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Abstract: Introduction: Bacterial proliferation in health environments may lead to the development
of specific pathologies, but can be highly dangerous under particular conditions, such as during
chemotherapy. To limit the spread of infections, it is helpful to use gauzes and clothing containing
antibacterial agents. As cotton tissues are widespread in health care environments, in this contribution
we report the preparation of cellulose fibers characterized by the covalent attachment of lipopeptides
as possible antimicrobial agents. Aim: To covalently link peptides to cotton samples and characterize
them. Peptides are expected to preserve the features of the fabrics even after repeated washing and
use. Peptides are well tolerated by the human body and do not induce resistance in bacteria. Materials
and Methods: A commercially available cotton tissue (specific weight of 150 g/m?, 30 Tex yarn
fineness, fabric density of 270/230 threads/10 cm in the warp and weft) was washed with alkali and
bleached and died. A piece of this tissue was accurately weighed, washed with methanol (MeOH)
and N,N-dimethylformamide (DMF), and air-dried. Upon incubation with epibromohydrin, followed
by treatment with Fmoc-NH-CH,CH,-NH; and Fmoc removal, the peptides were synthesized by
incorporating one amino acid at a time, beginning with the formation of an amide bond with the
free NH; of 1,2-diaminoethane. We also linked to the fibers a few peptide dendrimers, because
the mechanism of action of these peptides often requires the formation of clusters. We prepared
and characterized seven peptide-cotton samples. Results: The new peptide-cotton conjugates
were characterized by means of FI-IR spectroscopy and X-ray Photoelectron Spectroscopy (XPS).
This latter technique allows for discriminating among different amino acids and thus different
peptide-cotton samples. Some samples maintain a pretty good whiteness degree even after peptide
functionalization. Interestingly, these samples also display encouraging activities against a Gram
positive strain. Conclusions: Potentially antimicrobial lipopeptides can be covalently linked to
cotton fabrics, step-by-step. It is also possible to build on the cotton Lys-based dendrimers. XPS is
a useful technique to discriminate among different types of nitrogen. Two samples displaying some
antibacterial potency did also preserve their whiteness index.

Keywords: antimicrobial peptides; cotton functionalization; lipopeptides; peptide dendrimers; X-ray
photoelectron spectroscopy
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1. Introduction

Most textiles are characterized by large surfaces that favor microorganism growth under specific
moisture and temperature conditions. This feature is particularly harmful in health environments.
The bacterial proliferation can promote specific allergies and pathologies and represent a serious
concern for patients with low immune defenses.

To impart antimicrobial characteristics to textiles, different approaches were studied and applied.
An easy and common solution encompasses absorption and trapping of an antimicrobial agent in
the tissue texture or, on occasion, its grafting onto the surface of polymeric fibers [1-9]. Common
antimicrobial agents used so far include quaternary ammonium compounds, trichlosan, diclofenac,
metal salts, silver compounds, or even natural polymers [1,10-15]. Inorganic nanoparticles were also
exploited to impart antimicrobial activity [7,8,16,17]. However, inorganic salts and nanoparticles rarely
give a durable antimicrobial effect to textiles as they are rapidly released during washing and usage.

The lack of a covalent bond with the fabric is the main cause of this drawback. As a consequence,
textile deterioration, odor appearance, and color degradation may occur. Occasionally, the antimicrobial
agents released may cause allergic responses and potential health risks. Besides being effective
against microorganisms, antimicrobial textiles must be non-toxic to the users and should hamper the
development of resistant bacteria. They should also be safe for the environment. To meet these issues,
many efforts have been devoted to creation of textiles based on natural products, not prone to release
metal particles during their production or use [3,18,19].

In this context, we recently started exploring methods to covalently link antimicrobial peptides to
a cotton textile. Peptides are expensive molecules, but they have a few advantages over other types of
molecules: they are made of natural moieties (x-amino acids), they are biodegradable, and they have
negligible toxicity when exploited for external uses.

