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Silica nanoparticles as carriers for targeted drug delivery to the heart were studied. Studies 
of hemodynamic parameters of rats after intravenous infusion of silica nanoparticles showed 
no acute toxicity. Intravenous infusion of silica nanoparticles to animals with ischemiare-
perfusion of the myocardium led to accumulation of the nanoparticles in the focus of injury, 
which attests to possibility of passive targeted drug delivery to the myocardium.

Key Words: target delivery; drugs; nanoparticles; myocardium

1V. A. Almazov Center of Heart, Blood, and Endocrinology, St. Peters-

burg; 2I. P. Pavlov State Medical University, St. Petersburg; 3Chemical 

Faculty, St. Petersburg State University, Russia. Address for corre-
spondence: galagoudza@mail.ru. M. M. Galagudza

The development of methods for targeted drug deliv-
ery to damaged tissue by means of nanosized carriers 
is one of the most promising trends of modern phar-
macology [1,5].

This approach has many advantages: regulated 
treatment of focal pathological processes (tumor 
growth, infl ammation, and ischemia), reduction of 
drug toxicity and other side effects, increase of drug 
solubility and stability, improvement of biocompat-
ibility, regulated release of the drug.

We assume that local accumulation of nanopar-
ticles charged with the drug in reversibly damaged 
compartments of the heart can be attained by selec-
tive binding of annexin V on the nanoparticle surface 
(Fig. 1).

Annexin V is an endogenously produced protein 
binding to phosphatidylserine in the presence of cal-
cium ions. Phosphatidylserine is usually located on 
the inner surface of the plasmalemma, but in sublethal 

injury to the cell it is translocated to the outer surface 
of the cell [6]. Specifi c interactions between annexin 
V fi xed to the nanoparticle and phosphatidylserine 
theoretically should lead to nanoparticle fi xation to the 
cardiomyocyte membrane and subsequent accumula-
tion of these nanoparticles in the ischemic focus of the 
heart. This is how active delivery is realized.

The other mode of target delivery is its passive 
variant. In this case the drug is selectively accumu-
lated due to sharply increased capillary permeability, 
which is paralleled by easy release of nanoparticles 
charged with the drug outside the vascular bed.

We studied the possibility of targeted drug deliv-
ery to the ischemic myocardium.

MATERIALS AND METHODS

Nanodispersed silica particles (NSP) with specifi c sur-
face evaluated by the BET method by low-temperature 
adsorption of nitrogen, from 170 to 380 m2/g and mean 
size of particles from 6 to 13 nm [13] were proposed 
as the initial transporters for anti-ischemic drugs. It 
was previously shown that NPS are characterized by 
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good biocompatibility and biodegradation [7]. A meth-
od was developed for NSP surface modifi cation by 
amino groups. The method included 3-amino-propyl 
tri-ethoxysilane chemosorption from gaseous phase 
in a fl ow reactor. The spacer was synthesized using 
3-(re-amino)octanoic acid.

The biocompatibility of NSP was experimentally 
evaluated by the acute hemodynamic effects of the 
nanoparticle suspension in Wistar rats (200-250 g) nar-
cotized with chloral hydrate (420 mg/kg). NSP (nSiO2) 
and NSP bound to sodium fl uorescein (nSiO2+SFl) 
suspensions in saline were used. The fi nal concentra-
tion of NSP in suspension was 2 mg/ml. Binding of 
SFl to nanoparticles surface was carried out by the 
chemical assembly method [2]. The concentration of 
SFl in nSiO2+SFl suspension was about 0.013 mg/ml. 
The biocompatibility of the carrier was studied as de-

scribed previously [4]. Principal possibility of passive 
targeted delivery of NSP to damaged myocardium was 
studied in special experimental series. Sham-operated 
animals and animals with 30-min myocardial ischemia 
followed by reperfusion were intravenously infused 
with NSP, after which silica content was measured in 
heart and liver specimens by atomic absorption spec-
troscopy.

RESULTS

In order to evaluate biocompatibility, hemodynamic 
parameters were recorded: systolic BP, diastolic BP, 
mean BP, pulse BP (PBP), and heart rate (HR). The 
mean BP before the preparation injection was 120±35 
mm Hg, PBP 31.7±5.4 mm Hg, and HR 402±20 bpm. 
After the fi rst and subsequent injections of the prepara-

Fig. 1. Algorithm of targeted delivery to the myocardium.

