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Harnessing X-Ray Energy-Dependent Attenuation of
Bismuth-Based Nanoprobes for Accurate Diagnosis of Liver
Fibrosis

Shiman Wu, Xianfu Meng, Xingwu Jiang, Yelin Wu, Shaojie Zhai, Xiaoshuang Wang,
Yanyan Liu, Jiawen Zhang, Xinxin Zhao, Yan Zhou,* Wenbo Bu,* and Zhenwei Yao*

Timely detection of liver fibrosis by X-ray computed tomography (CT) can
prevent its progression to fatal liver diseases. However, it remains quite
challenging because conventional CT can only identify the difference in
density instead of X-ray attenuation characteristics. Spectral CT can generate
monochromatic imaging to specify X-ray attenuation characteristics of the
scanned matter. Herein, an X-ray energy-dependent attenuation strategy
originated from bismuth (Bi)-based nanoprobes (BiF3@PDA@HA) is
proposed for the accurate diagnosis of liver fibrosis. Bi element in
BiF3@PDA@HA can exhibit characteristic attenuation depending on different
levels of X-ray energy via spectral CT, and that is challenging for conventional
CT. In this study, selectively accumulating BiF3@PDA@HA nanoprobes in the
hepatic fibrosis areas can significantly elevate CT value for 40 Hounsfield
units on 70 keV monochromatic images, successfully differentiating from
healthy livers and achieving the diagnosis of liver fibrosis. Furthermore, the
enhancement produced by the BiF3@PDA@HA nanoprobes in vivo increases
as the monochromatic energy decreases from 70 to 40 keV, optimizing the
conspicuity of the diseased areas. As a proof of concept, the strategically
designed nanoprobes with energy-dependent attenuation characteristics not
only expand the scope of CT application, but also hold excellent potential for
precise imaging-based disease diagnosis.
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1. Introduction

Liver cirrhosis and hepatocellular carci-
noma (HCC) are responsible for approxi-
mately two million deaths annually world-
wide due to the lack of effective treatment
options.[1] Cirrhosis and HCC commonly
result from chronic liver fibrosis.[2] For-
tunately, fibrotic progression in liver can
be reversed if it is diagnosed in a timely
manner,[3] further improving the patients’
quality of life and survival rate.[4] However,
the routine diagnosis of liver fibrosis de-
pends on highly invasive biopsies that lead
to pain and other complications.[5] There-
fore, there is an urgent need to exploit
novel imaging techniques for accurately di-
agnosing liver fibrosis in a non-invasive
manner.[6]

X-ray computed tomography (CT) is a
common diagnostic tool for tumors,[7] inter-
nal injuries,[8] fractures,[9] and so on. How-
ever, since conventional CT uses a polychro-
matic (polyenergetic)[10] X-ray spectrum
with multienergy photons,[11] it can only
distinguish materials based on their
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difference in density rather than attenuation characteristics.[12]

Hence, conventional CT cannot differentiate between the fi-
brotic and healthy liver tissues due to their similarity in den-
sity. Acquired with high-energy and low-energy X-ray settings,
spectral CT is capable of distinguishing different kinds of tis-
sue in vivo based on their attenuation characteristics[13] and
generates monochromatic (monoenergetic) X-ray images that
represent single X-ray photon energy level ranging from 40–
140 keV.[14] Yet, when exploiting spectral CT to detect liver fi-
brosis, a challenge remains: fibrotic and healthy livers share
similar X-ray attenuation coefficients. To better distinguish ab-
normality in soft tissue, clinical CT scans commonly require
the administration of iodine-based contrast agents.[15] Neverthe-
less, the clinical X-ray spectra contain few photons around the
K-edge of iodine (33 keV),[16] leading to an exceedingly weak
characteristic attenuation of iodine to be identified by spectral
CT. Furthermore, the disadvantages of clinical iodinated small-
molecule agents, including short metabolic time[17] and incom-
petence of disease targeting,[18] make iodine-enhanced spec-
tral CT still inadequate to distinguish between the fibrotic and
healthy livers. Bismuth (Bi) has a K-edge value of 90.5 keV,[19] and
large X-ray attenuation coefficient (5.74 cm2 g−1 at 100 keV).[20]

