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Abstract: Carbon monoxide (CO) is one of the most important
gaseous signal molecules in biological system. However,
investigation of the functions of CO in living animals is restricted by
lack of functional molecular tools. To address this critical challenge,
herein, we have presented the rational design, synthesis, and in vivo
imaging studies of a powerful two-photon excited near-infrared
fluorescent probe (1-Ac) for endogenous CO monitoring. The
advantageous features of the new probe include high stability, low
background fluorescence, large fluorescence enhancement, high
sensitivity, and two-photon excited with emission in near infrared
region. Significantly, these merits of the unique probe endow the
tracking of endogenous CO in zebrafish embryos and mouse tissues
for the first time.

Carbon monoxide (CO) is recognized as one of the most
important gas signal molecules for maintaining the physiological
activity in biological systems.!1CO is regarded as a homeostatic
molecule with significant cytoprotective, signaling, and
inflammation diminishing capabilities in organisms.? The main
source of endogenously generated CO is from heme
oxygenases (HO) mediated heme catabolism.[! The level of CO
in mammalian has significant relation with some severe
diseases such as cardiovascular disease,™ lung disease,?
septicemia and cancer.® Although CO may potentially be used
as an indicator in early diagnosis of these diseases,!”l its roles
have not been well-defined because of lack of robust functional
molecular tools for CO in living animals.

Traditional methods for CO detection includes electronic
method,® gas  chromatography 1 and  absorption
spectroscopy.!? Fluorescent detection technique has emerged
as a robust method for analysis of CO in biological samples.*!
However, fluorescence detection of endogenous CO in living
animals is still impossible due to the short emission wavelengths,
large background fluorescence, small fluorescence
enhancement, and low sensitivity of the fluorescent probes
reported.
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Scheme 1. (a) General design principle of fluorescent CO probes and the
unsolved problem in endogenous CO detection in living animals. (b) The
trends of the stability and emission wavelength of the traditional Pd complexes
with different core structures (A1-Pd, A2-Pd) and the new complexes (NR-Pd)
rationally designed herein. (c) A representative probe (1-Ac) of NR-Pd with
outstanding spectral features such as two-photon (TP) excitation and near
infrared (NIR) emission for tracking endogenous CO in living animals and the
corresponding sensing mechanism.

Pioneered by Chang et al, Pd-contained complexes have
been employed as the recognition sites for CO in CO fluorescent
probes owing to the fact that the complexes have strong affinity
to CO Ma (Scheme 1a). In a Pd-based CO probe, the
fluorescence of the dye ligand is typically quenched by the Pd
metal atom due to the heavy atom effect. However, CO can
interact with Pd at mild conditions to release this metal, which
may result in recovery of the fluorescence. As aforementioned,
up to date, detection of endogenous CO in living animals
remains an unmet challenge. The current fluorescent CO probes
such as Al1-Pd and A2-Pd have relatively instable coordinated
structures and a comparatively small flexible ligand (A1-Pd, A2-
Pd),*¢ 12 which may lead to high background fluorescence and
short emission wavelengths. Thus, we envisioned that it is
necessary to design new fluorescent CO probes with
advantageous features such as much higher stability and longer
emission wavelengths. In general, fluorescent probes with high
stability may be favorable for decreasing the background
fluorescence, and the probes with longer emission wavelengths
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are desirable for imaging investigation in living animals.l'3l
Based on these considerations, in this work, we focused on the
Nile Red (NR) for design of novel fluorescent CO probes, as it
has several merits including a large rigid 1 structure, potential
heteroatoms for complexing with Pd, and a long emission
wavelength. Thus, we reasoned that the new type of CO probes,
NR-Pd, may have much higher stability and longer emission
wavelengths when compared to the current CO probes
(Scheme 1b). These advantageous characters of NR-Pd are
critical for tracking endogenous CO in living animals. Herein,
we engineered the Pd-complex (1-Ac) as the representative
probe of NR-Pd with excellent two-photon excitation and near-
infrared emission properties (Scheme 1c), which may enable
imaging of endogenous CO in living animals.

