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Abstract: Magnetic nanoparticles (MNPs) have been used for various biomedical applications. 

Importantly, manganese ferrite-based nanoparticles have useful magnetic resonance imaging 

characteristics and potential for hyperthermia treatment, but their effects in the cardiovascular 

system are poorly reported. Thus, the objectives of this study were to determine the cardiovascular 

effects of three different types of manganese ferrite-based magnetic nanoparticles: citrate-coated 

(CiMNPs); tripolyphosphate-coated (PhMNPs); and bare magnetic nanoparticles (BaMNPs). 

The samples were characterized by vibrating sample magnetometer, X-ray diffraction, dynamic 

light scattering, and transmission electron microscopy. The direct effects of the MNPs on cardiac 

contractility were evaluated in isolated perfused rat hearts. The CiMNPs, but not PhMNPs and 

BaMNPs, induced a transient decrease in the left ventricular end-systolic pressure. The PhMNPs 

and BaMNPs, but not CiMNPs, induced an increase in left ventricular end-diastolic pressure, 

which resulted in a decrease in a left ventricular end developed pressure. Indeed, PhMNPs and 

BaMNPs also caused a decrease in the maximal rate of left ventricular pressure rise (+dP/dt) 

and maximal rate of left ventricular pressure decline (-dP/dt). The three MNPs studied induced 

an increase in the perfusion pressure of isolated hearts. BaMNPs, but not PhMNPs or CiMNPs, 

induced a slight vasorelaxant effect in the isolated aortic rings. None of the MNPs were able to 

change heart rate or arterial blood pressure in conscious rats. In summary, although the MNPs 

were able to induce effects ex vivo, no significant changes were observed in vivo. Thus, given 

the proper dosages, these MNPs should be considered for possible therapeutic applications.

Keywords: cardiac function, isolated heart, magnetic fluids, magnetic nanoparticles, 

nanomedicine

Introduction
There has been an exponential increase in the use of nanotechnology for medical 

applications over the past few decades. Nanoparticles are defined as having a nomi-

nal diameter smaller than 100 nm and are recognized as an important class of newly 

engineered materials with a wide range of biomedical applications. Nanoparticles 

have recently been used for the diagnosis and treatment of diseases, including car-

diovascular diseases.1–3

Magnetic fluids, generally composed of stable dispersions of magnetic nanopar-

ticles (MNPs) in a liquid carrier,4 represent very good candidates for these purposes. 

This is a result of their application in the diagnosis of diseases as contrast agents5 for 

cancer treatment through magnetic hyperthermia,6 biological detection,7 stem cell 

labeling,8 and drug delivery.9,10

A wide variety of MNPs have been studied, with differing size and type of coating 

material, including dextran, citrate, phosphate, albumin, and silicones. These nanopar-

ticles can be encapsulated into different compartments, such as liposomes, polymeric 

nanospheres, nanocapsules, and dendrimers, among others.11–14 When adequately 
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coated, nanocarriers can increase the time of circulation 

(polyethylene glycol) or improve active targeting (peptides 

and antibodies) of nanoparticles.15 

Some studies have shown cardiovascular effects of the 

different types of engineered nanoparticles.2,16 Using an iso-

lated heart preparation, Stampfl et al16 demonstrated that a 

significant increase in heart rate accompanied by arrhythmias 

was evoked by three different engineered nanoparticles (flame 

soot, spark discharge-generated soot, and silicon dioxide). 

Curiously, the same authors had found no effect (heart rate, 

arrhythmia, or size-related effect) on flame-derived silicon 

dioxide nanoparticles (Aerosil®; Evonik, Essen, Germany), 

probably due to distinct hydrophobicity or surface reactivity 

properties.17 Furthermore, pulmonary instillation of carbon 

nanoparticles exacerbated cardiac ischemia/reperfusion 

injury and depressed coronary flow.18 On the other hand, 

prolonged in vitro or in vivo exposure to carbon nanoparticles 

or titanium dioxide nanoparticles did not affect vasomotor 

responses of isolated small intrapulmonary arteries, but acute 

exposure to carbon nanoparticles decreased the contraction 

induced by vasoactive agents2 and titanium dioxide nano-

particle inhalation reduced arteriolar dilation in response to 

active hyperemia.19 However, few studies have addressed the 

effects of the MNPs on the heart and vessels.

