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A set of lipidated peptides was in situ synthesised on cotton fabrics using Fmoc-based peptide synthesis.

The resulting modified surfaces exhibit highly potent antibacterial activities in two Gram-negative

bacteria including Escherichia coli (ATCC 8739) and Pseudomonas aeruginosa (ATCC 9027), along with

moderate antibacterial activities in a Gram-positive bacterium Staphylococcus aureus (ATCC 6538P). As

anticipated from covalently bound antimicrobial moieties, a representative membrane disintegration

assay suggested that the modified surfaces inhibited bacteria by disrupting the integrity of bacterial cell

membranes. Without non-natural D-peptides used in previous studies, this new class of non-leaching

antibacterial surfaces offer potent activities while having more practical and economical productions.

Furthermore, biocompatibility studies suggest that a selected set of surfaces show no toxicity, thus

rendering them suitable for biomedical applications.
1. Introduction

Bacterial infections and their associated resistances to antibiotics
have been a serious issue in public health and related disciplines
over the past few decades despite some success in the develop-
ment of new treatments and antibiotics. This is mainly due to the
fact that bacterial resistances to drugs occurred at a far greater
rate than that of the discovery of novel, effective drugs.1,2

Although selective and strategic uses of antibiotics could partially
solve the problem, preventive measures are considered as a more
effective approach to alleviate the resistance crisis. For example,
the development of antimicrobial surfaces such as those used in
medical devices gained a lot of attention recently3–5 as a practical
way to prevent infections that would result in high cost and great
effort to eradicate the bacteria.

In order to fabricate active antibacterial surfaces, two main
strategies were usually utilised.4–6 First, biocidal agents such as
human antibiotics can be directly impregnated or physically
adsorbed on desired materials. Although this strategy offers
some advantages such as multiple modes of action and more
controllable potency, a major drawback is leaching of active
agents, which consequently leads to a limited activity and
concern of toxicity in the case of sensitive environments.
Therefore, another strategy aiming to permanently (usually
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covalently) immobilise an active moiety onto surfaces to provide
contact-killing abilities was extensively investigated. In this
method, the most likely mechanism was believed and occa-
sionally conrmed to be perturbation and disintegration of
bacterial cell membranes leading to cell lysis and eventually cell
death. Several studies suggested that certain optimum ratios of
hydrophobicity and hydrophilicity in the active molecule is
crucial for high antibacterial activities7,8 –most active molecular
scaffolds contained permanent positive charges that were
thought to attract negatively charged molecules on bacterial cell
surfaces such as teichoic acid in Gram-positive bacteria and
lipopolysaccharides in Gram-negative bacteria.

Antimicrobial peptides (AMP) are a class of short peptides
that are created by a number of organisms across different
kingdoms as a host defence mechanism.9–11 Since most AMP
were known to act mainly via disruption of cell membranes,
they were utilised by some researchers as active moieties
for antimicrobial surfaces.12,13 For instance, Hancock and
coworkers reported a systematic study highlighting a screening
of >100 surface-tethered cationic peptides on cellulose
membrane.14 They found that good activities usually came from
those surfaces that have cationic residues close to the surface,
while hydrophobic residues near the N-terminus (the outside
terminus) promoted antimicrobial activities. Another example
is a work reported by Cleophas et al.,15 which was a preparation
of antibacterial hydrogel based on HHC10, an AMP previously
found to be active against multidrug resistant pathogens.16

Inverso HHC10, which consisted of only D-amino acids, was
found to exert similar activity to the original HHC10 although it
showed much slower degradation rate in human serum. Inter-
estingly, several AMP were found to exhibit no cytotoxicity
compared to some other classes of highly positively charged
RSC Adv., 2017, 7, 34267–34275 | 34267
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scaffolds, thus establishing a niche in the eld of antimicrobial
surfaces.

