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This work deals with the creation of new multifunctional quaternary ammonium compounds (QACs) on
natural isatin scaffold as a new generation of antimicrobial agents. 1-R-isatin-3-acylhydrazones contain-
ing quaternized DABCOmoieties (Dabco-Is-n) with varying hydrophobicity (R = CnH2n+1, where n = 10, 12,
14, 16, 18) were synthesized. The idea was to combine two bactericidal fragments, presumably with dif-
ferent mechanisms of action, in the structure of self-assembling quaternary ammonium compounds. The
self-assembly behavior, solubility properties toward hydrophobic dye Sudan I, antimicrobial activity
against gram-positive and gram-negative bacteria, fungi, hemolytic activity, cell toxicity (MTT-test)
and in vitro anticoagulant and anti-aggregation activities were investigated. Established by tensiometry,
conductometry, dynamic light scattering and UV-spectrophotometry, the value of Dabco-Is-n critical
micelle concentration is 10 times lower than for Dabco-n surfactants. That is, Dabco-Is-n self-
assemblies are responsible factor for the manifestation of antimicrobial activity. Dabco-Is-12 was found
to be largely blood biocompatible with low toxicity and low hemolysis (IC50 and HC50 are � 100 lM, neg-
ligible coagulation) and with high biological activity against methicillin-resistant strains of S. aureus
MRSA-1 and MRSA-2 (MIC = 3.5 and 7.0 lM, respectively) and high solubilization capacity toward
hydrophobic dye (Sudan I). Moreover, it forms hydrogen-bonds with drugs (niclosamide and piperine)
and displays a good selectivity index toward fungi Candida albicans ATCC 10231. Such new nontoxic
Dabco-Is-n biocides with antibacterial and antifungal effects have a good potential for medical
applications.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

The widespread use of quaternary ammonium compounds
(QAC) from industry to biomedicine is caused by the decisive role
of their structures, namely, a positively charged head and an alkyl
hydrophobic chain [1,2]. This enables electrostatic interactions
with negative charged surfaces, and determine numerous
applications ranging from anti-corrosion, anti-static agents, air
conditioners to biocides [3,4] and gene transfectors [5], paying par-
ticular attention to maintain balance between high activity and
biocompatibility of these molecules. In this regard, the toxicologi-
cal aspect of QAC is given priority for both living organisms and the
environment. Therefore, more and more studies of QAC are aimed
at their structure–activity-toxicity relationships [1,6,7] and their
selectivity towards bacterial and mammalian cells. A common
strategy is to design building blocks for creating QAC with an opti-
mal hydrophilic-lipophilic balance and properties [8]. One of the
first approaches is the creation of dimeric or gemini surfactants
containing two head groups and two alkyl fragments, exhibiting
their unique properties at low threshold concentrations, and
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therefore at lower and less toxic doses [9,10]. Another approach is
the incorporation of biodegradable or cleavable moieties into the
structure of QAC, e.g. amide and ester groups [11], amino acid
[12–14], purine and pyrimidine bases [15], glycosides and nucle-
oside [16,17], phenylalaninyl-proline dipeptide [18]. Such com-
pounds are environment-friendly or green surfactants. An
additional well-known way to reduce the toxicity of QACs is the
design of alkyl-substituted salts containing natural anions, such
as glycolate, D-gluconate, a-ketoglutarate, L-pyroglutamate and
cholate [19,20].

Recent trend in environmentally sustainable is natural product
derivatization and creation of biocompatible, less toxic QACs on
scaffolds of natural products, for example, such as alkaloids, ter-
penoids, acetylenes, coumarins, etc. [21–27]. They are also classi-
fied as multifunctional compounds showing broad spectrum
antimicrobial activity [28] including anti-biofilm properties, and
as well as environmentally friendly surfactant [29].

Usually, QACs show a non-linear dependence of biological activ-
ity on the length of their alkyl chain. The maximum biological
activity is observed for QAC with 12–14 carbon atoms [30]. Thus,
lipophilicity is a critical factor for efficiency of self-assembling
QAC, but does not appear to be the exclusive factor influencing
antimicrobial activity [31]. For example, heterocyclic ammonium
salts based on the benzimidazole skeleton exhibited a different
antibacterial mechanism of action. They do not only target the bac-
terial membrane, but also bind to cellular macromolecules [32].

The current theories of microbial cell destruction mechanism
involve formation of QAC self-assemblies at low concentrations.
The positive charge and the local concentration of QAC near the bac-
terialmembrane aremore effectively increased by binding of a com-
plex QAC supramolecular self-assemblies compared to a single QAC
molecules [32]. Probably, supramolecular mechanism” of QAC self-
assemblies is similar to the action of biosurfactants [33,34].

In our work, two bactericidal fragments, presumably with dif-
ferent mechanisms of action were combined in the structure of
self-assembled QAC. Such new biocides may have antibacterial
and antifungal actions towards a wide range of pathogens. Thus,
heterocyclic compounds containing an isatin moiety possess
antimicrobial, antiviral, antitubercular, anti-HIV, antitumor, and
anticonvulsant activities [35–42]. They include kinase inhibition
for tumor treatment, inhibition/modulation of proteases, transla-
tion initiation, neovascularisation, and tubulin polymerization
[43,44]. Their biological activity was modulated by hydrophilic-
lipophilic balance of p-amphiphiles and their tunable self-
assembly behavior [45]. QACs with more rigidly disposed side
chains, such as those in 1,4-diazabicyclo[2.2.2]octane (DABCO)
showed the highest level of antimicrobial activity and rather high
therapeutic index [46,47]. In addition, DABCO is highly reactive
and not an expensive compound. There are numerous possibilities
for their molecular design; in particular, they can be used to obtain
new lipophilic compounds containing one, two, and four charged
nitrogen atoms [48,49]. It is known that a saturated bicyclic frame-
work with one nitrogen atom (quinuclidine) occurs in natural
physiologically active substances [50]. DABCO-long-chain amphi-
phile displays lower toxicity than the hexadecyltrimethylammo-
nium bromide (CTAB) and unusual biological activity with a
maximum for the C18-chain compound [51]. DABCO-amphiphile
mixture with the antimicrobial drug furazolidone makes to obtain
non-toxic antimicrobial compositions [52].

The aim of this work was the synthesis of new environmentally
benign amphiphilic quaternary ammonium compounds based on
natural isatin scaffold in combination with DABCO fragment. The
establishment of a structure-biological activity relationship,
depending on the length of the hydrophobic chain in oxindole frag-
ment and the nature of the substituent in the benzene ring was
given.
2

2. Materials and methods

2.1. Materials

1-(o-Tolylazo)-2-naphthol (75 %, Orange OT, Aldrich, USA), 1,4-
diazabicyclo[2.2.2]octane (>99 %, Sigma-Aldrich, USA), 5-
chloroisatin (97 %, Sigma-Aldrich, USA), trifluoroacetic acid
(�99 %, Sigma-Aldrich, USA) were used as received. Isatin deriva-
tives (1a,b,d-g) [53–55] and hydrazide (2) were synthesized
according to previously described procedures [56].
2.2. Synthesis and characterization of novel isatin derivative (1c) and
ammonium salts (3a-g)

2.2.1 5-Chloro-1-decylindoline-2,3-dione (1c). To a magnetically
stirred solution of 5-chloro-isatin (0.91 g, 5 mmol) in dry DMF
(15 ml) NaH (0.21 g, 5 mmol, 60 % suspension in mineral oil)
was added in small portions at 10 �C. After 30 min to a dark violet
reaction mixture 1-bromodecane (1.04 ml, 5 mmol) was added fol-
lowed by additional stirring at room temperature (25 �C) for 1 h
and for 3 h at 60 �C. Then the solution was poured into a mixture
of crushed ice/water (200 ml), the precipitate that formed was fil-
tered off, washed consecutively with water (50 ml), petroleum
ether (20 ml) and dried in vacuo.

