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Background: The biofilm produced by Cutibacterium acnes is a major infection threat for
skin and implanted catheters. Nanoparticles provide a new approach to eradicate biofilms.
The present study evaluated the capability of cationic liposomes loaded with DNase I (DNS)
and proteinase K (PK) to remove preformed C. acnes biofilms.

Methods: DNS and PK were able to target and disassemble the biofilm by degrading
extracellular polymer substances (EPS). Soyaethyl morpholinium ethosulfate (SME) was
used to render a positive charge and enhance the antibacterial activity of the liposomes.
Results: The cationic liposomes containing enzymes yielded monodisperse nanovesicles ranging
between 95 and 150 nm. The entrapment efficiency of the enzymes in the liposomes achieved
a value of 67-83%. All liposomal formulations suppressed planktonic C. acnes growth at
a minimum inhibitory concentration (MIC) equal to the free SME in the solution. The enzyme in
the liposomal form inhibited biofilm growth much better than that in the free form, with the dual
enzyme-loaded liposomes demonstrating the greatest inhibition of 54% based on a crystal violet
assay. The biofilm-related virulence genes PA380 and PA1035 were downregulated by the com-
bined enzymes in the liposomes but not the individual DNS or PK. Scanning electron microscopy
(SEM) and confocal microscopy displayed reduced C. acnes aggregates and biofilm thickness by
the liposomal system. The liposomes could penetrate through about 85% of the biofilm thickness.
The in vitro pig skin permeation also showed a facile delivery of liposomes into the epidermis,
deeper skin strata, and hair follicles. The liposomes exhibited potent activity to eliminate C. acnes
colonization in mouse skin and catheters in vivo. The colony-forming units (CFUs) in the catheter
treated with the liposomes were reduced by 2 logs compared to the untreated control.
Conclusion: The data suggested a safe application of the enzyme-loaded cationic liposomes
as antibacterial and antibiofilm agents.

Keywords: liposomes, cationic surfactant, DNase I, proteinase K, Cutibacterium acnes,
biofilm

Introduction

Bacterial infections are one of the largest causes of human death worldwide. The
emergence of bacterial resistance to antibiotics is becoming a major problem due to
their broad use and abuse.' The bacteria in biofilms play a critical role of resistance
to antibiotics and host clearance systems, leading to persistent and difficult-to-treat
infections. A biofilm is a sessile community of bacteria embedded in a matrix of
extracellular polymeric substances (EPS) consisting of proteins, polysaccharides,
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lipids, and deoxyribonucleic acids (DNAs).> A high anti-
biotic dose is required to conquer the biofilm tolerance,
which poses a risk of adverse effect. Biofilms are involved
in about 80% of microbial infections and cause more than
500,000 deaths each year.’
a Gram-positive anaerobic bacterium that forms a biofilm

Cutibacterium acnes 1S

which is more resistant to antibiotics than planktonic
cells.* C. acnes is reported to represent >30% of the facial
microbes in acne patients.” Acne vulgaris is the eighth-
most prevalent disorder in the world and affects about 10%
of the population, especially adolescents.® The C. acnes-
associated biofilm in hair follicles elicits the symptoms of
increased seborrhea, hyperkeratinization, erythema, and
comedones in acne patients. C. acnes is also linked to
a number of other infections. such as folliculitis, endocar-
ditis, periodontitis, sarcoidosis, and medical catheter-
related infections.” Available drug therapies for treating
acne vulgaris are limited, and none of them are regarded
as a definite cure because of their side effects.® New
perspectives in the treatment of C. acnes infection focus
on biofilm targeting and antibiotic resistance prevention.
Most antibacterial agents are difficult to penetrate
through the EPS matrix produced by the biofilm. One of
the approaches to conquer this problem is the use of
antimicrobial peptides.”'® The photothermal treatment
can produce the heat to disintegrate biofilm for the sub-
sequent drug delivery into the biofilm."" The polymer-
based drug delivery allows improved transport into the
biofilm to enhance antibiotic bioavailability.'> Another
effort to resolve this drawback is the intervention of
nanoparticles.'® Liposomes are the most focused nanofor-
mulations in commercialization and in clinical studies
because of their possible industrial scale-up, biocompat-
ibility, low toxicity, and the capacity to entrap both lipo-
philic and hydrophilic actives.'"* The structure of
a liposome is a spherical lipid vesicle composed of phos-
pholipid bilayers. Liposomes are reported to preferentially
adsorb onto the biofilm surface and then penetrate into the
EPS to eradicate bacterial growth.'>'® Liposomes have
also been demonstrated to be helpful for targeting hair
follicles after the increase of flexibility.'” Cationic surfac-
tants can be coated on the nanoparticulate surface to kill
the bacteria in biofilms by disintegrating the cell mem-
through

18,19

brane electrostatic  and  hydrophobic

interactions. Cationic nanoparticles can simulta-

neously encapsulate with antibiotics to synergistically sup-
press bacterial growth.

Extracellular DNA and proteins are components of bio-
films that create a rigid structure. Enzymes that can degrade
these components are expected to be useful to disrupt bio-
films and improve the delivery of antibacterial agents. Both
DNase I (DNS) and proteinase K (PK) have been proved to
inhibit biofilm development and detach preformed biofilms
to promote bacterial killing.”*' The combination of both
enzymes may be presented as a promising approach for the
management of biofilm-related infection. Biofilms exhibit
the threat of increased bacterial virulence for infection.
There has been no biofilm-specific therapy until now. We
aimed to develop cationic liposomes loaded with DNS and
PK to assess the combinatorial effect of cationic surfactants
and enzymes on C. acnes biofilm eradication. The possible
applicability of the liposomal system to cutaneous and
catheter infections was explored. The cationic surfactant
employed in this study was soyaethyl morpholinium etho-
sulfate (SME), which is a quaternary ammonium compound
with a C18 alkyl chain and morpholin six-membered ring.
SME has revealed strong inhibition of methicillin-resistant
Staphylococcus aureus (MRSA) growth with a strong
fusion with bacterial membrane.””> A major concern of the
application of cationic surfactants is the significant cyto-
toxicity against mammalian cells. This previous study?*
also reported a milder toxicity of SME than the other catio-
nic surfactants. SME at 5 pg/mL showed the higher viability
of human keratinocytes (>90%) than benzalkonium chlor-
ide (about 40%) and cetylpyridinium chloride (about 30%).
We generated the already established biofilm to test the
inhibitory effect of the liposomes against biofilm-
embedded C. acnes in vitro and in vivo.

