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Abstract
The interaction of antimicrobial peptides with membrane lipids plays a major role in numerous
physiological processes. Bacteriocins are antimicrobial peptides known to kill target cells by pore
formation and membrane disruption. In this study, polydiacetylene (PDA) vesicles were applied as
arti�cial membrane for detection of plantaricin LD1 puri�ed from Lactobacillus plantarum LD1.
Plantaricin LD1 (200 µg/ml) was able to change the color of PDA vesicles from blue to red with
colorimetric response CR % 30.26 ± 0.59. Nisin (200 µg/ml), used as control, also changed the color of
the vesicles with CR % 50.56 ± 0.98 validating the membrane-acting nature of these bacteriocins.  The
PDA vesicles treated with nisin and plantaricin LD1 showed increased infrared absorbance at 1411.46
cm-1 and 1000-1150 cm-1 indicated the interaction of bacteriocins with phospholipids and fatty acids,
respectively. Further, microscopic examination also suggested the disruption of bacteriocin-treated
vesicles indicating the interaction of bacteriocins. These �ndings suggest that the PDA vesicles may be
used as bio-mimetic sensor for the detection of bacteriocins produced by several probiotics in food and
therapeutic applications.  

1. Introduction
The cell membrane is one of the most fundamental constituents in biological systems creating the
physical boundaries and also plays important roles in transducing signals, sensing environmental
conditions, recognizing and transporting ions/molecules [1]. The major components of the cell
membranes are amphiphilic lipids, cholesterols and membrane proteins. Arti�cial membranes are
traditionally reconstructed either by lipid solution or by folding two monolayers [2]. Membranes,
synthesized using traditional methods, are not suitable for bio-sensor applications due to their fragility
and low resistance. Thus, bio-mimetic membranes with modi�ed lipids have become useful tools in bio-
sensing applications. In recent years, a number of techniques have been developed to create the bio-
mimetic membranes with the help of synthetic lipids and polymers. They have widened the �eld of
applicability of bio-mimetic membrane systems for the detection of new biological membrane-acting
compounds [1].

The polydiacetylene (PDA) vesicles consist of phospholipid such as dimyristoylphosphatidylcholine
(DMPC) and lipid, 10, 12-tricosadiynoic acid (TRCDA) in aqueous solutions exhibiting blue color due to
the presence of conjugated poly (ene-yne) backbone [3, 4]. PDA constitutes a class of conjugated ene-yne
polymer assembly produced upon ultraviolet irradiation (254 nm) of ordered diacetylene monomers
which exhibit unique optical properties, �rst prepared by Wegner [5]. However, its potential use in sensing
application was �rst explored by Charych et al. [6]. The PDA vesicles have received tremendous attention
in the �eld of chemical and biological sciences as a colorimetric sensor due to their capacity to change
the color when exposed to various external stimuli such as light, heat, mechanical stress, solvents and
binding of speci�c chemical or biological agents [7–9]. The blue phase of the vesicles shows maximum
absorption at 640 nm and red phase, at 550 nm when exposed to external stimuli, which can be directly
observed by the naked eyes [10–12]. The color transition of the vesicles is associated with a
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conformational change in its structure [13]. The phospholipid forms a micro domain within the PDA
matrix that resemble biological plasma membrane and the color change of PDA vesicles from blue to red
occurs following interactions between membrane-acting compounds and the head group of
phospholipids bilayer micro-domains [14]. The infrared (IR) spectroscopy such as Fourier-transform
infrared (FTIR) analysis has been frequently used for investigating the structure or bond change of PDA
vesicles due to blue-red transitions induced by external stimuli [15]. PDA vesicles have drawn attentions
in recent years for the applications in biosensors such as the detection of membrane-acting peptides,
viruses, ions and bacteria [16].

