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a b s t r a c t

Surfactants with their diverse activities have been recently involved in controlling the spread of new
coronavirus (COVID-19) pandemic as they are capable of disrupting the membrane surrounding the virus.
Using hybrids approach, we constructed a novel series of cationic surfactant-sulfonamide conjugates
(3a-g) through quaternization of the as-prepared sulfonamide derivatives (2a-g) with n-hexadecyl iodide
followed by structural characterization by spectroscopy (IR and NMR). Being collective properties
required in petroleum-processing environment, the petro-collecting/dispersing capacities on the surface
of waters with different degrees of mineralization, and the antimicrobial performance against microbes
and sulfate-reducing bacteria (SRB) that mitigate microbiological corrosion were investigated for the
synthesized conjugates. Among these conjugates, 3g (2.5% aq. solution) exhibited the strongest ability
to disperse the thin petroleum film on the seawater surface, whereas KD is 95.33% after 96 h. In diluted
form, 3f collected the petroleum layer on distilled water surface (Kmax = 32.01) for duration exceeds
4 days. Additionally, almost all compounds revealed high potency and comparable action with standard
antimicrobials, especially 3b and 3f, which emphasize their role as potential biocides. Regarding biocidal
activity against SRB, 3g causes a significant reduction in the bacterial count from 2.8 � 106 cells/mL to Nil.
Moreover, the conducted molecular docking study confirms the strong correlation between RNA poly-
merase binding with bioactivity against microbes over other studied proteins (threonine synthase and
cyclooxygenase-2).

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Discovery of lead candidates for multiple applications or pur-
poses is a hot area of scientific research. High-throughput screen-
ing (HTS), HTS-coupled optimization and hybrids/conjugates
approaches are the most common methods for developing multi-
function compounds. Surfactants are always attracting a great
attention because of possessing a wide variety of applications in
medicine as drug carriers, foamers, wetting agents, and in industry
as emulsifiers, corrosion inhibitors, paint additives as well as great
potential use in surfactant flooding for enhanced oil recovery [1,2].
Specifically, cationic surfactants with their excellent solubility,
strong adsorption capability, high antimicrobial activity and
improved wettability as unique indices are useful for numerous
applications [3]. The positively-charged nitrogen in their structures
is considered the main responsible constituent for the most of their
principal features beside their tendency to be adsorbed at
negatively-charged surfaces. The latter property facilitates their
use as anticorrosive agents for steel, dispersants for inorganic pig-
ments, cationic softeners for fabrics, flotation collectors for mineral
ores, anticaking agents for fertilizers, and carriers/solubilizers for
drugs [4]. A model example of these compounds is benzalkonium
chlorides (BAC, Fig. 1) which possesses many functions including
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Fig. 1. Chemical structures of some bioactive sulfonamides, BAC, and our conjugates.
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good detergency, antibacterial, fabric-softening, and catalytic
activities.

As a group of pharmaceuticals, sulfonamide derivatives such as
sulfamethoxazole [5], E7820 [6] and tolbutamide [5] (Fig. 1) with
their SO2NH group bonded directly to aromatic ring are classified
as one of the oldest agents with promising therapeutic effect [7].
Previously reported studies return their strong activities toward
numerous biological systems such as malaria parasites [8], tuber-
culosis [9], cancer [10], microbes [11], and inflammation [12] to
the presence of the sulfonamide group.

Increasing in the resistance of many microbes to common drugs
directed researchers to focus on developing effective alternatives.
Cationic surfactants are a perfect option as they can disrupt the
integral membrane protein of the microbial cell at the mem-
brane/water interface [13,14]. Their extraordinary antimicrobial
activity was correlated and rationalized to the bioactivity of other
moieties conjugated to the cationic groups. In addition, their bioci-
dal action against microbial strains could be introduced to the well
formation due to other well stimulation methods such as hydraulic
cracking that may cause microbial-induced corrosion [15–17].
Sulfate-reducing bacteria (SRB) usually accompany the crude pet-
roleum production and their growth exhibits severe corrosive
action in processing-related tools including pipelines and tanks.
A big issue such as oil well souring may occur due to the extreme
multiplication of SRB cells. Cationic surfactants exhibit high effi-
ciency in killing the SRB [15,18,19] and some reports confirm the
importance of some functionality like amino, cyano, hydroxy, and
mercapto groups [18–23] in enhancing the biological activity
[24,25]. For instance, introducing hydroxyl group could signifi-
cantly improve the water solubility of the cationic surfactants,
while sulfonamide group helped the them to achieve good antimi-
crobial activity [26–28].

The pollution of water surface with petroleum is one of the
main problems facing world and due to different reasons, including
accidents in oil pipelines, and oil tankers, a large quantity of petro-
leum oil enters the hydrosphere. The thick petroleum film can be
separated easily via mechanical techniques while the remaining
thin film is ecologically hazardous. To overcome this problem,
many solutions including colloid-chemical methods were utilized
to remove such thin oil films through the application of petro-
collecting and petro-dispersing agents [29–37]. Surfactants, espe-
cially conventional and gemini-cationic surfactants, are proven to
be the most efficient dispersing and collecting materials for clean-
2

ing the water surface from petroleum thin films produced in stages
of oil processing [38–44]. Another accompanying issue is the
development of microbes during petroleum processing.

