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Abstract: The objective of the present study is development of novel surface-active block,
comb-like, and branched copolymers with peroxide-containing chains, as well as derived
functional luminescent and magnetic nanoparticles. The main experimental approaches are
based on tailored synthesis of the oligoperoxide surfactants of desired structures and derived
coordinating complexes of transitional and rare earth elements. Oligoperoxide-based synthe-
sis of luminescent, magnetic, and other functional nanocomposites with controlled size dis-
tribution, functionality, reactivity, and biocompatibility is described. Developed methods pro-
vide combining the formation of polymeric, metal, and metal-oxide nanoparticles with
irreversible modification of their surface by functional fragments capable of radical and other
reactions, including binding of physiologically active substances. Novel nanoparticles were
studied by chemical, colloidal-chemical, and rheological methods, X-ray diffraction tech-
nique, luminescent spectroscopy, and transmission and scanning electronic microscopy. The
availability of ditertiary peroxide fragments on the nanoparticle surface provides a possibil-
ity of radical grafting functional polymer chains. The developed functional nanoparticles
have been used for phagocytosis measurement, as well as markers of pathological cells, anti-
microbial remedies, and nanocarriers for targeted drug delivery. 

Keywords: nanoparticles; functional oligoperoxides; surface modification; luminescent la-
beling.

INTRODUCTION

The intense development of novel technologies of microelectronics, biochemistry, and medicine during
the past few decades is based on targeted synthesis and use of a wide range of synthetic polymers with
a high variety of chemical structure and properties. For example, the development of functional poly-
meric precursors is necessary for the design or improvement of microelectromechanical systems or their
components [1,2], microphase-separated block copolymer thin films have emerged as a promising new
technique for the creation of submicron/suboptical masks in the next generation of semiconductor and
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magnetic media [3–5]. Dendrimers are being used as carrier molecules for drug delivery and gene trans-
fer, as well as cell transfection agents [6,7], catalysts in homogeneous catalysis, and as scaffolds to ac-
complish multivalent presentation of ligands with interesting biological applications [8].

Until recently, the technique of radical polymerization for obtaining functional macromolecules
of comb-like, highly branched, or block structures was less advanced by comparison with methods of
condensation and analogous transformations [9–11]. That is caused, firstly, by the indeterminacy of
structure and chain length peculiar to polymers derivable by radical polymerization techniques. Since
the synthesis of telechelic surface-active oligoperoxides (SAPs) and oligoperoxide metal complexes
(OMCs) with side peroxide fragments allows controlling radical polymerization initiated by them
[12,13], which provides a more realistic and very promising approach for obtaining block, comb-like,
and branched polymers with the backbone and branches of predictable chain structure, length, polarity,
and reactivity.

At the same time, the global influence of nanotechnologies on technical progress demands the
creation of diverse organic and inorganic nanomaterials with a wide spectrum of properties for their
functional application. These are elementary units of nanoelectronics and nanophotonics (semi-
conductor transistors and lasers, photo detectors, solar cells, different sensors), devices for information
superdense recording, informational, computation technologies as well as nanolithography, nanoim-
printing, nanochemistry, and nanocatalysis [14–19]. The development of novel nanoparticles and
nanocomposites with polymeric shell—which provides their colloidal stability, biocompatibility, chem-
ical targeted functionality and reactivity—is of significant value for obtaining nanoscale carriers and la-
bels of biomedical application [20–22]. A variety of synthetic technologies for the preparation of
nanoparticles of biomedical application with narrowed size distribution and tailored functionality and
reactivity are available [20,21]. However, nanoparticle-targeted irreversible surface functionalization
still remains among the main problems of particle synthesis and their biomedical application. 

A brief review of principal approaches developed in our laboratory for tailored synthesis of SAPs
and OMCs based on new functional polymeric, inorganic, and hybrid colloidal nanoparticles [23,24] is
presented. The main techniques of sorption modification and/or polymerization and reactions of func-
tional oligoperoxide surfactants predominantly for biomedical application are described.

MATERIALS AND METHODS

Monomers: vinyl acetate (VA), acrylic acid (AA), styrene (St), butyl acrylate (BA), N-vinylpyrrolidone
(N-VP), and 2-tert-butylperoxy-5-methylhex-1-en-3-yne (VEP) were purified by vacuum distillation;
glicydyl methacrylate (GMA, Merck) was used, as obtained; maleic anhydride (MAN) was purified by
using sublimation technique.

