resultant
particles were concentrated by centrifugation at 4000 rpm after being
purified three times with DI water. Finally, 1 mL of concentrated
nanoparticles dispersed in DPBS was obtained. The nanoparticles
were filtered through a 0.22 μm filter before being kept at 4 °C for
future use.
Synthesis of AuNP. The AuNP synthesis, surface modification,

and purification steps were described in our previous work.20 A final
volume of 1 mL of nanoparticles was obtained and stored at 4 °C for
use in subsequent experiments.
YbNP and AuNP-Loaded Hydrogel Formation. A mixture of 1

mL of PCPP (4 mg/mL, PBS) and either 8 mg of YbNP or 8 mg of
AuNP in PBS was prepared. Then, 10.28 mg of Na2HPO4 was added
to the mixture. 1 M HCl was used to adjust the pH of the solution to
7.4. Next, selenocystamine dihydrochloride (110 mg/mL, PBS) was
added to the mixture and mixed by vortexing for 30 s. The mixture
was added to 10 mL of CaCl2 (8.8%, DI H2O) at room temperature
and vigorously stirred (700 rpm) for 20 min. Finally, the mixture was
collected and centrifuged at 2000 rpm for 8 min. The supernatant was
discarded, and the pellet was washed with DI water. The steps were
repeated twice more until there were no free nanoparticles in the
supernatant. After the last wash, the supernatant was discarded, and
the hydrogels were stored at 4 °C. The final concentrations of YbNP
and AuNP in the hydrogels were determined through inductively
coupled plasma-optical emission spectrometry (ICP-OES). ICP-OES
was calibrated with calibration standards containing known amounts
of elements.
Nanoparticle and Hydrogel Characterization. TEM. The

samples were prepared as described previously.19,27 YbNP samples
were examined with TEM using a JEOL 1010 microscope (JEOL
USA Inc., Peabody, MA) at 80 kV and a Tecnai T12 cryo-electron
microscope (FEI Tecnai) at 100 kV. The average core size of YbNP
was manually measured using ImageJ (National Institutes of Health).
DLS and ζ-Potential. The hydrodynamic diameters and surface

charge of YbNP were measured using a Malvern Nano ZA-90
Zetasizer (Malvern Instruments, Worcestershire, U.K.). The samples
were prepared as described previously.19

UV/Visible Absorption. A Genesys UV−visible spectrophotometer
(Thermo Scientific, Waltham, MA) was used to record the UV−vis
absorption spectra of diluted YbNP. In brief, 2 μL of YbNP stock
solution was diluted with 1 mL of deionized water. The YbNP
solution was then added to a cuvette for measurement.
ICP-OES. The concentrations of AuNP and YbNP in solution and

hydrogels were determined by ICP-OES performed on a Genesis ICP
(Spectro Analytical Instruments GmbH, Kleve, Germany). The
samples were prepared as described previously.27 The concentrations
of AuNP and YbNP were determined by multiplying the
concentration obtained by the ICP-OES by their dilution factor.
EDX. YbNP and YbNP-loaded hydrogel samples were completely

dried onto carbon-coated copper grids with 200 mesh under vacuum.
The specifications of the equipment were described previously.19

XRD. The XRD patterns of dried YbNP and YbNP-loaded hydrogel
samples were recorded using a GiegerFlex D/Max-B X-ray
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diffractometer (Rigaku, Tokyo, Japan). The specifications of the
equipment were described previously.19

