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High-contrast in vivo fluorescence imaging
exploiting wavelengths beyond 1880nm

Jiayi Li 1,4, Qiming Xia 2,4, Tianxiang Wu1,4, Yuhuang Zhang 1, Shiyi Peng1,
Yifei Li1, Yixuan Li 2, Hui Lin 2, Mingxi Zhang 3 & Jun Qian 1

The second near-infrared (NIR-II) window is widely acknowledged for its
excellent potential in in vivo fluorescence imaging. Currently, NIR-II fluores-
cence imaging predominantly operates within the 900-1880 nm spectral
range, while the region beyond 1880 nmhas been disregarded due to the large
light absorption of water. Based on a refined understanding of the effect of
light absorption on imaging, we propose an approach that utilizes the pre-
viously neglected region surrounding the water absorption peak at ~1930 nm
for imaging. Both simulations and experiments confirm that the water
absorption contributes positively to imaging, enabling high-contrast in vivo
fluorescence imaging in the 1880-2080nm window. To further assess the
applicability of this approach in different biological media, we extend our
focus to fluorescence imaging in adipose tissue. This leads to the expansion of
the imaging window to 1700-2080nm, owing to the unique light absorption
characteristics of adipose tissue. Our results demonstrate that the 1700-
2080 nmregionprovides optimal imagingquality in adipose tissue, attributing
to its moderate absorption and low scattering. This work advances our
understanding of the interplay between light absorption and photon scatter-
ing in bioimaging, providing an insight for selecting optimal imaging windows
to achieve high-contrast fluorescence imaging.

Fluorescence imaging, combining the advantages of its high tem-
poral and spatial resolution and radiation-free properties, has a wide
range of applications in the biomedical field1. In recent years, the
second near-infrared window (NIR-II, 900–1880 nm) fluorescence
imaging, has gained significant attention due to its low photon
scattering and reduced biological autofluorescence2–11. In particular,
based on the varying properties of scattering and absorption, NIR-II
is divided into several specific imaging sub-windows, including NIR-
IIa (1300–1400 nm), NIR-IIb (1500–1700 nm), and NIR-IIc
(1700–1880 nm)3,12,13. Indeed, light propagation through biological
media is an essential process in fluorescence bioimaging. This

physical process is accompanied by absorption attenuation and
scattering perturbations, which have conventionally been regarded
as detrimental to the performance of bioimaging. As a result, a
common approach improving imaging quality is to minimize scat-
tering by increasing wavelength and avoid spectral regions with
strong absorption peaks14–16. However, recent studies have chal-
lenged this conventional opinion by highlighting the beneficial role
of absorption in enhancing the imaging contrast13,17–19. The
improvement in contrast is attributed to the greater attenuation of
background signals with longer optical paths in scattering media,
thereby increasing the relative proportion of useful signals. This
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insight has led to a deeper understanding and reevaluation of the
NIR-II window. Notably, the NIR-IIx (1400–1500 nm) region, pre-
viously disregarded due to the water absorption peaks, has demon-
strated unique advantages in terms of imaging contrast and relative
depth13,20 when the fluorescent probe is bright enough. Similarly, the
third near-infrared window (NIR-III, 2080–2340 nm), which exhibits
similar water absorption property, has been proposed as a promising
imaging window13. Nevertheless, imaging studies are absent near
1930 nm because the huge water absorption peak at ~1930 nm was
regarded as an insurmountable barrier.

Giving the positive impact of light absorption in tissues in NIR-II
fluorescence imaging, previously dismissed regions with high water
absorption may show potential for exceptional imaging performance.
The excellent imaging capabilities of the NIR-IIx window13,20 have
inspired the exploration of spectral bands with greater absorption.
Recent advancements in bright fluorescent probes with peak emission
wavelength beyond 1500nm have significantly contributed to the
development of NIR-IIb and NIR-IIc fluorescence imaging, paving the
way for further exploration of longer wavelength windows21–24. When
the signal intensity sufficiently compensates for absorption attenua-
tion, the underexplored 1880–2080 nm window whose starting point
and endpoint are established based on the peak absorption coefficient
of water in NIR-IIx regionmay demonstrate superior imaging potential
due to enhanced scattering suppression fromwavelength redshift and
increased water absorption. Furthermore, absorption characteristics
vary across different biological components11. For example, water and
adipose tissue have distinct absorption peaks25–27. To date, the key
challenge still lies in identifying optimal imaging windows for different
tissue environments.

In this study, we aimed to find more suitable imaging windows in
complex biological environments by integrating the effects of light
absorption and photon scattering on imaging quality. By using Monte
Carlo simulation to model the propagation of photons in biological
tissues, we investigated how light absorption can improve the imaging
performance and explored potential high-quality windows for near-
infrared fluorescence imaging. Notably, we proposed that the
1880–2080 nm band, with imaging properties comparable to NIR-IIx
window, offered higher contrast imaging when water absorption
attenuation was sufficiently overcome. Consequently, high-quality in
vivo fluorescence imaging was realized in the 1880–2080nm band
using water-soluble core-shell PbS/CdS quantum dots (QDs), which
emitted bright fluorescence at long wavelength. Moreover, the effects
of absorption became particularly significant in scenarios with large
background interference from deeper tissue regions. For example,
when imaging the skin vessels above the mouse liver, the
1880–2080 nm and NIR-IIx regions showed distinct advantages due to
enhanced absorption, while other NIR-II sub-windows struggled to
distinguish target signals from the background noise. To further
explore the potential of the 1880–2080 nm band, we employed both
this band and NIR-IIx window for multi-channel bioimaging. Addi-
tionally, the selection of optimal imaging windows for complex bio-
logical tissues requires further optimization based on scattering and
absorption theories. In particular, our study examined adipose tissue, a
major component of the human body, which has different optical
parameters. Simulations revealed that the unique light absorption and
the low photon scattering in adipose tissue, which contributed to the
best imaging performance in the band of 1700–2080 nm. This result
was further supported by both in vitro and in vivo experiments.

