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NIR-1l Orthogonal Fluorescent Ratiometric Nanoprobe for

In Situ Bioimaging of Carbon Monoxide

Lichao Guo, Qingyuan Wang, Feng Gao, Ying Liang, Haoyue Ma, Desheng Chen,

Yue Zhang,* Huangxian Ju,* and Xiaobo Zhang*

Carbon monoxide (CO) functions as a significant endogenous cell signaling
molecule and is strongly associated with many physiological and pathological
processes. However, conventional fluorescence imaging in the visible and
near-infrared (NIR) | regions suffers autofluorescence background and photon
scattering, hindering the accurate detection of CO in vivo. In addition, the
complexity of physiological environments leads to fluctuating fluorescence
emission. To solve these problems, herein, the NIR-1l fluorescent nanoprobe
NP-Pd for in vivo ratiometric bioimaging of CO is developed. In the presence
of CO, NP-Pd exhibits responsive enhancement in absorption at 808 nm,
which amplifies the fluorescence signal of down-conversion nanoparticles
(DCNP) at 1060 nm under 808 nm excitation, while the fluorescence

signal of DCNP at 1525 nm under 980 nm excitation remains unchanged

and serves as an internal standard. Through this orthogonally ratiometric

role in various physiological and patholog-
ical processes. Recently studies have veri-
fied that CO implicates the regulation of
various biological functions such as vasodi-
latation, cytoprotection, antiapoptosis, anti-
inflammation.?! In addition, CO holds con-
siderable therapeutic potential as a drug
molecule for diseases such as Alzheimer’s
disease, hypertension, inflammation, heart
failure, and acute liver injury.l’! This evolv-
ing understanding of CO’s multifaceted
roles has attracted unprecedented attention
to CO, and with the deepening research of
CO in biology and medical science, there is
a growing scientific imperative to develop
convenient and effective methods for de-

fluorescence strategy, accurate CO bioimaging and precise diagnosis
of acute liver injury diseases are achieved in the mouse model experiments,
providing a novel tool for the in vivo detection of CO-related diseases.

1. Introduction

Carbon monoxide (CO), a colorless and odorless gas, is tradition-
ally considered to be lethal to mammals due to its strong affin-
ity to hemoglobin.[!l In the meantime, CO is one of the most
important gaseous signaling molecules involved in numerous
physiological activities in biological systems, playing a significant
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tecting this small gas molecule in living sys-
tems to assist studies about its functional
mechanisms in certain diseases.*!

Although numerous quantitative anal-
ysis techniques for CO have been devel-
oped, such as colorimetric detection,l’!
electrochemical  analysisl® and gas
chromatography,”! it is still challenging to achieve real-time
tracking of CO in living systems in a non-destructive manner.
Compared to these traditional approaches, fluorescent probes
offer a noninvasive solution for real-time and in situ moni-
toring of CO in living systems, and their convenient opera-
tion, low cost, and high sensitivity have attracted more and
more attention in bioimaging and medical applications.®|Recent
studies have demonstrated the feasibility of various fluorescent
probes in CO imaging applications, including red aggregation-
induced emission (AIE) fluorescent probes for CO imaging
in lipopolysaccharide-induced oxidative stress in mice,l®! cell
membrane-anchored fluorophores for monitoring CO release in
living cells,*! and two-photon excited near-infrared fluorescent
probe for detecting endogenous CO in zebrafish embryos and
live mice.['!] Despite these explorations, the complexity of bio-
logical backgrounds and the challenges associated with deep tis-
sue imaging continue to pose significant obstacles to fluorescent
analysis of CO in vivo.

