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The precise detection of atherosclerosis has been a research hot point since its importance in the diagnosis of
cardiovascular diseases. Here we synthesized a near-infrared fluorescent probe AS-CN with a D — & — A structure,
enabling independent dual-response determination of hypochlorous acid (HOCI) and viscosity during AS pro-
gression. The performance of this probe is excellent, with large Stokes shift, low detection limit, high sensitivity,
and good biocompatibility. The simultaneous variations of HOCI and viscosity during the formation of foam cells

were successfully investigated for the first time. Especially, we further applied it to achieve the non-invasive in
vivo detection in the atherosclerotic mouse and realized the evaluation of atherosclerosis from chemical (ROS)
and physical (viscosity) dimensions, respectively. We hope that AS-CN acts as a potent tool in the detection of

atherosclerosis.

1. Introduction

According to the latest survey report, 523 million people worldwide
suffered from cardiovascular diseases (CVDs). Even more alarming is
that about 18.6 million of them have been threatened with death, which
accounts for one-third of the total number of deaths in the world [1-3].
Atherosclerosis (AS) is one of the most common CVDs and even a key
contributing factor to many diseases of other systems, such as peripheral
arterial disease, coronary artery disease, cerebrovascular diseases,
neurodegenerative diseases, et al. [2,4,5]. It is worth noting that the
progression of the lesion can reduce blood flow in the lumen by more
than 50%, and even when the plaque sloughs off it can also lead to a
variety of fatal symptoms including myocardial infarction and stroke
[6]. Therefore, efficient treatment of AS is of great significance. The

imaging methods currently available for clinical diagnosis of AS mainly
include magnetic resonance imaging (MRI), computed tomography
(CT), and ultrasound (US), but these methods only provide anatomical
and physiological information. This makes AS undetectable until qual-
itative lesions in the arterial lumen are observed. In contrast, detection
of AS at its early stage can contribute to a timely intervention and
improve the treatment efficiency. Therefore, novel detection tools for
precise detection of AS at the early stage are urgently demanded [4,7],
albeit a big challenge.

The pathogenesis of atherosclerosis is mainly related to persistent
inflammation and increased dyslipidemia [5]. Among them, the oxida-
tion of low-density lipoprotein cholesterol (LDL-c) is considered to be
one of the most important leading causes in the occurrence and devel-
opment of AS [8-10]. When the concentration of LDL-c is continuously
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higher than the physiological level, LDL accumulates in the arterial in-
tima, and the LDL infiltrating the intima is converted into oxidized low-
density lipoprotein (ox-LDL) through oxidative modification, which is
further processed by macrophages or epithelial phagocytosis to form
foam cells, an indicator of early AS lesion [2,11,12]. The resulting foam
cells accumulate in the intima of the blood vessel, and their migration is
inhibited, thereby generating the lipid-rich center (necrotic core) of the
atherosclerotic plaque by binding to cholesterol and necrotic cell debris
[8,13-15]. It is worth mentioning that recent studies have shown that AS
may also be a mitochondrial disease and mitochondrial dysfunctions are
regarded as one of the primary factors contributing to the formation of
foam cells [16,17]. Especially, mitochondria have emerged as a poten-
tial therapeutic target for AS [17]. Therefore, developing precise and
sensitive tools to detect mitochondrial dysfunctions should aid in the
diagnosis and mitochondria-targeted therapy for AS.

Owing to its non-invasive, real-time and high-resolution imaging
ability, fluorescence imaging has become a powerful tool in biomedical
imaging [18-24], and a hand of fluorescence sensors for AS imaging has
been presented [25-32]. However, most of these probes were used to
monitor AS symptoms through targeting lipid droplets [27-30], and
quite a few of them were applied for in vivo imaging due to the short
emission wavelength. In addition, compared with sensors for single
analyte, those for two or more analytes can provide more information
about AS pathology, and improve the diagnosis precision [33]. Recently,
Tang group reported the first fluorescent sensor based on MOFs that
could simultaneously detect two analytes (pH and phosphate) during AS
progression, while its in vivo imaging was not still realized [26].
Accordingly, it is necessary yet challenging to develop a fluorescent
probe that can respond to multiple targets in mitochondria with dia-
critical emission wavelengths and the probe will be extremely preferable
if it is applicable to in vivo imaging. AS occurrence is tightly associated
with inflammation [5]. Along with the initiation of inflammation, an
oxidative stress in mitochondria is usually accompanied, leading to
upregulated level of reactive oxygen species (ROS) [16]. Meanwhile,
mitochondrial viscosity has been confirmed to be elevated under in-
flammatory stimulation [34]. Therefore, during AS formation, both
chemical (ROS) and physical viscosity changes are expected. As a result,
a fluorescent probe that can simultaneously monitor ROS and viscosity
changes in mitochondria should be of great potential for precise
assessment of AS progression from chemical and physical dimensions
since it will provide more comprehensive and informative knowledge
about AS pathogenesis.

