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The majority of atherothrombotic events (e.g., cerebral or myocardial infarction) often occur as a result of
plaque rupture or erosion in the carotid, and thereby it is urgent to assess plaque vulnerability and predict
adverse cerebrovascular events. However, the monitoring evolution from stable plaque into life-threatening
high-risk plaque in the slender carotid artery is a great challenge, due to not enough spatial resolution
for imaging the carotid artery based on most of reported fluorescent probes. Herein, copolymerizing with
the small molecules of acceptor-donor-acceptor-donor-acceptor (A-D-A’-D-A) and the electron-donating
units (D’), the screened second near-infrared (NIR-11) nanoprobe presents high quantum yield and good
stability, so that it enables to image slender carotid vessel with enough spatial resolution. Encouragingly,
NIR-II nanoprobe can effectively target to intraplaque macrophage, meanwhile distinguishing vulnerable
plaque in carotid atherosclerosis in living mice. Moreover, the NIR-Il nanoprobe can dynamically monitor
the fresh bleeding spots in carotid plaque, indicating the increased risk of plaque instability. Besides,
magnetic resonance imaging is integrated with NIR-Il fluorescence imaging to provide contrast for subtle
structure (e.g., narrow lumen and lipid pool), via incorporating ultrasmall superparamagnetic iron oxide
into the NIR-Il nanoprobe. Thus, such hybrid NIR-II/magnetic resonance imaging multimodal nanoprobe
provides an effective tool for assessing carotid plaque burden, selecting high-risk plaque, and imaging
intraplaque hemorrhage, which is promising for reducing cerebral/ myocardial infarction-associated
morbidity and mortality.
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Introduction

Adverse cardiovascular event is one of the leading causes of
death and permanent disability worldwide [1]. Notably, stroke
is one of the most frequent manifestations of atherosclerosis
and the third leading cause of death after ischemic heart disease
and cancer [2]. Approximately 80% of all strokes are ischemic,
and embolus arises from carotid atherosclerotic plaques [3].
The damaged plaque can trigger embolism in downstream
blood vessels and induce cerebral infarctions [4]. Even though
not all carotid atherosclerotic plaques may appear symptoms
or lead to stroke, those advanced atherosclerotic lesions are
more dangerous [5]. Especially, the stenosis in internal carotid
artery is considered to be a higher risk for cerebral ischaemia,
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when it exceeds 70% narrowing of lumen section [6]. Moreover,
the cholesterol deposition [7], inflammation [8], and increased
neovascularization [9] play a major role in the rupture of
advanced lipid-rich atherosclerotic lesions, which result in an
increased risk of cerebrovascular events. Thus, the identifica-
tion of stable plaque and plaque erosion would be a benefit for
reflecting plaque burden and vulnerability in the atheroscle-
rotic lesion, which therefore is important for risk warning,
informing clinical treatment, and ultimately developing pre-
ventive pharmacotherapy to stabilize plaque and improve
patient outcomes [10].

To determine whether patients are required to undergo
carotid intervention in current clinical practice is to observe the
clinical features combined with the degree of carotid stenosis [11].
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However, it is a great challenge to obtain accurate prediction
about arteriosclerosis progression, plaque burden, and espe-
cially plaque vulnerability, based on conventional angiography
and ultrasonography [5]. Currently, medical imaging such as
computed tomography, positron emission tomography, and
magnetic resonance angiography can be employed to detect
the emergence or location of plaques [12]. However, those
imaging technologies usually seem helpless to report plaque
inflammation, and intraplaque hemorrhage (IPH) (especially
for carotid artery) that is regarded as important signals for
high-risk plaque and may be prone to cause ischemic stroke
and thrombotic complication [13].

Molecule fluorescent probes can utilize biomarkers and
metabolites to report and assess disease progression in biolog-
ical specimens [14]. Recently, various near-infrared fluorophores,
such as porphyrin (e.g., Ce 6) [15], cyanine (e.g., indocyanine
green [ICG]) [16], Bodipy [17], or aggregation-induced emis-
sion [18] based organic dots have been reported for imaging
carotid atherosclerotic plaques (Table S1). However, most
of those probes were only employed for imaging the excised
carotid plaque tissues, because the short wavelength of fluores-
cence emission (less than 900 nm) and strong autofluorescence
of mice hampered the imaging depth in living mice [16,19].
Although several probes were able to image the plaques in vivo,
those images still suffered from poor spatial resolution due to
the serious photon scattering, which make them difficult to
well distinguish plaques in carotid artery in living mice [20].
Thus, it is highly desirable to develop novel imaging technology
to assess plaque burden and identify vulnerable plaque in
carotid artery, thereby enabling risk stratification to guide clin-
ical decision-making.

Interestingly, second near-infrared (NIR-II, 1,000 to 1,700 nm)
fluorescence imaging provides unique advantages such as weak
autofluorescence, good spatial resolution, and deeper pene-
tration into biological tissues [21]. Unfortunately, rare NIR-II
fluorescent probes have been developed for accurately and
dynamically imaging vulnerable plaque in carotid until now.
Herein, we designed a series of semiconducting polymers
via copolymerizing with the small molecules of acceptor-
donor-acceptor-donor-acceptor (A-D-A'-D-A) and different
electron-donating-abilities units (D') including thiophene,
benzodithiophene, and dithiophene-substituted benzothi-
adiazole, respectively. Notably, the absorption and emission
of materials could be finely tuned by the introduction of dif-
ferent copolymerization unit to obtain high quantum yields
(QYs). Then, we constructed NIR-II fluorescent nanoprobes
via nanoprecipitation of various semiconducting polymers.
Based on the molecular engineering strategy, NIR-II fluores-
cent nanoprobes exhibited good fluorescence stability and
strong brightness, so that they were able to image vessels with
good spatial resolution and high signal-to-background ratio.
Due to the good surface modification, NIR-II nanoprobes
presented the improved biocompatibility and extended blood-
circulation time, which enabled the continuous monitoring
of plaque.

