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Here we present the consecutive study of colloid systems formed by novel isatin derivative as compound with
high pharmacological potential and series of carboxyresorcinarenes. The azo-modified isatin derivative bearing
ammonium moiety (I-3) was synthesized and its antimicrobial activity was investigated. To increase its solubility
the solubilization experiment using amphiphilic carboxyresorcinarenes, characterized by low hemolytic activity,
was carried out. The I-3 — macrocycles systems were studied by NMR, UV-vis, DLS and TEM. The FT PGSE and
2D NOESY NMR methods demonstrated, that solubilization of I-3 is caused by the incorporation of its molecules

in the hydrophobic part of the macrocycles associates. Herewith the loading efficiency of I-3 into the macro-
cycles associates was reached of 20-30% due to the change of the volume of hydrophobic part of associates by
varying the length and structure of hydrophobic substituents of macrocyclic amphiphiles.

1. Introduction

The growing demand on engineering of drug delivery systems pro-
motes the new drug discovery and the development of the methods for
improving their bioavailability. One of the ways to improve the
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solubility, biocompatibility, to reduce the toxicity and to preserve the
premature biodegradation as well as for prolonged circulation in the
body of hydrophobic drug is their non-covalent encapsulation in su-
pramolecular associates of amphiphilic compounds such as liposomes
[1], surfactants [2], polymers [3], and supramolecular macrocycles
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[4,5]. Recently, the ability of cyclodextrines [6,7] and cucurbit[n]urils
[8] to form the inclusion complexes (endo-complexes) with hydro-
phobic drugs was reported. It was shown that such supramolecular
association leads to the drug’s solubility optimization and has the
trigger-responsivity. Unlike them, amphiphilic calixarenes and re-
sorcinarenes (amphiphiles with recognition sites [9]) demonstrate the
loading ability of therapeutic compounds due to both the endo- and
exo-complexes formation with substrates in co-associates [10-13]. This
is due to their numerous sites to interact with substrate molecules: -
donor cavity, and upper- and lower-rim substituents with various
functionalization. Herewith, the structure of amphiphilic resorcinarene
influences on the way of the substrate inclusion in the co-associate, on
its size, and the properties of the substrate in the co-associate [12].

The search of the new therapeutic compounds, caused by the re-
sistance of many pathogens to previous generation drugs, the popula-
tion growth, and the search for the low-cost pharmaceuticals, promotes
the new drug discovery. It is known that isatin possesses the great po-
tential since its heterocyclic scaffold has different functionalization sites
and presents in a wide range of both synthetic and natural physiolo-
gically active compounds [14-20]. Among numerous isatin derivatives,
the acylhydrazones, that exhibit antitumor [21-24], herbicidal [25],
anti-tuberculosis [26] and other types of antimicrobial activity [27-33]
attract special attention. In addition, a continuing interest in the ap-
plication of isatin and its derivatives in the chemistry of functional
materials [34-37] should be noted. At the other hand, some azo-com-
pounds possess antibiotic, antifugal and anti-HIV properties [38]. Re-
cently azo-derivatives of isatin have been obtained [39]. Despite the
great synthetic and pharmaceutical potential of such hybrid com-
pounds, their weak solubility in water is one of the disadvantages of
their use as drugs. Therefore their solubilization in the colloid supra-
molecular systems can promote their usage as pharmaceuticals. Here-
with the existence of the dynamic equilibrium in such systems and the
possibility of the existence of different co-associates composition make
it necessary to their preliminary study.

One of the methods that make it possible to understand the me-
chanism of interaction in supramolecular co-associates at the molecular
level is NMR spectroscopy. Especially, Fourier transform pulsed-gra-
dient spin—echo (FT-PGSE) NMR is a powerful and versatile tool to get
knowledge on the structural behavior of all components in the supra-
molecular associate [40-45]. The self-diffusion coefficient (D) of a
substrate molecule is related directly to its size and makes it possible to
discern the free and bound molecules in the supramolecular system.
That is why the FT-PGSE NMR method is widely and successfully used
in the field of drug delivery supramolecular systems [45-47]. With the
addition of 2D NOESY NMR data the information about specific struc-
tures of complexes between drug and binding site of supramolecular
nanocontainers can be successfully obtained.

Here we represent the investigation of the solubilization of new azo-
derivative of isatin by series of amphiphilic carboxyresorcinarenes. The
study includes a few stages: i) the synthesis of new isatin derivative
bearing azo-probe I-3 and the study of the antimicrobial activity of I-3
and its precursors; ii) the study of carboxyresorcinarenes hemotoxicity
and their use as solubilizators for I-3, iv) the use of NMR spectroscopy
methods for the investigation of the structure of I-3 — macrocycles co-
associates. The influence of different hydrophobicity of macrocycles on
the macrocycle/I-3 stoichiometry and on the composition of colloid
solutions of I-3 — macrocycles co-associates is discussed.

2. Experimental section
2.1. Materials and methods

Sodium dodecylsulfate (SDS), sodium bis-2-ethylhexyl sulpho-
succinate (AOT) and sodium stearate were purchased from Aldrich, D,O

was purchased from Acros. CR, Cn-CR and Cs-N-CR were synthesised as
reported previously [48,49]. Absorbance measurements were carried
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out on Lambda 35 UV/VIS Spectrometer (Perkin Elmer Instruments).
DLS measurements were carried out on Zetasizer nano ZS (Malvern
Instruments Ltd) equipped with a 4 mW He:Ne solid-state laser oper-
ating at 633 nm. Dispersion Technology Software 5.00 was used for the
analysis of particle size. TEM images were obtained with Libra 120
(Carl Zeiss). The images were acquired at an accelerating voltage of
100 kV. Samples were dispersed on 300 mesh copper grids with con-
tinuous carbon-formvar support films.

