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Propionibacterium acnes acts a critical role in the development of inflammatory acne when it overgrows
in pilosebaceous units. The spread of multiple drug resistance bacteria indicates a growing need for new an-
timicrobial agents. The objective of this study is to develop lipid vehicles to deliver curcumin and inhibit P.
acnes in the skin. The inhibitory activities of the curcumin containing vehicles against P. acnes were studied
by the bioluminescence assay. Curcumin accumulation patterns in neonate pig skin were studied using Franz
diffusion cells and confocal laser scanning microscopy. The physicochemical properties of the curcumin
containing vehicles including interfacial tension, size distribution and viscosity were analyzed. Significant
curcumin accumulation (362+8ug/g skin) was observed with the lipid vehicles developed herein. Curcumin
(0.43 ug/mL) in the vehicles significantly inhibited the growth of P. acnes. Confocal laser scanning micros-
copy confirmed the formation of curcumin reservoir in the skin by the curcumin-loaded vehicles. Curcumin-
loaded vehicles could efficiently accumulate in the skin and inhibit P. acnes in vitro. Our results highlight the
potential of using vehicles containing lauric acid and curcumin as an alternative treatment for acne vulgaris.
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Propionibacterium acnes, one of the skin commensal bac-
teria, plays a critical role in the development of inflammatory
acne when it overgrows in pilosebaceous units.” Inflammatory
acne is induced by host immune reactions to P. acnes, which
releases chemoactive factors that attract the body’s immune
system cells and stimulates the production of proinflamma-
tory cytokines. Antibiotics are prescribed for acne patients
because reduced P. acnes numbers correlate with clinical im-
provement of acne in patients.? Antibiotics like erythromycin
and clindamycin in combination with azelaic acid are used to
treat severe acne.”’ However, high-dose administration of an-
tibiotics induces the development of multiple-drug resistance
and adverse side effects. Therefore, new antimicrobial agents
for inhibiting acne bacteria on the skin would be helpful for
acne therapy. Plant derivatives like catechol and carnosol can
exhibit antibacterial activities against P. acnes.*> Curcumin
extracted from the spice turmeric, has multiple biological ac-
tivities such as anti-inflammatory, antioxidant, wound-healing
and anticancer effects.” Recent studies demonstrated that
curcumin loaded alginate foams have antibacterial activity
against Escherichia coli in photodynamic therapy of infected
wounds.” However, few papers reported curcumin’s anti-
bacterial activity against Propionibacterium species, the main
cause of inflammatory acne. Nontraditional antimicrobial
agents have garnered tremendous interest in overcoming drug-
resistance of pathogenic microorganisms. The effectiveness of
antimicrobial nanoparticles and nanosized carriers in treating
infectious diseases was proven.? For example, antimicrobial
nanoemulsions were found to be effective in killing resistant
Staphylococcus aureus and Pseudomonas aeruginosa.” Essen-
tial oil-containing formulation exhibited antimicrobial activity
against Gram-negative and Gram-positive bacteria.'” Recently,
fatty acid-loaded liposomes were found to efficiently inhibit P.
acnes growth by directly fusing into bacterial membranes and
releasing the acid cargo.'V
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Lipid-based vehicle systems such as emulsions and micro-
emulsions are modern colloidal carriers for dermal drug deliv-
ery.'>!¥ Microemulsions are single-phase, optically isotropic
nanostructured solutions composed of a surfactant, cosurfac-
tant, oil, and water. Advantages of microemulsion delivery
systems include easy preparation, low viscosity, high surface
area, high drug solubilization, and optical transparency.'¥ Mi-
croemulsions were applied to topically deliver different drugs
including metronidazole,'”” genistein,'® chlorogenic acid,"”
and nicardipine.!® These in vitro and in vivo studies demon-
strated that lipophilic drugs incorporated into microemulsions
can efficiently be delivered to the skin. Although topical drug
delivery for treating skin disorders is one of the most promis-
ing methods, limited research work has focused on curcumin’s
topical delivery for inhibiting P. acnes. The bactericidal prop-
erties of lauric acid and curcumin were respectively revealed
in two studies.”'” However, whether curcumin-loaded vehicles
can be used to inhibit P. acnes, which causes inflammatory
acne, has not been demonstrated. High-dose administration
of antibiotics induces the development of multiple-drug resis-
tance and adverse side effects. Indeed, a potent drug should
be incorporated in stable carriers to inhibit the growth of P.
acnes. In this study, curcumin was incorporated into vehicles
in order to inhibit the growth of P. acnes. Moreover, the
mechanism of curcumin accumulation in porcine skin was
evaluated using neonate pig skin mounted on a Franz diffu-
sion cell and curcumin location in the skin was analyzed by
confocal laser scanning microscopy.