Fourier Transform Infrared (FT-IR) Spectroscopy. The infrared
spectra of YbNP and YbNP-loaded hydrogel samples were collected
using a JASCO FT/IR-480 Plus spectrophotometer (JASCO, MD).
The samples were prepared by grinding 5 μL of YbNP or hydrogel
samples with 100 mg of potassium bromide (KBr) powder and then
pressing the samples into compact pellets.
Cell Culture. HepG2, Renca, and SVEC4-10 cell lines were used to

evaluate the in vitro cytotoxicity of YbNP and the biocompatibility of
YbNP-loaded hydrogels. The cells were cultured at 37 °C and 5%
CO2.
Thirty-five millimeter dishes with 20 mm bottom wells were used

for cell culture, and 80 000 cells were seeded in each well. The cells
were incubated for 24 h in the appropriate cell culture media
according to the manufacturer’s instructions. After 24 h incubation,
the cells were treated with YbNP at concentrations of 0 (control),
0.025, 0.05, 0.1, 0.25, 0.5, and 1 mg of Yb per mL for 8 h. Then, the
cells were washed with DPBS twice. The LIVE/DEAD assay was then
performed to assess the cell viability. The steps for the LIVE/DEAD
assay were published elsewhere previously.19 The viability of cells was
determined by calculating the ratio of live to dead cells normalized to
control.
To assess the biocompatibility of YbNP-loaded hydrogels, cells

were plated as described. The YbNP-loaded hydrogel (0.5 mg of Yb
per 1 mg of PCPP) was incubated in a cell medium at 37 °C for 24 h.
After that, the hydrogel and cell medium mixture were vortexed and
centrifuged at 2000 rpm for 8 min. Then, the supernatants containing
YbNP and hydrogel byproducts were collected and used to treat the
cells for 8 h. After that, the LIVE/DEAD assay (Life Technologies
Invitrogen) was performed.
Phantom Imaging. Conventional Clinical CT and Micro-CT. A

clinical CT scanner and a micro-CT scanner were used to evaluate the
CT contrast properties of YbNP and YbNP-loaded hydrogels.
Solutions containing YbNP, AuNP, and iodine (iopamidol) in water
or hydrogels at concentrations ranging from 0 to 10 mg per mL were
prepared in triplicates, placed in 200 μL small vials, and parafilm-
secured in a plastic rack. A 192-slice clinical CT scanner (Siemens

SOMATOM Force) was used for clinical CT phantom imaging. The
rack was submerged with water up to 21 cm in height to mimic a
human abdomen. The images were acquired with the settings that
were described previously.27 The phantom was scanned using a
MILabs U-CT (MILabs, Utrecht, The Netherlands). The following
settings were used: tube current = 190 μA, tube voltage = 55 kVp,
slice thickness = 100 μm, in-plane resolution = 100 μm, and exposure
time = 75 ms. Image analyses were performed using OsirixMD
(v.3.7.1 64-bit software). On each tube’s coronal view, a circular ROI
was drawn. The average of nine measurements of each concentration
was used to calculate the CT attenuation value for each sample tube.
The attenuation rates were reported, and they are defined as
attenuation divided by the concentration of the ytterbium in mg/mL.
SPCCT. SPCCT phantom images were acquired from a SPCCT

clinical prototype system (Philips Healthcare, Haifa, Israel) with a
large FOV (500 mm in-plane). Details of the scanner specifications
and the imaging methodology have been published elsewhere.32,33

The energy thresholds were set at 30, 51, 62, 72, and 81 kV to match
the K-edges of the materials. The images were acquired with the
following acquisition parameters: tube voltage = 120 kVp, tube
current = 100 mAs, slice thickness = 0.5 mm, and scan length = 17.6
mm. A cylindrical phantom made of polyoxymethylene (POM) and
16 cm in diameter was used for imaging. Eight different
concentrations of YbNP and AuNP solutions were placed in the
outer eight holes. Conventional CT images were reconstructed using
a PCD-adapted high-resolution back-projection and iterative
reconstruction (iDose4 and denoising strength/level: 0, 3, 6). The
acquired images were analyzed as previously described using
OsirixMD. The attenuation rate, CNR, and CNR rate (CNRR)
were reported. CNR was defined as the signal of the samples minus
the signal in water, divided by the resulting number of the noise
(standard deviation in water). CNRR was calculated by dividing CNR
by the concentration of the element.