Within atheromatous plaques, macrophages are the first
group of cells to invade early arterial lesions, thereby trans-
forming into culprit foam cells and forming atheroma [22].
Subsequently, those inflammatory mediators and reactive oxy-
gen species released by neutrophils and lymphocytes play piv-
otal roles to determine catastrophic thrombotic complications
of atherosclerosis (i.e., plaque rupture or erosion and in turn
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infarction and ischemic stroke) [23]. Considering macrophage
as an ideal target for assessing plaque burden, the visualization
of intraplaque macrophage via NIR-II fluorescence is expected
to be a promising approach [24]. Notably, the as-prepared
NIR-II nanoprobe enabled to target inflammatory macrophage
within atherosclerotic plaque, presenting the differential signal
in carotid artery between healthy mice and mice bearing
carotid atherosclerosis or carotid atherosclerosis with acute
pneumonia. Furthermore, NIR-II nanoprobes could well image
IPH in carotid plaques. Thus, such NIR-II nanoprobe demon-
strated the capability for imaging vulnerable atherosclerotic
plaques in carotid artery and IPH.

Since magnetic resonance imaging (MRI) can provide excel-
lent complementary information on the vessel lumen and vessel
wall [22,24,25], we integrated NIR-II fluorescence imaging with
MRI via incorporating ultrasmall superparamagnetic iron
oxide (SPIO) into NIR-II fluorescent nanoprobes. Such a hybrid
NIR-II/MRI multimodal nanoprobe was capable of identifying
plaques in carotid artery. Interestingly, subtle structures within
lesion could be well distinguished along with the enrichment
of NIR-II/MRI nanoprobes within plaque, including narrow
lumen and lipid pool. Thus, the integration of NIR-II fluores-
cence and MRI presented a high specificity of functional
imaging and high resolution of structural imaging in carotid
atherosclerosis (Fig. 1).

Results

Molecular engineering and synthesis of

semiconducting polymers

We employed the polymerization strategy to extend the
n-conjugation of molecules and improve luminance and stability.
Firstly, the heptacyclic-fused-ring core (D-A’-D) was conjugated
with a strong electron-withdrawing unit (A, dicyanovinylin-
danone), resulting in acceptor-donor-acceptor-donor-acceptor
(A-D-A’-D-A) molecule with intense intramolecular charge
transfer (ICT) effect. Then, 3 kinds of semiconducting polymers
were synthesized via copolymerization of A-D-A'-D-A molecule
and various donor units (i.e., thiophene, benzodithiophene, or
dithiophenbenzothiadiazole), namely, NIR-1, NIR-2, and NIR-3
respectively (Fig. 2A). By introducing a copolymerization unit
(D') to form an A-D-A’-D-A-D' structure, the multiple ICT was
realized, narrowing the band gap of those semiconducting
polymers (Fig. S1 and Table S2).

The synthetic routes and chemical structures of those semi-
conducting polymers were depicted in Fig. 2A. The synthesis
of polymers began with compound 1. The aldehyde group was
introduced into the a-position of the thiophene unit by the
Vilsmeier-Haack reaction to give compound 2. Aromatic alde-
hydes reacted with active methylene (compound 3) to form
monomer 1 (M1) with a knoevenagel reaction. Finally, the
corresponding polymers were obtained by Stille reaction
between M1 and different copolymerization units including
monomer 2 (M2), monomer 3 (M3), or monomer 4 (M4),
respectively. We provided 'H nuclear magnetic resonance spec-
troscopy for those compounds and semiconducting polymers
as shown in Figs. S2 to S6. Furthermore, the density functional
theory calculation of NIR-1 showed that the highest occupied
molecular orbital (HOMO) was delocalized on the fused
molecule core, and the lowest unoccupied molecular orbital
(LUMO) was delocalized across the backbone. Due to the
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Fig. 1. Hybrid SPNs for noninvasive time-lapse imaging of carotid atherosclerosis progression in C57BL/6 male mice via NIR-Il fluorescence and MRI, which is promising for
assessing and monitoring the high-risk pathological changes within carotid atherosclerotic plaque in living body.

multiple ICT, the separation of HOMO-LUMO occurred,
extending absorption wavelength (Fig. 2C).

We investigated the optical properties of those semiconduct-
ing polymers in the organic solvent. As shown in Fig. 2D, the
maximum absorption peaks of those polymers in toluene were
around 780 to 800 nm, during which NIR-1 showed the highest
absorption peak. Those polymers showed strong fluorescence
emission from 900 to 1,100 nm, where NIR-1 displayed the
strongest fluorescence intensity (Fig. 2E). The QYs of these
polymers in toluene were determined to be 3.35%, 2.17%, or
3.32% for NIR-1, NIR-2, or NIR-3, respectively, using IR26 in
1,2-dichloroethane (QY = 0.05%) as reference (Table S3).