2. Experimental section
2.1. Synthesis of probe AS-CN

The synthesis and characterization of the probe AS-CN was outlined
in Scheme S1. The Suzuki coupling reaction between p-bromophenyla-
cetonitrile and pyridine-4-boronic acid over a palladium salt catalyst
gave the initial intermediate 1 in a yield of 88%. Next 1 and 2 were
condensed under KOH condition to afford another intermediate com-
pound 3 with a yield of 95%. Finally 3 (108 mg, 0.25 mmol) and ethyl
iodide (44 pL, 0.55 mmol) were dissolved in 3 mL of anhydrous CH3CN.
The mixture was heated to reflux at 85 °C for 13 h. The reaction was
monitored by TLC. After the reaction was completed, the solvent was
evaporated. The crude product was subjected to column chromatog-
raphy using dichloromethane/MeOH = 50:1 (v/v) as the eluent, and
probe AS-CN was obtained as a deep-red powdery solid (145 mg, yield:
98%). 'H NMR (600 MHz, DMSO-dg), 6 9.15 (d, J = 7.1 Hz, 2H), 8.59 (d,
J=7.1 Hz, 2H), 8.24 (d, J = 8.7 Hz, 2H), 8.13 (s, 1H), 7.98 (d, J = 8.6
Hz, 2H), 7.90 (dd, J = 8.9, 2.2 Hz, 1H), 7.79 (d, J = 2.1 Hz, 1H), 7.23
(ddd, J = 8.3, 7.3, 1.6 Hz, 1H), 7.20 — 7.15 (m, 2H), 7.08 (dd, J = 8.3,
1.1 Hz, 1H), 6.99 (td, J = 7.5, 1.1 Hz, 1H), 4.64 (q, J = 7.3 Hz, 2H), 4.00
(q,J = 7.0 Hz, 2H), 1.58 (t, J = 7.3 Hz, 3H), 1.34 (t, J = 6.9 Hz, 3H); 1°C
NMR (150 MHz, DMSO-dp), § 153.93, 147.19, 145.15, 143.58, 143.28,

Chemical Engineering Journal 464 (2023) 142687
2 N
|
Jen
CLIo™
C
N N wl
) AS-CN-O

HOCI sensing site

{Foam cell imaging
1In vivo AS detection !

viscosity sensing site

wiscosity AN
SUs
CrE
3

Scheme 1. Design strategy of probe AS-CN and its schematic response mech-
anism to HOCI and viscosity.

138.08, 133.85, 130.48, 129.45, 128.55, 128.27, 128.03, 127.68,
126.97, 124.91, 123.82, 123.05, 122.04, 118.58, 116.39, 115.83,
106.10, 56.08, 42.11, 16.84, 12.99. HRMS (ESI): m/z 460.1842; M1+
found: 460.1863.

2.2. Establishment of AS mouse models

The 8-week-old apolipoprotein E-deficient (ApoE-/-) mice for
atherosclerosis are fed with a high-fat diet for 12 weeks, and C57BL/6
mice of the same sex and age were used as controls. We performed right
carotid artery ligation in mice after 10 weeks of high-fat diet feeding to
increase the inflammation of the right carotid artery. After 2 weeks, the
mice were injected with the probe AS-CN through the tail vein, and
imaged by a small animal in vivo imaging system after 60 min. After 8
weeks of ApoE /" mice on a high cholesterol diet, colchicine treatment
(0.25 mg/kg body weight) was started once daily for more than four
weeks, then imaged the bilateral carotid arteries of mice using AS-CN.

