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New water-soluble derivatives of p-tert-butylthiacalix[4]arene have been synthesized in the stereoisomeric form
1,3-alternate with butyl and tetradecyl groups on one side of the macrocyclic platform and tri/tetraethylene glycol
substituents on the other. The aggregation characteristics of macrocycles in the aquatic environment (CAC, aggre-
gate size, zeta potential) have been studied. It has been demonstrated that the resulting aggregates have the ability
to solubilize the lipophilic azo dye Orange OT, and the solubilizing ability significantly increases on going from
butyl to tetradecyl derivatives. Using the methods of dynamic and electrophoretic light scattering and fluorimetry
with ethidium bromide as a probe, it was shown that the obtained macrocycles interact with the DNA of the calf thy-
mus. It was found that the efficiency of the interaction is greatly influenced by the length of the oxyethyl fragments:
macrocycles containing tetraethylene glycol fragments are more effective than triethylene glycol analogs, causing
a 2-fold compaction of DNA.
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Cunme3supogaHnvl HOGble 6000PACBOPUMbIE NPOU3BOOHbIE N-Mpem-Oymunmuarkaiukc[4japena ¢ cmepeousomep-
HoUl hopme 1,3-anomepnam ¢ OYmMunbHLIMU U MEMPAOCYUTLHBIMU SPYRANAMU C OOHOU CIMOPOHBL MAKPOYUKIUYE-
CKOU naam@opmvl U mpu/mempasmuieHeIUKOIe8bIMU 3aMecmumensmu — ¢ opyeou. Mcciedosanvl azpeeayuon-
Hble XapakmepucmuKku Makpoyukios ¢ 6ooHou cpede (KKA, pasmepor acpecamos, dzema-nomenyuarn). Ilpode-
MOHCMPUPOBAHO, UMO 0bpasylowuecs azpe2amol 001a0aA0M CROCOOHOCMbIO CONOOUTUIUPOBAMb TUNOPDUTLHDLL
asoxpacumenv Opanac OT, npuuem conoOUIUUPYIOUAsE CNOCOOHOCb CYWECHBEHHO 803DACMAem NPU nepexooe
om oymun- k mempaodeyuanpou3gooHuvim. C nomoupio Memooos OUHAMUYECKO20 U IIeKMPOdopemuueckoeo pac-
cesanus cgema u Qayopumempuu ¢ 6pOMUCTIBIM dIMUOUEM 68 Kauecmee 30H0A NOKA3AHO, YMO NOLYYeHHble MAKPO-
yuravl 83aumooetcmeyrom ¢ JJHK mumyca menenxa. Yemarnosneno, umo na sppexmugnocms 63aumooeicmeust
bonbuoe BaUsIHUE OKA3bIGAEH ONUNHA OKCUIMUTLHBIX (PASMEHMO8: MAKPOYUKIbL, cooepicaujue mempadmuiet-
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Amphiphilic Derivatives of p-tert-Butylthiacalix[4]arene

2JlUKoJiesvle qbpaZMeHmbl bonee 3qbqb€Kmu6Hbl no CpAa6HEeHUN ¢ MpPUSIMUTIEHSTIUKONEBbIMU AHANI02AMU, 6bl3bl6AS

osykpamuyio komnaxkmuszayuio JTHK.

KaroueBbie caoBa: Tuakanukc[4]apen, umunazon, ambuduis, JJHK Tumyca TteneHka, STuauid OpOMHUCTBIH,

CONOOMITH3HUPYIOLIAS EMKOCTb.

Introduction

Molecules with self-assembling properties are of great
demand since they are used in creation of various functional
colloid systems including those for practical applications.!'!
Thus, amphiphilic molecules play a critical role in many
fields, from household chemicals, food, cosmetics, phar-
maceuticals to petrochemistry, catalysis, as well as biol-
ogy and medicine.*! Behavior of amphiphilic molecules
in solutions is strongly dependent on their structure, that’s
why it is important to clearly understand the structure-
aggregation relationship.l! Imidazole-containing amphiphi-
les occupy a special place due to their unique properties:
they can form supramolecular complexes with drugs,
proteins, nucleic acids, and are also used as ionic liquids,
basic components of nanogels and in organocatalysis.-%
The introduction of ethylene glycol fragments into amphi-
philic molecules leads to an increase in their water solubility
and improves biocompatibility.'