Materials and Methods

Materials

C. acnes (ATCC6919) was purchased from American Type
Culture Collection (VA, USA). Soybean phosphatidylcho-
line (SPC, Phospholipon 80H) was purchased from
American Lecithin Company (CT, USA).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) and cholesterol were purchased from Sigma-
Aldrich (MO, USA). SME was supplied by Croda (East
Yorkshire, UK). DNS and PK were purchased from
BioTools (Taipei, Taiwan). Alexa Fluor 647-conjugated
dextran, SYTO9 and Bodipy FL C16 were purchased
from Thermo Fischer Scientific (MA, USA). C. acnes
culture medium reinforced clostridial medium (RCM)
was purchased from Merck (Darmstadt, Germany), Cell
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culture medium DMEM and RPMI-1640 were purchased
from Thermo Fischer Scientific.

Fabrication of Liposomes

Cationic liposomes loaded with enzymes were prepared by
the thin-film method. SPC (250 mg), cholesterol (70 mg),
and SME (30 mg) were dissolved in a chloroform-
methanol mixture (2:1). This mixture was then deposited
as a thin film in a round bottom flask using a rotary
evaporator at 50°C. The residual solvent was removed
under a vacuum. The film was then hydrated by the addi-
tion of double-distilled water containing 5 mg DNS (from
bovine pancreas, BioTools, Taipei, Taiwan) and/or 2 mg
PK (from Tritirachium album, BioTools) to give a total
volume of 10 mL. Both enzymes are proved to be stable
up to 50 °C.>>** Further sonication was performed by
a probe-type sonicator at 35 W for 30 min to produce
the final product. The scheme of the liposome preparation
procedures is illustrated in Suppl. Figure 1.

Vesicle Size and Zeta Potential

The mean diameter (z-average) and zeta potential of the
developed liposomes were estimated using the laser scat-
tering method (Nano ZS90, Malvern). Detection was car-
ried out after a 100-fold dilution by double-distilled water.
The measurement was repeated three times per sample for
three batches.

Encapsulation Efficiency of the Enzymes in

the Liposomes

The loading efficiency of DNS and PK was evaluated by
using the ultracentrifugation technique to separate the
entrapped enzymes from the free forms. The liposomes
were centrifuged at 48,000 xg and 4°C for 40 min. The
free proteins in the supernatant and the entrapped proteins
in the precipitate were quantified using a detergent-
compatible protein assay kit (Bio-Rad). The encapsulation
efficiency (%) was calculated as: protein amount in pre-
cipitate/(protein amount in precipitatetprotein amount in
supernatant).

Determination of Planktonic Minimum
Inhibitory Concentration (MIC) and

Minimum Bactericidal Concentration
(MBC)

C. acnes was cultured in RCM at 37°C under anaerobic con-
ditions for three days. The MIC was considered to be the

lowest concentration of SME required to inhibit the growth
of C. acnes by serial dilution. The C. acnes was diluted in RCM
to achieve an optical density at 600 nm (ODg) of 0.01. The
bacterial population was exposed to several dilutions of lipo-
somes, from 0.36 to 750 pg/mL, and then incubated at 37°C for
24 h. An ELISA reader was used to detect the MIC at 595 nm.
For the MBC assay, the colony-forming units (CFUs) of
C. acnes were counted after treatment of liposomes for
24 h. The highest dilution resulting in a 99.9% reduction of
bacterial number was recognized as the MBC.

Time-Response C. acnes Growth
Inhibition

The growth inhibition of C. acnes by liposomes over four
days was assessed in 96-well plates. The cationic lipo-
somes with an SME at 0.37-5.86 pug/mL were inoculated
with bacteria (ODggp=0.01) at 37°C. The liposomes were
diluted with RCM if necessary. The absorbance of each
well was estimated at 600 nm to calculate the growth of
C. acnes in a real-time mode.

Biofilm Formation and the Detection by

Crystal Violet

C. acnes was cultured anaerobically using RCM in a DG250
anaerobic workstation (Don Whitney Scientific) at 37°C for
three days. The cultures were diluted to ODgy=0.1 using the
RCM broth supplemented with 1% glucose. An aliquot of
the C. acnes suspension (1 mL) was added to the 24-well
plates and incubated anaerobically at 37°C for three days.
After the removal of the supernatant, the biofilm formed on
the bottom of the well. Next, 500-uL crystal violet (0.1%)
was added to the well for 10 min and then washed twice with
PBS at a volume of 1 mL. Acetic acid (0.5 mL) was added
into the well to extract the crystal violet. The ODss55 was
determined using a microplate reader.

C. acnes Survival Inside and Outside the
Biofilm

The biofilm was established in the microplate by incubat-
ing C. acnes (ODgpp=0.1) in RCM containing 0.1% glu-
cose for three days. The liposomes with an SME of 150
pg/mL and/or DNS/PK (25 and 10 pg/mL) were treated to
the biofilm for 24 h. The liposomes were diluted with
RCM to obtain the definitive dose.
microbes inside and outside the biofilm were loaded on
an agar plate for 48 h to detect CFU.

The recovered
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gPCR Assay of Biofilm-Related Virulence

Factors

After three days of biofilm growth, the liposomes containing
150 pg/mL SME and/or DNS/PK (25 and 10 pg/mL) were
added to the microplate for 24 h. The samples were centri-
fuged at 12,000 rpm at 4°C for 10 min. The supernatant was
then withdrawn. The C. acnes pellet was extracted by
EasyPrep Total RNA kit (BioTools). The total RNA was
determined using a microplate reader. The generation of
cDNA was carried out using the ToolsQuant II Fast RT kit
(BioTools) according to the manufacturer’s protocol. The
synthesized cDNA was used for qPCR following the protocol
from the Tools SYBR gPCR kit (BioTools). The RecA gene
was employed as the housekeeping gene for standardization.
The primer sequences used for RecA, PPA380, and PPA1035
were: RecA: 5'-CAGCACGGCAAGGGCTC-3" (forward)
and 5'-GGAGGATTCGGGACATAG-3' (reverse); PPA380:
5'-CGCTCTGAAGGATTCGTC-3' (forward) and 5-GTC
GTGCAGGATACACATGA-3' (reverse); PPA1035: 5-TATC
GATCATGGGTGATTCC-3"  (forward) 5'-ATAG
AGGGCGAGGACTGACT-3' (reverse).

and

Scanning Electron Microscopy (SEM)

The biofilm was grown for three days and then treated
with liposomes containing 150 pg/mL SME and/or DNS/
PK (25 and 10 pg/mL) for 24 h. The liposomes were
diluted with RCM to obtain the definitive dose. The sam-
ples were fixed with 3% glutaraldehyde and 2% parafor-
maldehyde in a cacodylate buffer. After dehydration in an
ascending series of ethanol, the samples were coated with
gold and monitored under a Hitachi SU8220 SEM to
examine the biofilm morphology.

