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ABSTRACT: The development of novel antimicrobial agents
having high selectivity toward bacterial cells over mammalian
cells is urgently required to curb the widespread emergence of
infectious diseases caused by pathogenic bacteria. Toward this
end, we have developed a set of cationic dimeric amphiphiles
(bearing cleavable amide linkages between the headgroup and
the hydrocarbon tail with different methylene spacers) that
showed high antibacterial activity against human pathogenic
bacteria (Escherichia coli and Staphylococcus aureus) and low
cytotoxicity. The Minimum Inhibitory Concentrations (MIC)
were found to be very low for the dimeric amphiphiles and
were lower or comparable to the monomeric counterpart. In
the case of dimeric amphiphiles, MIC was found to decrease
with the increase in the spacer chain length (n = 2 to 6) and again to increase at higher spacer length (n > 6). It was found that
the compound with six methylene spacers was the most active among all of the amphiphiles (MICs = 10−13 μM). By
fluorescence spectroscopy, fluorescence microscopy, and field-emission scanning electron microscopy (FESEM), it was revealed
that these cationic amphiphiles interact with the negatively charged bacterial cell membrane and disrupt the membrane integrity,
thus killing the bacteria. All of the cationic amphiphiles showed low hemolytic activity (HC50) and high selectivity against both
gram-positive and gram-negative bacteria. The most active amphiphile (n = 6) had a 10−13-fold higher HC50 than did the MIC.
Also, this amphiphile did not show any cytotoxicity against mammalian cells (HeLa cells) even at a concentration above the MIC
(20 μM). The critical micellar concentration (CMC) values of gemini surfactants were found to be very low (CMC = 0.30−0.11
mM) and were 10−27 times smaller than the corresponding monomeric analogue (CMC = 2.9 mM). Chemical hydrolysis and
thermogravimetric analysis (TGA) proved that these amphiphiles are quite stable under both acidic and thermal conditions.
Collectively, these properties make the newly synthesized amphiphiles potentially superior disinfectants and antiseptics for
various biomedical and biotechnological applications.

■ INTRODUCTION

The shortage of antimicrobial agents and the emergence of
drug-resistant bacteria have plagued human lives for centuries.
Most of the existing medicines are failing because of bacterial
resistance, causing an alarming depletion of the therapeutic
armory.1 Currently, the world witnesses around 300 million
cases of severe bacterial infections and the death of 2 million
children annually.2 These shocking statistics pose an urgent
need to develop novel antimicrobial agents with a lower
propensity for bacterial resistance. These compounds need to
act through a mechanism different from the existing classes of
antibiotics. An antimicrobial agent that acts directly by
disrupting the microbial cell membrane appears to be a better
solution to curbing the development of bacterial resistance
because bacteria are known to develop slow resistance against
such agents.3 Antimicrobial peptides (natural and synthetic
mimics),4 antimicrobial polymers,5 cationic steroid antibiotics,6

and quaternary ammonium compounds7 were developed to
combat microbial infection following this approach,.
Among them, small-molecular-weight quaternary ammonium

compounds (QACs) are extensively used as antimicrobial
agents in hospitals, in the food industry, and in treating human
infections because they exhibit a wide spectrum of antimicrobial
activity against bacteria (both gram-positive and gram-
negative),8 fungi,9 and certain viruses.10 These types of agents
offer an additional advantage because they can be used to
fabricate various surfaces and render them antimicrobial, which
thus makes them suitable in biomedical applications.11 Apart
from possessing antimicrobial activity, these compounds also
find application in skin and body care products,12 vehicles for
drug delivery,13 and vectors for gene transfection.14
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Conventional monomeric cationic amphiphiles derived from
quaternary ammonium compounds show good antimicrobial
activity, and their action is based on the ability to disrupt the
bacterial membrane by a combined hydrophobic and electro-
static adsorption phenomenon at the membrane/water inter-
face, followed by membrane disruption.15 Because the bacterial
cell membrane possess a higher percentage of negative charge
as compared to mammalian cells,16 the positive charge of the
cationic amphiphiles facilitates greater interaction with the
bacterial membrane. Haldar et al. has shown that with the
increase in the number of cationic headgroups, the antibacterial
activity of the cationic amphiphiles increases.20b However,
much attention has been paid to the development of dimeric
amphiphiles, which are composed of two hydrophilic cationic
quaternary ammonium headgroups and two hydrophobic
chains. These amphiphiles have various superior properties,
including higher antibacterial activity, over monomeric
amphiphiles, which possess only one headgroup and a
hydrophobic tail.17 However, this class of amphiphilic
compounds exhibits high hemolytic activity18 and causes skin
irritation and hypersensitivity.19 Furthermore, environmental
concerns and aquatic toxicity, because of their nonbiodegrad-
able nature, limit their practical use.
As a remedy to these side effects, the concept of “soft”

antimicrobial agents was introduced.20 These antimicrobial
agents possess a cleavable moiety in the molecule, such as an
ester of betaine or choline, that when subjected to base- or
enzyme-catalyzed hydrolysis produces significantly fewer toxic
components.21 These new-generation ester-containing soft
amphiphiles were found to exhibit improved biodegradation.
However, these amphiphiles failed to possess sufficient
chemical stability to have acceptable antibacterial activity.
They are known to be hydrolyzed readily under acidic and basic
conditions and also at high temperatures.22 To be suitable for
any biomedical application, the amphiphiles must be sufficiently
stable under storage and sterilization conditions but should be
nontoxic toward mammalian cells.8a An ideal solution to this
issue lies in the incorporation of chemically more stable but

biodegradable linkages, such as an amide moiety,23 into the
molecule.
Herein, we report the synthesis of a series of cationic dimeric

