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ABSTRACT 
Atherosclerotic plaque rupture results in thrombus formation and vessel occlusion, and is the leading cause of death worldwide. There is a 
pressing need to identify plaque vulnerability for the treatment of carotid and coronary artery diseases. Nanomaterials with enzyme-like 
properties have attracted significant interest by providing biological, diagnostic and prognostic information about the diseases. Here we 
showed that bioengineered magnetoferritin nanoparticles (M-HFn NPs) functionally mimic peroxidase enzyme and can intrinsically recognize 
plaque-infiltrated active macrophages, which drive atherosclerotic plaque progression and rupture and are significantly associated with the 
plaque vulnerability. The M-HFn nanozymes catalyze the oxidation of colorimetric substrates to give a color reaction that visualizes the 
recognized active macrophages for one-step pathological identification of plaque vulnerability. We examined 50 carotid endarterectomy 
specimens from patients with symptomatic carotid disease and demonstrated that the M-HFn nanozymes could distinguish active macrophage 
infiltration in ruptured and high-risk plaque tissues, and M-HFn staining displayed a significant correlation with plaque vulnerability (r = 0.89, 
P < 0.0001). 
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1 Introduction 
Atherosclerosis is a disease of the arterial wall, where endothelial cell 
damage results in the accumulation of lipids and inflammatory cells 
within discrete areas of the intima, eventually forming atherosclerotic 
plaques within the vessel lumen [1–5]. Macrophage-rich inflammation 
is an obligatory component of active plaques that contributes to 
lesion ruptures and triggers acute myocardial infarction and stroke 
[6–8]. Visualization of vascular inflammation and identification 
of ruptured and high-risk plaques thus represent a major clinical 
advance for prevention and treatment of coronary and carotid artery 
diseases [9–12].  

Nanomaterials have emerged as a favorite approach to characterize 
plaque-infiltrated macrophages given their natural specificity for 
macrophages and unique physicochemical properties [13–15]. 
Meanwhile, nanomaterials with intrinsic enzyme-like characteristics 
has attracted significant interest by providing biological [16–19], 
diagnostic [20–22] and prognostic information [23] about the 
diseases. We first reported the intrinsic enzyme-like activity of Fe3O4 
nanoparticles (NPs) in 2007 [24] and subsequently developed a 
number of nanozyme-based approaches for biological detection  
[25, 26], disease diagnosis [27, 28], and medicine development [29, 30]. 
In this study, we demonstrated that the bioengineered magnetoferritin 
nanoparticles (M-HFn NPs) exhibit remarkable peroxidase-like activity 
that can simultaneously recognize and visualize macrophages within 
plaque specimens from patients with symptomatic carotid disease 
for pathological identification of ruptured and high-risk plaques. 

2 Results 

2.1 Preparation and enzyme-like activity characterization 

We expressed recombinant human HFn nanocages from E. coli, as 
described previously [31]. M-HFn NPs were prepared by loading 
Fe2+ into the cavities of HFn nanocages through the iron ion 
channel on the surface of HFn nanocage, followed by the formation 
of an iron oxide nanocore within HFn nanocage by oxidation in the 
presence of H2O2 (Fig. 1(a)). After purification, the bioengineered 
M-HFn NPs were thoroughly characterized by various methods. 
Cryo-electron microscopy (cryo-EM) images showed the formation 
of the uniformly spherical and monodispersed nanocores with an 
average diameter of ~ 4.3 nm that are clearly encapsulated within 
the HFn nanocages (Fig. 1(b)). Dynamic light scattering (DLS) 
characterization further confirmed the prepared M-HFn NPs are 
monodispersed with identical diameters before and after forming iron 
oxide nanocore within HFn nanocage (Fig. 1(c)). X-ray diffraction 
pattern (JCPDS No. 85-1436) further confirmed the formation of 
Fe3O4 nanocores within the HFn nanocages (Fig. 1(d)). The CD 
spectra of M-HFn NPs were almost identical to that of HFn protein 
nanocages (Fig. 1(e)), indicating that iron loading did not significantly 
perturb the structural conformation of HFn nanocages, implying 
that HFn refolds into their native state upon the loading process. 

