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ABSTRACT: In this study, we introduce a dual-modal fluorescence hyperspectral micro-CT system developed for, e.g., bioimaging appli-
cations. The system integrates an X-ray computed tomography (CT) module with a custom-designed hyperspectral fluorescence imaging
module, achieving high-resolution structural imaging with detailed molecular-level insights. With a spectral resolution of 10 nm across
the wavelength range of 450–750 nm, the hyperspectral fluorescence imaging module enables a fine compositional analysis. Using
surface-modified nanoparticles, we demonstrate the system’s capability to capture fluorescence under both X-ray and UV excitation.
Imaging experiments on animal models further highlight the system’s ability to generate comprehensive four-dimensional (4D) datasets
that integrate spatial, spectral, and structural information. To the best of our knowledge, no such a dual-modal system or the like has
even been reported before. This dual-modal approach enhances the visualization and analysis of biological tissues, offering promising
applications in, e.g., disease diagnosis, surgical guidance, and preclinical research.

1. INTRODUCTION

Biomedical imaging techniques, such as computed tomogra-
phy (CT) [1, 2], magnetic resonance imaging (MRI) [3, 4],

and positron emission tomography (PET) [5, 6], are essential
tools for diagnosing diseases, guiding treatments, and advanc-
ing biomedical research [7, 8]. These technologies have en-
abled the visualization of biological systems, providing pow-
erful support for critical insights into their structure, function,
and pathology. Among them, CT is particularly valued for its
ability to produce high-resolution structural images [9]. Micro-
computed tomography (micro-CT), a high-resolution 3D imag-
ing technique similar to conventional CT, uses X-rays to pene-
trate samples from multiple angles, recording attenuation data
to generate 2D projections [10, 11]. These projections are then
reconstructed using computational algorithms to produce de-
tailed 3Dmodels of internal structures withmicron-level spatial
resolution and non-destructive imaging capabilities [12, 13].
Micro-CT has found extensive applications in studying bone
microarchitecture [14–16], tumor imaging [15], pulmonary and
soft tissue structures [17], and vascular networks [18]. Ad-
ditionally, its high penetration and non-invasive nature have
made it a valuable tool in biomaterials [19], geology [20], and
industrial inspection [21]. However, micro-CT relies on X-ray
attenuation for contrast, limiting its ability to capture molecular
or functional information [22].

* Corresponding author: Sailing He (sailing@zju.edu.cn).

Hyperspectral imaging (HSI) captures detailed spectral
information across tens to hundreds of spectral bands with
nanometer-level bandwidths, providing molecular signal-
related spectral data for each pixel in a spectral image [23–25].
This unique capability has made HSI a powerful tool for
identifying and characterizing biological components such as
tissues [26], cells [27], and biomolecules [28], which has been
widely used in the field of biomedical diagnosis. However,
its limited penetration depth restricts its application to deeper
structures in biomedical imaging [29]. Combining HSI with
micro-CT presents a promising approach to overcoming these
limitations, though this field remains underexplored. The
integration of HSI and micro-CT offers several advantages: it
provides high-resolution 3D anatomical information combined
with precise molecular spectral data, meeting the demand for
multidimensional imaging in biomedical research. The high
penetration depth of micro-CT complements the limitations of
HSI, enabling comprehensive analysis of complex tissues. Fur-
thermore, an integrated multimodal imaging system simplifies
experimental workflows and enhances imaging efficiency.
Ju et al. developed a single-irradiation dual-modal imaging

system based on micro-CT, combining the high penetration
depth of micro-CT with the high sensitivity of optical imaging
to achieve simultaneous CT and optical data acquisition [30].
Traditional optical imaging, however, struggles to analyze ma-
terial composition, limiting its scope of application. Addition-
ally, existing multimodal imaging systems face numerous chal-
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FIGURE 1. (a) Schematic of our dual-modal fluorescence hyperspectral micro-CT system; (b) Physical photograph of the dual-modal system; (c)
Internal rotating arm structure.

lenges, such as reliance on separate devices, which increases
the complexity of image registration and data integration [31].
Real-time imaging and high-throughput capabilities are partic-
ularly critical in small animal studies. Balancing imaging res-
olution, molecular sensitivity, and multimodal information ac-
quisition remains a significant technical challenge.
To address these challenges, we present a novel dual-modal

hyperspectral fluorescence micro-CT system. By integrating
hyperspectral imaging with micro-CT, this system enables si-
multaneous acquisition of structural and spectral molecular
data. Unlike conventional approaches, it resolves alignment
and integration issues while enhancing spectral, spatial, and
temporal resolution. Validated in small animal models, the sys-
tem demonstrates its capability to generate comprehensive 4D
datasets, combining spatial, spectral, and structural insights.
This innovation opens new avenues for biomedical imaging,
offering significant potential in disease diagnosis, drug devel-
opment, and surgical planning.