In Vivo Experiments. All animal procedures were performed
under protocol number 804819, which was approved by the
Institutional Animal Care and Use Committee (IACUC) of the
University of Pennsylvania. The Public Health Service (PHS) Policy
on Humane Care and Use of Laboratory Animals (Public Law 99-

Figure 1. YbNP synthesis and characterizations. (A) Schematic depiction of YbNP synthesis. (B) Schematic depiction of surface modification of
water-soluble YbNP. (C) Transmission electron micrograph of YbNP. (D) Table summarizing the core diameter, hydrodynamic diameter, and
surface potential values of YbNP. (E) Photograph of the Se−PCPP hydrogel loaded with 8 mg of YbNP.
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158) was followed. Female c57BL/6J mice (n = 5 per group) were
used in the in vivo experiments. Hydrogels were sonicated for 30 min
before loading into 1 mL syringes assembled with 27-gauge needles.
Subcutaneous injections of 50 μL of YbNP and AuNP-loaded
hydrogels were given to mice on the left and right flanks, respectively.
Au and Yb concentrations in hydrogels used in all of the experiments
are 8 mg/mL. Mice were anesthetized with isoflurane during all
imaging experiments.
CT Imaging. The mice were first anesthetized with isoflurane.

Then, CT imaging was performed using a MILabs U-CT with the
following settings: tube voltage = 50 kVp, tube current = 190 μA, slice
thickness = 100 μm, and in-plane resolution = 100 μm. Mice were
scanned prior to injections and at 5 and 60 min post injection. The
obtained images were analyzed using OsirixMD. The ROI was
measured using the ROI segmentation tool. The attenuation values
(HU) in the hydrogel ROIs were recorded and standardized to the
muscle.
Ex Vivo Biodistribution. All mice were sacrificed 2 weeks post

injection. Mice were euthanized with CO2 gas followed by cervical
dislocation according to the IACUC-approved protocol. Mice were
then dissected by first opening the abdominal cavity and then
perfusing 20 mL of PBS in the left ventricle. After that, tissues from
the heart, liver, lungs, kidney, and spleen were collected. The tissues
were minced into small pieces and acid digested with 800 μL of nitric
acid and 200 μL of hydrochloric acid at 75 °C overnight. Then, the
digested samples were mixed with 9 mL of deionized water to make a
total volume of 10 mL. The concentration of Au and Yb in each
sample was determined through ICP-OES. Biodistribution data is
presented as mean ± SEM.
Statistical Analysis. All of the experiments were performed

independently in at least three replicates unless stated otherwise. In all
figures, data points represent the mean, and error bars are the
standard deviations or the standard error of the mean, as specified.
Unpaired T-tests were used when comparing the attenuation rates of
YbNP and AuNP in phantom imaging. Tukey’s multiple comparisons
test was used when comparing the cell viability of YbNP in different
cell lines. Two-way ANOVA multiple comparisons were used when
comparing the attenuations of YbNP and AuNP-loaded hydrogel in in
vivo imaging. P-values ≤0.05 were considered statistically significant.
All statistical analyses were carried out using Graphpad Prism 8
software (San Diego, CA).

■ RESULTS
Synthesis and Characterization of YbNP and YbNP-

Loaded Hydrogels. YbNP were synthesized using a modified
thermal coprecipitation method, as depicted in Figure 1A.31

YbCl3·6H2O, OA, and ODE were used to prepare ytterbium-
oleate precursor by heating the mixture under nitrogen
protection. The formation of Yb-oleate precursor was indicated
by the color of the mixture turning yellow and increased
turbidity. The nanoparticles were then produced by the
addition of ammonium fluoride and sodium oleate. Interest-
ingly, by varying the sodium and fluoride molar ratio, the size
of the nanoparticles can be easily tuned. Higher sodium to
fluoride molar ratios resulted in smaller YbNP (Figure S1).
The ratio that yielded sub-5 nm was used for all of the
subsequent experiments, as ultrasmall nanoparticles reduce
safety concerns associated with long-term retention of contrast
agents in the reticuloendothelial system (RES) organs (i.e.,
liver and spleen) due to their potential for renal clearance. The
YbNP were coated with 3-MPA to increase stability,
biocompatibility, and reduce RES uptake (Figure 1B).
A transmission electron micrograph of the resulting

