Biomaterials 30 (2009) 6035-6040

Contents lists available at ScienceDirect

Biomaterials

Biomaterials

journal homepage: www.elsevier.com/locate/biomaterials

The antimicrobial activity of liposomal lauric acids against
Propionibacterium acnes

Darren Yang®!, Dissaya Pornpattananangkul >@1, Teruaki Nakatsuji ¢, Michael Chan¢,
Dennis Carson Y, Chun-Ming Huang ©%*, Liangfang Zhang *%**

2 Department of Nanoengineering, University of California, San Diego, 3855 Health Science Drive, #0815, La Jolla, CA 92093, USA
b Department of Bioengineering, University of California, San Diego, La Jolla, CA 92093, USA

€ Division of Dermatology, University of California, San Diego, La Jolla, CA 92093, USA

4 Moores Cancer Center, University of California, San Diego, La Jolla, CA 92093, USA

ARTICLE INFO ABSTRACT

Article history:

Received 7 May 2009
Accepted 14 July 2009
Available online 8 August 2009

This study evaluated the antimicrobial activity of lauric acid (LA) and its liposomal derivatives against
Propionibacterium acnes (P. acnes), the bacterium that promotes inflammatory acne. First, the antimi-
crobial study of three free fatty acids (lauric acid, palmitic acid and oleic acid) demonstrated that LA gives
the strongest bactericidal activity against P. acnes. However, a setback of using LA as a potential treatment
for inflammatory acne is its poor water solubility. Then the LA was incorporated into a liposome
formulation to aid its delivery to P. acnes. It was demonstrated that the antimicrobial activity of LA was
not only well maintained in its liposomal derivatives but also enhanced at low LA concentration. In
addition, the antimicrobial activity of LA-loaded liposomes (LipoLA) mainly depended on the LA loading
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Lauric acid concentration per single liposomes. Further study found that the LipoLA could fuse with the membranes
Drug delivery of P. acnes and release the carried LA directly into the bacterial membranes, thereby killing the bacteria
Liposome effectively. Since LA is a natural compound that is the main acid in coconut oil and also resides in human

breast milk and liposomes have been successfully and widely applied as a drug delivery vehicle in the
clinic, the LipoLA developed in this work holds great potential of becoming an innate, safe and effective

therapeutic medication for acne vulgaris and other P. acnes associated diseases.

Published by Elsevier Ltd.

1. Introduction

Acne vulgaris (commonly called acne) is a skin disease that is
most common during adolescence, afflicting more than 85% of
teenagers and over 40 million people in the United States alone
[1,2]. Acne is inflammatory and associates with the immune
response to Propionibacterium acnes (P. acnes), a Gram-positive
bacterium that colonizes sebum-rich follicles [3]. The entire
genome analysis of P. acnes has revealed numerous genes that
regulate products involved in degrading host molecules and trig-
gering inflammation [4]. It has been reported that P. acnes releases
chemoattractants that attract the immune system cells such as
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neutrophils, monocytes and lymphocytes [5,6]. Previous studies
have also found that P. acnes stimulates the production of pro-
inflammatory cytokines such as interleukins-18, -8, -12, and tumor
necrosis factor-o. [7]. Besides acne, the overgrowth of P. acnes in
human is also associated with many other diseases such as endo-
carditis and toxic shock syndrome [8].

Antimicrobial agents and antibiotics have been used epicuta-
neously to treat acne for several decades and are still widely
prescribed for acne patients. The oxidizing agent benzoyl peroxide
(BPO) has been one of the most frequently used epicutaneous
medications to decrease P. acnes population in patients suffering
from mild to moderate acne [9]. However, several side effects of
BPO have been reported including erythema, scaling, burning, and
flare [10]. In contrast, we recently demonstrated that lauric acid
(LA), one of the typical free fatty acids found in the human sebum,
shows stronger antimicrobial activity than BPO while not inducing
any cytotoxicity to human sebocytes [11]. Nevertheless, LA is poorly
water soluble and a solvent such as dimethylsulfoxide (DMSO) is
required to dissolve LA into topical dosage forms. DMSO is a pene-
tration enhancer that improves the transport rate through the skin
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barrier; however, its irritative and toxic side effects have been
reported [12]. Furthermore, the conventional dosage forms such as
cream, gel, and ointment have some major limitations, for example,
they do not penetrate through the pilosebaceous unit efficiently
and the effective concentration of drug is not sustained [12].

