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Abstract By the reaction of poly(acryloyl chloride) with N-(3-aminopropyl)imidazole, poly(N-(3-(1H-imidazol-1-yl)propyl)acrylamide) was syn-
thesized. The new polymer contains an imidazole ring removed from the main chain by a spacer of five bonds. The structure and purity, molecu-
lar weight, hydrodynamic and thermosensitive properties of the obtained sample were studied by "H- and "3C-NMR, FTIR spectroscopy, acid-base
titration, light scattering, turbidimetry and viscometry. The observed ability of the imidazole-containing polymer to form and destroy associates
in water-salt solutions at pH 6.6—7.4 and temperatures of 29-48 °C indicates that these are promising candidates for designing complex biomedi-
cal systems. The new polymer is able to form complexes with oligo-DNA more actively than poly(1-vinylimidazole), which is of interest for gene
delivery applications. The polymer cross-linked with epichlorohydrin gives micro-relief coatings on the plastic surface, and the modified surface is
able to attach negatively charged objects. This thermo- and pH-sensitive polymer modification can be applied to create finely controlled surfaces

for cell culturing.
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INTRODUCTION

In recent years, much attention has been paid to the develop-
ment of “smart” polymers for drug delivery systems and other
biomedical applications.'"® Thermo- and pH-sensitive poly-
mers can respond to small changes in the environment and ex-
hibit a reversible phase transition in aqueous solution.”=% There
are many potential biomedical and pharmaceutical applications
related to thermo- and pH-sensitive polymers, especially in drug
delivery systems, including gene therapy./'-'4

Polymeric amines are used in many applications, including
industry, biocidal compounds, and components of pharma-
ceutical compositions.['5-191  Polymers containing amine
groups and hydrophobic fragments exhibit dual thermo- and
pH-sensitivity in an aqueous medium.20-221 Biomedical and
related applications require sensitivity in the neutral area, at
pH 6-8. The pK, of the conjugated acids of aliphatic amines
exceeds 9.5, and these groups are significantly protonated in
the neutral area, which prevents thermo-sensitivity in this pH
region. N-substituted imidazoles show less basicity (pK, of
methylimidazole is 7-7.4).123-261 Poly(1-vinylimidazole) (PVI)
has been known for decades as a low-base water-soluble
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polymer.[27-30 This polymer is based on a commercially avail-
able monomer, and numerous copolymers and more com-
plex structures have been prepared starting from 1-vinylimi-
dazole. The high buffer capacity of PVI and its ability to coor-
dinate with nucleic acids allow imidazole cycles to be consid-
ered as components of gene delivery agents.3V pK, of ab-
straction of the last proton from the conjugated polyacid PVI
is 6.0 in 0.1 mol/L NaCl, and protonation of PVI reduces its ba-
sicity due to the electrostatic effect.32 Because of the low de-
gree of protonation in the neutral pH region, PVI can give an
H-bonded complex at the pyridine nitrogen atom, which is
impossible for protonated amine groups.
1-(3-Aminoprolyl)imidazole (API) is another compound
promising for the introduction of imidazole molecules into
polymer structures. It contains a primary amine group that is
active in the reaction with chloroanhydrides, activated esters,
etc. The presence of a trimethylene fragment allows the con-
struction of structures with an imidazole cycle distanced from
the main polymer chain and other cycles. APl was used to de-
velop synthetic amphiphilic polypeptides.l3334 The interac-
tion of APl with methacryloyl chloride resulted in the forma-
tion of an imidazole-containing monomer, which was copoly-
merized with N-isopropylacrylamide, giving a thermosensi-
tive polymer.B351 APl itself contains a hydrophobic fragment,
and we can expect thermal sensitivity from a polymer con-
taining only API-based units. The most similar to such a poly-
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mer are APl-terminated dendrimers.B¢ These dendrimers
show high pH sensitivity in the neutral region, but the ther-
mal sensitivity of these compounds has not been studied.
There is evidence that the distancing of the imidazole cycle
from the main chain causes the cycles to behave indepen-
dently.3637]

This work is aimed at the synthesis of poly(N-(3-(1H-imida-
zol-1-yl)propyl)acrylamide) (PIPAA) as a polymer each unit of
which contains an imidazole cycle removed from the main
chain with a five-bond spacer. PIPA was obtained by reacting
poly(acryloyl chloride) with APl in the same way as the syn-
thesis of pH- and thermo-sensitive polymers based on
amines.”:38 This is the first API-based homopolymer, and the
study of its acid-base and thermal properties is necessary to
design more complex structures. The potential of the new
polymer for the design of oligonucleotide carriers and func-
tional surfaces is also discussed.