Several antimicrobial peptides such as meganin II, melittin, alamethicin and nisin [17, 18,] are known for
color transition of PDA vesicles and induce colorimetric response (CR%) [16]. These peptides are
generally believed to kill bacteria through peptide-lipid interaction leading to membrane permeabilization
and extensive pore-formation [19]. Membrane-acting peptides are usually small, cationic and water-
soluble with variety of biologically important effects arising from their interactions with cell membranes
[20]. These peptides bind to a membrane surface below a threshold peptide to lipid ratio and form pores,
resulting in membrane depolarization and leakage of cell components leading to cell death [21].
Bacteriocins are small cationic peptides produced by different bacterial species in their ecological niches
as part of defence mechanism and competitive advantages [22, 23].

Lactobacillus plantarum LD1 was previously isolated and identi�ed for probiotic potential and
bacteriocin production [24]. In this study, plantaricin LD1 has been puri�ed from cell-free supernatant of
L. plantarum LD1 using ultra�ltration and activity-guided chromatography. The PDA vesicles were
synthesized and used as arti�cial membrane to evaluate the interaction of plantaricin LD1 using
colorimetric response, FTIR analysis and scanning electron microscopy.

2. Materials And Methods

2.1. Bacterial strains, culture media and reagents
L. plantarum LD1 was grown in MRS (De man, Rogosa and Sharpe) medium (Hi-media, Mumbai, India)
for 18 h at 37 ºC as suggested by Gupta et al. [25]. Micrococcus luteus MTCC106 was grown in Nutrient
Broth (NB) medium (Hi-media, Mumbai, India) at 37 ºC for 18 h with continuous shaking at 200 rpm and
used as indicator strain [26]. The diacetylene monomer 10, 12-tricosadiynoic acid (TRCDA) and nisin were
purchased from Sigma (St. Louis, USA) and synthetic phospholipid, 1, 2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) was purchased from Avanti Polar Lipids (Alabaster, USA). The chloroform and
tris(hydroxymethyl) amino methane (extra pure) were purchased from Sisco Research Laboratory
(Mumbai, India).

2.2. Puri�cation of plantaricin LD1
Plantaricin LD1 was puri�ed using Tangential Flow Filtration (TFF), cation-exchange and gel-�ltration
chromatography. The cell-free supernatant (CFS) was collected from 18 h grown culture of L. plantarum
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LD1 through centrifugation (10,000 rpm for 15 min at 4°C) (Sigma, Osterode am Harz, Germany) and
�lter-sterilized using 0.2 µm membrane (Axiva, New Delhi, India). It was passed through 10 kDa NMWCO
hollow �bre cartridge �tted with AKTA Flux-S (GE Healthcare, Uppsala, Sweden) at a feed pressure of 0.44
bar, retentate pressure of 0.27 bar, transmembrane pressure of 0.21 bar, �ux of 14.8 lmh and �ow rate of
80 ml/min as described previously [27]. The retentate was discarded and permeate (900 ml) was further
passed through 3 kDa NMWCO hollow �bre cartridge under same conditions. The 3 kDa retentate (100
ml) was washed with sodium acetate buffer (10 mM, pH 4.5), lyophilized (Mac�ow, New Delhi, India) and
dissolved in 10 ml of same buffer. The solution was �lter-sterilized using 0.2 µm membrane �lter (Axiva,
New Delhi, India) and mentioned as fraction I. The protein concentration was determined using Bradford
method as described by Yuan et al. [28]. The antimicrobial activity was determined using agar well
diffusion assay (AWDA) as describe by Yadav et al. [3]. Brie�y, 5 ml soft nutrient agar (0.8 %) medium
already seeded with indicator strain, M. luteus MTCC106 (~ 10− 6 CFU/ml) was overlaid on solid agar (1.5
%) medium and cut the wells (6 mm) on assay plate. The 3 kDa retentate (100 µl) was loaded in the wells
and the assay plate was incubated at 37 ºC for 18 h. The zone of growth inhibition was observed around
the wells and measured in millimetre (mm) after incubation.