Telogens: 1-(1-tert-butylperoxy-1-methylethyl)-4-isopropylbenzene (MP) was purified by vac-
uum distillation. 

Initiators: coordinating OMCs were obtained by the reactions of SAP with copper chloride in
methanol solution at ambient temperature and mild stirring (polymer:CuCl2, w/w ratio 1:1), then pre-
cipitated with distilled water, filtered, and dried under vacuum. Luminescent initiators were obtained by
using the same technique with rare-earth metal salts (Ce, Eu, Nd chlorides). 2,2'-Azobis(2-methyl-
propionitrile) (AIBN, Merck) was used, as obtained. 

Solvents: Ethyl acetate, dioxane, toluene, methanol, and benzene were of analytical grade and
used without additional purification.

Sample preparation

All polymerization reactions were performed in glass dilatometers under argon to control reaction ki-
netics and product yield. Synthesis conditions are presented in the discussion section. Obtained sam-
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ples were twice re-precipitated from organic solvents and dried under vacuum. Vinyl alcohol fragments
in polymer molecules were obtained by alkaline hydrolysis of VA links in methanol solution.

Nanoparticles of polystyrene and polyacrylates including luminescent ones were synthesized by
water dispersion polymerization initiated by AIBN or functional OMC. Colored polymeric nano-
particles were obtained by incorporation of specific unsaturated dyes (MD) into the particles.

Reactive Ni colloids, Fe3O4, Ag, and other nanoparticles with narrowed particle size distribution
and tailored functional shell and compatibility were synthesized by nucleation technique from water so-
lutions of corresponding metal salts in the presence of SAP in the reaction mixture [25,26]. 

Sample characterization

The content of VEP and MP links was calculated taking into account volatile products of decomposi-
tion of peroxide groups detected by gas–liquid chromatograph (Selmi Chrom-1) according to [27]. 

Surface tension of water-ammonia solutions of polymers was measured by PPNL-1 device using
the technique of excessive pressure in the vesicle. 

Intrinsic viscosity [η] of polymer solutions was measured by using Bishoff viscosimeter, in ace-
tone at 298 K. For homopolymers, viscosity-average molecular weight was calculated by using equa-
tion [η] = KMα as referred K and α values [28]. 

UV–vis spectrometry was performed at SPECORD-40 (Germany).
The structure of the particle inorganic core and magnetite crystal size were determined taking into

account the results of X-ray diffraction analysis data (“DRON-30”, CoKα irradiation) using the
Scherrer equation.

Crystal size distribution was obtained from transmission electron microscopy (TEM) micrographs
(“JEOL” JEM-200A, accelerating voltage, 200 kV) and small-angle X-ray scattering (SAXS) meas-
urements using a Guinier plot of scattering intensity vs. scattering vector fluctuation. 

Composite particle size was studied by scanning electron microscopy (SEM) (Akashi ISI DS
130C microscope). 

The content of adsorbed SAP and grafted copolymer was determined by elemental analysis. 
Opsonization of functional nanoparticles with specific proteins for phagocytosis was performed,

as follows. Latex particles were pelleted by centrifugation, the pellet was washed twice with 0.1 M
phosphate-buffered saline (PBS) (pH = 7.4), and suspended in double volume of human blood serum
or 0.5 % solution of concanavalin A in the same buffer. The suspension of the nanoparticles was kept
in refrigerator at 4 °C for 24 h, thereafter washed several times with PBS, and the final suspension was
standardized according to the number of nanoparticles per ml (usually 400–500 mln/ml). 

RESULTS AND DISCUSSION

Oligoperoxide-based initiators–precursors for block copolymerization were synthesized by telomeriza-
tion of VA, AA, St, or their mixtures with BA and MAN in hydrocarbon media in the presence of per-
oxide-containing telogens.

Earlier, we [23] have shown that only one terminal peroxide-containing fragment of MP can be
included in the polymeric structure, providing the availability of active radical-forming site in the mol-
ecule of polymer-precursor. 

