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In this study the use of Titnanoparticles in the preparation of active packgdilm materials

DOI: 10.1039/x0xx00000x is investigated. High energy ball milling was us@duniformly disperse Ti@ nanoparticles
within low density polyethylene, LDPE. Differentiatanning calorimetry (DSC) and scanning
electron microscopy (SEM) were used to characterike nanocomposites. Growth of
Pseudomonas fluorescens and subsequent bio-filmawon on the surfaces of LDPE with and
without TiO, nanoparticles were studied with Atomic Force Meropy (AFM) and viable cell
count. A set of samples placed either facedown acefup in microwell plates were
subsequently immersed in P. fluorescens culturesimoubated up to 48h at 4 or 30°C. AFN.
images shown that the presence of titania nanapastiaffects the growth, size, distributioi:
and arrangement of bacteria on the polymer surfa€efl recovery and counting experimentc
revealed a reduction of at least 1-Log (i.e. 90%ution) in bacterial colony forming units per
square centimeter (cfu/@nat the TiQ nanofilled polymer compared to LDPE films, without
photoactivation. In the presence of Ti@®anoparticles, bacterial cells attached to thdases
formed tight aggregates with apparently minor amoafm“extracellular polymer substances”
(EPS) around.

www.rsc.org/

Introduction area has mainly focused on the development of ceitgo
materials using nanoparticles of silver or zincdexi* The

The aim of food packaging is basically to consgitt antimicrobial activity of titanium dioxide (Ti§) mainly
physical barrier between food and the environmenprotect, Photocatalyzed by UV light) is well known. This ady was
avoid or slow down food deterioration, extending shelf-life discovered by Matsunaga al’ and since then it has been usec
and assuring consumer’s safety. The increasingamvent of to degrade organic pollutants and deactivate adospectrum
nanotechnology has dramatically changed the conolefiod Of microorganism$. Recent investigations have studied the
packaging from the merely “passive barriers” usedhie past direct incorporation of Ti@in films of ethylene vinyl alcohd,
towards the so-called “active packaging”. Indeede ttisotactic polypropyleng, low density polyethylerfe and
development of new smart packaging materials tdmope Polycaprolactoné® ~ Although the activity of TiQ is
product shelf-life and quality has been the goal neiny Simultaneously combined with the irradiation of Uight,
companies. These products are based on multifuraitiorecent studies suggest that }i€an also affect bacterial growth
materials that are able to interact with food tepand to harsh in the absence of UV light** Therefore, one possible
environmental conditions or even alert the custoihéod is alternative to obtain polymer nanocomposites usefod
contaminated. In this sense, nanotechnology cam inelustry Preparing “active packaging” materials is to inamate TiQ
to achieve these challenges. For instance, it issipte to nanoparticles in polymer matricts®
modify the behavior of polymer films used for wrampp with Atomic force microscopy (AFM) has been revealecbas
the addition of certain type of nanoparticles. Thmisght Of the most relevant techniques for materials ottareation
increase barrier and other physico-chemical prageertand has played an important role in the field obldwical
(mechanical, thermal and antimicrobial). sciences and more specifically in microbiology.particular,

Probably, among the above mentioned, new plasffem the point of view of microbiology, it has eved from a
materials (polymers and composites) with bacteaicidr merely visualization technique to a quantitative lenalar
bacteriostatic effect are the most promising systefor toolkit that allows scientists for instance examii the
agriculture and food industry Essentially, the antimicrobial Physicochemical properties of cell membrateBesides, AFM
agent is directly introduced into the packaging emat to has also shown a great potential for rapid qualitatietection
prevent or delay bacterial growth on the food’same where Of microorganisms what is crucial for food safetdajuality.®
the alteration or degradation process begiResearch in this AFM offers better resolution than optical microsgoand it
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RSC Advances

may complements scanning electron microscopy (SEiMje
sample preparation is minimal or nil (Yang and Wz2@p8)*®
Free living microorganisms can colonize surfacesnfog
so-called biofilms, communities of sessile cellsbexaded in a
sticky gel of hydrated extracellular macromolecuteeduced
by themselves, that binds them to a substratunaserfin this

