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A B S T R A C T

With the emergence of multi-drug resistant bacteria and hospital-acquired infections, there is an urgent need to
develop new antibiotics. Here, we report the synthesis, physico-chemical characterizations, and antimicrobial
activity assays of four Azo compounds that differ in their alkyl chain length. The molecular mechanism of their
antibacterial activity was investigated by complementary in vitro and in silico biophysical studies. The com-
pounds with alkyl chain lengths of four or six carbons showed a low MIC50 against Escherichia coli and Bacillus
subtilis. Our investigations into the mechanism of their action revealed that phosphatidylethanolamine in the
bacterial plasma membrane plays an important role in their antibacterial activity.

1. Introduction

The emergence of nosocomial multi-drug resistant (MDR) bacterial
strains is a growing concern in hospitals and underlines the urgent need
for the development of novel antibacterial agents [1,2]. The azo com-
pounds are used in a wide range of applications such as surfactants
[3–5], catalysts [6], gelators [7], and liquid crystals [8,9]. Recently,
azo-amphiphiles have been shown to exhibit a high biocide potential,
especially if they contain a cationic head group such as quaternary
ammonium salt. Although azobenzene derived compounds can exist
either as cis or trans isomer, in the case of the quaternary ammonium
derivative azobenzene derivative, the trans-isomer displayed more po-
tent antimicrobial activity than the cis-isomer [10]. Azo compounds are
well known to interact with the bacterial cell membrane [11–13] and
the membrane permeabilizing effect of the quaternary ammonium trans
derivatives was shown to be greater than the cis one [10]. However, the
molecular details of the mechanism are not well documented. In this
context, our strategy was to synthesize novel amphiphilic bioactive
azobenzenes, to evaluate their potential as antibacterial agents and to
investigate their interaction with model membranes that mimic the
plasma membrane of bacteria, to elucidate the mechanism of their
antibacterial activities.

Two rod-shaped bacteria, Escherichia coli and Bacillus subtilis, were
considered for antibacterial tests because of their different cell wall

structures (E. coli as a gram-negative model and B. subtilis as gram-
positive) and because they belong to species encompassing pathogenic
MDR strains [14,15].

2. Results and discussion

2.1. Synthesis

Starting from 4-alkyl-azobenzene-4′-alcohols (1a–1d) [4,16–18],
we performed Williamson reaction with 2-chloroethanol in the pre-
sence of potassium iodide and potassium carbonate to get azobenzenes
(2a–2d) with yields of 34–79%. Tosylation of the primary alcohol gave
derivatives 3a–3d, but the products were found to be highly unstable.
Therefore, they were used in the next step without purification to
prevent any degradation during the purification steps. Finally, nucleo-
philic substitution followed by amine quaternarization led to the target
products, trans-H-AZOTAI 4a, trans-Et-AZOTAI 4b, trans-Bu-AZOTAI
4c, and trans-Hex-AZOTAI 4d with yields of 10% to 98% (see Scheme
1).

The overall yields of the products were 8% (trans-H-AZOTAI 4a,
R=H), 16% (trans-Et-AZOTAI 4b, R=C2H5), 33% (trans-Bu-AZOTAI
4c, R=C4H9), and 10% (trans-Hex-AZOTAI 4d, R=C6H13). The yield
of product 4c was higher than other compounds because of ease of
purification.
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2.2. Properties in solution

The amphiphilic property of all native trans isomers 4a–4d was
studied by monitoring the decrease in the equilibrium surface tension of
water with increasing concentrations of the compound. The trans-
isomer composition in the compounds were 76%, trans-H-AZOTAI 4a;
88%, trans-Et-AZOTAI 4b; 90%, trans-Bu-AZOTAI 4c; and 80%, trans-
Hex-AZOTAI 4d. As shown in Fig. 1, when the equilibrium surface
tension was plotted against the concentration for 4a–4d compounds
characteristic break points were observed suggesting that these com-
pounds were able to form micelles in water.

Table 1 gives the critical micellar concentration (CMC) values and
the corresponding surface tension for each compound.

As it was commonly observed with surface-active molecules [19]
including alkyl derivatives of quaternary ammonium compounds
[20,21], an increase in the length of the nonpolar alkyl chain reduces
the value of the CMC. The γCMC observed for the 4b–4d compounds are
similar and much lower than that observed for 4a. Thus, the adsorption
of 4b–4d compounds at the air-water interface was found to be en-
ergetically favourable. This suggested that their adsorption onto a hy-
drophilic/hydrophobic interface like a bacterial membrane would also
be energetically favourable.

2.3. Antibacterial activities

We tested the compounds 4a–4d for their capacity to inhibit the

bacterial growth on two model bacteria, E. coli and B. subtilis.
Polymyxin B, a commercial antibacterial compound used to target
gram-negative outer membrane [22] was used as positive control to
evaluate the activity of 4a–4d against the gram-negative model E. coli.
Daptomycin, a commercial antibacterial compound that dissipates the
cytoplasmic membrane potential of gram-positive bacteria [23] was
used as positive control to evaluate the activity of compounds 4a–4d
against B. subtilis.