Confocal Laser Scanning Microscopy
(CLSM)

The biofilm inhibition caused by the liposomes was analyzed
under CLSM. C. acnes biofilm was grown in a CELLview
dish by incubating microbes (ODgpo=0.1) in glucose-
containing RCM for three days. The biofilm was treated
with 150 pg/mL SME and/or DNS/PK (25 and 10 pg/mL)
in either the free form or the liposomal form for 24 h. The
biofilm was treated with SYTO9 (1.5 pL/mL) and Alexa
Fluor 647-conjugated dextran (1.5 pL/mL) for 15 min to
stain the cells (green) and biofilm matrix (red), respectively.
The biofilm structure and thickness were visualized under
confocal microscopy (Leica TCS SPS).

Microfluidic Chamber Assay

The biofilm was grown in a flow cell chamber (Ibidi p-Slide
1°2 Luer) for three days in a DG250 anaerobic workstation at
37°C. The liposomes and SYTO9 (1.5 pL/mL) were present
in the flow-through medium in a syringe (5 mL) and through-
out the biofilm growth by a syringe pump (Chemyx Fusion
100). The flow rate was set at 10 uLL/min during the first 180
min and then increased to 50 pL/min from 180 to 240 min.
The biofilm attached on the chamber surface was observed

by CLSM.

The Penetration of Liposomes Through
the Biofilm

The C. acnes biofilm was treated with liposomes for 24 h and
then rinsed by PBS to remove the loosely adherent planktonic
bacteria. The liposomes were stained with Bodipy FL C16
before treatment. Bodipy FL C16 is a green fluorescent fatty
acid used to stain phospholipids. The biofilm was labeled with
Alexa Fluor 647-conjugated dextran (1.5 pL/mL) for 15 min
post-treatment of liposomes. The fluorescence of the biofilm
and the penetration depth of liposomes were visualized by
confocal microscopy.

Animals

One-week-old pigs were supplied by PigModel Animal
Technology (Miaoli, Taiwan). Eight-week-old BALB/c
mice were supplied by the National Laboratory Animal
Center (Taipei, Taiwan). All animal experiments were
approved by the Institutional Animal Care and Use
Committee of Chang Gung University and complied with
Directive 86/109/EEC from the European Commission.

The Penetration of Liposomes Through
Pig Skin

The in vitro liposome absorption was conducted by Franz
diffusion assembly. The dorsal skin of the pig was excised
and mounted between the donor and receptor compart-
ments, with the stratum corneum facing up toward the
donor. The donor and receptor compartments were filled
with the prepared liposomes (0.5 mL) and a pH 7.4 citrate-
phosphate buffer (5 mL), respectively. Rhodamine 800
(0.5 mg) as a fluorescence marker was added to the lipid-
organic solvent mixture before the drying process in the
liposomal preparation began. After 24 h of liposomal
application, the skin was removed and extracted by metha-
nol in a MagNA Lyser (Roche). The homogenate was
centrifuged at 10,000 xg for 10 min to obtain the
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supernatant. The rhodamine amount in the skin after
extraction was analyzed by a fluorescence spectrophot-
ometer (Hitachi F2500) at an excitation and emission
wavelength of 553 and 627 nm, respectively. The liposome
distribution in the skin was visualized by fluorescence
microscopy (Leica DMi8) for a vertical view. After wash-
ing the skin removed from the Franz cell, the sample was
sectioned in a cryostat microtome at a thickness of 5 um
and then mounted using glycerin and gelatin. The slice
was observed with a fluorescence microscope using a filter
set at 541-551 and 565—605 nm for excitation and emis-

sion, respectively.

In vivo Cutaneous C. acnes Infection
Model

The mice were shaved at the dorsal area and then subcu-
taneously injected with C. acnes (1 x 10’ CFU) in PBS.
The liposomes, with a volume of 0.2 mL, were topically
applied to the injection area every 24 h for three days. The
control group was the topical administration of PBS.
On day three, 10 pL of XenoLight Bacterial Detection
Probe 750 (PerkinElmer) was subcutaneously delivered
into the infection region to monitor the C. acnes growth.
The bacteria burden was observed using a Lumina in vivo
imaging system (Caliper Life Sciences). The lesional skin
was then excised to measure the CFU.

In vivo Catheter C. acnes Infection Model
The animals were shaved at the abdominal site. A 0.5-cm
long sterile silicone catheter with an inner diameter of
1.6 mm (Ibidi) was incubated with C. acnes (1 x 10’
CFU/mL) for 24 h. A l-cm incision in each flank was
created and the catheter segment was implanted subcuta-
neously. The wound was closed with an absorbable suture
and wound clip. The liposomes were subcutaneously
injected into the transplantation region. On day three, the
XenoLight Detection Probe was subcutaneously delivered
to the infection area for imaging. After the animal was
sacrificed, the catheter was removed and cut into small
pieces. The catheter pieces were incubated with PBS for
sonication and vortexing. The supernatant was collected to
count the CFU.

Cytotoxicity of Liposomes Against

Mammalian Cells
The cytotoxicity of the free and liposomal SME on kera-
tinocytes (HaCaT) and monocytes (THP-1) was assessed

by a MTT assay, as described earlier.>> Briefly, HaCaT and
THP-1 were seeded in 96-well plates with 2x10* cells/well
at 37°C for 24 h. The liposomes were diluted with DMEM
if necessary. Each well was treated with SME, DNS, or
PK, either in free form or liposomal form, for 24 h. MTT
(0.5 mg/mL) was added into the wells and then incubated
for three hours. A microplate reader at 550 nm was uti-
lized to measure the cell viability.

In vivo Skin Tolerance

The liposomes, with a volume of 0.15 mL, were applied
daily to the mouse back skin for three days. The transepi-
dermal water loss (TEWL) and cutaneous surface pH
value were estimated by a Cutometer MPAS580 (Courage
and Khazaka). The erythema level (a*) was quantified
CD100 (Yokogawa).
Hematoxylin and eosin (H&E) staining was performed

using a spectrocolorimeter
for a histological examination of the skin under optical
microscopy, as described previously.**

Statistical Analysis

Statistical differences in the data of different treatment
groups were measured using the Kruskal-Wallis test,
while a post-hoc test to check the individual differences
was performed using Dunn’s test. A 0.05, 0.01, or 0.001
level of probability was considered significant.

