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ABSTRACT: Wounds are the ideal setting for the development of micro-organisms, so it is often necessary to apply a dressing to con-
trol bacterial colonization. Cotton is commonly used in dressings, as it exhibits important hydrophilic characteristics such as high
moisture and fluid retention properties, but it may provide a sustainable media for the development of micro-organisms. In this way,
the development of new strategies to provide cotton materials with lasting and effective antimicrobial properties is of the utmost
importance. Consequently, here we described two processes to develop cotton-dressings functionalized with antimicrobial peptides
(AMPs) magainin I (Magl) and LL-37, in order to give cotton-dressings an antibacterial effect. The AMPs showed no cytotoxic effect
against human fibroblasts so they are safe to contact with skin. In addition, the functionalized materials with either LL-37 or Magl
present an antimicrobial effect exhibiting inhibition ratios of 89% against Klebsiella pneumoniae and 58% against Staphylococcus aur-

eus, respectively. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40997.
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INTRODUCTION

Skin is a large barrier organ that protects against injuries, helps
maintaining fluid homeostasis and aids in sensory detection.'
Because skin protects against the environment, any break in it
must be rapidly and efficiently repaired. Furthermore, wounds
are an ideal environment for bacterial development, as the
wound bed provides a surface and plenty supply of nutrients.”
Among the most common micro-organisms that cause wound
infection are Staphylococcus aureus which is considered
“transient flora” of the skin.” Often skin wounds need coverage
in order to control bacterial colonization, absorb exudate, pro-
vide an optimum moisture balance at the wound surface and
prevent maceration of surrounding tissue. Hence, it is impor-
tant to choose an appropriate dressing.” Cotton is a standard
dressing for the management of wounds, as it presents consider-
able gas permeability comparatively to occlusive dressings.*
Wounds can be highly exudative and require frequent dressing
changes and cotton gauze is still successfully employed in hospi-
tals and nursing homes for long-term wound care.® Neverthe-
less, cotton textiles have long been recognized as media to
support the development of micro-organisms that can grow
rapidly in the presence of moisture, nutrients, and temperature.
Carbohydrates in cotton can act as energy sources under certain
conditions.” Also soil, dust, solutes from sweat and some textile
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finishes can also serve as energy sources for micro-organisms.’
Therefore, the growth of micro-organisms on textiles may lead
to increased likelihood of infection.” Consequently, it is highly
desirable a reduction of the development and growth of micro-
organisms on fabrics.” This can be done through the application
of an antimicrobial treatment to textiles.

Depending on the bioactive agent and fiber type, several meth-
ods have been developed or are under development to confer
antimicrobial activity to textiles.” For synthetic fibers, the anti-
microbial active agents can be incorporated into the polymer
prior to extrusion or blended into the fibers during their forma-
tion.” The conventional exhaust and pad—dry—cure processes
have been used to establish an antimicrobial finishing of mainly
natural fibers.” After the incorporation of the antimicrobial fin-
ishing in the textile it is necessary to determine the efficacy of
the functionalization process.” To do so, a number of test meth-
ods have been developed and they generally fall into two catego-
ries: the agar diffusion test and suspension test.” Staphylococcus
aureus, a Gram-positive bacterium and Klebsiella pneumoniae, a
Gram-negative micro-organism, are recommended in these
methods since they are potentially pathogenic.’

Antimicrobial agents in cotton textiles to be applied as wound
dressings need to satisfy a number of requirements: low toxicity,
be effective against a broad spectrum of micro-organisms and
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Figure 1. Schematic representation of the proposed mechanism of linkage of the antimicrobial peptides onto TEMPO activated cotton samples.

