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Background: Myocardial infarction (MI) is a leading cause of death worldwide. Therefore, 

nanoparticles that applied for specific diagnosis of the infarcted area and/or local myocardial 

delivery of therapeutic agents, are highly desired.

Materials and methods: Herein, we developed the MnO-based nanoparticles, with magnetic 

resonance (MR) and near-infrared fluorescence imaging modalities as an MR imaging contrast 

agent and potential drug vehicle for the detection and treatment of MI. The chemophysical 

characteristics, targeting ability toward infarcted myocardium, biodistribution, and biocompat-

ibility of the MnO-based nanoparticles were studied.

Results: It was found that the MnO-based dual-modal nanoparticles possess high r
1
 relaxivity and 

induced no notable in vitro or in vivo toxicity. In a rat model of MI, these nanoparticles represent a very 

promising MR imaging contrast agent for sensitive and specific detection of the infarcted area, more 

importantly, without cardiotoxicity, the major defect of conventional Mn-based contrasts. Moreover, 

ex vivo near-infrared fluorescence imaging indicated that the MnO nanoparticles preferentially accu-

mulate in the infarcted myocardium, which makes them an ideal drug vehicle for MI treatment.

Conclusion: In summary, the use of these MnO nanoparticles as a T
1
-weighted MR imaging 

contrast agent and potential drug vehicle to target the infarcted myocardium may provide new 

opportunities for accurate detection of myocardial infarct and treatment of ischemic heart diseases.

Keywords: Cy5.5 conjugated MnO nanoparticles, Dual-modal nanoprobe, Near-infrared 

fluorescence imaging, Myocardial ischemia

Introduction
Myocardial infarction (MI) is a major cause of death worldwide. In current clinical 

practice, the most effective therapy for MI is reperfusion via the occluded coronary 

artery to control the symptoms, despite its failing to eliminate the disease and inducing 

additional injuries during ischemia/reperfusion. As a result, many patients eventually 

develop arrhythmia and/or congestive heart failure.1 Therefore, it is highly desirable 

to inhibit myocardial apoptosis and death, and trigger regenerative processes in the 

infarcted myocardium. Many compounds with good in vitro bioactivity, however, 

exhibit poor bioavailability, short circulation time, or severe systemic side effects, 

which strongly limit their applications in the infarct.2,3 To solve these problems, the 

most direct approach is the local injection of cardioprotective agents into the infarcted 

area with or without supportive biomaterial.4–6 However, direct myocardial injection 

is extremely invasive and potentially triggers further injury to the weak myocardium.7 

Therefore, emerging noninvasive treatment strategies with intravenous administration 

of drug delivery systems, or rather, employing nanoparticulate vehicles to encapsulate 
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therapeutic compounds for local myocardial delivery, to 

