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Abstract

Foam cell formation of macrophages is a core pathological event in the progression of
atherosclerosis. Investigating the changes in active molecules during macrophage foaming
is critical for the early warning and mechanistic research of atherosclerosis. Superoxide
anion (O2

•−) and nitric oxide (NO) are two typical representatives of these active species;
evaluating the fluctuations of O2

•− and NO during macrophage foaming is vital for un-
derstanding the early diagnosis and pathological mechanisms of atherosclerosis. Herein,
we report a fluorescent probe for the detection of O2

•− and NO concentration changes
based on the quenching effect of the urea bond and trifluoromethanesulfonate group on
the fluorophore. MB-ROS features favorable sensitivity, selectivity and biocompatibility,
enabling imaging of O2

•− and NO fluctuations in macrophages. It was further validated
in ox-LDL-stimulated foam cell models to visually track abnormal ROS/RNS changes
during foam formation. This work offers a reliable chemical imaging tool to uncover redox
imbalance underlying early atherosclerotic macrophage foaming.

Keywords: targeted probes; foam cell formation of macrophages; superoxide anion;
nitric oxide

1. Introduction
Atherosclerosis (AS) is a pathological process of cardiovascular diseases characterized

by lipid deposition in arterial walls, chronic inflammatory responses and plaque formation,
which serves as a critical pathological basis for severe cardio-cerebrovascular events such
as coronary heart disease and stroke [1,2]. The occurrence and progression of AS involve
multiple pathological factors, including lipid metabolism disorder, inflammatory cell
infiltration and vascular redox microenvironment imbalance [3]. Among these pathological
events, the uptake of oxidized low-density lipoprotein (ox-LDL) by macrophages and
subsequent foam cell formation represent the key event for early plaque formation and
disease progression of AS [4,5]. Therefore, the development of analytical tools capable
of real-time monitoring the changes in key bioactive molecules during the macrophage
foaming process is of great significance for revealing the early pathological mechanism of
AS and evaluating disease progression.
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Macrophage foaming is a process accompanied by continuous amplification of ox-
idative stress and inflammatory signals [6]. During this process, abnormal generation
of reactive oxygen species (ROS) and reactive nitrogen species (RNS) will disrupt intra-
cellular redox homeostasis and further promote lipid accumulation and inflammatory
responses [7–9]. Superoxide anion (O2

•−) is a pivotal member of ROS, which participates
in the regulation of inflammation-related signaling pathways such as NF-κB and plays
an essential role in the amplification process of oxidative stress [10–13]. As a critical RNS,
nitric oxide (NO) can regulate vascular tone, inhibit platelet aggregation and maintain
vascular microenvironment homeostasis under physiological conditions [14,15]. Neverthe-
less, during the process of ox-LDL stimulation and macrophage foaming, the abnormal
elevation of NO is closely correlated with inflammatory activation, enhanced oxidative
stress and foam cell formation [7,16–18]. More importantly, O2

•− and NO do not exist
independently, and their synergistic variations directly reflect the ROS/RNS imbalance
state in macrophages [19,20]. Accordingly, achieving simultaneous and real-time visualized
detection of O2

•− and NO is of great value for in-depth understanding of the redox process
during macrophage foaming and tracking disease progression.

Fluorescent probes possess multiple superior properties, including high sensitiv-
ity, high spatiotemporal resolution, biocompatibility and suitability for living cell imag-
ing, which have emerged as vital analytical tools for investigating the variations in ac-
tive molecules in complex biological systems. At present, most fluorescent probes ap-
plied in macrophage foaming research focus on the detection of single active species,
which are difficult to comprehensively reflect the correlated variations between ROS and
RNS [21–24]. In addition, single-response signals are susceptible to non-specific interference
in the complex cellular microenvironment, which may impair the accuracy and reliability
of detection results. In contrast, dual-response fluorescent probes can monitor two key
molecules in the same system, which not only contributes to the improvement of detec-
tion efficiency but also can provide more comprehensive pathological information [25,26].
Therefore, the detection of O2

•− and NO alterations during macrophage foam cell forma-
tion is of critical significance for in-depth elucidation of the intracellular redox process in
foam cell formation and tracking the progression of related pathological conditions.