be compatible with textile chemical processes. Conventional
antimicrobial agents for textiles are metal and metal salts, qua-
ternary ammonium compounds, polyhexamethylene biguanides,
bis-phenols, among others. However, these agents can present
side effects, they also can act on non-target micro-organisms
and lead to severe environmental impact.® Now a days, there is
a variety of commercially available dressings from different
materials and antimicrobial agents. Specifically, there are several
dressings using silver as the antimicrobial agent like, Acticoat™
Absorbent with nanocrystalline silver on a polyethylene mesh
dressing; Aquacel® Ag with ionic silver on a sodium caboxy-
methyl cellulose dressing; Tegaderm™" Ag with silver sulfate on
an absorbent mesh dressing.” The treatment of natural fibers,
like cotton, with metals can only be undertaken at the finishing
stage and various strategies have been devised to enhance the
uptake and durability.” Nakashima et al. (2001)® pretreated cot-
ton with succinic acid anhydride to make adsorption of metallic
salts more effective. This pretreatment is very effective at
increasing the amount of metal ions adsorbed and thus improv-
ing antimicrobial activity. However, some concerns have been
expressed about the emergence of bacterial resistance due to the
overuse of silver, especially in the clinical environment.>’

A Promising alternative to the traditional antimicrobial agents
are antimicrobial peptides (AMPs), which are natural molecules
produced by many tissues and cell types in a variety of inverte-
brate, plant, and animal species.'’ Their amino acid composi-
tion, amphipathicity, net charge, and size allow them to attach
to and create pores in the membranes of micro-organisms.*

Magainin I (Magl) is a 23-amino acid AMP obtained from the Afri-
can frog Xenopus laevis."" This peptide, has an a-helical structure
and is amphipathic.'"' Magl reveals multiple functions related to
membrane interactions, being active toward multiple pathogens.""

LL-37 is the only member of the cathelicidin family of host
defense peptides expressed in humans and it is a linear 37
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amino acid peptide produced from the C-terminus of the
hCAPI18 precursor protein by a proteolytic cleavage.'?

Taking into account the emergency of AMPs as new antimicrobial
agents and the importance of developing more effective and non-
cytotoxic antimicrobial cotton gauzes with potential as wound-
dressings, this study proposes the production of antimicrobial
textiles, by immobilizing magainin I and LL-37 onto cotton. Elec-
trostatic binding of the AMPs was achieved by oxidation of the
cotton surface using 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO), which converts hydroxyl groups of carbon-6 of cellu-
lose into carboxylate one’s. This step provided the negative net
charge at the surface of cotton enabling the binding of the cati-
onic antimicrobial peptides during the functionalization process
(Figure 1). The bioactive textiles proved to be able to decrease
Klebsiella pneumoniae of 15 and 89%, after 18 hours of incuba-
tion with the cotton functionalized with magainin I and LL-37,
respectively. The Staphylococcus aureus reduction percentage after
18 hours of incubation with the textile functionalized with Magl
and LL-37 was 58 and 59 %, respectively. Cotton functionalized
with LL-37 appears to be the best choice for the development of
wound-dressings as it presented a higher bacterial reduction per-
centage against Klebsiella pneumoniae and Staphylococcus aureus,
after 18 of incubation. In addition, the AMPs showed no cyto-
toxic effect against human fibroblasts, making them safe to con-
tact with the human skin.

EXPERIMENTAL

Organisms

The bacterial strains used were the Gram-positive strain S. aur-
eus (ATCC 6538) and the Gram-negative strain K. pneumoniae
(ATCC 4352), both from the American Type Culture Collection.

Chemicals
Magainin I and LL-37 were purchased from Eurogentec (Sera-
ing, Belgium).
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Nutrient agar and Nutrient broth were from Cultimed (Barce-
lona, Spain). Sodium hypochlorite and methanol were from
Panreac (Barcelona, Spain) and bovine fetal serum (FBS) was
from Biochrom (Portugal). All other reagents were obtained
from Sigma-Aldrich (St. Louis).

Minimal Inhibitory Concentration of the AMPs against
Klebsiella pneumoniae and Staphylococcus aureus

The minimal inhibitory concentration (MIC) of magainin I and
LL-37 against S. aureus (ATCC 6538) and K. pneumoniae
(ATCC 4352) was determined using the broth microdilution
method, adapted from National Clinical and Laboratory Stand-
ard, NCLS M7-A6."> Magl and LL-37 stock solutions were pre-
pared in sterile deionised water (pH of 5.5) to a concentration
of 20 pg/mL. Serial dilutions of the AMPs stock solutions were
made in Mueller-Hinton Broth (MHB) with concentrations
ranging from 10 to 0.156 pg/mL.