Thus, the objectives of this study were to characterize and 

determine the effects of three different surface-coated man-

ganese ferrite-based magnetic nanoparticles (citrate-coated 

[CiMNPs], tripolyphosphate-coated [PhMNPs], and bare mag-

netic nanoparticles [BaMNPs]) on: A) ventricular contractility 

and coronary artery vasomotricity of isolated rat hearts; B) 

vascular reactivity of isolated rat thoracic aortas; and C) arterial 

blood pressure and heart rate in unanesthetized rats.

Manganese ferrite-based nanoparticles were chosen 

because of their relevant magnetic resonance imaging char-

acteristics20 and their potential for magnetic nanoparticle 

hyperthermia treatment.21–25 Three nanoparticle samples were 

evaluated at concentrations within the range widely used in 

clinic26,27 and experimental studies.16,28 Some nanoparticles 

were surface-coated with citrate (the coating agent already 

used for magnetic resonance image – see Sosnovik et al29) or  

tripolyphosphate.30 These nanoparticles (CiMNPs and  

PhMNPs) are stable at physiological conditions and have 

a negative surface charge. The third nanoparticle type 

(BaMNPs) is ionic and has a positive surface charge at 

acidic conditions; however, at physiological conditions, 

it is not stable and has no surface charge. As a conse-

quence, it was named a bare nanoparticle. The negative 

surface-charge particles are expected to have a lower 

nanoparticle internalization process than positive coated  

(or bare) nanoparticles.31 Therefore, the idea was to evaluate 

the cardiovascular effects of these three nanosystems.

Methods
animals
Male Wistar rats weighing 250–350 g were provided by the 

animal facilities of the Federal University of Goiás. All ani-

mals were kept in temperature-controlled rooms with 12 hour 

light/dark cycles and the animals had free access to water and 

food. All animal procedures were performed in accordance 

with institutional guidelines approved by local authorities.

Preparation of the MNPs
For the synthesis of manganese ferrite nanoparticles, 50 mmol 

of FeCl
3
 and 25 mmol of MnCl

2
 (both dissolved in 100 mL of 

HCl 3%, weight of solute to weight of solution [w/w]) were 

introduced into 500 mL of boiling 2.0 mol/L methylamine 

solution under vigorous stirring.32 After 30 minutes of reac-

tion, the obtained solid was magnetically separated from the 

supernatant and washed three times with distilled water. The 

precipitate was acidified with a 0.5 mol/L HNO
3
 solution 

and magnetically separated from the supernatant, which was 

discarded. Thus,  nanoparticles were hydrothermally treated 

by boiling 0.5 mol/L Fe(NO
3
)

3
 for 30 minutes and the excess 

ferric nitrate was removed from the solution by magnetic 

decantation.33 In the magnetic fluid preparation, precipitate 

was fractioned and nanoparticles peptized in aqueous solu-

tion, after their surface modification, using three distinct 

procedures, which are schematized in Figure 1: 1) for one 

of the samples, the precipitate was acidified with 50 mL of 

1.0 mol/L HNO
3
 solution; 2) another sample was treated with 

sodium citrate, under stirring for 30 minutes, using a mass 

ratio of 1:20, Na
3
C

6
H

5
O

7
 to manganese ferrite, in 50 mL 

of water; and 3) in the sample, the precipitate was treated  

with sodium tripolyphosphate, under stirring for 60  minutes, 

using a mass ratio of 3:20, Na
5
P

3
O

10
 to manganese ferrite, in 

50 mL of water.30 In all the cases, the obtained precipitates 

were magnetically separated and supernatants discarded. 

Afterwards, the precipitates were washed with acetone 

three times, then the desired amount of water was added 

and the excess of acetone evaporated in order to form the 

magnetic fluid samples. A schematic representation of the 

nanoparticles is presented in Figure 1. In the acidic condition,  

the surface sites of the oxide are protonated and the nano-

particles are positively charged. But, when diluted at physio-

logical conditions, the nanoparticles lose their charge and 

become BaMNPs. On the other hand, adsorption of PhMNP 
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and CiMNP molecules modifies the surface of nanoparticles 

such that they become negatively charged due to the presence 

of phosphate and carboxylate anions, respectively, at the inter-

face of solid–solution. Washing procedure reduces the ionic 

strength of solution and, for instance, allows for obtainment 

of stable colloidal sols. BaMNPs are stable at acidic condi-

tions, while PhMNPs and CiMNPs are stable at physiological 

conditions. Note that the samples were synthesized at different 

days and do not correspond to the same batch.

characterization of the MNPs
Magnetic characterization was obtained using a vibrat-

ing sample magnetometer model EV9 (MicroSense, East  

Lowell, MA, USA) with magnetic fields up to 2 T. Both 

powder and colloidal samples were investigated. The mag-

netization data were used to extract the particle concentration 

of the samples. The X-ray diffraction patterns of the powders 

were obtained in a Shimadzu 6000 diffractometer (Shimadzu 

 Corporation, Kyoto, Japan) using Cu (Kα) radiation and a 10° 

to 80° angle range. From this data, the spinel structure was 

confirmed. Diameter was also estimated using the Scher-

rer relation. Dynamic light scattering measurements of the 

magnetic colloids were performed using a Malvern Zetasizer 

Nano series (Malvern Instruments, Malvern, UK). From this 

data, we obtained the hydrodynamic radius of the colloidal 

samples and the degree of dispersion.

