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A complex of physicochemical methods showed that the water-insoluble glycine-based calix[4]resorcinol is solubilized
by sodium dodecyl sulfate (SDS) micelles, thus not affecting the character of surfactant aggregation. pH-dependent
solubilization of hydrophobic drug 2,2 -bibenzimidazole (BBI) in SDS micellar solutions in the presence of this
macrocycle was shown. At acidic conditions the presence of solubilized calix[4]resorcinol in SDS micelles leads to a
decrease in the joint solubilization of BBI in aqueous micellar solutions. In this case, the protonation of the nitrogen
atom at the upper rim of calixarene favors its solubilization in the SDS micelles due to electrostatic interaction.
This leaves little “room” in the hydrophobic part of the micelles to solubilize the drug. In the alkaline medium, the
upper rim of calixarene is recharged to negative values due to the dissociation of hydroxyl and carboxyl groups. The
electrostatic repulsion between SDS and calixarene molecules frees the hydrophobic part of the surfactant micelles from
the macrocycle, which increases the solubilization capacity with respect to BBI. This result is of importance from the
viewpoint of the delivery of lipophilic drugs.
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Komnnexcom ghuzuro-xumuueckux menmooos nokazano, 4mo nioxo pacmeopumblil 8 600e eIUyuUHo8ull Kanuxc[4[pesop-
yun conoduzupyemes muyennamu oodeyuacyivpama nampus ({CH), ne oxasvieas enusnus na xapakmep azpe2ayuu
1IAB. Yemanoenena pH-3a6ucumas conoOunusupyowas cnocooHocms muyeiiapHuix pacmeopos [CH ¢ npucymemeuu
OaHHO20 MAKPOYUKIA NO OMHOUWEHUIO K 2UOpoodHoMYy nekapcmeenHomy npenapamy 2,2'-oubensumudaszony (BbH).
B kucnoii cpede npucymcemeue conodunuzuposannozo kamuxc|4]pesopyuna ¢ muyennrax JJCH npueooum x ymenvuie-
Huto coemecmuou comobunuzayuu BEH 6 600nbIx MuyeisipHulx pacmeopax. B smom ciyuae npomonuposanue amoma
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asoma Ha eepxmem 0600e Kanuxcapewa cnocobemeyem e2o comobunuzayuu ¢ muyennax JJCH 6nacooaps anexmpo-
Cmamuyeckomy 63aumooeticmauio, Ymo 6 60k ouepedb OCMAagIsem Malo Mecma 6 2UopohooHot yacmu Muyent O
comobuuzayuu rekapcmeda. B wienounotl cpede sepxnutl 0600 Kanukcapena npuobpemaem OmpuyamensHulil 3apso
u3-3a ouccoyuayuu GUOPOKCUTbHBIX U KAPOOKCUIbHBIX epynn. Dlekmpocmamuyeckoe ommankueanue medxicoy JCH u
MONEKYIamMU Kaaukcapena ocgobodcoaem 2uopodobuyio uacme muyenn I[IAB om makpoyuxaa, umo yeeruuusaenm cno-
cobHOCmb K contobunusayuu no omuouteHuio kK BBU. Dmom pesyiomam umeem 6ajicHOe 3HAYEHUE ¢ MOYKU 3DPEeHUS.

co30anus cucmem OOCMAa6Ku ]lul’lOd)uﬂbelx Jlekapcme.

KuaroueBsbie cioBa: Kanukcapen, [IAB, 6ubeH31uMuIa3051, JIGKAPCTBO, COMFOOMIM3AIINS, arperamusl.