The inoculums were prepared from fresh overnight liquid cul-
tures that were incubated for 24 hours (h) and the bacterial tur-
bidity was adjusted to 0.5 McFarland with sterile 0.85% (w/v)
NaCl solution. Afterward, bacterial work suspensions were made
by diluting 500 pL of the 0.5 McFarland suspensions in 4500 pL
of MHB. Total of 50 pL of the bacterial work suspensions and
50 uL of the AMPs dilutions were added to the wells in a 96
multi-well plate. The multi-well plates incubated for 24 h at
37°C. For each AMP concentration, the turbidimetry of bacte-
rial growth was compared with the controls and all determina-
tions were performed in triplicate.

Cytotoxicity Assay

Cytotoxicity of the AMPs was evaluated by an MTT (3-[4,5-
dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide) viabil-
ity assay'® using normal human dermal fibroblasts (NHDF),
since the textile material is intended to be in contact with the
human skin. Cells were routinely maintained at 37°C in a
humidified atmosphere containing 5% CO, and cultured in
RPMI medium supplemented with 10% fetal bovine serum
(FBS), HEPES (0.01M), r-glutamine (0.02M) and sodium pyru-
vate (0.001M), and 1% antibiotic/antimycotic (10,000 units/mL
penicillin, 10 mg/mL streptomycin, and 25 pg/mL amphotericin
B). Experiments were performed in 24-well tissue culture plates
with 2 X 10* cells/well. Cells were used on the 20th passage.

Briefly, cells were seeded in 24-well plates (2 X 10 cells/well) in
culture medium containing FBS and after 48 hours adherence,
some wells were treated with two concentrations of Magl (0.20
and 4.17 pg/mL), other wells treated with two concentrations of
LL-37 (4.17 and 5.00 pg/mL) and incubated at 37°C, in a 5%
CO, atmosphere, for 48 hours. The concentrations tested were
the MIC values against K. pneumoniae and S. aureus. Untreated
cells were used as control. Afterward the liquid content of the
wells was removed and it was replaced with 200 pL of MTT
solution of 1 mg/mL in PBS. The multi-well plates were incu-
bated for 4 hours, at 37°C, with a 5% CO, atmosphere, in the
dark. Next, the content of the wells was removed and it was
added 200 pL of DMSO and 20 pL of Glicil-Glicin buffer to
dissolve the formazan crystals and to stabilize the color, respec-
tively. The absorbance of each well was measured at 570 nm
using a Biochrom Anthos 2020 microplate reader from
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Biochrom Ltd. The extent of cell viability was expressed as the
percentage of viable treated cells in comparison with control
cells.

The cytotoxicity results were submitted to a Student’s #test in
95% confidence interval, using the computer software, IBM
SPSS Statistics for Windows (version 19.0). P-Values <0.05 were
considered statistically significant.

Cotton Functionalization Process with AMPs

Firstly the cotton fabric was washed with a standard soap to
remove any surface residues that could provide false results
regarding the antimicrobial activity. Secondly, the surface of the
fabric was oxidized by 2,2,6,6-tetramethylpiperidine-1-oxyl radi-
cal (TEMPO), which provided the negative net charge at the
surface of cotton enabling the adsorption of the cationic AMPs
during the functionalization process (Figure 1).

A solution of 0.0125% (w/v) of TEMPO; 0.125% (w/v) of
sodium bromide, and 3.2% (v/v) of sodium hypochlorite was
prepared and its pH value was adjusted at 10.5. Then, 2 g of
fabric samples were submersed in 50 mL of the previous solu-
tion and stirred for 60 minutes. Afterward, the pH of the solu-
tion was adjusted to 7 and the samples were washed in
deionized water. After the activation process, the cotton samples
were submitted to the functionalization process by exhaustion.