Results
Simulation and exploration of near-infrared fluorescence bioi-
maging based on light absorption and photon scattering of
tissues
Photons are affected by scattering and absorption as they propagate
through biological tissues. It was previously accepted that both

scattering and absorption lead to the deterioration of image quality, as
they result in a loss of information. However, the mechanisms and
consequences of scattering and absorption are not the same17. On one
hand, scattering blurs the image because photons that initially pro-
pagate to the same pixel scatter tomultiple pixels. InNIR-II bioimaging
studies, it has been emphasized to suppress scattering by increasing
wavelength. On the other hand, absorption attenuates the intensity of
the signal received by the detector, which in the past was known to
reduce the signal-to-noise ratio. However, the interfering background
from scattered signal photons is preferentially depleted while
absorbing signal photons, because the path length of multiply scat-
tered photons ismuch longer than that of ballistic signal photons. This
leads to an increase in the proportion of ballistic photons arriving at
the detector (Fig. 1a), which improves the signal-to-background ratio
(SBR) of image. In addition, the attenuation of signal caused by
absorption can be compensated for by other methods such as
extending the integration time, increasing the excitation power or
enhancing the brightness of signal source (fluorescent probe). The
absorption of water wasmainly considered in our study becausewater
is the most abundant component in living organisms. The absorption
spectrumofwater in the band of 700–2300nm is shown in Fig. 1b. The
figure illustrates two major absorption peaks at ~1450 and ~1930nm.
Theoretically, the imaging quality could be improved in the spectral
region around the peaks if the signal intensity is sufficient to overcome
the attenuation due to absorption. This idea has been supported by
recent studies those have discovered the advantages of in vivo imaging
in 1400–1500nm band13,20. Bioimaging studies were absent in the
vicinity of 1930 nm because the huge water absorption peak at
~1930 nm was regarded as an insurmountable barrier. In fact, the light
absorption of water in the narrow spectral region around the peak is
relatively low, which may not be insurmountable. Similar to NIR-IIx
window, there is an opportunity for high-quality bioimaging in
1880–2080 nm as long as the fluorescent probe is bright enough to
overcome the attenuation from water absorption. Under this per-
spective, 1880 nmmay no longer be the boundary of the NIR-II region.
Furthermore, with better scattering suppression at longer wave-
lengths, coupled with the positive effect of water absorption, the
1880–2080 nm window theoretically offers superior imaging quality
to other NIR-II band regions.

To verify the above hypotheses, Monte Carlo method was
employed to simulate photon propagation within 1200–1300 nm,
1300–1400nm (NIR-IIa), 1400–1500 nm (NIR-IIx), 1500–1700 nm (NIR-
IIb), 1700–1880 nm (NIR-IIc), and 1880–2080nmwindows (see Fig. 1c)
in biological tissues. The line source set up for the simulation is shown
in Supplementary Fig. S1. The SBR and structure similarity index
measure (SSIM) of the simulated imageswithin eachband are shown in
Fig. 1d, e. The images inNIR-IIx and 1880–2080nm showed higher SBR
and SSIM compared with those in other regions. It can be learned that
enhanced absorption combined with reduced scattering contribute
positively to more accurate imaging, for the main reason that higher
absorption consumes more multiple scattered photons. Note that the
background interference of image in 1880–2080nm was particularly
weak, attributed to the wavelength redshift and unique water
absorption. Therefore, the 1880–2080 nm window showed great
imagingpotential, basedon theoretical analysis and simulation results.
With the rapid development of near-infrared sensitive detectors, as
well as fluorescent probes with long-wavelength emission and high
brightness, it is no longer impossible to realize in vivo fluorescence
imaging in 1880–2080 nm as in simulations.

High-contrast in vivo imaging around the high absorption peak
at ~1930nm
In this section, experiments were conducted for in vivo fluorescence
imaging in the 1880–2080nm band. A series of PbS/CdS core-shell
QDs were used as fluorescent probes, whose bright emission was
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expected to overcome the effects of water absorption during imaging.
PbS/CdSQDswere synthesized based on our previouswork24 andwere
hydrated with polyethylene glycol (PEG) (Fig. 2a). Its cadmium sulfide
(CdS) shell could protect the lead sulfide (PbS) core from oxidation
and retain its bright fluorescence. Four types of PEGylated PbS/CdS
QDs with different emission peak wavelengths were employed to
objectively evaluate thefluorescence imagingwithin eachNIRwindow.
TheseQDswerenamed as 1100QD, 1300QD, 1450QDand 1700QDhere
in ascending order of emission wavelength. Their emission spectra in
water are shown in Fig. 2b, and absorption spectra are shown in Fig. S2.
Transmission electron microscopic (TEM) images (Fig. S3a) and
dynamic light scattering (DLS) results (Fig. S3b) illustrate that the PbS/
CdS QDs were spherically homogeneous and the average hydro-
dynamic sizes of PEGylated PbS/CdS QDs were all less than 45 nm. The
four kinds of PEGylated PbS/CdS QDs were mixed in a specific ratio to
obtain hybridQDsfluorescent probeswith bright emission covering all
bands. The normalized absorption and emission spectra are shown in
Fig. 2c. In addition, due to the broad-spectrum absorption of the QDs,
the 1064 nm laser excitation, which has larger maximum power
exposure (MPE) value for biological tissues, can be used. Thereby,
higher excitation intensities are allowed, which can compensate to
some extent for the attenuation of the signal caused by absorption.