Introduction

The scientific and practical potential of the objects of
supramolecular chemistry is great. Mixed compositions based
on the building blocks of rigid (calixarenes, cyclodextrins)
and soft (surfactant, polymers) structures invariably appear
in the focus of scientific research, since they allow the
development of multifunctional and smart materials, systems
and structures to be promoted due to aggregation ability.[%]
The formation of these mixed compositions can reduce
the consumption of reagents!""”! and connect the factors of
morphology control of functional aggregates.[51

A review of the literature shows that in recent years
a significant number of calix[4]resorcinol derivatives have
been synthesized, and their aggregation properties in the
absenceandinthepresenceofsurfactantshavebeenstudied.®4
Despite the fact that surfactants in this case can play the role
of a matrix facilitating the processes of self-aggregation,
the mixed surfactant systems with calixarene containing
biocompatible fragments are much less studied. Aggregation
of surfactants in the presence of calixarenes containing amino
acid groups has not been studied at all. Using amino acid
groups in the calixarene structure causes the development
of the applications as drug delivery agents,!"s! detection of
biomolecules!'® and metal ion absorbents.!”!

In order to create nanoscale supramolecular systems, the
aggregation properties of calix[4]resorcinol functionalized
with glycine groups at the upper rim (GC, Scheme 1) and its
mixture with surfactant were investigated. Sodium dodecyl
sulphate (SDS) served as a surfactant additive in mixed
solutions. The pH-dependence behavior of amino acids
concluded that a portion of amino acid groups of GC could
be protonated in acidic conditions to give an ammonium ion
and thus acquire a positive charge, thereby leading to the
electrostatically driven mixed self-assembly with anionic
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Scheme 1. Molecular structures of GC and BBI.
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surfactant. In this context, the main purpose of this work was
to evaluate the effect of pH on the mixed aggregation of GC-
SDS mixture and to demonstrate functional activity of this
system as nanocontainers for water-insoluble antitumor drug
2,2’-bibenzimidazole (BBI).

Experimental

Syntheses of C-methylcalix[4]resorcinol with glycine groups
at the upper rim and 2,2’-bibenzimidazole (BBI)!'#!) were
described elsewhere. 1-Phenylazo-2-naphthol (Sudan I, Acros
Organics) and SDS (99%, Acros Organics) were used as received.
The water used for the preparation of all solutions was produced by
a purification system (Millipore, Direct-Q 5).

The absorbance was measured on a Specord 250 Plus
spectrophotometer (Analytic Jena, Germany) equipped with
WinAspect software at 254+0.1 °C in a 1 cm path-length quartz
cell. Absorbance for each sample was obtained by subtraction
of the contribution of components to the summary spectrum.
Reproducibility was checked for selected samples and no significant
differences were observed.

Fluorescence emission spectra were done on a Cary Eclipse
fluorescence spectrophotometer (USA). A quartz cell of 1 cm path
length was used for all fluorescence measurements. Temperature
of 25 °C was maintained. The excitation and emission slit widths
for BBI fluorescence measurements were 2.5 nm and 5 nm,
respectively.

Dynamic light scattering (DLS) studies were conducted at
25 °C using a Zetasizer Nano instrument (Malvern, UK) equipped
with a 4 mW He-Ne laser operating at 633 nm. Correlation
data were fitted using the method of cumulants to the logarithm
of the correlation function, yielding the diffusion coefficient.
Backscattered light was detected at 173°, and the intensity-average
hydrodynamic diameter was calculated using the Stokes-Einstein
equation. Zeta potential Nano-ZS (Malvern) with laser Doppler
velocimetry and phase analysis light scattering was used for zeta
potential measurement. The temperature of the scattering cell was
controlled at 25 °C. All DLS scattering data were processed using
Malvern Zetasizer Software.

Results and Discussion

It is known that the solubility of GC in water is low
(0.02 mM),[I but a water-soluble form can be obtained
by solubilization in surfactant micelles. The aggregation
behaviour of SDS in an aqueous medium in the presence
of solubilized GC was studied at the first stage by
tensiometry (Figure la) and conductometry (Figure 1b)
methods. Figure la shows the surface tension isotherm for
the binary system consisting of SDS saturated with GC. The
surface tension versus SDS concentration plot is very similar
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Figure 1. Concentration dependence of surface tension (a) and specific electrical conductivity (b) in aqueous solutions of SDS saturated

with GC, 25°C.