3. Results and discussion
3.1. Design of probe AS-CN

Our group for the first time suggested that excessive HOCI is defi-
nitely produced in mitochondria along with the AS progression in
macrophages using a fluorescent probe AS-CIO [32]. However, its
emission wavelength located around 520 nm is too short for in vivo
imaging. To solve this obstacle, we strive to modify a new desirable
probe for the simultaneous in vivo detection of HOCI and viscosity.
Phenothiazine (PTZ) unit is retained as it is an excellent responsive site
for HOCI [35]. A molecular rotor 4-(4-(1-cyanovinyl)phenyl)-1-meth-
ylpyridinium (CPP) is introduced to the 3-position of PTZ to enable the
probe with viscosity sensing performance [36]. The crucial pyridinium
moiety can not only improve the water solubility of AS-CN, but also
deliver the probe to mitochondria owing to its inherent positive charge.
A strong intramolecular charge transfer (ICT) photophysical process
from PTZ to pyridinium is expected to facilitate a near-infrared (NIR)
emission of the probe under viscous condition, and the cyano group will
amplify the ICT effect. Meanwhile, under HOCI oxidation, AS-CN is
converted into AS-CN-O, which shows a blue-shifted yet red emission,
thus realizing the discriminative detection of HOCI and viscosity in vitro
and in vivo (Scheme 1).

3.2. Spectroscopic properties

The spectral responses of AS-CN in different solvents were investi-
gated, including methanol, ethanol, acetonitrile, dichloromethane, N, N-
dimethylformamide, CHCl3, acetone, and glycerol. As shown in Fig. 1A,
the probe showed negligible emission in the range of 480-850 nm in
solvents with different polarity, while an obvious emission band around
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Fig. 1. Optical response of AS-CN to viscosity. (A) Fluorescence spectra of AS-CN (10 uM) in different organic solvents. (B) Fluorescence intensity of AS-CN at 710
nm in different organic solvents. (C) Fluorescence spectra of AS-CN in MeOH with increasing fractions of glycerol. (D) Linear response between fluorescence intensity

1710 and viscosity. Aex = 460 nm. Aep, = 710 nm, slit width: 5 nm/5 nm.

710 nm was observed in glycerol, a highly viscous solvent. Compared
with its emission in MeOH, the probe’s fluorescence intensity at 710 nm
in glycerol increased by 22 times (Fig. 1B). This result suggests that AS-
CN could serve as a viscosity-sensitive indicator. Furthermore, the op-
tical behaviors of the probe to viscosity were evaluated. Solvents with
different viscosity were obtained by mixing increasing fractions of
glycerol in MeOH, with viscosity ranging from 1.2 (0% glycerol) to 450
cP (90% glycerol) [37]. As depicted in Fig. 1C and D, the probe barely
fluoresced in MeOH, which is due to the non-radiative decay induced by

free

intramolecular motion (rotation, vibration, etc.). When the viscosity
increased to 25.2 cP, an emission peak around 750 nm appeared. Then,
the emission peak hypochromatically shifted to 710 nm along with the
elevation of viscosity. Interestingly, the absorption spectra of the probe
displayed minute variations to increasing glycerol proportions (Fig. S1),
implying that the probe does not aggregate in viscous condition.
Therefore, the intensity enhancement of AS-CN induced by glycerol is
ascribed to the restriction of intramolecular motion in viscous condition
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Fig. 2. Optical response of AS-CN to HOCI. (A) Fluorescence spectrum of AS-CN (10 pM) before and after addition of various reactive species. (PBS, pH 7.2-7.4, 10
mM). (B) The intensity changes of AS-CN before and after addition of various reactive species, and the color of the solution after adding different reactive oxygen
species and AS-CN. (C) UV-vis spectrum of AS-CN (10 pM) toward various concentrations of CIO™ in 20% EtOH solution. (PBS, pH 7.2-7.4, 10 mM). (D) Fluorescence
of spectra AS-CN (10 uM) toward various concentrations of ClO™ in 20% EtOH solution. (PBS, pH 7.2-7.4, 10 mM). (E) Linear relationship between the fluorescence
intensity Isgz of AS-CN (10 pM) and the concentrations of CIO™ (1.0-10 pM). (F) Time-dependent kinetic measurement of the fluorescent response to ClIO~ (50 pM) of

AS-CN (10 pM). rex = 395 nm, Aeyy = 593 nm, slit width: 3 nm/3 nm.
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Fig. 3. Response of AS-CN to exogenous HOCI in RAW264.7 cells. (A) RAW264.7 cells were treated with 0-50 pm NaOCl for 30 min, then treated with AS-CN (10
pM) for 30 min, and imaged under a laser confocal microscope. Aex = 405 nm, Aey, = 500-600 nm. Scale bar: 20 pm. (B) Normalized average fluorescence intensity of
AS-CN. Data are mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. Analyzed cells were obtained from three replicates.