For the exhaustion functionalization process, solutions of mag-
ainin I and LL-37 were diluted to a concentration of 4.17 and
5.00 pg/mL in deionized water, respectively. The concentrations
corresponded to the higher MIC values for each antimicrobial
peptide and were selected because they have shown the higher
antimicrobial effect. Samples, with a total of 4 g, were immersed
in 100 mL of the bioactive solution and placed in the containers
of the Ahiba IR datacolor dyeing machine from Datacolor, Inc.
and functionalized at 45°C for 90 minutes, at 15 rpm.

Afterward, all samples were washed in a 1 g/L of a solution of
AATCC 1993 Standard Reference Detergent Without Optical
Brightener (WOB), for 5 washing cycles performed at 40°C dur-
ing 60 minutes, a method adapted from the international stand-
ard EN ISO 105-C06:2010."> Samples were then dried at room
temperature. The soaping procedure was performed over the
samples treated with the AMPs prior to further investigation
and assessment of antibacterial activity, in order to give evi-
dence of the fastness of the functionalization process.'®

Effectiveness of the Functionalization Process on Cotton
Color Strength Values (K/S). A color strength test was per-
formed using Coomassie brilliant blue reagent to assess the
presence of the antimicrobial peptides, magainin I, and LL-37,
in the modified-cotton samples and the K/S values were deter-
mined. Briefly, the process of staining the treated samples and
their controls consisted of immersing the samples in 10 mL of
reagent solution Coomassie Brilliant Blue G-250 at room tem-
perature and under constant stirring for 15 minutes. Then, the
samples were washed with distilled water to remove unbound
peptides out of the fibers.

The color measurement of samples was performed by spectro-
photometric readings in the spectrophotometer Spectraflash 110
from Datacolor at 595 nm. The ratio of light absorption to light
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scattering at a given wavelength is proportional to the concen-
tration of a dye in the sample.’® The relationship is derived
from the Kubelka—-Munk eq. (1)"7:

(1-R)’
1

R (1
Where R is the reflectance; K= light absorbed, and §=light

scattered. Also the relationship between K/S and concentration
of the dye is given by the formula'’(2):

K/S=kC (2)

K/S=

Where k= constant of proportionality; C= concentration of
colorant.'” An elevated K/S value indicates that more color rea-
gent reacted with the peptides adsorbed in the cotton. Conse-
quently, a high K/S indicates that a higher concentration of
AMPs is present in the cotton surface and reacts with the color
reagent.

Fourier Transform Infrared Spectroscopy (FT-IR). The chemi-
cal composition of cotton, magainin I functionalized cotton
(Magl-cotton), and LL-37 functionalized fabric (LL-37-cotton),
were analyzed on FT-IR. Measurements were done with a
Thermo-Nicolet is10 FTIR spectrophotometer. Each sample
was scanned 64 times, with a spatial frequency resolution
of 4 cm™".

Efficacy of the Functionalized Material—Antibacterial
Properties

The antibacterial effect of functionalized textile samples was
tested according with the Japanese Industrial Standard, JIS L
Standard 1902:2002."® The evaluation of the antimicrobial effect
against Staphylococcus aureus and Klebsiella pneumoniae of the
functionalized samples was performed by a suspension quantita-
tive test, in which there was direct contact of the biomaterial
with a suspension of bacterial cells. Control samples (without
AMPs) and functionalized samples (with AMPs) were tested for
its antimicrobial effect.

