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ABSTRACT: Hybrid polymer coated silica nanoparticles (NPs) were synthesized using low temperature
graft (co)polymerization of trimethoxysilane propyl methacrylate (MPTS) initiated by surface-active
oligoperoxide metal complex (OMC) in aqueous media. These NPs were characterized by means of
kinetic, solid-state NMR, TEM and FTIR techniques. Two processes, namely the radical graft-
copolymerization due to presence of double bonds and 3D polycondensation provided by the intra- or/and
intermolecular interaction of organosilicic fragments, occurred simultaneously. The relative contribution
of the reactions depending on initiator concentration and pH value leading to the formation of low cured
polydisperse microparticles or OMC coated SiO, NPs of controlled curing degree was studied. The
availability of free-radical forming peroxide fragments on the surface of SiO, NPs provides an
opportunity for seeded polymerization leading to the formation of the functional polymer coated NPs with
controlled particle structure, size, and functionality. Encapsulation of the luminescent dye (Rhodamine
6G) in SiO, core of functionalized NPs provided a noticeable increase in their resistance to photo-
bleaching and improved. biocompatibility. These luminescent NPs were not only attached to murine
leukemia L1210 cells but also tolerated by the mammalian cells. Their potential use for labeling of the
mammalian cells is considered.
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1. Introduction

The biocompatible NPs with cured SiO, core and specific organic fragments on their surface are of
great interest for providing tailored functionality. They might be used as analytical reagents in
diagnostics, including the magneto-sensitive and luminescent labeling of the pathological cells in vitro
and the MRI labels in vivo, as well as carriers for targeted drug delivery [1-8].

There are numerous approaches for synthesis of the organosilica nanocomposites for the biomedical
applications [9-15]. Almost all of them are based on the sorption functionalization of fumed or porous
silica colloid precursors and subsequent reactions of functional fragments immobilized on their surface
[10, 14, 16, 17]. The organosilicic methacrylate (MPTS) and derived copolymers are widely used for
surface functionalization of both inorganic [18] and polymeric [19] particles. MPTS is a bifunctional
monomer that is used as a curing agent for obtaining hydrogels including materials for dental applications
[20, 21]. The hydrolysis of its organosilicic fragments was studied in[22, 23]; it occurs slowly at 323-
343K and is accelerated in the acidic medium [20, 24].. However, some researchers confirmed
independence of the hydrolysis rate on the pH value [21, 25].

It was shown that mesoporous functional SiO, particles can be synthesized in two-stage process,
first via obtaining SiO, particles and then through madification of their surface [26, 27]. Besides, sol-gel
method of synthesis in the mixture of TEOS and MPTS can be used [28, 29]. The availability of
unsaturated fragment on the particle surface provides a possibility for their further modification [30].
Thereisa limited number of publications [31, 32] concerning a simultaneous controlled synthesis and
functionalization of SiO, NPs in situ. Synthesis of hybrid polymer/inorganic particles via water dispersion
multi-stage polymerization was described [33]. First polystyrene particles were obtained by means of
water dispersion polymerization till 80% of monomer conversion, then MPTS was added to the system
containing polymer-monomer particles and polymerization was continued. A possibility of controlling the
reaction of formation -O-Si-O-Si- bonds changing pH value was ascertained [33]. It was found [22] that
compactly packed SiO, nanoparticles can be obtained by hydrolytic condensation of the organosilicic
fragments of MPTS molecules in the acidic medium. The final products here are intramolecular circles
consisting of 6-24 atoms of Si till 1,500 g/mole molecular weight silsesquioxanes or
poly(silsesquioxanes). The investigators also noticed that a simultaneous copolymerization prevents the
reaction of the organosilicic fragments and formation of SiO, particles. Polymerization of MPTS leads to
a formation of cured structures of uncontrolled size and shape. At the same time, MPTS and polymers
containing MPTS links and blocks can be used for controlled synthesis of cured SiO, particles in mixtures
with the tetraethoxysilane (TEOS) [34]. As a result of MPTS interaction with TEQOS, they form cured
particles containing the unsaturated double bonds of MPTS on the surface [22]. The preparation of the
linear poly(MPTS) and block-copolymers poly(MPTS)-block-poly(MMA) that were further used for
obtaining cured and star-like polymers was described [35]. Porous coatings were obtained using block-

copolymers poly(styrene)-block-poly(MPTS), as shown in [36]. As a result of MPTS radical