The magnetization characterization of the samples 

revealed that all of them showed a superparamagnetic 

behavior, ie, no hysteresis at room temperature. Figure 2A 

shows a typical magnetization curve for the PhMNPs (powder 

sample). In the inset, the X-ray diffraction pattern for the 

sample nanoparticles is shown. The Scherrer relation was 

used to estimate the crystallite size (core diameter). In all the 

samples, the spinel structure was confirmed. Transmission 

electron microscopy pictures of the PhMNPs sample were 

obtained using a JEOL JEM-2100 (Tokyo, Japan) operating 

at 200 kV (resolution 2.5 Å). The inset of Figure 2B shows 

a typical figure of CiMNPs. From this, a histogram (using 

Sturges criteria) of the size distribution of the sample was 

obtained. The solid line in the figure corresponds to the best fit 

of the data using the lognormal size distribution function:
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D
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      = −   π   
  

δδD
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with D, D
0
 and δ

D
 the diameter, the median diameter, and 

the size dispersion, respectively. In the inset of Figure 2B, 

we show the median ± standard deviation. Standard devia-

tion (SD) was calculated from the fitting parameters of the 

lognormal size distribution:

 SD = ( )exp( ) exp( ).δ δ
D D
2

0
2 21− D  (2)

Note that the samples analyzed in this work are expected 

to have a broad size distribution.

Dynamic light-scattering data for all the nanofluids are 

presented in Figure 2C. Note that these data were performed 

with the original liquid carriers. So, although the ionic-based 

nanofluid shows a lower degree of aggregation at acidic 

conditions, at the cardiovascular experimental solution, one 

expects higher agglomeration for this sample in comparison  

to the others, as at the physiological pH there is no charge at 

the nanoparticle surface. Figure 2D shows the zeta potential 

pH dependence of the citrate-coated Mn-ferrite nanofluid. 

As expected, at the higher pH limit, a saturation of the zeta 

potential is achieved. For this sample, at physiological con-

ditions, the zeta potential was found to be around -40 mV, 

indicating a negative charge around the particle’s surface, due 

to the carboxylic groups. Table 1 summarizes all the relevant 

characterization information of the samples used in this study. 

The magnetic particle concentration and hydrodynamic radius 

correspond to data of the original colloidal samples.

Figure 1 Schematic of the nanoparticle surface modification for peptization in an 
aqueous solution. 
Notes: Manganese ferrite nanoparticles were obtained by coprecipitation. BaMNPs 
represents nanoparticles modified by the protonation of metal oxide surface sites with 
nitric acid. PhMNPs and ciMNPs represent nanoparticles that are negatively-charged 
and surface-modified by the adsorption of TPF and sodium citrate, respectively.
Abbreviations: BaMNPs, bare magnetic nanoparticles; ciMNPs, citrate-coated 
magnetic nanoparticles; MNPs, magnetic nanoparticles; PhMNPs, tripolyphosphate-
coated magnetic nanoparticles; TPF, sodium tripolyphosphate.
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Isolated rat hearts
The rats were decapitated 10–15 minutes after an intraperito-

neal injection of 200 IU heparin. The thorax was opened and 

the heart was carefully dissected and perfused through the 

aortic stump with Krebs–Ringer solution containing NaCl 

(118.4 mmol/L), KCl (4.7 mmol/L), KH
2
PO

4
 (1.2 mmol/L), 

MgSO
4
⋅7H

2
O (1.2 mmol/L), CaCl

2
⋅2H

2
O (1.25 mmol/L), 

glucose (11.7 mmol/L), and NaHCO
3
 (26.5 mmol/L).  