nanoparticles is shown in Figure 1C. The YbNP were spherical
and of low polydispersity. The mean core diameter measured
from TEM micrographs was found to be 4.75 nm. The mean
hydrodynamic diameter of the nanoparticles was determined
to be 6.21 nm via DLS measurements (Figure 1D). The
hydrodynamic diameter is larger than the core size due to the
3-MPA attached to the nanoparticle surface. Moreover, the
surface potential of the nanoparticles was also measured and
found to be slightly negative (−15.7 mV), which is consistent
with other 3-MPA-coated nanoparticles.34,35 The morphology,
size, and surface potential of AuNP were characterized using
the same methods as YbNP and were summarized in Figure
S2. The surface functionalization of YbNP can be confirmed by
the disappearance of absorption bands of former surface
ligands (i.e., OA). Unmodified OA-coated YbNP showed peak
characteristics of both YbNP (C−O stretching) and OA
(2500−3600 cm−1, carboxylic acid O−H stretching) in the
FT-IR spectrum (Figure S3). The modified 3-MPA-coated
YbNP showed new peak characteristics of 3-MPA (1550−1700
cm−1, C�O stretching).
In this study, we used PCPP hydrogel, a type of hydrogel

previously reported by us that consists of PCPP polymer cross-
linked with selenocystamine and CaCl2 and can be loaded with
large amounts of contrast agents.30 In the prior report, the
hydrogels were loaded with AuNP to provide contrast for in

Figure 2. EDX spectra of (A) YbNP and (B) YbNP-loaded hydrogels. XRD spectra of (C) YbNP and (D) YbNP-loaded hydrogels.
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vivo tracking by CT. Herein, we use the above-described novel
YbNP to label hydrogels for the first time. The dispersion of
YbNP was confirmed by TEM (Figure S4). To investigate the
composition of YbNP and YbNP-loaded hydrogels (Figure
1E), EDX measurements were carried out. The resulting
spectra are shown in Figure 2A,B. All of the key elements in
the nanoparticles could be detected, including sodium,
ytterbium, and fluoride (Figure S5). In addition to the
elements in YbNP, we can observe peaks corresponding to
selenium and phosphorous from the hydrogels. XRD was
performed to further analyze the crystallographic structure of
the nanoparticles and the hydrogels, and the resulting spectra
are displayed in Figure 2C,D. The strong peaks at 30, 44, and
54 2θ degrees closely match the previously reported peaks of
similar NaYbF4:Tm and NaYF4 upconversion nanocrystals.

31,36

The loading of YbNP in the hydrogels is further confirmed by
the similar peaks on the XRD spectrum of YbNP-loaded
hydrogels.
In Vitro Cytocompatibility. To study the safety of YbNP

and YbNP-loaded hydrogels, in vitro assays were conducted.
Nanoparticles and hydrogels were incubated with hepatocytes
(HepG2), endothelial cells (SVEC), and epithelial kidney cells
(Renca). These cell types were chosen for the investigation
because due to the size of these nanoparticles, they are

expected to have the greatest exposure to YbNP after release
from the hydrogel into circulation. Each cell type was
incubated with the nanoparticles at the following concen-
trations for 8 h: 0.025, 0.05, 0.1, 0.25, 0.5, and 1.0 mg Yb per
mL of cell medium. As demonstrated in Figure 3A, the YbNP
incubations in all concentrations had no statistically significant
effect on the cell viability of any of the studied cell types when
compared to the control, suggesting the biocompatibility of
these nanoparticles. To probe the safety of the YbNP-loaded
hydrogels, a hydrogel with a Yb concentration of 0.5 mg/mL
was incubated in a cell medium for 24 h, and the collected
supernatants were used to treat the same type of cells for 8 h.
There was no statistically significant difference between the cell
lines (Figure 3B). This result was expected since both YbNP
and this type of hydrogel are biocompatible, individually.30

