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Label-free structural and functional volumetric imaging
by dual-modality optical-Raman projection
tomography
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Dongjie Zhang1, Qi Zeng1, Shouping Zhu2,4*, Xueli Chen1,2,4,5*

Mesoscale volumetric imaging is of great importance for the study of bio-organisms. Among others, optical
projection tomography provides unprecedented structural details of specimens, but it requires fluorescence
label for chemical targeting. Raman spectroscopic imaging is able to identify chemical components in a
label-free manner but lacks microstructure. Here, we present a dual-modality optical-Raman projection tomog-
raphy (ORPT) technology, which enables label-free three-dimensional imaging of microstructures and compo-
nents of millimeter-sized samples with a micron-level spatial resolution on the same device. We validate the
feasibility of our ORPT system using images of polystyrene beads in a volume, followed by detecting biomole-
cules of zebrafish and Arabidopsis, demonstrating that fused three-dimensional images of the microstructure
and molecular components of bio-samples could be achieved. Last, we observe the fat body of Drosophila mel-
anogaster at different developmental stages. Our proposed technology enables bimodal label-free volumetric
imaging of the structure and function of biomolecules in a large sample.
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INTRODUCTION
Volumetric imaging technology has been increasingly used in bio-
logical research and applications, including cell metabolism, brain
function, and developmental biology (1–4). It provides quantitative,
three-dimensional (3D) and high-resolution image analysis of the
whole sample. The volumetric images of a sample can be deter-
mined with a high resolution using optical sectioning and light-
sheet microscopy. Optical sectioning can obtain the image of speci-
men stacks by neglecting the out-of-focus laser area in each image
plane, which is highly discrepant and permits 3D reconstructions
(5, 6). However, this technique suffers from the limitations of
being time-consuming for a volume of hundreds of micrometers
(7) and that it may not record fast biological events or light-sensitive
samples. To overcome the time-consumption drawback, light-sheet
microscopy was introduced. In this system, the illumination beam
should first be transformed into a sheet to scan the focal plane
images of samples. Then, the detection system should be perpendic-
ular to the laser to collect stacks of images from different layers of a
sample for 3D reconstruction. Although this technology provides
high-resolution and high-speed volumetric imaging of biological
samples ranging from cells to embryos (8, 9), the quality of the
image degenerates as the distance between the objective lens and
sample surface increases (10).

Optical projection tomography (OPT) is an emerging analytical
tool to monitor the microstructure composition or biochemical in-
formation of biological specimens in a 3D volume, including pro-
teins, cells, tissues, and organisms (2, 7, 11). With light
transmission, OPT can improve the quality of an image by rotating
the sample (12) and collecting the projection images from different
angles; thus, 3D structural information of samples can be recon-
structed (11, 13, 14). However, this method lacks chemical contrast.
Combined with labeling methods, all interesting internal structures
or the complex genetic activities of a biomedical specimen can be
simultaneously emphasized. Nevertheless, fluorescence label tech-
nique may terminate the normal life process or stimulate other
side effects, perturbing the living organism (12, 15). Besides, label
methods cannot do repeated measurements of the same samples
over extended periods of time and may lead to an increased proba-
bility of errors originating from variations in specimens (16). Al-
though many newly developed labeling techniques have been
reported for promising applications, label-free imaging is still
highly desired for investigating biological specimens.