form, cells are protected from adverse conditi@ush as those

involved in sanitation. Biofilms are easily formed surfaces in
contact with food (equipment, utensils, packagirg) érom
which they can contaminate it and compromise ifetgaand

quality!® Pseudomonas fluorescens was here selected &

biofilm forming organism since it is one of the mdorganisms
most frequently associated with food spoilage
refrigeration temperatures. The aim of this workswa study
the antimicrobial and/or antiadhesive activity ofwl density

polyethylene (LDPE) films filled with Ti@nanoparticles (20%

wt) in the absence of light. Biofilm formation wasudied at

two temperatures, 4°C and 30°C, using two expetaher

system configurations in order to study the infeef gravity
on cell attachment. The antibiofilm behavior or timaterials
here prepared was both checked by viable cell cogirsind by
AFM inspection of the exposed surfaces.

Experimental

Materials

Commercial LDPE (melt index 25.00 g/10 min, 190°Ca2kd,
ASTM D 1238, and density = 0.93 g ¢jnand TiQ nanoparticles
(average diameter 65 nm) used in this work werepléegh by
Aldrich.

High energy ball milling

The materials in powder form were blended usingraroercial
mixer Retsch MM400 under cryogenic conditions. Témasles were
introduced in two stainless steel vessels of 50mtih one milling
ball of 2.5 cm diameter each. The samples consisted.DPE

(control) and LDPE filled with 20% of Ti©nanoparticles (weight

und  Teflon ®

0.056 kg/cmi. Then, the sample was left to cool down to room
temperature still under the same constant pressure.

Aluminum

/ (5 mm thick)

Kapton ©
(0.75 mm thick)

(2 mm thick)\
N

Fig. 1 Experimental setup used for film processing (LDRBEPE-
TiOy).

Differential scanning calorimetry

The non-isothermal crystallization and melting msses of both
materials were studied in a Mettler Toledo 822Efedéntial
scanning calorimeter (DSC) undep Bkmosphere. Previous thermal
history of the samples was erased heating the sasngtl20°C/min
from 35 to 18C°C and holding this temperature for 5 min. After that
subsequent dynamics experiments were performedhy@}allization
process cooling the samples from 180 to®’G&at 20°C/min and ii)
melting process heating the samples from°@5to 180°C at 20
°C/min. The experiments were carried out in DSCpb@luminum
pans weighting approximately 10 mg of the films voasly
prepared. To calculate the crystallization degbéethe enthalpies
of crystallization or fusion were useti (Eq. 1).

_ AH/(1-%)
T AHS,

@

percentage) (LDPE-Tig. The filling level of the vessel is limited where x is the mass fraction of Ti®anoparticles andH,. is the

by the following settings: one third of the totallwme is occupied
by the sample, whilst other third is occupied by thall. The
remaining third is the free vessel volume, esskfdiathe powder
and ball motion during the agitation.

The milling process was done immersing the ved#idd with
the sample and the milling ball in liquid nitrogéer 15 minutes.
Next, the vessels were placed in the MM400 mixdlingi machine
and subjected to one milling cycle for 5 minuteghgsa vibration
frequency of 28 kHz. This cycle was repeated 12sito complete
1h of active milling Previous result8 point out that metal
contamination arising from the milling tools due tioe milling
process was less than 0.5% by weight.

Films preparation

The films were prepared by placing the milled porsdeetween
two square sheets of polyimide (Kapton®) ok10cnf. To control
the thickness of the film, a mask of the same r@teras used with

enthalpy of fusion for the fully crystalline LDPRAH,X = 289.9
Jig#

Atomic force microscopy and scanning electron micrecopy

Morphological characterization of the films anduatization of
bacteria by atomic force microscopy was performesingi a
Multimode atomic force microscope Nanoscope IVA diEil
Instruments/Veeco Metrology Group). All measurersentere
carried out at ambient conditions in tapping modth wtched silicon
probes (stiffness 40 N/m). The driving frequencytied probe was
adjusted to the resonant frequency in the immedieteity of the
samples. The films roughness was determined on ARdges of 20
x 20 ym® dimensions. Image analysis was carried out w'h
Nanoscope software 6.12r1.