M-HFn NPs catalyzed the oxidation of commonly used peroxidase 
colorimetric substrates TMB, DAB or OPD in the presence of H2O2 
to give an intense color reaction (Fig. 2(a)), showing the remarkable 
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Figure 1 Preparation and characterization of M-HFn NPs. (a) Schematic diagram 
depicting the preparation of M-HFn NPs and their structure. (b) Cryo-EM 
image of HFn nanocages (left) and M-HFn NPs (right). (c) DLS characterization 
of HFn nanocages (left) and M-HFn NPs (right). (d) XRD pattern of M-HFn 
NPs. (e) CD spectra of HFn nanocages and M-HFn NPs showing no secondary 
structure change to the HFn protein nanocage after iron loading. 

 
Figure 2 Peroxidase-like catalytic activity of M-HFn NPs. (a) M-HFn NPs show 
peroxidase-like activity by catalyzing the oxidation of peroxidase substrates (TMB, 
DAB and OPD) to produce colorimetric reactions. (b) Reaction-time curves of the 
TMB colorimetric reaction catalyzed by M-HFn NPs, horse spleen ferritin with 
ferrihydrite (5Fe2O3·9H2O) nanocores, and HFn nanocage without iron oxide 
core, respectively. 

peroxidase-like catalytic activity of M-HFn nanozymes. Figure 2(b) 
further demonstrated the typical reaction-time curves of TMB 
colorimetric reaction catalyzed by M-HFn nanozymes. The results 
indicate that the mineral phase composition of the iron core 
determines the peroxidase-like activity of M-HFn nanozymes. M-HFn 

with mineral cores consisting of magnetite (Fe3O4) exhibited a much 
higher peroxidase activity while compared with natural ferritin  
with encapsulated ferrihydrite (5Fe2O3·9H2O) core. HFn nanocages, 
without mineral core, exhibited no peroxidase activity.  

2.2 M-HFn nanozymes specifically stain unstable and 

ruptured plaques in humans  

Patients were predominantly old-aged men with multiple 
cerebrovascular risk factors. Carotid atherosclerotic plaques were 
resected from all patients by carotid endarterectomy operation. To 
demonstrate that M-HFn nanozymes can specifically stain high-risk 
and ruptured atherosclerotic plaques, we pathologically examined 
paraffin-embedded carotid sections using M-HFn staining. As 
shown in Fig. 3, we compared 20 stable and 30 unstable/ruptured 
carotid artery atherosclerotic plaques. We employed hematoxylin-eosin 
staining for morphologic characterization and Masson staining for 
collagen distribution identification. In the unstable ruptured plaques, 
M-HFn staining was extensive and occurred mostly near the thin 
ruptured fibrous cap (Fig. 3(a)). In contrast, little staining was observed 
in the stable plaques (Fig. 3(b)). The quantitative analysis of M-HFn 
nanozyme-positive staining areas in stable and unstable ruptured 
plaques revealed significantly higher area density (positively stained 
proportion of evaluated area) in unstable ruptured plaques than in 
stable plaques (Fig. 4(a)), and M-HFn staining displayed a significant 
correlation with plaque vulnerability (r = 0.89, P < 0.0001) (Fig. 4(b)). 
The results show that M-HFn staining can be used as a clinical index 
for pathological identification of human plaque vulnerability. 

2.3 Binding specificity of human HFn to plaque macrophages  

Macrophage-rich inflammation is an obligatory component of active 
atherosclerotic plaques and is particularly intense in high-risk unstable 
plaques [5, 32]. Plaque-infiltrated macrophages have been established 
as an indicator for identifying plaque vulnerability [33, 34]. Herein, 
we demonstrated that M-HFn nanozyme selectively stains unstable 
and ruptured plaques via specific binding to plaque-infiltrated 
macrophages. Since iron loading into the cavity of HFn nanocages  