Therefore, Bi-based nanoparticles can overcome the shortcom-
ings of iodinated small molecules, offering higher-performing
contrast enhancement on CT imaging.[21] More importantly, Bi
with high atomic number (Z), can show characteristic attenua-
tion at different energies of the X-ray beam, known as “energy-
dependent attenuation,”[22] a property that is suitable for spectral
CT. Thus, it is of considerable significance to reasonably design
Bi-based nanoprobes for achieving accurate diagnosis of liver
fibrosis.

Herein, an innovative X-ray energy-dependent attenuation
strategy was proposed for the precise diagnosis of liver fibro-
sis. Liver fibrosis is characterized by the excessive prolifera-
tion and abnormal deposition of the extracellular matrix pro-
teins, such as collagen and hyaluronic acids (HA).[23] Thus,
HA is considered as a vital biomarker of liver fibrosis, and
significantly correlated with the severity of liver fibrosis.[24] By
conjugating HA to Bi-based nanoparticles, novel liver-fibrosis-
targeting contrast nanoagents were prepared for diagnosing liver
fibrosis via spectral CT. The targeting performance of HA to-
ward liver fibrosis has been confirmed by multiple previous
studies.[25] Thus, HA modification can enable BiF3@PDA@HA
nanoprobes to selectively accumulate in the fibrotic tissues as
opposed to healthy liver tissues, allowing differential imaging
between the healthy and fibrotic livers by spectral CT. In con-
trast, conventional CT was incompetent (Scheme 1). Specifically,
on the 70 keV monoenergetic images of spectral CT, liver CT
Hounsfield unit (HU) value manifested approximately onefold
elevation (from 38.50 ± 3.63 to 79.67 ± 11.57 HU) in mice model
of liver fibrosis at 30 min after injection of BiF3@PDA@HA
nanoprobes. Furthermore, the most obvious distinction between
the healthy and fibrotic livers was achieved at the X-ray energy
of 40 keV. Taken together, the X-ray energy-dependent attenu-
ation characteristic of BiF3@PDA@HA was quite qualified for
the non-invasively precise diagnosis of liver fibrosis via spectral
CT, confirming the feasibility of energy-dependent attenuation
strategy.

2. Results and Discussion

2.1. Synthesis and Characterization

BiF3 nanoparticles were synthesized as previously described,[26]

and sequentially modified with dopamine (DA) and HA for hy-
drophilicity and liver-fibrosis-targeting, respectively. Transmis-
sion electron microscopy (TEM) images (Figure S1, Support-
ing Information) confirmed the successful preparation of BiF3
nanoparticles and BiF3@PDA@HA nanoprobes. Scanning elec-
tron microscopy (SEM) demonstrated the uniform spherical mor-
phology of both BiF3 nanoparticles (Figure S2, Supporting In-
formation) and BiF3@PDA@HA nanoprobes (Figure 1a). Also,
BiF3@PDA@HA nanoprobes showed excellent hydrodynamic
size distribution centered at 170.7 nm (Figure S3, Supporting In-
formation), explaining their high dispersity without obvious ag-
gregation. Elemental mapping (Figure 1b) further revealed the
presence of Bi, F, C, O, and N element in the BiF3@PDA@HA
nanoprobes. Furthermore, Fourier transform infrared (FT-IR)
spectra verified the successful surface modification with poly-
dopamine (PDA) and HA (Figure 1c). Finally, X-ray diffraction
(XRD) showed that BiF3 nanoparticles, BiF3@PDA nanoparti-
cles, and BiF3@PDA@HA nanoprobes were in cubic phase (Fig-
ure S4, Supporting Information).