To examine the distribution of TiOnanoparticles in the
composite film a SEM Philips XL30 equipped with &DAX
detector (energy dispersive X-ray analysis) DX4iswesed. In all

a window of 9 cri where the powders were placed. The wholeases the samples were gold coated by sputterouggure to make

assembly, placed between twoTeflon sheets, wagedatogether
with two aluminum plates (see Figure 1). To preptre films,

them conductive and avoid electrostatic charge raatation.

120mg of material (LDPE or LDPE-Tipwere deposited inside theBacterial cultures, cell recovery and count

mold. This system was then heated in an oven at°Csfor 1h,

while under two weights of 5.6 kg to provide a dans pressure of

2 | J. Name., 2012, 00, 1-3

Pseudomonas fluoresce®$2 used in this work was isolated
from raw milk according to the method describedRighardson and

This journal is © The Royal Society of Chemistry 2012
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Te Whaitf?> and was stored in trypticase soy broth (TSB, Oxoidyj = W + G +fj +Gxf; +¢;

with 10% glycerol at —20 °C. Pre-inocula were cudtiovernight in
TSB at 30 °C. Cells were harvested by centrifugatio#080 x g for
10 min, washed twice in sterile TSB and their optiEnsity at 600
nm (ODyqg) adjusted by dilution with TSB to be used as inoouylin
order start the cultures with a cell density o @GUmL™.

Cultures for biofilm formation were performed in @&l
microplates (Thermo Fisher Scientific) using LDPBugons as

adhesion substrate. For their preparation, circelmnples of the

films were cut (6 mm diameter for AFM visualizatiamd 10 mm
diameter for cell recovery and counting) and fixeith an epoxy
adhesive (92 NURAL, Henkel) onto AFM sample platé& (hm
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@)

where:

y;: bacterial concentration of sampland ruri
J: general average

¢:runi(from4to7)

fi: sample (LDPE, LDPE-Ti§)

g error of run i and sample j

In case the interactionxf; is not significant it was eliminated
from the model and included within the error. Theatistical
analysis was carried out using the GLM procedur8A$ software.

diameter). In all cases, and prior to the inculajcsamples were Effects of the factors were declared significar & 0.05.

cleaned by spraying on a 70% solution of ethandl subsequently

drying in a sterile laminar flow hood. A total adven independent Results and discussion

experiments were conducted under different conatias shown in
Table 1.

Table 1. Conditions used for the bacterial cultures of tampgles
tested.

Experiment Temperature Time Coupon . COUPON
number C) (h) position rinsing with
0.09% NacCl
1 4 24 Face NO
down
2-3 4 48 Face VES
down
4-7 30 24 Face up YES

Two system configurations were used for biofilm elepment.
The first one was used in experiments 1 to 3 (tdhleThese film
samples were horizontally fixed into the inner fat¢he microplate

Influence of TiO, nanoparticles in crystallization and melting of
LDPE observed by DSC

It is well known that final properties of semicrgiine polymers
are dependent on its crystalline morphology andcsire. Besides,
surface free energy changes might alter final biattadhesiorf*?®
One way to have some information about changesystatlinity of
LDPE under the influence of the presence of;Ti@noparticles is to
study its melting and crystallization process wind without
particles. The melting and non-isothermal crystation of the
materials under study are shown in Figure 2. Clafferdnces
between the DSC traces of the samples cannot be seehe
crystallization process (Figure 2 bottom) there tave exothermic
peaks, the main one at around 92°C and a secondaryatolower
temperatures (50°C in LDPE and 43°C in LDPEJiO
Crystallization occurs at 92°C what agrees with mevistudies®

lid, held in this position with the help of magretape and a magnet, The presence of the secondary peak at lower tetopesahas been

so that the film was upside down. After closing tik the films
were fully immersed in the culture medium (4.4 rhlT&B, which
had been previously poured in the corresponding) wkhe second
configuration was used in experiments 4 to 7. Tampes were
placed face up in the bottom of the wells, here-fap, which were
filled up with TSB. Microplates, wrapped in aluminufail to
protect the samples from light, were placed intdrenubator at the
corresponding temperature under constant orbikisg (50 rpm).
After incubation time, the films were removed and arder to
discard loosely attached cells, gently rinsed wstlerile saline
solution (NaCl 0.9% wt), except in experiment 1 véhap washing
was done. For microscopy visualization, rinsing wasducted by
applying a few drops of saline solution on the filmith a pipette,
while for cell counting, coupons were briefly immsed in a saline
solution and gently rocked. Samples to be visudlizg AFM were
stored in a humid environment at 4°C until obseoratiithin the
next 48h.

