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Abstract

Water-soluble imidazole-phosphate copolymers were obtained by

copolymerization of 1-vinylimidazole with vinyl acetate with subsequent

phosphorylation under the action of phosphoric acid. The introduction of

phosphate units into the vinylimidazole chain unexpectedly increased the basic

properties of the polymer, the buffer capacity at pH 5-7 and activity in

coordination with DNA oligonucleotides, which is important in gene therapy and

genetic engineering. The condensation of silicic acid in the presence of new

polymers leads to the appearance of composite nanoparticles, which are a model

of silicon transport vesicles in nature, as well as a new precursor of silicon

materials.

Keywords: 1-vinylimidazole; phosphate; oligonucleotides; siliceous

nanoparticles; buffer capacity

Introduction

Polymeric water-soluble ampholites are an interesting class of macromolecules capable

of changing the chain conformation, total charge and activity in coordination reactions

depending on pH, ionic strength and other factors. Most of these polymers are based on

amine and carboxylic groups, as the corresponding monomers are widely distributed.

Imidazole cycles show properties of very weak base [1], and introduction of these
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fragments into polymers allows increasing the buffer capacity of macromolecules [2].

Phosphate groups are found in some biopolymers, including DNA, RNA, silafins and

silicidins [3,4]. Composites containing phosphoric acid or its derivatives and imidazole

polymers are intensively studied as proton conducting membranes for fuel cells [5]. The

ability of the imidazole cycle to form hydrogen and ionic bonds is crucial for high

proton conductivity [6,7]. Synthetic polymers with phosphate moieties are not as

common as carboxylic polymers. 2-Metacryloxyethylphosphate (MOEP) is a

commercial monomer that allows introducing phosphate groups into polymers by

radical copolymerization. Unfortunately, this substance contains an admixture of

bifunctional monomer obtained by disproportionation of MOEP during storage of

monomer [8]. This admixture gives rise to insoluble cross-linked products in

copolymerization with 4-vinylimidazole [9]. Purification of the phosphate monomer

does not solve the problem because in case of polymerization at an elevated temperature

the disproportionation may occur [10]. Phosphorylation under the action of phosphoric

acid allows the modification of polymers containing hydroxyl groups or vinyl acetate

residues that are hydrolyzed during the reaction [11].

In this work we prepared imidazole-phosphate polymers by phosphorylation of 1-

vinylimidazole (VI) and vinyl acetate (VA) copolymers. Acid-base properties of new

polymers in aqueous media have been studied and their activity in interaction with

polymeric acids with respect to DNA oligonucleotides and oligosilicates obtained by

condensation of silicic acid has been investigated. Water-soluble polymers containing

electron-donor groups are able to interact with primary silica particles, which are

formed from silicic acid. This reaction was found more than hundred years ago [12-14]

and is well reviewed [15-18]. This century study of silicic acid condensation in the

presence of polymers had gained an impetus from discovery of silaffins [19] -
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polyamine and phosphate modified proteins from siliceous frustules of diatom algae.

The attempts to simulate formation of biogenic silica resulted in finding polymers

capable to give stable dispersions (colloidal solutions) of composite nanoparticles

during Si(OH)4 condensation in the presence of polymer [20-26]. These nanoparticles

are promising agents for drug delivery including transfection agents in gene therapy

[10,20,25-35]. Stable dispersions of polymer-silica nanoparticles are a new biomimetic

precursor of siliceous materials that can be obtained by interaction with opposite

charged particles [20,26] and by applying a 3D printer [36].

