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contrast for visualizing temporal changes 
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Abstract 

Surgeons face great challenges in acquiring high-performance imaging because fluorescence probes with desired 
thermal stability remains rare. Here, hybrid lead sulfide/zinc sulfide quantum dots (PbS/ZnS QDs) nanostructures emit-
ting in the long-wavelength end of the second near-infrared (NIR-IIb) window were synthesized and conjugated with 
Ribonuclease-A (RNase A). Such formed RNase A@PbS/ZnS QDs exhibited strong NIR IIb fluorescence and thermal sta-
bility, as supported by the photoluminescent emission assessment at different temperatures. This will allow the RNase 
A@PbS/ZnS QDs to provide stable fluorescence signals for long-time intraoperative imaging navigation, despite often 
happened, undesirable thermal accumulation in vivo. Compared to NIR-IIa fluorescence imaging, NIR-IIb vascular 
fluorescence imaging achieved larger penetration depth, higher signal/background ratios and nearly zero endog-
enous tissue autofluorescence. Moreover, these QDs illustrate the reliability during the real-time and long-time precise 
assessment of flap perfusion by clearly visualizing microvasculature map. These findings contribute to intraoperative 
imaging navigation with higher precision and lower risk.
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Introduction
Fluorescence imaging-guided surgery has gained rec-
ognition as a powerful technique and is expected to 
provide surgeons with real-time visual guidance of 
pathological tissues that are otherwise invisible to the 
naked eye [1–3]. However, conventional intraoperative 
fluorescent imaging have been hampered by low spatial 
resolution, limited penetration depth and low signal/
background ratios (SBR) due to the strong photon scat-
tering and autofluorescence background arising from 
biological tissues in the visible range (400–700  nm) 
and the first near-infrared (NIR-I, 700–900  nm) win-
dow [4]. In this context, fluorescent imaging in the 
state-of-the-art second near-infrared region (NIR-
II, 1000–1700  nm; NIR-IIa, 1000–1400  nm; NIR-IIb, 
1500–1700 nm), has attracted great interest as it affords 
significantly higher spatial resolution and deeper tis-
sue penetration owing to suppressed tissue scattering 
and negligible autofluorescence background [1, 5–11]. 
In particular, NIR-IIb emitters not only avoid water 
absorption overtone peaks (1450  nm) to minimize the 
attenuation of the fluorescence signal, but also provide 
the lowest photon scattering in the entire NIR-II win-
dow to achieve the highest spatial resolution (approx-
imately micrometers) and nearly zero endogenous 
biological imaging [12, 13]. Although the light scatter-
ing is further reduced when imaging above 1700  nm, 
the water absorption rate increases and the sensitivity 

of the commonly used InGaAs detector decreases, 
which lead to unsatisfactory imaging performance [12]. 
Thus, NIR-IIb fluorescence imaging holds the great-
est promise for biological imaging by achieving both 
improved penetration depth and imaging resolution.

So far, several probes have been developed as candi-
dates for in vivo NIR-IIb fluorescence imaging, including 
single-walled carbon nanotubes [13], rare earth nano-
particles [9, 14–17], organic dyes [18, 19], and inorganic 
quantum dots (QDs) [12, 20, 21]. However, the neces-
sity of external excitation light during intraoperative 
fluorescent image-guided surgery inevitably leads to 
light-induced heating effect [22]. In particular, surgical 
operation requires from scores of minutes to hours, and 
laser irradiation during this time period could heat up 
the fluorescence probes and surrounding tissues [23]. The 
thermal accumulation in biological tissue could be a criti-
cal issue as the optical property of fluorescence probes 
and imaging performance can be largely degenerated by 
undesirable local heating effect [24, 25]. Clearly, ther-
mally stable probes emitting in the NIR-IIb window are 
in urgent demand, driving the development of alternative 
probes for intraoperative NIR-IIb fluorescence imaging 
and rendering the undesirable local heating effect less of 
a concern.

Previously, we demonstrated that Ribonuclease-A 
(RNase A) can template the synthesis of highly fluores-
cent QDs and effectively reduced their cytotoxicity [26, 
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27]. Moreover, RNase A allows for significantly reduced 
thermal quenching to stabilize QDs due to its outstand-
ing thermal stability, which can sustain 100  °C without 
aggregation [26]. Therefore, the RNase A assisted syn-
thesis approach was extended to assist the formation of 
hybrid lead sulfide/zinc sulfide quantum dots (PbS/ZnS 
QDs) in the current work. Here, we successfully devel-
oped a novel NIR-IIb nanoprobe (RNase A@PbS/ZnS 
QDs, emitting beyond 1500  nm), which was proved to 
exhibit excellent photostability and salient thermal stabil-
ity. Local heating does not weaken the fluorescence signal 
of RNase A@PbS/ZnS QDs, displaying their impressive 
potential in intraoperative fluorescence image-guided 
surgery that requires continuous laser irradiation. Com-
pared to NIR-IIa fluorescence imaging, NIR-IIb vascular 
fluorescence imaging achieved larger penetration depth 
and higher SBR with nearly zero endogenous tissue 
autofluorescence. The pharmacokinetics and histomor-
phometric analysis further indicates the low cytotoxic-
ity of these QDs. Furthermore, the NIR-IIb fluorescence 
imaging offers a favorable approach for intraoperatively 
dynamic assessment of the area of flap perfusion, sug-
gesting the possibility of providing a more accurate pre-
diction in intraoperative fluorescence image-guided 
surgery for flap transplantation.

