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A B S T R A C T

In this study, the use of cubosomes for topical delivery of the antimicrobial peptide (AMP) LL-37 was in-
vestigated. Topical delivery of AMPs is of great interest for treatment of skin infections caused by bacteria, such
as Staphylococcus aureus. AMP containing cubosomes were produced by three different preparation protocols and
compared: (i) pre-loading, where LL-37 was incorporated into a liquid crystalline gel, which thereafter was
dispersed into nanoparticles, (ii) post-loading, where LL-37 was let to adsorb onto pre-formed cubosomes, and
(iii) hydrotrope-loading, where LL-37 was incorporated during the spontaneously formed cubosomes in an
ethanol/glycerol monooleate mixture. Particle size and size distribution were analyzed using dynamic light
scattering (DLS), liquid crystalline structure by small angle x-ray scattering (SAXS) and release of LL-37 by a
fluorescamine assay. Proteolytic protection of LL-37 as well as bactericidal effect after enzyme exposure was
investigated. The skin irritation potential of cubosomes was examined by an in vitro epidermis model. Finally, the
bacterial killing property of the cubosomes was examined by an ex vivo pig skin wound infection model with
Staphylococcus aureus. Data showed that a high loading of LL-37 induced formation of vesicles in case of cu-
bosomes prepared by sonication (pre-loading). No release of LL-37 was observed from the cubosomes, indicating
strong association of the peptide to the particles. Proteolysis studies showed that LL-37 was fully protected
against enzymatic attacks while associated with the cubosomes, also denoting strong association of the peptide
to the particles. As a consequence, bactericidal effect after enzyme exposure remained, compared to pure LL-37
which was subjected to proteolysis. No skin irritation potential of the cubosomes was found, thus enabling for
topical administration. The ex vivo wound infection model showed that LL-37 in pre-loaded cubosomes killed
bacteria most efficient.

1. Introduction

Antimicrobial resistance is today listed as one of the biggest chal-
lenges in the global health sector [1]. Until today, infections have ef-
fectively been treated with various types of antibiotics, such as peni-
cillin. A post antibiotic era is not far from becoming the reality in the
21st century, as more and more bacteria are developing high level re-
sistance to many available antibiotics [2]. Due to the fast development
of multi resistant bacteria, even less severe infections may be difficult to
treat in a near future. Colonization of these bacteria in wounds is a
serious threat. For example, treatment of surgical site infections (SSIs),
skin and soft tissue infections (SSTIs) and burn wound infections all rely