Experimental

Reagents

Vinyl acetate (VA), 1-vinylimidazole (VI), n-hexane, dimethylformamide (DMF),

azobisisobutyronitrile (AIBN), 4-(methylamino)phenol hemisulfate salt (metol),

Na2HPO4∙12H2O, Na2SiO3*5H2O, ammonium molybdate tetrahydrate, 0.1 M HCl,

NaCl, phosphoric acid (85 wt. % in H2O) were of reagent grade (Merck, Fisher, or

Acros Chemicals). Deuterium oxide (D2O, 99.8 atom D%) was purchased from Sigma-

Aldrich. DMF was dried with anhydrous CuSO4 and 3Å molecular sieves, followed by

distillation. AIBN was recrystallized from ethanol. VA and VI were distilled prior use

under atmospheric and reduced pressure, respectively. FAM 3'-tagged DNA

oligonucleotide was purchased from Evrogen JSC, Russia and applied as 10 μM

solution. 21-mer FAM-DNA sequence was GATCTCATCAGGGTACTCCTT.

Synthesis of Polymers

1-vinylimidazole - vinylacetate copolymerization

VI and VA were copolymerized in DMF (2.5 mL DMF per 5 g of monomers) with 1%

(from the monomers mass) of AIBN as initiator, in argon atmosphere at 60 oC for 24 h.
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The initial molar monomer ratio (VI: VA) was 30: 70 and 60: 40 for VI-P-53-6 and VI-

P-69-10 samples respectively. Copolymers were precipitated into hexane and vacuum

dried, yield was 60% (VI-P-53-6) and 74% (VI-P-69-10).

Phosphorylation of 1-vinylimidazole - vinylacetate copolymers

A vigorously stirred mixture of 2.36 g of a VI-VA copolymer with 236 g of 43% (w/w)

phosphoric acid aqueous solution was heated from 30 °C up to 100 °C for about 60 min.

Then stirring was kept on at 100 °C for 100 min followed by cooling with a cold water

bath to room temperature. After that the resulted reaction mixture was dialyzed against

distilled water during 24 h, against saturated solution of NaCl during 24 h, and anew

against distilled water during three days. Thermo Scientific SnakeSkin Dialysis Tubing

(3.5K MWCO, 22 mm) was applied for the dialysis. The dialysis residue was

concentrated with a rotary evaporator, filtered through a 0.2 µm membrane and freeze-

dried to yield 1.45 g of VI-P-53-6. VI-P-69-10 was prepared analogically with the same

acid solution / copolymer mass ratio, yield was 2.34 g from 3.58 g of the initial VI-VA

copolymer.

Copolymer characterization

NMR and FT-IR spectroscopy
31P and 13C NMR spectra were recorded on a DPX 400 Bruker instrument in D2O at 160

MHz for 31P and 100 MHz for 13C NMR. Relaxation delays (D1) between pulses in 13C

NMR were set at 10 s, which allowed to prevent the impact of relaxation effects on the

integral intensity of 13C NMR peaks (according to preliminary experiments). This is

more than five times more than the relaxation times in acrylic polymers [37]. IR spectra

were recorded with an Infralum FT-801 spectrometer using KBr pellets.
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Molar mass of the copolymers

Light scattering experiments were conducted with a Brookhaven Instruments BI-200SM

goniometer, a BI-TurboCorr digital crosscorrelator, and a BI-CrossCorr dual detector

consisting of two BI-DS1 detectors. A Sapphire 488-100 CDRH laser from Coherent

GmbH operating at the wavelength of o=488 nm (vertically polarized) and the power

adjusted to 50 mW was a light source in dynamic LS. Molar mass was measured using a

diode laser Mini-L30 (o=637.6 nm; 30 mW; Brookhaven Instruments). The intensities

measured in counts of photons per second, cps, were normalized with respect to the

Rayleigh ratio of toluene. The temperature of the samples was controlled by means of a

Lauda RC 6C thermostat. The increment of refractive index, dn/dc, was measured using

an Optilab rEX refractometer from Wyatt Technology operated at o=632.8 nm. All the

measurements were performed at 20ºC.

Copolymers were dissolved in 0.1M HCl with addition of 0.1M NaCl. This solvent

destroyed aggregates of copolymer macromolecules and solution showed monomodal

size distribution according to DLS data. Results of molar mass measurement are

presented in Table 1.