As a good solution for addressing these issues, the current work
utilized the hybrids approach to make benefits of both the sulfon-
amide and fatty ammonium salts (cationic surfactant) substruc-
tures for the construction of novel conjugates. Therefore, they
combine the advantages and characteristics of both parts making
them suitable for multiple applications. To test their convenience
for the use in petroleum-related processes, three features were
intensively-evaluated: petro-collecting/dispersing indices, antimi-
crobial activities, and biocidal activities against SRB. Furthermore,
compounds that possess variable antibacterial activities were
docked into the pockets of selected target proteins with the aim
of recognizing the possible mechanism by which these compounds
acquire their activities. Collectively, the results of this study induce
the continuation to construct surfactant-drug hybrids having vari-
ous properties.
2. Experimental

2.1. Chemistry

A XT-4 binocular microscope (Tianjin Analytical Instrument
Factory, China) was used for determining the uncorrected melting
points of compounds. Via a Nicolet Avatar 330 FT-IR spectrometer,
Fourier-transform infrared spectroscopy (FTIR) was recorded. 1H,
13C, and 19F NMR spectra for DMSO d6 samples’ solutions were
recorded on a Bruker Avance 600 MHz instrument using tetram-
ethylsilane (TMS) as the internal standard. Multiplicities of signals
were expressed by their coupling constants (J) that were reported
in Hz. TLC, using aluminum silica gel, was used to monitor the pro-
gress of all reactions. Purification of the target molecules was car-
ried out using silica gel (200–300 mesh) column chromatography.
2.1.1. General procedure for the synthesis of sulfonamide derivatives
(2a-g)

To a solution of N,N-dimethyl-1,3-diaminopropane (1.16 g,
11.32 mmol) and Et3N (1.43 g, 14.16mmol) in CH2Cl2 (50 mL), ben-
zene, 4-cyanobenzene, 2-thiophene, 2-naphthalene, 2,4,6-
triisopropylbenzene, 4-(tert-butyl)benzene, or 3-(trifluoromethyl)
benzene sulphonyl chlorides (5.66 mmol) was added in several
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portions. After completing the addition, the reaction mixture was
kept stirring for 10 h at room temperature. Then, 50 mL of half-
saturated sodium chloride solution was poured into the mixture
followed by extraction with CH2Cl2 (50 mL � 3). After separating
and drying the organic phase with anhydrous Na2SO4, the solvent
was evaporated under reduced pressure. The crude products were
purified by flash column chromatography (CHCl3:MeOH = 5:1) to
produce 2a-g as white to yellow solids with 90–96% yields.

2.1.2. Quaternarization of sulfonamide derivatives: Synthesis of
conjugates (3a-g)

1-Iodohexadecane (1.6 mmol) was added to a solution of 2a-g,
separately (0.8 mmol) in anhydrous ethyl acetate (0.3 M). The reac-
tion solution was refluxed at 70 �C for 15–24 h. After equilibrating
the reaction mixture solution to room temperature, the solid pre-
cipitate was granulated for 5 h at 0 �C. The solid products were
obtained by filtration and via washing several times with anhy-
drous diethyl ether to remove the unreacted materials followed
by drying in air. The yields of the target products were ranging
from 70 to 91%.

2.1.3. N,N-Dimethyl-N-(3-(phenylsulfonamido)propyl)hexadecan-1-
aminium Iodide (3a)

Yield: 91%, yellowish white solid, m.p. 60–62 �C: IR(KBr) mmax:
3229, 3039, 2939, 2852, 1472, 1319, 1161, 1083 cm�1. 1H NMR
(600 MHz, DMSO d6) d 7.82–7.79 (m, 2H), 7.75 (t, J = 6.0 Hz, 1H),
7.69–7.66 (m, 1H), 7.63 (dd, J = 8.2, 6.6 Hz, 2H), 3.29–3.23 (m,
2H), 3.23–3.18 (m, 2H), 2.97 (s, 6H), 2.80 (q, J = 6.3 Hz, 2H),
1.83–1.77 (m, 2H), 1.62 (p, J = 7.5 Hz, 2H), 1.24 (s, 26H), 0.85 (t,
J = 6.9 Hz, 3H). 13C NMR (151 MHz, DMSO d6) d 140.37, 133.09,
129.83, 126.97, 63.63, 61.06, 60.24, 50.64, 33.33, 31.76, 30.28,
29.89, 29.52, 29.48, 29.43, 29.36, 29.30, 29.17, 28.97, 28.31,
26.22, 22.88, 22.56, 22.10, 21.24, 14.42.

2.1.4. N-(3-((4-Cyanophenyl)sulfonamido)propyl)-N,N-
dimethylhexadecan-1-aminium Iodide (3b)

Yield: 83%, white solid, m.p. 128–130 �C: IR(KBr) mmax: 3051,
2920, 2850, 2231 (C„N), 1464, 1323, 1155, 1093 cm�1. 1H NMR
(600 MHz, DMSO d6) d 8.20 (t, J = 5.9 Hz, 1H), 8.03–7.98 (d, 2H),
7.92–7.88 (d, 2H), 3.26 (td, J = 8.3, 7.5, 3.0 Hz, 2H), 3.24–3.16 (m,
2H), 2.99 (s, 6H), 1.90–1.81 (m, 2H), 1.63 (dq, J = 15.0, 7.3 Hz,
2H), 1.28–1.20 (m, 26H), 0.85 (t, J = 7.0 Hz, 3H). 13C NMR
(151 MHz, DMSO d6) d 148.23, 134.77, 133.28, 132.65, 130.01,
125.04, 63.64, 60.96, 50.66, 33.34, 31.76, 30.28, 29.53, 29.50,
29.48, 29.43, 29.37, 29.31, 29.17, 28.98, 28.32, 26.23, 23.05,
22.56, 22.10, 14.43, 9.60.

2.1.5. N,N-Dimethyl-N-(3-(thiophene-2-sulfonamido)propyl)
hexadecan-1-aminium Iodide (3c)

Yield: 89%, white solid, m.p. 68–70 �C: IR(KBr) mmax: 3150, 3029,
2919, 2850, 1466, 1332, 1157, 1069 cm�1. 1H NMR (600 MHz,
DMSO d6) d 7.97 (dd, J = 5.0, 1.4 Hz, 1H), 7.94 (t, J = 5.9 Hz, 1H),
7.62 (dd, J = 3.8, 1.3 Hz, 1H), 7.22 (dd, J = 5.0, 3.7 Hz, 1H), 3.29–
3.24 (m, 2H), 3.24–3.20 (m, 2H), 2.99 (s, 6H), 2.89 (q, J = 6.3 Hz,
2H), 1.89–1.79 (m, 2H), 1.67–1.59 (m, 2H), 1.25 (d, J = 5.5 Hz,
26H), 0.86 (t, J = 6.9 Hz, 3H). 13C NMR (151 MHz, DMSO d6) d
141.19, 133.24, 132.21, 128.31, 63.62, 61.04, 60.23, 50.65, 31.76,
29.53, 29.48, 29.43, 29.31, 29.18, 28.98, 26.24, 22.77, 22.57,
22.11, 21.24, 14.43.