The calixarene platform allows to combine various
functional groups on one platform. Moreover, easy syn-
thesis and functionalization of calixarenes, as well as their
low toxicity, make them promising molecular platforms
for creating non-viral vectors for gene delivery as well
as drug delivery agents.[>"¥ Earlier we have proposed
a convenient strategy for the synthesis of cationic amphi-
philes based on the reaction of p-tert-butylthiacalix[4]
arene in the /,3-alternate stereoisomeric form, containing
long-chain alkyl fragments on one side of the macrocycle
and bromoalkyl fragments on the other, with various ter-
tiary amines and N-heterocycles.'M Herein we present
the synthesis of tert-butylthiacalix[4]arene amphiphiles
in the [,3-alternate stereoisomeric form, containing
oligoethyleneglycol fragments in addition to imidazolium
ones in the polar region of the molecule, which increases
the water solubility and bioaffinity of macrocycles. Their
aggregation properties as well as interaction with the calf
thymus DNA (TT DNA) are also discussed.

Experimental

Solvents were purified by standard methods.'™ All reagents
were purchased from either Acros or Sigma-Aldrich and were used
without further purification. 5,11,17,23-Tetra-tert-butyl-25,27-di-
butyloxy-26,28-bis[4-bromobutyloxy]-2,8,14,20-tetrathiacalix[4]
arene (1), 5,11,17,23-tetra-tert-butyl-25,27-ditetradecyloxy-26,28-
bis[4-bromobutyloxy]-2,8,14,20-tetrathiacalix[4]arene 2),
1-(2-(2-(2-methyloxyethyloxy)ethyloxy)ethyl)-1H-imidazole (3),
1-(2-(2-(2-(2-methyloxyethyloxy)ethyloxy)ethoxy)ethyl)-1 H-im-
idazole (4) were synthesized according to published methods.'*!”!
The purity of the substances was controlled by thin layer chro-
matography using Merck Silica gel 60 F254 plates (HX68558954)
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with Vilber Lourmat VL-6.LC UV lamp (254 nm) control. NMR
spectra were recorded on Bruker Avance 400 Nanobay with signals
from residual protons of deuterated solvents (CDCI, or DMSO-d,)
as internal standard. The IR spectra of the synthesized compounds
were recorded on a Bruker Vector-22 Fourier spectrometer
in the wavenumber range of 400-4000 cm™'; samples were pre-
pared as thin films, obtained from chloroform solutions dried
on the surface of the KBr tablet. ESI HRMS mass spectra were
obtained on an Agilent 6550 iFunnel Q-TOF LC/MS spectrometer
in positive mode. Elemental analysis was performed on a EuroVec-
tor EA 3000 CHN analyzer. The melting points of the substances
were determined on a Stuart SMP10 compact heating table.

DLS and EDS experiments were performed on a Zetasizer
Nano instrument (Malvern Instruments, USA) using a 10 mW 633
nm He — Ne laser; the data obtained were processed with the DTS
program (Dispersion Technology Software 5.00). Experiments
were performed in DTS 0012 plastic cuvettes (Sigma-Aldrich,
USA) at 25 °C. For each sample, at least three measurements
were carried out. Fluorescence experiments were performed
in 10 mm quartz cuvettes on a Fluorolog FL-221 instrument
(HORIBA Jobin Yvon). To measure the fluorescence of pyrene
(0.001 mM), the following parameters were used: A = 335 nm,
shooting range 350—430 nm; for the EB system (0.002 mM) —
TT DNA (0.035 mM) — thiacalixarene in TRIS (25 mM, pH = 7.3):
A, = 480 nm, shooting range 530700 nm.

The electronic absorption spectra of Orange OT were
recorded in 10 mm quartz cuvettes on a Shimadzu UV-2700
spectrophotometer in the range of 350—700 nm. For this, solutions
of thiacalixarenes of a certain concentration (0-2.25 mM) were
added to the crystal dye Orange OT (3 mM), and the system was
thermostated for 48 hours at room temperature.