Cotton was chosen for its widespread use in textiles and in health care environments. In addition,
the cellulose fibers can be easily modified to allow covalent peptide attachment or even peptide
synthesis directly on its surface. Peptides can be simply adsorbed on cotton through electrostatic
interactions, but without covalent bonding they are easily lost [20,21].

Covalent grafting of molecules on cotton fibers has been achieved in different ways [14,22-24].
A widely exploited strategy foresees the formation of ester bonds with the naturally occurring hydroxyl
group of cellulose [25-29]. However, esters are not very stable at acidic or basic pH or in the presence
of hydrolytic enzymes. Therefore, also in this contribution we carried out the covalent attachment of
peptides to cellulose through an ether bond [30,31], by exploiting and improving a previous literature
report [32]. The free hydroxyl groups of cellulose are directly functionalized, avoiding any oxidation
or reduction reaction.

We chose to functionalize our cotton samples with antimicrobial peptides (AMPs) [33-36] as
they are effective against bacteria and some of them also against viruses, fungi, and cancer cells [37].
Many AMPs are helical and amphipathic [36,38-43], bearing cationic side chains able to interact with
the negatively charged phospholipid membranes. A peculiar class of helical AMPs is represented by
lipopeptides that are non-ribosomally produced in bacteria, yeasts, and fungi. The peptide backbone
is composed by 6-10 amino acids, linked to an aliphatic acid at the N-terminal end. It was shown that
the lipophilic tail is essential for the antimicrobial activity as it elongates these short peptides [44].
Conjugation of aliphatic chains to the N-terminus of short AMPs gives the peptides the capability to
perturb a phospholipid bilayer and, in particular, to be selective [44—47]. This result is rather surprising
as some members of this family are composed of as few as four amino acid residues. Nevertheless,
these peptides permeate and disrupt membranes with the same potency of many longer AMPs [48,49].

In view of potential applications for the peptide-cotton conjugates, and therefore of a large-scale
preparation, in this work we focused on these short lipopeptides as their synthesis is easier and
less expensive. We built the peptides directly onto the cotton surface. After derivatization of the
cellulose hydroxyl groups, cotton was used as the substrate for the ‘solid phase’ synthesis of peptides
(SPPS) [30,41,50]. According to the same procedure, we also built Lys-based dendrimers [51-53] of the
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same peptides as their mechanism of membrane disruption requires the formation of clusters. In these
constructs, tree-like peptides protrude from a central core linked to the cotton fiber, thus increasing the
local peptide concentration. This approach allows to compensate for the absence of mobility of the
peptides, not free to migrate and to form clusters as in solution.

Our new materials were analyzed by means of X-ray Photoelectron Spectroscopy (XPS), a technique
that proved to be very informative for these peptide-cotton conjugates. Indeed, it was possible to spot
on the fibers and distinguish among Lys, His, and Arg. The influence of the peptide anchoring on the
whiteness of the cotton was also examined. Encouraging results were obtained also from a preliminary
antibacterial screening. The following flowchart summarizes the work performed (Figure 1).
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Figure 1. Flowchart summarizing the steps performed on the cotton surface.

2. Materials and Methods

2.1. Chemicals and Materials

Fmoc and Boc (Fmoc—fluorenyl-9-methoxycarbonyl, Boc—tert-butyloxycarbonyl) protected
amino acids were Bachem products (Bubendorf, Switzerland). Arg(NO;) was purchased from Iris
Biotech GmbH (Marktredwitz, Germany) and protected with Fmoc group at the NH, following
a standard protocol [54]. All other chemicals and reagents for the peptide synthesis were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

The cotton used in our experiments is a commercially available tissue, ready for garment
manufacture. It has a specific weight of 150 g/m?, 30 Tex yarn fineness, a fabric density of 270/230
threads/10 cm in the warp and weft. The fabric was prepared by a process encompassing alkali
treatment, bleaching and mercerization, followed by conditioning under standard atmosphere for 24 h.