amphiphiles (Scheme 1) bearing cleavable amide linkages in the
side chain with different methylene spacers and their
antibacterial activity against both E. coli and S. aureus. The
hemolytic activity and cytotoxicity of these compounds were
studied with human red blood cells (hRBC) and HeLa cells,
respectively, and the selectivity of these compounds toward
bacterial cells over mammalian cells was established. These
compounds exhibit very high antibacterial activity and low
toxicity. The mechanism of antibacterial action was investigated
by both scanning electron microscopy (FESEM) and
fluorescence microscopy, and the studies indicated that they
interact with the cellular membrane of the microorganism. The
mechanism was further corroborated spectroscopically by
membrane (both outer- and inner-membrane) permeabilization
assay. Both their chemical and thermal stability were
investigated by acid-catalyzed hydrolysis and thermogravimetric
analysis, respectively, and the results suggested that these
amphiphiles are quite stable under both chemical and thermal
conditions. This evidence suggests that these types of nontoxic
and biodegradable systems can be used as novel antimicrobial
agents for various biomedical applications.

■ EXPERIMENTAL SECTION
Materials. All of the solvents were reagent grade and dried prior to

use. Dodecylamine, bromoacetyl-bromide, α,ω-dibromoalkanes, and
N,N,N′,N′-tetramethyl-1,2-diaminoethane were purchased from
Sigma-Aldrich and used as received. NMR spectra were recorded
using a Bruker AMX-400 (400 MHz for 1H and 100 MHz for 13C)
spectrometer. The chemical shifts (δ) are reported in parts per million
downfield from the peak for internal standard TMS for 1H NMR and
13C NMR. Mass spectra were recorded on a Micromass Q-ToF micro
mass spectrometer. Infrared (IR) spectra of the solid compounds were
recorded on a Bruker IFS66 V/s spectrometer using KBr pellets. IR
spectra of all of the liquid compounds were recorded on the same
instrument using NaCl crystal. Elemental analyses were carried out
with a Thermo Finnigan FLASH EA 1112 CHNS analyzer.
Thermogravimetric analyses were performed on a TGA 850C
thermogravimetric analyzer (Mettler Toledo). Fluorescence studies

Scheme 1. Synthesis Scheme of Cationic Monomeric and Dimeric Amphiphiles Bearing Amide Linkagesa

aReagents, conditions, and yields: (i) BrCH2COBr, K2CO3, DCM, H2O; 5 °C, 30 min, room temperature (rt), 2 h; 100%. (ii) NMe3, acetone;
pressure tube, rt, 12 h; 99%. (iii) NHMe2, tetrahydrofuran; rt, 24 h; 100%. (iv) Acetonitrile; pressure tube, 85 °C,12 h; 99%.
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were carried out with a Perkin-Elmer Lambda 900 UV/vis/NIR
spectrometer and a Perkin-Elmer LS 55 spectrometer. The optical
density was measured with a TecanInfinitePro series M200 microplate
reader. Fluorescence images were captured with a Leica DM 2500
fluorescence microscope. Scanning electron microscope images were
obtained using a Quanta 3D FEG FEI field-emission scanning electron
microscope.
Synthesis of N-Dodecyl-1-bromoethanamide (1). Dodecyl-

amine (7 g, 37.83 mmol) was dissolved in dichloromethane (55 mL).
Potassium carbonate, K2CO3 (7.8 g, 56.75 mmol), was dissolved in
water, and the aqueous solution was added to the organic solution.
The resulting two-phase solution was cooled to 5 °C. A solution of
bromoacetyl bromide (11.45 g, 56.75 mmol) in dichloromethane (55
mL) was added dropwise to the cooled solution for about 30 min
while maintaining the temperature at 5 °C. Then the reaction mixture
was stirred at room temperature for about 2 h. The aqueous solution
was separated and washed with dichloromethane (2 × 25 mL). All the
organic solutions were mixed together and washed with water (2 × 50
mL) and passed over anhydrous Na2SO4 and concentrated to yield a
white product quantitatively.
Synthesis of Dodecyl N-Ethanamide N,N,N-Trimethylammo-

nium Bromide (2). N-Dodecyl-1-bromoethanamide (1) (1 g, 3.26
mmol) was reacted with excess dry NMe3 gas in dry acetone (20 mL)
in a screw-top pressure tube at room temperature for 12 h. After the
reaction mixture was transferred to an RB under ice-cold conditions,
excess NMe3 gas was then removed by heating the reaction mixture
and the precipitate was filtered and washed with cold acetone to get a
white product quantitatively.
Synthesis of N,N,N′,N′-Tetramethyl-α,ω-diaminoalkanes

(3a−3e). N,N,N′,N′-Tetramethyl-α,ω-diaminoalkanes (3a−3e) were
synthesized via a slight modifications of the literature procedures.24

Dry NHMe2 gas was added to dry THF (45 mL) in a screw-top
pressure tube at 0 °C until the volume of the resulting solution was
roughly doubled (∼90 mL). Dibromoalkane (6 g) was added through
a syringe and stirred for 24 h at room temperature to complete the
reaction. The pressure tube was cooled, and the reaction mixture was
transferred to a RB and then it was washed with CHCl3. A white
precipitate appeared, and the solution was kept in a water bath to
remove excess NHMe2, followed by the removal of solvent. Then the
reaction mixture was diluted with CHCl3, followed by washing with
NaOH (2 M, 100 mL) solution. A CHCl3 layer was collected and
passed through anhydrous Na2SO4 followed by drying to get a light-
yellow gummy liquid in quantitative yield.
Synthesis of Dimeric Amphiphiles (4a−4e). N-Dodecyl-1-

bromoethanamide (1) (1 g, 3.27 mmol) was reacted with a calculated
amount of 3a−3e (1.48 mmol) in dry acetonitrile (10 mL) in a screw-
top pressure tube at 85 °C for about 12 h. After the reaction was over,
the solvent was evaporated by rotary evaporation and the residue was
dissolved in a minimum amount of CHCl3. The product was
precipitated by adding excess ethyl acetate and filtered. The white

residue was washed repeatedly with ethyl acetate to yield 4a−4e
quantitatively (98−99%).