General procedure for synthesis of compounds EGm-TCA-
Cn (m =3, 4, n =4, 14): 0.18 mmol of dialkyl-dubromobutoxy
p-tert-butylthiacalix[4]arene (1 or 2) and 1.8 mmol of ethoxyimid-
azole (3 or 4) were dissolved together in 3 mL of dry acetonitrile
in ‘GlassChem’ vessel (CEM® corporation). The reaction mixture
was stirred at 130 °C for 30-50 h. The reaction was controlled
by TLC (petroleum ether: ethyl acetate = 1:4; R = 0 for the obtained
imidazolium salts). After complete of reaction solvent was evapo-
rated in vacuo, and formed precipitate was filtered off, washed
with diethyl ether (2x20 mL). Obtained cream color powder was
then dried in a vacuum desiccator for 12 h.

5,11,17,23-Tetra-tert-butyl-25,27-dibutyloxy-26,28-bis[4-(3-
N-(2-(2-(2-methylethyloxy)ethyloxy)ethyl))imidazolium)butyloxy]
-2,8,14,20-tetrathiacalix/4]arene dibromide 5 (EG3-TCA-C4).
Weight: 0.24 g (83 %). HRMS (ESI) m/z: [M-2Br-]** calcd.
for [C, H, ,N,O,S,J* 6853703, found: 685.3703. m.p. = 180 °C.
IR (KBr) v cm™: 2954 (-C-H,), 1709 (-C=N-), 1266 (=C-O-).
'H NMR (CDCl,, 363 K) 3, ppm: 0.79 (6H, t, CH,, J = 7.2 Hz),
0.90-1.01 (4H, m, CH,), 1.05-1.17 (8H, m, CH,), 1.28 (36H, brs,
CMe,, CMe,), 1.79-1.87 (4H, m, CH,), 3.38 (6H, s, OCH,), 3.55
(4H, br.t, OCH,), 3.59-3.65 (8H, m, OCH,), 3.66 (4H, br.t, OCH,),
3.79 (4H, t, OCH,, J = 7.7 Hz), 3.84 (4H, t, OCH,, J = 7.3 Hz),
3.90 (4H, br.t, NCH,), 4.17 (4H, t, NCH,, J = 7.6 Hz), 4.60 (4H,
br.t, NCH,), 7.28 (4H, s, ArH). 7.34 (4H, s, ArH), 7.52 (2H, br.d,
ImH), 7.62 (2H, br.d, ImH), 10.55 (2H, s, ImH). "C NMR (CDCl,)
3. ppm: 14.02, 18.96, 25.74, 26.52, 30.61, 31.36, 31.50, 31.80, 34.35,
34.46, 49.56, 49.74, 59.13, 67.45, 68.72, 69.22, 70.39, 70.45, 71.95,
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121.76, 123.53, 126.69, 127.78, 128.13, 128.66, 137.32, 145.83,
146.03, 156.63, 156.88.

5,11,17,23-Tetra-tert-butyl-25,27-ditetradecyloxy-26,28-bis[4-
(3-N-(2-(2-(2-methylethyloxy)ethyloxy)ethyl))imidazolium)
butyloxy]-2,8,14,20-tetrathiacalix[4]arene dibromide 6 (EG3-TCA-
Cl14). Weight: 0.25 g (81 %). HRMS (ESI) m/z: [M-2Br-]>* calcd.
for [C,,H . ,N,O, S, 826.0285, found: 826.0285. m.p. = 77 °C. IR
(KBr) v em™: 2925 (-C-H, ), 1734 (-C=N-), 1267 (=C-O-). 'H
NMR (CDCIl,, 363 K) 8, ppm: 0.82-0.97 (6H, br.t, CH,), 1.01-1.17
(12H, m, CH,), 1.18-1.36 (72H, m, CH,, CMe,, CMe,), 1.76-1.93
(4H, m, CH,), 3.38 (6H, s, OCH,), 3.55 (4H, br.t, OCH,), 3.59-3.65
(12H, m, OCH,), 3.66 (4H, br.t, OCH,), 3.75 (4H, br.t, OCH,), 3.84
(4H, brt, OCH,), 3.89 (4H, br.t, NCH,), 4.17 (4H, br.t, NCH,), 4.60
(4H, br.t, NCH.), 7.26 (4H, s, ArH). 7.34 (4H, s, ArH), 7.52 (2H, br.d,
ImH), 7.63 (2H, br.d, ImH), 10.52 (2H, s, ImH). °C NMR (CDCL,)
3. ppm: 14.24, 15.38, 22.81, 25.81, 25.89, 26.53, 28.76, 29.50, 29.77,
29.82, 30.11, 31.41, 31.52, 31.71, 32.05, 34.35, 34.44, 49.06, 49.52,
49.79, 59.12, 65.96, 67.42, 68.78, 69.26, 69.74, 70.23, 70.36, 70.41,
70.44, 70.53, 71.98, 120.99, 121.09, 121.76, 123.63, 126.57, 127.77,
127.94, 128.53, 137.11, 137.75, 146.08, 156.64, 156.73.

