
Golgi-Targeting Fluorescent Probe for Monitoring CO-Releasing
Molecule‑3 In Vitro and In Vivo
Songjiao Li, Ke Yang, Jiayu Zeng, Yiteng Ding, Dan Cheng, and Longwei He*

Cite This: ACS Omega 2022, 7, 9929−9935 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: CO-releasing molecule-3 (CORM-3), mainly metal carbonyl
compounds, is widely used as experimental tools to deliver CO, a biological
“gasotransmitter”, in mammalian systems. CORM-3 is also proposed as a potential
new antimicrobial agent, which kills bacteria effectively and rapidly in vitro and in
animal models. Organelle-targeting therapy, as a highly effective therapeutic
strategy with little toxic and side effects, has important research significance and
development prospects. Therefore, the development of effective methods for
detecting and tracking CORM-3 at the subcellular level has important
implications. In this paper, an easily available Golgi-targetable fluorescent probe
(Golgi-Nap-CORM-3) was proposed for CORM-3 detection. In the probe Golgi-
Nap-CORM-3, the phenyl sulfonamide group was selected as the Golgi-targetable
unit, naphthalimide dye was chosen as a fluorophore, and the nitro group was selected as a CORM-3-responsive unit. Golgi-Nap-
CORM-3 shows a CORM-3-reponsive increase of fluorescence emission at 520 nm. Using the excellent probe, the change of
CORM-3 in HeLa cells, HepG2 cells, and zebrafish is successfully monitored. This study demonstrates very important information
for the study of CORM-3 in vivo systems.

■ INTRODUCTION
CO-releasing molecule-3 (CORM-3), mainly metal carbonyl
compounds, is widely used as experimental tools to deliver
carbon monoxide (CO).1−3 As a key endogenous gaseous
signal molecule, CO shows great therapeutic potential for a
variety of diseases, such as Alzheimer’s disease,4 hypertension,5

inflammation,6 heart failure,7 and so on. However, due to the
toxicity of CO by direct inhalation of CO gas, many problems
exist in the treatment of diseases: uncontrollable problems and
difficulties in targeted delivery.8 Therefore, in the past decades,
the development of appropriate CO-releasing molecules
(CORMs) to replace CO gas for direct treatment of diseases
has received extensive attention.9 So far, many methods for
detecting CO using CORM-3 as a CO donor have been
developed, including chromogenic detection, electrochemical
analysis, gas chromatography, and fluorescent assays.10−12

Among these, because of its high sensitivity, imperial spatial
resolution, noninvasive detection, technical simplicity, etc.,
fluorescent imaging has special advantage in monitoring the
spatial and temporal distribution of analytes.13−23 Recently,
numerous innovative fluorescent probes have been reported
for the visualization of CO using CORM-3 as a CO
donor.24−37

As a vital organelle, the Golgi apparatus exists in most
eukaryotic cells and plays a significant role in the internal
membrane system. The Golgi is composed of a series of
flattened cisternae, which are organized as ribbon stacks and
closely linked with each other.38 Under oxidative stress,
proapoptotic, and DNA damage conditions, the complete

structure and stable function of the Golgi apparatus might be
damaged, resulting in Golgi fracture and cell apoptosis.39,40

The Golgi apparatus has become a new choice for the research
and treatment of oxidative stress-related diseases. Moreover,
organelle-targeting therapy, as a highly effective therapeutic
strategy with little toxic and side effects, has important research
significance and development prospects. CORM-3 is proposed
as a potential new antimicrobial agent that kills bacteria
effectively and rapidly in vitro and in animal models.41,42 The
release of drugs through overexpression of CO in tumor cells
provides a very excellent approach for the treatment of cancer.
Thus, the development of CORM-3 as a prodrug for CO
administration in organelle-targeting therapy has attracted
significant attention. Unfortunately, no Golgi-specific fluores-
cent probe being capable of monitoring CORM-3 in living cells
has been developed so far. The development of molecules that
target the Golgi and image overexpressing CORM-3 in tumor
cells has important implications for tumor therapy.
So far, three kinds of Golgi-targeting strategies have been

used to realize Golgi targeting including Golgi-targeting
polypeptides, cysteine, and sphingosine.43−45 The methods
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mentioned above have limitations in the synthesis of
fluorescent probes. Therefore, it is urgent to develop a
Golgi-targeting group, which should meet the following
requirements: (1) accurate localization, (2) readily available
raw materials, and (3) easy chemical modification.
Herein, we reported a simple-structure Golgi-targetable

