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Herein novel cationic carbamate-bearing surfactants have been synthesized and characterized as effective build-
ing blocks for the development of polyfunctional nanosystems showing solubilizing, antimicrobial and
membrane-tropic activity. For this purpose aggregation behavior of the surfactants has been evaluated, with
the structure of head group and hydrophobicity varied. Their concentration and temperature ranges of micelle
formation have been determined through tensiometry and conductometry: critical micelle concentration, Krafft
point and adsorption parameters at the interface have been quantified. Solubilization of hydrophobic probes (Or-
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Carbamate-bearing surfactants ange OT and pyrene) has been employed to determine aggregation numbers, evaluate solubilization capacity of
Aggregation micelles, and characterize micropolarity in the localization site of the probe. The value of LDs of the carbamate-

bearing surfactants has been determined (mice, intraperitoneal administration). It has been shown that the sur-
factants can be related to the class of moderately toxic compounds. Investigation of antimicrobial properties of
carbamate-bearing surfactants has determined their significant antibacterial and antifungal activity against

Solubilization
Antimicrobial activity

Staphylococcus aureus, Escherichia coli, Bacillus cereus, Trichophyton mentagrophytes, and Candida albicans.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Amphiphilic compounds are mainstream as building blocks for the
design of supramolecular systems showing high surface activity and sol-
ubilizing effect and act as effective nanocontainers and nanoreactors,
which facilitate the administration of hydrophobic drugs into living
and plant objects [1-4]. Possibilities of the employment of these sub-
stances in biotechnologies, pharmacology, and medicine make require-
ments of the properties of new amphiphiles, such as high performance
under mild conditions and in the low concentration range, low toxicity,
and the ability to overcome biological barriers, ability of multicharged
interactions with loads on the one hand and biospecies on the other,
morphological lability responsible for controlled structural behavior
and binding/release behavior. Based on these criteria, new classes of
amphiphilic compounds were synthesized and characterized in the
past decade, with cationic surfactants received much attention. The lat-
ter is due to such properties of cationic amphiphiles as affinity to cell
membranes and biopolyanions, e.g. DNA. Dicationic surfactants with
low aggregation threshold [5-7]; degradable surfactants, which are ca-
pable of destruction under particular conditions [8-10]; and the surfac-
tants containing fragments of natural compounds, which is critical to
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the increase in their biocompatibility [11-14], can be emphasized
among them. Compounds containing urethane residue (organic carba-
mates) answer many of the above listed criteria, and therefore are of
high practical importance. In particular, they can undergo of hydrolytic
cleavage under physiological conditions [15-17]. When employed as
carriers, they correspond to the criterion of biodegradability and can re-
lease active molecules after overcoming biological barriers involving
blood brain barrier, which sets them apart from other cationic surfac-
tants [18,19]. It should be noted that carbamate-bearing molecules
play an important role in modern drug discovery and medicinal chem-
istry. Organic carbamates (or urethanes) are structural elements of
many approved therapeutic agents. One example is that the simplest
representative of this class of compounds, namely, ethyl carbamate,
forms the basis for the drug urethane, which is used as sedative and
tranquilizer, as well as anticonvulsant in children clinics. Ritonavir anti-
viral drug is successfully used along with other drugs for HIV/AIDS and
virus hepatitis C therapy [20-23]. Proserin and biserin drugs, where ure-
thane fragment is combined with quaternized nitrogen atom, can re-
versibly block cholinesterase [24,25]. They are effective muscle
relaxants of peripheral action and are employed in therapy of myasthe-
nia, motor impairment after brain injury, as well as in the recovery pe-
riod after meningitis, poliomyelitis, encephalitis, and paralysis.
Meanwhile, despite the high biotechnological opportunity little infor-
mation is available on the amphiphilic analogues of these compounds;
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it would be anticipated that the introduction of lipophilic substituents
could facilitate drug transport. To compensate this, herein, a series of
new alkylammonium cationic surfactants containing urethane frag-
ment with a varying length of hydrocarbon tail and the structure of
head group was synthesized and characterized. Formulae of the com-
pounds are given below:

Br O

\+/ P

_NHCH,}0” “NHR'
n

R

14Q" — 2 — Ur — 4:R = Cy4Hp,R' = C4Hg n = 2;16Q" —2 — Ur — 4
: R = Cy6H33, R' = C4H9_ n= 2;18Q+ — 2 —Ur — 4:R = (CygHs3y, R!
= C4Hgv n = 2;16Q+ — 2 — Ur — 2 : R = (CygH33, R1 = C2H5V n
=2;16Q" — 3 — Ur — 4:R = CygH33, R = C4Ho n = 3.

2. Materials and methods

2.1. Materials

Commercially available Orange OT, pyrene,
dipalmitoylphosphatidylcholine (DPPC), dimethylaminoethanols,
hexadecyl bromides, butyl isocyanate, ethyl isocyanate,

diazobicyclooctane (DABCO) (Sigma, 99%) were used without prelimi-
nary purification. All solutions were prepared with double-distilled
water purified by Direct-Q 5 UV apparatus; the water resistivity was
18.2 MQ-cm at 25 °C. Experimental temperatures were maintained at
25 + 0.1 °C, unless otherwise indicated. All experiments were accurate
within 4%.