Figure 2 characterization of the magnetic nanoparticles. 
Notes: (A) Magnetization curve of manganese ferrite-based PhMNPs. The insert shows the X-ray diffraction pattern of ferrite-based nanoparticles. (B) size distribution 
obtained from the transmission electron microscopy picture. The inset shows a transmission electron microscopy picture of the manganese ferrite-based ciMNPs sample. 
(C) Dynamic light scattering intensity as a function of hydrodynamic particle size for distinct manganese ferrite-based colloids. The BaMNPs correspond to the ionic magnetic 
fluid (ie, under acidic conditions) while, for the other two colloids, the samples were under physiological conditions. (D) Zeta potential ph dependence for the ciMNPs-
based nanofluid.
Abbreviations: BaMNPs, bare magnetic nanoparticles; ciMNPs, citrate-coated magnetic nanoparticles; PhMNPs, tripolyphosphate-coated magnetic nanoparticles.
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Table 1 sample parameters obtained from X-ray diffraction, VsM, and dynamic light scattering characterization techniques

Sample Coating layer Core diameter 
(nm)

Hydrodynamic 
diameter (nm)

Particle magnetization 
(emu/cm3)

Zeta potential 
(mV)

Particle concentration 
(mg/mL)

ciMNPs citrate 14.0 90.2 167 -42 106.5
PhMNPs Phosphate 13.1 87.9 236 -41 29.5
BaMNPs None 9.2 51.8 270 None 50.0

Notes: The dynamic light scattering data and particle concentrations correspond to the original magnetic colloidal samples. Zeta potential corresponds to data under 
physiological conditions.
Abbreviations: BaMNPs, bare magnetic nanoparticles; ciMNPs, citrate-coated magnetic nanoparticles; PhMNPs, tripolyphosphate-coated magnetic nanoparticles;  
VsM, vibrating sample magnetometer. 
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The perfusion flow was maintained at a constant rate (10 mL/min) 

at 37°C and with constant oxygenation (5% CO
2
 and 95% O

2
).  

A balloon was inserted into the left ventricle through the 

left atrium for isovolumetric recordings of left ventricular 

pressures. Coronary perfusion pressure was measured with a 

pressure transducer that was connected to the aortic cannula. 

Data were analyzed online using a data acquisition system 

(DATAQ Instruments, Akron, OH, USA). Hearts having left 

ventricular end-systolic pressure less than 60 mmHg, heart rate 

less than 200 bpm, and perfusion pressure less than 60 mmHg 

and higher than 140 mmHg at the end of the stabilization period 

were excluded. After a basal period (30–40 minutes), the hearts 

were perfused for an additional 10 minutes with Krebs–Ringer-

solution-containing MNPs at the mean concentration of the 

0.6 μg/mL. Thereafter, the hearts were perfused with MNP-

free solution for 20 minutes (the washout period).

Isolated aortic ring preparation
Isolated aortic rings were used to evaluate the effects 

of MNPs in rat thoracic aortas. Aortic rings (4 mm) 

from descending thoracic aortas were placed in 10 mL 

organ baths at 37°C containing gassed (95% O
2
 and 5% 

CO
2
) Krebs–Henseleit solution with the following com-

position: NaCl (118.06 mmol/L), KCl (4.6 mmol/L), 

NaHCO
3
 (24.9 mmol/L), MgSO

4
⋅7H

2
O (2.4 mmol/L), 

CaCl
2
⋅2H

2
O (3.3 mmol/L), KH

2
PO

4
 (0.9 mmol/L), and 

glucose (11.1 mmol/L). The rings were maintained under a 

tension of 1.5 g for 1 hour to equilibrate. Mechanical activity 

was recorded isometrically using a data acquisition system 

(DATAQ Instruments). To evaluate the possible constric-

tion effects of MNPs, the aortic rings were incubated with 

increasing concentrations of MNPs in the basal condition. 

The relaxation effect of the MNPs was assayed in vessels 

preconstricted with phenylephrine (0.1 μmol/L). For each 

protocol, 6.2, 31.0, 62.0, 310.0, and 620.0 μg/μL of MNPs 

were added to the Krebs–Henseleit solution in order.

Blood pressure measurement
The rats were anesthetized (using ketamine 70 mg⋅kg-1 and 

xylazine 30 mg⋅kg-1), and polyethylene catheters (PE-10) were 

inserted into the right femoral artery and vein, tunneled under 

the skin, and exteriorized at the neck. Mean arterial pressure 

(MAP) was measured in conscious rats 24 hours after recovery 

from anesthesia. MNPs were infused intravenously at graded 

doses (0.41, 0.82, 1.64, 3.28, and 6.56 mg/kg) after an initial 

control recording for 30 minutes. Doses were administered at 

intervals of approximately 15 minutes. To evaluate the long-

term effect of MNPs, recordings of MAP were obtained 24 hours 

after obtaining a curve over a 30-minute period ( preceded by 

30 minutes of equilibration). The data were recorded on a data 

acquisition system (DATAQ Instruments).

