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Three different nanoclays (bentonite, octadecylamine-modified montmorillonite and halloysite) were
studied as potential carriers for the antimicrobial peptides nisin and pediocin. Adsorption occurred from
peptide solutions in contact with nanoclays at room temperature. Higher adsorption of nisin and pediocin
was obtained on bentonite. The antimicrobial activity of the resultant bacteriocin-nanoclay systems was
analyzed using skimmed milk agar as food simulant and the largest inhibition zones were observed
against Gram-positive bacteria for halloysite samples. Bacteriocins were intercalated into the interlayer
space of montmorillonites as deduced from the increase of the basal spacing measured by X-ray diffrac-
tion (XRD) assay. Infrared spectroscopy suggested non-electrostatic interactions, such as hydrogen bond-
ing between siloxane groups from clays and peptide molecules. Transmission electron microscopy did
not show any alteration in morphologies after adsorption of antimicrobial peptides on bentonite and hal-
loysite. These results indicate that nanoclays, especially halloysite, are suitable nanocarriers for nisin and
pediocin adsorption.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

There has been great interest in the use of antimicrobial pep-
tides, such as bacteriocins, in food preservation, health care and
pharmaceutical applications. These molecules differ from tradi-
tional antibiotics and are less likely to cause pathogen resistance
(Brandelli, 2012; Ibarguren, Audisio, Torres, & Apella, 2010).
Bacteriocins are natural occurring compounds with a wide range
of antimicrobial activities and proteinaceous nature, which implies
a putative degradation in the gastrointestinal tract of humans and
animals (Cleveland, Montville, Nes, & Chikindas, 2001). In terms of
food safety, the bacteriocins from lactic acid bacteria (LAB) have
received much attention due to their generally recognized as safe
(GRAS) status and potential use as natural preservatives (Cotter,
Hill, & Ross, 2005; Papagianni & Anastasiadou, 2009).

The most studied LAB bacteriocin, nisin, is a polypeptide of 34
amino acids produced by Lactococcus lactis strains. This bacteriocin
contains lanthionine and methyllanthionine residues, a molecular
mass of 3500 Da, and displays a wide spectrum of activity against
Gram-positive bacteria and on spores of Bacilli and Clostridia
(Arauz, Jozala, Mazzola, & Penna, 2009). Unlike nisin, pediocin
AcH (same of PA-1) has 44 amino acids (molecular mass of
4629 Da), is produced by Pediococcus acidilactici and is commer-
cially exploited as a bacteriocin-containing fermentate powder.
Pediocin is part of a group of bacteriocins belonging to the class
IIa, characterized as ‘‘antilisterial’’ bacteriocins (Papagianni &
Anastasiadou, 2009).

These bacteriocins are commonly incorporated into food by
direct addition for controlling pathogenic bacteria. However, some
loss of antimicrobial activity can occur due to proteolytic degrada-
tion or potential interaction with food components (Cleveland
et al., 2001; Malheiros, Daroit, & Brandelli, 2010). In this sense,
nanostructures may represent an interesting alternative as bacteri-
ocin carriers, not only for food but also for medical applications,
improving their stability and efficacy (Brandelli, 2012).

Nanoclays or layered silicates typically have a stacked arrange-
ment of silicate layers with a nanometric thickness. They have
been used for remediation of environmental contaminants,
delivery of drugs and various active molecules, and to enhance
polymer mechanical and barrier properties in packaging films
(Azeredo, 2013; Parolo et al., 2010; Rawtani & Agrawal, 2012).
Furthermore, mineral clays may allow a controlled release of
antimicrobials and are considered as safe food additives according
to FDA (US Food and Drug Administration) and EFSA (European
Food Safety Authority) (Ibarguren et al., 2014). Their basic building
blocks are tetrahedral sheets in which silicon is surrounded by four
oxygen atoms, and octahedral sheets in which a metal-like alu-
minum is surrounded by eight oxygen atoms. Montmorillonite
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(MMT) is a member of the smectite group, belonging to the struc-
tural family of the 2:1 phyllosilicates. It is one of the most widely
used natural clays with a general formula of Mx(Al4�xMgx)
Si8O20(OH)4, where M is a monovalent cation and x is the degree
of isomorphous substitution (between 0.5 and 1.3) (Azeredo,
2013; Pavlidou & Papaspyrides, 2008). Halloysite (HNT) is an
important member of the kaolin group of clay minerals, with a
composition of Al2Si2O5(OH)4�H2O with 1:1 layer (Rawtani &
Agrawal, 2012). Studies on the use of nanoclays as carriers for
bacteriocins are restricted to nisin onto raw montmorillonite
(Ibarguren et al., 2014).

