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Background
In drug discovery and development, targeting the bacterial cell surface is now an emerg-
ing area, considering the escalating number of evidences of multiple drug resistant path-
ogens and a gradually decreasing availability of antibiotics (Hurdle et al. 2011). Despite 
persistence of some unfavorable situations (cross targeting of the mammalian cell mem-
brane by bacterial membrane acting agents) (Payne et al. 2007), targeting the bacterial 
surface seems to be of paramount interest because the surface acting agents have been 
found to display remarkable bactericidal effect and simultaneously demonstrate lesser 
tendency to trigger resistance development (Hurdle et  al. 2011; Bambeke et  al. 2008). 
According to reports, the envelope of a bacterial cell behaves as a chemical compart-
ment (Hurdle et  al. 2011; Torcato et  al. 2012), helping to maintain cellular homeosta-
sis (Sondi and Salopek-Sondi 2005), thereby playing a significant role in maintaining 
diverse physiological functions (Herben et al. 1990; Urrutia-Mera et al. 1992; Clark et al. 
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1999; Wilson et al. 2001; Eboigbodin et al. 2006) and also acting as a barrier, providing 
selective permeability. Irrespective of cell wall behavior (Gram-positive or Gram-neg-
ative), bacterial surfaces possess acidic and basic functional groups that are known to 
be associated with lipopolysaccharides (LPS), phospholipids (in case of Gram-negative 
bacteria) or peptidoglycan, teichoic acid (in case of Gram-positive bacteria) (Yongsuk 
and Brown 2006). The presence of such functional groups influence the electrostatic 
behavior (Yongsuk and Brown 2008) of the cells, thus regulating the bacterial adhesion 
(Takashima and Morisaki 1997; Jucker et  al. 1997; Sharma and Rao 2003; Loosdrecht 
et al. 1987; Yoshinari et al. 2000; Walker et al. 2005; Chen and Walker 2007) and also 
contribute towards interaction with various agents (Scholl and Harvey 1992; Yee et al. 
2000; Mills et al. 1994; Borrok et al. 2004).

Considering the emerging importance of membranes (dissipation of membrane poten-
tial) as targets for antimicrobial therapy, and based on the available information from 
different membrane targeting drugs (nisin, alamethicin, valinomycin, etc.), it may be 
mentioned that these drugs either target the Min proteins (associated with cell division) 
or may affect the cell morphology, thereby causing alteration of membrane potential 
with subsequent changes in the morphogenic proteins (Strahl and Hamoen 2010).

Bacterial surface charge has often been described by the Zeta potential, an electro-
chemical property of the cell surface, which represents the potential at the shear plane of 
the electrical double layer encompassing a cell in solution (Tokumasu et al. 2012; Soon 
et al. 2011). In general, for most bacteria, the net surface charge is negative and is bal-
anced by oppositely charged counter ions present in the surrounding media (Cieśla et al. 
2011). Zeta potential (the electrical potential difference at the hydrodynamic slipping 
surface that may be described as the interface between the aqueous liquid and the sta-
tionary layer of fluid adhering to the bacterial cell surface), is known to play a significant 
role towards maintenance of the cellular function and also provides useful information 
about cell surface characteristics (Tokumasu et al. 2012; Saito et al. 2001). At times, the 
interaction between the bacterial surface and various agents may be governed by elec-
trostatic interactions, which in turn may affect Zeta potential, which may subsequently 
alter cell surface permeability leading to cell death. It has also been observed that altera-
tion of erythrocyte Zeta potential (achieved through increased dielectric constant or by 
changing the composition of the medium) may often lead to agglutination (Fernandes 
et  al. 2011). Thus further research on membrane acting molecules (particularly with 
antimicrobial properties) would be of enormous importance considering the gradual 
shrinkage of the antibiotic pipeline.

