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Abstract

Objectives. Due to the increasing number of oncological diseases, active research into
developing new radiopharmaceuticals is underway. Thermosensitive copolymers have valuable
physicochemical properties that can be harnessed to develop therapeutic radiopharmaceuticals for
treating solid tumors. The aim of this study was to develop a method for producing thermosensitive
copolymers that can find use as radionuclide carriers to create therapeutic radiopharmaceuticals
for treating solid tumors.

Methods. Using radical copolymerization in polar solvents, we synthesized water-soluble
copolymers based on N-isopropyl acrylamide and 2-aminoethyl methacrylate hydrochloride. The
resulting copolymers were characterized in terms of molecular composition and hydrodynamic
properties using gel permeation chromatography, IR spectroscopy, potentiometry, and viscometry.
Changes in optical density during temperature scanning helped determine the phase transition
temperature (PTT) of aqueous copolymer solutions.

Results. We developed a method for preparing copolymers of N-isopropylacrylamide with
2-aminoethyl methacrylate using radical copolymerization in water and isopropanol with a
content of 2-aminoethyl methacrylate hydrochloride in a copolymer up to 23 mol %. We studied
how the second comonomer affected the PTT of the aqueous copolymer solutions. An increase
in the content of 2-aminoethyl methacrylate in the copolymer caused the PTT to increase. We
found that the change in the PTT depending on the content of 2-aminoethyl methacrylate units
in the copolymer had a straightforward relationship with its content up to 17 mol %. The use of
physiological saline as a solvent led to a temperature decrease of the phase transition by two
degrees.
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Conclusions. The method of producing thermosensitive copolymers by radical copolymerization
in isopropanol does not allow creating a radionuclide carrier. Solutions of the obtained low-
molecular weight oligomers form coacervate solutions, which will inevitably cause the radionuclide
to spread throughout the body. The copolymers obtained by radical copolymerization in water
with the content of the second comonomer 2-aminoethyl methacrylate from 10-17 mol % can be
used as a radionuclides carrier provided that a physiological solution of sodium chloride is used
as a solvent.

Keywords: N-isopropylacrylamide, 2-aminoethyl methacrylate, thermosensitive copolymers,
radical polymerization, phase transition temperature
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AHHOMAQuyust

Ienu. B ces3u ¢ ysesnuueHuem Yicaa OHKOI02UUeCKuX 3abonesanuil edymes aKkmueHble NOUCKU
8 paspabomike HO8bIX paduodapmayesmuueckux npenapamos. B smom acnekme snauumesno-
HbLl UHMepec npedcmasasiiom mepmouyscmeumesnbHble CONoaAUMepPbl, obradarouue Komniex-
COM YEHHBIX Pu3uUKo-xumuueckux ceoticms. JdanHas paboma noceswieHa paspadbomre memooa
NOAYUEHUSL MEePMOUYBCMBUMENLHBIX CONOAUMEPO8, KOMmopble mo2ym bbimb UCNONAL308AHbL 8 K-
yecmee Hocumesisi pAOUOHYKAUO08 O CO30AHUSL Mepanesmuueckozo paouogapmnpenapama
0151 leueHust CONUOHbBLX onyxonel.

Memoovt. Memodom paduKkanbHOU CONOAUMEPUSAYUL 8 NONSPHBIX PACMEOPUMENIX CUHMEe3U-
PpOB8aHBLL 800OPACMBOPUMbLE CONOAUMEPLL HA 0CHO8e N-U30NPONUNAKPUNAMUOA U 2UOPOXIOPUOA
2-amuHosmunmemarxpunama. IlonyueHHsle cononumepsl bblau oxapaKmepuszosaHbl N0 COCMAasy
MONEKYNSAPHBIM U 2UOPOOUHAMUUECKUM XAPAKMEPUCMUKAM C UCNONI6308AHUEM 2e/lb-NPOHUKA-
rowell xpomamoepagpuu, HK-cnekmpockonuu, nomeryuomempuu u suckosumempuu. Temnepa-
mypy ¢paso8020 nepexoda 800HbLIX PACMEBOPO8 CONOAUMEPO8 ONPEOEeSSINU NO USMEHEeHUID ONMmuU-
YecKoli ntomHocmu om memnepamypet.