2.2. Synthesis of 2-(2,3-Dioxoindolin-1-yl)-N-(4-(phenyldiazenyl)phenyl)
acetamide (I-2)

To a magnetically stirred solution of isatin (I-1) (5 mmol) in dry DMF
(15 ml) NaH (5 mmol, 60% suspension in mineral oil) was added in small
portions at 10 °C. After 30 min to a dark violet reaction mixture 2-chloro-
N-(4-(phenyldiazenyl)phenyl)acetamide (Azo-CH>Cl) (5 mmol) was added
followed by additional stirring at room temperature for 2 h. Then a solu-
tion was poured into a mixture of crushed ice/water (200 ml), the pre-
cipitate that formed was filtered off, washed consecutively with cold water
(50 ml), ether (20ml) and dried in vacuo (rt, 12 torr, 12h). Orange
powder were obtained (90 %), m.p.: 282-284°C; 'H NMR (600 MHz,
DMSO-dg): § = 10.62 (s, 1H, NH), 7.91 (d, J = 8.8 Hz, 2H, Ar-H), 7.86 (d,
J = 7.4Hz, 2H, Ar-H), 7.82 (d, J = 8.8 Hz, 2H, Ar-H), 7.68 (t, J = 7.6 Hz,
1H, Ar-H), 7.63 (d, J = 7.4 Hz, 1H, Ar-H), 7.58 (m, 2H, Ar-H), 7.55 (d,
J =7.1Hz, 1H, Ar-H), 7.20 (d, J = 7.6 Hz, 1H, Ar-H), 7.18 (d, J = 7.6 Hz,
1H, Ar-H), 4.65 (s, 2H, NCH,). '*C NMR (150 MHz, DMSO-dg) 182.8
(C=0), 165.3 (C=0), 158.4 (C = 0), 152.0 (CH), 150.8 (CH), 147.8
(CH), 141.3 (CH), 138.3 (CH), 131.1 (CH), 129.3 (CH), 124.5 (CH), 123.6
(CH), 123.5 (CH), 122.3 (CH), 119.7 (CH), 117.4 (CH), 111.0 (CH), 43.2
(CHy). IR (v, cm ™, KBr) = 3310, 3135, 3070, 1743, 1719, 1681, 1614,
1597, 1549, 1472, 1409, 1302, 1252, 1153, 848, 754. MS (MALDI): 384
(M*, 100). Found, %: C, 68.67; H, 4.10; N, 14.43. Calcd for CooH;6N4Os,
%: C, 68.74; H, 4.20; N, 14.58.

2.3. Synthesis of N,N,N-Trimethyl-2-oxo0-2-(2-(2-oxo-1-(2-0x0-2-(4-
(phenyldiazenyl)phenylamino)ethylindolin-3-ylidene) hydrazinyl)
ethylammonium chloride (I-3)

To a mixture of compound (I-2) (5 mmol) and Girard’s reagent T
(5 mmol) in absolute ethanol (10 ml) at rt trifluoroacetic acid (3 drops)
was added followed by refluxing for 3h. After cooling to rt the pre-
cipitate was filtered off, washed with diethyl ether and dried in vacuum
(18 torr) to give the corresponding product (I-3). Yellow powder (94
%), m.p.: 265-267 °C. 'H NMR (500 MHz, DMSO-dg): 8 = 12.55 cis-
and 12.94 trans- (s, 1H, NH-N), 10.96 (s, 1H, NHAr), 7.91 (d, J
= 8.9 Hz, 2H, ArH), 7.86 (d, J = 8.4 Hz, 1H, ArH), 7.83 (d, J = 8.9 Hz,
2H, ArH), 7.69 (brd, J = 7.2 Hz, 1H, H4), 7.59 (t, J = 8.4 Hz, 1H, ArH),
7.54 (t, J = 8.4Hz, 1H, ArH), 7.51 (t, J = 7.2Hz, 1H, ArH), 7.25 (d,
J =7.2Hz, 1H, ArH), 7.22 (t, J = 7.2 Hz, 1H, ArH), 4.68 (s, 2H, CHN),
4.57 trans- and 4.99 cis- (s, 2H, CHN ™), 3.34 (s, 9H, NH). °C NMR
(DMSO-dg, 126 MHz) 8 = 166.2 (cis- C = 0), 165.1 (C = 0), 160.7
(C = 0), 152.0 (CH), 147.8 (CH), 143.8 (C), 141.5 (C), 135.0 (C = N),
132.3 (CH), 131.1 (CH), 129.4 (CH), 123.7 (CH), 123.4 (CH), 122.3
(CH), 120.9 (CH), 119.5 (CH), 118.4 (C), 110.0 (CH), 63.1 trans- and
61.7 cis- (CHs), 43.4 (CHs), 42.9 (C-N). IR (v, cm ™', KBr) = 3428,
3213, 3171, 3026, 2948, 1694, 1618, 1599, 1541, 1498, 1474, 1380,
1301, 1254, 1154, 850, 695. MS (MALDI): 498 (M-C1*, 100). Found, %:
C, 60.58; H, 5.19; Cl, 6.50; N, 18.20. Calcd for C,;H,5CIN,O3, %: C,
60.73; H, 5.28; Cl, 6.64; N, 18.36. Also see Figs. S1- S7.