Results
The Physicochemical Properties of

Liposomes

The average diameter, polydispersity index (PDI), and zeta
potential of the different liposome formulations were the
physicochemical properties examined in this study. The
vesicle size of the cationic liposomes (LP) was determined
to be 95 nm, as measured by laser scattering (Table 1). The
size increased to 148, 154, and 150 nm after the incorpora-
tion of DNS, PK, and combined DNS/PK, respectively. This
could be due to the fact that more components had been
loaded into the liposomes to increase the size. The PDI of all
nanoformulations was below 0.3, indicating the narrow
distribution of the size. The zeta potential of the SME-
loaded liposomes showed a positive value of 17 mV, corro-
borating the cationic nature of SME. Functionalization with
the enzymes decreased the surface charge but remained at
a positive level. The surface tension of water is about 72
mN/m, but the presence of nanovesicles in water could
decrease this surface tension to about 25 mN/m. The surface
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Table | Physicochemical Properties of the Liposomes

Formulation Size PDI Zeta Potential Encapsulation Surface Tension
(mV) Efficiency (%) (mN/m)

LP 94.96+4.76 0.22+0.01 16.97+2.58 - 25.87+1.00

LP DNS 148.30£12.32 0.27+0.02 10.08+3.49 66.66+3.05 26.23+0.74

LP PK 154.43+£22.58 0.29+0.02 5.72+0.45 83.33+2.88 25.17+0.54

LP DNS/PK 150.37+0.01 0.29+0.01 12.03+0.87 70.00+2.64 23.80+0.53

Notes: All data are presented as the mean of three experimentsS.E.M.
Abbreviations: DNS, DNase I; LP, liposomes; PK, proteinase K.

tension was not further reduced by enzyme incorporation.
We further examined the entrapment percentage of the
enzymes in the liposomes by determining the protein con-
centration. The encapsulation efficiency of DNS and PK in
the liposomes was calculated as 67% and 83%, respectively
(Table 1). A 70% entrapment of total enzymes was calcu-
lated for the combined DNS and PK.

Inhibitory Activity of Liposomes Against

Planktonic C. acnes

the free and liposomal forms of SME, DNS, and PK were
evaluated for their antibacterial activity against planktonic
C. acnes. The MIC and MBC of the free SME were
approximately equal to 0.73—1.47 and 46.88—93.75 png/
mL, respectively (Suppl. Table 1). Minocycline HCI
(MH) is an antibiotic used for treating acne-related infec-
tion. The low MIC (0.11 pug/mL) and MBC (3.9 pg/mL)
for MH confirmed the great anti-C. acnes activity of this
antibiotic. The free enzymes revealed no anti-C. acnes
effect. The SME encapsulation in the liposomes main-
tained the antibacterial potential against planktonic
microbes. There was no clear difference between MIC
and MBC regardless of the liposomal formulations. DNS
and PK could be successfully entrapped in the liposomes
without affecting the antibacterial activity of SME. We
next examined the growth curve of the planktonic
microbes treated with SME, DNS, and PK, either as pure
compounds or loaded with liposomes. For the control
group with the exposure of PBS, the bacterial amount
was gradually increased following the increase of time,
with a leveling-off at 60 h (Figure 1A). The free SME
markedly suppressed C. acnes growth. This suppression
increased with the increase of the SME concentration.
A complete killing during 96 h was found for the free
SME at >2.93 pg/mL. The presence of SME in the lipo-
somes without enzymes did not alter this tendency of
bacterial growth inhibition (Figure 1B). Treatment with
DNS and/or PK in the free form had no significant

influence on C. acnes growth compared to the untreated
control. There still remained some C. acnes at the late
stage of treatment by liposomal SME at 1.46 pg/mL. The
enzyme-loaded liposomes containing 1.46 pg/mL SME
demonstrated prolonged and complete inhibition of micro-
bial growth throughout 96 h.

The Liposomes Eradicate C. acnes Biofilm
The antibiofilm activity of the liposomes was investigated
by two methods: the biofilm mass detected by a crystal
violet assay, and the bacterial amount in the biofilm ana-
lyzed by CFU. Either the free SME or PK were unable to
(Figure 2A). There was
a significant reduction of biomass after free DNS treatment
for 24 h. The combined DNS and PK in the free form
showed a comparable biomass elimination to free DNS

affect the biofilm mass

alone. We found a marked biomass inhibition by liposomal
SME compared to free SME. The level of biofilm inhibi-
tion was estimated to be 26% for the liposomal SME as
compared to the untreated control. This inhibition could be
increased to 36% and 39% after the incorporation of DNS
and PK into the cationic liposomes, respectively. The
combined DNS and PK in cationic liposomes offered the
maximum biomass suppression on the biofilm, with an
inhibition percentage of 54%. MH at 7.8 pg/mL (2
x MBC) as the antibiotic control showed a negligible
effect to destroy biofilm structure. Although this antibiotic
showed strong inhibitory efficacy to eliminate planktonic
C. acnes as found in MIC and MBC, the antibiofilm
activity was limited. Next, we assessed the C. acnes
amount inside and outside the biofilm after antibacterial
treatment. The corresponding number of bacteria mea-
sured as CFU was log-transformed (Figure 2B and C).
Although the free SME could not eliminate the biofilm
mass, a significant inhibition of C. acnes amount inside the
biofilm (by a 2-log reduction) was observed (Figure 2B).
This indicated that bacterial killing was not responsible for
the inhibited biofilm formation. The free enzymes also
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Figure | Determination of the antibacterial activity of SME (0-5.86 pg/mL) and/or DNS/PK (0-0.98 and 0—0.39 pg/mL) in free or liposomal form against planktonic
Cutibacterium acnes during 96 h: (A) the time-killing curves of SME and enzymes in free form; and (B) the time-killing curves of SME and enzymes in liposomal form. All data

are presented as the mean of three experiments+S.E.M.
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Figure 2 Determination of the antibacterial activity of SME (150 pg/mL) and/or DNS/PK (25 and 10 pug/mL) in free or liposomal form against Cutibacterium acnes biofilm after a 24-h
treatment: (A) the biofilm mass determined by crystal violet staining; (B) C. acnes CFU inside the biofilm; (C) C. acnes CFU outside the biofilm; (D) PPA380 gene expression in
C. acnes biofilm; and (E) PPA1035 gene expression in C. acnes biofilm. All data are presented as the mean of three experimentsS.E.M. **p < 0.001; **p < 0.01; *p < 0.05.

displayed a significant reduction of biofilm C. acnes,
although this effect was minor compared to that of the
cationic surfactant. All liposomal formulations except the
cationic liposomes loaded with DNS alone showed a CFU
lessening inside the biofilm. MH could inhibit bacterial
burden inside the biofilm, indicating the facile penetration
of MH into the biofilm without the disintegration of

biofilm architecture. A complete eradication of C. acnes
outside the biofilm by free SME was found (Figure 2C).
The exposure to free enzymes, either alone or in combina-
tion, did not cause substantial killing of the microbes out-
side the biofilm. When the biofilm was treated with the
liposomes, a 3-log reduction in the CFU outside the bio-
mass was detected. This reduction was more significant in
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the case of the dual enzyme-loaded liposomes than in the
other formulations. MH did not exhibit the capability to
eliminate C. acnes outside the biofilm. This may suggest
that most of MH molecules permeated into the biofilm
with minimal residence outside the biofilm for killing the
bacteria.