on efficient antibiotic therapies. The most common bacteria causing
these infections are Staphylococcus aureus and its methicillin resistant
analogue, Pseudomonas aeruginosa and multi-drug resistant variants,
Staphylococcus epidermis and Escherichia coli [3–8]. An alternative to
conventional antibiotics that could be one type of future treatments are
antimicrobial peptides (AMPs) [9]. They provide a combination of
advantages displaying fast and unspecific broad-spectrum bactericidal
properties as well as being less prone to develop antimicrobial re-
sistance bacteria [9–11]. However, the low specificity of AMPs, has
been suggested to limit their therapeutic use to topical delivery, be-
cause of hemolytic and toxicity activity at high concentrations [10].
Moreover, most AMPs are susceptible to chemical and proteolytic
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degradation at physiological conditions and need a protective matrix in
order to enable efficient treatments [12–14]. Liquid crystalline nano-
particles (LCNPs), e.g. cubosomes, offer a unique possibility of en-
capsulating and protecting protein and peptide drugs from degradation
[15–17]. Cubosomes consists of folded lipid bilayers curved in three-
dimensional space with interwoven water channels. The complex am-
phipathic structure of the cubosome makes incorporation of hydrophilic
(in the aqueous channels), hydrophobic (in the lipid bilayers) and
amphiphilic drugs (at the bilayer-water interface) possible [18]. Several
AMPs have successfully been incorporated in cubosomes such as the
plectasin derivative AP114 [19–21], the human kininogen derivative
DPK-060 [19,20], gramicidin A, melittin, and alamethicin [22] as well
as the human cathelicidin LL-37 [23,24]. LL-37 is found in different
cells, tissues and body fluids [25]. LL-37 is a 37 amino acid long am-
phiphilic and water soluble peptide (molecular weight 4491 Da) having
a net charge of +6.3 at pH 5.5. In addition to its broad spectrum
bacterial killing and immunomodulatory properties, LL-37 also pro-
motes healing of chronic wounds [25–27] and is an important part of
the innate immune system of the skin. Thus, LL-37 is an interesting
candidate for topical treatment of bacterial infections. The peptide
mainly exhibits a random coil conformation in aqueous solution, but
changes its secondary structure to α-helical upon membrane interaction
[28,29]. It is suggested that LL-37 uses a toroidal pore/carpet-like
mechanism of action [30]. The exact mechanism of action is debated
and is also suggested to depend on the concentration [28]. However,
LL-37 is sensitive to proteolytic degradation, which has limited its
therapeutical use [26]. Notably, adsorption of LL-37 onto glycerol
monooleate (GMO) cubosomes has shown to protect the peptide from
degradation by elastases that can be present at a bacterial infection site
[20]. Lipid based colloidal systems have shown ability to effectively
deliver and transport drugs to and through the skin as they can help
fluidizing skin lipids [31–33]. Furthermore, LCNPs can enhance the
skin penetration and delivery of several active substances, such as
peptides, vitamins, herbal extracts, vaccine adjuvants and anti-in-
flammatory drugs with no observed skin irritation [34–38]. Moreover,
cubosomes were recently used to deliver photosensitizers for photo-
dynamic therapy (PDT) of human skin melanoma cells [39].

In this work, we have explored the use of GMO-based cubosomes for
topical delivery of LL-37. GMO is non-toxic and biodegradable lipid,
listed as an “inactive ingredient” approved in topical (and oral) drug
products by the U.S. Food and Drug Administration (FDA) and was
therefore chosen for preparation of the cubosomes [40,41]. Three dif-
ferent peptide loading strategies were used and compared, to reveal any
differences in the properties of the cubosomes: (i) pre-loading, where
LL-37 was incorporated into the liquid crystalline gel, which thereafter
was dispersed into nanoparticles, (ii) post-loading, where LL-37 was
allowed to adsorb onto pre-formed cubosomes, and (iii) hydrotrope-
loading, where LL-37 was incorporated during the spontaneously
formed cubosomes from an ethanol/glycerol monooleate mixture. Pre-
loaded cubosomes have the advantage that the incorporated AMP is
likely to take part of the LC structure, enabling high peptide en-
capsulation efficacy [19]. Post-loaded particles are subjected to a heat-
treatment cycle before loading of the peptide, resulting in a sterile
cubosome dispersion, usually displaying a reduced fraction of vesicles
that are often present in cubosomes prepared by sonication [42]. The
hydrotrope preparation method has the advantage that no high shear
mixing equipment is needed, reducing the manufacturing cost [43,44].

The size and size distribution of the cubosomes were characterized
by dynamic light scattering (DLS), their structure was analyzed by
small-angle x-ray scattering (SAXS) and release of LL-37 was monitored
by dialysis in combination with a fluorescamine assay. The proteolytic
protection of LL-37 in the cubosomes was studied after incubation with
enzymes that may be present in infected wounds and the antibacterial
effect after proteolysis was assessed by radial diffusion assay (RDA).
The skin irritation potential of the cubosomes was tested using an in
vitro epidermis model and the bactericidal effect was investigated with

an ex vivo pig skin wound infection model.