2.4. Solubilization of I-3

The solubilization of I-3 was performed in bidistilled water and D,O
is the presence and absence of macrocycles, surfactants and electrolytes
by mixing at 25°C for 5h at a rate of 360 rpm. The solutions were
centrifuged (rate 6 krpm, 10min, centrifuge Eva-20 (Hettich
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Zentrifugen, Germany)) to separate non-solubilized I-3 and used in the
next measurements. For determining of I-3 concentration the aliquot of
solution after centrifugation was diluted by EtOH (1/1 w/w) to prevent
the influence of complexation on the absorbance intensity. Absorbance
spectra of solutions were registered on quartz cell of 0.1 cm path length.
The concentrations were defined with the help of calibration curve (Fig.
S8). For the solutions with high absorbance intensity the appropriate
dilution of solutions were used. The loading capacity (LC, %) of mac-
rocycles or surfactant associates after solubilization of I-3 were esti-
mated by equation: LC = 100% - Cy3/(Cs+ Cr3), where Cy3 is con-
centration of I-3 (mg/ml), Cs - concentration of macrocycle or
surfactant (mg/ml).

2.5. NMR experiments

All NMR experiments were performed on a Bruker AVANCE(III)-500
spectrometer. The spectrometer was equipped with a Bruker multi-
nuclear z-gradient inverse probe head capable of producing gradients
with strength of 50G cm™'. All experiments were carried out at
303 * 0.1 K. Chemical shifts were reported relative to HDO (4.7 ppm)
as an internal standard. The Fourier transform pulsed-gradient spin-
echo (FT-PGSE) experiments [42-44,50] were performed by BPP-STE-
LED (bipolar pulse pair-stimulated echo-longitudinal eddy current
delay) pulse sequence [51]. Data were acquired with a 50.0 ms diffu-
sion delay, with bipolar gradient pulse duration from 2.2 to 6.0 ms
(depending on the system under investigation), 1.1 ms spoil gradient
pulse (30%) and a 5.0 ms eddy current delay. The bipolar pulse gradient
strength was varied incrementally from 0.01 to 0.32 T/m in 16 steps.
The temperature was set and controlled at 303 K with a 640 1/h airflow
rate in order to avoid any temperature fluctuations owing to sample
heating during the magnetic field pulse gradients. After Fourier trans-
formation and baseline correction, the diffusion dimension was pro-
cessed with the Bruker TopSpin software package (version 3.2). The
diffusion constants were calculated by exponential fitting of the data
belonging to individual columns of the pseudo 2D matrix. Single
components have been assumed for the fitting routine. The diffusion
experiments were preformed at least three times and only the data with
the correlation coefficients of a natural logarithm of the normalized
signal attenuation (In I/Ip) as a function of the gradient amplitude
b = y?6%¢?(4-8/3) (v is the gyromagnetic ratio, g is the pulsed gradient
strength, A is the time separation between the pulsed-gradients, § is the
duration of the pulse) higher than 0.999 were included. All separated
peaks were analyzed and the average values were presented. The
standard deviations of the self-diffusion coefficients determination did
not exceed 5%. 2D NOESY experiments were performed with the
mixing times of 50-400 ms with pulsed filtered gradient techniques.

The pulse programs for all NMR experiments were taken from the
Bruker software library.

2.6. Study of antimicrobial activity of I-1, I-2, I-3 and macrocycles - I-3
associates

The antimicrobial activity of I-1, I-2 and I-3 were studied in vitro in
concentration range of 500-0.97 ug/ml. The cultures used for testing
included Gram-positive bacteria: Staphylococcus aureus ATCC 209p,
Bacillus cereus ATCC 8035; Gram-negative bacteria: Escherichia coli CDC
F-50, Pseudomonas aeruginosa ATCC 9027, and fungi: Aspergillus niger
BKMF-1119, Trichophyton mentagrophytes var. gypseum 1773, and
Candida albicans 855-653. The bacteriostatic and fungistatic properties
were studied by a series of dilutions in liquid growth medium according
to published procedures [52] to define the MIC as the minimal con-
centration of a compound that inhibits the growth of the corresponding
test microorganism. The bactericidal and fungicidal activities were
determined as described earlier [52].
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2.7. Hemolysis of Human Red Blood Cells by macrocycles and macrocycles
- I-3 associates

The macrocycles were tested for their hemolytic activities against
human red blood cells (hRBC) according to ref. [53]. Fresh hRBC with
heparin was rinsed 3 times with 0.15M NaCl by centrifugation for
10 min at 800 g and resuspended in 0.15M NaCl. CR was dissolved in
0.15M NacCl and added to 0.5mL of a solution of the stock hRBC in
0.15M NacCl to reach a final volume of 5mL (final erythrocyte con-
centration, 10 % v/v). The resulting suspension was incubated under
agitation for 1h at 37 °C. The sample was centrifuged at 2000 g for
10 min. Release of hemoglobin was monitored by measuring the ab-
sorbance of the supernatant at 540 nm. Controls for zero hemolysis
(blank) and 100% hemolysis consisted of hRBC suspended in 0.15M
NaCl and distilled water, respectively.