2.2. Cotton Functionalization

The peptide-cotton samples were prepared according to a protocol previously set up in our
laboratory [22,30]. Briefly, for each sample, a piece of cotton fabric of about 2 cm? was accurately
weighed, washed with methanol (MeOH), N,N-dimethylformamide (DMF), MeOH and finally air-dried.
The cotton piece (about 0.3 g) was incubated for 4 h with epibromohydrin (1 mL) and a 60%
HCIOy solution in DMF (0.1 mL). Then, the sample was washed with DMF, MeOH, and air-dried.
This brominated cotton fiber was then soaked into a solution of Fmoc-NH-CH,CH,-NH, (5 mmol)
and triethylamine (5 mmol) in DMF (2 mL) for 12 h. Next, the functionalized cotton-samples were
treated for 2 h with a 20% solution of Ac,O in DMF (10 mL) in the presence of triethylamine (1 mL).
Fmoc removal was achieved by treatment with a 20% piperidine solution in DMF. The samples were
washed with DMF and MeOH and air-dried.

2.3. Peptide Synthesis on the Functionalized Cotton

Amine-functionalized cotton samples of 0.3 g were dunked in DMF. For samples 1, 2, and 3’ (Table 1)
the peptides were built step by step by adding the required Fmoc amino acid according to a previously
described protocol [30]. For each coupling, we used DMF solutions containing 1.5 equivalents (with
respect to the amine functions on the cotton) of Fmoc-Ala-OH, Fmoc-D-Ala-OH, Fmoc-Lys(Boc)-OH,
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Fmoc-His(Boc)-OH, Fmoc Arg(NO;) OH and palmitic acid (Palm-OH) and of the activation
reagents [2-(1H)-7-aza-1,2,3-benzotriazolyl]-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU)
and 7-aza-1-hydroxy-1,2,3-benzotriazole (HOAt). At every coupling step 4.5 equivalents of
diisopropylethylamine (DIPEA) were also employed. The coupling reactions proceeded for 3 h.
Fmoc removal was carried out by treatment with a 20% piperidine solution in DMF (2 X 15 min).
Removal of the NO, protecting group of Arg, to give compound 3, was achieved by catalytic
hydrogenation in MeOH in the presence of 10% Pd/C.

Table 1. Amino acid composition of the peptide-cotton samples, peptide loading values and relevant

IR absorption signals.
Sample Peptide Loading (mmol/g) IR (KBr) (cm™1)

1 Pal-Lys-Ala-D-Ala-Lys-NH-CH,-CH,-N(Ac)-cotton 0.76 1653, 1543

2 Pal-His-Ala-D-Ala-His-NH-CH,-CHj,-N(Ac)-cotton 0.63 1643, 1540

3 Pal-Arg-Ala-D-Ala-Arg-NH-CH,-CH,-N(Ac)-cotton 0.601 1674, 1539, 1256

3’ Pal-Arg(NO,)-Ala-D-Ala-Arg(NO,)-NH-CH,-CH,-N(Ac)-cotton 0.60 1674, 1539, 1256
la  [(Pal-Lys-Ala-D-Ala-Lys),-Lys;]-Lys-NH-CH;-CH,-N(Ac)-cotton 2.85 1734, 1654, 1532
2a  [(Pal-His-Ala-D-Ala-His)4-Lys,]-Lys- NH-CH,-CH;-N(Ac)-cotton 2.12 1737, 1657, 1531
3a  [(Pal-Arg-Ala-D-Ala-Arg)s-Lys;]-Lys-NH-CH,-CH,-N(Ac)-cotton 243 1733, 1653, 1534, 1249

! The loading value of sample 3 is considered to be the same as its precursor 3'.

For dendrimers 1a, 2a, and 3a, Fmoc-Lys(Fmoc)-OH (1.5 eq.) was first linked to the functionalized
cotton by activation with HATU/HOAT (1.5 eq. each) and DIPEA (4.5 eq.) in DME After Fmoc removal,
a double amount of Fmoc-Lys(Fmoc)-OH (3.0 eq.) was used for a second coupling. Finally, after Fmoc
deprotection four amino groups per peptide chain were available. Therefore, the peptide elongation
continued on the cotton as described for 1, but by using quadruple quantities of each reagent.