Table 1 Composition and molar mass of the copolymers

Copolymer
Composition, mol% of units dn/dc,

mL∙g-1
Mw, Da

Rg,

nm

A2,

cm3∙mol∙g-2VI ~OPO3H2 ~OH

VI-P-53-6 53 6 41 0.1709 51,000 17 1.2

VI-P-69-10 69 10 31 0.1923 91,000 26 1.3
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Study of acid-base properties of the copolymers and their interaction with

oligonucleotides and oligosilicates

Light scattering experiments

Zeta-potential (ζ) and hydrodynamic radius (Rh) were measured at 20 °C with a

Zetasizer Nano-ZS ZEN3600 (Malvern Instruments Ltd., UK) operated at 173o

scattering angle and at the wavelength of 633 nm. These device was applied to measure

kinetics of silicic acid condensation in the presence of copolymers, ζ and Rh of

copolymer-DNA complexes.

The Brookhaven Instruments device (described above) was applied to measure dynamic

and static light scattering at 30-150o angles with 15o step in the case of stable products

of silicic acid condensation in the presence of copolymers. Rh and Rg were obtained

from these multiangle experiments. Certain assumptions are unavoidable for the studied

system. Thus, the measured values of the diffusion coefficients are apparent, not

absolute and ideally should be determined at infinite dilution, which is not possible in

this case. The size of the aggregates is not big enough in comparison to the wavelength

to apply special fitting functions such as Berry, Debye, or Guinier plots, or the functions

for specific geometries (i.e., rod, solid sphere, etc.). Therefore, we used the initial slope

of the Zimm function within its limit of qRg<1.2 for all studied particles. Yet, even for

the solution of VI-P-69-10 at pH 10, the Zimm function is linear below qRg=3.3 within

the experimental error, which is demonstrated with corresponding Fig. S1 in the

Supplementary Material. Our third assumption is that the composite polymer-silica

nanoparticles have uniform and rather homogeneous distribution of all components

within the particles. Organic polymer and silica have different refractive indexes and,

which in the case of inhomogeneous distribution of material may affect measured value

of Rg. However, we found no evidences of such inhomogeneity. SLS experiments for Rg
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determination were performed only on those systems, which show monomodal size

distributions between 30° and 150° scattering angle. In such cases, relaxation rates ()

of corresponding correlation functions of electric field g1(t) show linear dependence of

q2. This is an additional evidence of the monomodal (moderately polydispersed)

distributions and translational self-diffusion of the studied particles.

Potentiometry measurements

Potentiometry experiments were performed with a "Multitest" ionometer (JSC Semico,

Novosibirsk, Russian Federation) applying combined pH-electrode at 20 ± 0.02 °C.

Potentiometric titration of aqueous solutions of copolymers was carried out with a

solution containing 10-11 mM of imidazole units, pH was brought up to 2.5 by 0.1 M

HCl and solution was titrated with 0.1 M NaOH solution. Buffer capacity was

calculated from the potentiometry data according to the International Union of Pure and

Applied Chemistry (IUPAC) recommendations as a derivative of the added NaOH

concentration versus pH (the number of moles of strong base required to change the pH

by one unit when added to one liter of the solution) [38].

Silicification experiments

Silicification experiments were started from copolymer solutions adjusted to pH 11 with

0.1 M NaOH, after that sodium silicate was added. The obtained solutions were titrated

with 0.1 M HCl. Experiments on silicic acid condensation at pH 5.5, 7 and 10 were

performed starting from the same solutions and the desired pH was adjusted with 1 M

HCl over 30-60 s on the basis of predetermined volumes of the acid.

Concentration of orthosilicic acid (monomer and dimer) was estimated by the

molybdenum blue colorimetric method [15,39]. This method is based on the formation

of �a silicic acid molybdate complex followed by reduction with ‘metol’ and



8

measurement by colorimetry at 810 nm. The selected reaction conditions allow only

interaction of monomers and dimers of silicic acid with a molybdate reagent without

hydrolysis of more condensed species. Kinetic data on silicic acid condensation were

processed using a plot of 1/[Si(OH)4]2 versus time, which gives a straight line for the

first 60 min of reaction [20].