Nevertheless, a major disadvantage of making AMP was the
complexity and the cost of peptide production. Although the
technology of peptide synthesis has signicantly advanced and
allowed syntheses of peptides with substantially reduced cost, the
mass production of peptides at the length of several AMP, ca.
20–50 mers, is still considered impractical and/or expensive.17

Moreover, some AMP consist of the unnatural, more expensive
D-amino acids, leading to drastic increase of the synthesis cost of
the peptides. Therefore, several studies instead focused on
truncated amino acid sequences, and it was indeed found that
this approach could retain signicant amount of the antimicro-
bial activities in certain studies.14 In addition, to further improve
the potency of truncated sequences, the addition of hydrophobic
fatty acyl moieties to the peptides was recently exploited. This
broad concept has been proved to be effective in selectedmodels.
For example, Radzishevsky et al. showed that acyl-lysine oligo-
mers were potent antibacterial agents for Escherichia coli, which
were also conrmed in mice.18 Likewise, ultrashort lipopeptides,
consisting of a 4-mer peptide coupled with a long fatty acid (C12–

C16) were studied and found to be active in some bacterial
species, depending on the type of the amino acids and the fatty
acid side chain.19 The same class of compounds was also
immobilised on polydopamine-modied surfaces and found to
be fairly active in both E. coli and Staphylococcus aureus.20

In this study, we sought to investigate the effect of hydro-
phobic alkyl chains on the antibacterial activity of peptide-
immobilised cotton fabrics, a class of cellulosic materials.
Since cellulose is a highly abundant, widely-used material,
strategies for chemical modications of cellulose are well
documented.21–23 In particular, peptide synthesis (SPOT
synthesis)24 and macroarray synthesis25 on cellulose membrane
offer an attractive route to synthesising bioactive molecules.
Therefore, our adaptation of in situ peptide synthesis with
a coupling of a fatty acyl chain was deemed feasible. As a proof
of concept, the rst ve amino acids of an AMP with a modied
sequence derived from a beetle defensin,26–28 were individually
appended on cellulose surface, followed by capping with
a variety of fatty acids. Thereaer, we determined the antibac-
terial activities of these modied cottons, and showed that
cotton fabrics with certain lipidated peptides could provide
strong inhibitory activities in a selected set of bacterial species.
With shorter sequences, lipidated peptides required much
shorter time to produce, and the use of the naturally occurring
L-isomers greatly reduced the cost of fabrication compared to
previous work using only non-natural D-peptides. Furthermore,
a selected set of lipidated peptide-modied cottons was also
tested for cytotoxicity in a broblast cell and found to be non-
toxic in all cases, thus showcasing the possibility of practical
uses of these lipidated peptide-modied cotton fabrics.

2. Experimental
2.1 Materials

Chemicals were purchased from Sigma-Aldrich, Acros, or
Chemimpex Ltd. Solvents (Analytical grade) were purchased
34268 | RSC Adv., 2017, 7, 34267–34275
from RCI Labscan (Thailand) and used without further puri-
cation. Cotton fabric was purchased from Thai Textile Devel-
opment and Finishing Co., Ltd. Bacterial media (nutrient broth
and agar powder) were purchased from Himedia (India).
2.2 Synthesis of lipidated peptides on cellulose