2.2. Syntheses

The carbamates under study are prepared by the reaction of
alkylammonium surfactant containing hydroxyethyl (or hydroxypro-
pyl) substituent at head group with butyl isocyanate (or ethyl isocya-
nate) using DABCO as a catalyst. The scheme of the process and
synthetic details are given on the example of the synthesis of N-[2-
((butylcarbamoyl)oxy)ethyl]-N,N-dimethylhexadecaneammonium
bromide (16Q*-2-Ur-4) (see Scheme 1):

1 stage. Dimethyl(2-hydroxyethyl)hexadecylammonium bromide
has been obtained through the reaction of dimethylaminoethanols
and hexadecyl bromides in accordance with [26].

2 stage. The mixture of 3 g (0.0076 mol) of dimethyl(2-
hydroxyethyl)hexadecylammonium bromide and 2.26 g (0.022 mol)
of butyl isocyanate in 20 mL of acetonitrile was stirred in the flask
equipped with a reflux condenser for 2 h at 55 °C. A total of 0.01 g
(0.09 mmol) of 1,4-diazabicyclo[2.2.2]octane was used as catalyst.
Upon completion of the reaction, volatile components were removed
under vacuum. Dry residue was recrystallized twice from ethylacetate
and dried under vacuum up to a constant weight; yield was 2.45 g
(65%); mp 73-75 °C. The structure of the compounds was confirmed

by elemental analysis, ESI mass spectrum, IR- and NMR-spectroscopy
data.

N-[2-((butylcarbamoyl)oxy)ethyl]-N,N-
dimethyltetradecaneammonium bromide (14Q™*-2-Ur-4) Yield 65%,
mp 58-59 °C. IR spectrum, (KBr), v, cm™!: 3236, 2921, 2853, 1720,
1526, 1471, 1375, 1246, 1140, 1061, 975, 947, 721. "H NMR spectrum
(CDCls, 6, ppm, J/Hz): 0.85-1104 m [6H, {N(H)CH,CH,CH,CH;
+ NTCH(CHy)11CH,CHs}], 1.25-141 m [24H, {NTCH(CH,)
11CHCH;  +  N(H)CH,CH,CH,CH5}], 1.47-154 m [2H, N(H)
CH,CH,CH,CH5], 1.73 s [2H, N*CH,(CH,)11CH,CH5], 3.17 m (2H, N-
TCH,CH,0C = 0), 347 s [6H, N"(CHs),], 3.61 s [2H, N(H)
CH,CH,CH,CHs), 3.95 s [2H, N*CH,(CH,)11CH,CHs), 4.54 s (2H, N-
*CH,CH,0C = 0), 6.07 bd.s [1H, N(H)CH,CH,CH,CHj3]. ESI mass spec-
trum, m/z: 385.5 [M-Br]| . Found, %:C 59.50; H 10.72; N 6.52; Br 16.58.
Ca3Hy49 N2O,Br. Calculated, %: C 59.33; H 10.61; N 6.02; Br 17.16. M
465.6.

N-[2-((butylcarbamoyl)oxy)ethyl]-N,N-
dimethylhexadecaneammonium bromide (16Q*-2-Ur-4) Yield 65%,
mp 73-75 °C. IR spectrum, (KBr), v, cm™!: 3236, 2920, 2852, 1720,
1526, 1471, 1378, 1246, 1140, 1060, 969, 947, 721. 'H NMR spectrum
(CDCls, &, ppm, J/Hz): 0.88-0.94 m [6H, {N(H)CH,CH,CH,CH;
+ N*CHa(CHz)13CHaCHs}], 1.27-137 m [28H, {N"CH,(CHa)
13CH,CHs  +  N(H)CH,CH,CH,CHs}], 1.51-1.54 m [2H, N(H)
CH,CH,CH,CH3], 1.75 s [2H, N*CHa(CHa)13CH2CHs), 3.17 tr (2H, N-
*TCH,CH,0C = 0, ] 6.67 Hz), 3.49 s [6H, N (CH3),], 3.60 ¢ [2H, N(H)
CH,CH,CH,CHs], 3.97 s [2H, N*CH,(CH,)13CH,CHs), 4.56 s (2H, N-
*CH,CH,0C = 0), 5.98 bd.s [1H, N(H)CH,CH,CH,CHs]; ESI mass spec-
trum, m/z: 413.5 [M-Br] ™. Found, %:C 60.50; H 10.14; N 5.28; Br 16.12.
C,5Hs3 N,O,Br. Calculated, %: C 60.83; H 10.82; N 5.67; Br 16.19. M
493.6.