fight against oxidative stress, inflammation, and apoptosis, 

or to improve angiogenesis represent a promising alterna-

tive choice.8

On the other hand, for myocardial infarct diagnosis, in 

addition to the commonly used imaging techniques such as 

echocardiography, recently magnetic resonance imaging 

(MRI) is emerging as a favored choice to quantify the amount 

of necrosis in the myocardium.9 Currently, Gd-based com-

plexes are dominant contrast agents used in detecting the 

myocardial infarct.10 However, Gd-based complexes can 

easily diffuse not only into necrotic cells through the disrupted 

plasma membranes, but also into the areas of associated 

edema; therefore, it causes a potential risk to overestimate 

the infarct size.11 Moreover, Gd-based agents are associ-

ated with low relaxivity, short half-life, and potential renal 

risks.12 Manganese (Mn)-based complexes are alternative 

MRI contrast agents for infarct imaging not only due to the 

outstanding paramagnetic property of Mn ions, but also to the 

capability of entering into cardiomyocytes by L-type voltage-

dependant calcium channels and residing in there for hours, 

which contributes to a selective enhancement of viable cells.13 

However, at present, the use of Mn-based contrast agents is 

limited by their acute cardiotoxicity due to the free Mn ions 

released from the agents.14 Therefore, recently, Mn-based 

nanoparticles contrasts have been developed to decrease the 

toxicity and instability and improve biocompatibility.14,15

In our previous study, MnO-based nanoparticles with 

high r
1
 relaxivity, long-term colloidal stability, and good per-

formance for the detection of brain gliomas was successfully 

constructed.16 However, the ability to diagnose myocardial 

infarction has not been explored. The conjugation of near-

infrared fluorescence (NIRF) to the nanoparticles enables 

the analysis of biodistribution in the body, particularly in the 

myocardium at macroscopic level, which makes up for the 

shortage of MRI. Therefore, in this study, the MR and NIRF 

dual-modal imaging nanoparticles were employed as an MRI 

contrast agent and potential drug carrier for estimation of 

the MI area and targeting the infarcted myocardium for the 

perspective treatment of myocardial ischemia. Simultane-

ously, the chemophysical characteristics, biodistribution, 

and biocompatibility of the MnO nanoparticles were also 

studied.

Materials and methods
Preparation of MnO-Peg-cy5.5 
nanoparticles
MnO-PEG-Cy5.5 nanoparticles were prepared as previously 

described.16 Briefly, the oleic acid-capped MnO (MnO-OA) 

nanoparticles were first produced by thermal decomposition 

of manganese oleate at high temperature. Then, by replacing 

oleic acid with N-(trimethoxysilylpropyl) ethylene diamine 

triacetic acid, trisodium salt (TETT silane), highly water 

dispersible MnO-TETT nanoparticles were prepared. Finally, 

PEG-Cy5.5 was conjugated onto the carboxyl functional 

groups of TETT silane to accomplish the MnO-PEG-Cy5.5 

nanoparticles.

characterization
A drop of MnO-OA, MnO-TETT, or MnO-PEG-Cy5.5 

suspension was placed onto a copper grid to form a thin 

liquid film. After being dried under vacuum, the size and 

morphology of the nanoparticles were observed on a trans-

mission electron microscope (JEM-2100F, JEOL, Tokyo, 

Japan). The X-ray diffraction (XRD) pattern was acquired 

using an X-ray diffractometer (PANalytical, Almelo, the 

Netherlands) with Cu target (40 kV, 40 mA). The zeta 

potential and size distribution (dynamic light scattering, 

DLS) were determined by a Malvern Nano-ZS90 Zetasizer 

(Malvern, Worcestershire, UK). The Mn content was mea-

sured by an inductively coupled plasma optical emission 

spectrometer (ICP-OES, Varian 710-ES, Palo Alto, CA, 

USA). UV–visible spectra were recorded on a UV-2550 

spectrophotometer (Shimadzu, Japan). Fluorescence exci-

tation and emission spectra were recorded on an F-2500 

fluorescence spectrophotometer (Hitachi, Tokyo, Japan). 

Fourier transform infrared spectra were also obtained on 

an IR Prestige-21 spectrophotometer (Shimadzu, Tokyo, 

Japan).

relaxivity measurement
The nanoparticles were dispersed in water with Mn concen-

trations ranging from 0 to 0.5 mM. MRI experiments were 

performed on a 7.0 T MRI scanner (Bruker Pharmascan, 

Karlsruhe, Germany). The parameters were as follow: rep-

etition times (TR): 200, 400, 800, 1,500, 3,000, 5,000 ms; 

echo time (TE) =11.00 ms; slice thickness =1 mm; field 

of view (FOV) =50×50 mm; matrix =256×256; flip angle 

(FA) =180.0°.

cell cultures
Neonatal rat ventricular myocytes (NRVMs) and cardiac 

fibroblasts (CFs) were isolated from 2-day-old Sprague 

Dawley rats with 0.1% trypsin and 0.03% collagenase II 

digestion and cultured, as previously described.17 H9c2 cells 

were obtained from the American Type Culture Collection. 

Cells were cultured at 37°C in DMEM containing 10% fetal 
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bovine serum and 100 units/mL penicillin/streptomycin in 

humidified 95% air and 5% CO
2
 incubator.