For cell recovery and counting, the cells adhecethé surfaces

of each material (LDPE or LDPE-THD were removed using a

cotton swab and transferred into a 1.5 mL peptoatemtube that

was vigorously stirred in a vortex to break up egbregates, to be

immediately diluted in peptone water and plated imypticase soy
agar (TSA, Oxoid) according to the drop method deed by

Hoben and SomasegafanColonies were counted after incubatio

at 30°C for 48h. Values shown are the average dliv® fof each
sample processed for cell recovery and count.

Statistical analysis

The effects of the presence of Fi@anoparticles in LDPE over

bacterial growth were studied by one way variancelysis
considering the run as a fixed effect accordintheomodel:

This journal is © The Royal Society of Chemistry 2012

/g)

= -10 A

Heat flow (W

attributed to a thermal relaxation procéssthough its microscopic
origin is still unclear. In the melting processdtie 2 top) there is
one endothermic peak.

20 4

= LDPE+TiO2

(=)
n

e DPE

=]
L

[ -]
L

Heat flow (W/g)

0 T T T T 1
60 80 100 120 140
Temperature (°C)

Temperature (°C)

91 84 77 71 64 57 51 44 37 35

-5

~a Temperature ("C)
56 50 43 36 35

'
%]

-15 4

]
o
1

)
wn
Heat flow (W/g)

-30 - s LDPE+TiO02 ====]DPE

Fig. 2 DSC traces corresponding to the second heating(sman
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In Table 2 all the parameters coming from the DS@lyses are
collected. The presence of nanoparticles seems fiect athe |
crystallization process. In fact, differences obah4°C are shown in
the crystallization temperature peak (Figure 2dmjtand the same
applies to the peak appearing at lower tempera@assgned to the £
thermal relaxation. This slight decrease in the stafjization
temperature of LDPE-Ti©with respect to LDPE sample may be du
to a restriction in the motion of macromolecularaicis as a
consequence of the presence of nanoparticles wigitt impede £
early ordering. On the other hand, no significalffecences in the (c) -
melting temperature peaks between the two mate(ldPE or o
LDPE-TIO,) were observed, this being in good agreement w§g
previous results on HDP#.In the semicrystalline polymers context
this result is usually indicative of none structuoa lamellar size
changes. Furthermore, no significant differencesevdetected in the
degree of crystallinity, suggesting that the preserof TiO
nanoparticles has not any influence on the amoliatystals present
in the samples. M&t al?® observed differences in the degree «{ IR IRSRIRTTF=T. j o coo o :
Crystallinity of LDPE blended with TiQnanopartiCIes, but in thatF|g 3SEM micrographs of the film surfaces for LDPE: [Qa)ng SE
study the surface of the particles was modified different signal and (b) using BSE signal or LDPE-FiQ(c) using SE signal
treatments. and (d) using BSE signal.

Table 2. DSC Parameters obtained for the first and secoatinge
scans (melting) and for the cooling scan (crysation) of the
samples LDPE and LDPE-TiO

nd :
1% heating scan 27 Heating Cooling scan
Sample scan
Twp | AHum | Twp | AHn [ To | AHu [
0 | g ¢ €0 | WUlg) 1 (0 | () ‘
LDPE 116.1 122.0 0.42 112.4 116.8 0.40 942 93.2 0f3:
LDPE“‘TiOg 114.9 124.4 0.43 111.9 116.6 0.40 90.0 90.6 0f3:

Therefore, DSC results suggest that possible effattBF-B52
growth due to the presence of fi@anoparticles should not be ¢
consequence of induced changes in LDPE crystallirstructure
and/or morphology.

> L% ¥

< 20pm > < 20pm ———>
Fig. 4 Topography AFM images of the surface of LDPE abiPE-
TiO, samples before exposure to the bacterial cultures.