2.2. Computed Tomography Imaging of Bismuth-Based
Nanoprobes In Vitro

The imaging ability of BiF3@PDA@HA nanoprobes with gra-
dient Bi concentration was determined by spectral CT and
conventional CT. As shown in Figure 2, CT phantom images
for BiF3@PDA@HA nanoprobes of the higher Bi concentra-
tions were brighter in both forms of CT. But the nanoprobes
with the lower amount of Bi became more indistinguishable
in conventional CT images (Figure 2a). However, the dispar-
ity among different concentrations of Bi was more apparent in
spectral CT, even in the range of low Bi concentration (Fig-
ure 2b). Furthermore, as the spectral HU curves shown, the CT
value of BiF3@PDA@HA nanoprobes increased sharply as the
monochromatic energy of spectral CT decreased (Figure 2c). But
the spectral HU curves dropped down as concentration of Bi de-
creased. Spectral HU curve trend of each sample represents their
individual characteristic,[27] hence the energy-dependent regular-
ity shown in the spectral HU curve of Bi-based nanoprobes could
be used for identifying the existence of selectively accumulated
Bi in vivo. Taken together, BiF3@PDA@HA nanoprobes could
be used as spectral CT contrast agents by showing characteristic
energy-dependent attenuation.

2.3. Cellular Uptake of Bismuth-Based Nanoprobes In Vitro

The biocompatibility of the nanoparticles was evaluated on the
murine hepatocyte AML12 line. The targeted BiF3@PDA@HA
nanoprobes and the untargeted BiF3@PDA@PEG nanoparticles
were non-toxic in terms of the cellular viability (Figure S5, Sup-
porting Information).
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Scheme 1. Schematic diagram of the energy-dependent attenuation strategy for diagnosing liver fibrosis. After injecting BiF3@PDA@HA nanoprobes,
conventional CT and spectral CT were performed in liver fibrosis model mice and healthy control mice. Bismuth (Bi) has characteristic X-ray attenuation
depending on different X-ray photon energy, also known as energy-dependent attenuation. As spectral CT can generate monoenergetic images represent-
ing single energy level of X-ray, the strategically designed BiF3@PDA@HA nanoprobes can show unique enhancement in fibrotic liver corresponding
with certain energy level of X-ray via spectral CT, achieving the diagnosis of liver fibrosis. But the conventional CT with polychromatic X-ray cannot reveal
the characteristic energy-dependent attenuation of Bi, thus incapable of detecting liver fibrosis.

Furthermore, hepatic stellate cells (HSCs) as liver fibrosis
hallmark cells,[28] were used to confirm the successful target-
specific effect of BiF3@PDA@HA. HSCs activation is a key pro-
cess in the liver fibrogenesis, and the CD44 receptor is highly
expressed in HSCs, which is a major receptor of HA.[29] From
the observation through confocal laser scanning microscopy
(CLSM), a higher degree of BiF3@PDA@HA nanoprobes was se-
lectively internalized by HSCs than BiF3@PDA@PEG nanopar-
ticles. As shown in Figure 3, the BiF3@PDA@HA showed
the higher green-fluorescence intensity which corroborated with
faster cellular uptake compared to non-targeted nanoparti-
cles, BiF3@PDA@PEG BiF3@PDA@HA nanoprobes were dis-
tributed across the cell surface and cytoplasm. In contrast,
the untargeted BiF3@PDA@PEG and nanoparticles were rarely
taken up by HSCs. Besides, the fluorescence intensity signifi-
cantly decreased when excessive HA was added one hour before
BiF3@PDA@HA, demonstrating similar fluorescence intensity
with non-targeted nanoparticles in a relatively low range. Taken
together, selective accumulation of targeted BiF3@PDA@HA
nanoparticles is probably due to outstanding affinity of HA-
ligand to CD44 receptor-mediated endocytosis in HSCs, indicat-

ing that BiF3@PDA@HA nanoprobes could target HSCs effec-
tively in vitro.