The characteristics of the kinetics of polymerization reaction (Table 1) shows that polymerization
in the presence of peroxide-containing chain-transfer agents occurs at a feasible rate and yield and pro-
vides telechelic oligomers (TOs) of tailored structures. It is evident that the rate of polymerization, TO
chain length, and peroxide functionality are determined by the telogen amount in the initial reaction
system, as well as by the reaction conditions. One can see from the presented experimental data
(Table 1) that MP is an effective chain-transfer agent possessing weakly inhibiting action which de-
creases polymerization rate value and lowers TO molecular weight at the increase of telogen concen-
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tration. Moreover, the kinetic characteristics of the polymerization and the molecular weight and func-
tionality of peroxide-containing oligomers depend on the nature and composition of the monomer sys-
tem. 

Table 1 Synthesis and characteristics of polymers with terminal peroxide fragments ([AIBN] = 10 × 10–3 mole/l,
333Κ).

Copolymerization Polymerization Conversion, Polymer
Monomers Telogen [T], % Solvent rate W × 103, % Telogen Mη × 103, Number-

%/s content in g/mole average
polymer, functionality

% fn

VA MP 5 In 1.5 68 0.16 18.0 0.13

VA MP 20 block 0.37 62 3.25 8.00 1.17

VA MP 30 0.11 59 3.80 6.80 1.16

VA MA MP 25 Ethyl 0.47 65 0.45 5.00 0.10

VA MA MP 33 acetate 0.13 65 4.00 4.00 0.72

VA BA MP 33 0.17 65 4.90 4.20 0.93

The presence of common absorption bands in the UV spectra of peroxide-containing telogens and
oligomers with end MP fragment (Figs. 1 and 2) confirms entering of active telogen residue into the TO
structure. 
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Fig. 1 UV spectra of: (1) MP; (2) poly VA-MP; (3) poly VA-BA-MP.



It is evident from Table 2, which represents the characteristics of synthesis and properties of ob-
tained block copolymers, that MP-containing polymers are the active initiators of solution polymeriza-
tion in various monomer systems. The initial polymeric initiators and resulting block copolymers pos-
sess different solubility and can be separated by dilution and precipitation in distinct solvents. The
obtained block copolymers can be composed of blocks of different polarity containing various func-
tional fragments including peroxide groups. The variation of synthesis conditions and the nature and
concentration of both initial TO-initiator and monomer mixture provides a control of block copolymer
chain length, hydrophilic–lipophilic balance (HLB), and reactivity.
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Fig. 2 UV spectra of block copolymers: (1) MP; (2) polyvinyl alcohol-St (Mn = 10 000 g/mole; (3) polyvinyl
alcohol-BA (Mn = 8200 g/mole).



Table 2 Synthesis and characteristics of block copolymers (358 K, benzene, [monomer:solvent] = 1:3).

Block copolymerization Characteristics of block copolymers

Precursor % per Monomer Polymerization Conversion, [η] × 10, VEP link σ,* CMC**,
monomers mixture rate W × 103, % m3/kg content, mN/m %

%/s (298 K, % (10 %
acetone) solution)

VA-MP 5.0 VA-VEP-N-VP 3.8 85 0.25 18 38.5 2.2
95.5:4.5% 55:15:30

VA-VEP-N-VP 1.3 75 0.15 42 32.0 1.5
20:35:45

10.0 VA-VEP-N-VP 4.5 92 0.22 19 37.9 2.2
55:15:30

VA-VEP-N-VP 2.2 85 0.13 40 32.2 1.7
20:35:45

VA-MA-MP 5.0 BA-VEP-GMA 5.8 98 0.10 63 –
46:50:4.0 30:55:15

VA-BA-MP 5.0 BA-VEP-AA 7.1 98 0.10 50 33.5 3.0
25.1:70:4.9 35:40:25

*Surface tension.
**Critical concentration of micelle formation. 

Synthesis of macro-initiators–precursors for graft copolymerization

Functional oligoperoxide initiators—precursors for graft copolymerization—were synthesized by
copolymerization of VA with BA, MAN, or AA and unsaturated peroxide as monomer and chain-trans-
fer agent simultaneously in hydrocarbon media and derived metal complexes on their basis, as referred
[24]. Earlier, we showed [13] that OMCs are low-temperature macro-initiators of radical polymeriza-
tion in hydrocarbon and water dispersion media, providing the obtainment of controlled graft copoly-
mers of various backbone and side functional chains including groups of peroxide functionality. Some
characteristics of OMC precursors are presented in Table 3.

Table 3 Characteristics of OMC precursors of graft (co)polymerization.