Composite siliceous precipitates obtained at pH 7 were collected by centrifugation

(3000 g, 5 min), twice washed with cold water (2-4 °C), and freeze-dried. Scanning

electron microscopy (SEM) and energy dispersive X-ray analysis (EDAX) were

performed using FEI Quanta 200 instruments. The samples were placed on double-sided

sticky carbon tape mounted on aluminum sample holders and then sputter-coated with

gold using a SDC 004 (BALZERS) device. The coating settings (working distance 50

mm, current 15 mA, time 75 s) correspond to 12 nm gold coating according to the

device manual.

Study of the copolymer - DNA interaction by gel electrophoresis

The interaction between DNA oligonucleotides and polymers was investigated by

electrophoresis on agarose gel. Electrophoresis experiments were performed with a

Mini-Sub (7 × 10 cm) Cell GT System (Bio-Rad Laboratories, Inc.), an ELF-4 power

supply (DNA-Technology LLC) and a TCP-20LС transilluminator (Vilber Lourmat),

operated at 254 nm. Complexes were prepared by mixing solutions of the polymer and

oligonucleotides in 40 mM Tris acetate buffer (pH 7.2). 10 μM oligonucleotide

solutions and 4 or 10 mM copolymer solutions (calculating on VI units) were applied as

stock solutions. The solutions were mixed according to desired N: P value (imidazole-

nucleotide ratio) and were diluted with the buffer to 2.5 μM oligonucleotides

concentration. The samples were incubated at room temperature for 30 min and placed

into the wells of the 1% agarose gel. Free oligonucleotide, as a control, was also loaded
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onto the gel. The gel running buffer was 40 mM Tris acetate (adjusted to pH 7.2) and 1

mM EDTA. A glycerol gel loading buffer was used (0.5% sodium dodecyl sulfate, 0.1

M EDTA (pH = 8), and 50% glycerol for 10× reagent). The gel was run at 90 V for 25

min and the fluorophore-tagged oligonucleotide was visualized on a UV

transilluminator.

Results and discussion

Copolymer synthesis and characterization

Imidazole-phosphate polymers were obtained from VI-VA copolymers by

phosphorylation with phosphoric acid (Fig. 1). Initial VI-VA copolymers are statistic

copolymers: the monomers reactivity ratios are 1.5 and 0.2 for VI and VA, respectively

[40]. The average length of the monomeric blocks (Table S1 in the Supplementary

Material) was calculated according to [41] and the values obtained (1-3 units) confirm

the statistical distribution of the monomer units. Products after phosphorylation were

purified with dialysis and freeze-dried. IR spectra (Fig. 2) contain bands attributed to

imidazole and protonated imidazole cycles [42]: 3100 cm-1 (ν CH, ring), 2300-2900 cm-

1 (broad band, ν NH, protonated ring), 1577 and 1544 cm-1 (ν C-C and C-N, protonated

ring), 1500 cm-1 (ν C-C and C-N, ring), 1420 cm-1 (ν ring), 1290 cm-1 (δ CH and ν C-N,

ring), 1090 cm-1 (δ CH and ν, ring), 825 cm-1 (γ CH and γ ring) and 662 cm-1 (ν N-C

and δ ring). VA units reveal themselves as 1090 cm-1 (ν CO) band which is more broad

and intensive comparing with imidazole band. Intensive ester bands (1735 cm-1, ν C=O

and 1235 cm-1, ν CO) present in spectrum of initial VI-VAc copolymer but disappear

after hydrolysis. A weak band at 970 cm-1 is possibly arisen from phosphate units (ν

COP).
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Fig. 1. Synthesis of imidazole-phosphate polymers.

