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A B S T R A C T

Pro-inflammatory M1 macrophage is identified as a prominent component initializing the progress of vulnerable
atherosclerotic plaque. Here, we constructed anti-MARCO NaGdF4:Yb,Er@NaGdF4 upconversion nanoparticles
(UCNPs) by conjugating polyclonal MARCO antibody to the surface of NaGdF4:Yb,Er@NaGdF4 via condensation
reaction. UCNPs displayed highly mono-dispersion with average sizes of 26.7 ± 0.8 nm and favorable bio-
compatibility. In vivo upconversion optical imaging revealed that distinctive fluorescence signal could be ob-
served in the regions of carotid artery 10min post-injection, reached peak value at 1 h and decreased back to
baseline at 24 h post-injection. The carotid artery wall demonstrated high signal intensity on T1-weighted MR
images after anti-MARCO UCNPs injection, as determined by 7.0T MRI. Immunofluorescence staining of tissue
section of carotid artery revealed that MARCO was highly abundant in shoulder regions of plaque. Anti-MARCO
UCNPs is a promising optical/MRI dual-modality imaging probe which can non-invasively reflect M1 phenotype
macrophages behavior in vivo.

1. Introduction

Atherosclerosis and its cardiovascular complications are still one of
the leading causes of death, disability, and healthcare expense all over
the world [1]. Most of the major cardiovascular events are ascribed to
the rupture of vulnerable atherosclerotic plaque [2,3]. Macrophages
play a critical role in the atherogenesis by taking up lipoprotein parti-
cles trapped in the arterial intima, activating the inflammatory response
and turning into apoptosis-prone foam cells [4]. Recent researches have
proved that macrophages polarization are associated to plaque vul-
nerability. M1 macrophages display more pro-inflammatory profile,
mediate ROS induced tissue damage and are found in rupture-prone
lesions [5,6], while M2 macrophages appear as anti-inflammatory
macrophage by secreting high levels of IL-10 and low levels of IL-12
and promoting tissue repair and healing, which are particularly

abundant in stable lesion [7,8]. M1 macrophages contribute to sus-
tained inflammatory response in plaque progression [9,10]. Thus, vi-
sualization of macrophage phenotypes in atherogenesis is a promising
method for predicting plaque vulnerability.

Molecular imaging with target nanoprobe can non-invasively vi-
sualize metabolic state of various type cells, local inflammatory re-
sponse and intraplaque angiogenesis [10–12]. 18F-fluorodeoxyglucose
(18F-FDG) is the most often used radiotracer, which can be uptaken by
macrophage-like (CD68) and leukocytes specific markers (CD45).
Imaging with18F-FDG and 18F–NaF have been reported to be associated
with acute coronary and carotid artery syndromes [13,14]. Kelly et al.
developed a novel vascular cell adhesion protein-1 (VCAM-1) targeted
imaging nanoprobe with phage display-derived peptide sequences,
which was applied in both MRI and fluorescence imaging of in-
flammation in endothelium in vivo [15]. While these nanoprobes with
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low specificity play more role in identifying stable rather than vulner-
able lesions [14]. So far, there is almost no nanoprobe which target M1
macrophage behavior. It is reported that surface receptors such as
CD86, HLA-DP/Q/R and macrophage receptor with collagenous struc-
ture (MARCO) were significantly upregulated in the surface of M1
macrophage and ruptured plaque sections [16,17].

The main aim of this study was to investigate the contributing
mechanism of macrophage polarization in progression and rupture of
atherosclerotic plaque, and the biomarkers of M1 macrophage polar-
ization. Then, to design and synthetize multimodality biomarker tar-
geted nanoprobe to non-invasively visualize the behavior of M1 phe-
notype macrophages in atherosclerotic plaque in vivo.

2. Materials and methods

2.1. Patient enrollment

Patients who were suspected of having coronary artery disease
(CAD) and underwent coronary angiography (CAG) examination were
screened, and the study was approved by the ethic committee of
Chinese PLA general hospital. The inclusion criteria were: adult> 18
years of age, CAG with 30%–90% stenosis in a major coronary artery
2.0 mm diameter (determined by clinical site). The exclusion criteria
were: noncardiac illness with life expectancy< 2 years; pregnant state;
allergy to iodinated contrast; serum creatinine ≥1.7mg/dl 24 patients
without CAD were enrolled as control group.

