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The short release haf-life of carbon monoxide is a major obstacle to the effective therapeutic
use of carbon monoxide-releasing molecule-2 (CORM-2). Herein, CORM-2-entrapped
ultradeformable liposomes (CORM-2-UDLSs) were designed to prolong carbon monoxide
release half-life and enhance skin permeation of CORM-2 for better anti-inflammatory

effects in skin inflammation modd!.
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Abstract The short release half-life of carbon monoxide (@©% major obstacle to the
effective therapeutic use of carbon monoxide-rétgasiolecule-2 (CORM-2). The potential
of CORM-2-entrapped ultradeformable liposomes (CORMDLS) to enhance the release
half-life of CO and alleviate skin inflammation wawestigated in the present study. CORM-
2-UDLs were prepared by using soy phosphatidylcteolo form lipid bilayers and Tween 80
as an edge activator. The deformability of CORM2td was measured and compared with
that of conventional liposomes by passing formataithrough a filter device at a constant
pressure. The release profile of CO from CORM-2-dMas evaluated by myoglobin assay.
In vitro and in vivo anti-inflammatory effects of CORM-2-UDLs were assed in
lipopolysaccharide-stimulated macrophages and Tilidged ear edema model, respectively.
The deformability of the optimized CORM-2-UDLs was3 times higher than conventional
liposomes. CORM-2-UDLs significantly prolonged ttedease half-life of CO from 30 s in a
CORM-2 solution to 21.6 min. CORM-2-UDLs demonsdhtn vitro anti-inflammatory
activity by decreasing nitrite production and pnflammatory cytokine levels. Furthermore,
CORM-2-UDLs successfully ameliorated skin inflammat by reducing ear edema,
pathological scores, neutrophil accumulation, amithinmatory cytokines expression. The
results demonstrate that CORM-2-UDLs could be usedromising therapeutics against



acute skin inflammation.

KEY WORDS Carbon monoxide; CORM-2; Anti-inflammatory effect; Ultradeformable
liposomes; Skin inflammation; Ear edema

1. Introduction

In the past few decades, low molecular weight gaseauolecules, including nitric oxide
(NO), carbon monoxide (CO) and hydrogen sulfideS}l have been well recognized as
gasotransmitters in human and have attracted mitebecause of their novel therapeutic
potential”. The beneficial biological effects of CO remainauexplored for a long time
owing to its reputation for toxicity, arising froits 250-fold higher binding affinity toward
hemoglobin (Hb) compared with oxygen, which causissue hypoxia by substantially
reducing the oxygen-carrying capacity of ¥lbHowever, endogenously produced CO has
been shown to exhibit a variety of valuable biotadifunctions, such as anti-inflammatory,
anti-apoptotic, anti-proliferative, anti-oxidangsoactive and cytoprotective activifiésThe
endogenous production of CO in human bodies refuolts the catabolism of heme by heme
oxygenase (HO) enzymes. The heme degradation patimvalves the activity of the
inducible isoform HO-1 and the constitutive isofod®-2 to produce equimolar quantities of
CO, biliverdin and free irdn The HO-1 pathway is activated in response tesstu insults,
such as ischemia, hypoxia, inflammation, apoptsignals and redox imbalance, so it
generates physiological concentrations of CO taada signaling molecule for the regulation
of intracellular, neural and vascular functitins

The recognition of the biological functions of egdaous CO has led scientists to
investigate the therapeutic benefits of exogenowslyninistered CO. The potent anti-
inflammatory activity of inhaled CO is well estadflied in animal models of inflammation,
ischemia, lung and vascular injuries, sepsis aradt gejectiori™ A major hurdle in the
effective clinical utility of direct CO inhalatioms the need for strict dose control and
specialized settings because overdosing on CO eafethal’®> These problems have
prompted the design of innovative carbon monoxaleasing molecules (CORMS) to serve
as CO donors and safely deliver gaseous CO. CORMstransition metal carbonyl
complexes, capable of releasing controlled amoont€O when exposed to a suitable
biological environment. Some noteworthy CORMs thate already been developed are
CORM-1 [Mmp(CO)o and Fe(CQ), CORM-2 [Ru(CO)Cly,;, CORM-3 [Ru(COYCI-
glycinate] and CORM-A [Nay(HsBCO,)]**. CORMs use a unique strategy to release their
CO payload in the body and have been reportedhibigxhe therapeutic potential of CO in a
variety of animal model3*® The overwhelming majority of previous studies ddwcused
on the commercially available CORM-2, proving itgtianflammatory, antimicrobial, anti-
allodynic, anti-nociceptive and anti-hyperalgesiiees . However, the clinical utility of
CORM-2 remains a challenge because its CO releaffdifa is less than a minute
Nanoparticle-mediated delivery of CORM-2 is onerpigsing approach to solve the problem
of its short CO release profile.