31P NMR spectra of VI-P-53-6 and VI-P-69-10 copolymers (Fig. 3(a)) contain a signal

at 3.4-3.5 ppm which agree with data of phosphoric acid monoesters [43]. Phosphoric

acid and Na2HPO4 of the same concentration (ca. 50 mg/mL) show signal at 0.05-0.06

ppm and this signal was not observed in spectra of copolymers. 13C NMR spectra of the

copolymers (Fig. 3(b)) contain the following signals: 116-137 ppm (imidazole cycle),

61-67 ppm (CH-OH in hydrolyzed VA units), 51-57 ppm (CH-N in VI units) and 37-45

ppm (CH2 groups of the main chain). Phosphorylated VA units give a weak signal from

CH-OP carbon atom which was not appropriate for quantitative analysis. Non-

hydrolyzed VA units were expected as signals near 21 ppm (CH3) and 170 ppm (C=O).

The absence of these signals confirms complete hydrolysis of VA units.
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Fig. 2. IR spectra of imidazole-phosphate polymers VI-P-53-6 and VI-P-69-10, VI-VA

copolymer (precursor of VI-P-53-6), PVI and PVI hydrochloride, poly (vinyl alcohol),

siliceous composites prepared by Si(OH)4 condensation in the presence of new

copolymers at pH 7 and silica obtained from sodium silicate (100 mM aqueous solution)

acidified with HCl to pH 7.

Composition of the copolymers was estimated by an analysis for phosphorus [11] and

13C NMR data for imidazole cycles (116-137 ppm) and CH-OH in hydrolyzed VA units

(61-67 ppm). VI-P-53-6 and VI-P-69-10 samples contain 53 and 69 mol.% of VI units,

6 and 10 mol.% of phosphorylated VA units respectively.

According to static light scattering (Table 1) molar mass of the copolymers is 51 and 91

kDa for VI-P-53-6 and VI-P-69-10 respectively.
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Fig. 3. 31P (a) and 13C (b) NMR spectra of the copolymers

Acid-base properties of the copolymers in aqueous solution

Aqueous polymer solutions have pH values of 5.2-5.5 and were titrated with 0.1 M

NaOH after adding 0.1 M HCl to pH 2.5 (Fig. 4). VI-P-53-6 copolymer precipitated at
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pH 7.5-9.5 (Table 2). Titration curves of the copolymers show one distinct inflection at

pH 9-9.5 similar to PVI. Phosphoric acid in concentration comparable to concentration

of polymeric phosphate groups shows two inflections: in acidic area corresponding to

neutralization of the first ~P-OH group and second group is neutralized at pH 9.3 which

agree with theoretical titration curve. According to [44] first and second ionization

constants of monoalkyl esters of phosphoric acid are close to values of H3PO4 but the

inflection in acidic area was not observed for copolymers nor for model PVI-H3PO4

mixture. Probably, imidazole links work as a buffer to suppress a sharp increase in pH

in the acidic area. In general, the titration curves of the copolymers lie above the curve

of the model mixture PVI-H3PO4, indicating a higher basicity of the copolymers.

Fig. 4. Potentiometry titration data for copolymers, PVI, phosphoric acid and PVI -

phosphoric acid mixture. PVI and copolymer concentration correspond to 10 mM of

imidazole units, phosphoric acid – 1.5 mM. Solution volume – 20 mM, titrant – 0.1 M

NaOH. Theoretical curve for phosphoric acid (H3PO4, calc) was obtained from

dissociation constants (pKa) = 2.14, 7.20 and 12.37 [45].
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Table 2 Heterogeneity intervals for polymers and polymer-sodium silicate mixtures

(potentiometry titration data)

System Heterogeneity interval, pH

VI-P-53-6 7.5-9.5

VI-P-69-10 -

VI-P-53-6 + Na2SiO3 5.8-7.0

VI-P-69-10 + Na2SiO3 5.7-8.1

Earlier [2], we found that the buffer capacity of PVI is higher than that of polymeric

amines, e.g., polyethylenamine, in the acidic region. Buffer capacity of the new

imidazole-phosphate copolymers is considerably higher than values of PVI or PVI-

H3PO4 mixture at pH 5-7 (Fig. 5). The high buffer capacity of polymer amines is

explained by the concept of "proton sponge" [46], which implies variability of pK