Coupling completeness and Fmoc deprotection were checked at each reaction step by performing
the Kaiser test [55]. To this aim, a thread of cotton was washed with DMF, MeOH, and acetone,
dried and treated with the three monitor solutions of the Kaiser test, while heating at 100 °C for
5 min. For yield evaluation, the Fmoc removal solution was fully recovered and its UV absorption at
301 nm was recorded by means of a Shimadzu model UV-2501 spectrophotometer (Shimadzu, Kyoto,
Japan). At this wavelength it is possible to quantify the amount of dibenzofulvene released upon
Fmoc removal.

2.4. Characterization of the Peptide-Cotton Samples by X-Ray Photoelectron Spectroscopy (XPS)

High-resolution XPS spectra for unmodified cotton and for the peptide-functionalized cotton fibers
were measured in order to estimate the nitrogen percentage in the samples. We used a Perkin-Elmer &
5600ci instrument operating with Al-K« radiation (1486.6 eV) at 350 W. The working pressure was <5
X 1078 Pa (~107!! torr). The calibration was based on the binding energy (BE) of the Au 4f7), line at
83.9 eV with respect to the Fermi level. The standard deviation for the BE values was 0.15 eV. The
reported BEs were corrected for charge effects, assigning the BE value of 284.6 eV to the C 1s line of
carbon. Survey scans were obtained in the 0-1350 eV range (pass energy 187.5 eV, 1.0 eV/step, 25
ms/step). Detailed scans (29.35 eV pass energy, 0.1 eV/step, 50-150 ms/step) were recorded for the O 1s,
C 1s, N 1s regions. The atomic composition, after a Shirley background subtraction, was evaluated
using sensitivity factors supplied by Perkin-Elmer. Peak assignment was carried out according to
literature data.

2.5. Evaluation of the Whiteness of the Functionalized Cotton Samples

The whiteness of the peptide-functionalized cotton samples was checked using the Datacolor 110
LAV reflection spectrophotometer at standard illuminant/observer D65-10, according to CIE method of
ASTM E313 [56] that defines the whiteness and yellowness indices. Whiteness is defined as a measure
of how closely a surface matches the properties of a perfect reflecting diffuser, i.e., an ideal reflecting
surface that neither absorbs nor transmits light, but reflects it at equal intensities in all directions. The
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yellowness index, obtained from spectrophotometric data, describes the change in color of a sample
from clear or white to yellow. Color studies were quantified using the CIELAB system. The results are
expressed as Berger, CIE, and yellowness index in accordance with the illuminant/observer D65/10°.

2.6. Antimicrobial Activity

The antimicrobial effect of the peptide-functionalized cotton fibers was investigated against
standard bacterial strains of Gram-negative (Escherichia coli ATCC 25922) and Gram-positive
(Staphylococcus aureus ATCC 25923) bacteria. A small piece of functionalized cotton was placed
in a test tube containing the bacterial inoculum suspended in physiological solution, diluted 1:200
in the Mueller-Hinton liquid culture medium. An untreated cotton sample was used as control. All
cotton samples were subjected to sterilization at 120 °C for 15 min before starting the tests. The
antibacterial activity was evaluated by measuring the bacterial cell concentration in suspension after
incubation at 37 °C over a 6-day period, using the McFarland standards and the Densimat photometer
(BioMérieux, Craponne, France). Tests were performed after 1, 3, and 6 days of incubation. The results
are expressed as cell density to approximate their concentration in suspension (CFU/mL). The initial
inoculum concentration was 0.5 McFarland, corresponding to 1-2 x 108 CFU/mL. The decrease of
turbidity indicates an antimicrobial effect [16].