2. METHODS
2.1. System Setup
Figure 1 illustrates the dual-modal fluorescence hyperspectral
micro-CT system, including the detailed optical path diagram
in Figure 1(a), a physical representation in Figure 1(b), and in-
ternal rotating arm structure representation in Figure 1(c). As
shown in Figure 1(a), the dual-modal fluorescence hyperspec-
tral micro-CT primarily comprises three components: theX-ray
CT imaging module (including the X-ray generator and X-ray
detector), the conventional optical imaging module (CMOS1),
and the hyperspectral imaging module. These three modules
are aligned on the same plane to facilitate image registration
and fusion between the CT and optical imaging systems. The
X-ray generator and X-ray detector are positioned in a linear ar-
rangement and mounted on a single rotating arm. Similarly, the
conventional optical imaging module and hyperspectral imag-
ing module are arranged in a straight line and mounted on an-
other orthogonal rotating arm. This configuration effectively
reduces radiation interference while clearly indicating the X-
ray attenuation caused by the sample and capturing the lumi-
nescence generated by the nanostructured scintillator.

The hyperspectral imaging module, custom-developed for
this system, is a key component designed to capture precise
spectral data. It comprises four main elements: Lens 2, Lens 3,
a tunable liquid crystal filter (LCTF) and CMOS2. The com-
bination of Lens 2 and Lens 3 is used to eliminate chromatic
aberration and form images on the CMOS sensor plane. Fluo-
rescence emitted from the sample, excited by X-rays, passes
through Lens 2 and Lens 3 before entering the LCTF. The
LCTF, controlled electronically, sequentially transmits spe-
cific wavelengths within the 450–750 nm range. At each se-
lected wavelength, the imaging lens directs the light onto a
monochrome camera, which captures a series of wavelength-
specific images. These images are then compiled to construct
the full hyperspectral dataset. The spectral resolution of the sys-
tem is determined by the transmission bandwidth of the LCTF,
which is 10 nm, enabling the precise differentiation of spectral
features in the captured data.
The sample is positioned at the system’s center to ensure

precise imaging. During operation, the two rotating arms en-
able a 360-degree rotation of the X-ray CT imaging module,
the conventional optical imaging module, and the hyperspec-
tral imaging module. The X-ray source emits a high-energy
cone beam that penetrates the biological tissue and forms two-
dimensional (2D) projection images on the flat-panel X-ray de-
tector. Variations in X-ray attenuation caused by the distinct
compositions of biological tissues result in differences across
the detector images, capturing structural details at various lay-
ers. While the X-ray CT imaging module acquires 2D projec-
tion images from multiple angles, the hyperspectral imaging
module simultaneously captures the fluorescence emitted by
X-ray-excited nanoparticles. The conventional optical imag-
ing module serves to adjust and align the sample’s position
with high precision. The acquired 2D X-ray projection im-
ages are reconstructed into a detailed three-dimensional (3D)
CT model using advanced computational algorithms. To inte-
grate the fluorescence data, hyperspectral images are aligned
with the CT tomographic images through feature-based image
registration. This fusion of structural and spectral information
produces comprehensive dual-modal fluorescence hyperspec-
tral CT images, offering both high-resolution anatomical details
and molecular-level insights.
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Notably, some nanoparticles and biological tissues can also
emit fluorescence when excited by UV light at 405 nm. To
capture more comprehensive data, an additional imaging step
is performed after the hyperspectral CT imaging process. In
this step, the X-ray source is turned off, and the sample is il-
luminated with UV light. The rotating arm operates in the
same mode as during X-ray imaging, allowing the hyperspec-
tral imaging module to collect spectral data corresponding to
the UV-induced fluorescence. This UV-excited fluorescence
data is then registered to the CT tomographic images using the
same image alignment method. As a result, the final multi-
modal fluorescence CT model integrates fluorescence spectra
from both X-ray and UV excitation along with detailed three-
dimensional structural information. By combining these di-
verse features, the model provides a more comprehensive and
precise dataset, significantly enhancing the depth and accuracy
of biological imaging analyses.