Construction of NIR-1I fluorescent semiconducting

polymer nanoparticles

To improve the biological safety and circulation time in blood, we
converted the semiconducting polymers into semiconducting
polymer nanoparticles (SPNs) via DSPE-PEG,,, using the
nanoprecipitation method (Fig. 2B and Fig. S7). Typically,
SPNs(NIR-1) was found to be roughly spherical shape as con-
firmed by a transmission electron microscope (TEM) (Fig. 2H),
with dynamic light scattering size of 43 to 50 nm (Fig. S8) and
exhibited an excellent colloidal stability within 21 d in water,
1 X phosphate-buffered saline buffer, 0.9% saline solution, and
cell culture medium containing 10% fetal bovine serum (Fig.
S9). The absorption peaks of SPNs(NIR-1), SPNs(NIR-2), and
SPNs(NIR-3) (10 pg/ml) were 780, 830, and 800 nm, respec-
tively (Fig. 2F). Interestingly, these SPNs exhibited color

Xu et al. 2023 | https://doi.org/10.34133/research.0186

variation from gray green, pale green, to pale blue (Fig. 2F,
inset). Moreover, SPNs(NIR-1), SPNs(NIR-2), and SPNs(NIR-3)
(10 pg/ml) showed strong fluorescent emission from 900 to
1,100 nm, where SPNs(NIR-1) presented the highest fluores-
cent peak (Fig. 2G).

To investigate NIR-II fluorescent performance of those
SPNs, ICG was used as a reference (Fig. 2I to L). SPNs(NIR-1)
in water displayed the strongest fluorescence intensity, which
is 2.55-fold, 2.94-fold, or 5.72-fold that of SPNs(NIR-2),
SPNs(NIR-3), or ICG, with the same concentration (50 pg/ml),
respectively, under excitation of 808 nm (Fig. 2I and J).
Moreover, the fluorescent intensity of SPNs(NIR-1) increased
as the concentration of SPNs(NIR-1) increased from 10 to
100 pg/ml (Fig. S10 and Fig. 2K). Furthermore, those SPNs
exhibited slight attenuation of fluorescence after continuous
irradiation of 808-nm laser, while the fluorescence of ICG
was greatly attenuated (Fig. S11 and Fig. 2L). Considering the
strongest fluorescence signal and robust fluorescence stability,
SPNs(NIR-1) was chosen for the later experiment.

Construction of NIR-Il /MRI hybrid nanoparticles

Firstly, SPIO nanoparticles were synthesized using the pyrolysis
method in the organic solvent [26]. The representative TEM
image displayed monodispersion nanoparticles with average
size of about 3 nm in the dry state (Fig. S12). To integrate
multimodal NIR-II fluorescence/MRI, hybrid semicon-
ducting polymer nanoparticles @ superparamagnetic iron
oxide (SPNs(NIR-1)@SPIO) were prepared via the 1-step
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nanoprecipitation method (Fig. 2B). TEM images showed that
ultrasmall iron oxide nanoparticles were embedded into SPNs

Then, the longitudinal (r,) and transversal (r,) relaxivities of
SPNs(NIR-1)@SPIO were measured in solution via a Bruker

(Fig. 2M). Dynamic light scattering size displayed the average

hydrodynamic size was about

58 nm (Fig. S13).

Minispec MQ60 nuclear magnetlc resonance analyzer. r, was

measured to be 17.544 mM~

, while r, was calculated to be

A
CaHy c.Hg oN [
£, ey NIR-I \
/> Compound 3 ot imaging InGaAs
CiaHas f . j CriHas cﬁunrsflfQMic"Hu Br Crikzs detector
CnHu \,csuu POC' oHe CsHu CsHu cHo CHC" pyridine Nc\ e 808-nm
CgHy7CgHy7 c CgHy7CgHy7 d2 NC' N Laser
m nd 1 ompoun
Compound 4 + MRI
A)D|(A) DA -
.S
0 1 ! vl NN ( )
D, 15n@5n: D, —S“llf)_@_(,l @ SPNs(NIR-1) !
g2 : M4 5" £ A
NIR-1 M1 L NIR-2 M1 NIR-3 @ SPNs(NIR-1)@Fe;0, e
Pd(Phj3),, toluene Pd(Ph;),, toluene Pd(Ph3),, toluene
C,Hy CaHo C4Hy @
C2Hg CaHs M Nanoprecipitation
CyH G H. CiiHas Ci1Hz3 NIR-1 1
e ey DSPE-PEG
NC S’C'Hi’ Y con NE ) CsHu{ \,csn‘3
NOSOFS Gtcd ST en  NSTET ey XY CHy - ®
CH,
NIR-1 NIR-2 o Fe304 Nanoprecipitation‘
"  @[b/@ D@ D] > * — @
A)|D|(A)|D|(A D] CoHs A D (A) DA D' NIR-1 DSPE-PEGy,
C4Hg
C -4 D E F G
% 0.0 40k 03 40k
i a s —_NIR1 - — SPNs(NIR-1) . — SPNs(NIR-1)
g 3 ‘}‘,",‘{ 3 __NIR-2 = SPNs(NIR-2) £ — SPNs(NIR-2)
S «%aq, ¥ O e o 006] __ NR3 5 30k — SPNs(NIR-3) 5 SPNs(NIR-3)
a “ote 2% 2 € 5 0.2 <
2ot Tt 2 ‘9 3 Q
4 9% 2 0.04 Q 20k 2 © 20k
™ b4 5] 2 @
173 8 a Q
ots 2 2 <01 3
o g P, 0.02 5 10k 5
P9 El
g i,.o"a 2% &‘ 2 [ |
T oy’ *poe 0.00 0 0.0 0
PR e s, , 450 600 750 900 900 1,050 1,200 600 800 1,000 820 1,000 1,200
RO Tags. Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)
H | J K L
24k 21k 1.2
> > >
o) B ® -4
G 18k{ T S S \ TTe-stso,
SPNs(NIR-2) 1cG ,g £ £og|
SPNs(NIR-3) © ° s \ NIR-1
SPNs(NIR-1) \ O 12k o 3] \ +-NIR-2
, 3 3 S \ =-NIR-3
) 2 2 7k S 04 \ --1CG
g 6k ¥ 5 g '
=] =]
i | ™ LT:. L . -
0 0
WRA) WR2), (RS 10 20 40 60 80 100 0 30 60 90 120
gPNsgprspnst lco Concentration (ug/ml) Irradiation time (s)
(0] P
Fe(mM) o 01 02 03 04
LT 3
r;=17.544 mM s’ Q % ; Vs
£ E :
= =
=
/o =