Fig. 2. Histogram of fluorescence time course (arb. units) in the control (1) and after injection (2) of NSP with immobilized fluorescein (a) 
and cardiogreen (b). Light bars: heart; dark bars: liver.
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tion, the mean BP and HR, as well as the rate of respi-
ratory movements virtually did not change. However, 
PBP gradually increased in the course experiment and 
reached 46±7 mm Hg by the end of observation, which 
signifi cantly surpassed the initial level (p<0.05). The 
signifi cance of correlation between pulsed pressure 
and period of experiment was confi rmed by high val-
ues of r coeffi cient of correlations, its mean value 
being 0.82. Hence, intravenous infusion of NSP speci-
mens caused negligible changes in the hemodynamic 
parameters, indicating suffi cient biocompatibility of 
this nanomaterial.

We developed a method and studied the distri-
bution of NSP bound to SFl and indocyanine green, 
layered onto NSP by molecular laying through ionic 
and covalent bonds. Differences in fl uorescence levels 
for the liver and heart were demonstrated for SFl and 
indocyanine green (Fig. 2). It should be noted that 
UV exposure of organ specimens for detection of NSP 
labeled by SFl involved a signifi cant contribution of 
autofl uorescence, which could impede analysis of the 
target signal. Despite this, we observed predominant 
accumulation of SFl-labeled NSP in the lung, spleen, 
and liver, i.e. in organs of the reticuloendothelial sys-
tem. The use of indocyanine green allowed us to rule 
out the effect of high autofl uorescence, because this 
fl uorophore was stimulated in the near infrared band. 
The highest levels of NSP labeled by indocyanine 
green were found in the liver and kidney. The results 
recommend the infrared fl uorophores for fl uorescent 
label of nanoparticles and studies of their biodistribu-
tion.

Intravenous injection of NSP with a diameter of 
10 nm to animals with myocardial ischemiareper-
fusion led to selective accumulation of these NSP in 
the focus of injury (Fig. 3). This fact suggested that 
fi xation of cardioprotective drugs (e.g., bradykinin, 
erythropoietin, ATP-sensitive K-channel openers, vas-
cular endothelium growth factor, etc.) to nanoparticle 
surface could lead to selective increase of drug con-
centrations in damaged myocardium. This hypothesis 
was in good agreement with previous data [8] obtained 
with adenosine-charged liposomes 134 nm in diameter 
on the myocardial ischemia/reperfusion model in rats. 
We showed that the effect of passive target delivery 
to ischemic myocardium was realized with smaller 
nanoparticles with a basically different structure.

Hence, the concepts of passive and active delivery 
can be adapted to development of methods for drug 
transport to ischemic myocardium. Nanodispersed sil-
ica is a promising carrier for target delivery of drugs 
due to its low price, easy functionalization, biocompat-
ibility and biodegradation; the NSP biodistribution can 
be effectively evaluated by infrared fl uorescent label.

REFERENCES

1. M. M. Galagudza, D. V. Korolev, D. L. Sonin, et al., Nanotekh-
nol. Ekol. Proizvodstvo, No. 2, 132-138 (2009).

2. V. N. Postnov, Nanotechnologies in Biology and Medicine, 
Ed. E. V. Shlyakhto [in Russian], St. Petersburg (2009), pp. 
253-302.

3. V. N. Postnov, E. B. Kirpicheva, M. M. Galagudza, et al., 
International Conference “Basic Trends of Chemistry Develop-
ment at the Beginning of the 21st Century”, Collected Papers 
[in Russian], St. Petersburg, April 21-24, 2009, St. Petersburg 
(2009), pp. 181-182.

4. I. S. Uskov and A. V. Belozertseva, Rusnanotech-09 Second 
International Forum for Nanotechnologies [in Russian], Mos-
cow, October 6-8, 2009, Moscow (2009), pp. 880-881.

5. E. V. Shlyakhto, Nanotechnologies in Biology and Medicine, Ed. 
E. V. Shlyakhto [in Russian], St. Petersburg (2009), pp. 9-60.

6. S. Ganta, H. Devalapally, A. Shahiwala, and M. Amiji, J. Con-
trol. Release, 126, No. 3, 187-204 (2008).

7. I. I. Slowing, J. L. Vivero-Escoto, C. W. Wu, and V. S. Lin, 
Adv. Drug Deliv. Rev., 60, No. 11, 1278-1288 (2008).

8. H. Takahama, T. Minamino, H. Asanuma, et al., J. Am. Coll. 
Cardiol., 53, No. 8, 709-717 (2009).

Fig. 3. Silica content in the myocardium (light bars) and liver (dark 
bars) (atomic absorption spectroscopy). 1) basal level (group 1); 2) 
NSP (group 2); 3) ischemiareperfusion+NSP (group 3).
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