2. Materials and methods

2.1. Materials

Glycerol monoleate Capmul-90 EP/NF was obtained as a gift from
Abitec Corp. (Columbus, USA) with composition 93.3% and 6.3% mono
and di-glycerides, respectively, and C18:1 (oleyl content)> 95%. The
triblock co-polymeric stabilizer Poloxamer 407 (Kolliphor P407, ap-
prox. 12.500 g/mol) was purchased from BASF (Ludwigshafen,
Germany) and antimicrobial peptide LL-37 (LLGDFFRKSKEKIGKEFKR-
IVQRIKDFLRNLVPRTES), peptide content 81.8% (purity 94.7%), was
synthesized and provided by PolyPeptide Laboratories (Limhamn,
Sweden). Buffer solutions were always sterile filtered prior use.

2.2. Cubosome preparation

Pre-loaded: Liquid crystalline (LC) gels were prepared and dis-
persed into cubosomes as described previously [19]. Briefly, molten
GMO (45 °C) was mixed with a water solution containing LL-37 to reach
a concentration of 0, 1, 3 or 6 w% peptide in the LC gels, at a mass ratio
of GMO:water of 70:30. Dispersions were made by fragmenting 0.5 g LC
gel in 9.5 g 0.5% Poloxamer 407 (dissolved in 20mM sodium acetate
buffer pH 5.5) using a Ultra-Turrax high shear mixer followed by tip-
sonication, resulting in LL-37 concentration of 0, 0.5, 1.5 or 3mg/mL.

Post-loaded: 1.0 g of cubic LC gel (not containing LL-37) was pre-
pared and dispersed as for pre-loaded particles in 9.0 g MilliQ-water
containing 1% P407 stabilizer. A heat-treatment cycle of the sample
was thereafter performed in order to reduce the number of vesicles [42]
in a Laboklav 25 autoclave (SHP Steriltechnik AG, Schloss Detzel/Sa-
tuelle, Germany) at 121 °C for 20min. The total autoclave cycle was ca.
75min, including time required to heat-up and cooling down to room
temperature. The cubosome dispersion was thereafter diluted 1:1 with
40mM sodium acetate buffer pH 5.5 followed by addition of LL-37 as a
small aliquot. Samples were prepared with LL-37 concentration of 0,
0.5, 1.5 or 3mg/mL.

Hydrotrope: Cubosomes were also produced by the hydrotrope
method [44]. Briefly, 0.35 g molten GMO (45 °C) was mixed with
0.35mL ethanol (99.5%) to form an isotropic solution. 300 µL of LL-37
dissolved in 20mM acetic acid buffer (pH 5.5) was added dropwise
under magnetic stirring (ca 1000 rpm), followed by slow addition of
8.7g 0.5% Poloxamer 407 dissolved in buffer. Samples were prepared
with LL-37 concentration of 0, 0.5, 1.5 and 3mg/mL.

2.3. Dynamic light scattering (DLS)

Particle size and its distribution were determined by dynamic light
scattering (DLS) using a Zetasizer Zen3600 (Malvern Instruments Ltd.,
Worcestershire, U.K.) at 20X dilution of the samples in MilliQ-water.
The hydrodynamic radius, assuming spherical particles, was calculated
by the software using Stoke-Einsteińs relation to describe the Brownian
motion of the particles. Each sample was measured in triplicate using
disposable plastic cuvettes at 25 °C.

2.4. Small angle x-ray scattering (SAXS)

Characterization of the LC structures was performed using small
angle x-ray scattering (SAXS) with a SAXSpoint 2.0 instrument (Anton
Paar, Graz, Austria) equipped with a Microsource x-ray source (Cu Kα
radiation, λ=1.5418 Å) and a Dectris 2D CMOS Eiger R 1M detector.
Gels were placed in a steel sample holder between two kapton win-
dows, resulting in a sample thickness of approximately 1mm. Liquid
samples were placed in quartz capillaries (D=1.5mm, wall thickness
0.01mm, Hilgenberg GmbH, Germany) and sealed with epoxy glue.
The exposure per sample was 10min for gel samples and 20–120min
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for liquid samples at a sample to detector distance of 576mm.
Identifications of the LC phases were done according to Bragg peak
spacings [45].