2.2. Material Preparation

To evaluate the performance of our system, we synthesized and
surface-modified phase-NaGdF4 nanoparticles specifically for
biological imaging analysis [32, 33]. The synthesized processes
are described as follows: Europium-doped NaGdF4 hexagonal
phase nanoparticles were synthesized following the reported
procedure1 after slight modification. 1mmol of rare-earth (RE)
oleates (Gd: Eu in a molar ratio of 0.95 : 0.05) were dissolved
in 10mL of ethanol in a three-neck glass flask, along with
5mmol of sodium acetate. Subsequently, 10mL of oleic acid
and 10mL of 1-octadecene were added, and the mixture was
heated to 60◦C to evaporate ethanol. The temperature was then
increased to 160◦C and maintained for 30 minutes under ar-
gon flow to remove residual gases, after which the solution was
cooled to room temperature. A separate solution containing
4mmol of NH4F and 2.5mmol of NaOH in 10mL of methanol
was then added to the flask. The mixture was heated at a rate
of 20◦C/min to 300◦C, held at this temperature for 30 minutes,
and allowed to cool naturally to room temperature. The prod-
uct was precipitated with acetone, collected by centrifugation,
and washed several times with ethanol. The final product was
dispersed in hexane. The synthesis of core-shell nanoparticles
was conducted using a layer-by-layer approach. Initially, the
shell precursor was prepared by combining a 2-mL aqueous so-
lution of lanthanide acetates (1 M) with 10mL of oleic acid and
10mL of 1-octadecene in a 50-mL flask, followed by heating
at 160◦C for 40 min. After cooling to 50◦C, preformed core
nanoparticles dispersed in cyclohexane were introduced, along
with 5mL of a methanol solution containing NH4F (4mmol)
and NaOH (2.5mmol). The mixture was stirred at 50◦C for
30 min, then heated to 290◦C under argon for 1 h before cool-
ing to room temperature. The nanoparticles were precipitated
with ethanol, centrifuged at 6000 rpm for 5 min, washed with
ethanol, and redispersed in hexane. Multi-shell nanoparticles
were formed by repeating this procedure.
Initially capped with oleate ligands, the synthesized nanopar-

ticles were subjected to surface modification using a standard
ligand exchange. Briefly, a solution of poly (acrylic acid)
(PAA, MW ≈ 1500) was prepared by dissolving 0.5 g of PAA

in 15mL of diethylene glycol and heating the mixture to 110◦C
under vigorous stirring and an argon atmosphere. A cyclohex-
ane (10mL) containing the nanoparticles (0.5mmol) was in-
jected into the preheated PAA solution. The resulting mixture
was heated to 240◦C and maintained at this temperature for 30
minutes under argon flow. Upon cooling to room temperature,
1mL of a dilute hydrochloric acid solution (0.10M) was added
to precipitate the PAA-capped nanoparticles. The precipitates
were isolated by centrifugation, washed multiple times with
deionized (DI) water, neutralized with a dilute NaOH solution
(0.01M), and finally re-dispersed in phosphate-buffered saline
(PBS, pH 7.4).
The resulting nanoparticles exhibited strong fluorescence un-

der both X-ray and UV excitations, making them highly suit-
able for bioimaging applications. Their biocompatibility fur-
ther supports their use in biological systems. Figures 2(a)
and 2(c) presents the physical image and 3D CT image of the
nanoparticle samples, respectively. Figures 2(b) and 2(d) illus-
trate their fluorescence spectra under UV and X-Ray excitation,
respectively. It can be seen that the nanoparticle has two main
fluorescent peaks located around 610 nm and 690 nm excited by
both X-rays and UV 405 nm light, highlighting its dual-modal
fluorescence capabilities.