Label-free imaging techniques, such as second harmonic gener-
ation (SHG), third harmonic generation (THG), infrared microsco-
py (IR), confocal reflection (CR), and optical coherence
tomography (OCT), have been proposed to characterize the 3D spe-
cific biochemical composition and molecular structure (17–22). Al-
though the chemical composition and topography of a system can
be determined using IR microscopy, it suffers from the interference
of water absorption. Besides, its spatial resolution is substandard
(22). Meanwhile, THG, CR, and OCT can reveal the morphological
features of a specimen, but they lack the chemical contrast for vol-
umetric imaging (17, 20, 21). SHG imaging is primarily used to
characterize collagen species, but the signal may be weak or
absent (17–19). Raman imaging is another label-free imaging ap-
proach, which can provide quantitative and qualitative biochemical
information as well as morphological information (23). Over the
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past decade, Raman imaging has been a leading modality for non-
invasive and in vivo imaging of biological applications, providing a
unique “molecular fingerprint.”Coherent Raman scattering micros-
copy–based sectioning can map the chemical composition of a
specimen in volumes (17, 24). However, it is heavily time-consum-
ing when the sample is several hundred microns or more across.
Light-sheet Raman microscopy can examine the chemical compo-
sition in a volume, but it interferes with the background of auto-
fluorescence (25). In a previous work, combined with projection
strategy, we proposed Bessel beam–based stimulated Raman projec-
tion microscopy and tomography for high-speed volumetric chem-
ical imaging (26). However, because of the nonlinear effect of the
excitation lasers, this technique has a small field of view and lacks
the structural information. Wide-field Raman imaging plays an im-
portant role in probing the molecular distribution of large field-of-
view samples while achieving a high resolution. Combined with the
projection concept, it facilitates the 3D high-resolution imaging of
large-scale samples. However, such a technique cannot visualize the
specific spatial distribution of the sample microstructure.

In this work, we present a dual-modality optical-Raman
projection tomography (ORPT) for label-free structural and molec-
ular volumetric imaging (27) based on the concept that the fusion
image can be obtained from the Raman projection tomography and
OPT. The ORPT technique can obtain the optical and Raman pro-
jection images with micron-level spatial resolution and millimolar
sensitivity, respectively, by rotating a sample and collecting the pro-
jection images from different angles. Thus, the chemical composi-
tion and microstructural information of a sample can be mapped in
a 3D volume. First, we investigated the relationship between the
laser power, sample concentration, and intensity of the Raman
signal. We performed an experimental analysis of the system,
which showed a good agreement with the theory. Then, we validat-
ed the feasibility of the ORPT system and the performance of the
reconstruction algorithm by imaging single and multiple polysty-
rene (PS) beads, respectively. Furthermore, we examined the capa-
bility of the ORPT system for imaging the microstructure and
chemical components of biological species, such as zebrafish and
Arabidopsis thaliana. Last, we explored the potential of our
system in detecting the fat body of Drosophila melanogaster at dif-
ferent developmental stages. Comparative analysis of our findings
showed that our ORPT system has superior capability in detecting
the microstructural information. Besides, it can be further devel-
oped to visualize the molecular distribution and dynamic process
of samples in a 3D volume.

RESULTS
The ORPT system
A schematic overview of our ORPT system is depicted in Fig. 1A,
where we obtained dual-modality projection images of the samples
from two beams. We used the first laser beam as a Raman signal
excitation source, which operated at 532-nm laser [MSL-FN-532,
Changchun New Industries Optoelectronics Tech. Co., Ltd.
(CNI), China)] with 300 mW and narrow linewidth (<0.00001
nm) and had a good monochromaticity. To adjust the power of
the laser, we first passed it from a circular variable attenuator
(OD0-OD3, CNI, China) and then expanded and collimated it by
a 4f system, followed by irradiation of the sample. We housed a filter
wheel (CFW6/M, Thorlabs, USA) with different center wavelength

filters and an edge filter in a lens tube for the purification of the
generated Raman projection images, obtained by a charge-
coupled device (CCD; iKon-M 934, Andor, USA). To magnify the
captured projection images between ×1.4 and ×9, we mounted a
lens (Zoom 6000, Navitar, USA) on the CCD. The second beam
was a faced light source [BT-50*50SW, Oriental System Engineering
(OSE), Singapore] and worked as a reference light beam to help the
Raman channels to focus the samples on the focal plane before
imaging. This second beam also provided diffuse reflection light
with adjustable intensity for microstructural information of a
sample in a 3D volume. Thus, we collected the projection images
of this light path by the same detector. The sample holder is dis-
played in Supplementary Information 1.

Performance of the ORPT system
Spatial resolution and sensitivity are important factors that affect
the performance of an imaging system. To estimate the spatial res-
olution of the ORPT system, we selected different images with a res-
olution test target (1951 USAF, Thorlabs, USA) in different
magnifications, obtained from the CCD. One of the images is
shown in fig. S1A, where the magnification is ×9. We then extracted
a profile across the line pairs of the image and calculated its shock
response. When the shock response is fitted with a Gaussian curve
as shown in Fig. 1B, then the spatial resolution is determined from
the full width at half maximum of the fitted Gaussian curve. The
value was found to be 5.12 μm when the magnification was ×9,
while it was 36.42 μm when the magnification was ×1.4, as shown
in Fig. 1C.