Lipidated peptides were in situ generated by using the well-
established Fmoc-based peptide synthesis on cellulose (so
called “SPOT” synthesis). The overview steps are
presented herein while all detailed procedures can be found in
the ESI.† First, cotton fabrics (1 � 1 cm2) were washed with
N,N-dimethylformamide (DMF), methanol, and CH2Cl2, followed
by air drying. Subsequently, 4,7,10-trioxatridecane-1,13-diamine
(the spacer) was then attached by two-step modications: tosyla-
tion by 2M tosyl chloride and incubation with 1M spacer in DMF.
Aer converting the surface to the amino functional
group, each Fmoc-protected amino acid was subsequently
immobilised using N,N0-diisopropylcarbodiimide (DIC) and
1-hydroxybenzotriazole (HOBt), followed by capping with 5%
propionic anhydride in DMF. Thereaer, a new amino group was
exposed by deprotection with 2% 1,8-diazabicycloundec-7-ene
(DBU)/5% piperidine, rendering it ready for a new amino acid
addition. It is worth noting that all modication steps were
always followed by washing with various solvents and condi-
tions – all details were provided in the ESI.† In the case of
modied cottons with only amino acids, the addition of the
nal amino acid was directly followed by capping as above, an
Fmoc deprotection with 2% DBU/20% piperidine, and a side-
chain acid deprotection (30 min incubation in 90% TFA : 1%
phenol : 2% H2O : 3% triisopropylsilane (TIPS) : 4% CH2Cl2
and then 3 h incubation in 50% TFA : 1% phenol : 2%H2O : 3%
TIPS : 44% CH2Cl2). Aer the nal washing step (CH2Cl2,
methanol and then H2O), the cotton surface was ready for bio-
logical assays. On the other hand, lipidated surfaces could be
created by including an additional coupling step (aer the nal
amino acid addition) where a linear fatty acid (with varying
carbon atoms including 4, 6, 10, 12, 16, or 18 atoms) was
coupled using the same coupling condition as the amino acid
coupling protocol. Also, the same conditions of the nal
deprotections (Fmoc and side chains), and washing were also
used, thereby completing all modication steps.
2.3 Characterisations

The loading of each step of amino acid addition could be
monitored by Fmoc quantication. Briey, fulvene cleaved from
the base-promoted deprotection could be quantied using UV
spectroscopy at 296 nm. With previously prepared calibration
curve, the loading amount could then be calculated. For the
identication of nal molecules, Rink linker was inserted
aer the spacer addition but before the addition of the
rst amino acid (see ESI for full chemical steps and details†). An
acid cleavage would then release the lipidated peptide into
solution, which would then be characterised by Matrix-Assisted
Laser Desorption/Ionisation-Time-of-Flight (MALDI-TOF) mass
spectrometry.
This journal is © The Royal Society of Chemistry 2017
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2.4 Antibacterial assays

An adaptation of the Japanese Industrial Standard (JIS) L 1902
testing for antimicrobial activity was combined with the drop-
plating technique (sterility controls were performed by auto-
claving all involving materials except the modied surfaces,
which were washed multiple times by organic solvents). First,
an overnight culture of Staphylococcus aureus subsp. aureus
(ATCC 6538P), Escherichia coli (ATCC 8739), or Pseudomonas
aeruginosa (ATCC 9027) was inoculated to 100 mL of sterile
nutrient broth (NB, 1% inoculum). The liquid culture was then
incubated at 37 �C at 200 rpm shaking. The growth of bacterial
cells was monitored by measuring the absorbance at 620 nm
with a BioMATE S3 spectrophotometer. When the growth
reached to the mid-log phase, bacterial culture was diluted to
approximately 1 � 107 colony forming unit (CFU) per mL with
sterile normal saline solution (NSS, 0.85% w/v NaCl), and a 100
mL aliquot was dropped onto each cotton fabric (1 � 1 cm2) in
12-well plates. The soaked fabric was incubated at 37 �C. Aer
18 h, 10 mL of normal saline solution (NSS) was added to each
well and the resulting solution was serially diluted to 10�4. All of
the diluted solutions were then spotted on NB agar plates and
incubated at 37 �C for 18 h (12 h for P. aeruginosa). Lastly,
bacterial colonies were counted and the numbers were con-
verted back to CFU. Inhibitory activities of each surface were
calculated by comparing with a negative control, the unmodi-
ed cotton surface. All assays were performed in three inde-
pendent replicates.
2.5 Membrane disintegration assay