The hybrid QD fluorescent probes (200 μL) was intravenously
injected into mice, and their blood vessels in legs were imaged
within 1200–1300, 1300–1400, 1400–1500, 1500–1700,
1700–1880 and 1880–2080 nm bands, under the excitation of a
1064 nm CW laser (Fig. 2d–i). The results indicate a significant
reduction in image background in the 1400–1500 and
1880–2080 nm windows (Fig. 2j), which have larger water
absorption. The quantitative results in Fig. 2k also demonstrated
that imaging in the 1400–1500 and 1880–2080 nm windows
provided better SBRs of 2.77 and 2.91, respectively, compared
with those in other windows. Note that the imaging performance
of the 1400–1500 nm band was superior to that of 1500–1700 and
1700–1880 nm bands, for the reason that water absorption
around ~1450 nm had a significant positive effect, even surpassing
the impact of scattering reduction caused by wavelength redshift.
In contrast, the 1880–2080 nm window has the largest water
absorption and lowest scattering among all these NIR sub-
windows. Moreover, compared to the huge absorption peak at
~1930 nm, the water absorption in the region slightly away from
the peak is relatively low and can be overcome. Indeed, bioima-
ging in the 1880–2080 nm window has demonstrated its high
contrast advantage (Fig. 2i). Thus, it is concluded that, redshifting

1200-1300 nm

1700-1880 nm1500-1700 nm

1400-1500 nm1300-1400 nm

1880-2080 nm 0.90

0.91

0.92

0.93

0.94

0.95

0.96

0.915
0.921

0.942

0.932 0.934

0.954

SS
IM

700 900 1100 1300 1500 1700 1900 2100 2300
0

20

40

60

80

100

120

140

Ab
so

rb
an

ce
of

w
at

er
(c

m
-1
）

Wavelength (nm)

a b

c d

e

scattering absorptionballistic photon

small absorption

large absorption

1200-1300 nm

1300-1400 nm

1400-1500 nm

1500-1700 nm

1700-1880 nm

1880-2080 nm

1400-1500 nm1400-1500 nm
(NIR-IIx)(NIR-IIx)

1880-2080 nm1880-2080 nm

3.18 3.40

5.59

4.10 4.22

5.79

1200-1300 nm

1300-1400 nm

1400-1500 nm

1500-1700 nm

1700-1880 nm

1880-2080 nm
0

1

2

3

4

5

6

7

SB
R

Fig. 1 | The schematic diagram of photon propagation in tissue and the simu-
lation results of bioimaging via theMonteCarlomethod. a Schematic of photon
propagation in biological tissues with high and low light absorption, and the cor-
responding imaging effects. b The absorption spectrum of water within
700–2300 nm27. c Simulated images within 1200–1300, 1300–1400, 1400-1500,
1500–1700, 1700–1880, and 1880–2080nm, through routine biological tissue of

1mm thickness, where the absorption coefficient of water was considered as the
tissue absorption coefficient and the setting of tissue scattering coefficient could
be found in the “Methods” section. d SBR analysis of the simulation results. n = 3
positions were randomly selected for analysis, data are presented as mean ± SD.
e The structure similarity index measure (SSIM) analysis of the simulation results.
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the window to 1880–2080 nm could significantly suppress the
background (Fig. 2j), providing imaging performance even better
than NIR-IIx window.

Many fluorescent dyes are excreted from the body through
hepatic and renal metabolism, and these organs are also where they

accumulate28. For example, ICG, a near-infrared fluorescent dye
approved by the Food and Drug Administration, rapidly accumulates
in organs like the liver after entering the bloodstream29. The dye
accumulating in the liver and spleen would create a bright back-
ground, and interfere with the detection of targeted vessels above
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the organs. Simulations and in vivo experiments are conducted to
explore the fluorescence imaging effects in these conditions. Fig-
ure 3a shows the simulation results by Monte Carlo method. The
rectangular area (depth = 1.3mm) below the orthogonal line source
(depth = 1mm) acted as the background, which was designed to
simulate the imaging scene with strong background interference
from deeper places. Due to water absorption around the ~1450 and

~1930 nm peaks, original strong background located deeper was
highly attenuated. Therefore, interference from deep non-targets
was greatly reduced for imaging in the 1400–1500 and
1880–2080 nm windows, as demonstrated by the quantitative ana-
lysis (Fig. 3b). As a result, imaging in 1400–1500 and 1880–2080 nm
provided the better SBR of 8.99 and 17.74, respectively (Fig. 3c). SSIM
further demonstrated the superiority of the 1880–2080 nm window,
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as it was the only one exceeding 0.9 (Fig. 3d). In short, the
1880–2080 nm window has a more pronounced suppression of the
strong background due to larger water absorption.