polymerization initiated by the AIBN, poly(MPTS) was synthesized, then cured polymer was obtained in
water-alkaline solution in the presence of acid as a promoter of the polycondensation [37]. However, the
researchers could not obtain cured SiO, nanoparticles when using that approach. The proposed scheme
suggests that condensation occurs between MPTS fragments in the polymer molecules and free MPTS.
For obtaining of SiO, nanoparticles, two-stage process was proposed: first, MPTS block-copolymers
containing hydrophilic blocks were synthesized, then particles consisting of SiO, core and stabilizing the
hydrophilic blocks were obtained by sedimentation of the polymers in water [38, 39]. SiOz particles of the
“core-shell” structures were obtained using seeded water dispersion polymerization of MPTS in the
presence of the polystyrene particles [19, 40, 41, 42]. Water dispersions of the nanoparticles consisting of
SiO;, core were obtained via subsequent polymerization stages [43]: a silicic-acid and MPTS were added
to water for obtaining seeds, then other monomers were provided to carry out an initiated radical
copolymerization. It was shown [44] that the increase of MPTS concentration to 4% in the monomer
mixture leads to a formation of the unstable dispersions. However, even very small amount of the
monomer organosilicic fragments provides obtaining of the polymers forming durable hydrophobic films
from water dispersions. In order to avoid the uncontrolled hydrolysis and intermolecular cross-linking
during MPTS polymerization [45, 46], the synthesis.of MPTS containing functional copolymers via
copolymerization with surface-active monomers in the organic solution was proposed with a subsequent
dispersion in water in the presence of catalyst that accelerates the hydrolysis of the organosilicic groups.
The influence of concentration and nature of the radical initiators on the behavior of these reactions has
not been studied yet.

Conventional emulsifiers and initiators for MPTS water dispersion polymerization do not yield
spherical SiO, nanoparticles and their stable dispersions. The key problem for purposeful synthesis and
tailoring structures of the cured functional SiO, nanoparticles is a controlling of two reactions, radical
polymerization and polycondensation that take place simultaneously due to the availability of the
unsaturated ‘bond and the organosilicic fragments in the MPTS molecules. A contribution of these
reactions that determine the structure of cured SiO, core and functional shell has not been sufficiently
studied. The kinetic peculiarities of these reactions and their contributions in total rate of the formation of
functional SiO, nanoparticles in a result of MPTS radical polymerization can be a convenient tool for the
predicted and controlled synthesis of the cured polymer coated SiO, nanoparticles.

Earlier, we have demonstrated several perspectives of the controlled synthesis and simultaneous
surface functionalization of the polymeric and inorganic colloids and NPs that were successfully tested as
magnetic and luminescent biomedical reagents using oligoperoxide-surfactants as radical surface-active
multi-site initiators or templates and surface modifiers [47-51]. We have also studied the nucleation of the
polymeric nanoparticles resulted in low-temperature water dispersion polymerization initiated by the

surface-active multi-site initiator OMC [52].



Here we present the results of the kinetic and structural studies of synthesis of novel functional
polymer coated SiO, NPs via low temperature water dispersion polymerization of MPTS initiated by
surface-active oligoperoxide metal complex, as well as their application for encapsulation of the
luminescent dye that can be used for labeling of the mammalian cells.

2. Experimental

2.1. Materials.
For synthesizing SiO, NPs coated with functional oligoperoxide, 3-(trimethoxysilyl) propyl

methacrylate (MPTS) (98% purity, Aldrich) were used. Other monomers were as follows. Vinyl acetate
(VA) (Labscan, Poland) was purified by vacuum distillation and its physic-chemical properties were in
accordance with the literature data [53]. Maleic anhydride (MA) (Merck) was purified by vacuum
sublimation, its melting point after purification was 325 K (literature data: 325.9 K [54]). The peroxide
monomer 2-tert-butylperoxy-2-methyl-5-hexene-3-yne (CH,=CH-C=C-C(CHj3),—O—-0—-C(CHz3)3)(VEP)
was synthesized from the 2-methylhex-5-en-3-yn-2-ol (CH,=CH-C=C-C(CHj3),—OH; Nairit Plant CJSC,
Armenia) and tert-butyl hydroperoxide(AkzoNobel, Netherlands) was purified by vacuum distillation and
characterized by: [0]=8.7%, d,*°=0.867 g/ml, n*°=1.4482[55]. Styrene (St) (Aldrich) and N-vinyl
pyrrolidone (NVP) (Aldrich) were purified by vacuum distillation. Ammonium persulfate (PA) (Aldrich)
and Azobisisobutyronitrile (AIBN) (Merck) were used as initiators after purification by recrystallization
from ethyl alcohol. The emulsifier for water-dispersion polymerization - Sodium 1-pentadecanesulfonate
(PSNa) (ABCR GmbH)Luminescent dye [9-(2-carboxyphenyl)-6-diethylamino-3-xantenelydene]-
diethylammonia chloride (Rhodamine 6G, emission 560 nm) - was purchased from Aldrich and used

without additional purification.

2.2. Synthesis
2.2.1. Synthesis of functional oligoperoxide and oligoperoxide metal complex.

Water soluble surface-active oligoperoxide metal complex (OMC) applied as a multi-site initiator was
synthesized In our lab via previously reported technique [56]. General structure of OMC used as macro

initiator and stabilizer at water-dispersion polymerization:

where: k+k’=22%; [1+1'=34%; m=42%, x=2%, M,~2,000 g/mol, [Cu?**]=1.1%, L;,L,— low molecular

weight ligands, for example, water molecule or alcohol.