2.2. Animals and procedures

20 male 8-week-old apoE−/- mice (C57BL/6J genetic background)
(Vital River Laboratory Animal Technology Co., Beijing) were first fed
with standard laboratory chow diet for one week. Thereafter, all mice
were randomly allocated into two groups. groups with n = 10 each, (1)
Control group: mice kept on a standard laboratory chow diet
(TD.88137, Harlan Laboratories Inc., Madison, WI) for 20 weeks; (2)
High fat and cholesterol diet + perivascular cuff placement group
(HFD-P): mice received rigid, polyether ketone perivascular cuff
(Promolding, the Netherlands) placement around the right common
carotid artery as previously reported, followed by feeding with high fat
diet (HFD) (containing 15% fat and 1.25% cholesterol) for 20 weeks.
All animal procedures were conducted in conformity with the National
Institutes of Health Guideline on the Use of Laboratory Animals and all
experiments were performed in accordance with the Helsinki declara-
tion.

2.3. Preparation of anti-MARCO UCNPs

The synthesis of NaGdF4:Yb,Er@NaGdF4 was carried out as reported
before [18]. Then, hydrophilic modification of NaGdF4:Yb,Er@NaGdF4
was accomplished by ligand exchanging reaction with mal-PEG.
MARCO antibody was conjugated with PEG-coated NaGdF4:Yb,Er@
NaGdF4 based on amidation reaction mediated by EDC/sulfo-NHS.
Briefly, EDC and sulfo-NHS were added in aqueous solution of PEG-
NaGdF4:Yb,Er@NaGdF4 (1mg/ml) at room temperature. Then, MARCO
antibody (25mg/mL) was added to TCEP solution (25mmol/L) for
converting the disulfide groups in the Fc fragments of antibody to thiol
groups. The anti-MARCO UCNPs probe was prepared by conjugating
anti-MARCO antibody to PEG-coated NaGdF4:Yb,Er@NaGdF4 upcon-
version nanoparticles in Tris-buffered saline (Fig. 2a). The resulting anti
MARCO-PEG-NaGdF4:Yb,Er@NaGdF4 upconversion nanoparticles (anti-
MARCO UCNPs) conjugates were stored at 4 °C in the dark for use, and
meanwhile a similarly structured control probe IgG-PEG-NaGd-
F4:Yb,Er@NaGdF4 was prepared and stored in the same way.

2.4. Characterizations of nanoprobes

For the assessment of nanoparticles morphology and size,
NaGdF4:Yb,Er@NaGdF4 and NaGdF4:Yb,Er with deionized water to
prepare the sample and put a drop on the copper net of electron mi-
croscope. After the sample was dry, TEM (transmission electron mi-
croscopy) (JEM-2100, JEOL, Tokyo, Japan) was used to acquire images
of NaGdF4:Yb,Er and NaGdF4:Yb,Er@NaGdF4 respectively at an accel-
erating voltage of 100 kV. DLS (dynamic light scattering) (Zetasizer
Nano ZS90, Malvern Instruments JEM-100CXII, Worcestershire, UK)
was used to calculate samples’ hydrodynamic size and zeta potential.
The upconversion fluorescence spectra characteristics of
NaGdF4:Yb,Er@NaGdF4 were recorded at a Cary Eclipse fluorescence
spectrophotometer equipped with a 980 nm CW laser diode (2W) as the
excitation light source.

2.5. Cell isolation, culture and cytotoxicity detection

Murine bone marrow mononuclear cells (BMMCs) were isolated
from the tibial and femoral bone marrow of C57BL/6 mice. Then
BMMCs were treated with macrophage colony stimulating factor-1 (M-
CSF, 10 ng/ml) for 10 days to induce M0 macrophages. Then, lipopo-
lysaccharide (LPS)/Interferon-gamma (IFN-γ) or IL-4 was used to sti-
mulate M0 macrophages into M1 or M2 respectively as described pre-
viously [9]. Mouse macrophage line Raw 264.7 were cultured using
RPMI 1640 supplemented with 15% FBS and were maintained in a
humidified environment containing 5% CO2 and air at 37 °C. When cells
reached 90%, sterile PBS was added and cells were moved by gently
rinsing (Fig. 1a).

