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A method is proposed for immobilization of anti-ischemic drug phosphocreatine on the 
surface of aminated silica and magnetite nanoparticles of similar size and shape. The synthesis 
of spacer and the coordination-ionic drug immobilization technique are described. Magnetite 
nanoparticles demonstrated much more effi  cient chemisorption of phosphocreatine than silica 
nanoparticles. The method was recommended for practical application.
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Targeted drug delivery enables selective accumulation 
of a drug within the tissue aff ected by a pathological process 
and reduction of systemic toxicity symptoms.1 The eff ect 
is achieved by binding drug molecules to a nanoparticulate 
carrier followed by parenteral administration of suspen-
sions obtained. At present, various nanocarriers are avail-
able.2 Depending on the chemical structure of both 
components of a drug delivery system, reversible binding 
of the drug to the carrier can be realized using diff erent 
strategies from physisorption to covalent bonding and 
nanoencapsulation. Accumulation of drug-loaded nano-
particles in the damaged tissue is due to either increased 
vascular permeability or specifi c interaction of ligands 
grafted to the nanoparticle surface with molecular damage 
markers on the plasma membrane. Silica-based materi-
als are widely used in this fi eld.3 Recent research into 

active targeted drug delivery involves the development 
of methods for manipulation of drug-loaded magnetic 
nanoparticles in the damaged tissue using external or in-
ternal magnetic fi eld.4,5

The aim of this work was to develop methods for 
immobilization of anti-ischemic drug phosphocreatine 
manufactured under the name Neoton (see Ref. 6) on the 
surface of silica and magnetite nanoparticles (NPs) of 
similar size and shape and to compare the effi  ciency of 
drug binding to them.

Experimental

We used (i) Polysorb 300 silica NPs7 preliminarily modifi ed 
following a known procedure8 and (ii) magnetite NPs synthesized 
following a published procedure9 and modifi ed with (3-amino-
propyl)triethoxysilane (APTES) in benzene.

Digital images of NPs were obtained using a JEOL JEM-1400 
transmission electron microscope (Japan) with fi eld-emis-
sion cathode, equipped with a STEM digital imaging/scan-
ning circuitry.

* Based on the  materials of the IV Interdisciplinary Symposium 
on Medicinal, Organic, Biological Chemistry and Pharmaceutics 
(MOBI-ChemFarma 2018) (September 23—26, 2018, Novyi Svet, 
Crimea).
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The remagnetization curves were recorded using a Lake Shore 
7410 vibrating sample magnetometer (Lake Shore Cryotronics 
Inc., USA) in air at ambient temperature.

Surface immobilization of the drug involved preliminary 
amination of NPs using gas-phase and liquid-phase techniques. 
The former was applied to silica NPs since they initially existed 
as dry powder and it was possible to carry out the synthesis in 
the pseudo-boiling gas-phase regime. Magnetite NPs were pre-
pared as suspensions, so it was more appropriate to carry out 
liquid-phase amination in organic medium. In both cases the 
aminating agent was APTES (Scheme 1). 

Scheme 1

Surface modifi cation of silica NPs. To carry out gas-phase 
modifi cation of silica NPs with amino groups a procedure involv-
ing chemsorption of APTES from the gas phase in a fl ow reactor 
was developed. The design of the reactor provided evaporation 
of the reagent at 220  °С, chemisorption, and removal of the 
excess reagent and side products of the reaction. The carrier gas 
was nitrogen. The method involved removal of bound water from 
the NP surface at 250 °С for 2 h, chemisorption of APTES at 
250 °С for 1 h, and subsequent removal of the excess amounts of 
reagents and side products at the same temperature over a pe-
riod of 2 h.8

Surface modifi cation of magnetite NPs. A suspension of 
magnetite NPs was freeze-dried on a Vaco 2 freeze dryer (ZirBus, 
Germany) at –50 °С and a pressure of 3 Pa. A 50-mL round-
bottom fl ask was charged with dry magnetite NPs (2 g) and 25 mL 
of 5% APTES solution in dried benzene. The reaction medium 
was refl uxed for 2 h at 80  °С using a thermostatted cell con-
nected to a LT-105a thermostatic bath circulator (LOIP Ltd., 
Russia). The excess reagent was removed by multiply washing 
with anhydrous chloroform using magnetic separation and etha-
nol (at the fi nal stage). During the modifi cation and washing the 
reaction mixture was vigorously stirred with a magnetic stir bar.