Liposomes have been extensively studied as a drug carrier since
the early 1980s [13]. They have shown great potential to act as
a topical delivery system for carrying drugs and skin care products.
Liposomes can transport drugs to target sites and maintain
a higher drug concentration than conventional dosage forms. As
a result, the therapeutic effectiveness of liposomal drugs can be
enhanced for several folds [14]. Because of the similarity in lipid
composition to the epidermis, liposomes can also enhance dermal
and transdermal drug delivery while reducing systemic absorption
[15]. The study on liposomes for targeting drugs into the pilose-
baceous units has suggested that liposomes are potent drug
delivery systems for treating hair follicle-associated disorders such
as acne [13]. In fact, Lieb et al. has proved that liposomes deliver
much higher drug concentrations to the pilosebaceous unit than
conventional drug formulations [16]. During the past a few
decades, liposomes have been used as carriers to enhance clinical
efficacy for a large number of drugs. Pevaryl Lipogel as the first
topical liposomal drug in the market was launched in 1988 [13]. In
addition, antiacne drug-loaded liposomes such as tretinoin, clin-
damycin, salicylic acid, and tea tree oil-loaded liposomes have
been recently reported [17,18].

Here we use liposomes to encapsulate LA and deliver it to
P. acnes without using any solvents such as DMSO. LA is an
amphiphilic molecule consisting of a hydrophobic hydrocarbon
chain and a hydrophilic carboxylic acid headgroup. This structure
makes it a good candidate drug to be incorporated into the bilay-
ered wall of liposomes that provides an amphiphilic environment.
The present study focuses on the preparation, characterization,
antimicrobial activity, and drug delivery mechanism of LA-loaded
liposomes (LipoLA) against P. acnes bacteria.

2. Materials and methods
2.1. Materials

Hydrogenated i-a-phosphatidylcholine (Egg PC), cholesterol, C6-NBD Phy-
tosphing (C6NBD), and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-
N-lissamine rhodamine B sulfonyl (DMPE-RhB) were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL). Lauric acid (LA), palmitic acid (PA), oleic acid (OA), Tri-
fluoroacetic acid, and 18-crown-6 were obtained from Sigma Aldrich (St Louis, MO).
KHCO3 was from Fisher Scientific (Pittsburgh, PA). 3,4-difluorophenacyl bromide
was purchased from Maybridge (Cambridge, UK). Brucella broth, Gas-Pak, and agar
were purchased from BD (Sparks, MD). Defibrinated sheep blood and hemin and
vitamin K solutions were from Remel (Lenexa, KS). Reinforced clostridium medium
was from Oxoid (Hampshire, UK).

2.2. Preparation of bacteria and antimicrobial activity of FFAs against P. acnes

P. acnes (ATCC 6919) (American Type Culture Collection, Manassas, VA) was
cultured on Brucella broth, supplemented with 5% (v/v) defibrinated sheep blood,
vitamin K (5 pg/mL), and hemin (50 pg/mL), under anaerobic condition using Gas-
Pak at 37 °C. Single colonies were inoculated in reinforced clostridium and cultured
at 37°C until reaching around ODggp=1.0 (logarithmic growth phase) under
anaerobic condition. The bacteria were harvested by centrifugation at 5000g for
10 min, washed with PBS, and suspended to appropriate amount of PBS for the
experiments.