probe (Golgi-Nap-CORM-3) with easy synthetic steps for the
detection of CORM-3. In the probe Golgi-Nap-CORM-3, the
phenyl sulfonamide group was selected as the Golgi-targetable
unit,35−37 naphthalimide dye was chosen as a signal reporter,
and the introduced nitro moiety in the fluorophore skeleton
acts as a CO-responsive moiety (Scheme 1). The fluorescence

imaging indicated that Golgi-Nap-CORM-3 possesses an
outstanding Golgi-targeting ability and was further applied to
visualize the change of CORM-3 in HeLa cells, HepG2 cells,
and zebrafish successfully.

■ EXPERIMENTAL SECTION
Reagents and Apparatus. Please see the Supporting

Information for details.
Synthesis. Golgi-Nap-CORM-3 was synthesized according

to the synthetic route described in Scheme S1.
Compound Golgi-Nap-CORM-3. The compounds 3-nitro-

1,8-naphthalic anhydride (486 mg, 2 mmol) and sulfanilamide
(344 mg, 2 mmol) were mixed in ethanol (15 mL). The
mixture was heated and stirred at 80 °C for 12 h; then,
reduced-pressure rotary distillation was performed. After that, a
pale-yellow residue was obtained and purified using silica gel
column chromatography (CH2Cl2/CH3OH abluent, v/v =
20:1), to get a pure Golgi-Nap-CORM-3 (627 mg, 79%). 1H
NMR (400 MHz, DMSO-d6, Figure S1) δ 9.56 (s, 1H), 8.97
(s, 1H), 8.86 (d, J = 6.8 Hz, 1H), 8.72 (d, J = 6 Hz, 1H), 8.11
(t, J = 6.0 Hz, 1H), 8.02 (d, J = 6.8 Hz, 2H), 7.66 (d, J = 6.8
Hz, 2H), 7.55 (s, 2H). 13C NMR (100 MHz, DMSO-d6, Figure
S2) δ 163.5, 163.0, 146.3, 144.6, 139.1, 137.0, 134.4, 131.5,
130.5, 130.4, 130.3, 129.8, 127.0, 125.0, 123.6, 123.3. HRMS
(ESI, Figure S3): [M + H]+ calcd. 398.0447, found 398.0440.
Spectroscopic Measurements. For the probe Golgi-Nap-

CORM-3, its stock solution was made in DMSO with a
concentration of 1 mM. In total, a 10.0 μL stock solution was
mixed into 1.0 mL of pH 7.4 phosphate buffer solution (10
mM) in the titration experiments to keep the final Golgi-Nap-
CORM-3 concentration at 10 μM. CORM-3 solution was
made in twice-distilled water and further diluted. A total of 10
μL of Golgi-Nap-CORM-3 stock solution was added to 1.0 mL
of pH 7.4 phosphate buffer solution (10 mM) followed by the
addition of different volumes of CORM-3 solution. The
excitation wavelength was recorded at 430 nm, and the
collection wavelength range was from 450 to 700 nm. A slit

width of Ex/Em = 5/5 nm was set for all fluorescence spectral
measurements.

Cell Culture. HeLa and HepG2 cells were cultured in
Dulbecco’s modified Eagle medium including 10% fetal bovine
serum at 37 °C with 5% CO2 in a humidified atmosphere.

Cytotoxicity Assays. Cytotoxicity of probe was charac-
terized using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay. HeLa or HepG2 cells were seeded
into a 96-well plate at 3 × 103/well. They were cultured at 37
°C under 5% CO2 for 24 h. Then, the cells were treated with 1,
5, 10, 20, or 30 μM Golgi-Nap-CORM-3 for 4 h. MTT (5 mg/
mL in PBS) was added into each well and incubated for
another 4 h. Then, in DMSO (150 μL/well), formazan was
dissolved. The absorption was recorded at 490 nm. Before the
experiment, the HeLa cells were transferred to confocal dishes
for attachment and growth. The mixture was cultured at 37 °C
overnight; then, the original medium was removed and washed
with PBS twice. Then, Golgi-Nap-CORM-3 (10 μM) was
added in DMEM into the dish, and the cells were incubated at
37 °C under 5% CO2 for 1 h. After that, the cells were washed
with PBS to remove the residual probe, and the CORM-3
solution (50 μM) was added into the dishes. This was
incubated for another 1 h; then, the cells were washed with
PBS. A total of 500 nM Golgi Tracker Red was added to the
dish and incubated at 37 °C under 5% CO2 for 15 min.