2.5. Release of antimicrobial peptide

Release of AMP was monitored trough dialysis and fluorescamine
assay as described elsewhere [20,21]. Briefly, 1mL of the sample was
placed in a dialysis device (Float-A-Lyzer® G2 100 kDa MWCO, Spec-
trum Laboratories Inc., Rancho Dominques, USA) allowed to dialyze in
20mL, 20mM sodium acetate buffer pH 5.5 at 22 ± 1 °C. 200 µL
samples were withdrawn after 0, 1, 2, 4, 6 and 24 h of dialysis. Peptide
quantification was performed with a fluorescamine assay, using a plate
reader (CLARIOstar® GMB biotech, Ortenberg, Germany) with a stan-
dard curve showing good linearity in the range 2.5–150 µg/mL peptide
(R2=0.997).

2.6. Proteolysis and bactericidal effect after proteolysis

Proteolytic protection was investigated after incubation of the cu-
bosome dispersions with Pseudomonas aeruginosa elastase (PE) (261.0
units/mg, BioCol GmbH, Potsdam, Germany) or human neutrophil
elastase (HNE) (20.0 units/mg, Calbiochem, La Jolla, USA) as pre-
viously described [20]. The peptide degradation was visualized by gel
electrophoresis using Coomassie Brilliant Blue staining. Band intensities
were quantified by Molecular Imager Gel DOC with Image Lab Software
(BioRad, Hercules, USA). Radial diffusion assay was performed on the
formulations before and after incubation with elastases, using Escher-
ichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 25923) to
evaluate the bactericidal properties after proteolysis. Each experiment
was repeated 4 times.

2.7. In vitro skin irritation

The skin irritating potential of LL-37 loaded cubosomes was in-
vestigated by irritation testing according to OECD TG 439 [46] using
the In Vitro EpiDermTM Skin Irritation Test (EPI-200-SIT, MatTek In
Vitro Life Science Laboratories, Bratislava, Slovakia). The test consists
of exposing the material to a reconstructed human epidermis model,
followed by a cell viability assay using yellow water-soluble 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid (MTT; Sigma-Al-
drich, St. Louis, MO), which is metabolically reduced to a blue-violet

insoluble formazan in viable cells. The material to be tested, positive
(5% sodium dodecyl sulfate (SDS)) and negative control (Dulbecco's
phosphate-buffered saline (DPBS) without Ca2+ and Mg2+ were added
to the skin models for 60min, thoroughly washed with DPBS and al-
lowed to recover in assay medium for 42 h in the incubator. Then, MTT
solution was added to the skin models and incubated for an additional
3 h at 37 ± 1 °C in 5 ± 1% CO2. MTT solution was removed, 2-pro-
panol added and the plates were shaken rapidly for two hours. The
solution from the individual skin models were homogenized and
transferred to a 96 well plate for absorbance measurement at 570 nm
followed by calculation of the viability of the keratinocyte cells, relative
to the negative control. Skin irritation potential of the sample is ex-
pected if the remaining relative cell viability is below 50%.

2.8. Ex vivo pig skin wound infection model

The bactericidal effect of LL-37 loaded cubosomes was investigated
using an ex vivo pig skin wound infection model [11,47–49]. Briefly, the
bacteria (Staphylococcus aureus, ATCC 29213) were grown overnight
and diluted to a final density of 1× 107 colony forming units (CFU)/mL
in brain heart infusion broth diluted 100 times in sterile H2O (BHI-100).
Punch biopsies were made in the shaved and cleaned pig skin, ap-
proximately 0.5–1mm deep and 3mm in diameter. Each biopsy was
infected by addition of 100 μL of the bacteria suspension and incubated
for two hours at 37 °C. 100 μL of the cubosome samples, pure LL-37 or
BHI-100 (negative control) were added to each wound and incubated
for 4 h at 37 °C. The bacteria were harvested by adding 500 μL of
Kligman buffer followed by rubbing the wound area gently with an
inoculating loop. The suspension was transferred to a 5mL tube with
1mL 2X diluted Kligman buffer, the procedure was repeated once and
the two fractions of bacteria suspension from the infected area were
pooled. The bacteria suspensions were serial diluted and seeded on
horse blood agar plates. The plates were incubated at 37 °C overnight
followed by counting the colonies. Each sample was tested on five in-
fected wounds.