2.1.6. N,N-Dimethyl-N-(3-(naphthalene-2-sulfonamido)propyl)
hexadecan-1-aminium Iodide (3d)

Yield: 80%, pale yellow solid, m.p. 70–72 �C: IR(KBr) mmax: 3070,
2919, 2850, 1468, 1321, 1151, 1084 cm�1. 1H NMR (600 MHz,
DMSO d6) d 8.45 (d, J = 1.9 Hz, 1H), 8.17 (dd, J = 8.5, 2.5 Hz, 2H),
8.07 (dd, J = 8.1, 1.3 Hz, 1H), 7.87–7.82 (m, 2H), 7.71 (dddd,
3

J = 21.9, 8.2, 6.9, 1.3 Hz, 2H), 3.27–3.21 (m, 2H), 3.21–3.15 (m,
2H), 2.96 (s, 6H), 2.84 (q, J = 6.3 Hz, 2H), 1.81 (dd, J = 10.4,
6.5 Hz, 2H), 1.60 (dd, J = 10.3, 6.4 Hz, 2H), 1.24 (t, J = 4.3 Hz,
26H), 0.86 (d, J = 6.9 Hz, 3H). 13C NMR (151 MHz, DMSO d6) d
137.37, 134.68, 132.19, 130.02, 129.63, 129.31, 128.33, 128.17,
127.96, 122.65, 63.62, 61.07, 50.63, 33.33, 31.75, 30.28, 29.52,
29.50, 29.47, 29.42, 29.36, 29.29, 29.16, 28.95, 28.31, 26.20,
22.89, 22.56, 22.08, 14.43, 9.62.

2.1.7. N,N-Dimethyl-N-(3-((2,4,6-triisopropylphenyl)sulfonamido)
propyl)hexadecan-1-aminium Iodide (3e)

Yield: 75%, yellowish white solid, m.p. 103–105 �C: IR(KBr)
mmax: 3176, 3029, 2958, 2850, 1469, 1316, 1155, 1100 cm�1. 1H
NMR (600 MHz, DMSO d6) d 7.59 (t, J = 5.9 Hz, 1H), 7.25 (s, 2H),
4.10 (p, J = 6.8 Hz, 2H), 3.28–3.25 (m, 2H), 3.24–3.18 (m, 2H),
2.98 (s, 6H), 2.91 (q, J = 7.0 Hz, 1H), 2.86 (q, J = 6.2 Hz, 2H), 1.85
(dq, J = 11.8, 6.3 Hz, 2H), 1.67–1.60 (m, 2H), 1.24 (s, 26H), 1.21
(dd, J = 6.8, 3.1 Hz, 18H), 0.85 (t, J = 6.9 Hz, 3H). 13C NMR
(151 MHz, DMSO d6) d 152.65, 150.16, 133.14, 124.10, 63.63,
61.14, 50.73, 33.78, 31.76, 29.51, 29.47, 29.45, 29.41, 29.30,
29.28, 29.17, 28.95, 26.23, 25.23, 23.89, 22.89, 22.56, 22.09,
14.42, 9.62.

2.1.8. N-(3-((4-(tert-Butyl)phenyl)sulfonamido)propyl)-N,N-
dimethylhexadecan-1-aminium Iodide (3f)

Yield: 90%, white solid, m.p. 101–103 �C: IR(KBr) mmax: 3078,
2919, 2850, 1470, 1329, 1161, 1083 cm�1. 1H NMR (600 MHz,
DMSO d6) d 7.75–7.71 (m, 2H), 7.68 (t, J = 6.0 Hz, 1H), 7.65–7.61
(m, 2H), 3.27–3.23 (m, 2H), 3.23–3.19 (m, 2H), 2.97 (s, 6H), 2.79
(q, J = 6.3 Hz, 2H), 1.80 (td, J = 11.3, 10.0, 5.7 Hz, 2H), 1.63 (p,
J = 7.6 Hz, 2H), 1.31 (s, 9H), 1.24 (s, 26H), 0.85 (t, J = 6.9 Hz, 3H).
13C NMR (151 MHz, DMSO d6) d 156.02, 137.58, 126.91, 126.63,
63.63, 61.07, 50.64, 35.33, 31.76, 31.28, 29.52, 29.48, 29.43,
29.30, 29.17, 28.97, 26.23, 22.89, 22.56, 22.10, 14.43.

2.1.9. N,N-Dimethyl-N-(3-((3-(trifluoromethyl)phenyl)sulfonamido)
propyl)hexadecan-1-aminium Iodide (3g)

Yield: 73%, yellowish white solid, m.p. 62–64 �C: IR(KBr) mmax:
3054, 2924, 2844, 1473, 1329, 1164, 1083 cm�1. 1H NMR
(600 MHz, DMSO d6) d 8.22–8.18 (m, 1H), 8.16 (d, J = 8.5 Hz, 2H),
8.09 (t, J = 5.9 Hz, 1H), 7.99 (t, J = 7.8 Hz, 1H), 3.37–3.32 (m, 3H),
3.29 (d, J = 8.5 Hz, 2H), 3.07 (s, 6H), 2.92 (q, J = 6.3 Hz, 2H), 1.90
(dq, J = 11.7, 6.5, 5.7 Hz, 2H), 1.70 (tt, J = 11.6, 7.2 Hz, 2H), 1.32
(t, J = 5.4 Hz, 26H), 0.92 (d, J = 7.2 Hz, 3H). 13C NMR (151 MHz,
DMSO d6) d 141.62, 131.57, 131.16, 130.55, 130.33, 129.91,
129.89, 124.80, 123.48, 123.45, 123.00, 63.63, 60.95, 60.23, 50.66,
33.33, 31.75, 30.28, 29.52, 29.47, 29.42, 29.36, 29.29, 29.17,
28.96, 28.31, 26.21, 22.96, 22.56, 22.10, 21.23, 14.55, 14.41, 9.58.
19F NMR (565 MHz, DMSO d6) d � 61.39.