N-[2-((butylcarbamoyl)oxy)ethyl]-N,N-
dimethyloctadecaneammonium bromide (16Q*-2-Ur-4) Yield 79%,
mp 70-72 °C. IR spectrum, (KBr), v, cm™': 3236, 2919, 2851, 1720,
1526, 1401, 1375, 1247, 1140, 1060, 973, 947,853, 721. 'H NMR spec-
trum (CDCls, §, ppm, J/Hz): 0.86-0.94 m [6H, {N(H)CH,CH,CH,CH;
+ N*CHa(CH,)15CHaCHs}], 1.25-1.37 m [32H, {N*CH,(CH,)
15CH,CHs  +  N(H)CH,CH,CH,CHs3}], 1.50-1.55 m [2H, N(H)
CH,CH,CH,CHs), 1.74 s [2H, N*CH,(CH,)15CH,CHs], 3.13-3.18 m (2H,
N*CH,CH,0C = 0), 3.48 c. [6H, N*(CHs)], 3.57-3.62 m [2H, N(H)
CjoHzCH2CH3], 415s [ZH, N+CH2(CH2)15CH2CH3], 454 s (ZH, N-
*CH,CH,0C = 0), 6.02 bd.s [1H, N(H)CH,CH,CH,CH3]. ESI mass
spectrum, m/z: 441.6 [M-Br] ™. Found, %:C 62. 75; H 10.60; N 5.68; Br
14.98. C,7H57N,0,Br. Calculated, %: C 62.19; H 11.02; N 5.37; Br 15.32.
M521.5.

N-[2-((ethylcarbamoyl)oxy)ethyl]-N,N-
dimethylhexadecaneammonium bromide (16Q*-2-Ur-2) Yield 78%,
mp 75-76 °C. IR spectrum, (KBr), v, cm™': 3231, 2923, 2852, 1718,
1541, 1468, 1377, 1263, 1158, 1068, 996, 905, 778, 722. 'H NMR spec-
trum (CDCls, &, ppm, J/Hz): 0.88 t [3H, N* CHy(CH,);3CH,CHs, | =
6.9]; 1.19-1.15 t [3H, N(H)CH,CH3 | = 7.2], 1.36-1.26 m [26H, N*CH,
(g2)13CH2CH3]; 1.74 [m, 2H, N+CH2(CH2)13g2CH3]; 3.25-3.18 m
[2H, N(H)CH,CHs]; 3.48 s [6H, N (CH3),]; 3.62-3.58 m [2H, N"CH,
(CH2)13CH,CHs); 3.97 s [2H, N*CH,CH,0C = O]; 4.55 s [2H, N-
*CH,CH,0C = 0]; 6.03 s [1H, N(H)CH,CHs]; ESI mass spectrum, m/z:

\/ Br \,/ +C4HgNCO
NV\OH T Cy6H33Br C16H33_NV\OH
(0]
Br \/ P
161133 o

Scheme 1. The scheme of the synthesis of the carbamate-bearing surfactant 16Q*-2-Ur-4.
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385.5 [M-Br] ™. Found, %:C 61.25; H 10.34; N 6.37; Br 16.52. C33Ha9
N,0,Br. Calculated, %: C 60.33; H 10.61; N 6.02; Br 17.16. M 465.6.
N-[2-((butylcarbamoyl)oxy)propyl]-N,N-

dimethylhexadecaneammonium bromide (16Q™*-3-Ur-4) Yield 72%,
mp 120-122 °C. IR spectrum, (KBr), v, cm™!: 3231, 2923, 2852, 1718,
1541, 1468, 1377, 1263, 1158, 1068, 996, 905, 778, 722. '"H NMR spec-
trum (CDCls, 6, ppm, J/Hz): 0.86-0.93 m [6H, {N(H)CH,CH,CH,CH3
+ NTCH(CHy)13CH,CHs}], 1.26-139 m [28H, {NTCH,(CH,)
13CHCH;  +  N(H)CH,CH,CH,CH5}], 1.48-1.55 m [2H, N(H)
CH,CH,CH,CH5], 1.73 s [2H, N*CH,(CH,)13CH,CH;3], 2.08 s (2H, N-
*CH,CH,CH,0C = 0), 3.12-3.17 m (2H, N"CH,CH,CH,0C = 0),
3.41-3.47 m {8H, [6H, N*(CHs), + 2H, N"CH,CH,CH,0C = 0]},
3.89-3.93 m [2H, N(H)CH,CH,CH,CHs], 4.16-4.18 m (2H, N-
*CH,CH,CH,0C = 0), 6.07 bd.s [1H, N(H)CH,CH,CH,CHs]. ESI mass
spectrum, m/z: 427.6 [M-Br]*. Found, %: C 62.12; H 10.60; N 5.86; Br
15.42. C,3H49N,0,Br. Calculated, %: C 61.51; H10.92; N 5.52; Br 15.74.
M 507.6.

2.3. Instruments and methods

Surface tension measurements were performed by the anchor-ring
method using KRUSS 6 tensiometer. The cmc values were defined as
the concentration corresponding to the breakpoints in the -y vs. loga-
rithm of surfactant concentration plots. The surface excess I'nax and
the surface area per a molecule, A,;,, have been calculated using the
Gibbs equation:  I'max = 33 lim(dm/d logC) , were R =

C—cmc

8.31 ) mol K™ (gas constant), T is the surface pressure obtained from
the surface tension of water minus the surface tension of the surfactant
solution, and T is the absolute temperature in K. N, is Avogadro number
(6.02 x 10?2 mol'). The parameter n represents the number of species
at the interface the concentration of which changes with surfactant con-
centration. The constant n takes the value 2 for an ionic surfactant
where the surfactant ion and the counterion are univalent; Ayin =
1018 / (NA X 1—‘max)-

Specific conductivities were measured with Inolab Cond 720
conductometer. Krafft points were determined in the 1% surfactant so-
lutions. The solution was cooled to precipitation of the surfactant and
then, as the solution was exposed to heating at a rate of 0.5 °C/min, con-
ductivities of the supernatant fluid were measured.