The antimicrobial activities of LA, PA, and OA against P. acnes were investigated.
P. acnes (1 x 107 CFU/mL) was incubated with LA, PA, or OA (0-100 pg/mL) in 5%
DMSO in PBS at 37 °C for 5 h under anaerobic condition, and 5% DMSO in PBS was
used as a control. After incubation, the samples were diluted 1:10 to 1:10° in PBS,
and 5 pL of dilutions was spotted on Brucella Broth agar plates supplemented with
5% defibrinated sheep blood, vitamin K and hemin. Agar plates were incubated at
37 °C under anaerobic condition for 3 days, and CFU (colony forming units) of P.
acnes was quantified.

2.3. Preparation and characterization of LA-loaded liposomes

Large unilamellar LA-loaded liposomes (LipoLA) were prepared by the well-
known vesicle extrusion technique [19]. Briefly, liposomes composed of 4.5 mg of
Egg PC, cholesterol and LA (9:1:0, 8.5:1:0.5, 8:1:1, 7:1:2 and 5:1:4, weight ratio,
respectively) were dissolved in 3 mL of chloroform, which was then evaporated by
blowing argon gas for 15 min. The resultant lipid films were then stored over night
under high vacuum to remove any traces of chloroform. The dried lipid films were
then rehydrated with 3 mL of deionized water or sterile PBS buffer (1X, pH = 7.4).
The suspensions of lipid were vortexed for 5 min and then sonicated for 10 min in
a bath sonicator (Fisher Scientific FS30D) to produce multilamellar vesicles (MLVs). A
Ti-probe (Branson 450 sonifier) was used to sonicate the MLVs for 1-2 min at 20 W
to produce small unilamellar vesicles (SUVs). The resulting SUVs were then extruded
through a 100 nm pore-sized polycarbonate membrane for 11 times to form the final
products of LipoLA.

The size and zeta potential of the LipoLA were measured using the Malvern
Zetasizer ZS (Malvern Instruments, UK). The mean diameters of LipoLA were
determined through dynamic light scattering (DLS) and the zeta potential was
determined from electrophoretic mobility measurements. All characterization
measurements were repeated three times at 25 °C.

2.4. LA loading yield efficiency studies

After preparation, LipoLA, which has an initial LA input of 0, 25, 50, 100, and
200 pg/mL, respectively, was dried by rotavapor (Buchi, Model R-124, Switzerland).
Subsequently, the samples were dissolved in methanol and derivatized with phe-
nacyl ester following a published protocol [20]. Briefly, the samples (10 pL) were
mixed with 10 pL of KHCOs (40 mm in aqueous solution). The solutions were then
mixed with a vortex mixer and dried overnight in a vacuum oven (Isoemp model
280A). Consequently, the samples were mixed with 20 pL of phenacyl-8 (a solution
of 0.1 m phenacyl bromide and 0.005 m 18-crown-6 in acetonitrile) and agitated at
80 °C for 30 min using a thermomixer (Eppendorf). Samples (20 uL) were mixed
with a solution (220 pL) composing of 2 mL of 0.1 m trifluoroacetic acid and 8 mL of
acetonitrile. The resulting solutions were assayed by reversed phase high perfor-
mance liquid chromatography (HPLC) using Agilent 1100 series LC-MSD-Trap-SL
system with an electrospray ionization source equipped with a low-flow nebulizer
in positive mode (Rev B.01.03, Agilent technologies). Samples were injected into
a Discovery HS Cyg column (3 pm, 2.1 mm ID x 5 cm, Sigma Aldrich) with an injec-
tion volume of 25 pL. The mobile phase composed of methanol and water. The
concentration gradient was 80:20 v/v at the beginning, 90:10 v/v at 10 min, and
80:20 v/v at 20 min. The flow rate was 0.2 mL/min. Derivatized LA was detected by
UV/VIS detector at 254 nm, and the detector temperature was 20 °C.