MATERIALS AND METHODS

Materials

Dimethylformamide (DMF), acryloyl chloride, triethylamine, 1-
(3-aminopropyl)imidazole, AIBN, NaCl, HCl, NaOH, and other
chemicals were of reagent grade (Merck, Fisher, or Acros Chemi-
cals). Deuterium oxide (D,0, 99.8 atom D%) was purchased from
Sigma-Aldrich. NBD-N3 dye was synthesized according to.B% PV
was synthesized by radical polymerization of VI in benzene at 60
°C in the presence of AIBN in an argon atmosphere.l*Y DMF was
dried with anhydrous CuSQO, and 3-A molecular sieves, followed
by distillation. AIBN was recrystallized from ethanol. NaOH was
purified from carbonate impurities by filtering its 50% solutions.
Thermo Scientific SnakeSkin Dialysis Tubing (3.5K MWCO, 22
mm) was applied for the dialysis. Sartorius syringe membrane
filters 0.45 um (cellulose nitrate) were used for filtration. Deion-
ized water (resistivity 18.2 MQ-cm) was used from a purification
system of Millipore Simplicity UV (USA). Fluorescein 3'-tagged
DNA oligonucleotide GATCTCATCAGGGTACTCCTT was pur-
chased from Evrogen JSC (Russia).

Synthesis of PIPAA

Poly(acryloyl chloride) (PACh) prepared from 16.22 mmol of
acryloyl chloride by the reported method,*"! was dissolved in
17.79 g of DMFA dried over 3 A zeolites. The solution was cooled
in an ice bath and a mixture of triethylamine (1.90 g, 18.8 mmol),
1-(3-aminopropyl)imidazole (2.33 g, 18.6 mmol) and DMF (2 mL)
was poured into it at one time while stirring on a magnetic stir-
rer (Scheme 1). The resulting turbid mixture was continued to
stir under refrigeration for another 10 min and then left at room
temperature for 24 h, after which it was diluted with 100 mL of
distilled water, the pH of the solution was adjusted to ~7, and
the solution was dialyzed (3.5 kDa) for 8 days relative to distilled
water. After filtration through a 0.45 pm cellulose acetate filter,
the solution was concentrated on a rotary evaporator and
lyophilically dried. The polymer yield was 1.577 g.
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Scheme 1 Reaction scheme for the production of PIPAA.

TH-NMR (400 MHz, D,0, 6, ppm): 1.0-1.8 (CH, main chain),
1.8-2.5 (CH main chain, CCH,C (prolyl)), 2.9-3.3 (NHCH,C),
3.5-3.7 (CH main chain), 3.9-4.2 (CCH,N), 4.8 (H,0), 6.8-7.4
(NCHCHN ring), 7.7-8.2 (NCHN ring). '3C-NMR (100 MHz, D,0,
6, ppm): 29-30 (CH, main chain), 33—38 (NHCH,CH,), 41-43
(CH main chain), 43—-46 (CH,CH5N), 119-121 (NCHCHN ring),
124-127 (NCHCHN ring), 135-137 (NCHN ring), 175-178
(C(O)N).

TH-NMR and FTIR Spectroscopy

The chemical structure of the polymer prepared was identified
using 'H- and "3C-NMR spectra. 'H- and '3C-NMR spectra were
recorded on a DPX 400 Bruker instrument (Bruker Biospin Cor-
poration, Billerica, MA, USA) in D,O at 400.13 MHz for 'H and
100.62 MHz for 3C-NMR. IR spectra were recorded with an In-
fralum FT-801 spectrometer (SC Simex, Novosibirsk, Russia) us-
ing KBr pellets. To record FTIR spectrum of the hydrochloride of
PIPAA, a solution of the polymer in methanol was saturated with
gaseous HCl and the volatiles were distilled off under reduced
pressure. To record FTIR spectrum of basic PIPAA, an aqueous
solution of the polymer was adjusted to pH 10 with addition of
KOH and freeze dried.