In the next stage, we evaluated the sensitivity of the ORPT system
from the CH2 symmetric stretching of dimethyl sulfoxide (DMSO),
diluted in deuterium oxide (D2O). At 141 mM concentration, the
Raman signal of DMSO can be resolved with a signal-to-noise
ratio (SNR) of 1.97, as shown in fig. S1B. Figure 1D depicts the
Raman signal intensity as a function of the sample concentration,
demonstrating an estimated detection limit of 70 mM DMSO.
These results proved a millimolar sensitivity of our ORPT system
in the Raman signal detection.

Furthermore, using DMSO as the test object, we also investigated
the effect of the Raman signal on the concentration and the input
laser powers, using DMSO as the test object. As shown in Fig. 1E,
the results revealed that the Raman signal linearly decreased along
with the decrease in the sample concentration [coefficient of deter-
mination (R2) = 0.962]. Besides, the Raman signal was shown to be
linearly dependent on the laser power (R2 = 0.997), as shown in fig.
S1C. Figure 1E presents the Raman images of DMSO as the laser
power was reduced to 26.1 mW. In this case, the lower detecting
intensity was responsible for the limited signal detection of the
laser. These values were also consistent and showed a similar
trend as predicted by theory (28). The characterization of Raman
signal can be found in Supplementary Information 2. Figure 1F pre-
sents a workflow of the data acquisition and processing.

Dual-modality ORPT imaging of PS beads
We investigated the feasibility of our ORPT system in the detection
of optical-Raman signals in 3D and the probability of the filtered
back-projection (FBP) algorithm for 3D reconstruction. First, we
imaged single PS beads (100 μm in diameter) in agarose gel immo-
bilized in a cylindrical capillary. Movies S1 and S2 show the ob-
served optical and Raman projection images of single PS beads
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for 180 projections, respectively. We depicted the reconstructed 3D
optical and Raman images in fig. S2 (A and D, respectively). Our
findings showed that the reconstructed optical and Raman projec-
tion tomographic images of the beads could be well resolved, which
were identical in terms of the location and morphology to the pro-
jection images (fig. S2, B and E). Furthermore, we fused the dual-
modality tomographic reconstruction images (Fig. 2A) and verified
them from the sectional images of the corresponding reconstructed
volume along the transverse, coronal, and sagittal planes of the same
beads, as shown in Fig. 2B. The flowchart of how to obtain a fused
volumetric image from multiangle projection images is shown in
fig. S3. The reconstructed fusion image in a 3D volume is presented
in movie S3. These results strongly corroborate the dual-modality
fusion image in morphology and localization and confirm that
the structure and chemical composition of the beads can be well re-
constructed with a little distortion. Furthermore, we imaged the
multiple PS beads of 100 μm in a volume of ~1.48 mm by 1.48
mm by 1.48 mm using our ORPT system, and the results are
shown in Fig. 2C. The related details are shown in movies S4 and
S5 and fig. S2.

ORPT imaging of zebrafish
Zebrafish is an important model organism that is rapid, small, and
easy to breed with a high optical transparency, which can provide
direct visual access to biological processes (29, 30). Moreover, zebra-
fish has about 81% of the genes associated with human diseases.
Therefore, it has been established as a cancer model for the investi-
gation of cancer cells and their microenvironment in preclinical
cancer research, such as liver, leukemia, neuroblastoma, melanoma,
pancreatic, and testicular cancer (30, 31). Lipids and proteins are
essential components of the metabolism during the development

of zebrafish, and their distribution is strictly regulated to ensure
proper activity and function of the organism (30). Thus, the
image of related components in a living system is of great interest.
The notochord is a reinforced axonal rod-like organ, which distin-
guishes chordates, like zebrafish, from other animals and plays a
critical role in pattern formation (32–34). During development,
the central cells of the zebrafish notochord form large vesicles,
which eventually lead to tissue degeneration and form a vertebral
column after the embryo period (32). The vacuolar cells and
protein-rich fibrous muscle cells are generated as Raman images
at 2950, 2845, and 1650 cm−1, coming from both protein and lipid.