3. Results and Discussion

3.1. Peptide Design

In this study we focused on the peptide sequence Pal-X-Ala-D-Ala-X [44,57] and applied three
variations to the cationic residues X, namely Lys, His, and Arg (Table 1). Cationic residues are
fundamental to impart antimicrobial properties even to small peptides [24,48]. Lys, Arg, and His are all
protonated under physiological conditions. Thus, their positive charge enables the peptides to bind to
the negatively charged bacteria membranes, inducing cell death. On the other hand, Arg, Lys, and His
are characterized, respectively, by decreasing pKa values that allow to finely tune the AMP-membrane
interaction and, possibly, the selectivity towards different bacterial membranes. Moreover, the Arg
guanidinium group enables the formation of multiple H-bonds, thus promoting a better binding to the
membranes. Moreover, Arg-rich peptides are able to perturb positively charged membranes as well, as
the cationic character of Arg is maintained in both acidic and alkaline environments [38,58,59].

During the synthesis we chose to have the nitro (NOy) moiety to protect the Arg side-chain. This
preference came from the finding that the nitro group often increases the ability of bioactive molecules
to interact with bacterial membranes [60]. Therefore, we had the possibility to test the antimicrobial
activity of both conjugate 3 and 3’.

In general, peptides made of all-L amino acids are highly hemolytic, loose their activity in serum,
and are fully cleaved by proteolytic enzymes. On the contrary, peptide diastereoisomers containing D
residues are non-hemolytic and maintain full activity in serum [61]. This finding inspired the insertion
of a D-Ala residue at position 3 of all our peptides.

The palmitoyl chain (C16) at the N-terminus of the hydrophilic peptide generates a hydrophobic
region. Among the different lipid chains found in natural or artificial peptides, C16 is one of the most
effective in promoting the interaction of short peptides with membranes. Very likely, the hydrophobic
interactions of nonpolar, amino acid side-chains and the core of the lipid bilayers is reinforced when
a lipid chain is linked to the peptide.

Finally, a behavior frequently observed in the AMPs action is cooperativity, i.e., a minimum
threshold concentration is required to boost the membrane perturbing activity. This phenomenon
is usually associated with the formation of clusters responsible for membrane disruption, although
through different mechanisms (e.g., pores, rafts, micelles). As our peptides are covalently bound to
the cotton fibers, they cannot freely move and thus form clusters. Therefore, they may be inactive if
peptide aggregates are necessary to perturb the membranes. We then decided to increase the local
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peptide concentration on the textile surface to allow possible interactions between closely located
peptide chains. To this aim, we synthesized dendrimeric peptides on the cotton fabrics, by exploiting
a Lys residue with both amino groups protected by Fmoc. After a one-step Fmoc deprotection, a second
coupling with a bis-Fmoc protected Lys originated a tetradentate core on which four peptide chains
could be grown step-by step.

3.2. Synthesis of the Peptide-Cotton Samples

The linear peptides and the Lys-based dendrimers (Table 1) were built directly on the cotton.
To allow an efficient peptide anchorage, the cotton surface was appropriately modified according to
a protocol already described (Scheme 1) [30,32]. First, the solvent exposed, hydroxy groups of cellulose
open the epoxide of epibromohydrin in the presence of HCIO,. A stable ether bond cotton forms and
a brominated alkane is introduced at the same time. Then, bromine is substituted upon reaction with
Fmoc-NH-CH,;CH,-NHj,. Finally, the acetylation step blocks the newly formed secondary amine in
order to avoid the growth of an undesired peptide chains. These synthetic steps allow for introducing
a spacer and functionalizing the cotton with an amino group. The peptide is then built on this modified
cotton surface according to standard solid-phase peptide synthesis (SPPS) procedures (see Section 2.3).
Analogously, the Lys-based dendrimers are built on the NH,-functionalized cotton, as described in
Scheme 2. By this procedure, amino acids and peptides are bound to cotton through a very stable
amide bond. The alternative, direct anchorage of the peptides to the cotton OH groups generates
an easy-to-hydrolyze ester bond. Therefore, the peptide chains would be easily lost on wearing,
because of the presence of hydrolytic enzymes leaching from the skin, and upon garment sterilization.