Table 2 shows minimum inhibitory concentration (MIC) and MIC50,
the concentration at which 50% of growth inhibition occurred, for the
four compounds 4a–4d and the controls.

Compound trans-H-AZOTAI 4a triggered no inhibition of the two
bacteria within the concentration range tested. However, trans-Et-
AZOTAI 4b and trans-Bu-AZOTAI 4c showed low MIC50 towards B.
subtilis but no activity against E. coli. On the other hand, trans-Hex-
AZOTAI 4d showed a very low MIC50 against both E. coli and B. subtilis.
In the literature, other quaternary ammonium compounds have shown
a high MIC50 towards E. coli. For example, the MIC50 of didecyldi-
methylammonium chloride is 16 µg/mL and the MIC50 of cetyl-
trimethylammonium bromide is 256 µg/mL [24]. Thus, in comparison
to these other quaternary ammonium compounds, our compounds,
trans-Et-AZOTAI 4b, trans-Bu-AZOTAI 4c, and, in particular, trans-Hex-
AZOTAI 4d appear to display comparatively low MIC50 towards E. coli.
This result is promising even though MIC results from different studies
must be compared with caution due to variations in susceptibility be-
tween strains. Moreover against the spores of B. subtilis, chlorhexidine
digluconate, a quaternary ammonium compound, has been shown to
have a MIC50 of 1 µg/mL [25], which is in the same concentration range
as trans-Bu-AZOTAI 4c and trans-Hex-AZOTAI 4d in our work.

It is evident from our results that an increase in the nonpolar alkyl
chain length enhances the biological activities of the Azo compounds, in
accordance with other studies on mannosylerythritol [26] or aminoa-
cridine [24]. The compounds 4b–4d showed better antibacterial ac-
tivity than the positive control daptomycin against B. subtilis. However,
compared to polymyxin B, the antibacterial activity of trans-Bu-AZOTAI
4c and trans-Hex-AZOTAI 4d was lower against E. coli. This could be
explained by the different mechanisms of action of the drugs. It is
known that polymyxin B acts on the outer membrane of gram negative
bacteria [22] by binding to the lipopolysaccharide, which explains its
higher activity on this type of bacteria. For the azobenzene derivatives,
we hypothesize that they act on the inner plasma membrane rather than
on the outer plasma membrane. In particular, results obtained for the

Scheme 1. Synthesis of AZOTAI family.

Fig. 1. Change in the equilibrium surface tension (Πeq) as a function of the
concentration (C) of 4a–4d in water. 4a: trans-H-AZOTAI; 4b: trans-Et-AZOTAI;
4c: trans-Bu-AZOTAI; 4d: trans-Hex-AZOTAI.

Table 1
Critical Micelle Concentration (CMC) values in µg/mL and surface tension at
the CMC (γCMC) in mN/m.

Trans-H-
AZOTAI

Trans-Et-
AZOTAI

Trans-Bu-
AZOTAI

Trans-Hex-
AZOTAI

4a 4b 4c 4d

CMC (µg/mL) 746 ± 4 682 ± 7 563 ± 5 171 ± 4
γCMC (mN/m) 49.2 ± 4.6 36.7 ± 6.9 32.4 ± 5.1 31.1 ± 4.1

Table 2
Values in µg/mL of the minimum inhibitory concentration triggering at least
50% of growth inhibition (MIC50) and of minimum inhibitory concentration
(MIC) for the azobenzene compounds, daptomycin and polymyxin B against E.
coli and B. subtilis.

MIC50 Daptomycin Polymyxin B 4a 4b 4c 4d

E. coli – 3.75 > 30 >30 >30 7.5
B. subtilis 30 – > 30 7.5 2 2

MIC Daptomycin Polymyxin B 4a 4b 4c 4d

E. coli – < 1 >30 3.75 7.5 2
B. subtilis 15 – > 30 7.5 2 2
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compound trans-Hex-AZOTAI 4d seemed to be interesting. Admittedly,
the obtained MIC and MIC50 values for the latter compound was slightly
higher than those of polymyxin B for E. coli, but the compound trans-
Hex-AZOTAI 4d also displayed a significant activity against B. subtilis,
even better than daptomycin. Thus, this compound could have the
advantage of a broad spectrum antimicrobial activity compared to the
positive controls.

2.4. Biophysical investigation of the mechanism

As they showed the best antibacterial activities among the synthe-
sized compounds, the mechanism of only trans-Bu-AZOTAI 4c and
trans-Hex-AZOTAI 4d was investigated.