To solve this problem, a fluorescence imaging technique
in the near-infrared II (NIR-II) (1000-1700 nm) region has
been developed and exhibited unique advantages including in-
creased tissue penetration, lower autofluorescence, and im-
proved biocompatibility.'?] Since the first application of NIR-
I1 fluorescence probes was reported,!'*] various available ma-
terials have been employed as fluorescence probes such as
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Scheme 1. Schematic lllustration of the imaging mechanism of NIR-II ratio fluorescent nanoprobes for the detection of CO. A) Structural composition
of NP-Pd and mechanism of response to CO. B) The corresponding reaction of Cy-Pd with CO. Luminescent applications of NP-Pd in C) normal and D)

biological diseases.

single-walled carbon nanotubes,'*! quantum dots (QDs),!*”]
lanthanide-doped nanoparticles (LnNPs)!**) and small-molecule
organic fluorophores.['”! Compared to polymers, QDs, and or-
ganic fluorescent molecules, lanthanide-based down-conversion
nanoparticles (DCNP) emit NIR-II photons at longer wave-
lengths by absorbing high-energy photons. In particular, the
high quantum yield of Nd** ions and the emission of Er** jons
at wavelengths in excess of 1500 nm allow for deeper tissue
penetration. In addition, traditional fluorescent probes that rely
solely on intensity measurements are insufficient for the accu-
rate quantification of intracellular CO due to the effects of ex-
citation fluctuations, sample environment, and local probe con-
centration on its emission intensity, as well as interference from
background fluorescence.l'®! In contrast, a ratiometric measure-
ment approach allows for the mitigation of these confounding
factors and thus enhances detection accuracy. By utilizing orthog-
onally designed self-correcting channels, variations in excitation
intensity, probe concentration, and sample environment could be
effectively compensated.!**]

Herein, we developed a NIR-II orthogonal ratiometric fluores-
cence nanoprobe for quantitative detection and visualization of
CO in vivo, as explicitly depicted in Scheme 1A. The nanoprobe
was prepared by NIR dye heptamethine cyanine-palladium com-
plex (Cy-Pd) and methoxy-PEG,-COOH (mPEG) on the surface
of DCNP, forming CO-responsive nanoprobe (NP-Pd). DCNP
as a luminescent body has orthogonally excited NIR-II fluores-
cence properties and shows emissions at 1060 nm (excited under
808 nm) or 1525 nm (excited under 980 nm). Cy-Pd is modified
onto the DCNP surface through strong coordination of carboxyl
groups with rare earth ions (Scheme 1B), serving as an absorber
of 808-nm irradiation without fluorescence emission due to the
heavy atom effect.[??! When NP-Pd is exposed under 808-nm exci-
tation, the strong absorption of Cy-Pd diminishes the energy flux
to NP-Pd, which in turn reduces its emission intensity at 1060 nm
and achieves a “turn off” fluorescence effect. In the presence
of CO, Cy-Pd molecule reacts with CO to form Cy-DPA, which
has extremely low absorbance at 808 nm, resulting in the disap-
pearance of energy absorption for irradiation light. Consequently,
NP-Pd absorbed additional energy, leading to an enhancement of
NIR-II fluorescence emission signal at 1060 nm under 808-nm
excitation (recorded as Fy 4 g,g05)- By contrast, 980 nm laser is not
influenced by Cy-Pd or Cy-DPA molecules, allowing for the direct
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excitation of DCNP to generate 1525-nm emission (recorded as
F1555. moso), Which serves as the reference signal to achieve ratio-
metric detection of CO. In addition, the presence of mPEG im-
proves the water solubility and biocompatibility of NP-Pd for ap-
plication in imaging and detection of CO in vivo, which displays
enhanced 1060-nm emission and higher ratio values of F, 4 g,g08
and F 5,5 p0g0 for mice with acute liver damage (Scheme 1C,D).
The ratiometric NIR-II fluorescence nanoprobe can accurately
quantify and visualize CO in vivo, thus reflecting the state of in
situ inflammation. In summary, this NIR-II orthogonal fluores-
cence imaging system enables the detection of CO not only in
vitro but also has the potential for in vivo applications in the di-
agnosis of CO-related diseases. This work is expected to inspire
further innovations in research directions and approaches in the
fields of bioimaging and detection.