Orange powder. Yield: 73 %; m.p. 60 �C. IR (KBr, cm�1): 2922
(CAH), 2851 (CAH), 1732 (C@O), 1605 (C@C). 1H NMR (400 MHz,
CDCl3, d, ppm): 0.87 (t, J = 7.0 Hz, 3H), 1.25–1.37 (m, 14H), 1.64–
1.71 (m, 2H), 3.70 (t, J = 7.3 Hz, 2H), 6.85 (dd, J = 8.2 Hz, 0.5 Hz,
1H), 7.53–7.56 (m, 2H). 13C NMR (100 MHz, CDCl3, d, ppm):
182.60, 157.57, 149.34, 137.59, 129.41, 125.33, 118.44, 111.39,
40.44, 31.82, 29.44, 29.41, 29.22, 29.16, 27.16, 26.84, 22.62,
14.05. ESI MS: m/z 344.2 [M + Na]+; Anal.Calc.for C18H24ClNO2;
C, 67.17; H, 7.52; Cl, 11.01; N, 4.35; found, C, 67.02; H, 7.65; Cl,
10.90; N, 4.28.

2.2.2 General procedure for the synthesis of 1-(2-(2-(1-alkyl-2-ox
oindolin-3-ylidene)hydrazinyl)-2-oxoethyl)-1,4-diazabicyclo[2.2.2]oct
an-1-ium bromides (Dabco-Is-n). A mixture of substituted isatin 1a-
g (1 mmol) and hydrazide 2 (1 mmol) was magnetically stirred in
absolute ethanol (7 ml) for 10 min followed by addition of trifluo-
roacetic acid (20 mol%). Then the reaction mixture was heated at
reflux for 3 h. After cooling the solution to room temperature, sol-
vent was rotary evaporated. The precipitate that formed was
washed with anhydrous diethyl ether, filtered off and dried in vac-
uum (12 Torr) at 60 �C.

1-(2-(2-(1-Decyl-2-oxoindolin-3-ylidene)hydrazinyl)-2-oxoe
thyl)-1,4-diazabicyclo[2.2.2]octan-1-ium bromide (Dabco-Is-10).

Yellow powder. Yield: 87 %; m.p. 260 �C. IR (KBr, cm�1): 3443
(NAH), 3219 (NAH), 2925 (CAH), 2853 (CAH), 1708 (C@O), 1677
(C@O), 1616 (C@C), 1468 (C@N). 1H NMR (600 MHz, CDCl3/
DMSO d6 1:2, d, ppm): 0.83 (t, J = 7.1 Hz, 3H), 1.21–1.30 (m,
14H), 1.61–1.67 (m, 2H), 3.30 (br. s, overlapped with H2O signal),
3.73 (t, J = 7.3 Hz, 2H), 3.81 (br. s, 6H), 4.94 (s, 2H), 7.09–7.16
(m, 2H), 7.45 (dd, J = 7.7 Hz, 7.6 Hz, 1H), 7.63–7.66 (m, 1H),
12.73 s (1H, NH). 13C NMR (150 MHz, CDCl3/DMSO d6 1:2, d,
ppm): 165.24, 159.22, 143.23, 132.06, 127.52, 122.88, 120.90,
119.08, 109.87, 59.85, 52.18, 44.09, 39.21, 31.12, 28.77, 28.75,
28.51, 28.48, 26.75, 26.13, 21.93, 13.69. ESI MS: m/z 454.4
[M�Br]+; Anal.Calc.for C26H40BrN5O2; C, 58.42; H, 7.54; Br,
14.95; N, 13.10; found, C, 58.30; H, 7.46; Br, 14.81; N, 13.01.

1-(2-(2-(1-Decyl-5-methyl-2-oxoindolin-3-ylidene)hydrazinyl)-2
-oxoethyl)-1,4-diazabicyclo[2.2.2]octan-1-ium bromide (Dabco-
Is-CH3-10).

Yellow powder. Yield: 82 %; m.p. 232 �C (dec.). IR (KBr, cm�1):
3343 (NAH), 3196 (NAH), 2923 (CAH), 2853 (CAH), 1679 (C@O),
1612 (C@C), 1467 (C@N). 1H NMR (600 MHz, DMSO d6, d, ppm):
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0.84 (t, J = 7.1 Hz, 3H), 1.22–1.27 (m, 14H), 1.58–1.63 (m, 2H),
3.10–3.16 (m, 8H), 3.66 (br. s, 6H), 3.73 (t, J = 6.9 Hz, 2H), 4.87
(s, 2H), 7.24 (d, J = 8.4 Hz, 1H), 7.67 (dd, J = 8.3 Hz, 1.6 Hz, 1H),
7.87–7.89 (m, 1H), 12.58 (s, 1H, NH). 13C NMR (150 MHz, DMSO d6,
d, ppm): 165.68, 160.03, 142.50, 134.31, 134.04, 123.37, 120.76,
114.95, 112.39, 59.68, 52.60, 52.52, 44.38, 40.04, 31.16, 28.78,
28.75, 28.54, 28.48, 26.69, 26.03, 21.98, 13.85. MALDI MS: m/z
468.4 [M�Br]+; Anal.Calc.for C27H42BrN5O2; C, 59.12; H, 7.72; Br,
14.57; N, 12.77; found, C, 59.00; H, 7.59; Br, 14.40; N, 12.61.

1-(2-(2-(5-Chloro-1-decyl-2-oxoindolin-3-ylidene)hydrazinyl)-
2-oxoethyl)-1,4-diazabicyclo[2.2.2]octan-1-ium bromide (Dabco-
Is-Cl-10).