Data analysis
The results are presented as the mean ± standard error.  

A two-way analysis of variance with a Fisher’s least sig-

nificant difference multiple comparison post-test was used 

to compare the curves obtained from the preparation of 

isolated hearts and aortic rings. A one-way analysis of vari-

ance followed by the Newman–Keuls post-test was used to 

analyze the MAP and heart rate. All statistical analyses were 

considered significant at P0.05.

Results 
To evaluate the direct effects of the MNPs on cardiac 

contractility, isolated rat hearts were perfused with MNPs 

(BaMNPs, CiMNPs, and PhMNPs). As observed in 

 Figure 3A, CiMNPs induced a transient decrease in the left 

ventricular end-systolic pressure (LVESP). This effect was 

not observed in PhMNPs or BaMNPs (Figure 3B and C). 

On the other hand, PhMNPs and BaMNPs, but not CiMNPs, 

induced a significant increase in the left ventricular end-

diastolic pressure (LVEDP) (Figure 4), which resulted 

in a decrease in the left ventricular developed pressure 

(LVDevP; calculated as the difference between LVESP and 

LVEDP) (Figure 5). These effects were not reversed dur-

ing the washout period. Similarly, PhMNPs and BaMNPs 

produced a decrease in the maximal rate of left ventricular 

pressure rise (+dP/dt) (Figure 6) and maximal rate of left 

ventricular pressure decline (-dP/dt) (Figure 7) at the end 

of the infusion of the fluids. These effects were not reversed 

during the washout period. The heart rate of the isolated 

hearts was reduced by the infusion of the CiMNPs and 

BaMNPs (Figure 8A and C). The PhMNPs did not affect 

heart rate (Figure 8B). 

We also evaluated the effects of the MNPs on coronary 

vasomotricity. The CiMNPs and PhMNPs did not change 

the perfusion pressure during infusion of the fluids, although 

both induced an increase in perfusion pressure during the 

washout period (Figure 9A and B). In contrast, the perfu-

sion pressure was increased at the beginning of the infusion 

of the BaMNPs and it remained higher during the washout 

period (Figure 9C). 

The effects of the MNPs on the systemic vasculature 

(aortic rings) were also evaluated. As observed in Figure 10A, 

none of the MNPs analyzed produced a constrictor effect. In a 

second set of experiments, the aorta rings were preconstricted 
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Figure 3 The effects of ciMNP, PhMNP, and BaMNP on left ventricular end-systolic pressure in isolated perfused hearts. 
Notes: (A) ciMNP, (B) PhMNP, and (C) BaMNP. after a basal period, the hearts were perfused for 10 minutes with a Krebs–ringer solution containing magnetic 
nanoparticles followed by a 20-minute washout period. #P0.01 between time points. Values are shown as the mean ± standard error. a two-way analysis of variance 
followed by a post-hoc Fisher’s least significant difference test was used. 
Abbreviations: BaMNP, bare magnetic nanoparticles; ciMNP, citrate-coated magnetic nanoparticles; lVesP, left ventricular end-systolic pressure; MNPs, magnetic 
nanoparticles; PhMNP, tripolyphosphate-coated magnetic nanoparticles.
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Figure 5 The effects of ciMNP, PhMNP, and BaMNP on left ventricular developed pressure in isolated perfused hearts. 
Notes: (A) ciMNP, (B) PhMNP, and (C) BaMNP. after a basal period, the hearts were perfused for 10 minutes with a Krebs–ringer solution containing magnetic 
nanoparticles followed by a 20-minute washout period. *P0.01 versus basal level, #P0.01 between time points. Values are shown as the mean ± standard error. a two-way 
analysis of variance followed by a post-hoc Fisher’s least significant difference test was used. 
Abbreviations: BaMNP, bare magnetic nanoparticles; ciMNP, citrate-coated magnetic nanoparticles; lVDevP, left ventricular developed pressure; MNPs, magnetic 
nanoparticles; PhMNP, tripolyphosphate-coated magnetic nanoparticles.