Escherichia coli (ATCC 8739) was used as a model for this assay.
First, the bacterium was inoculated to 100 mL of sterile nutrient
broth (NB, 1% inoculum). The liquid culture was then incu-
bated at 37 �C at 200 rpm shaking. The growth of bacterial cells
was monitored by measuring the absorbance at 620 nm with
a BioMATE S3 spectrophotometer. When the growth reached to
the mid-log phase, bacterial culture (2 mL) was centrifuged, and
its supernatant was discarded. The remaining solid was diluted
with 1 mL sterile normal saline solution (NSS, 0.85% w/v NaCl),
and a 100 mL aliquot of this solution was dropped onto each
cotton fabric (1 � 1 cm2) in 12-well plates. The soaked fabric
was incubated at 37 �C. Aer 18 h, 0.5 mL of phosphate buffer
saline (PBS) was added to each well, and the plates were shaken
for 15 min. Thereaer, the solutions were transferred to
centrifuge tubes, and another 0.5 mL PBS was added to the
original plates with the washing protocol being repeated. The
combined solutions from two washing were then centrifuged to
remove supernatant, and the resulting solids were diluted with
100 mL PBS. Thereaer, each solution was added with uores-
cein diacetate (20 mL of 6.0 mM, resulting in the nal concen-
tration of 0.22 mM), and propidium iodide (20 mL of 3.0 mM,
resulting in the nal concentration of 0.11 mM). Each solution
was kept in the dark for 30 min. The solution was centrifuged,
and PBS was added to wash the unbound dyes. This washing
was performed twice, and 50 mL PBS was added to re-suspend
the bacterial cells. This nal solution was then spread onto
a glass slide covered with a #1.5 coverslip. Lastly, the
This journal is © The Royal Society of Chemistry 2017
uorescence images were taken with Olympus BX51 uores-
cence microscope.

2.6 Scanning electron microscope experiments

The experiments commenced with the same protocol as out-
lined in the membrane disintegration assay. Aer the exposure
of bacterial cells to modied cotton surfaces for 18 h, each
surface was soaked in 1 mL of 2.5% glutaraldehyde solution (in
0.1 M phosphate buffer pH 7.2) for 2 h. Thereaer, the surface
was washed with the phosphate buffer twice, followed by sterile
water, with 10 min interval for each solvent. The dehydration
step was followed with the addition of ethanol at the concen-
trations of 30%, 50%, 70%, and 95%, respectively (10 min each
before solvent removal). The addition (3 repetitions) of 100%
ethanol was then followed with 5 min interval. The surfaces
were dried with a critical point dryer (Leica, EM CPD300), and
attached on a metal stub for gold sputtering (sputter coater,
Balzers, SCD 040), making the substrates ready for the experi-
ments. Thereaer, a scanning electron microscope (JEOL, JSM-
6610LV) was used to probe the morphology of bacterial cells.

2.7 Biocompatibility assay

L-929 mouse broblast cell line (ACC 2, DSMZ, Germany) was
cultured in Roswell Park Memorial Institute (RPMI) medium
with 10% Fetal Bovine Serum (FBS) at 37 �C in 5% CO2

humidied atmosphere. All cotton samples were sterilized by
immersing in 70% EtOH overnight. Aer air-dried, cotton
fabrics were placed in 24-well plates and 50 mL of L-929
broblast cells (4 � 105 cells per mL) was pipetted onto
each sample, and the soaked fabrics were incubated for 2 h.
500 mL RPMI medium was subsequently added to each
well, and the solution was transferred for further
incubation for 24 h. Thereaer, 300 mL of 0.5 mg mL�1 MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
in 0.9% NSS was added. The solution was further incubated for
2 h, and then was added with 300 mL DMSO to dissolve formazan.
The viability was determined by measuring 540 nm absorbance.