Phantom Imaging with Conventional CT and SPCCT.
Next, we performed phantom imaging to investigate the CT
and SPCCT contrast properties of YbNP. A micro-CT system,
a clinical CT imaging system, and an SPCCT clinical prototype
system were used to evaluate the CT attenuation properties of
YbNP, as ytterbium had previously been shown to produce
substantial contrast for both CT and SPCCT due to its K-edge
of 61.33 keV.25 This K-edge falls within a region with a large
number of photons above and below the K-edge energy,

Figure 3. Effect of (A) YbNP and (B) YbNP-loaded hydrogels on cell viability after 8 h of incubation (mean ± SEM; n = 6).

Figure 4. In vitro phantom imaging with CT. (A) Representative images acquired with a MILabs micro-CT at an energy of 55 kV. (B) X-ray
attenuation changes versus concentration for YbNP and AuNP. (C) Comparison of attenuation rates of YbNP and AuNP when using the MILabs
micro-CT. Error bars are standard deviations in all cases (mean ± SD; n = 9; **P < 0.01).
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allowing for high-performance imaging. It has been demon-
strated that ytterbium produces slightly stronger contrast in
conventional CT than gold, another element that is frequently
studied as a contrast agent.25 However, the previous research
on ytterbium contrast generation used ytterbium salts.
For CT imaging, a clinical CT system with X-ray energies

ranging from 80 to 140 kVp and a micro-CT system with X-ray
energy of 55 kVp were used to image the phantom containing

both YbNP and AuNP. Figure 4A shows representative images
of both YbNP and AuNP in a range of concentrations acquired
using the micro-CT system. Both YbNP and AuNP showed
increases in attenuation with increasing concentrations, as seen
in Figure 4B, which was expected because CT attenuation is
proportional to mass concentration. The quantification of
attenuation, as shown in Figure 4C, shows that the attenuation
rate of YbNP is significantly higher than that of AuNP. When

Figure 5. In vitro phantom imaging with SPCCT. (A) Conventional equivalent CT image and ytterbium-specific K-edge image of YbNP acquired
using an SPCCT scanner. (B) X-ray attenuation changes versus concentration for YbNP. (C) CNR of ytterbium at a range of concentrations from
0 to 10 mg mL−1 (mean ± SD; n = 4).

Figure 6. In vivo evaluation of contrast generation of YbNP and AuNP-loaded hydrogels. (A) Representative 2D CT images of the full body of a
mouse in a coronal view. Insets represent enlarged images of injected YbNP-loaded hydrogels (blue) and AuNP-loaded hydrogels (yellow) on the
left and right flanks, respectively. (B) Quantification of total CT attenuation arising from hydrogels. (C) Representative 3D volume-rendered CT
images of a mouse injected with YbNP and AuNP-loaded hydrogels at different time points: preinjection, 5 min p.i., and 1-week p.i. YbNP-loaded
hydrogels on the left flank are highlighted in blue, and AuNP-loaded hydrogels on the right flank are highlighted in yellow. (D) 3D reconstruction
of the YbNP-loaded hydrogel based on CT images. The hydrogel was artificially colored based on intensity thresholding using the same window
level and width as in (A). (E) Biodistribution of YbNP and AuNP in major tissues and organs, and carcass of injected mice 2 weeks after injections.
Data is presented as percent injected dose (%ID) (mean ± SEM; n = 5; *P < 0.05; ****P < 0.001).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c12354
ACS Appl. Mater. Interfaces 2022, 14, 39274−39284