The cation-exchange chromatography was performed as described previously [26]. Brie�y, the column,
HiPrep SP FF 16/10 (1.6 X 10 cm, 20 ml) �tted with AKTA prime plus system (GE Healthcare, Uppsala,
Sweden) was equilibrated with sodium acetate buffer (10 mM, pH 4.5) at �ow rate 1 ml/min. The fraction
I (20 ml) was loaded on the column at �ow rate 0.5 ml/min and column was washed with same buffer
(3x bed volume) to remove unbound proteins. The elution was performed at �ow rate 1 ml/min with a
linear gradient of 0–1 M NaCl in same buffer and fractions (1.0 ml) were collected throughout the run.
The protein elution pro�le was monitored at 214 nm. Tricine SDS-PAGE was performed with narrow range
protein marker (3.5 to 43 kDa) (GeNei, Karnataka, India) to analyse protein bands as described by Kaur
and Tiwari [26]. The antimicrobial activity was determined using AWDA against M. luteus MTCC106 as
described above and fractions showing antimicrobial activity were pooled and concentrated using
lyophilization (Fraction II).

The gel-�ltration chromatography of fraction II was performed using sephadex G-50 column (1.6 X 50 cm,
100 ml) (GE Healthcare, Uppsala, Sweden) �tted with AKTA prime plus system and equilibrated with �lter-
sterilized double distilled water (ddH2O). The Fraction II (1 ml) was loaded on to column and elution was
performed with ddH2O at �ow rate 0.2 ml/min. The elution pro�le was monitored at 214 nm, conductivity
was recorded in terms of millisiemens per centimeter (mS/cm) and 1 ml fractions were collected. The
protein concentration in the eluted fractions was determined using Bradford method [28], purity was
tested using tricine SDS-PAGE [26] and antimicrobial activity was determined using AWDA [3]. The
fraction showing single protein band with antimicrobial activity was considered as puri�ed bacteriocin
and used in further experiments.

2.3. Preparation of PDA vesicles



Page 5/18

The PDA vesicles were freshly prepared with 10, 12-tricosadiynoic acid (TRCDA) (Sigma, St. Louis, USA)
and 1, 2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (Avanti polar lipids, Alabaster, USA) as
described previously [3]. Brie�y, the stock solutions (10 mM) of TRCDA and DMPC were mixed in 2:3 ratio
in 10 ml chloroform. Chloroform was evaporated at 50 ºC. After evaporation, solution was maintained in
double distilled water (ddH2O) at 1 mM total lipid concentration. The sample was heated at 80–90 ºC
during probe sonication with 50 % amplitude for 10 min and stored at 4 ºC after sonication. Next day
sample was brought at room temperature and vesicles were polymerised using UV-light at 254 nm
showing blue color.

2.4. Treatment of vesicles with bacteriocins
An aliquot of 100 µl (1 mM) PDA vesicles was added in the wells of microtiter plate (Tarson, Kolkata,
India) and treated with different concentrations of nisin (5, 20, 40, 80, 100, 150 and 200 µg/ml) (Sigma
Aldrich, St. Louis, USA) in the presence of 10 µl Tris-HCl buffer (2 mM, pH 8.0) as suggested by Kumariya
et al. [29]. The PDA vesicles were also treated with different concentrations of puri�ed plantaricin LD1 (5,
20, 40, 80, 100, 150 and 200 µg/ml) in the same conditions. The color change of the vesicles was
observed at 540 nm (for red color) and 640 nm (for blue color) using micro plate reader (Molecular
Devices, Sunnyvale, USA) [3]. The percentage of color change from blue to red was determined in the
terms of colorimetric response (CR %) [30, 31] after 5 min incubation at room temperature as described
below:

CR % = (PB0 – PBf)/PB0 x 100 %

Where PB = Ablue/(Ablue + Ared) x 100 % and A is the absorbance at either the “blue” component in the UV-
visible spectrum (640 nm) or the “red” component (540 nm). PB0 is the initial percent blue without
bacteriocin, and PBf is the �nal percent blue obtained after bacteriocin reaction [11, 29, 32].