Experimental

Materials Curcumin was obtained from Masterasia
(Taipei, Taiwan). P. acnes BCRC-10723 (ATCC 6919) was
obtained from Bioresource Collection and Research Center
(Hsinchu, Taiwan) and was cultured on Reinforced Clos-
tridium (RC) medium (Oxoid, Hampshire, England) under
anaerobic conditions by using Gas-Pak kit (Becton Dickinson,
Sparks, MD, U.S.A.). BacTiter-Glo™ kit for microbial assay
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was purchased from Promega (Madison, WI, U.S.A.). Tween
80, Pluronic F127, isopropanol, and fatty acids were obtained
from Sigma (St. Louis, MO, U.S.A.). All reagents were used
without further purification. The water used in this study was
freshly purified by the Milli-Q Gradient A10 system (Milli-
pore, Molsheim, France).

Preparation of Lipid Vehicles Lauric acid was mixed
with isopropanol in the weight ratio of 1:2 to increase its
water-solubility. Lipid vehicles composed by lauric acid, iso-
propanol, and surfactants (Tween 80 and F127) were prepared
by drop-wise adding the required amount of water into the
pre-mixed solution under gentle magnetic stirring for 10 min.
After being equilibrated for 10min, the systems could form
single-phase and transparent lipid systems.

Characterization of Lipid Vehicles Lipid vehicles were
prepared by mixing the oil with the surfactant or surfactant/
cosurfactant mixture before adding the required amount of
water under magnetic stirring. Curcumin (4g/L) was then
added to the prepared vehicles. No phase change was noted
after addition of the drug or after equilibration in the water
bath. The flow properties and viscosity of the formulations
were determined at 32%+1°C. Viscosity determinations em-
ployed a Brookfield viscometer (DV II+, Brookfield, Stough-
ton, MA, U.S.A)). Interfacial tension measurements were
carried out at room temperature using a thin platinum plate
attached to a transducer amplifier (Kyowa CBVP-A3, Saitama,
Japan). During the measurement, the plate is dipped into the
tested vehicles. The tensiometer measures the pulling force
of the liquid on the plate and calculates the interfacial tension
by dividing by the known plate size. The average particle size
was characterized using a Zetasizer Nano ZS 90 (Malvern,
Worcestershine, U.K.) at a fixed angle of 90° and a tempera-
ture of 32°C. Lipid vehicles were measured without dilution
by water or solvent in order to avoid the dilution effects on the
size distribution of the vehicles.

In Vitro Curcumin Dermal Accumulation Full-thickness
skin from the pig ear is a generally accepted model of perme-
ation for human dermatological research.’” The skin of the
outside of the ears of corpses of new-born piglets was used to
study the permeation of curcumin in a Franz diffusion assem-
bly. The ear skin was mounted between the donor and recep-
tor compartments with the stratum corneum side facing the
donor compartment. The donor medium consisted of 0.5mL
of vehicle containing curcumin. The receptor medium (5.5mL)
was obtained by mixing 1:1 ethanol and phosphate-buffered
saline (PBS, pH 7.4) in order to maintain sink conditions.
Similar solution was successfully applied to monitor the skin
delivery of curcumin from microemulsions.?? The available
diffusion area between the cells was 0.785¢cm? The stirring
rate and temperature were respectively kept at 600rpm and
32°C. At appropriate intervals, all receptor medium was with-
drawn and immediately replaced with equal volumes of fresh
medium. Cumulative amount of curcumin permeated after
24h diffusion was used to calculate the transdermal drug flux.
The permeated amount of curcumin was determined by high-
performance liquid chromatography (HPLC). A skin sample
with the 0.785 cm? permeated area was cut, weighed, and then
homogenized in a 50% ethanol PBS solution for S5min at a
10000rpm rate. The resulting solution was centrifuged, and
the supernatant was analyzed by HPLC. Quantification of
curcumin was achieved using an HPLC system (Jasco, Tokyo,
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Japan) consisting of a pump, a UV detector, and a Microsorb-
C18 column (Varian, Lake Forest, CA, U.S.A.). The mobile
phase was consisted of 1% (w/v) acetic acid, 73% (w/v) metha-
nol, and 26% (w/v) water. The flow rate of the mobile phase
was 1.0mL/min and the column effluent was monitored at
430nm.

