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Abstract. Drug resistance in Gram-negative bacteria is leading the public health towards a global crisis and is further
compounded by the dearth in developing new antibiotics to treat these pathogens over the last five decades. Among the
various proposed mechanisms of resistance development, exclusion of drug from bacterial cells by efflux pumps act as an
efficient machinery expelling a broad range of antibiotics thereby lowering intracellular antibiotic concentration and
rendering the available antibiotics obsolete. Among various classes of antibiotics, tetracyclines suffer resistance through
efflux mechanism. Currently, resurrecting the obsolete antibiotic by using the non-antibiotic drugs/adjuvants has become
one of the key successes to tackle the multi-drug resistant (MDR) Gram-negative bacterial infections. Herein, we report
the sensitization of tetracycline with the help of a membrane active macromolecule, ACM-AHex against the resistant
Gram-negative pathogens. ACM-AHex was found to exert its antibacterial action by depolarizing the membrane potential.
Thereby increasing the accumulation of tetracycline in Gram-negative pathogens. The combination of the compound with
tetracycline has demonstrated 4–128-fold potentiation in the antibacterial activity of the antibiotic. Overall, these in vitro
studies have demonstrated immense potential of this combination to be further developed as therapeutic agents to treat
Gram-negative bacterial infections.
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Introduction

Global emergence of drug resistant Gram-negative pathogens has turned out to be a challenging threat jeopardizing
the public health worldwide and without necessary action
being taken, a pre-antibiotic era is inevitable [1,2]. Despite
the relentless efforts from various research groups for
development of therapeutic regimen against Gram-negative
bacterial infections, there is stagnation in the discovery,
development and approval of novel antibiotics coupled with
an increasing morbidity and mortality associated with such
notorious infections [3,4]. Among the infamous Gramnegative pathogens, A. baumannii, P. aeruginosa and Enterobacteriaceae species (K. pneumoniae, E. coli), have
been prioritized as top critical pathogens by the World
Health Organization (WHO), owing to their biofilm-forming capability and complex strategies of resistance development [5,6]. Bacteria can develop resistance against the
action of antibiotics through various mechanisms, such as
alteration of membrane permeability, modification of target,
inactivation of antibiotics or increased efflux of antibiotics
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from the bacterial cells, etc. [1,7]. Due to the presence of
efficient efflux pump machinery, various antibiotics, such as
tetracycline have been rendered ineffective for the treatment
of Gram-negative infections [8,9]. Currently, five families
of efflux-pump proteins have been reported that are associated with multi-drug resistance. Except the ATP binding
cassette (ABC) super family, other efflux mechanisms are
reported to be inhibited by membrane active molecules
[10–19]. These molecules comprise of antimicrobial peptides (AMPs), polymers, small molecules perturb the bacterial outer membrane and dissipate the transmembrane
electrochemical potential. This therefore, results into
increased accumulation of the antibiotics within the bacterial cells and can effectively kill pathogens [12].
Based on this hypothesis, herein, we report the evaluation of the potency of our amphiphilic cationic macromolecule, ACM-AHex in combination with the antibiotic
tetracycline against multi-drug resistant Gram-negative
pathogens. The macromolecule was optimized from a
detailed structure–activity relationship in our earlier report
[20]. ACM-AHex displayed excellent antimicrobial efficacy
against Gram-positive bacteria and fungi with negligible
toxicity towards human red blood cells and kidney cells
(HEK). It is also shown to exert rapid killing of fungi and
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Gram-positive bacteria. Nonetheless, when tested against
Gram-negative bacteria, ACM-AHex showed moderate to
low activity. However, inspiration from the membrane
disruptive nature of this compound led us to further
investigate its efficacy to perturb the outer envelope of
Gram-negative bacterial membrane and the electrochemical potential thereby leading to the sensitization of already
resistant antibiotic tetracycline. A series of bio-physical
and spectroscopic studies were performed to elucidate the
mechanistic pathway to act against these bacteria. We
evaluated the in vitro activity of this combination against
various multi-drug resistant Gram-negative pathogens
including clinically isolated strains. The increased accumulation of tetracycline in the bacterial cells was also
explored in the presence of ACM-AHex.