In this work, we imaged the zebrafish in the range of 2457 to
3123 cm−1 vibrational window and validated the usefulness of our
ORPT system in imaging tissue biomolecules. First, we acquired
optical image stacks of 180 projections by rotating the sample, as
shown in movie S7 and fig. S4A. The reconstructed OPT image
by the FBP algorithm can be found in fig. S4C. We observed that
the structure of the zebrafish could be well resolved in a volume
of ~4.43 mm by 4.43 mm by 4.43 mm, especially the large vesicles
and protein-rich fibrous muscle. Next, we collected the Raman pro-
jection images (fig. S4B) at 1° per step, by rotating the sample for 3D
reconstruction. We set the integral time to 8 s for each image. Movie
S8 shows the projection images of 180 steps. The results of the
Raman projection images (fig. S4B) and 3D reconstruction
Raman image (fig. S4D) showed an obvious Raman signal in the
large vesicles and vertebral column of zebrafish, representing the
CH3 stretching of protein in 2950 cm−1 and C-H stretching of
lipid from CH2 at 2850 cm−1. Similarly, we also observed the
Raman-like signal around the eyes. To qualitatively verify the
origin of this signal, we tuned the filter wheel at different wave
numbers to detect the suspicious signal. Unexpectedly, the signal

Fig. 1. The ORPT system. (A) Schematic figure of the ORPT system. A, attenuator; M, mirror; L, lens; RS, rotational stage; 3D TS, 3D translational stage; FW, filter wheel. (B)
The fitting curve of the extracted profile is labeled in the resolution test target, indicating the optimal resolution of 5.12 μm. (C) The minimum spatial resolution of 36.42
μm. (D) Raman signal intensity as a function of the sample concentration. (E) Themeasured Raman signal fromDMSO as a function of the laser power. (F) Workflow of data
processing.
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intensity showed large differences at different wave numbers, in
consistence with the corresponding Raman signal as reported else-
where (see fig. S5) (35). The reconstructed 3D fusion image of ze-
brafish in the structure and chemical distribution is shown in
Fig. 3A and movie S9. The fusion results revealed that the detected
lipid or protein agreed well with the location of the corresponding
structure. The selected slices in different views (coronal, sagittal,
and transverse) displayed the fused structure where lipid or
protein distributions are shown in Fig. 3B. Compared with the to-
mographic results, we found differences in the fine structures with
little distortion, which was possibly due to discrepancies in the
image depths, spatial resolution of the system, and other factors.
These results confirmed the applicability of our ORPT system for
in vivo imaging of biomolecules from the structure and molecule
in a 3D volume.

ORPT imaging of A. thaliana stem
With its simple genetic transformation, cultivation protocols and a
large number of genetic resources, the plant A. thaliana represents
an excellentmodel organism for probing the plant cell wall. Its small
genome size (the first sequenced plant genome) and fast generation
time are responsible for the rapid characterization of treatment and
mutations, playing a vital role in plant genetics and biology (36, 37).
Arabidopsis has been extensively used for the investigation of pro-
teomics and gene knockouts and the study of the plant polymers,

including cellulose, lignin, wax, and hemicellulose (38–42). Thus,
the application of imaging analysis tools in Arabidopsis is crucial
and desirable.

Here, we demonstrated the C-H and CH2 stretching bonds of
transparent Arabidopsis stem with our ORPT system in the 2457
to 3123 cm−1 vibrational window, representing the spatial distribu-
tion of the measured cell walls and related lipid components. The
3D structural and molecular reconstruction image of the stem in a
volume of ~1.48 mm by 1.48 mm by 1.48 mm is shown in Fig. 4A.
The sectional images along different planes, as selected from the re-
constructed volume, are shown in Fig. 4B, which shows the struc-
ture of the pericycle and the epidermis of the stem, while the Raman
signal can be observed around the pericycle, which is also consistent
with the already reported data (36). However, we observed a slight
positional mismatch between the distribution of lipid in the stem
and the corresponding structure information along the coronal
and sagittal planes. This might be due to the bias of the sample ro-
tation during data acquisition of the different modalities. Besides,
the Raman signal of the transparent stem is weak and small,
which makes it difficult to visualize it. However, this can be opti-
mized in the subsequent experiment. These results proved the capa-
bility of our system in detecting plants, whichmay ultimately help to
understand the molecular biology of many plant traits. The related
dual-modality projection movies, projection images, and