RPMI 1640 culture medium and fetal bovine serum (FBS) were
obtained from Gibco (Grand Island, USA). Rabbit anti-mouse CD68,
MARCO antibody were purchased from Abcam (Cambridge, UK). Cell
Counting Kit (CCK-8) (Sigma-Aldrich, St Louis, MO, USA), in Situ Cell
Death Detection Kit, POD (Roche, Shanghai), Raw 264.7 macrophage
(Bo Gu Biology Technology, Shanghai), (GE Healthcare, Piscataway,
USA), Polyethylene glycol (PEG), 1-ethyl-3-(3-dimethyaminopropyl)
carbodiimide (EDC), and sulfo-N-hydroxysuccinimide (sulfo-NHS)
(Sigma-Aldrich, St. Louis, USA) were used as received.

2.6. Fluorescence imaging

The macrophage-derived foamy macrophages stimulated by ox-LDL
(50 μg/mL) for 24 h were used to examine the uptake of probe. cells
with or without Ox-LDL stimulating were incubated with 30 μg/mL
anti-MARCO UCNPs for 24 h respectively. For the blocking group,
MARCO antibody was added 30min earlier than the probes, then cells
were washed with PBS and fixed in 4% paraformaldehyde for 20min.
After that, a mixture of 5 wt-% potassium ferrocyanide and 10 vol-%
HCl with ratio of 1:1 was added. After approximately 15min of in-
cubation, Milli-Q water was used to wash cells three times, which was
followed by microscopy studies with an Olympus BX51 inverted mi-
croscope (Olympus, Japan). For fluorescence detection, cells were
seeded in 35mm coverglass-bottom dishes. After fixation, cells were
washed with PBS and then 4’,6-diamidino-2-phenylindole (DAPI) was
added for nuclei staining. Images were acquired with confocal fluor-
escent microscope (Olympus FV 10i, Japan).

Fluorescence imaging was performed by IVIS Kinetic System
(Caliper Life Sciences, Hopkinton, USA). For in vitro cell imaging, anti-
MARCO UCNPs probes were used in different concentrations, i.e., 0, 5,
15, 30, and 50 μg/mL. Regarding in vivo imaging, mice were firstly
anaesthetized by isoflurane and then in vivo images were taken before
and 10min, 1 h, 2 h, 4 h and 24 h after 100 μL anti-MARCO UCNPs
(5mmol/L Gd) was injected through tail vein, respectively. The ima-
ging parameters were set as follows: binning, 2; F/stop 2; exposure
time, 30.0 s; excitation laser: 980 nm; emission filter, 540 nm and
658 nm. Bioluminescent signals were analyzed using Living Image 4.0
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Fig. 1. MARCO expression in M1 macrophages derived from LPS + IFN-γ stimulated BMDMs. a Scheme for the isolation, formation and stimulation of mouse M1 and
M2 macrophages. b Flow cytometry showed the CD11b and F4/80 expression in mature BMDMs. c Cellular morphology of mature BMDMs, LPS + IFN-γ or IL-4
stimulated BMDMs. d Gene expression in LPS + IFN-γ or IL-4 stimulated BMDMs evaluated quantitative RT-PCR. e MARCO expression in LPS + IFN-γ or IL-4
stimulated BMDMs detected by cell immunofluorescence. f Cytokine production in LPS + IFN-γ or IL-4 stimulated BMDMs assessed by ELISA assay.

Fig. 2. Design, synthesize and characterization of anti-MARCO UCNP probe. a Scheme of anti-MARCO UCNP probe construct. b The morphology and size of UCNPs
were characterized by transmission electron microscopy (TEM). c The of particle size distributions of UCNPs was assessed by dynamic light scattering (DLS). d
Upconversion luminescence spectrum of the synthesized UCNPs. e Hydrodynamic sizes of UCNPs and anti-MARCO UCNPs probe.
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software (Caliper, MA, USA) and quantified as average radiance (p/sec/
cm2/sr).