Yellow powder. Yield: 95 %; m.p. 233 �C (dec.). IR (KBr, cm�1):
3587 (NAH), 3193 (NAH), 2924 (CAH), 2853 (CAH), 1719 (C@O),
1682 (C@O), 1614 (C@C), 1451 (C@N). 1H NMR (600 MHz,
DMSO d6, d, ppm): 0.84 (t, J = 7.0 Hz, 3H), 1.22–1.28 (m, 14H),
1.58–1.63 (m, 2H), 3.10 (t, J = 7.2 Hz, 6H), 3.51 (t, J = 7.2 Hz, 6H),
3.74 (t, J = 6.9 Hz, 2H), 4.86 (s, 2H), 7.29 (d, J = 8.4 Hz, 1H), 7.55
(dd, J = 8.5 Hz, 1.8 Hz, 1H), 7.76–7.79 (m, 1H), 12.58 (br. s (1H,
NH). 13C NMR (150 MHz, DMSO d6, d, ppm): 165.70, 161.13,
142.11, 134.20, 131.50, 127.35, 120.65, 120.39, 111.96, 61.39,
52.54, 44.40, 40.03, 31.16, 28.77, 28.75, 28.53, 28.48, 26.70,
26.03, 21.97, 13.84. ESI MS: m/z 488.3 [M�Br]+; Anal.Calc.for
C26H39BrClN5O2; C, 54.88; H, 6.91; Br, 14.04; Cl, 6.23; N, 12.31;
found, C, 54.70; H, 6.78; Br, 13.93; Cl, 6.11; N, 12.25.

1-(2-(2-(1-Dodecyl-2-oxoindolin-3-ylidene)hydrazinyl)-2-oxoe
thyl)-1,4-diazabicyclo[2.2.2]octan-1-ium bromide (Dabco-Is-12).

Yellow powder. Yield: 93 %; m.p. 195 �C. IR (KBr, cm�1): 3399
(NAH), 3245 (NAH), 2925 (CAH), 2853 (CAH), 1709 (C@O), 1677
(C@O), 1616 (C@C), 1467 (C@N). 1H NMR (600 MHz, CDCl3/
DMSO d6 2:1, d, ppm): 0.79 (t, J = 7.0 Hz, 3H), 1.17–1.26 (m,
16H), 1.59–1.62 (m, 2H), 3.45 (br. s, 6H), 3.64 (br. s, 4H), 4.18
(br. s, 6H), 5.17 (s, 2H), 6.85 (d, J = 7.8 Hz, 1H), 7.04–7.08 (m,
1H), 7.33–7.37 (m, 1H), 7.69 (d, J = 6.6 Hz, 1H), 12.75 s (1H, NH).
13C NMR (150 MHz, CDCl3/DMSO d6 2:1, d, ppm): 164.77, 160.20,
142.95, 135.63, 131.80, 122.94, 121.57, 118.07, 109.03, 60.01,
51.87, 44.11, 34.10, 28.84, 28.81, 28.75, 28.72, 28.56, 28.50,
28.46, 26.72, 26.17, 21.91, 13.46. MALDI MS: m/z 482.4 [M�Br]+;
Anal.Calc.for C28H44BrN5O2; C, 59.78; H, 7.88; Br, 14.20; N,
12.45; found, C, 59.60; H, 7.75; Br, 14.05; N, 12.33.

1-(2-(2-(1-Tetradecyl-2-oxoindolin-3-ylidene)hydrazinyl)-2-ox
oethyl)-1,4-diazabicyclo[2.2.2]octan-1-ium bromide (Dabco-Is-
14).

Yellow powder. Yield: 96 %; m.p. 182 �C. IR (KBr, cm�1): 3400
(NAH), 3225 (NAH), 2922 (CAH), 2853 (CAH), 1708 (C@O), 1677
(C@O), 1617 (C@C), 1467 (C@N). 1H NMR (600 MHz, DMSO d6, d,
ppm): 0.84 (t, J = 7.1 Hz, 3H), 1.22–1.28 (m, 22H), 1.59–1.65 (m,
2H), 3.22 (br. s, 6H), 3.67–3.74 (m, 8H), 4.93 (s, 2H), 6.85 (d,
J = 7.8 Hz, 1H), 7.17–7.22 (m, 1H), 7.23 (d, J = 7.4 Hz, 1H), 7.67–
7.71 (m, 1H), 12.68 (s, 1H, NH). 13C NMR (150 MHz, DMSO d6, d,
ppm): 165.57, 160.42, 143.39, 135.31, 132.27, 123.10, 121.03,
118.48, 110.29, 59.77, 52.40, 44.22, 40.03, 28.92, 28.89, 28.84,
28.77, 28.59, 28.51, 26.78, 26.10, 21.88, 13.83. MALDI MS: m/z
510.4 [M�Br]+; Anal.Calc.for C30H48BrN5O2; C, 61.01; H, 8.19; Br,
13.53; N, 11.86; found, C, 60.89; H, 8.02; Br, 13.36; N, 11.60.

1-(2-(2-(1-Hexadecyl-2-oxoindolin-3-ylidene)hydrazinyl)-2-ox
oethyl)-1,4-diazabicyclo[2.2.2]octan-1-ium bromide (Dabco-Is-
16).

Yellow powder. Yield: 97 %; m.p. 135 �C. IR (KBr, cm�1): 3400
(NAH), 3203 (NAH), 2919 (CAH), 2851 (CAH), 1706 (C@O), 1675
(C@O), 1616 (C@C), 1468 (C@N). 1H NMR (600 MHz, CDCl3, d,
ppm): 0.87–0.89 (m, 3H), 1.25–1.32 (m, 26H), 1.62–1.68 (m, 2H),
3.31 (br. s, 6H), 3.63–3.67 (m, 2H), 4.20 (br. s, 6H), 5.35 (s, 2H),
6.81–6.84 (m, 1H), 7.12–7.16 (m, 1H), 7.35–7.40 (m, 1H), 7.92–
7.95 (m, 1H), 12.76 (s, 1H, NH). 13C NMR (150 MHz, DMSO d6, d,
ppm): 165.53, 160.45, 143.42, 135.32, 132.30, 123.12, 121.02,
3

118.51, 110.35, 59.88, 52.26, 43.98, 40.03, 31.19, 28.91, 28.90,
28.84, 28.77, 28.59, 28.51, 26.78, 26.11, 21.98, 13.84. MALDI MS:
m/z 538.5 [M�Br]+; Anal.Calc.for C32H52BrN5O2; C, 62.12; H,
8.47; Br, 12.91; N, 11.32; found, C, 62.01; H, 8.35; Br, 12.87; N,
11.27.

1-(2-(2-(1-Octadecyl-2-oxoindolin-3-ylidene)hydrazinyl)-2-ox
oethyl)-1,4-diazabicyclo[2.2.2]octan-1-ium bromide (Dabco-Is-
18).

Yellow powder. Yield: 98 %; m.p. 210 �C. IR (KBr, cm�1): 3432
(NAH), 3232 (NAH), 2920 (CAH), 2851 (CAH), 1710 (C@O), 1676
(C@O), 1616 (C@C), 1468 (C@N). 1H NMR (400 MHz, DMSO d6, d,
ppm): 0.85 (t, J = 6.7 Hz, 3H), 1.22–1.28 (m, 30H), 1.60–1.65 (m,
2H), 3.11 (br. s, 6H), 3.63 (br. s, 6H), 3.74 (t, J = 6.7 Hz, 2H), 4.85
(s, 2H), 7.17–7.24 (m, 2H), 7.48–7.52 (m, 1H), 7.64–7.69 (m, 1H),
12.69 (s, 1H, NH). 13C NMR (100 MHz, DMSO d6, d, ppm):
165.96, 160.65, 143.47, 132.29, 128.65, 123.13, 121.00, 117.83,
110.17, 69.97, 52.64, 44.49, 31.21, 28.92, 28.79, 28.61, 28.72,
28.52, 26.79, 26.12, 22.00, 13.85. MALDI MS: m/z 566.5 [M�Br]+;
Anal.Calc.for C34H56BrN5O2; C, 63.14; H, 8.73; Br, 12.35; N,
10.83; found, C, 63.07; H, 8.65; Br, 12.25; N, 10.73.