[} (e), ()

H
Fmoc—NHj)LOH N peptide-Pal

peptide-cotton 1, 2, 3 and 3"

Scheme 1. Synthesis of peptide-cotton samples 1, 2, 3 and 3’: (a) 60% HCIO, in N,N-dimethylformamide
(DMF); (b) triethylamine in DMF; (¢) AcyO, triethylamine in DMF; (d) 20% piperidine in DMF;
(e) step-by-step solid-phase peptide synthesis (SPPS): Fmoc-AA-OH, HATU/HOAL, diisopropylethylamine
(DIPEA) in DMF,; then, piperidine in DMF; (f) last coupling: palmitic acid, HATU/HOAt, DIPEA in DME.
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[Parpepta

Pal-peptide —N N
Pal-peptide —N

0

Pal-peptide —N N
o}

dendrimer-cotton 1a, 2a, and 3a

Scheme 2. Synthesis of the dendrimer-cotton samples 1a, 2a, and 3a starting from NH,-functionalized
cotton: (a) HATU/HOAt and DIPEA in DMF, then piperidine in DMF, twice; (b) step-by-step SPPS:
Fmoc-AA-OH, HATU/HOALt, DIPEA in DMEF; then, piperidine in DMF; last coupling: palmitic acid,
HATU/HOAt, DIPEA in DMFE.

For an effective amide bond formation, Fmoc-amino acids and palmitic acid activation was carried
out with the HATU/HOAT reagent combination. Longer reaction times (3 h) were used, with respect
to the classical SPPS, to allow for an efficient diffusion of the reagents inside the fibers. Indeed, we
recently showed that cotton functionalization does occur also inside the fibers, not only on their
external surface [31]. In general, an excess of 1.5 equivalent of acylating reagents, with respect to the
amine function on the cotton, was sufficient to achieve efficient couplings. Obviously, in the case of the
dendrimers the excess was increased by two or four times, to take into account the multiple number of
amino groups developing on the Lys core. Indeed, we performed two consecutive couplings (in single
and double quantities, respectively) with the doubly N-protected derivative Fmoc-Lys(Fmoc)-OH,
in order to exploit both the «- and e-amino groups of Lys to grow peptide chains. The side-chain
protecting groups (Boc or NO;) were removed as the last step.

3.3. Peptide Loading Determination and FT-IR Absorption Analysis

The loading values of the peptide bound to the cotton fibers are reported in Table 1. For 1, 2, 3,
and 3’ we observe values ranging from to 0.60 to 0.76 mmol/gcotton. For the dendrimers, we need to
take into account the number of peptide units. The value recorded for dendrimer 2a is slightly lower
than expected (2.12 instead of 2.52). We tentatively attribute this result to a diminished coupling yield
caused, in turn, by the close proximity of four peptide chains that contain the bulky His(Boc) residue.

Additionally, the FT-IR absorption spectroscopy is helpful to assess the anchoring of the peptides
to the cotton surface. Informative bands are listed in Table 1. We compared the FI-IR spectrum of
pure cotton (fibers on KBr pellet) with those of the cotton-peptide samples 1, 2, and 3 and of the
cotton-dendrimer samples 1a, 2a, and 3a. As a representative example, Figure 2 reports the FT-IR
spectra of pure cotton and of samples 3 and 3a in the 1800-1500 cm™! region. The presence of the
peptide is revealed by the amide I band (C=O stretching) near 1650 cm~! and the amide II band
(C-N stretching and N-H bending) at about 1540 cm~! [62]. These bands, although relatively weak
and broad, are clearly observed for 3 and 3a, but they are weaker (amide I) or completely missing
(amide II) in the pure cotton, thus implying that the peptides are definitely linked to the fibers.
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Trasmittance (%)

3a

T T T
1800 1700 1600 1500 1400

Wavenumber (cm™)

Figure 2. FT-IR spectra (KBr disc) of cotton (black) and sample 3 (red) and 3a (green).

As expected, the intensities of the amide I and amide II absorptions are higher for the cotton
functionalized with the dendrimer (3a). The absorption band at 1740 cm~!, not observed for the pure
cotton, is likewise due to the carbonyl stretching of esters that may form, on reactive alcoholic functions,
in the acetylation step.