The work was carried out to establish a relationship between altered surface poten-
tial of the bacteria (represented as Zeta potential) with that of cell surface permeabil-
ity and poly dispersity index, following exposure to surface acting agents. Hence, in the 
present study, the cells (Gram-positive as well as Gram-negative bacteria) were treated 
with surface active agents [cetyl trimethyl ammonium bromide (CTAB) and polymyxin 
B] and also with ampicillin, an antiobiotic, known to work through inhibition of cell wall 
biosynthesis. Thus an attempt was made to understand the role of these agents on cell 
membrane architecture, using Zeta potentials a tool for studying the alteration in bacte-
rial cell surface permeability and subsequent bacterial viability.
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Results and discussion
In the present study, E. coli and S. aureus were exposed to different concentration of 
CTAB (0.3–170  µg/ml), and polymyxin B (0.3–170  µg/ml) and the treated cells were 
examined for any possible alteration of cell surface permeability along with correspond-
ing alteration in Zeta potential. The alteration of cell surface permeability was confirmed 
by NPN and crystal violet assay, performed under identical experimental conditions. In 
the present research work we have selected a range of concentration, along with differ-
ent time intervals 30, 60, 90 and 120 min for studying the effect of both concentration as 
well as time of exposure, for a better understanding of the drug action.

According to Balhara et al. (2013), the interaction of membrane acting agents with a 
cell surface may involve variety of mechanisms, namely interaction of different func-
tional groups with bacterial surface or aggregation within the membrane, resulting in 
the perturbation of membrane integrity. As evident from studies with antimicrobial 
peptides, mechanism of membrane active agents involve the formation of—barrel-stave, 
carpet, toroidal-pore, or aggregate channel models (Giuliani et  al. 2008; Nguyen et  al. 
2011; Sato and Feix 2006; Alves et al. 2010; Li et al. 2012), which leads to increase in cell 
permeability, which may ultimately result in cell death (Powers and Hancock 2003).

Zeta potential

Surface neutralisations of the membrane are important for the antimicrobial activity of 
the certain substances, which acts on bacterial surface (Torcato et al. 2013). In our study, 
the average Zeta potential of the untreated E. coli and S. aureus were found to be −44.2 
and −35.6 mV, respectively. It may be mentioned that the presence of additional layer 
of negatively charged LPS in Gram-negative bacteria as compared to Gram-positive 
bacteria, has been attributed to the higher negative potential of E. coli than that of S. 
aureus, and our observation were found to be similar to the previous findings (Arakha 
et al. 2015; Alves et al. 2010; Domingues et al. 2014). As evident from our results, CTAB 
(0.3, 0.6 µg/ml) did not produce any alteration of the Zeta potential (up to 2 h) in either 
E. coli or S. aureus (Fig. 1a, b). However, a alteration of Zeta potential could be observed 
in both E. coli and S. aureus, when the cells were exposed to CTAB, at concentrations of 
30 µg/ml and above (Fig. 1a, b). Moreover, it was also noticed that in case of CTAB, the 
magnitude of decrease in the negativity of the Zeta potential was found to be greater 
at higher concentrations and such alteration of Zeta potential was found to be time 
dependent (studied till 2 h) as well. Similar findings were also recorded when bacterial 
cell suspension was treated with ZnO nanoparticle, where positive surface potential of 
ZnO nanoparticles were found to interact with the negative surface potential of bacterial 
membrane and the potential shifted towards neutrality and this behavior was found to 
be dependent on the concentration of ZnO nanoparticles and resulted in the destabiliza-
tion of the membrane (Arakha et al. 2015). Interestingly, such change in potential (with 
CTAB) can be correlated with the increased membrane permeability as was evident 
from NPN and crystal violet assay (Figs. 1, 2). The present observations are in conform-
ity with earlier reports, where it has been stated that surface charge neutralization leads 
to altered membrane permeability (Alves et al. 2010). Another important finding of this 
present investigation is related to the decrease in the negativity of the Zeta potential that 
was found to be more in S. aureus than in E. coli, when studied at identical concentration 
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(Fig. 1). Therefore, such alteration of Zeta potential in Gram-negative bacteria may be 
caused due to the presence of higher density of anionic groups and O-antigen in LPS 
membrane, apart from the thin peptidoglycan layer, which also acts as an additional bar-
rier for the solutes, thus helping in the maintenance of the surface potential and in turn 
membrane integrity (Domingues et al. 2014).

According to reports, the cyclic moiety of Polymyxin B may be responsible for LPS 
mediated membrane association, with subsequent penetration into the inner bilayer 
core, thereby possibly producing alteration in membrane permeability (Katz et  al. 