2.
2.1

Experimental
Materials and methods

1-Aminohexane, bromoacetyl bromide, branched polyethyleneimine (Mn * 600 Da) and tetracycline were
bought from Sigma-Aldrich and used without further
purification. Phosphorous pentaoxide (P2O5), potassium
hydroxide (KOH), potassium carbonate (K2CO3), anhydrous sodium sulphate (Na2SO4), analytical grade
dichloromethane (DCM), chloroform and anhydrous diethyl ether were obtained from Spectrochem, India. Chloroform was dehydrated over P2O5 and stored with the help
of molecular sieves (4 Å). FTIR spectra were recorded by
an attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectrometer by the use of diamond as ATR
crystal. Nuclear magnetic resonance (NMR) spectra was
recorded by means of Bruker (AMX-400) (400 MHz for
1
H-NMR) spectrometer using deuterated solvents. Optical
density (OD) and fluorescence intensity were measured
using Tecan infinite pro series, M200 microplate reader. P.
aeruginosa MTCC424 and K. pneumoniae ATCC700603
were bought from MTCC (Chandigarh, India) and ATCC
(Rockville, MD, USA) respectively. Nutrient media and
agar to grow the bacterial cultures were purchased from
HIMEDIA, India. A. baumannii R674, E. coli R3336 and
P. aeruginosa R590 were provided by the National Institute of Mental Health and Neurosciences (NIMHANS),
Bangalore, India.

2.2

Synthesis

2.2a Synthesis of N-methylated PEI (1):. In brief, low
molecular weight branched polyethyleneimine (PEI, 600
Da) (6 g, 139 mmol) was dissolved in 20 ml of water [21].
Next, formic acid (21 ml, 556 mmol) and formaldehyde (32
ml, 417 mmol) were mixed to the diluted solution of PEI in
water. Afterwards, the mixture was stirred at 90°C for 60 h in
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refluxing condition. Upon completion of 96 h, reaction
mixture was allowed to cool down and subsequently 8 M
KOH was added dropwise to adjust the pH of the solution
to 11. Then, the deprotonated N-methylated PEI (1) was
extracted by using chloroform. Finally, the chloroform
was evaporated using rotary evaporator to obtain the
product with quantitative yield (scheme 1). The
characterization of the compound was done by FTIR
and 1H-NMR spectroscopies (figure 1A and B).
N-methylated PEI (1): FTIR (cm-1): 2947 (C–H str,
asymmetric) and 2822 (C–H str, symmetric), 1458 (C–H
bend); 1H-NMR (400 MHz, CDCl3): d/ppm 2.18 (s, 3H,
–N(CH3)–), 2.25–2.63 (m, 4H, –N(CH2CH2)–).
2.2b Synthesis of 2-bromo-N-hexylacetamide (2):. At
first, 1-aminohexane (10 g, 99 mmol) was dissolved in
DCM (75 ml) in a clean and dried round-bottomed flask.
Then, K2CO3 (20.5 g, 148.5 mmol) was dissolved in 75 ml of
water and added to it. This biphasic mixture was allowed to
cool to 4–5°C for 30 min with constant stirring. Afterwards,
bromoacetyl bromide (13.0 ml, 148.5 mmol) in DCM (75 ml)
was mixed to this mixture in a dropwise manner. Next, the
complete reaction mixture was allowed for vigorous stirring
for next 12 h at room temperature. Next, a separating funnel
was used to separate the DCM layer and subsequently passed
through Na2SO4 (anhydrous). Lastly, this DCM was
vapourized using rotary evaporator to obtain the compound
with the yield of 95% (scheme 1). The characterization of the
compound was done by 1H-NMR spectroscopy.
2-Bromo-N-hexylacetamide (2): 1H-NMR (400 MHz,
CDCl3): d/ppm 0.88 (t, terminal 3H, –CH3), 1.22–1.39 (m,
6H, –CH2(CH2)3–), 1.46–1.60 (m, 2H, –CH2(CH2)3CH3),
3.27 (q, 2H, –CONHCH2–), 3.88 (s, 2H, –COCH2Br),
6.40–6.58 (br. s, 1H, amide –NHCO–).
2.2c Synthesis of amphiphilic cationic macromolecule
bearing hexyl amide moiety (ACM-AHex):. N-methylated
PEI (1) (2 g, 35 mmol of the repeating unit) was dissolved
in dry chloroform and 2-bromo-N-hexylacetamide (2) (140
mmol) was added to it and allowed to stir for 96 h at 120°C
in a pressure tube. Then, the total volume of reaction
mixture was reduced by evaporating the excess solvent and
the final compound was precipitated using excess amount
diethyl ether (anhydrous). Finally, the solid filtrate was
repeatedly washed with excess ether to acquire the final
compound with isolated yield of 70% (scheme 1). The
characterization of ACM-AHex was done by FTIR and 1HNMR spectroscopies (figure 1C and D).
ACM-AHex: FTIR (cm-1): 3200–3450 (br, N–H str), 2926
(C–H str, asymmetric) and 2858 (C–H str, symmetric), 1675
(C=O str of amide); 1H-NMR (400 MHz, D2O): d/ppm 0.97
(t, 3H, terminal –CH3), 1.33–1.51 (br, 6H, –CH2(CH2)3–),
1.56–1.71 (q, 2H, –CH2CH2CH2N(CH3)CH2CH2–), 3.04–
3.40 (br, 3H, –(CH2)2N(CH2)(CH3)–), 3.45–4.03 (br, 4H,
–(CH2)2N(CH2)(CH3)–), 4.13–4.69 (br, 4H, –CH2NH
COCH2N(CH3)CH2CH2–).
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Synthetic scheme for amphiphilic cationic macromolecule (ACM-AHex).