39279

https://pubs.acs.org/doi/10.1021/acsami.2c12354?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12354?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12354?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12354?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12354?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12354?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12354?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c12354?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c12354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


scanned with the clinical CT, YbNP showed superior contrast
generation than AuNP at 80 and 100 kVp (Figure S5).
However, a difference in attenuation rate between conven-
tional CT and micro-CT was observed due to the different X-
ray energy beams, geometry, detectors, and reconstruction
methods used in different systems. We further assessed the
contrast generation of YbNP and AuNP using SPCCT. As
expected, ytterbium can be accurately identified in the
element-specific images (Figure 5A). Similar to conventional
CT, the attenuation of both YbNP and AuNP increases as the
concentration increases (Figures 5B and S6A). One of the
advantages of SPCCT is improved specificity. As can be seen
in Figures 5C and S6B, the CNR values from element-specific
images for both ytterbium and gold were linearly correlated
with element concentration, indicating the capability of the
SPCCT system to accurately quantify ytterbium concen-
trations. The CNRR of ytterbium was found to be 0.95 mg/
mL, which is significantly higher than that of gold (i.e., 0.31
mg/mL), similar to results found for ytterbium and gold
previously.25

In Vivo CT Imaging. Our in vitro phantom imaging studies
established that YbNP provide high CT contrast. We herein
performed animal experiments to further assess the contrast
generation of YbNP via in vivo CT imaging. Our group has
previously reported a shear-thinning, injectable hydrogel to
treat glioblastoma in conjunction with radiotherapy.30 Non-
invasive imaging techniques, such as CT, are valuable to
accurately localize and monitor hydrogels in vivo.37 CT is
especially applicable in this instance since most radiotherapy
systems have an onboard CT scanner used to localize the
tumor for accurate radiation administration. Thus, taking
advantage of the contrast-generating properties of YbNP,
hydrogels can be rendered radiopaque by physically loading
YbNP into hydrogels. To noninvasively monitor the local-
ization of the hydrogels and to compare the in vivo contrast
generation of YbNP with that of AuNP, sub-5 nm YbNP and
AuNP were prepared as described above and loaded into
separate hydrogels at the same concentration. Sub-5 nm
nanoparticles were chosen for the study since nanoparticles of
this size are less likely to accumulate in RES organs, thus
avoiding safety concerns and also minimizing interference with
diagnostic results from subsequent screening.38

The mice were prescanned with a MILabs micro-CT system
and injected subcutaneously with 50 μL of YbNP and AuNP-
loaded hydrogels (8 mg/mL Yb and Au) on the left and right
flanks, respectively. The mice were then imaged at various time
points with the micro-CT system (Figure S7). Selected
representative CT images of the injected hydrogels at 5 min
and 1 week post injection (p.i.) are displayed in Figure 6A.
Strong CT contrast was produced from both YbNP and
AuNP-loaded hydrogels since both YbNP and AuNP had a
dense concentration that allowed them to be visualized and
delineated from the surrounding tissues. As expected, YbNP
demonstrated greater CT contrast (Figure 6B). This result is in
accordance with our in vitro findings described above and the
YbNP release study (Figure S8). Interestingly, the contrast of
both hydrogels increased during the first three imaging time
points (i.e., 5 min, 60 min, and 24 h) and eventually decreased
again after 1 week, as shown in Figure S7. This is possibly due
to the hydrogel dehydrating during the early time points.
However, the contrast decreased once the hydrogels started
degrading over time. Moreover, the degradation of these
hydrogels was observed when the size of the hydrogels

decreased over time, as indicated in the reconstructed 3D
images at 5 min and 1-week p.i. (Figure 6C). The volume of
the hydrogels could be further quantified by segmenting and
reconstructing hydrogels using ROI segmentation. The average
volume of the hydrogels quantified was found to significantly
decrease from 1.23 mm3 at 5 min p.i. to 0.54 mm3 at 1-week
p.i. suggesting in vivo biodegradability of YbNP-loaded
hydrogels over time (Figure 6D). To further investigate the
biodistribution of the released YbNP from the degraded
hydrogels, mice were sacrificed 2 weeks after injections. The
organs of interest were collected and their YbNP and AuNP
contents were measured through ICP-OES. We found that less
than 0.7% of injected dose (ID) for YbNP and less than 2.50%
ID for AuNP were detected in the tissues and organs collected
(Figure 6E). Small amounts of YbNP and AuNP were found in
the liver (0.17% ID for YbNP, 1.55% ID for AuNP). Most of
YbNP and AuNP were found in the remaining carcass (28.1%
ID for YbNP, 31.2% for AuNP), which was expected since the
carcasses included the hydrogel injection sites and the
hydrogels were not fully degraded after 2 weeks. The low
average retention of nanoparticles (28.7% ID for YbNP and
33.7% ID for AuNP) suggested that most of the nanoparticles
released from the degraded hydrogels were cleared from the
body. The result is comparable to prior reports of other renally
clearable nanoparticles.39,40