In vitro cytotoxicity
The in vitro cytotoxicity of MnO nanoparticles for NRVMs, 

CFs, and H9c2 cells was measured by MTT assay. Cells were 

first cultured in a 96-well plate with DMEM for 24 hours 

and then starved for 6 hours. Next, cells were treated with 

different Mn concentrations of nanoparticles (0–100 µM) 

in the cell medium. After 48 hours of incubation, MTT was 

added to each well to a final concentration of 0.5 mg/mL and 

incubated for another 4 hours. The solution was discarded 

and 150 µL of DMSO was added to each well. Absorbance 

was measured with a microplate reader (Bio-Rad Model 680, 

Hercules, CA, USA) at 570 nm.

ethics statement
All animal care and protocols were approved by the Animal 

Care Committee of Capital Medical University, Beijing, 

People’s Republic of China (authorization No AEEI-2016–

144) and complied with the US Guide for the Care and Use 

of Laboratory Animals (8th edition, 2011).18

Myocardial ischemia surgery
Sprague Dawley rats (males, 200–250 g) were obtained from 

the experimental animal center of Capital Medical University 

(Beijing, People’s Republic of China). Myocardial ischemia 

surgery was performed as previously described.19 Briefly, 

rats were anesthetized with pentobarbital (intraperitoneal, 

40 mg/kg), then intubated, and mechanically ventilated. 

After the thorax was opened to expose the heart, the left 

anterior descending coronary artery was permanently ligated. 

Myocardial ischemia was evaluated by significant elevations 

of ST segment detected by electrocardiography. Then, the 

chest was closed and rats were allowed to recover.

In vivo MrI and data analysis
In vivo cardiac MRI scans were performed 1 week after 

the induction of MI with a 7.0 T MRI scanner. Rats were 

anesthetized with 2.0% isoflurane and maintained with the 

mixture of 100% oxygen and isoflurane (1.0%–2.0%). The 

body temperature was kept at 37°C, and electrocardiogram 

(ECG) and respiration were continuously recorded by a 

physiological monitoring system (Small Animal Instruments 

Inc., Stony Brook, NY, USA). With ECG-triggering and 

respiratory-gating, short-axis T
1
-weighted FLASH sequence 

(TE =1.8 milliseconds; TR =63 milliseconds; FOV =60×60 

mm2; matrix =256×256; FA =60°; slice thickness =1.5 mm) 

was performed. Images were obtained at baseline and at 15, 

30, 60, and 90 minutes after the injection of MnO nanopar-

ticles at a dosage of 5.0 mg Mn/kg in the tail vein. Regions of 

interest were targeted on the infarcted area, the remote area, 

and the background of each image. The contrast-to-noise ratio 

(CNR) was calculated as (µ
r
-µ

i
)/σ

noise
, where µ

r
 is the mean 

signal intensity of remote area, µ
i
 the mean signal intensity 

of infarcted area, and σ
noise

 the SD of the noise.

Biodistribution
Normal C57BL/6J mice were sacrificed at 4 or 24 hours post 

intravenous injection of MnO nanoparticles at a dosage of 

7.0 mg Mn/kg in the tail vein (n=4 at each time point). The 

biodistribution of NIR fluorescence in the major organs 

(heart, liver, spleen, lung, kidney, and brain) was monitored 

using an Imaging System FX Pro (Kodak, Rochester, NY, 

USA). The major organs were weighted, dissolved in a mix-

ture of hydrogen peroxide (30%) and nitric acid, and digested 

by a microwave digest system (CEM, Mars 5, Scotia, NY, 

USA). Next, the Mn content was determined by ICP-OES 

(Varian 710-ES, Palo Alto, CA, USA) for each organ.

confocal imaging of myocardium slices
The hearts of rats were carefully excised, fixed in 4% para-

formaldehyde for 24 hours, dehydrated with 30% sucrose, 

and embedded in OCT (Sakura Finetek, Inc., Torrance, CA, 

USA). Short axis-oriented cryosections of 5-µm thick were 

cut for immunofluorescence staining. Slides were blocked 

with normal goat serum for 1 hour, followed by incubation 

with primary antibodies overnight. Anti-rat CD18 antibody 

(Abcam, Cambridge, UK) was used for detection of leuko-

cytes, anti-rat CD68 antibody (Abcam) for macrophages, 

anti-rat CD31 antibody (Abcam) for blood vessels, and 

anti-rat laminin antibody (Abcam) for basal membranes. 

Goat-anti-rabbit Alexa Fluor® 488 (Abcam) or goat-anti-

mouse Alexa Fluor® 488 (Abcam) was used as the second 

antibody. Fluorescently labeled antibodies and Cy5.5 were 

tracked by a laser scanning confocal microscope (TCS SP5, 

Leica, Wetzlar, Germany).