The IMPALA procedure [27] was applied to predict the capacity of
insertion of trans-Bu-AZOTAI 4c and trans-Hex-AZOTAI 4d into an
implicit model membrane. Briefly, the implicit membrane is described
as a continuous medium where the properties vary only along the z-axis
perpendicular to the bilayer plane. The membrane properties are re-
presented by energy restraints (Epho and Elip, see Experimental sec-
tion). The trans-Bu-AZOTAI 4c or trans-Hex-AZOTAI 4d molecule was
systematically moved along the z axis from one side of the membrane to
the other and the total restraint (Epho+Elip) was calculated for each
position. A profile of the energy restraints as a function of the mass
centre penetration into the implicit bilayer was then obtained (Fig. 2).
For both molecules, the total restraint energy was much higher outside
the bilayer than inside, suggesting that the insertion of both molecules
within the membrane was energetically favourable. No sharp minimum
was observed between −18 and 18 Å indicating that the molecules are
probably able to move within the bilayer.

Experimentally, we analysed the permeabilizing effect of azo-
benzene compounds on experimental membrane models. Large uni-
lamellar vesicles (LUVs) were formed with a lipid composition mi-
micking the plasma membrane of the two bacteria, E. coli and B. subtilis
[28,29]. The permeabilization of the model membranes was quantified
by measuring the increase in the fluorescence emission of calcein, re-
sulting from the azo-compound induced release of the dye from the
internal compartment of the vesicle, where it exists in a self-quenched
state, into the external environment following interaction between the
Azo compounds and the membrane.

As shown in Fig. 3, trans-Hex-AZOTAI 4d has a significantly higher
permeabilizing effect than trans-Bu-AZOTAI 4c. Thus, longer chain
length increased the destabilizing effect of the azobenzene derivatives,

which can be correlated with the CMC values (Table 1) and the anti-
bacterial activity (Table 2). Nevertheless, a total release of calcein was
not observed even at higher trans-Hex-AZOTAI 4d concentrations sug-
gesting that the mechanism of destabilization is related to a gradual
release of the dye by all the vesicles following the annealing process
that prevents further leakage [30] as already observed with D-xylose-
based bolaamphiphiles [31].

Another important observation was the dependence between the
calcein leakage and the percentage of phosphatidylethanolamine (PE)
in the lipid composition of LUVs, from 70% to 0% PE. A higher PE
content leads to an increase in the extent of permeabilization. This
observation suggested that azobenzene derivatives have a specific in-
teraction with PE.

To further analyse the specific interaction between the molecules
trans-Bu-AZOTAI 4c or trans-Hex-AZOTAI 4d and the individual lipids
composing the model membranes, adsorption experiments into a pure
lipid monolayer composed of phosphatidylethanolamine (PE), phos-
phatidylglycerol (PG) or cardiolipin (CL) were performed using the
Langmuir monolayer technique.

The adsorption was monitored by the increase of the surface pres-
sure at a constant trough area for different initial surface pressures of
the lipid monolayer in order to plot the maximal surface pressure
variation (ΔΠ) versus the initial surface pressure (Πi) (see an example
with PE monolayer in supplementary information).

From these curves, two different parameters can be determined
(Fig. 4): the maximal insertion pressure (MIP) which reflects the pe-
netration power of the molecule into a lipid monolayer, and the dif-
ferential Π0 (dΠ0) which indicates the (non-)attracting effect of the
lipid towards the molecule.

All the MIP values were higher than 30–35mN/m, the lateral
pressure within biological membranes [32], suggesting that both azo-
benzene derivatives can insert into natural plasma membranes. The
positive values of dΠ0 values confirm the affinity of the azobenzene
derivatives for the individual lipid monolayers. This effect was higher
for 4d than 4c, and in the case of 4d the affinity was significantly
higher towards PE monolayer than PG or CL monolayer.

Data from Langmuir monolayer experiments and calcein leakage
assay strongly suggest that PE plays a key role in the interaction be-
tween azobenzene, and the membranes, especially for 4d.

In parallel to the experimental approach, an in silico approach called
Hypermatrix was used to study the lipid specificity and to obtain an

Fig. 2. Change in the total restraint energy as a function of the molecule mass
centre penetration in an implicit bilayer obtained by IMPALA procedure. The
vertical lines correspond (from left to right) to the interface between the bilayer
and the aqueous phase (z= 18 Å), the interface between the hydrocarbon core
and the lipid hydrophilic head (z= 13.5 Å), and the centre of the bilayer
(z= 0Å). 4c: trans-Bu-AZOTAI; 4d: trans-Hex-AZOTAI.

Fig. 3. Calcein leakage from LUVs containing phosphatidylethanolamine (PE)
and mimicking E. coli (E. coli-like) or B. subtilis, (B. subtilis-like) or lacking PE
(Test-LUVs) in the presence of Azo compounds, 4c (trans-Bu-AZOTAI) or 4d
(trans-Hex-AZOTAI). The Cazobenzene/Clipids ratio was 0.25. The ordinate shows
the amount of calcein released after 15min in the presence of the azobenzene
derivative as a percentage of the total amount released by Triton X-100. At least
two independent experiments were performed. The percentage of calcein
leakage from Test-LUVs in the presence of 4c was zero.
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atomistic description of the interaction between azobenzene derivatives
and the lipids.

For all the lipids, the interaction energy was negative, confirming a
favourable interaction between the azobenzene derivatives and the li-
pids mimicking the plasma membranes of bacteria (Fig. 5). The energy
of interaction is significantly lower for trans-Hex-AZOTAI 4d in pre-
sence of PE, confirming once again the specificity of this lipid for the
compound.