To test the antibacterial effect of the AMPs, the growth reduc-
tion rate was calculated based on the difference between the
number of colony forming units on the control fabric and the
functionalized fabric. Bacterial inoculums were prepared from
an overnight Nutrient Broth suspension, incubated at 110 rpm
at 37°C. The bacterial concentration was adjusted to 0.5 McFar-
land and the working bacterial suspensions were prepared to a
final concentration of 1+ 0.3 X 10° colony-forming units/mL
(CFU/mL). The square shapes of cotton samples with 0.4 g
were placed in a sterile tube and inoculated with 200 uL work-
ing bacterial suspensions. Afterward, half of the samples were
incubated for 18 hours at 37°C and the other half was immedi-
ately processed and analysed (designated as 0 hour samples).
For the release of bacterial cells from the textile samples, before
and after the 18 hours incubation period, 20 mL of 0.85% (w/
v) NaCl solution with 0.20% (v/v) Tween-80 was added to the
tubes and then stirred. The resulting suspensions were used to
determine viable counts using serial dilutions prepared in sterile
0.85% (w/v) sodium chloride solution and plated in Nutrient
Agar. The plates were incubated at 37°C for 24 hours, and the
number of colonies was determined. This procedure was
performed in triplicate.
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The growth reduction rate of the bacteria was calculated using
the eq. (3):
[Control | —[Functionalized
[Control ]

Where, [Control] is the CFU/mL of the control fabric (without
the AMPs) and [Functionalized] is the CFU/mL of the func-
tionalized fabric with the AMPs. The growth reduction was cal-
culated for the initial time (0 h) and after 18 h of incubation
between textiles and bacterial suspension.

X 100% = % growth reduction (3)

RESULTS AND DISCUSSION

Minimal Inhibitory Concentration of the AMPs Against
Klebsiella pneumoniae and Staphylococcus aureus

The minimal inhibitory concentration (MIC) of magainin I
(Magl) and LL-37 against S. aureus (ATCC 6538) and K. pneu-
moniae (ATCC 11296) was determined using the broth microdi-
lution method, adapted from the National Clinical and
Laboratory Standard M7-A6."> The MIC against K. preumoniae
of magainin I was 4.17 pg/mL and against S. aureus was 0.20
pg/mL. The MIC of LL-37 against K. pneumoniae was 4.17 pg/
mL and against S. aureus was 5.00 pg/mL.

In general, the minimum inhibitory concentration of magainins
for various micro-organisms were typically in the range of 10—
100 pg/mL.">*° Consequently, the literature MIC values were
higher than those determined in this study.

According to Diirr et al. (2006),”' LL-37 presented a minimal
inhibitory concentration against K. pneumoniae of 4.20 ug/
mL,”" which was a very similar value to the one obtained in
this study (4.17 pg/mL); and a MIC of > 32 uM* (144 ug/mL)
against S. aureus, which was a much higher value than the one
determined here (5.00 ug/mL). As stated by Turner et al.
(1998)** the minimal inhibitory concentration of LL-37 against
S. aureus in a standard Mueller—Hinton media was > 64 pg/mL
that was also higher that the concentration value determined in
this study, but was lower than the MIC by Diirr et al. (2006).>'

Cytotoxicity Assay

MTT viability assay was used to determine the AMPs cytotoxic-
ity on normal human dermal fibroblasts (NHDF), as the textile
material was intended to be in contact with the human skin.
The results represented in Figure 2 are in terms of the viability
percentage of the fibroblasts treated with two concentrations of
the two AMPs tested, comparatively to the controls that had no
contact with the tested agents.

When in contact with LL-37 at concentrations of 4.17 and 5.00
pg/mL, which were the concentrations chosen for the function-
alization of the cotton gauzes, there was an increase in cellular
viability of 23%, but in contrast a decrease of 6% in fibroblast
viability was observed, when in contact with magainin I at con-
centrations of 0.20 and 4.17 pg/mL. These results mean that
none of the magainin I and LL-37 concentrations caused cyto-
toxic effect in the normal human dermal fibroblasts, since
according to Gouveia et al. (2011),'® only an alteration above
30% in comparison with control is considered cell-toxic.'® Con-
sequently, these AMPs were considered safe to be applied as
antimicrobial agents to contact with the human skin without
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Figure 2. Fibroblasts viability percentage (mean = SEM) when in contact with two concentrations of magainin I (Magl) and LL-37 and the untreated

controls.

causing any cutaneous adverse reaction in the tested concentra-
tions. The results were statistically significant for a P-value
<0.05, according to a Student’s t-test with a 95% confidence
interval.