2.8. The preparation of macrocycle - I-3 associates for antimicrobial and
hemolytic activity study

To prepare the samples for antimicrobial activity tests the solubili-
zation of I-3 by 4 ml of aqueous solutions of Cg-CR (0.72 mM) and C;;-
CR (1.17 mM) was performed as described in Section 2.4. The resulting
concentrations of I-3 were 0.407 mM (248 mg/ml) and 0.714 mM
(381 mg/ml) in the solutions of Cg-CR and C;;-CR, respectively.

To prepare the samples for hemolytic activity tests the solubilization
of I-3 by aqueous solutions of CsOPh-CR (10.16 mM, 8 ml), Cg-CR
(8.68 mM, 8.25ml) and C;;-CR (10.09 mM, 10 ml) was performed as
described in Section 2.4. The resulting concentrations of I-3 were 0.317,
0.155mM and 0.647 mM in the solutions of CsOPh-CR, Cg-CR and C;1-
CR, respectively.

3. Results and discussion
3.1. Synthesis and antimicrobial activity of izatin derivatives

New azo-isatin compound I-3 containing ammonium moiety was
obtained in two steps (Fig. 1). At the first, the azo derivative I-2 was
obtained by alkylation of isatin sodium salt (obtained in situ from isatin
I-1 and sodium hydride) with the high yield. Then compound I-3,
bearing azo-dye fragment, was obtained by acid-catalyzed reaction of
substituted isatin I-2 with Girard’s reagent T. Assignment of signals in
the NMR spectra of I-3 was accomplished by means of 2D COSY,
(*H,'3C) HSQC and (*H,'3C) HMBC experiments (Figs. S1-S5). The I-3
molecule has hydrazone fragment, C(O)NH group of which can exist as
cis- and trans-conformers, therefore the part of I-3 spectral peaks is
doubled. The analysis of 'H NMR spectra demonstrates the existence of
75 % of cis- and of 25 % of trans-conformers of hydrazone C(O)NH
group. The assignment to amide rotamers of the hydrazide fragment has
been done according to the ideology described in our previous works
[54,55].

The antimicrobial (bacteriostatic, fungistatic, bactericidal and fun-
gicidal) activity of I-1, I-2 and I-3 compounds was studied in vitro
(Table S1). Relative to the test microorganisms used, the starting isatin
I-1 does not possess antimicrobial activity, whereas compounds I-2 and
I-3 exhibit antimicrobial activity against Gram-positive bacteria S. aureus
209p strains. Compound I-3 show weak fungicidal activity against
yeast-like fungus C. albicans in compare with reference drug ketoco-
nazole. Herewith I-3 is 4 times more active than reference drug chlor-
oamphenicol against S. aureus 209 and demonstrates the bactericidal
activity against this strain. Thus, the antibacterial properties of I-3 are
improved in comparison with both starting isatin I-1 and intermediate
azo-compound I-2.
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Fig. 1. Synthesis of acylhydrazone I-3.

3.2. The hemolytic activity of carboxyresorcinarenes. The study of I-3
solubilization by macrocycles with the help of UV-VIS, DLS and TEM
methods

The solubility of I-3 in the bidistilled water is about 0.2 mM (UV-VIS
method, Table 1). To improve its solubility the solubilization capacity
of anionic resorcinarenes bearing eight (Cn-CR) and sixteen (Cs-N-CR)
carboxy-groups on the upper rim was examined (Fig. 2). In the series of
Cn-CR macrocycles the various hydrophobicity was provided by dif-
ferent lower rim substituents - pentyl (Cs-CR), octyl (Cg-CR), undecyl
(C11-CR), p-phenylene-oxy-pentyl (CsOPh-CR), and p-phenylene-oxy-
dodecyl (C;20Ph-CR). Earlier it was shown that in the aqueous solu-
tions these macrocycles, which exist in the cone (Cs-CR, Cs-CR, C11-CR)
and boat conformation (Cs-N-CR, Cs0Ph-CR, C;,0Ph-CR), formed mi-
celle-like self-associates, whose radius grows with the increase of the
length of macrocycles lower rim substituents [48,49]. Therefore they
can solubilize the poorly water-soluble compounds due to their

Table 1

The solubilization data of I-3 (UV-VIS and 'H NMR methods); Cg and Cy.3 — the
concentration of solubilizator and I-3, respectively, An.x — the absorbance
maximum of I-3 in aqueous solutions.

s UV-vis 'H NMR
Cs, MM Amaw tm  Cg/Crs”  Loading capacity, %  Cs/Cps

Cs-CR 1 337 1/0.125 - 1/0.1

CsOPh-CR 1 337 1/0.9 22.0 1/0.7

Cg-CR 1 339 1/1.3 31.1 1/1.1

C;1-CR 1 343 1/0.4 111 1/0.3

C,0Ph-CR - - - 36.1¢ 1/2.3

Cs-N-CR 1 337 1/0.07 - -

CR 4 338 1/0.08 - 1/0.06

H,0 - 337 -/0.2 - -

Borate buffer - 331 -/ - -

HCl 0.1N - 338 e - -

PBS pH 7 - 337 -/ - -

SDS 10 343 1/0.02 3.7 -

AOT 344 1/0.005 0.6 -

Stearate Na 1 337 1/0.08 12.4 -

2 S - the solubilizator.

b €3 values were estimated from UV VIS data after addition of EtOH to I-3
aqueous solutions.