2. Results and Discussion

2.1. Optimization of DCNP for Orthogonal Emission and the
Properties of Cy-Pd

The designed downconversion nanoparticles (DCNP) with
core—shell—shell (CSS) architecture (NaYF,:Yb,Er,Ce@NaYF,@
NaYF,:Nd) were composed of a downconversion core, inert layer,
and downconversion zone (Figure 1A). To gain downconversion
emissions at 1525 nm, the Yb** (excited at 980 nm), Er** and
Ce3* ions were co-doped into the core NaYF, host lattice. Ce*-
doping modulated the intermediate 4f—4f transitions of Er’t,
which increased luminescence at 1525 nm by several times.[?!]
Subsequently, optically inert NaYF, was wrapped on the core to
isolate the energy transfer between the outer layer and the core.
The outer layer NaYF,:Nd** can absorb 808 nm light and emit
NIR-II light 1060 nm, forming orthogonal emission (Figure 1B).
The Y3>* matrix, with its optically inert properties, functions
as an intervening separator to create a distinct boundary be-
tween the core (Er’* and Ce’*) and shell (Nd**) and gener-
ate two orthogonal compartments that can be utilized for dis-
parate applications!??) To achieve the effective orthogonal effect,
a certain thickness of the inert layer was required for the in-
dependent operation of the core and shell components and en-
abling the realization of orthogonal functionality. We first ob-
tained a batch of core with an average diameter ~17 nm, and then
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Figure 1. Structure and characterization of DCNP and Cy-Pd. A) Schematic diagram of the core—shell structure of DCNP. B) Luminance spectra of DCNP
when exposed to radiation at 808 and 980 nm. C) Structure and absorption spectra changes of Cy-Pd in the presence of CO. D) Absorbance spectra of

Cy-Pd (5 pu) were tested after the addition of CORM-2 (0-80 py, in 30 's).

synthesized down-converted nanoparticles with different atomic
ratios of core: shelll: shell2 (1: N: 1). As shown in Figure S1
(Supporting Information), the optimal ratio of 1:2:1 was deter-
mined by fluorescence spectroscopy in the NIR-II region,!?}l and
the synthesis of downconversion nanoparticles was carried out
with this ratio. Transmission electron microscope (TEM) im-
ages confirmed the successful synthesis of NaYF,: 18%YDb, 2%Er,
20%Ce nanocrystal core, NaYF,: 18%Yb, 2%Er, 20%Ce@ NaYF,
and NaYF,: 18%YD, 2%Er, 20%Ce@ NaYF,@ NaYF,: 5%Nd
nanoparticles, with the nanoparticle at each stage of average sizes
0f16.5,22.5, and 26.5 nm, respectively (Figure S2, Supporting In-
formation). Ultimately, our synthesized DCNP exhibited satisfac-
tory orthogonal NIR-II fluorescent properties and displayed dis-
tinct emissions at 1060 nm (excited under 808 nm) and 1525 nm
(excited under 980 nm) (Figure 1B).

To achieve NIR-II fluorescence responsiveness to CO, we
chose heptamethine cyanine-palladium complex (Cy-Pd)?%! as
the signal conversion element, Cy-Pd consisted of heptamethine

cyanine-dimethylpyridinamine (Cy-DPA) as fluorophore and
Pd-contained complexes as recognition unit was designed and
synthesized according to the synthetic routes in Figure S3 (Sup-
porting Information), which was characterized by 'H NMR, 3C
NMR, and HRMS (Figures S4-S18, Supporting Information).
CO is a typical reducing agent and can react with Pd?* quickly
and efficiently.?*] After treatment with CORM-2 (as CO releas-
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ing agent),?! the absorption wavelength of the mixture showed
a blue shift (peaks from 800 to 710 nm, Figure 1C), indicating the
configuration inversion of Cy-Pd to Cy-DPA due to the formation
of a complex between Pd** and CO at room temperature. The
quantitative results are shown in Figure 1D. After 30 s of mixing,
the absorption peak at 800 nm decreases rapidly and the peak at
710 nm rises rapidly with the gradient increase of CORM-2 con-
centration. These results establish a fundamental basis for devel-
oping quantitative methods of CO, thereby enabling the precise
measurement of CO concentrations in various environments.