2.7. MRI imaging in vivo

Regarding in vivo 7.0T MRI imaging, mice were also anaesthetized
by isoflurane, and then images were acquired before and 24 h after
intravenous injection of 100 μL anti-MARCO UCNPs solution through
tail vein (5mmol/L Gd). Images were acquired on a 7T BioSpec 70/20
High-Performance animal MRI System (BrukerBiospec, Billerica, MA,
USA) with parameters set as follows: vertical field of view (FOV)
30mm, horizon field of view (FOV) 30mm; base resolution, 256×256,
slice thickness 0.8mm, time to echo (TE) 2.75ms, repetition time (TR)
220ms. Because the plaque was usually located just above the carotid
bifurcation, for each sequence, interested region was chosen to be the
plaque in the common carotid artery and plaque the internal carotid
artery. Typical images were obtained in accordance to the researches
before [19,20]. And we analyzed the DICOM data exported from the
MRI System using VivoQuant 1.23 software (inviCRO, America). The
T1-weighted signal change was calculated by using the following for-
mula: SIpost/SIpre× 100%, where SIpre and SIpost were the signal in-
tensity of the atherosclerotic plaques in carotid artery before and 24 h
after administration of the probe, respectively.

2.8. Immunohistochemistry staining

H&E and immunohistochemical staining were performed to analyze
the histology and the expression of CD36 and MARCO in atherosclerotic
plaques. Artery with plaques were embedded in OCT and snap-frozen.
Transverse and radial cryosections (10 μm thick) were collected, fixed
in cold acetone, and stained with CD36 and MARCO antibody. Images
were taken by confocal fluorescent microscope (Olympus FV 10i,
Japan).

2.9. Statistical analysis

Continuous variables that approximated the normal distribution
were expressed by mean ± standard deviation (SD). Multiple group
comparisons were performed by one-way analysis of variance (ANOVA)
followed by the least significant difference (LSD) t-test for post hoc
analysis. Comparisons between the two independent groups were ana-
lyzed using the Student's t-test. Two-sided tests were used throughout
the experiment. P < 0.05 was considered statistically significant.
GraphPad Prism-5 statistic software (La Jolla, CA) was used for all data
analysis.

Fig. 3. Cytotoxicity and biocompatibility of UCNPs. a CCK-8 assay b Apoptotic rate of macrophages by flow cytometry analysis. c Pathological changes of tissues of
liver, lung, kidney and spleen and heart after UCNPs injection were assessed by H&E staining.

Table 1
Baseline characteristics between healthy subjects and patients with CAD.

Variables Control n= 24 Coronary stenosis n=102 p1-value GS≤16 n=39 16 < GS≤36 n=30 GS > 36 n=33 p2-value

Male, n(%) 13(54.2) 71(69.6) 0.149 25(80.6) 22(73.3) 24(72.7) 0.720
Age (years) 58 ± 8 61 ± 9 0.181 58 ± 9 61 ± 10 62 ± 9 0.212
BMI (kg/m2) 25.8 ± 2.8 25.5 ± 2.9 0.679 25.6 ± 2.7 25.6 ± 3.3 25.3 ± 2.7 0.860
Current smoking, n(%) 7(29.2) 47(46.1) 0.132 18(46.2) 13(43.3) 16(48.5) 0.919
SBP(mmHg) 129 ± 12 133 ± 16 0.251 132 ± 14 135 ± 16 133 ± 18 0.707
DBP(mmHg) 79 ± 8 76 ± 8 0.104 76 ± 9 76 ± 8 76 ± 8 0.908
Hemoglobin (g/L) 140 ± 11 142 ± 12 0.460 142 ± 12 144 ± 11 139 ± 12 0.312
WBC (109/L) 6.15 ± 1.17 6.32 ± 1.13 0.526 6.22 ± 1.06 6.28 ± 1.01 6.47 ± 1.32 0.641
Platelet count (109/L) 205 ± 39 207 ± 48 0.851 219 ± 46 196 ± 51 202 ± 47 0.117
Glucose (mmol/L) 4.85 ± 0.48 4.86 ± 0.46 0.877 4.87 ± 0.48 4.82 ± 0.46 4.90 ± 0.45 0.774
SCr (μmol/L) 72.7 ± 14.3 73.4 ± 12.6 0.799 70.7 ± 9.6 72.7 ± 11.0 77.3 ± 16.0 0.081
TC (mmol/L) 3.99 ± 0.73 3.97 ± 0.88 0.951 4.08 ± 0.96 3.90 ± 0.84 3.91 ± 0.85 0.633
TG (mmol/L) 1.57 ± 0.82 1.45 ± 0.53 0.527 1.53 ± 0.50 1.33 ± 0.47 1.48 ± 0.61 0.274
HDL-C (mmol/L) 1.10 ± 0.23 1.11 ± 0.24 0.884 1.14 ± 0.22 1.13 ± 0.29 1.04 ± 0.21 0.160
LDL-C (mmol/L) 2.36 ± 0.63 2.39 ± 0.76 0.868 2.44 ± 0.80 2.33 ± 0.68 2.40 ± 0.81 0.848
Fibrinogen (g/L) 3.04 ± 0.46 3.12 ± 0.50 0.464 3.03 ± 0.54 3.18 ± 0.46 3.18 ± 0.493 0.351
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3. Results