2.5. Fourier transform infrared (FTIR) spectroscopy
The effect of plantaricin LD1 on PDA vesicles was studied using FTIR spectroscopy as described by
Ortuso et al. [16]. Brie�y, PDA vesicles were treated with nisin (100 µg/ml) and plantaricin LD1 (100
µg/ml), and incubated at room temperature for 5 min. The untreated PDA vesicles were used as negative
control and nisin-treated PDA vesicles as positive control. The absorbance spectra of treated and
untreated vesicles were acquired using an FTIR spectrophotometer (Bruker, Bremen, Germany) on
diamond attenuated total re�ectance (ATR) accessory. Opus software was used for spectra acquisition
as suggested by Boumehira et al. [33]. An aliquot of 10 µl of the vesicles (0.5 mM) were placed in direct
contact with the internal re�ecting diamond crystal. Once in contact with the diamond crystal, multiple
scans were obtained to reduce error. Each spectrum was baseline corrected and spectral range was set
from 800 to 1800 cm− 1 at a resolution of 8 cm− 1. The spectra of treated and untreated vesicles were
analysed in the range of 1000–1150 and 1411.46 cm− 1 corresponding to fatty acids and phospholipids,
respectively as suggested by Zoumpopoulou et al. [34].

2.6. Microscopic examination of PDA vesicles
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The change in morphology of the vesicles was observed under light microscope (Labomed vision 2000,
Fremont, USA) and scanning electron microscope (EVO 18, Zeiss, Jena, Germany). Light microscopy was
performed with an aliquot of 20 µl each of treated and untreated PDA vesicles on glass slide and covered
with cover slip. The glass slide was mounted with emersion oil and morphological changes were
observed directly at 100 x magni�cation. For further con�rmation of effects of bacteriocins on PDA
vesicles, scanning electron microscope (SEM) was used as suggested by Ritenberg et al. [35]. For this,
vesicles were �xed with primary �xative (2.5 % glutaraldehyde and 2 % paraformaldehyde in 0.1 M
sodium phosphate buffer, pH 7.4 for 4 h at 4°C) and the �xative was removed using centrifugation
(10,000 rpm for 10 min at 4°C). The secondary �xative (1 % Osmium tetroxide solution) was added for 1
h at 4°C and removed. The dehydrating agent (ethanol) was added to remove water from the sample.
After dehydration, the sample was dried using hexamethyldisilazane (HMDS) and mounted on a SEM
mount or stub. The sample was coated with mixture of gold and palladium (Au/Pd) (6:4) and sputter was
coated with argon gas. The effects of bacteriocins on morphology of the vesicles were observed under
SEM with 10.25 Kx magni�cation. The SEM was performed at Sophisticated Analytical Instrumentation
Facility, All India Institute of Medical Science, New Delhi, India.

2.7. Statistical analysis
Experiments were performed in triplicate, mean values were plotted along with standard deviation (mean 
± SD), and p < 0.05 was considered as statistically signi�cant. Where necessary, three independent
experiments were performed to monitor the reproducibility of results.

3. Results

3.1. Plantaricin LD1 was puri�ed to homogeneity
The 3 kDa retentate of ultra-�ltered plantaricin LD1 showed 20 ± 0.12 mm zone of growth inhibition
against indicator strain, Micrococcus luteus MTCC106. The protein concentration was found to be 0.95
mg/ml. The CEC of this sample showed two peaks (Fig. 1A) and the pooled fractions of �rst peak
showed smear protein band [Fig. 1B (lane II)] with 13 ± 0.25 mm zone of growth inhibition (Fig. 1C)
whereas second peak [Fig. 1B (lane I)] did not show antimicrobial activity (Fig. 1C) and discarded. The
�rst peak when run on gel-�ltration chromatography (GFC), showed two peaks (Fig. 1D). The �rst peak of
GFC did not show activity and discarded whereas second peak showed 16 ± 0.15 mm zone of growth
inhibition (Fig. 1F). The SDS-PAGE analysis of �rst peak further showed smear [Fig. 1E (lane I)] and
second peak showed single 6.5 kDa protein band indicating the purity of the bacteriocin sample [Fig. 1E
(lane II)].