2.2. Procedure for evaluating petro-dispersing and petro-collecting
capacities

Being surfactants, the synthesized conjugates have excellent sol-
ubility in water. Their petro-dispersing and petro-collecting capaci-
ties (in form of 2.5% aq. solution and untreated state) have been
investigated on the surface of three waters of different mineraliza-
tion degrees using the crude oil from Red sea in the South Sinai
(Egypt) (at 20 �C its density is 0.86 g/cm3 and kinematic viscosity
equals 0.16 cm2 s1). The solid-state surfactant (0.01 g) or its aqueous
solution (2.5%)was added to a thin film (thickness� 0.15mm)of the
crude oil on the testedwaters’ surface (distilled, fresh (river) and the
Red sea) in Petri dishes.Via the relationshipK = So/S, petro-collecting
factor (K) was calculated, whereas So is the surface area of the petro-
leum film at the beginning of the test, S denotes the surface area of
the of the petroleum spot formed under the action of the surfactant.
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During the observations, the surface area of the spot was measured
periodically, K-values were computed for these specific time inter-
vals (s). Petro-dispersing ability (KD) was calculated by the degree
of cleaning of pollutedwater surface frompetroleumwhichwas cal-
culated as a percentage of clean water surface areas and the initial
area of the petroleum film.

Film thickness effect. Conjugates 3f and 3g (2.5% aq. solution)
with the largest dispersing capacities were tested against petro-
leum films with different thicknesses. The thickness was controlled
by changing the added volume of petroleum. Every 1.0 mL of pet-
roleum corresponds to a thickness of 0.165 mm.
2.3. Biological assays

The biocidal activity of the cationic surfactant-sulfonamide con-
jugates was determined by using agar well diffusion method
against some pathogenic bacteria and fungi as well as SRB. The
Gram-negative (G�ve) bacteria were Escherichia coli (ATCC 8739)
and Pseudomonas aeruginosa (ATCC 9027) while the Gram-
positive (G+ve) bacteria were Bacillus subtilis (ATCC 6633) and Sta-
phylococcus aureus (ATCC 29737). The tested fungal models were
Aspergillus niger (ATCC 16404) and Candida albicans (ATCC
10231). The anti-SRB activity was tested against Desulfovibrio
sapovorans ATCC 33892 which was obtained from operation
department, Egyptian Petroleum Research Institute while the dif-
ferent species of the microorganism were obtained from micro
analytical center, Cairo University.

Growing of microbes. Strains of bacteria were streaked on nutri-
ent agar media and incubated at 37 �C overnight however, the fun-
gal strains were grown on sabouraud dextrose agar, and incubated
at 30 �C for about 48 h.

SusceptibilityMeasurements.For inoculationanddisc preparation,
1.0mLof inoculawasmixedwith agarmedia (50mL) at 40 �C. Then it
was poured into Petri dishes (120mm) and allowed to equilibrate to
room temperature. Via convenient sterile tubes, wells with 6 mm-
diameter were developed in the agar plates. Each well was filled
up with 100 mL aqueous solution of the cationic surfactant-
sulfonamide conjugate (1 mg/mL). All bacterial plates were kept at
37 �C incubation for 24hwhile plates of fungal strains operated sim-
ilarly at 30 �C for 48 h. The average value was calculated for three
individual replicates to represent the sample zone of growth inhibi-
tion [19]. In parallel, Nalidixic acid (30 mg), Amoxicillin (30 mg) and
Fluconazole (100 ppm) as positive controls, and sterile water as a
negative control were tested against microbes. In addition, the %
activity index was computed by the following equation [45]:

%Activ ity index ¼ inhibition zone of the test compound
inhibition zone of the standard drug

� 100

The lowest concentration of a biocide that is able to stop all pro-
gression of the microbial growth during a bioassay test is the min-
imum inhibitory concentration (MIC) [22]. However, the lowest
concentration that exterminates 99% of the proliferated germs is
called the minimum bactericidal/fungicidal concentration (MBC/
MFC). The values of MIC, MBC and MFC for the cationic
surfactant-sulfonamide conjugates were evaluated via applying
broth microdilution method using a 96-sample microwell plates
method as previously stated in Amsterdam protocol with further
considerations. The inoculation preparations were propagated by
the cultivation of the purchased bacterial strains in DifcoTM -
Mueller-Hinton broth (MHB) purchased from BD Biosciences,
USA. The experimental inocula were prepared as previously
described by Miller et. al., 2005 [46].

Microwell plates from NunclonTM, Germany (F, PS, non-TC-
treated) were used to determine the MICs of the synthesized catio-
nic surfactant-sulfonamide conjugates via two-fold micro-dilution
4

technique. At the beginning, cationic surfactants (100 mL) were dis-
pensed onto the microwell plates for a further inoculation with the
prepared microbial inoculum suspension (100 mL). A positive con-
trol for the evaluated conjugates (media and inoculum) and a neg-
ative control (only media) were conducted. All microwell plates
were incubated under aerobic condition for a duration of 20–
22 h at 37 �C for bacteria and for 48 h at 30 �C in the case of fungal
species [22]. MBC/MFC values of the prepared surfactants were
estimated via the removal of the media that displays no visual
microbial development from the wells, followed by their sub-
culturing onto agar plates as before until the microbial develop-
ment becomes visible in the control plates [24].