0 0.1
Fe concentration (mM)

0.7

Fig.2.Molecular engineering and synthesis of semiconducting polymers and characteristics of NIR-Il fluorescent or NIR-Il/MRI hybrid nanoparticles. (A) The synthetic routes
for NIR-1, NIR-2, or NIR-3. (B) The preparation of SPNs(NIR-1) and SPNs(NIR-1)@ SPIO and diagram of NIR-Il or MR imaging. (C) The density functional theory molecular orbital
plots of NIR-1. (D) Absorption spectra of NIR-1, NIR-2, and NIR-3 in toluene. (E) Emission spectra of NIR-1, NIR-2, and NIR-3 in toluene. (F) Absorption spectra of SPNs(NIR-1),
SPNs(NIR-2), and SPNs(NIR-3) in water (10 pg/ml). Inset indicated aqueous solutions of SPNs(NIR-1), SPNs(NIR-2), and SPNs(NIR-3). (G) The emission spectra of SPNs(NIR-1),
SPNs(NIR-2), and SPNs(NIR-3) in water. (H) Representative TEM image of SPNs(NIR-1). (1) NIR-Il images of SPNs(NIR-1), SPNs(NIR-2), SPNs(NIR-3), and ICG (10 pg/ml)
under excitation of 808 nm (1 W/cm?). (J) The NIR-Il fluorescence intensity from (1). (K) Fluorescence intensity of SPNs(NIR-1) under 808-nm laser irradiation (1 W/cm?) for
different concentrations (10 to 100 pg/ml). (L) The quantized NIR-II fluorescence intensity of SPNs(NIR-1), SPNs(NIR-2), SPNs(NIR-3), and ICG (10 pg/ml) under 808-nm laser
irradiation (1W/cm?) for different times. (M) Representative TEM image of SPNs(NIR-1)@SPI0. (N) The r, (1/T,) and r, (1/T,) water proton spin relaxivities of SPNs(NIR-1)@SPIO.
(0) T,WI images of SPNs(NIR-1)@SPIO at different Fe concentrations (mM) using a 7.0-T MRI scanner. (P) NIR-II fluorescence imaging of SPNs(NIR-1)@SPIO.
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0.452mM"'s™", yielding an r,/r, ratio of 38.8 (Fig. 2N). Next, the
aqueous solution of SPNs(NIR-1)@SPIO was scanned by 7-T
MRI scanner. From both T,-weighted MR images, the images
became gradual darkness, indicating negative contrast (Fig. 20).
As concentration increased, both T,- and T,-weighted MRI sig-
nal intensities of SPNs(NIR-1)@SPIO gradually decreased (Fig.
S14). Besides, NIR-II images of SPNs(NIR-1)@SPIO showed that
the NIR-II fluorescent signal increased with increasing concen-
tration (Fig. 2P and Fig. S15). Those results suggested the poten-
tial of SPNs(NIR-1)@SPIO for dual-modality MR and NIR-II
fluorescence imaging.

NIR-1l fluorescence imaging and MRI of carotid

atherosclerosis plaque
To prepare atherosclerotic plaque in left carotid artery (LCA),
the LCA of C57BL/6 adult male mice was ligated, followed by 8
weeks of high-fat feed (Fig. 3A). The hematoxylin-eosin (H&E)
staining images verified that the atherosclerotic plaques were
formed locally in LCA, while the undisturbed right carotid artery
(RCA) remained patency and plaque-free (Fig. 3B). To identify
the localization and detail in plaque lesion, the C57BL/6 mice were
administered with SPNs(NIR-1) or SPNs(NIR-1)@SPIO via intra-
venous injection, and then NIR-II fluorescence imaging and MRI
of carotid atherosclerosis mice, respectively, was performed.
From whole-body NIR-II fluorescence images, we observed
clear vasculature throughout whole body; large and medium blood
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vessels in the torso and limbs of mice, indicating the good res-
olution for SPNs(NIR-1) as NIR-II probes (Fig. S16). We
detected carotid arteries in the supine position and lateral
saphenous vein in prone position (Fig. S17). These results
demonstrated good spatial resolution of SPNs(NIR-1) for
NIR-II fluorescence imaging of vascular system in vivo. The
atherosclerosis mice bearing plaque in LCA was also intrave-
nously injected with SPNs(NIR-1). Importantly, we noted the
fluorescent intensity of LCA was higher than that of RCA, con-
firming SPNs(NIR-1) was accumulated into plaque in LCA
after SPNs(NIR-1) intravenous injection (Fig. 3C and D and
Fig. S18).