2.2. Preparation and Properties of the NP-Pd Nanoprobe

CO-responsive NP-Pd nanoprobe was prepared by adding pre-
determined proportions of Cy-Pd and mPEG to bared DCNP
(Figure S19, Supporting Information). Cy-Pd and mPEG were
modified on the DCNP surface via coordination. During this pro-
cess, its average size (based on the dynamic light scattering, DLS)
increased from 28.7 to 33.9 nm (Figure 2A; Figure S20, Sup-
porting Information). Following conjugation of the dyes onto the
DCNP, the zeta potential underwent significant decreases, shift-
ing from +33 mV to +22.3 (NP-DPA) and +29.4 mV (NP-Pd), re-
spectively, which provided evidence for the successful attachment
of dyes to the DCNP surface. Furthermore, the smaller decrease
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Figure 2. Synthetic characterization and fluorescence response of NP-Pd. A) Particle sizes and zeta potentials of DCNP, NP-DPA and NP-Pd. B) Absorp-
tion spectra of DCNP and NP-Pd. C) NIR-II fluorescence spectra of the nanoprobe after reaction with 0-200 um CORM-2 under 808 and 980 nm laser.
D) F1o60, exgos/ F1525, Exoso Were linearly related to CORM-2 concentration in the range of 0-100 uM. E) Selectivity of NP-Pd (0.3 mg-mL~") for CORM-2
(0.1 mm) over various analytes (10 mm) (n = 3, mean + SD). F) Time-dependent fluorescence intensity of NP-Pd (0.3 mg mL~") after CORM-2 (100 um)

were added. “p < 0.001.

in zeta potential for NP-Pd compared to NP-DPA suggested that
the incorporation of Pd?* ions mitigated the alteration in surface
charge, effectively leading to a reduced variation in zeta potential.
In Figure 2B, the absorption (grey line) of DCNP ~800 nm was
itself substantially weak, resulting in a low excitation efficiency of
the laser at 808 nm. Meanwhile, due to the Cy-Pd molecules at-
tached on the surface of DCNP, the UV absorption of NP-Pd (red
line in Figure 2B) at 808 nm was enhanced by 13 times compared
with that of DCNP, and the inner filter effect of Cy-Pd molecules
led to a greater reduction of the 808 nm absorption of NP-Pd be-
fore responding to CO, and the original fluorescence values of
the DCNP, as well as the background signals, were reduced. We
further investigated the influence of Cy-Pd loading concentration
on DCNP fluorescence. As shown in Figure S21 (Supporting In-
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formation), with the increasing reaction concentration of the dye
Cy-Pd, the ratio value of 1060-nm fluorescence signal and 1525-
nm internal standard intensity (Fyog, gxsos/F1s25, £xoso) decreased
significantly and reached the quenching plateau at 0.1-0.5 mm.
Thus, we finally adopted a dye concentration of 0.1 mm for sub-
sequent experiments and concluded the ratio of the amount of
DCNP to Cy-Pd is ~1:191 (Tables S1 and S2, Supporting Infor-
mation).