rather than the formation of aggregates, although CPP could facilitate
aggregation-induced emission [36]. To further validate the importance
of CPP unit, the fluorescence spectra of compound 3, an analogue which
has no positive charge on pyridine unit, were inspected in different
solvents. As shown in Fig. S2, compound 3 emitted faint to bright
fluorescence in different solvents with emission peaks ranging from 600
to 630 nm. Especially, its emission intensity in glycerol was weaker than
that in most solvents. Therefore, the positive charge of CPP unit is
crucial not only for the viscosity sensing performance of AS-CN, but also
for its NIR emission at 710 nm because of its stronger ICT effect. It
should be noted that the viscosity scope tested above covers the viscosity
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range in cancer cells [38], which is critical for the following bioimaging
experiments.

Subsequently, the sensing performance of AS-CN to HOCI was
measured. First, the absorption spectra of the probe were recorded in the
presence of common ROS (H,0z, ONOO™, 03, ‘BuOOH, eOH, and
ClO"), reactive sulfur species (Sz’, SO%’, HSOg3, SZO%’, and szo%*),
biothiols (homocysteine (Hcy) and cysteine (Cys)). As shown in Fig. S3,
AS-CN displayed two main absorbance bands at 335 and 450 nm. When
ClO™ was added to the probe solution, the two absorption peaks dis-
appeared, and a new strong absorbance at 400 nm was generated along
with a color change from yellowish-brown to light yellow (Fig. 2B),

Fig. 4. Response of AS-CN to endogenous HOCI and
viscosity in RAW264.7 cells, respectively. (A)
RAW264.7 cells were treated with LPS (1 pg/ml) for 6

159 h, then treated with AS-CN (10 pM) for 30 min and
a imaged under a confocal laser. Aexy = 405 nm, Aey =
:[ 500-600 nm. (B) Normalized average fluorescence
104 intensity in A. (C) RAW264.7 cells were first treated
with nystatin (10 pM) for 6 h, then AS-CN (10 pM) for
30 min and imaged by confocal laser. Aey = 445 nm,
Aem = 690-790 nm. (D) Normalized average fluores-
5 cence intensity in C. Data are mean + SEM. ** p <
0.01, *** p < 0.001. Analyzed cells were obtained
from three replicates. Scale bar: 20 pm.
o
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Fig. 5. Fluorescence imaging of changes in HOCI and viscosity levels during foam cell formation by AS-CN. (A) The first row: the red fluorescence channel image of
HOCI imaging; the second row: the blue fluorescence channel image of viscosity imaging; the third row: cell brightfield image; the fourth row: the three overlay
images. (B) Normalized average fluorescence intensity of AS-CN. Data are mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. Analyzed cells were obtained from
three replicates. Red channel: Ay = 405 nm, Aey = 500-600 nm; Blue channel: Aoy = 445 nm, Aey, = 690-790 nm. Scale bar: 20 pm.

suggesting a reaction between the probe and CIO™. By contrast, the
addition of the other reactive species caused little changes in the spectra,
indicating the high selectivity of the probe to CIO™. To validate the re-
action mechanism between AS-CN and HOCI, their reaction mixture was
subjected to HRMS analysis. It can be seen that an ion peak at m/z =
476.1802 appeared in the MS spectrum, which is corresponding to AS-
CN-O (Fig. S4). Therefore, the blue shift of the absorption from 450 to
400 nm was ascribed to the reduced ICT effect by oxidation of PTZ unit,
as reported by others [35]. Afterwards, the emission profiles of the
probes were also examined. As exhibited in Fig. 2A, the probe emitted no
fluorescence in aqueous solution probably due to the potent ICT effect
[39]. Upon addition of C10™, a 73-fold intensity enhancement at 593 nm
was observed, which might be owing to the reduced ICT effect after
oxidation of PTZ unit, and the fluorescence color was changed from dark
to orange. Other reactive species triggered neglectable spectral varia-
tions except that ONOO™ induced a 7-fold increase in the strength.
Considering the very short physiological half-life (<10 ms) of ONOO™
[40], we still believe that the probe is highly selective for HOCIL.
Furthermore, the emission responses of the probe to various metal ions
were checked, and no interference was found (Fig. S5). Notably, the
emission wavelength of AS-CN-O at 593 nm is markedly resolved from
that of AS-CN in glycerol, which is essential for the dual-channel
detection of HOCI and viscosity.