2.5. Antimicrobial activity of LipoLA

To determine the antimicrobial activity of LipoLA, two sets of samples were
investigated. (1) LipoLA with a constant liposome concentration and LA loading
concentrations of 0, 12, 33, 80, and 102 pg/mL, respectively. In this set, for all five
samples, the liposome concentration was constant while the LA concentration per
liposome was different. (2) LipoLA with LA loading concentrations of 25.5, 51, and
102 pg/mL, respectively. However, the 25.5 pg/mL LipoLA and the 51 pg/mL LipoLA
were obtained by diluting the 102 pg/mL LipoLA solution with PBS fourfold and
twofold, respectively. In this set, for all three samples, the liposome concentration
was different while the LA concentration per liposome was constant. PBS (1x,
pH=74) and empty liposomes (without LA) were used as negative controls. All
samples were incubated with P. acnes (1 x 10’ CFU/mL) at 37 °C for 5h under
anaerobic condition. After serial dilution and spotting the dilutions on the agar plate,
CFU of P. acnes was quantified as previously described in Section 2.2.

2.6. LipoLA-Bacteria fusion studies

Forster resonance energy transfer (FRET) [21] was preformed to investigate the
interaction mechanism between LipoLA and P. acnes. To prepare a FRET-pair labeled
LipoLA, a florescent donor (CgNBD, 0.1 mol%) and a fluorescent quencher (DMPE-
RhB, 0.5 mol%) were simultaneously incorporated into the LipoLA (102 pg/mL LA) by
mixing the donor and acceptor with Egg PC, cholesterol, and LA before the prepa-
ration of LipoLA. The resulting LipoLA was then diluted with PBS twofold to prepare
LipoLA (51 pg/mL LA). Subsequently, the diluted LipoLA solutions were mixed with P.
acnes (8 x 107, 1.2 x 108, 1.6 x 108, and 3.2 x 10® CFU/mL, respectively). The total
volume of the final solution (LipoLA + P. acnes) was 1 mL. After 10 min incubation at
room temperature, samples were centrifuged at 13,500 rpm for 1 min to remove the
excess amount of LipoLA and were resuspended in PBS (1 mL). Consequently,
emission spectra in the region of 500-700 nm were obtained by exciting the sample
at 470 nm using fluorescent spectrophotometer (Infinite M200, TECAN,
Switzerland). Solution of LipoLA (51 pg/mL LA) without incubating with P. acnes was
used as a negative control. Fluorescence emission of each sample was subtracted
with background signal, which was the emission of P. acnes itself at the corre-
sponding concentration.
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3. Results and discussion
3.1. Antimicrobial activity of free fatty acids (FFAs) against P. acnes

After incubating LA, PA, and OA (0-100 pg/mL) with P. acnes
(1 x107 CFU/mL) for 5h, PA and OA did not show significant
inhibitory effects against bacteria. In contrast, LA completely killed
P. acnes at 80 pg/mL. This result indicates that among the three
typical free fatty acids found in the human sebum, LA showed the
strongest antimicrobial activity against P. acnes (Fig. 1). From the
previous observations by Skrivanova et al. and Bergsson et al., it is
likely that LA kills Gram-positive bacteria by separating their inner
and outer membranes, resulting in cytoplasmic disorganization of
the bacteria [22,23]. However, this mechanism might not be
applied to PA or OA, accounting for the low antimicrobial activity
against P. acnes of these two FFAs.

LA is composed of a long hydrophobic carbon chain which
contributes to its hydrophobic properties. It is generally difficult to
dissolve LA into water. To dissolve LA into topical dosage forms such
as cream and gel, a solvent such as dimethylsulfoxide (DMSO) is
typically required in the preparation step. For example, in this
study, we added 5% DMSO to the PBS buffer in order to dissolve LA
for the antimicrobial activity studies. However, the addition of
DMSO could cause irritation and toxicity to the skin [12]. It would
be desirable to develop an LA delivery system without involving
any solvents. One possible way is to neutralize LA with a base such
as sodium hydroxide to produce laurate salt, which has higher
water solubility. However the laurate salt may not have the same
antimicrobial activity as LA. Another possible solution is to load LA
into liposomes and then deliver it to P. acnes in its liposomal
formulation. This method will be systematically investigated in this
study.