To explore MRI imaging of carotid atherosclerosis plaque,
the atherosclerosis mice bearing plaque was intravenously
injected with SPNs(NIR-1)@SPIO. Here, we collected consec-
utive T,-weighted images (T, WI) of cervical region in the trans-
verse direction to recognize detail of carotid arteries, and 2
random nonconsecutive sections were analyzed (Fig. 3E and
F). The enrichment of SPNs(NIR-1)@SPIO in LCA might help
recognize plaque lesion via comparing pre- (green circles) and
postinjection (orange circles) images. From 2 sections T,WI
image at 24 h post injection, the lipid pool in plaque (white
arrows) became slightly darkness (orange circle), in contrast to
that of preinjection (green circles) (Fig. 3E and E inset). The
results of previous studies suggested that quantitative evaluation
using the plaque/muscle ratio index 7E)anel had a probability to
predict the risk of carotid plaque.””) By comparing pre- and

LCA c Carotid artery D
2 45k
2 LCA
E i
@ 30k {1
S RCAZL
8 A%
2 e \.x
2 15K{ £
R P -
w 2 4 6

Post-
injection

-
N

© T2WI plaque

/muscle ratio

A
@
=
® o
N

Postinjection Slice 1

Merge Merge

SPNs(NIR-1)

w
o

Cy5.5-
SPNs(NIR-1)

N
=]
orescent

o

& Relative fly
intensity (%)

Raw264.7

Fig. 3. NIR-II fluorescence imaging and MRI of carotid atherosclerosis plaque. (A) Schematic diagram for preparation of mice mode with atherosclerotic plaque of carotid
artery (AS mice) and NIR-I fluorescence/MRI imaging. (B) The H&E-stained images of RCA and LCA. Green curve indicated plaque in lumen. (C) NIR-II fluorescence imaging
of cervical region of AS mice post intravenously injected with SPNs(NIR-1). (D) The fluorescence intensity profiles along the red dashed line in RCA and LCA (C). (E and F)
Representative T,WI images of cervical region of 2 slices of AS mice pre- and postinjection (24 h) of SPNs(NIR-1)@SPIO. Inset pictures enlarged the LCA (green or orange
circles), white arrows indicated plaque, and blue circles indicated muscle. (G) The T,WI plaque-to-muscle ratio in (E) and (F). (H) Representative confocal images of Raw264.7
cells incubated with Cy5.5-SPNs(NIR-1) for various times. (I) The relative fluorescence intensity of Cy5.5-SPNs(NIR-1) in (H). (J) Representative confocal images of C166
and RAW264.7 cells pretreated with LPS or not and incubated with Cy5.5-SPNs(NIR-1), respectively. (K) The relative fluorescence intensity (%) of Cy5.5-SPNs(NIR-1) in (J).
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postinjection (24 h) T,WI plaque images, we attempted to
calculate the plaque/muscle ratio for carotid plaques. Here, we
found that T,WI plaque/muscle ratio of AS mice decreased
from 1.078 to 0.972 in slice 1 and 1.071 to 0.918 in slice 2, at
24 h postinjection of SPNs(NIR-1)@SPIO, respectively (Fig.
3G). We then located SPIO in the plaque via Prussian blue iron
stain. The stain demonstrated the blue granules of ferro debris
particles in plaque (Fig. S19). This result supported the enrich-
ment of SPNs(NIR-1)@SPIO in plaque. In summary, plaque/
muscle ratio on T,WI in MRI imaging using SPNs(NIR-1)@
SPIO might be a useful predictor of carotid plaques.

Considering macrophage as target for indicating vulnerable
plaques, we explored the cellular uptake of macrophage toward
SPNs(NIR-1). To trace the probe distribution in macrophages
(Raw264.7) via fluorescent confocal imaging, we employed
cyanine dye Cy5.5 (A, = 675 nm, A, = 694 nm) to label NIR-1
via inserting DSPE-PEG,,-Cy5.5 into SPNs (DSPE-PEG,,-
Cy5.5:DSPE-PEG,,, = 1:10), and obtained Cy5.5-SPNs(NIR-1)
[28]. From confocal images, we observed a time-dependent
phagocytosis of Cy5.5-SPNs(NIR-1). The fluorescent intensity
from cells gradually enhanced, as the incubation time extend-
ing from 5 to 180 min (Fig. 3H and I), indicating that mac-
rophages could rapidly endocytose Cy5.5-SPNs(NIR-1).