Then the optical response of AS-CN toward HOCI was tested in detail.
Upon continuous addition of NaOCl, the absorbance bands of the probe
at 335 and 450 nm decreased gradually, and a prominent peak at 400
nm was augmented (Fig. 2C). In parallel, the emission intensity at 593
nm was dramatically enhanced and plateaued after 14 equiv. of NaOCl
was added (Fig. 2D). A good linearity was calibrated between the in-
tensity at 593 nm and the concentration of HOCI in the range of 1.0-10
pM (R? = 0.9948) (Fig. 2E), and a low detection of limit was calculated
to be 12 nM accordingly, suggesting a superb sensitivity of the probe. In
order to further explore the reaction time between HOCI and the probe,
10 equiv. of HOCI was spiked into the probe solution, and the fluores-
cence intensity rose sharply within a few seconds, signifying a rapid
response of the probe to HOCI (Fig. 2F).

3.3. Intracellular imaging of HOCI and viscosity

After demonstration of the desirable sensing performance of AS-CN
toward HOCI and viscosity, we intended to utilize the probe for further
imaging tests. To verify whether the probe AS-CN can be used for bio-
logical detection, we selected HeLa cells and RAW 264.7 cells for MTT
biotoxicity assessment before bioimaging. After the cells were incubated

with the probe for 24 h, their viability remained higher than 80% even
when the concentration of the probe reached 100 pM, (Fig. S8), showing
that AS-CN displays low cytotoxicity. Next, the ability of AS-CN to
detect exogenous and endogenous HOCI in living cells was investigated.
RAW264.7 cells were firstly pretreated with different concentrations of
NaOCl (0, 10, 20, 30, 40, 50 uM) for 30 min, and then incubated with the
probe (10 pM) for another 30 min. It can be observed that in the emis-
sion window of 500-600 nm, neglectable light could be monitored in the
cells only treated with probe. Along with the gradual increment of
exogenous HOCI concentration, the red fluorescence signal in cells was
enhanced stepwise (Fig. 3), suggesting that AS-CN can respond sensi-
tively to exogenous HOCI in living cells. Additionally, when RAW264.7
cells were stimulated by lipopolysaccharide (LPS, an inflammation
inducer), an obvious elevation of HOCI level was found by virtue of the
probe (Fig. 4A), indicating the capability of the probe to measure
endogenous HOCI in cells. Similar results were also obtained in HeLa
cells (Fig. S9 and S10). Notably, in LPS-treated living cells, bright
fluorescence signals can be recorded in every cell, implying superb cell
membrane permeability of the probe. Considered in concert, AS-CN is
quite suitable for monitoring exogenous and endogenous HOCI in
different kinds of cells. Subsequently, the optical response of AS-CN to
intracellular viscosity changes was inspected. Briefly, RAW264.7 cells
were pre-treated with nystatin for 6 h before incubation with the probe
since nystatin can induce viscosity upregulation in cells [41]. In Fig. 4C,
in normal cells, little fluorescence was observed in the emission window
of 690-790 nm, suggesting a low-viscosity microenvironment. However,
dramatically intensified fluorescence was visualized in nystatin-treated
cells, indicating the reinforced intracellular viscosity. The same phe-
nomena were achieved in HelLa cells (Fig. S10). These results showed
that AS-CN could be used to illustrate viscosity variations in living cells.

According to the above imaging results, we can observe that the
fluorescence of the probe mainly centered outside nucleus. Taking into
account of the positively charged pyridinium group of AS-CN, the probe
was speculated to accumulate in mitochondria. Therefore, the locali-
zation of AS-CN in cells was verified. nystatin-stimulated RAW264.7
cells and HeLa cells were incubated with AS-CN and a commercial
mitochondrial tracking probe (Mito-Tracker Green, MTG), respectively.
As expected, the fluorescence of AS-CN and MTG were well overlapped,
and their Pearson‘s correlation coefficients in both cell types were
calculated as 0.86 and 0.87, respectively, which indicated that AS-CN
was primarily localized in mitochondria (Fig. S11).
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significance. Analyzed cells were obtained from three replicates. Red channel: Ay = 405 nm, Ay = 500-600 nm; Blue channel: Aey = 445 nm, Aey, = 690-790 nm.