The aim of this study was to evaluate and compare the interac-
tion of the bacteriocins nisin and pediocin with three different
types of clay nanoparticles: montmorillonite modified with
octadecylamine, unmodified montmorilonite (hydrophilic ben-
tonite) and halloysite.
2. Materials and methods

2.1. Materials

Commercial nisin (Nisaplin�) was provided by Danisco Brasil
Ltda. According to the manufacturer, the formulation contains
NaCl and denatured milk solids as fillers, and 2.5% pure nisin.
Stock solution of nisin was prepared by dissolving Nisaplin� in
10 mM of sodium phosphate monobasic monohydrate (pH 5.0).
This suspension was then centrifuged (5000g for 10 min) to
remove insoluble whey proteins from the preparation. Different
working solutions of nisin were prepared by dilution of the stock
nisin solution previously filter-sterilized through 0.22 lm
membranes (Millipore). Nisin solutions were stored at 4 �C until
their use.

Pediocin (ALTA™ 2345) was provided by Kerry Ingredients &
Flavours, USA. To reach the desired concentrations, pediocin was
diluted with 10 mM sodium phosphate buffer (pH 7.0). Until their
use, pediocin solutions were also stored at 4 �C.

Three commercial nanoclays from Sigma–Aldrich were used:
hydrophilic bentonite (Nanomer� PGV), montmorillonite (MMT)
surface modified with 25–30 wt% octadecylamine (Nanomer�

I.30E) and a unmodified tubular clay, halloysite (HNT).

2.2. Nisin adsorption on nanoclays

Adsorption assays were carried out by adding 1 ml nisin
solution (0.1, 0.25, 0.5, 1.0, 1.25, 1.5, 2.0 and 2.5 mg ml�1) or 1 ml
pediocin solution (10, 50, 100, 150, 200 and 300 mg ml�1) to
10 mg of each nanoclay. These bacteriocin-nanoclay systems were
maintained during 1 h at 25 �C and 80 rpm. Preliminary experi-
ments showed that this time was enough to reach equilibrium.
After that, aliquots of supernatants were recovered by centrifuga-
tion (5000g for 5 min at 25 �C) and residual antimicrobial activity
was determined. The pellets obtained after centrifugation (nan-
oclays adsorbed with bacteriocin) were washed twice with
10 mM phosphate buffer solution (pH 7.0), redispersed in the same
buffer and also assessed for antimicrobial activity. Additionally,
nisin and pediocin solutions at different concentrations were eval-
uated for initial antimicrobial activity.

2.3. Antimicrobial activity evaluation

The antimicrobial activity was detected by an agar diffusion
assay. An aliquot of 10 ll of bacteriocin solutions, supernatants
after adsorption and adsorbed nanoclays were applied on BHI agar
plates previously inoculated with a swab submerged in the indica-
tor strain (Listeria monocytogenes ATCC 7644) suspension, which
corresponded to a 0.5 McFarland turbidity standard solution
(approximately 107 CFU ml�1). Plates were chilled at 4 �C for 24 h
to favor bacteriocin migration before incubation at 37 �C for 24 h.
The reciprocal value of the highest dilution that produced an inhi-
bition zone was taken as the activity unit (AU) per ml (Motta &
Brandelli, 2002). A percentage of adsorbed bacteriocin activity
was calculated as follows: [(initial activity of bacteriocin solu-
tion � residual activity at supernatant after adsorption)/initial
activity of bacteriocin solution] � 100.