5,11,17,23-Tetra-tert-butyl-25,27-dibutyloxy-26,28-bis[4-
(3-N-2-(2-(2-(2-methylethyloxy)ethyloxy)ethyloxy)ethyl))imid-
azolium) butyloxy]-2,8,14,20-tetrathiacalix[4]arene dibromide
7 (EG4-TCA-C4). Weight: 0.24 g (71 %). HRMS (ESI) m/:
[M-2Br-]** caled. for [C,;H,,,N,O,,S,** 729.3966, found: 729.3969.
m.p. = 177 °C. IR (KBr) v_ cm™: 2921 (-C-H A 1734 (-C=N-
), 1268 (=C-O-). '"H NMR (CDCl,, 363 K) &, ppm: 0.79 (6H, t,
CH,,J =73 Hz), 0.88-1.01 (4H, m, CH.), LOI"L18 (8H, m, CH.),
128 (36H, br.s, CMe,, CMe,), 1.75-1.89 (4H, m, CH,), 3.36 (6H,
s, OCH,), 3.54 (4H, br.t, OCH,), 3.60-3.68 (20H, m, OCH,),
3.76-3.93 (12H, m, OCH,), 4.16 (4H, t, NCH,, J = 7.8 Hz), 4.58
(4H, brt, NCH,), 727 (4H, s, ArH). 7.34 (4H. s, ArH), 7.56 (2H,
br.d, ImH), 7.62 (2H, br.d, ImH), 10.48 (2H, s, ImH). *C NMR
(CDCL,) . ppm: 13.96, 18.88, 25.67, 26.36, 30.53, 31.28, 31.72,
34.27, 34. 38 49.45, 49.62, 59.02, 67.34, 68.61, 69.18, 70.25, 70.30,
70.41, 70.45, 70.56, 71.89, 121.65, 123.48, 126.60, 127.69, 128.01,
128.55, 137.31, 145.77, 145.95, 156.52, 156.78.

E. D. Sultanova et al.

5,11,17,23-Tetra-tert-butyl-25,27-ditetradecyloxy-
26,28-bis[4-(3-N-2-(2-(2-(2-methylethyloxy)ethyloxy)ethyloxy)
ethyl))imidazolium)  butyloxy]-2,8,14,20-tetrathiacalix[4]arene
dibromide 8 (EG4-TCA-C14). Weight: 0.29 g (84 %). HRMS (ESI)
m/z: [M-2Br-]** caled. for [C H N,0O,S,J** 870.0547, found:
870.0547. m.p. = 75 °C. IR (KBr) v cm™: 2925 (C-H,), 1726
(-C=N), 1267 (=C-0-). 'HNMR (CDCl,, 363 K) &, ppm: 0.83-0.91
(6H, br.t, CH,), 1.02-1.18 (12H, m, CH,), 1.18-1.23 (16H, m, CH,),
1.23-1.37 (60H, m, CMe,, CH,), 1.75-1.90 (4H, m, CH,), 3.36 (6H,
s, OCH,), 3.55 (4H, br.t, OCH,), 3.58-3.69 (20H, m, OCH,), 3.76
(4H,t, OCH,, /=17 Hz), 3.84 (4H, t, OCH,, J= 7.0 Hz), 3.89 (4H,
brt, OCH,), 4.16 (4H, t, NCH,, J = 7.6 Hz), 4.59 (4H, br.t, NCH,),
7.26 (4H, br.s, ArH). 7.34 (4H, s, ArH), 7.58 (2H, br.d, ImH), 7.64
(2H, br.d, ImH), 10.50 (2H, ¢, ImH). *C NMR (CDCl,) 8, ppm :
14.25, 22.81, 25.80, 25.87, 26.48, 28.76, 29.50, 29.77, 29.80, 30.11,
31.40, 31.51, 31.61, 31.78, 32.04, 34.34, 34.45, 47.57, 49.55, 49.75,
59.09, 67.48, 68.85, 69.20, 70.34, 70.38, 70.48, 70.62, 71.97, 121.74,
121.74, 123.64, 123.64, 126.59, 126.59, 127.73, 127.73, 128.18,
128.18, 128.65, 128.65, 137.30, 137.30, 145.85, 145.85, 146.10,
146.10, 156.68, 156.68, 156.77.