Preparation of functional oligoperoxide (FO) poly(VA-co-VEP-co-MA) was carried out, as
described in [57]. Vinyl acetate (VA, 1.53ml, 0.018mol), 2-tert-butylperoxy-2-methyl-5-hexene-3-yne
(VEP, 3.48 ml, 0.019 mol) and maleic anhydride (MA, 1.63 g, 0.017 mol) (Aldrich) were dissolved in
ethyl acetate (6.0 ml) and azobisisobutyronitrile (AIBN, 0.153g, 0.01 mol) (Merck) was added as radical
initiator. Polymerization was carried out at 343 K under argon atmosphere until a monomer conversion of
65% was achieved. The resulting solution was concentrated and purified from the residual monomers by
triple precipitation into hexane. The obtained copolymer was dried in vacuum until a constant weight.
After 48 h, the yield was 4.0 g and copolymer was of the following composition: [VA-links]=22.8% mol,
[VEP-links]=32.2%mol, [MA-links]=45.0%mol; M,~2,000 g/mol.

The synthesis of OMC containing Cu®*cations was based on using FO-as a ligand. It was carried out
as follows: 2 g (0.001 mol) of the FO was dissolved in 20 ml of ethanol, 0,86 g (0.005 mol) of the salt
CuCl, was dissolved in 10 ml of ethanol, were added into a three-necked flask under stirring. After
stirring for 0.5 h at 298 K the reaction mixture was precipitated into distilled water. OMC was carefully
washed from salt with water and dried under vacuum. The content of metal cations was determined by
using elemental analysis and controlled by means of atom-adsorption spectroscopy.

2.2.2. Water dispersion polymerization and copolymerization of MPTS.

Water dispersion polymerization was carried out in the dismountable dilatometers or in glass reactor
equipped with a stirrer and backflow condenser. Thoroughly deoxygenated distilled water was used for
dispersion polymerization under permanent argon flow, 25 % NH4OH was used for controlling the pH
value. OMC (or PA) was dissolved in water, and AIBN was dissolved in the monomer. Then monomers
were added and stirred till the emulsion was formed. When OMC was used as an initiator, the
polymerization was carried out at 298 K. The compositions of the systems and procedures used for water
dispersion polymerization are presented in the Table 1.

Table 1. Composition of MPTS based monomer systems at water dispersion polymerization (Initiator —
OMC; [monomers] per water 10%; pH=8.5; 298K)

Monomers, % mol Content of oligomer initiator OMC
MPTS | St | NVP | [OMC] per water phase, % | [VEP links] per monomer, mol-I*
100 - - 0.5 0.09
100 - - 3.0 0.54
80 20 - 0.5 0.09
80 - 20 0.5 0.09
60 - 40 0.5 0.09

2.2.3. Synthesis of Rhodamine encapsulated SiO, nanoparticles.
The Rhodamine encapsulated organosilicic NPs were synthesized as follows: firstly, the dye was

dissolved in MPTS or in the mixture of MPTS with other monomers, OMC was dissolved in 1.25 %
solution of water ammonia and pH was adjusted to pH=8 by dropping of 5 % NH,OH. Then dye solution
in monomers and aqueous ammonia solution of OMC were charged into reactor under stirring, the

reaction system was purged by Ar and stirred at 298 K. Resulting NPs were purified by dialysis.



Oligoperoxide coated NPs were used for grafting functional polymeric chains via seeded polymerization
initiated from their surface. Water based dispersions of the NPs and monomers were charged into glass
reactor equipped with stirrer and backflow condenser and stirred at 323K.

For further characterization, the resulting NPs were separated from aqueous phase by centrifugation
and re-suspending in ethanol, followed by vacuum drying. As a result, highly stable colloidal systems of
polymeric NPs with functional oligoperoxide shell and controlled particle size distribution were

synthesized.

2.3. Kinetic studies
2.3.1. The kinetic study of the formation of poly (MPTS) particles.
Monomer conversion was calculated via dilatometric study using the equation [58]:

S=(4av/(VK)) -100% 1)
V is the volume of the initial monomer (ml), AV is the change of the monomer volume as a result of
polymerization for definite time period (ml), K is a coefficient of the contraction dependent on the
monomer and polymer specific densities according with the equation:

K=(dp-dm)/d, (2)
dm and dj, are specific densities of monomer and polymer, respectively (g-ml™). Monomer conversion was
determined also via gravimetric study using the equation:

S=(wsr/[M])-100% (3)
where: wsr is the solid residue (weight content of the polymer determined gravimetrically) of the reaction
monomer-polymer mixture after the definite period of time (% w), [M] is the monomer content in the

initial reaction mixture (% w).

2.3.2. Estimation of specific density of SiO, NPs.
The specific densities of NPs were calculated taking into account comparison of dilatometric and

gravimetric studies of MPTS conversion at polymerization. Substitution of the value (4V/V)-100 %
measured from dilatometric study and the value of monomer conversion determined from gravimetric

study into equation (1) provides the estimation of the coefficient of contraction:

K=(4V-100)/(S-V) 4)
Therefore, a specific density of the NPs can be calculated using the equation (2):
dp=dm/(1-K), (5)

where: dn, for MPTS is equal to 1.045 g-ml™.

2.3.3. Calculation of the particle formation rate.
The overall rate of SiO, particle formation at MPTS polymerizatioan+pCmoI~(I~s)'1consisting of the

rates of radical polymerization (Rp) and formation of cured core in a result of reaction polycondensation



of MPTS organosilicic fragments (R,c) was determined on stationary section of kinetic curve of total
change of monomer conversion on time [59] in coordinates S —t.