2.4. Computed Tomography Imaging of Bismuth-Based
Nanoprobes In Vivo

2.4.1. Parallel Comparison between Gemstone Spectral Computed
Tomography and Conventional Computed Tomography

The CT imaging ability was investigated by injecting
BiF3@PDA@HA nanoprobes into mice with liver fibro-
sis (targeted group) and healthy mice (control group). As a
monochromatic energy level of 70 keV in spectral CT is similar
to the average photon energy of a polychromatic X-ray beam
produced by conventional CT,[30] the images obtained from each
form of CT were compared. On 70 keV monoenergetic images
of spectral CT, the fibrotic liver in the targeted group manifested
enhancement after the injection of BiF3@PDA@HA (Figure 4a,
red arrow, and red dashed area), while no apparent enhancement
was shown in the control group. Besides, on conventional CT
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Figure 1. Characterization of BiF3@PDA@HA nanoprobes. a) Scanning electron microscopy (SEM) images of BiF3@PDA@HA. b) Element mappings
(Bi, F, C, O, and N) of BiF3@PDA@HA. c) Fourier transformation infrared spectra (FT-IR) of BiF3@PDA@HA, BiF3@PDA, BiF3, HA, and PDA.

Figure 2. CT performance of BiF3@PDA@HA nanoprobes in vitro. a) Conventional CT images, b) spectral CT monochromatic images, and c) spectral
HU curve of BiF3@PDA@HA nanoprobes with gradiently descent Bi concentrations (10 000, 5000, 2500, 1250, and 625 µg mL−1, from top to bottom)
with normalization (CT water = 0 HU)
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Figure 3. Representative CLSM images of cellular uptake of Bi-based nanoprobes in vitro. a,b) HSCs incubated with BiF3@PDA@HA (a) and
BiF3@PDA@PEG (b) for 2 and 4 h. c) After blocking the CD44 receptor with free HA (5 mg mL−1) for 1 h, the HSCs were incubated with BiF3@PDA@HA
nanoprobes for 2 and 4 h. CLSM: confocal laser scanning microscopy; HSCs: hepatic stellate cells; HA: hyaluronic acids.
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Figure 4. Computed tomography (CT) imaging of BiF3@PDA@HA nanoprobes in vivo. a) Representative CT images acquired at two time points
(preinjection and 30 min after the injection of BiF3@PDA@HA) for two groups via spectral CT (70 keV) and conventional CT (140 kVp). Red arrow
and red dashed circle represent the enhanced area. The schematic drawings illustrate the taken CT sections. b) Representative spectral CT images of the
targeted group before and after the injection of BiF3@PDA@HA. c,d) Dynamic time courses of CT value and CT value change (ΔCT value) of hepatic
parenchyma of targeted group (red line, n = 3) and control group (grey line, n = 3). Data was presented as mean ± standard deviation. e) Representative
spectral CT images of control group before and after the injection of BiF3@PDA@HA.
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Table 1. Mean CT value of three groups and multicomparison results.

CT value [HU] Targeted group Control group Non-targeted group

0 min 38.75 ± 3.63 42.17 ± 6.88 37.92 ± 6.02

5 min 64.17 ± 1.94 53.25 ± 8.65* 41.08 ± 6.91**

10 min 65.92 ± 1.756 54.83 ± 2.08* 43.92 ± 1.23**

15 min 68.50 ± 4.68 45.42 ± 0.58*** 38.83 ± 1.94***

20 min 76.75 ± 1.75 48.83 ± 2.504*** 33.92 ± 7.715***

30 min 79.67 ± 11.57 49.42 ± 7.75*** 40.42 ± 3.75***

40 min 79.00 ± 5.06 44.83 ± 2.93*** 36.25 ± 3.31***

60 min 69.17 ± 1.18 47.42 ± 6.08*** 38.58 ± 4.73***

80 min 60.00 ± 2.82 47.42 ± 2.96* 35.08 ± 2.27***

100 min 52.75 ± 10.04 46.83 ± 3.626 36.33 ± 1.44**

Note: “min” means minutes. Data were mean ± standard deviation (n = 3 for each
group); Determined by two-way ANOVA, the liver CT value of all groups was sig-
nificant for each factor: group (p < 0.0001), time (p < 0.0001), and group × time
(p < 0.0001). Then the differences at each time point among groups were compared
by Tukey’s multiple comparison test; */**/*** indicated statistically significant dif-
ference from the targeted group (p < 0.05/0.001/0.0001).

images, both groups exhibited similar performance in hepatic
parenchyma post-injection, with negligible differences from the
images of preinjection.