60

40

20

0

−20

−40

60

40

20

0

−20

−40

60

40

20

0

−20

−40

−60

C
ha

ng
e 

in
 

LV
D

ev
P 

(m
m

H
g)

C
ha

ng
e 

in
 

LV
D

ev
P 

(m
m

H
g)

C
ha

ng
e 

in
 

LV
D

ev
P 

(m
m

H
g)

CiMNP, n=6
Control, n=5

BaMNP, n=8
Control, n=5

PhMNP, n=7
Control, n=5

−2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

−2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

−2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

MNPs Washout

MNPs Washout

MNPs Washout
Time (minutes) Time (minutes)

Time (minutes)

A B

C

Figure 6 The effects of ciMNP, PhMNP, and BaMNP on +dP/dt in isolated perfused hearts. 
Notes: (A) ciMNP, (B) PhMNP, and (C) BaMNP. after a basal period, the hearts were perfused for 10 minutes with a Krebs–ringer solution containing magnetic 
nanoparticles followed by a 20-minute washout period. +dP/dt, maximal rate of left ventricular pressure rise. *P0.01 versus basal level, #P0.01 between time points. Values 
are shown as the mean ± standard error. Two-way analysis of variance followed by post-hoc Fisher’s least significant difference test. 
Abbreviations: BaMNP, bare magnetic nanoparticles; ciMNP, citrate-coated magnetic nanoparticles; MNPs, magnetic nanoparticles; PhMNP, tripolyphosphate-coated 
magnetic nanoparticles.
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Figure 7 The effects of ciMNP, PhMNP, and BaMNP on –dP/dt in isolated perfused hearts. 
Notes: (A) ciMNP, (B) PhMNP, and (C) BaMNP. after a basal period, the hearts were perfused for 10 minutes with Krebs–ringer solution containing magnetic nanoparticles 
followed by a 20-minute washout period. -dP/dt, maximal rate of left ventricular pressure decline. *P0.01 versus basal level, #P0.01 between time points. Values are shown 
as the mean ± standard error. A two-way analysis of variance followed by a post-hoc Fisher’s least significant difference test was used. 
Abbreviations: BaMNP, bare magnetic nanoparticles; ciMNP, citrate-coated magnetic nanoparticles; MNPs, magnetic nanoparticles; PhMNP, tripolyphosphate-coated 
magnetic nanoparticles.
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Figure 8 The effects of ciMNP, PhMNP, and BaMNP on heart rate in isolated perfused hearts. 
Notes: (A) ciMNP, (B) PhMNP, and (C) BaMNP. after a basal period, the hearts were perfused for 10 minutes with a Krebs–ringer solution containing magnetic 
nanoparticles followed by a 20-minute washout period. *P0.01 versus basal level, #P0.01 between time points. Values are shown as the mean ± standard error.  a two-way  
analysis of variance followed by a post-hoc Fisher’s least significant difference test was used. 
Abbreviations: BaMNP, bare magnetic nanoparticles; ciMNP, citrate-coated magnetic nanoparticles; MNPs, magnetic nanoparticles; PhMNP, tripolyphosphate-coated 
magnetic nanoparticles.
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Figure 9 The effects of ciMNP, PhMNP, and BaMNP on perfusion pressure in isolated perfused hearts. 
Notes: (A) ciMNP, (B) PhMNP, and (C) BaMNP. after a basal period, the hearts were perfused for 10 minutes with a Krebs–ringer solution containing magnetic 
nanoparticles followed by a 20-minute washout period. *P0.01 versus basal level, #P0.01 between time points. Values are shown as the mean ± standard error. a two-way 
analysis of variance followed by a post-hoc Fisher’s least significant difference test was used. 
Abbreviations: BaMNP, bare magnetic nanoparticles; ciMNP, citrate-coated magnetic nanoparticles; MNPs, magnetic nanoparticles; PhMNP, tripolyphosphate-coated 
magnetic nanoparticles.
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Figure 10 effects of MNPs on the isolated aortic rings of rats. 
Notes: (A) cumulative concentration-response curves of the MNPs in aortic rings with intact endothelium without preconstriction. The effects of (B) ciMNP, (C) PhMNP, and  
(D) BaMNP on the vasorelaxant response in the aortic rings with intact endothelium preconstricted by phenylephrine (0.1 μM). each dose was administered at intervals of approximately 
1 minute. *P0.01. Values are shown as the mean ± standard error. A two-way analysis of variance followed by a post-hoc Fisher’s least significant difference test was used. 
Abbreviations: BaMNP, bare magnetic nanoparticles; ciMNP, citrate-coated magnetic nanoparticles; MNPs, magnetic nanoparticles; PhMNP, tripolyphosphate-coated 
magnetic nanoparticles.
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and the fluids were added to assess the relaxation effects. 

The BaMNPs, but not CiMNPs or PhMNPs, presented a 

significant vasorelaxant effect (Figure 10B–D).