2.3. NMR spectroscopy

1H and 13C NMR spectra were recorded on a Bruker Avance-400
or Bruker Avance-600 spectrometers at 400, 600 and 100,
150 MHz, respectively. Chemical shifts were reported in ppm rela-
tive to residual signals of protons of deuterated solvents. CDCl3 or
D2O/DMSO d6 were used as NMR solvents.

2.4. MALDI spectrometry

MALDI mass spectra were recorded on an UltraFlex III TOF/TOF
mass spectrometer in linear mode with recording of positive ions,
metal target, and para-nitroaniline matrix. Nd laser: YAG, k
355 nm. Data were processed with the FlexAnalysis 3.0 software.

2.5. Tensiometry

Surface tension measurements were performed using the du
Nouy ring detachment method (Kruss K6 Tensiometer, Hamburg,
Germany). Briefly, the spherical ring was placed parallel to the air/-
solvent interface. Between two surface tension analyses, the ring
was cleaned with Ultra-purified water, followed by soaking in
ethanol for 5–7 min, rinsing again with Ultra-purified water, and
finally flame-drying. Temperature was maintained constant at
25 �C during all measurements.

2.6. Conductometry

Specific conductivity was measured using a WTW InoLabCond
720 precision conductivity meter (WTW Gmb, Weilheim, Ger-
many). Reproducibility was checked for samples, and no significant
differences were observed. All samples were studied at constant
temperature, 25 �C. Purified water (18.2 MX cm resistivity at
25 �C) from Direct-Q 5 UV equipment (Millipore S.A.S. 67,120
Molsheim-France) was used for all sample preparations.

2.7. Dynamic light scattering

Size, zeta potential and polydispersity index of nanoparticles
were determined by dynamic light scattering (DLS) measurements,
using the Malvern Instrument Zetasizer Nano (Worcestershire,
UK). Measured autocorrelation functions were analyzed by Mal-
vern DTS software, applying the second-order cumulant expansion
methods. The effective hydrodynamic radius (RH) was calculated
according to the Einstein-Stokes equation D = kBT/6pgRH, where
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D is the diffusion coefficient, kB the Boltzmann constant, T the
absolute temperature, and g the viscosity. The diffusion coefficient
was measured at least in triplicate for each sample. The average
error of measurements was ± 4 %. All samples were diluted with
ultra-purified water to suitable concentration and analyzed in
triplicate.
2.8. UV spectrophotometry (Dye solubilization)

Solubilization of the dye (Sudan I) was performed by adding an
excess of crystalline Sudan I to Dabco-Is-n solutions. These solu-
tions were allowed to equilibrate for about 48 h at constant tem-
perature (25 �C), followed by filtration. UV absorbance was
measured using PerkinElmer k35 (PerkinElmer Instruments, USA)
at 485 nm (for Sudan I). Quartz cuvettes (1 cm containing sample
were used. Solubilization capacity of Dabco-Is-n associates (S),
which corresponds to the number of moles of dye solubilized per
mole of Dabco-Is-n was determined according to equation (1) [57]:

S ¼ B=ðeext � lÞ ð1Þ
where B is the slope of dye absorbance as a function of surfac-

tant concentration above CAC, and eext the extinction coefficient
of Sudan (eext = 8700 M�1 cm�1) [52].
2.9. IR spectroscopy

Infrared spectra were measured with a Bruker Tensor-27 instru-
ment for the solid samples in KBr pellets. Concentration of amphi-
phile was kept at 19 mM (10 mg/mL) in each case. 0.07 mm CaF2
cell was used for carrying out experiments on self-assembled state
of Dabco-Is-16 and Dabco-Is-12. Micrographs of the samples in
polarized light were obtained using a combined IR and optical
microscope Hyperion 2000 Bruker.
2.10. Antimicrobial activity

Antimicrobial activity of the test-compounds was determined
by the serial dilution technique in Muller Hinton Broth 2 and in
Sabouradu broth for fungi. The cultures used for testing included
Gram-positive bacteria: Staphylococcus aureus ATCC 6538P FDA
209P, Bacillus cereus ATCC 10,702 NCTC 8035, Enterococcus faecalis
ATCC 29212; Gram-negative bacteria: Escherichia coli ATCC 25922,
Pseudomonas aeruginosa ATCC 9027, and fungi: Trichophyton men-
tagrophytes var. gypseum 1773, and Candida albicans ATCC 10231;
methicillin-resistant strains of S. aureus (MRSA) was obtained from
hospital patients with chronic tonsillitis in the Republican Clinical
Hospital (Kazan, Russia). The bacterial load was 3.0 � 105 cfu/mL.
The fungi load was 2.0 � 103 cfu/mL. Results were recorded every
24 h for 5–7 days. Cultures were incubated at 37 �C. Experiment
was repeated three times. Dilutions of compounds were prepared
immediately in nutrient media; DMSO (5 % vol.) was added for bet-
ter solubility so that test strains were not inhibited at this concen-
tration. The minimum inhibitory concentration (MIC) was defined
as the minimum concentration of a compound that inhibits the
growth of corresponding test microorganism. The growths of bac-
teria as well as the absence of growth due to the bacteriostatic
action of compounds were recorded. To determine minimal bacte-
ricidal concentration (MBC), an aliquot of bacterial culture was
transferred onto Mueller-Hinton agar or Sabouradu agar in a
10 cm Petri dish and incubated for 24 h at 37 �C. MBC was the min-
imal concentration at which bacterial colonies were not detected
indicating that the bacteria were killed with an efficiency
of > 99.9 % [58].
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2.11. Hemolytic activity

Hemolytic activity of test compounds was estimated by com-
paring the optical density of a solution containing the test com-
pound with that of blood at 100 % hemolysis. The experiments
were carried out as described earlier [17].

2.12. Cell toxicity assay (MTT-test)

The toxic effect on cells was determined using the colorimetric
method of cell proliferation MTT (Thiazolyl Blue Tetrazolium Bro-
mide, Sigma). For this, 10 lL of MTT reagent in Hank’s balanced salt
solution (HBSS) (final concentration 0.5 mg/mL) was added to each
well. The plates were incubated at 37 �C for 2–3 h in an atmo-
sphere humidified with CO2 (5 % vol.). Absorbance was recorded
at 540 nm using an Invitrologic microplate reader (Russia). Exper-
iments for all compounds were repeated three times. The Chang
liver cell line (Human liver cells) from the Gamaleya Research
Institute of Epidemiology and Microbiology (Moscow, Russia) were
used in the experiments. The cells were cultured on standard nutri-
ent medium ‘‘Igla” produced by M.P. Chumakov Moscow Institute
of Poliomyelitis and Viral Encephalitis with the addition fetal calf
serum (10 % vol.) and nonessential amino acids (1 % vol.).