■ DISCUSSION
In this study, we synthesized ultrasmall YbNP as contrast
agents for both conventional CT and SPCCT for the first time,
and we investigated their potential to be used in a novel
hydrogel to render it imageable with CT for future biomedical
applications. The ultrasmall size (i.e., <5 nm) is desired due to
the potential of being renally clearable, based on several studies
on renally clearable nanoparticles.41,42 Studies of gold
nanoparticles showed that there was no effect on contrast-
generating properties with a wide range of nanoparticle
sizes.27,43 Therefore, we expect there to be no impact of
YbNP size on contrast generation, although this is yet to be
definitively studied. Some candidate elements having K-edges
between 50 and 100 keV, such as gold, gadolinium, ytterbium,
bismuth, and tantalum, can attenuate substantially at clinically
relevant energies.1 They have all recently been studied for their
potential as CT and SPCCT contrast agents.25,26,28,29,44

Among these candidates, gold has attracted the greatest
attention due to its high CT contrast generation and ease of
nanoparticle synthesis.20,45−47 Meanwhile, few studies have
reported using YbNP as contrast agents for CT. In fact,
ytterbium outperformed all of the above-mentioned elements
in attenuation and CNR in SPCCT, according to a recent
report from our group.14,25 To the best of our knowledge, this
is the first study investigating the contrast properties of
ultrasmall YbNP using both conventional CT and SPCCT
systems. There have been only two prior examples of
ytterbium-based nanoparticle CT contrast agents to date.
One group reported gadolinium-doped ytterbium upconver-
sion nanoparticles for CT imaging. However, the reported
nanoparticles are larger than 10 nm in size, which would
hinder their clinical translation due to a lack of excretion and
significant retention in the RES organs in vivo.41,48 In addition,
the reported nanoparticles were doped with gadolinium,
reducing the ytterbium payload and therefore lowering their
SPCCT contrast efficacy.49 Another group has reported
ytterbium nanocolloids for SPCCT imaging, but their large
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size (200 nm) may present issues for pharmacokinetics and
clinical translation, as mentioned above.50 To the best of our
knowledge, we are the first group to report the synthesis of
YbNP at an ultrasmall size (4.75 nm), which might be suitable
as contrast agents for both CT and SPCCT. According to
several studies, nanoparticles with a hydrodynamic size below
the kidney filtration size threshold of 6−8 nm will not cause
RES organ uptake and long-term body retention.41,51 As
previously stated, the nanoparticle size can be facilely tuned by
adjusting the molar ratios of reagents (i.e., sodium and
fluoride). The YbNP synthesized were smaller when the
sodium to fluoride molar ratio was lower.
Our phantom imaging study results support that YbNP

contrast agents can generate high attenuation in both CT and
SPCCT imaging. In fact, YbNP generated significantly higher
attenuation than well-studied AuNP in both modalities. The
CNRs and CNRRs of YbNP observed in our study are also
significantly higher than those of AuNP when scanned with
SPCCT. These findings are in accordance with the previously
reported results from our group using gold and ytterbium salts
to test contrast generation with SPCCT.25 The fact that
ytterbium has its K-edge at energies where there are large
numbers of photons both above and below that energy in a
120 kVp beam, which is the tube voltage we used in our
SPCCT phantom study and standard clinical scans, explains
the high CNR value of YbNP. Generally speaking, photo-
electric events are most likely to happen when the energy is
slightly below or just above the K-edge.52 It is worth noting
that at higher energies (i.e., 140 kVp), AuNP is likely to
produce slightly more contrast since a greater number of
photons are produced around its K-edge energies compared to
when 120 kVp is used when the sizes of the patients are
similar. In fact, the K-edge dependency is one of the prominent
advantages of SPCCT, as it allows SPCCT to produce
material-specific maps and identify the types of tissue based
on their energy-dependent X-ray attenuation.53−57