Results and Discussion
Synthesis of ethyleneglycol macrocycles

Bromine derivatives of thiacalixarene 1-2 were cho-
sen as precursors for the synthesis of imidazolium oxyethyl
salts. They were synthesized using literature method!'¥
by the stepwise selective functionalization of the lower rim
of the initial p-tert-butyl-thiacalix[4]arene under the Mit-
sunobu reaction conditions followed by the introduction
of bromobutyl groups using Williamson reaction. The qua-
ternization of the starting imidazoles 3—4 with thiacalix[4]
arenes 1, 2 was carried out in acetonitrile in a ‘GlassChem’

H;C H3C
Br B '{C‘Q \/93\ &
' \_/
¢-Bu-Bu z Compound >
3 3 3 + Y \ o
o Q 4 4 Br |
S S
¢ 0 MeCN, 130°C (-Bu-Bu ////
tBusg5e 1-Bu ol )
\éx "S);x S’-' r S
5 s 0 0
n Compound <L (l\
4 1
t-B
14 2 u 0«% o?% +-Bu
Compound z= n= Time (h) Yield (%) R
5(EG3-TCA-C4) 3 4 50 83
6 (EG3-TCA-C14) 3 14 30 81
7 (EG4-TCA-C4) 4 4 50 78
8 (EG4-TCA-Cl4) 4 14 30 84

Scheme 1. Synthesis of imidazolium ethylene glycol salts based on p-tert-butylthiacalix[4]arene.
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Figure 1. Fragments of NMR ('H-'"H) NOESY spectrum of 5 (DMSO-d,).

glass autoclave (CEM® corporation) at 130 °C (Scheme 1).
It was found that conversion of reaction is strongly depen-
dent on the solubility of initial macrocycles in acetonitrile.
Thus, due to the good solubility of the macrocycle 2 with
tetradecyl alkyl fragments in acetonitrile, the reaction was
finished after 30 hours, while for di-butyl derivative 1 it took
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50 hours. Macrocycles with tetradecyl alkyl fragments were
proved to be classical ionic liquids, melting within the range
of 75-78 °C, which is obviously associated with the bad
packing of long-chain alkyl and oxyethyl fragments.

The structure of the synthesized compounds was proved
by a set of physical research methods: NMR, IR spectroscopy,
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ESI-HRMS spectrometry, and the composition — by elemen-
tal analysis. Signal assignment in the 'H NMR spectra
was carried out using 2D NMR — NOESY experiments.
As an example, Figure 1 shows the (‘"H-'H) NOESY spec-
trum of compound 5. The spectrum exhibits cross-peaks
between the signals of methylene protons of the ethylene
glycol fragment 1” (§ = 4.60 ppm) and imidazole protons 1
(6 = 10.55 ppm). between the signals of methylene protons
of the butylene linker 3” (6 = 4.17 ppm) and imidazole
protons 1 (5 = 10.55 ppm), between the signals of imid-
azole protons 3 (6 = 7.52 ppm) and signals of methylene
protons of the linker 3” (6 = 4.17 ppm), between the signals
of imidazole protons 2 (6 = 7.62 ppm) and methylene pro-
tons of the ethylene glycol fragment 17, 27, 4” (6 = 4.60,
3.90, 3.62 ppm), between the signals of methylene protons
of the butylene linker 3” (8 =4.17 ppm) and aromatic protons 4
(6 =7.26 ppm), and between the signals of aromatic protons 8
(6 =7.34 ppm) and oxymethylene protons of butyl substituents
9 (6 =3.79 ppm), which clarifies that the compound EG3-TCA-
C4 is in the 1,3-alternate stereoisomeric form.