amine groups attached to the polymer chain depending on pH and degree of

neutralization. This factor exists for PVI and as mentioned above imidazole units are

active in formation of hydrogen bonds. In the case of imidazole-phosphate copolymers

we suppose formation of intra- and interchain hydrogen bonds involving phosphate

units. The ability to form ~N-H+∙∙∙N~ bonds increases amount of protonable imidazole

units and "proton sponge" activity (Fig. 6). The presence of associated imidazole units

explains domination of protonated cycles in the IR spectra of the copolymers (Fig. 2) in

spite of low amount of acidic phosphate units (6-10 comparing with 53-56 mol% of VI

units). Hydrogen bonds in imidazole – phosphate systems are treated is an important

part of proton conductivity [7]. The increase in the buffer capacity of new copolymers

indicates the prospects of using phosphate-containing polymers as carriers for the

delivery of genes capable of leaving the endosome to cytoplasm [46].
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Fig. 5. Dependence of buffer capacity on pH.
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Fig. 6. Hydrogen and ionic bonds in the imidazole-phosphate copolymers.

Complexation of the new copolymers with oligonucleotides

The ability of new copolymers to interact with DNA oligonucleotides was studied with

electrophoresis (Fig. 7). Full DNA involvement in the complex was observed at N:P 40

and 140 ratios for VI-P-53-6 and VI-P-69-10, respectively. These values are

considerably lower than that for PVI (N:P = 2000) [2]. This is quite unexpected,

because before our work the only way to increase PVI activity when interacting with

nucleic acids was to introduce amine or quaternary nitrogen fragments into the polymer

[2, 47-50]. In any case, imidazole groups are present in the complex to a large extent

more than DNA units, in fact, one macromolecule of the copolymer contains no more
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than one DNA molecule. We suppose this DNA molecule is involved into associated

structures of the copolymer similar to shown in Fig. 6. The average number of

imidazole and phosphate units in the VI-P-53-6 copolymer is 360 and 40, respectively

(based on the molar mass and composition, Table 1). Similar values for VI-P-69-10 are

725 and 105, which provides a sufficient number of free imidazole units for

complexation with 21-mer DNA.

The DLS data (Fig. 8(a)) show a bimodal particle size distribution in the case of free

copolymers, while the addition of a small amount of oligonucleotide results in

monomodal distributed particles with a diameter of 120-200 nm. This result can be

interpreted as the involvement of oligonucleotide molecules and free copolymer

macromolecules in associates that are additionally stabilized by interactions between

nucleotides and imidazole units. Similar multi-molecular complexes DNA-polymer

complexes were discussed recently [51,52]. The ζ-potential of free copolymers is +5-10

mV (Fig. 8(b,c)) and association with DNA does not change this value significantly.

The particle size and positive charge of copolymer complexes with DNA are sufficient

for penetration into living cells [53].

Fig. 7. Gel electrophoresis data for VI-P-53-6 (left) and VI-P-69-10 (right) complexes

with 21-mer FAM-DNA at pH 7.2. DNA concentration in the polymer-oligonucleotide

mixture was 2.5 μM. N: P values correspond to imidazole-nucleotide ratios.
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Fig. 8. Size distribution (a) and ζ-potential (b,c) of the particles in copolymer solution at

pH 7.2 and of the copolymer - oligonucleotide complexes. Copolymer concentration

was 0.5 mg/mL, N: P values correspond to imidazole-nucleotide ratios in the

complexes. The data were obtained with Zetasizer Nano-ZS instrument.

Influence of the copolymers on silicic acid condensation

Condensation of silicic acid in the presence of new imidazole-phosphate copolymers

was studied in solutions containing 10 mM Na2SiO3 and the same concentration of

imidazole units of the copolymers. Preliminary titration data (Table 2) showed

precipitation at neutral pH values and reaction in the solution was studied at pH 5.5 and

10. pH 5.5 corresponds to pH in silica deposition vesicles (SDV) of diatoms [54] and

pH 10 is in the beginning of pH range of active Si(OH)4 condensation [15].