The therapeutic effectiveness of CORM-2 has beeprawed in several studies by
loading it in nanoparticles that then release tleiCa controlled manner. The encapsulation



of CORM-2 in styrene-maleic acid copolymer miceltesulted in better tissue protection,
compared with free CORM-2, against inflammatory bbwlisease in a murine colitis
modef®. In a subsequent study by our gréusustained CO release from CORM-2-loaded
solid lipid nanoparticles enhanced its vivo anti-inflammatory effects in a carrageenan-
induced rat paw edema model. Most recently, we daimat loading CORM-2 in solid lipid
nanoparticles enhanced its anti-allodynic and lyeralgesic effects in a chronic
constriction injury modéf. Our group, for the first time, is exploring thetential of CORM-
2-loaded nanocarriers in a skin inflammation modieke next generation of liposomes, often
described as elastic, deformable, or ultradeforméipbsomes (UDLs) or Tansfersomés
holds great promise for improving the skin pernmmatf therapeutic agefifs* UDLs are a
spherical, nanosized drug delivery system compas$dulayers of phospholipid molecules
and an edge activafor The presence of edge activator in the phosphibbjiayers enables
UDLs to penetrate deep into the skin by using a#tjoh gradient across the epiderfhisn
contrast to UDLs, conventional liposomes contaialesterol instead of an edge activator in
their bilayers, which limits their ability to perme the skin. Therefore, UDLs might not only
be a promising way to improve the skin permeatidnC®ORM-2 to ameliorate skin
inflammation, but they might also function to enbathe CO release half-life.

In this study, we investigated the anti-inflammgtqrotential of CORM-2-entrapped
ultradeformable liposomes (CORM-2-UDLS) in a tetea@hoylphorbol acetate (TPA)-
induced skin inflammation model. CORM-2-UDLs, whicised soy phosphatidylcholine
(SPC) to form the bilayer and Tween 80 (TW80) asedge activator, were prepared and
optimized using a lipid film hydration and extrusitechnique. They were characterized for
particle size, polydispersity index (PDI), surfat®rge, entrapment efficiency, deformability
and morphology. The release of CO from CORM-2-UDNas assessed using myoglobin
assay, andin vitro and in vivo anti-inflammatory effects were evaluated using
lipopolysaccharide-stimulated macrophages andasma model, respectively.

2. Materials and methods

2.1. Materials

The SPC was kindly gifted by Lipoid GmbH (Ludwigéta Germany). CORM-2, TW8O0,
sodium dithionite, myoglobin, mineral oil, Griessagent, TPA, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and lipopadgsharide (LPS) were purchased from
Sigma-Aldrich (St. Louis, MO, USA), and fetal bovine seru(FBS) and Dulbecco’s
modified Eagle’s medium (DMEM) were purchased fr@ibco BRL (Grand Island, NY,
USA). All other chemicals were of analytical graded were used without any further
purification.

2.2. Preparation of CORM-2-UDLs

CORM-2-UDLs, which used SPC to form the lipid bgéayand TW80 as the edge activator,
were prepared by a slightly modified thin lipidniilhydration and extrusion technigle
Concisely, CORM-2, SPC, and TW80 were dissolvechioroform that was then evaporated
at a reduced pressure using a rotary evaporataayRoor R3; Biichi Labortechnik AG,
Flawil, Switzerland). Further drying of the resuitahin lipid film was accomplished by



purging it with a stream of nitrogen gas for 30 miline completely dried lipid film was
hydrated with a 5% dextrose solution maintained &&mperature (40 °C) above the phase
transition of SPC. The obtained liposomal dispersias sonicated for 30 min in a bath type
sonicator operated at 40 ‘C and then extruded éstithrough a 100 nm polycarbonate
membrane using a Mini-Extruder (Avanti Polar Lipidac., Alabaster, AL, USA). The
resultant CORM-2-UDLs were further purified by rermmyg free CORM-2 through an
ultrafiltration centrifugation process at 14,0@0®r 15 min and stored in a refrigerator (4 °C)
until further analysis. The composition of CORM-BLs is presented in Table 1.

2.3. Particle size, PDI, surface charge and entrapment efficiency of CORM-2-UDLs
Suitably diluted samples of CORM-2-UDLs were anatyavith a light-scattering instrument
(Zetasizer Nano ZS; Malvern Instruments, Malvern, UK) to determine the mean patrticle size,
PDI and surface charge in terms of zeta poterila. particle size measurement and PDI are
based on photon correlation spectroscopy, and etee otential evaluation is based on the
principle of electrophoretic light scattering.

The amount of CORM-2 entrapped in CORM-2-UDLs watethmined by measuring the
amount of ruthenium (Ru) in the sample with induelly coupled plasma atomic emission
spectrophotometry (Spectro, Kleve, Germany) attaatien wavelength of 240.3 rifn The

entrapment efficiency (%) of CORM-2-UDLs was thethcalated using Eg. (1) as follow.