E. D. Sultanova et al.

Compounds composition was confirmed by high
resolution ESI mass spectrometry (ESI-HRMS). According
to the obtained data, in all compounds the molecular ion
[M-2Br]** is formed by repulsion of two bromine atoms
(Figure 2).

Study of EGm-TCA-Cn aggregation in aqueous
solutions

The obtained thiacalixarenes 5—8 were proved to be
readily soluble in water and aqueous-buffered TRIS solution,
forming supramolecular associates with critical aggregation
concentrations (CACs) presented in Table 1.

The CAC values were established using a fluorescent
probe — pyrene, for which the intensity ratios of the first
(373 nm) and third (383 nm) maxima in the emission spec-
trum are extremely sensitive to a change in the polarity
of the medium (Figure 3A).'81%!

According to dynamic (DLS) and electrophoretic light
scattering (ELS) data (Table 1), EGm-TCA-Cn form submi-

2
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Figure 2. ESI-HRMS spectra of EG3-TCA-C4 (A), EG3-TCA-C14 (B), EG4-TCA-C4 (C), EG4-TCA-C14 (D).

Table 1. CAC, DLS and ELS data of the aqueous solutions of EGm-TCA-Cn (m =3, 4, n=4, 14).

TCA CAC, mM  Concentration of TCA, MM PDI Average hydrodynamic size, nm  Zeta-potential, mV
EG3-TCA-C4 0.890 1.335 0.747 £0.029 925+ 34 +59+ 1
EG3-TCA-C14 0.048 0.072 0.567 +£0.031 523+5 +43 £ 1
EG4-TCA-C4 1.65 2.475 0.470 +0.190 470 +20 +55+3
EG4-TCA-C14 0.017 0.026 0.465 + 0.045 345+5 +66 £ 2
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Figure 3. (A) Dependence of [(373nm)/I(384 nm) pyrene ratio vs. 1g(C) of EGm-TCA-Cn (m=3,4,n=4, 14)
in system: Gm-TCA-Cn / pyrene; (B) dependence of absorbance at 500 nm of Orange OT vs. concentration of EGm-TCA-Cn
in system: Gm-TCA-Cn / Orange OT; C(pyrene) = 0.001 mM, C(Orange OT)=3 mM, 25 °C.

cron particles with high positive zeta potentials. According
to the data obtained, tetracthylene glycol calixarenes EG4-
TCA-C4 and EG4-TCA-C14 form more compact aggregates
compared to triethylene glycol derivatives EG3-TCA-C4
and EG3-TCA-Cl14. Also, when passing to tetraethylene
glycol derivatives, the polydispersity index decreases. This
behavior can be associated with a change in the critical pack-
ing parameter, which is the ratio of the volume of the hydro-
phobic and hydrophilic parts of the amphiphile:?? a change
in the geometry of the molecule due to an increase in the vol-
ume of the polar part of the molecule can lead to a change
in the shape of the aggregates. Considering that the critical
packing parameter of calix[4]arenes in the I/,3-alternate
configuration is usually = 1, the formation of bilayer struc-
tures including vesicles is most expected for them.!-!