OMC composition, % [Cu2+] in [η] × 10, M
–

n σ, mN/m
VA Vinyl VEP BA MA OMC, % m3/kg g/mole (10 % solution

alcohol (298 K, at pH = 9)
acetone)

18.4 – 50.6 – 31.0 0.85 0.08 1600 33.0

22.5 – 56.7 – 20.8 0.93 – 12 000 35.0

1.7 46.3 26.2 – 25.8 0.95 0.09 1800 35.0

1.6 56.1 17.8 24.5 0.35 1000 –

23.2 – 26.8 14.2 35.8 1.06 0.28 5200 30.0

10.6 – 15.8 60.1 13.5 1.25 – 14 300
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It is evident from Table 4 representing comb-like copolymer characteristics, that they contain dif-
ferent functional groups, including active ditertiary peroxide ones. One can see that obtained copoly-
mers can be of controlled surface activity (Fig. 3), solubility, and reactivity, especially in the secondary
processes of radical polymerization. Thus, grafting hydrophobic polystyrene chains to molecules of
OMC initiator leads to the enhancement of the product surface activity in water-alkaline media; thereby,
they can be used as radical-forming surfactants for synthesis of branched polymers and colloidal parti-
cles with predefined functionality and reactivity of the shell. 

Table 4 Synthesis and characteristics of comb-like copolymers (358 K, benzene, [monomer: solvent] = 1:3).

Copolymerization Characteristics of comb-like 
copolymers

Precursor- OMC, Monomer Polymerization Conversion, [η] × 10, Content σ, mN/m CMC,
initiator % per mixture, % rate W × 103 % m3/kg of VEP (10 % %

monomers %/s (298 K, links, % solution)
acetone)

OMC 2.5 AA-BA-VEP 0.08 60 0.095 8.0 35.0 5.0
VA-VEP-MA 90.0:5.0:5.0
20:48:32 %

AA-N-VP-VEP 0.13 62 0.010 7.5 39.0 6.2
Cu2+ = 0.85%

75.0:20.0:5.0

5.0 AA-BA-VEP 0.17 65 0.090 8.6 37.0 5.2
90.0:5.0:5.0

AA-N-VP-VEP 0.33 67 0.089 9.2 38.0 6.0
75.0:20.0:5.0
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Fig. 3 Surface tension isotherms of OMC precursor (1) and comb-like OMC-graft-poly St (2) in water-ammonium
solution.



The coincidence of characteristic absorption bands corresponding to Cu2+-containing fragments
in OMC molecules and derived comb-like copolymer testifies to structural entering of OMC residual
fragments into the molecule of graft-copolymer obtained as a result of polymerization initiated by OMC
precursor (Fig. 4).

Comb-like copolymers containing radical-forming ditertiary peroxide fragments in the chains are
prospective macro-initiators–precursors providing the obtainment of highly branched polymers. They
initiate radical polymerization in the organic solutions in a wide temperature range, causing a forma-
tion of branched copolymers with new branches of tailored length, functionality, and reactivity
(Table 5).

Table 5 Rheological characteristics (intrinsic viscosity) of OMC, copolymer OMC-graft-
P1 and derived copolymer OMC-graft-P1-graft-P2.

Sample [η] × 10, m3/kg
(298 K, acetone)

OMC 0.082

Poly (VA-VEP-MA)-graft-poly (BA-VEP-AA) 0.090

Poly (VA-VEP-MA)-graft-poly (BA-VEP-AA)-graft-poly St 0.062

The rheological characteristics of polymer products that were obtained as a result of polymeriza-
tion initiated by metal complexes on the basis of peroxide-containing macro-initiators of different de-
gree of branching witness a formation in solution of new compact polymer structures peculiar to
branched copolymer structure (Table 5). 
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Fig. 4 UV–vis spectra of OMC (1) and OMC-graft-poly-St (2).



Water dispersion polymerization initiated by OMCs

Previously, we [12,13] have studied the formation of primary reactive polymer nanoparticles with func-
tional shell by the technique of water dispersion polymerization initiated by OMC. The main regulari-
ties of controlled radical polymerization initiated by oligoperoxide Men+-containing surfactants indi-
cate a possibility of obtaining polymer water dispersions comprising of unimodal nanoparticles with
particle size in the range of 30–70 nm, as shown in Fig. 5, and reactive functional shell capable of rad-
ical, condensation, and other reactions [13].

Using oligoperoxide-based coordinating complexes of cations of rare-earth elements for the ini-
tiation of St dispersion polymerization provides obtainment of luminescent polymeric nanoparticles
with narrowed particle size distribution (Figs. 5 and 6). 