Amount of Ruin CORM-2-UDLs

. . o) —
Entrapment efﬁClenCy (/0) Total amount of Ruin CORM-2 added x 100
(1)

The optimized CORM-2-UDLs formulation was evaluafed storage stability at 4 and
25 °C for 28 days. For this purpose, CORM-2-UDLsavgtored in dry and sealed glass vials
flushed with a stream of nitrogen gas. Samples wabsequently monitored for changes in
particle size, PDI, zeta potential and entrapméiiency at day 1, 3, 7, 14, 21 and 28 days.

2.4. Deformability index of CORM-2-UDLs

The deformability index of UDLs measures their ipilo penetrate pores much smaller than
their own diameter. The deformability of CORM-2-UPlwas measured by extruding the
sample through a 50 nm polycarbonate membranesiailess steel pressure extruder (Lipix
Extruder; Northern Lipids Inc., Burnaby, BC, Canada) at a constant pressufeloMP&®,
The deformability index ) was then calculated by measuring the volume oRUIE2-
UDLs extruded in 5 minJ) and their particle size after extrusiag) through a permeability
barrier having pore diameter) of 50 nm, using the following equation Eq. (2).

p=sx(2)
(2)

2.5. Transmission electron microscopy

The morphological features of the optimized CORNMH2LS were visualized using a field-
emission transmission electron microscope (FE-THEM-2100F; JEOL, Tokyo, Japan).
The sample was prepared for TEM analysis by addidgop of CORM-2-UDLs formulation



onto a carbon-coated 400 mesh copper grid, anavialipsurface adsorption. The excess
CORM-2-UDLs were removed from the grid, and then wdded a drop of 1%
phosphotungstic acid solution for negative stainiige negatively stained sample was
properly dried at room temperature and analyzel WM at an accelerating voltage of 200
kv,

2.6. In vitro CO release from CORM-2-UDLs

In vitro release profile of CO from CORM-2-UDLs was evalghtwith a myoglobin
assa§™>° Precisely, myoglobin (Mb) solution was prepargddissolving lyophilized equine
heart Mb in phosphate-buffered saline (0.01 magbH, 7.4). Sodium dithionite (0.1%y/v)
was added as a reducing agent to 1 mL of Mb selutoaccomplish the conversion of Mb
into deoxyMb. CORM-2-UDLs or CORM-2 solution in atiol (equivalent to 20 pumol/L
CORM-2) was then directly mixed with 1 mL of deoxlgMolution in a quartz cuvette. The
resultant reaction mixture was covered with 5000t ight mineral oil to prevent the escape
of the released CO and oxygenation of the deoxyddb. The amount of carbonmonoxy
myoglobin (MbCO) produced from the deoxyMb as aultesf CO release from CORM-2-
UDLs or CORM-2 solution was quantified by measurihg optical density at 510 and 540
nm using a UV-Visible spectrophotometer (Ultros@g@00, Biochrom Ltd., Cambridge, UK).
The produced MbCO was quantified at regular intisruentil the release of CO reached a
plateau.

2.7. Invitro cell viability and anti-inflammatory studies

2.7.1. Cdl culture

A RAW 264.7 cell line of murine macrophages waschased from the American Type
Culture Collection (Manassas, VA, USA). The maciagdh cells were cultured in DMEM
containing 10% heat-inactivated FBS, 100 pg/mL wémomycin, and 100 units/mL of
penicillin. The cells were cultured at 37 °C in hdified air containing 5% C©
Experiments were conducted when the cell cultuzashred ~80% confluence.

2.7.2. MTT assay

The effects of CORM-2-UDLs and CORM-2 solutioniarvitro cell viability were measured
by the MTT assay to confirm that the formulationd dot produce cytotoxicity in living
cells. Briefly, RAW 264.7 cells were seeded in 9éHwplates at a density of 1 x 10
cells/well and incubated at 37 °C for 24 h. Thdscelere treated and incubated with two
different concentrations of CORM-2-UDLs and CORMd@ution (equivalent to 10 and 20
pmol/L of CORM-2) for 24 h. Each well was then teshwith MTT reagent (0.5 mg/mL)
followed by incubation for an additional 2 h at 37. After the supernatant was carefully
removed, formazan crystals in each well were digsbby the addition of 100 pL of DMSO.
Formazan concentration was determined by meastin@gbsorbance at 570 nm using a
multimode spectrophotometer (Enspire, Perkin Elvéajtham, MA, USA), and the cell

viability (%) was calculated by comparing the albsmrce with that of untreated control
cells*,