Cell Treatment and Cell Imaging. For the exogenous
CO imaging in living cells, HeLa or HepG2 cells were
incubated with 10 μM Golgi-Nap-CORM-3 for 1 h at 37 °C;
then, the media were replaced with PBS buffer. The cells were
treated with different concentrations of CORM-3 (0, 20, 40,
60, and 80 μM) for 1 h. Before observation, the cells were
washed three times with PBS. The images were acquired with a
458 nm excitation and emission collection range of 481−580
nm.

Zebrafish Maintenance and Imaging. The wild-type
zebrafish larvae (purchased from Shanghai Fish Bio Co., Ltd.)
were incubated with E3 embryo medium at 28 °C. For
imaging, 3 day old larvae were transferred into a 6-well
microplate using a disposable transfer pipette. The larvae were
incubated with Golgi-Nap-CORM-3 (10 μM) for 1 h. Then,
the zebrafish was treated with CORM-3 (0 or 80 μM) for
another 1 h. Then, the zebrafish were anesthetized, and
zebrafish imaging was conducted on a confocal laser scanning
microscope. The images were acquired with a 458 nm
excitation and emission collection range of 481−580 nm.

■ RESULTS AND DISCUSSION
Spectral Response of Golgi-Nap-CORM-3 to CORM-3.

Using the Golgi-targetable fluorescent probe Golgi-Nap-
CORM-3, we first studied the sensing ability of Golgi-Nap-
CORM-3 with different concentrations (0−80 μM) of CORM-
3. First, the probe emitted a faint emission band at 520 nm due
to the strong electron-withdrawing ability of the nitro group.
Addition of increasing concentration of CORM-3, a new
emission band centered at 520 nm was generated obviously,
and the intensity increased with increasing concentration of
CORM-3 (Figure 1). When CORM-3 concentration increases
to 80 μM, and the signal enhancement occurred 32 times. The
inset of Figure 1 shows that the fluorescent intensity of Golgi-
Nap-CORM-3 at 520 nm improved linearly with CORM-3
ranging within 0.5−80 μM, and the probe detection limit for
CORM-3 was calculated to be 0.35 μM (3σ/slope). These
results show that Golgi-Nap-CORM-3 is a useful fluorescent

Scheme 1. Reaction Mechanism of the Probe Golgi-Nap-
CORM-3 for the Detection of CORM-3
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“turn on” probe with a high signal-to-noise ratio for the
CORM-3 detection. In addition, the optical response of Golgi-
Nap-CORM-3 to CORM-3 was examined by measuring its
absorption spectral changes. As shown in Figure S4, upon the
addition of CORM-3 to the probe Golgi-Nap-CORM-3, a new
red-shifted absorption band centered at 440 nm was
significantly generated.
To further explain the CORM-3-reponsive emission and

absorption spectral changes, we employed time-dependent
density functional theory (TD-DFT) to calculate the molecular
frontier orbit of the probe and separate components
(naphthalimide fluorophore, and nitro and amino groups)
using Gaussian 09 programs (B3LYP/6-31G). The highest
occupied molecular orbital (HOMO) and lowest occupied
molecular orbital (LUMO) were characterized on the probe
Golgi-Nap-CORM-3 and its amino product (Golgi-Nap-NH2).
As expected, the HOMO−LUMO energy gap of Golgi-Nap-
NH2 (3.52 eV) is smaller than that of the probe (3.96 eV)
(Figure 2A), which gave rise to the generation of a new red-
shifted absorption band because of the intramolecular charge
transfer (ICT) process activation. In addition, as shown in
Figure 2B, the LUMO energy level of the nitro moiety (−3.41
eV) is positioned between the HOMO (−6.86 eV) and
LUMO (−2.87 eV) energy levels of the naphthalimide
fluorophore, which results in that its fluorescence could be
quenched by a donor-excited photoinduced electron transfer
(d-PET) mechanism. Compared with the nitro group, the
LUMO energy level of the amino moiety increases to 0.06 eV,
which is higher than that of the naphthalimide moiety.
Accordingly, the reduction of nitro to amine on the compound
Golgi-Nap-CORM-3 could block the PET process and induce
fluorescence enhancement. Thus, the spectral response of the
probe toward CORM-3 is regulated by collaborative ICT and
PET mechanisms.38 In addition, the result of high-resolution
mass spectrometry indicated that the reaction of Golgi-Nap-
CORM-3 with CORM-3 yielded the amino product (Golgi-
Nap-NH2, HRMS: [M + H]+ calcd. 368.0705, found
368.0698) (Figure S5).
Furthermore, we investigated the Golgi-Nap-CORM-3

fluorescence selectivity toward various potentially activated
species. As illustrated in Figure 3, only CORM-3 could open
strong fluorescence emission; other biologically relevant
analytes, including reactive oxygen species, reactive nitrogen
species, reactive sulfur species, reducing species, common

cations, and common anions, had negligible interference in the
fluorescence of Golgi-Nap-CORM-3 under the same con-