On this basis, this work designs and synthesizes a dual-response fluorescent probe
named MB-ROS, which is applied for the simultaneous detection of O2

•− and NO during
the macrophage foaming process. The probe adopts naphthalimide and methylene blue as
the respective responsive fluorescent units for O2

•− and NO, which are connected through
a urea bond to realize independent fluorescent responses towards the two active species.
MB-ROS exhibits sensitivity, selectivity and biocompatibility, which can be applied for the
detection of the level variations in O2

•− and NO in macrophages. Furthermore, the probe
has been successfully applied in the ox-LDL-induced macrophage foaming model, realizing
visualized monitoring of the abnormal variations in ROS/RNS during the foaming process.
This study provides an effective chemical imaging tool for elucidating the redox imbalance
process related to macrophage foaming in the early stage of AS.

2. Materials and Methods
2.1. Materials and Instruments

All reagents were of analytical grade. Common reagents and solvents were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) Triphos-
gene and di-tert-butyl dicarbonate were obtained from Shanghai Aladdin Biochem-
ical Technology Co., Ltd. (Shanghai, China) N-Boc-ethylenediamine, 4-bromo-1,8-
naphthalic anhydride, N-hydroxysuccinimide, trifluoroacetic acid and methylene blue
were supplied by Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China) N-
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phenylbis(trifluoromethanesulfonimide) was purchased from Shanghai Bide Pharmatech
Co., Ltd. (Shanghai, China) 2-Methoxyestradiol was obtained from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China) Carboxy-PTIO was supplied by Shanghai Beyotime
Biotechnology Co., Ltd. (Shanghai, China) Cell Counting Kit-8 (CCK-8) assay reagent was
purchased from MedChemExpress (Shanghai, China). Fluorescence spectra were measured
using a Hitachi F-4700 fluorescence spectrophotometer.

2.2. In Vitro Fluorescence Response Assay

Fluorescence spectra were measured using a Hitachi F-4700 fluorescence spectropho-
tometer. For NO detection, the excitation wavelength (λex) was set at 620 nm, and the
emission scanning range was configured from 660 to 800 nm. For O2

•− detection, the
excitation wavelength (λex) was set at 450 nm, with the emission scanning range adjusted to
500–700 nm. The selectivity data were calculated by the formula F/F0, where F represents
the fluorescence intensity of the tested sample and F0 denotes the fluorescence intensity
of the blank sample. All measurements were performed in at least three independent
replicates, and the results are presented as mean ± standard deviation (SD) (n = 3).

2.3. Cellular Fluorescence Imaging

Cellular fluorescence imaging was acquired on a Leica confocal microscope (Leica-
STELLARIS 5, Wetzlar, Germany). Prior to all imaging operations, the cells were rinsed
three times with PBS, and fluorescence imaging was performed under the microscope
equipped with a 20× objective lens. For the immunofluorescence assay, after incubation
with 60 µg/mL ox-LDL for 48 h, the cells were fixed with 4% paraformaldehyde fixative,
permeabilized with Triton X-100 permeabilization solution, and blocked with immunofluo-
rescence blocking buffer. The corresponding primary antibodies against CD36 and CD68
were added, respectively, and the cells were incubated at 4 ◦C overnight. Subsequently,
the cells were incubated with FITC-conjugated and Cy3-conjugated secondary antibody
dilutions at room temperature for 2 h. After adding DAPI-containing anti-fade mounting
medium, the cells were incubated at room temperature for 10 min, and fluorescence imag-
ing was carried out on the confocal laser scanning microscope. All imaging experiments
were repeated three times independently, and the quantitative results are presented as
mean ± standard deviation (SD) (n = 3).