Furthermore, we studied the endocytosis difference between
vascular epithelial cells and phagocytes in vitro, via incubating
Raw264.7 and vascular endothelial cells (C166) with Cy5.5-
SPNs(NIR-1). Since proinflammatory mediators have multiple
negative effects on the development of atherosclerotic plaque
[2,24], we examined whether inflammatory stimulation affected
phagocytic capability of macrophages to Cy5.5-SPNs(NIR-1).
From confocal images, when the macrophages were pretreated
with lipopolysaccharide (LPS) (0.1 pg/ml), we observed that
the internalization of Cy5.5-SPNs(NIR-1) in RAW264.7 cells
remarkably increased after 90-min incubation. By contrast,
there was no obviously increase in cellular uptake of Cy5.5-
SPNs(NIR-1) for C166 cells, even after LPS treatment (Fig. 3]
and K). These results demonstrated that Cy5.5-SPNs(NIR-1)
could be effectively endocytosed by macrophage rather than
epithelial cells.

Distinguishing unstable plaque invivo via
NIR-1l imaging
Clinical studies have shown that inflammation can exacerbate
plaque progression and instability, among which, pneumonia
is an important trigger for atherosclerosis-related cardiovascu-
lar diseases or comorbidities [29]. Here, we performed NIR-II
fluorescence imaging of carotid plaque in atherosclerosis mice
(named AS mice) and atherosclerosis mice combined with
acute interstitial pneumonia (named AS mice + AIP), respec-
tively, using healthy mice as control (Fig. 4A). We analyzed the
pathological features of carotid artery and lung tissue from
healthy mice, AS mice, and AS mice + AIP. The H&E-stained
images of left carotid arteries confirmed plaque-free vessel for
healthy mice, atherosclerotic vascular narrowing and plaque
(green dot line) for AS mice, and a large soft lipid pool (black
dot line) in plaque (green dot line) for AS mice + AIP, respec-
tively (Fig. 4B). The plaque areas (%, mean) was calculated to
be 81% and 84% for AS mice and AS mice + AIP, respectively
(Fig. $20).

Moreover, the representative lung H&E staining images
confirmed the existing interstitial edema and inflammation in
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AS mice + AIP, while no obvious inflammation in healthy or
AS mice (Fig. 4B). Besides, compared with AS mice or healthy
mice, AS mice + AIP exhibited the increased body temperature
(Fig. 4C), neutrophils, and white blood cells (WBCs) of periph-
eral blood (Fig. 4D and Fig. S21) and wet-to-dry lung ratio
(Fig. S22), as well as increased erythrocyte sedimentation rate,
C-reactive protein, and procalcitonin (Fig. S23), which all sup-
ported the pulmonary inflammation in LPS-treated mice.

To test the ability of SPNs(NIR-1) for NIR-II fluorescence
imaging of unstable plaques in carotid artery, healthy mice,
AS mice, and AS+AIP mice were intravenously injected with
SPNs(NIR-1), followed by NIR-II fluorescence imaging of cer-
vical region. From NIR-II fluorescent images, we found that the
fluorescence signals from LCA for AS mice and AS + AIP mice
gradually enhanced from 5 to 180 min (Fig. 4E). Moreover, the
fluorescence signals of LCA for AS mice +AIP were noticeably
higher than those of AS mice and healthy mice since 90 min.
In detail, the fluorescence signals of LCA for AS mice 4+ AIP
mice were 3-fold or 15-fold that of AS mice or healthy mice at
120 min postinjection, respectively, from quantification results
(Fig. 4G). In contrast, the fluorescence signals of right carotid
arteries of 3 groups were not remarkably elevated (Fig. S24).
Then, we performed regional anatomy of the neck and observed
and imaged in living mouse models (healthy mice and AS mice).
The larger gland completely masked the fluorescence signals of
the circulated nanoprobes in carotid veins, while the less-
covered muscle on the carotid arteries did not affect fluores-
cence imaging (Fig. $25). Thus, these results supported that the
neck fluorescence signals mainly came from the carotid arteries.

Subsequently, we imaged the excised carotid arteries from
sacrificed mice at 6 h post intravenous injection. The fluores-
cence signals of LCA were dramatically higher than that of RCA
in both AS mice and AS mice + AIP, respectively, indicating the
strong accumulation of NIR-II nanoprobes in LCA (Fig. 4F).
Moreover, we found LCA fluorescence signal for AS mice +AIP
was higher than that of AS mice and healthy mice (Fig. 4H).
These results confirmed the consistency of NIR-II fluorescence
imaging plaque between in vivo and ex vivo.

Elevated cholesterol levels and triglyceride (TG) had been
demonstrated to increase arterial inflammation and atheroscle-
rotic plaque burden, while high-density lipoprotein-cholesterol
(HDL-C) had anti-inflammatory effects, thus protecting endo-
thelial cell functions [1,30]. Here, we studied the serum lipid
level and inflammatory indicators for those mice. AS mice and AS
mice + AIP exhibited the increased level of TG and total choles-
terol (TC), in contrast to healthy mice (Fig. 4I). Notably, AS
mice + AIP showed a less HDL-C level than that of AS mice
or healthy mice, indicating decreased cholesterol removing
abilities, which might lead to atherosclerotic lesion burden [31].