Solubilization effects toward the Orange OT in the micellar systems
were determined as described elsewhere [27] by following the change
in the absorbance of their saturated solutions with concentration of
the surfactant added. The spectra were recorded in the range from
250 to 600 nm with Specord-250 Plus spectrophotometer using the
thermostated quartz cells of a 0.5-1.0 cm path length.

Fluorescent spectra of pyrene at a concentration of 1-10~% mol-L™!
in the solutions of the surfactants were recorded using Varian Cary
Eclipse spectrophotometer. Emission spectra were recorded within
the interval of 350-500 nm at a scanning rate of 120 nm/min using a
1.0 cm path length cuvette; the excitation of the sample was occurred
at a wavelength of 335 nm.

The following microorganisms were used when studying the antimi-
crobial activity: Staphylococcus aureus ATCC 209p, Escherichia coli CDC F
50, Bacillus cereus ATCC 8035, Trichophyton mentagrophytes var. gypseum
1773, and Candida albicans VKPGu401/NCTC885 653. The bacteriostatic
properties were studied by serial dilutions [28]. The bacterial load in
the experimental run was 300,000 microbial cells per 1 mL (cells/mL).
The fungistatic activity of the compounds was studied by serial dilutions
on Saburo medium according to procedure [29].

Investigation of acute toxicity was carried out according to [30]. Each
dose was administered intraperitoneally to five mice (22-24 g in mass).
As a value of toxicity, LDso was used, which was calculated graphically
according to Behrens (original program, Arbuzov Institute of Organic
and Physical Chemistry, R “version 2.13.0” (2011-04-13)). All experi-
ments involving animals were performed in accordance with the

guidelines set forth by the European Communities Council Directive of
November 24, 1986 (86/609/EEC) and the protocol of experiments ap-
proved by the Animal Care and Use Committee of Kazan State Medical
University.

DPPC liposomes for turbidimetric measurements were prepared as
follows: 5.4 mg of DPPC was dissolved in 60 L CHCl; and kept overnight
at room temperature for solvent evaporation. Obtained lipid thin film
was suspended in water at 60 °C and vigorous stirring. After that disper-
sion was heat treated: alternately cooled down in liquid nitrogen and
heated at water bath at 60 °C. This procedure was repeated three
times. Suspension was extruded through LiposoFast Basic (“Avestin”)
extruder using carbohydrate filter with 100 nm pore diameter. Prepared
liposomes were diluted to 0.7 mM and used in turbidimetric measure-
ments at Specord 250 PLUS (“Analytik Jena”) spectrophotometer. Pri-
mary turbidimetric plots were treated in terms of Van't Hoff two-state
model. In accordance with this approach break point in the plot corre-
sponds to the main phase transition of DPPC from gel to liquid crystal-
line phase [31].

3. Results and discussion

3.1. Aggregation behavior of carbamate-bearing surfactants in aqueous so-
lutions. Tensiometry and conductometry studies

Surface tension isotherms, which are recorded using tensiometry
method, primarily provide the determination of the concentration
ranges of micelle formation of the compounds under study. Derived
from the dependences given in Fig. 1, critical micelle concentrations
were determined in the case of the carbamate-bearing surfactants.

As follows from the data (Table 1), the cmc value of these com-
pounds is significantly less than that of their unsubstituted
trimethylammonium counterparts (see, for example, 16Q*-2-Ur-4
and CTAB). It can be considered that the ability of urethane compounds
to form hydrogen bonds [25,32] facilitates self-organization of these
compounds in solution. There is a linear relationship between the loga-
rithm of cmc of surfactants and the number of carbon atoms (n) in hy-
drophobic tail, which is described for the surfactants under study as
follows: Ig (cmc) = 0.563-0.257 x n, (R = 0.997). The values of the
free component (A = 0.563) and angular coefficient (B = 0.257) of
the above linear plot for carbamate-bearing surfactants are slightly dif-
ferent from those of ionic surfactants (usually A = 1.5-1.9 and B = 0.3)
[33]. The presence of carbamate fragment in the head group of

i —0—14Q"-2-Ur-4
£ —0O—16Q"-2-Ur-4
2 0r ~A—18Q"-2-Ur-4
= —A—16Q"*-2-Ur-2

60 | —@—16Q"-3-Ur-4
50
40 |

giil 4 syeinl v seinul  § el s el w e

1E-6 1E-5 1E-4 1E-3 0.01
Csurp M

Fig. 1. Surface tension isotherms of the carbamate-bearing surfactants: (25 °C).
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Table 1

The values of maximum adsorption (I',x), the minimum surface on one surfactant mole-
cule (Amin), free energy of micelle formation (AG,), and the standard free energy of ad-
sorption (AG,q) of aqueous solutions of carbamate-bearing surfactants.