Scale bar: 20 pm.

3.4. Imaging HOCI and viscosity in foam cells

After confirming the excellent sensing performance of AS-CN toward
HOCI and viscosity in separate channels, we aimed to use the probe for
AS detection. As reported, a hallmark feature of AS is the appearance of
foam cells, which are formed by phagocytosis of lipids by macrophages
or smooth muscle cells, accompanied by an inflammatory response [12].
As a result, detection of HOCI and viscosity changes in foam cells is of
great potential for diagnosis of early AS. For this purpose, RAW264.7
was firstly treated with ox-LDL to form foam cells and a commercial dye
Nile Red was exploited to validate the formation of foam cells. Using the
live cell workstation, we continuously photographed the process of
phagocytosis of ox-LDL by RAW264.7 cells for 72 h. The results showed
that the fluorescence of Nile Red began to increase after adding ox-LDL
at the 6th hour, and leveled off within 24 h, identifying the successful
construction of foam cells(Fig. S12). Afterwards, ox-LDL-stimulated
RAW264.7 cells were cultured with AS-CN, and the fluorescence sig-
nals from both HOCI and viscosity channels were collected dynamically.

As depicted in Fig. 5, with the prolonging incubation time, fluores-
cence intensities in both channels were progressively enhanced, and
plateaued within 24 h, which is consistent with the formation duration
of foam cells. The results showed that during the progression of foam
cells, HOCI level and viscosity in mitochondria are concurrently
elevated, and these two markers share a consistent development trend.

A ASR (ligation) Normal

Epi-fluorescence

As noticed in the emission spectra of AS-CN in the presence of HOCI,
feeble off-peak fluorescence beyond 690 nm was measured, which might
induce false positive signal in viscosity channel in the above experi-
ments. In order to get deeper insight of such case, RAW264.7 cells were
incubated with 4-aminobenzoic acid hydrazide (ABAH, an inhibitor of
MPO enzyme) before ox-LDL treatment. As shown in Fig. 6, ox-LDL-
treated cells exhibited strong fluorescence in both HOCI and viscosity
channels. In contrast, fluorescence in HOCI channel was apparently
attenuated in ABAH-pretreated cells while that in viscosity channel
barely varied. The results suggested that the probe could sensitively
detect variations in HOCI level and viscosity in a dual-channel mode,
and interference between the two channels can be neglected. Hence, the
probe is applicable to detect AS progression more precisely using HOCIL
and viscosity as biomarkers simultaneously.

3.5. In vivo experiments of AS-CN

In view of the exciting success of the above results, we intended to
exploit the probe for further the clinical application in in vivo AS
detection. First, AS model was established in apolipoprotein E-deficient
(ApoE’/ 7) mice fed with a high-fat diet for 12 weeks, and C57BL/6 mice
of the same sex and age were used as controls [42,43]. The right carotid
artery ligation in mice at the 10th week of high-fat diet was carried out
to strengthen the inflammation in the right carotid artery [44]. After

Fig. 7. Application of AS-CN in mice. (A) Noninva-
sive small animal in vivo fluorescence imaging of the
left and right carotid arteries of the ligated AS mice

10- * % HOCI and the carotid arteries of the healthy control group.
_ J 1 Viscosity  (B) Average fluorescence intensity of AS-CN in fig. A.
8 %‘ 8 I Kk k Data are mean + SEM. ** p < 0.01, *** p < 0.001, ns:
T S | — no statistical significance. Analyzed cells were ob-
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Fig. 8. (A) CD45 immunofluorescence staining of carotid artery sections and (B) the normalized average fluorescence intensity of CD45. (C) Fluorescent imaging of
the HOCI (red) and viscosity (cyan) channels of AS-CN and (D) the normalized average fluorescence intensity of AS-CN. Data are mean + SEM, P < 0.05 is considered

significant. ** p < 0.01,

p < 0.001, ns no statistical significance. Analyzed cells were obtained from three replicates. CD45 channel: Aoy = 561 nm, Aep = 570-650

nm; DAPI channel: Aex = 364 nm, Aey = 400-500 nm HOCI channel: Aex = 405 nm, Aey, = 500-600 nm; Viscosity channel: Ay = 445 nm, Aey = 690-790 nm. Scale

bars on zoom images are 15 pm.

another 2 weeks of high-fat diet, the mice were injected with the probe
AS-CN through the tail vein and imaged by a small animal in vivo im-
aging system after 60 min.

