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Capping silver nanoparticles with LL37 peptide eradicatess
the antiproliferative effect of silver on primary skin cells, buts
retains the bactericidal properties of silver nanoparticles with;
activities comparable to silver nitrate or silver sulfadiazine:s
In addition, LL37 capped silver nanoparticles have antis
biofilm formation activity. 40
41

The human skin is both a physical and immune barrier that protects,
against colonization by microorganisms. Its many cell types includg,
cells that provide pathogen recognition and defence to production of
innate anti-microbial peptides.” In burn patients, particularly deeper
burns, the barrier integrity is compromised and hence, nosocomial
bacterial infections are a major problem in the management of
patients in burn care centres.® Pseudomonas aeruginosa (P.
aeruginosa), a Gram negative microbe, in particular, is responsible for
much of the recurrent opportunistic bacterial infections, mainly
because of biofilm formation.> Other bacteria that contribute to
problematic nosocomial infections include Gram positive bacteria,
Staphylococcus epidermidis (S. epidermidis) and aureus (S. aureus), and
Gram negative, Escherichia coli (E. coli). »
The keratinocytes of the healthy skin produce innate anti-
microbial peptides such as the cathelicidin LL37 and defensins.* The
LL37 peptide displays antimicrobial activity and has a direct effect in
wound healing, neovascularization and angiogenesis.> This peptide
has been tested as a potential alternative to antibiotics for treatment
of ulcerative wounds and shows good potential.* In the clinic,
combinatory use of ionic silver and antibiotics has been proposed as a
new strategy to minimize antibiotic resistance.® However, the main
shortcoming of using ionic silver, Ag’, is that it relies upon the anti-
proliferative effect that silver has on primary cells. %7 In burn
patients, cell proliferation to repair the wound site is as badly needed
as the infection control itself. We have, however, shown that silvef’
nanoparticles (AgNP) that are stabilized with collagen are cell-friendlys
for primary skin cells and yet demonstrate bacteriocidal and’
bacteriostatic effects. 7 Recent work by Herzog et al, has alsc;z
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demonstrated the biocompatibility of silver nanoparticles with airway
epithelial cells.®

In this study, we tested the combination of AQNP with CSG -LL37
peptide, where the —SH served as stabilizer on the AgNP surface **
forming LL37@AgNP as a new antimicrobial and anti-biofilm agent.
Details of the LL37 synthesis are in SI. Note that the antimicrobial
activity, against P. aeruginosa, and conformation of LL37 peptide is
preserved in truncated peptides containing only the sequence LL7-37
(or RK-31). ™
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Figure 1. (A) Photochemical formation of LL37@AgNP upon UVA exposure of a
oxygen free solution containing 0.2 mM AgNOs, 0.2 mM 1-2959 and 2.5 uM LL37.
Absorption spectra taken at different times as indicated in the figure. Top inset:
Changes on the absorption at 400 nm vs. irradiation time. Bottom inset:
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Absorption spectra for LL37@AgNP time 0 after synthesis and 24 h elapsed (B},
Size histogram and TEM image (inset) for a selected area of LL37@AgNP.
Average size calculated from 400 individual particles. The blurriness observed ik
the image corresponds to organic material (most likely the LL37 layer around the2
particles, see main text) that is being burned during the TEM experiment. 0

94
The photochemical preparation of biocompatible, protected silvey,
nanoparticles (AgNP) has been previously reported by our group using,
a variety of biomolecules including type | collagen, human serum;
albumin, and poly-L-lysine.*** However, the photochemical synthesis
of peptide capped AgNP remained, however, unexplored. Upon o.éz
min of UVA exposure of oxygen-free aqueous solutions containing
AgNO,, I-2959 and micromolar concentrations of LL37 peptide, the
formation of an absorption band around 400 nm was observed (Fig.
1A) whose intensity gradually increased up to minute three, where it
reaches a plateau. This is most probably due complete reduction of
Ag’ by I-2959 ketyl radical (Fig. S1). The formation of monodisperse
spherical AQNP was observed by both dynamic light scattering (DLS)
and transmission electron microscopy (TEM; Fig. 1B). Note that theo
size measured by DLS, 19+1.0 nm, was almost 14 nm larger than the!
observed in the TEM, which indicates the formation of a LL37 coating2
the Zeta of3
LL37@AgNP revealed a positive potential of +37+ 0.8 mV, in keepintg4

around nanoparticle. potential measurements

with similar zeta potential values previously reported for othes
biomolecule capped AgNP.** ** Only LL37@AgNP were stable up tws