Molecular Weight Determination

Determination of molecular weight and hydrodynamic
characteristics of imidazole-containing polymer (PIPAA)

The molecular weight of the PIPAA sample and the hydrody-
namic radius Ry, p of macromolecules were measured by static
and dynamic light scattering in dilute solutions in buffer (Hanna
Instruments, pH=7.01). Light scattering was studied on a Photo-
cor Complex instrument (Photocor Instruments Inc., Russia); the
light source was a Photocor-DL diode laser (power, 5-30 mW;
wavelength, A=659.1 nm). The calibration of the device, that is,
the determination of the instrument coefficient, was carried out
using toluene (R,/=1.38x10~ cm™). The measurements were
performed at scattering angles 6 in the range 45°-135°,

The correlation function of the scattered light intensity was
recorded using a PhotocorPC, correlator with 288 channels
and processed using DynalS software (ver. 8.2.3, SoftScientif-
ic, Tirat Carmel, Israel). The experiments were carried out at a
temperature of 21.0 °C.

The refractive index increments dn/dc were measured us-
ing a RA-620 (A=589.3 nm) refractometer (KEM, Japan). The re-
fractive index increment dn/dc=0.1791£0.0090 cm3/g in
buffer, pH=7.01 was measured.

Intrinsic viscosity [n] was measured in buffer, pH = 7.01
with Ostwald viscometer at 21 °C. (The viscosimetry experi-
ments were carried out on the Ostwald-type Cannon-
Manning capillary viscometer (Cannon Instrument Company
Inc., State College, PA, USA).

Light Transmittance and Dynamic Light Scattering

Investigation of self-assembly of PIPAA in buffer solutions

The aqueous and buffer solutions of the PIPAA samples were in-
vestigated by the methods of static (SLS) and dynamic (DLS)
light scattering and turbidimetry using the Photocor Complex
described above, which is also equipped with the Photocor-PD
detection device for measuring the transmitted light intensity.
The solution temperature T was changed discretely with the
step ranging from 0.5 °C to 5.0 °C. The temperature was regulat-
ed with the precision of 0.1 °C. The T values changed in the
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range of 13 °C to 75 °C. The buffers with pH=7.01 (Hanna Instru-
ments, USA), 6.20, 6.86, 7.20 and 7.35, 7.40 (Hepes, PBS) were ap-
plied. After a desired temperature was achieved, all experimen-
tal characteristics began to change over time and reached con-
stant values over time T, At steady-state conditions, i.e., when
the solutions parameters do not depend on time, the intensity /
of scattered light, optical transparence I, hydrodynamic radii Rj,
of the scattering species, and their contribution S; to the inte-
gral scattering intensity were determined. S; was estimated us-
ing the values of the areas under the corresponding Ry, distribu-
tion peak. These measurements were carried out at a scattering
angle range of between 45° and 135° to prove the diffusion na-
ture of the modes. To maintain linearity of the instrument with
respect to |, the amount of fixed light scattering was attenuated
by filters and by reducing the laser power so that the measured
value of it did not exceed 1.2 MHz.

Potentiometric Titration of PIPAA

PIPAA and PVI were dissolved in DI water, 0.1 mol/L NaCl was
added after dissolution of polymers. Polymers were titrated with
0.1M HCl from alkaline region (pH 11.5 was obtained by adding
0.1 mol/L NaOH). The pH of all solutions was determined using a
"Multitest" ionometer (JSC Semico, Novosibirsk, Russian Federa-
tion) with a combined pH electrode at 20+0.1 °C and polymer
concentration was 7.5 mmol/L. Buffer capacity of the polymers
was calculated from the potentiometry data according to the
IUPAC recommendations as a derivative of the added HCl con-
centration versus pH (the number of moles of strong base re-
quired to change the pH by one unit when added to one liter of
the solution).l*?