The presence of a hydrophobic zone in EGm-TCA-Cn
associates (m =3, 4, n =4, 14) suggests the possibility of bind-
ing of water-insoluble substrates. The water-insoluble dye
Orange OT was chosen as a model substrate. Dye solubiliza-
tion was controlled using the changes in the optical density
of the dye at 500 nm in the U V-visible spectrum (Figure 3B).
The results showed that Orange OT is soluble in water
only in the presence of EGm-TCA-Cn (m =3, 4, n = 4, 14),
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and the solubility of the dye depends on the concentration
of thiacalixarene, which also can be used to determine
the CAC values.?) As can be seen from Table 2, the CAC val-
ues obtained by spectrophotometric solubilization of Orange
OT are close to the values obtained by the pyrene method.
In the case of the more lipophilic tetradecyl-containing mac-
rocycles EG3-TCA-C14 and EG4-TCA-C14, an insignificant
increase in the absorption intensity at 500 nm is observed,
which indicates that the dye is bound by individual macro-
cycles. When the CAC is reached, an increase in the absorp-
tion intensity is observed, which indicates the solubilization
of the dye in the hydrophobic zone of the aggregates.
However, in the case of less lipophilic butyl-containing
macrocycles EG3-TCA-C4 and EG4-TCA-C4, another
picture is observed. With an increase in the concentration
of the macrocycle, a linear increase in the solubilization
of the dye by individual macrocycles occurs, slowing down
afterthemacrocyclesreach CAC. Thisslowdownisassociated
with the extremely low solubilizing ability of the aggregates
due to the insufficient hydrophobicity of the short butyl frag-
ments. The solubilizing ability of the aggregates (5), which
corresponds to the number of moles of the dye solubilized
with one mole of the surfactant, is determined according
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to the equation:** S = B/(¢_ -[), where B is the slope param-
eter (the tangential angle of the dependence of the optical
density of the dye on the content surface-active substance
at a concentration higher than CAC), and ¢__ is the extinc-
tion coefficient of the dye (¢, = 17400 M ™' cm ~').**) From
the results obtained (Table 2), it follows that the solubilizing
ability of EG4-TCA-C14 is higher than that of the classical
surfactant — CTAB (S = 15 mMP9), as well as surfactants
with bulky head groups DABCO-14 (S = 18.9 mM&"), triphe-
nylphosphonium bromides (S = 27.7 mM®¥), and for imid-
azole-containing surfactants (S = 20-50 mMP?), which
opens up the prerequisites for the use of the macrocycles
as non-viral vectors or drug delivery vehicles.

Table 2. CAC and solubilization ability (total and of the aggregates)
in relation to the hydrophobic dye Orange OT; 25 °C.

CAC,  S,,O0T(M)/EGm- M

mM TCA-Cn, MM w
EG3-TCA-C4 0712 30 50
EG3-TCA-C14  0.048 2 1830
EG4-TCA-C4 1341 8.8 17
EG4-TCA-C14  0.038 95 11800

However, it should be kept in mind that the formula
for determining the solubilizing ability S does not take into
account the amount of dye absorbed by individual mol-
ecules of the macrocycle before reaching the CAC, which
however can reach very significant values. Thus, before
reaching CAC, the EG3-TCA-C4 macrocycle already has
time to solubilize 0.04 mM of the dye, while the EG3-TCA-
C14 macrocycle is 0.0007 mM. This is a result of the large
difference in their CAC. For a more correct comparison
of the solubilizing ability of aggregates, it is convenient
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to estimate the corrected solubilizing ability of aggregates
(Sagr), which takes into account the amount of adsorbed dye
before reaching the CAC and is determined by the formula
e = Sip / Acyeo Where A, . is the absorption of the dye at
the point where the CAC of the macrocycle is reached. In this
case, it becomes obvious that the aggregates formed by more
hydrophobic tetradecyl macrocycles are tens of times more

efficient in solubilizing the dye.
Interaction of EGm-TCA-Cn with calf thymus DNA

To assess the possibility of using the obtained macro-
cycles as non-viral vectors for the delivery of gene material,
their interaction with a model nucleic acid, TT DNA, was
studied.?**! To study the interaction, we used the fluores-
cence method with ethidium bromide (EB) as a fluorescent
label: the intrinsic fluorescence of EB is extremely low, but
when it intercalates between DNA base pairs, the fluores-
cence intensity increases significantly. Intercalation of DNA
by another molecule leads to competitive displacement
of EB and, as a consequence, to quenching of fluorescence.*?
The degree of fluorescence quenching of EB-DNA can be
used to determine the degree of binding between a compet-
ing molecule and DNA.P*! The maximum emission of EB
under excitation =480 nm appears at 590 nm (Figure 4).