3.2. Preparation and characterization of LA-loaded liposomes

Liposome size is an important parameter in using liposomes as
drug carriers in regards to encapsulation and adsorption efficiency
[24]. Small liposomes (diameter, 30-200 nm) are usually unstable;
they are prone to fuse with cell membranes, bacterium membranes
or other artificial membranes to reduce their high surface tension
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Fig. 1. Antimicrobial effects of free fatty acids on P. acnes. P. acnes (1 x 107 CFU/mL) was
incubated with 0-100 pg/mL of lauric acid (LA), palmitic acid (PA), or oleic acid (OA) in
5% DMSO in PBS for 5h under anaerobic condition. After incubation, P. acnes
suspension was diluted 1:10-1:10° with PBS, and 5 pL of the dilutions were spotted on
a Brucella Broth agar plate supplemented with 5% defibrinated sheep blood, vitamin K
and hemin. After liquid in the P. acnes suspension was absorbed into the agar, the plate
was incubated under anaerobic condition for 3 days before quantifying CFU of P. acnes.
Data represents mean + SD of three individual experiments.

[25,26]. It has also been demonstrated that smaller liposomes with
diameters near 100 nm have improved penetration through skin as
compared to larger ones [13]. So LipoLA with a diameter of
~100 nm was prepared for the experiments to evaluate their
potential antimicrobial activity. The vesicle size of LipoLA was
characterized through two parameters: z-average mean size and
polydispersity index, both of which were calculated from cumulant
analysis of dynamics light scattering measurements. As shown in
Fig. 2, the z-average mean size of LipoLA was in the range of
113.6 £ 1.6 nm and 123.6 + 1.5 nm when the initial LA input varied
from 0-200 pg/mL. These results suggest that the increase of LA
concentration has no significant effect on the liposome size. We
also observed that LipoLA prepared by vesicle extrusion technique
has monomodal size distribution with a polydispersity index less
than 0.15, which is the characteristic of relatively narrow distri-
bution of particle sizes.

Liposome surface charge is another important factor to deter-
mine the interaction of liposomes with biological substances, and it
can be characterized by the surface zeta-potential. Binding or
uptake of a compound to the phospholipid membrane of a lipo-
some can cause changes in the electrostatic potential profile across
the membrane and surface, and the changes can be evaluated
through the measurement of zeta potential [27]. The zeta potential
of LipoLA in deionized water determined by electrophoretic
mobility measurements are summarized in Fig. 2. The zeta-
potentials of LipoLA formulated with 0, 25, 50, 100, and 200 pg/mL
initial LA input were -8440.1, -233+09, -293+1.2,
—37.7 4+ 0.4 and —51.1 £3.3 mV, respectively. These results showed
that the liposomes with and without LA were negatively charged
and an increase of LA concentration led to a decrease of the zeta-
potential. Comparable results were obtained for the corresponding
LipoLA formulations in PBS buffer (pH = 7.4). Due to the high ionic
strength of the media, the variation of zeta-potential of different
LipoLA was significantly reduced. Briefly, the zeta-potentials of
LipoLA formulated with 0, 25, 50, 100, and 200 pug/mL initial LA
input were —-3.14+04, -6.9+04, —10.14+0.7, —-146+1.6 and
—22.542.1 mV, respectively, in PBS buffer (pH = 7.4). Free fatty-
acids have a pKj, value of approximately 5, thus at near physiological
pH of 7.4 the carboxyl group of the free fatty acids will deprotonate
and attribute to the negatively charged surface of the liposome.
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Fig. 2. Characterization of lauric acid-loaded liposomes (LipoLA). LA at various
concentrations ranging from 0 to 200 pg/mL was mixed with other lipid components
to prepare LipoLA. The size (diameter, nm) and surface zeta potential (mV) of the
LipoLA were determined by dynamic light scattering. Data represents mean + SD of
three individual experiments.
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This explains the observation of an increase of LA concentration in
liposome leading to a decrease of the zeta-potential, and confirms
that LA is indeed incorporated into the liposomes.