Microorganisms and Cell Culture Conditions. The antibacte-
rial activity of the amphiphiles was determined against both gram-
negative (E. coli; MTCC 443) and gram-positive (S. aureus; MTCC
737) bacteria. E. coli was cultured in Luria−Bertani broth (10 g of
tryptone, 5 g of yeast extract, and 10 g of NaCl in 1000 mL of sterile
distilled water (pH 7), and S. aureus was grown in yeast−dextrose
broth (1 g of beef extract, 2 g of yeast extract, 5 g of peptone, and 5 g
of NaCl in 1000 mL of sterile distilled water). For solid media, 5% agar
was used along with the above-mentioned composition. The bacterial
samples were shipped from MTCC in freeze dried form, which were
cultured on receiving and stored at −80 °C as glycerol stocks. Five
microliters of these stocks was added to 3 mL of the nutrient broth,
and the culture was grown for 6 h at 37 °C prior to the experiments.
HeLa cells were grown at 37 °C in a humidified-air atmosphere (5%
CO2/95% air) in a DMEM complete medium, supplemented with
10% heat-inactivated fetal bovine serum, 100 units/mL penicillin G,
and 100 g/mL streptomycin.

Critical Micellar Concentration (CMC). The aggregation proper-
ties of the gemini surfactants in aqueous solution were investigated by
static light scattering (SLS) measurements on a Perkin-Elmer LS-55
luminescence spectrometer.24b Surfactant solutions were prepared
using Millipore water at room temperature at concentrations ∼3 mM
for gemini surfactants and ∼8 mM for the monomeric counterpart.
Two milliliters of this solution was used to measure the scattering
intensity upon successive dilutions. Light scattering was evaluated by
measuring the reflected light at an angle of 90°, fixing both the
excitation and the emission at 400 nm at a scan speed of 10 nm/min.
An excitation slit width of 10 nm and an emission slit width of 2.5 nm
were used and kept constant throughout the experiment. The SLS
signal is proportional to both the number of aggregated molecules and
the size of the aggregates. To describe the dependence of the scattered
signal on the surfactant concentration, the intensity of scattered light
was plotted against the total surfactant concentration. The CMC was
determined from the inflection point.24b The inflection point is the
abscissa where the intensity rises steeply and decreases after reaching a
local maximum (Figure S1).

Antibacterial Activity. Antibacterial activity was determined via
slight modifications to literature procedures.25 Water-soluble amphi-
philes were assayed in a modified microdilution broth format. Stock
solutions were made by serially diluting the compounds using
autoclaved Millipore water. Bacteria to be tested were grown for 6 h
in a suitable media and contained ∼109 cfu/mL (determined by the
spread plating method), which was then diluted to 105 cfu/mL using
nutrient media. Fifty microliters of a serially diluted compound was
added to a 96-well plate containing 150 μL of bacterial solutions. Two
controls were used: one containing 150 μL of media and 50 μL of a
compound and the other containing 200 μL of a bacterial solution.
The plate was then incubated at 37 °C for 10 h, and MIC data was

Figure 1. (A) Outer-membrane permeabilization of E. coli (108 cells/mL) by cationic amphiphiles 2 and 4c measured by the increase in NPN
fluorescence for 10 min. (B) Inner-membrane permeabilization of E. coli (108 cells/mL) by cationic amphiphiles 2 and 4c measured by the increase
in PI fluorescence for 10 min.
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recorded by measuring the OD value at 600 nm using a Tecan
InfinitePro series M200 microplate reader. Each concentration had
triplicate values, the whole experiment was done at least twice, and the
MIC value was determined by taking the average of triplicate values for
each concentration and subsequently plotting it against concentration
(Figure S2). The data was then subjected to sigmoidal fitting. From
the curve, the MIC value was determined as the point in the curve
where the OD was similar to that of a control having no bacteria.
Outer Membrane Permeabilization Assay. The outer mem-

brane permeabilization activity of amphiphiles 2 and 4c was
determined by an NPN (N-phenylnapthylamine) assay.28 Midlog-
phase E. coli cells (grown for 6 h, 108 cells/mL) were harvested (4000
rpm, 4 °C, 10 min), washed, and resuspended in 5 mM glucose/5 mM
HEPES buffer at pH 7.2. Then, 10 μL of amphiphiles 4c and 2 in
water (which gives a working concentration 30 μM) was added to a
cuvette containing 1.5 mL of cells and 10 μM NPN (30 μL from a 500
μM stock solution in acetone). The excitation and emission
wavelengths used were 350 nm and 420 nm, respectively (slit width
was 10 nm in both cases). The uptake of NPN as a measure of outer
membrane permeabilization was monitored by the increase in
fluorescence of NPN for 10 min (Figure 1A).
Inner-Membrane Permeabilization Assay. Midlog-phase E. coli

cells (grown for 6 h, 108 cells/mL) were harvested (4000 rpm, 4 °C,
10 min), washed, and resuspended in PBS buffer at pH 7.2. Then, 30
μL of a 4.5 mM concentration of compounds in water was added to a
cuvette containing 1.5 mL of cells and 15 μM propidium iodide (PI).
The excitation wavelength was 535 nm (slit width: 10 nm), and the
emission wavelength was 617 nm (slit width: 10 nm).The uptake of PI
was measured by the increase in fluorescence of PI for 10 min as a
measure of inner-membrane permeabilization (Figure 1B).29