Synthesis and Electrophoresis of Oligonucleotide
Complexes with PIPAA Polymer

The interaction between 21-mer DNA oligonucleotide GATCT-
CATCAGGGTACTCCTT-6-FAM and PIPAA was investigated by
electrophoresis on agarose gel. Complexes were prepared by
mixing solution of polymer (2 g/L) and oligonucleotide (10
pmol/L). The samples were incubated at room temperature for
30 min and placed in the wells of 1% agarose gel. Controls for
free oligonucleotide was also loaded to the gel. The gel running
buffer was 40 mmol/L Tris acetate (pH adjusted to pH 7.4) and 1
mmol/L ethylenediaminetetraacetic acid (EDTA). A glycerol gel
loading buffer was applied (0.5% sodium dodecyl sulfate, 0.1
mol/L EDTA (pH=7.4), 50% glycerol for 10x reagent). The gel was
run at 90 V and the fluorescein-tagged oligonucleotide was vi-
sualized on a UV transilluminator.

Coating the Bottom of A 24-Well Microbiological

Plate with Plastic Film

Ethanol solution (0.2 mL) containing 0.1% PIPAA, 5% (by weight
of polymer) epichlorohydrin, and 5% (by weight of polymer) 2-
pentanol was placed in the well of the plate. The covered plate
was dried 48 h at room temperature, 12 h at 40 °Cand 2 h at 90
°C. The coating was visualized under the action of poly(acrylic
acid) (PAA) and fluorescent dye NBD-N3.13 0.2% PAA solution
(0.2 mL, M,=285 kDa) was added to the well for 5 min. The PAA
solution was removed, the well was washed with water, and
0.02 mL of 0.09% aqueous NBD-N3 solution was added for 5
min. Fluorescence images were obtained using a MOTIC AE-31T
inverted microscope with an HBO 103 W/2 OSRAM mercury va-
por lamp, excitation was at 470 nm.

RESULTS AND DISCUSSION

Polymer Synthesis
The reaction between PACh and 1-(3-aminopropyl)imidazole in
the presence of triethylamine led to obtaining a light-yellow
polymer powder soluble in water (pH<7), ethanol, methanol,
but insoluble in dichloromethane, acetone, diethyl ether. The
TH-NMR spectrum (Fig. 1) has signals at 6.8—8.2 ppm from imi-
dazole ring protons and at 1-4.5 ppm from protons of the main
chain and propyl moiety. The integral intensities of the peaks
are in good agreement with the polymer structure. The small
peak at 3.57 ppm can be attributed to a minor rotamer of the
amide group. Such rotamers have been described for low
molecular weight compounds,**#% and steric hindrances from
the polymer chain can increase this phenomenon. The com-
plete substitution of chlorine atoms by 1-(3-aminopropyl)imida-
zole was also confirmed by the absence of the signal at 184 ppm
(the 3C-NMR spectrum) from carbons of carboxyl groups
formed by hydrolysis of the residual acid chloride groups (Fig. 1).

The FTIR spectrum of PIPAA contains bands from vibra-
tions of imidazole ring: 3105 (n CH ring), 1512 (ring), 1232 (d
CH ring, n C—H ring), 1107 (d CH ring), 1085 (d CH ring, n
ring), 746 (g CH, g ring), 662 cm~' (n N—C, d ring);*¢! amide
bonds: 1520-1560 (amide 2), 1630—-1740 (amide 1, C=0);
main chain 1440-1460 cm~" (CH,). The signal at 1170 cm™!
(Fig. 2) indicates the presence of protonated imidazole
groups in PIPAA 146l

The fraction of protonated units in PIPAA was determined
by potentiometric titration with 0.1 mol/L HCI from the alka-
line region. Part of the added NaOH is used to neutralize the
hydrochloric acid in the polymer, and the inflection in the
titration curve in the alkaline region corresponds to the neu-

a

5 (ppm)
b 1 5
A 6 7 4,5
N

200 180 160 140 120 100 80 60 40 20 O
6 (ppm)

Fig.1 (a) 'H- and (b) '*C-NMR spectra of PIPAA in D,0. The relative
integrated intensities of the peaks in the 'H spectrum are
represented by blue figures.
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Fig.2 FTIR spectra of the polymers in KBr pellets.

tralization of excess NaOH. The difference between the vol-
ume of added alkali and the inflection volume corresponds to
the content of 28% protonated imidazole groups.