The bacteriocin-adsorbed nanoclays were also tested using 1%
(w/v) skim milk agar previously inoculated with a swab sub-
merged in suspensions of the Gram-positive bacteria Bacillus cereus
ATCC 9634, Clostridium perfringens ATCC 3624, Staphylococcus aur-
eus ATCC 25923 and L. monocytogenes ATCC 7644.

2.4. Characterization of samples after adsorption

After exposure to bacteriocin solutions at the saturation level,
the nanoclays were washed as described in the Section 2.2. The
samples were freeze-dried and submitted to X-ray diffraction
(XRD), transmission electron microscopy (TEM) and infrared spec-
troscopy analyses. Nisaplin, ALTA™ 2345 and commercial nanoclay
samples were also analyzed as controls.

XRD measurements were performed using a Siemens D-500
diffractometer (Siemens, Karlsruhe, Germany). Samples were
scanned in the reflection mode using an incident X-ray of Cu Ka

(k = 1.54 ÅA
0

), at a step width of 0.05�s�1 from 2h = 2–45�. The disper-
sion of the layers in the nanocomposites, as well as the basal spac-
ing of the clays, were estimated from the (001) diffraction.

Fourier transform infrared (FTIR) spectra were measured using
a Varian 640-IR spectrometer (Varian Inc., Palo Alto, CA, USA) in
attenuated total reflectance (ATR) mode with a diamond crystal.
The scans were collected between 400 and 4000 cm�1.

The morphology of bentonite and halloysite samples with or
without adsorbed bacteriocins was examined by TEM using a
JEM-1200 Ex II electron microscope (Jeol, Tokyo, Japan) operated
at an accelerating voltage of 80 kV.

2.5. Statistical analysis

All experiments were performed in triplicate. Results were sub-
jected to variance analysis (ANOVA) and means were compared by
the Tukey test at a level of 95% of significance (P < 0.05), using the
SAS 9.3 software (SAS Institute, Cary, NC, USA).

3. Results

3.1. Nisin and pediocin adsorption on nanoclays

The bacteriocins nisin and pediocin adsorbed onto the three
nanoclays tested, regardless of the different characteristics of these
nanoparticles. However, the rate of adsorption varied substantially.
The adsorption of nisin was higher onto hydrophilic bentonite
(Table 1), since no residual antimicrobial activity was detected in
the supernatants exposed to this nanoclay until the concentration
of 2.0 mg/ml nisin solution. For MMT modified with octadecy-
lamine, nisin solutions with concentrations greater than 1.25 mg/
ml led to saturation of the clay surface, evidenced by increasing
values of residual antimicrobial activity from this point (Table 1).
Halloysite presented the lowest adsorption potential comparing
to the other clays, because lower percentages of adsorbed nisin
activity were obtained when it was exposed to increasing concen-
trations of nisin solutions (Table 1).

Pediocin exhibited a similar behavior when adsorbed onto
nanoclays (Table 2). At the concentration of 300 mg/ml pediocin,



Table 1
Residual antimicrobial activity and adsorbed nisin activity after nanoclays exposure to bacteriocin solutions.

Concentration of nisin solutions
(mg/ml)

Initial antimicrobial activity of nisin solutions
(AU/ml)

Residual antimicrobial activity (AU/ml); adsorbed nisin activity (%)a

Hydrophilic
bentonite

Montmorillonite modified with
octadecylamine

Halloysite

0.1 400 0; (100) 0; (100) 0; (100)
0.25 800 0; (100) 0; (100) 0; (100)
0.5 1600 0; (100) 0; (100) 0; (100)
1.0 4800 0; (100) 0; (100) 100; (97.9)
1.25 6400 0; (100) 0; (100) 400; (93.7)
1.5 7200 0; (100) 100; (98.6) 800; (88.9)
2.0 9600 0; (100) 200; (97.9) 1600;

(83.3)
2.5 12,800 100; (99.2) 400; (96.9) 3200;

(75.0)

a Values are the average of three independent experiments.