3. Results

3.1. Characterization of the cubosomes

Particle size and size distributions are presented in Fig. 1. Differ-
ences in particle size and their distributions were observed among the

Fig. 1. Particle size (A) and polydispersity index (B) of the LCNP with 0 (reference) and 0.5, 1.5 and 3.0 mg/mL LL-37 prepared by pre-loading of LL-37 (Pre), post-
loading of LL-37 (Post) and by the hydrotrope method (Hydrotrope). Data is presented as mean ± standard deviation (N=3). The PDI of LCNPs prepared by the
hydrotrope method at 0.5 mg/mL LL-37 is lower compared to the other PDI’s due to absence of small fraction of larger particles, present in the other Hydrotrope
samples, that has a great influence on PDI.
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preparation techniques. Pre-loaded particles had a particle size around
130 nm with a narrow size distribution (PDI ∼0.15). The heat-treat-
ment of the cubosomes used for post-loading was found to increase the
particle size. Cubosomes prepared via the hydrotrope method displayed
a fairly small particle size, taken into account the very gentle shearing
applied (magnetic stirring). However, a broad particle size distribution
was observed. Interestingly, the presence of LL-37 decreased the mean
particle size for all prepared formulations, compared to references
without peptide.

The liquid crystalline structure of the gels pre-loaded with LL-37
and of cubosomes prepared by the different techniques were in-
vestigated by SAXS, see Fig. 2A and B, respectively. It was found that an
increased concentration of LL-37 in the LC gel induced a transition from
cubic Ia3d to lamellar phase. As a consequence, the corresponding
dispersion of the LC gel showed a broad peak at q=1.05 nm−1

(marked with * in Fig. 2A), most likely due to presence of vesicles.
Traces of cubic Im3m were also detected, indicating a presence of small
fraction cubosomes. A reduction in lattice parameter of the cubic Ia3d
cubic LC gel was observed at 1% LL-37 incorporation, compared to
reference without peptide. Post-loaded cubosomes displayed a change
from cubic Pn3m to Im3m after addition of LL-37. Particles prepared
via the hydrotrope method displayed presence of both cubic Pn3m and
Im3m structure. Calculated lattice parameters for the detected LC
structures are presented in Table 1.

Release of LL-37 from the cubosomes was quantified trough dialysis
and a fluorescamine assay. Data showed that LL-37 is strongly asso-
ciated to the particles, as almost no release of peptide was detected
during the 24 h dialysis, see Fig. 3. Only small release of LL-37 from
hydrotrope cubosomes was observed (< 2%). Pure LL-37 solution (no

cubosomes) at the same concentrations as in the cubosomes did cross
the dialysis membrane Figs. 1 and 3D).

3.2. In vitro and ex vivo studies

Results from the skin irritation test, proteolysis, and bacterial killing
after proteolysis studies, are shown in Fig. 4. The viability of the ker-
atinocyte cells in the epidermis model was found not to be negatively
affected by the exposure of cubosomes, indicating no skin irritation
(Fig. 4A). No significant difference was observed for any type of cu-
bosomes, with or without LL-37. The positive (5% SDS) and negative
(DPBS) controls performed as expected. Pure LL-37 was found to be
almost completely degraded after exposure to the elastases and the
proteolysis test showed that cubosomes protected LL-37 from de-
gradation by HNE and PE (Fig. 4B). It was also shown that LL-37 re-
mained intact in the cubosomes prior to enzyme exposure. After the
proteolysis, the bacterial killing properties against Escherichia coli and
Staphylococcus aureus were examined using RDA (Fig. 4C and D). A
trend was observed that the LL-37 loaded cubosomes showed a bac-
tericidal effect after proteolysis, compared to pure LL-37 that had lost
all its antimicrobial activity. However, the bactericidal effect of the
particles with LL-37 was reduced compared to LL-37 not exposed to
enzyme. Post-loaded and hydrotrope cubosomes did not display any
activity against Staphylococcus aureus.