To directly compare and assess the quality of in vivo imaging in
different imaging windows, the hybrid QDs fluorescent probes
(200μL) were injected intravenously into a mouse for the whole-
body vascular imaging (Fig. 3e–i). Ten minutes after injection, QDs
accumulated in organs such as the liver and spleen, creating bright
background areas. Thus, it became difficult to accurately observe the
vessels above these bright organs. In the commonly used NIR-II sub-
windows (NIR-IIa, NIR-IIb and NIR-IIc), fluorescence signals of the tiny
blood vessels above the liver were almost submerged in the back-
ground and hard to distinguish, as demonstrated in Fig. 3e, g, h.
While in the NIR-IIx and 1880–2080 nm windows, water absorption
suppressed the background from the deeper area, because of the
distinct attenuation of signals from the deeper organs through
longer optical paths. Indeed, by analyzing the intensity profiles along
the red dashed lines (positions shown in Fig. 3e–i), Fig. 3j demon-
strated the lower background of fluorescence images in these two
windows. Thus, fine vascular signals above the liver could be iden-
tified in NIR-IIx and 1880–2080 nmwindows (Fig. 3f, i) with increased
water absorption. The quantitative results of SBR and Perception-
based Image Quality Evaluator (PIQE) demonstrated the same con-
clusion (Fig. 3k, l). Among them, the image in 1880–2080 nmwindow
shows the best SBR of 1.21 and PIQE of 12.10, and that in the NIR-IIx
window shows the second-best SBR of 1.17 and PIQE of 16.33. Overall,
in cases with the inference of strong deep background, large water
absorption significantly improves imaging quality by suppressing the
background caused by the multiple scattered signal photons. Thus,
the 1880–2080 nm window demonstrates an advantage in imaging
contrast and is suitable for visualizing shallow targets above a strong
background.

Taking advantage of the high imaging contrast at 1400–1500 and
1880–2080 nm bands, we achieved high-quality dual-channel imaging
based on these two windows. Figure 3m shows the images of cen-
trifuge tubes containing 1450QD and 1700QD respectively in the
1400–1500 and 1880–2080nmwindows, under CW laser excitation of
1064 nm. Quantitative analysis (Fig. S4) shows that the signal crosstalk
between the 1400–1500 and 1880–2080nm windows was negligible,
which is important for multi-channel imaging. To further demonstrate
the application of dual-channel imaging based on these two high-
quality windows, we implemented in vivo fluorescence imaging on
mice. 1450QD was injected intraperitoneally into mice for abdominal
imaging, and 1700QD was injected intravenously for whole-body vas-
cular images. Clear and discernible results were obtained in both
1400–1500 and 1880–2080nmwindows (Fig. 3n, o), and Fig. 3p shows
the accurate merged image generated by software (Image J). In this
case, the previously unexplored 1880–2080 nm band showed its
advantage of high contrast in bioimaging, providing an imaging win-
dowoption formulti-channel imaging. It is believed that this discovery
can provide an important reference for future applications of the NIR
band, especially for high-quality in vivo fluorescence imaging.

Simulation and exploration of near-infrared fluorescence bioi-
maging windows in adipose tissue
The human body is mainly composed of water, proteins, fats, and
inorganic substances. Tissues with various compositions have differ-
ent light absorption and photon scattering properties, thus different
effects on optical imaging. Most of the previous studies have been
based on water absorption, considering that water accounts for the
most in living organisms. However, conclusions drawn in such parti-
cular imaging models are unlikely to be fully applicable to different
tissue environments. In fact, a major component of the human body is
body fat, accounting for about 20%, second only to water and protein,
and the percentage of fat in obese people can even be as high as
40%30,31. In recent years, studies have begun to focus on adipose as a
tissue component in hyperspectral imaging11. However, there is a
paucity of studies targeting the well-developed theory of imaging
windows in adipose tissue, especially at the long wavelength window.
Therefore, the exploration of adipose tissue has significant clinical
value. Here, we conducted a series of experiments to explore the effect
of adipose tissue on imaging and the optimal imaging window for
adipose tissue.

To mitigate the research gap, we tested the optical parameters of
absorption and reduced scattering of porcine adipose tissue
(Fig. 4a, b). There are two similar absorption peaks within the
1700–1880 and 1880–2080nm windows in the adipose tissue.
According to the theory, 1700–1880 and 1880–2080 nmwindowswith
low photon scattering and appropriately increased light absorption
have good imaging potential for adipose tissue. Based on the tested
absorption and reduced scattering spectra of adipose tissue, fluores-
cence imaging through adipose tissue of different thicknesses within
different spectral bands was simulated by Monte Carlo method. Note
that the 1700–1880 and 1880–2080nm windows have similar
absorption and scattering properties, and the simulation results and
corresponding quantitative analysis also give evidence that these two
windows had similar imaging quality (Fig. S5). It indicates that
1700–2080nm could be used as an entire window which has high
contrast imaging potential for adipose tissue imaging. Therefore,
1700–2080nm was considered as an integrated window in the fol-
lowing studies. Figure 4c shows the simulated imaging results within
900–1100, 1100–1300, 1300–1400, 1400–1500, 1500–1700, and
1700–2080nm windows, through 1, 2 and 3mm thicknesses of adi-
pose tissue respectively. Simulated image results in the 600-900nm
band are shown in Fig. S6. The contrast of the simulation results in the
1700–2080nmwindowwasobviouslymuchhigher than those inother
windows. SBR and SSIM analyses also give evidence to support the
conclusion (Fig. 4d, e). The overall trend was that image quality
improved with wavelength increasing, except for the 1400–1500nm
window, which had a relatively better SBR and SSIM compared to
1500–1700nm due to its higher absorption in the adipose tissue. This
further confirmed the positive effect of appropriately increased
absorption on imaging. Overall, the 1700–2080nm window with
unique light absorption and reduced photon scattering provides the
best imaging performance in adipose tissue. This conclusion provides