Fig. 2. Dual-modality fusion images of PS beads. (A) The fusion image of single PS beads of 100 μm in a volume of ~1.48 mm by 1.48 mm by 1.48 mm. (B) Sectional
images of the single PS beads volume, acquired by the ORPT system at different views. (C) The volumetric fusion image of multiple PS beads (diameter in 100 μm). (D)
Selected image slices of multiple PS beads along the sagittal, coronal, and transverse views, respectively. Scale bars, 100 μm.
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corresponding reconstructed 3D results can be seen in movies S10
to S12 and fig. S6.

Visualizing the fat body of D. melanogaster at different
developmental stages in 3D
D. melanogaster is an important model organism with the charac-
teristics of short life cycle, cost-effectiveness, and ease of manipula-
tion. It has been used in a wide range of applications in genetics and
developmental biology, such as carbohydrate, sterol, and lipid me-
tabolism (43, 44). Because of its homology in many enzymes and
metabolic pathways with human, most of the D. melanogaster re-
search is commonly focused on the basic metabolism functions
and disease-related genes in humans (45). Lipid droplets act as a
fat repository in cells and tissue, facilitating homeostasis and lipid
metabolism. Furthermore, it stores thousands of different proteins,
which can be used to study the trafficking dynamics and biological
significance (46). The D. melanogaster fat body (one of an organ)
stores lipid to feed the animal during its larval stage and performs
lipid metabolism and hormone production (45); thus, it is crucial to
study it at different developmental stages.

To this end, we explored the 3D microstructure and chemical
components of the D. melanogaster fat body using our ORPT
system at different stages (first, second, and third instar larva)
within the range of 2457 to 3123 cm−1 vibrational window. We ob-
tained the optical projection images of the D. melanogaster fat body
(fig. S7A). Raman images of the fat body at different developmental
stages were observed along with the use of the Raman channel, as
shown in fig. S7B, which yielded the lipid and protein information
of the fat body and microstructural information of internal organs,
including the gut, trachea, and fat body. Besides, we observed the
change in the fat body during the development, and the correspond-
ing reconstructed results are described in fig. S7.

Figure 5A shows the volumetric reconstruction image of first-
instar larva of D. melanogaster in a volume of ~1.66 mm by
1.66 mm by 1.66 mm and the selected slice images of the recon-
structed results. We could infer that the morphology and chemical
distribution of the larva can be well reconstructed, with the fat body
attached to the salivary gland with high Raman signal. Similarly, the
Raman signal, which represents the distribution of lipid or protein,
agreed well with the corresponding location of the D. melanogaster
structure with little distortion, as can be seen from the selected
images in different directions (Fig. 5, B to D). Furthermore, we
chose a second instar larva to explore the change in the fat body.
A 3D fused reconstruction image is shown in Fig. 5F, where the in-
ternal organs, such as the gut and fat body as well as the lipid or
protein distribution of the fat body in a volume of ~2.66 mm by
2.66 mm by 2.66 mm can be seen. Meanwhile, we obtained the sec-
tioning images by selecting different planes along the transverse,
sagittal, and coronal planes, as shown in Fig. 5 (G to I), with a mag-
nification of the lens of ×5. We resolved the fat body or the fat tissue
from the Raman image (pseudo-colored in red), and resolved the
microstructure information from the OPT signal. The abovemen-
tioned results revealed that the internal organs have started devel-
oping at this stage, and compared with the first instar larva, the fat
body was reduced because it was feeding the body during the
growth stage. The detailed images of the fat body changes at differ-
ent developmental stages can be found in fig. S7B.