3.1. Patients characteristics

A total of 102 patients with coronary artery disease (CAD) and 24
healthy subjects were enrolled into this study. The baseline character-
istics of the study population were depicted in Table 1. There was no
significant difference of clinical baseline characteristics between two
groups. 102 CAD patients were further divided into three subgroups
according to Gensini's score: low risk (Gensini's score≤16), middle risk
(16＜Gensini's score≤36) and high risk (Gensini score's＞36). Like-
wise, clinical baseline characteristics didn't exhibit significant differ-
ence.

3.2. Association between plasma inflammatory cytokines of M1 phenotype
macrophage and severity of coronary stenosis

Logistic regression analysis indicated that OPN was one of the in-
dependent predictor for the Gensini’ score tertiles (B=9.34, 95% CI:
2.926–15.755, p=0.005), together with IL-6 (B= 1.880, 95% CI:
0.831–2.929, p= 0.010), IL-10 (B=−4.597, 95% CI: 8.461 to
−0.734, p < 0.001), and TGF-β1 (B=−0.494, 95% CI: 0.844 to
−0.143, p < 0.001) (Table 2).

3.3. MARCO expression in macrophages when exposed to either M1 or M2
or ox-LDL treated conditions

After M-CSF 10 ng/ml for 7 days, flow cytometry results showed
that 87.8% of murine bone marrow-derived macrophages (BMDMs)
double expressed CD11b and F4/80 (Fig. 1b). When exposed to IFN-
γ + LPS for another 24 h, BMDMs appeared to be predominately ex-
press M1 chemokine marker (CD86), in compared with IL-4 treatment
(0.46 ± 0.10 vs. 0.01 ± 0.01, p < 0.05). While stimulated with IL-4
for 24 h, BMDMs expressed high level of M2 chemokine marker
(CD206) (1.17 ± 0.29 vs. 0.31 ± 0.08, p < 0.01) as detected by Re-
altime PCR (Fig. 1c and d). ELISA results showed that IL-1b and IL-6
were increased significantly in the supernatant of M1 phenotype mac-
rophages (IL-1b: 3.97 ± 0.30 pg/ml vs. M2:1.78 ± 0.04 pg/ml,
p < 0.05; IL-6: 739.13 ± 6.81 vs. 5.19 ± 0.30 pg/ml, p < 0.01),
whereas TGF-β was elevated markedly in supernatant of M2 phenotype
macrophages (281.92 ± 19.18 vs. 152.46 ± 16.38 pg/ml, p < 0.05).
Cell immunofluorescence revealed that MARCO was highly expressed in
M1 phenotype macrophages than in M0 and M2 macrophages (Fig. 1e
and f).