The effect of the cationic conjugates on the SRB was determined
utilizing the serial dilution method based on ASTM D4412-84 [47].
Water contaminated with SRB had been received from General Pet-
roleum Company, Egypt and subject to bacterial growth of
2.8 � 106 cells/mL. The conjugates, at a concentration of 5 mg/
mL, and contact time of 3 h were cultured in a specific media for
SRB at 30 �C for 21 days.
2.4. Molecular docking

The 3D-crystal structures of E. coli RNA polymerase (PDB ID:
4kn4), threonine synthase from B. subtilis ATCC 6633 (PDB ID:
6nmx) and cyclooxygenase-2 (PDB ID: 6cox) were obtained from
PDB (www.rscb.org). All ligands in the structures were eliminated,
and the final structures were saved as PDBQT formats using Auto-
Dock Tools. The surfactant-sulfonamide hybrids (3a, 3b and 3e)
were docked separately into the active pocket of the polymerase
protein (PDB ID: 4kn4). Compounds 3b and 3f were also docked
into threonine synthase protein (PDB ID: 6nmx). In addition, com-
pound 3b was subjected for docking in the cyclooxygenase-2 pro-
tein (PDB ID: 6cox). All docking calculations were carried out using
Autodock 4.2 [48] and Cygwin softwares using the step-wise pro-
tocol that was previously published [49].

For griding, 80 � 70� 60 as grid points for all ligand atoms with
a spacing of 0.375 A were used for calculations. Using Lamarckian
genetic algorithm (GA), each docking calculation was performed
with default parameters (energy evaluations = 2.5 million, maxi-
mum generations = 27000, population size = 150, mutation
rate = 0.02 and crossover rate = 0.8) to get new docking trials for
subsequent generations. For each compound, fifty binding poses
were predicted with root-mean-square deviation (RMSD) cluster-
ing. Binding poses with the highest scores were selected and visu-
alized using PyMol software [50]. In addition, the 2D-binding
behaviors were presented using LigPlot + software [51].
3. Results and discussion

3.1. Chemistry

Constructing compounds with distinguished activities against
numerous targets can be easily achieved by hybrid approach. A
single-functionalized molecule can work efficiently against only
one target for specific application. In some cases/problems such
molecules will not be the suitable solutions. Developing molecules
with dual or multiple functions (hybrids or conjugates) will help in
broadening their application types and subsequently they can
affect multiple targets.

Cationic, anionic and polymeric surfactants have been used for
solving problems in petroleum-processing environment
[2,39,41,43,44]. Sulphonamide-incorporating compounds have
found applications as antibacterial and antifungal agents. In the
current work, we connected a cationic surfactant moiety to numer-
ous aryl/heteroaryl sulphonamides via a propane spacer with the
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aim of synthesizing surfactant-sulphonamide conjugates (3a-g) for
multiple applications. The synthetic route simply includes, first,
the formation of N-substituted sulphonamides (2a-g) through a
base-catalyzed dehydrochlorination of sulphonyl chloride deriva-
tives (1a-g) with N,N-dimethylpropyl-1,3-diamine in a non-polar
solvent (dichloromethane, DCM) followed by quaternization of
the tertiary nitrogen with 1-iodo-hexadecane (Scheme 1).

The 1H NMR spectra of the target compounds classified their
protons into three regions; fatty chain protons appeared in the
highly shielded region (d < 2 ppm); aromatic and NH protons in
the highly deshielded region (d > 7 ppm), and other aliphatic pro-
tons (except substituents on 3e and 3f) in the middle region of the
spectra. The 13C NMR spectra showed a similar behavior to that of
1H NMR in classifying the types of carbon atoms within the struc-
ture. Interestingly, compound 3e exhibited a clear 1H NMR spec-
trum especially for the three isopropyl groups. As expected, the
proton (of CH group) in position-4 emerged in an upfield region
with respect to the other two. However, the multiplicity of the
three protons appeared as quintet instead of septet (Fig. 2). This
means that each one of these protons was affected by only four
adjacent protons (two of each methyl group) out of six. The third
proton (in methyl group) of one isopropyl group may be coupled
with proton in methyl group of another isopropyl group.
3.2. Petro-dispersing and petro-collecting abilities of the synthesized
conjugates

As a result of accidents occurring during oil-carrying tankers, oil
pipelines, transportation of petroleum, pollution of water surface
takes place [52]. After removing thick oil slicks via various
Scheme 1. Synthetic route for the cationi

5

mechanical techniques, thin oil films inevitably contaminate the
water surface which is impossible to remove by mechanical meth-
ods. Such films are hazardous for ecological system as they corrupt
the oxygen absorption and prevent sunlight penetration into
water-depth damaging the conditions of life for marine inhabitants
[53]. So, the application of petro-collecting or dispersing agents is
considered the most convenient method for removing thin oil
films.

The results of petro-dispersing and petro-collecting indices of
the as-prepared bioactive cationic surfactants were recorded in
Table 1 and Fig. 3, S1 and conducted in parallel for both pure-
state solids and their 2.5% wt. aqueous solutions. It is noticeable
that in undiluted form all synthesized cationic surfactants were
unstable to enhance the petro-dispersing and collecting properties.
Interestingly, in the sea water, 3f and 3g gave excellent petro-
dispersing action in diluted form, whereas KD ranges from 73.17
to 91.22%, s = 0–96 h and from 71.27 to 95.33%, s = 0–96 h, respec-
tively. These compounds can maintain its effect for longer more
than 4 days. Moreover, 3g in distilled and fresh waters behaves
as a petro-dispersant, whereas KD ranges from 63.17 to 91.22%,
s = 0–96 h and from 65.77 to 93.56%, s = 0–96 h, respectively.

The collection of petroleum occurred in fresh water
(Kmax = 29.76) and distilled water (Kmax = 32.01) by the action of
the 2.5% aqueous solution of 3f. In the case of 2.5% aqueous solu-
tion of 3e, in the distilled and fresh waters, a collecting of petro-
leum is observed, whereas Kmax = 22.34 and 12.65, Kmax = 29.11
and 27.43, respectively. Compound 3c in an aqueous solution reg-
istered a dual action as a petro-collecting property in the distilled
water (Kmax = 16.12) and in the fresh water only petro-dispersing is
observed (KD = 83.67%), s exceeding 4 days. In diluted form, 3a and
c surfactant-sulfonamide conjugates.