Table 2
Residual antimicrobial activity and adsorbed pediocin activity after nanoclays exposure to bacteriocin solutions.

Concentration of pediocin solutions
(mg/ml)

Initial antimicrobial activity of pediocin solutions
(AU/ml)

Residual antimicrobial activity (AU/ml); adsorbed pediocin activity (%)a

Hydrophilic
bentonite

Montmorillonite modified with
octadecylamine

Halloysite

10 100 0; (100) 0; (100) 0; (100)
50 800 0; (100) 0; (100) 0; (100)
100 1600 0; (100) 0; (100) 0; (100)
150 6400 0; (100) 0; (100) 200;

(96.9)
200 12,800 0; (100) 0; (100) 400;

(96.9)
300 25,600 100; (99.6) 100; (99.6) 800;

(96.9)

a Values are the average of three independent experiments.
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the surfaces of bentonite and MMT modified with octadecylamine
became saturated. Halloysite, however, adsorbed no more pediocin
above the concentration of 150 mg/ml, as shown in Table 2.

Once adsorbed on nanoclays, nisin maintained its antimicrobial
activity and inhibition zones were visible when aliquots of nisin-
adsorbed nanoclays (suspended in buffer after washing) were
applied on BHI agar plates inoculated with L. monocytogenes
(Fig. 1). Higher inhibition zones were obtained for halloysite sam-
ples adsorbed with nisin (Fig. 1), which could be attributed to
higher desorption of nisin when in contact with the agar medium.
In contrast, after adsorption of pediocin on nanoclays, halos were
only visualized for halloysite-adsorbed samples on BHI agar plates
(data not shown). Nanoclays without nisin and pediocin did not
exhibit any antimicrobial activity as expected.

When skimmed milk agar was used as a food simulant, the
same behavior occurred. Nisin adsorbed on halloysite exhibited
higher inhibition zones comparing to other clays, not only against
L. monocytogenes, but also against the other Gram-positive bacteria
tested, C. perfringens and S. aureus (data not shown). However, B.
cereus was not significantly inhibited by any of the clays adsorbed
with nisin. In relation to pediocin-adsorbed nanoclays, halos were
only observed for halloysite samples against L. monocytogenes and
C. perfringens. Pediocin adsorbed on halloysite demonstrated
higher desorption on skimmed milk agar than on BHI agar plates,
evidenced by the diameter of inhibition zones (Table S1).
3.2. Characterization of bacteriocin-adsorbed nanoclays

The XRD analysis was performed for nanoclay characterization.
In relation to clay powders, XRD patterns display the level of inter-
calation by the measurement of interlayer spacing (d001) from the
2h position of the clay (001) diffraction peak using Bragg’s law. The
XRD spectra for bacteriocin-adsorbed nanoclays are depicted in
Fig. 2.

In this work, bentonite showed a basal reflection peak (d001) at
2h = 6.5�, accounting for a 1.37 nm interlayer distance (Fig. 2a). The
position of this clay diffraction peak changed to 2h = 5.8� after nisin
adsorption, increasing the interlayer spacing of the clay to 1.53 nm
with the presence of the antimicrobial agent. A similar behavior
was observed after pediocin adsorption with an increasing of inter-
layer space of the bentonite to 1.41 nm (Fig. 2a).

Fig. 2b shows MMT modified with octadecylamine with a basal
reflection peak (d001) at 2h = 4.2� corresponding to 2.12 nm of
interlayer spacing, which was altered to 2.26 nm for nisin-ad-
sorbed nanoclay (2h = 3.9�). However, after pediocin adsorption,
two (d001) diffraction lines appeared: one at 4.8� corresponding
to 1.84 nm and a second line at lower angles (3.4�), indicating a
modification of the interlayer space distance due to an intercala-
tion of the pediocin molecules in the solid matrix (Fig. 2b).