The visualization of the molecular assemblies of each lipid with
both azobenzene derivatives (Fig. 6) clearly showed a distinct posi-
tioning of trans-Hex-AZOTAI 4d towards PE, compared to that seen
with other lipids towards PE and that between trans-Bu-AZOTAI 4c with

all the lipids. The hydrophilic/hydrophobic repartition of 4d perfectly
matched with that of PE (Fig. 6D), i.e. the Azo group was facing the C]
O group of PE while this is not the case for the other systems. This
preferential positioning led to reduced distances between 4d and PE as
shown in Table 3.

3. General discussion

Antibacterial experiments showed that trans-Hex-AZOTAI 4d, with
six carbon atoms in the alkyl chain, exhibited a relatively high anti-
bacterial activity against both gram-positive and gram-negative bac-
teria and that trans-Bu-AZOTAI 4c, with four carbon atoms in the alkyl
chain, also showed significant antibacterial activity against a gram-
positive bacterium. We also showed that 4c and 4d can insert into a
lipid membrane. This can lead to the destabilization of bacterial
membrane, as observed with permeability assays. Although compounds
4c and 4d showed an energetically favourable interaction with all the
tested lipids, interactions with PE was the most favourable, especially
for trans-Hex-AZOTAI 4d. It suggests that the inner plasma membrane
of the bacteria can be the target of our compounds.

Although the calcein leakage experiments showed a clear depen-
dence between the destabilization effect of trans-Hex-AZOTAI 4d
compounds and the PE content, we cannot implicate only PE as the lipid
involved in the process of permeabilization of the bacterial membrane
by the azobenzene molecules. Indeed, a higher MIC50 value of trans-
Hex-AZOTAI 4d compound was observed for E. coli, which displays the
higher PE content in its plasma membrane composition compared to B.
subtilis plasma membrane. A possible explanation for this phenomenon
can be the presence of an outer membrane in the gram-negative bac-
teria. The latter is composed of lipopolysaccharides that could partially
prevent the azobenzene molecule from reaching the inner plasma
membrane and lower antibacterial activity of our compounds on the
gram-negative strain compared to the gram-positive bacteria.

4. Conclusion

We synthesized four amphiphilic cationic azobenzenes differing in
their alkyl chain length and evaluated their antibacterial activities
against a gram-negative and a gram-positive bacterium. Among them,
trans-Hex-AZOTAI 4d, with six carbon atoms in the alkyl chain, dis-
played a high activity against the two bacterial models, whereas trans-
Bu-AZOTAI 4c, with four carbon atoms in the alkyl chain, displayed
high activity against only the gram-positive bacterium B. subtilis. We
investigated the membrane interaction of both molecules by experi-
mental and in-silico biophysical approaches. Results suggest that the
biological activity of 4c and 4d could be linked to their interaction with
the bacterial membrane favoured by the presence of PE.

5. Experimental section

5.1. Synthesis

All commercially available products and solvents were used without
further purification. Reactions were monitored by TLC (Kieselgel
60F254 aluminium sheet). Column chromatography was performed on
silica gel 40–60 μm. Flash column chromatography was performed on
an automatic apparatus, using silica gel cartridges. 1H and 13C NMR
spectra were recorded on a 400MHz/54mm ultralong hold. Chemical
shifts (δ) are quoted in parts per million (ppm) and are referenced to
TMS as an internal standard.

5.1.1. Synthesis of a 1a–1d
Syntheses following procedure in literature [3]. Analysis are con-

sistent with the literature. 1a [33] 3.31 g, 18% yield. 1H NMR
(400MHz, CDCl3): δ 7.88 (4H, m); 7.48 (3H, m); 6.95 (2H, d,
J=8.6 Hz). 13C: δ 158.4; 152.8; 147.3; 130.6; 129.2; 125.2; 122.7;

Fig. 4. Adsorption of azobenzene derivatives 4c (trans-Bu-AZOTAI) or 4d
(trans-Hex-AZOTAI) into lipid monolayers: PE: phosphatidylethanolamine, PG:
phosphatidylglycerol, CL: cardiolipin. (A) Maximal insertion pressure (MIP)
and (B) differential Π0 (dΠ0) values. These parameters are described in the
Material and Methods section.