3. Results and discussion

In order to improve the practicality of adopting AMP in anti-
microbial surfaces, two key structural features were evaluated in
this study. First, all amino acids were the natural L-isomer
instead of the D-isomer used in the previous study.28 Second,
only ve amino acids (instead of nine) were appended and then
a fatty acid of varying lengths was coupled to this chain. The
hypothesis was that the fatty acyl chain, with its unique
hydrophobicity prole, should be able to boost antibacterial
activities of L-peptides that would otherwise be less active than
the original D-peptides. Interestingly, as illustrated in a repre-
sentative comparison in the ESI (page S-2†), most fatty acids are
signicantly cheaper than amino acids, especially D-amino
acids. In an extreme case, this may lead to a cost reduction of
300–400 folds if a D-amino acid is omitted and replaced by
a fatty acid. Therefore, it was also of interest to test whether
these increased activities from the acyl chain would be
RSC Adv., 2017, 7, 34267–34275 | 34269
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sufficient that some amino acids may be additionally removed
from the whole sequence, thereby reducing the cost of fabri-
cation even further. Compared to the D-peptides with nine
amino acids, these new surfaces not only represent an inter-
esting class of potent antibacterial surfaces that can be devel-
oped further, but also result in a great reduction of fabrication
cost, thereby making the application of AMPs on surfaces more
practical.

An overall synthetic plan is shown in Scheme 1. Cotton
surface was initially converted to an amino-terminated surface
by tosylation and a hydrophilic spacer attachment (see ESI†).
Thereaer, a series of amino acid additions was performed
using standard Fmoc peptide synthesis including a coupling by
DIC/HOBt, a capping step to remove remaining amino groups,
and a base deprotection to remove the Fmoc group and expose
a new amino group. In the case of surfaces with only amino
acids, the nal step was the side-chain deprotection by acid
solutions, thereby generating either D-9-mer, 9-mer, or 5-mer
cotton fabrics. On the other hand, lipidated peptides could be
synthesised by coupling the last amino acid with a long-chain
carboxylic acid followed by the side-chain deprotection, thus
generating 5-mer.R0 where R0 is a hydrophobic acyl chain with
different lengths. In addition, certain cotton surfaces with
directly coupled fatty acids to the amino spacer were also
fabricated as controls (denoted R0). Washing protocols were
incorporated between all synthetic steps to ensure that
unreacted reagents were removed and could not complicate the
subsequent reactions.

Aer completing the fabrication of all modied surfaces,
some characterisations were performed. First, the physical
appearance of modied surfaces was found to be identical by
naked eyes (examples shown in the ESI†), indicating that no
Scheme 1 An overall synthetic plan of peptides and lipidated peptides o

34270 | RSC Adv., 2017, 7, 34267–34275
major structural change occurred. The water contact angles of
modied surfaces also conrmed successful chemical modi-
cations (page S-5 in the ESI†). For example, an obvious change
in contact angles was found when 5-mer was transformed into
a hydrophobic 5-mer.C12. This resulted in a signicant increase
in contact angles (84 / 123�), indicating an increase in
hydrophobicity. In addition, the loading of immobilised
peptides could be quantied by determining the amount of
cleaved fulvene from Fmoc deprotection. It was found that the
loading was in the range of 0.2–0.4 mmol cm�2, with a general
trend being that the loading amount decreased with longer
chains of peptides due to less than 100% of coupling efficiency
in each step (see ESI for experimental details†). Notably, the
extent of the decrease of loading amounts was less towards the
longer AMP chains. That is, the difference of loadings between
1-mer and 5-mer was higher than that of 5-mer and 9-mer. Since
the loadings of 5-mer and 9-mer were not substantially
different, it can be concluded that the antibacterial activities of
these modied surfaces (see below) could be compared and
analysed directly.

Moreover, lipidated peptides could also be analysed and
characterised by HPLC and MALDI-TOF mass spectrometry –

this was done by inserting Rink linker, an acid-labile linker,
between the spacer and the rst amino acid. The nal acid
deprotection then released free peptide molecules into solution
for typical solution phase characterisations (details in the ESI†).
HPLC analysis of 5-mer and 5-mer.C12 indicated that the
synthesis was efficient, yielding more than 92% purity in 5-mer,
and essentially 100% in 5-mer.C12 (page S-8 in the ESI†). On the
other hand, MALDI-TOF MS showed good agreement between
the observed m/z and the calculated m/z for all peptides (Fig. 1
for 5-mer.C16, and others in page S-9–S-15 of the ESI†). In
n cotton surfaces using standard Fmoc peptide synthesis.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 MALDI-TOF MS spectrum of the cleaved peptide from 5-mer.C16. Calculated m/z [M + H]+ ¼ 895.21; observed m/z ¼ 894.91.
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essence, this clearly conrmed that all lipidated peptides could
be successfully synthesised.