Figure 1. Characterization of PEI, N-methylated PEI (1) and ACM-AHex. (A) FTIR spectra of PEI and N-methylated PEI (1);
(B) 1H-NMR spectrum of N-methylated PEI (1); (C) FTIR spectrum of ACM-AHex; (D) 1H-NMR spectrum of ACM-AHex.

2.3

Antibacterial activity

Broth dilution assay: Antibacterial activity was determined
by following our lab established protocol [20]. Three

microliters of the frozen bacterial solution in glycerol
(-80°C) was grown in MacConkey agar plate by incubating
them at 37°C for 24 h. Then, a single colony was inoculated
in 3 ml of nutrient broth (NB) medium for 6 h at 37°C with
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stirring to reach to mid-log phase. Then, this mid-log phase
culture was counted on agar plates by the drop plating
method to give *108 CFU ml-1 bacteria. The stock solutions of ACM-AHex and tetracycline were prepared in
Millipore water. Next, these compounds were serially twofold diluted with sterile water in 96 well plates, each well
having 20 ll of compound solution. Then, 180 ll of diluted
bacterial solution (*105 CFU ml-1) in Mueller Hinton
Broth (MHB) medium was added to the 96 well plates. The
plates were then kept for incubation at 37°C for 18 h.
Afterwards, the OD was recorded using TECAN (Infinite
series, M200 pro) plate reader at 600 nm wavelength. The
experiment was performed twice and every concentration
had triplicate values. Finally, minimum inhibitory concentration (MIC) was determined on the basis of visual
turbidity.
Chequerboard assay: Chequerboard assay was executed for
the determination of antibacterial activity of the combinations of ACM-AHex with tetracycline by following our
formerly reported protocol [11]. Briefly, ACM-AHex was
serially two-fold diluted using sterile water in 96-well plates
to contain 25 ll of the compound solution. Next, 25 ll of
the serially two-fold diluted solution of tetracycline was
added to the wells of 96-well plates consisting of 25 ll of
the compound solution. Then, 150 ll bacterial suspensions
(*1 9 105 CFU ml-1) in MHB were added to the wells.
Subsequently, after incubating at 37°C for 18 h, OD of these
micro plates were recorded at 600 nm wavelength. At different sub-MIC concentrations of ACM-AHex, the fractional
MIC values of the antibiotic were determined by visual
turbidity.