Results and discussion
The synthesis of RNase A@PbS/ZnS QDs involved the 
formation of a PbS QD (λem = 1300  nm) under micro-
wave (70  °C, 30  s) in aqueous solution at first [27], and 
then the formation with a ZnS structure under micro-
wave (70 °C, 60 s) (Fig. 1A). After forming the ZnS struc-
ture, the photoluminescent (PL) emission of RNase A@
PbS/ZnS QDs was measured and the result showed that 
the PL band of as-prepared RNase A@PbS/ZnS QDs 
have red-shifted to the NIR-IIb region with a maximum 
PL beyond 1600 nm (Fig. 1B). By using IR-26 as a refer-
ence [27], the quantum yield of the RNase A@PbS/ZnS 
QDs was determined to be ~ 10.1%. The UV–vis spec-
trum of the QDs showed a characteristic peak of RNase-
A at 280 nm (Additional file 1: Fig. S1A). The as-prepared 
RNase A@PbS/ZnS QDs were further characterized by 
transmission electron microscopy (TEM). The successful 
formation of ZnS structure was evidenced by elemental 
mapping using high-angle annular dark-field scanning 
TEM (HAADF-STEM) (Fig.  1C) and energy-dispersive 
X-ray (Additional file 1: Fig. S1B). Additional file 1: Fig. 
S1C showed the corresponding selected area electron dif-
fraction. The as-prepared RNase A@PbS/ZnS QDs were 
monodisperse with a diameter of 4.9 ± 0.3  nm (Addi-
tional file 1: Fig. S1D, E).

Besides, we characterized the optical stability of RNase 
A@PbS/ZnS QDs under continuous illumination. The 

photobleaching experiment showed that even after 
120  min of irradiation with an 808  nm diode laser, the 
RNase A@PbS/ZnS QDs retained about 96% of their ini-
tial photoluminescence without significant further decay 
(Fig. 1D). As current image-guided diagnosis and surger-
ies require continuous monitoring of dynamic physical 
processes, the superior anti-photobleaching of RNase 
A@PbS/ZnS QDs renders them convenient and appeal-
ing for clinical application. Besides, after being stored at 
room temperature (20–25 °C) for 4 weeks, the RNase A@
PbS/ZnS QDs still kept their strong brightness without 
obvious decay in terms of PL intensity (Fig. 1E). Moreo-
ver, the effect of an absorbing and scattering medium on 
fluorescence properties has been of great significance in 
biomedical imaging. Therefore, a tissue phantom imag-
ing study in the NIR-IIa and NIR-IIb regions using 1% 
Intralipid as a mimic of biological tissue was performed 
to compare the clarity and penetration depth of PbS 
QDs and RNase A@PbS/ZnS QDs. As shown in Fig. 1F, 
a capillary tube filled with PbS QDs or RNase A@PbS/
ZnS QDs was immersed in the 1% Intralipid at various 
depths. With increasing depth, there was a loss of image 
clarity and broadening of imaging feature width due to 
the enhanced scattering. When the capillary tubes were 
close to the surface (depth = 2  mm), sharp images were 
obtained for both cases. However, the image of the cap-
illary tube filled with PbS QDs was more significantly 
broadened with the increase of depth due to more serious 
scattering. By contrast, a sharp edge of the capillary tube 
filled with RNase A@PbS/ZnS QDs could be maintained 
at a penetration depth of 8 mm, which was attributed to 
minimized scattering. The phantom study indicated that 
NIR-IIb imaging could afford better spatial resolution at 
deeper tissue penetration owing to minimized scattering 
[6, 7]. These results suggest that RNase A@PbS/ZnS QDs 
with stable NIR-IIb fluorescence signals and reduced tis-
sue scattering were suitable for in  vivo deep tissue bio-
medical applications. To characterize the cytotoxicity 
of RNase A@PbS/ZnS QDs on mesenchymal stem cells 
(MSCs), the live/dead staining assay was performed. 
The results demonstrated that most of the cells incu-
bated with different concentrations of RNase A@PbS/
ZnS QDs were alive (Additional file 1: Fig. S2a). Further-
more, MSCs treated with different concentrations, even 
with a high concentration of 30  µg/mL, showed no sig-
nificant differences in MSC morphology or cell viabilities 
(P > 0.05, Additional file 1: Fig. S2b).