to those for typical surfactants and demonstrates a breakpoint
at the concentration of 8 mM. This value is almost identical
with breakpoint observed in specific conductivity versus
SDS concentration plot and coincides with critical micelle
concentration (CMC) of the single SDS solution. According
to DLS data, the mixed GC-SDS system exhibited monomodal
particle distribution with mean value of hydrodynamic
diameter of 2.5 nm (Figure 2), which is comparable with

Diam. (nm) % Number  Width (nm)
Z-Average (d.nm): 8240 Peak 1: 2.563 994 0.5071
Pdl; 0.436 Peak 2: 7.293 06 1.697
Intercept: 0.821 Peak 3: 0.000 0.0 0.000

Result quality Good

Size Distribution by Number

O 5 ¢ 3 g
0.1 1 10 100 1000 10000

Size (d. nm)

Figure 2. DLS results obtained for 100 mM SDS aqueous solution
saturated with GC, 25 °C.

the size of individual SDS micelles. SDS micelles slightly
increase in size in the presence of macrocycle as a result of
their interaction. The solubilization of GC in the hydrophobic
region of SDS micellar aggregates insignificantly affects
the size of the latter. Hence, the presence of a solubilized
macrocycle does not affect the value of the CMC of SDS.

The pH-dependent aggregation mechanism was studied
for mixed GC-SDS system with 100 mM surfactant solution
saturated with macrocycle. To determine the patterns
of aggregation in this system, the solutions at pH4 4.0 and
9.0 were investigated. In an acidic environment, mixed
aggregates have a negative zeta potential (-58.0 mV)
(Figure 3a) which is different from the zeta potential of an
individual SDS micelles (—67.8 mV). This confirms the
solubilization mode, when SDS micelles take place and
their surface charge is compensated by positively charged
GC molecules. In a weakly alkaline medium, a zeta potential
shift towards —51.2 mV is observed (Figure 3b), which can be
caused by an increase in the degree of binding of counterions
and compensation of the negative charge by sodium ions.
It is important to make it clear that above a pH of 4 there
is virtually no change in the CMC for SDS.PY Thus, the
use of SDS constant concentration (100 mM) in solution
saturated with a macrocycle provides comparable conditions
to the CMC when the pH of the medium changes.

a) Mean (mV) Area (%) Width (mV) b) Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): -58.0 Peak 1: -580 1000 6.71 Zeta Potential (mV): -51.2 Peak 1: -51.2 100.0 921
Zeta Deviation (mV): 6.71 Peak 2: 0.00 0.0 0.00 Zeta Deviation (mV): 9.21 Peak2: 000 00 0.00

Conductivity (mS/cm): 4.57 Peak 3: 0.00 0.0 0.00 Conductivity (mS/em): 615 Peak 3: 000 0o 000
Result quality Good Result quality Good
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Figure 3. Zeta potential measurements of 100 mM SDS aqueous solution saturated with GC at pH 4 (a) and 9 (b), 25 °C.
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Further, to elucidate the nature of aggregates formed,
a highly hydrophobic probe Sudan I was used. Sudan I is
solubilized by nonpolar interior of the micelles that is
reflected by the absorbance value in the UV spectrum
centered at 486 nm.’®! When comparing the results of the
solubilization capacity toward Sudan I of the mixed SDS—
GC system with the capacity of the individual SDS system,
it was revealed that calixarene reduces the solubilization
of Sudan I in SDS micellar structures (Figure 4), i.e. GC
occupies the hydrophobic core of the surfactant micelles. The
same was confirmed in the experiment with the antitumor
drug 2,2’-bibenzimidazole (BBI). The UV spectrum of BBI
solubilized with SDS micelles in an aqueous solution with
a surfactant concentration of 20 mM is characterized by
a maximum absorption band at 341 nm (Figure 5). Intensity
of'this band is reduced in the presence of GC, which confirms
the same regularities of solubilization as in the case of the
model Sudan I. Interestingly, absorption of BBI is further
reduced when the medium is acidified. The experiments
performed with BBI confirmed that morphology of mixed
SDS-GC aggregates at pH 4 differs from that of aggregates
formed at pH 9.