Fig. 1 Change in bacterial (a, c E. coli: b, d S. aureus) Zeta potential and membrane permeability (assayed by 
NPN uptake) in presence of different concentrations of CTAB (a, b) and polymyxin B (c, d). Percentage change 
in Zeta potential (solid lines) and percentage change in permeability (dashed lines) was plotted against the 
concentration (µg/ml) of the treatment

Fig. 2 Change in bacterial (a, b E. coli; c, d S. aureus) membrane permeability (assayed by crystal violet 
uptake) in presence of different concentrations of CTAB (a, c) and polymyxin B (b, d). Percentage of crystal 
violet uptake was plotted against the concentration (µg/ml) of the treatment
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2003) through displacement of Ca2+ and Mg2+ ions and this results in the rupture of 
the cell membrane (Mendes and Burdmann 2010). In another study performed with 
ovotransferrin, an antimicrobial peptide (OTAP-92), the compound was found to 
interact with lipid bilayers and subsequently alter the membrane potential. Addition of 
OTAP-92 (bactericidal concentration) to hyperpolarized liposomes also caused leak-
age of the dye (positively charged) due to depolarization of the vesicles (Ibrahim et al. 
2000).

According to our observations, Polymyxin B produced alteration of the magnitude 
of Zeta potential in Gram-negative cells (E. coli) but failed to produce any alteration in 
S. aureus (Fig. 1c, d). A similar finding was also observed with Gram-negative Acineto-
bacter baumannii and also with artificial bio-membrane model, following exposure to 
polymyxin B (Soon et al. 2011; Domingues et al. 2012). It may be mentioned that the 
LPS barrier in Gram-negative bacteria was found to be destabilized at physiological 
pH, by electrostatic attraction of the cationic polymyxin B, leading to permeabilsation 
of the membrane structure (Kennedy et  al. 2011; Soon et  al. 2011; Domingues et  al. 
2012).

According to Ahn et al. (2001), use of cationic substances like aluminium affects the 
surface negativity (Zeta potential) of membranes (root cells), leading to alteration of 
lipid mediated signaling and membrane destabilization. It may be pertinent to mention 
that these cations interfere with the functioning of membrane bound ATPase (responsi-
ble for maintaining membrane potential through regulation of H+ movement across the 
membrane). In situations of cation-induced toxicity, Zeta potential could be considered 
as an important parameter for governing membrane damage, particularly associated 
with decreased membrane potential (resulting in decreased ATPase activity).

Polydispersity index and viability of the bacterial cells

In Table 1, we have depicted the relationship between cell viability (measured by count-
ing colony-forming units) and polydispersity index (PDI) of the bacterial suspension, fol-
lowing exposure to different concentration of CTAB. Exposure of the bacterial cells to 
the disrupting agents causes rupture in the cell surface which may lead to cell death, 
as evident from significant reduction of cell viability (decreased CFU). The rupturing of 
the bacterial cell surface significantly increased the total particulate content of the cell 
suspension (Table  1; treatment with CTAB—30  µg/ml), as was observed in our study. 
However, lower concentration of CTAB (0.3 µg/ml) neither decreased the CFU nor the 
PDI (measured at 2 h) in either E. coli or S. aureus.

Table 1 The polydispersity index (measured by  DLS) and  viability of  cells (expressed 
as CFU) after treatment with and without CTAB

Values are expressed as mean ± SEM; (n = 6)

** p < 0.01 (vs. control)

Treatment log(CFU) Polydispersity index

E. coli S. aureus E. coli S. aureus

Normal bacterial cell 9.14 ± 0.10 8.41 ± 0.24 0.31 ± 0.019 0.28 ± 0.023

Cell treated with 0.3 µg/ml CTAB 9.04 ± 0.52 8.05 ± 0.35 0.32 ± 0.032 0.29 ± 0.016

Cell treated with 30 µg/ml CTAB 5.06 ± 0.52** 4.02 ± 0.44** 0.75 ± 0.023** 0.79 ± 0.014**
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NPN assay