3.2. PDA vesicles interact with bacteriocins
The untreated PDA vesicles showed blue color at 640 nm and vesicles treated with 5 and 20 µg/ml
plantaricin LD1 did not change the color whereas, treated with 40 µg/ml changed the color blue to light
greenish and showed lowest CR % 4.17 ± 0.90. The vesicles treated with 200 µg/ml plantaricin LD1
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changed the color blue to dark brown and showed the highest CR % 30.26 ± 0.59. The blue color of PDA
vesicles was changed to greenish with CR % 7.85 ± 0.68 after treatment with 80 µg/ml plantaricin LD1.
The PDA vesicles treated with 100 µg/ml plantaricin LD1 were changed to light brown color and showed
the CR % 16.45 ± 0.85, whereas vesicles showed brown color and CR % 25.73 ± 0.79 after treatment with
150 µg/ml plantaricin LD1 as shown in Fig. 2(A). Similarly, vesicles treated with nisin (5 µg/ml) did not
change the color and remained blue color, whereas light purple color with CR % 8.23 ± 0.85 was observed
after treatment with 20 µg/ml nisin. The color of PDA vesicles was changed blue to purple with CR %
20.26 ± 0.98 and 28.58 ± 0.68 after treatment with 40 and 80 µg/ml nisin respectively, and showed light
pink color with CR % 37.56 ± 0.85 after treatment with 100 µg/ml nisin. The vesicles showed pink color
with CR % 48.54 ± 0.78 and 50.56 ± 0.98 after treatment with 150 and 200 µg/ml nisin as shown in
Fig. 2(B). There was increasing trend of CR % and pink/red color intensity recorded with increasing
concentration of bacteriocins suggesting the interaction.

3.3. Fourier transform infrared (FTIR) spectroscopy
The vesicles treated with nisin (100 µg/ml) and plantaricin LD1 (100 µg/ml) showed signi�cant increase
in the absorbance at 1411.46 cm− 1 corresponding to phospholipids and also changed the color from blue
to pink/red respectively, whereas the untreated vesicles did not show such changes in the absorbance
and remained blue in color as shown in Fig. 3. The minor increase in the absorbance was also observed
in the bacteriocin-treated vesicles in the range of 1000–1150 cm− 1 could be due to binding of
bacteriocins with fatty acid (Fig. 3). Thus, the changes in the spectra near phospholipid/fatty acid region
suggest the interaction of bacteriocins with vesicles.

3.4. Microscopic examination reveals broken vesicles after
the treatment
The untreated PDA vesicles were found to be blue and round shaped under light microscope as shown in
Fig. 4(A) whereas vesicles treated with plantaricin LD1 and nisin were found to be pink color, swollen with
broken outer boundary (Fig. 4B-C). Under SEM, untreated vesicles were normal in shape (Fig. 4D) but
plantaricin LD1-treated vesicles were found disrupted, larger in size and clumped (Fig. 4E). The nisin-
treated vesicles were also found clumped with broken outer surfaces and smaller in size as shown in
Fig. 4(F). The changes in the morphology of treated vesicles further suggested the interaction of
bacteriocins with vesicles.

4. Discussion
The antimicrobial peptides (AMPs) are used as alternatives to clinical antibiotics. Still many AMPs show
toxic effect on mammalian cells, whereas bacteriocins of probiotic lactic acid bacteria (LAB) lack such
drawback [36]. The antimicrobial activity of bacteriocins against sensitive strains is probably linked to the
membrane interaction with the target cells. The cells have negatively charged phospholipids
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asymmetrically distributed in the outer membrane lea�et [37]. It is generally assumed that the cationic
peptides interact with negatively charged head group of bacterial phospholipids permeabilizing the cell
membranes [38]. There are several reports available about interaction of bacteriocins with plasma
membrane of target bacteria forming pores and membrane permeabilization resulting in the dissipation
of membrane potential and e�ux of several ions and macromolecules [39, 40]. However, reports on
bacteriocins interacting with synthetic vesicles is limited which needs to be explored for various
biotechnological applications of these peptides.