The cells were sown on a 96-well panel from Eppendorf at a
concentration of 5 � 103 cells per well in a volume of 100 lL of
medium and cultured in a CO2 incubator at 37 �C. In 48 h after
planting the cells, the culture medium was taken into the wells,
and 100 lL of solutions of studied drug at specified dilutions were
added into the wells. Dilutions of compounds were prepared
directly in growth medium supplemented with DMSO (5 % vol.)
to improve solubility. The cytotoxic effect of test compounds was
determined at concentrations 0.1–100 lM. Calculation of IC50,
the concentration of the drug causing 50 % inhibition of cell
growth, was performed using the program: MLA- ‘‘Quest Graph TM

IC50 Calculator.” AAT Bioquest, Inc, June 25, 2022, https://www.

aatbio.com/tools/ic50-calculator.

2.13. Anticoagulant and antiaggregation activities in vitro

In vitro experiments were performed using the blood of healthy
male donors aged 18–24 years (total 54 donors). The study was
approved by the Ethics Committee of Federal State Budgetary Edu-
cational Institution of Higher Education at the Bashkir State Medi-
cal University of the Ministry of Health of Russian Federation (No.2
dated 17.10.2012). Informed consent was obtained from all partic-
ipants before blood sampling. The blood was collected from the
cubital vein using the system of vacuum blood collection BD Vacu-
tainer� (Becton, Dickinson and Company, USA). A 3.8 % sodium
citrate solution in 9:1 ratio was used as a venous blood stabilizer.
The study of the effect on platelet aggregation was performed
using the Born method [59] using the aggregometer «AT-02» (SPC
Medtech, Russia). The assessment of antiplatelet activity of the
studied compounds and reference preparations was started with
the final concentration of 2 � 10�3 mol/L. Adenosine diphosphate
(ADP; 20 lg/mL) and collagen (5 mg/mL) manufactured by
Tehnologia-Standart Company, Russia, were used as inducers of
aggregation. The study on the anticoagulant activity was per-
formed by standard recognised clotting tests using the optical
two-channel automatic analyzer of blood coagulation Solar CGL
2110 (CJSC SOLAR, Belarus). The following parameters were stud-
ied: activated partial thromboplastin time (APTT), prothrombin
time (PT) and fibrinogen concentrations according to the Clauss
method. Determination of anticoagulant activity of studied com-
pounds and reference preparation was performed at concentration
of 5 � 10�4 g/mL, using reagents manufactured by Tehnologia-

https://www.aatbio.com/tools/ic50-calculator
https://www.aatbio.com/tools/ic50-calculator
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Standart Company (Barnaul, Russia). Results were processed using
the statistical package Statistica 10.0 (StatSoft Inc, USA). The
Shapiro-Wilks test was used to check the normality of actual data
distribution. The distribution of obtained data differed from the
normal one; therefore, for statistical analysis, non-parametric
methods were used. The data were presented as medians and 25
and 75 percentiles. Analysis of variance was conducted using the
Kruskal-Wallis test. A p value of 0.05 was considered statistical
significant.
3. Results and discussion

3.1. Synthesis of amphiphilic isatin derivatives containing an
ammonium moiety (Dabco-Is-n)

The synthetic route to Dabco-Is-n quaternary ammonium salts
is a two-step one. At the first stage, in accordance with the
described procedure [56], monocationic hydrazide 2 was synthe-
sized by the quaternization reaction of 1,4-diazabicyclo[2.2.2]
octane. Acylhydrazones 3a-g were obtained in high yields using
acid-catalyzed condensation reaction of DABCO-hydrazide 2 with
the corresponding isatins 1a-g (Scheme 1). The convenience of
this approach lies in the fact that the reaction products are iso-
lated in pure form by simple filtration of the cooled reaction
masses.

The structures of products were established from elemental and
spectroscopic analyses, including IR, 1H NMR, 13C NMR (Figs. S1-
S16).

Thus, in the 1H NMR spectrum of Dabco-Is-12 (3d) the up-
field characteristic signal of the methyl group appears as a tri-
plet with dH 0.79 ppm, as well as signals of the CH2 group of
the alkyl chain as multiplets, and the signals of the protons of
the methylene group, directly bonded to the oxindole nitrogen
atom appear as a triplet at 3.65 ppm. The signal of the protons
of the methylene groups of the DABCO fragment at the quater-
nary nitrogen atom appears at dH 4.18 ppm, while the resonance
of the protons of the methylene groups bonded with the
uncharged nitrogen atom appears at dH 3.46 ppm. The proton
signal of the CH2 group located between the ammonium center
and the carbonyl group of the hydrazone fragment appears as
a broadened singlet at 5.17 ppm. The region of low fields of
the 1H NMR spectrum contains signals of aromatic protons and
a broadened low-intensity signal at 12.75 ppm, attributed to
the proton of the NH group.

In the IR spectra of compounds 3a-g, the absorption bands cor-
responding to the vibrations of the NAH bonds (m � 3400 cm�1),
C@O (m = 1719–1709 cm�1), C@C (m = 1612–1617 cm�1) and
C@N (m = 1451–1468 cm�1) are the most significant.
Scheme 1. Synthesis of amphiphilic isatin derivatives Dabco-Is-n containing a quaternar
(Dabco-Is-Cl-10); R = H, n = 12 (Dabco-Is-12), 14 (Dabco-Is-14), 16 (Dabco-Is-16), 18 (D
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3.2. Self-assembly and solubilization properties of Dabco-Is-n

The self-assembly of Dabco-Is-n was studied by tensiometry,
conductometry, spectrophotometry and dynamic light scattering.
Dabco-Is-n solutions in water were transparent, suggesting that
their Krafft points are below 20 �C. Experimentally found Krafft
point values are below 25 �C. Surface tension isotherms of all com-
pounds at the air–water interface as a function of their concentra-
tion are shown in Fig. 1.

The adsorption characteristics were obtained using tensiomet-
ric and conductometric (Fig. 1) data. The values of surface excess
(Umax), surface area per molecule (Amin), standard free energy of
micellization per mole of monomer unit (DGm) and standard free
energy of interfacial adsorption at the air/saturated monolayer
interface (DGad) were calculated using equations (2)-(7) [60–62].

Cmax ¼ � 1
2:3mRT

lim
C!cmc

ðdp=dlogCÞ ð2Þ

where the constant m = 2 as for monomeric ionic surfactant.

Amin ¼ 1018=ðNACmaxÞ ð3Þ
where NA is the Avogadro number (6.02 � 1023 mol�1).
The ability of a surfactant to reduce the surface tension by 20

mN m�1 (pC20) is:

pC20 ¼ �logC20 ð4Þ
where C20 is the molar concentration required to reduce the

surface tension by 20 mN m�1.

�Gad ¼ �Gm � ðpCMC=CmaxÞ ð5Þ

�Gm ¼ RTð1þ bÞlnðCMCÞ ð6Þ
Here, b is the counterion binding degree calculated via Eq. (7),

i.e. from the slope ratio of specific conductivity vs concentration
plots (Fig. 2) presented in Table 1.

b ¼ 1� ½dv=dC�C>CMC=½dv=dC�C<CMC ð7Þ
The adsorption characteristics and critical micelle concentra-

tion (CMC) values are presented in Table 1. CMC values determined
by different methods tensiometry, conductometry (Fig. 1) and
spectrophotometry (deviations from Beer-Lambert, Fig. S17) are
very close.