Flow cytometry showed that the percentage of MARCO positive cells
was much more in ox-LDL treated macrophage, compared with that of
control group (18.74 ± 0.11% vs. 6.05 ± 0.94%, p < 0.05) (Fig. 4b
and d). Likewise, MARCO was strongly expressed in ox-LDL treated
macrophage than control group as detected by cell immunofluorescence
(Fig. 4a and c).

3.4. Characterization and upconversion luminescence of NaGdF4:Yb,Er@
NaGdF4 nanocrystals

The TEM image of both NaGdF4:Yb,Er and NaGdF4:Yb,Er@NaGdF4
upconversion nanoparticles (UCNPs) were shown in Fig. 2b. As mea-
sured, the nanoparticles displayed highly mono-dispersion with average
sizes of 12.4 ± 1.0 nm and 26.7 ± 0.8 nm respectively (Fig. 2c). After
ligand exchange process, hydrodynamic size of UCNPs and anti-
MARCO-UCNPs were 144 nm and 122 nm respectively (Fig. 2e). The
luminescence spectrum of UCNP at λex= 980 nm was shown in Fig. 2d,
and other three typical emission bands were recorded in the green
spectral region at λem= 525 nm (G1) and at λem= 540 nm (G2), and in
the red spectral region at λem=658 nm (R) respectively.

3.5. Evaluate the cytotoxicity of UCNPs

CCK-8 and flow cytometry assay were used to evaluate the cyto-
toxicity of UCNPs. UCNPs showed very low cytotoxicity in cells even at
the concentration up to 5 mmol Gd/L for 24 h of incubation, which was
similar with clinically used contrast agents Gd-DTPA. Flow cytometry
data revealed apoptotic rate was similar for UCNPs, in contrast to the
same dose of Gd-DTPA (13.78 ± 1.22% vs. 13.89 ± 2.13%,
p > 0.05) (Fig. 3a and b). 24 h after UCNPs injection, H&E staining
showed no pathological changes in tissues of liver, lung, kidney and
spleen and heart (Fig. 3c).

3.6. Binding affinity of anti-MARCO-UCNPs to M1 polarization
macrophage

The binding affinity of anti-MARCO UCNPs was evaluated on M1
polarization macrophage through in vitro fluorescence imaging. As
shown in Fig. 5a and b, significant fluorescence signal was observed in
the cytoplasm of IFN-γ + LPS treated BMMCs and ox-LDL treated
RAW264.7 macrophages at 540 nm and 658 nm emission under 980 nm
excitation. In contrast, only very weak signal was presented in the
unstimulated macrophages. Moreover, the fluorescence signal was re-
markably suppressed when MARCO antibody was added for blocking
prior to co-cultured with anti-MARCO UCNPs probe.

3.7. In vivo near infrared fluorescence/MR imaging of M1 macrophage
polarization in vulnerable plaque with MARCO-targeted UCNP

Upon intravenous injection of the anti-MARCO UCNPs probe, op-
tical images were acquired at different time points post-injection at
980 nm excitation and 540 nm emission wavelength. As shown in
Fig. 5c and d, distinctive fluorescence signal could be detected 10min
post-injection (6.91 ± 0.16×103 p/sec/cm2/sr). It reached a peak
value at 1 h (17.40 ± 2.01×103 p/sec/cm2/sr) and almost dis-
appeared at 24 h post-injection (3.24 ± 2.01×103 p/sec/cm2/sr).
Almost no fluorescence signal could be observed in control group. The
carotid artery wall demonstrated high signal intensity on T1-weighted
images 24 h post anti-MARCO UCNP injection as determined by 7.0T

Table 2
Logistic regression analysis of the related factors of coronary artery stenosis severity.