2.7.3. Nitric oxide assay



In vitro anti-inflammatory effects of CORM-2-UDLs were avaled in LPS-stimulated RAW
264.7 cells using a NO as$ayThe amount of a pro-inflammatory mediator, NCattthe
cells produced was measured as an indicator ainmfiation. For this purpose, RAW 264.7
cells were seeded in 24-well plates at a density ®f10 cells/well and incubated at 37 °C
for 24 h. The cells were subsequently challengetth WPS (200 ng/mL) for 24 h in the
absence or presence of CORM-2-UDLs and CORM-2 isoljat a dose equivalent to 10 and
20 pumol/L of CORM-2). The supernatant from eachlwels collected and centrifuged to
remove cell debris, which was followed by the additof Griess reagent and subsequent
incubation for an additional 20 min at room tempa®@ The ability of CORM-2-UDLs to
inhibit LPS-stimulated NO production was measurgdjbantifying the nitrite concentration
(stable end product of NO) at 540 nm using a mutenspectrophotometer (Enspire, Perkin
Elmer, Waltham, MA, USA). A standard calibrationnegl of sodium nitrite was constructed
to calculate the nitrite concentration.

2.7.4. Measurement of pro-inflammatory cytokines level

In vitro anti-inflammatory effects of CORM-2-UDLs were foer evaluated by measuring
the production of pro-inflammatory cytokines in LBSmulated RAW264.7 cells. The
cytokines were quantified in terms of releasedgand mMRNA expression levels using an
enzyme-linked immunosorbent assay (ELISA) and qtaivie real-time polymerase chain
reaction (QRT-PCR), respectively. RAW 264.7 cellsrgvstimulated with LPS (200 ng/mL)
for 24 h in the absence or presence of CORM-2-UBhd CORM-2 solution (at a dose
equivalent to 20 pmol/L of CORM-2), as describedN® assay. The released levels of IL-6,
IL-14, and TNFe in the cells supernatant were determined by uieg respective mouse
DuoSet ELISA kit (R&D systems, Minneapolis, MN, UgAccording to the manufacturer’s
instructions.

The levels of mMRNA expression fde6, 11-15, and Tnf-a were determined by qRT-PCR.
For this purpose, RAW 264.7 cells were stimulateth wPS (200 ng/mL) for 24 h in the
absence or presence of CORM-2-UDLs and CORM-2 isoluiat a dose equivalent to 20
pmol/L of CORM-2), followed by total RNA isolatioffom the cells using Trizol reagent
(Life Technologies, Carlsbad, CA, USA) accordinghte manufacturer’s protocdl Purified
RNA (500 ng) was reverse transcribed to synthet@BA by using ReverTra A&RT kit
(Toyobo, Osaka, Japan) in MyCycler™ Thermal Cyc(&o-Rad Laboratories Inc.,
Hercules, CA, USA). Quantitative PCR was performethg iQTM SYBR Green supermix
(Bio-Rad) on a CFX96TM Real-Time PCR Detection 8gst (Bio-Rad), under the
conditions of 95 °C for 10 min, followed by 45 cgslat 98 °C for 10 s, 60 °C for 30 s, and 72
°C for 1 min, and elongation at 72 °C for 5 min.eTfrimers were obtained from Genotech
(Daejeon, Republic of Korea), and the sequencesnfmuse primers were as follows: for
Gapdh, sense 5-TGAACGGGAAGCTCACTGG-3 and anti-sense - 5’
TCCACCACCCTGTTGCTGTA?’; for 11-15, sense 5'-
CAACCAACAAGTGATATTCTCCATG-3 and anti-sense 5'-
GATCCACACTCTCCAGCTGCA3Z’; for 11-6, sense 5'-AACGATGATGCACTTGCAGA-3’
and anti-sense 5-GAGCATTGGAAATTGGGGTA:; for Tnf-a, sense 5'-
ATGAGCACAGAAAGCATGATC-3 and anti-sense 5-TACAGGOIGTCACTCGAATT-

3. Gene expressions were calculated using the acmtipe CT method 7724¢t), and
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normalized to the GAPDH control.

2.8. In vivo anti-inflammatory activity of CORM-2-UDLSs
2.8.1. TPA-induced ear edema model

In vivo anti-inflammatory activity of CORM-2-UDLs was insgated in a TPA-induced
mouse model of ear edefiaMale ICR mice (6 weeks old) were purchased froenkoatech
Laboratory Animal Company (Pyeongtaek, Gyeonggipudic of Korea). All animal
experiments were approved by the Institutional Aali@are and Use Committee of Hanyang
University, and all procedures were conducted alinogrto the guidelines of the National
Institutes of Health. Concisely, CORM-2-UDLs (ecplent to 0.2 mg of CORM-2), CORM-
2 solution (0.2 mg of CORM-2), indomethacin (0.2)mgy vehicle (20 pL of 5% dextrose)
was applied on the inner and outer skin surfadbefight ear, followed by the application of
TPA (2 pgl/ear) on the same ear after 1 h. Theehafof each animal was used as the control.