Biological tissue is a remarkable collection of endog-
enous biological molecules, many of which, such as 
haemoglobins, melanins, aromatic amino acid residues 
in proteins, reduced nicotinamide adenine dinucleo-
tide and heterocyclic flavins, are chromophores that 
turn excitation and/or fluorescence photons into heat 
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Fig. 1 Characterization and optical properties of NIR-IIb emitting RNase A@PbS/ZnS QDs. A Schematic design of RNase A@PbS/ZnS QDs. B 
Fluorescence emission spectrum of RNase A@PbS/ZnS QDs. C High-resolution TEM image and HAADF-STEM images of as-prepared RNase A@PbS/
ZnS QDs. The energy-dispersive X-ray spectroscopy elemental maps showed the distribution of Pb (blue), Zn (yellow), and S (red). Scale bar: 5 nm. D 
Photostability of RNase A@PbS/ZnS QDs under continuous 808-nm laser exposure for 2 h. E The long-time stability of RNase A@PbS/ZnS QDs stored 
at room temperature (20–25 °C) over the course of 4 weeks. F Fluorescence images of capillary tubes filled with PbS QDs or RNase A@PbS/ZnS QDs 
immersed at varied depths in 1% Intralipid (LP, long-pass). These results confirmed the excellent fluorescence properties and stability of RNase A@
PbS/ZnS QDs, which suggested the superior fluorescence imaging potential in the NIR-IIb region
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dissipation [1]. It should be noted that laser-induced 
tissue heating is not the only undesirable thermal effect 
upon irradiation (named tissue-heating); fluorescence 
probes can also be an efficient light absorber that can 
convert absorbed photon energy into heat (named 
probe-heating). The undesirable thermal accumulation 
might cause fluorescence quenching in the NIR-II bio-
logical imaging [22]. Thus it is essential to consider and 
assess the thermal stability of fluorescence probes in 
order to control local heating in a proper range. Then 
the PL emission of RNase A@PbS/ZnS QDs was exam-
ined under different temperature conditions (Fig.  2A). 
As shown in Fig.  2B, neither fluorescence intensity 
nor peak wavelength shift was observed for the RNase 
A@PbS/ZnS QDs kept at different temperatures from 
20℃ to 60℃. Encouraged by the thermal stability of 
the RNase A@PbS/ZnS QDs measured in  vitro, the 
thermal property of RNase A@PbS/ZnS QDs under 
808 nm irradiation and 1064 nm irradiation was further 
investigated on the living body (Fig.  2C). As shown in 
Fig. 2D, the temperature variation of the mouse under 
808 nm irradiation was similar to that under 1064 nm 
irradiation. The temperature distribution within the 
abdominal region gradually decreased from irradiation 
region to periphery. It could be seen that the tempera-
ture decreased significantly as it moved away from the 
irradiation region and the temperature at the far end of 
the extremities was only ≈  71% of that at the irradia-
tion region.

Additionally, the rising temperature at the irradiation 
region was nearly five times more than that at the extrem-
ities after 120 min of irradiation (Fig. 2E). It is proposed 
that the rising temperature at the irradiation region might 
be a result of the tissue-heating and probe-heating, while 
the rising temperature at the extremities was mainly due 
to the probe-heating. The temperature at the irradiation 
region under 1064 nm irradiation increased more rapidly 
than that under 808 nm irradiation. One reason may be 
that the diameter of the 808 nm laser outlet was 5–8 mm, 
which was larger than that of 1064  nm laser (1.5  mm) 
while the power of 808 nm irradiation (0.2 W/cm2) was 
lower than that of 1064  nm irradiation (0.25  W/cm2). 
Furthermore, the temperature of the mice during con-
tinuous laser irradiation for 2 h, regardless of 808 nm or 
1064  nm illumination, is in the 20–60  °C temperature 

range (Fig.  2G), suggesting that the laser-induced ther-
mal accumulation will not change the fluorescence prop-
erty of RNase A@PbS/ZnS QDs based on the in  vitro 
results (Fig. 2B). Taken all together, the results validated 
the thermal stability of the RNase A@PbS/ZnS QDs for 
in vivo long time biological imaging.