In order to suppress the radical polymerization with participation of MPTS double bond stable
radical 2,2-Diphenyl-1-picrylhydrazyl (DPPH) (Aldrich) (0.03-0.15 mmol-I*in MPTS) was used and
induction period (zng) Was determined. Constant value of the ratio [DPPH]/znqat different concentrations
of inhibitor witnesses that all growing radicals interact with inhibitor molecules and chain termination as
a result of growing radical interaction doesnot occur [58]. This allows determining a separate rate of SiO;
particle formation due to the polycondensation reaction only from the Kinetic curves obtained in the

presence of inhibitor in the reaction mixture.

2.4. Characterization

2.4.1. Measurement of particle size.
The NPs size in water dispersions was measured by a transmission electron microscope JEM-200A

(JEOL, Japan) at an accelerating voltage of 200 kV. The samples of the water dispersion of the NPs were
diluted with distilled water to a concentration of 0.1g/100ml NPs (solid residue) and pH 7.2—7.8. Samples
were prepared [60] using the method of spraying the tested solution on a substrate by means of the
ultrasonic dispersant UZDN-1A (UkrRosPribor Ltd, Ukraine), which allows obtaining a uniform coating
substrates. A thin amorphous carbon film deposited on a copper grid was used as a substrate. Dispersant
options: type UZDN-1 possessing power of 50W and frequency of 35 kHz. Hydrodynamic diameter of
the particles were measured by a dynamic light scattering technique (DLS) with Zetasizer Nano ZS
(Malvern Instruments GmbH, Stuttgart, Germany) instruments and by photon correlation spectroscopy
using the Non-Invasive Back Scatter technology (NIBS) at 298 K. The samples for DLS measurements
were prepared by a diluted water dispersion of the NPs with distilled water to a concentration of
0.049/100ml NPs(solid residue) and pH 7.2-7.8.

2.4.2. NMR spectroscopy.
All solid-state NMR experiments were conducted at 9.4 T using a Bruker DSX-400 (Bruker,

Germany) spectrometer operating at 79.49, 100.61 and 400.13 MHz for #Si, *C and *H respectively. All
chemical shifts are quoted in ppm from external TMS. *H-*C CP/MAS NMR spectra were acquired at an
MAS rate of 10 kHz. A 'H 7/2 pulse length was 3.0 ps and the recycle delay was 8.0 s. The CP contact
time was 1.0 ms with the Hartmann-Hahn matching condition set using Hexamethyl benzene (HMB). *H-
%Si CP/MAS NMR spectra were acquired at an MAS rate of 4.0 kHz. A 'H /2 pulse length of 3.1 ps and
the recycle delay of 10 s were used during acquisition. The CP contact time was 2.0 ms with the

Hartmann-Hahn matching condition set using kaolinite.



2.4.3. Luminescent spectroscopy.
Luminescence measurements were performed using laboratory spectral complex based on the MDR-2

and MDR-12 monochromators (LOMO, Russian Federation). The Deuterium LDD-400 was used as light
source for luminescence excitation. The luminescence was excited by the monochromatized light using
the primary MDR-2 monochromator. The Iluminescence was analyzed using the MDR-12

monochromator. The PMT FEU-100 was used for light intensity registration.

2.5. Cell culture experiments
Murine lymphocytic leukemia cells of L1210 line were obtained from the Institute of Experimental

Pathology, Oncology and Radiobiology of National Academy of Sciences of Ukraine (Kyiv, Ukraine).
Cells were cultured in the DMEM medium (Sigma, sake) supplemented with 10 % fetal bovine serum
(FBS; Sigma). For experiments, cells were grown in plastic culture flasks that were kept in the thermostat
under 5 % COjatmospheres at 310K and 100 % humidity.

A suspension of the Rhodamine containing NPs was added to final concentration of 0.6 mg-ml™*
(dilution 1:200, initial concentration of NPs in the dispersion equaled 12 %) in the DMEM medium in
which L1210 cells were cultured for 24 h [61]. Cell viability was monitored by using the Trypan blue
exclusion test that is based on staining of dye-permeable dead cells with 0.1 % Trypan blue, while the
alive cells stay un-stained. Light/DIC and fluorescence microscopy of cells was conducted after their
staining with Hoechst 33342 under a Carl Zeiss Axiolmager A1 microscope (Carl Zeiss, Germany). Final
concentration of the fluorescent dye was 0.3 pg-ml™, and the staining time was 15 min. When Hoechst
33342 was used, the excitation and emission wavelengths were 365-395 nm and 445-450 nm,
respectively, with blue filter, while for Rhodamine 6G staining, the excitation and emission wavelengths
were 546-560 nm and 575-640 nm, respectively, with red filter. Cultured cells were photographed under

a Zeiss MRm microscope with cooled digital CCD camera at constant exposure.