Surfactant cmC,  Amin  T'max 105 AGp AGaq Yeme
mM nm? mol-m™2 kJ-mol™' kj-mol™' mN-m™!
14Q*-2-Ur-4 1.0 1.74 0.96 —26.1 —58.0 41.5
16Q*-2-Ur-4 024 1.36 1.22 —32.2 —56.8 42.0
18Q*-2-Ur-4  0.09 0.98 1.69 —35.2 —54.7 41.0
16Q*-2-Ur-2  0.70 1.63 1.02 —27.5 —58.2 40.7
16Q*-3-Ur-4  0.28 1.22 1.36 —29.2 —53.1 39.5

surfactant, which is capable of hydrogen bonding, presumably contrib-
utes to the interactions with water dipoles as compared to
trimethylammonium counterparts, which is reflected in aggregation
characteristics. It should be emphasized that hydrophobic effect mainly
contributes to the aggregation of amphiphilic compounds in aqueous
solutions. At the same time additional factors can be responsible for
the self-assembling of amphiphiles. In particular, hydrogen bonding
provides multicentered interactions of surfactant molecules around
them and with water, thereby promoting pre-organization of surfactant
molecules below the cmc, decreasing the electrostatic repulsion of head
groups, and favoring their hydration. Usually, such functionalized sur-
factants are characterized by lower cmc values, compared to their
trimethylammonium analogs [34-36].

Derived from tensiometry data (Fig. 1), adsorption parameters of the
systems were calculated. The results are given in Table 1. As in the case
of most surfactants, adsorption and micelle formation of the carbamate-
bearing surfactants are thermodynamically favorable processes and
occur spontaneously in aqueous solutions (free adsorption and micelle
formation energies become negative). With elongation of the
surfactant's hydrophobic tail, these processes are facilitated, which is
reflected in the growth of the absolute value of AG,,, AG.q and the
values of maximum adsorption. In parallel, the area occupied by a sur-
factant molecule in the adsorption layer decreases, which probably re-
flects its denser packing. This is influenced by both the structure of
head group and alkyl tail length. In particular, an increase in the confor-
mational lability of hydrocarbon tail can control the steric approach of
surfactant molecules upon their adsorption at the interface. Similar
trend in the variation of adsorption parameters is typical for homologi-
cal series of cationic surfactants with trimethylammonium group [37],
as well as for cationic surfactants with a bulkier head group [38].

| A 14Q"-2-Ur-4
m 16Q*-2-Ur-4
o 16Q*-2-Ur-2

% uSlem

120

80

40

0.002

0.003
Csuri: M

0.001

Fig. 2. The dependence of the specific electroconductivity of the carbamate-bearing
surfactants on the concentration (25 °C).

Table 2
The values of cmc, degree of counterion binding (3), and Krafft point of the carbamate-
bearing surfactants determined by conductometry (1 wt%).

Surfactant cmc, mM B Tkr, °C
14Q*-2-Ur-4 0.98- 0.56 13
16Q*-2-Ur-4 0.32 0.51° 10
18Q*-2-Ur-4 0.13 0.55 19°
16Q*-2-Ur-2 0.62 0.54 15
16Q*-3-Ur-4 0.70 0.46 11

¢ In the case of CTAB 3 is 0.74.

b1 wt% solution is very viscous, which is inconvenient for work and decreases the
correctness of measurements, so the sample was tested at the surfactant concentration of
0.5 wt%.

The influence of the temperature on cmc is exemplified by 16Q*-2-
Ur-4. An increase in the temperature within the range from 25 to 37 °C
is accompanied by a slight increase in cmc values from 0.24 to 0.29 mM.
Surface tension isotherms for this surfactant and their quantitative
treatment in terms of Gibbs equation are given in Supporting Informa-
tion section (Fig.S1 and Table S1).

Tensiometry data are strongly supported by conductometry studies.
For example, the cmc values determined from concentration depen-
dences of the specific electroconductivity of carbamate-bearing surfac-
tants (Fig. 2 and Table 2), agree well with the values given in Table 1,
which emphasizes the reliability of the results. In addition, the degree
of counterion binding with micelles was calculated from the depen-
dences: p = 1-a, where « is the degree of dissociation, defined as the
ratio of slopes of the sections of the dependence before and after cmc
(Table 2).

The values of p of a series of carbamate-bearing surfactants under
study differ insignificantly; however, they are remarkably less than
those of analogous trialkylammonium surfactants (note to Table 2).
Similar behavior is observed for cationic surfactants bearing bulky moi-
eties in head groups, preventing their binding with counter-ions
[39,40]. This suggests that counterions of the surfactants under study
compensate for the charge of carbamate-bearing head groups to the
lower extent, which should be reflected in lower aggregation numbers.

On the contrary, one can determine the critical micelle temperature
from the temperature dependences of electroconductivity (Figs. 3, S2),
which is characterized by the Krafft point (T.). The values of Ty, of
the carbamate-bearing surfactants are in the range below 15 °C
(Table 2), which is significantly less than those of their unsubstituted
trimethylammonium counterparts. Thus, the essential benefit of surfac-
tants under study is that the concentration and temperature thresholds
of their micelle formation are lower than those of conventional cationic
surfactants.

3.2. Solubilizing effect of the carbamate-bearing surfactants with respect to
hydrophobic probes (Orange OT and pyrene)

An important feature of micelles, which determines their practical
application, is their ability to solubilize hydrophobic compounds. In
this work, the solubilization of low-polar dyes represented by Orange
OT was studied.