Next, we verified the effect of NP-Pd on CO released from
CORMS-2 under different environmental conditions, and the re-
sults showed that the effects of different environmental and phys-
iological factors were weak and the results were stable. (Figure
S22, Supporting Information). The effect of other CO donors
was again verified (Figure S23, Supporting Information). The
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response of the NP-Pd nanoprobe to CO was investigated. NP-
Pd nanoprobe was applied to react with different concentrations
of CORM-2 in range of 0-200 pum. At the end of the reaction, the
nanoprobe was irradiated with 808 and 980 nm lasers to obtain
the NIR-II fluorescence intensity at 1060 and 1525 nm, corre-
spondingly. The fluorescence signal of the nanoprobe at 1060 nm
exhibited an obvious enhancement with increasing CORM-2 con-
centration upon irradiation with 808 nm laser. This observation
could be attributed to the reaction between CO and Cy-Pd, which
facilitated the formation of Cy-DPA and effectively mitigated the
inner filter effect of 808-nm light absorption. By contrast, the
NIR-II fluorescence signal at 1525 nm was basically unchanged
after irradiation with 980 nm laser (Figure 2C). Furthermore, the
ratiometric NIR-II fluorescence signals showed gradual elevation
as the CORM-2 concentration raised, and a linear response of
the signal ratio (Fyog0 gesos/Fisas, Exoso) 10 CORM-2 concentration
could be observed in the range of 0-100 um (Figure 2D). The
limit of detection (LOD) value of CORM-2 was 6.6 um whose
calculation method for LOD was according to the following for-
mula: LOD = 3§/K (6: standard deviation of the response, K: the
slope of the standard curve). According to the literature, each
mole of CORM-2 releases ~0.7 moles of CO.[?%! Based on the
above data, the LOD of CO was calculated to be 4.6 um. This
proved the feasibility of a prepared NP-Pd probe to quantitatively
detect CO. Furthermore, the nanoprobe exhibited good stability
in the cell culture environment (Figure S24, Supporting Infor-
mation) and photophysical experiment (Figure S25, Supporting
Information).

The specificity of the NP-Pd nanoprobe to CO was also stud-
ied. After the nanoprobe was treated with 10 mm HS~, H,0,,
NO,~, HSO,~, GSH, Cys, Hey, Trp, Ile, and Ser, respectively,
both 1060 and 1525 nm fluorescence signals showed negligi-
ble variation (Figure S26, Supporting Information). Additionally,
only in the presence of 0.1 mm CORM-2 did the 1060 nm flu-
orescence signal and ratio of F pys0s/Fisas, prose Sighificantly
increase (Figure 2E), indicating that the nanoprobe had excel-
lent specific response to CO. Based on the binding mechanism
of CO, which displaces the metal to retrieve the original ligand
and considering the presence of NO and H,S in biological sys-
tems, we further tested and demonstrated that different metal el-
ements and gas signaling molecules have a weak effect on the
detection system (Figure S27, Supporting Information). In or-
der to further study the response speed of NP-Pd molecule and
CO, the reaction time (Figure 2F) was further measured, show-
ing that the reaction was fast and could be completed within
10 min.

2.3. Ratiometric NIR-1l Fluorescence Nanoprobe for the
Detection of CO In Vitro

Prior to in vitro imaging tests, the cytotoxicity of different con-
centrations of NP-Pd was first assessed using a standard CCK-
8 assay. For 4T1 cells, little cell death was observed after treat-
ment with appropriate concentrations of nanoprobes, indicat-
ing low toxicity to cancer cells (Figure S28, Supporting Infor-
mation), and successful entry of the NPs into the cells was ver-
ified under confocal microscopy observation (Figure S29, Sup-
porting Information). To evaluate the feasibility of NP-Pd for
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monitoring CO levels in living cells, we conducted a series of
experiments using 4T1 cells as a model system. After incuba-
tion with the nanoprobes, 4T1 cells were further treated with dif-
ferent concentrations of CORM-2, a CO-releasing molecule,!?*!
to obtain NIR-II fluorescence images around the 1060 nm un-
der 808-nm excitation. The results showed successful obser-
vation of NIR fluorescence enhancement with increasing con-
centration of CORM-2 dosage through the CO detection chan-
nel (Figure 3A,B). Subsequently, 4T1 cells incubated in 24-well
plates were used for ratiometric NIR-II fluorescence detection
of intracellular CO, and the results showed that the cells ex-
hibited NIR-II fluorescence image intensities of CO detection
channel increased dependently with the concentration of CORM-
2 (Figure 3C), whereas NIR-II fluorescence image intensities
of the internal standard channel were essentially unchanged
(Figure 3D). The ratio of Fy4, gys0s/F1s25, xoso also exhibited an
obviously rising tendency with increasing CORM-2 concentra-
tion (Figure 3E). This result demonstrates the feasibility of ra-
tiometric nanoprobes for the detection of exogenous CO in
cells.