 
Figure 3 M-HFn nanozymes specifically stain the unstable and ruptured plaques. 
Paraffin-embedded carotid sections were stained by HE, Masson, or M-HFn 
nanozymes. Unstable and ruptured plaque tissues showed extensive positive staining 
for M-HFn nanozymes (a), whereas the stable plaques were negative for M-HFn 
staining (b). Arrows indicate the histological section position. 
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Figure 4 M-HFn staining can be used as a clinical index for human unstable 
and ruptured plaque identification. (a) M-HFn staining of plaque tissues. The 
staining was scored as negative (0; < 10% staining), weak (1; 10%–25% staining), 
moderate (2; 25%–50% staining) and strong (3; > 50% staining). (b) Quantitative 
analysis of the stained sections showed that M-HFn staining was significantly 
correlated with plaque vulnerability (*** P < 0.0001, r = 0.89; Pearson’s correlation). 
Two trained observers scored the plaque vulnerability on an ordinal scale (0–3) 
based on the presence of two key components of vulnerable plaques, intraplaque 
hemorrhage and inflammation (CD 68 staining). A score of 0 represented no 
hemosiderin or inflammation, 1 was minimal inflammation, 2 represented 
moderate inflammation and 3 represented extensive presence of hemosiderin 
and inflammation or both. 

does not perturb the structural conformation of HFn (Fig. 1(e)),  
we investigated the binding characteristics using FITC-conjugated 
HFn nanocages. As shown in Fig. 5(a), immunofluorescent staining 
of human carotid plaques demonstrated colocalization of FITC- 
conjugated HFn staining with plaque macrophages (CD 68 staining, 
Fig. 5(a), upper panels), indicating that HFn specifically binds to 
macrophages within unstable plaques. We further demonstrated 
that M-HFn nanozymes specifically binds to plaque macrophages via 
transferrin receptor 1 (TfR1), which is highly expressed in plaque 
macrophages (Fig. 5(a), below planels) and significantly associated 
with the increasing risk of plaque rupture [35]. As shown in Figs. 5(b)  

 
Figure 5 Characterization of HFn binding to plaque macrophages. (a) Immuno-
fluorescent staining of human carotid plaques demonstrated colocalization of 
FITC-conjugated HFn and anti-TfR1 staining with macrophages (CD68 staining) 
within plaques (scale bars, 20 μm). (b) Confocal analysis of FITC-conjugated HFn 
staining of human macrophages in the presence (right) or absence (left) of a 
10-fold molar excess of anti-TfR1 mAbs (scale bars, 20 μm). (c) Flow cytometric 
analysis of the binding of FITC-conjugated HFn to TfR1 in human macrophages 
with or without a 10-fold molar excess of anti-TfR1 mAbs (n = 3, bars represent 
means ± SD). (d) FITC-conjugated HFn bound to human macrophages with a 
Kd value of 60.1 nM and a total binding capacity Bmax of 38.7 × 10−19 mol/cell. 

and 5(c), the characterization of M-HFn binding to macrophages was 
investigated using THP-1 human macrophages. FITC-conjugated 
HFn specifically bound to macrophage cells and the binding could be 
substantially inhibited by adding an excess of anti-TfR1 monoclonal 
antibody as determined by both confocal (Fig. 5(b)) and flow cytometric 
studies (Fig. 5(c)), showing that TfR1 mediates the specific binding 
of HFn to macrophages. Further saturation binding experiments and 
Scatchard analysis demonstrated that the Kd value for HFn binding to 
macrophages was 60.1 nM (Fig. 5(d)) and the total binding capacity 
Bmax was 38.7 × 10−19 mol/cell, indicating that HFn has a high binding 
affinity and capacity for plaque macrophages. The binding capacity 
of HFn with plaque-infiltrated macrophages is higher than with some 
tumor cells [36], showing the potential of HFn for plaque macrophage 
identification. 