24 h in biocompatible buffers or cell culture media, unlike?
citrate@AgNP which was unstable (see Fig. S2) or AgNO;, whictas
oxidized to silver oxide (data not shown). 109
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Figure 2. Number of survival bacteria colonies counted in the presence of 2XMIC
see Table 1 and main text, for AgNO; (0) and LL37@AgNP (o) for (A) E. coli, (B) P.
aeruginosa, (C) S. epidermidis, and (D) S. aureus. Control experiments where n®
silver was added are also included (0). All experiments were carried out in 25%9
LB and colonies counted after 18h of incubation at 372C on agar plates. 130
131

Table 1 shows that the minimal inhibitory concentration (MIC) fc;z
LL37@AgNP is similar to the control nanoparticles; citrate cappelc3|4
AgNP (citrate@AgNP), for Gram (=) P. aeruginosa and E.Coli. This i1§5
double the MIC for silver nitrate (AgNO;) and silver sulfadiazing,
(AgSD). For Gram (+) S. epidermidis and S. aureus, however, the Mlg7
was similar to AGNO; and AgSD. In time kill experiments (Fig. 2), £

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

coli was considerably more susceptible to ionic silver, as previously
reported in literature.” However, Fig. 2B-D show that the bactericidal
performance of LL37@AgNP was similar to that observed for AgNO;
against P. aeruginosa, S. epidermidis and S. aureus. No bactericidal
effect of LL37 was observed for all the strains at similar concentrations
(<0.156 pM) to those in LL37@AgNP (see Fig. S3). All the anti-
bacterial effects observed appeared to be conferred by AgNP.

Table 1. MIC values in uM for total silver content measured in 25% LB at
initial bacteria density of =~ 1x10° cfu/ml.

E.coli | P.aer. S. epi. S. aur.

LL37@AgNP 6.25 6.25 3.12 3.12
Citrate@AgNP 6.25 6.25 6.25 6.25
AgNO; 3.12 3.12 3.12 3.12
AgSD 3.12 3.12 3.12 3.12

As mentioned before, delayed wound healing is the main shortcoming

2

of using ionic silver in infection prophylaxis.* 7 We have previously
shown that AgNP were more cell compatible than AgNO,.** *} Here,
we show that our LL37 capped AgNP are not cytotoxic at the MIC or
even at double the MIC, in contrast to the ionic silver (Fig. S4). In
addition, LL37@AgNP did not hinder cell proliferation at double the
MIC, unlike ionic silver, which showed inhibitory effects at half the
concentration (Fig. 3A). Fig. S4 shows the cell viability measured after
14 h of incubation in the presence of different silver sources at 2X MIC
for the opportunistic P. aeruginosa where they displayed bactericidal
properties, see Fig. 2B. At such concentrations, it can be seen that
AgNO; and AgSD have between 60-40% of toxicity, under our
experimental conditions, with a negligible toxicity for either
LL37@AgNP or citrate@AgNP (control nanoparticles), see Fig. S4
(p>o0.5). Further, cell proliferation experiments up to seven days where
the silver sources and the cell culture media were replaced every 48 h,
to somehow mimic sequential topical applications, showed that both
ionic silver sources delayed the cell proliferation with a total toxicity
after only day 3, as seen in Fig. 3A. A delay in cell proliferation was
also observed for citrate @AgNP from day 5 onwards (p<o.01) when
compared to the control. However, with LL37@AgNP, there was no
significant difference (p>o0.5) in cell proliferation from the controls
without any added silver. Note that the cell proliferation values
measured for citrate@AgNP were considerably smaller than the
measured at the same total silver concentration of LL37@AgNP, see
Fig. 3A. These differences become much more important at 1XMIC of
LL37@AgNP, see Fig. S5, where an increment in the cell proliferation
from up to day 5 (p<o.01) when compared to the control, was
observed. In this study, the presence of LL37 promoted skin fibroblast
proliferation by almost a factor of two after seven days (p>o0.5).
Control experiments carried our for the ionic silver sources in the
presence of LL37 show similar trends than those obtained when the
peptide was not present (see Fig. S6). It has been reported that LL37
induces proliferation of some epithelial cells, including skin*® and
airway epithelial cells.” In this study, the stimulatory effect on skin
fibroblast proliferation appears to be tempered when the peptide was
conjugated to AgNP (Fig. 3A). Moreover, the antiproliferative effect of
citrate @AgNP on skin fibroblasts shown in Fig. 3A, was observed only
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after continued exposure (> 3 days). This behavior points that the:
accumulation of toxic products, like AgO,™ due to lack of stability af2
citrate @AgNP nanoparticles in the cell culture medium, see Fig. S2, is3
the
citrate@AgNP. Further experiments carried out using Live/Dead®s