Pesynomamut. Bout paspabomar memoo noayueHust conoaumepos N-u3onponuiaKpuiamuoa ¢
2-AMUHOIMUNMEMAKPUNLAMOM PAOUKATbHOU cononumepusayuetl 8 gode u 2-nponaHosie ¢ cooep-
HKaHuem 2udpoxnopuoa 2-aMUHOIMUAMEMAKPUIAMA 8 conoaumepe 00 23 monb-38eHo %. H3yuero
B/IUSIHUE 8MOPO20 COMOHOMEPA HA memnepamypy gpaso8020 nepexooa 800HbLX PACMB0PO8 CONOAUME-
pos. Yeenuuerue co0eprkaHust 2-0MUHOIMUAMEMAKPUIAMA 8 CONOAUMEPE NPUBOOUM K CMEULEHUIO
memnepamypul pazoeo20 nepexooa, NosblUasl ee. YCmaHO8NMEHO, UMO USMEHEHUe memnepamypsl
¢azoe020 nepexoda 8 3a8UCUMOCMU OM COOEPIKAHUSL 38EHbES 2-AMUHOIMUAMEMAKPUNLAMA
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8 conoaumepe umeem NPSMOAUHENHYIO 3 ABUCUMOCMb NPU e20 coOeprKaHuU 00 17 monb-38eHo %.
Hcnonwsosarue 8 Kauecmee pacmeopumenisi (husuoI02UUEcKo20 Pacmeopa Xaopuod Hampust
npugooum K CHUX>KeHU memnepamypsbl pa3o8o20 nepexoda Ha 08a zpadyca.

Bbteoodust. Memod nosyueHust mepmouyeCmaumebHblX CONOAUMEPO8 PAOUKALHOU CONOAUME-
pusayuell npu UCNOABL308AHUU 8 Kauecmeae pacmeopumeJisi 2-nPonaHoia He no38osisiem co30amob
Hocumenb paduoHyrauda. Pacmeopsl NOAYUEHHBIX HUSKOMONEKYAPHBIX 0S1U20MepOo8 0bpasyom
KoauepsamHble pacmeopsl, Umo HeuszberxxHo npusedem K pacnpocCmpaHeHuro paduoHyKaAuda no
opearuszmy. Conoaumepbl, NOAYUEHHblLE MEMOOOM PAOUKANBLHOU conoaumepusayuell 8 gode ¢
cooeprkaHuem 8mopozo COMOHOMeEPA 2-amuHoomuamemarxpunram om 10 0o 17 mone-3gero %,
Moeym 6blmb UCNONIb308AHbL 8 Kauecmae Hocumesast paduoHyKAUO08 MObKO NPU YCA08UU, UMO
8 Kauecmee pacmeopumeJisi UCNONb3Yomest (husu010eUUeCKull pacmeop X1opuda Hampusi.

Knroueewvle cnoea: N-u3onponuiaKpuiamuo, 2-amMuHoIMUAMemaKpuiam, mepmouyecmau-
mesibHble CONoNUMEPbL, PAOUKANALHAS NOAUMEPUIAYUSL, mMemnepamypa paszoe020 nepexooa

Mna yumuposanusn: J{ypnor B.P., T'aiiBoponckuii A.B., Jlobanoa E.M. CuHTe3 TepMOUyBCTBUTEIBHBIX COMOIUMEPOB
N-M30TpONMIaKpHIIaMHJIa ¢ THAPOXIOPUIOM 2-aMHUHOATUIIMETaKpuiata. Tonkue xumuueckue mexronozuu. 2021;16(2):167-175.
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INTRODUCTION

A modern and effective method of treating
cancer is brachytherapy. Microsource introduction
inside tumor or near-tumor tissues enables to localize
ionizing radiation in the immediate vicinity of cancer
cells. The related disadvantages of this method are the
complexity and high costs of producing microsources.
Around 40 to 80 microsources are needed to treat a
disease such as prostate cancer. Their number strongly
depends on the severity of the disease [1].