3 Discussion 
Inflammation drives the formation, progression, and rupture of 
atherosclerotic plaques and is typically characterized by the presence 
of macrophages within plaques [5, 32, 34]. We previously reported 
that human HFn specifically binds to human cells via TfR1 [27], 
which is highly expressed in the plaque-infiltrated macrophages and 
significantly associated with the instability and rupture of human 
atherosclerotic plaques [35]. The findings in this study show that 
the bioengineered HFn can specifically recognize high-risk and 
ruptured human atherosclerotic plaques via specific binding to 
macrophage-expressed TfR1 within atherosclerotic plaques (Figs. 5(a)– 
5(c)). We further identified that the radiolabeled HFn bound to 
human macrophages with high specific binding affinity (Kd = 60.1 nM) 
and capacity (Bmax = 38.7 × 10−19 mol/cell) (Fig. 5(d)).  

After loading iron nanocores within HFn nanocages, the 
bioengineered M-HFn NPs functionally mimiced peroxidase enzymes 
and achieved one-step pathological staining of high-risk and ruptured 
plaques from patients with symptomatic carotid disease (Fig. 3). 
Even more importantly, it was found that M-HFn staining displayed a 
significant correlation with plaque vulnerability (r = 0.89, P < 0.0001) 
(Fig. 4). Our results thus support that M-HFn staining can be 
used as a clinical index for human unstable and ruptured plaque 
identification.    

In comparison with the conventional immunohistochemical 
methods, the M-HFn nanozyme staining method described herein 
presents two important points of advantages: (1) Low-cost: HFn 
nanocages are produced from E. coli with a high yield (> 100 mg/L 
from the bacterial lysate) [27], and M-HFn nanozymes can be mass 
produced by biomining iron within HFn nanocages [28]. (2) Simplicity 
and speed: Achieving rapid, low-cost and specific pathological 
identification of high-risk unstable atherosclerotic plaques remains 
a challenge due to the complexities of this disease. This study shows 
that one-step pathological staining of high-risk plaques with low-cost 
and mass-produced M-HFn nanozymes is feasible for convenient 
monitoring and analysis of high-risk plaques from patients with 
acute coronary events and symptomatic carotid vascular disease.  

4 Conclusions 
This study reports the feasibility for pathological identification  
of high-risk and ruptured plaques with M-HFn nanozymes, and 
demonstrates that M-HFn staining displayed a significant correlation 
with plaque vulnerability. The cell studies in human macrophages 
indicated that HFn specifically binds to plaque macrophages via 
TfR1, which is highly expressed in plaque macrophages and significantly 
associated with the increasing risk of plaque rupture. With the 
obvious advantages of simplicity and speed of M-HFn staining for 
identification of plaque vulnerability, we believe clinical employment 
of M-HFn nanozymes would demonstrate superior pathological 
staining characteristics.   
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5 Materials and methods 

5.1 Preparation and characterization of M-HFn nanozymes 

Recombinant human heavy-chain ferritin (HFn) was produced in  
E. coli and purified as previously described [31, 37]. Briefly, E. coli 
lysate expressing HFn was centrifuged at 10,000g for 30 min. The 
supernatant was then heated for 10 min at 70 °C to precipitate 
unwanted proteins. After centrifugation, the supernatant was 
precipitated by ammonium sulfate (520 g/L). The precipitates were 
collected by centrifugation and re-dissolved in PBS. After dialyzing 
out the remaining ammonium sulfate, HFn nanocages were sequentially 
purified by Q sepharose Fast Flow ion exchange column (GE 
Healthcare) followed by the size-exclusion chromatography on a 
superdexTM 200 10/300 GL column (GE Healthcare). Concentration 
of HFn was determined by BCA protein assay kit (Pierce). The final 
yield of HFn was >100 mg/L from the bacterial lysate. Iron oxide 
nanocore was synthesized within HFn nanocage by the procedures 
described previously [27].  

Iron oxide nanocore was synthesized within HFn nanocage by 
the following procedures described below. Briefly, a solution of HFn 
(0.2 mg/mL in 50 mL of 100 mM NaCl) was added to the reaction 
vessel with the temperature kept at 65 °C and the pH titrated to  
8.5. Iron(II) (25 mM (NH4)2Fe(SO4)2·6H2O) was added as iron source 
at a rate of 100 Fe/HFn per minute to attain a theoretical loading 
factor of 2,300 Fe molecules per protein. Simultaneously, fresh 
prepared H2O2 was added at a stoichiometric equivalent of 1:3 as 
an oxidant. The synthesized M-HFn was centrifuged to remove 
aggregation and dialyzed against phosphate-buffered saline overnight. 