Before dual-channel imaging, the successful construction of the AS
model in mice was verified by detected the blood lipid concentrations
and Oil Red O staining (Fig. S13). Apparent lipid accumulation-induced
obstruction in carotid artery sections was observed, suggesting the for-
mation of AS. Afterwards, the fluorescence intensity from two channels
of mouse carotid artery was collected. Compared with the control mice,
the fluorescence intensity from HOCI channel was significantly
enhanced in both of the right and left carotid arteries of ApoE/~ mice.
Similar phenomena were visualized from viscosity channel (Fig. 7).
Notably, as inflammation in the right carotid artery was amplified due to
ligation, the HOCI level in there was obviously higher than that in the
left carotid artery (Fig. 7B), suggesting HOCI level can reflect the degree
of inflammation. By contrast, the viscosity in the bilateral carotid ar-
teries kept almost the same.

In order to further explore the response otherness of HOCI and vis-
cosity, tissue sections of the bilateral carotid arteries from mice in each
group were acquired and subjected to immunofluorescence staining of
CD45, a common marker of white blood [45]. As exhibited in Fig. 8A
and B, on one hand, the expression of CD45 in the carotid arteries of
ApoE /™ mice was obviously upregulated compared with that in normal
ones, confirming the inflammation in AS mice. On the other hand, the
expression of CD45 in the ligated right carotid artery is visibly higher
than that in the left carotid artery, confirming the enhanced inflam-
mation in the right carotid artery due to ligation. Meanwhile, the HOCI
level and viscosity also increased in the atherosclerotic artery sections,
and their variation tendencies were identical with the in vivo imaging
results. Accordingly, the HOCI upregulation in ApoE /'~ mice is tightly
associated with CD45 expressions, i.e. the degree of inflammation, while
viscosity as a physical variable might only respond to the lipid accu-
mulation. It might be due to the fact that inflammation change is tran-
sient, while lipid accumulation is slowly progressed. In other words,
ligation in the right carotid artery for 2 weeks apparently intensified its
inflammation degree, but not promoted its lipid accumulation. As a
result, we believe that HOCI and viscosity can act as the potential bio-
markers for evaluating AS progression from different dimensions, i.e.
chemical and physical, and the probe AS-CN serves as the first example
for this purpose.

At present, anti-inflammatory therapy is opening up new ways to
treat AS, yet it has not been formally accepted for clinical use [42,46].
Therefore, an efficient tool for assessing the treatment efficacy of anti-
inflammatory drugs for AS treatment is of great significance. Thus, we
attempted to utilize AS-CN to evaluate the efficacy of anti-inflammatory
treatment in AS mice. Current research suggests that colchicine acts as

an anti-inflammatory agent, and its anti-inflammatory activity for AS
has been inspected in various clinical and experimental trials, which is
likely to become a first-line treatment for AS and other cardiovascular
inflammatory diseases in the future [47]. After 8 weeks of ApoE_/ ~ mice
on a high cholesterol diet, colchicine treatment (0.25 mg/kg body
weight) was started once daily for more than four weeks [48], then
imaging of the bilateral carotid arteries of AS mice was performed after
injection with AS-CN. It should be noted that without ligation treatment,
the approximate HOCI levels were recorded in the bilateral carotid ar-
teries from ASmice. Moreover, there were no significant changes in the
fluorescence intensities from the viscosity and HOCI channels between
the colchicine-treated mice and the untreated AS mice (Fig. S14). This
might be owing to the fact that a single anti-inflammatory treatment
cannot effectively reduce the degree of AS. Anyway, this method can be
used to indirectly evidence the treatment efficacy of colchicine in AS
mice.

4. Conclusion

In summary, we propose a non-invasive detection approach using a
dual-channel fluorescent probe AS-CN, to identify the degree of AS in
vivo by detecting viscosity in a physical dimension and HOCI expression
in a chemical dimension, respectively. Its fluorescence emission wave-
length in response to viscosity is at 710 nm, and the fluorescence
gradually increases with the increase of viscosity; the enhanced fluo-
rescence response wavelength of HOCI is at 593 nm and has a superb
sensitivity with the detection limit to be 12 nM. AS-CN not only has
excellent performance in ordinary cell experiments, but also showcases
feasibility for dynamically monitoring foam cell formation in two
channels, which is extremely important for understanding underlying
mechanism of atherosclerotic diseases at cellular level.
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