The preparation of the unique probe 1-Ac was shown in the
Supporting Information. The background fluorescence of 1-Ac (¢
= 4.69 X 10% at 660 nm in aqueous solution is negligible
(Figure 1a) due to the strong quenching effect of Pd metal and
high stability in aqueous solution. On titrated with the CO
donor,CORM-2 14, significant fluorescence enhancement at 660
nm was observed. The maxima fluorescence turn-on response
is about 60 folds (Aem = 660 Nm) when 2 uM 1-Ac was incubated
in the presence of 100 equiv.CO (Figures S1 and S2).
Notably, the current Pd-based fluorescent CO probes typically
have a turn-on enhancement of roughly only 10 folds (Table
S1).The large fluorescence enhancement of 1-Ac can be
attributed to the low background fluorescence and high
photostability properties in aqueous solution (Figure S3).The
detection mechanism was verified by HRMS studies (Figure S4).
The detection limit for CO was determined to be 5.0 X 10% M
(Figure 1b), which is much lower than that of other Pd-based
probes (Table S1),suggesting that the new probe is extremely
sensitive to trace amount of CO in vitro, and may have the
potential for detection of endogenous CO generated in living
organisms.

The selectivity of 1-Ac toward CO was investigated (Figure
1c), While 1-Ac showed large fluorescence enhancement at 660
nm only when the CO donor was added, other bioactive small
molecules such as reactive oxygen species (H;O,, OH-,
CH3;COOOH, CIOY), reactive nitrogen species (NO, NO,, ONOO"
), and reactive sulfur species (HS;, SO0s?, S;03%) exhibited
negligible fluorescence response under the same conditions.

The above studies demonstrate that 1-Ac possessed high
selectivity, excellent photostability, especially a large
enhancement signal, and low limit of detection. Besides, the
probe 1-Ac exhibited no marked cytotoxicity in HelLa and
Raw264.7 cells by the MTT assays (Figure S5).

Initially, the monitoring of exogenous CO was performed in
HelLa cells using 1-Ac. The control cells treated with only 2 or 5
pMM 1-Ac showed no fluorescence (Figures S6a and S6c). By
contrast, the cells loaded with 1-Ac and CORM-2 displayed
remarkable NIR fluorescence in the one-photon mode (Figures
S6b and S6d), revealing that 1-Ac has the ability of imaging
exogenous CO in the living cells. Notably, the time-dependent
results in the cells suggest that the fluorescence is dependent
on the concentrations of CO (Figures S7 and S8).
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Figure 1. The fluorescence response of 1-Ac with CO. (a) 2 uM of 1-Ac
titrated with increasing amount of CO in PBS (10 mM PBS, pH 7.4, with 5%
DMSO) for 30 min. The inset in (a) is the intensity change of 1-Ac at 660 nm
with the ratio of CORM-2 over the probe (b) Linear fit of the fluorescence
intensity change at 660 nm with CORM-2 concentration. (c) The selectivity
experiment of 1-Ac with CO. The fluorescence intensity change at 660 nm of 2
UM of 1-Ac interacted with 100 eq. of different species for 30 min. Numbers 1-
16 represent H202, OH, CHsCOOOH, CIO,, TBHP, "BuOOH, NO, NOz,
ONOO:, Cys, HCy, GSH, HS", SOs%, S:03%, CO, respectively, Aex = 580 nm.

The two-photon images of 1-Ac were obtained synchronously
(Figures S6, S7, and S8). The results are nicely consistent with
those obtained in the one-photon mode; no two-photon
fluorescence was observed in the control cells incubated with
only 1-Ac. However, the cells loaded with 1-Ac and CORM-2
exhibited a strong two-photon signal. Taken together, 1-Ac is
capable of detecting exogenous CO in the living cells under both
the one- and two-photon modes.
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Figure 2. Imaging of endogenous CO using 1-Ac in Raw 264.7 cells by one-
photon (left) and two-photon modes (right). (a) and (c) The cells were pre-
incubated in a normoxia incubator (37 °C, 5% CO., 95% air) for 24 h, then
treated with 5 yM 1-Ac for 30 min and 3 h, respectively; (b) and (d) The cells
were pre-incubated in a hypoxia incubator (37 °C, 5% CO2, 2% Oz / 98% N2)
for 24 h, then treated with 5 uM 1-Ac for 30 min and 3 h, respectively; (e)
Quantified fluorescence relative intensities in the one-photon mode; (f)
Quantified fluorescence relative intensities in the two-photon mode. Error bars
represent standard deviation (+S.D.). n = 3, the statistical analysis was
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performed from three separate biological replicates. One-photon mode: Aex =
561 nm; Aem = 570 - 620 nm. Two-photon mode: Aex = 760 nm; Aem = 570 - 620
nm. Scale bar: 20 pm.