Determination of the content of amino groups in the samples. 
To aminated magnetite NPs, 0.1 N hydrochloric acid (1 mL) was 
added and the mixture was periodically shaken over a period of 
15 min to neutralize amino groups. Then, the suspension was 
centrifuged at 3000 rpm for 5 min. The supernatant liquid was 
titrated with 0.1 N solution NaOH with methyl orange as pH 
indicator. The eventual total amount of amino groups was cal-
culated from the amount of alkali.

It is impossible to evaluate the amount of drug that can be 
chemisorbed on the modifi ed surface from the total amount of 
amino groups. The content of accessible amino groups was 
determined using indocyanine green (ICG) fl uorescent dye. 
Immobilization is schematically shown in Fig. 1, a. To a suspen-

sion containing preliminarily aminated NPs (50 mg) in water 
(2 mL), a solution of ICG (1 mL, 1 mg mL–1) and distilled 
water (1 mL) was added. The sorption experiments were carried 
out in 15-mL polypropylene tubes using an LS-220 shaker 
(LOIP Ltd., Russia) over a period of 2 h at a stirring rate of 
300 rpm. Then the solution was centrifuged at 3000 rpm for 
5 min and washed fi ve times with distilled water and then cen-
trifuged again.

Having completed the ICG sorption experiments, the amount 
of the dye sorbed was determined. To this end, 0.1 N NaOH 
(10 mL) was added to the residue and a 15-min desorption ex-
periment was carried out. Then, the mixture was centrifuged and 
the supernatant liquid (1 mL) was sampled. The ICG content 
was determined spectrophotometrically by analyzing the solution 
thus obtained using an Unico 2802S instrument (Unico Sys, 
USA) at a wavelength (λ) of 700 nm.

Phosphocreatine immobilization on NP surface. To aminated 
NPs (50 mg), 0.1 N aqueous NaOH (1 mL) and 1 mL of a solu-
tion of phosphocreatine in 0.1 N HCl (2 mg mL–1) was added. 
The sorption experiments were carried out in 15-mL poly-
propylene tubes over a period of 2 h using an LS-220 shaker 
(LOIP Ltd., Russia) at a stirring rate of 300 rpm. Then the solu-
tion was centrifuged at 3000 rpm for 5 min and washed fi ve times 
with distilled water and then centrifuged again. Immobilization 
of phosphocreatine on the NP surface is schematically shown in 
Fig. 1, b.

The qualitative composition of the freeze-dried samples 
was studied using a Nicolet 8700 IR Fourier spectrometer 
(Thermo Scientifi c, USA) and bulk samples using an integrating 
sphere. Spectral measurements were carried out in the range of 
4000—400 cm–1.

The method for determination of phosphocreatine levels was 
developed taking into account the fact that in aqueous alkali 
solution this compound undergoes a ready transformation into 

Fig. 1. Immobilization of fl uorescent dye ICG (a) and phospho-
creatine (b).

a

b



Korolev et al.1098 Russ. Chem. Bull., Int. Ed., Vol. 68, No. 5, May, 2019

creatinine upon elimination of phosphoric acid (Scheme 2). 
This transformation can be detected with ease using the Jaff e 
reaction10 that is based on the reaction of creatinine with sodium 
picrate. 

Scheme 2

Creatinine reacts with alkaline picrate to give a red complex. 
A change in the optical density of the newly formed complex at 
λ = 510 nm is proportional to the concentration of creatinine in 
the sample. The optical densities of the absorption spectra were 
determined using an Unico 2802S spectrophotometer (Unico 
Sys, USA).

The optical densities of the solutions containing diff erent 
amounts of phosphocreatine were identical to that of the blank 
sample. This is indicative of the absence of the phosphocre-
atine → creatinine transition.

To study this fact in more detail, a solution of the blank 
sample of picric acid and a solution with the maximum content 
of phosphocreatine (21.1 μg) were prepared and then the absorp-
tion spectra of the solutions were recorded in the λ range of 
450—1100 nm using the spectrophotometer. No creatinine ab-
sorption band (500—600 nm) was observed at the maximum 
content of phosphocreatine in the sample.