Inhibitory Activity of Lipid Vehicles against P. acnes
Single colony of P. acnes was inoculated in RC medium and
cultured at 37°C until reaching around OD, 1.0 (logarithmic
growth phase) under anaerobic conditions. Then the seed
culture was diluted with fresh RC medium to the value of
0.1 (ODyy,) for further microbial growth experiments. Drugs
and fatty acid-contained vehicles were diluted by dimethyl
sulfoxide (DMSO) in a 2-fold serial manner and added at the
1% volume ratio to the 96-well microtiter plates. The bacte-
ria were cultured in plates (volume=0.2mL) for 24h and the
growth was quantified by measuring the absorbance at ODy,.
When the curcumin was added in the formulations, the bacte-
rial growth was quantified by the BacTiter-Glo™ kit (Pro-
mega) to avoid the interference of curcumin color at ODg,.
The kit uses bioluminescence produced by luciferase to detect
the intracellular concentration of ATP, which correlates with
viable bacterial cell numbers.?? In brief, the reaction involves
adding a single reagent directly to bacterial cells cultured in
medium and measuring luminescence generated by bacterial
ATP and a thermostable luciferase. The bioluminescence was
measured by Epoch Spectrophotometer H4 (Biotek, Winooski,
VT, U.S.A). The control group was P. acnes incubated with
1% (v/v) DMSO. The growth inhibition at OD, can be deter-
mined from the following equation:

inhibition = [1 — (absorbance ey / absorbance o 1X 100%

Confocal and Histological Examination of Porcine Skin
Porcine skin samples obtained from the diffusion device were
fixed in PBS solution containing 10% formalin. Sequentially
skin was dehydrated using ethanol, embedded in paraffin,
sectioned longitudinally by microtome (Leica RM 2235, Ban-
nockburn, IL, U.S.A.) at 5um thickness, and finally stained
with hematoxylin eosin (HE) staining. These section samples
were then observed under light microscope (Olympus BXS5I,
Tokyo, Japan) using 40X magnification. For observation by
confocal laser scanning microscopy (CLSM), the skin was
removed from the diffusion cell and directly observed without
wiping the curcumin on skin surface with the ethanol solution.
The skin sample was sandwiched between a glass slide and
a coverslip in a 1:1 solution of PBS—glycerol, and examined
confocal microscopy without additional processing. Fluores-
cent images were obtained by Leica TCS SP2 confocal laser
scanning microscope (Leica, Nidau, Switzerland). The fluo-
rescence of curcumin was excited at a wavelength of 420nm
by means of an argon laser. To visualize the distribution of
curcumin, confocal images were first obtained in the xy-plane.
The top surface of skin (z=0um) was defined as the fluores-
cence plane with a morphology characteristic of the stratum
corneum surface. To generate an xz-section, a horizontal line
was “drawn” across a region of interest in the z=0um-xy-
plane and then “optically sliced” through the digitized image
data of the successive xy-sections to generate xz-planar opti-
cal cross-sections. The skin sample was scanned from the
skin surface (Oum) to a depth of 160 um at a 10-um interval.
All images were the average of four scans and the data were
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obtained with the same optical aperture, lens and scan speed.