¢ from 'H NMR data, C(C;,0Ph-CR) 0.5 mM.

4 trace.

incorporation into co-associates. Herewith the driving forces of the
solubilization will be electrostatic, 7t-7, cation-it, CH-7t interaction and
hydrophobic effect.

The study of the macrocycles toxicity showed the low values of
erythrocytes hemolysis in the solutions of macrocycles at 0.5 mM con-
centration with the exception of Cg-CR, whose toxicity is decreased
with dilution (Table S2). The low hemotoxicity of carboxylic macro-
cycles is probably explained by the presence of anionic groups in the
macrocycle molecules. Therefore, they can be used as supramolecular
nanocontainers for solubilization of therapeutic compounds.

UV-VIS spectrum of I-3 ethanol solution contains the absorption
band with the maximum of 338 nm, which reflects the m-it* transition
of azo-fragment (Fig. S9), so its solubilization into the aqueous solu-
tions was estimated with the help of UV-VIS method. To determine the
effect of the macrocycles structure on the solubilization, 1 mM aqueous
solutions of macrocycles were used for solubilization of I-3 as well as
solutions of their monomer analog CR (4 mM, 4-fold excess is used in
compare with macrocycles to simulate the conditions of a macrocyclic
platform), anionic surfactants (SDS, AOT and sodium stearate in solu-
tions with the concentrations above their cmc values), and electrolytes
(0.1 N HCl, PBS pH 7.4, borate buffer pH 9.18). According to the UV-
VIS data of obtained aqueous solutions of I-3 (Fig. 3 and Table S3) the
substrate practically is not soluble in the presence of electrolytes (0.1 N
HCI, PBS pH 7.4, borate buffer pH 9.18), and is poorly solubilized in the
aqueous solutions of AOT (5 mM), sodium stearate (1 mM), and mac-
rocycles Cs-CR (1 mM) and Cs-N-CR (1 mM). The significant increase of
I-3 solubilization is observed in the CsOPh-CR, Cg-CR, and C;;-CR
macrocycle solutions (1 mM), and in the CR solution (4 mM). The poor
solubility of I-3 in the presence of electrolytes probably testifies its
dependence on the ionic strength of solution. It is interesting, that
among surfactants only SDS slightly increases solubility of substrate in
the solution with concentration above cmc (Table S3). Herewith, the
presence of anionic macrocycles in the solutions decreases (in the case
of Cs-CR and Cs-N-CR) or increases (in the case of CsOPh-CR, Cg-CR,
and C;;-CR) the solubility of I-3 in water. In the presence of macro-
cycles with longest hydrophobic groups - Cg-CR and C;;-CR, - and
surfactants - SDS and AOT, - the absorbance maximum of I-3 (Ayay) iS
batochromically shifted on 2 + 7nm in comparison with aqueous so-
lution of substrate (Table 1). It indicates the preferred solubilization of
substrate into the hydrophobic core of self-associates of these amphi-
philic compounds, formed by their alkyl groups. In the solutions of
macrocycles Cs-CR and Cs-N-CR their lower rim substituents are too
small and unable to create the necessary microenvironment for
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Cn-CR
CS-CR R= C5H11
C5OPh'CR R= p—CGH4—O—C5H11
CB-CR R= CSH17
Cq1-CR R=CqqHos
C4,0Ph-CR R = p-CgHy-0-CyoHos5
Na* o O Na*

CR
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Cs-N-CR

R =CsHy4

Fig. 2. The structure of carboxyresorcinarenes and their monomer analog.

2
1.8
1.6 Cs-CR
1. — C50Ph-CR
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o 1.2
= V — C11-CR
o 1
5 \ — H20
2 08 — SDS 10 mM
< os — C5CR
0.4 — C5-N-CR
0.2 — HCI0.1 N
0 | 3 : .
200 300 400 500 600 700 800
Wavelenght (nm)

Fig. 3. UV-VIS spectra of I-3 after solubilization in bidistilled water, 0.1 N HCI,
aqueous solutions of macrocycles (1 mM), CR (4 mM) and SDS (10 mM) (quartz
cell with 0.5 cm length, 15-fold dilution).

solubilization of the hydrophobic and bulk I-3. In the spectra of C;;-CR
+ I-3 solution and SDS + I-3 solution also the hypochromic shift of
Amax 1-€. the decrease of A™, is observed (Fig. 3). Clearly, this is due to
the influence of I-3 complexation on its absorbance [56,57].

To prevent the influence of complexation on the dye absorbance
intensity the determination of I-3 concentration after solubilization was
accomplished with the addition of ethanol to its aqueous solutions
(H,O/EtOH 1/1, Apax of I-3 is 340 nm) (Table S3). The addition of
ethanol leads to the decrease of complexation strength and to the in-
crease of substrate absorbance value (A**° ™). For example, in the

aqueous solution the I-3 absorbance in C;1-CR solution is less than in
CR solution, and in the H,O/EtOH 1/1 solution the I-3 absorbance in
C11-CR solution is higher than in CR solution (Fig. 3, Table S3). The
solubilization of I-3 increases in the following row of H,0O SDS
(10mM) < CR (4 mM) < C1;-CR (1 mM) < CsOPh-CR (1 mM) < Cg-CR
(1 mM) (Table S3). On the base of obtained I-3 concentrations the so-
lubilizator/I-3 molar ratio values and the loading capacity of associates
have been also calculated (Table 1).