2.8.2. Ear thickness and weight measurement

The extent of edema in the TPA-induced mouse medes assessed by measuring the
thickness and weight of the right and left earsaxth animal. At the designated time intervals
of 0,1, 2, 3, 4, 5, and 6 h following TPA applicat, the thickness of each ear was measured
with a digital caliper. Six hours after TPA apptica, the mice were sacrificed, and a plug 6-
mm in diameter was removed from both ears withap$y punch (Kai Industries, Tokyo,
Japan) and weighed. The difference in the thickaessweight of the right and left ears in
each mouse was used to determine the treatmentseffeCORM-2-UDLs. The collected ear
plugs were further processed and evaluated foogashological changes and the expression
of different inflammatory mediators.

2.8.3. Histopathological analysis

The tissue samples collected from the right eathe@Mmice were fixed in 4% neutral buffered
paraformaldehyde solution for histopathologicallgsia. The preserved tissue samples were
embedded in paraffin, and cross sections were prddallowed by hematoxylin and eosin
(H&E) staining. Histological changes and cellulafiliration were examined by analyzing
the stained sections under a light microscope. Jiltes were observed by a histologist
blinded to the experimental conditions for the nemiof neutrophils per scope, and
pathological scores were assigned for ear ederts),(@pidermal hyperproliferation B),
and leucocyte infiltration ().

2.8.4. Estimation of cytokine mRNA levelsin ear tissues

In vivo levels of mMRNA expression oF-6, I1-15, and Tnf-a in ear tissues were estimated by
gRT-PCR. The samples collected from the right e@se frozen, homogenized, and total
RNA from tissue homogenates was isolated with tRé&dl reagent using the manufacturer’s
protocol. Complementary DNA was created by revéraescribing purified total RNA (500
ng) with a ReverTra Ace® gPCR RT Kit (Toyobo, Osakapan) in a MyCycler™ Thermal
Cycler (Bio-Rad). qRT-PCR was performed with iIQTMYER Green Supermix on a
CFX96TM Real-Time PCR Detection System (Bio-Rad)e Tdetailed conditions for qRT-
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PCR and the primer sequences were same with timosigein vitro studies as described
above.

2.9. Satistical analysis

All the experiments in this study were repeatel@ast three times, and the data are presented
as the meanzstandard deviation (S.D.) or standaod ef mean (S.E.M). Statistical analysis
of data was carried out by applying the Student&st or one-way ANOVA witlpost hoc
Duncan’s or Mann-Whitney U testing using SPSS safé(SPSS Inc., Chicago, IL, USA). A
value ofP<0.05 was regarded as a statistically significaffierence.

3. Results
3.1. Preparation and characterization of CORM-2-UDLs

CORM-2-UDLs were prepared and optimized with ddfer ratios of SPC (lipid bilayer
former) and TW80 (deformability inducing edge aatr) using the popular thin lipid film
hydration method. The cumulative amount of SPC amd80 was kept constant at 10
mg/mL, and a fixed amount of CORM-2 (1 mg/mL) wasled to all formulations. The ratios
of SPC to TW80 were varied as 9:1, 8:2, 7:3, add(@/w) to optimize the composition of
CORM-2-UDLs for particle size, PDI, entrapment @#ncy, and deformability. The results
of physicochemical characterization of CORM-2-Uldre described in Table 1. All CORM-
2-UDL formulations produced an average particle sizaround 100 nm with PDI values of
<0.200, demonstrating a narrow size distributionlipbsomal vesicles. The distribution
pattern of CORM-2-UDLs showed a unimodal curve (FIA), which indicates a
homogenous size distribution in the vesicle dispearsThe surfaces of CORM-2-UDLs were
positively charged, as demonstrated by zeta paierdiues of around 40 mV. The maximum
entrapment efficiency was 35.5% (CORM-2-UDLs-T1jieh was subsequently reduced to
23.9% when the amount of edge activator in thelliplayers was increased from 1 to 4
mg/mL (CORM-2-UDLs-T4). On the other hand, incregsthe TW80 concentration had a
negligible effect on the particle size and PDI esluof CORM-2-UDLs. These results
indicate that CORM-2-UDLs possess the favorablesigoghemical properties required of
nano-particulate drug delivery systems.
Insert Table 1