In vivo toxicity
C57BL/6J mice were sacrificed 28 days after intravenous 

injection of MnO nanoparticles at a dosage of 35.0 mg 

Mn/kg. Mice receiving pure saline were used as the control 

group (n=6 in each group). The major organs (heart, liver, 

spleen, lung, kidney, and brain) were collected and immersed 

with 4% paraformaldehyde for 24 hours, and, after being 

embedded in paraffin, 5-µm-thick sections of tissues were 

cut and stained with hematoxylin and eosin.
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Results and discussion
characterization of nanoparticles
First, transmission electron microscopy and DLS were 

employed to characterize the morphology and size of MnO 

nanoparticles. It was found that MnO-OA nanoparticles have 

uniform cubic-like shape with an average DLS size of around 

28 nm (Figure 1A), whereas the shape of MnO-TETT and 

MnO-PEG-Cy5.5 nanoparticles becomes blurred, and the 

corresponding hydrodynamic diameters increased to around 

57 and 60 nm, respectively (Figure 1B and C), indicating 

the corrosion and aggregation of MnO to some extent due 

to the modification with TETT. The crystalline structure and 

phase purity of MnO nanoparticles were next investigated 

by powder XRD. The featured (111), (200), (220), (311), 

and (222) peaks in the XRD pattern (Figure 2A) verified 

the cubic rock salt structure of MnO by referring JCPDS 

card no 75-0257. Furthermore, Fourier transform infrared 

spectra of MnO-OA, MnO-TETT, and MnO-PEG-Cy5.5 

nanoparticles were acquired to confirm the exchange of 

OA by TETT and the follow-up conjugation of PEG-Cy5.5. 

As shown in Figure 2B, all the characteristic bands observed 

in MnO-OA almost disappeared after TETT modification. 

In the mean time, new bands at 1,591–1,406 cm-1 assigned 

to COO-, and 1,328–1,101 cm-1 assigned to C-N and Si-C 

Figure 1 TeM image and size distribution of (A) MnO-Oa, (B) MnO-TeTT, and (C) MnO-Peg-cy5.5 nanoparticles.
Notes: Insets showed the pictures of these nanoparticles dispersed in distilled water. scale bar =20 nm.
Abbreviation: TeM, transmission electron microscopy.
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stretching vibrations were observed, confirming the exchange 

of OA by TETT. Comparing to MnO-TETT, the intensity 

of -CH
2
- peak at 2,882 cm-1 in MnO-PEG-Cy5.5 became 

stronger, indicating the conjugation of PEG-Cy5.5. In addi-

tion, UV–visible absorption and fluorescence emission 

spectra of MnO-TETT and MnO-PEG-Cy5.5 nanoparticles 

were assessed to further verify the conjugation of PEG-Cy5.5 

to MnO-TETT. The UV–visible spectra showed MnO-

PEG-Cy5.5 nanoparticles displayed strong absorptions at 

630 and 675 nm, which were derived from the conjugation of 

PEG-Cy5.5. As expected, such absorption was not observed 

for MnO-TETT nanoparticles (Figure 2C). Moreover, the 

fluorescence emission spectrum of MnO-PEG-Cy5.5 nano-

particles showed an NIR peak at 710 nm upon excitation 

at 675 nm, whereas MnO-TETT nanoparticles illustrated 

no peak when excited at the same wavelength (Figure 2D). 

The conjugated PEG-Cy5.5 onto the MnO nanoparticles 

was also illustrated by the blue-colored dispersion in water 

(Figure 1C), which remains stable for weeks. Note that the 

NIR fluorescence rendered by conjugated PEG-Cy5.5 enables 

MnO nanoparticles to be visualized in deeper tissues with bet-

ter signal-to-background ratio. The superimposed excitation 

and emission spectra for MnO-PEG-Cy5.5 nanoparticles are 

shown in Figure S1. In addition, the zeta potential of MnO-

PEG-Cy5.5 nanoparticles in the medium containing 10% 

serum (pH 7.4) was measured to be -17.5±1.7 mV.