Aer successfully synthesising a set of modied cotton
surfaces, antibacterial assays based on the Japanese Industrial
Standard (JIS) L 1902 test were performed to evaluate modied
cotton fabrics for their antibacterial properties. Three bacterial
species were selected in this study, namely Escherichia coli
(ATCC 8739), Pseudomonas aeruginosa (ATCC 9027), and Staph-
ylococcus aureus (ATCC 6538P). In the case of E. coli (Fig. 2),
almost all peptides tested gave complete killing, meaning that
no CFU was observed aer the culture exposed to the cotton
fabrics was diluted and transferred onto nutrient agar plates
and incubated for 18 h. It is noteworthy that 5-mer alone did not
completely kill the bacterium, demonstrating a benet of
Fig. 2 Antibacterial activities of modified cotton surfaces in E. coli
(ATCC 8739). The negative control was unmodified cotton fabric
(average log CFU ¼ 6.52). Data are the means � the standard errors of
the mean (SEM) of at least three independent experiments.

This journal is © The Royal Society of Chemistry 2017
additional hydrophobicity. Interestingly, excessive hydropho-
bicity (5-mer.C16 and 5-mer.C18) did not always result in better
activities and thus suggested again that optimum hydropho-
bicity with short peptides is needed for strong inhibitory
activities. Nevertheless, even the incomplete inhibitors were
still considered to exhibit signicantly high inhibitory effects –
growth reduction was found to be over 3–4 orders of magnitude
(>99.9% inhibition) compared to the negative controls. Inter-
estingly, both D-9-mer and 9-mer showed very strong inhibition
with no colony found at the end. This alone suggested that
D-peptides may not be necessary in developing antibacterial
cottons for Gram-negative bacteria.

Likewise, P. aeruginosa showed strong inhibition proles in
most of the tested surfaces, but some differences from E. coli
could be discerned (Fig. 3). First, among all peptides and lipi-
dated peptides tested, 9-mer was the only one that could not
provide complete killing, while 5-mer was conrmed to possess
such capability. While the mechanism of this nding is
currently unclear and will be investigated in due course, the
experiments were repeated several times and conrmed to be
valid. Therefore, this nding may suggest that peptides with
D-amino acids or higher numbers of amino acids may not
always be critical for obtaining high antibacterial activities. On
the other hand, in contrast to the results in S. aureus, all cotton
fabrics with a directly coupled fatty acid (C12, C16, and C18) did
not show signicant activity in both Gram-negative bacteria
tested, conrming that unique structural features of peptides
and lipidated peptides are crucial for antibacterial activities.
Also, it is worth mentioning that the inhibitory effects found in
this study were likely a bactericidal effect, since further incu-
bation (up to 4 days) of the cultures on nutrient agar aer being
exposed to modied cotton fabrics did not give any colony at all
(data not shown). This indicated that all bacterial cells in
RSC Adv., 2017, 7, 34267–34275 | 34271
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Fig. 3 Antibacterial activities of modified cotton surfaces in P. aeru-
ginosa (ATCC 9027). The negative control was unmodified cotton
fabric (average log CFU ¼ 5.83). Data are the means � the standard
errors of the mean (SEM) of at least three independent experiments.
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“complete killing” samples had been permanently destroyed
and could not reproduce more cells even with favorable growth
condition and prolonged time. In brief, it was found that great
antibacterial activities in Gram-negative bacteria can come from
short peptides (with or without a lipid chain) without the need
of D-amino acids – a nding of which would be of tremendous
signicance for further developments.