3.3. Quantification of LA loading yield in LipoLA formulations

The loading yield of LA in LipoLA formulations was evaluated by
HPLC. When using the HPLC technique to separate LA from the
other components in LipoLA, LA must be derivatized with phenacyl
ester first because the functional group of LA is a carboxylic group
which has negligible UV absorbance. After being derivatized with
phenacyl bromide, derivatized LA could be detected by the UV/VIS
detector at 254 nm. We first measured the UV absorbance intensity
of a series of derivatized LA samples ranging from 0 to 1500 pug/mL
to generate a standard curve (Fig. 3A). Then the loading concen-
tration of LA in all LipoLA formulations was quantified by
comparing with the standard curve. As shown in Fig. 3B, for the
LipoLA formulations with initial LA input concentrations of 0, 25,
50,100, and 200 pg/mL, their LA loading yield was 0, 12, 33, 80, and
102 pg/mL, respectively. The corresponding drug encapsulation
efficiency was 50%, 66%, 80%, and 51% respectively. These results
showed that the encapsulation efficiency of LA increased as the
weight ratio of LA increased until it reached 100 pg/mL of the initial
LA input. At 200 pg/mL of the initial LA input, however, encapsu-
lation efficiency dropped. This might be because the LA loading
reaches a saturation point at the range of 100-200 pg/mL initial
input. These results also indicated that some LA was lost during the
LipoLA preparation steps which could be sonication and extrusion
steps. Using needle sonicator, the samples were in a close contact
with the needle, so some LA might adhere to the needle and the
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Fig. 3. Quantification of LA loading in LipoLA by HPLC. (A) UV absorption intensity of
derivatized LA at the concentrations of a-f: 50,100, 200, 500,1000, and 1500 pg/mL. Inset:
the corresponding linear calibration standard curve. (B) The loading of LA in the LipoLA
formulations with an initial LA input of 0, 25, 50, 100, and 200 pg/mL was 0, 12, 33, 80, and
102 pg/mL, respectively. Data represents mean =+ SD of three individual experiments.

glass vials. In addition, LA may stick with extrusion membrane or
apparatus itself resulting in the loss of LA.