In vitro and in vivo MrI
To evaluate the effectiveness of MnO nanoparticles as 

an MRI contrast agent, the relaxivity was measured on a 

7.0 T MRI scanner. MnO nanoparticles illustrated a posi-

tive T
1
 enhancement with a longitudinal relaxivity (r

1
) of 

4.85 mM-1 s-1 (Figure 3). The transverse relaxivity (r
2
) was 

33.58 mM-1 s-1 (Figure S2), which provides an r
2
/r

1
 ratio 

Figure 2 (A) XrD pattern of MnO-Oa nanoparticles. (B) FTIr spectra of MnO-Oa, MnO-TeTT, and MnO-Peg-cy5.5 nanoparticles. (C) UV-visible absorption spectra and 
(D) Fluorescence emission spectra of MnO-TeTT and MnO-Peg-cy5.5 nanoparticles.                                                       
Abbreviations: FTIr, Fourier transform infrared spectra; TeTT, N-(Trimethoxysilylpropyl) ethylene diamine triacetic acid; XrD, X-ray diffraction.
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of 6.9. Theoretically, the r
2
/r

1
 ratio close to unit is desirable 

for a T
1
 contrast agent; nevertheless, this ratio is lower than 

those previously reported for the Mn-based contrast agents.20 

On the basis of such a high r
1
, we evaluated the potential of 

MnO nanoparticles as an MRI contrast agent for MI imaging 

in vivo. Representative MR images acquired at basal line 

and each time point postintravenous injection of the MnO 

nanoparticles are shown in Figure 4A. Clearly, administration 

of MnO nanoparticles resulted in hypoenhancement in the 

infarcted myocardium compared with the viable myocardium 

at 15–90 minutes postinjection. This result is consistent with 

the previous studies of Mn-based complexes21 and could 

be explained by the following two reasons. First, it is well 

known that Mn ions are taken up by L-type calcium channels 

and reside in the viable myocardium for hours, whereas 

they are quickly washed away from the nonviable myocar-

dium. Second, at the early time points (within 90 minutes 

postinjection), nanoparticles primarily reside in or around 

the vascular compartment; however, the infarcted areas are 

hypoperfused.22 Corresponding histologic sections stained 

with Masson displayed the same area of infarct (Figure 4B). 

The time-curve of CNR in Figure 4C demonstrated signifi-

cant differences in the cardiac distribution kinetics between 

viable and infarcted myocardium within the first 90 minutes 

postinjection. It seems that the remote vs infarcted area 

generated a slight but not significant increase in CNR 

(17.7±4.1–22.6±4.1) from 15 to 90 minutes, presumably 

because more released Mn2+ was accumulated in the viable 

myocardium during this period. These results illustrated 

that in the rapidly contracting rat heart, Mn distribution in 

the myocardium could be precisely detected in an MI model 

using T
1
-weighted MRI. In the future, the semiquantitative 

T
1
-weighted MRI might be replaced by quantitative T

1
 map-

ping for a more precise calculation of local Mn concentration, 

Figure 3 T1-weighted images and r1 relaxivity of MnO-Peg-cy5.5 nanoparticles.
Note: Data are expressed as mean ± sD.

Figure 4 (A) representative in vivo MrI and (B) Masson-stained tissue section of the infarcted heart with the administration of MnO-Peg-cy5.5 nanoparticles by tail 
vein injection. (C) CNR of remote vs. infarcted myocardium of three rats during the first 90 minutes after MnO-PEG-Cy5.5 nanoparticles injection. Data are expressed as 
means ± sD.
Note: Yellow circles indicate the hypoenhancement of the infarcted myocardium. 
Abbreviations: cNr, contrast-to-noise ratio; MI, myocardial infarction; MrI, magnetic resonance imaging. 
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which could provide us a tool for the more accurate quanti-

fication of the infarcted areas.23

confocal imaging of myocardium slices
In addition to serving as a myocardial MRI contrast, the incor-