Figure 1. Fluorescence spectra of Golgi-Nap-CORM-3 (10 μM) upon
incubation with a series of concentrations of CORM-3 (0, 0.5, 1, 5,
10, 20, 25, 35, 40, 50, 60, 70, and 80 μM, 37 °C) for 60 min. Inset: the
curve was plotted with the probe fluorescence intensity (FI) vs
CORM-3 concentration. λex = 430 nm.

Figure 2. Frontier orbital diagrams of (A) compounds Golgi-Nap-
CORM-3 and Golgi-Nap-NH2 and (B) separate naphthalimide, nitro,
and amino units.

Figure 3. Selectivity of Golgi-Nap-CORM-3 (10 μM) toward various
analytes (100 μM, except 500 μM Cys, Hcy and 1 mM GSH). (1,
Blank; 2, CORM-3; 3, H2O2; 4,

•OH; 5, 1O2; 6, ClO
−; 7, O2

•−; 8,
ONOO−; 9, NO; 10, GSH; 11, Cys; 12, Hcy; 13, H2S; 14, Vc; 15,
Fe2+; 16, Fe3+; 17, Cu2+; 18, Zn2+; 19, HCO3

−; 20, CO3
2−; and 21,

SO4
2−.) λex = 430 nm.
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ditions. Therefore, the probe Golgi-Nap-CORM-3 possessed
high selectivity to detect CORM-3.
To examine the practicability of the new probe (Golgi-Nap-

CO), the pH effect was also explored. As Figure S6 indicates,
without CORM-3, the free probe’s FI shows faint and stable
fluorescence emission with pH 5.5−8.0, showing that the pH
changes have little influences on the free probe, while upon
addition of CORM-3, the FI increased significantly, especially
under the physiological conditions (pH 7.4), which is key to its
biological application.
To further demonstrate the sensitivity of Golgi-Nap-CORM-

3 toward CORM-3, the time-dependent FI changes of Golgi-
Nap-CORM-3 reacting with CORM-3 at various concen-
trations (0, 20, 40, 60, and 80 μM) were checked, and the
results are displayed in Figure 4. Upon additions of increased

concentrations of CORM-3, the FI of Golgi-Nap-CORM-3 at
520 nm increased and reached a plateau after 60 min. Without
CORM-3, no obvious change in FI at 520 nm was observed. It
further proves that the probe Golgi-Nap-CORM-3 can
sensitively detect CORM-3. As additional controls, we added
CO gas to the probe solution and did not see any fluorescent
changes. We also detected the CORM-2-emissive response;
although the remarkable enhancement of fluorescent intensity
at 520 nm was generated, it is much weaker than that induced

by CORM-3 (Figure S7). Therefore, the probe Golgi-Nap-
CORM-3 exhibits better selectivity for CORM-3 over CORM-
2.

Cytotoxic Effect of Golgi-Nap-CORM-3. The cytotox-
icity of the probe Golgi-Nap-CORM-3 was evaluated before
imaging in living cells. The cytotoxicity of Golgi-Nap-CORM-3
was investigated in HeLa and HepG2 cells through MTT assay
(Figures S8 and S9). In addition, the visual maps to show the
cytotoxicity are shown in Figures S10 and S11. More than 85%
cell viability is found after the cells were incubated for 24 h
with different concentrations of Golgi-Nap-CORM-3 (0−30
μM). These results showed that Golgi-Nap-CORM-3 had low
cytotoxicity to cells under our experimental conditions.
Moreover, the n-octanol/water partition coefficient (log P) of
Golgi-Nap-CORM-3 was calculated as 2.61. This result
indicated that Golgi-Nap-CORM-3 has good cell permeability.