An analog of expensive microsources is the
use of polymeric carriers of radionuclides, namely
thermosensitive (co)polymers, the aqueous solutions
of which have a lower critical dissolution temperature
in the temperature range below the physiological
temperature of the human body [2]. The aqueous
solution of a thermosensitive copolymer, with which
the radionuclide is chelated, is introduced into a
tumor, undergoes a phase transition and forms a dense
gel. The latter acts as a local radiation source. For
these purposes, thermosensitive copolymers based
on N-isopropylacrylamide (NIPA) can be used [3, 4].
The phase transition temperature (PTT) of an aqueous
solution of poly-N-isopropylacrylamide (PNIPA)
homopolymer lies in the range of 32°C, and does not
depend on the chain length of the polymer molecule.

The work [5] describes methods of synthesizing
polymer-protein thermosensitive conjugates based on
PNIPA. The use of these thermosensitive polymer-
protein conjugates as radionuclide carriers presents

difficulties due to phase transition peculiarities
that occur in the pH range between 3.5 and 5.5.
In physiological conditions (pH 7.35-7.45), the
polymer-protein conjugate cannot form a dense gel
and will inevitably spread throughout the body. The
authors of [6] developed and patented [7] a method
for producing a thermosensitive polymer-protein
iodine-containing radiopharmaceutical (RP) with
radiochemical purity (RCP) of 95-98%. In this work,
we used a polymer-protein conjugate of PNIPA and
a globular protein (bovine serum albumin) as a matrix,
to the tyrosine groups of which the *'I radionuclide is
covalently attached. Related disadvantages include the
RP complexity and multistep manufacturing. Purifying
RPs from ternary poly-N-isopropylacryamide-"3'T
hydrate complexes using the column method increases
the RCP, but decreases drug concentration [8].

Study [9] describes an RP based on a
thermosensitive carrier, a NIPA-allylamine copolymer
with a chelator, and a diethylenetriaminepentaacetic
acid (DTPA) added to the amino groups by
esterification. A potential disadvantage of this carrier
is the low content of DTPA groups, which is due to
the lack of a sufficient number of allylamine units
in the copolymer, to which DTPA units are attached.
In addition, when synthesizing this copolymer,
the authors failed to obtain samples of the carrier
copolymer with a viscosity average molecular weight
Mn > 40 kDa. The reason for this is the chain transfer
to the monomer, the so-called “allyl degradation
transfer of the chain.” Low-molecular PNIPA
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compounds form a colloidal system similar to that of
milk dispersion. Therefore, in the drag, the authors
had to use a PNIPA polymer thickener that had an
average molecular weight M < 100 kDa to create a
polymeric spatial network [10].

A small number of chelating groups for binding
a radionuclide can limit the radiopharmaceutical’s
maximum efficacy of treating tumors. Increasing
the number of functional amino groups in the
thermosensitive copolymer should help solve this
problem. Replacing the allyl monomer with a
methacrylic monomer containing amino groups should
increase the molecular weight of the thermosensitive
copolymer and eliminate the need for a polymer
thickener. 2-Aminoethyl methacrylate hydrochloride
(AEM HC) can be used as a comonomer.

The aim of this work is to develop a method
of producing thermosensitive copolymers based on
NIPA-AEM, with AEM content of up to 23 mol %,
study their molecular and hydrodynamic properties,
and determine how the number of AEM units in the
copolymer affect the phase transition temperature of
aqueous solutions of NIPA—AEM copolymers.