As reported in the literature that heme administration stimu-
lates the expression of heme oxygenase and subsequently upreg-
ulates endogenous carbon monoxide production,'”’) we sought
to test the possibility that NP-Pd senses endogenous CO re-
lease via hemin treatment. 4T1 cells were preincubated with
different concentrations of hemin (0, 30, and 100 pm) before
incubation with NP-Pd. Subsequent imaging showed a pro-
gressive increase in ratiometric fluorescence with concentration
(Figure S30, Supporting Information). Overall, the above find-
ings support the ability of NP-Pd to image endogenous CO
fluctuations in living cells via ratiometric fluorescence imaging
modalities.

2.4. In Vivo Visualization of Subcutaneous Exogenous CO

In order to demonstrate the feasibility of NP-Pd for CO detection
in vivo, we first injected NP-Pd subcutaneously into the back of
mice for imaging. The NP-Pd-only group was used as a control,
and different concentrations of CORM-2 (30 and 100 pm) were ad-
ditionally used to investigate the detection effect of NP-Pd for dif-
ferent CO concentrations. The NIR-II fluorescence signals of the
detection channel (Ex = 808 nm) and the internal standard chan-
nel (Ex = 980 nm) were recorded at different time points, and the
experimental areas were circled with red dotted lines (Figure 4A).
The results showed that the fluorescence values of both channels
in the blank group did not change substantially (Figure 4B). For
the experimental group, the fluorescence signals of the detection
channel became brighter with the increase of CORM-2 concen-
tration and reached the maximum value ~10 min, while the in-
ternal standard channel did not exhibit obvious variation of fluo-
rescence intensities (Figure 4C,D). In the ratiometric plots of the
two channels, we can more clearly observe the difference in the
detection of NP-Pd response to different concentrations of CO
(Figure 4E), and the experimental results remain consistent with
those of the in vitro experiments. This again highlights the impor-
tance of ratiometric detection in vivo detection, and the internal
standard correction of dual-channel detection can well avoid the
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Figure 3. Fluorescence image of NP-Pd in live cells for CO detection. A) Bright field (BF) and NIR-II fluorescence microscopy images and B) correspond-
ing quantitative analyses of 4T1 cells after treatment with no treatment, NP-Pd nanoprobe (0.3 mg mL™") and different concentrations of CORM-2 (0,
30, and 100 um) (The excitation wavelength was 808 nm and a 1000 nm long-pass filter (LP 1000) was used). NIR-II fluorescence images of 4T1 cells
after treatment with no treatment, NP-Pd nanoprobe (0.3 mg mL™") and different concentrations of CORM-2 (0, 30, 50, 100, and 200 pm) under C) 808
(LP 1000 was used) and D) 980 nm excitation light (LP 1350 was used). E) Ratio value of Fyogo £xg0s, and Fisas, eeaso intensities for cells after different

treatments in C) and D) (n = 3, mean + SD).
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Figure 4. Time-dependent NIR-Il fluorescence images of CO in mice. A) NIR-Il fluorescence imaging of subcutaneously injected mice treated with NP-Pd
and different concentrations of CORM-2 under 808 (LP 1350 was used) or 980 nm laser irradiation (LP 1350 was used). NIR-Il F1g0 £cg08 and F1szs exoso
intensities at different time points in mice treated with B) 0, C) 30, and D) 100 um CORM-2 and E) their ratiometric value (n = 3, mean + SD).
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Figure 5. NP-Pd for the detection of CO in mice with acute liver injury. A) NIR-Il fluorescence images of live mice that received NP-Pd followed by saline
as control, APAP, and APAP + ZnPP, respectively, at the time of injection and 12 h after injection. NIR-Il F1o60 £eg0s @and Fisps Exogo intensities at B)
pretreatment and C) post-treatment and D) their ratio value, the probability (P) values in order from left to right are 0.294, 0.000654, 0.00984. (n = 3,

mean + SD). **p < 0.01, ™*p < 0.001, and ns represents no significant difference.

interference of issues such as drug spreading, injection volume
difference, and shooting angle.