Since the determination of phosphocreatine using the Jaff e 
reaction failed, a known procedure11 involving diacetyl in the 
presence of α-naphthol was employed to evaluate the amount of 
free phosphocreatine. A 1% alkali solution of α-naphthol was 
used. The alkali solution contained NaOH (6 g) and Na2CO3 
(16 g) in 100 mL of water. The diacetyl solution was prepared 
immediately prior to measurements and adjusted to a concentra-
tion of 0.05%.

To study the applicability of the method to the determination 
of phosphocreatine, a blank sample and a sample with the 
maximum concentration of phosphocreatine were prepared. The 
absorption spectra of the samples were recorded with the Unico 
2802S instrument in the λ range of 450—1100 nm. Figure 2 
shows that the absorption spectra of the samples analyzed at 
540 nm exhibit a shift of the absorption band, which depends 
on the drug concentration. Subsequent analysis was performed 
at λ = 540 nm.

To determine the concentration of phosphocreatine chemi-
sorbed on the surface of silica NPs, 0.1 N NaOH (5 mL) 
was added to the sample obtained after the chemisorption ex-
periments and then a desorption experiment was carried out 
for 15 min under hand shaking. The solution thus prepared 
was centrifuged and then the supernatant liquid (1 mL) was 
sampled and analyzed for free phosphocreatine as described above 
at λ = 540 nm.

To determine phosphocreatine in the freeze-dried samples 
from the phosphorus content, weighed samples were treated 
with nitric acid for 1 h on a water bath at 100 °С and then ana-
lyzed on an MGA-915-MD atomic absorption spectrometer 
(Lumex, Russia).

Results and Discussion

The TEM images of the initial silica and magnetite 
NPs are presented in Fig. 3. Since the thickness of the 
APTES coating was not determined by electron micro-
scopy, corresponding TEM images are not shown. Both 
bulk samples represent nanoparticulate powders with 
nearly spherical NPs. The average particle size was 8±2 nm 
for silica NPs and 15±5 nm for magnetite NPs.

The remagnetization curves of the samples of magne-
tite NPs are presented in Fig. 4. The saturation mass 
magnetizaton of the samples was 61 A m2 kg–1 for untreated 
magnetite NPs and 65 A m2 kg–1 for aminated magne-
tite NPs. This is consistent with the published data 
(63 A m2 kg–1) for individual similar-size magnetite 
nanoparticles used for magnetically controlled delivery of 
drugs and fl uorophores.12 Some increase in the saturation 
mass magnetizaton of the sample containing aminated 
magnetite NPs seems to be due to partial reduction of 
the mixed oxide to magnetite, which is additionally 
followed by an increase in the average magnetite grain 
size. This assumption is supported by an increase in the 
coercive force of aminated magnetite NPs (see Fig. 4, b). 
The measured coercive force of magnetite NPs was 
2.5—3.0 kA m–1, which corresponds to the monodomain 
rather than superparamagnetic state of NPs. Taking into 
account the size of magnetite NPs and TEM data, this 
can be explained by magnetostatic interaction between 
certain superparamagnetic iron oxide grains present in 
aggregates.13

The IR spectra of the initial and aminated samples and 
of the samples containing immobilized phosphocreatine 
are presented in Fig. 5 for silica NPs and in Fig. 6 for 
magnetite NPs.
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Fig. 2. Absorption spectra of blank sample (1) and of the sample 
with maximum concentration of phosphocreatine (2), and the 
sample with maximum content of phosphocreatine recorded 
relative to the blank sample (3).
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To analyze the evolution of the IR spectra, published 
data14 were used. Since we expected a rather low content 
of amino groups, only medium-intensity and strong lines 

were analyzed. The spectra of aminated samples exhibited 
lines corresponding to stretching vibrations of amines in 
the range of 2000—3000 cm–1 and lines corresponding to 

200 nm

a

200 nm
b

Fig. 3. TEM images of the starting nanomaterials: silica NPs (a) and magnetite NPs (b).
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Fig. 4. Remagnetization curves of untreated (1) and aminated (2) samples of magnetite NPs: general view (а) and low-fi eld region (b).
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deformation vibrations at 1460—1600 cm–1, the latter being 
much weaker in the spectra of magnetite NPs. Probably, 
they overlap with the lines corresponding to water in dif-
ferent states. The IR spectra of the aminated silica 
and magnetite NPs also exhibit lines corresponding to 
amines. We also identifi ed lines of P—H deformation 
vibrations (910—1090 cm–1) and P=O stretching vibrations 
(960–1300 cm–1); this is indicative of the presence of 
phosphate group which can be associated with phospho-
creatine.