The prepared M-HFn nanozymes were characterized using 
cryoelectron transmission microscopy (cryo-EM), dynamic light 
scattering (DLS), X-ray diffraction (XRD) and circular dichroism 
(CD) spectroscopy, respectively. For cryo-EM characterization, the 
purified M-HFn or HFn samples were applied to a holey grid and 
frozen by FEI Vitrobot. The frozen samples were imaged in a FEI 
300 kV with a Gatan Ultrascan 4000, model 895 CCD-camera at 
the magnification of 96,000 and dose of 20–25 e−/Å2. CD spectra was 
acquired on an Applied Photophysics Chirascan Plus spectrometer 
at 25 °C. The sample concentrations used were 0.25 mg/mL in PBS 
buffer. The spectra were measured from 280 to 200 nm with 0.1-nm 
resolution in a quartz cell with a 1 cm path length.  

DLS was used to measure the hydrodynamic diameter of HFn 
nanocages and M-HFn NPs using a DynaPro Titan system DLS 
instrument (Wyatt Technology). The analysis was performed at 25 °C 
and the concentration of the samples used was 0.25 mg/mL in PBS 
buffer. Measurements were collected at 10 s intervals. Each sample 
was run 10 times.  

XRD patterns of the lyophilized M-HFn and HFn samples 
were obtained on an X-ray diffractometer (computerized Bruker 
D8 ADVANCE) using Cu Kα radiation source (λ = 0.154 nm). The 
patterns were taken over the 2θ range from 10° to 90° at a scan 
speed of 6° per min. 

The enzyme-like activity of M-HFn nanozymes was characterized 
at room temperature. Briefly, M-HFn solution of 0.5 μM was mixed 
with 500 mM H2O2 in 0.2 M sodium acetate buffer (pH 4.5), using 
0.2 mg/mL of 3,3',5,5'-tetramethylbenzidine (TMB, Sigma), 3,3'- 
diaminobenzidine tetrahydrochloride (DAB, Amresco) or OPD 
(Sigma) as the substrate. Color reaction was recorded 30 min after 
addition of the color substrate. 

5.2 Labeling of HFn nanocages 

HFn was labelled by fluorescein isothiocyanate (FITC, Sigma) 
using the following procedures. Briefly, FITC was dissolved in dry 
dimethylformamide (Sigma) and added to 0.1 M NaHCO3 buffered 

(pH = 8.5) HFn solution. The reaction solution was gently stirred 
overnight at 4 °C in the dark and then purified on a polyacrylamide 
column (Thermo Scientific, MWCO 6,000) using 0.1 M PBS, pH = 
7.5 to remove free dyes. The concentration of labelled FITC was 
determined by measuring the absorbance at 492 nm, and the con-
centration of HFn was measured by BCA reagent kit (Bio-Rad). 

Radioiodination of HFn was performed using the lodogen 
method [38]. Briefly, 0.5 mCi of 125I (Beijing Atom High Tech) was 
mixed with 100 μg HFn in 100 μL PBS buffer (0.2 M, oH 7.4) and 
then added into a vial coated with 50 μg Iodogen (Sigma). After 
incubation for 10 min at room temperature, the mixture was purified 
with a PD-10 column (Amersham). The final radiochemical yield 
of 125I-labeled HFn (125I-HFn) was measured by instant thin-layer 
chromatography (ITLC) using 85% (v/v) methanol as eluant on a 
radio-thin layer scanner (Bioscan).  