Results and Discussion

Inhibition of Fatty Acids, Azelaic Acid and Curcumin
against P. acnes The inhibitory effects of fatty acids with
different chain lengths on P. acnes are investigated herein to
evaluate their antimicrobial effects (Table 1). The fatty acids
tested in this study included butyric, caproic, aminocaproic,
heptanoic, octanoic, decanoic, lauric, myristic, palmitic, and
stearic acids. Middle-chain fatty acids such as decanoic,
lauric, myristic and palmitic acids significantly inhibited the
growth of P. acnes (p<<0.05) at the concentration of 50ug/
mL. The inhibition efficacy was ranked in the following order:
lauric>myristic>decanoic>palmitic acid (Table 1). The short-
chain fatty acids (carbon number <8) and stearic acid only
slightly inhibited the growth of P. acnes. Among the tested
fatty acids, lauric acid most effectively inhibited the growth
of P. acnes. Azelaic acid (a nonanedioic acid) was chosen as
a control, since it was approved for treating mild-to-moderate
acne vulgaris.” The dose effects of curcumin, azelaic acid,
and lauric acid on in vitro inhibition of P. acnes were evaluat-
ed (Fig. 1). Curcumin and lauric acid strongly inhibited micro-
bial growth compared to azelaic acid. Their inhibition abilities
were ranked in the order of curcumin>lauric acid>azelaic
acid with respective 50% inhibitory concentrations (ICs;)
of 23.7, 25.0, and 847.6 ug/mL. Notably, there was a 36-fold
drop in the ICy, concentration for curcumin compared to
azelaic acid. Lauric acid also had a 34-fold increase in inhibi-
tion compared to azelaic acid. Since the water solubility of
lauric acid is only 3.4 ug/g, the inhibitory effect of lauric acid
against P. acnes was limited after the concentration of lauric
acid reached 31.25ug/mL (Fig. 1). When lauric acid added at
high concentrations, it formed the oil film with limited sur-
faces for lauric acid dissolution. Therefore, the low solubility
results in a decreased potency for P. acmes inhibition. Our
results indicated the potency of curcumin and lauric acid as
candidates for inhibiting P. acnes. Azelaic acid, the ingredient
of commercial therapeutics, showed the least antimicrobial ac-
tivity against P. acnes. However, curcumin and lauric acid are
both hydrophobic which limits their delivery route and avail-
ability. New lipid vehicles will be developed for transdermal
delivery of curcumin and lauric acid in the next section.

Composition Effects on Dermal Curcumin Accumulation
Emulsions are composed of an aqueous phase, an oil phase,
and surfactant/cosurfactant. Since lauric acid is a saturated
fatty acid with limited water solubility (3.4 ug/g water), iso-
propanol can act as a cosurfactant to increase the solubility
of lauric acid and enhance the stability of the oil-water in-
terface. Lauric acid was the oil phase in the system that used
to accommodate curcumin with Tween 80, isopropanol as the
surfactants and cosurfactant, respectively. The lauric acid/
isopropanol mass ratio was fixed at 1:2. In order to evaluate
the formula effects, the abilities of eighteen vehicles to deliver
curcumin and its accumulation in a porcine skin model were
tested. The compositions of LM1-LM6 are shown in Table 2.
The curcumin accumulation in the skin increased from 0.1 to
208 ug/g skin as the Tween 80 content decreased (Fig. 2). The
vehicles (LM4-LM6) with low surfactant/water ratio could
enhance curcumin accumulation and penetration in porcine
skin model herein. Maximal curcumin accumulated in the
skin was observed with the vehicle (LM6+5%F127) composed
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Fig. 1. Inhibition Profiles of P. acnes by Lauric Acid, Azelaic Acid,

and Curcumin

The concentration range of the tested compounds is 2-500ug/mL by using
DMSO as the vehicle. The error bar stands for standard deviation (n=3).

Table 1. Inhibition of Various Fatty Acids on P. acnes”

P. acnes

Fatty acids
Inhibition (%)

Sodium butyrate (C4) 2.03+0.24
Caproic acid (C6) 2.92+0.63
Heptanoic acid (C7) 1.00+0.74
Octanoic acid (C8) 1.000.48
Decanoic acid (C10) 30.63+0.01
Lauric acid (C12) 67.80%+0.72
Mpyristic acid (C14) 35.90+0.39
Palmitic acid (C16) 9.860.90
Stearic acid (C18) 1.00%0.48

a) The tested concentration for various fatty acids was 50 ug/mL by using DMSO
as the solvent. The results represents average*S.D. (n=3).