3.4. XPS Analysis

XPS analysis on our samples proved to be very useful for the identification and quantification
of nitrogen. Indeed, the nitrogen atoms should be missing in a cellulose matrix, but are expected to
be present in the cotton functionalized with peptides. The results of the quantitative XPS analyses
are presented in Table 2. As expected, nitrogen is virtually absent in the non-functionalized cotton
(0.4%). At variance, in the peptide-functionalized samples, the percentage of nitrogen increases from
1.6% for the sample containing only the amino linker, -N(Ac)-CH,CH,-NH,, to 4%-5% for 1, 2, and 3,
and to 6.3% for 3’, containing two NO, protecting groups on the Arg residues. For the dendrimers,
this percentage increases further (7%—-9%).

Table 2. Atomic concentration of C, N, and O detected by X-ray Photoelectron Spectroscopy (XPS) on
our peptide-cotton samples.

Sample %C %N %0

Cotton 78.0 0.4 21.6

Cotton-N(Ac)-CH,-CH,-NH, 59.8 1.7 38.5

1 Pal-Lys-Ala-D-Ala-Lys-NH-CH,-CH,-N(Ac)-Cotton 68.1 4.7 27.2
2 Pal-His-Ala-D-Ala-His-NH-CH,-CH,-N(Ac)-Cotton 714 49 23.7
3 Pal-Arg-Ala-D-Ala-Arg-NH-CH,-CH,-N(Ac)-Cotton 69.2 4.8 26.0

3 Pal-Arg(NO;)-Ala-D-Ala-Arg(NO,)-NH-CH;-CH,-N(Ac)-cotton 72.6 6.3 211
1a [(Pal-Lys-Ala-D-Ala-Lys)4-Lys;]-Lys-NH-CH,-CHj-N(Ac)-cotton 70.3 8.9 20.8
2a [(Pal-His-Ala-D-Ala-His)4-Lys;]-Lys-NH-CH,-CHj-N(Ac)-cotton 71.2 7.3 22.5
3a [(Pal-Arg-Ala-D-Ala-Arg)s-Lys, ]-Lys-NH-CH,-CHj-N(Ac)-cotton ~ 70.0 8.1 219

Interestingly, the XPS analysis allows also for studying the N 1s core levels. The N 1s region,
centered in the binding energy interval 405-395 eV, is not influenced by the structure of the cotton matrix.
Therefore, by analyzing this region we could discriminate among samples 1-3’ and, in particular,
we could identify the presence of a particular peptide on the basis of the different types of bonds
(hybridization) in which the nitrogen atoms are involved. To this aim, we performed a deconvolution
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analysis of the spectra of 1, 2 (Figure 3), and 3’ according to literature data [63]. The values calculated
and the assignment to a specific nitrogen type are summarized in Table 3.

Intensity (a. u.)

406 404 402 400 398 396
Binding energy (eV)

Figure 3. Deconvolution analysis of the XPS spectrum of the His-containing sample 3.

Table 3. XPS spectra and data of 1, 2, and 3’ containing Lys, His, and Arg, respectively, in the
405-395 eV range.

Sample Side Chain Nitrogen Species Binding Energy (eV) Area (%)
. NH Amide 400.6 28.6
1 [+ 2 Amine 4015 34.1
4 Alkyl ammonium 401.8 373
NH Imino imidazole 398.3 11.0

5 ﬂ Amino imidazole 399.5 9.2
\ N Amide 400.9 77.7
4 403.4 2.1

Protonated amide

HN NH(NO2) Imino guanidinium 398.4 3.0

, Amino 399.8 242
3 guanidinium

{%N H Amide 4009 432

3 Amine 401.7 253

Nitro 402.8 43

In all samples we observe the typical band of the amide bond (400.6-400.9 eV). At about 401.5 eV
we find the amine nitrogen, attributable for instance to the side chain of Lys in sample 1. It was then
possible to assign the side chains for the three different cationic amino acids (Lys, His, and Arg),
as detailed in Table 3. It is worth noting that we can even discriminate between the two nitrogen
atoms of the His imidazole. They exhibit N 1s BE values at 398.3 and 399.5 eV, in agreement with
previously reported data [63]. The values for sample 3’ reflect the guanidinium chemical environment
of Arg. Therefore, we believe that XPS spectroscopy may become a valuable tool to investigate
peptide-containing solid samples, not easily accessible by other techniques.