Last, we investigated the microstructure and chemical distribu-
tion information of the third instar larva of D. melanogaster in a
volume of ~4.43 mm by 4.43 mm by 4.43 mm, as shown in
Fig. 5K. We observed the fat body around the trachea at the poste-
rior end from the volumetric information. By carefully examining
the larva, we observed many lipids to be distributed around the sali-
vary gland and tail (Fig. 5, L to N). Thus, we confirmed the fat body
to be transformed from an organized tissue to individual fat cells or

Fig. 3. Volumetric imaging of zebrafish by the ORPT system. (A) The 3D fusion image of zebrafish. (B) The selected section images (in transverse, sagittal, and coronal
views) from the reconstructed images. Scale bars, 200 μm.
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others during the developmental stage. Following literature (45), we
found that the fat body at this late stage would remodel itself. The
Raman projection images showed these changes of the fat at differ-
ent developmental stages, as shown in Fig. 5 (E, J, and O). However,
because the larva in these experiments was not transparentized and
the spatial resolution of the system was limited, the 3D reconstruct-
ed image did not show finer microstructural information. All the
reconstruction results at different developmental stages can be
seen in fig. S7 (C and D). As for the dual-modality projection
images and 3D fusion images of D. melanogaster at different devel-
opment stages, they can be found in movies S13 to S21.

The analyses of these data demonstrate that our ORPT system
can easily detect the microstructural and molecular information
of a biological system. Moreover, this can facilitate the studies of
in vivo, fast imaging, and accurate quantification of 3D samples
in a label-free manner.

DISCUSSION
In this work, we demonstrated the ORPT for label-free microstruc-
tural and molecular volumetric imaging of millimeter-scale
samples. Our findings showed that our ORPT system can resolve
the 3D distribution of molecules and structural information in a
volume with micron-level spatial resolution from the same device.
First, we verified the feasibility of our proposed ORPT system and
the probability of the FBP algorithm for 3D reconstruction by de-
tecting the single and multiple PS beads in a volume. Next, we dem-
onstrated the applicability of our proposed methodology by
volumetric fusion imaging of zebrafish and A. thaliana in a
volume, separately. The results concluded that this technique can
be used for the visualization of the microstructural and molecular
information of biological samples. Last, we showed that the pro-
posed ORPT system can be used as an imaging tool to monitor

the lipid and protein metabolism process in D. melanogaster. To
identify the morphology of lipid and protein distribution during
different developmental stages, we recorded the fat body changes
of D. melanogaster at the microstructure level followed by Raman
imaging. These related fusion results revealed that this technique
can facilitate the development of in vivo imaging and can be used
as a quantitative imaging tool for accurate quantification.

This work has some limitation, and there is plenty of room for
further improvement of our ORPT system. First, the spectral reso-
lution can be further improved. We used a filter wheel with six
filters for the detection of Raman signals at different wave
numbers due to the limitation of the field depth of the lens,
which induced the collected Raman signal as a mixed spectral
image. To achieve accurate analysis of the composition information
of a substance at a certain characteristic peak, two aspects can be
improved. On the one hand, to accurately detect the molecule infor-
mation within the imaging field depth, the filter wheel should be
replaced with a small and high-precision tunable filter. On the
other hand, the resulting images can be appropriately separated at
a characteristic band using a deep learning network (47). Second,
the SNR and imaging speed can be improved. Here, to reduce the
damage of the sample caused by the laser, we fivefold expanded the
laser beam, where the density of the laser power was around 0.8
mW/mm2. Thus, we obtained a high-quality Raman image by in-
creasing the integration time up to 8 s. However, a longer time is
limiting for rapid, in vivo imaging of biological samples, and it is
difficult to monitor the fast-imaging process. It has already been re-
ported (48, 49) that the damage thresholds of biological samples can
reach several tens of watts per square centimeters under the excita-
tion wavelength of 532 nm, which is much higher than that in our
experimental setups. Thus, we can further reduce the integration
time and properly increase the laser power for higher SNR
Raman images of 3D reconstruction. Third, the processing and