Variables Univariate analysis Multivariate analysis

B 95%CI p-value B 95%CI p-value

Lower Bound Upper Bound Lower Bound Upper Bound

Age 0.538 −0.129 1.206 0.113 0.592 0.009 1.175 0.046
HDL-C −29.925 −55.916 −3.934 0.024 −32.086 −55.557 −8.615 0.008
OPN 8.477 1.095 15.860 0.025 9.340 2.926 15.755 0.005
IL-6 2.292 1.136 3.449 < 0.001 1.880 0.831 2.929 0.001
IL-10 −6.847 −11.203 −2.491 0.002 −4.597 −8.461 −0.734 0.020
TGF-β1 −0.451 −0.861 −0.041 0.032 −0.494 −0.844 −0.143 0.006
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Fig. 4. MARCO expression in ox-LDL induced foamy macrophages evaluated by immunofluorescence and immunohistochemical analysis in vitro and ex vivo. a and c
Cell immunofluorescence of MARCO expression in cytoplasm of ox-LDL induced foamy macrophages. b and d Flow cytometry and quantitative analysis of MARCO
expression in ox-LDL induced foamy macrophages. e H&E staining of plaque in carotid tissue isolated from apoE−/- mice. f Immunohistochemical analysis of CD36
and MARCO in plaque of carotid tissue isolated from apoE−/- mice.

Fig. 5. In vitro and in vivo upconversion luminescent imaging of binding ability of anti-MARCO-UCNPs to M1 macrophage. a and b. The luminescence images of
binding ability of anti-MARCO UCNPs to BMMCs with IFN-γ/LPS pretreatment and RAW264.7 macrophages with ox-LDL pretreatment were captured through both
green and red channels, respectively, and then merged with nuclei staining images. c In vivo upconversion luminescent images of carotid artery before and at different
time points after intravenous injection of the anti-MARCO UCNPs probe. d Quantitative analysis of signal intensity of carotid artery before and at different time points
after intravenous injection of the anti-MARCO UCNPs probe. f 7.0T MRI of carotid artery of apoE−/- mice at 10min and 24 h after intravenous injection of anti-
MARCO UCNP probe respectively.
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MRI (Fig. 5f).
After A typical feature of atherosclerotic plaque morphology (con-

taining cholesterol crystals) was observed in hematoxylin-eosin staining
of carotid tissue isolated from high fat and cholesterol diet + perivas-
cular cuff placement group. Immunohistochemical analysis revealed
that macrophage scavenger receptor CD36 was present in plaque, and
MARCO was abundant at vulnerable shoulder regions of the lesion
(Fig. 4e and f).

4. Discussion

Molecular imaging techniques have the potential to real-time non-
invasive monitoring of progression of atherosclerotic plaque. During
plaque development, circulating mononuclear cells enter the neointima
and transform to proinflammatory M1 phenotype macrophages, which
start the process of stable to vulnerable plaque. In present study, we
found that MARCO, a M1 type specific cellular membrane receptor,
served as a biomarker of M1 macrophage. Anti-MARCO UCNPs based
upconversion nanomaterials could be applied to in vivo visualize vul-
nerable atherosclerotic plaques by targeting M1 phenotype macro-
phages.

Previous researches revealed that macrophages were involved in all
atherosclerosis-related processes (including initiation, progression,
rupture and regression of lesions) [21]. Classically activated M1 mac-
rophages, which contribute to sustained inflammatory response via
release of pro-inflammatory cytokines including IL-6, IL-1β, IL-12 and
etc, accelerate progression of atherosclerotic plaque. In previous stu-
dies, IL-6, TNF-α or OPN as the markers or surface molecules of M1
phenotype macrophages have been confirmed at the cellular level
[22,23]. In this study, we further found that the markers of M1 mac-
rophage polarization (e.g. IL-6, TNF-α and OPN) were closely corre-
lated with prevalence and severity of coronary stenosis in patients as
determined by Gensini's score. While some cytokines (such as TGF-β
and IL-10) secreted by anti-inflammatory M2 phenotype macrophages
showed negative correlation with severity of coronary stenosis. Thus,
activated M1 macrophage could reflect atherosclerosis progression and
plaque instability.

Bone marrow derived macrophages (BMDMs) were usually used as
an ideal in vitro model to explore the roles and mechanisms of polar-
ization of activated macrophages. Here, we constructed classical M1
phenotype macrophages model by stimulating BMDMs with IFN-γ+LPS
as described previously [24]. MARCO (Macrophage receptor with col-
lagenous receptor) exhibited an enhanced expression as the surface
receptor of M1 phenotype macrophages. We also found that MARCO
was also highly expressed in ox-LDL induced foamy macrophage. Ac-
cording to quantitative analysis result, the level of MARCO in foamy
macrophages was 5.2 folds higher than that in normal macrophages.
Then, we selected murine atherosclerotic tissue samples which were
defined as early (intimal xanthoma) and advanced plaques (containing
larger lipid). It was revealed that MARCO was abundant in rupture-
prone regions of plaque. In consistent with previous researches, initial
M2 predominance was ultimately overturned by M1 macrophages with
plaque progression, and MARCO was sensitive biomarker of M1 mac-
rophage activation.