The biofilm-associated virulence genes PPA380 and
PPA1035 were examined using qPCR analysis. In terms
of the biofilm susceptibility evaluation, we investigated
only the SME and dual enzymes for this qPCR assay.
PPA380 was unaffected by the treatment of free SME or
enzymes (Figure 2D). The level of PPA380 production
was reduced to 42% in the biofilm by the cationic lipo-
somes with dual enzymes when compared to the untreated
control. After incubation with free SME, the mRNA level
of the lipase PPA1035 was decreased to 44% (Figure 2E).
However, this reduction was not found in the case of
liposomal SME. The incorporation of dual enzymes was
more efficient than that of cationic liposomes alone at
inhibiting the PPA1035 gene. These results about biofilm
eradication suggested that the combination of DNS and PK
yielded the cumulative effect of antibiofilm activity.

The SEM micrograph of the untreated biofilm clearly
displayed a well-structured matrix of the recalcitrant net-
work with numerous embedded C. acmes colonies
(Figure 3A). The free SME manifested a limited effect
to disrupt the biofilm architecture (Suppl. Figure 2). In
contrast, the biofilm treated with SME-loaded liposomes
without enzymes exhibited disintegrated clusters with
disaggregated bacteria. A further biomass loosening was
observed after treatment of the enzyme-loaded lipo-
somes, with the dual enzymes showing the greatest
destruction. With respect to the SEM images with
a larger magnification, we found morphological damage
of the microbes after treatment of the dual enzyme-
loaded cationic liposomes, indicating C. acnes killing
by SME (Suppl. Figure 3). This phenomenon was not
observed in the treatment group of free DNS/PK because
of the maintenance of the C. acne membrane. Additional
experiments using CLSM were conducted to visualize the
biofilm structure. The biofilm was stained by SYTO9 and
dextran. The C. acnes, including live and dead cells,
were stained green, while the polysaccharides produced
by the biofilm were stained red by dextran. A dense
colonization of microbes (green signal) was immersed
in the massive biofilm (red signal) without liposomal
intervention (Figure 3B). The green, red, and merged
images of the biofilm are displayed in the upper left,

upper and lower left

A significant removal of live bacteria and biomass was

right, panel, respectively.
seen after treatment with liposomes, with the cationic
liposomes loaded with dual enzymes demonstrating the
greatest reduction. This biofilm elimination was less sig-
nificant in the free form groups (Suppl. Figure 4). The
free SME, DNS, or PK suppressed the biofilm thickness
as measured from the confocal imaging (Figure 3C).
A further reduction was observed for the combined free
DNS and PK. The liposomal SME, DNS, and PK showed
a greater biofilm thickness decrease than the free form.
The dual enzyme-loaded liposomes lessened the thick-
ness from 30 to 7 um as compared to the untreated
control. The SEM and CLSM images supported the
notion that the liposomal systems eliminated the biofilm
matrix.

We investigated the formation and adherence of the
C. acnes biofilm on the bottom of the microfluidic chan-
nel. This represented an in vitro model of catheter infec-
tion. A bacterial suspension was injected into the channel.
To determine the effect of the liposomal insult, the biofilm
was exposed to the controlled passage of nanovesicles.
CLSM was employed to observe the C. acnes adherence
at different periods, from 0 to 240 min. The confocal
images revealed that the control biofilm in the catheter
was firmly adhered on the channel, even after the increase
of flow rate from 10 to 50 uL/min at 180 min (Figure 3D).
Under the passage of liposomes, the biofilm became
detached following the increase of time. The combination
of DNS and PK in the cationic liposomes was superior to
the liposomes with a single enzyme to disorganize and
detach the biofilm. The biofilm architecture was almost
diminished by this liposomal system at 240 min. This
indicates that the enzyme-containing liposomes were cap-
able to loose the biofilm structure and adherence. In the
condition of high flow rate, this force could easily remove
the biofilm treated by the liposomes. There was no obser-
vable green signal after a 240-min passage of the dual
enzyme-loaded nanovesicles.

Facile Penetration of Liposomes Through
the Biofilm

The penetration of liposomes into the biofilm was monitored
by CLSM in the static condition. The biofilm matrix and
liposomes were stained by dextran and Bodipy FL CI16,
respectively. The control biofilm without liposomal applica-
tion displayed an intact and thick biomass (Figure 4A). The
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Figure 3 The antibacterial activity of SME (150 pg/mL) and/or DNS/PK (25 and 10 pg/mL) in free or liposomal form against Cutibacterium acnes biofilm determined by
imaging after a 24-h treatment: (A) the biofilm structure observed by scanning electron microscopy; (B) the biofilm structure observed by confocal microscopy; (C) the
biofilm thickness quantified from confocal microscopy; and (D) the biofilm mass attached on the surface of microfluidic chamber observed by confocal microscopy. All data
are presented as the mean of three experiments+S.E.M. **p < 0.001; **p < 0.01.

International Journal of Nanomedicine 2021:16 hetps: 8129
Dove:


https://www.dovepress.com
https://www.dovepress.com

Fang et al

Dove

A

LP DNS/PK

= 100+

N B O ®
T = s =

Penetration depth (%

o
1

&
A\
o
N

3

Figure 4 The penetration of liposomes containing SME (150 pg/mL) and/or DNS/PK (25 and 10 pg/mL) through Cutibacterium acnes biofilm: (A) the penetration of Bodipy FL
Clé6-stained liposomes into the dextran-stained biofilm observed by confocal microscopy; and (B) the penetration depth of Bodipy FL Cl6-stained liposomes quantified from

confocal microscopy. All data are presented as the mean of three experiments+S.E.M.

cationic liposomes with or without dual enzymes demon-
strated an inhibitory effect on the density and thickness of
the biofilm. Both liposomal formulations penetrated deep
into the biofilm matrix during the treatment, indicating the
capacity of the liposome delivery into the biofilm. The green
signal derived from the enzyme-incorporated nanovesicles
nearly reached the bottom of biofilm, with a broad dispersal
in the matrix. The liposomes could transport deep through
biofilm to about 85% of the total thickness (Figure 4B).
Thus the permeated enzyme-loaded liposomes disintegrated
biofilm structure, resulting in the ease biofilm removal as
observed in the CLSM and microfluidic chamber assays.