of 5% F127, 31.6% isopropanol, 15.9% lauric acid, and 47.5%
water. Microemulsion is defined as single-phase solutions
composed of surfactant, cosurfactant, oil, and water."¥ LM6
(containing lauric acid, isopropanol and water) is not a micro-
emulsion since no surfactant exists. Hence, 5% F127 was in-
corporated in lauric acid formulations (LMI1-LM6) to elevate
their performance in this study (Table 1, and Figs. 2—6). Our
results indicated that LM6+5%F127 had the maximal curcum-
in accumulation compared to formulations (LM1-LM6) with-
out F127 addition. Besides, the addition of 5% F127 reduced
the colloidal sizes of LM6 from 246 (0% F127) to 151 nm and
helped the LM6 stable. Although Tween 80 could stabilize
the lipid vehicles and minimize the droplet size, the curcumin
accumulation in the skin decreased as Tween 80 content in-
creased (Fig. 2). The objective of this study was to develop
lipid vehicles for curcumin accumulation on the topical skin,
the LM6+5%F127 was chosen and characterized elaborately.
Better curcumin accumulation in skin was observed when
comparing LM6+5%F127 with LM6. F127 incorporated into
vehicles could increase the delivery efficacy as shown in Fig.
2. The good solubility, low toxicity, and sustained release
characteristics of F127 render it an attractive candidate as a
pharmaceutical vehicle for drugs.”® For example, F127 was
used to enhance the delivery of S-aminolevulinic acid for
treating actinic keratosis in photodynamic therapy.?¥ F127
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combined with lecithin enhanced the stability and absorption
of sumatriptan across the skin.>® Percutaneous absorption of
nonivamide from F127 vehicles was reported by using Wistar
rats as an animal model.?® Here, 5% F127 combined with
lauric acid vehicles (LM1-LM6) elevated curcumin accumu-
lation compared to vehicles without F127 addition. However,
a higher F127 content (10%) did not enhance curcumin ac-
cumulation in the skin compared to the control (0%) and 5%
F127 supplement. Maximal effects of 5% F127 on curcumin
dermal accumulation were observed as indicated in Fig. 2. It
was noted that hydration by water in the stratum corneum can
enhance drug delivery as previously described.?” LM6 had the
highest water content (50%) compared to the LM1-LMS. The
curcumin accumulation in the skin by the vehicles of LM6,
LM6+5%F127 and LM6+10%F127 were 207.8, 362.1 and
89.9 ug/g skin, respectively (Fig. 2). We found that the addi-
tion of 5% F127 to LM6 enhanced curcumin’s topical accumu-
lation in porcine skin. The drug accumulated in the stratum
corneum might form a reservoir, sustain the drug release and
inhibit the growth of P. acnes. Sequentially, the antimicrobial
activities of the vehicles (LM6 vs. LM6+5%F127) were ana-
lyzed in the next section.

Inhibition of P. acnes by Curcumin Vehicles The
antimicrobial activities of the curcumin-loaded lauric acid
vehicles and curcumin/lauric acid mixture were investigated
to evaluate their inhibition effects. Curcumin-loaded vehicles
and curcumin/lauric acid were serially diluted and incubated
with P. acnes in RC medium for 24h to determine their lu-
minescence intensities (i.e. growth condition). The results
indicated that 0.43 ug/mL curcumin in the vehicle (contain-
ing 17.2 ug/mL lauric acid) inhibited 50% bacterial growth.
The addition of 5% F127 to the lipid vehicle did not affect
the antimicrobial activity compared to the LM6 (Fig. 3). In
contrast, the mixture of curcumin and lauric acid in DMSO
inhibited 50% growth of P. acnes at high concentrations (both
11.9ug/mL). From these results, the antimicrobial activity
of curcumin-loaded vehicles could be confirmed. Previously
80 ug/mL lauric acid in a liposome vehicle could inhibit the
growth of P. acnes."” The antimicrobial activity of curcumin
was significantly enhanced by loading it in lauric acid vehicles
herein. Our data showed that curcumin-loaded vehicles were
more effective than curcumin or lauric acid alone in inhibiting
the growth of P. acnes (Figs. 1, 3). The possible mechanisms
for the enhanced effectiveness of lauric acid vehicles might
be due to the following reasons. Nanosized vehicles can help
drugs (lauric acid and curcumin) contact with bacteria and ef-
ficiently penetrate the cell membranes. Previously, the in vitro
antimicrobial activity of azelaic acid against P. acnes strain

Table 2. Composition and Particular Size for Vehicle Formula®
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Fig. 2. Ingredient Effects of Vehicle on Curcumin (0.4%, w/v) Accumu-
lation in Porcine Skin

The detailed composition of vehicles is listed in Table 1. The error bar stands for
standard deviation (n=3).