Fluorescence Microscopy..30,31 A 1.5 mL bacterial suspension
containing 109 CFU/mL cells was centrifuged (12 000 rpm for 1 min)
and the pellet was resuspended with PBS and 100 μM of 4c to make a
final volume of 1 mL of suspension (final concentration 1.5 × 109

cells/mL), and another 1 mL was left untreated as a control. The
mixture was incubated for 1.5 h, centrifuged (12 000 rpm for 1 min),
and resuspended in 50 μL of PBS. Five microliters of the bacterial
suspension was combined with 20 μL of a fluorescent probe mixture
containing 3.0 μM green fluorescent nucleic acid stain SYTO 9
(Invitrogen, USA) and 15.0 μM red fluorescent nucleic acid stain PI
(Sigma-Aldrich, USA). The mixture was incubated in the dark for 15
min, and a 5 μL aliquot was placed on a glass slide, which was then
covered with a coverslip, sealed, and examined under a fluorescence
microscope. Excitation was carried out for SYTO 9 at 450−490 nm
and for PI at 515−560 nm. Emission was collected using a band-pass
filter for SYTO 9 at 500−550 nm and a long-pass filter for PI at 590−
800 nm. In all cases, a 100× objective was used with immersion oil,
giving a total magnification of 1000×. Images were captured with a
Leica DM 2500 fluorescence microscope.
Scanning Electron Microscopy (SEM).35 The bacterial cells were

cultured for 6 h in suitable media (LB broth for E. coli and yeast
dextrose broth for S. aureus) at 37 °C. The cells were centrifuged and
resuspended in nutrient media at pH 7.4 (106 cells/mL). The
suspension was divided into two portions. To one portion (1 mL) was
added a suitable concentration (100 μM) of amphiphile 4c. The other
portion was left untreated as a control. The suspension was then
incubated at 37 °C for 2 h (at 250 rpm shaking speed), and the cells
from both tubes were harvested by centrifugation at 12 000 rpm. After
treatment, the cells were dehydrated sequentially with 30, 50, 70, 80,
90, and 100% ethanol for 15 min. Later, 5 μL of dehydrated cells was
dropped on a small piece of silicon wafer and dried at room
temperature. Before being imaged, the silicon wafer containing S.
aureus was sputter coated, and E. coli was used directly for imaging
without sputtering. Images were recorded by using Quanta 3D FEG
FEI field-emission scanning electron microscopy at 20 kV for S. aureus
and 10 kV for E. coli.
Hemolytic Assay..36,37 Human blood was freshly collected in

heparinized vacoutainers and centrifuged at 3500 rpm for 5 min, which
resulted in the separation of blood plasma and red blood cells. The
supernatant was discarded, and the RBC pellet was washed twice with

PBS (pH 7.4) and finally resupended to give 20 vol % RBC in PBS. In
a 96-well microtiter plate, 150 μL of an erythrocyte suspension was
added, followed by 50 μL of a serially diluted compound. Two controls
were used: one without a compound and other with 1 vol % solution
of Triton X-100. The plate was incubated for 1 h at 37 °C and then
centrifuged at 3500 rpm for 5 min; 2 μL was then diluted to 200 μL in
a fresh microtiter plate and the absorbance was measured at 414 nm.
The percentage of hemolysis was determined from {(A − A0)/(Atotal −
A0)} × 100, where A is the absorbance of the test well, A0 is the
absorbance of the negative controls, and Atotal is the absorbance of
100% hemolysis wells, all at 414 nm.

Cytotoxicity Assay. HeLa cells were seeded onto polylysine-
coated coverslips in a 24 well plate at a concentration of 100 000 cells
per well. Cells were incubated at 37 °C under a 5% CO2−95% air
atmosphere until they reached 70−80% confluency. The cells were
then treated with a 20 μM concentration of compound 4c and
incubated under the same conditions for 10 h. After 10 h, the medium
was removed and the cells were thoroughly washed with 1× PBS
buffer to remove unwanted media in the well. Two controls were used:
one containing untreated cells and the other containing completely
permeabilized cells. To achieve complete premeabilization, cells were
first fixed with 4% paraformaldehyde at room temperature. This
prevents the detachment of cells from the surface after treatment with
Triton X. Cells were then treated with 0.1% Triton-X for 10 min at
room temperature. After the incubation time was over, Triton was
removed and the cells were washed with PBS. The cells were then
stained with 2 μM calcein AM and 4.5 μM propidium iodide for 15
min at 37 °C under a 5% CO2−95% air atmosphere. Dye was carefully
removed, and the cells were washed and mounted onto glass slides.
Images were captured using a band-pass filter for Calcein AM at 500−
550 nm and a long-pass filter for PI at 590−800 nm. In all cases, a 40×
objective was used and images were captured using a Leica DM2500
fluorescence microscope.

Thermogravimetric Analysis. Thermogravimetric analyses were
performed on a TGA 850C thermogravimetric analyzer (Mettler
Toledo). Samples (6 to 7 mg) of the dimeric amphiphiles were used
for each experiment. The measurement was made from 30 to 550 °C
at a constant heating rate HR of 5 °C/min under a nitrogen
atmosphere (40 mL/min, Figure S5).