Facile Penetration of Liposomes Through
Pig Skin

The cutaneous penetration of the liposomes was evaluated
using pig skin in vitro. Rhodamine 800 was employed as
a fluorescence dye to label the liposomes. The rhodamine
800 in the solution (control) showed a low deposition in the
pig skin (Figure SA). The incorporation of rhodamine in the
enzyme-loaded liposomes elevated the skin deposition,
although this increase achieved no statistically significant dif-
ference as compared to the control. The liposomal system
containing dual enzymes showed a higher skin deposition
than that without enzymes, by 5-fold. The representative fluor-
escence photograph of the pig skin treated with free rhodamine
represented no red fluorescence throughout the skin layers
(Figure 5B), demonstrating a negligible delivery. A mild fluor-
escence distribution was presented in the epidermis treated
with topical liposomes without DNS and PK, with some

fluorescence dots in the dermis. A stronger and deeper fluor-
escence was observed for the enzyme-loaded liposomes. The
nanovesicles were mainly detected in the epidermis and hair
follicles. When DNS and PK were used in combination with
cationic liposomes, we could observe that the fluorescence
signal in epidermis and hair follicles was more intense than
that obtained when the enzymes were tested individually. We
employed ZEN 2.0 software (Zeiss) to quantify the fluores-
cence intensity in Figure SB. The mean value of red intensity of
the skin treated by blank liposomes, DNS liposomes, PK
liposomes, and DNS/PK liposomes was 7.7, 20.4, 17.6, and
24.7, respectively.

The Liposomes Eradicate C. acnes

Colonization in Skin and Catheter in vivo
An in vivo mouse study was carried out by subcutaneously
injecting C. acnes followed by topical application of dual-
enzyme liposomes for three days. Topical delivery can provide
a noninvasive approach to treat the infection. The skin per-
meation data demonstrated a facile absorption of liposomes
into the skin. The XenoLight Bacterial kit was injected into the
infection site to stain the C. acnes aggregates. The administra-
tion of a control vehicle (normal saline) in the infected mice
displayed some fluorescence signals at the injection site (the
left panel of Figure 6A). These signals could be derived from
the resident bacteria flora. Increased fluorescence was visua-
lized in the injection site of the C. acnes-infected mice, indi-
cating the successful colonization of C. acnes subcutaneously.
The topical delivery of the liposomes led to the inhibition of
the C. acnes burden, with reduced fluorescence area and
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Figure 5 The penetration of liposomes containing SME (0.3%, w/v) and/or DNS/PK (0.05% and 0.02%) through pig skin in vitro after a 24-h treatment: (A) the skin
deposition of rhodamine 800 in free or liposomal form; and (B) the penetration of rhodamine 800 in free or liposomal form observed by fluorescence microscopy with
a vertical view. All data are presented as the mean of four experiments+S.E.M.
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Figure 6 In vivo antibacterial activity of liposomes containing SME (0.3%, w/v) and DNS/PK (0.05% and 0.02%) with a volume of 0.2 mL against Cutibacterium acnes in skin or
catheter after a 3-day treatment: (A) the C. acnes burden (labeled with XenoLight Bacterial Detection Probe 750) in skin or implanted catheter of the mice observed by
in vivo imaging system; (B) the average radiance intensity of C. acnes burden in skin or implanted catheter of the mice quantified by in vivo imaging system; and (C) C. acnes
CFU in skin or implanted catheter of the mice. All data are presented as the mean of six experiments+S.E.M. *p < 0.01; *p < 0.05.

intensity. We also established a model of a subcutaneous
catheter infected by C. acnes. The subcutaneous injection
was used to administer liposomes for ensuring the approxi-
mate delivery to C. acnes-infected site. Same as in skin infec-
tion model, the liposomes effectively mitigated C. acnes
colonization in a catheter implanted in the subcutaneous
region (the right panel of Figure 6A). The fluorescence inten-
sity was estimated three days after infection in mice. The
C. acnes injection produced a 3-fold increase in fluorescence
intensity as compared to the control group without infection
for both the skin and catheter models (Figure 6B). The lipo-
somal treatment on the infected mice was found to be free of
C. acnes because of the fluorescence recovery to the baseline
control level. The bacterial count could increase to 4 logs in
terms of the CFU after C. acnes injection in the skin (the left
panel of Figure 6C). The liposomes with enzymes had the
minor but statistically significant effect of decreasing the
viable bacteria number recovered from the skin of infected
animals. In the case of the catheter infection, the liposomes
reduced the bacterial CFU by about 2 logs during three days of
incubation (the right panel of Figure 6C).

The Liposomes Show Minimal Toxicity on
Mammalian Cells and Skin

The biocompatibility of the SME and enzymes in the free
or liposomal form was tested on keratinocyte (HaCaT) and
monocyte (THP-1) cell lines using an MTT assay. The

keratinocyte viability was decreased following the increase
of the SME and PK concentration (Figure 7A). The kera-
tinocyte viability was decreased to 33% and 25% after the
treatment of free SME and PK at the highest concentration
tested (300 and 200 pg/mL), respectively. On the other
hand, the treatment of HaCaT with free DNS did not cause
a significant reduction in viability until 500 pg/mL. The
HaCaT viability was reduced by the combined DNS and
PK, which could be induced by the cytotoxicity of PK but
not DNS. The result clearly indicated the absence of
cytotoxicity by all liposomal formulations tested on the
HaCaT viability. The inclusion of SME and enzymes into
the liposomes could raise the biocompatibility. The free
SME manifested mild cytotoxicity against the monocyte
cell line (Figure 7B). No cytotoxicity was shown for the
free enzyme treatment on the monocytes. SME incorpora-
tion in liposomes could improve the biocompatibility on
monocytes.

The skin physiology, including the barrier function,
erythema, and cutaneous surface pH, was measured after
a three-day treatment of topically applied liposomes with
and without DNS/PK. The quantification of the skin phy-
siology was comparable between the saline control and
liposomes (Figure 7C). The data indicated no barrier dys-
function (determined by TEWL), skin rash (determined by
colorimetry), or skin pH change in the mice administered
with liposomes. When the mouse skin was smeared with
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Figure 7 The safety of SME and enzymes in free or liposomal form in vitro and in vivo: (A) the cell viability of keratinocytes (HaCaT) after treatment of SME and enzymes in
free or liposomal form for 24 h; (B) the cell viability of monocytes (THP-1) after treatment of SME and enzymes in free or liposomal form for 24 h; (C) the physiological
parameters (TEWL, erythema, skin pH value) of the mouse skin after in vivo topical administration of liposomes; and (D) the H&E-stained histology of mouse skin treated by
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liposomes, no histological change was observed as com-
pared to the untreated control (Figure 7D). The inflamma-
tion and immune cell infiltration in the skin was
recognized as negligible after the topical treatment of
liposomes. Both the physiological and histopathological
profiles verified that the enzyme-loaded liposomes did

not irritate the skin.