3. Results and discussion

Inthis paper, we present the results of experimental study of synthesis of polymer coated
luminescent SiO, NPs via step-by-step polymerization initiated by multi-site OMC macroinitiator
containing peroxide moieties of different thermal stability. The characteristic feature of OMC is an ability
to generate free radicals including macroradicals in a wide temperature range (<298 — 353K) due to
polarizing influence of the media or activating effect of coordinated metal cations on decomposition of
the part of side ditertiary peroxide fragments. The decomposition of activated peroxide groups at 298K
(kdl(zggK):Z.S-lo's s™) provides water dispersion polymerization and formation of OMC functionalized
SiO; nanoparticles and decomposition of peroxide groups immobilized on their surface at 353K
(kdz(zggK):B.O-lO'8 S'l) leads to grafting functional polymeric chains and formation of the NPs of the “core-

shell” structure [52].



3.1. Water dispersion MPTS graft-polymerization initiated by OMC.

The polymerization initiated by PA or AIBN in water solution containing emulsifier PSNa leads to a
formation of low cured polydisperse colloids. This coincides with the results of the studies described
earlier in [22] and can be explained by absence of water soluble surface-active fragments in formed
polymer structure capable of dispersing and stabilizing cured SiO, molecules preventing them from
aggregation and sedimentation. It was ascertained [52, 62] that initiation of water dispersion
polymerization by OMC as multi-site surface-active initiator leads to a formation of the polymeric NPs
containing hydrophilic OMC molecules irreversibly immobilized on the particle surface. The presence of
two reactive centers in MPTS molecules suggests a possibility of two independent reaction pathways
during MPTS water dispersion polymerization initiated by OMC. The first process is the radical
polymerization involving double bond of the organosilicic methacrylate and providing grafting its chains
to the OMC backbone. The second process is a 3D condensation of ~Si(OCHj3); fragments in a structures
of polymers resulting in the formation of the SiO, nanoscale structures of controlled size and curing
degree. The contribution of these reactions into process depends on the reaction conditions and defines

the properties of final composite NPs (Figure 1).
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Figure 1.Scheme of the formation of OMC coated SiO, NPs (insets show the dependences of radical
polymerization rate (A left)and condensation rate (B right) on OMC concentration.

The study of the formation Kkinetics, size and morphology of the NPs and local structure solid-state

NMR analysis confirm the suggested scheme of the overall process of the simultaneous OMC-initiated



grafting poly(MPTS) side chains and 3D polycondensation leading to the formation of the

nanocomposites consisting of cured SiO; core and reactive OMC shell.

3.2. Kinetic study of SiO, particle formation.
The kinetic curves of water dispersion polymerization of MPTS initiated by OMC (Figure 2)

demonstrate that the polymerization does not follow the expected regularities of water dispersion
polymerization of conventional monomers [59, 63]. If the concentration of the OMC initiator is not
sufficient, the contribution of radical polymerization to the total process of NPs formation is small
(polymer yield reaches 35 %) and the overall process is dominated by the 3D condensation reaction of —
Si(OCHs); groups.
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Figure2. The dependences of MPTS conversion during water dispersion polymerization on time at:
[OMC]=0.5 (1-3) and 3 % (4-6) per water phase; without (1, 4) and in the presence of interceptors of free
radicals [DPPH]=0.03(2); 0.06(3, 5) and 0.15(6) mmol/l per MPTS; 298K;pH=8; MPTS: H,0O ratio
1:9(section 1, curves 3..and 4 polycondensation only; section Il, polycondensation and radical
polymerization simultaneously).

OMC coated SiO; NPs of a controlled size and curing degree are formed only in a result of the
reaction of 3D condensation of organosilicic fragments of side poly (MPTS) chains grafted to OMC
backbone. It is evident (Figure 2, the insets) that formation of solid phase in the presence of interceptor of
free radicals that suppresses radical polymerization on a double bond is also observed [22]. The rate of
condensation reaction and its contribution was determined from dilatometric measurements in the
presence of radical interceptor when radical polymerization involving the methacrylate double bonds does
not take place.

The rate of solid phase formation by MPTS depends on the amount of OMC surfactant (Figure 2).
A decrease in the condensation rate when radical polymerization does not take place at the increase of
OMC concentration, is caused by the lowering concentration of the molecules of MPTS participating in
the reaction due to their coordination on OMC molecules, especially after a formation of the micelles at
an achievement of CMC value (2% at pH 8) in the solution. After an interceptor depletion in the reaction

system polymer/inorganic solid phase is formed as a result of both radical polymerization involving



MPTS double bonds and 3D condensation of —Si(OCHs)s groups simultaneously. The conventional
dependence of radical polymerization rate on OMC concentration is observed in this case (Figure 2). It is
evident (Table 2) that is in contrast to dependence of the rate of condensation when radical
polymerization is suppressed by presence of radical interceptor, the rate of the overall process of the
formation of polymer coated SiO, NPs increases with an increase of the concentration of OMC as an

initiator of radical polymerization.