3.5. Color Change and Antimicrobial Activity

The whiteness and yellowness indexes are quality parameters used to evaluate the change in
whiteness in fabrics of any composition after different types of treatments [15,64]. Functionalization of
cotton, in particular with antimicrobial agents, could modify the color properties of the textile and
affect also further coloring, if required. We then performed an analysis of the color changes upon
cotton functionalization on selected peptide-cotton samples. The results are shown in Table 4.
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Table 4. Effects of the peptide functionalization on the whiteness degree of selected samples.

Sample Berger Whiteness CIE Whiteness Index Yellowness Index
Cotton 60.84 62.45 7.59

1 49.67 50.0 11.28

2 50.29 51.5 9.87

3 25.35 26.2 19.54

2a 57.96 57.37 8.16

The variations observed for the functionalized textiles, as compared to an untreated sample
(cotton), indicate for 1 and 3 an increased yellow degree, whereas 2 and 2a are little affected. These latter
maintain also a pretty good whiteness degree. This finding is very promising for possible applications,
as samples 2 and 2a, which also showed antibacterial properties, can be further dyed without major
changes of the intended color. Indeed, a preliminary screening against two standard bacterial strains of
medical interest (Staphylococcus aureus and Escherichia coli) revealed an antibacterial effect for 2 on both
strains. Some antistaphylococcal activity was also observed for samples 2a and 3’, whereas all the other
peptide-cotton samples did not exhibit significant antibacterial effects. Interestingly, both samples 2 and
2a contain His, whereas the other peptides bear Arg of Lys. Thus, this preliminary antibacterial analysis
suggests that His is the cationic residue of choice for these peptide-cellulose conjugates. Some activity
was observed also when the guanidinium group of Arg (sample 3”) was nitro-protected, thus resulting
in a diminished basic strength. This feature, in turn, offers a hint to explain the antibacterial behavior
observed. The pKa of the side chains of His, Lys, and Arg are, respectively, 6.1, 10.5, and 12.5. An excess
of basic strength appears to be detrimental. Indeed, when the pKa of the guanidinium group of Arg is
lowered by introducing the nitro group some activity is recovered.

Finally, it is worth noting that all cotton samples were thoroughly washed with DMF and MeOH
and subjected to sterilization at 120 °C for 15 min before starting the antibacterial tests (see Section 2.6).
As the antimicrobial activity was observed only for cotton samples functionalized with peptides (not for
the cotton sample used as reference), we conclude that the peptides are tightly bound to the cellulose
by virtue of the connecting covalent bonds. In addition, after the first antibacterial test the most active
sample 2 was again sterilized and submitted to a second antimicrobial test. Only a slight decrease in
activity was observed, thus indicating that this approach may lead to the development of re-usable
antibacterial garments.

4. Conclusions

Short, potentially antimicrobial lipopeptides were successfully linked to cotton fabrics.
The peptides were directly built step-by-step on the appropriately functionalized cotton samples.
To increase the peptide concentration on the cotton surface, expected to favor the antibacterial activity,
we also functionalized the cotton with Lys-based dendrimers. FT-IR measurements confirmed the
presence of the peptides on all functionalized samples and quantification was achieved by a UV method.
XPS analysis allowed us to detect different types of nitrogen atoms and thus to discriminate among
different peptide-cotton samples. Indeed, upon deconvolution of the N1s spectra it was possible to
detect the three cationic amino acids present in the investigated peptides.

The functionalized cotton samples were also investigated for the degree of color alteration caused
by peptide binding. Interestingly, it was found that two samples displaying some antibacterial potency
did also preserve their whiteness index.

To summarize, our strategy offers two main advantages: (i) the covalently bound, antibacterial
peptides are not lost upon wearing or sterilization procedures; (ii) they act by changing the membrane
permeability with a “physical action”, without altering their nature, thus they are ready to act again
after, for instance, a sterilization treatment.
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