EXPERIMENTAL

We used the following reagents in our work:
N-isopropylacrylamide97% (Sigma-Aldrich,Missouri,
USA); tert-butyl hydroperoxide 70% aqueous solution
(Sigma-Aldrich); 2,2-azobisisobutyronitrile (Vekton,
St. Petersburg, Russia); diethyl ether, chemically
pure (MEDKHIMPROM, Balashikha, Moscow
oblast, Russia); 1,2-dichloroethane, chemically
pure (Ekos-1, Staraya Kupavna, Moscow oblast,
Russia); 2-propanol, chemically pure (Khimkomplekt,
country of origin: Netherlands); monoethanolamine,
chemically pure (Ekos-1); methacryloyl chloride,
pure (Fkos-1). The bidistillate was obtained in
a laboratory bidistiller BE-4 (Livam, Belgorod,
Russia). Methacryloyl chloride was distilled twice
before use. Diethyl ether was purified from peroxides
[11] and distilled before use. The AEM HC monomer
was derived by acylation according to the method
proposedin[12]and the yield was 89%. The reaction
product was purified twice by recrystallization from
dichloroethane. IR spectroscopy helped determine
the monomer structure. IR spectra were recorded
by an FSM1202 IR Fourier spectrometer (/nfraspek,
St. Petersburg, Russia) in KBr pellets.

Copolymers 1-4 (Table 1) were obtained
by homogeneous radical copolymerization in
2-propanol. The polymerization was initiated by
2,2-azobisisobutyronitrile. Its concentration in all
reactions was the same: 0.024 mol/L. Oxygen was
removed by a triple freeze-thaw cycle followed by
evacuation after which the ampoules were sealed

and thermostated. After a certain time, the ampoules
opened, and the contents were precipitated in diethyl
ether under vigorous stirring. The formed precipitate
was filtered off on a Buchner funnel and dried in
vacuum.

Copolymers 5-12 (Table 2) were obtained by
radical precipitation copolymerization in water.
The initial copolymer concentration in all reactions
was 0.01 mol/L. Oxygen was removed by blowing
argon for 10 min. Then the ampoules were sealed
and thermostated. After a certain time, the ampoules
opened and lyophilized in a Christ alpha 2-4 LSC plus
lyophilizer (Martin Christ Gefriertrocknungsanlagen,
Germany). Then the samples were dissolved in 10 mL
2-propanol and precipitated into diethyl ether under
vigorous stirring. The formed precipitate was filtered
off on a Buchner funnel and dried in vacuum.

The quantitative content of AEM HC units was
monitored by NH, groups using direct and reverse
potentiometric titration in ethanol that was previously
purified from aldehydes [13]. IR spectrometry helped
determine the qualitative structure in KBr pellets
in the following absorption bands: 3500-3300 cm™!
(vNH,), 2974-2887 cm™! (v CH,), 1734 cm™' (v C=0),
1653 cm™ (v C=0), 1541 cm™ (6 NH,), 1460 cm™
(6 CH,), and 1074 cm™ (v C-O-C).

The copolymer IR band at 1653 cm™! is attributed
to the stretching vibrations of the absorption bands
(C=0) of the amide group in the associated state.
The 1734 cm™ band corresponds to the stretching
vibrations of the carbonyl group (C=0O) absorption
bands of the 2-aminoethyl methacrylate hydrochloride
copolymer unit. Furthermore, there is a spectral band
at 2380-2840 cm!, which is characteristic of amino
group salt [14].

The intrinsic viscosity of copolymer solutions was
determined in a 0.5 M aqueous solution of LiNO, at
20°C in an Ubbelohde viscometer (Labtech, Moscow,
Russia). The value of the viscosity average molecular
weight M| of the copolymers was determined using the
Mark-Kuhn-Houwink equation [15]. The coefficient
values of the PNIPA homopolymer were defined as
K=47x10* a=0.61.

Gel permeation chromatography in
dimethylformamide was employed to determine
the weight-average (M) and number-average (M)
molecular weights of the copolymers (Labtech,
Moscow, Russia), which contained 0.1 wt % LiBr.
The experiments were carried out at 50°C with the use
of a GPC-120 chromatograph (Polymer Laboratories,
United Kingdom). A differential refractometer was
used as a detector. For separation, two PLgel 5 um
MIXED B columns (M = (5 x 10%)—(1 x 107)) (Agilent
Technologies, California, USA) were used. The
copolymer molecular weight (MW) was calculated
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according to calibration measurements conducted
against narrow-dispersed polymethyl methacrylate
standards.