One of the key and unique attributes of UDLs idrthbility to deform their shape for
enhanced skin penetration. The shape transformadioifity of CORM-2-UDLs was
measured in terms of a deformability index, andréseilts are depicted in Fig. 1B. CORM-2-
UDLs had significantly higher deformability indicésan conventional liposomes (CORM-2-
CLs). In addition, the deformability of CORM-2-UDLwas greatly influenced by the
concentration of the edge activator in the lipithyers. The deformability indices increased
in the order of CORM-2-CLs (19.5+2.8)<CORM-2-UDLg-T128.3+2.6)<CORM-2-UDLs-
T3 (36.0+3.6)<CORM-2-UDLs-T1 (37.71£0.6)<CORM-2-UDIR (44.1+3.2), representing
about 1.46, 1.84, 1.93, and 2.26 times higher dedbility by CORM-2-UDLs compared
with CORM-2-CLs. These results indicate that thiatplity of the lipid bilayers decreased
when the TW80 concentration increased beyond 2 mg/m, with SPC:TW80 ratios of 7:3
and 6:4 (-T3 and -T4 formulations). Based on thaighest deformability index and
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reasonable entrapment efficiency, CORM-2-UDLs-TRCSTW80=8:2w/w) were chosen as
the optimized formulation for all further experinten

The optimized formulation, CORM-2-UDLs-T2, was thaubjected to TEM analysis to
visualize its morphology, and the resultant micepdr is shown in Fig. 1C. The TEM image
revealed a spherical shape with vesicular morphplogith a distinct lipid bilayer
surrounding an inner aqueous core. The unilamaltar uniform shape of CORM-2-UDLs
accompanied nanometric dimensions (~100 nm), tyeraldating the results of the photon
correlation spectroscopy size analysis. The opgthiZORM-2-UDLs-T2 formulation was
also evaluated for storage stability at refrigaratiod room temperatures (4 and 25 °C) for a
period of 28 days (Table 2). CORM-2-UDLs maintairiesdphysicochemical properties at 4
°C as shown by the absence of any marked changeariicle size, PDI, zeta potential and
entrapment efficiency after 28 days. In contranphstantial decrease in zeta potential (42.7
vs. 3.5 mV) and entrapment efficiency (31.5% 15.5%) was observed at 25 °C. These
findings indicate a superior storage stability @®RM-2-UDLs at low temperature compared
with room temperature and therefore advocate ted far storage at refrigerator conditions.

Insert Table 2 and Fig. 1

3.2. COrelease profile of CORM-2-UDLs

The release of CO from CORM-2-UDLs and its subsetjiending to deoxyMb in the
myoglobin assay was quantitatively determined byitoong spectrophotometric changes
upon the formation of MbCO. The time-course relgasdile of CO from CORM-2-UDLs
over a period of 3 h is illustrated in Fig. 2A. CMR-UDLs exhibited controlled CO release,
in contrast to the instant release seen with COR&#Ation. In the initial 30 min, ~90% of
the CO was released from CORM-2 solution, wherdaRKa-2-UDLs took 75 min to release
the same amount of CO. Furthermore, CORM-2-UDLsntaied a slow and continuous
release pattern of CO for 2 h. A detailed depicteod comparison of CO release from
CORM-2-UDLs and CORM-2 solution in the initial 2dnms shown in Fig. 2B. It is evident
that CORM-2 solution released 74% and 87% of its iI@G and 20 min, respectively,
whereas CORM-2-UDLs released only 1.8% and 48%eif {CO during the same times. It
is noteworthy that CORM-2-UDLs extended the relelak-life of CO by up to 43 times
compared with CORM-2 solution (21.6 mua 30 s).

Insert Fig. 2

3.3. Effects of CORM-2-UDLs on cell viability and LPS-stimulated inflammatory responses

The non-cytotoxicity of CORM-2-UDLs was confirmedy bmeasuring the viability of
macrophage cells using the MTT assay (Fig. 3A)aifnent of cells with CORM-2-UDLs or
CORM-2 solution at 10 and 20 pmol/L concentratiditsnot produce any cytotoxic effects,
as evidenced by cell viability of >95% of that faum the untreated control cells. These
results suggest that CORM-2 and all the ingrediesed to formulate CORM-2-UDLs are
nontoxic and safe fan vivo use.

To investigate the anti-inflammatory effects of Q@R-UDLs, the suppression of LPS-
stimulated increase in the inflammatory mediateugh as nitric oxide (NO) and cytokines in
RAW 264.7 macrophage cells was measured. The anods® was quantified in terms of
nitrite concentration, and the results are preseieFig. 3B. The inhibitory effects of
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CORM-2-UDLs on nitrite production were evaluateccahcentrations of 10 and 20 umol/L
and were compared with the effects of CORM-2 soiutiising untreated LPS-stimulated
cells as a control. At 10 pmol/L, CORM-2-UDLs sifjrantly reduced #<0.01) the nitrite
concentration to 36.8%, much lower than that frostisctreated with CORM-2 solution
(75.5%). Similarly, a remarkable difference in wgppression of nitrite production was seen
between CORM-2-UDLs (18.4%) and CORM-2 solution.486) at the 20 pumol/L dose.
These results suggest that CORM-2-UDLs have potewtro anti-inflammatory effects. A
dose of 20 umol/L of CORM-2 was selected for furthevitro anti-inflammatory studies,
since it demonstrated a better inhibitory effeatstle nitrite production compared to 10
pmol/L dose in NO assay.