Having demonstrated the excellent thermal stability of 
RNase A@PbS/ZnS QDs, we next compared the imaging 
performance of NIR-IIa imaging and NIR-IIb imaging 
in vivo. High-resolution and non-invasive vascular imag-
ing enables direct visualization and real-time feedback of 
dynamic changes of pathological process and monitoring 
hemodynamic information. Thus, the RNase A@PbS/ZnS 
QDs were intravenously injected into a mouse’s tail vein 
and its angiography was recorded by an InGaAs camera 
with two long-pass (LP) filters (1000  nm and 1500  nm) 
and one short-pass (SP) filter (1400 nm) (Fig. 3A). After 
intravenous injection, the whole vessel network of the 
mouse was clearly visualized (Fig.  3B, G). As compared 
with the NIR-IIa imaging, the NIR-IIb imaging exhib-
ited superior resolution with an approximately trans-
parent background. In detail, the major blood vessels 
(epigastric artery, Fig.  3C; femoral artery, Fig.  3E) and 
its branch vessels could be unambiguously distinguished 
from the brighter surrounding background tissue in the 
NIR-IIa imaging, but more than that, the NIR-IIb imag-
ing offered a clear vascular structure and nearly zero 
endogenous tissue autofluorescence. Furthermore, as 
shown in Fig. 3D and F, the SBR of the major abdominal 
vessel and femoral vessel in NIR-IIa imaging reached a 
value of 2.2 and 5.5, respectively. But the SBR of NIR-IIb 
imaging in the abdominal region (6.1) and femoral region 
(10.2) was 2.8-fold (P < 0.05) and 1.9-fold (P < 0.05) higher 
than that of NIR-IIa imaging, respectively. In particular, 
the direct measurement (DM) of the epigastric artery 
and femoral artery (Additional file  1: Fig. S2) was per-
formed to determine the proportion of full width at half-
maximum (FWHM) to DM (185  μm-epigastric artery, 
618 μm-femoral artery). As shown in Fig. 3I and K, the 
epigastric artery and femoral artery diameter proportion 
of FWHM to DM in NIR-IIb imaging was closer to 1 than 
that in NIR-IIa imaging (P < 0.05). These results demon-
strated that the NIR-IIb imaging could offer higher reso-
lution imaging performance than NIR-IIa imaging, which 
suggested the potential of RNase A@PbS/ZnS QDs 

Fig. 2 Assessment of the thermal stability of RNase A@PbS/ZnS QDs. A Schematic illustration of the in vitro study protocol. B The PL spectra of 
RNase A@PbS/ZnS QDs solution at different temperatures. C Schematic illustration of the in vivo study protocol on living mice. D Thermal images 
of mice under irradiation of 808 nm or 1064 nm after systemic administration of RNase A@PbS/ZnS QDs. E Rising temperature at the irradiation 
region or the extremities under irradiation of 808 nm or 1064 nm. F Maximum temperature as a function of laser irradiation time after systemic 
administration of RNase A@PbS/ZnS QDs. G Minimum temperature as a function of laser irradiation time after systemic administration of RNase A@
PbS/ZnS QDs. * indicated P < 0.05

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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serving as an optimal nanoprobe to provide more accu-
rate theranostic information in precision medicine.

Nowadays, it is well known that the flap perfusion 
directly correlates with the chances of survival of trans-
lated flap and surgical prognosis. The superior thermal 
stability and vascular imaging performance encour-
aged us to further explore the potential of RNase A@
PbS/ZnS QDs for long time visualization of the micro-
vasculature of the flap perfusion, which could assist 
the precise assessment of necrosis and survival areas 
based on our previous works on flap transplantation 
[28]. To build flap transplantation animal model, a 
4.5  cm × 2.5  cm dorsal island perforator skin flap was 
measured and elevated with the left deep circumflex 
iliac artery perforator as a pedicle according to our 
previous stabled method [28]. The mice were intrave-
nously injected with 200 μL of RNase A@PbS/ZnS QDs 
at a concentration of 1.5  mg/mL (corresponding to a 
dose of 15 mg/kg). The present dose was slightly lower 
than what was previously reported for (PbS)/CdS QDs 
(2  mg/mL) and was consistent with the dose of  Ag2S 
QDs (2 mg/mL) [12, 29]. The total volume remained the 
same.

The appearance of perforator flap at 0, 3, 7, 14 days 
post-operation is showed in Fig. 4A–D, and the dark zone 
rose with time, which would be the necrosis areas based 
on our previous study. As shown in Fig. 4E–H, the blood 
vessels of the flap were clearly visible. Then Gaussian fit 
was employed to measure the diameter of perforator ves-
sel and choke vessel at different time. As shown in Fig. 4I, 
the Gaussian fit diameter of the left deep circumflex iliac 
artery perforator increased over time. Meanwhile, the 
Gaussian fit diameter of the choke vessel in the center of 
the flap also increased from 3 to 14 days post-operation 
(Fig.  4J). In addition to blood vessels, the bright zone 
is also an important index to evaluate the perforator 
flaps. The area ratio of the bright zone to the total zone 
decreased from 0 to 3 days and 7–14 days post-operation 
(Fig. 4K). The fluorescence intensity of the perforasome I, 
II and III increased at the first 3 days and decreased from 
3 to 14  days post-operation (Fig.  4L). The fluorescence 
intensity of the perforasome IV increased at the first 
7 days and decreased from 7 to 14 days post-operation. 