2.4

Membrane depolarization assay [16]

Briefly, the planktonic bacterial cells of A. baumannii R674
(*108 CFU ml-1) and P. aeruginosa R590 (*108 CFU
ml-1) were centrifuged at 9000 rpm for 3 min and pelleted
down. The supernatant media was rejected and the cells
were washed with 5 mM HEPES buffer (pH = 7.4), subsequently, resuspended them in the solution containing
1:1:1 ratio of 5 mM glucose, 5 mM HEPES buffer and 100
mM KCl solution complemented with 250 lM of EDTA
solution. Next, DiSC3 (5) (3,30 -dipropylthiadicarbocyanine
iodide) dye was mixed in bacterial suspension to attain the
final concentration of 2 lM. The dye containing bacterial
solution was kept for incubation in dark for 60 min. Then,
190 ll of the dye containing bacterial suspension was
placed in the black and clear bottom 96-well plate and
subsequently, the fluorescence intensity of the dye was
measured. Next, 10 ll solution containing the macromolecule at different working concentrations (8 and 16 lg
ml-1) was mixed and fluorescence intensity was measured
for next 22 min. As a negative control, 10 ll of sterile water
was added.
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2.5

Tetracycline uptake assay

This experiment was executed by following our previously
published protocol [14]. In brief, the planktonic bacterial
cells of A. baumannii R674 (*108 CFU ml-1) and
P. aeruginosa R590 (*108 CFU ml-1) were centrifuged at
9000 rpm for 3 min and pelleted down. Then, the supernatant was rejected and cells were washed with 10 mM
HEPES buffer (pH = 7.4) and resuspended in same buffer.
Afterwards, tetracycline was mixed to the bacterial suspension to attain the final concentration of 100 lg ml-1.
Then, 190 ll of this solution was placed in black and clear
bottom 96-well plate and subsequently, the fluorescence
intensity of tetracycline was measured for initial 6 min.
Next, 10 ll solution containing the macromolecule at 16 lg
ml-1 was mixed and fluorescence intensity was recorded for
next 20 min. As a negative control 10 ll of sterile Millipore
water was added.

3.
3.1

Results and discussion
Synthesis and characterization

In this report, the synthesis of amphiphilic cationic
macromolecule ACM-AHex was scaled up by following our
previously reported protocol (scheme 1) [20]. Firstly, synthesis of N-methylated polyethleneimine (NMPEI) (1) was
done through Eschweiler-Clarke methylation of the low
molecular weight (600 Da) precursor polymer, branched
polyethyleneimine (PEI). This process resulted in the conversion of all primary and secondary amine groups of the
precursor polymer, PEI to tertiary amines which was validated by the disappearance of peaks at 3200–3350 and 1566
cm-1 which corresponds to the N-H stretching and bending of parent PEI, respectively, in the FTIR spectra (figure 1A). Further, the appearance of new peaks at 2.18 ppm
(which corresponds to the -N(CH3)- moiety) and the other
peaks in the range of 2.25–2.63 ppm (corresponds to the
-N(CH2CH2)moiety)
of
N-methylated
polyethyleneimine (NMPEI, 1) in the 1H-NMR spectrum confirmed the complete conversion of primary and secondary
amine groups of precursor polymer to tertiary amine groups
(figure 1B). Simultaneously, 2-bromo-N-hexylacetamide
(2) was synthesized by reacting hexyl amine with bromoacetyl bromide. It was characterized by 1H-NMR spectroscopy. Subsequently, this activated hexyl amide (2) was
used to quaternize NMPEI (1) to synthesize the final
amphiphilic cationic macromolecule bearing hexyl amide
moiety (ACM-AHex) which was characterized by 1H-NMR
and FTIR spectroscopies. A new peak at 1675 cm-1 in the
FTIR spectrum was observed corresponding to the –C=O
stretching frequency of the amide group present in the final
macromolecule (figure 1C). The disappearance of the peaks
in the region of 2.3 to 2.5 ppm in 1H-NMR (figure 1D)
which corresponds to -N(CH2CH2)- moiety of the NMPEI
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established the complete quaternization of tertiary amine
moieties in the final macromolecule and the molecular
weight (Mn) was determined to be 5.2 kDa by 1H-NMR
spectroscopy.