Fig. 4. Volumetric imaging results of the Arabidopsis stem. (A) Reconstruction images fused by the volumetric Raman and optical images. (B) Sectional images at
different views, acquired by the reconstructed results of Raman and OPT. Scale bars, 100 μm.
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fixation of the sample can be further improved. Now, we directly
fixed the sample with low-melting agarose gel in a capillary, and
then, we collected the projection images of the capillary.
However, the effects of light scattering from the opacity of the
sample were very detrimental to the 3D visualization. This can be
overcome by exploring efficient and nondestructive optical clearing
reagents (50, 51) that can enhance the transparency of the sample
while maintaining the Raman scattering signal generation capabil-
ity. On the other hand, the existing sample fixation method is not
conducive to keeping samples in a viable state for long periods of
time. Thus, a complementary sample fixation module can be de-
signed, such as petri dish fixation method (11), which can reduce
the damage to the specimen and be more conducive to longitudinal
observation for in vivo imaging. Last, in the current stage, the
Raman projection imaging module focuses only on the high–wave
number C-H region. This is mainly considered for two reasons. The
first one is that the characteristic peaks of lipids and proteins fall
mainly in this region, and these two types of components are very
important in biology and medicine (32, 52). The second one is the
strong Raman signal in this region, which is advantageous in veri-
fying the feasibility and exploring the application potential of our
ORPT technique. Through some technical optimization, including
increasing the laser power, improving the Raman signal collection
efficiency, and replacing suitable filters, our ORPT system is also
capable of collecting Raman signals from other wave number
regions, such as fingerprint features.

Our ORPT technology is based on projection tomography
framework. ORPT inherits the advantages and disadvantages of
projection tomography in addition to the features of label-free mi-
crostructure and molecular component visualization. Projection

tomography is a volumetric imaging technique that incorporates
sample rotation, image projection, and tomographic reconstruction
strategies and has the superiority of providing high isotropic spatial
resolution, rapid 3D imaging of living samples at the microscopic to
mesoscopic scale. Likewise, our ORPT technique faces problems as-
sociated with projection tomography. For example, samples require
special fixation for effective rotation and long-term activity, tradi-
tional FBP reconstruction brings a high number of projection
images and excessive light dose, and dual-modality imaging can
only be performed on transparent or weakly scattering biological
samples. These can be addressed by designing complementary
sample processing and fixation module and developing advanced
reconstruction algorithms, which represent further work in
progress.

MATERIALS AND METHODS
Performance of the ORPT system
In the current setup, we determined the imaging field of view by the
depth of field of the lens. The magnification of the lens determines
the depth of field and the spatial resolution of the system. The larger
the magnification, the smaller the depth of field of the system and
the higher the spatial resolution; conversely, the larger the depth of
field of the system, the lower the spatial resolution. With the current
setup, the range of sample sizes (x, y, and z) determined by the
depth of field of the system can be measured between 1.48 mm by
1.48 mm by 1.48 mm and 9.5 mm by 9.5 mm by 9.5 mm.

We prepared various concentrated solutions of DMSO in D2O
(8.4, 5.6, 4.2, 2.8, 2.52, 2.24, 1.97, 1.41 1.12, 0.28, and 0.07 M) to
detect the sensitivity of the Raman signal, obtained by the ORPT

Fig. 5. The fat body imaging of D. melanogaster at different developmental stages. (A, F, and K) The 3D reconstructed image. (B to D, G to I, and L to N) Sectional
images along different planes in the first-, second-, and third-instar larvae ofD.melanogaster, respectively. (E, J, andO) Raman projection image of the fat body at different
developmental stages. Scale bars, 500 μm.
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system. We stored the solution in a quartz cuvette. To excite the
DMSO Raman signal at 2457 to 3123 cm−1, the laser-powered
density of the sample was set to 0.87 mW/mm2, while the integra-
tion time was set to 10 s for all measurements. To investigate the
relationship between the laser power and Raman signal intensity,
the power of the laser was set to 215.4, 208.5, 152.1, 74.4, 60.7,
43.4, and 26.1 mW, separately.

Feasibility verification of the ORPT system
To capture the images of PS beads, we tuned the central wavelength
of the filter in the detection path to 625 nm using a filter wheel, cor-
responding to 2457 to 3123 cm−1, and detected the dual-modality
signals of the sample in this vibrational window. We set the laser
power density of the sample to 0.87 mW/mm2 and adjusted the
faced light intensity to the optimal contrast of the imaging
sample. We fixed the capillary onto the rotational stage and consec-
utively rotated at 180° with 1° per step. Then, we collected the pro-
jected images and assembled them using the FBP algorithm to
reconstruct the microstructure and chemical composition informa-
tion within a volume of 1.48 mm by 1.48 mm by 1.48 mm, as shown
in fig. S2 (A, C, D, and F).