In conclusion, NIR-IIb fluorescence imaging validated 
the capacity of the as-prepared RNase A@PbS/ZnS QDs 
for long time visualization of the flap perfusion in a flap 
transplantation animal model with high-resolution. The 
high-resolution of NIR-IIb vascular imaging contributes 
to enhance intraoperative blood vessel visualization, 
and paves the way for improving the survival rate of flap 
transplantation after surgery.

Although, the biocompactility of RNase A based QDs 
have been widely studied in our previous works [27, 30, 
31], further systemic investigations were required to 
understand the pharmacokinetics and potential toxicity 
of RNase A@PbS/ZnS QDs for potential clinical appli-
cation. As shown in Additional file 1: Fig. S4A, all the 
mice were alive and there was no obvious difference 
in body weight between the RNase A@PbS/ZnS QDs–
treated mice and the healthy mice. Furthermore, the 
blood circulation half-life of RNase A@PbS/ZnS QDs 
was more than four hours, suggesting its convenience 
and appeal in a continuous imaging-guided diagnosis 
and treatment (Additional file 1: Fig. S4B). In addition, 
the blood, feces and major organs were collected at 
predetermined time points to measure the  Pb2+ con-
centration using inductively coupled plasma atomic 
emission spectroscopy (ICP-AES). The clearance of 
RNase A@PbS/ZnS QDs was further examined and 
it was found that the amount of  Pb2+ cleared through 
feces increased quickly during 24 h post-injection and 
followed by a gradual decrease (Additional file  1: Fig. 
S4C). About 69% of injected RNase A@PbS/ZnS QDs 
were excreted within 21  days after injection. Further-
more, the main organs of mice were collected at 21 days 
after injection to quantify the in vivo biodistribution of 
RNase A@PbS/ZnS QDs after leaving the bloodstream. 
Little to no retention of  Pb2+ was observed in major 
organs while liver and spleen were the dominant organs 
for accumulating RNase A@PbS/ZnS QDs at 1.05 and 
0.9 percentage of injection dosage per gram of tissue, 
respectively (Additional file  1: Fig. S4D). As shown 
in Additional file  1: Fig. S5A, B, most of the organs, 
except for the liver and spleen, showed subtle NIR-IIb 
signal at 21  days post-injection. The higher concen-
tration of the QDs accumulated in liver and spleen 

(See figure on next page.)
Fig. 3 Comparison of whole-body vascular imaging between NIR-IIa window and NIR-IIb window. A Schematic illustration of the NIR-IIa imaging 
and NIR-IIb imaging strategy. B NIR-IIa vascular imaging for whole-body imaging of living mice. C Region of interest (abdominal region) from the 
red-dashed box in B; the yellow arrows indicated the epigastric artery. D The quantified SBR of abdominal region in NIR-IIa imaging and NIR-IIb 
imaging. * indicated P < 0.05. E Region of interest (femoral region) from the red-dashed box in B; the blue arrows indicated the femoral artery. F The 
quantified SBR of femoral region in NIR-IIa imaging and NIR-IIb imaging. * indicated P < 0.05. G NIR-IIb vascular imaging for whole-body imaging of 
living mice. H Region of interest (abdominal region) from the red-dashed box in G; the yellow arrows indicated the epigastric artery. I The epigastric 
artery diameter proportion of FWHM to DM. * indicated P < 0.05. J Region of interest (femoral region) from the red-dashed box in G; the blue arrows 
indicated the femoral artery. K The femoral artery diameter proportion of FWHM to DM. * indicated P < 0.05
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Fig. 3 (See legend on previous page.)
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could be attributed to the higher uptake of RNase A@
PbS/ZnS QDs owing to the reticuloendothelial system 
after intravenous injection. Meanwhile, the accumula-
tion in kidney displayed a low level possibly owing to 
a bit large diameter of RNase A@PbS/ZnS QDs, which 

was bigger than the renal filtration cutoff (5.5-nm) and 
prevented renal excretion from the body. Besides, no 
obvious injury or inflammation was observed in major 
organs (Additional file 1: Fig. S6). These results showed 
that RNase A@PbS/ZnS QDs exhibited excellent 