The results of determination of the total amount and 
content of accessible amino groups are listed in Table 1.

The content of accessible amino groups is about an 
order of magnitude lower than the total amount of amino 
groups in the sample. This situation is quite typical and 
has been reported elsewhere.1,5

The content of phosphocreatine on the surface of 
silica NPs determined spectrophotometrically by the 
method involving the addition of diacetyl in the presence 
of α-naphthol was 0.04 mg, which corresponds to a con-
centration of 0.8 mg or 0.0038 mmol per 1 g of carrier. We 
failed to determine the amount of the drug on the surface 
of magnetite NPs using this technique since magnetite is 
alkali soluble, which precludes the determination in the 
spectral range of the method used.

The results of the determination of phosphocreatine 
content by atomic absorption spectroscopy (AAS) are listed 
in Table 2.

The amount of phosphocreatine in the samples based 
on silica NPs determined by AAS is equal to that deter-
mined spectrophotometrically. The content of phospho-
creatine immobilized on the surface of aminated magne-
tite NPs is tenfold higher than that found in the samples 
containing silica NPs. This is most probably due to two 
factors. First, liquid-phase amination involves the forma-
tion of a thicker APTES polymeric shell containing numer-
ous amino groups. This is confi rmed by the results of 
analysis for amino groups (see Table 1). Second, the surface 
of magnetite NPs is more hydroxylated, which also fa-
cilitates a complete amination. Based on the results of AAS 
analysis of the degree of usage of amino groups, it was 
found that the mole fraction of phosphocreatine bound to 
accessible amino groups was about 80%.

The immobilization strategy developed in this work is 
based on the assumption that chemisorption of carboxyl-
containing organic compounds on aminated nanoparticles 
is possible.1 The model carboxyl-containing drug with 
pronounced anti-ischemic activity was phosphocreatine 
which improves metabolism in myocardium and skeletal 
muscles. The chemical structure of phosphocreatine is 
identical to that of endogenous macroergic compound 
phosphocreatine. Phosphocreatine retards the disruption 
of sarcolemma in ischemic cardiomyocytes and provides 
intracellular energy transport. The drug improves micro-
circulation and thus decreases the area of ischemic necro-
sis. It also produces an antiarrhythmic eff ect in ischemia 
and post-ischemic reperfusion due to a decrease in ven-
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Fig. 5. IR spectra of samples based on silica NPs: untreated (1), 
aminated (2), and containing immobilized phosphocreatine (3).
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Fig. 6. IR spectra of samples based on magnetite NPs: untreated (1), 
aminated (2), and containing immobilized phosphocreatine (3).

Table 1. Total amount of amino groups and the content of 
accessible amino groups in samples

Sample Total amount Content of accessible
 of amino groups amino groups
 mmol g–1

Silica NPs 0.20 0.0130
Magnetite NPs 0.81 0.0480

Table 2. Determination of the content of phospho-
creatine by atomic absorption spectroscopy

Sample Phosphocreatine content

 mmol g–1 mg g–1

Silica NPs 0.0038 0.8
Magnetite NPs 0.0380 8.0



Conjugation of NPs and phosphocreatine Russ. Chem. Bull., Int. Ed., Vol. 68, No. 5, May, 2019 1101

tricular ectopic activity and maintenance of the physio-
logical function of Purkinje fi bers. Our study showed that 
phosphocreatine can be chemisorbed on the surface of 
both silica and magnetite NPs. The latter demonstrated 
a much more effi  cient immobilization of phosphocreatine. 
This allows one to hope for future practical application of 
magnetically controlled anti-ischemic drug delivery.

This work was carried out on facilities at the Centre 
for Optical and Laser Materials Research and at the Centre 
for Innovative Technologies of Composite Nanomaterials 
(both at St. Petersburg State University). 
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