Fig. 2. Zoomed 1H NMR spectrum (region: 2.85–4.15 ppm) of compound 3e.

Table 1
Petro-collecting/dispersing properties of the synthesized cationic surfactant-sulfonamide conjugates 3a-g.

Compd. No. Undiluted product 2.5% wt. water solution

Distilled water Fresh water Sea water Distilled water Fresh water Sea water

s (h) K (kD) s (h) K (kD) s (h) K (kD) s (h) K (kD) s (h) K (kD) s (h) K (kD)

3a 0–2 NEa 0–2 NE 0–2 NE 0–2 5.29 ± 0.9 0–2 3.29 ± 0.7 0–2 NE
30 3.91 ± 0.8 20 2.84 ± 0.9 5–20 3.91 ± 1.1 30 7.27 ± 1.2 30 4.30 ± 1.8 20 5.37 ± 0.8

60–96 4.17 ± 1.0 25–96 5.70 ± 0.5 30–60 3.30 ± 0.3 48–96 17.73 ± 1.6 40–60 10.17 ± 1.1 40–96 8.88 ± 0.9
– – – – 70–96 4.1 ± 0.7 – – 70–96 18.36 ± 1.9 – –

3b 0–2 3.45 ± 0.1 0–2 4.10 ± 0.7 0–2 2.40 ± 0.7 0–2 7.33 ± 0.1 0–2 6.16 ± 0.8 0–2 5.78 ± 0.8
2–55 5.22 ± 0.6 30–60 7.23 ± 1.0 5–20 NCb 2–55 9.11 ± 0.1 30–60 10.78 ± 1.1 5–20 7.34 ± 0.5
60–96 6.66 ± 0.1 60–96 10.1 ± 0.8 30–96 NC 60–96 17.45 ± 0.4 60–96 19.12 ± 0.6 30–96 NC

3c 0–2 3.67 ± 0.1 0–2 5.22 ± 0.6 0–2 2.40 ± 0.3 0–2 6.77 ± 0.8 0–2 60.23% 0–2 4.37 ± 0.1
2–55 6.11 ± 0.2 30–60 5.48 ± 1.3 5–20 NC 2–55 8.23 ± 0.5 30–60 77.78% 5–20 5.92 ± 0.4
60–96 7.19 ± 0.7 60–96 8.53 ± 1.0 30–96 NC 60–96 16.12 ± 0.1 60–96 83.67% 30–96 NC

3d 0–2 2.32 ± 0.8 0–2 4.21 ± 0.6 0–2 3.23 ± 0.9 0–2 6.76 ± 1.0 0–2 5.21 ± 0.5 0–2 6.33 ± 0.2
2–55 5.21 ± 0.1 30–60 NC 5–20 6.54 ± 0.1 5–20 8.23 ± 0.1 30–60 7.23 ± 0.6 5–20 8.91 ± 0.8
60–96 7.25 ± 0.3 60–96 NC 30–96 8.76 ± 0.1 30–96 22.34 ± 0.9 60–96 12.65 ± 0.1 30–96 11.88 ± 1.2

3e 0–2 3.23 ± 0.1 0–2 2.32 ± 0.2 0–2 4.21 ± 1.1 0–2 10.76 ± 0.8 0–2 8.55 ± 0.1 0–2 1.16 ± 0.8
2–55 6.54 ± 0.1 30–60 5.21 ± 0.2 5–20 NC 5–20 16.89 ± 1.4 30–60 16.11 ± 0.7 5–20 NC
60–96 8.76 ± 0.4 60–96 7.25 ± 0.1 30–96 NC 30–96 29.11 ± 0.9 60–96 27.43 ± 1.5 30–96 NC

3f 0–2 10.76 ± 0.8 0–2 7.85 ± 0.3 0–2 65.27% 0–2 12.21 ± 0.7 0–2 8.35 ± 0.2 0–2 73.17%
2–55 11.44 ± 0.1 30–60 10.89 ± 0.4 5–20 68.02% 5–20 18.32 ± 0.6 30–60 16.32 ± 0.2 5–20 88.32%
60–96 12.23 ± 0.3 60–96 11.03 ± 0.4 30–96 73.66% 30–96 32.01 ± 0.2 60–96 29.76 ± 0.9 30–96 91.22%

3g 0–2 60.11% 0–2 61.23% 0–2 70.03% 0–2 63.17% 0–2 65.77% 0–2 71.27%
2–55 62.12% 30–60 63.44% 5–20 75.11% 5–20 85.38% 30–60 88.31% 5–20 90.32%
60–96 77.23% 60–96 79.01% 30–96 83.03% 30–96 91.22% 60–96 93.56% 30–96 95.33%

NEa = No Effect, NCb = No Change.
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3b collect the petroleum in distilled water (Kmax = 17.73 and 17.45,
respectively) and in fresh water (Kmax = 18.36 and 19.12, respec-
tively), duration of action exceeds 4 days.

The values of petro-dispersing and petro-collecting coefficients
reported by Tantawy et al., 2017 [44] for dodecyl methacrylate-
vinyl imidazolium salt copolymers as well as gemini cationic sur-
factants based on Guava fat [39] are smaller than those for our syn-
thesized bioactive cationic surfactants.

Regarding the structure-petroleum capacity relationship, com-
pounds with mono-substitution at meta or para position on the
benzenesulfonamide moiety (3b, 3f and 3g) exhibited the highest
petroleum capacities. Removing such substitution or introducing
bulky groups at ortho positions (3a and 3e) results in a sharp drop
in collecting/dispersing petroleum film. Furthermore, replacing
6

phenyl group in 3a with thiophene (3c) could not improve its abil-
ity to collect or disperse the petroleum film. Therefore, structure
optimization for enhanced petroleum capacity may include design-
ing compounds with simple substitution such as methoxy,
hydroxy, dimethylamino, etc. on the benzene ring, especially at
para position.