Sample preparation
DMSO was purchased from Tianjin Tianli Chemical Reagent Co.
Ltd. The involved PS beads were purchased from Shanghai ZzBio
Co. Ltd. The transparent zebrafish were purchased from Shanghai
GeneBio Co. Ltd. The D. melanogaster at different development
stages was obtained from the Shaanxi Normal University.

PS beads imaging
We performed the ORPT system imaging of single and multiple PS
beads of 100 μm (ZPH-134, PHOSPHOREX, USA), respectively.
We first suspended the beads in a 1% cured low-melting agarose
gel and then transferred them into a capillary to prevent particle
movement during the projection image acquisition. We set the in-
tegral time to 0.1 s for each projection image in the light path and to
8 s in the Raman path. We imaged the PS beads in a volume of
~1.48 mm by 1.48 mm by 1.48 mm. The total acquisition time for
optical projection images was 18 s, while that for the Raman was
1440 s.

Biological sample imaging
The transparent zebrafish were kept transparent in 1-phenyl-2-thio-
urea, reared, and maintained according to the standard practices at
28°C. We prepared the sample using a similar way as the beads. We
collected the dual-modality projection images of 180 at an angle in-
crement of 1° with 0.1- and 8-s integral time, respectively. Each pro-
jected image was of 1024 × 1024 pixels. We obtained the sectional
images from the corresponding reconstructed results of optical and
Raman channels. We magnified the zebrafish to ×3, corresponding
to 16.97 μm of spatial resolution. The laser power density of the
sample was about 0.76 mW/mm2.

As for the ORPT system imaging of the A. thaliana stem, we
chose the wild-type seeds of the Columbia-0 ecotype to germinate
on MS plates and then transplanted the soil matrix after a week. We
selected the stem of a 3-week-old Arabidopsis for imaging. First, we
fixed the selected stem in the FAA solution (formalin:glacial acetic
acid:70% ethanol, 1:1:18). Then, we dehydrated the stem in 70, 95,
100, and 100% ethanol solutions, separately. The concentration

gradient treatment time was 30 min for each solution, and we
then placed them in a refrigerator at 4°C overnight. On the subse-
quent day, we placed the imaging stem in 95, 70, 50, 30, and 15%
ethanol solution for rehydration for 30 min, separately, and then
placed them in a clearing reagent (chloral hydrate:glycerol:
water, 8:1:2) for transparency. Last, we used a dropper to take out
the transparent stem for imaging. The sample preparation was
similar to that of zebrafish.

The D. melanogaster at a different developmental stage was
raised at 25°C using an agar diet (sugar, 81.5 g/liter; yeast powder,
9.2 g/liter; sodium benzoate, 1.3 g/liter; corn flour, 108.5 g/liter;
agar, 8.2 g/liter). Before observation, we stunned the larva with
ether and then transferred it to 1% low-melting agarose for fixation.

Image processing and reconstruction
In our experiments, the collectedmultiangle projection images need
to be preprocessed before 3D reconstruction, including the bright-
field and dark-field corrections. The dark-field correction is to
remove the background noise of the camera, and the bright-field
correction is to reduce the inhomogeneity of the light source.
First, we collected multiple dark-field and bright-field images.
Second, we calculated the mean matrices of these images. In the
end, we performed the dark- and bright-field corrections. We per-
formed the dark-field correction by subtracting the mean matrix of
the dark-field images from the projection image, which enhances
the contrast of the projection image. The bright-field correction is
slightly complicated and can be performed according to the follow-
ing steps: (i) A differencematrix is obtained by subtracting themean
matrix of the dark-field image from the mean matrix of the bright-
field image; (ii) an intermediate matrix is obtained by point dividing
this difference matrix by the dark-field corrected projection image;
and (iii) the mean value of the difference matrix is calculated and
multiplied by the previous intermediate matrix. These operations
can correct the shadows of the acquired projection images. We ac-
quired 50 bright-field images and 50 dark-field projection images,
respectively.

We processed the projected images using the ImageJ software.
We wrote the 3D reconstruction of dual-modality data using the
FBP algorithm in MATLAB (MathWorks Inc.). We achieved the vi-
sualization and analysis of the volumetric images using the ImageJ
software and the 3D fusion videos of different samples using a 3D
slicer software.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S7
Legends for movies S1 to S21

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S21

View/request a protocol for this paper from Bio-protocol.
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