In contrast to the ex vivo effects, MNPs were not able 

to induce any cardiovascular effects in conscious rats. Basal 

values of the MAP and heart rate are presented in Table S1. 

 Intravenous injections of the fluids did not induce acute changes 

in blood pressure (Figure 11A–C) or heart rate (Figure 11D–F). 

In addition, the measurements were also performed 24 hours  

after the injections and no changes were observed  

(Figures 11A–F, insets).

Discussion
The major findings of this paper were that the MNPs (bare 

or coated) produced by the coprecipitation method induced 

direct effects on the ventricular contractility and coronary 

vasomotricity in isolated hearts. These effects were strongly 

dependent upon the surface-coating layer of the  nanoparticles. 

Figure 11 The effects of ciMNP, PhMNP, and BaMNP on mean arterial pressure and heart rate in conscious rats. 
Notes: effect of (A) ciMNP, (B) PhMNP, and (C) BaMNP on mean arterial pressure. effect of (D) ciMNP, (E) PhMNP, and (F) BaMNP on heart rate. The magnetic 
nanoparticles were infused intravenously at graded doses. Doses were administered at intervals of approximately 15 minutes. Values are shown as the mean ± standard error. 
a one-way analysis of variance was followed by a Newman–Keuls posttest. The insets show the mean arterial pressure or heart rate obtained 24 hours after the graded doses 
of the magnetic nanoparticles. Bars represent the average of three values (values were collected at 5-minute intervals after the basal period). Values are shown as the mean 
± standard error and were determined by a student’s t-test (n=4–5). 
Abbreviations: BaMNP, bare magnetics nanoparticles; ciMNP, citrate-coated magnetic nanoparticles; PhMNP, tripolyphosphate-coated magnetic nanoparticles.
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On the other hand, we did not observed any effects on heart 

rate or arterial blood pressure in conscious rats 

The data of the isolated hearts are consistent with pre-

vious studies that show that MNPs induce cardiovascular 

effects.28 Here, we have used three different MNPs that each 

induced similar effects. It is likely that MNPs are able to 

cross the vascular endothelial monolayer34 and induce direct 

effects on cardiomyocytes. These effects can be triggered 

by internalization of the MNPs in the cardiomyocytes, and 

this phenomenon has been observed in different types of 

cells.35–37 In addition, Wu et al38 showed that particle size and 

surface modification lead to different responses in terms of 

the uptake of iron oxide nanoparticles. It is important to note 

that the contractile effects observed in the isolated hearts were 

not reversible during the washout period. This strengthens the 

hypothesis that the MNPs are taken up by cardiomyocytes.

The main effect observed in the isolated heart prepara-

tion was that MNPs induced an increase in LVEDP and 

a decrease in left ventricular developed pressure. These 

changes are generally related to cytosolic calcium overload in 

 cardiomyocytes.39 Thus, we speculated that the MNPs were 

shifting the calcium handling in response to an increase in 

sarcoplasmic reticulum calcium release or increase in calcium 

influx across the plasma membrane. However, it is possible 

that the cardiac effects can be generated by Mn2+ itself since 

previous studies have shown that Mn2+ can enter in the excit-

able cells via calcium channels or transporters and bind intra-

cellularly due its affinity for Ca2+ and Mg2+ binding sites on 

proteins.40 So, possibly, when inside cells, due to a different pH 

environment, some ions can be released from the nanoparticle 

surface. This hypothesis, however, deserves a more profound 

investigation and will be left for future works.

The infusion of BaMNPs induced a more pronounced 

effect on contractility of the isolated hearts when compared 

with the negative-charge-coated nanoparticles. Importantly, 

a decrease in particle internalization of negatively coated 

nanoparticles has been reported previously.31 Indeed, theo-

retical models indicate that repulsive nonspecific interactions 

(arising from the negatively charged coating layers) might 

be responsible for such an effect.41 Furthermore, Decuzzi 

and Ferrari42 developed a mathematical model that included 

the adhesive and endocytic properties of nanoparticles inter-

acting with cells. In particular, they described a phase-like 

diagram with three regions, namely: no particle adhesion; 

firm adhesion with no endocytosis; and firm adhesion with 

endocytosis.42,43 The governing parameters were found to be 

geometrical (shape, size), biophysical (ligand-to-receptor 

surface density ratio, hydrodynamic force  parameter, 

 particle surface charge, among others), and biological 

 (ligand–receptor binding affinity, etc). In general, the model 

stated that the adhesion time decreased as the particle got 

smaller, ie, it was easier for lower-size particles to firmly 

adhere to a cell surface. Therefore, these results suggest a 

higher affinity for the cellular membrane from the BaMNPs, 

and this might also help to explain the more pronounced 

effect of the BaMNPs. Thus, the enhanced cardiovascular 

effect might be related to higher adhesion in the membrane 

and/or endocytosis from those nanoparticles.