We next turned our attention to detect endogenous CO in
living cells with the new probe. 5 Raw 264.7 cells kept in a
normoxia incubator (5% CO,, 95% air) for 24 h showed almost
no fluorescence after treatment with 5 yM 1-Ac for 30 min
(Figure 2a). However, the cells placed in a hypoxia incubator
(98% N, / 2% Oy) exhibited remarkable NIR fluorescence after
incubation with 1-Ac for 30 min in both one- and two-photon
modes (Figure 2b), suggesting that 1-Ac is suitable for tracking
endogenous CO in living cells under both one- and two-photon
modes. Moreover, the time-dependent fluorescence changes
were also investigated (Figure S9). Only weak fluorescence was
obtained in the normoxia cells after 3 h incubation (Figure 2c).
By contrast, NIR fluorescence in Raw 264.7 cells increased
upon extensive incubation time (Figure 2d). The quantified
intensities with all groups in both one- and two-photon modes
(Figure 2e and 2f) illustrate that 1-Ac may be employed as an
effective tool for monitoring the endogenous CO.

Based on the above studies, we then attempted to visualize
changes of CO in living animals with 1-Ac. We firstly focused on
imaging of exogenous CO in larval zebrafish. The control larval
zebrafish gavaged with only 10 uM 1-Ac showed almost no
fluorescence (Figure S10). By contrast, larval zebrafish
gavaged with 1-Ac and CORM-2 exhibited distinct NIR
fluorescence in the intestine under both the one-photon and two-
photon fluorescence, indicating that the new probe can detect
CO in living zebrafish (Figure S10).

The possibility of 1-Ac to detect endogenous CO in vivo was
then investigated. Nearly no fluorescence appeared in the
control zebrafish embryos incubated with 1-Ac under the
normoxia conditions (Figures 3a and 3c). We then performed a
series of experiments with zebrafish embryos under the hypoxia
to produce endogenous CO. The zebrafish embryos incubated
with 1-Ac under the hypoxia conditions elicited a significantly
higher NIR fluorescence readout under one- and two-photon
modes (Figures 3b and 3d), suggesting that 1-Ac has the
ability of visualizing endogenous CO in the living system.
Notably, the zebrafish embryos treated with 5 yM 1-Ac exhibited
stronger fluorescence than the group treated with 2 yM 1-Ac
(Figures 3e and 3f).