Also, the BBI molecule fluoresces at a wavelength
of 392 nm upon excitation at 341 nm (Figure 6). It should
be noted that in the presence of GC the fluorescence of BBI
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Figure 4. Concentration dependence of absorbance of Sudan I dye
at 486 nm in aqueous solutions of SDS saturated with GC, optical
path 0.1 cm, 25 °C.
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Figure 5. Absorption spectra of BBI in 20 mM SDS aqueous
solution and 20 mM SDS solutions saturated with GC at pH 4 and
pH 9, optical path 0.1 cm, 25 °C.
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decreases, which correlates with the intensity of absorption
and also indicates a lower solubility of BBI in the mixed
GC-SDS system than in the individual SDS solution.
A release of BBI from the interior of GC-SDS micelles was
accompanied by a decrease in fluorescence emission upon
acidification to pH 4. Taking into account a positive charge
in an upper rim of GC due to a protonation of glycine groups,
an electrostatic interaction with anionic groups of SDS
can contribute to the solubilization of macrocycle in SDS
micelles. This leads to the fact that there is little “room”
in surfactant hydrophobic core for BBI solubilization.
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. 200+
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Figure 6. Fluorescence spectra of BBI in 20 mM SDS aqueous
solution and 20 mM SDS solutions saturated with GC at pH 4
and pH 9, 25 °C.

Summarizing the results obtained, it can be assumed
that the cause of the different solubilization capacity of SDS
in the presence of GC is the different ionic form of calixarene
macrocycle depending on pH. The protonation of the nitrogen
atom in the acid medium on the upper rim of GC favors the
solubilization of the macrocycle in the SDS micelles due
to electrostatic interaction (Scheme 2a). At the same time,
the joint solubilization of hydrophobic drugs is reduced
due to the partial employment of the hydrophobic core
of micelles by calixarene molecules. In the alkaline medium,
the upper rim of calixarene is recharged: negative charges
are present on the upper rim instead of a positive charge
due to the dissociation of hydroxyl and carboxyl groups
(Scheme 2b). The electrostatic repulsion between SDS and
GC frees the hydrophobic part of the surfactant micelles
from the macrocycle, which increases the solubilization
capacity with respect to the hydrophobic drug. Therefore, the
binding and release behavior of hydrophobic drugs in GC-
SDS system can be governed by variation of the pH. This
pH-dependent difference in solubilization may be used for
design of nanocontainers with controllable binding capacity
toward highly lipophilic drugs.

Conclusions

A complex of physicochemical methods showed
that the poorly soluble glycine-based calix[4]resorcinol is
solubilized by SDS micelles, thus not affecting the character
of SDS aggregation, i.e. does not change the critical micelle
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Scheme 2. Schematic representations of solubilization of BBI in SDS micellar solutions in the presence of GC at pH 4 (a) and pH 9 (b).

concentration of this surfactant. pH-dependent solubilization
of hydrophobic drug 2,2’-bibenzimidazole (BBI) in SDS
micellar solutions in the presence of this macrocycle was
shown. At acidic conditions the presence of solubilized
calix[4]resorcinol in SDS micelles leads to a decrease in the
joint solubilization of 2,2’-bibenzimidazole in aqueous
micellar solutions. In this case, the protonation of the
nitrogen atom at the upper rim of calixarene favors its
solubilization in the SDS micelles due to electrostatic
interaction. This leaves little “room” in the hydrophobic part
of the micelles to solubilize the drug. In the alkaline medium,
the upper rim of calixarene is recharged to negative values
due to the dissociation of hydroxyl and carboxyl groups.
The electrostatic repulsion between SDS and calixarene
molecules frees the hydrophobic part of the surfactant micelles
from the macrocycle, which increases the solubilization
capacity with respect to the 2,2’-bibenzimidazole. This
finding can be used for the design of nanocontainers with
pH-dependent binding/release of lipophilic drugs.
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