© 2008 IUPAC, Pure and Applied Chemistry 80, 2309–2326

Oligoelectrolytes and nanoparticles 2317

Fig. 5 SEM picture of functional polystyrene nanoparticles.

Fig. 6 Size distribution of luminescent polymeric nanoparticles: 1, polystyrene latex with 3 %; 2-polystyrene latex
with 2 %; 3-polystyrene latex with 1 % of Ce3+ complex ([Ce3+] = 1.25 %).



One can see that highly monodisperse nanoparticles can be synthesized only at optimal content
of luminescent OMC in water dispersion system, as initiator and stabilizer. That can be explained by
the change of nanoparticle formation mechanism at different OMC concentrations.

As a result of sorption immobilization of luminescent SAP modifiers onto the magnetic ferric
oxide nanoparticle surface, novel functional magnetic and luminescent nanoparticles were synthesized
(Figs. 7 and 8).

Functional polystyrene nanoparticles possess an intensive luminescent capability due to the pres-
ence of coordinated Ce3+ cations in the functional particle shell. It is evident that a decrease of nano-
particle concentration in water system leads to an enhancement of luminescence intensity as a result of
an increase of the system transparency (Fig. 8).
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Fig. 7 TEM image of polystyrene nanoparticles with functional shell containing coordinated Ce3+ cations (2 % of
Ce-oligoperoxide complex per H2O, [Ce3+] = 1.25 %).

Fig. 8 Spectra of luminescence of polystyrene (1, 2) and hybrid magnetic (3) nanoparticles with functional shell
containing Ce3+-oligoperoxide complex. Polystyrene latex dry residue: 17 % (1); 2 % (2). 



Seeded polymerization initiated from the surface of the particles modified by OMCs

Functional polymeric nanoparticles containing radical-forming sites in the oligoperoxide shell immo-
bilized on the particle surface are efficient initiators of seeded polymerization providing grafting of var-
ious functional chains at a definite distance from the particle core. The experimental results of seeded
low-temperature polymerization initiated from the surface of functional polymer nanoparticles are pre-
sented in Table 6. They display a formation of composite particles with “core-shell” morphology and a
possibility of obtaining multilayer reactive shell. It is evident (Table 6) that various monomers and
monomer systems can be used for the formation of second and third functional polymer shells on the
particles resulting in changing particle hydrophobic–hydrophilic properties, functionality, and enhance-
ment of their size.

Table 6 Multistage seeded copolymerization initiated from the particle surface (293 K).

First stage Second stage* Third stage**

Latex Dry Dpart., Monomer Dry Dpart, Polymerization Monomer Dry Dpart, Polymerization
particle residue, µm for the residue, µm rate W × 103, for the residue, µm rate W × 103,
structure % second % %/s third shell % %/s

shell***

Core 22.0 0.15 F-MA 27.0 0.020 20 – – – –
St-BA-VEP

Si-MA 25.5 0.018 25 – – – –53:32:15

BA-GMA 28.0 0.020 28 – – – –Shell OMC

90:10

Core 23.0 0.10 VEP-BA 29.0 0.014 25 Si-MA 33.0 0.16 20
St-BA-AA 50:50

F-MA 32.2 0.16 2570:25:5
Shell - OMC

*Formation of second shell was initiated by residual OMC in the particle shell.
**Formation of third shell was initiated by additional OMC sorbed onto that particle surface (0.5 % per monomers).
***F-MA: 2,2,3,3-tetrafluoropropyl-2-methacrylate; Si-MA: (3-trimethoxysilyl) propyl-2-methacrylate; GMA; (2,3-epoxy
propyl)-methacrylate.

The study of seeded polymerization rate depending on the concentration of sodium pentadecyl
sulfonate and particle-initiator content in the system, testifies to the polymerization occurrence excep-
tionally at the primary particle surface, providing an increase of their size. No particles are formed dur-
ing seeded polymerization initiated by particles modified by OMCs.

As a result of seeded water dispersion polymerization initiated by radical-forming sites in func-
tional oligoperoxide shell, novel particles with complicated morphology and targeted functionality,
compatibility (including biocompatibility), and reactivity can be synthesized. 