The proof-of-concept experiments that assessed the in vivo
contrast generation of YbNP-loaded hydrogels with CT
confirmed that, as suggested by previous phantom imaging
studies, YbNP produces more contrast than AuNP. In
addition, we demonstrated for the first time that these
nanoparticles may be physically loaded into hydrogels with
success. Hydrogels have found use in a variety of biomedical
fields, particularly in drug delivery and tissue engineering,
because of their unique properties.58−60 They can be tailored
to be delivered to a tissue site of interest, where the in vivo
degradation of hydrogels can help achieve desired therapeutic
results.61 As a result, using noninvasive imaging techniques
such as CT to image hydrogels can provide benefits to
accurately localize and monitor the hydrogels. Much effort has
been made in developing imageable hydrogels for use in
biomedical applications over the past decade. Several research
groups have reported different methods to render hydrogels
imageable, including using intrinsically imageable polymers
during hydrogel formation or functionalizing hydrogels with
contrast agents.62−65 Among all of the studies utilizing CT
imaging, gold, tantalum oxide, and platinum nanoparticles have
been used in different hydrogel formulations.65−69 However,
no research has been done on the use of ytterbium in
hydrogels. We showed for the first time that ultrasmall YbNP
can be successfully incorporated into a hydrogel matrix. With a
slow YbNP release from the hydrogel (Figure S8), the
hydrogel can be imaged with CT in vivo with the contrast

provided by the remaining YbNP payload. As we expected, no
adverse effects were observed in mice after subcutaneous
administration of YbNP-loaded hydrogels, suggesting that
these radiopaque hydrogels are safe. We found that there is low
average YbNP retention in the organs collected 2 weeks after
the injections. This is to be anticipated, given that we used
ultrasmall-sized nanoparticles to prevent the particles from
accumulating in RES organs after they were released from the
degraded hydrogels.
There are certain limitations to our study. For example, the

SPCCT system used in the phantom study is a prototype of a
clinical scanner under development, and the final clinical
scanner may employ different scanning conditions, resulting in
some possible differences in values from those reported herein.
In addition, imaging the nanoparticle payload provides
valuable information for the hydrogel location and burden,
but further studies will be needed to determine the precise
correlation between the nanoparticle payload and the
remaining hydrogel burden. Furthermore, despite our positive
in vivo contrast generation results, longer imaging and
biodistribution time periods (i.e., 2 and 6 months) should be
assessed. Especially at longer time points, the degradation of
the hydrogel itself should be determined, as well as the YbNP
biodistribution. Finally, it is important to note that the
previous study on the hydrogels we used herein has reported
both in vitro and in vivo safety data.30 However, more extensive
in vivo safety assessments should be performed in the future
such as in vivo toxicology studies.

■ CONCLUSIONS
In summary, we developed ultrasmall YbNP as contrast agents
for both CT and SPCCT for the first time, and we
demonstrated the value of these nanoparticles for in vivo
hydrogel labeling with CT. YbNP and YbNP-loaded hydrogels
showed no toxicity in vitro, as shown by cell viability studies.
We found that YbNP have higher in vitro and in vivo CT
contrast generation compared to AuNP, the most well-studied
CT contrast agent. Overall, YbNP’s good biocompatibility,
enhanced contrast generation, and small size suggested their
utility as CT and SPCCT contrast agents. Their high loading
into hydrogels resulted in increased radiopacity, showing their
potential role in tracking hydrogels for various biomedical
applications.
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