Fig. 3 | Comparison of in vivo NIR-II fluorescence imaging upon a bright
background and multi-channel imaging of mice. a Simulated images in
1300–1400, 1400–1500, 1500–1700, 1700–1880 and 1880–2080nm of the line
source above a rectangular background (depth = 1.3mm) through a routine bio-
logical tissue of 1mm thickness, where the absorption coefficient of water was
considered as the tissue absorption coefficient and the setting of tissue scattering
coefficient could be found in the “Methods” section. b Fluorescence intensity
profiles on the cross-section of the simulated samples above the rectangular
backgrounds. c SBR analysis of the simulation results in (a). n = 3 positions were
randomly selected for analysis, data are presented asmean ± SD. d SSIM analysis of
the simulation results in (a). Whole-body fluorescence imaging of the samemouse

in e 1300–1400nm, f 1400–1500nm, g 1500–1700 nm, h 1700–1880 nm and
i 1880–2080nm bands. Scale bars: 10mm. j Cross-sectional fluorescence intensity
profiles along the reddashed lines of the bloodvessels in (e–i).k SBR analysis of the
imaging results in (e–i). l The perception-based image quality evaluator (PIQE)
analysis of the liver areas highlighted by the blue boxes in (e–i).m Fluorescence
images of the centrifuge tubes containing 1450QD and 1700QD in 1400–1500 and
1880–2080nmbands.n–p In vivo dual-channel fluorescence imaging ofmice.nAn
abdominal image of mouse intraperitoneally injected with 1450QD. o A vascular
image ofmouse intravenously injectedwith 1700QD.p Themerged imageof (n,o).
Scale bars: 10mm.
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valuable insights for the selection of fluorescence imaging windows in
clinical applications, especially in adipose-rich environments.

This conclusion is supported by the actual imaging results. In the
experiments, two parallel capillaries filled with the hybrid QDs
fluorescent probes were inserted horizontally into the porcine adi-
pose tissue (capillaries buried at a depth of 2mm, see Fig. 5a).
Fluorescence imaging of the capillaries within the 900–1100,
1100–1300, 1300–1400, 1400–1500, 1500–1700, and 1700–2080 nm
windows was performed under the excitation of a 793 nm CW laser
(Fig. 5b). To further evaluate the effectiveness and penetration ability
of the 1700–2080 nm window for imaging in adipose tissue,

fluorescence images of the capillaries at different depths were also
taken. Figure S7 shows images of capillaries buried at depths of 1, 2,
and 3mm within different windows. The fluorescence images
obtained at 1700–2080 nm band were precise and clear, even at a
depth of 3mm (Fig. 5c). Figure 5d shows the fluorescence intensity
profiles along the red dashed line in Fig. 5b. The background between
these two capillaries was lowest in the 1700–2080 nmwindow due to
the unique absorption and low scattering, with the 1400–1500 nm
window ranked second because of its somewhat absorption. Quan-
titative analysis of the imaging results (Fig. 5e, f) also shows that both
increased absorption and reduced scattering contribute to precise
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imaging. Image in the 1700–2080 nm window had the best SBR and
full width at half maximum (FWHM), which was in agreement with
the theory and simulation results. To summarize, the in vitro
experimental results strongly prove that the 1700–2080 nm window
proposed in this paper has the best imaging performance in adipose
tissue.