3.2

Antibacterial activity

At first, the antibacterial activity of tetracycline and ACMAHex were determined against different Gram-negative
bacteria (A. baumannii, E. coli, P. aeruginosa and
K. pneumoniae) by broth dilution assay and was expressed
in terms of minimum inhibitory concentration (MIC which
is defined as the minimum concentration of the compounds
needed for inhibition of microbial growth) and represented
in table 1. ACM-AHex displayed moderate to low activity
against these pathogens and their clinical isolates having
MIC values in the range of 16–256 lg ml-1. Tetracycline
showed less activity against these pathogens with MIC
16–128 lg ml-1, suggesting that individually they are
ineffective against Gram-negative bacteria.
Next, chequerboard assay was performed to examine the
efficacy of tetracycline in combination with ACM-AHex
(figure 2). If the fractional inhibitory concentration index
(FICI) of the combination is B0.5, then, the combination
can be said to exert synergistic action against bacteria. At
first, we determined the MIC of tetracycline in presence of
various sub-MIC concentrations (2, 4 and 8 lg ml-1) of the
compound and it was observed that the MIC of the antibiotic was reduced significantly, advocating for the increased
activity of the antibiotic against the pathogens when treated
in combination with the compound (table 1). However, the
synergistic effect of the compound–antibiotic combination
was observed to be strain-dependent. In the case of carbapenem-resistant clinical isolate, A. baumannii R674,
improvement in the antibacterial activity of tetracycline was
observed. The MIC of the antibiotic was brought down to
2 lg ml-1 in the presence of 8 lg ml-1 of ACM-AHex,
demonstrating a significant 32–64-fold potentiation in its
MIC compared to its individual treatment (table 1 and figure 2B). However, against E. coli R3336, this combination

Table 1.

displayed appreciable synergistic effect with FICI in the
range of 0.16–0.51. At a very low concentration 4 lg ml-1,
1/64th of its MIC, the compound was able to substantially
decrease the MIC of tetracycline to 4 lg ml-1 and further
improvement in the activity was observed at the higher
concentration of ACM-AHex (table 1 and figure 2C). In the
case of K. pneumoniae ATCC700603, the MIC of tetracycline was reduced to 8 lg ml-1 in the presence of 2 lg ml-1
of the macromolecule which is four-fold lower concentration compared to its individual MIC. Further reduction in
MIC (4 lg ml-1) was observed at the higher concentration
of ACM-AHex (table 1 and figure 2D). On the other hand,
against P. aeruginosa MTCC424, this macromolecule
exhibited an appreciable synergistic effect with tetracycline
and remarkably enhanced the antibacterial activity of the
antibiotic (MIC \ 0.125 lg ml-1) at 8 lg ml-1 (table 1 and
figure 2E). However, against the clinical isolate P. aeruginosa R590, tetracycline inhibited bacterial growth at 8 lg
ml-1 in the presence of 4 lg ml-1 of the compound with a
moderate FICI of 0.31–0.62 and 8–16-fold potentiation in
the MIC of tetracycline (table 1 and figure 2F). Therefore,
this compound can effectively tackle the multi-drug resistant Gram-negative pathogens when used in combination
with tetracycline.