Fig. 4 In vivo visualizing the microvasculature map of the flap. A–D Time course of bright field images in a flap perfusion defect animal model 
at different time points after injection of RNase A@PbS/ZnS QDs. E–H Time course of corresponding NIR-II fluorescence images. The area of the 
perforator flap was marked by the green dotted line, and the red dotted line marked the boundary between the bright zone and the dark zone; the 
yellow dashed line indicated the perforator vessel and the green dashed line indicated the choke vessel. Quantitative measurement of the diameter 
of the perforator vessel (I) and the choke vessel (J). K The area ratio between bright zone and total zone. L The fluorescence intensity analysis of the 
four perforasome
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biocompatibility and low cyctotoxicity at the imag-
ing dosage. It was also encouraging that the injected 
RNase A@PbS/ZnS QDs were cleared from the main 
organs and excreted from the body through the biliary 
pathway.

Although most of RNase A@PbS/ZnS QDs were 
excreted from the body with feces, further investiga-
tion of the in  vivo toxicity will undoubtedly assist in 
improving their biological application. Therefore, blood 
biochemistry analysis and hematology analysis were 
performed to reveal potential toxicity. The results dem-
onstrated that the hematological markers, except for 
the white blood cell counts and platelets, presented no 
statistical difference between RNase A@PbS/ZnS QDs 
treated mice and control mice. The white blood cell level 
in the RNase A@PbS/ZnS QDs treated mice showed a 
slight rise while the platelet level demonstrated a slight 
decline during the first few days after the QD injection 
(Fig. 5). These early reactions are regarded as the result of 

macrophage inhibition and acute stress reactions, respec-
tively [29]. Both levels gradually returned to normal in 
the following days. In addition, the hepatic and renal 
functions were further evaluated. As shown in Fig.  5, 
the blood urea nitrogen level in the RNase A@PbS/ZnS 
QDs treated mice kept stable within normal limits after 
the QD injection, suggesting the good working order of 
the kidney. In particular, the liver function markers dem-
onstrated no statistical difference between RNase A@
PbS/ZnS QDs treated mice and control ones. Although 
the level of aspartate aminotransferase and alanine ami-
notransferase rose slightly during the first few days after 
injection, they were sustained in a normal range (Fig. 5G, 
H). This fluctuation might be attributed to the accumu-
lation of RNase A@PbS/ZnS QDs in the liver. Therefore, 
we concluded that no appreciable toxicity of RNase A@
PbS/ZnS QDs was detected in the mice at the present 
dosages.

Fig. 5 Blood biochemistry and hematology analysis of mice injected with RNase A@PbS/ZnS QDs at different time points. Mice treated with PBS 
solution served as control. A Red blood cell count analysis. B Mean corpuscular volume analysis. C Hemoglobin analysis. D White blood cell count 
analysis. E Platelet count analysis. F Blood urea nitrogen analysis. G Aspartate aminotransferase analysis. H Alanine aminotransferase analysis. I 
alkaline phosphatase analysis. Statistical analysis was based on three mice per data point. *P < 0.05
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Conclusions
In conclusion, we successfully developed a superior ther-
mally stable NIR-IIb fluorescence nanoprobe for precise 
detection of microvasculature network of the flap with 
high spatial resolution. The as-prepared RNase A@PbS/
ZnS QDs offered several salient features: (1) due to the 
encapsulation of RNase A, the water-soluble RNase A@
PbS/ZnS QDs displayed their impressive photostabil-
ity and biocompatibility; (2) the RNase A@PbS/ZnS 
QDs exhibited superior thermal stability and reduced 
the concern of the signal attenuation caused by thermal 
accumulation, rendering the long time use of lasers less 
of a concern; and (3) compared with NIR-IIa fluorescence 
imaging, NIR-IIb fluorescence imaging based on RNase 
A@PbS/ZnS QDs greatly improved imaging penetra-
tion depth and SBR, and provided precise flap necrosis 
regions detection in long-time imaging. Therefore, RNase 
A@PbS/ZnS QDs is a promising NIR-IIb fluorescence 
agent candidate for long-time intraoperative fluorescence 
image-guided surgery with superior spatial resolution, 
deep penetration and high imaging SBR, especially for 
flap transplantation surgery.

Materials and methods
Preparation of hydrophilic of RNase A@PbS/ZnS QDs
A 10  mM Pb(OAc)2 solution was used to prepare PbS 
QDs as described in the previous study [27]. A 500  μL 
portion of PbS QDs solution was added drop by drop 
into the mixture of 500 μL RNase-A (mg/mL) and 500 μL 
Zn(CH3COO)2 (5 mM) precursor solution. And NaOH 
solution (0.17  M) was used to basify the system pH to 
~ 11. After stirring, 60 μL of 10 mM  Na2S solution was 
added, then the mixed solution was heated at 70  °C for 
60 s in a microwave reactor with an input power of 30 W.