Table 2. Kinetic characteristics of the poly (MPTS) polymerization initiated by OMC (298 K, pH=8,
monomer: H,O ratio 1:9)

M VEP-links
%[CSEF ﬁ]z’o [ (g-mol'l) ! R-p1+p-c1’ 4 Epc-l 4 Rp= R—Fp-{ Rpc4 -Ti’-l 7
phase (mol-I*-s7)-10" | (mol-I"-s™)-10" | (mol-I""-s7)-10" +| (mol-1"-s7)-10
0.5 0.09 4.30 1.88 242 0.18
1.0 0.18 4.77 1.81 2.96 0.29
2.5 0.45 5.97 0.97 5.00 0.99
3.0 0.54 6.78 0.94 5.84 1.25

The higher OMC concentration results in an increased yield of the polymer up to 95%. The water
dispersion polymerization initiated with 3% OMC (Figures 3, 4) leads to the formation of stable colloidal
systems consisting of spherical NPs with a narrow size distribution. Such particles are protected from
aggregation and sedimentation. This can be explained by the realization of both reactions i.e. radical
initiated grafting and 3D condensation of MPTS chains in confined zones that are micelle-like structures
formed by OMC molecules and growing polymer-monomer particles (PMP). A lower content of OMC
(0.5 % in water phase) is not sufficient to promote the formation of such micelle-like structures wherein
elementary stages of the radical polymerization can be realized. This causes the prevalence of the 3D

condensation in comparison with radical polymerization. As a result, the particles with a wide particle

size distribution (Figure 3) are formed.
T » O
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Figure 3.TEM images of the NPs obtained via water-dispersion polymerization initiated by 3% (1) and
0.5% (2) of OMC, pH=8(callouts are bar graphs of the particle size distribution).
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Figure 4. Curves of distribution of hydrodynamic diameters of NPs in water dispersions obtained with
3% (a) and 0.5% (b) of OMC, pH=8 (1,2,3 — measurements were recorded at 1 min intervals).

An increased contribution of radical polymerization in the total process as a result of
copolymerization of MPTS with other monomers vyields the NPs consisting of the grafted branches
containing links of MPTS and styrene. This leads to smaller NPs with a narrowed particle size

distribution (Figure 5).
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Figure 5. TEM images of the NPs of poly(MPTS-co-St) (callout is bar graph of the particle size
distribution) (a) and distribution of NPs hydrodynamic diameters (index of polydispersity P1=0.95) (b)
synthesized via water dispersion polymerization initiated by 0.5% of OMC (1, 2, 3 — measurements were
recorded at 1 min intervals).

It is evident that at the enhanced OMC concentration the contribution of the rate of 3D condensation
is much lower in comparison with contribution of the rate of radical polymerization in a total rate of the
formation of cured SiO, NPs.

3.3. Interrelations between mechanisms of the formation and NPs structures.

The'H-*C CP/MAS NMR spectrum (Figure 6) of the NPs formed via the radical polymerization

initiated by 0.5 % of OMC shows the presence of peaks attributable to the residual unreacted double

bonds (125 and 137 ppm) and carbonyl group (167 ppm) of the initial monomer. This indicates that a low



content of OMC is not sufficient for the radical grafting the MPTS chains. This is confirmed by a low
intensity of the peaks corresponding to carbon sites in polymer chains (45.6 and 50.8 ppm). *H-%Si
CP/MAS NMR spectra also suggest the preferential formation of 3D silica network in cases when the
amount of radical initiator OMC is not sufficient for graft-polymerization of MPTS. For the NPs obtained
as a result of polymerization initiated by 0.5% of OMC, a higher level of silica condensation was
observed. This is evident from the peak at -67.6 ppm corresponding to *T (R-Si(OSi)s) sites indicative for

a formation of a 3D network (Figure 7).
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Figure 6."H-C CP/MAS NMR spectrum of poly(MPTS) ([OMC]=0.5% per H,0). Note that the peaks
at 167.5 and 137.2 ppm are from monomer units confirming a lower level of radical polymerization.
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Figure 7.2Si MAS NMR spectra of (poly(MPTS), [OMC]=3.0%per H,0O (1) and [OMC]=0.5% per
H,0 (2).

At the same time, the 2°Si NMR spectrum of SiO, NPs synthesized in the presence of a larger
amount of OMC (Figure7) shows a higher proportion of 2°Si sites with a lower degree of condensation
(i.e. °T at -57.6 ppm). We also observed the initial trimethoxysilyl fragments (line at -42.1 ppm) which
were not involved into the condensation (Figure 7). As a result of a successful radical polymerization

initiated by the larger amount of OMC, double bonds of initial monomer were not detected in the *C



solid-state NMR spectrum (Figure 8) at the expense of a significant increase of the intensity of peaks
corresponding to carbon atoms of polymeric chains grafted to OMC backbone. An increased contribution
of a peak at 55.8 ppm corresponding to methoxy- groups of —Si(OCHs)3 fragments in the NMR spectrum
of the NPs synthesized with the larger amount of OMC confirms the predominant contribution of radical

polymerization with participation of MPTS unsaturated bonds.
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Figure 8.'H-C CP/MAS NMR (top) and *C{*H} MAS NMR (bottom) spectra of poly(MPTS),
[OMC]=3 % per H,0).