Since Gram-negative bacteria and Gram-positive bacteria
have substantial differences in chemical compositions and
structural formats of the cell walls and cell membranes, we also
sought to test our modied cotton surfaces in a Gram-positive
bacterium S. aureus. It is worth noting that cotton modied
with a 9-mer D-peptide (denoted D-9-mer) was previously found
to exhibit strong antibacterial activities in methicillin-resistant
S. aureus.28 Overall, the results showed that all tested modied
cotton surfaces possessed some inhibitory activities (Fig. 4),
with the most active surface (5-mer.C6) being able to reduce the
bacterial growth by about 1.2 log CFU, or about 93% inhibition.
Interestingly, appending a fatty acyl chain onto 5-mer (which
was signicantly less active than 9-mer) obviously increased the
Fig. 4 Antibacterial activities of modified cotton surfaces in S. aureus
(ATCC 6538P). The negative control was unmodified cotton fabric
(average log CFU ¼ 6.34). Data are the means � the standard errors of
the mean (SEM) of at least three independent experiments.

34272 | RSC Adv., 2017, 7, 34267–34275
potency of the cotton surface. In fact, all lipidated peptides
exerted stronger inhibitory effects than did 5-mer, with certain
modied surfaces (5-mer.C4, 5-mer.C6 and 5-mer.C12)
surpassing even D-9-mer under this condition. Similar to the
case of E. coli, excessively long chains like 5-mer.C16 and
5-mer.C18, however, seemed to decrease the activities. Also,
despite the fact the strain of S. aureus used in our work is
different from that of the previous study by Nakamura et al.,28 it
is still deemed surprising that D-9-mer was a signicantly
weaker inhibitor in our condition – this was conrmed by
several repeated experiments. In fact, its activity was not much
higher than those cotton fabrics with only long-chain fatty acids
(C12, C16, and C18), which showed signicant inhibitions in
the current study (about 70–80% growth reduction). The activ-
ities of these long-chain fatty acids were considered to be
species-specic since the same surfaces showed much less
inhibition in P. aeruginosa and E. coli (see above). In addition, it
was previously reported that fatty acids impregnated in cellu-
lose exhibited some antibacterial activity although a direct
comparison is not possible due to the differences in methods
used in chemical modication and antibacterial assays.29

Notably, the relationship of hydrophobicity and antibacterial
activities is worth mentioning, especially in comparison to
previous studies. In general, it can be concluded that increasing
hydrophobicity of an AMP, i.e., by acylation with fatty acids,
tends to increase antibacterial activities. Nevertheless, the
increasing activities were usually found on only selected
bacterial species depending on the sequence of the AMP, and
the chain length of the hydrophobic chain. For example, both
studies from Makovitzki et al. and Rotem et al. proved that the
sequence and the acyl chain of lipopeptides both inuenced the
selectivity towards a variety of bacteria, mainly discriminating
between Gram-positive and Gram-negative bacteria.19,30 In this
regard, it was found that our study yielded similar nding, in
that our modied surfaces were more active against Gram-
negative bacteria than a Gram-positive bacterium. Neverthe-
less, it is important to note that a majority of studies involving
lipidated peptides dealt with the soluble version of AMP.
Therefore, the mode of actions of these AMP may differ dras-
tically from our case. In a study by Shalev et al.,20 immobilised
versions of a lipidated AMP were investigated, but no clear
discrimination could be discerned between E. coli and S. aureus.
However, it should be noted that the assay used was different
from ours, and this may be the cause of the discrepancy of the
results. In brief, further systematic investigations would be
needed to fully understand structure–activity relationships,
especially for immobilised peptides.