The PTT values of the copolymer aqueous
solutions were determined from the temperature
dependence of optical density, obtained by an
Agilent 8453 UV-vision spectrophotometer (Agilent
Technologies). Copolymers were preliminarily
purified from HCI with an equimolar amount of 0.1 N
KOH solution in water at 7= 50°C for 2 h.

Low-molecular compounds were removed by
dialysis in water for 2 days in dialysis bags (Orange
Scientific OrDial, Belgium) with a pore size of
12-14 kDa. The copolymer concentration in the
test solutions in all samples was Cog = 1 Wt %. The
solvents used were double-distilled water and a 0.9%
NaCl solution.

RESULTS AND DISCUSSION

Table 1 presents the synthesis conditions
and copolymer properties obtained by radical
copolymerization  in  2-propanol. Statistical
copolymers containing AEM HC units from 18.2 to
27.3 mol % were obtained. The low MW values and
copolymer conversions stem from the chain transfer
to the solvent. Such a low copolymer MW prevents
them from being used as radionuclide carriers
without using a thickener. Study [16] demonstrated
that  thermosensitive  copolymers based on
N-isopropylacrylamide with MW <40 x 10° are excreted
mostly by the kidneys within 48 h. Therefore, the use
of copolymers with MW < 40 x 10° as radionuclide
carriers is not appropriate.

Copolymers obtained by radical precipitation
copolymerization in water demonstrated higher
conversion efficiencies and MW values compared
to those of copolymers prepared in 2-propanol.
Table 2 presents the copolymerization conditions
and MW characteristics. An aqueous solution of
copolymer 5 synthesized at a high temperature

demonstrated pronounced opalescence compared
to that of sample 6 synthesized at 50°C. The
opalescence in the copolymer solution most likely
indicates macromolecule crosslinking during their
synthesis. To this end, all subsequent copolymers
were synthesized at 50°C.

An increase in the molar fraction of AEM HC
in the monomer mixture results in higher copolymer
yield, but decreases its MW. The molecular mass
decrease observed with the increased starting
monomer concentration is most likely due to the AEM
HC ionic effects: that affect the capture of the radical
of the growing chain (i.e., prevent chain growth).
Study [17] reported similar results. The authors
explain this effect by a possible chain transfer to the
monomer and the polymer. The study showed that the
amino group content in the obtained copolymers is
higher than the initial concentrations and does not
depend on the conversion rate.

The narrow molecular weight distribution
(MWD) that certain samples demonstrate is probably
due to fractionation at the isolation and purification
stages. The typical MWD curves for some samples
are shown in Fig. 1. The M values of copolymers
10-12 obtained at an initial AEM HC concentration
below 0.1 mol/L exceed 10°. Comparison of
copolymers 6-9 derived under the same conditions
indicates that polydispersity naturally increases
as conversion increases. Considering a number
of parameters, we conclude that the most optimal
samples, which can be recommended for use as RP
precursors, are samples 6 and 7.

The phase transition temperature (PTT) value is a
crucial factor in the copolymer use as thermosensitive
radionuclide carriers. The human body temperature
ranges between 34.4 and 37.8°C [18] and strongly
depends on the circadian rhythms of the human
body. Proceeding from this condition, the PTT of
copolymer aqueous solutions for designing RP should
not exceed 34°C. The PTT measurements of aqueous

Table 1. Synthesis conditions and properties of copolymers synthesized in 2-propanol

No. [M,], mol/L [M,], mol/L Temperature, °C Time, h Conversion, % [m,], mol % M,l x 107°
1 72 16.3 27.3 0.08
50
2 96 23.9 18.2 0.15
0.72 0.04
3 60 72 20.9 20.7 0.12
4 70 72 20.0 21.1 0.11