To non-invasively visualize activated M1 macrophage in advanced
atherosclerotic plaque in vivo, we designed and constructed a targeted
molecular imaging probe by selecting MARCO as an ideal biomarker.
Lots of literature reported that fluorescence molecular tomography
(FMT), as an in vivo quantitative imaging modality, can be performed to
non-invasively detect inflammatory protease activity in atherosclerosis
with targeted nanoprobe. Er3+-doped glasses sensitized by Yb3+ are
widely used as promising near-infrared-to-visible upconversion mate-
rials which emitted highly efficient green, and red light emissions under
exciting light with specific wavelength. Here, UCNPs with high per-
formance of upconversion luminescence was chosen as a probe carrier
for dual-modality optical/MRI imaging. A series of characterization

detection demonstrated that UCNPs presented almost no particles ag-
gregation, small hydrated size and good stability. All these properties
make particles easily penetrate plaque by injured endothelium or vasa
vasorum. Meanwhile, UCNPs presented imaging characteristics of two
distinguishable emissions with peak position locating at around 540 nm
and 658 nm, which were also evidenced by our previous study. All of
cells CCK-8, TUNEL staining and flow cytometry assays inferred that
UCNPs were of low cytotoxicity to cells and with good biocompatibility,
similar with clinical applied Gd-DTPA. It didn't exert injury to organs
including liver, heart, spleen, kidney etc.

Cell fluorescence imaging suggest that anti-MARCO UCNPs probe
exhibited targeting ability to M1 phenotype macrophages or ox-LDL
induced foamy macrophages, and binding affinity was correlated with
the expression of MARCO. While pre-block MARCO with antibody
could abrogate binding ability of anti-MARCO UCNPs probe. In vivo
fluorescence imaging revealed that distinctive fluorescence signal could
be observed 10min post-injection, reached peak value at 1 h and dis-
appeared at 24 h post-injection. Furthermore, anti-MARCO UCNPs na-
noprobe preferentially localized in the vulnerable plaque of carotid
arteries. All these inferred that anti-MARCO UCNPs nanoprobe had
specific binding ability to foamy macrophages with M1 phenotype
markers in plaque, and short circulation time in vivo. The following
7.0T MRI studies also confirmed that the probe accumulated in vul-
nerable plaque of right artery wall through. Compared with previous
dual-modality probes (e.g. PS-25 FMT-CT probe, CLIO-VT750, 2-deoxy-
2-[18F]fluoro-D-mannose) [14], innovation of this nanoprobe focused
on targeting of M1 phenotype biomarker MARCO, which reflected
biological behavior of macrophage polarization in vulnerable plaque.
Moreover, upconversion material of Er3+/Yb3+ nanocrystal with high
efficient luminescence ability was used as the core of nanoprobe.

There are some limitation of this probe. Anti-MARCO UCNPs na-
noprobe was utilized in only diagnosis of vulnerable plaque rather than
transforming M1 macrophage to M2 phenotype. In following studies,
MARCO targeted nanoprobe containing microRNA, lipid lowering or
photodynamic-photothermal therapeutic drug(ICG, 5-ALA and etc) are
promising methods for precisely transforming M1 phenotype macro-
phage. MARCO targeted peptide should be designed and synthetized,
which may be less expensive alternative to construct targeted ther-
apeutic probe.

5. Conclusions

In this study, we have demonstrated that anti-MARCO NaGdF4:Yb,Er
@NaGdF4 nanoprobe with favorable biocompatibility and binding af-
finity to M1 macrophage could be applied for non-invasive dual MR and
optical imaging of M1 phenotype macrophages behavior in vulnerable
atherosclerotic plaque.
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