In accordance to this, previous studies reported that higher con-
centrations are required to cause cytotoxicity. For example,
Matsuzaki (1998)%° stated that more than 1 mg/mL (1000 ug/
mL) was needed to lyse mammalian cells, so as expected no
cytotoxic effect of magainin I against normal human dermal
fibroblast, at the tested concentrations of 0.20 and 4.17 pg/mL,
was observed.

In vitro cytotoxicity of LL-37 found concentrations of 13-25
uM (58.42-112.35 png/mL) to be sufficient to make human leu-
kocytes and T-cells nonviable.”' Also, substantial lysis of red
blood cells occurred at similar concentrations of LL-37." More-
over, LL-37 can directly act on dermal fibroblasts and may have
antifibrotic action during the wound repair process.”> LL-37
inhibits collagen expression in fibroblasts and was associated
and dependent on phosphorylation of extracellular signal-
regulated kinase.”> Murine NIH 3T3 fibroblasts numbers
increased in a peptide concentration-dependent manner; the
highest activity was achieved at 5 pM (22.47 pg/mL) LL-37.**
At this peptide concentration the cell number increment was
comparable to that induced by 10% fetal cattle serum.** LL-37
was ineffective at 10 uM (44.94 pg/mL) possibly due to a signif-
icant cytotoxicity.**

Additionally in healthy individuals, the antimicrobial function
of LL-37 was effective at sites of its epithelial expression at a
physiological concentration of approximately 2 pg/mL, which
may increase two-to-threefold during infection.” This is in
accordance with our results whereas no cytotoxic effect was
observed at the tested concentrations of 4.17 and 5.00 pg/mL
of LL-37. Thus, the concentrations settled at the higher MIC
values found against both strains, for both peptides, can be
used safely to give cotton gauzes the expected antibacterial
effect.

Mnk\;,?lfﬂs WWW.MATERIALSVIEWS.COM
1

40997 (5 of 8)

Effectiveness of the Functionalization Process on Cotton
Color Strength Values (K/S). A color strength test was per-
formed using Coomassie brilliant blue reagent to assess the
presence of the antimicrobial peptides, magainin I and LL-37,
in the modified-cotton samples in order to give evidence of suc-
cessfully attachment onto cotton fibers. The cotton-modified
samples presented K/S values higher than the one observed in
the non-functionalized sample meaning that the peptides are
present even after five washing cycles. Magl and LL-37 adsorbed
at the surface of the fabric activated with TEMPO-radical and
presented a K/S value of 2.58 and 2.46, respectively, while the
KJS of cotton was 1.78, a much lower value.

In another study, the K/S values for silk fibers were found to
increase as a function of the number of deposited layers of ani-
onic poly(methacrylic acid) capped silver nanoparticles (PMA-
capAg) immobilized on silk  fibers with  cationic
poly(diallyldimethylammonium chloride).?® Comparing with
our results, the K/S value also increased due to the AMP
functionalization.

Fourier Transform Infrared Spectroscopy (FT-IR). The infra-
red spectrum of unmodified cotton and the functionalized fab-
rics are shown in Figure 3. The IR spectrum of unmodified
cotton presents the expected characteristic peaks at 3330 cm ™'
due to O—H stretching vibrations, and at 1335 cm™ ' associated
with O—H deformation vibrations. The peaks associated to the
B(1-4) glycoside bridge came out at 1159 and 897 cm™', and
the C—O—C stretching vibration peak in the pyranose ring at
1030 cm™'.%7

Structural changes on cotton after functionalization were also
assessed by FT-IR after the 5 washing cycles and 7 months of
storage at room temperature. On cotton samples functionalized
with LL-37 and Magainin I, the presence of these AMPs was
confirmed by the observed peaks of the amides, namely at
1590 cm™ ' due to N—H bending of primary amines, as well as
a peak at 1382 cm ™" associated with —CHj; symmetrical angular
deformation.”” LL-37 was used in higher concentration (5 ug/
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Figure 3. IR spectra of unmodified and modified cotton with LL-37 and magainin I (Magl).