Furthermore, we examined the infiltration of macrophage
in carotid arteries via immunofluorescence staining of nucleic
acid dye 4’,6-diamidino-2-phenylindole (DAPI), F4/80 (mac-
rophage), and a-SMA (smooth muscle actin). From confocal
images of left carotid arteries and their quantification (Fig. 4]
and K), we found more macrophages infiltrated in AS mice and
AS mice + AIP, compared with that of healthy mice. Thus,
we drew the heat map for healthy mice, AS mice, and AS +AIP
mice, including those parameters such as fluorescence intensity
of left carotid arteries and right carotid arteries, F4/80 (mac-
rophage) proportion, neutrophile, WBCs, body temperature
(B.T), lung wet/dry (W/D) ratio, and plaque area proportion
(Fig. 4L). From the heat map, the NIR-II fluorescence signals
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Fig.4.Distinguishing unstable plaque invivo via NIR-Il imaging. (A) Schematic diagram for NIR-II fluorescence imaging of carotid plaque in AS mice and AS mice + AlP, using
healthy mice as control, after intravenous injection of SPNs(NIR-1) (n = 3). (B) Representative biopsy of LCAs seperated from healthy mice, AS mice, and AS mice + AIP, as
well as corresponding H&E-stained images of LCAs and lungs. Green curve indicated plaque, black curve indicated a soft lipid pool, and red curve indicated lung interstitial
inflammation. (C) The body temperature changes in various groups. (D) The neutrophile granulocyte (%) and WBC count for various groups. (E and F) NIR-II fluorescence
images of healthy mice, AS mice, and AS mice + AIP at different times post intravenous injection of SPNs(NIR-1), and NIR-I fluorescence images of exvivo carotid arteries for
various groups. (G) The fluorescence intensity of LCAs at different time points for various groups in (E). (H) The fluorescence intensity of LCAs and RCAs for various groups
in (F). (1) The TG, TC, HDL-C, and low-density lipoprotein control (LDL-C) levels for various groups. (J) Representative fluorescence confocal images of exvivo carotid arteries,
stained by DAPI (nucleus), F4/80 (macrophage), and a-SMA (smooth muscle actin). Blue, green, and red curves indicated lumens. (K) The relative fluorescence intensity of
F4/80" cells in (J). (L) Heat map for fluorescence intensity of LCA, F4/80 cells, neutrophile, WBC, body temperature, lung wet/dry (W/D) ratio, and plaque area.
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of left carotid arteries in healthy mice, AS mice and AS mice
+ AIP showed good correlation with macrophage infiltration,
inflammatory indicator and plaque area.

Imaging IPH invivo

IPH can accelerate the destabilization of plaque via free cho-

lesterol secretion, macrophage accumulation and necrotic core

expansion, which is regarded as a feature of advanced and rap-

idly progressing plaques [22,32]. Herein, we tested the ability
of SPN(NIR-1) for identifying IPH in living mice via NIR-II
fluorescence imaging. To prepare an IPH model, atherosclerotic
plaques in LCA was micro-injected with small or large dose of

fresh blood; meanwhile, AS mice were used as control (Fig. 5A)
[33]. Correspondingly, surgical exploration revealed obvious
intraplaque bleeding spots in small IPH or large IPH mice.
Representative H&E staining images of left carotid arteries
confirmed the presence of IPH within plaques after local injec-
tion of fresh blood (Fig. 5B). For NIR-II fluorescence imaging,
mice were intravenously injected with SPN(NIR-1) at 1 h post
IPH. From fluorescence images (Fig. 5C), the fluorescence sig-
nal of LCA for IPH mice presented a sharp increase at 90 min,
which was higher than that of AS mice. Moreover, the fluores-
cence of left carotid arteries for large IPH mice was higher signal
than that of small IPH at 90 min (Fig. 5E). Conversely, the right
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Fig.5.Imaging IPH invivo. (A) Schematic diagram for NIR-Il fluorescence imaging of atherosclerosis mice (named AS mice) and atherosclerosis mice combined with small IPH
(named AS + small IPH) and large IPH (named AS + large IPH), after intravenous injection of SPNs(NIR-1) (n = 3). (B) Representative biopsy of LCA from AS mice, AS mice +
small IPH, and AS mice + large IPH, as well as corresponding H&E-stained images of LCAs. The marked area by green curve indicated plaque, and black curve indicated blood
micro-injection. (C and D) NIR-II fluorescence images of AS mice, AS mice + small IPH, and AS mice + large IPH at different times postinjection of SPNs(NIR-1), and NIR-II
fluorescence images of exvivo carotid arteries. Green curve indicated LCAs; orange curve indicated RCAs. (E and F) The fluorescence intensity of LCAs and RCAs at different

time points for various groups in (C). (G) The fluorescence intensity of LCAs and RCAs for various groups in (D).
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carotid arteries, i.e. without IPH, showed much smaller increase
of fluorescence signal, compared with that of LCAs (Fig. 5F).

Furthermore, we excised the carotid arteries for NIR-II flu-
orescence imaging at 6 h post intravenous injection. From the
representative ex vivo images, the fluorescence intensity of LCA
for AS mice + large IPH was 1.7-fold and 4.17-fold that of AS
mice + small IPH and AS mice, respectively (Fig. 5D and G).
In contrast, the fluorescent signals of RCA with plaque-free
arteries were negligible for those 3 groups. Thus, these results
demonstrated the consistency between fluorescence signals in
carotid arteries and the degree of IPH, which confirmed the
great potential of SPN(NIR-1) for NIR-II imaging of IPH in
mice and was beneficial for early imaging vulnerable plaque
and giving an early-warning sign.