We further investigated whether 1-Ac could image CO in living
tissue slices. The mouse liver tissue slices treated by only 10 yM
1-Ac showed negligible fluorescence at the depth of 90 ym by
the two-photon mode (Figure S11a), while the tissue slices were
pre-incubated with CORM-2 for 30 min and further treated with
1-Ac exhibited dramatic two-photon fluorescence at a depth of
90 pum (Figure S11b), and the penetration of fluorescence
reached up to 130 pm (Figure S1ic). Notably, the two-photon
fluorescence spectral profiles were obtained in the living liver
tissue slices (Figures S12 and S13). These results indicate that
1-Ac is capable of imaging CO in the living tissue slices.
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Figure 3. Imaging of endogenous CO using 1-Ac in zebrafish embryos by
one-photon (left) and two-photon modes (right). (a) and (c) Zebrafish embryos
were pre-incubated in the normoxia incubator for 12 h, then treated with 2 or 5
UM 1-Ac for 30 min, respectively; (b) and (d) Zebrafish embryos were pre-
incubated in the hypoxia incubator for 12 h, then treated with 2 or 5 uM 1-Ac
for 30 min respectively; (e) Quantified fluorescence relative intensities in one-
photon mode; (f) Quantified fluorescence relative intensities in two-photon
mode. Error bars represent standard deviation (+S.D.). n = 3, the statistical
analysis was performed from three separate biological replicates. One-photon
mode: Aex = 561 nm; Aem = 570 - 620 nm. Two-photon mode: Aex = 760 nm; Aem
=570 - 620 nm. Scale bar: 500 ym.
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Figure 4. NIR fluorescence imaging of endogenous CO with the probe 1-Ac in
mouse organs by an in vivo imaging system. (a) Bright field images of mouse
organs treated with 10 yM probe (500 pL) in a 24-well plate, Column 1:
Control PBS; Column 2 — Column 6: the heart, liver, spleen, lung, kidney
incubated with 10 uM 1-Ac, respectively. Raw 1 — Raw 3: organs taken from
the mice pretreated by LPS, Hemin, or ZnPP for 4 days, and then further
incubated with 10 yM 1-Ac; Raw 4: 10 uM 1-Ac only. (b — d) Merged images
of fluorescence and brightfields of the organs treated with 10 uM probe for 20,
40, and 120 min, respectively. Aex = 580 nm, Aem = 660 nm.

Next, we evaluated the ability of 1-Ac to sense CO in living
organs. It is known that LPS or hemin could induce the
expression of HO-1, which can facilitate production of CO.
However, ZnPP may inhibit the expression of HO-1, resulting in
depressing the production of CO.54 The mice were stimulated
by LPS, hemin, or ZnPP for 4 days, respectively, then the
organs were isolated and loaded with 1-Ac for different times,
and finally subjected to imaging. As shown in Figure 4, there
was almost no fluorescence in the PBS groups treated with 1-Ac.
However, the fluorescence signals in livers, lungs, and kidneys
stimulated by LPS or hemin are significantly stronger than those
treated with ZnPP, which confirms the generation of CO by LPS,
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hemin, and depression of CO by ZnPP, demonstrating that 1-Ac
could detect CO in the organs. Importantly, fluorescence
became higher with the extended incubation time, especially in
the livers, which may reflect that the distributional difference of
CO in the distinct organs and the liver possibly produced more
CO than the other organs (Figure S14). Taken together, 1-Ac
can effectively track CO in the living organs.

Finally, we assessed the ability of 1-Ac to image CO in the
living mice. The mice were injected with 1-Ac by an
intraperitoneal manner, followed by an injection of CORM-2. The
mice displayed essentially no fluorescence treated with only 1-
Ac (Figure 5a). By contrast, the fluorescence signals were
obtained after injection of CORM-2 within 2 min, demonstrating
that 1-Ac can sense CO in living mice rapidly. The fluorescence
signal is time-dependent, and it reached saturation after 30 min
with a roughly 7-fold enhancement relative to the control group
(Figure 5b). Therefore, the studies indicate that 1-Ac can detect
CO in the living whole animals.
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Figure 5. In vivo fluorescence imaging of CO in the living mice using 1-Ac. (a)
time-dependent fluorescence images of CO in the living mice. Control group:
only 100 pL of 10 uM 1-Ac was injected. Other groups: 100 pL of 10 uM 1-Ac
was injected, then 100 pL of 100 yM CORM-2 was injected and imaged for 2,
5, 10, 20, and 30 min, respectively. (b) The relative average fluorescence
intensity change with time in the blue circle area. Error bars represent
standard deviation (+S.D.). n = 3, the statistical analysis was performed from
three separate biological replicates. Aex = 580 nm, Aem = 660 nm.

In summary, we have engineered the first two-photon excited
near infrared fluorescent probe suitable for endogenous CO
imaging in living animals through rational design. The new probe
exhibited highly favorable properties, such as two-photon
excitation, near infrared emission, high stability, low background
fluorescence, large fluorescence enhancement, and low
detection limit. These superior features of the novel probe
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enable us tracking of CO in both zebrafish embryos and living
mice for the first time. The fluorescence imaging studies of CO
illustrated herein may provide guide for further exploring the
functions of CO in living animals.
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