2.5. NIR-II Fluorescence Imaging of CO in the Mouse Acute Liver
Injury Model

We first investigated the toxicity of the probe in mice. Hema-
toxylin and Eosin (H&E) staining showed that NP-Pd was weakly
invasive to tissues in mice (Figure S31, Supporting Informa-
tion). It is well known that overuse of N-acetyl-p-aminophenol
(APAP) causes severe drug-induced liver injury (DILI) and up-
regulates CO production.[?®! Liver damage was proved by H&E
staining (Figure S32, Supporting Information). To further con-
firm that CO production was indeed induced by APAP, the mice
were co-treated with APAP and zinc protoporphyrin (ZnPP), a
hemoglobin oxygenase inhibitor that reduces endogenous CO
production by inhibiting HO-1 enzyme activity. To evaluate the
imaging ability of NP-Pd on CO in vivo, mice were divided into
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a blank group (NP-Pd only), APAP group, and APAP + ZnPP
group.

The mice were injected with the same concentration of NP-Pd
in the abdomen followed by injection of different drugs in each
group. Their NIR-II fluorescence signals in the detection channel
(Ex = 808 nm) and internal standard channel (Ex = 980 nm) were
recorded at the time of the first injection of the drug and 12 h af-
ter the injection (Figure 5A). The experimental areas were circled
in red dotted lines. For the internal standard channel, the emis-
sion fluorescence intensities at 1525 nm were not significantly
changed in all three groups of mice. By contrast, the fluorescence
signals of the detected channels in the APAP group increased sig-
nificantly in comparison with the blank group, whereas the flu-
orescence signals of the detected channels in the APAP + ZnPP
group decreased compared with the APAP group due to the in-
hibitory effect of ZnPP (Figure 5B,C). The ratiometric fluores-
cence graphs reflected the experimental results more clearly. The
ratiometric fluorescence values in the APAP group showed a sig-
nificant increase after liver injury compared with those in the
blank and APAP + ZnPP group (Figure 5D). The above results
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indicate that the NP-Pd probe is suitable for the ratiometric opti-
cal detection of CO produced during APAP-induced liver injury
and as a diagnostic method for DILI.

3. Conclusion

Despite the rapid development and application of fluorescent
probes for the detection of CO, there are still many issues to be ad-
dressed in the application of bioimaging and in vivo detection.!*’]
The creation of CO-responsive fluorescent probes with emission
in the NIR-II region holds great promise for overcoming the
limitations of conventional fluorescent probes, including insuf-
ficient biological tissue penetration and spatial resolution, pro-
viding a profitable strategy for the study of relevant physiological
processes. To achieve quantitative detection and real-time imag-
ing of CO in vivo, we developed a NIR-II ratiometric fluorescent
nanoprobe with orthogonal optical properties of 1060-and 1525-
nm emissions under 808- and 980-nm excitation respectively.
The emission at 1060 nm is affected by the change of the dye’s
absorption wavelength at 808 nm, achieving a sensitive and spe-
cific fluorescent response to CO and serving as a CO detection
channel. The ratiometric fluorescence detection was realized by
comparison with an internal standard channel which could not
be affected by CO. In addition, the ratiometric nanoprobes have
demonstrated excellent practicality in detecting CO concentra-
tion fluctuations in cellular environments, as well as in monitor-
ing CO levels and diagnosing related diseases in animal models.
In conclusion, the designed NP-Pd NIR-II fluorescent nanoprobe
presents a valuable platform for investigating CO-related biolog-
ical processes and provides a novel avenue for the diagnosis and
treatment of diseases associated with aberrant CO levels.
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