Homogeneous nucleation from salt solutions in the presence of SAPs or OMCs

The method of the formation of primary reactive inorganic particles with functional shell by homo-
geneous nucleation from the solutions of corresponding metal salts in the presence of SAPs and OMCs
[24–26] is presented in Fig. 9. Reactive Ni colloids, Fe3O4, Ag, and other nanoparticles with narrowed
particle size distribution and tailored functional shell and compatibility were synthesized by this tech-
nique in the presence of oligoperoxide surfactants [29–31]. The average particle size distribution testi-
fies to a tendency of formation of unimodal nanoparticles at their formation in the presence of SAPs or
OMCs (Fig. 10). That is explained, as we have shown earlier [12,13,29], by a displacement of the re-
action of particle nucleation into micelle-like structures formed by functional oligoperoxide surfactants,
which are the templates determining the particle size. 
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TEM study of nanoparticle hydrosols (Fig. 10) witnesses a possibility of controlled synthesis of
nanoparticles sized in the range of 5–20 nm depending upon the nature and content of SAPs and con-
ditions of corresponding salt reduction in the presence of SAPs as template and stabilizer. SAXS tech-
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Fig. 9 Scheme of homogeneous nucleation of metal and metal oxide particles with functional SAP shell.

Fig. 10 Micrographs of functional hybrid nanoparticles obtained in the presence of SAP: (a) TEM image of
magnetite crystals; (b) TEM image of colloidal silver particles (insets: number average distribution of particle size
obtained from SAXS data). 



nique (Table 7), TEM (Fig. 10), SEM, and magnetic measurements testify to favor of the realization of
more complicated mechanism of ferric oxide formation as a result of homogeneous nucleation in the
presence of functional oligoperoxide surfactants in accordance with the scheme (Fig. 11). 

Table 7 Effect of synthesis temperature and SAP concentration on characteristics of functional magnetite
nanoparticles.

T, K [SAP], % Crystal size, Polymer-mineral Polydispersity Crystal amount per
dcr, nm particle size index k 1 particle, N*103

dN, nm

293 0 10.4 ± 1.0 146 ± 57 1.66 2.77

0.2 9.6 ± 0.9 97 ± 27 4.62 1.03

2 8.9 ± 0.9 78 ± 26 2.94 0.67

333 0 12.6 ± 1.1 71 ± 21 3.19 0.18

0.2 10.5 ± 1.0 67 ± 19 2.21 0.26

2 9.6 ± 0.9 – – –

363 0 13.3 ± 1.2 87 ± 39 1.83 0.28

0.2 12.4 ± 1.1 72 ± 27 1.66 0.13

2 10.2 ± 1.0 69 ± 27 2.14 0.47

Taking into account the results of SEM, TEM, and SAXS analysis, it can be suggested that inte-
gral Fe3O4 particles with size around 100–150 nm comprised of magnetic mineral core containing
nanocrystals sized 8–12 nm with functional polymeric shell providing radical reactions initiated at the
particle surface. SAP concentration and temperature of synthesis are the main factors determining inte-
gral nanoparticle size, as well as the size of nanocrystals (Table 7). TEM micrographs of magnetite
nanoparticles after sonification during 4 and 40 s confirm complicated Fe3O4 nanoparticle morphology
(Fig. 12).

The availability of reactive functional shell on the nanoparticle surface not only provides tailored
rheological characteristics and compatibility with various matrixes, but also indicates a possibility of
occurrence of radical and other reactions with participation of functional fragments located in the par-
ticle shell.
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Fig. 11 Synthesis and transformation of biocompatible functional nanocarriers on the basis of Fe3O4.



Seeded polymerization initiated from inorganic particle surface modified by OMCs

The availability of radical-forming sites on the particle surface causes a possibility of radical formation
by immobilized ditertiary peroxide groups and grafting polymer chains to surface with following for-
mation of new functional shell at a given distance from the surface (Fig. 13 and Table 8). As one can
see (Fig. 13), seeded polymerization initiated from the surface of inorganic particles obeys the same
regularities that are peculiar for polymerization initiated from the polymer particle surface, including
independence on the concentration of the added emulsifier. That proves an occurrence of graft poly-
merization only on the particle surface and the impossibility of particle formation in the medium. The
polymerization rate and conversion depend strongly on the modified filler nature and content in the re-
action system. The study of the particles after seeded polymerization witnesses an increase of their size
and tailored formation of grafted chains containing the definite amount of active functional fragments. 