Morphological analysis: SEM and AFM visualization ofpolymer

surfaces o .
Biofilm formation on polymer surfaces

SEM micrographs in Figure 3 correspond to the sedeof the
films under study before exposure to the bacteriftlires. Figures 3 Bacterial cultures at 4°C
(a) and (c) show the micrographs obtained usingSfesignal for ) o .
both LDPE and LDPE-TiQ The surface of LDPE-TiDseems _ Figure 5 shows topographical images obtained by Adfhhe
rougher than that of pure LDPE, probably due toptfessence of the films exposed to bacterial cultures correspondmgxperiments 1
particles near that region. On the other hand, B&Eographs (Fig. (top) and 2 (bottom) performed at low temperat#Cj. In all
3 (b); Fig. 3(d)) showed a quite uniform dispersiof titania C€2Ses (experiments 1-3) a deposit formed by a kihdregular
particles (represented by the brighter domainscatiie of the shape particles of less than 3 micrometers isrebde not easily
presence of heavier elements such as Ti). Howéhvere are some identifiable with the typical rod-like shape of Bdemonas cells
areas of variable size and shapes where aggregatem to be (abqut 1 um in length). _Con5|_der|ng the f||r_n5 of BB without
present; this may be due to the high content ahitit nanoparticles Particles longer culture times is translated ingogér amount of
in the sample (20 % wt/wt). deposited material as shown in Figure 5 (bottorhp Tact that this

Before exposure to the bacterial cultures, the taagg of the sample was washed reinforced the above mentionecth® other
films was also examined by AFM. In Figure 4, typié&M images hand, when the LDPE were filled with TiGhanoparticles the
of LDPE and LDPE-TIQ samples are shown for which the mosgmount of deposit observed was smaller. In fact|doger culture
heterogeneous seems to be the later one. Howevbeave a clearer ime and after washing almost no deposit was okse(figure 5,
idea about the influence of the presence of,Tp@rticles on the LDPE-TIO; bottom). _ _
topography of the films, roughness was determiradutating the The appearance of the deposit observed may bgiated as an

roughness average (Ra) fromp@Dn? images, obtaining values Ofaccumulation of bacteria embedded on the extrdeeljpplymeric
iy . > “'substances (EPS) produced by themselves. Howefer, neat
21.2 and 27.2 nm for LDPE and LDPE-TiQespectively. It is ( ) P y

. ; eometric shapes do not fit well with the charaster rod-like
reasonable to think that a rougher surface shomigdlyi more 9 ! b n el Wi \

- shapeof P. fluorescensuggesting that a layer of the medium used
available space foP. fluorescenB52 attachment, therefore, afterfor the culture (compare left vs. right images igufe 5) is adhered

the culture and in the absence of other effects, would expect (5 e gyrface of the films. Probably both, thetaysconfiguration
more bacteria on the nanofilled polymer.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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i.e., the samples were placed facedown to avoi@ffeet of gravity, concentration of the particles is very low or n@bnversely, in the
and the low temperature/short incubation time hénaempered absence of Ti@ nanoparticles bacteria have fewer arrangement
biofilm development. The layer of material observedight restrictions for colonizing the whole surface.

correspond to the early stages of biofilm formati®herefore, only
the image in the bottom left of the Figure 5 coblel certainly
ascribed to a conventional biofilm image. The ddéfeces between
the remaining images in Figure 5 and those in Eiglrcould be
interpreted as “preconditioning” of the surfacesFigure 5 with
organic material from the culture medium, very rich protein,
possibly (but not certainly) topped by some wealkbund cells,
which have been detached by the saline rinse apgi¢he Figure 5
bottom right sample.

.
4 LDPE-TiO,

< 5um > € 5um >
Fig. 6 AFM height images obtained on the surfaces of LCHE

LDPE-TIO, films covered withP. fluorescensells developed at 30
°C.