HNT is a non-swelling clay and dispersion cannot be accessed
by XRD. It is possible to observe a diffraction peak at 2h = 11.7�,
corresponding to a basal spacing of 0.75 nm (Fig. 2c). After nisin
and pediocin adsorption, the diffraction peak of HNT internal chan-
nel was not shifted, confirming that the channel structure of the
primary particles remained unchanged.

Nisin powder was also analyzed by XDR and a remarkable peak
at 31.7–31.8� was detected (Fig. 2d). This corresponds to the char-
acteristic diffraction pattern of sodium chloride (NaCl), a compo-
nent of Nisaplin� (Bastarrachea et al., 2010). Nevertheless, this
band is not present in adsorbed-nanoclays samples. In contrast,
pediocin powder did not exhibit peaks when analyzed by XRD,
indicating no crystalline substances are present in its formulation
(data not shown).

FTIR spectroscopy is a sensitive technique largely used to reveal
adsorption of surfactants or pollutants onto nanoclays. In this



Fig. 1. Antimicrobial activity of nanoclays (a) bentonite, (b) MMT modified with
octadecylamine, (c) HNT after nisin adsorption. Values indicate different concen-
trations of nisin adsorbed to nanoclays (0.1–2.5 mg/ml).
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work, FTIR was used to explore the molecular environment of the
nanoclays after interaction with nisin and pediocin (Fig. 3). The
common features in the FTIR spectra of nanoclays were the pres-
ence of characteristic bands around 3622 cm�1 attributed to the
–OH stretching vibration of structural hydroxyl groups,
1640 cm�1 related to the –OH deformation of water and
1028 cm�1 assigned to siloxane (Si–O) stretching vibration. The
band around 910 cm�1 was assigned to isolated Si–O groups and
it was more intense in HNT than in the other clays. A shoulder
around 1100 cm�1 observed in bentonite and HNT is attributed
to Si–O deformation.

In particular, bentonite showed a band around 3420 cm�1

related to the –OH stretching of water, indicating an Si–OH inter-
action with physisorbed water (Fig. 3a). This band appears broad
and weaker in the samples with nisin and pediocin. Other bands
due to the presence of octadecylamine are visible in Fig. 3b:
2920 cm�1, related to C–H asymmetric stretchings of CH2 or CH3;
2850 cm�1, corresponding to C–H symmetric stretchings of CH2
or CH3; and 1465 cm�1 that is attributed to CH2 scissoring
(Chuayjuljit, Thongraar, & Saravari, 2008). On the other hand,
HNT presents a band at 3694 cm�1 (Fig. 3c), indicating the pres-
ence of silanol groups. HNT spectra of samples adsorbed with nisin
and pediocin showed a minor alteration of the siloxane band dou-
blets comparing to HNT alone (Fig. 3c, inset).

The commercial nisin preparation, Nisaplin�, contains NaCl,
carbohydrate and moisture in the formulation. In this context,
the major bands were obtained at 3420 and 1634 cm�1 (Fig. 3d).
In the same way, pediocin formulation shows bands at 3299 and
1585 cm�1 (Fig. 3d). Absorption in this first area indicates stretch-
ing of the O–H and N–H bonds and the spectra in the region of
1720–1580 cm�1 are attributed to the amide bands (Kong & Yu,
2007). The pediocin spectrum presented another intense band at
1024 cm�1 corresponding to C–N stretching.

The morphology of MMT and HNT is illustrated in Fig. 4. MMT is
a 2-to-1 layered smectite clay mineral with a platy structure.
Individual platelet thicknesses are just one nanometer, but surface
dimensions are generally 300 to more than 600 nm, resulting in an
unusually high aspect ratio (Fig. 4a). In contrast, HNT exhibits a
hollow tubular structure as the dominant morphology, resembling
that of carbon nanotubes and its typical dimensions are on the
nanoscale (Fig. 4c). After nisin adsorption, no morphological differ-
ences were observed by TEM images (Fig. 4b and d). Similarly, the
adsorption of pediocin did not alter nanoclay morphologies (data
not shown).
4. Discussion