3. RESULTS AND DISCUSSION
To demonstrate the bioimaging capabilities of the developed
dual-modal fluorescence hyperspectral micro-CT system, we
performed imaging experiments on a mouse model using the
synthesized nanoparticles. The experimental workflow is out-
lined in Figure 3.
The experimental subjects were male BALB/c nude mice,

7–8 weeks old, of SPF grade, sourced from Jiangsu Qinglong-
shan Biotechnology Co., Ltd., China. The nudemouse was first
placed in a chamber filled with anesthetic gas. Once fully anes-
thetized, the nanoparticles were injected subcutaneously into
the abdominal region. Themouse was then carefully positioned
at the center of the system’s testing platform and connected to
a gas anesthesia apparatus to maintain stability throughout the
imaging process. The system captured tomographic CT im-
ages frommultiple angles and simultaneously collected fluores-
cence hyperspectral data. These datasets were integrated using
a feature-matching algorithm, resulting in a three-dimensional
CT model enriched with fluorescence hyperspectral informa-
tion. This dual-modal approach provides both structural and
molecular insights, with the hyperspectral imaging offering de-
tailed compositional information about the biological tissue.
Such dual-modal data enhance the system’s potential for accu-
rate and comprehensive pathological analysis.
In the scintillator design, hexagonal-phase NaGdF4 was cho-

sen as the host material due to its superior ability to attenuate
and convert incident X-rays, primarily attributed to the advanta-
geous properties of Gd3+ ions. With a high atomic number (64)
and large X-ray attenuation coefficient, these ions efficiently
absorb X-ray photons and act as sensitizers by transferring the
energy to emissive lanthanide ions (Ln3+). For visible emis-
sion under X-ray irradiation, Eu3+ ions were confined to the
core of the nanocrystals as primary emitters due to their sharp
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FIGURE 2. (a) Image of the nanoparticles; (b) Fluorescence spectrum under UV excitation; (c) Colored 3D CT image of the nanoparticles; (d) Fluo-
rescence spectrum under X-Ray excitation.

FIGURE 3. Workflow diagram of dual-modal fluorescence hyperspectral micro-CT imaging.

and characteristic f-f transitions. Ce3+ ions were incorporated
into the inner shell to enhance energy absorption, where they ef-
fectively absorb X-rays and transfer the energy to surrounding
Gd3+ ions. This energy is subsequently relayed to the Eu3+
ions in the core, resulting in efficient visible light emission.
To address energy loss from surface defects, an optically in-
ert NaGdF4 shell was introduced as the outermost layer. This
shell significantly suppresses surface quenching effects (which

usually will reduce the scintillation efficiency), and the high
atomic mass of Lu enhances the X-ray mass attenuation coeffi-
cient, further improving the material’s performance.
To determine the optimal X-ray and UV radiation intensities

for achieving strong fluorescence signals, we analyzed the flu-
orescence spectra of the synthesized nanoparticles under vary-
ing radiation conditions, as shown in Figures 4(a) and 4(b). The
results reveal that the fluorescence intensity is highest at an X-
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FIGURE 4. (a) Fluorescence spectra of nanoparticles under different X-ray intensities and (b) under different UV light intensities.

(a) (b)

(c)

(d)

(e)

FIGURE 5. (a) Coronal, (b) transverse, and (c) sagittal tomographic CT images; (d) Three-dimensional surface CT model; (e) Three-dimensional
bone CT model.

(a) (b)

(c) (d)

(e)

FIGURE 6. Fluorescence hyperspectral images at various wavelengths: (a)500 nm, (b) 550 nm, (c) 600 nm, and (d) 650 nm from a fixed viewing
angle, with intensity determined by fluorescence signal strength. (e) False-color fluorescence hyperspectral image.
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FIGURE 7. The dual-modal 4D CT image enhanced with fluorescence spectral data, with the nanomaterial locations marked by red boxes.

FIGURE 8. The 4D CT images of a nude mouse with nanoparticles injected intratumorally in the leg, displayed across different spectral bands.