To obtain further insight in the inhibitory activities,
a membrane disintegration assay against E. coli was also con-
ducted to conrm whether the killing activities were ascribed to
the destruction of bacterial membranes, which is the most well-
documented cause for the activities of AMPs.12 In this assay,
uorescein diacetate was used to detect live cells, which could
hydrolyse the ester groups in the compound and release the
green uorescent product. On the other hand, propidium
iodide, a known membrane-impermeable DNA-binding uo-
rescent dye, was employed for the detection of dead cells, which
This journal is © The Royal Society of Chemistry 2017
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released DNA materials aer cell leakage. Thus, a relative
increase in the red uorescent cells in comparison to green cells
suggests that the bacterial membrane has been compromised.
In our case, this was found to be true for all samples tested
(5-mer, 5-mer.C4, and 5-mer.C12), where there was an obvious
increase in dead cells (Fig. 5C–H) compared to the unmodied
surface (Fig. 5A and B). In addition, to provide alternative
information about the loss of membrane integrity, scanning
Fig. 5 Membrane disintegration assays (against E. coli) of a selected set
from unmodified cotton surface, 5-mer, 5-mer.C4, and 5-mer.C12, res
cotton surface, 5-mer, 5-mer.C4, and 5-mer.C12, respectively.

This journal is © The Royal Society of Chemistry 2017
electron microscope (SEM) was also used to probe the
morphology of bacterial cells aer exposure to 5-mer.C12. The
results indicated that both S. aureus and E. coli exhibited no
morphological change aer exposure to unmodied cotton
(Fig. 6). On the other hand, 5-mer.C12 caused signicant
change in morphology of both bacteria (rough and shrunk
bacterial surface in S. aureus, and irregular cell shape and
incomplete cell division in E. coli). Given the fact that all
of modified cotton surfaces. (A), (C), (E), and (G) are live cells (in green)
pectively. (B), (D), (F), and (H) are dead cells (in red) from unmodified

RSC Adv., 2017, 7, 34267–34275 | 34273
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Fig. 6 SEM experiments to probe the morphology of bacterial cells
(S. aureus and E. coli) after exposure to unmodified cotton, and
5-mer.C12.

Fig. 7 Biocompatibility studies of unmodified cotton, 5-mer.C4, and
5-mer.C12 over different time periods. At each time point, all samples
did not exhibit statistically different cell growths (p > 0.05).
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bioactive moieties could not be released from support due to
covalent immobilisation, other modes of action that involve
intracellular targets were thus deemed unlikely. Hence, the
results in these experiments corroborated well with this theo-
retical consideration.

Lastly, in order to verify the versatility of our modied cotton
fabrics formore sensitive applications such asmaterials with direct
contact to human cells, two selected modied fabrics (5-mer.C4
and 5-mer.C12) were tested for biocompatibility with L-929 mouse
connective tissue broblast cell line (ACC 2, DSMZ, Germany). The
data suggested that these lipidated peptides with highly potent
antibacterial activities showed no toxicity in mammalian cells for
over three days (Fig. 7), indicating that the killing mechanism is
unique to bacterial cell membrane systems. Hence, this showcased
that cotton surface modied with lipidated peptides could be
a promising material for biomedical applications.
4. Conclusions

We reported herein a fabrication of cotton fabrics modied with
antimicrobial peptides with various acyl moieties. As antici-
pated, acyl chains with different lengths could improve the
34274 | RSC Adv., 2017, 7, 34267–34275
antibacterial activity, albeit with differing degrees – this sug-
gested that there may be advantageous effect of hydrophobicity
to the activities of modied surfaces. The study suggested that
cotton fabrics modied with lipidated peptides were much
more active in Gram-negative bacteria than in Gram-positive
bacteria although it should be noted that statistically signi-
cant antibacterial activities could also be observed in S. aureus,
thus qualifying as broad-spectrum antibacterial surfaces. With
lower cost of synthesis and shorter fabrication time, this
strategy offers a great improvement in the production of anti-
bacterial cotton surfaces with low cytotoxicity. Evaluation of this
strategy in other lipid structures, peptide sequences and other
types of surfaces will be investigated and reported in due
course.
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