MMTs and HNTs are natural hydrophilic nanoparticles.
However, modifications with organic compounds like surfactants
by ion exchange reactions are usually common in order to improve
the compatibility of clays with polymers for their application in
nanocomposites (Azeredo, 2013). For comparison, this study also
used the MMT modified with octadecylamine that presents a
hydrophobic characteristic. In this sense, results revelaed that nisin
and pediocin interact with both surface types, regardless of polar-
ity. Bower, McGuire, and Daeschel (1995a) also showed that nisin
could adsorb onto silica surfaces with low and high hydrophobic-
ity. On the other hand, Karam, Jama, Mamede et al. (2013) detected
lower amounts of nisin on hydrophobic surfaces versus the hydro-
philic ones.

After adsorption on the three nanoclays, nisin maintained its
antimicrobial activity against L. monocytogenes. When applied on
skimmed milk agar, nisin-adsorbed clays also inhibited C. per-
fringes and S. aureus. These results are consistent with previous
investigations, which show that nisin adsorbed on silica surfaces
retains its biological activity (Bower et al., 1995a; Wan, Gordon,
Hickey, Mawson, & Coventry, 1996).

HNT exhibited the lowest capacity of adsorbing nisin and ped-
iocin, but demonstrated the largest inhibition zones against the
indicator bacteria after nisin adsorption, and it was the only nan-
oclay that exhibits antimicrobial activity after pediocin adsorption.
Since more discrete or absence inhibition zones were obtained for
bentonite and MMT-modified with octadecylamine samples, these
clays may have more tightly bound or inactivated nisin and pedio-
cin as compared to HNT.

When adsorbed on surfaces, peptides may suffer structural
rearrangement and adopt different orientation and interactions
(Henry, Dupont-Gillain, & Bertrand, 2003). Such conformational
changes can significantly affect the antimicrobial activity and the
performance of the adsorbed-material. Dawson, Harmon,
Sotthibandhu, and Han (2005) reported that adsorption of nisin
onto surfaces can alter the peptide conformation and result in for-
mation of nisin multi-layers and dimers, which can reduce its



Fig. 2. XRD patterns of (a) bentonite, (b) MMT modified with octadecylamine, (c) HNT, before (solid line) and after nisin or pediocin adsorption(dotted lines). (d) XDR pattern
of nisin preparation.
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Fig. 3. FTIR spectra of (a) bentonite, (b) MMT modified with octadecylamine, (c) HNT, before (solid line) and after nisin or pediocin adsorption (dotted lines); inset: zoom of
the peak doublet of siloxane at 1028 cm�1. (d) FTIR spectra of nisin and pediocin.
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Fig. 4. TEM micrographs of (a) bentonite and (b) nisin-adsorbed bentonite, showing typical platelet structure; (c) HNT and (d) nisin-adsorbed HNT, showing a characteristic
hollow tubular structure.
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biological activity. Bower et al. (1995a) found that nisin adsorbed
in small amounts on low-hydrophobic surfaces, but these samples
displayed more antimicrobial activity than higher-hydrophobicity
surfaces, similar to results obtained for HNT surface in the present
study.

Additionally, Yu et al. (2013) reported that different clay
minerals have different adsorption sites. The adsorption sites on
kaolinites like HNT are only on the external surface due to their
non-expanding layers. On the other hand, smectites, such as
MMTs, are expanding layer silicates and thus have extensive inter-
nal and external surfaces. It is probable that nisin and pediocin
adsorbed only on the external surface of HNT, making them avail-
able or freely desorbed from the HNT when compared to MMTs.
These findings are in agreement with previously reported works
(Karam, Jama, Nuns et al., 2013; Szabó et al., 2008).