The rate of condensation of silicic acid in the presence of copolymers was estimated by

colorimetric molybdenum blue method [15] (example data are shown in Fig. 9). The
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both copolymers increase initial condensation rate, especially VI-P-69-10. This polymer

slightly inhibit condensation after several hours of the reaction. Previous data [27,23]

revealed a decrease in the rate of condensation with PVI at any stage of the reaction due

to stabilization of low-active non-ionized siliceous particles in contrast to more basic

polymeric amines [20]. We assume that primary siliceous particles are involved in the

more basic structures responsible for the high buffer capacity, which increases the

ionization of silanol groups and the condensation rate. A large number of condensed

silica particles are present after several hours of reaction, these particles interact with

copolymers, like ordinary PVI - silica hydrogen bonds, which can slightly inhibit the

reaction.

Fig. 9. Example data set showing the effect of the polymers on condensation of silicic

acid at pH 5.5 and the kthird for the Si(OH)4 at pH 5.5 and 10. All rate constants are

relative to the blank at pH 5.5. Initial solutions contained 10 mM of Si(OH)4 and

copolymers in concentration corresponded to 10 mM of imidazole units.

Copolymers in aqueous medium exist as a mixture of 7-15 nm and 75-200 nm particles

according to DLS data (Fig. 10). These small particle sizes can be attributed to

individual macromolecules and the larger particles are evidently associates.

Condensation of silicic acid in the presence of copolymers is accompanied by
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redistribution of particle sizes, which results in monomodal distribution of sizes in VI-

P-69-10 system (Fig. 10). These colloidal systems are stable for more than three weeks.

A similar effect was observed for other polymer systems - Si(OH)4 [20,23] and was

explained by the formation of composite polymer-silica nanoparticles. The solutions

that showed monomodal size distribution were studied with multiangle light scattering,

which gives more reliable results. Combination of DLS and SLS data (Table 3) allowed

us to obtain Rg and Rh values which ratio Rg/Rh gives information about particle nature

[55]. The data of pure siliceous nanoparticles (0.6-0.8) are close to microgels (0.3-0.6)

and homogeneous (hard) spheres (0.778). Composite nanoparticles formed at pH 10

(Rg/Rh = 1.15) are similar to dense objects (dendrimers, star structures at Θ-conditions).

Particle size considerably decrease at pH 5.5 and Rg/Rh = 0.63 is typical for microgels. ζ

potential for the composite nanoparticles was -18±1 and +45±2 mV at pH 10 and 5.5

respectively. These data are consistent with an increase in the hydrogen bonding

abilities between the imidazole and ~Si-OH groups at pH 5.5 due to the neutralization

of ~Si-ONa groups. Size of the composite nanoparticles obtained at pH 5.5 is close to

electron dense vesicles in diatoms which were hypothesized as silicon transport vesicles

[56].
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Fig. 10. Size distribution of the particles formed on condensation of silicic acid in the

presence of imidazole-phosphate polymers at pH 5.5 and 10. The data were obtained

with Zetasizer Nano-ZS instrument.

Composite precipitates obtained at pH 7 were studied using scanning electron

microscopy (SEM, Fig. 11). Both copolymers produce a sediment built from

nanoparticles, which are close to the size of the DLS data. The nanoparticles are sticked

together to spheres from 500 nm to several μm in diameter. VI-P-69-10 gives more

smoothed particles comparing with VI-P-53-6. The precipitates contain silicon and

phosphorus from copolymer according to EDAX data (Fig. 11, g-i). IR spectra of the

composites (Fig. 2) show presence of siliceous structures: bands at 1082 (with a

shoulder at 1200 cm1) and 810 cm-1 correspond to SiO stretching motions, and

vibrations of the SiOH bond are observed at 970 cm-1 [57]. Bands at 1500, 1415, 745

and 660 cm-1 are arisen from the copolymers.