According to the data in Table 1 the solubilization of I-3 is low in
the presence of electrolytes and macrocycles bearing short alkyl sub-
stituents (Cs-CR and Cs-N-CR) and some anionic surfactants (AOT, so-
dium stearate). Compound CR consists of anonic groups and aromatic
ring, it acts as hydrotrope [58] and increases the solubility of substrate
better than SDS probably due to formation of ionic pair and -1t
stacking with I-3. The increase of substrate solubility is observed in
solutions of more hydrophobic CsOPh-CR, Cs-CR and C;;-CR and can
not be improved in solutions of more hydrophilic macrocycle by in-
creasing of their concentration (on the example of Cs-CR, Fig. S10).
Herewith it should be noted, that the substrate solubilization is not
determined only by encapsulation into amphiphilic compounds self-
associates, since the solubilizator/I-3 molar ratio for CsOPh-CR, Cg-CR
and C;1-CR macrocycles is higher than for SDS (Table 1). For instance,
the equimolar ratio of macrocycle/substrate is observed in the solution
of CsOPh-CR. And in the case of Cg-CR the macrocycle solubilizes more
than 1 mole of I-3, while only light amount of substrate is solubilized in
the surfactant solution (Table 1). As a result, the loading capacity of
macrocycle associates of 10-30 % is achieved.

The highest loading capacity of I-3 is found in CsOPh-CR and Cg-CR
co-associates (22 and 31 %, respectively). The increase of hydro-
phobicity in the co-associates of CsOPh-CR and Cs-CR with I-3 leads to
the increase of hydrophobicity of supramolecular systems and their
further aggregation into the large particles. As a result, their solutions
are opalescent due to the presence of large particles with close size
which confirmed by DLS and TEM methods (Fig. 4, Table S4).
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Fig. 4. (a) The intensity-averaged size distribution for CsOPh-CR + I-3 and Cg-CR + I-3 solutions (DLS method, 25 °C, C(Cn-CR) 1 mM); (b) TEM images of Cg-CR +

1-3 (C(Cg-CR) = 0.5 mM; scale: b — 2 um).

To determine the reasons of difference in the solubilization effi-
ciency in macrocycles solutions and to speculate on the structure of the
co-associates formed, NMR methods have been used.

3.3. The study of Cn-CR + I-3 co-associates by "H NMR, FT-PGSE NMR u
2D NOESY NMR methods

According to "H NMR data the solubilization of I-3 in the macro-
cycles solutions in D50 leads to the upfield shift of N(CH3)s " signals of
substrate in the spectra (to — 0.26 ppm, Table S5). Also in the spectra of
I-3 with C;;-CR and C;50Ph-CR the upfield shifts of signals of macro-
cycles alkyl substituents are observed (to -0.30 ppm, Table S5). Clearly,
these changes should be associated with the closeness of N(CH3)s3™
group of I-3 to aromatic fragments of macrocycles and of alkyl frag-
ments of macrocycles to aromatic fragments of substrate. In the 'H
NMR spectra of I-3 with Cg-CR and CsOPh-CR two sets of aliphatic
groups signals of macrocycles are observed, one of which has practi-
cally zeroed shift, and second has large upfield shift of signal (to
-0.39 ppm, Table S5). Thus, there are two kinds of macrocycles mole-
cules, present in these solutions, which interact with substrate differ-
ently. This conclusion is confirmed by FT-PGSE and 2D NOESY NMR
data.

The NMR FT-PGSE method has shown, that in the spectra of CR + I-
3, C5-CR + I-3, C;;-CR + I-3, C;,0Ph-CR + I-3 solutions the one set of
components signals is presented, and in the spectra of Cg-CR + I-3 and
CsOPh-CR + I-3 solutions two sets of signals of macrocycle and one set
of substrate signals are presented (Table 2). In the CR (4mM) + I-3
solution the Dy of substrate slightly decreases (Table 2), but its con-
centration grows slightly in comparison with its individual solution
(0.255 and 0.227 mM, respectively, Table S3) that testifies the inter-
action absence. In the C5-CR + I-3 solution the concentration of sub-
strate is small, and Dy of macrocycle does not change. Probably, pentyl
substituents of macrocycle are too short and macrocycle cannot orga-
nize the sufficient hydrophobic microenvironment for substrate solu-
bilization, and the presence of ions in the Cs-CR solution hinders to I-3
self-solubility in D,O.

In solutions of macrocycles C1;-CR and C;,0Ph-CR, which form the
biggest self-associates among studied macrocycles, the solubilized
substrate is practically completely bound (P, ~ 1). In the 2D NOESY
NMR spectra of C;;-CR + I-3 and C;,0Ph-CR + I-3 solutions cross-
peaks between signals of aromatic and NMes ™ groups of I-3 and signals
of macrocycles aliphatic groups are observed that confirmed the 'H
NMR data (Fig. 5). This testifies the incorporation of substrate mole-
cules into the hydrophobic part of macrocycles associates, formed by
their lower rim substituents.