PDA vesicle-based colorimetric assay is simple and easy suggesting potential applications in diverse
�elds [40]. PDA vesicles are widely explored as biosensors/biomimetic nature because these polymers
can be synthesized in situ only with the assistance of light in the desired environment and addition of
phospholipids into the PDA bilayer matrix to increase the �uidity of the arti�cial cell membrane-like
assembly [41]. In our previous study, PDA vesicles were prepared, optimized and used for the screening of
bacteriocins and halocins from LAB and haloarchaea, respectively [18]. The vesicle-based colorimetric
assay was also compared with other indicator-dependent conventional methods for the screening of
bacteriocin-producing strains of LAB [3]. Previously, we have demonstrated the production of plantaricin
LD1 by a putative probiotic strain of L. plantarum LD1 [24, 42]. In this study, biomimetic nature of PDA
vesicles was studied with plantaricin LD1 along with a known bacteriocin, nisin.

The untreated PDA vesicles were found blue whereas nisin and plantaricin LD1 treated vesicles were
pink/red. The color change of treated-vesicles was due to interaction of bacteriocins with PDA vesicles.
The negatively charged phospholipids within lipid bilayers play important roles in promoting binding of
bacteriocins and their insertion into the membrane [37]. The change in the color is triggered by the
binding of a target molecules with sensing probes such as peptides, DNA aptamers and antibodies
conjugated to the pendant side chains of PDA [43]. The cationic nature of nisin and plantaricin LD1 could
be responsible for binding with negatively charged phospholipid. Therefore, PDA vesicles used in this
study were found to be highly sensitive to plantaricin LD1 and nisin. Similar reports for other membrane-
active peptides such as melittin, gramicidin, alamethicin, dermaseptin, cecropin, magainin, defensins,
cathelicidins and pediocin are also available suggesting the interaction of these peptides with lipid
vesicles [1, 14, 29]. Kumariya et al. [29] determined the role of cell membrane phospholipids during
resistance development against cationic antimicrobial peptides (CAMPs) in Enterococcus faecalis and
interaction of CAMPs with cell membrane components such as phospholipids and fatty acids using PDA
(polydiacetylene)-biomimetic membranes. Further, the vesicles could be able to detect lower
concentration of plantaricin LD1 in solution and resulted in an increase in color change and CR%
indicating the sensitivity of the assay. The applications of PDA vesicles based sensors have also been
explored in the other areas such as high-throughput screening of membrane acting antimicrobial
peptides, pathogenic/food borne bacteria [11] and viruses (In�uenza and latest coronavirus SARS-CoV-2)
[41]. The authors have demonstrated great potential in providing a simple, low-cost, accurate and fast-
speed detecting method alternative for the current methods which are too expensive and time-consuming
for analyzing a large number of samples [44]. The PDA vesicles were used as paper strip sensor for the
detection of spores of Bacillus thuringiensis HD-73 [43]. The ratio of DMPC: PDA (2:3) allowed rapid drug
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screening of the permeability across lipid membranes that can be read through “color coding” based on
the colorimetric properties of polydiacetylene [45].

The zwitterionic phospholipids are main component of biological cell membrane therefore mixing of
phospholipid such as dimyristoylphosphatidylcholine (DMPC) with diacetylene monomer 10, 12-
tricosadiynoic acid (TRCDA) to make a natural cell membrane. The phosphocholine head group of DMPC
and carboxyl head groups of TRCDA are mimics peptide-cell membrane interactions [14]. The infrared
(IR) spectroscopy has been frequently used for investigating the structural change during the
polymerization and the mechanism of the blue-to-red transition due to its ability to keep track on the bond
change [16]. The membrane-acting nature of plantaricin LD1 was further con�rmed by analyzing the FTIR
spectra. The vesicles treated with plantaricin LD1 showed increased absorbance at the region 1411.46
and 1000–1150 cm− 1 which could be due to symmetric stretching of in-plane bending of C-O-H, CH2

group and C-O-P, CO-O-C groups of phospholipid and fatty acid, respectively as suggested by Gomes et al.
[46]. The UV irradiation induces cleavage of C-O, C = O and -PO2- bonds in to the anionic 1, 2-dipalmitoyl-
sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) (DPPG) phospholipid, which is an important
component of cell membranes were investigated by Gomes et al. [46]. Ortuso et al. [16] performed a
detailed deconvolution analysis of attenuated total re�ection (ATR)-Fourier transform infrared (FTIR)
peaks of a common diacetylene, 10, 12-tricosadiynoic acid (TRCDA) during the polymerization and the
blue-to-red transition. In this study, increase in the absorbance could be due to interaction of nisin and
plantaricin LD1 with negatively charged phosphate group situated in the head group of phospholipids of
membrane resulting in the breakage of PDA vesicles. In the previous study, FTIR analysis of Micrococcus
luteus, Listeria monocytogenes and Escherichia coli cells treated with bacteriocin LB44, enterocin LD3,
cerein 8A and plantaricin LD4 cells demonstrated similar changes in the absorbance [26, 39] suggesting
similarity between live cells and arti�cial membranes against bacteriocins.