HO
R aqe
) \
Orange OT yrene

This dye characterized by the intense absorption band in the range of
490-500 nm, is widely used as a high-sensitive probe for the quantita-
tive evaluation of the solubilization capacity of the systems based on
surfactants [41]. The comparison of the literature data and the results
of the compounds with carbamate fragments gives an estimate of
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800

% uS/lecm

700 -
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Fig. 3. The dependence of the specific electroconductivity of the carbamate-bearing
surfactant 16Q*-2-Ur-4 on temperature (1 wt%). On the inset: The dependence of the
specific electroconductivity of the surfactant 18Q*-2-Ur-4 on temperature (0.5 wt%).

their effectiveness among known surfactants. In Figs. 4 and 5, spectro-
photometric data on the solubility of Orange OT depending on the con-
centration of surfactant are given.

The initial section of the dependence (Fig. S3) reflects the fact that
Orange OT almost does not dissolve in water. The appearance of mi-
celles, capable of solubilizing the dye and thus increase its content in so-
lution, is accompanied by the drastic increase in absorbance. The break
point on these dependences corresponds to cmc. The determined values
(Table 3) agree well with the results, which were determined from ten-
siometry and conductometry (Tables 1 and 2). In addition, the solubili-
zation capacity of micelles (S) can be derived from the dependences
given in Figs. 5 and S3. S = b/g, where b is the slope of D/L = f (C), € is
the absorption coefficient, D is the absorbance at 495 nm, L is the cell
thickness, and C is the concentration of surfactant. As follows from the
results (Table 3), the solubilization capacity of the surfactants depends
primarily on the alkyl chain length and it increases with a transition
from tetradecyl to octadecyl derivative. The presence of carbamate frag-
ment also favors the solubilization of hydrophobic probes: as can be
seen from S values (Table 3), hexadecyl derivatives (16Q*-2-Ur-4,
16Q"-2-Ur-2, 16Q*-3-Ur-4) are nearly two times as effective as their
CTAB counterpart. Probably the existence of the fragment capable of
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Fig. 4. Spectra of saturated solutions of Orange OT recorded at various surfactant
concentrations.
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Fig. 5. Changes of the absorbance of saturated solutions of Orange OT at the wavelength of
500 nm depending on the surfactant concentration.

hydrogen bonding, involves additional mechanisms of the interaction
between dye and micelle, which facilitates solubilization processes.

Valuable information can be obtained from the data analysis of the
solubilization of Orange OT using Schott approach [42], which evaluates
the molecular mass of micelle (MMm), as well as aggregation numbers
(n). This approach is based on the assumption that dye does not dis-
solved below cmc, while only one of its molecules solubilize in micelle
above cmc. In spite of the fact that Schott approach is not highly precise
(primarily due to the fact that the equivalent dye-to micelle ratio is not
always fulfilled), its use is valid when comparing aggregation numbers
of surfactants of one series. In addition, there are many examples of
the agreement of the data on the solubilization of Orange OT with neu-
tron scattering or dynamic light scattering [27,43].

The results, which were obtained by us using Schott method in the
case of carbamate-bearing surfactants, are given in Table 3. They state
that, with an increase in the hydrocarbon chain length, there is a de-
crease in the aggregation number, while the change of the structure of
head group has a smaller effect. However, aggregation numbers of
carbamate-bearing surfactants are less than those of their
trialkylammonium counterparts (note to Table 3). The lower charge
compensation, observed in the case carbamate-bearing head groups
(see binding values of counterions in Table 2), presumably prevents ag-
gregation of a larger number of molecules. With the growth of the con-
centration of surfactant in solution, the value of n slightly increases;
however, its drastic increase occurs only at the concentrations, which
exceed the cmc value by the factor of 10-20. This is presumably related
to the violation of the spherical shape of micellar aggregates.

Pyrene was one more hydrophobic compound, which was used to
characterize surfactant. This compound is widely employed in research
as a sensitive fluorescent probe [45-47]. The position of emission max-
ima of this compound depends little on solvent, while their intensity is
sensitive to the change of environmental factors, in particular, the polar-
ity of microenvironment. We recorded fluorescence spectra of pyrene in

Table 3
Solubilization® capacity, critical micelle concentration, molecular mass of micelles, and ag-
gregation numbers, which were determined using Orange OT dye.

Surfactant cmc, mM S MMm n MMm n
atC/cmc =3 atC/cmc =5
14Q*-2-Ur-4 1.2 0.01 29,124 62 32,309 69
16Q*-2-Ur-4° 0.21 0.02 16,224 32 17,745 35
18Q*+-2-Ur-4 0.1 0.20 10,202 20 12,130 23
16Q*-2-Ur-2 0.75 0.027 15,687 29 13,719 34
16Q*-3-Ur-4 0.25 0.022 19,013 37 20,363 40

¢ Solubilization capacity is the number of moles of dye on one mole of surfactant.
> In the case of CTAB, the solubilization capacity of Orange OT is 0.015 [41] and aggre-
gation numbers at the concentration, which is five times as high as cmc, are 66.8 [44].
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the solutions of carbamate-bearing surfactants at their various concen-
trations. A typical form of the spectra is given in Fig. 6. The parameter,
which evaluates the effect of medium, is the intensity ratio of the first
peak at 373 nm (I;) to the third peak at 384 nm (Iy;) [48]. This ratio (I;/
Ijy) is sensitive to micropolarity in the localization area of probe and
usually decreases with an increase in the concentration of surfactant,
because there is a decrease in the polarity of microenvironment.