Polymer Solubility

PIPAA is soluble in water and acidic media; at pH>7 it precipi-
tates (Table 1), in contrast to PVI, which is soluble in the entire
studied pH range from 2.5 to 11.5. In an aqueous solution, in the
absence of low-molecular-weight salts (NaCl, NaH,PO,), the PI-
PAA polymer is also soluble at pH>9.6, which may be due to the
interaction of OH™ ions with imidazole cycles and the resulting
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electrostatic repulsion.?? When the acid is added to an alkaline
polymer solution, OH™ ions bind protons, thereby reducing the
negative charge of the macromolecules. When neutrality is
reached, the polymer chains collapse which is manifested by the
polymer precipitation.

Thus, PIPAA is not soluble in water at pH above 7 but the
presence of buffers allows to obtain solutions at pH 7.4. The
buffers used contain a phosphate anion or (4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid). In both cases we
have compounds bearing groups active in the formation of
hydrogen bonds: P—OH, =NH*, C—OH. Imidazole units con-
tain donor nitrogen atoms, and the bonding of these atoms
with ions from the buffers increases the hydrophilicity and
solubility of the polymer. It seems that sodium ions in phos-
phate buffer are preferable to potassium for PIPAA solubility,
since pure sodium buffer significantly increases T;. Sodium
cations are more active in coordination with imidazole
cyclesB32l which may explain this effect. On the other hand,
NaCl does not have the same effect, so the phosphate anion
is also necessary to stabilize PIPAA macromolecules in aque-
ous solutions.

Acid-base Properties of PIPAA in Aqueous Solution

For PIPAA, the observed pK values are higher than those for PVI
(Fig. 3). In PIPAA, the imidazole rings are located far from the
main chain, their interaction with each other is weakened, and
the “neighbor effect” observed in the case of polybases,*”
which reduces the basicity upon protonation of neighboring
units, is generally less pronounced.

For PVI, pK changes monotonically as the degree of ioniza-
tion of the conjugated acid decreases. In the case of PIPAA,
the pK-a curve has three regions: two regions of a sharp de-
crease in pK upon decreasing a separated by a plateau, where
a change in a has no effect on the pK value. Due to the pres-
ence of hydrophobic —(CH,);— fragments in PIPAA, macro-
molecules tend to acquire a more compact conformation in
the aqueous medium. When a neutral compacted macro-
molecule is protonated (on the plot, this corresponds to a de-

Table 1 Particle size and phase separation temperatures for PIPAA in water solutions.
Buffer pH c(g/l) Rh (nm) at 21 °C T, (°Q) T, (°Q) AT (°C)
Water 6.76 10.6 3.1 and 86.0 (Sy/S¢=9) No separation up to 75 °C
ng})e{ ;SDE ’(\jl:g)Hof 7.10 10.6 Turbid dispersion
"6.86" 6.86 10.4 33 34.5 36 1.5
3.19 33 35.0 39 4
0.983 3.1 355 43.0 7.5
0.296 3.0 36.0 53 17.0
"Hanna" 7.01 2.90 31 29.0 31.0 2.0
0.940 3.1 30.0 34.0 4.0
0.300 3.1 38.0 48.0 10.0
"PBS" 7.40 3.13 33 46.0 48.0 2.0
"HEPES" 7.20 9.27 Transparent film-like sediment
7.2 2.00 " Turbid dispersion
7.28 1.00 - " No separation up to 70 °C
7.35 1.00 Transparent film-like sediment
74 3.00 " Turbid dispersion
1.00 Turbid dispersion
"HEPES" 0.1 mol/L 74 1.00 Turbid dispersion