Furthermore, bacteria growing on LDPE films werercunded
by extracellular material (probably EPS). Howevhis material did
not appear when bacteria grew on the LDPE,Tfilms. This
inhibition of EPS production by cells suggests, msnted out
elsewheré® that reduction and dense arrangement of bacterth®
surface of TiQ filed LDPE may be a consequence of the
epolysaccharides (EPS) degradation induced by tresepce of
titania. Additionally, Figure 7 shows a cross saetprofile of some
specific regions of the samples presented in Figuikustrate the
actual size and dimensions of the bacteria. Itteanbserved that the
) bacteria grown in the presence of titania nanoglagiare slightly
Bacterial cultures at 30°C smaller than those grown in LDPE suggesting a aiéfact of the

In Figure 6, AFM images of the samples after indidoa nanoparticles orP. quoregcensmetabolism. It may be sjgniﬁcant
experiments carried out at 30 °C are shown. Theogiaphs show that some of the bacteria attached to LDPE,Tilns (Figure 6
advanced growth of bacteria on the surfaces of fibtts (LDPE bPottom right) show some external deformations iwmild be an
and LDPE-TiQ). In general, LDPE films filled with Ti@ indicative (_)f membrane damage. It_ is well knovynttpe_lsmvely
nanoparticles showed fewer amounts of bacteriectath to their charged biopolymers such as chitosan may interath well
surface though arranged in more densely packed eggs. membrane causing cell (_jamage a_n(_jlo_r death. Intieetibpolymer
Besides, bacteria were arranged according to diffepatterns Nas shown good properties as antibiofilm agent.
depending on the material. In LDPE films bacteriaerav
homogeneously distributed throughout the whole agerf forming
small and thin microcolonies, whereas on the LDR@;Bamples,
bacteria appeared in tight, massive much largesnie$, being the
rest of the surface almost uncovered. Microorgasismgregation
in the presence of TiChas also been described in other studies 1
bacteria of the genusStreptococci® and Escherichia colf®
Although not yet demonstrated, one possible expilamaor this
may be that TiQ particles, which are positively charged, fornz..| | . | sssmm
bridges linking the negatively charged surfaceadterial cells, thus =™ / v 1/ !
promoting tight cell aggregatés.Another plausible is that Ti®OD ' : ’ I ‘ : ’ !

2
Scan line (um) Scan line wm

nanoparticles due to the important bactericidabatffagainstP. Fig. 7 Cross section profile of theifn images shown in Figure 6 for
fluorescens limits its growth to those regions where theppE and LDPE-TIQ.

-

Fig. 5 AFM Topography images of the surface of films @aft
bacterial cultures at 4 °C for 24h (Experiment 1p)Tcand 48h
(Experiment 2, Bottom). LDPE samples (images on léfg and
LDPE-TiO, samples (images on the right).

830nm
< >

-

570nm
Je|
\
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Bacterial viable counts

The results of the four experiments (4-7) carrietlto quantify
bacterial growth on the surface of the films arevah in Figure 8.
Bacterial attachment was significantly less on LDHR&, than on
LDPE films, at least 1-Log lower. Results from trial 5, which
appear more extreme than the rest, could be pgsdid to an
artifact, such as insufficient mechanical cell dp@gation before
plating or particularly high concentration of TiQarticles in the
coupons involved.

1.E+08

1.88E+07
8.72E+06

1.26E+06

1.32E+06 7.82E405 2.04E+06

1.E+06
8.80E+04

1.E+04
1.20E+03

cfu/cm?

1.E+02

1.E+00

2
Trial

mLDPE mLDPE+TiO2
Fig. 8 Pseudomonas fluorescegiowth on the surface of bare
LDPE and LDPE containing Tidilms at 30°C/24h.

8

Many of the studies that have evaluated the baddati activity
of TiO, did not find almost any effect in the absence of U

ances

study therefore are promising to show bactericpaéntial of TiQ
in absence of UV light and can be used for develppnew
antimicrobial packaging materials.

Conclusions

The results of this study evidenced bactericida¢pial of TiO,
nanoparticles in absence of UV light when they &ithin LDPE.
Results suggest 90% decrease in the growth andageweht ofP.
fluorescendiofilms on the surfaces of polymer samples witidnia
nanoparticles is due to extracellular polymericstabces reduction
and/or cell damage. The use of atomic force miapggroved to
be useful to reveal early stage development oflbiefas well as for
helping to understand some possible outcomes obsxp to
antimicrobial compounds. This study is a startinginp for the
development of new smart packaging materials wittindacrobial
properties.
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