porated fluorescent Cy5.5 enables the study of biodistribution 

and retention of nanoparticles in various organs, especially in 

the myocardium at a macroscopic level. It is of great interest 

to develop NIRF-conjugated nanoparticles not only because 

of their better signal-to-background ratio, but also due to 

the lower tissue toxicity and autofluorescence compared 

with other fluorescence probes.23,24 First, for a more accurate 

evaluation of the distribution of the MnO nanoparticles in 

the myocardium, high-resolution confocal laser scanning 

microscopy was used to monitor the incorporated NIRF on 

both the infarcted (with ligation surgery) and normal (without 

ligation surgery) heart. The basal membranes and myofibers 

(positive staining with laminin), microvasculature (positive 

staining with CD31), and the inflammatory cells including 

leukocytes (positive staining with CD18) and macrophages 

(positive staining with CD68) in the remote regions (viable 

myocardium) and infarcted regions of the heart were examined 

in that they are regarded as important indicators for infarct and 

may also be highly associated with the distribution of nano-

particles in the heart. Data suggested that the density of blood 

vessels with CD31-positive staining was higher in normal 

and remote myocardium compared with that in the infarcted 

area. Macrophages with CD68-positive staining were mostly 

present in the infarcted areas, whereas leukocytes with CD18-

positive staining were comparatively low (Figure 5A).

Figure 5 (A) ex vivo clsM images of the infarcted myocardium and normal myocardium at 4 and 24 hours post intravenous injection of MnO-Peg-cy5.5 nanoparticles.  
(B) scoring of blood vessels, leukocytes, macrophages and nanoparticles accumulation in the infarcted and remote area of rat MI heart and in the normal myocardium. 
Notes: Red: MnO-PEG-Cy5.5 nanoparticles; Green: CD18 (first column), CD68 (second column), CD31 (third column), or laminin (fourth column). Scale bar=100 µm.
Abbreviations: clsM, confocal laser scanning microscopy; MI, myocardial infarction.
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Figure 5B summarizes the quantitative evaluation of 

NIRF in various areas of the infarcted and normal heart at 

4 and 24 hours post nanoparticle injection. Interestingly, 

nanoparticles showed a notably higher accumulation in the 

infarcted myocardium compared with that in the remote 

areas or the normal heart at both 4 and 24 hours postinjec-

tion. Costaining with laminin indicated that massive NIRFs 

were accumulated in the infarcted myocardium, particularly 

distributed along the necrotic myofibers at 4 hours. More 

importantly, NIRFs were colocalized with leukocytes and 

macrophages in the infarcted areas (Figure 5A). This dis-

tribution property makes them an ideal delivery vehicle for 

targeting drugs to the ischemic areas to fight against inflam-

mation, fibrosis, or apoptosis. At 24 hours postinjection, the 

fluorescence signal in the infarcted area was still detectable, 

but lower compared with that at 4 hours. In the future, to 

further improve the recruitment of nanoparticles to the 

infarct, nanoparticles could be engineered with targets that 

bind to the infarcted myocardium, such as myosin.25

The reasons why MnO nanoparticles in the normal 

heart showed lower retention compared with the infarcted 

myocardium at 4 and 24 hours postinjection are probably 

because of the following two points. First, tissue vas-

culature becomes increasingly permeable after damage, 

especially during myocardial ischemia, and such enhanced 

permeation allows for passive targeting of nanoparticles 

to the injury.26,27 Second, the perfusion is partly restored 

by a quick angiogenic processes after MI, and the newly 

formed blood vessels are easily permeable to the “nano” 

characterized drug delivery carriers, which could affect 

drug biodistribution and retention in various tissues.28–30 

In particular, nanoparticle size partly determines the prob-

ability of sequestration by phagocytes and the clearance rate 

from the circulation system.4,29 With regard to heart, recent 

studies suggested a size-dependent effect on nanoparticle 

retention in the infarcted myocardium and demonstrated 

that nanoparticles with a diameter within 20–200 nm are 

optimal for drug delivery on infarcted left ventricle.6,21 

Consistent with the results shown in these studies, the MnO 

nanoparticles prepared by us with the mean size of 60 nm, 

which falls in this range, exhibit significant higher retention 

in the infarcted myocardium compared with the remote area 

or the normal heart (Figure 5).

Biodistribution
Furthermore, NIRF images of the major organs in healthy 

mice at 4 and 24 hours post intravenous injection of MnO 

nanoparticles were also acquired. It was noted that organs 

harvested at 4 hours postinjection exhibited preferential 

fluorescence accumulation to kidney, liver, lung, and 

spleen, and with lower density in heart and brain, whereas 

the fluorescence could not be detected after 24 hours 

(Figure 6A). Examination of Mn content by ICP-OES at 

4 hours demonstrated a similar biodistribution of MnO 

nanoparticles in major organs by fluorescence detection. 