mL), and presents higher number of amino acids in its struc-
ture (33), higher number of aromatic rings from its Phe amino-
acids (4), and higher net charge (+6), when comparing to
Magl, which was in lower concentration (4.17 ug/mL) and has
a lower number of aminoacids (23), from which only 3 are Phe,
as well as lower net charge (+4). Hence, it was possible to con-
firm increased peaks of LL-37-cotton corresponding to C—N
stretching of amines and C—H in plane bending of aromatic
rings at 1071 cm ™', C—N stretching of aliphatic amines at
1030 cm ™', and C—H bending of aliphatic as well as C—H
bending of aromatic rings at 717 cm™ "%’

This IR spectrum suggests an explanation for the increased
microbial inhibition potency of LL-37 against K. pneurmoniae
when comparing to Magl, based on its amino acid net charge.
In addition, since the FT-IR analysis was performed after 7
months of functionalization, one can conclude that this new
process is durable and stable to storage, along with efficacy
regarding the antibacterial effect.

Efficacy of the Functionalized Material—Antibacterial
Properties

The antibacterial effect of functionalized textile samples was
tested by a suspension quantitative test, in which the biomate-
rial contacted directly with a bacterial suspension. The percent-
age of bacterial reduction was determined by comparing the
functionalized samples (with AMPs) with untreated control
samples (without AMPs) as shown in Table L.

At 0 hours of incubation, no reduction of K. pneumoniae
growth was observed for both magainin I functionalized cotton
and LL-37 functionalized fabric, as these biomaterials require
time to act against K. pneumoniae. Magl-cotton, after 18 hours
of incubation with a K. pneumoniae suspension revealed a
microbial reduction of 15%, while LL-37-cotton presented a
bacterial reduction of 89%. Therefore, after 18 hours of incuba-
tion, LL-37-cotton presented a much higher reduction percent-
age of this Gram-negative micro-organism, comparatively to
Magl-cotton.

Table I. Percentages of Bacterial Reduction at 0 Hours and 18 Hours of Incubation Between Fabric and Bacteria

0 hours of incubation

24 hours of incubation

K. pneumoniae Average Standard % of Bacterial Average Standard % of Bacterial
CFU/mL of CFU/mL deviation reduction of CFU/mL deviation reduction

Cotton 1.55 x 10° 0.00 3.30 x 107 1.41 x 10°

Magainin | 1.95 x 10° 6.36 x 10° - 2.80 x 107 7.07 x 10° 15

LL-37 223 x 10° 1.10 x 10° - 3.63 x 10° 3.54 x 10* 89

S. aureus Average Standard % of Bacterial Average Standard % of

CFU/mL of CFU/mL deviation reduction of CFU/mL deviation Bacterial reduction
Cotton 9.80 x 10° 495 x 10? 3.53 x 107 2.93 x 107

Magainin | 8.23 x 10° 2.47 x 10? 16 1.49 x 107 1.20 x 10° 58

LL-37 8.98 x 10° 3.18 x 10? 8.0 1.46 x 107 1.41 x 10° 59
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As stated by Roy (2009),?® cationic antimicrobial peptides, like
magainin I and LL-37, target bacteria because of the high nega-
tive charge of the bacterial cell envelope, which is due, in part,
to the elevated content of phospholipids, leading to the forma-
tion of pore in the microbial membrane. LL-37 (H-Leu-Leu-
Gly-Asp-Phe-Phe-Arg-Lys-Ser-Lys-Glu-Lys-Ile-Gly-Lys-Glu-Phe-
Lys-Agr-Ile-Val-Gln-Arg-Ile-Lys-Asp-Phe-Leu-Arg-Asn-Leu-Val-
Pro-Arg-Thr-Glu-Ser-OH) is a positively charged molecule
(+6 at pH ~7.4) with a high content of basic and hydrophobic
amino acids.”® Since LL-37 has a positive net charge of +6,
there might have been a more prominent and effective action
against the Gram-negative K. pneumoniae as a higher number
of electrostatic interactions can occur between the negatively
charged membrane of K. pneumoniae and the cotton-grafted
LL-37 (+6). In addition, according to Smeianov et al,
(2000),% LL-37 shows a “preference” in its activity toward
Gram-negative bacteria.