2.4. Synthesis of Probe MB-ROS

Under a nitrogen atmosphere, compound 4 (0.39 g, 1 mM), compound 5 (0.35 g, 1 mM)
and anhydrous sodium carbonate (0.42 g, 4 mM) were dissolved in 15 mL of anhydrous
N,N-dimethylformamide (DMF). The reaction mixture was stirred at 35 ◦C for 6 h. After the
reaction was completed, the insoluble precipitate was removed by filtration. The resulting
filtrate was extracted with ethyl acetate and deionized water, and the organic solvent was
subsequently removed via rotary evaporation. The crude product was purified by TLC
(DCM:CH3OH = 50:1, v/v). HRMS (ESI): calculated for C32H28F3N5O6S2 [M + Na]+ m/z
722.1331, found m/z 722.1304. 1H NMR (400 MHz, Chloroform-d) δ 8.69 (d, J = 7.1 Hz, 1H),
8.62 (d, J = 8.2 Hz, 1H), 8.41 (d, J = 8.4 Hz, 1H), 7.95–7.90 (m, 1H), 7.73 (d, J = 8.1 Hz, 1H),
7.13 (d, J = 8.8 Hz, 2H), 6.61 (s, 2H), 6.52 (d, J = 8.2 Hz, 2H), 5.34 (t, J = 5.5 Hz, 1H), 4.36 (t, J
= 5.6 Hz, 2H), 3.65 (q, J = 5.6 Hz, 2H), 2.89 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 162.69,
162.01, 155.09, 148.15, 147.81, 133.06, 131.52, 130.36, 128.60, 127.63, 127.31, 126.14, 125.91,
123.78, 122.01, 121.73, 119.27, 117.90, 116.08, 110.28, 109.85, 39.69, 39.08, and 38.38.

3. Results and Discussion
In this study, a fluorescent probe, MB-ROS, was designed and synthesized for the

simultaneous detection of the changes in O2
•− and NO levels in the macrophage foaming
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model (Figure 1a). The detailed synthetic route is illustrated in Figure S1. All key intermedi-
ates and the final target product have been systematically characterized and confirmed via
1H Nuclear Magnetic Resonance (1H NMR), 13C Nuclear Magnetic Resonance (13C NMR)
and High-Resolution Mass Spectrometry (HRMS) (Figures S2–S9). MB-ROS consists of
three functional moieties, where methylene blue serves as the fluorophore for NO detection
and 1,8-naphthalimide acts as the recognition fluorophore for O2

•−. The two independent
fluorophores are covalently connected through a urea linkage, enabling the simultaneous
and separate detection of O2

•− and NO, respectively.

Figure 1. Photophysical properties of the as-synthesized MB-ROS probe. (a) Schematic illustration of
the chemical structure and response mechanism of MB-ROS. (b) Fluorescence response of the probe
towards gradient concentrations of O2

•−. (c) The linear correlation between O2
•− concentration and

the fluorescence intensity of MB-ROS at 565 nm. (d) The selectivity of the probe for O2
•− detection

at the emission wavelength of 565 nm. (e) Fluorescence response of the probe towards gradient
concentrations of NO. (f) The linear correlation between NO concentration and the fluorescence
intensity of MB-ROS at 695 nm. (g) The selectivity of the probe for NO detection at the emission
wavelength of 695 nm.
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In this work, the photophysical properties of the probe MB-ROS were systematically
investigated at first. Under simulated physiological conditions, the in vitro fluorescence
response performance of MB-ROS was comprehensively tested. After adding MB-ROS
at a final concentration of 10 µM into PBS buffer solution, O2

•− solution with gradient
concentrations ranging from 0 to 20 µM was introduced sequentially. The fluorescence
emission of MB-ROS at 565 nm exhibited a concentration-dependent gradual enhance-
ment, with the maximum fluorescence enhancement amplitude reaching up to 100-fold
(Figure 1b). Subsequently, the detection capability of MB-ROS towards NO was evaluated
under identical experimental conditions. After the addition of NO solution with gradient
concentrations from 0 to 45 µM, the fluorescence signal of MB-ROS at 695 nm increased
progressively in a dose-dependent manner, achieving a maximum enhancement of 43-fold
(Figure 1e). In addition, to verify the independent detection of the two channels of MB-ROS
for O2

•− and NO, we verified the detection capability of MB-ROS for O2
•− and NO via

a two-dimensional calibration matrix and sequential experiments (Figures S10 and S11).
These preliminary results demonstrate that the as-prepared probe possesses detection
performance towards both O2

•− and NO in vitro.
Further quantitative investigation verified that MB-ROS exhibits favorable linear

fluorescence responses for the detection of O2
•− and NO simultaneously. The fluorescence

intensity of MB-ROS at 565 nm showed a well-defined linear increasing trend with the
elevation of O2

•− concentration. The corresponding linear regression equation was fitted
as F565 nm = 104.40 [O2