Results of the analysis of emission spectra of pyrene in the solutions
of carbamate-bearing surfactants and the change of the ratio (Ij/Ij;) de-
pending on the content of surfactant are given in Fig. 7. The depen-
dences are characterized by two sections with different slopes, whose
intersection point corresponds to cmc. The cmc values, which were ob-
tained using fluorescence method, coincide well with the data of other
methods (Table S2).

Derived from the I;/Ij; peak ratio, the polarity of the head group of
surfactant and the localization of pyrene in micelles can be stated. In
the case of pyrene dissolved in water, the value of Iy/Iyy is 1.51. If I;/Ij; <
0.6, the probe is located in the hydrocarbon core of the micelle. The lo-
cation of pyrene in the surface layer of micelles is characterized by the
ratio of 1.0-1.4. In the case of the carbamate-bearing surfactants
under study, the value of I;/Iy; varies in the range of 1.01-1.08 (Fig. 7).
This indicates that pyrene is localized in the surface layer of micelles.
The highest value of Iy/Iy; is related to compound 16Q*-2-Ur-2. The
presence of ethyl substituent in the head group of this compound pre-
sumably provides the penetration of a larger quantity of water inside
the micelle than in the case of more hydrophobic butyl fragment. In ad-
dition, there is a decrease in micropolarity in the following order: 16Q™*-
2-Ur-4 < 16Q*-2-Ur-4 < 16Q*-2-Ur-4.

Excimer fluorescence of pyrene should be noted, which manifests it-
self in the solutions of carbamate-bearing surfactants, which appears in
the form of broad band with the maximum of nearly 470 nm in spectra
(Fig. 6). This phenomenon usually arises, when pyrene molecules can
arrange in a stacking manner, and occurs at its high concentration in so-
lution or micellar phase [49,50]. The presence of excimer fluorescence
indicates a high solubilizing effect of the surfactants. Maximum intensi-
ties of this band are achieved in the c case of surfactant 18Q*-2-Ur-4,
which agrees with the data on its highest solubilization capacity in a se-
ries of the compounds.

3.3. Toxicity and antimicrobial effect of carbamate-bearing surfactants
One of the requirements to surfactants during their practical applica-

tion, in particular, in the fields, which are related to their contact with
living organisms, is low toxicity. Most cationic surfactants do not fulfill
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Fig. 6. Fluorescence spectra of pyrene in the case of the surfactant 18Q*-2-Ur-4.
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Fig. 7. Variation of the I;/Ij; ratio depending on concentration of carbamate-bearing
surfactants.

these requirements in spite of broad possibilities of their practical appli-
cation. One example is that conventional reference surfactant, such as
CTAB, possesses LDsq of 27 mg/kg (mice, intraperitoneal administra-
tion) and is related to 4 class of danger [51]. The values of LDsq of
carbamate-bearing surfactants at the same way of administration of
substance are in the range of 80-100 mg/kg (note to Table 4);
i.e., they are related to the class of moderately toxic surfactants. This
fact, as well as low aggregation threshold of the compounds, which pro-
vides a decrease in working concentrations of substance along with its
high effect, indicate practical potential of carbamate-bearing
surfactants.

At the final stage of the work we tested the antimicrobial activity of
the surfactants. The following microorganisms were used as test ob-
jects: Gram-positive bacteria Staphylococcus aureus ATCC 209p (Sa), Ba-
cillus cereus ATCC 8035 (Bc), a Gram-negative bacteria Escherichia coli
CDC F-50 (Ec) and a fungi, Trichophytonmentagrophytes var. gypseum
1773 (Tm), Candida albicans VKPGu401/NCTC 885-653 (Ca). As follows
from the results in Table 4 the synthesized series of carbamate-
bearing surfactants exhibits both antibacterial and antifungal activity.
Among the samples studied the highest effect occurs for the compounds
1a and 1b. Besides, specificity of the action is observed: e.g. efficacy of 1a
against Staphylococcus aureus n Escherichia coli is higher compared to
compound 1a, while in the case of Trichophyton mentagrophytes the

Table 4

Antibacterial and antifungal properties of the carbamate-bearing surfactants®.
Specimen Sa Bc Ec Tm Ca
Minimum inhibition concentration, pg/mL"
14Q*-2-Ur-4 05+0.04 19402 7.8 +0.5 156 +12 19401
16Q*-2-Ur-4 19+ 0.1 19402 6254+58 78406 39402
18Q*-2-Ur-4 39+03 78 £ 0.5 125 £ 11 156 +14 7.8+05
16Q*-2-Ur-2 19+ 0.2 1.9+ 0.1 156 +12 156+13 78404
Norfloxacin 24402 7.8 £ 0.6 1.5+ 0.1
Ketoconazole 4.0+03 4.0+ 0.2
CTAB[51] 05 3.1 6.3 31.3 3.1
Minimal concentrations inducing the cell death, pg/mL"
14Q*-2-Ur-4 7.8+ 06 313+£25 7.8+06 313+28 78407
16Q+-2-Ur-4 39+ 03 62.54+57 250 4 22 125 +£ 12 39+0.1
18Q*-2-Ur-4 313 +26 125+ 10 — 6254+59 78407
16Q*-2-Ur-2 39+02 625+54 156+13 156+14 78+05
Norfloxacin 24402 156+12 15401
Ketoconazole 40+ 03 40+ 0.2
CTAB [51] 50 >500 >500 500 50