Magainin I (H-Gly-Ile-Gly-Lys-Phe-Leu-His-Ser-Ala-Gly-Lys-
Phe-Gly-Lys-Ala-Phe-Val-Gly-Glu-Ile-Met-Lys-Ser-OH) has a
positive net charge (+4) at a neutral pH level and has hydro-
phobic residues that are essential for its antimicrobial activity.'!
The anti-K. pneumoniae activity of Magl-cotton, was much
lower in comparison with LL-37-cotton, as Magl has a net
charge of +4 and for that reason there might be established
fewer electrostatic interactions between the positive charges
born by the lysine®® chains of magainin I and the negatively
charged bacterial cells.

At 0 hours of incubation, the reduction percentages against
Staphylococcus aureus for Magl and LL-37 functionalized fabrics
were 16 and 8%, respectively. The Staphylococcus aureus reduc-
tion percentages of the cotton functionalized with Magl and
LL-37, after 18 hours of incubation, were respectively 58 and
59%. At 0 hours of incubation there was a very small percentage
of S. aureus reduction, which was expected since there was no
period of contact between the functional materials and the bac-
terial suspension. After 18 hours of incubation with S. aureus,
Magl and LL-37 led to a bacterial reduction of about 59%,
which is advantageous for a wound-dressing application, as it
decreases the S. aureus in the wound bed until the next dressing
change. A decrease of about 59% of S. aureus is highly desirable
for an application as wound-dressing, comparatively to the
unmodified cotton, especially since the antibacterial finishing
agents (AMPs) showed no evidence of cytotoxicity against
NHDE, thus being safe to use.

Dubas et al., (2006)*® described a layer-by-layer assembly used
to immobilize anionic poly(methacrylic acid) capped silver
nanoparticles (PMAcapAg) on silk fibers with cationic poly(-
diallyldimethylammonium chloride) (PDADMAC), to obtain an
antibacterial effect against S. aureus’® The functionalized silk
had a 41% of bacterial reduction for 10 layers of coating.”® Our
findings revealed a higher reduction percentage with LL-37-
cotton and Magl-cotton, against S. aureus (aprox. 59%) with
the extra advantages of using natural antimicrobial peptides at
very low concentrations, which proved to be effective against
the micro-organisms in study and non-cytotoxic. Moreover,
Magl-cotton and LL-37-cotton production posed no environ-
mental constrains that are frequently associated with the
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disposal of toxic metallic effluents resulting from the textile
functionalization process.

CONCLUSION

With this work, the immobilization of magainin I and LL-37
onto cotton fibers was attempted and their antibacterial effect
was evaluated in order to determine the potential application of
these biomaterials as wound-dressings.

Magainin I and LL-37 didn’t cause any cytotoxic effect in the
normal human dermal fibroblasts. Consequently, these AMPs
were considered safe to be applied as antimicrobial agents to
contact with the human skin without causing any cutaneous
adverse reaction at the MIC values.

Regarding the effectiveness of the functionalization process on
cotton both Magl and LL-37 peptides were effectively adsorbed
at the surface of the fabric activated with TEMPO-radical, as
shown by the K/S values and the FT-IR spectrum, even after
five washing cycles and a long storage time.

LL-37-cotton seems to be the best choice for the development
of wound-dressings, since it presented a higher bacterial reduc-
tion percentage against K. pneumoniae and S. aureus when com-
pared with Magl-cotton.

The use of AMPs as a novel method to give antibacterial proper-
ties to cotton fibers is a novel and successful strategy and allowed
to firstly report the use of antimicrobial peptides for cellulosic
fibers such as cotton gauzes, an emerging antibiotics universe
especially effective against resistant bacteria. In addition, the new
processes have shown effectiveness without cytotoxicity, which is
a major problem on the design of new antimicrobial finishing
processes for textiles and wound-dressings.
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