Therefore, the dynamic change of the two groups on 70 keV
monoenergetic images via spectral CT was investigated in detail.
CT value of liver gradually increased and then decreased in the
targeted group (Figure 4b, red dashed areas). Besides, the CT
value was quantified for diagnosing the fibrosis sensitively. As
shown in Figure 4c,d (red lines), liver CT value and ΔCT value
(ΔCT value = CTpost − CTpre) of the targeted group increased
gradually and reached to a peak at 30 min post-injection (CT
value: 79.67 ± 11.57 HU, ΔCT value: 41.00 ± 15.10 HU). The
enhancement then began to weaken but sustained visibly until
80 min post-injection. Predominant uptake of BiF3@PDA@HA
nanoprobes were observed in liver from coronal projection
(Figure S6, Supporting Information). In contrast, in the con-
trol group, no contrast-enhanced region inside healthy liver
tissue was observed (Figure 4e), or in other tissue following
BiF3@PDA@HA injection (Figure S7, Supporting Informa-
tion). Besides, CT value of the targeted group at each time point
was statistically significantly higher than that of the control
group from 5 to 80 min post-injection (Table 1). Taken together,
the unique attenuation of Bi on 70 keV enabled spectral CT
to identify the dynamic changes of Bi concentration in vivo
and generated corresponding enhancement in targeted areas
on monoenergetic images, further clearly distinguishing liver
fibrosis from the healthy liver tissue. Utilizing spectral CT, the
fibrosis-afflicted areas could be successfully delineated, leading
to the diagnosis of liver fibrosis.

Moreover, histopathological examination confirmed liver fi-
brosis in the targeted group. As shown in Figure S8, Supporting
Information, the affected liver tissue had steatotic degeneration
of hepatocytes, massive infiltration of inflammatory cells, and ex-
tensive fibrous deposition. In contrast, no pathological change
was observed in healthy livers of the control group. In addition,
abundant Sirius red-stained collagen fibers were observed in the

fibrotic livers of the targeted group and absent in healthy livers
of the control group.

Furthermore, changing the monochromatic energy of spectral
CT could further strengthen the visibility of BiF3@PDA@HA
nanoprobes in the fibrosis-afflicted areas (Figure 5a), result-
ing from the energy-dependent attenuation characteristic of Bi.
When the monochromatic energy decreased from 70 to 40 keV,
the liver CT value of the targeted group increased up and peaked
at 40 keV (109.67 ± 26.24 HU, maximum = 139.00 HU) (Fig-
ure 5b). Yet there was no significant variance in the control group
over the monochromatic energy changing. Meanwhile, the tar-
geted group’s spectral HU curve also illustrated that the CT value
increased with the decrease of monochromatic energy (Figure 5c,
yellow line), showing a similar trend with the BiF3@PDA@HA
phantom in vitro (Figure 2c). Nevertheless, due to the absence of
contrast nanoagents, the adjacent muscle tissue did not have no-
table variance in CT value over monochromatic energy changing
(Figure 5c, red line). Taken together, the fibrotic liver tissue ac-
cumulated with BiF3@PDA@HA nanoprobes possessed differ-
ent X-ray attenuation characteristics compared with other healthy
soft tissue. These results may provide an excellent practical exam-
ple for other imaging techniques using energy-dependent differ-
ences, such as differential phase-contrast X-ray imaging[31] and
Raman microspectroscopy.[32]