•−] + 12.68, with a linear correlation coefficient of 0.9982, and
the limit of detection (LOD) was calculated to be 67 nM (Figure 1c). Meanwhile, the
fluorescence intensity at 695 nm presented a positive linear correlation with the increasing
NO concentration, with the linear equation determined as F695 nm = 42.78 [NO] + 180.24,
a linear correlation coefficient of 0.9953, and a corresponding limit of detection of 66 nM
(Figure 1f). These results collectively confirm that MB-ROS possesses extremely high
sensitivity towards both O2

•− and NO.
To systematically evaluate the detection specificity of MB-ROS towards O2

•− and
NO in complex biological matrices ranging from living cells to in vivo systems, the anti-
interference performance of the probe was characterized under simulated physiological
conditions. A series of coexisting components, including various amino acids, biologically
relevant metal ions, and other reactive oxygen species and reactive nitrogen species, were
separately introduced into PBS solutions containing MB-ROS. After the addition of these
interfering substances, fluorescence signal variations at 565 nm and 695 nm could only be
triggered by the presence of O2

•− and NO, respectively, while all other tested components
induced negligible changes to the intrinsic fluorescence of the probe (Figure 1d,g). The
results demonstrate that MB-ROS possesses the capability for selective detection of O2

•−

and NO. Furthermore, the probe exhibits operational stability for O2
•− and NO detection

under physiological conditions, with its fluorescence intensity remaining nearly unchanged
over a continuous monitoring period of 1800 s (Figure S12). All these in vitro characteriza-
tion results collectively confirm the reliable sensing performance of MB-ROS for the two
target analytes.

In view of the in vitro detection performance of MB-ROS for O2
•− and NO, the

cytotoxicity profile of the probe was comprehensively assessed via CCK-8 assay prior
to cellular imaging experiments to guarantee the validity and reliability of subsequent
fluorescence imaging tests. RAW 264.7 macrophages were incubated with MB-ROS at
gradient concentrations spanning 0 to 80 µM. After 24 h of incubation, the cell viability
remained higher than 80% (Figure S13). This result demonstrates that the MB-ROS probe
possesses biocompatibility.
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To further verify that the MB-ROS probe can detect O2
•− and NO at the cellular

level, confocal fluorescence imaging was performed on RAW 264.7 cells. 2-ME can elevate
intracellular O2

•− levels by inhibiting the activity of superoxide dismutase (SOD) [27].
After incubating RAW 264.7 cells with 3 µg/mL 2-ME, the fluorescence intensity in the
green channel increased by approximately 3.56-fold compared with the control group
(Figure 2a,c). These results demonstrate that MB-ROS is capable of detecting the variation
in O2

•− at the cellular level. Subsequently, to validate the capability of the probe for
monitoring NO changes in living cells, confocal fluorescence imaging of RAW 264.7 cells
was carried out. After stimulation with 50 µM NO, the fluorescence intensity in the red
channel increased by approximately 3.29-fold (Figure 2b,d). To further verify the selective
NO detection performance of the probe at the cellular level, Carboxy-PTIO, a specific
NO scavenger, was employed to eliminate intracellular NO [28]. After Carboxy-PTIO
treatment, the fluorescence intensity in the red channel decreased by approximately 5.28-
fold compared with the NO-stimulated group. These results demonstrate that the MB-ROS
probe can effectively detect the fluctuation of NO at the cellular level (Figure 2b,d).

Figure 2. Fluorescence imaging experiments at the cellular level. (a) Confocal fluorescence imaging
of MB-ROS for detecting endogenous O2

•− in RAW 264.7 macrophages under 2-ME stimulation.
(b) Confocal fluorescence imaging of MB-ROS for detecting NO in RAW 264.7 macrophages under
exogenous NO stimulation. (c) Fluorescence intensity output of the O2

•− channel in panel (a).
(d) Fluorescence intensity output of the NO channel in panel (b). Scale bar = 20 µm.
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To validate the successful establishment of the macrophage foam cell model, the
intracellular ROS level in the foam cell model was detected using the DCFH-DA probe,
and the expression changes in CD68 and CD36 were characterized via immunofluorescence
staining [29,30]. After incubation with 60 µg/mL ox-LDL, the fluorescence intensity of ROS
in the foam cell model increased by 4.17-fold compared with the control group (Figure 3a,b).
Under the same 60 µg/mL ox-LDL treatment, the expression level of CD68 in the foam
cell model was approximately 1.87 times higher than that of the control group, while the
expression level of CD36 increased by about 2.1-fold relative to the control (Figure 3c–f).
These results confirm that the macrophage foam cell model was successfully constructed.