CMC values of Dabco-Is-n homologs with n = 10, 12, 14 are>10
times lower than for Dabco-n surfactants (Fig. 2A). CMC of Dabco-
Is-12 is 2 times lower than isatin derivatives containing trimethy-
lammonium moiety (Is-n, where n = 12). As we noted in our previ-
ous work, the presence of isatin skeleton in the structure of
cationic amphiphile promotes the easiest self-assembly process.
y ammonium moiety, where n = 10, R = H (Dabco-Is-10), CH3 (Dabco-Is-CH3-10), Cl
abco-Is-18).



Fig. 1. Surface tension isotherms (A, B) of Dabco-Is-10 (1), Dabco-Is-Cl-10 (2), Dabco-Is-CH3-10 (3) and Dabco-Is-n, where n = 12 (4), 14 (5), 16 (6), 18 (7) and specific
conductivity Dabco-Is-R-10 (C), where R = Cl (1), CH3 (2) and Dabco-Is-n, where n = 10 (D), 12 (E), 14 (F), 16 (G), 18 (H), 25 �C.

Fig. 2. Effect of the alkyl chain length on CMC (A), solubilization capacity (B) for Dabco-Is-n (1), Dabco-n (2), Dabco-Is-CH3-10 (3), Dabco-Is-Cl-10 (4) and absorbance of Sudan
I (C) in solutions of Dabco-Is-n, where n = 10 (1), 12 (2), 14 (3), 16 (4), 18 (5) and Dabco-Is-CH3-10 (6), Dabco-Is-Cl-10 (7), L = 0.1 cm, 25 �C, k = 485 nm.
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Namely, cationic amphiphiles with isatin fragment have the possi-
bility of hydrogen bond formation and p-p-stacking interactions
unlike cationic surfactants [45]. The energy needed for formation
of Dabco-Is-n self-assemblies (energy required to overcome the
repulsion involved in bringing two charged quaternary ammonium
groups close together) may come from the energy released upon
disruption of hydrogen bonds and p-p-stacking interactions. In
our study the presence of DABCO significantly altered the CMC of
these new ammonium amphiphiles as compared to the properties
of typical cationic surfactants. It is a rather unique case when the
presence the two fragments (DABCO and an isatin skeleton) in a
molecule synergistically improves the self-assembly process. Thus,
6

Dabco-Is-n shows no typical mechanism of self-assembly micelle
formation compared to monomeric ionic surfactants.

It is known that log CMC typical ionic surfactants decreases lin-
early with the increase in n, according to the empirical Klevens
equation [63]: log CMC = A – BnC.

The linearity of plots following the Klevens equation can be
described as:

log CMC = -0.44–0.236nc, r = 0.999 (for Dabco-Is-n, n = 10, 12,
14).

The slope is 0.236, a value smaller than for Dabco-n (where
n = 12, 14, 16, 18), which is 0.284 [49] and typical ionic surfactants,
which is 0.28–0.30 [64,65]. This suggests that Dabco-Is-n are less



Table 1
CMC values determined by tensiometry, conductometry and spectrophotometry, the counterion binding degree (b).

Cationic amphiphiles CMC � 103

(M)
b pcmc

(mN/m)

Tensiometry Conducto-
metry

Spectro-
photometry

Dabco-Is-10 1.6 1.7 1.5 0.59 39.8
Dabco-Is-CH3-10 0.9 1 0.9 0.54 36.02
Dabco-Is-Cl-10 1.1 1.2 1.1 0.36 35.06
Dabco-Is-12 0.65 0.45 0.44 0.24 39.3
Dabco-Is-14 0.2 0.2 0.15 0.47 40.76
Dabco-Is-16 0.35 0.2 0.27 0.64 44.66
Dabco-Is-18 0.6 0.4 0.2 0.59 41.7
Is-Q-16a 0.46 0.3 0.1 0.17 28.2
Dabco-16b 1 1 – 0.77 28.3
CTABb 1 0.8 0.8 0.77 33.3

a [45].
b [49].
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hydrophobic than typical ammonium surfactants. In addition, the
long chain Dabco-Is-16 and Dabco-Is-18 show deviation from lin-
earity compared to monomeric ionic surfactants.

The lowest CMC, adsorption efficiency (pC20), Umax and mini-
mum energy of adsorption (DGad) and micellization (DGm) are
observed for Dabco-Is-14 (Table 1, 2). Dabco-Is-14 has the maxi-
mum of surface area per molecule on water–air surface. This indi-
cates that the Dabco-Is-n molecules with increasing chain length
from 10 to 14 pack bulky at the water–air surface. Tightly packag-
ing and increasing adsorption at the water–air surface by increas-
ing the chain length from 14 to 18 are observed. The same
deviation from linearity in log CMC and adsorption characteristics
was shown for the long-chain gemini surfactants [66–69].

This aberrant behavior can be explained by the formation of
submicellar structures and premicellar aggregates. That enhances
its aggregation propensity. This single-chain pyridinium surfactant
forms lamellar aggregates [70]. Some single-chain pyridinium sur-
factant also forms vesicular aggregate [71]. In our work, the forma-
tion of lamellar hexagonal packing for Dabco-Is-16 was observed
by using polarized optical microscopy (Fig. S18). Dabco-Is-16 can
form «amphiphilic p-p-pairs» like «gemini surfactants», producing
a premicellar associates or dimers by hydrogen bonds and p-p-
stacking interactions and then symmetrical membrane or vesicles.
Formation of symmetrical membrane can be easily realized with
increasing derivative chain length [72]. The DLS method confirms
that Dabco-Is-n organized nanoparticles with a size about
100 nm or more (Table S1, Fig. S19). Zeta potential values of
Dabco-Is-n are positive about + 50 mV.

Solubilization properties of Dabco-Is-n were analyzed toward
solubilization of the hydrophobic dye (Sudan I) as a model
hydrophobic drug. The absorption spectra of Sudan I (kmax = 485nm)
in Dabco-Is-n solutions with increasing their concentration are
Table 2
Values of surface excess (Cmax), surface area per surfactant molecule (Amin), standard free en
interfacial adsorption at the air/saturated monolayer interface (DGad).

Cationic
amphiphiles

pC20 Umax � 106

(mol m�2)

Dabco-Is-10 3.17 2.81
Dabco-Is-CH3-10 3.52 3.18
Dabco-Is-Cl-10 3.45 3.01
Dabco-Is-12 3.66 1.95
Dabco-Is-14 4.5 1.1
Dabco-Is-16 4.17 1.58
Dabco-Is-18 3.47 3.18
Is-Q-16a 3.66 2.4
Dabco-16b 3.3 2.37
CTABb 3.54 3.10
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presented in Fig. S20. Usually cationic surfactants dissolve
hydrophobic compounds inside the micellar core [52]. The drug
solubility can be improved by formation of electrostatic and dipole
interactions between surfactants and drugs. Solubilization capacity
of Dabco-Is-n (the number of moles of dye solubilized per mole of
Dabco-Is-n) presented in Fig. 2B. It was determined by the slope of
the growth of Sudan I absorbance (at kmax = 485 nm) with increas-
ing of Dabco-Is-n concentration (Fig. 2C). Solubility of dyes linearly
increases with alkyl chain length of Dabco-Is-n (from n = 12 to
n = 18) and follows the relation: S = -0.12995 + 0.01431n, r = 0.996.