Discussion

Antibacterial therapy usually exhibits an incomplete
response. A major reason is biofilm-mediated tolerance,
which prompts the failure of antibiotic management.
C. acnes is an opportunistic microbe that is notorious
owing to its biofilm formation, which reduces the suscept-
ibility to antibacterial treatment. Currently there is no
clinically approved agent targeting bacterial biofilms. The
elaboration of delivery carriers that target biofilms and
disassemble the EPS is of importance. The present study
showed that cationic liposomes incorporated with DNS
and PK are advantageous to eradicate both planktonic
and biofilm C. acnes. A sufficient enzyme entrapment
was demonstrated in our liposomal system. The biofilm
structure could be destroyed by the enzymes for increased
liposome penetration. The skin absorption was also
enhanced by the enzyme loading in the liposomes. The
nanovesicles could eliminate C. acnes burden in skin and
catheter in vivo. The therapeutic dose of the liposomes
was tolerable and induced no cutaneous toxicity.

The cell wall of Gram-positive microbes such as C. acnes
comprises a layer of peptidoglycan that is attached to anionic
teichoic acid.?® Cationic surfactants can easily adsorb to the
surface of Gram-positive bacteria and distort the membrane
integrity, thereby permeabilizing the membrane and leaking
the internal materials.”” SME has been verified to kill the
Gram-positive S. aureus via the direct cell surface rupture
and induction of the Fenton reaction and oxidative stress.”
SME incorporation in liposomes could maintain the inhibi-
tory activity against planktonic C. acnes as compared to the
free form. It has been accepted that teichoic acid is a common
binding site for nanoparticles and liposomes.”® The predo-
minant feature of liposomes is the similarity to the cellular
membrane, allowing fusion with the bacterial surface.”
Cationic liposomes show facile fusion with the membrane
of both Gram-positive and -negative bacteria.*® The level of
fusion is 44% and 66% for Peudomonas aeruginosa and
Escherichia coli, respectively. It is proved that cationic lipo-
somes are able to kill both Gram-positive and -negative
bacteria with the antimicrobial capability greater than neutral

and anionic liposomes.’' Both electrostatic attraction and
fusion are responsible for facilitating liposomal interaction
with C. acnes. The increase of liposomal fluidity can enhance
the bacterial membrane interaction.”” The intercalation of
DNS and/or PK in the liposomal bilayers might increase
the fluidity to promote fusion and the following bacterial
killing. The time-killing curve of planktonic C. acnes showed
further growth inhibition after enzyme incorporation into the
cationic liposomes, although this effect was not very signifi-
cant. When the cationic liposomes fused with the bacterial
surface, the entrapped SME would be released into the
membrane or the intracellular environment, resulting in the
planktonic C. acnes death.

Antimicrobial susceptibility is markedly lowered in bio-
films where the pathogens are more tolerant to antibacterial
agents than the planktonic type. This has resulted in the
difficulty or curing biofilm-associated infections. Our data
demonstrated a decrease of C. acnes biofilm mass and
thickness upon the treatment of liposomes loaded with
SME and enzymes. The antibiofilm activity of the liposo-
mal SME and enzymes was greater than that of the free
forms. The liposomes could penetrate deeply and exten-
sively into the biofilm matrix, contributing to the conceiva-
ble capacity of biofilm distortion. The first step of liposomal
penetration into the biofilm should be the partitioning of the
matrix surface. The extremely non-wetting surface feature
of biofilms has led to the restricted diffusion of antibacterial
liquids into the biomass.*® Liquids with high surface ten-
sion are repelled by the biofilm surface.>* The low surface
tension of the liposomes due to the incorporation of surfac-
tants and enzymes facilitated the entrance into the biofilm.
After the biomass entrance, the liposomes would meet an
environment rich of negative charge. The extracellular
DNA in biofilms exhibits a negative charge and acts as the

antibacterial 35,36

chelator of cationic nanoparticles.
Cationic liposomes could be ideal antimicrobial agents for
targeting biofilms.

There is a complex channel network inside the biofilm
established by C. acnes.’” These holes allow the diffusion of
nanoparticles with the size of several hundred nm.*® In addi-
tion to electrostatic attraction, the phospholipid coat on the
nanoparticulate surface can interact with the biofilm EPS,
leading to matrix disruption.”® This could explain why the
cationic liposomes could inhibit biofilm development to
some degree in the absence of DNS and PK. The deep and
uniform distribution of the liposomes inside the C. acnes
biofilm was proved by CLSM. We hypothesized that once

the cationic liposomes were facilely deposited on the biofilm
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surface, they diffused through the EPS via electrostatic and
lipophilic interactions, followed by biomass degradation.
The dispersion of C. acnes biofilms could result in the release
of matrix-degrading enzymes to break down some EPS,
allowing the biofilm bacteria to escape into the bulk fluid.*’
The shedding of bacteria from the biofilm usually occurs in
the late stage of EPS development.'® Although free SME
demonstrated limited capacity to eliminate biofilm structure,
it could efficiently kill biofilm-embedded C. acnes and the
planktonic bacteria released from the biofilm. The small size
of the free surfactant molecules was beneficial for diffusion
into the biofilm mesh and allowed it to easily interact with the
bacteria. The liposomes could eliminate C. acnes inside and
outside the biofilm, although this effect was minor compared
to the free SME. The nanovesicles facilely penetrated into the
biofilm and increased the close interaction with C. acnes. The
reduction of biofilm C. acnes colonies diminished the sub-
sequent bacteria release from the matrix.