Fig. 5. Total energy of interaction of 4c (trans-Bu-AZOTAI) or 4d (trans-Hex-
AZOTAI) with PE (phosphatidylethanolamine), PG (phosphatidylglycerol), and
CL (cardiolipin) in a multimolecular monolayer assembly, calculated by
Hypermatrix docking method.
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115.9 1b [34] 17.07 g, 75% yield. 1H NMR (400MHz, CDCl3): δ 7.86
(2H, d, J=7.4 Hz); 7.81 (2H, d, J=8.1 Hz); 7.32 (2H, d, J=8.1 Hz);
6.93 (2H, d, J=8.8 Hz); 2.72 (2H, q, J=7.6 Hz); 1.28 (3H, t,
J=7.6 Hz) 13C: δ 158.3; 150.9; 147.4; 147.2; 126.7 (×2); 125 (×2);
122.8 (×2); 116 (×2); 28.9; 15.6 1c [35] 16.71 g, 79% yield. 1H NMR
(400MHz, CDCl3): δ 7.85 (2H, d, J=8.8 Hz); 7.79 (2H, d, J=8.3 Hz);
7.30 (2H, d, J=8.3 Hz); 6.92 (2H, d, J=8.8 Hz); 2.68 (2H, t,
J=7.7 Hz); 1.75 (1H, s); 1.64 (2H, q, J=7.6 Hz); 1.37 (2H, m); 0.94
(3H, t, J=7.3 Hz) 13C: δ 158.0; 150.8; 147.1; 145.9; 129.0 (2×); 124.7
(2×); 122.5 (2×); 115.7 (2×); 35.5; 33.4; 22.3; 13.9 1d [18] 14.82 g,
51% yield 1H NMR (400MHz, CDCl3): δ 7.86 (2H, d, J=8.6 Hz); 7.8
(2H, d, J=8.1 Hz); 7.3 (2H, d, J=8.6 Hz); 6.94 (2H, m); 2.67 (2H, t,
J=7.6 Hz); 1.65 (2H, m); 1.32 (6H, m); 0.89 (3H, t, J=7.3 Hz) 13C: δ
158.3; 150.3; 147.2; 146.2; 129.2 (×2); 125 (×2); 122.7 (×2); 115.9
(×2); 36; 31.9; 31.4; 29.1; 22.7; 14.2.

5.1.2. Synthesis of a 2a–2d
To a solution of 4-alkyl-4′-hydroxyazobenzene (1a–1d, 19.7mmol)

in butan-1-ol (15mL) K2CO3 (2.72 g, 19.7 mmol) and KI (116mg,
0.7 mmol) were dissolved. Then, 2-chloroethanol (2.8mL, 39.4 mmol)
was added dropwise and the mixture was refluxed for 24 h. After fil-
tration under vacuum, the solvent was evaporated. The residue was

purified by silica gel chromatography (Cyclohexane/EtOAc, 7:3) to
obtain compounds 2a–2d. 2a [36] (orange solid, 2.21 g, 79% yield) 1H
NMR (400MHz, CDCl3): δ 7.91 (4H, dd, J1=8.1 Hz, J2=12.7 Hz);
7.48 (3H, m); 7.01 (2H, d, J=8.9 Hz); 4.14 (m, 2H); 3.99 (m, 2H). 13C:
δ 161.1; 152.8; 147.3; 130.3; 129.1 (×2); 124.9 (×2); 122.7 (×2);
114.9 (×2); 69.6; 61.3. 2b (orange solid, 3.58 g, 67% yield)
mp=126 °C, 1H NMR (400MHz, CDCl3): δ 7.83 (2H, d, J=9.2 Hz);
7.74 (2H, d, J=8.4 Hz); 7.21 (2H, d, J=8.4 Hz); 6.95 (2H, d,
J=8.8 Hz); 4.10 (m, 2H); 3.93 (m, 2H); 2.65 (q, 2H, J=7.6 Hz); 1.21
(t, 2H, J=7.6 Hz). 13C: δ 160.9; 151.1; 147.5; 147.4; 128.6 (×2);
124.7 (×2); 122.8 (×2); 114.9 (×2); 69.6; 61.5; 29.0; 15.6., FTIR:
3334 cm−1 (w), 2931 cm−1 (w), 1597 cm−1 (s), 1500 cm−1 (s),
1252 cm−1 (s), 1079 cm−1 (s), 1045 cm−1 (s), 848 cm−1 (s), 841 cm−1

(w) HRMS (ESI+) m/z calculated for [(C16H18N2O2)H]+

368.2696.1227 found 368.2709 2c [37] (orange solid, 1.98 g, 34%
yield) 1H NMR (400MHz, CDCl3): δ 7.88 (2H, d, J=9.0 Hz); 7.81 (2H,
d, J=8.4 Hz); 7.31 (2H, d, J=8.5 Hz); 7.03 (2H, d, J=9.0 Hz); 4.17
(2H, t, J=4.5 Hz); 4.01 (2H, m); 2.68 (2H, t, J=7.7 Hz); 1.64 (2H, m);
1.38 (2H, sex, J=7.4 Hz); 0.95 (3H, t, J=7.3 Hz) 13C: δ 158.0; 150.8;
147.1; 145.9; 129.0 (×2); 124.7 (×2); 122.5 (×2); 115.7 (×2); 35.5;
33.4; 22.3; 13.9 2d [37] (orange solid, 2.61 g, 40% yield) 1H NMR
(400MHz, CDCl3): δ 7.90 (2H, d, J=8.4 Hz); 7.80 (2H, d, J=7.8 Hz);
7.30 (2H, d, J=7.7 Hz); 7.03 (2H, d, J=8.4 Hz); 4.16 (2H, m); 4.01
(2H, m); 2.67 (2H, t, J=7.6 Hz); 1.65 (2H, m); 1.31 (6H, m); 0.89 (3H,
m) 13C: δ 160.9; 151.1; 147.5; 146.2; 129.2 (×); 124.7 (×2); 122.7
(×2); 114.9 (×2); 69.6; 61.5; 36.0; 31.4; 29.1; 22.7; 19.1; 14.2