2.4.2. Targeting Performance of BiF3@PDA@HA in Liver-Fibrosis
Model

The phenomenal difference in CT values between fibrotic and
healthy liver tissue was due to different enrichment of Bi, so the
targeting ability of BiF3@PDA@HA nanoprobes toward liver fi-
brosis was next evaluated. Mice with liver fibrosis applied with
BiF3@PDA@PEG nanoparticles were used as the non-targeted
group, in comparison to the targeted group described above. Af-
ter the injection of BiF3@PDA@PEG, there was no obvious en-
hancement in hepatic parenchyma of the non-targeted group
(Figures S9 and S10, Supporting Information). In addition, com-
pared to the targeted group, liver CT and ΔCT value of the
non-targeted group only increased slightly for 10–20 min post-
injection and then declined to baseline level (Figure S11, Sup-
porting Information). Furthermore, CT value of the non-targeted
group was statistically significantly lower than that of the tar-
geted group at each time point after injection (Table 1). These
results clearly indicated that the favorable targeting performance
of BiF3@PDA@HA nanoprobes was beneficial for the diagnosis
of liver fibrosis via spectral CT.

2.5. Biocompatibility Assessment

All healthy mice injected with BiF3@PDA@HA well tolerated
the nanoprobes without any short-term (3 days) or long-term
(60 days) adverse effects as per hematological indices as well
as histological observation of heart, liver, spleen, lung, and kid-
ney (Figure S12, Supporting Information). Moreover, there was
no evident weight difference between the BiF3@PDA@HA-
treated and phosphate-buffered saline (PBS)-treated mice over
60 days (Figure S13, Supporting Information). These results
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Figure 5. Energy-dependent attenuation characteristics of BiF3@PDA@HA nanoprobes in vivo at 30 min post-injection. a) 40–70 keV monochromatic
images of the targeted group. b) Comparison between the targeted group (n = 3) and the control group (n = 3) in CT value of monochromatic images
of 40–70 keV. Data was presented as mean ± standard deviation. c) Spectral HU curves of liver (yellow line) and muscle (red line) of the targeted group.
CT: computed tomography.

suggested the outstanding biocompatibility of BiF3@PDA@HA
nanoprobes.

3. Conclusion

In conclusion, an energy-dependent attenuation strategy was
adopted to diagnose liver fibrosis accurately. BiF3@PDA@HA
nanoprobes attenuated specifically depending on the level of
X-ray energy and showed characteristic performance corre-
spondingly in monoenergetic imaging via spectral CT. As
BiF3@PDA@HA nanoprobes could accumulate in fibrosis-
afflicted regions in liver and remarkably produced enhancement
on 70 keV monoenergetic images, the fibrotic livers could be suc-
cessfully differentiated from healthy ones, further achieving ac-
curate diagnosis of liver fibrosis. Furthermore, due to the energy-
dependent attenuation of Bi, the diseased areas accumulated with
BiF3@PDA@HA nanoprobes could be more conspicuous by se-
lecting more suitable monochromatic energy via spectral CT. Es-
pecially, CT value of the fibrotic-afflicted areas reached a maxi-
mum on 40 keV monoenergetic images (109.67 ± 26.24 HU) and
was approximately 30 HU higher than the CT value at 70 keV
(79.67 ± 11.57 HU). This energy-dependent attenuation strategy
was not only highly inspiring for other imaging techniques, but
also ignited a novel approach to exploiting interdisciplinary ef-
forts for accurate diagnosis of diseases.

4. Experimental Section
Materials: Bismuth nitrate (Bi[NO3]3·5H2O) and ethylene glycol (EG)

were purchased from Adamas-Beta (Shanghai, China), NH2-(PEG) n-SH
(MW 2000 Da) from To Yong Bio (Shanghai, China), and Fluorescein isoth-

iocyanate (FITC) isomer I from Sigma-Aldrich (Shanghai, China). All other
solvents and reagents were purchased from Aladdin Co. Ltd. (Shanghai,
China). Deionized water was used for all experiments.