Degradation Study (Chemical Hydrolysis). The degradation
study (chemical hydrolysis) was performed by the acid-catalyzed
hydrolysis of amide-containing surfactant 4c. 500 μL of 3.6 mM
solution of surfactant 4c in DCl/KCl buffer (pD ∼ 2) was added to a 5
mm NMR tube. The tubes were held in a water bath at 40 °C, where
proton NMR spectra were recorded every day for 15 days on Bruker
AMX 400 MHz NMR spectrometer (Figure S6). The degree of
hydrolysis at different times was calculated from the relative integrals
originating from −CH2− protons (3.2 ppm) of the −CONHCH2−
group of the intact or partially hydrolyzed surfactant and from α-
CH2− protons (δ 3.0 ppm) of the hydrolyzed product, protonated
dodecylamine.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. Both the monomeric
(2) and dimeric amphiphiles (4a−4e) with varying methylene
spacer length (n = 2, 4, 6, 8, and 12) were synthesized using an
efficient synthesis methodology (Scheme 1). The synthesis of
the monomeric amphiphile (dodecyl N-ethanamide N,N,N-
trimethylammonium bromide (2)) began with the reaction of
1-aminododecane with bromoacetylbromide in the presence of
aqueous K2CO3 in CH2Cl2 to afford N-dodecyl-1-bromoetha-
namide (1) in 100% yield. After that, 1 was quaternized using
trimethylamine in dry acetone in a screw-top pressure tube with
stirring at room temperature for 12 h. A white solid was
formed, filtered, and repeatedly washed with dry acetone. Pure
amphiphile 2 was obtained upon several recrystallizations from
a mixture of CHCl3/n-hexane in 99% yield.
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For the synthesis of dimeric amphiphiles (4a−4e), α,ω-
dibromoalkanes were reacted with dimethylamine in dry THF.
This gave N,N,N′,N′-tetramethyl-α,ω-diaminoalkanes (3a−3e)
in almost quantitative yield.24 Compounds 3a−3e were then
reacted with the previously synthesized N-dodecyl-1-bromoe-
thanamide (1) in dry acetonitrile in a screw-top pressure tube
with stirring at 85 °C for 12 h (Scheme 1). The solvent was
evaporated, and the residue was dissolved in a minimum
amount of CHCl3. The product was precipitated by adding
excess ethyl acetate, filtered, and washed repeatedly with ethyl
acetate to obtain 4a−4e quantitatively. The products (4a−4e)
were characterized by FT-IR, 1H NMR, 13C NMR, high-
resolution mass spectrometry, and elemental analysis (Support-
ing Information).
Solubility. To perform various biological studies, we

examined the solubility of these amphiphiles in water as well
as in a nutrient medium. Monomeric and all of the dimeric
amphiphiles except 4e were found to be soluble in water at
room temperature. Amphiphile 4e was soluble at slightly higher
temperatures (>30 °C). However, it was observed that
amphiphiles 4a and 4b formed low-viscous solutions upon
dissolution in water. The lower solubility of 4e in water could
be a consequence of the increased hydrophobicity of the
amphiphile with a longer carbon chain length (n = 12). None of
the compounds showed any precipitation in the nutrient
medium in the concentration range of 0.09−100 μM.
Critical Micellar Concentration. To investigate the effect

of the structure of the surfactants on the aggregation properties,
the critical micellar concentration (CMC) was determined for
each amide-bearing surfactant. The CMCs of all of the
surfactants were determined by static light scattering, which is
a tool that was recently developed by simultaneously scanning
the excitation and emission monochromator of a common
spectrofluorometer to measure the light-scattering signals.24b

The SLS intensity was not linear with the surfactant
concentration. With increasing surfactant concentration, the
SLS intensity was found to increase to a certain point (local
maximum), after which a steep decline was observed, and then
it increased further with the addition of further surfactant,
thereby resulting in an inflection point (Supporting Informa-
tion). The sudden decline probably indicates the onset of
aggregation, which continued until all of the free surfactant
molecules were converted into aggregate form. After the CMC
(inflection point), with the increase in concentration the
number of micelles increased, which resulted in an increase in
the SLS intensity (Figure S1). The CMC values for the gemini
surfactants were found to be very low (0.30−0.11 mM)
compared to that for the monomeric surfactant (2.9 mM).
Because of the increased hydrophobic interactions, the gemini
surfactant is known to have a very low CMC value compared to
that of the monomeric surfactant, and the same behavior has
been observed in the present study (Table 1).

Antibacterial Activity. The antibacterial activities of the
cationic dimeric amphiphiles (4a−4e) were determined and
compared to that of monomeric amphiphile 2. The activity was
established as the minimum inhibitory concentration (MIC) for
both S. aureus and E. coli by the microbroth dilution method.25

The MIC is defined as the lowest concentration of
antimicrobial agent that inhibits bacterial growth, as determined
by measuring the OD at 600 nm after 10 h of incubation at 37
°C (Figure S2). The bacterial inhibition effect of the
amphiphiles was found to lie in the range of 13−100 μM in
the case of E. coli, whereas for S. aureus it ranges from 10 to 50
μM (Table 1). Following the MIC values, a relationship
between the systemic increase in the spacer unit and the
antibacterial activity was also established, and it was found that
the antibacterial activity of the dimeric amphiphiles followed a
trend with the variation in the spacer chain length (Figure S3).
Against E. coli, the MIC values initially decreased from 100 to
13 μM with the increase in the spacer chain length (n = 2 to 6)
and later increased to 35 μM with the increase in spacer length
(n = 12). Similarly, MIC values decreased from 19 to 10 μM
with the increase in spacer chain length (n = 2 to 6) and then
increased to 50 μM with the increase in spacer length (n = 12)
against S. aureus. Among all of the dimeric amphiphiles, 4c (n =
6) showed the maximum antibacterial activity at 13 and 10 μM
against both E. coli and S. aureus, respectively. It is also found
that amphiphile 4c is three to four times more active than its
monomeric counterpart 2 against either type of bacteria.
However, it is interesting that cleavable cationic amphiphile 4c
(MIC values for E. coli and S. aureus are 13 and 10 μM
respectively) showed higher or similar activity compared to that
of well-known noncleavable cationic amphiphile cetyltrimethy-
lamonium bromide, CTAB (MIC values for E. coli and S. aureus
are 19 and 10 μM, respectively).
The antibacterial potency depends on the hydrophilic−

hydrophobic balance of the cationic amphiphiles. Positively
charged polar headgroups of the cationic amphiphiles interact
with the negatively charged bacterial cell membrane, thus
disrupting it with the aid of electrostatic and hydrophobic
interactions leading to the release of K+ and cytoplasmic
constituents and finally cell death.5d The higher antibacterial
activity of dimeric amphiphiles compared to that of their
monomeric counterparts could be attributed to the greater
number of positive charges (in a dimeric amphiphile, the
number of positive charges is two whereas the same in a
monomeric amphiphile is one) as well as higher hydrophobicity
leading to better interaction with the bacterial cell surface.8a