Characterizations
The NIR-II fluorescence spectra of RNase A@PbS/ZnS 
QDs were collected on an Applied NanoFluorescence 
spectrometer (USA) at room temperature with an excita-
tion laser source of 658 nm. The quantum yield of RNase 
A@PbS/ZnS QDs were determined using the IR-26 dye 
dissolved in 1,2-dichloroethane as described in the pre-
vious study. The photostability of RNase A@PbS/ZnS 
QDs was detected after continuous irradiation with an 
808  nm laser (Starway Laser Inc., China, 0.2  W/cm2). 
The fluorescence intensity change of RNase A@PbS/ZnS 
QDs was determined using the same fluorescence spec-
trometer during 4  weeks storage under room tempera-
ture. The TEM, HR-TEM and HAADF-STEM images 
of as-prepared RNase A@PbS/ZnS QDs were examined 
by a Tecnai F20 TEM (FEI, USA) operated at 200 kV. 1% 
Intralipid has a scattering effect similar to that of bio-
logical tissues, and is a common tool for simulating and 

evaluating the penetration depth and scattering effect of 
imaging probes in biological tissues [6, 7, 32, 33]. Capil-
lary glass tubes filled with PbS QDs or RNase A@PbS/
ZnS QDs were then placed under a cylindrical culture 
dish and covered with different volumes of 1% Intralipid 
solution. The depth of the capillary was calculated from 
the known area of the dish [6]. The entire device is 
excited by a 808  nm diode laser and emitted light was 
filtered through an 1000 nm long-pass filter. The fluores-
cence was captured by a 2D InGaAs detector and images 
were collected.

Evaluation the cytotoxicity of RNase A@PbS/ZnS QDs
RNase A@PbS/ZnS QDs were conjugated to Tat pep-
tide through covalent bonding by using the cross linking 
reagent Sulfo-SMCC (Sigma) as described in the previ-
ous study [30, 34]. MSCs were incubated with α-MEM 
medium containing Tat-RNase A@PbS/ZnS QDs (0, 
10 µg/mL, 20 µg/mL, 30 µg/mL) for 12 h. The live/dead 
staining assay was performed at 7 days after incubation. 
Briefly speaking, the MSCs were incubated in calcein AM 
(2 ×  10−6 M, staining live cells) and PI (8 ×  10−6 M, stain-
ing dead cells) for 30 min at 37 °C and washed again with 
PBS. A fluorescence microscope (Olympus, Japan) was 
used to image and the images were further processed by 
Image J software to count viable cells.

Detection of the thermal stability of RNase A@PbS/ZnS 
QDs
A fluorescence spectrometer was used to measure the 
fluorescence intensity changes of RNase A@PbS/ZnS 
QDs with temperature tuned from 20 to 60 °C. Six-week-
old female Kunming mice were purchased from Shanghai 
Jiesijie Laboratory Animal Corporation. Animal studies 
were performed under the guidelines approved by Fudan 
University. Mice were anesthetized after intraperitoneal 
injection of 5% chloral hydrate (0.08 mL/10 g), and then 
the RNase A@PbS/ZnS QDs (5  mg/mL, 200  µL) were 
injected into mice through the tail vein, respectively. 
The mice were thermally imaged by an infrared thermal 
imager at excitation wavelengths of 808 nm (0.2 W/cm2) 
or 1064  nm (0.25  W/cm2). Images were collected and 
imported into IRBIS 3 software to analyze the mice body 
temperature change and record the highest temperature 
before injection and at 1, 2, 3, 4, 5, 10, 20, 30, 60 and 
120 min after injection of RNase A@PbS/ZnS QDs. We 
studied the photothermal effects by recording maximum 
and minimum temperature changes using thermal imag-
ing camera.

In vivo fluorescence imaging in the NIR‑II window
Mice were anesthetized after intraperitoneal injection 
of 5% chloral hydrate (0.08 mL/10 g), and then PbS QDs 
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(1  mg/mL, 200  µL) or RNase A@PbS/ZnS QDs (5  mg/
mL, 200  µL) were injected into mice through the tail 
vein, respectively. All NIR-II images were collected on a 
home-built NIR in  vivo imaging system equipped with 
an InGaAs/shortwave infrared (SWIR) CCD camera 
(Photonic Science, UK) under an 808  nm diode laser 
(0.2  W/cm2). The emitted fluorescence from QDs was 
directed onto the InGaAs camera through an emission 
filter set (1000 nm long-pass filters, 1400 nm short-pass 
and 1500 nm long-pass filters) to select the NIR-IIa and 
NIR-IIb windows respectively. The exposure time was 
100 ms. Finally, we compared and analyzed the SBR and 
epigastric artery and femoral artery FWHM to DM in the 
abdominal region and femoral region of mice.