In the presence of C;;1-CR the solubility of I-3 increases only slightly,
probably, big self-associates of C;;-CR have a more dense charge on

Table 2

The FT-PGSE NMR data for I-3 and Cn-CR in the individual and mixed solutions
(D0, 303 K): D; - the self-diffusion coefficient, P - the population of component
in two exponential analyses of diffusion slope, Ry and N, — the experimental
value of hydrodynamic radius and the aggregation number of macrocycle, re-
spectively, P}, — the fraction of bound substrate. Cc,.ck = 1 mM.

Cencr/Crs  Dsx 10710, m?/s Ra, A Ny Py
I-3 Cn-CR
I3 - 424 - - -
CR" - - 5.68 4.9 - -
CR" + I-3 1/0.06 413  5.65 4.9 - 0
Cs-CR - - 2.49 11.2 2.2
Cs-CR + I3 1/0.1 ¢ 2.50 11.1 21 -
C11-CR - - 1.04 26.7 22 -
Ci;;-CR + I-3 1/0.3 0.86 0.86 32.2 39 1
C1,0Ph-CR? - - 0.67 41.3 72 -
C1,0Ph-CR® + -3  1/2.3 0.72  0.56 49.4 123 0.96
CsOPh-CR - - 2.06 135 27 -
CsOPh-CR + I-3 1/0.7 0.85  2.12(0.9) 13.1 14 -
0.8 (0.1) 34.1 25 1
Cg-CR - - 1.85 15.0 45 -
Cg-CR + I3 1/1.1 1.07  1.75(0.3) 15.9 54 -
1.10 (0.7) 26.1 236 1
Cg-CR + I3 1/0.9 110 1.75(0.48) 15.9 54 -
1.20 (0.52)  24.2 188 1
Cg-CR + I3 1/0.4" 117 1.76 (0.65)  15.8 52 -
1.20 (0.35)  23.9 182 1
Cg-CR + I3 1/0.2f 1.37  1.82(0.79) 15.3 47 -
g (0_21) g g -

* Ritteor for C5-CR is 8.6 A, for Cg-CRis 9.1 A, for C;,-CR is 9.5 A, for CsOPh-
CR is 9.7 A, for C;,0Ph-CR is 9.9 A, calculated with the help of HYDRONMR
program [59].

> The concentration of CR is 4 mM.

¢ Impossible to estimate the D of I-3 because of low concentration and the
broadening of substrate signal caused by solubilization.

4 The concentration of C;,0Ph-CR is 0.1 mM.

¢ The concentration of C;,0Ph-CR is 0.5 mM.

f Solutions are obtained by consequence dilution of Cg-CR + I-3 (1/1.1)
solution by 1 mM solution of Cg-CR.

¢ Impossible to estimate the D; of macrocycle signals because of their
broadening and T2* is too short.

associates surface that decreases the chance of substrate penetration
into the hydrophobic part of associates. 1 mol of C;,0Ph-CR solubilizes
2.3 mol of I-3. Clearly, the solubilization increases due to the presence
of oxy-phenylene groups in the macrocycle molecules. Ry values of co-
associates of C;;-CR and C;,0Ph-CR in the mixed solutions increase
only for about 1.2-fold.

In the 'H NMR and FT-PGSE NMR spectra of CsOPh-CR + I-3 and
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Fig. 5. 2D NOESY NMR spectra of C;;-CR + I-3 and proposed scheme of their association.

Cs-CR + I-3 two sets of macrocycles signals are observed. The part of
CsOPh-CR molecules with large upfield shifts of signals in the 'H NMR
spectra has the D value close to Ds of I-3. Herewith its population is
about 10% and it strongly binds the substrate (P, about 1). Ry value of
co-associates increases of 2.5-fold, and DLS data suggest the presence of
big particles in CsOPh-CR + I-3 solution (Fig. 4, Table S4). The dif-
ference in associates’ sizes, obtained by FT-PGSE NMR and DLS
methods is explained by the different fixing times of the particles in
these methods. There are the order of ~ 107 ®sin DLS and ~ 10~ %sin
FT-PGSE NMR.

Also in the case of Cg-CR + I-3 solution the part of macrocycle
molecules with upfield shifts in 'H NMR spectra has Dy value close to Dy
of substrate. To more detail characterization of Cg-CR + I-3 interaction
the solution with Cg-CR/I-3 molar ratio of 1/1.1 was consequentially
diluted by initial solution of Cg-CR and the series of solutions with
different macrocycle/substrate molar ratio were obtained (Table 2). H
NMR spectra of all solutions also have two sets of macrocycles signals
with greatest difference in the signals of aliphatic groups (Fig. 6). The
analysis of FT-PGSE NMR spectra of solutions shows the different Dy

N*Mes (I-3)

CHz2 (CH2)s CHs3

(d)

3.5 3.0 25 2.0 1.5 1.0 0.5 ppm
Fig. 6. The fragments of Cg-CR + I-3 '"H NMR spectra with different Cg-CR/I-3
molar ratio (from bottom to top: 1/1.1, 1/0.9, 1/0.4, 1/0.2; the scale is changed

for clarity).
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Fig. 7. a) 2D NOESY spectra of Cg-CR + I-3 (Cg-CR/I-3 molar ratio is 1/1.4, mixing time 400 ms) and the proposed scheme of Cg-CR - I-3 association on the
molecular level; b) The horizontal one-dimensional slices extracted from the 2D NOESY spectrum for signals of N* (CHs); groups of I-3 (f and s — “fast” and “slow”
parts of Cg-CR molecules, respectively; the scale is changed for clarity); ¢) The proposed scheme of Cg-CR - I-3 association in supramolecular nanoparticles (the
different colouring of circles reflects the different degree of substrate contents in macrocycle associates).