5.3 Histological examinations  

The human atherosclerotic aorta specimens were obtained from 
Peking University Third Hospital. Studies were approved by the clinical 
research ethics committees of Peking University Third Hospital and 
all patients provided informed consent. Carotid endarterectomy 
(CEA) was performed using standard surgical techniques with minimal 
handling of the specimens. The freshly isolated aortas were fixed in 
4% Perfluoroalkoxy alkane, dehydrated in 70% ethanol, embedded 
in paraffin, and sliced in the region that presented obvious plaques. 
Tissue samples were cut into serial sections 5-μm thick and stained 
with hematoxylin-eosin for general morphology characterization 
and Masson for collagen distribution identification. After hematoxylin- 
eosin and Masson staining, the sections were further assessed by 
M-HFn staining. Briefly, 1 mg/mL of M-HFn in 5% goat serum was 
used to incubate the tissue sections overnight. After washing with PBS 
for 3 times, freshly prepared DAB was added for color development. 
Digital images of the stained sections were obtained with a scanning 
light microscope (Leica Microsystems). Two independent pathologists 
without prior access to the clinical information scored all specimens.  

Fluorescence staining of plaque sections was performed to confirm 
the binding specificity of HFn to macrophages within plaques. Briefly, 
serial sections were incubated overnight with FITC-conjugated 
HFn, anti-human TfR1 (Sigma), or a Cy5.5-conjugated anti-human 
CD68 (abcam). The nuclei were counterstained with 4',6-diamidino- 
2-phenylindole. The stained tissues were examined under a confocal 
laser scanning microscope (Olympus). 

5.4 Macrophage culture studies  

The human monocytic THP-1 cell line was obtained from the 
American Type Culture Collection (ATCC) and maintained in RPMI 
1640 containing 10% fetal calf serum, penicillin (100 U/mL) and 
streptomycin (100 μg/mL) at 37 °C with 5% CO2. We differentiated 
THP-1 monocytes to macrophages by treating the cells with 100 nM 
of 1-methoxy-2-propyl acetate (PMA) for 24 h, and then the medium 
was replaced with serum-free medium containing ox-LDL (50 mg/mL) 
for 48 h to fully differentiate THP-1 to macrophages before their use 
in experiments.  

The macrophage binding study of HFn was determined by 
saturation binding experiments. Briefly, THP-1 cells induced by 
PMA seeded in 48-well plates were incubated in triplicate with 
increasing concentrations of 125I-HFn (from 0 to 200 nM) in  
PBS containing 1% bovine serum albumin for 2 h at 37 °C. After 
incubation, the cells were filtered, washed three times with PBS, 
and collected, and the radioactivity was determined using a gamma 
counter (CRC-15 R). Nonspecific binding was determined in the 
presence of an excess of cold HFn (> 100-fold). A saturation binding 
curve and Scatchard transformation were obtained by nonlinear 
regression analysis, and the Kd and Bmax (maximum number of binding 
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sites) values of 125I-HFn were calculated using GraphPad Prism 6.0 
software. Data were expressed as the average of triplicate samples. 

The HFn binding characterization to TfR1 on macrophages was 
determined by antibody blocking study using THP-1 macrophages 
induced by PMA. Briefly, 0.3 μM of FITC-conjugated HFn was 
incubated with THP-1 macrophages in the presence or absence of  
a 10-fold molar excess of anti-TfR1 antibody. After incubation for  
1 h on ice, the cells were washed three times in cold PBS and then 
collected. Cell-bound fluorescence was measured by a FACS Calibur 
flow cytometer (Becton Dickinson). To further characterize the 
binding specificity, the incubated cells were further stained with 
4’,6-diamidino-2-phenylidole (DAPI, 1 μg/mL, Roche Applied Science) 
and examined with confocal laser scanning microscope (Olympus 
FluoView FV-1000) after washing three times in PBS. 

5.5 Statistical analysis 

All statistical analyses were performed with SPSS19.0 (IBM SPSS 
Statistics) and GraphPad Prism 6.0 (GraphPad Software Inc.) software. 
Results were expressed as mean ± SD (n = 3 per group). Statistical 
analysis was carried out using the unpaired Student’s t-test. Correlations 
between M-HFn staining and plaque vulnerability were determined 
using the Pearson’s coefficient (r) and P value. 
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