The lower antibacterial activity of dimeric amphiphiles 4a and
4e may be due to the formation of viscous solution and the
poor solubility in water, respectively, thus leading to a greater
binding affinity with a smaller number of cells.20b

However, it was observed that the antibacterial activity of the
dimeric amphiphiles increases as the spacer chain length

Table 1. Antibacterial and Hemolytic Activities of Cationic Amphiphiles

MIC (μM) selectivity (HC50/MIC)

amphiphiles CMC (mM) E. coli S. aureus HC50 (μM) E. coli S. aureus

4a 0.30 100 ± 1 19 ± 6 154 ± 9 1.5 8.1
4b 0.23 30 ± 7 19 ± 1 135 ± 5 4.5 7.1
4c 0.19 13 ± 2 10 ± 4 128 ± 6 9.8 12.8
4d 0.14 14 ± 4 21 ± 1 122 ± 12 8.7 5.8
4e 0.11 34 ± 6 50 ± 1 100 ± 5 2.9 2
2 2.9 35 ± 12 43 ± 5 366 ± 10 10.5 8.5
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increases from n = 2 to 6 and again decreases as the chain
length increases. The role of the spacer in the dimeric
amphiphiles in their antibacterial activity may be explained by
the balance of hydrophilic/hydrophobic groups of these
cationic amphiphiles. With the increase in the spacer chain
length (from n = 2 to 6), the hydrophobicity of the cationic
dimeric amphiphiles increases, leading to stronger interactions
with the inner core of the bacterial cell membrane in addition
to the electrostatic interactions.26 Further increases in the
spacer chain length (from n = 8 to 12) increase the
hydrophobic character, which may be too high to facilitate
transport through the bacterial cell membrane.27

Mechanism of Antibacterial Action. It is known that the
cationic amphiphiles interact strongly with the negatively
charged bacterial cell surface. After the successful determination
of the antibacterial activity of the cationic amphiphiles, we
studied the mechanism of their antibacterial action. Because the
bacterial cell membrane is composed of mainly negatively
charged phospholipids (as well as negatively charged lip-
opolysaccharides for gram-negative bacteria and negatively
charged teichoic acid for gram-positive bacteria), it is therefore
expected that these cationic amphiphiles will interact strongly
with negatively charged cell surfaces of the bacteria.
Furthermore, because these amphiphiles contain long hydro-
phobic alkyl chains, they can interact further with the
hydrophobic lipid membrane and can disrupt the cellular
membrane.
Membrane Permeabilization Assay. The disruption of

membrane integrity is an important step in the mode of action
of cationic amphiphiles because it can lead to the leakage of
intracellular materials. To determine the physicochemical
factors that influence membrane permeabilization, we per-
formed both outer- and inner-membrane permeabilization
assays for cationic amphiphiles 2 and 4c as a model system
(Figure 1).
We used 1-N-phenyl-naphthylamine (NPN) as a fluorescent

probe (NPN fluoresces strongly only in a hydrophobic
environment such as the hydrophobic segment of the lipid
membrane).28 Both amphiphiles examined at 100 μM showed a
characteristic time-dependent rise in fluorescence intensity due
to the increased uptake of NPN dye as a result of increased
membrane permeabilization (Figure 1A). The rise in the
fluorescence signal was gradual for compound 2, and more
rapid and highly intense for compound 4c. Two different trends
in the degree and rate of permeabilization are evident. First,
between monomeric amphiphile 2 and dimeric amphiphile 4c,
2 showed a smaller degree of outer-membrane permeabiliza-
tion. Second, the rate of permeabilization was higher for
dimeric amphiphile 4c. These results clearly suggest that the
degree and rate of permeabilization are influenced by charge
and as well as the hydrophobicity of the amphiphiles.
The inner-membrane permeabilization was studied spec-

troscopically by measuring the uptake of fluorescent probe
propidium iodide (PI). Unlike the outer-membrane permeabi-
lization assay, bacteria were first treated with the amphiphiles
for about 2 to 3 min and then the dye was added in order to
record the fluorescence spectra of PI. Being positively charged,
this dye can enter only cells with compromised cytoplasmic
membranes and fluoresces upon binding to nucleic acids.29

Figure 1B shows that the dimeric amphiphile 4c has a strong
ability to permeabilize the inner membrane. Furthermore, the
rate of permeabilization of 4c is higher than that of its
monomeric analogue 2. These results further prove the

importance of the charge and hydrophobicity of the
amphiphiles for having a greater, faster activity of dimeric
amphiphiles.