To explore the effect of the petroleum film thickness, the petro-
dispersing capacity of the 2.5% aqueous solution of the most effi-
cient dispersant conjugates (3f and 3g) in seawater was investi-
gated against different thicknesses varying from 0.165 to
1.155 mm. As clearly shown in Fig. 4, the tested surfactant-
sulfonamide conjugates 3f and 3g displayed the best effect in the
relatively thin film and this effect was gradually decreased with
raising the thickness. These derivatives exhibited almost stable



Fig. 3. Petro-collecting capacities of the synthesized conjugates 3a-f.

Fig. 4. Petro-dispersing properties of the synthesized conjugates 3f and 3g toward
Red sea crude slicks of different thicknesses.
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and strong dispersing capacity (>70%) with increasing the film
thickness up to 0.7 mm. This indicates their effectiveness in remov-
ing not only thin films but also the thick layers of petroleum.
Table 2
In vitro antimicrobial activity of the synthesized cationic surfactant-sulfonamide conjugat

Compd. No. Inhibition zone diameter in mma (% activity index)

Gram-positive bacteria

B. subtilis (ATCC 6633) S. aureus (ATCC 29737)

3a 16 (94.2) 14 (70)
3b 18 (105.9) 17 (85)
3c 16 (94.2) 11 (55)
3d 14 (82.4) 16 (80)
3e 13 (76.5) 12 (60)
3f 19 (111.8) 14 (70)
3g 16 (94.2) 15 (75)
AMCb (30 mg) 17 20
NAc (30 mg) NT NT
Flud (100 ppm) NT NT

a Standard deviation = 5%, AMCb = Amoxicillin, NAc = Nalidixic acid, Flud = Fluconazo
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3.3. In vitro antimicrobial activity

The antibacterial and antifungal activities of the conjugates (3a-
g) against pathogenic G�ve (E. coli & P. aeuroginosa), G+ve (S. aur-
eus & B. subtilis) bacteria, and fungi (C. albicans & A. niger) were
investigated and depicted in Table 2. These results show that the
biocidal efficacy of these surfactants powerfully associated with
the existence of the heteroatoms (N, F, and S), the aromatic ring
nucleus, and the sulfonamide group in their structures [17]. The
strong activity of the conjugates can be interpreted on the basis
of their physical adsorption at the microbial cell wall surface dis-
rupting the cell membrane, followed by penetration that causes
inadequate selective permeability permitting the cytoplasm
release and hence cell apoptosis (Fig. 5). This mechanism depends
on the adsorption affinity of these surfactants on the cell mem-
brane being consisted of a bilayer of phospholipid along with pro-
teins. Giving a focus look, such affinity comes from the electrostatic
interaction between the negatively-charged lipid membrane and
the positively-charged conjugates (Fig. 5) beside other lipophilic
interactions that facilitate the penetration into cell [15,18,19,23].

Our conjugates could significantly affect the G+ve bacterial pro-
file and, as expected, the G�ve bacteria were more resistant than
the G+ve ones (Table 2). For G+ve bacteria, layers of teichoic acids
and peptidoglycans compose the cell wall [54], while high
lipopolysaccharides and proteins are the main constituents of the
G�ve bacteria outer membrane making them relatively insensitive
which limits the entrance of amphiphilic compounds [26]. There-
fore, the activity of the synthesized conjugates against G+ve is bet-
ter than that of G�ve bacteria. Regarding the activity toward fungi,
the cationic compounds exhibit moderate to good growth inhibi-
tion to C. albicans. Unlike bacteria, the fungal membranes are more
rigid and resistant for biocides due to the presence of chitin and
some amino sugars [55].

Collectively, all inhibitors showed acceptable antibacterial
activities of 12–19 mm for G+ve and G�ve bacteria (11–18 mm).
The cell wall G+ve bacteria embodies only single peptidoglycanic
layer, which makes it more sensitive towards many antibacterial
agents. While for the G�ve bacteria, the cell wall encompasses
additional multilayers of membranes (outer lipid membrane and
periplasm) that provides more resistance against most antibacte-
rial agents [54]. Correspondingly, the mechanism of the bacterial
cell wall disruption can be related to two main aspects: the num-
ber of terminal groups as well as the bio-permeability action. The
penetration of the counter ions such as iodide into cells via the cel-
lar membranes increases the potent action against microbes
[19,23]. The comparison of the zones of inhibition of antibacterial
activity of compounds 3b and 3f shows that replacement of 4-
es in term of inhibition zone diameter.

Gram-negative bacteria Fungi

P. aeruginosa
(ATCC 9027)

E. coli
(ATCC 8739)

C. albicans
(ATCC 10231)

A. niger
(ATCC16404)

11 (61.1) 13 (72.2) 14 (93.3) Nil
12 (66.7) 18 (100) 14 (93.3) 12 (80)
13 (72.2) 14 (77.8) 14 (93.3) 12 (80)
11 (61.1) 12 (66.7) 14 (93.3) Nil
Nil 12 (66.7) 13 (86.7) Nil
11 (61.1) 18 (100) 13 (86.7) 12 (80)
12 (66.7) 14 (77.8) 14 (93.3) Nil
NTe NT NT NT
18 18 NT NT
NT NT 15 15

le, NTe = Not tested.



Fig. 5. Representation for the surfactant action on the bacterial cell membrane.
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cyano group by the 4-tert-butyl group increases the antimicrobial
activity against B. subtilis.