The solubilization capacity of Dabco-Is-n with increasing long
chains reaches the solubilization properties of cationic hexadecyl
classical analogues (Dabco-n and CTAB) and long chain geminal
surfactants [73]. In the case of dodecyl analog Dabco-Is-12, the sol-
ubilization capacity is 2 times higher than for Dabco-12 [52]. All
decyl derivatives Dabco-Is show high solubilizing activity.

Due to differences between Dabco-Is-12 and Dabco-Is-16 in
self-assembly and solubilization properties, their FTIR spectra in
the absence and presence Sudan I and poorly water-soluble drugs
(niclosamide and piperine) were investigated. Niclosamide and
piperine are under our consideration for their high potential to
counter various viral infections and resistant bacteria [74,75].
The transmittance signals were observed at 1467 and 1467 cm�1

due to tC=C, 1675 and 1677 cm�1 due to tC=O, 1706 and 1709 due
to tC=O (cycle) for Dabco-Is-12 (Fig. 3A line 1) and Dabco-Is-16
(Fig. 3D, line 1), respectively in KBr.

In case of Dabco-Is-12 the transmittance signals of carbonyl
shifted from 1675 cm�1 to 1681 cm�1 and 1686 cm�1 in the pres-
ence a Sudan I and niclosamide and piperine, respectively. The
transmittance signals of carbonyl (cycle) moved from 1706 cm�1

to 1709, 1711 and 1714 cm�1, respectively. Transmittance signals
of carbonyl for Dabco-Is-16 shifted in the shortwave direction from
ergy of micellization per mole of monomer unit (DGm) and the standard free energy of

Amin

(nm2)
DGad

(kJ mol�1)
DGm

(kJ mol�1)

0.59 �42.1 �30.67
0.52 �43.4 –32.07
0.55 �39.9 �27.67
0.85 �42.94 �26.29
1.52 �63.4 �34.9
1.05 �56.76 �36.27
0.52 �42.36 –32.85
0.68 �36.25 �24.7
0.7 �45.0 –33.0
0.53 �37.5 �30.6



Fig. 3. FTIR spectra of Dabco-Is-12 (A-C) and Dabco-Is-16 (D-F) in absence (A, D, line 1) and presence Sudan I (A, D, line 3), drugs Niclosamide (B, E, line 3), Piperine (C, F, line
3) and Sudan I (A,D, line 2), Niclosamide (B, E, line 2), Piperine (C, F, line 2) in KBr pallet, 25 �C.
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1677 cm�1 to 1672 cm�1 in the presence as a Sudan I and weakly
moved in the presence niclosamide from 1677 cm�1 to 1679 cm�1.
It is known that strong hydrogen-bond is capable of perturbing
C@O, causing the greater shift of carbonyl signals. The lower
CMC values (more than an order of magnitude) for Dabco-Is-n with
n = 10, 12, and 14 also confirm this assumption. The hydrogen-
bond interactions affect the improvement of solubility of poorly
water-soluble dye and drugs for Dabco-Is-n with n = 10, 12 com-
pared to classical ammonium surfactants.

3.3. Antibacterial and antifungal activity of DABCO-Is-n

The in vitro antibacterial and antifungal activities of DABCO-Is-n
were evaluated for a wide spectrum of pathogenic bacteria as indi-
cated in Materials and Methods. Dabco-Is-12 is the most perspec-
tive compound with high activity and potency against pathogenic
representatives of Gram-positive Bacteria Staphylococcus aureus
ATCC 209p, Enterococcus faecalis ATCC 29212, methicillin-resistant
Staphylococcus aureus MRSA-1 and MRSA-2 and against fungus Can-
dida albicans NCTC 885–653 (Table 3). The MRSA-1 strain was resis-
tant to fluoroquinolone antibiotic ciprofloxacin and b-lactam
antibiotic amoxicillin. The MRSA-2 strain was resistant only to
amoxicillin. In the test against Gram-positive bacteria Sa and Ef
8

Dabco-Is-12 exhibited 7 and 3.5 times, respectively, higher bacte-
rial activity than that of Chloramphenicol. Dabco-Is-12 showed
high activity against MRSA-1 and MRSA-2 (MIC = 3.5 and 7.0 lM,
respectively). This value is>70 times higher (against MRSA-1) and
comparable (against MRSA-2) to activity of the antibiotic Nor-
floxacin [76,77]. It should be noted that Dabco-Is-n are not toxic.
Thus, evaluated IC50 are � 100 lM (Table 3) and HC50 is much
higher than HC50 of antibiotics against gram-positive bacteria
Gramicidin (9.4 ± 0.7 lM).

Effect of alkyl chain length on CMC, the HC50 of human erythro-
cytes, MIC against S. aureus is presented in Fig. 4A.

The MIC and HC50 of Dabco-Is-n slightly decrease with increas-
ing alkyl chain length (Fig. 4A). This profile is not linear as a depen-
dence of the CMC. Dabco-Is-16 and Dabco-Is-18 are inactive
against bacterial strains tested. This behavior is very different from
ammonium Dabco-n surfactant (Fig. 4A, insert). Thus, MIC values
of Dabco-Is-n are lower than CMC of Dabco-Is-n in one order of
magnitude. These values are very close to CMC in biological envi-
ronment [78]. That is, self-assemblies of Dabco-Is-n are responsible
factor for antimicrobial activity. Unlike Dabco-n where antimicro-
bial activity is associated with the lipophilicity of single Dabco-n
molecule. Dabco-Is-n are bactericides and fungicides (MBC/MIC is
les then 4) unlike Dabco-n surfactants [51], which display only



Table 3
Antimicrobial activities (minimum inhibitory concentration (MIC) and minimum bactericidal and fungicidal concentration (MBC) lM and hemolytic (HC50, lM) and cytotoxic
(IC50, lM) effect of compounds 3a-g on erythrocytes and liver cells (Chang liver).