Buffers: "6.86" — KH,PO,4 25 mmol/L, Na,HPO, 25 mmol/L; "Hanna" - KH,PO, 25 mmol/L, Na,HPO, 37 mmol/L; "PBS" - NaCl 137 mmol/L, KCl 2.7 mmol/L,
Na,HPO, 10 mmol/L, KH,PO, 1.8 mmol/L; "HEPES" - 0.05 mol/L HEPES solution; " Polymer was dissolved in Water, after 3 h HEPES 0.1 mol/L was added, final

HEPES 0.05 mol/L.
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Fig. 3 pK of conjugated acid PIPAA and PVI as functions of the
ionization degree.

crease in a from the region a=1), the basicity decreases with
an increase in the positive charge of macromolecules (region
I). After reaching a certain degree of ionization, the electro-
static repulsion forces begin to prevail over the hydrophobic
interactions that favor compactization, and the macro-
molecule unfolds, this compensates the decrease in pK (re-
gion Il). The next drop in pK at 20 °C (region lll) is due to the
protonation of the unfolded macromolecule. This phe-
nomenon is analogous to the well-known flat part on the pK-
a PMAA curves.“8] Region Ill is absent at 20 °C due to in-
creased hydrophobic interactions at elevated temperatures
and greater stabilization of the compact conformation.

Viscometry data confirm protonation of PIPAA at pH 6.8,
the concentration dependence of the intrinsic viscosity
(Fig. 4) shows a typical polyelectrolyte effect.

Molecular Weight Characteristics of PIPAA
Unfortunately, it was difficult to choose an appropriate solvent
for this system. True solvents, in which only macromolecules ex-
ist, are salt solutions-buffers, where the salts are various potassi-
um phosphates and hydrogen phosphates. One of these buffers
is the Hanna buffer (USA). In other solvents, the molecular
weight cannot be measured due to association in water (and
polyelectrolyte effect in aqueous solutions) or the complete in-
solubility of the polymer in these solvents (such are chloroform,
DMF, saline and 0.1 N KBr solution).

For the studied solutions in the concentration range ¢, a

030
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020 \N\t

015

[nlsp/c (dL/g)

0.10

0.05

0 . . .
0 0.5 1.0 1.5 2.0 25

¢ (g/dL)

Fig. 4 Dependence of the reduced viscosity of the PIPAA solution
in water at pH=6.8 on the polymer concentration.

unimodal distribution was obtained by dynamic light scatter-
ing. The values of the hydrodynamic radius R, p(c) were inde-
pendent of c. Therefore, the concentration average value
Ri.p(c) was taken as the hydrodynamic radius R, for the
macromolecules of the investigated polymer. The values of
Rhp determined in buffer, pH=7.01, is 3.6+0.4 nm (Fig. 5).
There was no asymmetry of light scattering; therefore, the M,,
of the polymer was assessed by the Debye method.4950
The obtained value of the second virial coefficient (A, =
(=9.6£1.0)x107> cm3:mol/g? in pH=7.01 buffer) indicates that
the thermodynamic quality of the solvent at 21 °C is close to
ideal (0 solvent). M,,=30200+1500 Da in buffer, pH=7.01 is
close to that expected from the degree of polymerization of
PACh, i.e., the polymer synthesis reaction is not complicated
by side crosslinking reactions. Intrinsic viscosity [n] = 9.7
cMm3/r-! measured in buffer pH=7.01, is in accordance with hy-
drodynamic radius.

1.0

1 ax
<)
o

0 ;
1 10 100
Rh.p (nm)

Fig. 5 Hydrodynamic radii distribution for solution of PIPAA at
¢=0.0110 g-cm™3 in buffer pH=7.01. I, is maximum intensity of
scattered light for given solution concentration.

Behavior of PIPAA in Buffer Solutions

We studied PIPAA in water and in buffer solutions (Table 1)
commonly used in biology-related experiments: sodium-potas-
sium phosphate (pH 6.86 and 7.01), sodium phosphate (pH
7.40), and HEPES-based buffers (pH 7.20 and 7.35). All solutions
contain particles with a radius of about 3 nm at room tempera-
ture, which corresponds to individual PIPAA macromolecules.
Aqueous PIPAA solution contains 86 nm aggregates, a slight in-
crease in pH (6.76 to 7.10) results in PIPAA insolubility, and
buffer solutions do not contain large particles, including pH
7.40.