The MICs, MBCs and MFCs of the cationic surfactant-
sulfonamide conjugates were recorded in Table 3. Collectively,
compounds exhibited lower MICs/MBCs for the G�ve bacteria than
G+ve ones. Moreover, they displayed comparable MICs/MFCs val-
ues against fungal strains with standard drugs. As previously men-
tioned, the net charge on molecules represents a vital parameter
that determines their activities toward different microorganisms.
Various reports confirm the key role of the electrostatic interac-
tions in altering the biocidal activity, and demonstrate the effect
of decreasing the charge density in reducing the adsorption and
hence the antimicrobial efficiency [19].

3.3.1. Biocidal activity against SRB
In petroleum industry, some processes may face an obstacle

from SRB. These bacteria produce hydrogen sulfide which causes
many problems including environmental pollution, equipment
corrosion and crude oil souring. Therefore, mitigation of the SRB
is necessary to control all of these issues. Table 4 shows the activity
of the synthesized cationic compounds against SRB (Desulfovibrio
sapovorans ATCC 33892) exhibiting strong killing effect and the
activities are correlated to their structures [15]. Among the inves-
tigated compounds, 3d and 3g exhibited significant biocidal activ-
ity, where they diminished the count of bacterial cells from
2.8 � 106 cells/mL to Nil at the studied concentration (5 mg/mL).
The other tested compounds showed weak anti-SRB activity.

3.4. Binding modes with RNA polymerase protein

To explore and investigate the mechanism by which these com-
pounds type may acquire its activity against the tested microbes, a
molecular docking study was established for the most/the least
active surfactant-sulfonamide conjugates (3a, 3b and 3e) with
numerous receptors. The cationic parts of conjugates were docked
8



Table 4
Anti-SRB activity of the synthesized cationic surfactant-sulfonamide conjugates against Desulfovibrio sapovorans ATCC 33892 through serial dilution method.

Compd. No. 3a 3b 3c 3d 3e 3f 3g Blank

Bacterial count (cells/mL) 0.36 ± 0.08 0.73 ± 0.12 0.73 ± 0.14 Nila 0.36 ± 0.07 1.1 ± 0.23 Nil > 2.8 � 106

a highly significant against SRB.

Fig. 6. Representative hydrophobic interactions of E. coli RNA polymerase with A) compound 3b, B) compound 3a, and C) compound 3e analyzed by LigPlot + software.

Fig. 7. In-depth ligand-protein interaction profile for A) compound 3b, B) compound 3a, and C) compound 3e against E. coli RNA polymerase. D) Binding energy (BE,
Kcal/mol), inhibition concentration (IC, mM) and ligand efficiency (LE) for compounds 3a and 3b.
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into the active sites of E. coli RNA polymerase (PDB ID: 4kn4), thre-
onine synthase from B. subtilis ATCC 6633 (PDB ID: 6nmx) and
cyclooxygenase-2 (PDB ID: 6cox).

For the binding with RNA polymerase, compound 3bwith cyano
group exhibited the strongest binding (BE = �4.19 Kcal/mol), while
compound 3e showed almost no binding (BE > +300 Kcal/mol).
Removing the cyano group (compound 3a) results in weakening
the binding. The 2D-binding (Fig. 6) indicates that only hydropho-
bic interactions (no hydrogen-bonding) are responsible for such
binding. Both compounds 3b and 3a bind to number of amino acids
residues in the active site (Fig. 6A,B) greater than that of compound
3e (Fig. 6C).

Like 2D-binding, the in-depth 3D-binding modes suggest the
excellent fitting of 3b and good fitting of 3a to the binding pocket
of the polymerase protein (Fig. 7A,B and Figure S2). However,
compound 3e with its three bulky isopropyl groups appeared in
a compact form and hence weak fitness to the protein pocket
(Fig. 7C). Comparing the binding parameters (Fig. 7D), beyond
the binding strength, the inhibition concentration (IC) of 3b is
highly better than that of 3a. This can give a good illustration
for the difference in antimicrobial activities of these compounds
and confirm that small groups (especially at position-4) are
favored for the bioactivity.

Turning to threonine synthase, the most active compounds 3b
and 3f against B. subtilis showed almost no binding affinity to
the entire protein and this was clear from their positive binding
parameters (Figure S3 and Table S1). Moreover, subjecting 3b for
docking into the active site of a third receptor (cyclooxygenase-
2) proves the weak binding ability that cannot be considered the
main reason for activity (Figure S4 and Table S1).

Finally, the adequacy of the used docking protocol was tested
through redocking of the conjugate 3b into the active pocket of
E. coli RNA polymerase protein. It was found that the RMSD value
between the ligand before and after redocking equals 1.28 Å con-
firming the convenience of our protocol.
4. Conclusions

The present study reported the synthesis of novel bioactive
cationic surfactants bearing sulfonamide group (3a-g) via inter-
action between n-hexadecyl iodide with the as-prepared sulfon-
amide derivatives (2a-g), and elucidation of their structures by
various spectroscopic analyses. It also included the evaluation
of their petro-collecting/dispersing capacities, antimicrobial
activities, and biocidal activity against SRB. According to the
indices of the former, compound 3g (as 2.5% aq. solution)
behaves as a petro-dispersant in all utilized waters
(KD = 91.22% in distilled, 93.56% in fresh and 95.33% in sea
waters). In some cases, the same compound showed different
behavior upon changing the water type. Interestingly, the diluted
form of 3f exhibited a dual effect; as a petro-collecting in both
distilled and fresh waters (Kmax = 32.01 and 29.76, respectively)
however, as a petro-dispersing in seawater (KD = 91.22%). With
respect to activity toward microbes, conjugates 3b and 3f dis-
played the strongest activity against E. coli and B. subtilis with
values comparable to the tested reference drugs. Regarding the
anti-SRB activity, 3g was found to cause a huge reduction in
the bacterial count. Furthermore, the molecular docking study
showed a strong correlation between RNA polymerase binding
with bioactivity against microbes. As experimentally found (inhi-
bition zone diameter = 18 mm) and theoretically approved (BE =
�4.19 Kcal/mol), compound 3b possesses the highest antibacte-
rial activity against E. coli. This multi-side study indicates that
simple substituents on the benzene ring are favored for the
activity.
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