21

Table 3 Multiangle DLS and SLS data of composite nanoparticles

System Rg, nm Rh, nm Rg/Rh

Na2SiO3, pH 10 6.2 9.7 0.64

Na2SiO3, pH 5.5 10.9 13.2 0.83

VI-P-69-10 + Na2SiO3, pH 10 99.8 86.4 1.15

VI-P-69-10 + Na2SiO3, pH 5.5 28.8 45.8 0.63

Fig. 11. SEM images of composite precipitates (VI-P-53-6 (a-d) and VI-P-69-10 (e-g))

obtained at pH 7 and EDAX silicon (h) and phosphorus (i) mapping of the precipitate

VI-P-69-10. Scale bar 0.5 μm (b-f) and 5 μm (a and g-i).

Conclusions

We have obtained new imidazole-phosphate polymers by phosphorylation of 1-

vinylimidazole - vinyl acetate copolymers. These copolymers showed a higher buffer

capacity at pH 5-7 compared to PVI or polyethyleneimine. This phenomenon was



22

explained by the association between imidazole and phosphate units, which increase the

overall basicity of the polymer due to facilitating hydrogen bonding between protonated

and free imidazole cycles. The copolymers are active in coordination with DNA

oligonucleotides, and the imidazole-to-DNA ratio at full DNA binding is an order of

magnitude lower than the value for PVI. Copolymer-oligonucleotide complexes are

monomodally distributed particles with a diameter of 120-200 nm, which is sufficient

for penetration into living cells. These results show that new imidazole-phosphate

copolymers are promising structures in the design of nucleic acid delivery systems in

gene therapy and genetic engineering. Condensation of silicic acid is accelerated in the

presence of new copolymers and it results in the formation of stable dispersion of

composite nanoparticles at pH 5.5 and 10, while at pH 7 precipitates in the form of

spheres with diameters ranging from 500 nm to several μm were obtained. Size of the

composite nanoparticles obtained at pH 5.5 (Rh = 45.8, Rg = 28.8 nm) is close to

electron dense vesicles in diatom algae which were hypothesized as silicon transport

vesicles.
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Table S1. Average length of the monomeric blocks in VI-VA copolymers

Copolymer L1 (VI) L2 (VA)
VI-P-53-6 2.0 1.8
VI-P-69-10 2.6 1.2

Calculation of Rh and Rg from multiangle scattering
Certain assumptions are unavoidable for the studied system. Thus, the measured values

of the diffusion coefficients are apparent, not absolute and ideally should be determined at
infinite dilution, which is not possible in this case. The size of the aggregates is not big enough
in comparison to the wavelength to apply special fitting functions such as Berry, Debye, or
Guinier plots, or the functions for specific geometries (i.e., rod, solid sphere, etc.). Therefore,
we used the initial slope of the Zimm function within its limit of qRg<1.2 for all studied particles.
Yet, even for the solution of VI-P-69-10 at pH 10, the Zimm function is linear below qRg = 3.3
within the experimental error, which is demonstrated with corresponding Fig. S1. Our third
assumption is that the composite polymer-silica nanoparticles have uniform and rather
homogeneous distribution of all components within the particles. Organic polymer and silica
have different refractive indexes and, which in the case of inhomogeneous distribution of
material may affect measured value of Rg. However, we found no evidences of such
inhomogeneity. SLS experiments for Rg determination were performed only on those solutions,
which show monomodal size distributions between 30° and 150° scattering angle. In such
solutions, relaxation rates () of corresponding correlation functions of electric field g1(t) show
linear dependence of q^2. This is an additional evidence of the monomodal (moderately
polydispersed) distributions and translational self-diffusion of the studied particles.

Fig. S1. SLS plot of the inverse excess intensity versus the square of the scattering angle.
Corresponding rg for VI-P-69-10 + Na2SiO3 at pH 10 is 99.8 nm. DLS plot shows the angular
dependence of rh (multi exponential fit, CONTIN) and the relaxation rates () of corresponding
correlation functions of electric field g1(t).  was calculated using the second order cumulant fit.
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