3.3 Membrane depolarization activity against Gramnegative bacteria
This experiment was carried out using 3,30 -dipropylthiadicarbocyanine iodide (DiSC3 (5)) which is known as a
membrane-potential sensitive dye. Under normal potential
conditions, the dye is known to distribute both inside and
outside the bacterial cell membrane leading to decreased
fluorescence intensity due to self-quenching. However,
when the membrane potential is perturbed, the dye leaks out
to the exterior of bacterial cells, resulting to the increment
in the fluorescence intensity. Herein, upon addition of
ACM-AHex (at concentrations of 8 and 16 lg ml-1), there
was an increase in the fluorescent intensity validating the
depolarizing capability of the compound against both

Antibacterial activity of ACM-AHex, tetracycline and the combination of tetracycline and ACM-AHex.

Bacterial strains
A. baumannii R674
E. coli R3336
K. pneumoniae ATCC 700603
P. aeruginosa MTCC 424
P. aeruginosa R590
a
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MIC of ACM-AHex MIC of tetracycline
(lg ml–1)
(lg ml–1)
16
256
32
16
16

FICI stands for fractional inhibitory concentration index.

64–128
16
32
16
64–128

Fractional MIC of tetracycline in presence of
ACM-AHex (lg ml–1)
?2 lg ml–1

?4 lg ml–1

?8 lg ml–1

FICIa

32
8
8
4
32

16
4
4–8
1
8

2
2
4
\0.125
8

0.38–0.62
0.16–0.51
0.31–0.38
0.31–0.50
0.31–0.62
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Figure 2. (A) ACM-AHex and tetracycline combination. Chequerboard assay of ACM-AHex and tetracycline combination against
(B) A. baumannii R674, (C) E. coli R3336, (D) K. pneumoniae ATCC700603, (E) P. aeruginosa MTCC424 and (F) P. aeruginosa
R590.

Figure 3.

Membrane depolarization study of ACM-AHex against (A) A. baumannii R674 and (B) P. aeruginosa R590.

A. baumannii and P. aeruginosa (figure 3A and B). The
enhancement in fluorescence intensity followed a concentration dependent pattern (superior effect was observed at
higher concentration of the compound). The results of this
study therefore, establish that this macromolecule can
depolarize the cytoplasmic membrane and destroy the efflux
machinery and further when used in combination with
tetracycline can either increase their uptake in the bacterial
cell or reduce their ejection from the cells.

3.4 Accumulation of tetracycline in Gram-negative
bacteria
Further, we investigated the accumulation of tetracycline in
bacterial cells which are resistant majorly due to their
exclusion by functional efflux machinery through fluorescence spectroscopic studies. Tetracycline displays an
increase in fluorescence intensity upon accumulation in the
bacterial cells [22]. When tetracycline was used alone, the
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Figure 4.
R590.
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Tetracycline uptake study in the presence of ACM-AHex in (A) A. baumannii R674 and (B) P. aeruginosa

accumulation of the antibiotic was found to be less and
slow, revealed from a low increase in its fluorescence
intensity. However, in the presence of ACM-AHex at 16 lg
ml-1, the fluorescence intensity increased remarkably,
inferring higher accumulation of tetracycline in bacterial
cells (figure 4A and B). Owing to the membrane depolarizing capability of ACM-AHex, the macromolecule hampers
the function of efflux pump leading to the increased accumulation of tetracycline inside the bacteria.

4.
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Conclusion

To summarize, herein, a cationic macromolecule ACMAHex was found to potentiate tetracycline through depolarization of bacterial membrane and consequent enhanced
accumulation in Gram-negative pathogens. The combination showed significant synergism against multi-drug
resistant Gram-negative clinical isolates. Overall, these
results suggest that the potential of this combined formulation to be further developed as an efficient therapeutic
candidate to treat Gram-negative bacterial infections.
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