Characterizations: SEM (Hitachi S-48000, Japan) and TEM (JEOL JEM-
2100 at 200 kV, JEOL Ltd., Japan) were used for morphological character-
ization. Element mapping was performed on a field emission Magellan
400 microscope. Powder XRD patterns were obtained using a Japanese
Rigaku D/MAX-2250V diffractometer with graphite-monochromatized Cu
K𝛼 radiation. FT-IR spectroscopy was performed on a TENSOR II FT-IR
spectrophotometer (Bruker Corporation) by KBr. Dynamic light scattering
tests were conducted on a Nicomp380 Z3000 SOP analyzer (Particle Siz-
ing Systems). BiF3@PDA@HA nanoprobes were prepared using different
concentrations (10 000, 5000, 2500, 1250, and 625 𝜇g mL−1) of Bi in the
test for their CT imaging ability. The CT measurements were conducted on
a clinical CT instrument (GE discovery CT750 HD).

Synthesis of Targeted Nanoprobes and Non-targeted Nanoparticles:
1) BiF3@PDA@HA nanoprobes: First, Bi(NO3)3·5H2O (1 mm) was dis-

solved in 10 mL of EG, followed by the addition of 25 mL of EG con-
taining NH4F (24 mm). The solution was incubated for 30 min at
303 K with periodic stirring. After centrifugation, the products were
washed twice with deionized water. The resulting BiF3 nanomaterials
were then dispersed in 200 mL of deionized water. To convert BiF3
into hydrophilic BiF3@PDA nanoparticles, 400 mg of dopamine was
added to the above solution and stirred vigorously for 30 min. Next,
500 µL of ammonium hydroxide was added into the system dropwise
and stirred for 12 h. Then, the ensuing products BiF3@PDA nanopar-
ticles were dispersed into 20 mL of deionized water. To conjugate HA
onto the nanoparticles, 160 mg of sodium hyaluronate was subse-
quently added. After stirring for 30 min, 40 µL of ammonium hydrox-
ide was added to the system. After vigorous stirring for 24 h, resulting
products were centrifuged and washed with deionized water, and then
dispersed in 20 mL of deionized water. Finally, liver-fibrosis-targeting
BiF3@PDA@HA nanoprobes were successfully synthesized.

2) BiF3@PDA@HA nanoparticles: To acquire BiF3@PDA@PEG
nanoparticles, all the steps, except the conjugation with PEG
(160 mg), were the same as described above.
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Cell Experiments:
1) Cellular uptake experiment: Briefly, to label FITC onto nanoparti-

cles, 0.1 mg of FITC were dissolved into 1 mL deionized water with
1 mg BiF3@PDA@HA and BiF3@PDA@PEG, respectively, in com-
plete darkness. Then the solution was magnetically stirred vigorously
at room temperature for 24 h. Hepatic stellate cells (HSC-T6) were cul-
tured with a specialized culture medium (both from Guangzhou Jen-
nio Biotech Co., Ltd., China) in the CLSM-special cell culture dish at
37 °C under 5% CO2. The solution containing labeled nanoparticles
was centrifuged, washed thrice with phosphate-buffered saline (PBS)
(HyClone, USA), resuspended in the specialized culture medium for
HSCs (Bi at 100 µg mL−1), and incubated with HSCs for 2 and 4 h. After
being washed by PBS thrice to remove the free nanoparticles, the cells
were stained with Hoechst 33342 (Beyotime, China) and observed un-
der a confocal microscope in the DAPI (blue) and FITC (green) chan-
nels via CLSM (Nikon A1 + R-980).

2) CD44 receptor blockade examination (competitive test): After applying
an excess amount of HA (5 mg mL−1),[33] the HSCs were treated with
FITC-labeled BiF3@PDA@HA nanoprobes for 2 and 4 h.

3) Cell toxicity assessment: Mouse liver parenchymal cell line (AML12)
was obtained from the Shanghai Cell Bank, Chinese Academy of
Science. The AML12 were cultured in mouse hepatocyte-specialized
medium (Shanghai Yaji Biotechnology Co., Ltd., Shanghai, China) at
37 °C under 5% CO2. To determine the cytotoxicity of BiF3@PDA@HA
and BiF3@PDA@PEG, the cells were incubated with the respective
nanoparticles for 24 h, and their viability was evaluated by the CCK8 as-
say (Dojindo Laboratories, Japan) according to the manufacturer’s in-
structions. The cell viability was evaluated by the CCK8 assay (Dojindo
Laboratories, Japan) according to the manufacturer’s instructions. Ab-
sorbance at absorption wavelength of 450 nm was measured by the
microplate reader (Bio-TekELx800, USA).