When ethylene glycol derivatives of thiacalixarene are
added to the solution of the TT DNA — EB complex, substan-
tial quenching of EB luminescence is observed. The observed
hypochromism indicates the displacement of EB molecules
from the corresponding centers of TT DNA. All studied
macrocycles, except for EG3-TCA-C4, effectively displace
EB, causing 9—13-fold quenching of fluorescence. The plots
of fluorescence quenching in Stern-Volmer coordinates
for all studied macrocycles are nonlinear, which indicates
amixed static and dynamic mechanisms of EB luminescence
quenching®®3*! and makes the calculation of the quenching

131 B
® EG3-TCA-C4

11 A EG3-TCA-C14

B EG4-TCA-C4

¢ EG4-TCA-C14

FolF

0.10 0.15 0.20 0.25 0.30

Concentration, mM

0 0.05

Figure 4. Fluorescence spectra of EB in the TT DNA — thiacalixarene EG4-TCA-C4 system (A) and Stern-Volmer plots
of the macrocycles (B), where F /F is the ratio of the luminescence intensities of EB-TT DNA at 590 nm in the absence and presence
of the studied macrocycles. C(EB) = 0.002 mM, C(TT DNA) = 0.025 mM, H,0, 25 °C.
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Table 3. Average hydrodynamic diameter and electrophoretic potential in aqueous solutions containing EGm-TCA-Cn (0.15 mM) and TT

DNA (0.025 mM).
Average hydrodynamic size, nm PDI Zeta-potential, mV
TT DNA 900 + 80 0.200 £ 0.030 -26=+1
TT DNA+EG3-TCA-C4 870+ 8 0.605 = 0.011 +68 + 2
TT DNA+EG3-TCA -TCA-C14 795 = 60 0.590 + 0.025 +41 +2
TT DNA+EG4-TCA-C4 390+ 1 0.500 £ 0.013 +53£2
TT DNA+EG4-TCA-C14 400+ 5 0.522 £ 0.056 +67 + 1

constant incorrect. It is known that imidazolium amphiphilic
molecules are capable of interacting with DNA both through
hydrophobic interactions and through intercalation incorpo-
ration. Based on the data obtained, it becomes obvious
that the efficiency of the interaction of macrocycles with TT
DNA depends on both the hydrophobicity and the length
of the oxyethylated fragments. Moreover, the determining
factor is the presence of tetraoxyethylated fragments — mac-
rocycles EG4-TCA-C4 and EG4-TCA-C14 cause the great-
est quenching of EB fluorescence, the EG3-TCA-C14 mac-
rocycle is less effective, and EG3-TCA-C4 causes only
insignificant quenching of EB fluorescence. A similar
dependence of the efficiency of interaction of molecules
with DNA on the length of oxyethylated fragments was
previously shown in several works.F%*! Presumably, longer
oxyethylated fragments interact more efficiently with DNA
base pairs via hydrogen bonding.

For a detailed study of the mechanism of TT DNA
binding to EGm-TCA-Cn, solutions containing TT DNA
and EGm-TCA-Cn at a concentration of 0.2 mM, corre-
sponding to the maximum binding concentration and higher
than CAC, were studied by DLS and ELS (Table 3). Accord-
ing to DLS data, the average hydrodynamic diameter of TT
DNA is 900 + 80 nm, while the polymer has a negative elec-
trophoretic potential (= —26 mV). A low value of the polydis-
persity index (0.200) indicates a narrow distribution of large
globules.

The addition of EG4-TCA-Cn macrocycles (n = 4, 14)
results in almost two-fold compaction of DNA, which does
not occur with the addition of EG3-TCA-Cn (n = 4, 14).
The data obtained are in good consistent with the EB release,
which was effectively released upon interacting with tetra-
ethylene glycol macrocycles.

Conclusions

For the first time, amphiphilic derivatives of p-tert-
butylthiacalix[4]arene with various O-alkyl substituents
at the lower rim and tri- and tetraethylene glycol imidazo-
lium fragments at the upper rim were obtained. It was found
that these macrocycles form stable sub-micron aggregates
with a surface potential of + 40—60 mV. It was found that
among the compounds obtained, tetradecyl-containing
calixarenes have the highest solubilizing capacity, binding
the hydrophobic Orange Ot dye in aqueous solutions. Using
the dynamic and electrophoretic light scattering methods
as well as fluorimetry with EB as a probe, it was shown
that the obtained macrocycles interact with the calf thymus
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DNA. It was found that macrocycles containing tetracth-
ylene glycol fragments interact with DNA more efficiently
in comparison with triethylene glycol ones, causing a 2-fold
compaction of DNA. Thus, the obtained amphiphiles have
potential for use in biotechnology both for the creation
of hydrophobic substrates delivery vehicles and for the cre-
ation of non-viral vectors.
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