values for both sets of aliphatic groups’ signals. For “fast” set D value is
only slightly lower then Dy of macrocycle molecules in the individual
solution, and in the "H NMR its signals shift insignificantly. At the same
time D value of “slow” macrocycle molecules, the signals of which are
shifted on 0.2-0.4 ppm in high fields, is close to D, value of substrate.
The large value of shifts of macrocycle aliphatic groups is caused by
their proximity to aromatic fragments of I-3. This is also confirmed by
the presence of cross-peaks between aromatic and N(CHg);* fragments
of I-3 and aliphatic groups of “slow” part of macrocycle molecules in 2D
NOESY NMR spectra (Fig. 7a). For clarity on Fig. 7c the horizontal one-
dimensional slice is extracted from the 2D NOESY spectrum for signals
of N(CH3); ™ groups of I-3 is shown, where the cross-peaks between this
fragment of I-3 with broadened signals of aliphatic groups are clearly
visible.

In Cg-CR + I-3 solutions with the decrease of the substrate con-
centration the integral intensity of upfield shifts set symbatically di-
minishes, i.e. the fraction of “slow” molecules, which interact with
substrate, decreases. Herein, despite the dilution, average Ry value of
Cg-CR + I-3 associates always close to 2.4 — 2.3 nm. It can be assumed,
that in the Cg-CR + I-3 solutions the solubilization of substrate in the
inner hydrophobic part of associates leads to the spontaneous accu-
mulation nearby by these macrocycle molecules other substrate mole-
cules with formation of co-associate, which has the deterministic size

375

and the macrocycle/substrate stoichiometry. It is logical to suppose,
that slight decrease of D; of “fast” molecules relatively to the individual
macrocycle solution means their interaction with Cg-CR + I-3 associ-
ates (Fig. 7d). Such common association processes in the Cg-CR + I-3
solution lead to the appearance of large particles, the existence of which
are confirmed by DLS and TEM data (Fig. 4, Table S4).

Thus, in the Cg-CR + I-3 solution and less in the CsOPh-CR + I-3
solution the macrocycle-substrate co-associates, which save their own
stoichiometry and structure, and macrocycle self-associates, in contact
with co-associates, exist. Apparently, in the case of Cg-CR and CsOPh-
CR the efficiency of solubilization is achieved by the correspondence of
the sizes of hydrophobic part of macrocycles self-associates and the
substrate, which allows I-3 molecules to be in it, without impeding the
electrostatic interaction of the head polar groups of macrocycle and
substrate. Herein, the presence in CsOPh-CR macrocycle hydrophobic
substituents of oxy-phenylene groups in comparison with less bulky
aliphatic chains in Cg-CR already lead to the solubilization decrease,
that attests the enough fine-tuning of the co-association.

In total, the driving forces of I-3 solubilization are electrostatic in-
teraction with carboxy-groups of macrocycle and inclusion in the inner
hydrophobic part of macrocyle associates due to the hydrophobic ef-
fect, CH-m, ;- and cation-;t interactions. In the case of CR and Cs-CR
the lack of enough hydrophobic microenvironment for I-3 hinders its
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effective interaction and solubilization. Large self-associates of C;;-CR
are less permeable for substrate molecules due to tight surface charge,
and in C;50Ph-CR self-associates this disadvantage is compensated by
presence of oxy-phenylene groups in its lower rim substituents, which
can bind substrate by addition si-it stacking. Finally, Cg-CR and CsOPh-
CR macrocycles form more comfortable conditions for I-3 solubiliza-
tion, which are realized due to it clusterization in the macrocycle-
substrate co-associates and the formation of big co-associates with re-
maining macrocycles self-associates. The study of antibacterial activity
of I-3 in supramolecular associates showed that it does not increase in
compare to pure I-3 (Table S1). The hemolytic activity data of CsOPh-
CR - I-3, Cg-CR - I-3, and C,,-CR - I-3 associates showed low values
which are close to the values of macrocycles (Table S2). It can be
concluded that formation of supramolecular associates does not sig-
nificantly change the studied biological properties of their components.

4. Conclusions

Thus, novel azo-modified isatin derivative bearing ammonium
moiety is synthesized and its solubilization by aqueous solutions of
carboxyresorcinarenes of different hydrophobicity is studied. It has
been shown that I-3 has antimicrobial properties, and carboxyr-
esorcinarenes are characterized by low hemolytic toxicity. The macro-
cycles self-associates solubilize the I-3 with the incorporation of its
molecules into the hydrophobic part of co-associates, formed by mac-
rocycles lower rim substituents. Herewith the insignificant change of
length and structure of hydrophobic groups of macrocycles leads to the
acute increase of solubilization efficiency. The macrocycle/substrate
stoichiometry in the co-associates was about 1/1 for macrocycle with
octyl and pentyloxyphenylene groups and about 2/1 for macrocycle
with dodecyloxyphenylene groups. In the case of CsOPh-CR - I-3 and
Cg-CR - I-3 co-associates the existence of exchange between particles
with different substrate contents and the increase of system hydro-
phobicity leads to the formation of large supramolecular particles. The
obtained results can be used in further understanding of the en-
capsulation of biologically active molecules for targeted drug delivery.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.colsurfa.2018.05.078.
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