3.4. Antimicrobial activity of LipoLA

Five samples of LipoLA (0, 12, 33, 80, and 102 ug/mL LA) were
incubated with P. acnes (1 x 107 CFU/mL) for 5 h under anaerobic
condition in order to determine their antimicrobial activity. The
results showed that LipoLA with 102 pg/mL LA completely killed
the bacteria (Fig. 4A). In these five samples, the LA loading
concentration was different but the molar concentration of the
liposome in each sample was kept constant. To further investigate
the system, LipoLA with 102 ug/mL LA was diluted twofold and
fourfold to obtain 51 and 25.5 pug/mL LipoLA, respectively, and their
antimicrobial activities were determined. Surprisingly, experi-
mental results showed that P. acnes was completely killed by 51 pg/
mL LipoLA (Fig. 4B). One possible way to explain this phenomenon
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Fig. 4. Antimicrobial activity of LipoLA against P. acnes. Two sets of LipoLA were
incubated with P. acnes (1 x107 CFU/mL), respectively, for 5h under anaerobic
condition to test their antimicrobial activity. (A) LipoLA with a LA loading concentra-
tion of 0, 12, 33, 80, and 102 pg/mL, respectively. In this set, the LipoLA concentration of
each sample was constant while the LA concentration per liposome was different. The
results showed that 102 pg/mL LipoLA completely killed P. acnes. (B) LipoLA with a LA
loading concentration of 25.5, 51, and 102 pg/mL, respectively. The 25.5 pg/mL LipoLA
and the 51 pg/mL LipoLA were obtained by diluting the 102 pg/mL LipoLA solution with
PBS fourfold and twofold, respectively. In this set, the LipoLA concentration of each
sample was different while the LA concentration per liposome was constant. The
results showed that both 51 pg/mL LipoLA and 102 pg/mL LipoLA completely killed
bacteria. Incubation with PBS buffer and empty liposome solution (without LA) served
as negative controls. Data represents mean + SD of three individual experiments. UD:
undetectable.
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Fig. 5. FRET measurements of the fusion between LipoLA and P. acnes. A florescent donor (CgNBD) and a fluorescent acceptor (DMPE-RhB) were simultaneously incorporated into
the LipoLA (51 pg/mL LA) with a proper molar ratio that the acceptor completely quenched the fluorescence emission from the donor. The FRET-pair labeled LipoLA was incubated
with P. acnes at a concentration of a-d: 8 x 107, 1.2 x 10%, 1.6 x 108, and 3.2 x 108 CFU/mL for 10 min. After removing the excess LipoLA, all samples were excited at 470 nm. A rise in
emission intensity of CsNBD (donor) at 520 nm was observed with the increasing bacterial concentration, indicating the occurrence of fusion between LipoLA and bacteria which

caused the spatial separation of CNBD and DMPE-RhB.

is the following. By diluting 102 pg/mL LipoLA to 51 pg/mL LipoLA,
the amount of LA encapsulated inside each liposome of these two
samples was identical although the amount of liposome per
volume of 51 pug/mL LipoLA was lower. Due to the small size of P.
acnes (1-2 pm, measured by dynamic light scattering), only a few
LipoLA (~120 nm) could interact with each P. acnes bacterium, and
for 51 pg/mL sample, the amount of liposome was enough to
interact with all bacteria in the solution, thus the fully killing effect
was observed. On the other hand, fully killing effect of 80 ug/mL
LipoLA in the previous set of experiments (Fig. 4A) was not
observed because the amount of LA in each liposome was not high
enough to Kkill bacteria even though the amount of liposome was
enough to interact with all bacteria. From these results, it was
obvious that the antimicrobial activity of LipoLA was determined
mostly by the amount of LA loaded in each liposome, not the
liposome concentration because one colony of P. acnes could
interact only with a few liposomes.

These studies confirmed that by loading LA into liposomes to
form LipoLA, the antimicrobial activity of LA has been well main-
tained. Moreover, serial dilution data (Fig. 4B) showed that LipoLA
is even more effective than free LA (Fig. 1), in which 50 pg/mL free
LA did not produce significant bacteria killing. A major reason
caused this antimicrobial activity enhancement might be that each
LipoLA carries a lethal dosage of LA. Thus, even only one or few
LipoLA interacts with P. acnes; the amount of LA is high enough to
kill the bacterium effectively.

3.5. Mechanism of the interaction between LipoLA and P. acnes

In order to further understand the interaction mechanism
between LipoLA and the bacteria, we labeled LipoLA with a FRET
pair of chromophores and monitored the FRET signal changes upon
mixing LipoLA with the bacteria at various conditions. FRET is
a widely used technique that precisely measures the distance of
two subjects at the molecular level based on an energy transfer
mechanism of two chromophores [21,28]. Typically, the two
subjects are labeled with a donor chromophore and an acceptor
chromophore, respectively. When excited, the donor chromophore
can transfer energy to the acceptor chromophore in close proximity
(<10 nm) through a nonradiative long-range dipole-dipole
coupling mechanism. Here we incorporated a fluorescence donor
(CgNBD: excitation/emission =470 nm/520 nm) and a fluorescence
acceptor (DMPE-RhB: excitation/emission = 550 nm/580 nm) into
the lipid membranes of LipoLA. By controlling the molar ratio
between the donor and the acceptor, we prepared the fluorescent