@ LDsp (mice, intraperitoneal administration), mg/kg is: 95 (14Q*-2-Ur-4), 82 (16Q"* -
2-Ur-4), 93 (18Q*-2-Ur-4), 92(16Q*-2-Ur-2), 78 (16Q*-3-Ur-4).
b The tests were performed in duplicate and repeated twice; (—) MIC >500 pg.mL~".
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revers effect is observed. The comparison of antimicrobial activity 1a
and 1b and their nonfunctionalized analog, CTAB makes it possible to
conclude that the introduction of carbamate moiety improves fungi-
static properties. Besides, in the case of the surfactants under study bac-
tericidal activity and fungicidity appeared which is nontypical for
cationic surfactants. Parallel comparison of the activity of compounds
1aand 1b with that of commercial antibacterial preparation Norfloxacin
and antifungal agent Ketoconazole revealed the close effect. Moreover,
the activity of carbamate-bearing surfactants against Staphylococcus au-
reus u Candida is even higher than in the case of reference compounds.
Noteworthy, the undoubted advantage of carbamate-bearing surfac-
tants is the possibility of manifestations of both antibacterial and anti-
fungal properties.

The results agree with recent considerations on the mechanism of
antimicrobial action of cationic surfactants, which suggests their ad-
sorption on the outer cellular membrane of the microorganism due to
their amphipathic characteristics. As a result of the adsorption, surfac-
tant molecules penetrate through the cell membrane; furthermore the
positively charged molecules neutralize the negative charges on the
bacterial cell membranes. Accordingly, the selective permeability
which characterizes the outer cellular membrane is completely
deactivated. Hence, the vital transportation of essential components,
bio-reactions and activities of the cell are disturbed, causing death for
these microorganisms. The structure of surfactants markedly influences
their adsorption and penetration characteristics. Typically, the antimi-
crobial versus surfactant concentration dependences have the extre-
mum type, with maximum effect observed for tetradecyl and
hexadecyl derivatives. The maximum effect can be shifted depending
on the microorganism type and the nature of head group [38,52].

The ability of carbamate-bearing surfactants to integrate into lipid
bilayers was confirmed by us on the example of 16Q+-2-Ur-4. As a sim-
plest model of biomembranes, liposomes based on
dipalmitoylphosphatidylcholine were used. The crucial characteristic
of a lipid bilayer is the temperature of the main phase transition
which can be affected by the intercalation of foreign substances, e.g. sur-
factants [53,54]. When the amount of 16Q*-2-Ur-4 was varied, phase
transition of membranes from the liquid-crystalline to more ordered
gel state was studied using turbidimetry. Typical turbidimetric depen-
dences, which were obtained during experiment (Fig. S4), were mathe-
matically treated within the model of two states [31].

The results of treatment were visualized in Fig. 8 in the form of the
dependence of the temperature of main phase transition (Tpr) of the
lipid on the molar ratio of components in the case of the surfactant-
DPPC system.

The addition of the surfactant 16Q*-2-Ur-4 leads to a small linear
decrease in temperature until the surfactant-to-lipid ratio of 0.1,
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Fig. 8. Dependence of the temperature of main phase transition of DPPC on the surfactant-
to-DPPC molar ratio.

which confirms the incorporation of the surfactant into liposome.
There is a drastic decrease of the temperature of main phase transition
above this value, which indicates the solubilization of membrane with
micelles. The result confirms the possibility of the violation of the integ-
rity of lipid membrane with the introduction of surfactant, which may
lead to the death of microbial cell.

4. Conclusions

In this work, novel carbamate-bearing cationic surfactants have
been designed to fabricate biodegradable nanocontainers for hydropho-
bic guests. Their aggregation in bulk phase and adsorption at the inter-
face are examined by different techniques. The role of surfactant
structure in the self-assembling behavior was discussed from the view-
point of the ability of hydrogen bonding. Solubilization of hydrophobic
dyes (Orange OT and pyrene) has been employed to determine aggrega-
tion numbers, evaluate solubilization capacity of micelles, and charac-
terize micropolarity in the localization area of probe. It has been
shown that the surfactants can be related to the class of moderately
toxic compounds. Investigation of antimicrobial properties of
carbamate-bearing surfactants has demonstrated their significant anti-
bacterial and antifungal activity. Importantly, these surfactants have a
pronounced ability to integrate with lipid bilayer. Based on the data ob-
tained supramolecular systems composed of the carbamate-bearing
surfactants can be recommended as helpful biodegradable
nanocontainers capable of effective binding the hydrophobic active
molecules and allowing them to pass through biological barriers.
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