While the bactericidal mechanisms of adsorbed nisin and ped-
iocin have not been determined, it may require the release of these
bacteriocins from the adsorbed clay surface to promote damage to
the cell membrane. Nisin has been consistently shown to kill
Gram-positive bacteria and the mechanism of its activity in solu-
tion involves a multi-step process that destabilizes the phospho-
lipid bilayer of the cell and creates transient pores (Bonev, Chan,
Bycroft, Roberts, & Watts, 2000; Cotter et al., 2005). According to
Lante, Crapisi, Pasini, and Scalabrini (1994), when nisin cannot be
desorbed from an immobilization surface, it is unavailable to
adhere and hence to inhibit microbial cells. Bower, McGuire, and
Daeschel (1995b) reported greater nisin activities for surfaces of
lower hydrophobicity and supported a hypothesis that nisin
adsorbed to hydrophilic surfaces were more freely available to
enter the susceptible microorganism and begin its multi-molecular
assembly within the bacterial membrane. Whereas, pediocin
causes destabilization of membrane functions including loss of
intracellular K+, entrance of carbohydrates from the medium inside
the cells and cell lysis of some strains (Papagianni & Anastasiadou,
2009).

XRD technique uses the scattered intensity of an X-ray beam on
the sample, to reveal information about the crystallographic struc-
ture, chemical composition and physical properties of the material
studied (Espitia et al., 2012). The hydrophilic bentonite clay shows
a typical basal reflection peak (d001) at 2h = 6.5�, which is closely
related with the 6.6� value described in the literature (Konwar &
Karak, 2011). A slight modification in interlayer spacing of the
hydrophilic MMT verified in XRD patterns may suggest intercala-
tion of nisin and pediocin molecules, or a part of them, between
bentonite layers. These results are in agreement with Ibarguren
et al. (2014) who reported that nisin adsorbed on raw montomoril-
lonite probably by ‘‘frustrated intercalation’’, suggesting that the
cationic portions of the peptide molecule interacted with the clay
mineral structure.

In relation to MMT modified with octadecylamine, adsorbed-
nisin also increased the interlayer spacing, while the pediocin-
adsorbed sample revealed an additional peak in the XRD spectrum.
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Parolo et al. (2010) found intercalation of tetracycline after adsorp-
tion on MMTs by an extra reflection peak, coexisting two basal
spacing that indicates a stacking of the nanoclay layers containing
the antibiotic in the interlayer. The diffraction peak at 2h = 11.7�,
corresponding to a basal spacing of 0.75 nm, confirmed the tubular
structure at the nanoscale of halloysite (Joussein et al., 2005).

The results of XRD may also provide information on the struc-
tural configuration of the molecule intercalated, including lateral
monolayer, lateral bilayer, paraffin monolayer, paraffin bilayer
and pseudo trilayer (Park, Ayoko, & Frost, 2011). However, in our
case, XDR did not provide any more detailed information about
the local conformation and phase state of the intercalated
bacteriocins.

Electron microscopy analysis showed that bacteriocin adsorp-
tion caused no morphological modifications of nanoclays. A typical
layered clay particle was observed for bentonite, where hundreds
or thousands of layers are stacked together with van der Waals
forces to form clay particles (Hashemifard, Ismail, & Matsuura,
2011; Pavlidou & Papaspyrides, 2008). HNT exhibited a character-
istic hollow tubular structure, and its typical dimensions are in the
nanoscale: 10–50 nm in outer membrane, 5–20 nm in inner diam-
eter with 2–40 nm in length (Joussein et al., 2005; Rawtani &
Agrawal, 2012).