An addition of other monomers i.e. St or NVP to the unsaturated siliceous monomer MPTS leads to
an increase in the rate and the yield of the radical graft-polymerization evidenced by an intense **C peak
at 50.7 ppm corresponding to carbon atoms of polymeric chains (Figure 9), even at a low content of the
radical initiator OMC. However, the intensities of the peaks attributed to monomer fragments of MPTS in

the NMR spectra of the product of MPTS polymerization or its copolymer with St are very similar.
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Figure 9.'H-*C CP/MAS NMR spectraof the poly (MPTS) and poly (MPTS-co-St) and poly (MPTS-co-
NVP).
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Figure 10. a) Population of "T-sites with different degree of condensation in the hybrids polyMPTS
formed at concentration of OMC: 3% (1); 0.5% (2); b) changes in population of different "T-units as the
result of the reactions of trimethoxysilyl fragments of NPs synthesized by polymerization of MPTS only
(2) and MPTS copolymers with NVP (3, 4) initiated by 0.5% per water of OMC.

Changes in the intensity of "T-sites with different degree of condensation derived from 2°Si NMR

spectra (Figure 10), confirm a higher degree of condensation for the products formed when the amount of

radical initiator OMC was not sufficient for the radical graft polymerization.



Taking into account *°Si NMR spectra (see Supplementary, Fig. S1), it is evident that the degree of
condensation of the organosilica matrix in NPs formed by MPTS fragments at copolymerization with
other monomers differs from that for the NPs obtained as a result of homo-polymerization of MPTS. A
decreased population of *T organosilicic units was observed upon the copolymerization of MPTS with
other monomers (Figure 10b; see Supplementary, Fig. S1). Moreover, this trend was further corroborated
with an increased amount of additional (co)monomers in the polymerization system.

3.4. Variation in cured SiO; core density.

From the previous section, it can be concluded that a variation of pH and the content of surface-active
macroinitiator OMC in reaction system provides control of 3D condensation reaction of trimethoxysilyl
fragments of grafted side chains as well as that for the curing degree of SiO3 core. The degree of cross-
linking of the core of NPs defines the density of the inorganic core. The polymerization kinetic curves
calculated from the dilatometric studies (Figure 11a, b) taking into account a contraction coefficient (e.g.
change of density of the reaction system as a result of the conversion of monomers into polymers) and
those obtained from the gravimetric measurements of the total yield of polymers are significantly
different. This can be explained by a difference in the values of specific density of final polymer/SiO,
NPs.
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Figure 11. a) A dependency of MPTS conversion S, % (1, 2) and solid content (3, 4) in the reaction

mixture characterizing the yield of MPTS water dispersion polymerization vs time at: pH=8 (a), 12 (b),
[OMC]=0.5% (1, 3) and 3% (2, 4) per water phase; 298 K, monomer:H-0 ratio 1:9).

A Kinetic dependency of the calculated contraction coefficients confirms this assumption
(Figure 12). These coefficients do not change with time as they correspond to different values of specific
density of polymer composites. It is the content of OMC that determines primarily a contribution of the
reactions occurring via different mechanisms. This is in a good agreement with the results of the NMR
analysis discussed above. The contribution of 3D condensation, as well as the degree of the core curing,

increases with a decrease in OMC concentration.
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Figure 12.A dependence of the contraction coefficients on the duration of water dispersion
polymerization of MPTS initiated with OMC.

Earlier, we showed [52] that only cal. 25 % of OMC di-tertiary peroxide fragments generated free
radicals at room temperature due to the activating effect of the carboxyl groups and coordinated
Cu?*cations. Other OMC peroxide groups are more thermally stable and can enter into the structure of
polymeric nanoparticles leading to the peroxide containing functional shell. Determined from
experimental study coefficients of the decomposition rates for activated and non-activated peroxide
groups at 298K are ky;=2.5-10°c™ and k¢,=0,008:10°c™, respectively. The peroxide groups immobilized
on the particle surface are also activated as a result of a decrease of the freedom degree. This can promote
the efficient initiation of the graft-radical polymerization and attachment of polymeric spacers of desired

length and functionality.

3.5. Rhodamine encapsulation and formation of “core—shell” NPs via seeded polymerization.

Based on a difference in the degree of the compaction of the cross-linked SiO, NPs, one can assume
the availability of space for the encapsulation of luminescent dye during the formation of functional NPs.
The developed method of the preparation of SiO, NPs described in this paper, also provides the means of
controlling the content of encapsulated luminescent dye in the NPs (Table 3).

Table 3. Characteristics of the NPs containing encapsulated Rhodamine 6G as a result of MPTS water
dispersion polymerization (298 K, 0.4% of the dye per MPTS, H,O: MPTS = 1:9, pH 8.5).

Concentration of OMC in water phase, % Particle size, nm Content OLIFR:QO&amme per
1.0 38+9 0.35
3.0 2846 0.26

A 2.5-fold decrease in the particle size leads to a decrease in Rhodamine content encapsulated in the
core of the NPs by only cal. 30%. It is evident that the Rhodamine encapsulated SiO, NPs are
characterized by a very narrow size distribution (P1=0.99) in the range of 28-30 nm for the main fraction

(Figurel3). The availability of a sufficient amount of OMC molecules on the nanoparticle surface



prevents their aggregation. In spite of a slight enlargement of the particle size (from 25-30 to 35-40 nm)

after graft-polymerization, they showed a narrower particle size distribution (Figure 13).