The outer membrane (OM) of Gram-negative bacteria, in particular, is known to be 
impervious to different hydrophobic chemical agents, including NPN, owing to the 
presence of the LPS, present on the outer side (Nikaido 1996). However, permeabilis-
ing agents (which destabilizes the OM and liberate the OM components or intercalate 
with the OM), have been found to alter the uptake of substances like NPN, thus mak-
ing it an effective marker for studying cell permeability. Permeability studies, particu-
larly when performed on Gram-negative microbes, could be of importance particularly 
in relation to antimicrobial drug development. The ability of any agent, causing damage 
to the outer cell surface has been extensively quantified by NPN assay. As NPN is hydro-
phobic in nature, hence it cannot penetrate through intact membranes and therefore 
exhibits weak fluorescence emission in a buffer medium, whereas an enhanced uptake of 
NPN (increased fluorescence) may occur in case of damaged (functionally invalid) outer 
membranes (Loh et al. 1984; Torcato et al. 2013).

In the present context, the NPN uptake was found to be negligible (till 2  h) for the 
untreated E. coli or S. aureus, thereby indicating the existence of intact cell surface (data 
not shown). Addition of CTAB (30–170 µg/ml) to either E. coli or S. aureus (in the pres-
ence of NPN), produced a concentration dependent as well as time dependent enhance-
ment in fluorescence emission (indication of NPN uptake). The positive charge of CTAB 
binds electrostatically bond with negatively charged LPS of Gram-negative cell surface, 
and also with the negatively charged teichoic acid, present in Gram-positive cells, and 
such interaction may create stress, leading to enhancement of cell permeability (Simões 
et al. 2005; Domingues et al. 2014; Berry et al. 2005; Maillard 2002). Moreover, the mag-
nitude of alteration of fluorescence emission was higher in case of S. aureus than that of 
E. coli. Interestingly, higher change in NPN uptake was observed with CTAB pretreated 
Gram-positive S. aureus, where the change in the Zeta potential was also found to be 
more (Fig. 1a, b) as compared to CTAB treated E. coli, thereby indicating higher effec-
tiveness of CTAB against Gram-positive cells as compared to the Gram-negative ones 
and this may be due to the distinct differences of their cell surface architecture.

Polymyxin B produced a concentration dependent increase in fluorescent emission in 
case of E. coli, which is in sharp contrast to that of S. aureus, (Fig. 1c, d). Therefore, poly-
myxin B was found to alter both Zeta potential and cell permeability in Gram-negative 
bacteria (Fig. 1c), but was found to be ineffective in Gram-positive cells (Fig. 1d) and our 
observation are in conformity with the findings of Wiese et al. (1998), where a detergent 
like mechanism of Polymyxin B has been attributed to its membrane interaction (lesion 
formation) properties. Substances like polymyxin B is known to display electrostatic 
interaction with anionic LPS, leading to alteration of cell membrane architecture, thus 
enhancing permeability, leakage of cell components and subsequent cell death (Falagas 
and Kasiakou 2005).

Measurement of permeability with crystal violet

Hydrophobic crystal violet has been known to display weak penetration of the outer 
membrane but on the contrary, it has been found to penetrate cells with impaired cell 
membranes thus, crystal violet assay may be employed for the detection of membrane 
damage and such study with this dye may provide useful information regarding altered 



Page 7 of 14Halder et al. SpringerPlus  (2015) 4:672 

membrane permeability (Devi et al. 2010; Tsuchido et al. 1985). In this study, CTAB was 
found to exhibit a concentration dependent as well as time dependent augmentation in 
the uptake of crystal violet (Fig. 2a, c), moreover, the extent of crystal violet uptake was 
always found to be higher in S. aureus than that of E. coli (Fig. 2a, c).

Polymyxin B produced significant uptake of crystal violet in Gram-negative cells and 
this enhancing effect was also found to be both concentration as well as time dependent 
(Fig. 2b). However, polymyxin B didnot exhibit any remarkable variation of crystal violet 
uptake in S. aureus, (Fig. 2d).

In order to ascertain the relationship between the altered membrane permeability with 
that of Zeta potential, two additional approaches were undertaken, where both E. coli 
and S. aureus were exposed to (1) different concentration of Ampicillin and (2) exposed 
to heat treatment (100 °C for 10 min) and the cells were examined for NPN uptake and 
the Zeta potential was also analysed.