Colocalization Imaging in Living Cells. Due to the
phenyl sulfonamide moiety in Golgi-Nap-CORM-3, we
anticipated that the sensor has Golgi targeting properties.
Therefore, we performed the subcellular localization experi-
ment in HeLa cells to investigate whether the probe Golgi-
Nap-CORM-3 can selectively localize in the Golgi (Figure 5).
HeLa cells were coincubated with Golgi-Nap-CORM-3/
CORM-3 and Golgi Tracker Red (a commercial Golgi
tracker). The cells showed green fluorescence for the probe
(Figure 5a) and red fluorescence for Golgi Tracker Red
(Figure 5b). The merged image indicates that the probe
overlapped well with Golgi Tracker Red (Figure 5c). The cells’
bright field is shown in Figure 5d,e. In addition, the intensity
scatter plot has an excellent overlap and Pearson’s colocaliza-
tion coefficient (0.93, Figure 5f). According to reports in the
literature, COX-2 has been used as an excellent traceable
biomarker and exists maximally in the Golgi apparatus whether
the organelles are damaged or not. Therefore, the damaged or
nondamaged Golgi apparatus does not affect the target
function of the phenyl sulfonamide group. As designed, the
probe targeted the Golgi specifically.

Visualizing CORM-3 in Living Cells. Because of the
excellent performance of Golgi-Nap-CORM-3, the potential
applications of Golgi-Nap-CORM-3 for CO imaging in living
cells were studied. In Figure 6, when HeLa cells were stained

Figure 4. Time-dependent intensity of Golgi-Nap-CORM-3 (10 μM)
at 520 nm after addition of concentrations of CORM-3 (0, 20, 40, 60,
and 80 μM). λex = 430 nm.

Figure 5. Colocalization fluorescence images of HeLa cells coincubated with Golgi-Nap-CORM-3 (10 μM), CORM-3 (50 μM), and Golgi Tracker
Red (500 nM). (a) HeLa cells incubated with CORM-3 for 1 h, followed by treatment with Golgi-Nap-CORM-3 for 1 h in the green channel, λex =
458 nm, collected at 481−580 nm. (b) HeLa cells stained with Golgi Tracker Red (500 nM) for 0.5 h in the red channel, λex = 561 nm, collected at
580−620 nm. (c) Merged image of (a) and (b). (d) Bright-field image. (e) Merged image of (a)−(d). (f) Intensity scatter plot of the green channel
and the red channel. Scale bars are 20 μm.
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with only the probe, almost no fluorescence was found in the
green channel. However, when cells were exposed to increasing
concentrations of CORM-3 (20, 40, 60, and 80 μM), the cells
exhibited green fluorescence, and the FI was dose-related to
the CORM-3 concentration. In addition, as shown in Figure 6,
the fluorescence enhancement was observed for 1 h, which
suggests that Golgi-Nap-CORM-3 has good chemical stability
that can be used to monitor CORM-3 in living cells for a long
time and is not easily affected by metabolism. These data
displayed that our probe Golgi-Nap-CORM-3 has good
permeability. Similar results were also found in HepG-2 cells
(Figure S12). All of these data suggest that Golgi-Nap-CORM-
3 is sensitive to track exogenous CO.
Visualizing CORM-3 in Living Zebrafish. We further

explore the performance of Golgi-Nap-CORM-3 for detection
of CO in zebrafish models. When the zebrafish were stained
with only the probe Golgi-Nap-CORM-3 for 1 h, almost no
fluorescence signal was collected (Figure 7a), while after the
zebrafish were treated with 80 μM CORM-3 and then
incubated with Golgi-Nap-CORM-3, green fluorescence
increased obviously (Figure 7b,c), indicating that Golgi-Nap-
CORM-3 was organism-permeable and extraordinarily sensi-
tive for living sample imaging.

■ CONCLUSIONS

In summary, a readily available Golgi-targetable fluorescent
probe Golgi-Nap-CORM-3 for the imaging of CORM-3 was
developed. It exhibits excellent fluorescent response, such as

large coinduced signal enhancement (32-fold), a low detection
limit (0.35 μM), and high selectivity. The CORM-3 change in
HeLa cells, HepG2 cells, and zebrafish is also successfully
monitored using Golgi-Nap-CORM-3. This probe opened a
new way to produce an easily available Golgi probe for
visualization of CORM-3 in real time in a living system and
provides an effective method for deeper learning of the roles of
CORM-3, which is considered to be a potential new
antimicrobial agent, in physiological/pathological processes.
We expect Golgi-Nap-CORM-3 to become an important tool
for the exploration of ideal CO treatment drugs in future
medicine.
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