5.1.3. Synthesis of a 3a–3d
To a solution of 2a–2d (4mmol) dichloromethane (25mL), tri-

methylamine (1mL, 6.2mmol) and 4-dimethylaminopyridine (15mg,
2mol%) were added. Tosyl chloride (1.2 g, 6.2mmol) was added slowly
to the mixture at 0 °C. The mixture was then stirred at ambient tem-
perature for 24 h. The residue was extracted with a saturated solution of
NH4Cl (2× 20mL), then with a saturated solution of NaHCO3

(2×20mL) and then with H2O (2× 20mL). These compounds were
used without any purification in the next step.

Fig. 6. Interaction between trans-Bu-AZOTAI 4c (A, B, C-upper panel) or trans-Hex-AZOTAI 4d (D, E, F-lower panel) and PE (phosphatidylethanolamine) (A and D),
PG (phosphatidylglycerol) (B and E) and CL (cardiolipin) (C and F) calculated using the hypermatrix docking method. The orange plane represents the hydrophobic
(above the plane)/hydrophilic (below the plane) interface. The green arrows in Fig. 6A point to the atoms taken as references for the NeO distance calculations and
the red arrows, to the atoms taken as references for the NeP distance.

Table 3
Distance (in Å) between the N atom from the amine group of the Azo molecules
and the phosphorus atom from the phospholipid considered (first column) and
between the N atom from the azo group (Azo molecules) and the oxygen of the
closest carbonyl group from the phospholipid considered (second column). PE:
phosphatidylethanolamine, PG: phosphatidylglycerol and CL: cardiolipin.

Distance NeP (Å) Distance NeO (Å)

4c-PE 5.1 6.1
4d-PE 4.7 2.9
4c-PG 5.1 4.6
4d-PG 4.8 11.3
4c-CL 4.8 6.2
4d-CL 9.1 9.2
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5.1.4. Synthesis of a 4a–4d
Compounds 3a–3d was dissolved in a H2O/acetone mixture (2:1).

To this, a solution of dimethylamine (1.4mL, 8.2 mmol, 40%wt in
water) was added. The mixture was refluxed for 24 h. The acetone was
then evaporated, and mixture was extracted with EtOAc (3x40mL). The
collected organic phase was washed with a saturated solution of K2CO3

(2x40mL) and by H2O (2x40mL). The organic layer was dried with
MgSO4. After evaporation, the residue was dissolved in 150mL of
diethyl ether. Then, methyl iodide (1mL, 16mmol) was added. The
mixture was stirred at ambient temperature for 24 h. The product was
then filtered under vacuum.

Trans-H-AZOTAI 4a [38] orange solid, 164mg, 10% yield. 1H NMR
(400MHz, DMSO‑d6): δ 7.95 (2H, d, J=8.2 Hz); 7.86 (2H, d,
J=7.3 Hz); 7.58 (2H, d, J=6.9 Hz); 7.22 (2H, d, J=8.5 Hz); 4.59
(2H, s); 3.83 (2H, s); 3.2 (9H, s) 13C: δ 160.1; 151.9; 146.6; 143.4; 129.4
(×2); 124.6 (×2); 122.3 (×2); 115.4 (×2); 64; 62.1; 53.1 (×3).

Trans-Et-AZOTAI 4b [39] orange solid, 439mg, 25% yield. 1H NMR
(400MHz, MeOD): δ 7.92 (2H, d, J=8.8 Hz); 7.80 (2H, d, J=8.1 Hz);
7.36 (2H, d, J=8.1 Hz); 7.12 (2H, d, J=8.8 Hz); 4.6 (2H, s); 3.93 (2H,
s); 3.26 (9H, s); 2.72 (2H, q, J=7.2 Hz); 1.27 (3H, t, J=7.6 Hz) 13C: δ
161.1; 149.1; 149.0; 129.5 (×2); 125.6 (×2); 124.1 (×2); 115.8 (×2);
66.5; 63.5; 54.9 (×3); 38.4; 29.8; 16.0.

Trans-Bu-AZOTAI 4c [40] orange solid, 1.83 g, 98% yield. 1H NMR
(400MHz, MeOD): δ 7.92 (2H, d, J=9.0 Hz); 7.79 (2H, d, J=8.3 Hz);
7.33 (2H, d, J=8.3 Hz); 7.18 (2H, d, J=9.0 Hz); 4.60 (2H, s); 3.92
(2H, s); 3.31 (9H, s); 2.69 (2H, t, J=7.7 Hz); 1.64 (2H, m); 1.39 (2H,
m); 0.95 (3H, t, J=7.4 Hz) 13C: δ 161.1; 152.2; 149.0; 147.6; 130.3
(2×); 125.7 (2×); 123.7 (2×); 116.2 (2×); 66.5; 63.5; 3× 54.9; 36.5;
34.8; 23.4; 14.3.