The imaging advantages of the 1700–2080 nmwindow in adipose
tissue still exist for in vivo imaging applications. Morbid obesity is
generally considered a risk factor for laparoscopic cholecystectomy
because of increased operative time, morbidity, and conversion to
open cholecystectomy32,33. The anatomical surface of the gallbladder
triangle often becomes complex due to fat accumulation, inflamma-
tion, adhesions, and other factors34. This would pose a challenge for
accurate identification of extrahepatic bile ducts during laparoscopic
cholecystectomy (LC) in these patients, which can be greatly assisted
by fluorescent cholangiography at present35–39. Therefore, it is quite
important to visualize the deep structures buried in the adipose tissue.
In the following in vivo experiment, fresh porcine fat is employed to
cover the rabbit bile ducts to simulate fat accumulation and tissue
thickening. Biliary fluorescence imaging in the 1700–2080nmwindow
was performed after the hybrid QDs fluorescent probes were injected
retrogradely into the rabbit common bile duct. In the absence of adi-
pose coverage, biliary structures including the cystic duct, common
hepatic duct (CHD), and common bile duct (CBD) were illuminated,
and the fluorescence images showed high resolution and remarkably
low background signal in the 1700–2080nm window (Fig. 5g). This
was also consistent with the biliary structures shown in the bright-field
image (Fig. S8). On this basis, ~2mm thick fresh porcine adipose tissue
was placed to cover the biliary region to simulate fat accumulation.
Even under the influence of adipose tissue, accurate visualization of
biliary structures still could be realized in the 1700–2080 nm window,
as shown in Fig. 5j. The biliary tract structures were clearly delineated
and consistent with the image that was not covered by the adipose
tissue. In the simulated complex environment of a gallbladder triangle
with fat adhesions and tissue thickening, the junction of the cystic duct
and CHD remained distinctly visible in the 1700–2080 nm window
with high contrast. This imaging capability can serve as a positive
guidance for identifying safe transection locations on the cystic duct
during the cholecystectomy. In contrast, it was difficult for fluores-
cence imaging in 900–1700nm (Fig. S9) to clearly distinguish the
genera-branching structures of bile ducts, which could be dis-
criminated in the fluorescence image in the 1700–2080nm window
(Fig. 5j) and the bright field image (Fig. S8). The 1700–2080nm win-
dow, with low scattering and increased absorption in adipose tissue,
shows its imaging advantages in penetration depth and spatial reso-
lution, which are critical for accurately identifying deep biliary struc-
tures obscured by adipose tissue. These results prove that it is
meaningful to consider the effects of absorption and scattering of
various tissues on imaging in complex biological environments. In
conclusion, in vivo fluorescence imaging in 1700–2080 nm window
exhibits significant superiority in adipose tissue due to the combined
effect of absorption and scattering. We believe that this fluorescence
imaging window holds great translational potential for diverse clinical
applications in the foreseeable future.

Discussion
Achieving high-contrast, deep-tissue imaging has long been a chal-
lenge. The development of NIR-II fluorescence imaging offers sig-
nificant potential for capturing details in vivo with high contrast. The
selection of imaging windows based on scattering and absorption
principles is crucial for the development of fluorescence imaging,
especially for biomedical applications. In past studies, regions with
large water absorption were considered unsuitable for imaging
because of signal attenuation. However, with the development of
bright fluorophores and growing exploration of the positive effects of

absorption, the region beyond 1880nm is no longer a forbidden zone
for NIR imaging. Our simulation results showed that 1880–2080nm
imaging exhibited high contrast when the photon count was sufficient
to overcome the absorption-related attenuation. Although only the
emission trailing of the off-peak fluorescent probe was utilized in the
experiments, the 1880–2080 nm window demonstrated an excellent
imaging quality, comparable toNIR-IIx, which hasbeen recognized as a
promising sub-window with high contrast in the NIR-II region. These
findings suggest that the 1880–2080nm region is an optimal choice
for high-quality fluorescence imaging when the attenuation effects of
absorption are properly overcome. This discovery, based on a deep
understanding and utilization of the positive role of tissue absorption,
breaks the boundary of previously held limitation of NIR-II imaging.
Attributed to the fact that absorption can better suppress background
signals from the depths, the 1880–2080nm window enables visuali-
zation of shallow targets with high contrast under strong background
interference. Furthermore, the 1880–2080 nmwindow also provides a
viable option for multi-channel fluorescence imaging applications.

It is important to note that absorption will inevitably cause
attenuation of signal intensity when imaging in windows with large
absorption. However, the loss can be mitigated through several stra-
tegies, such as selecting brighter fluorescent probes, increasing the
intensity of excitation, or extending detection time. In this study, we
chose an off-peak QDs fluorescent probe as an effective compromise.
The probe exhibited strong fluorescence intensity, sufficient to over-
come the absorption attenuation. As a result, we successfully
demonstrated the feasibility and superiority of imaging in the
1880–2080 nmregion. Thesefindings provide valuable insights for off-
peak fluorescence bioimaging and may further promote the develop-
ment of NIR-II fluorescent probes. We also anticipate that high-
brightness fluorescent probes with more compatible long-wavelength
emission can be exploited in the future.