directly involved in antiproliferative  performance ofs
staining for up to 48h in 6h intervals, see Fig. 3B, shown that cells
toxicity is observed within the first 24h of incubation for AgNO, and-
AgSD, with minimal toxicity for LL37@AgNP or citrate @AgNP (datas
not shown). Flow cytometry experiments using Alexa Fluor®,88¢
Annexin and propidium iodide were also carried to detect signs afo
early apoptosis and necrosis, respectively.*® The results presented im:
Table 2, see Fig. S7 for representative examples, show that the:
samples incubated with AgNO, and AgSD for 12h present @3
considerably higher necrotic population than either the control ags
those containing LL37@AgNP or citrate@AgNP which agrees withs

the observed in Live/Dead experiments, see Fig. 3B. 186
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Figure 3. (A) Effect of silver nanoparticles or ionic silver on the proliferation
profile of human skin fibroblasts. Silver source was changed every 48 h in fresh
cell culture media. Error bars correspond to SD from six different samples
obtained from triplicate experiments. T-Student two tail test, *p<0.1, **p<0.01,
***¥p<0.001. (B) Percentage of cells stained with AM-Calcein (green bars) or
ethidium bromide homodimer (red bars) measured at different incubation times
after the addition of 12.5 uM LL37@AgNP or 6.25 uM AgSD/AgNO:s. Fluorescence
emission was measured with a FTIC or long pass red filter, for green and rezgo

R 201
fluorescence respectively. 0

203
LL37@AgNP are distinctly more biocompatible than citrate@AgNP+

(Fig. 3A) and are more stable (Fig. S2). In addition, the citrate@AgN?ﬂ5
had a tendency to form a black precipitate, most likely AgO when

This journal is © The Royal Society of Chemistry 2012
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prepared as a thin film at air-liquid interface.” This does not occur
with LL37@AgNP. Thus, we also tested the capacity of LL37@AgNP
to prevent the formation of P. aeruginosa biofilms using the liquid air
interface (LAI) assay.” The results shown in Fig. 4 indicate that
LL37@AgNP was able to prevent the formation of the Pseudomonas
biofilm formation at both 1 and 2X MIC concentrations. In contrast,
LL37 alone was not able to prevent biofilm formation even at twice
the concentration present in 2XMIC, see Fig. 4. Although further
testing of the material is still needed prior any clinical application, our
cumulative data show that the side effects that silver application
causes in the healing of skin wounds could be solved with the use of
LL37 capped silver nanoparticles: LL37@AgNP, which provide the
best of the two worlds; antibacterial properties against Gram positive
and negative bacteria, and no anti-proliferative effect on primary skin
cells.

Table 2. Percentagef of survival, apoptotic and necrotic human skin
fibroblasts cells evaluated using Alexa Fluor®488 Annexin and propidium
iodide (see experimental) after 12h of incubation with the different silver
sources concentrations used in Fig. 3A. In all cases cell densities were kept in
the same range than those employed in all the other cell viability
experiments.

Sample % Viable cells % Apoptotic % Necrotic
Control'’ 95 1.0 4.0
LL37@AgNP 92 2.0 6.0
Citrate@AgNP 91 4.0 5.0
AgSD 76 6.0 18
AgNO; 84 4.0 12

Percentages were calculated in Beckman-Coulter FC500 integrated software
from the Propidium Iodide vs. Alexa Fluore 488 annexin plots. "'Control
experiments were carried out by incubating the cells under the same
conditions that the plates containing the silver sources in DMEM, 10% FBS
with no antibiotics.

Figure 4. Bright field images showing A) P. aeruginosa biofilm that had formed
on the surface of 6 well plates after 16h incubation at 372C without any anti-
microbials (control); and B) biofilm formed in the presence of 0.156 uM LL37
peptide. In the presence of the minimal inhibitory concentration of LL37 coated
AgNPs (LL37@AgNP), biofilm formation is dramatically reduced (C). At 2 X MIC
LL37@AgNP, biofilm formation is minimal (D).
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Conclusions 260

The anti-proliferative or toxic effects of ionic silver and silver.
. . . . .26
nanoparticles can be mitigated by the use of silver in form of peptide-
stabilized nanoparticles. LL37 did not enhance the anti-microbial’
effect of the AgNP. Instead, the peptide had a stimulatory on the skin'
cells. As a composite, LL37@AgNP showed similar anti-microbial’
- - Lo . L 266
activity to clinically used ionic silver, but without the inhibitory effects
on cell proliferation and with anti-biofilm activity, which is desirable in’

. . . . . . . . 268
promoting wound healing while preventing potential infection in burn
269

care.
270
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