In addition, we tested the cytotoxicity of SPNs(NIR-1) via
3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assays and found SPNs(NIR-1) induced no effect on the
cellular viability, suggesting good biocompatibility (Fig. S26). After
NIR-II fluorescent imaging, we collected the main organs. H&E
staining of main organs demonstrated no obvious biological tox-
icity induced by SPNs(NIR-1) after multiple imaging (Fig. S27).

Discussion

During the disease of hypertension, diabetes, hyperlipidemia,
infection, etc., the risk of plaque rupture or thrombus formation
would be increased, where the macrophages act as key roles in
atherogenesis, formation of foam cell, and generation of pro-
teinase that lead to plaque destabilization and rupture [4,34].
Specifically, macrophages engulfed lipoproteins in intima to
form lipid-laden foam cells, leading to early atherosclerotic
lesions [2,24]. If the pro-inflammatory microenvironment per-
sisted, such as reactive oxygen species, changes in pH and protein
phosphorylation state, the atherosclerotic lesion would progress
to an advanced stage characterized by increased macrophage
apoptosis and defective clearance of apoptotic cells [14,35].
Besides, macrophages, mast cells, T cells and foam cells could
induce inflammation and therefore create a large lipid core
within plaque, leading to IPH, which is more prevalent at the
symptomatic side in patients with carotid plaques and <50% ste-
nosis [1,2]. This catastrophic combination promoted the plaque
necrosis, which was a key feature of vulnerable plaque. The
plaque necrosis further triggered occlusive luminal throm-
bosis and severe emergencies, namely, myocardial infarction,
stroke, and sudden cardiac death [5,36]. Thus, macrophage-
associated pathological process an important target for both
diagnosis and therapy for atherosclerosis.

Fluorescence imaging in the state-of-the-art NIR-II region
with good penetration depth and high resolution is promising
for imaging carotid artery [37]. This work illustrated the feasi-
bility of developing a biocompatible and stable NIR-II fluores-
cence nanoprobe for high-resolution imaging of vessels and
vascular-related lesions such as vulnerable plaque and IPH in
carotid artery. To achieve this, semiconducting polymer-based
nanoprobes with NIR-II fluorescent emission was synthesized.
In real-time imaging of living mice, SPNs(NIR-1) could dis-
tinguish stable plaque from inflammatory-induced unstable
plaques through different fluorescence insensities.

Importantly, the real-time monitoring of IPH in carotid artery
was achieved via NIR-II fluorescence imaging by SPN(NIR-1),
which was rarely tried using fluorescence imaging in previous
reports. Taken together, SPN(NIR-1) could clearly outline the
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pathological characteristics of high-risk atherosclerotic plaques
in carotid artery. Although the fluorescence imaging demon-
strated here was based on passive targeting, these results still
confirmed the great potential of SPN(NIR-1) for NIR-II imag-
ing vulnerable plaques.

Compared with traditional imaging technologies, nanoprobes
can specifically accumulate at atherosclerotic plaques through
cytophagy or modification of surface moieties. Considering that
the carotid artery is easy to be monitored by imaging technics due
to its superficial anatomical location, nanoprobes in the NIR-II
region exhibit a high translational potential for imaging carotid
plaque, while MRI imaging exhibits clinical values for plaque
details. The combination of purposive accumulation coupled with
multimodal imaging techniques is going to further improve both
the sensitivity and accuracy of imaging diagnosis in atherosclerotic
plaques. Beyond high-resolution imaging and real-imaging poten-
tial, nanoprobes could also be taken as an active part in the therapy
of angiocardiopathy (such as high-risk plaques and thrombosis)
by different strategies, including anti-inflammation, antioxidation,
and repair of damaged vascular intima.

In summary, we screened a series of NIR-II fluorescent
polymers with strong absorption/emission, selected a prefer-
ential polymer with good NIR-II fluorescent QY, and prepared
them into nanoprobes. Importantly, SPN(NIR-1) revealed the
superior advantages in spatial resolution for NIR-II fluores-
cence imaging of angiography in carotid artery. Moreover, we
employed SPN(NIR-1) for distinguishing vulnerable plaque
from stable plaque and IPH via the dynamic change of fluo-
rescence signal in carotid artery. Notably, the local change of
fluorescence intensity within arteries were well correlated
with the pathological characteristics of plaque. Furthermore,
we prepared hybrid NIR-II/MRI multimodel probe by incor-
porating ultrasmall SPIO into NIR-II nanoprobe and pro-
vided an effective tool for spatial imaging of carotid plaque.
Thus, such novel vascular imaging platform can be used to
monitor pathological change in plaques at an early stage, pro-
viding a powerful imaging tool for monitoring and early warn-
ing high-risk atherosclerotic plaques in carotid artery.

Methods

The methods can be found in the Supplementary Materials.

Supporting Information

Imaging Carotid Plaque Burden in living mice via Hybrid
Semiconducting Polymer Nanoparticles Based Near-Infrared-II
Fluorescence and Magnetic Resonance Imaging.

A NIR-II dye named NIR-1 was designed and synthesized
probe 1,i.e., SPNs(NIR-1), and hybrid NIR-II/MRI multimodel
nanoprobe probe 2, i.e., SPNs(NIR-1)@SPIO, was synthesized
via incorporating ultrasmall SPIO into NIR-II nanoprobe. Two
probes were applied for NIR-II imaging or magnetic resonance
imaging of carotid atherosclerotic plaque in vivo.
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