Compounds MIC (lM) MBC (lM) HC50

(lM)
IC50

(lM)
Sa Bc Ef Ca Sa Bc Ef Ca

Dabco-Is-CH3-10 28.5 ± 2.4 56.9 ± 4.4 >500 >500 56.9 ± 4.3 228 ± 19 >500 >500 >100 100
Dabco-Is-Cl-10 27.5 ± 2.2 54.9 ± 4.4 >500 >500 54.9 ± 4.5 220 ± 18 >500 >500 60.2 79.0
Dabco-Is-10 58.5 ± 4.6 58.5 ± 4.7 >500 >500 117 ± 9.1 58.5 ± 4.5 >500 >500 74.2 99.2
Dabco-Is-12 13.9 ± 1.1 >500 27.7 ± 2.3 27.7 ± 2.2 13.9 ± 1.2 >500 27.7 ± 2.2 27.7 ± 2.1 98.4 >100
Dabco-Is-14 26.5 ± 2.1 >500 26.5 ± 2.0 212 ± 16 106 ± 8.2 >500 52.9 ± 4.1 212 ± 17 31.8 >100
Dabco-12a 34.6 86.6 – 346 >500 >500 – >500 >250 –
Dabco-14a 7.95 20.0 – 160.5 >500 >500 – >500 80.1 –
Is-12b 16.7 ± 1 134.3 – 269 33.5 269 – >500 107 –
Is-14b >500 >500 – 36.1 >500 >500 – 144.6 131 –
Chloramphenicol 96.7 ± 7.5 193.5 ± 15.3 96.7 ± 7.6 – – – – – – –

a [51].
b [45].

Fig. 4. Effect of the alkyl chain length (n) on MIC against S. aureus, CMC and the HC50 of human erythrocytes Dabco-Is-n and Dabco-n (insert) (A) Antimicrobial selectivity
index (HC50/MIC) against S. aureus and Ca (B).

Scheme 2. Dabco-Is-n self-assemblies’ formation and their possible antibacterial
action.
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bacteriostatic and fungistatic properties. Thus the combination of
isatin and ammonium fragments in one molecule helps to improve
bactericidal properties.

Therapeutic or antimicrobial selectivity index (HC50/MIC) is
used to assess the selectivity of antimicrobial agents. The effect
of structural fragments (Dabco ammonium and isatin fragments),
as well as their combination and variation with the alkyl chain
length for optimization of antibacterial activity are considered in
Fig. 4B. Alkyl chain length of QACs has a significant effect on the
selectivity index against Gram-positive bacteria (S. aureus). For
example, the selectivity index increases in the case of Dabco-n
and rapidly decreases for Dabco-Is-n and Is-n. This behavior is
likely associated to the unlike traditional micelle formation mech-
anism of Dabco-Is-n or to vesicular structures and lyotropic meso-
phases of long chain Dabco-Is-n. The opposite behavior is observed
against Gram-negative bacteria. Less lipophilic Dabco-Is-n showed
more selectivity index against Candida albicans. Likely this is attrib-
uted to the difference in Ca cell outer membrane. Disrupting the
integrity of outer membrane by the electrostatic interaction
between cationic Dabco-Is-n self-assemblies and the anionic sur-
face of Ca is accompanied by the non-covalent (hydrogen bonding)
bonds between of isatin scaffold and lipopolysaccharides of Ca
(Scheme 2).

3.4. Anticoagulant and anti-aggregation activities of DABCO-Is-n

According to the results of the studies, it was found that all
compounds cause hypocoagulation, increasing the median values
9

of APTT by 1.1–8.1 % compared with the control, without affecting
the concentration of fibrinogen and prothrombin time. At the same
time, Dabco-Is-12, Dabco-Is-14 and Dabco-Is-16 exhibit anti-
aggregation activity at the level of acetylsalicylic acid (ASA) in
terms of maximum amplitude (Table 4) and statistically signifi-



Table 4
Influence of compounds and reference drugs acetylsalicylic acid (ASA) and heparin sodium (HS) on the indicators of platelet aggregation and coagulation element of hemostasis,
Me (0.25–0.75).

Compound Latent period,
% of control

Maximum amplitude,
% to control

Aggregation rate,
% to control

Time to reach maximum amplitude,
% of control

APTT,
% to control

Dabco-Is-10 +12.4 (11.6–15.7)*, # �19.6 (14.3–21.5)*,# +9.3 (7.3–10.4)*, # �8.7 (7.4–10.8)*, # +7.1 (6.3–9.5)§

Dabco-Is-CH3-10 �11.2 (8.9–14.3)*, # �3.5 (2.7–6.4)# �12.9 (11.5–14.3)* �14.5 (12.7–19.3)**,# +8.1 (7.3–10.2)§

Dabco-Is-Cl-10 �4.1 (3.7–5.9) �7.4 (6.5–10.3)*, # �11.4 (8.6–12.9)* +32.1 (30.1–37.4)*,# +3.4 (2.7–4.5)§

Dabco-Is-12 +12.7 (11.5–17.6)*, # �13.1 (10.4–15.9)* �11.5 (7.9–12.8)* �24.5 (22.8–27.9)*, # +3.7 (2.8–4.5)§

Dabco-Is-14 +11.8 (10.7–15.9)*, # �10.3 (7.2–13.6)* �14.8 (11.1–15.6)* �14.6 (12.3–17.5)*, # +7.2 (5.3–9.1)§

Dabco-Is-16 +10.5 (8.9–14.5)*, # �14.5 (12.7–16.9)* �21.7 (16.5–23.9)**, # +7.2 (6.1–8.3)*, # +1.9 (1.2–2.7)§

Dabco-Is-18 +3.5 (3.2–5.4) �7.1 (6.9–9.1)*, # +5.3 (6.2–8.7)*, # �12.9 (11.5–16.7)*, # +6.8 (5.7–8.3)§

ASA �2.1 (1.1–2.6) �13.7 (10.8–16.4)* �10.5 (7.6–12.3)* +10.5 (8.7–13.4)* +1.1 (0.5–1.9)§

HS – – – – +20.3 (19.7–21.4)**

*p � 0.05, **p � 0.001 - compared to control; #p � 0.05, ##p � 0.001 - compared to ASA; §p � 0.05 - compared to HS.
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cantly increase the lag-period (platelet release response) and more
effective than acetylsalicylic acid reduce the rate of platelet
aggregation.

A similar effect is shown by Dabco-Is-18, which is slightly infe-
rior to the reference drug in terms of maximum amplitude. The
most active compound is Dabco-Is-10, which surpasses ASA by
31.2 % in terms of the maximum amplitude. Thus, all investigated
compounds do not have a significant thrombogenic potential and
slightly change the overall coagulation potential towards
hypocoagulation.

4. Conclusions

New quaternary ammonium compounds based on the isatin
skeleton in combination with DABCO fragment (Dabco-Is-n, where
n = 10, 12, 14, 16, 18) were synthesized and characterized by FT-IR
and NMR spectra. The influence structure fragments (chain length
and the nature of substituent in aromatic fragment) on adsorption,
self-assembled and solubilization properties, antimicrobial activ-
ity, toxicity and blood factors was revealed. The CMC of Dabco-
Is-n is>10 times lower than CMC of Dabco-surfactant and classical
analogs. Low toxic, low hemolytic and highly biocompatible (IC50

and HC50 are � 100 lM, negligible thrombogenic coagulation
potential) Dabco-Is-12 with high biological activity against
methicillin-resistant bacterial strains MRSA-1 and MRSA-2
(MIC = 3.5 and 7.0 lM, respectively) and high solubilization capac-
ity toward hydrophobic dye (Sudan I) and it’s implementation for
hydrogen-bonds with drugs (niclosamide and piperine) and good
selectivity index toward fungi C. albicans has a high potential for
medical applications.
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