Results from the ex vivo pig skin wound infection model is presented
in Fig. 5. All cubosomes displayed a reduced bactericidal effect com-
pared to pure LL-37 at same concentrations. Cubosomes without LL-37
surprisingly displayed a bacterial killing effect. Pre-loaded cubosomes
appeared to be most efficient at 0.5 mg/mL peptide loading, while

Fig. 2. SAXS diffractograms of LC gels, used for preparation of pre-loaded LCNPs (A) and of cubosome dispersions containing 1.5 mg/mL LL-37 (dashed lines) (B).
References contain no LL-37. Peak spacing ratios for cubic Ia3d (Reference, A), lamellar (6% LL-37, A), cubic Pn3m (Post-loaded reference, B) and Im3m (Post-loaded
with LL-37) are indicated in the figures.

Table 1
Lattice parameters of LC gels used to prepare pre-loaded cubosomes and of cubosome dispersions containing 1.5 mg/mL LL-37 prepared by pre-loading, post-loading
and the hydrotrope method.

Manufacturing method Type LL-37 concentration (gels w%, dispersions mg/mL) Ia3d (Å) Pn3m (Å) Im3m (Å) Lamellar (Å)

Pre gel 0 144.2
Pre gel 1 124.9
Pre gel 3 45.3
Pre gel 6 44.6
Pre LCNPs 0 88.5
Pre LCNPs 1.5 119.4a 58.3
Post LCNPs 0 89.0
Post LCNPs 1.5 121.5
Hydrotrope LCNPs 0 84.5 113.7
Hydrotrope LCNPs 1.5 124.1

a Traces.
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hydrotrope particles performed modest. Pure LL-37 displayed a strong
bacterial killing and killed > 95% of the bacteria over the 4 h appli-
cation period, with a dose–response dependency.

4. Discussion

Particle size and size distributions of the cubosome dispersions
differed between the preparation protocols, in line with previous ob-
servations [19–21,42,44]. The size of the cubosomes decreased when
LL-37 was included. This change in size might be a result of LL-37′s
membrane disruptive properties and ability to interact with lipid
membranes [50,51], enabling easier fragmentation of the particles.
Sonication of bulk LC gels (pre-loading) resulted in dispersions with
smallest particles and narrowest particle size distribution. Cubosomes
prepared via the hydrotrope method resulted in relatively small parti-
cles considering the very low shearing forces applied during the pre-
paration (magnetic stirring). Interestingly, the post-loaded particles
decreased in size upon increased LL-37 loading, while the size dis-
tribution (PDI) of particles increased. This indicates that LL-37 has a
strong influence on the pre-formed cubosomes, especially at the two
highest concentrations 1.5 and 3mg/mL. Cubosomes are often sur-
rounded by vesicular structures at the particle-water interface [52] and
the high LL-37 concentration may affect/solubilize these structures.

However, at lower particle to peptide ratio, LL-37 was previously
shown not to have any significant influence on GMO-based cubosomes
as visualized by cryo-TEM imaging [19,20].

Particles in the size range 400–700 nm are advantageous to use in
dermal applications since they reach deeper into the skin trough the
hair follicles [53,54]. Hence, the post-loaded cubosomes are suitable for
follicular delivery. However, the hair follicles might be damaged or
non-present in damaged or infected skin making this rout less acces-
sible. From a practical perspective, the hydrotrope preparation meth-
odology is very interesting since it does not involve high shearing forces
that may induce local heating or high energy consuming steps.