P37 was studied. At a concentration of 500mm (94.1 mg/mL),
azelaic acid exhibited bactericidal activity, while the addition
of nutrients reduced bacterial susceptibility.”® In contrast, cur-
cumin inhibited 96.5% of the growth of P. acnes at 31.2 ug/
mL concentration. Therefore curcumin showed much greater
inhibitory ability against P. acnes compared to lauric acid.
In recent years, Yang et al. found the minimal inhibition
concentration of lauric acid to be about 65 ug/mL by a colony-
forming method."” We found that lauric acid alone could
inhibit 59.2% of P. acnes growth at a concentration of 31.2 ug/
mL (Fig. 1). Combination of curcumin and lauric acid in the
lipid vehicle exhibited strong inhibition against P. acnes at
0.43 ug/mL curcumin and 17.2 ug/mL lauric acid. Curcumin
and its derivatives exhibited antibacterial activity against Sta.
aureus, E. coli, Bacillus cereus, and Yersinia enterocolitica.*
The antibacterial activity of curcumin is due to inhibition of
the cytokinetic Z-ring assembly from FtsZ protofilaments.
The Z-ring assembly plays critical roles in bacterial cytoki-
nesis.>” Additionally, lauric acid inhibits Gram-positive cocci
by disintegrating the cell membrane, resulting in cytoplasmic
disorganization of the bacteria.'” Combined treatment with
two agents possessing distinct mechanisms may exert a more-
potent inhibitory effect than a single agent. For example, the
combination of 5% azelaic acid and 2% clindamycin is used
to clinically treat acne vulgaris.” Our aim was to develop
lauric acid vehicles to deliver curcumin to the skin in order
to inhibit P. acnes. Only 0.43 ug/mL curcumin loaded in the

Composition Particular size (nm)
Lo LM (95%) LM (90%)
Tween 80 Water Lauric acid IPA LM +F127 (5%) +FI27 (10%)

LM1 50 0 16.7 333 6.8+1.2 1.5+0.8 2.6+0.4
LM2 40 10 16.7 333 3.6+0.6 2.1+0.8 1.8+0.9
LM3 30 20 16.7 333 4.0x0.8 3.7*1.2 129.5+12.0
LM4 20 30 16.7 333 16.7£0.7 17.0£1.2 37.2+8.0
LMS5 10 40 16.7 333 27.3%23 275.8%5.8 71.0+31.9
LM6 0 50 16.7 333 246.3*+18 151.7x4.7 51.2+6.2

a) The particular size was measured after one-week storage at room temperature. The results represents average =S.D. (n=3).
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Fig. 3. Inhibition of Curcumin in Various Vehicles on P. acnes

The concentration range of curcumin is 0.0078-8.0 ug/mL using DMSO as the
solvent. The vehicles (LM6 and LM6+5%F127, both containing 4mg/mL cur-
cumin) were 500-fold diluted by DMSO and the diluted stocks were used for the
antimicrobial experiments. LM6 stock containing 8 ug/mL curcumin and 334 ug/
mL myristic acid was diluted in a 2-fold serial manner for the anti-P. acnes experi-
ments. Similarly, LM6+5%F127 stock containing 8 ug/mL curcumin and 317 ug/
mL myristic acid was serially diluted to 0.0078 ug/mL curcumin and 0.31 ug/mL
myristic acid, respectively. The error bar stands for standard deviation (n=3).