The aim of this study is to identify superior and suitable imaging
windows for complex biological environments, utilizing the imaging
contrast enhancement due to tissue absorption. Most recent studies
have primarily focused on the absorption of water, themost abundant
component of biological tissues. In contrast, our research has expan-
ded the scope to include adipose tissue, another major constituent of
living organisms. Through simulations, in vitro experiments and
in vivo experiments, we have demonstrated that the 1700–2080nm
region with moderate absorption and low scattering has optimized
imaging quality in adipose tissue. This conclusion offers a more
accurate and tissue-specific perspective compared to findings based
solely on water absorption. In addition, we conducted additional
simulation involving both skin and adipose tissue to demonstrate the
effectiveness of this window in a broader range of clinically relevant
applications (Fig. S10). In recent years, NIR-II fluorescence imaging has
achieved remarkable success in guiding clinical surgery. However, it
remains uncertain whether similar optimal imaging results can be
obtained in specific tissues with different absorption and scattering
parameters. The selection of optimal imaging windows based on
scattering and absorption principles will depend on specific tissue
environments, which requires more meticulous exploration and
research. Our results of the exploration and validation of imaging in
adipose tissue also support this understanding. These findings are
expected to promote further development and application of NIR-II
fluorescence imaging. Additionally, beyond fluorescence imaging, the
interaction between light and biological tissues should be re-evaluated
in the context of other advanced imaging techniques, such as the
effect of absorption on the contrast of hyperspectral imaging40,
despite the inherent physical differences between these methods. We
look forward to conducting more comprehensive research and
assessment of how absorption and scattering influence different ima-
ging technologies, thereby promoting technological integration and
application expansion.
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Methods
The simulation of photon propagation in biological tissues via
Monte Carlo method
The fluorescent signal source is set as a line of 2mm long and 0.1mm
wide, and emits a total of 1 × 107 photons in random directions. The
refractive index of tissues is set as 1.37 and the scattering anisotropy
factor is set as 0.9. The dimensions of the tissue in the simulation are
set as 100mm in both length and width. After the photon has propa-
gated through the tissue, it travels through the macroscopic imaging
system and reaches the detector. The detector is a 2D array plane with
a resolution of 512 × 512 and the pixel size is set to 20μm. In simula-
tions of vascular imaging in routine tissues, the absorption coefficient
of water is assumed to be the absorption coefficient of the tissue,
considering that water is the most predominant component of biolo-
gical tissues. The scattering coefficient adopts an empirical value13. In
the first vascular imaging simulation, the line source is set at a depth of
1mm and extended background from different depths are added to
simulate background such as tissue autofluorescence. For the simu-
lation of a vascular imaging scene under strong background inter-
ference at depth, in addition to a vertical line light source
(depth = 1mm), a horizontal line source (depth = 1.3mm)with a length
of 2mmand awidth of 0.5mmwhich emits a total of 5 × 107 photons in
random directions is set up to act as the strong background caused by
the liver. In the simulation of imaging in adipose tissue, the previously
measured absorption and reduced scattering spectra of fresh porcine
adipose by the integrating sphere method are used for the simulation.
The specific measurement steps are described in the supporting
information. On this basis, separate simulations are performed for
vertical line source buried at tissue depths of 1, 2, and 3mm.

Optical system for fluorescence imaging
The self-constructed NIR-II fluorescence macro imaging system
includes an excitation light source and an imaging module. Two CW
lasers of 793 and 1064 nm are used as excitation sources, in which
793 nm excitation offers the advantage of higher excitation efficiency
(Fig. S11) while 1064 nmexcitation provides the benefit of a higher safe
powerdensity limit. After being collimated, the laser beam is expanded
through a lens and then further homogenized by a ground glass dif-
fuser, ensuring that a uniform illumination is produced on the obser-
ving sample. The fluorescence emitted from the sample passes
through the filters and objective lens, and then is imaged on the
detector of a customized HgCdTe camera (spectral range of
900–2500nm). According to the SDK of the camera’s standard inter-
face communication protocol, an independent software has been
customized (with the function of loading, collecting and saving ima-
ges). The objective lens used is OLES30 (SPECIM, Finland, focal
length = 30.7mm, transmission spectral range of 850–2500nm). In all
our experiments,we readjust theobjective lens for imaging indifferent
wavebands to achieve correct focusing, ensuring that image clarity is
maintained across the entire NIR spectral range (Fig. S12). Imaging in
differentwindowsof the research is achievedbyusing a variety of long-
pass (LP) and short-pass (SP) filters detailed in Supplementary Table 1.
In the in vivo fluorescence imaging experiments, the highest excitation
intensity used is 0.16W/cm2 for the 793 nmCW laser and0.4W/cm2 for
the 1064 nm CW laser, which are both below the laser safety limits for
NIR lasers (U.S. National Standard for Safe Use of Lasers, ANSI Z136.1-
2014). The highest excitation intensity used is 0.29W/cm2 for the
793 nmCW laser in the in vitro fluorescence imaging experiments. The
integration times for imaging are all 70ms.

Chemicals
PbCl2, CdO, and sulfur powder were purchased from Alfa. Oleylamine,
oleic acid, 1-octadecene (ODE), poly(acrylic acid) (MW ~1800), 2-(N-
morpholino)ethanesulfonic acid (MES), N, N’dicyclohexylcarbodiimide
(DCC), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride

(EDC), were purchased from SigmaAldrich. mPEG-amine (MW~5K) was
purchased from Laysan Bio. 8-Arm PEG-amine (MW ~40K) was pur-
chased from Advanced BioChemicals.

Synthesis of PbS/CdS QDs
The sulfur precursor solution was prepared by mixing 0.08 g of sulfur
powder with 7.5mL of oleylamine in a two-neck flask under argon at
120 °C for 30min. The lead precursor solution was prepared by com-
bining 0.834g of PbCl2 and 7.5mL of oleylamine in a three-neck flask,
degassing under argon for 30min, and then heating to 45–160 °C
(depending on the desired particle size). Under continuous stirring,
2.25mL of the sulfur precursor solution was injected into the lead
precursor solution. Once the desired growth time (typically 3–90min)
was reached, the reaction was quenched by adding 10mL of cold
hexane. The products were collected via centrifugation and redis-
persed in amixture of 10mLhexane and 20mLoleic acid. Themixture
was agitated for 10min to remove excess sulfur from theproducts. The
QDs were then precipitated by centrifugation. This precipitation pro-
cedure was repeated three times until the supernatant became color-
less. The QDs were redispersed in a mixture of toluene and ODE. The
PbS/CdS QDs were synthesized via a cation-exchange procedure. CdO
(0.6 g), oleic acid (4mL), and ODE (15mL) were heated to 200 °C,
purged with argon, and then cooled to 100 °C. 5mL of PbS QDs in
toluene/ODE was bubbled with argon for 5min and then injected into
theCdprecursor. The reactionflaskwas quenched by stopping stirring
and heating immediately after the growth reaction was carried out at
100 °C for 20–120min. The PbS/CdS QDs were precipitated with
ethanol and then redispersed in hexane.