Insert Fig. 3

The pro-inflammatory cytokines are known to playaortant roles in the amplification of
inflammation through transcriptional regulation. Wghthe levels of released cytokines in
media increased after LPS stimulation, the increa&es significantly suppressed in
macrophages treated with CORM-2-UDLs (Fig. 4A). Theels of IL-6 (37.2%), IL-g
(9.0%) and TNFs (55.2%) were significantly decreased by CORM-2-40h comparison
with CORM-2 solutions (93.5%, 63.9% and 86.9% farcte cytokine), suggesting that
CORM-2-UDLs effectively blocked the amplificatiori inflammation mediated by different
cytokines. To further confirm the inhibitory effectof CORM-2-UDLs on cytokine
production, the mRNA levels of cytokines were meaduby gqRT-PCR following 24 h
treatment with LPS in the presence or absence &MQ. Both thell-6 mRNA (34.5%) and
Tnf-o MRNA (32.0%) were significantly reduced by CORMJIPLs (Fig. 4B), consistent to
the level of released cytokines. The mRNA expressavels ofll-15 (163.8%) in LPS-
stimulated macrophages at 24 h were not statistidédferent between CORM-2-UDLs and
CORM-2 solution groups.

3.4. Alleviation of skin inflammation by CORM-2-UDLs

3.4.1. Effects of CORM-2-UDLs on ear edema

In vivo anti-inflammatory effects of CORM-2-UDLs were asse&d in mice using the TPA-
induced ear edema model. Topical application of T&ults in the induction of acute skin
inflammation accompanied by severe ear edéri@e severity of ear edema was monitored
by measuring the difference in thickness betweernritjht (treated) and left (untreated) ears
(Fig. 5A). The ear thickness started to rise folliyvTPA application, with a substantial
increase to 0.43+0.02 mm in the TPA group after, @dmpared with the vehicle control
group, which had an almost constant thickness girout the monitoring period. As shown
in Fig. 5A, differences in the edema levels amaegtiment groups were noticeable as early
as 2 h after TPA application and continued to iaseefor 6 h. With the indomethacin
(positive control) and CORM-2 solution treatmentkg ear thickness recorded after 6 h was
0.32+0.02 and 0.33+0.04 mm, respectively, both iBggmtly lower than the TPA-treated
group P<0.05). On the contrary, prominently less ear ede/@as observed in CORM-2-UDL
group, whose ear thickness was only 0.08+0.01 mhiclwwas close to that of the vehicle
group. CORM-2 solution displayed results comparaiolethose of the positive control
(indomethacin), with edema levels higher than thoSEORM-2-UDL group, demonstrating
that CORM-2-UDLs more effectively attenuated skiflammation. In addition to ear
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thickness, the weight of the ear plugs was alsaaed significantly by CORM-2-UDLs
(2.18+0.64 mg) compared with the TPA only (14.8250mg), indomethacin (12.22+0.75
mg), and CORM-2 solution (13.36x1.35 mg) treatedugs (Fig. 5B). These results
demonstrate the significamt vivo anti-inflammatory activity of CORM-2-UDLs.

Insert Fig. 5

3.4.2. Macroscopic observation and microscopic evaluation of ear tissues after H&E staining
TPA-induced real-time changes were visually obsraad histopathological attributes and
the accumulation of inflammatory cells in ear tessuere microscopically detected after H&E
staining (Fig. 6). Real-time photographs indicdiat the severity of TPA-induced ear edema
was successfully reduced by CORM-2-UDL treatmerst, exidenced by a decrease in
swelling and erythema. Similarly, the infiltratiand accumulation of inflammatory cells
decreased remarkably at the inflamed sites, anchadaissue architecture was preserved by
CORM-2-UDLs, as observed in the microscopic imad@ég. 6A). In contrast, indomethacin
and CORM-2 solution had less prominent effects @fular infiltration and tissue
architecture than CORM-2-UDLs. The neutrophil cohtg. 6B) increased after TPA
application (157 cells/scope) and was more subathnteduced by CORM-2-UDLs (10
cells/scope) than by the indomethacin (69 cellgplstor CORM-2 solution (110 cells/scope).
Furthermore, pathological indicators of skin inflaation, ear edema, epidermal
hyperproliferation, and leukocyte infiltration, veescored by a histologist blinded to the
experimental conditions and tabulated in Table GR®&-2-UDL samples exhibited 3.1, 2.6,
and 2.5 times lower histological scores for eameai€l.13) compared with the TPA (3.53),
indomethacin (2.93), and CORM-2 solution (2.87)up®, respectively. Likewise, epidermal
hyperproliferation and leukocyte infiltration sceneere also significantly lower in CORM-2-
UDL group than in the animals assigned to the TiRApmethacin, and CORM-2 solution
groups. Taking the results of the histopathologieahluation together, CORM-2-UDLs
efficiently ameliorated all the representative paggers of skin inflammation in the TPA-
induced ear edema model.