Adsorption and binding of peptide molecules by nanoclays
involve a variety of physical and chemical interactions, such as
cation exchange, electrostatic interactions, hydrophobic affinity,
hydrogen bonding and van der Waals forces (Yu et al., 2013).
Electrostatic attractions may also play an important role in the
interaction of organic substrates with MMT (Park et al., 2011;
Parolo et al., 2010; Servagent-Noinville, Revault, Quiquampoix, &
Baron, 2000). Nisin has a net positive charge of +5 and likely inter-
acts with the negatively charged interface of lipid model mem-
branes (El Jastimi, Edwards, & Lafleur, 1999). Adsorption of nisin
to hydrophilic surfaces by electrostatic interactions was previously
cited (Bower et al., 1995a). In the same way, pediocin contains pos-
itively charged residues, mostly located in the hydrophilic N-ter-
minal region (Papagianni & Anastasiadou, 2009). Nisin consists of
34 amino acids including three lysine and two histidine residues.
Also, pediocin contains Lys11 and His12 that are part of the catio-
nic patch in the N-terminal b-sheet-like region of the molecule.
Then, the protonation of these residual amino groups could favor
electrostatic interactions between nisin and pediocin molecules
and negatively-charged surfaces of the clay minerals (Ibarguren
et al., 2014; Papagianni & Anastasiadou, 2009).

In addition to electrostatic forces, clay minerals are capable of
binding peptide molecules since the octahedral surface and
exchangeable cations in the interlayer space have a hydrophilic
character, while the tetrahedral surface with hydroxyl groups
and uncharged regions between charge sites present a partial
hydrophobic character (Servagent-Noinville et al., 2000; Yu et al.,
2013). The hydrophilic portion of the clay surface can interact with
the polar amino acids, whereas hydrophobic interactions can occur
between the siloxane surface of the clay mineral and non-polar
amino acid side chains of the peptide (Yu et al., 2013). Nisin
adsorption to silanized silica surfaces showed a higher adsorbed
mass that was consistently recorded on the hydrophilic relative
to the hydrophobic surface. At the hydrophobic surface, the
hydrophobic domain may be oriented toward the surface, with
the hydrophilic domain having less contact. Each peptide molecule
is depicted as occupying a larger area on the hydrophobic surface
relative to a hydrophilic one, as the amphiphilic domain is larger
than the positively-charged domain (Lakamraju, McGuire, &
Daeschel, 1996).

Non-electrostatic interactions, for example hydrogen bonding
and van der Waals force, have been proved to be important in
the adsorption mechanisms between organic species and MMTs
(Parolo et al., 2010). Also, the HNT surface is composed of siloxane
and has a few hydroxyl groups, which indicates that HNT possesses
a potential for hydrogen bonding (Du, Guo, Lei, Liu, & Jia, 2008).
The HNT spectrum shows a band at 3694 cm�1, assigned to the
presence of silanol groups that are also able to form hydrogen
bonds (Ibarguren et al., 2010; Mellouk, Belhakem, Marouf-
Khelifa, Schott, & Khelifa, 2011). The samples analyzed in this study
showed typical assignments of clays (Du et al., 2008), and no addi-
tional bands in FTIR spectra were observed after nisin and pediocin
adsorption on nanoclays. This result could be explained by the
small quantity of nisin and pediocin in relation to the quantity of
nanoclays used during adsorption studies. The adsorbed amount
is affected by various factors, such as peptide properties (size,
structure stability, amino acid composition, 3-D conformation),
the solid substrate surface characteristics and environmental con-
ditions (Van der Veen, Norde, & Stuart, 2004). However, the inten-
sity of Si–O bands at 1028 cm�1 was weaker in samples with
bacteriocins, which indicate a possible interaction between the
peptide with the nanoclays by the formation of hydrogen bonds.
In the case of HNT, samples adsorbed with nisin and pediocin
showed an alteration of the siloxane bands comparing to HNT
alone, reflecting that non-electrostatic interactions occurred after
adsorption.
5. Conclusions

Nisin and pediocin were able to adsorb on bentonite, MMT
modified with octadecylamine and HNT. XRD analyses provide evi-
dence on the intercalation of the peptide molecules on silicate lay-
ers. Non-electrostatic interactions were inferred by FTIR analysis
after bacteriocin adsorption on nanoclays. Meanwhile, the antimi-
crobial activity detected using BHI and skimmed milk agar plates
was better when halloysite nanotubes were used as a support
agent. Therefore, halloysite adsorbed with nisin or pediocin proved
to be a promising strategy as antimicrobial delivery systems.
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