Modification and PEGylation of QDs
0.9 g of poly(acrylic acid) powder (average MW ~1800) and 1.56 g of
DCC were transferred into a round-bottom flask. The mixture was
dissolved in 10mL of DMF, and approximately 1.2mL of oleylamine
was added dropwise. The solution was stirred overnight. After the
reaction, 50mL of 0.5M HCl was added to the mixture. The resulting
precipitate was separated by centrifugation and redissolved in 3mL of
methanol. Subsequently, 20mL of 1M HCl was added to the solution,
and the precipitate was again separated by centrifugation. This pur-
ification process was repeated at least five times. The final precipitate
wasdissolved in 5mLof chloroformandwashedwith 10mLof 1MHCl.
The organic phase was collected and dried over anhydrous Na2SO4.
The chloroform was removed under vacuum, yielding oleylamine-
branched poly(acrylic acid) (OPA). As-synthesized PbS/CdS QDs
(5.0mg) were dissolved in 2.0mL of chloroform containing 15mg of
OPA. Themixture was stirred at room temperature for 30min, and the
solvent was removed under vacuum using a rotary evaporator. The
residue was then dissolved in 50mM Na2CO3 solution under sonica-
tion. The modified QDs were precipitated by ultracentrifugation at
75,000 rpm for 1 h. The purified product was dissolved in pH 8.5 MES
buffer (0.01M) and stored at 4 °C. 15mg of mPEG-amine (MW ~5 kDa)
and 5mg of 8-Arm PEG-amine (MW ~ 40 kDa) were dissolved in 1mL of
MES buffer at a molar ratio of 24:1 and added to the QDs dispersion
under stirring. Additionally, 10mg of EDC was dissolved in 500μL of
MES buffer and added to the QDs dispersion. The mixture was stirred
at room temperature overnight. The PEGylated QDs were purified
using a 100 kDa filter and washed five times with 1x PBS to remove
excess reactants. The final product was dissolved in 1× PBS and
stored at 4 °C.

Animal handling
All experimental procedures were approved by the Animal Use and
Care Committee of Zhejiang University (#ZJU20220283). The experi-
mental animals involved in this research included Institute of Cancer
Research (ICR) mice (~20g) and rabbits (~2 kg), which were obtained
from SLAC Laboratory Animal Co. Ltd. (Shanghai, China). All the
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experimental mice were housed under standard conditions at the
Experimental Animal Centre of Zhejiang University and were fed water
and food with a normal 12 h light/dark cycle at a room temperature of
24 °C and 50.0± 5.0% humidity.

In vivo fluorescence imaging of mouse
ICR mice (6-8 weeks, female) were depilated 1 day in advance. In the
imaging performance comparison at each spectral band, mice were
injected with 200μL of hybrid PEGylated PbS/CdS QDs dispersion via
the tail vein with an insulin needle to label blood vessels. The hybrid
dispersion comprised 0.12 µM 1100QD, 0.24 µM 1300QD, 1.31 µM
1450QD, and 2.91 µM 1700QD. In dual-channel imaging, 100 µL of
4.5 µM 1450QD was injected intraperitoneally into mice for abdomen
imaging, and 150 µL of 5 µM 1700QD was injected intravenously into
mice for vascular imaging. The NIR-II macro fluorescence imaging
systemand a 1064 nmCW laserwere used. The excitation intensitywas
less than 300mW/cm2 for vascular imaging over the liver, less than
400mW/cm2 for leg vascular imaging, and less than 80mW/cm2 for
dual-channel imaging. The integration times for imaging were
all 70ms.

In vivo cholangiography of rabbits in various windows
Rabbit bile ducts are chosen as the experimental model because rab-
bits are mammals and have larger bile ducts, whose structure more
closely resembles that of humans. In vivo biliary imaging in rabbits was
performed by retrograde injection of PEGylated PbS/CdS QDs. The
distal portion of the common bile duct was carefully dissected from
the surrounding tissue and perforated by usingmicrosurgical scissors.
Then, a carotid artery catheter with an inner diameter of 1mm was
carefully inserted into the common bile duct and secured. The 200μL
of hybrid PEGylated PbS/CdS QDs were prepared as mentioned above
and diluted to 800μL. The QDs were injected through the catheter
into the bile ducts at a slow and constant rate to avoid the risk of
causing high intra-biliary pressure. The amount injected was con-
trolled according to actual needs. To assess the penetration capability
of 1700–2080 nm imaging in adipose tissue environments, the biliary
region was covered with 2mm thick fresh porcine adipose tissue. The
NIR-II macro fluorescence imaging system and a 793 nmCW laser were
used. The excitation intensity was less than 160mW/cm2 and the
integration times were 70ms for imaging.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed during the study are included in the
article, Supplementary Information, and Source data file. Source data
are provided with this paper.

Code availability
All codes in this paper are available upon request to the authors.
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