% by number

Figure 13. TEM images of the oligoperoxide coated SiO, NPs containing encapsulated Rhodamine (1)
and NPs after the grafting polymeric chains consisting of NVP and GMA links (2) (inserts contain bar
graphs of the particle size distribution).

Polymeric spacers with a tailored chain length and functionality were grafted covalently via
polymerization initiated from the surface of oligoperoxide coated NPs. As a result of seeded
polymerization, NPs containing poly(NVP) and poly(GMA) grafted chains were formed. This was
confirmed by FT-IR spectra (see Supplementary, Fig. S2). The intense absorption band at 1,713 cm™
observed in IR-spectrum of MPTS based OMC coated NPs corresponds to stretching vibrations of —-C=0
in methacrylate fragment on the particle surface. The bands at 1,380 and 1,450 cm™might be attributed to
stretching vibrations of —CH3 group of the methacrylate fragment. The wide intensive band at 1,000—
1,150 cm™ corresponds to stretching vibrations of Si—-O— fragment in Si-O-Si and Si-O-C fragments.
The bands at 2,900-3,000 cm™ are attributed to the stretching vibrations of —CH, and —CH groups due to
a formation of the polymeric chains. The appearance of the intense absorption band at 1,650 cm™
corresponding to the —(O)-N- fragment of NVP in the IR spectrum of the NPs after the seeded

polymerization confirms the attachment of new polymeric functional spacers.
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Figure 14. Spectra of excitation (1) and luminescence of water dispersions of NPs with Rhodamine 6G
(2) and NPs of “core-shell” type with the grafted spacers poly(NVP-co-GMA) (3) (content 0.35%,
Aex=320 nm, Aem=540 nm).



Rhodamine-containing NPs show high luminescent ability in the same region as Rhodamine 6G and
without obvious change after grafting the functional polymeric spacers (Fig. 14).

Murine leukemia L1210 cells were cultured for 24 h together with the developed NPs and stayed
viable (according to Trypan blue exclusion test), thus, demonstrating their biocompatibility. As one can
see from Figure 15, neither control nor the Rhodamine-encapsulated (Z3 and Z4) NPs affected growth or
viability of L1210 cells after 1 day treatment of cultured cells. After 4 days of treatment with the NPs, the
number of cultured L1210 cells decreased compared with the control one (without the 'NPs in culture
medium). The less expressed increase in number of alive cells in caseswhen Z3 and Z4 NPs were used
might be explained by the cytostatic rather than cytotoxic action of studied NPs, since the number of
Trypan blue-positive (dead) cells did not change significantly. An attachment of these NPs to a surface of
the treated cells (Fig. 16) could cause a cytostatic action (block of cell proliferation) of the NPs, although
the suggested mechanism requires additional experimental approval. The applied NPs also did not affect a
viability of human embryonic kidney HEK 293T cells (data not presented).
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Figure 15.Results of the effect of the initial and Rhodamine-containing NPs (Z3 and Z4) on the growth
and viability of murine leukemia L1210 cells (1 and 4 day cell culture).

The attachment of the developed Rhodamine-encapsulated SiO, NPs to cell surface (Figure 16), aswell as
their resistance to rapid photo-bleaching known for other NPs labeled with specific fluorescent dyes
might be two big advantages of these NPs. We found that the emission of the Rhodamine-containing NPs
at 575-640 nm did not decrease significantly during 20 min UV-irradiation of L1210 cells. Since FITC-
conjugated NPs were toxic for the studied cells and were bleaching even faster than Hoechst 33342 did

(data not shown), we did not use them in our biological experiments.



Figure 16. Murine lymphocytic leukemia L1210 cells treated for 24 h with Rhodamine G-conjugated NPs
(image was obtained by a combined light and fluorescence microscopy). Micrographs of L1210 cells
were taken using fluorescent microscopy after staining of cell nucleus material with Hoechst 33342 dye
(blue fluorescence), while the NPs were stained in orange-red and seen attached to cell surface (white
arrows).

4. Conclusions

We have developed a novel method of synthesis of functional SiO, NPs based on using the
oligoperoxide metal complex as a low temperature surface-active multi-site initiator for water dispersion
polymerization of the MPTS. It was also a convenient tool for controlling the size, density of core
compaction and surface functionality of the synthesized NPs. The mechanism of the NPs formation
consists of a simultaneous occurrence of 3D condensation and radical polymerization involving two
MPTS reactive centers. This mechanism was confirmed by a combination of the kinetic and structural
(including solid-state NMR) approaches. Fluorescent dye (Rhodamine 6G) was successfully encapsulated
during the formation of the SiO, NPs. That provided a possibility of its further application as a fluorescent
label that is well protected of the photo-bleaching and can be used for labeling the pathological

mammalian cells.
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Highlights:
e Luminescent polymer-SIO2 nanoparticles (NPs) were synthesized via polymerization of
trimethoxysilane propyl methacrylate (MPTS) initiated by oligoperoxide (OMC).
e Contribution of the reactions of MPTS reactive centers depends on OMC concentration.

e The OMC concentration defines Kinetics of the formation and morphology of the NPs.

e Luminescent NPs were tolerated and well attached to murine leukemia L1210 cells.