Note: [M,] — N-isopropylacrylamide, [M,] — 2-aminoethyl methacrylate hydrochloride, [m,] — 2-aminoethyl methacrylate

hydrochloride units.
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Table 2. Synthesis conditions and properties of copolymers synthesized in water

o 4
o X —
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E g E | Z s 3 g z s || 2|5
No. T T qE.a" s g = E $ X X X ~
—= A 7 — = ol z
= = | €| 2| & T2l 2|55 5=
= o =
[-™
5 15 70 87.1 13.3 33.2 31.0 — - —
6 15 50 36.5 23.5 — 39.8 11.6 2.6 5.5 2.1
7 0.9 0.1 37 50 68.5 17.7 33.8 32.8 13.0 1.5 4.3 2.9
8 60 50 92.8 109 33.0 31.1 7.7 0.9 3.0 3.5
9 120 50 96.6 10.2 329 31.0 7.8 0.8 53 6.7
10 0.925 0.075 50 60.6 17.7 - - - 5.9 12.2 2.1
11 0.95 0.05 60 50 57.9 9.6 — — — 7.4 17.4 2.4
12 0.97 0.03 50 45.9 6.6 — — — 6.8 17.1 2.5

Note: [M|] — N-isopropylacrylamide, [M,] — 2-aminoethyl methacrylate hydrochloride, [m,] — 2-aminoethyl methacrylate
hydrochloride units.
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of copolymers: (1) No. 12 (M_ = 17.1 x 10%);
(2)No.6 (M =5.5x10%; (3) No. 10 (M =12.2 x 10%); AEM, mol %

q(M,) — weight fraction of macromolecules. Fig. 2. The dependence of phase transition temperature

(PTT) on the content of 2-aminoethyl methacrylate (AEM)

solutions of the obtained copolymers showed that an in the copolymer: water (1) and 0.9% NaCl (2).

increase in the AEM fraction follows a linear growth

(Fig. 2). When the AEM content in the copolymer Figure 3 shows the turbidity curves of 1%
exceeded 17.7 mol %, no phase transitions were aqueous solutions of a number of copolymers.
observed in aqueous solutions. This is probably due Organoleptically, copolymer 9 had a dense elastic
to the increased hydrophilic interactions between the gel-like structure, while copolymers 7 and 8
increased number of AEM units and water molecules. formed a coacervate solution in the form of a milk
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Fig. 3. Turbidity curves of 1% copolymer aqueous solutions:
(1) No. 9, (2) No. 8, (3) No. 7, (4) No. 6.

dispersion. The disperse state of the copolymer after
the phase transition does not ensure radionuclide
retention in a specific place. The use of saline (a
0.9% NacCl solution) as a solvent causes a decrease
in PTT by about two degrees (curve 2 in Fig. 4).
Salt molecules are known to be actively participate
in the destruction of hydrogen bonds formed
between water molecules and macromolecules
of both PNIPA homopolymers and copolymers,
causing the coil-globule transition. Thus, at a NaCl
concentration of 1 mol/L, salt molecules the PNIPA
homopolymer to collapse even at room temperature
[2]. A characteristic feature of the phase transition in
a saline solution is a sharp change in optical density
in a very narrow temperature range, indicating the
formation of a dense structure of the AEM gel.

CONCLUSIONS

Water-soluble copolymers based on
N-isopropylacrylamideand2-aminoethylmethacrylate
hydrochloride with different content of amino groups
were synthesized by radical copolymerization in water.
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The resulting copolymers were characterized in terms of
molecular composition and hydrodynamic properties using
gel permeation chromatography, IR spectroscopy, and
viscometry. The study investigated how 2-aminoethyl
methacrylate affected the PTT of aqueous copolymer
solutions. Increase of the content of 2-aminoethyl
methacrylate in the copolymer increases the PTT.
The change in the PTT depending on the content of
2-aminoethyl methacrylate units in the copolymer
was found to demonstrate a linear relationship up to
17 mol %.
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