Ampicillin (a penicillin derivative) acts as an irreversible inhibitor of trans-peptidase, 
an enzyme responsible for the formation of the bacterial cell wall (Noller et  al. 2000). 
From Fig. 3, it was evident that the drug (concentration) neither affected the zeta poten-
tial nor the membrane permeability (NPN assay), however it reduced the cell viability. 
As discussed earlier, treatment of both E. coli and S. aureus with CTAB produced alter-
ation of Zeta potential and it could be correlated to membrane disruption associated 
reduction in cell viability (Fig. 3).

Heat treatment (10 min) was found to alter both Zeta potential as well as membrane 
permeability (NPN uptake) in E. coli but no such change could be observed in the Gram-
positive cells. However, on increasing the heat exposure to 30 min, the Zeta potential of 
both E. coli and S. aureus were found to decrease and there was a significant enhance-
ment of NPN uptake in both the cell types, when compared to 10 min exposure (Table 2). 
In earlier studies, it has been observed that increasing the temperature (around 80 °C) 

Fig. 3 E. coli (a, b) and S. aureus (c, d) cells were treated with different concentrations of CTAB (a, c) and 
ampicillin (b, d). Viability of the cells is the common parameter which has changed in a dose dependent 
manner for both of the agents, thus percentage change in Zeta potential (ZP; dashed red line) and percentage 
change in permeability (solid black line) was plotted against percentage of viable cells
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increases membrane depolarization coupled with enhanced permeability (Kennedy et al. 
2011). However, such resistance to change (10 min exposure), as observed with S. aureus 
(Table 2) could be attributed to the presence of the thick peptidoglycan layer in Gram-
positive bacteria.

The alteration of cell viability following CTAB pre-treatment was further confirmed by 
CLSM, and from Fig. 4 it was evident that CTAB pre-treatment increased the density of 
PI stained (red) cells as compared to the blank, confirming the reduction of cell viability, 

Table 2 Zeta potential (mV) and  mean fluorescence intensity of  normal, heat treated 
and autoclaved E. coli and S. aureus

Values are expressed as mean ± SEM; (n = 6)

The respective values of Zeta potential and NPN assay of normal, heat treated and autoclaved E. coli and S. aureus

The data are the means ± the standard deviations (n = 6)

** p < 0.01. (vs. control)

Treatment Zeta potential (mV) Fluorescence intensity (NPN 
uptake)

E. coli S. aureus E. coli S. aureus

Normal bacterial cell −44.2 ± 0.50 −35.6 ± 0.54 975 ± 55.49 855 ± 60.83

Heat treatment for 10 min at 100 °C −33.9 ± 0.81** −35.13 ± 0.60 1248 ± 138.82** 872 ± 62.96

Heat treatment for 30 min at 100 °C −21.1 ± 0.62** −27.6 ± 0.54** 1543 ± 76.01** 1209 ± 70.34**

Fig. 4 Bacterial cell suspension (CTAB 30 µg/ml and untreated Blank) stained with Syto-9 and PI analysed by 
CLSM. Cells with intact cell surface (membrane undisturbed) stained fluorescent green, whereas cells with 
ruptured surface (altered membrane integrity) stained fluorescent red. The overlap of the red and greens 
appear as orange



Page 9 of 14Halder et al. SpringerPlus  (2015) 4:672 

a consequence of enhanced cell membrane permeability (evident from crystal violet and 
NPN assay), possibly caused due to alteration of Zeta potential. From our study it was 
further observed that 80.44  % of the cells could be stained by PI following treatment 
with CTAB, whereas only 2.05 % cells could be stained with PI in the blank.

Conclusion
For a cell to survive, it needs to maintain the membrane architecture for the purpose of 
regulating the trans-membrane potential, as these are essential prerequisites for growth 
as well as metabolic activity. Based on these preliminary studies, we observed that the 
surface acting agents produced an alteration of Zeta potential (both types of the bacte-
rial strains) along with increased surface permeability (used as a marker for membrane 
permeability), thereby revealing a possible correlation between these two, which can 
eventually be linked to decreased cell viability. Considering the importance of mem-
brane targeting in contemporary antibacterial drug discovery, the present study helps 
us to establish a correlation between altered Zeta potential and decreased cell viability 
(caused due to the membrane disruption). Moreover, it may also be pertinent to state 
that altered membrane depolarization may not always lead to death, rather depend-
ing on the degree of alteration; the functioning of the cell may be affected. Studies 
related to membrane depolarization (based on the Zeta potential values), could be of 
importance as it would help to indicate the sensitizing (permeabilizing property) effect 
of the compound, which have been observed to be valid even at non toxic concentra-
tions. Therefore, permeabilizing agents may be useful for combining with other agents 
to improve the uptake of antimicrobial molecules. Nevertheless, establishing a critical 
point (Zeta potential), could be also useful for prediction of cell death. Therefore, based 
on the present findings, future modification of the laser technology (DLS) could make 
Zeta potential as a useful probe for studying drug-membrane interactions. Furthermore, 
being rapid as well as straightforward and inexpensive, the technique can be adopted for 
screening of molecules with membrane perturbing properties.