ray voltage of 40 kV, corresponding label 0 in Figure 4(a). This
occurs because higher-voltage X-rays penetrate deeper into the
material, reducing absorption efficiency and, consequently, flu-
orescence activation. For UV radiation, the fluorescence in-
tensity increases with UV power until it reaches a saturation
threshold, beyond which no further enhancement is observed.
Based on these observations, we selected an X-ray intensity of
40 kV for subsequent experiments, paired with a UV intensity
below its saturation threshold. These settings ensure optimal
fluorescence signal strength while minimizing unnecessary ra-
diation exposure.
Figures 5(a)–(c) display the coronal, transverse, and sagit-

tal tomographic CT images, respectively, while Figures 5(d)
and 5(e) illustrate the reconstructed three-dimensional CTmod-
els. The variations in X-ray absorption between skin tissue and
bone are evident, enabling clear differentiation based on their
distinct CT attenuation values. Figures 6(a)–(d) present fluo-

rescence hyperspectral images at various wavelengths from a
fixed viewing angle, with intensity determined by fluorescence
signal strength. A pronounced signal near 600 nm is clearly
observed in Figure 6(c). Figure 6(e) shows a false-color fluo-
rescence hyperspectral image, effectively revealing the spatial
distribution and optical properties of the nanoparticles. This
approach provides valuable complementary information to CT
imaging, enhancing the overall imaging analysis.
Figure 7 illustrates the dual-modal 4D CT image enhanced

with fluorescence spectral data, with the nanomaterial loca-
tions marked by red boxes. This model provides precise recon-
struction of the subject, clearly delineating the spatial relation-
ship between bone structures and nanoparticles, which holds
promise for applications such as surgical guidance. Further-
more, the boundaries of nanomaterial aggregation are sharply
defined.
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Figure 8 presents the 4D CT images of another nude mouse
with nanoparticles subcutaneously injected in the hind limb
part, displayed across spectral bands ranging from 450 nm to
750 nm. The colors in the 4D CT model are assigned based on
fluorescence intensity. In this model, only the regions where
nanoparticles were injected exhibit fluorescence characteris-
tics, with peak wavelengths around 610 nm and 690 nm. The
two enlarged 4D CT images in Figure 8 show that at these
two wavelengths, the nanoparticles in the hind limb display in-
tense colors. Conversely, at other spectral bands, such as below
550 nm or above 740 nm, the fluorescence intensity is weak,
and only the spatial distribution of the nanoparticles is visible
in the 4D CT images. This is due to the partial absorption of
X-rays by the nanoparticles. It is evident that conventional CT
images can only reveal the spatial distribution of the nanopar-
ticles but cannot distinguish them from other biological tissues
or perform qualitative material analysis. In scenarios involv-
ing mixed materials injected in vivo or requiring further mate-
rial characterization, traditional CT imaging shows certain lim-
itations. The integration of hyperspectral imaging within the
4D CT framework captures the fluorescence properties of the
nanoparticles, providing detailed insights into their character-
istics and enabling analyses beyond the capabilities of conven-
tional 3D CT imaging.

4. SUMMARY AND OUTLOOK
In this study, we have developed and validated a dual-modal
fluorescence hyperspectral micro-CT system for precise
bioimaging applications. The system integrates an X-ray CT
module with a hyperspectral fluorescence imaging module,
achieving high-resolution structural imaging and detailed
spectral analysis. The custom-designed hyperspectral imaging
module, based on a tunable filter structure, offers a spectral
resolution of 10 nm across the 450–750 nm range. The sys-
tem features an advanced design where the CT module and
hyperspectral fluorescence imaging module are mounted on
orthogonal rotating arms within a coplanar configuration.
This arrangement effectively minimizes radiation interference,
accurately reflects X-ray attenuation caused by the sample, and
captures luminescence generated by nanoparticles. Through
feature-matching algorithms, tomographic CT images are
precisely registered and fused with hyperspectral fluorescence
images, resulting in a multimodal CT model that integrates
spatial, spectral, and structural information.
To validate the system’s performance, imaging experiments

have been conducted on animal models using custom-
synthesized nanoparticles. These nanoparticles exhibit
excellent biocompatibility and generate fluorescence signals
around the 600 nm wavelength under X-ray or UV excitation.
The system successfully demonstrated its capability to clearly
depict bone and tissue structures, as well as the distribution and
fluorescence properties of the nanoparticles in the test mouse.
This highlights its potential applications in pathological anal-
ysis and surgical guidance. The molecular-level information
provided by hyperspectral imaging complements traditional
CT imaging, offering comprehensive support for the analysis
of biological samples.

Future work will focus on enhancing the system’s real-time
imaging capabilities, optimizing data processing algorithms,
and expanding its applicability to other imaging scenarios, such
as tumor progression monitoring or therapeutic response evalu-
ation. These advancements will further bridge the gap between
research and clinical applications, laying a solid foundation for
next-generation multimodal bioimaging technologies.
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