Trans-Hex-AZOTAI 4d orange solid, 495mg, 25% yield.
mp=196 °C 1H NMR (400MHz, MeOD) 7.92 (2H, d, J=8.7 Hz); 7.79
(2H, d, J=8.0 Hz); 7.34 (2H, d, J=8.0 Hz); 7.18 (2H, d, J=8.7 Hz);
4.6 (2H, s); 3.92 (2H, s); 3.31 (9H, s); 2.70 (2H, t, J=7.6 Hz); 1.66 (2H,
m); 1.34 (6H, m,); 0.90 (3H, m) 13C: δ 161.1; 152.3; 149.1; 147,1; 130.2
(×2); 125.7 (×2); 123.7 (×2); 116.2 (×2); 66.5; 63.5; 49 (×3); 36.8;
32.9; 32.6; 30.0; 23.7; 14.4. FTIR: 2928 cm−1 (w), 1737 cm−1 (w),
1600 cm−1 (w), 1500 cm−1 (w), 1243 cm−1 (s), 1155 cm−1 (w),
1059 cm−1 (w), 953 cm−1 (s), 843 cm−1 (s) HRMS (ESI+) m/z calcu-
lated for [(C46H38I2N6O2)H]+ 863.4443.1227 found 863.4522.

5.2. Surface tension measurements at air-water interface

Adsorption at the air-water interface was analysed at room tem-
perature with an automated Langmuir Balance system equipped with a
wire probe (MicroTrough X, Kibron Helsinki, 15.9 cm2). Compounds
4a–4d were solubilised in DMSO and dispersed (20 μL) into the sub-
phase (MilliQ water) to a range of final concentrations (C from 15 µg/
mL to 1750 µg/mL). The subphase was stirred, during the whole ex-
perimentation. The surface pressure was recorded until its value
reached the equilibrium (Πeq). CMC was determined from the plot
Πeq= f (C) at the intersection between the linear regression of the
ascendant and plateau parts.

5.3. In vitro antibacterial activity

5.3.1. Bacterial strains
E. coli strain ATCC 25922 and B. subtilis strain ATCC 6051 were

used. Both bacteria were grown on solid trypticase-soy-agar medium on
Petri dish. Bacteria were reserved at 4 °C and replicated at least every
week.

5.3.2. Determination of minimum inhibitory concentrations (MICs)
Assays were carried out in 96-well clear flat-bottom plates in tri-

plicates using a method based on CLSI broth microdilution method
[41]. Briefly, 100 µL of bacterial suspension from a culture inoculated
with a 24 h aged colony on TSA and grown overnight at 30 °C in a

mineral medium (KCl 0.250 g/L, NaH2PO4 1.544 g/l, Na2HPO4·2H2O
0.008 g/L, MgSO4 0.244 g/L, NH4NO3 1 g/L, MgCl2 0.05 g/L; pH=5,)
was added to each well. A 2 µL aliquot of the solution of test compound
in 1–2% DMSO was added and the volume was made up to 200 µL with
mineral medium. A source of glucose was added to the mineral medium
to maintain a final glucose concentration of 10 g/L. Mother solutions of
compounds were replaced by the DMSO based solvent without com-
pound in controls. Bacterial growth was monitored by measuring ab-
sorbance at 600 nm every 15min over 24 h. The growth inhibition of
the bacteria in the test wells was calculated using the following equa-
tion:

OD
OD

% 1 100Inhibition
var test

var control
= ×

where ODvar test is the difference of optical density between the highest
point and the lowest point of the growth curve of the bacterium for a
test. ODvar control is the difference of optical density between the highest
point and the lowest point of the growth curve of the bacterium in the
control without antimicrobial compound. A range of concentrations
was tested for each single compound (30 µg/mL, 15 µg/mL, 7.5 µg/mL,
3.75 µg/mL, 2 µg/mL, 1 µg/mL). The weaker tested concentration
triggering at least 50% of growth inhibition was defined as MIC50.

5.4. Interaction to bacterial membrane models

5.4.1. Leakage experiments
The leakage of entrapped self-quenched calcein from LUVs induced

by a permeabilizing agent can be monitored by the increase of fluor-
escence caused by its dequenching further to dilution [42]. LUVs of E.
coli-like, B. subtilis-like, and Test-LUVs were prepared in a saline-Tris-
HCl buffer (150mM NaCl, 10mM TRIS, pH 7.5) with a self-quenching
concentration of calcein (10mM). E. coli-like LUVs were composed of
70% of phosphatidylethanolamine (PE), 25% of phosphatidylglycerol
(PG), and 5% of cardiolipin (CL). B. subtilis-like LUVs were composed of
14% PE, 81% PG, and 5% CL. The last type of LUVs were PE-free LUVs
that were composed of 95% PG and 5% CL. For all LUVs, the un-en-
capsulated dye was removed on a gel column of Sephadex G75. The
purified calcein-filled LUVs were put in contact with either a 0.5%
solution of Triton-X as a “maximal” permeabilizing agent, with DMSO
as a “minimal” permeabilizing, and with a solution of trans-Bu-AZOTAI
4c and trans-Hex-AZOTAI 4d at Cazobenzene/Clipids molar ratio of 0.25
dissolved in DMSO. The total concentration of lipids was between 9 µM
and 16 µM. The excitation and emission wavelengths were 472 and
512 nm, respectively, and the fluorescence was measured over a period
of 900 sec. The percentage of released calcein (% leakage) was calcu-
lated using the formula:

Leakage
F F

F F
% 100exp DMSO

triton DMSO
= ×

where Fexp is the fluorescence signal for a given concentration of azo-
benzene, FDMSO is the fluorescence signal for LUVs with DMSO, and
Ftriton is the fluorescence signal of LUVs incubated with 0.5% Triton X-
100. The azobenzene solution concentrations used during the in vitro
techniques were optimized so that measurements would fall between
the lower limit of measurement and the limit of saturation. Two in-
dependent repetitions were performed.

5.4.2. Adsorption experiments into a lipid monolayer
Adsorption experiments were performed in a KSV Minitrough

(Helsinki, Finland, 7.5× 20 cm2). The subphase was milliQ water
(~80mL) with a constant temperature at 22.0 ± 1.0 °C. The subphase
was continuously stirred with a magnetic stirrer. Pure PE, pure PG or
pure CL molecules in chloroform/methanol (2/1 v/v) solvent, was
spread at the air-water interface to reach the desired initial surface
pressure. After 20min of waiting for solvent evaporation and film
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stabilization, trans-Bu-AZOTAI 4c or trans-Hex-AZOTAI 4d in DMSO
solution was injected underneath the preformed lipid monolayer. The
final subphase concentration was 10 μM for both 4c and 4d. Their ad-
sorption to the lipid monolayers was followed by the increase in surface
pressure. As a control experiment, the same volume of pure DMSO was
injected underneath the lipid monolayer, and no change in the surface
pressure was observed. Maximal insertion pressure (MIP) corresponds
to the surface pressure beyond which no adsorption occurs. It was ob-
tained by linear regression of the plot ΔΠ vs Πi at the intersection with
the x axis. The “differential Π0 (dΠ0)” corresponds to the difference
between ΔΠ0 which is the y-intercept of the linear regression of the ΔΠ
vs Πi plot, and Πe which is the surface pressure increase at the equi-
librium obtained in an independent experiment performed at the same
4c or 4d concentration but without lipids spread at the interface.

While a positive dΠ0 indicates affinity of the compound for the
tested lipid monolayer, a negative value of dΠ0 points to an un-
favourable impact of lipid on the molecule insertion. The uncertainties
in MIP and the ΔΠ0 were calculated as described previously [41].

5.4.3. Simulation of azobenzene-model membrane interaction
The interactions of 4c or 4d with model membranes were analysed

by molecular modelling. The 3D structures of 4c, 4d, PE, PG, and CL
were constructed using HyperChem software (Hypercube, Inc.). The
molecular geometry was optimized with the steepest-descent method
using the MM+ force field, and a systematic analysis of the torsion
angles using the structure tree method was performed as described
previously [43]. The most probable structure corresponding to the
lowest conformational energy was used for further calculations.

The insertion of the molecule within an implicit bilayer was com-
puted by the IMPALA procedure as described in Ducarme et al. [27] and
the interaction energies in a lipid monolayer (PE, PG or CL) were cal-
culated using the simple docking method called Hypermatrix.

Briefly, the IMPALA method is based on a Monte Carlo approach
using an implicit description of membrane. The latter is modelled with
an implicit membrane and described as a continuous medium whose
properties vary along the axis perpendicular to the bilayer plane (z
axis). The forcefield was parameterized to mimic a membrane in aqu-
eous environment by considering (1) the hydrophobic effect between
the membrane and a solute (Epho) and (2) the perturbation effect of the
solute on the lipid acyl chain organization (Elip). The two restraints
were calculated and summed at each position of the Azo molecule into
the implicit membrane; the molecule was systematically moved along
the z axis by 1 Å steps, from one side of the membrane to the other. A
profile of the total energy restraint (Epho+Elip) as a function of the
mass centre penetration into the implicit bilayer was then obtained.

The Hypermatrix method is described in detail elsewhere [43].
Briefly, the synthetic Azo molecule was put in a fixed position at the
centre of the system and oriented at the hydrophobic/ hydrophilic in-
terface, while the lipid molecule, also oriented at the lipid/water in-
terface, was positioned around the molecule by rotations and transla-
tions (more than 10 million positions were tested). For each position, an
energy value was calculated, according to a home-designed force field
[43]. The energy values together with the coordinates of all assemblies
were stored in a matrix and classified, according to decreasing values.
The first stable match was considered as the best assembly between the
two molecules.
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