Methods
Bacterial strains

The test microorganisms utilized in this study included both Gram-positive (Staphylo-
coccus aureus MTCC 96) and Gram-negative bacteria (Escherichia coli MTCC 2939). 
The strains were maintained on nutrient agar (NA) plate and were stored at 4 °C. A sin-
gle isolated colony was picked from this plate and transferred to Mueller–Hinton Broth 
(MHB) and was incubated at 37 °C. Density of the broth was adjusted to 0.5 McFarland 
standard with MHB (Andrews 2001).

Chemicals

Chemicals utilized in the present investigation were CTAB (Merck), polymyxin B (Hi-
media), crystal violet, 1-N-phenylnaphthylamine (NPN) (Hi-media), gentamicin sul-
phate (Hi-media), ampicillin sodium salt (Hi-media), potassium phosphate dibasic 
anhydrous (K2HPO4) (SRL) and potassium di-hydrogen phosphate (KH2PO4) (Merck). 
All other chemicals utilized in this study were of analytical grade, purchased from Sigma 
Aldrich.
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Preparation of stock solution

Stock solution of 10 mg/ml of CTAB, polymyxin B and ampicillin were prepared indi-
vidually in 0.5 mM potassium phosphate buffer solution (pH7.4). Different concentra-
tion of CTAB (0.3, 0.6, 30, 60, 120, 170 µg/ml), polymyxin B (0.3, 0.6, 30, 60, 120, 170 µg/
ml) ampicillin (0.3, 0.6, 30, 60, 120, 170  µg/ml) were utilized to carry out the present 
investigational work.

Preparation of bacterial suspension and treatment

100  µl of bacterial culture was freshly inoculated in 5  ml of Mueller Hinton Broth 
(MHB; Hi-media) and incubated at 37 °C for 360 min, where final bacterial concentra-
tion of ~1.1 × 109 colony forming units/ml (CFU/ml) was reached (mid log phase; 0.4 at 
OD590), indicating satisfactory growth of bacteria (Soon et al. 2011). The bacterial sus-
pensions were centrifuged at 10,000 rpm, (20 min), the supernatant was discarded and 
the cell pellets were washed five times with 0.5 mM potassium phosphate buffer solution 
(pH 7.4). The bacterial cell suspension was prepared by re-suspending the cell pellet in 
0.5 mM potassium phosphate buffer solution (pH 7.4). The OD590 of the final dispersion 
varied between 0.12 and 0.15 (Kłodzińska et al. 2010). The washed bacterial cell suspen-
sions were incubated with different concentration of CTAB (0.3, 0.6, 30, 60, 120, 170 µg/
ml), polymyxin B (0.3, 0.6, 30, 60, 120, 170 µg/ml) and ampicillin (0.3, 0.6, 30, 60, 120, 
170 µg/ml) for different time periods (30, 60, 90 and 120 min).

Estimation of Zeta potential

The Zeta potential depends on the composition of the cell surface as well as on the 
nature of the surrounding medium. Several factors such as conductivity (salt concentra-
tion) and pH of the medium govern the adsorption of ions onto bacterial cells and influ-
ence the degree of ionization of charged moieties on the cell surface (Soon et al. 2011). 
Keeping these in view, the Zeta potential measurements were performed with 0.5 mM 
potassium phosphate buffer solution (pH 7.4) to minimize any influence of pH. The 
Zeta potential was measured with the help of a Zetasizer Nano ZS 90 device (Malvern, 
UK), equipped with Helium–Neon laser (633 nm) as a source of light, with the detec-
tion at 90 degree scattering angle at room temperature (28 °C). Each of the experiments 
was carried out under identical experimental condition (n = 6). Zeta potential was also 
recorded for autoclaved (at 121 °C, at 15 psi, for 20 min) (Martinez et al. 2008) and ampi-
cillin treated bacterial cells.