As the LL-37 concentration was increased in the pre-loaded dis-
persions, the LC structure changed from cubic Pn3m to contain vesicles
and traces of cubic Im3m phase. This was in line with recent findings
showing that cubosomes are prone to phase change to sponge-like
particles and vesicles at high LL-37 loadings, giving rise to a broad
diffraction peak in SAXS [23]. Interestingly, the peptide loading
strategy influenced the structure of the cubosomes. The pre-loaded
particles did mainly consist of vesicles, according to SAXS-data, while
post-loaded and hydrotrope cubosomes did display presence of cubic
Im3m phase. The differences in structure may be due to variations of
LL-37 concentration in the interior of the cubosomes. In case of pre-
loading, LL-37 is assumed to be almost completely encapsulated and

Fig. 3. Release of LL-37 from cubosomes prepared by (A) pre-loading, (B) post-loading, (C) hydrotrope and (D) pure LL-37 solution without cubosomes. Data is
presented as mean ± standard deviation (N=2).
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evenly distributed through the particles, while LL-37 is mainly asso-
ciated to the surface during post-loading of cubosomes [20]. Thus, one
would not expect that surface-associated LL-37 to change the LC
structure of the whole cubosome. Localization of LL-37 at the surface of
pre- and post-loaded cubosomes was indicated previously by zeta-po-
tential measurements [19,20]. Data showed that the zeta-potential in-
creased from negative (about −15mV) to positive (+3 to +11mV) as
a consequence of LL-37 addition to the particles. For pre-loaded and
hydrotrope prepared cubosomes a complete encapsulation of LL-37
inside the particles is unlikely. The fraction not encapsulated in the
interior of the nanoparticles is likely to adsorb to the negative surface of
the cubosomes, as for the cubosomes post-loaded with LL-37. The re-
lease studies showed no release of LL-37 from the cubosomes during the
24 h incubation, indicating a strong association of the peptide to the
particles. These findings are further supported by the proteolysis stu-
dies, which showed protection of LL-37 from enzymatic degradation,
suggesting that the elastases cannot access the peptide whilst associated
to the cubosomes. The findings are in line with previous work [20] and
with studies showing that membrane bound LL-37 is less susceptible to
undergo proteolysis [55]. If a large fraction of peptide is not

encapsulated, one would expect to observe partial degradation of the
peptide in the formulation, which was not the case.

The skin irritation test suggested that the cubosomes had no skin
irritating potential, making them suitable for topical applications. The
model contains human-derived epidermal keratinocytes, cultured to
form a multilayered highly differentiated model of the human epi-
dermis. It consists of organized basal, spinous and granular layers, and a
multilayered stratum corneum containing intercellular lamellar lipid
layers arranged in patterns analogous to those found in vivo. Hence, the
model is very sophisticated and mimics in vivo conditions well. Due to
the fact that the particles prepared via the different methodologies have
an almost identical composition, no major differences were expected,
which was also the case. Hemolytic and cytotoxic properties of GMO-
based cubosomes have been reported [56,57], which may restrict the
rout of administration to topical. It has also been shown that cubosomes
interact with plasma components resulting in destabilization of the
particles [58].

The ex vivo wound infection model showed that the LL-37 in buffer
solution was more efficient in killing Staphylococcus aureus than any of
the LL-37 loaded cubosomes. This observation may be explained by the