Fluorescence Microscopy. To prove the mechanistic action
of the cationic amphiphiles further, we carried out a LIVE/
DEAD fluorescence study where a mixture of nucleic acid
binding, green fluorescent dye SYTO 9, and red dye PI was
used.30 The microscopy technique used could distinguish intact
cells and membrane-permeabilized cells. In general, SYTO 9 is
membrane-permeable and thus labels all bacteria (those with
intact and damaged membranes) in the population. In contrast,
PI is membrane-impermeable and penetrates only when the
bacterial membrane is permeabilized, causing a reduction in the
SYTO 9 fluorescence when both dyes are present. Thus,
bacteria with intact membranes, being exclusive to PI, will be
stained with SYTO 9 and emit green fluorescence, whereas
bacteria with permeabilized membranes will be stained with PI
and emit red fluorescence.31

Fluorescence microscopy images of bacteria treated with
amphiphile 4c and without any treatment (as control) were
captured. The effect of treating gram-negative and gram-
positive bacteria with amphiphile 4c is shown in Figure 2. The

concentrations of 4c used for this experiment were 20 and 100
μM for both E. coli and S. aureus, and the incubation time for
the compound was 1.5 h. A similar experiment was performed
without the compound, as control. The fluorescence micros-
copy images show that the cell viability in the case of the
control samples is clearly seen by green fluorescence (Figure
2a,c for E. coli and S. aureus, respectively), and the cells treated
with the compound show complete membrane permeabiliza-
tion as indicated by red fluorescence (Figure 2b,d for E. coli and
S. aureus, respectively). Complete bacterial killing was observed
when bacteria were treated with 100 μM amphiphile 4c for 1.5
h whereas more than 60% was seen at 20 μM for both bacteria.

Figure 2. Fluorescence microscopy images of bacteria untreated {(a)
E. coli; (c) S. aureus} and treated with compound 4c {(b) E. coli; (d) S.
aureus} for 1.5 h after staining with SYTO 9 and PI. Each image is a
result of the superposition of an image taken for the green fluorescent
dye (SYTO 9) and red fluorescent dye (PI) using the appropriate
filters. The scale bar is 20 μm.

Langmuir Article

dx.doi.org/10.1021/la302303d | Langmuir 2012, 28, 12225−1223412230



Scanning Electron Microscopy. To obtain visual insight into
bacterial killing by amphiphiles, a scanning electron microscopy
(FESEM) study was performed. FESEM images of both E. coli
and S. aureus treated with cationic amphiphile 4c (100 μM) for
2 h and without treatment with the amphiphile (as a control)
were acquired (Figure 3). Both untreated bacteria showed the

presence of normal cells (Figure 3a,c for E. coli and S. aureus,
respectively) with preserved cell membranes. However,
irregularly shaped and thus probably dead bacteria were
observed upon treatment with 4c (Figure 3b,d for E. coli and
S. aureus, respectively). The cationic amphiphile therefore
interacts with the bacterial cell membrane, makes holes, and
disrupts the cell membrane, which may lead to the loss of
cytoplasmic constituents and finally cell death.32

Toxicity. Biomedical applications of antimicrobial agents
will be important only if they are lethal to pathogenic
microorganisms but at the same time are nontoxic toward
mammalian cells. In fact, it is very important to find agents that
will widen this difference between antimicrobial activity and
cytotoxicity to a greater extent. Here, we study the toxicity
effect of the dimeric amphiphiles on mammalian cells (both
hRBC and HeLa cells).

Hemolytic Activity. The hemolytic activity of the amphi-
philes was evaluated and expressed as HC50, the amphiphile
concentration that induces the hemolysis of 50% of the total
number of erythrocytes (Figure S4). Table 1 summarizes the
HC50 values for all of the cationic amphiphiles. In general, these
amphiphies exhibited significantly lower hemolytic activity as
evident from their higher HC50 values, which range from 100 to
154 μM, whereas the monomeric amphiphiles shows the least
hemolytic activity with HC50 of 366 μM. Furthermore, the
spacer chain length was observed to have a systematic effect on
the hemolytic activities of the cationic dimeric amphiphiles
(4a−4e). It was found that with the increase in spacer chain
length the hemolytic activity increases gradually (Table 1). This
trend was consistent with reports that an increase in
hydrophobicity increases the hemolytic activity because of
stronger hydrophobic component−lipid core interactions.33

However, it has been found that the HC50 values of all of the
amphiphiles used in this study were higher than the

Figure 3. Scanning electron microscopy (SEM) images of E. coli {(a)
untreated; (b) treated with amphiphile 4c (100 μM)} and S. aureus for
2 h {(c) untreated; (d) treated with amphiphile 4c (100 μM)}.

Figure 4. Fluorescence microscopy images of HeLa cells after treatment with amphiphile 4c for 10 h and staining with calcein AM and propidium
iodide (PI). (A) Nontreated cells (negative control); (B) cells treated with amphiphile 4c (20 μM); and (C) cells treated with 0.1% Triton X
(positive control). The scale bar is 20 μm.
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corresponding MIC values (Table 1), thus giving a selectivity,
defined as the ratio of HC50/MIC.34 In general, all of the
cationic amphiphiles possess antibacterial activity for both E.
coli and S. aureus at lower concentrations than those in which
they exhibit erythrocyte toxicity. The safe concentration range
is remarkably wide in the case of monomeric amphiphile 2 and
dimeric amphiphile 4c. The observed HC50 of monomeric
amphiphile 2 was 366 μM, a 9- to 10-fold higher concentration
than the MIC values. However, the HC50 value observed for 4c,
the most potent amphiphile, was 128 μM, a 10-fold-higher
concentration than the MIC for E. coli and a 13-fold-higher
concentration than the MIC against S. aureus. It has been
reported that the hydrophobic interaction controls the
hemolytic activity, whereas charge interactions are suggested
to be more important for antibacterial activity.26a,34 These
results show that the presence and balance of hydrophobic and
hydrophilic groups decide the hemolytic activities of the
amphiphilic cationic compounds.
Cytotoxicity. To strengthen our statement of the selectivity

of dimeric amphiphiles toward bacteria over mammalian cells,
we performed a cytotoxicity assay against HeLa cells using
fluorescence microscopy with a dual-dye system. The dyes used
were calcein AM and PI. Calcein AM is a nonfluorescent dye
that permeates intact live cells and is hydrolyzed by the
intracellular esterases, giving highly fluorescent calcein having
excitation and emission wavelengths of 495 and 515 nm,
respectively. Whereas PI is a membrane-impermeable dye and
penetrates only when the cells have compromised cell
membranes, live cells will fluoresce green and dead ones will
emit red fluorescent light.
HeLa cells grown on polylysine-coated coverslips were