Animal Experiments: All animal experiments were performed follow-
ing the guidelines and protocols approved by the Institutional Animal
Care and Use Committee of Fudan University (accreditation number:
202006011Z).

1) CT imaging experiment: C57BL/6 mice (Charles River, China) were
randomly divided into the following groups: a) control group: healthy
mice injected with BiF3@PDA@HA, b) targeted group: liver fibro-
sis model mice injected with BiF3@PDA@HA, and c) non-targeted
group: liver fibrosis model mice injected with BiF3@PDA@PEG.
Liver fibrosis model mice were induced by feeding the mice with
methionine/choline-deficient (MCD) diet[34] (SYSE Bio-tech Co., Ltd.,
Jiangsu, China) for 12 weeks. The healthy controls were fed by regular
diet. The animals were injected with BiF3@PDA@HA nanoprobes or
BiF3@PDA@PEG nanoparticles via the intravenous route. After imag-
ing, all the mice sacrificed by euthanasia and their liver were dissected
and fixed in 4% paraformaldehyde for 24 h. After embedding in paraf-
fin, the tissues were cut into 5–7 µm thick sections and stained with
Sirius red, hematoxylin–eosin (H&E) and Masson’s trichrome using
standard protocols.

2) In vivo toxicity evaluation: The BiF3@PDA@HA (40 mg Bi per kg body
weight) or PBS was injected intravenously into the normal ICR mice
(Charles River, Beijing, China). After 3 and 60 days of injection, the
mice were sacrificed. Moreover, the main organs, including heart, liver,
spleen, lung, and kidney, were harvested for H&E staining to assess
toxicity. Routine blood tests were conducted at Huashan Hospital, Fu-
dan University. In addition, body weight of each animal was recorded
for 60 days.

Computed Tomography Scanning: Conventional CT and spectral CT
(Take gemstone spectral CT as an example) scans were performed on
anesthetized mice placed in a supine position using a 64-detector CT scan-
ner (GE Discovery CT750 HD, GE Medical Healthcare, Wisconsin, USA).
The polychromatic images were acquired from conventional CT param-
eters: tube voltage = 120 kVp; slice thickness = 5 mm. Monochromatic
images and spectral HU curves were obtained on spectral CT scanning

with following parameters: tube voltage = fast switching between 80 and
140 kVp; slice thickness = 0.625 mm; energy range = 40–140 keV. The
scanning parameters of conventional CT and spectral CT were similar in
the following aspects: field of view = 50 cm, window width = 350, and win-
dow level = 25. The images were processed using GSI Viewer (ADW4.7;
GE Healthcare, Wisconsin, USA) in the pseudo-color mode Sokoloff.

Statistics Analysis:
1) Preprocessing and data analysis: The spectral HU curve was plotted af-

ter normalization (CTwater = 0). CT values of the liver parenchyma were
measured by an experienced radiologist, who was blinded to the study.
Regions-of-interest were manually drawn in circular or ellipse shape to
encompass as much of the hyper-enhanced portion as possible (mean
pixel number 3, range 2–10) from three contiguous slices. Areas of fo-
cal changes of the parenchymal density, as well as large vessels and
prominent artifacts, if any, were carefully avoided.

2) Data presentation, sample size, and statistical methods: Data were re-
ported as mean ± standard error, and compared by two-way ANOVA
followed by Turkey post hoc test. p < 0.05 was considered the statis-
tically significant level. Sample size (n) was three for each statistical
analysis.

3) Software used for statistical analysis: GraphPad Prism 6.0 (GraphPad
Software, La Jolla, CA) was used for all statistical analyses. Table 1.
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