developed vehicle achieved 50% microbial inhibition, which
required 11.9 ug/mL of curcumin by itself as indicated in Figs.
1 and 3. Our in vitro results indicate that the cocktail combi-
nation of lauric acid and curcumin in the vehicle carrier might
provide a new strategy for anti-P. acnes therapy. In order to
understand the curcumin distribution after applied to the skin,
confocal laser scanning microscopy (CLSM) was used to re-
corder the passage of curcumin in the next section.
Curcumin Distribution in Skin and Histological Stain-
ing CLSM is extensively used as a tool to visualize fluo-
rescent model compounds in skin.*” This method does not
require fixation of skin samples and thereby reduces the re-
distribution of the stain and tissue damage. The fluorescence
of curcumin could be applied to trace its transdermal route
using excitation at 430nm and emission at 540nm. Figure 4
presents curcumin distribution in the skin with three different
vehicles of PBS, LM6, and LM6+5%F127 by using CLSM.
The fluorescence intensities of curcumin in the skin were
ranked LM6+5%F127 > LM6 > PBS. These results are con-
sistent with curcumin accumulation in the Franz cell-diffusion
experiments (Fig. 2). Curcumin’s distribution at different skin
depths could be visualized in Fig. 4. The total path length of
fluorescence observation was 160 um using the stratum corne-
um as Oum. Curcumin distribution in the skin was observed
for the three tested formulations under occlusion conditions.
The fluorescence intensity of curcumin in three vehicles (PBS,
LM6 or LM6+5%F127) at the porcine skin were directly
observed without using ethanol to clean the skin surface.
The ethanol wipe might extract curcumin from the skin and
mislead the penetration results. The fluorescence intensity of
CLSM images showed that LM6+5%F127 formulation exhib-
ited the strongest intensity of curcumin at the epidermis layer
which provided a driving force for further curcumin penetra-
tion. Slight curcumin penetration from PBS was observed at
25um depth. In contrast, curcumin could penetrate to the
skin depth of 65um with the help of LM6+5%F127 vehicle.
However, deep skin (>70um) showed little fluorescence for

423
250
—e— PBS
200 - v <O LMB
/ —v¥— LM6+ 5% F127
A4
2 e \
@ 150 1 v
§ #_O'Qo \'
2 100 /Oj O \
[0} B
o ; B
0 >
2
_g 50
=
0 -
T T T T T T T T T

0 20 40 60 80 100 120 140 160 180
skin depth (um)
Fig. 4. Distribution of Curcumin in Porcine Skin after 24h Diffusion

by Using Confocal Laser Scanning Microscopy

Three vehicles contain 0.4% (w/v) curcumin including PBS (A), LM6 (B), and
LM6+5% F127 (C). HeNe laser was used to excite curcumin at 430nm with emis-
sion fluorescence at 540nm. Thirty photos (from left to right, 6X5) were scanned
from the skin surface (Oum) to a depth of 160 um at a 10-um interval. All samples
contain 0.4% (w/v) curcumin.

three vehicles which might be due to tissue absorption and
light scatter. The CLSM results of the present study showed
penetration profiles of curcumin within the skin were depen-
dent on vehicle compositions. The fluorescence intensity of
curcumin in skin (Fig. 4) also confirmed the conclusion of the
diffusion experiment that LM6+5%F127 could enhance the
accumulation in porcine skin.

The safety of transdermal delivery vehicles is important
for formulation development. Histological safety for treated
(LM6+5% F127) and control (PBS) skin was performed using
light microscopy to investigate skin changes after H&E stain-
ing. Micrographs of control and treated samples demonstrated
similar skin layers as shown in Figs. SA and B. Normal mor-
phology of the SC was observed in skin treated with vehicle
or PBS. No apparent epidermal changes were observed in the
two samples. A photograph of the skin sample with 24-h ve-
hicle treatment showed a thin keratin layer, a normal dermis,
and subcutaneous tissues. Keratin fragmentation and disrup-
tion of the lipid bilayers were observed in skin treated with
the vehicle for 24h. Ablation of the SC may have contributed
to the enhancing effect of the vehicles on curcumin perme-
ation. A photograph of the control skin sample showed a simi-
lar SC (arrow in Fig. 5) as skin treated with LM6+5% F127.
No significant changes were observed in histological photos of
vehicle-treated skin and control skin. Some areas of the skin
(both LM6-treated) had empty spaces in the dermal region.
These empty spaces could help the in vitro curcumin accu-
mulation in the skin. However, more in vivo tests are needed
in order to evaluate whether the developed vehicle is safe for
inhibition of P. acnes on the skin.