Kinetics of PIPAA aggregation at elevated temperatures

The formation of interpolymer or polymer-metal complexes are
relatively fast reactions. The equilibration time of these process-
es does not exceed several minutes in dilute solutions. The
study of macromolecular reorganization under the influence of
temperature change is usually carried out after a time corre-
sponding to the thermal equilibration of the solution itself (sev-
eral minutes). There are some evidences that thermo-sensitive
polymers sometimes reach equilibrium after an hour or
more.”'? Knowledge of the equilibrium time is important for
the proper study of polymer solutions as well as for the design
and application of complex structures based on thermo- and
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pH-sensitive polymers.

Transmission and scattering from PIPA solutions show no
significant time dependence when heated below the phase
separation beginning temperature (T;). The system shows
clear time dependences at T, (Fig. 6). The longest equilibrium
time (t.q) was observed at T; and the shortest at T, (tempera-
ture of the end of phase separation, Fig. 7). A typical depen-
dence of particle size on time is shown in Fig. 7. The incuba-
tion period is 750 s, after which large particles become visible
in the solution. This time cannot be explained by thermal
equilibration of the cell, because the previous temperature
was 0.5 °C lower with equilibration for 1000 s. The size of large
particles decreases slightly after t.q. Increasing the tempera-
ture after t.q (Fig. 8) results in a similar time dependence of
the particle size, and at 1.5 degrees above T, individual
macromolecules are not visible after equilibration.

Temperature dependences of the characteristics of PIPAA in
buffer solutions

We studied PIPAA solutions by heating in 1 °C increments, al-
lowing them to stand for 1000 s, and measuring light transmit-
tance and scattering at 90°. The equilibration time at tempera-
ture T; and higher was estimated as described above. Typical
temperature dependences of light scattering intensity / and op-
tical transmittance " are shown in Fig. 9 and Fig. 10, respectively.
The values of T, and T, are the same with an accuracy of 0.5 °C
when measured by / or I. In the case of sodium-potassium-
phosphate buffer, T, and T, decreases with increasing pH and
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Fig. 6 Typical time dependences of relative optical transmission
I* /5, and relative intensity of scattered light I//,; for PIPAA in buffer
solution at T; (29 °C).
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Fig. 7 Dependence of equilibration time on temperature. pH and
concentration of PIPAA are shown near curves.
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Fig. 8 Typical dependence of the particle radius (Ry,; and Ry nm)
and the ratio of peak intensities (Sg,.s/Spnf) On the ageing
time, pH=7.01. R, +—hydrodynamic radii of macromolecules; R, ,—
hydrodynamic radii of aggregates; Sgn.—area under the peak on
the I(Ry,) distribution curve corresponding to the fast mode; Sg,..—
area under the peak in the /(R ) distribution curve corresponding
to the slow mode.

concentration. The interval T; — T, (AT) increases as the concen-
tration decreases. Replacing potassium with sodium in the
buffer causes a significant increase in T; and T, even at pH 7.40.

PIPAA buffer solutions contain small (about 3 nm) particles
below T;, and aggregates of several hundred nm appear at T,
(Fig. 11). Individual macromolecules are undetectable at
0.5-1 °C above T;, and aggregates increase in size up to T,.
Particle size decreases after T,, but DLS measurements are not
reliable in this area because of the high turbidity of the sys-
tem.
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Fig. 11 The dependences of hydrodynamic radius Rj, of scattering

objects relative light scattering intensity //;; and optical

transmission I'/[*,; on temperature for PIPAA buffer solutions. R, —

individual macromolecules, R, s—aggregates. (a) pH=7.01, c=2.902

mg/mL (1,4); (b) pH=6.86, c=2.994 mg/mL (2,5); (c) pH=7.40 (PBS),
¢=3.133 mg/mL (3,6).