Flap transplantation animal model
The establishment of the animal model was based on our 
previously reported method with some modifications 
[28]. An 8-week-old ICR female mouse was anesthe-
tized and placed in the prone position. Dorsal hair was 
removed with depilatory cream, and the surgical area was 
disinfected with 75% alcohol. A 4.5  cm × 2.5  cm dorsal 
island perforator skin flap was measured and elevated 
with the left deep circumflex iliac artery perforator as a 
pedicle. The flap contained skin, subcutaneous tissue, 
and panniculus carnosus. The flap was turned over from 
the left and attention was paid to the preservation of the 
left deep circumflex iliac artery perforator. The mouse 
was intravenously injected with 0.4 mL QDs. After NIR-
II imaging, the flap was sutured using a 6/0 or 3/0 nylon. 
The fluorescence of a perforasome [35], the vascular ter-
ritory of a single perforator, was measured and analyzed.

In vivo pharmacokinetics and toxicity analysis of RNase A@
PbS/ZnS QDs
The weight of the mice was measured at 1, 3, 5, 7, 9, 11, 
13, 15, 17, 19, and 21 days after injection of RNase A@
PbS/ZnS QDs. Blood was collected from the postorbital 
venous plexus of each mouse at predetermined times (1, 
3, 5, 11, 17 and 21 h after injection). The blood samples 
were centrifuged and supernatant (plasma) was subse-
quently analyzed for  Pb2+ concentration by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) 
as previous report [30]. In addition, metabolism cages 
were used to collect feces at 0.5, 1, 2, 3, 4 and 5 day after 
injection. The major organs of mice were collected and 
embedded in paraffin and cut into 5  µm sections and 
then stained with hematoxylin and eosin staining. Images 

were obtained by using an Olympus microscope. Blood 
biochemistry and hematology analysis were performed at 
1, 3, 5, 7 and 9 days after intravenous injection of RNase 
A@PbS/ZnS QDs solutions. Mice treated with 200 μL of 
PBS solution served as control. The blood samples were 
separated into blood cells and blood plasma after a cen-
trifugation of 3000 rpm for 20 min. The blood biochemis-
try and hematology analysis were performed at Shanghai 
Lab Animal Research Center.

Statistical analysis
Quantitative data are expressed as the mean ± standard 
error of at least three determinations. Nonparametric 
data were analyzed with the Kruskal–Wallis test. Para-
metric data were compared by analysis of variance and 
the Tukey post hoc test. All statistical analyses were 
performed with SPSS 23.0 software. A P value < 0.05 
was considered to be statistically significant.
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Additional file 1: Fig. S1. Characterization of NIR-IIb–emitting RNase 
A@PbS/ZnS QDs. (A) Absorption spectrum of RNase A@PbS/ZnS QDs. 
(B) Energy-dispersive X-ray of RNase A@PbS/ZnS QDs. (C) Selected area 
electron diffraction pattern of RNase A@PbS/ZnS QDs. (D) TEM images of 
RNase A@PbS/ZnS QDs. (E) Size-distribution of RNase A@PbS/ZnS QDs. 
Fig. S2. The effects of different concentrations of RNase A@PbS/ZnS QDs 
on MSCs viability. (a). Live/dead cell staining for MSCs (green fluorescence-
live cells, red fluorescence-dead cells). Scale bars represent 50 μm. (b). 
Quantification analysis of MSCs viability. Fig. S3. DM the diameter of epi-
gastric artery (A) and femoral artery (B); the blue arrows indicate the femo-
ral artery, and the yellow arrows indicate the epigastric artery. Fig. S4. 
In vivo pharmacokinetics and biodistribution of RNase A@PbS/ZnS QDs in 
normal mice. (A) Body weight of RNase A@PbS/ZnS QDs treated mice over 
a period time of 21 d. (B) Time course of  Pb2+ concentration in the blood 
of RNase A@PbS/ZnS QDs treated mice over 21 h. (C) Time course of  Pb2+ 
concentration in the feces of RNase A@PbS/ZnS QDs treated mice. (D) 
Biodistribution of  Pb2+ in organs. Fig. S5. In vivo biodistribution of RNase 
A@PbS/ZnS QDs in flap perfusion animal model mice (A) Bright field and 
NIR-IIb fluorescence images of various organs collected from the mice at 
21 days after postinjection. (B) Quantitative analysis NIR-IIb signal intensity 
of various organs. Fig. S6. Representative photomicrographs of hema-
toxylin and eosin staining on the major organs of the mice after injection 
of RNase A@PbS/ZnS QDs.
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