Extracellular DNA is the main component of the biofilm
responsible for initiating bacterial attachment to the surface,
bacterial aggregation, and cell-cell interaction.*’** It is
important for the maintenance of biofilm stability. The enzy-
matic degradation of DNA by DNase has been shown to
efficiently scavenge biofilm growth.*> Our data showed that
the DNS treatment prevented C. acnes biofilm development
and prompted bacterial exposure to the antimicrobial agent
for eliminating the colonization. A mature biofilm contains
components other than extracellular DNA, including pro-
teins, polysaccharides, and lipids. These components render
DNase alone ineffective to disassemble biofilm.**** Proteins
are a key part of EPS. Biofilm-associated proteins can be
another potential target for antibiofilm management.*® PK is
a serine protease that cleaves the C-terminal peptide bond for
protein digestion. The proteinaceous adhesion during the
EPS adherence on surface can be inhibited by PK.*” Our
result indicated that PK degraded the protein adhesion and
biofilm mass of C. acnes. The combined treatment of DNS
and PK in liposomes appeared to show a cumulative effect on
biofilm distortion, supporting the role of both DNA and
proteins on C. acnes biofilm cohesion. We hypothesized
that the liposomes could release the enzymes via concentra-
tion gradient of diffusion when penetrating into the biofilm,
resulting in the biofilm damage. Then the SME liposomes
further fused with biofilm bacteria to cause the elimination of
C. acnes. Only the cationic liposomes containing dual
enzymes were able to inhibit the expression of virulence
factors PPA380 and PPA1035 in C. acnes biofilm. Both

virulence genes are largely upregulated in the pathogenesis
induced by C. acnes.***®

A major concern of enzyme-based antibiofilm interven-
tion is the dispersal of bacteria from the biofilm to increase
the risk of distant infection.”® A combination of antibacterial
agents is warranted for enzyme-based therapy. The co-
encapsulation of SME and enzymes in liposomes could dis-
play a synergistic effect to eradicate biofilm C. acnes and its
structure. The cationic surfactant could be a chelator that
binds with extracellular DNA.'® This interaction would
approximate the enzymes to the matrix for EPS degradation.
On the other hand, DNS or PK has proved to be efficacious in
biofilm

4% The enzymes weakened the biofilm matrix,

ameliorating antibiotic
46,

susceptibility —against
infection.
rendering the decrease of the diffusion distance of the lipo-
somes. This enabled the liposomes to permeate deep inside
the biomass and expose the C. acnes for subsequent killing.
In addition to acne, C. acnes is an opportunistic pathogen
involving in implant catheter infections through biofilm
formation.>” C. acnes can vigorously adhere on catheter
surfaces, which is the initial step of the biofilm life cycle.
From the in vitro experimental result, the enzyme-loaded
cationic liposomes were operative in inhibiting biofilm adhe-
sion on microfluidic chambers.

Antibacterial agents can be administered topically for acne
treatment because of their ability to escape systemic adverse
effects, localize agents near the infection site, and noninvasive
management. It is necessary to conquer the barrier property of
skin for the enhanced skin penetration of antibacterial agents.
Conventional liposomes with their rigid structures have little
value as a topical delivery system, as they are difficult to
deliver into the deeper skin strata and tend to be retained in
superficial layers.>® The nanovesicle-skin interaction can be
greatly influenced by the elasticity of liposomes. Some surfac-
tants embedded in the lipid bilayers of liposomes can destabi-
lize the bilayers to offer a deformable membrane, resulting in
the enhanced skin transport by squeezing through the inter-
cellular route.”" Previous studies™>* have reported a higher
skin penetration of cationic elastic liposomes than their anionic
counterparts due to the inherent negative charge of the skin.
Our cationic liposomes containing rhodamine showed higher
skin delivery as compared to the free dye. However, the
cationic liposomes were mainly confined in the epidermis,
with a limited diffusion to deeper layers. The intercalation of
DNS and PK within the phospholipid bilayers could further
increase the flexibility of the liposomal membrane, thereby
facilitating the penetration into the skin, especially the deeper
skin strata. It was also expected that these enzymes will
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degrade the cutancous structure to expand the permeation
pathways for liposomes. Hair follicles have been acknowl-
edged as a common pathway for nanoparticle penetration into
the skin.>* A positive liposome charge is favorable for folli-
cular permeation, as the epithelium and the hair shaft are
negatively charged on the surface.” Nanoparticles are easily
transported into the deeper skin strata via the hair follicles
because of the low barrier characteristic of the follicular

epithelium.'”

We found a facile delivery of enzyme-
containing liposomes to hair follicles and deeper skin layers.
A significant delivery to hair follicles is beneficial for treating
acne.

In addition to acne, C. acnes biofilm is often detected in
catheter implantations. The catheter surface is bioreceptive
and can form an environment where C. acnes attaches on the
surface.”® Implantation patients have a high risk for latent
instrumentation infection and complication raised by
C. acnes biofilms.”’ Implant-associated infections require
a prolonged treatment course and have an increased cost for
antibacterial therapy. Our in vitro data validated the effi-
ciency of liposomes for reducing the biofilm adherence on
microfluidic chamber surfaces. An animal model of
a subcutaneous catheter infection in mice was established
to examine the in vivo effect. An elimination of the C. acnes
burden in the catheter was achieved by the liposomes loaded
with dual enzymes. Cationic liposomes are known to cause
cytotoxicity against mammalian cells.’® Quaternary ammo-
nium surfactants are often employed as antimicrobial ingre-
dients; however, their cytotoxicity has hampered their
application.** Quaternary ammonium compounds also exhi-
bit skin irritation after topical administration.” The signifi-
cant cytotoxicity of free SME against keratinocytes and
monocytes proved the concern of using quaternary ammo-
nium surfactants. Our result demonstrated the minimal cyto-
toxicity after encapsulating SME into the liposomes. It could
be due to the SME intercalation in phospholipid bilayers
preventing the direct contact with the cells. The liposomes
could be used for eradicating biofilms at certain concentra-
tions without causing toxicity to mammalian cells. The lipo-
somes induced no skin irritation and barrier disintegration
according to physiological and histological examinations.
The biocompatible properties of the liposomes provided
satisfactory skin tolerability. Currently, topical acne treat-
ments using azelaic acid and benzoyl peroxide have led to
the adverse responses of cutaneous burning, redness, and
scaling. The use of the developed liposomes may be effective
for providing C. acnes treatments with few side effects.
Alternatives to antibiotics are urgently required to decrease

the risk of antibiotic resistance. We designed a liposomal
system with innate antibacterial and antibiofilm activities in
the absence of antibiotics.

Conclusions

Our liposomes successfully entrapped SME and enzymes to
develop a nanocarrier for C. acnes biofilm treatment. The
cationic liposomes loaded with enzymes were effective in
inhibiting planktonic C. acnes growth and correlated with the
affinity of SME to the bacterial surface. The liposomes
manifested improved efficacy in disassembling biofilm struc-
tures compared to the free control, on account of their facile
penetration and the subsequent extracellular DNA and pro-
tein degradation. The co-treatment of the dual enzymes DNS
and PK further enhanced the capability of preventing biofilm
formation and virulence activation. Eventually, we found the
excellent in vivo inhibition activity of the liposomes against
the C. acnes burden in the skin and in catheters. The dose
used for biofilm eradication was nontoxic for mammalian
cells and skin. The dual enzyme-loaded cationic liposomes
represented an efficient carrier for antimicrobial and antibio-
film properties against C. acmes, without the use of
antibiotics.
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