Figure 3. Fluorescence imaging of ox-LDL-induced macrophage-derived foam cells. (a) Fluorescence
imaging of total ROS in foam cells stained with DCFH-DA probe. (b) Quantitative fluorescence
intensity analysis corresponding to the imaging groups in panel (a). (c) Immunofluorescence co-
staining imaging of CD36 (lipid scavenger receptor) and DAPI (nuclear marker) in foam cells.
(d) Immu-nofluorescence co-staining imaging of CD68 (macrophage-specific marker) and DAPI
(nuclear marker) in foam cells. (e) Quantitative fluorescence intensity analysis corresponding to
the imaging groups in panel (c). (f) Quantitative fluorescence intensity analysis corresponding to
the imaging groups in panel (d). (g) Simultaneous dual-channel fluorescence imaging of the level
variations in O2

•− and NO in foam cells labeled with MB-ROS probe. (h) Fluorescence intensity
output of the O2

•− channel in panel (g). (i) Fluorescence intensity output of the NO channel in panel
(g). Scale bar = 20 µm.
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Subsequently, to investigate the changes in O2
•− and NO levels during the macrophage

foam formation process, RAW 264.7 cells were stimulated with 60 µg/mL ox-LDL for 48 h,
and the alterations of intracellular O2

•− and NO levels were detected using the MB-ROS
probe. After 48 h of ox-LDL stimulation, the fluorescence intensity in the O2

•− detec-
tion channel increased by approximately 5.98-fold, and the fluorescence intensity in the
NO detection channel increased by about 4.04-fold, compared with the normal group
(Figure 3g–i). These findings demonstrate that MB-ROS is capable of evaluating the varia-
tions in O2

•− and NO levels during the progression of macrophage foam cell formation.

4. Conclusions
In this work, a novel dual-response fluorescent probe, MB-ROS, was successfully

synthesized for the simultaneous detection of level variations in O2
•− and NO during

the macrophage foaming process. Under simulated physiological conditions, MB-ROS
exhibits high comprehensive sensing performance towards O2

•− and NO, including high
sensitivity, specificity and photostability. In the ox-LDL-induced macrophage foaming
model, significant upregulation of both O2

•− and NO levels was clearly visualized with
the assistance of MB-ROS. This specific probe provides a critical visualized analytical
tool for revealing the alteration of oxidative stress status in the pathological progression
of macrophage foaming. Therefore, MB-ROS serves as a reliable chemical imaging plat-
form for in-depth mechanistic investigations of redox imbalance during the macrophage
foaming process.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/targets4030027/s1. Figure S1. Synthetic route of MB-ROS;
Figure S2. The High-Resolution Mass Spectrum of Compound 1; Figure S3. The High-Resolution
Mass Spectrum of Compound 2; Figure S4. The High-Resolution Mass Spectrum of Compound 3;
Figure S5. The High-Resolution Mass Spectrum of Compound 4; Figure S6. The High-Resolution
Mass Spectrum of Compound 5; Figure S7. The High-Resolution Mass Spectrum of Compound
6; Figure S8. 1H NMR spectrum of MB-ROS; Figure S9. 13C NMR spectrum of MB-ROS; Figure
S10. Two-dimensional calibration matrix of MB-ROS; Figure S11. Fluorescence response spectra
of MB-ROS after sequential addition of O2

•− followed by NO. (a) Fluorescence response spec-
trum of MB-ROS toward O2

•−. (b) Fluorescence response spectrum of MB-ROS toward NO;
Figure S12. Time-dependent fluorescence intensity changes of MB-ROS. (a) Timecourse variations
of fluorescence intensity of MB-ROS before and after reaction with O2

•−. (b) Time-dependent
fluorescence intensity changes of MB-ROS before and after reaction with NO; Figure S13. Cell via-
bility of RAW 264.7 cells after incubation with MB-ROS at concentrations ranging from 0 to 50 µM;
Table S1. Summary of O2

•−-responsive optical probe; Table S2. Summary of NO-responsive
optical probe.
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