Fig. 4. Skin irritation potential as viability of keratinocyte cells after exposure to cubosomes with and without LL-37 (A), proteolytic protection of LL-37 loaded
cubosomes (B), antimicrobial effect after proteolysis with PE (C) and HNE (D) followed by RDA presented as % of pure LL-37 killing zone (no enzyme). Data is
reported as mean ± standard deviation (n= 3 in A, n= 5 for PE and n=3 for HNE in B and n=4 in C and D).
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fact that the amount of available “free” peptide is reduced due to en-
capsulation in the cubosomes. Hence, if only the non-encapsulated
peptide is giving rise to bacterial killing, a reduction in activity would
be expected. Previously we showed that AMPs encapsulated in cubo-
somes sometimes can reduce the antimicrobial effect (minimum in-
hibitory concentration tests and time kill experiments, planktonic
bacteria), compared to pure peptide [19]. However, the delivery me-
chanism and antibacterial properties of LL-37 loaded cubosomes may
differ among planktonic bacteria and bacteria in this ex vivo model. It
was shown that if AMPs are too well encapsulated, e.g. in hexosomes,
the antibacterial efficiently can be reduced. Our data indicate that pre-
loaded cubosomes kill bacteria slightly better, compared to the cubo-
somes prepared by the two other methodologies. The small particle size
and narrow size distribution (∼130 nm, PDI 0.15) creates a great sur-
face area that seems to be beneficial for delivery of LL-37. It might
facilitate for many interaction points between the particles and bac-
teria. Surprisingly, the pre-loaded cubosomes killed bacteria more ef-
ficient at 0.5mg/mL LL-37 compared to 1.5mg/mL. Previous in-
vestigations showed that pre-loaded cubosomes at 0.5 mg/ mL LL-37
had a cubic Im3m structure [19]. Cryo-TEM investigations of the par-
ticles displayed a large fraction of vesicles as well as cubosome particles
with internal structure. However, at the highest LL-37 loading in-
vestigated herein, SAXS-data indicated mainly presence of less struc-
tured particles, such as vesicles. Hence, our data may indicate a slightly

better antibacterial effect of dispersions containing a larger fraction of
cubosomes.

Penetration of nanoparticles in biofilms is mainly limited by diffu-
sion and interaction with the biofilm matrix constituents [59]. Hence,
the small pre-loaded particles are beneficial from a diffusion perspec-
tive. However, the proteolytic protection offered by the cubosomes,
resulting in an increased bacterial killing after exposure to enzymes,
does favor the use of particles. Efficient proteolytic protection will fa-
cilitate for translation of proteolytic sensitive AMPs to the clinic.

Surprisingly, cubosomes without any LL-37 did also display an an-
timicrobial effect, something not observed in minimum inhibitory
(MIC) tests using planktonic bacteria [19,20,23]. However, the con-
centration of particles was much lower in the MIC tests which may
explain the difference in activity. In the ex vivo model the cubosome
dispersions are used as is, without further dilution, which is not the case
for MIC-tests. Hence, a cubosome concentration of 5% might be suffo-
cating for the bacteria and suppresses the growth.

5. Conclusions

In this study we have further elaborated on the use of cubosomes for
topical delivery of LL-37. We confirmed that high LL-37 loadings in the
cubosomes induced formation of lamellar phase and in turn vesicles
upon dispersion into particles. No release of LL-37 was observed from

Fig. 5. Ex-vivo pig skin wound infection model. Survival of Staphylococcus aureus presented as % of negative control (approximately 107 CFU/mL). “Reference” refers
to cubosome without LL-37 in panel A-C, whilst in D it refers to sodium acetate buffer. Negative control is 100X diluted BHI in MilliQ-water. Data is presented as
mean ± standard error of mean (N=5).
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the cubosomes resulting in a superior protection of LL-37 against en-
zyme attacks. Hence, a significant better bactericidal effect was ob-
served for cubosomes with encapsulated LL-37 after enzyme exposure,
compared to pure LL-37 that had lost its bactericidal effect after pro-
teolysis. Moreover, cubosomes with and without LL-37 did not induce
skin irritation, thus being suitable for topical application. Hence, a good
encapsulation of LL-37 in the cubosomes is a necessity to achieve good
proteolytic protection of LL-37, but the encapsulations serve as dis-
advantage in terms of the antibacterial properties. Cubosomes designed
for trigged release of peptide to increase the local concentration of free
peptide might overcome the reduction of antibacterial effect as ob-
served in this study.
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