Moreover, ICP-OES exhibited a similar Mn level in the 

major organs of mice at 24 hours postinjection of MnO 

nanoparticles or pure saline, indicating that the nanoparticles 

were almost completely eliminated from the tissues after 

24 hours (Figure 6B).

In vitro and in vivo toxicity
The biocompatibility of MnO nanoparticles is also critical 

for their potential imaging or drug delivery applications. 

It has been widely reported that Mn-based contrast agents 

have potential cardiotoxicity resulting from their competi-

tive Ca2+ antagonism with effective doses at MR imaging.31 

Although Mn-based nanoparticles have relatively lower 

toxicity compared with Mn chelates, the small amount of 

cations released from the nanoparticles may also trigger 

the toxicity.32 For example, Chen et al have indicated that 

their MnO nanoparticles (10 mg Mn/kg) induced notable 

pathological changes in the lung, liver, and kidney of mice.33 

Singh et al34 have reported that MnO
2
 nanoparticles at a high 

dose were also able to cause damage in the liver, kidney, and 

spleen of rats. Herein, considering the myocardial toxicity of 

Mn2+ and the particular target of this drug delivery carrier, 

cytotoxic effects of the MnO nanoparticles toward cardio-

myocytes, including NRVMs and H9c2 cells, and CFs were 

first evaluated via MTT assay. Figure 7B shows the cell 

viabilities after 48 hours of incubation with various doses 

of MnO nanoparticles. Clearly, the viability of each type 

of cells at all tested concentrations showed no significant 

difference compared with the control group, indicating that 

MnO nanoparticles induced no significant cytotoxicity in 

cardiomyocytes and CFs. Next, we investigated the in vivo 

toxicity of MnO nanoparticles in healthy mice, which 

were injected with a single dosage of 35 mg Mn/kg MnO 

nanoparticles and sacrificed at 28 days after the injection. 

Histological analysis of the major organs, including heart, 

liver, spleen, lung, kidney, and brain, was performed with 

hematoxylin/eosin staining. The results showed that mice 

receiving a large dose of MnO nanoparticles exhibited 

no notable inflammation or tissue injury compared to the 

control group (Figure 7A). Moreover, during the experi-

mental period, animal behaviors, such as neurological status, 
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Figure 6 (A) NIrF images of major organs from normal mice at 4 and 24 hours post-injection of MnO-Peg-cy5.5 nanoparticles. (B) Mn biodistribution in heart, liver, spleen, 
lung, kidney and brain of mice at 4 or 24 hours post-injection of MnO-Peg-cy5.5 nanoparticles or pure saline illustrated by IcP-Oes. Data are expressed as means ± sD.
Notes: h, heart; li, liver; s, spleen; lu, lung; K, kidney; B, brain. 
Abbreviations: ICP-OES, inductively coupled plasma-optical emission spectroscopy; NIRF, near-infrared fluorescence.

exploratory activity, eating, and urination, were observed, 

and no abnormal animal behavior was found. Together, the 

in vitro and in vivo data in the current study confirmed the 

good biocompatibility of our MnO nanoparticles, which thus 

brings to them a remarkable competitive advantage over the 

other Mn-based contrast agents. However, more detailed 

studies are still needed to further evaluate the toxicity of 

these nanoparticles.

Figure 7 (Continued)
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Conclusion
In summary, the results indicated that the dual-modality MnO 

nanoparticles possess high r
1
 relaxivity, ideal MR imaging 

effect for the diagnosis of myocardial infarct, favored 

infarcted myocardium retention characteristic, and good 

biocompatibility. The use of these MnO nanoparticles as 

a T
1
-weighted MRI contrast agent or potential drug car-

rier to target the infarcted myocardium may provide new 

opportunities for accurate estimation of the infarct size as 

well as the treatment of ischemic heart diseases. In the future, 

encapsulation of therapeutic agents in the MnO nanoparticles 

may improve the accumulation of drugs in the infarcted areas, 

therefore enhancing the local therapeutic efficacy as well as 

reducing the harmful systemic side effects.
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Supplementary materials

Figure S1 The superimposed excitation and emission spectra for MnO-Peg-cy5.5 nanoparticles.

Figure S2 The r2 relaxivity of MnO-Peg-cy5.5 nanoparticles.
Note: Data are expressed as mean ± sD.
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