Table 8 Characteristics of copolymer GMA-VEP-St grafted to the surface of
inorganic nanoparticles (291 K; monomers: H2O = 1:5; GMA-VEP-St =
2:1:1).

Particles Particle Content of Composition of
content, % grafted copolymer grafted, %

copolymer, % GMA VEP St

γ-Fe2O3, 17.4 1.6 50.0 25.0 25.0
[OMC] =

30 2.5 60.0 19.0 21.00.7 %
60 5.0 75.0 16.0 9.0

Colloidal Ni 17.4 0.8 65.0 5.5 29.5
[OMC] =

30 1.1 55.0 6.0 39.00.45 %
60 2.5 50.0 10.0 40.0
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Fig. 12 TEM images of Fe3O4 nanoparticles after 4 s (a) and 40 s (b) ultrasound treatment.



Potentials for biomedical application: Employment of nanoparticles in studying
phagocytic activity 

Latex nanoparticles were pretreated with different proteins and these particles were further used as ob-
jects of phagocytosis. It is known that the efficiency of ingestion of particles by phagocytic mammalian
cells (neutrophilic granulocytes or macrophages) depends upon properties of particle surface, especially
upon proteins located at the surface. Substances, including proteins, which stimulate phagocytosis are
called “opsonins”, and the process of particle coating with these substances is called “opsonization”.
Immunoglobulins and antibodies immobilized on the particle surface by different bonds (physical or
chemical) are the most effective opsonins.

We used proteins of human blood serum or concanavalin A for opsonization of nanoparticles.
Concanavalin A is a plant lectin, which is a protein that selectively binds carbohydrates, such as man-
nose, glucose, and acetamidoglucose. In natural conditions, it binds polysaccharides (glucans and man-
nans) or glycoproteins exposing residues of mannose and acetamidoglucose. Concanavalin A absorbed
on that nanoparticle surface favors the particle attachment to cell surface and its engulfment during
phagocytes. An example of cytological pattern of phagocytosis of different opsonized nanoparticles, in-
cluding polymer-coated nickel particles, is presented in Fig. 14.
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Fig. 13 Water dispersion polymerization rate of VEP-GMA-St mixture vs. filler content (1, 2) and concentration
of emulsifier E-30 (1a, 2a). Initiation from the OMC-modified filler surface: γ-Fe2O3 ([OMC] = 0.7 %) (1, 1a)
colloidal Ni particles ([OMC] = 0.45 %) (2, 2a); 291 K.



CONCLUSIONS

The principal possibility of using peroxide-containing monomer or telogen, as well as surface-active
polymeric substances on their basis, for tailored design of reactive macromolecules of block, comb-like,
and branched structure with peroxide-containing chains of various nature, HLB, and reactivity was
demonstrated. 

The results of studying kinetic peculiarities and other characteristics of novel designed copoly-
mers displayed that they are surface-active substances with controlled solubility, rheological character-
istics, surface activity, and capability of radical formation in a wide temperature range.

Various approaches of using oligoperoxide-based surfactants including derived coordinating
metal complexes for the activation of colloidal particles causing polymer grafting onto their surface
have been demonstrated. That permits obtaining of nanoparticles of “core-shell” structure with frag-
ments providing their tailored compatibility, functionality, and reactivity including biocompatibility and
specific biological activity. 
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Fig. 14 Phagocytic activity of human blood polymorphonuclear leukocytes toward different nanosized objects of
phagocytosis. (1, 2) phagocytosis of yeast Debariomyces hansenii cells; (3–5) nanoparticles used as objects of
phagocytosis: (3) Ni nanoparticles opsonized with proteins of human blood serum; (4) latex nanoparticles
opsonized with proteins of human blood serum; (5) latex nanoparticles opsonized with lectin concanavalin A; (6)
nickel nanoparticles coated with a polymeric shell.



Functional nanoparticles, including magnetic, colored and luminescent ones, were successfully
used as stained or magnetic labels for investigation of phagocytosis, labeling pathological cells, as well
as nanocarriers for targeted drug delivery. The advantages of using polymeric nanoparticles comparing
to yeast cells, possibilities of chemical conditioning of the particle surface and its modification by at-
taching specific ligands with known structure can be clearly seen in phagocytosis experiments.
Proposed technology of latex nanoparticle synthesis and fractionation for obtaining monodisperse sus-
pensions can be used for measuring phagocytic activity of human blood cells for the diagnostic pur-
poses in clinical laboratories.
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