treated with a 20 μM concentration (above the MIC) of
amphiphile 4c. Two controls were used: one where fixed cells
were treated with 0.1% Triton X and the other where cells were
left untreated. The images are shown in Figure 4. Untreated
cells showed completely green fluorescence indicating live cells
whereas Triton X-treated cells showed complete red
fluorescence indicating cell death. HeLa cells show high green
fluorescence and no trace of any red fluorescence even after
being treated with compound 4c for 10 h, which indicates that
the dimeric amphiphile is not at all toxic toward human cells
and possesses high selectivity only toward bacterial cells at the
above-mentioned concentration.
Thermogravimetric Analysis. The study of the thermal

stability of amphiphiles is required for their widespread
application as antiseptics and disinfectants. The thermal
stability of all of the amphiphiles was measured by
thermogravimetric analysis. All of the amphiphiles used in
this study were found to be thermally stable above 200 °C
(Figure S5).
Chemical Degradation Study. In this article, we have

studied the degradation properties of the amide-bearing dimeric
amphiphile (4c, n = 6) under acidic conditions by 1H NMR. An
amphiphile (4c) solution (3.6 mM) was prepared in DCl−KCl
buffer (pD ∼2), and NMR spectra were recorded every day for
about 15 days. All of the spectra were recorded at 40 °C.
Degradation of the amide bond under acidic conditions will
generate dodecylamine, which will eventually be protonated
under hydrolysis conditions. The degree of hydrolysis at
different times was calculated from the relative integrals
originating from the −CH2− protons (3.2 ppm) of the
−CONHCH2− moiety of the intact or partially hydrolyzed

surfactant and from the α-CH2− protons (3.0 ppm) of the
hydrolyzed product, protonated dodecylamine (Figure S6).
The appearance of the peak at 3.0 ppm that corresponds to

the α-CH2− group of protonated dodecylamine confirmed the
hydrolysis of the amide-containing dimeric amphiphile under
acidic conditions. It was found that only 30−35% of the amide
group was hydrolyzed after 15 days. These results indicate that
the amide-containing cationic amphiphile degrades slowly
under acidic conditions at higher temperature (40 °C). The
susceptibility of the amide-bearing cationic dimeric amphiphile
over that of normal amide-bearing surfactants23 to acid-
catalyzed hydrolysis is probably due to the presence of
quaternary ammonium groups.

■ CONCLUSIONS

Dimeric amphiphiles with different spacer lengths bearing
cleavable amide linkages between headgroups and hydrocarbon
tails with varying methylene spacer lengths have been
synthesized and characterized. The cationic amphiphiles
showed high antibacterial activity against highly pathogenic
bacteria such as E. coli and S. aureus. Dimeric amphiphile 4c
with six methylene spacers exhibited the highest activity against
both types of bacteria. This could be due to its optimum
hydrophilic/hydrophobic balance and higher solubility in water,
which enable a better interaction with the bacterial cell surface,
leading to the more efficient killing of bacteria. This premise
was supported by scanning electron microscopy, membrane
permeabilization assay, and fluorescence microscopy studies,
which showed that these cationic amphiphiles interacted
strongly with the bacterial cell surface, thereby causing
membrane disintegrity. All of the cationic amphiphiles showed
low hemolytic activity and high selectivity against both gram-
positive and gram-negative bacteria. The most potent
amphiphile, 4c, had the highest selectivity and did not exhibit
any cytotoxicity against mammalian cells (HeLa cells) at a
concentration above the MIC. These amphiphiles were
thermally stable above 200 °C and were slowly hydrolyzable
under acidic conditions. For the widespread applications, these
moderately stable, more eco-friendly and biodegradable
amphiphiles can therefore replace the currently used anti-
microbial amphiphilic agents.
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(12) Maciań, M.; Seguer, J.; Infante, M. R.; Selve, C.; Vinardell, M. P.
Preliminary studies of the toxic effects of derived from lysine.
Toxicology 1996, 106, 1−9.
(13) (a) Stephenson, B. C.; Rangel-Yagui, C. O.; Pessoa, A.; Tavares,
L. C.; Beers, K.; Blankschtein, D. Experimental and theoretical
investigation of the micellar-assisted solubilization of ibuprofen in
aqueous media. Langmuir 2006, 22, 1514−1525. (b) Bombelli, C.;
Caracciolo, G.; Profio, P. D.; Diociaiuti, M.; Luciani, P.; Mancini, G.;
Mazzuca, C.; Marra, M.; Molinari, A.; Monti, D.; Toccacieli, L.;
Venanzi, M. Inclusion of a photosensitizer in liposomes formed by
DMPC/gemini surfactant: correlation between physicochemical and
biological features of the complexes. J. Med. Chem. 2005, 48, 4882−
4891.
(14) (a) Llies, M. A.; Seitz, W. A.; Johnson, B. H.; Ezell, E. L.; Miller,
A. L.; Thompson, E. B.; Balaban, A. T. Lipophilic pyrylium salts in the
synthesis of efficient pyridinium-based cationic lipids, gemini
surfactants, and lipophilic oligomers for gene delivery. J. Med. Chem.

Langmuir Article

dx.doi.org/10.1021/la302303d | Langmuir 2012, 28, 12225−1223412233

mailto:jayanta@jncasr.ac.in


2006, 49, 3872−3887. (b) Kirby, A. J.; Camilleri, P.; Engberts, J. B. F.
N.; Feiters, M. C.; Nolte, R. J. M.; Söderman, O.; Bergsma, M.; Bell, P.
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