Estimation of polydispersity index

The PDI of the samples was measured in a cuvette at 90 degree scattering angle, with the 
Zetasizer for both untreated and CTAB treated bacterial cells. This experiment was con-
ducted at room temperature (28 °C).

Determination of viability of bacterial suspension

The viability of bacteria was determined by calculating the CFU. The number of CFU 
was determined for the control (untreated bacterial cells) and for the bacterial cells 
treated with CTAB (0.3, 0.6, 30, 60, 120, 170 µg/ml), and Ampicillin (0.3, 0.6, 30, 60, 120, 
170 µg/ml).
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Measurement of permeability with 1‑N‑phenylnaphtylamine (NPN)

The outer membrane permeability of E. coli and S. aureus was determined according to 
Helander (Helander and Mattila-Sandholm 2000). A 10 mM stock solution of NPN (in 
ethanol) was diluted to a concentration of 20  μM with 0.5  mM potassium phosphate 
buffer (pH 7.4) solution. The fluorescence of the samples was measured at an excitation 
and emission wavelength of 340 and 420 nm, respectively (Spectra Max M5). NPN per-
meability assay was also carried out for autoclaved and ampicillin treated bacterial cells.

Measurement of permeability with crystal violet

The alteration in membrane permeability was also evaluated by crystal violet (CV) assay 
(Vaara and Vaara 1981; Devi et  al. 2010). Bacterial cell suspensions were harvested at 
4500×g for 5  min at 4  °C. The cells were washed twice and resuspended in 0.5  mM 
potassium phosphate buffer solution (pH 7.4). Washed bacterial cell suspension was 
incubated with CTAB and Polymyxin B at 37 °C for 30 min. Control samples were pre-
pared similarly without treatment. The cells were resuspended in 0.5  mM potassium 
phosphate buffer solution (pH 7.4) containing 10  g/ml of crystal violet after harvest-
ing them at 9300×g for 5 min. After incubating the suspension at 37 °C for 10 min the 
suspension was centrifuged at 13,400×g for 15 min and the OD of the supernatant was 
measured at a wavelength of 590 nm (SPECTRA MAX M5). OD of the supernatant of 
the normal untreated cell was used as blank. The OD value of crystal violet solution, was 
considered as 100 %. The percentage of crystal violet uptake was expressed as follows:

Confocal laser scanning microscopic (CLSM) analysis

According to Stocks (2004), certain dyes can be very useful for studying the viability of 
cells. Substances like propidium iodide (PI) or Syto 9 are popularly used for this purpose. 
PI has been found to penetrate cells with damaged membranes, whereas Syto 9 is capa-
ble of penetrating the cells nonspecifically, resulting in a green fluorescence. Thus, when 
used simultaneously, Syto9 can replace PI and thus change the colour of the cells under 
fluorescence (530 nm). Two times washed bacterial cell suspension was incubated with 
and without CTAB 30  µg/ml. Here, the bacterial cell suspensions (both CTAB 30  µg/
ml and untreated blank) were stained with 2.5 μM SYTO9 and 15 μM PI and incubated 
for 5 min in the dark. Cells were monitored under a confocal laser scanning microscope 
(CLSM; Andor spinning disk confocal microscope). The laser was used at 488 nm for 
excitation, and the emission was observed at 528 nm (SYTO9) and 645 nm (PI). Cells 
containing intact cell surface were stained fluorescent green, whereas with disrupted 
membranes, stained fluorescent red. The overlap of the red and green areas appears as 
orange (Sarkar et al. 2015). The image was analysed with ImageJ software.

Statistical analysis

All the reported values represent the average of six independent experiments. Statistical 
analysis was performed with one-way analysis of variance (ANOVA) followed by post 
hoc Dunnett’s test. Statistical significance was defined as p < 0.05 for all tests.

(OD value of sample/OD value of CV solution) × 100

= Percentage uptake of crystal violet.
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