LipoLA in which the fluorescence emission from the donor was
completely quenched by the acceptor. We hypothesized that if the
LipoLA fuses with bacterial membranes, the spread of the donor
and acceptor chromophores within the bacterial membranes will
alleviate or eliminate the FRET efficiency, resulting in fluorescence
recovery of the donor. To this end, we mixed the FRET-pair labeled
fluorescent LipoLA with several concentrations of P. acnes, followed
by removing the excess LipoLA. The samples were then excited at
the wavelength of 470 nm. As shown in Fig. 5, the rise in the
emission peak of CgNBD at 520 nm was detected when the
concentration of P. acnes increased indicating spatial separation
between CgNBD and DMPE-RhB increased and the efficiency of
energy transfer decreased. The changes of the emission peaks of
DMPE-RhB, however, were neglected in our studies for the reason
that the DMPE-RhB could be excited by not only the FRET from
CgNBD but also excitation wavelength at 470 nm. This made it
difficult to draw a conclusion based on the emission changes of
DMPE-RhB. LipoLA at the same concentration while not mixing
with bacteria was used as a control for this study. When the control
sample was excited at 470 nm, no emission at 520 nm was detected
but the emission peak at 580 nm was observed.

These observations indicate that the interaction mechanism
between LipoLA and P. acnes was fusion; not adsorption or aggre-
gation. That is, LipoLA fused with the membranes of P. acnes and
released the carried LA into the bacterial membranes. This finding
together with the antimicrobial activity of LipoLA is consistent with
the mechanism of LA killing Gram-positive bacteria by separating
the inner and outer membranes of the bacteria. This fusion mech-
anism is also consistent with previous reports of liposomal drug
delivery to Gram-positive bacteria such as Staphylococcus aureus
and Stenotrophomonas maltophilia [29].

4. Conclusions

We evaluated the antimicrobial property of lauric acid (LA), oleic
acid (OA), and palmitic acid (PA) against P. acnes in vitro. Among the
three free fatty acids, LA showed the strongest bactericidal activity.
To resolve the poor water solubility issue of LA, we successfully
incorporated LA into liposomes to form LipoLA. The size of the
LipoLA was near 120 nm regardless of the loading concentration of
LA and the negative surface charge of the LipoLA reflected the
amount of LA in the liposome membrane. We further demonstrated
that after loading LA into liposomes, its antimicrobial activity
against P. acnes was well maintained and even enhanced at low LA
concentration. The LipoLA showed complete killing of P. acnes at the
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LA concentration of 51 pg/mL, while free LA dissolved in PBS buffer
containing 5% DMSO near the same concentration had negligible
bactericidal effects on P. acnes. We also found that the antimicrobial
activity of LipoLA mainly depended on the LA loading concentra-
tion per single liposomes. Further study disclosed that the LipoLA
could fuse with the membranes of P. acnes and release the carried
LA directly into the bacterial membranes. We conclude that lipo-
somal encapsulation of LA at optimal formulation can result in an
increased availability of the LA for efficient elimination of P. acnes.
Since liposomes have been widely used in cosmetics products and
also approved for use in the clinic as a drug delivery vehicle, and LA
is the main acid in coconut oil and naturally resides in human
breast milk, the LipoLA developed in this work has the potential of
becoming an innate, safe and effective therapeutic medication for
acne vulgaris and other P. acnes associated diseases.
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Appendix

Figures with essential color discrimination. Figs. 3 and 5 in this
article have parts that are difficult to interpret in black and white.
The full colour images can be found in the on-line version, at doi:10.
1016/j.biomaterials.2009.07.033.
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