The untreated PDA vesicles showed uniform boundary and presented continuous-smooth outer
membrane, whereas plantaricin LD1-treated vesicles showed morphological changes such as enlarged
size, disruption in outer membrane and pink color. The same has also been con�rmed by nisin which is
known to interact with the cell membrane of target bacteria [47]. The bilayer-structured PDA vesicles in
physiological environments can be easily obtained from the assembly of amphiphilic diacetylene
monomers with phospholipids incorporated, which resemble the cellular membrane structure, making
them ideal for bio-sensing purposes and for studying protein-membrane interactions [41]. In this
membrane model the visible quanti�able color changes were monitored in after peptide membrane
interactions [48]. These �ndings suggested that PDA vesicles mimicking as membrane of lives cells after
treatment with bacteriocins and may be applied in various applications for the detection of bacteriocins
and other related biomolecules.

5. Conclusion
The plantaricin LD1 was puri�ed from CFS of food isolate, L. plantarum LD1. The puri�ed bacteriocin
was able to change the color of PDA vesicles from blue to red after the interaction. Similar observation
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was recorded with nisin also used as control. The interaction of bacteriocins with phospholipids was
further con�rmed using FTIR analysis. The shape of the PDA vesicles was changed after interaction with
nisin and plantaricin LD1 as observed under light and scanning electron microscopy. Thus, �ndings
suggested that PDA vesicles may be used as indicator membrane for the detection of bacteriocins and
high-throughput screening of related drugs.
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Figure 1

Puri�cation of plantaricin LD1 using cation-exchange chromatography (A), the solid line represents
protein absorbance, the dash line represents concentration of NaCl (M) and dotted line represents
antimicrobial activity. Tricine SDS-PAGE (B) of eluted fraction no. 1 to 20 (peak I, lane II) and fraction no.
21 to 40 (peak II, lane I). The antimicrobial activity of peak I and II against Micrococcus luteus MTCC106
(C). Gel-�ltration chromatography of CEC-eluted fractions (D), the solid line represents protein
absorbance, the dash line represents conductivity (mS/cm) and dotted line represents antimicrobial
activity. Tricine SDS-PAGE of pooled GFC fraction no. 1 to 5 (peak I, lane I) and fraction no. 6 to 25 (peak
II, lane II) showed protein band near 6.5 kDa (E). Antimicrobial activity of peak I and II of gel eluted
fraction (F).
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Figure 2

Colorimetric response (CR %) of PDA vesicles treated with different concentrations of plantaricin LD1 (A)
and nisin (B). The untreated PDA vesicles (without bacteriocin treatment) was used as control and shown
in blue color. The treated vesicles showed purple to pink color in the presence of different concentrations
of bacteriocins.
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Figure 3

Fourier transform infrared (FTIR) absorbance spectra of PDA vesicles with nisin (pink line)) and
plantaricin LD1 (red line) showed increase in absorbance at 1411.46 and 1000-1150 cm-1. The untreated
vesicles did not change the spectra. The color change of treated and untreated PDA vesicles has been
shown in inset.
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Figure 4

Light microscopic (100 x) images of untreated PDA vesicles showed blue color with entire boundary (A)
whereas PDA vesicles treated with plantaricin LD1 (B) and nisin (C) showed pink color with rough
boundary. Under scanning electron microscopy (10.25 Kx), untreated vesicles were found to be normal,
whereas, plantaricin LD1-treated (D) and nisin-treated vesicles were larger in size with broken outer
boundary (E-F). The arrow indicates broken and swollen vesicles after treatment with bacteriocins.