Characterization of Lipid Vehicles Colloid size is one of
the important physicochemical properties impacting the stabil-
ity, biodistribution, and release kinetics of lipid vehicles. Size
distributions of the vehicles developed are shown in Table
2. The particle size of these 18 emulsions was <276nm and
could be classified as emulsions according to the definition by
Shah ef al.*® The addition of F127 reduced the colloidal sizes
of LM6 from 246 (0% F127) to 51nm (10% F127). Particle
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—(A)

~ (B)
Fig. 5. Micrographs of HE Staining after 24-h Treatment with Formula-
tions: PBS (A) and LM6 +5% F127 (B)

Arrow indicates the stratum corneum. Scale bar represents 10 um. All samples
contain 0.4% (w/v) curcumin.

sizes of the emulsions decreased as the surfactant in the for-
mulation increased. Surfactants can reduce the colloidal size
by reducing the surface tension and fluidizing the interfacial
droplet film.*® However, a small colloid size did not ensure
high curcumin penetration or skin accumulation as deter-
mined by comparing LM1 (with a 6-nm diameter) with LM6
(with a 246-nm diameter). LM6+5% F127 with a 152-nm
diameter had the best curcumin accumulation in porcine skin
among the formulations tested. The characteristics of surface
tension and viscosity are used to describe the colloidal prop-
erties of emulsions.*” In this study, the viscosity and surface
tension of curcumin-loaded emulsions were summarized in
Fig. 6. The surface tension of vehicles slightly changed from
24 to 26 mN/m when the F127 or water contents increased.
The surface tension of the tested vehicles was low compared
to the surface tension of water (72.0mN/m). The viscosity of
curcumin-loaded vehicles was also analyzed. The viscosity of
vehicles increased from 24.9 to 60.1cP when F127 increased
from 0% to 10% (Fig. 6). The viscosity slightly decreased,
and then increased when the water content reached 50% for
all vehicles.

The ratio of surfactant/water in LMI-LM6 (Table 2)
significantly influenced curcumin accumulation in porcine
skin (Fig. 2). The following reasons might contribute to the
enhancing accumulation effects under high water-content
conditions. Similar increasing of domperidone delivery was
observed in skin when decreasing Tween 20 concentration.*”
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Microemulsion structure (water-in-oil or oil-in-water) also af-
fects the delivery efficacy of drug.'¥ Emulsions would change
from water-in-oil to oil-in-water types when the water content
increased. The surface tension of all tested vehicles was very
low (around 24-26 mN/m) which is the characteristic of ve-
hicle. The low surface tension of these vehicles may facilitate
formation of nanosized colloids in suspension which prevents
the phase separation and maintains the stability. Addition-
ally low surface tension may help the contact of lipid vehicles
with the skin and enhance the curcumin accumulation in the
skin."® The viscosity of drug-loaded vehicles was reported
to influence drug partitioning into the skin. High viscosity
hampers the efficacy of transdermal delivery as it decreases
the diffusion rate.’® Others reasons could be proposed to
explain the enhancing effects of LM6+5%F127 on curcumin
accumulation in the skin. For example, ingredients of vehicle
adsorbed in the skin may modulate the stratum corneum and
increase the partitioning of curcumin into the skin. This cur-
cumin reservoir could create a high drug concentration within
the upper layers of the skin and result in a high curcumin
gradient as a driving force for transdermal curcumin delivery.
This possibility was supported by our CLSM results that ef-
ficient delivery of curcumin was accompanied by high cur-
cumin retention in the skin. Another possibility is that lauric
acid is a well-known skin penetration enhancer which disturbs
the double layers of the epidermis.’”

Conclusion

We successfully developed lipid vehicles to deliver cur-
cumin to the skin for P. acnes inhibition. Combined effects
of curcumin and lauric acid were found in inhibiting P. acnes.
The delivery route of curcumin in porcine skin was confirmed
by confocal laser scanning microscopy. The anti-Propionibac-
terium activity of curcumin and lauric acid was significantly
enhanced by the nanosized vehicle. A histological examination
confirmed normal skin morphologies after lipid vehicle treat-
ments. In summary, curcumin-loaded vehicles are a promising
tool for the topical delivery of curcumin to inhibit the growth
of P. acnes.
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Fig. 6. Characterization of Surface Tension and Viscosity for Vehicles Containing 0.4% (w/v) Curcumin

The detailed composition of vehicles is listed in Table 1. The error bar stands for standard deviation (n=3).
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