Promising Applications of PIPAA

Oligonucleotide carriers

Polymeric amines are considered as carriers for DNA/RNA
oligonucleotides in gene therapy.’¥ With the first polymer in
this area, polyethyleneimine (PEI), the effect of "proton sponge”

was demonstrated.’¥  Polymer-oligonucleotide complexes
(polyplexes) are transported to cell organelles, endosomes,
which contain an acidic environment and enzymes capable of
degrading the oligonucleotide. Polymeric bases with high
buffer capacity assimilate large amounts of acidic counterions,
which leads to an increase in the ionic strength within the endo-
somes. This high ionic strength is compensated by additional
water, causing the endosome to burst and the oligonucleotide
to be released into the cytoplasm before being destroyed by
enzymes. PIPAA at 20 and 40 °C shows a buffer capacity (Fig. 12)
higher than PEl and PVI in the weakly acidic region, which
makes PIPAA a promising structure for oligonucleotide carrier
development. The ability of PIPAA to interact with oligonu-
cleotides was confirmed by gel electrophoresis (Fig. 13). Stable
polyplexes exist at an N:P ratio of 25:50, which is significantly
lower than for PVI (500 for a sample of comparable molecular
weight).B" It has recently been shown? that the introduction
of hydrophilic moieties into complex polymer structures can en-
hance their ability to bind nucleic acids even when the hy-
drophilic groups themselves are unable to interact with phos-
phate groups. Based on our results, we believe that imidazole-
containing chains are promising for the design of complex gene
delivery systems.

Functionalized coatings
Some biomedical applications need modified surfaces capable

25
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Buffer capacity (mmol/L)
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-
o

5.0 55 6.0 6.5 7.0
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Fig. 12  Buffer capacity of PIPAA, PVI and polyethyleneimine (PEI)
in 0.1 mol/L NaCl at 20 °C. PVI and PEI data are from our previous
study.B"

Fig. 13 Gel electrophoresis data for DNA oligonucleotide complex
with new polymer. Lane 1—free oligonucleotide, N/P ratios are
indicated in the first row.
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of attaching various objects, such as living cells. These surfaces
must carry some positive charge for better binding to negative
cell membranes and be non-toxic. Amine groups are highly
charged under physiological conditions, which causes their toxi-
city, so less basic imidazole units are more promising. The ther-
mal sensitivity of PIPAA opens up additional possibilities for
controlling surface properties. We prepared a 24-well microbio-
logical plate coated with PIPAA cross-linked epichlorohydrin.
The ability of the modified surface to attach negatively charged
objects was tested with poly(acrylic acid) (PAA). PAA was visual-
ized using the fluorescent amine NBD-N3.#2 The data present-
ed in Fig. 14 show the stability of the coating after 7 days of stor-
age in PBS buffer at 37 °C. The coatings exhibit micrometer-lev-
el surface roughness, which can improve cell attachment.

Fig. 14  Fluorescence images of cross-linked coatings of the
bottom of a 24-well microbiological plate. Left: initial coating, right:
after 7 days of storage in PBS buffer at 37 °C. The coatings were
visualized under the action of PAA and the amine-containing dye
NBD-N3. Scale bar represents 10 um.

CONCLUSIONS

A new polymer containing an imidazole ring removed from the
main chain by a five-bond spacer was obtained by modifying
poly(acryloyl chloride). The basicity of the new polymer is less
than that of the polymeric amines, which makes it pH-sensitive
in the neutral pH range. The presence of methylene units in the
side chain leads to the thermolability of the polymer at 29—48 °C
and in the same neutral pH range. This behavior is quite differ-
ent from polymers with side amine groups, whose thermolabili-
ty is possible only at high pH values, where the amine groups
are non-protonated. PIPAA has a higher basicity than
polyvinylimidazole and a higher buffer capacity in the neutral
region in the absence of toxic amino groups which is important
for creating gene delivery systems and for cell immobilization.
The ability of the new polymer to form complexes with oligonu-
cleotides at physiological pH values was shown by gel elec-
trophoresis.

In the future, it is possible to create PIPAA-based polymeric
thermo- and pH-labile coatings with adjustable adhesive
properties which are capable of attaching living cells without
hindering their growth under certain conditions and of de-
taching them when conditions change to the physiological
ones. Such materials and technologies are highly demanding
for regenerative medicine, biotechnological production of
proteins and other drugs, and creation of model cell cultures
for fundamental and applied research.
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