All three MNPs studied induced an increase in the perfu-

sion pressure of isolated hearts. We could argue that this effect 

was secondary to the rise in the LVEDP, promoting a compres-

sive effect in the coronary vasculature. However, CiMNPs 

evoked an increase in the perfusion pressure without changes 

in the intraventricular systolic or diastolic pressure, suggesting 

that MNPs have a direct effect in the coronary arteries.

We also evaluated the vascular effects of MNPs in iso-

lated aortic rings. Only BaMNPs were able to induce a slight 

vasorelaxant effect in these vessels. To date, our study is 

the first to evaluate the effects of MNPs in isolated vessels. 

Previous studies have shown direct vascular effects of non-

magnetic nanoparticles. In isolated rat aortic rings, a low con-

centration of silver nanoparticles induced vasoconstriction 

and a high concentration stimulated nitrogen oxide-mediated 

vasorelaxation.44 In mesenteric arteries, the response to 

noradrenaline was significantly lower in arteries from mice 

injected with iron oxide nanoparticles, as well as in ex vivo 

incubated vessels.28 In addition, Courtois et al2 reported that 

carbon-manufactured nanoparticles altered pulmonary vas-

cular tone, whereas titanium dioxide  nanoparticles – another 

class of nanomaterials – did not.

Alternatively, cardiovascular effects evoked by magnetic 

and nonmagnetic nanoparticles have been reported in a few 

previous studies.28,34,44,45 Although some studies demonstrate 

that MNPs are relatively stable in vivo,46 it has been observed 

that intravenously-injected MNPs can be removed from the 

circulation by the reticuloendothelial system, culminating in 

a blood half-life of approximately 24 hours in humans and 

11 hours in mice.47 However, this half-life and the small size 

of the particles allows them to penetrate tissues such as the 

heart.48 Indeed, it is important to note that, in our study, the 

MNPs were infused directly into the femoral vein and, there-

fore, were expected to reach the heart within few seconds. 

Also, the concentration used in vivo was several times higher 

than that used in ex vivo studies. Thus, we believe that the 

MNPs are taken up in the vessels as well as the heart without 

inducing significant effects. 
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We can also hypothesize that the lack of in vivo effects can 

be related to the ability of nanoparticles to progressively and 

selectively adsorb biomolecules when they come into contact 

with biological fluids.49 This opsonization phenomenon (also 

known as the corona effect49) was found to depend on several 

nanoparticle properties, namely:17 surface charge, where the rate 

of protein adsorption was found to be slower for neutral nano-

particles; hydrophobicity, which seems to influence the amount 

of proteins bound to and also the identities of the nanoparticles, 

while size, shape, and morphology seem to influence only the 

amount of bound proteins but not their identities; and surface 

coating, which strongly influences protein binding. For example, 

CiMNPs are expected to have many proteins bound to their sur-

face, while PEGylated particles have comparatively few bound 

proteins. It is interesting to note that all of these parameters have 

a strong influence on the adhesive and endocytic properties of 

nanoparticles interacting with cells. Although several of these 

effects have already been reported,17,49 the understanding of this 

nanoparticle–protein interaction is still in its infancy. Therefore, 

other studies are necessary to better elucidate the interaction 

between the MNPs and serum proteins. 

Conclusion
In summary, we report that MNPs induced cardiovascular 

effects only in isolated heart and vessel preparations. How-

ever, these particles failed to change hemodynamic parameters 

in conscious rats. These results indicate that it is important to 

carefully analyze the data obtained from isolated organs to 

avoid misinterpretation of the results and conclusions. Thus, 

given the proper dosages, we conclude that these MNPs 

should be considered for possible therapeutic applications.
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Supplementary material

Table S1 Basal values of mean arterial pressure and heart rate of the dose-response curve for magnetic nanoparticles

Sample MAP (mmHg) HR (bpm)

ciMNPs 110.9±6.80 323.2±39.8
PhMNPs 104.6±4.04 357.2±13.0
BaMNPs 105.1±5.04 350.5±73.8

Note: Values are shown as the mean ± standard error. 
Abbreviations: BaMNPs, bare magnetic nanoparticles; ciMNPs, citrate-coated magnetic nanoparticles; hr, heart rate; MaP, mean arterial pressure; PhMNPs, 
tripolyphosphate-coated magnetic nanoparticles.
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