Insert Fig. 6

3.4.3. Evaluation of cytokine expression

Tissue samples from the right ear of each animaé \egaluated for the expression of potent
pro-inflammatory cytokines, IL-6, IL4A, and TNFe, in the skin (Fig. 7). Topical application
of TPA alone significantly increased the expressifrthose mediators in the mouse ears
compared with the vehicle group. The mRNA exprastoel ofll-6 was significantly lower

in CORM-2-UDL group (1.75-folds) than in the TPAL{Zfolds), indomethacin (168-folds),
and CORM-2 solution (289-folds) groups (Fig. 7A)m@arly, CORM-2-UDL-treated mice
showed 16.6, 5.6, and 7.7 times lower expressidh-3f (1.91) than mice treated with TPA
only (31.77), indomethacin (10.69), or CORM-2 sint(14.78), respectively (Fig. 7B). The
effects of indomethacin and CORM-2 solution on itifRNA expression levels of-15 were
comparable to each other, and both were substgnteds than in TPA only group.
Furthermore,Tnf-a expression levels were also markedly reduced bRRKaQ-UDLs (Fig.
7C). The suppression of pro-inflammatory cytokires;ompanied by the alleviation of ear
edema and improved histopathological scores, stigigesherapeutic potential of topically
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applied CORM-2-UDLs against skin inflammation.

4. Discussion

Despite the well-recognized potent anti-inflammegtceffects of CO, its therapeutic
applications are restricted by safety and doserabrequirements. CORM-2 is an attractive
alternative to gaseous CO, however, it releasesv@@ quickly and thereby reduces its
usefulness as a CO donor in animal models. Instudy, we developed CORM-2-UDLs to
both prolong the release half-life of CO and im@roskin permeation to produce anti-
inflammatory effects against skin inflammation. Q@R-UDLs were prepared from SPC
and TW80, which are both physiologically biocompktj pharmaceutically acceptable, and
widely studied ingredient$>*® The concentrations of SPC and TW80 were variestudy
the influence of composition and obtain CORM-2-UDigth optimal physiochemical
properties. We observed that the particle size@R®!-2-UDLs decreased slightly (106.3 to
95.3 nm) with a higher ratio of TW80 (9\s. 6:4, SPC:TW80), possibly because the
insertion of TW80 in the lipid bilayer membranesguced an increased curvature and
reduced the diameter of the UDLsIncreasing the amount of TW80 in the vesicleaysits
reduced the entrapment efficiency of CORM-2-UDLaenir35.5% to 23.9%. CORM-2 is a
lipophilic moiety that is concurrently accommodatedhe SPC matrix with TW80. A higher
TW80 content not only diminished the overall voluofehe lipid bilayers by decreasing the
particle size but also reduced their capacity tcoaonodate CORM-2, which reduced the
entrapment efficiency in CORM-2-UDLs. In additigoore formation in the lipid bilayers
with a higher edge activator concentration was iptesly associated with lower drug
entrapment efficiency in UDE&

Edge activator-imparted deformability is an impattéeature because CORM-2-UDLs
were formulated for topical delivery. In comparistinconventional liposomes, CORM-2-
UDLs demonstrated higher deformability indices atreconcentration of TW80. It has been
reported that edge activators cause shape traratioms in UDLs exposed to mechanical
stress or space detention. That stress-dependeptaddity could be attributed to the
repositioning of TW80 and SPC molecules, enabli@R®-2-UDLs to penetrate pores with
dimensions many times smaller than their &%f It is worth mentioning that edge activators
are mostly single chain surfactants with a higtvature radius and mobility, so they produce
lipid vesicles with a low elastic modulus and thrdoring about shape adaptability at low
energy*. The deformability of the bilayer membranes deseelaat high TW80 concentration
(3 and 4 mg/mL), possibly because of the coexigtasfcmixed micelles with less flexible
structure®’. On the other hand, the complete absence of am adtivator in the bilayer
membranes of CORM-2-CLs rendered them too rigigenetrate small poreés CORM-2-
UDLs-T2 formulation (SPC:TW80 of 8:2), which hadethighest deformability, was chosen
as the optimized formulation and used in all furttgperiments. The storage conditions play
a vital role in the stability of liposomal formulans since lipid vesicles have a natural
propensity to fuse and disintegrate upon storagkthereby bring about drug leakage and
changes in their particle size, PDI and surfaceggha* The enhanced stability of CORM-
2-UDLs at low temperature could be ascribed toféioe that higher temperature escalates the
kinetic energy and collision of the lipid vesiclés. addition, lipid bilayer degradation and
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defective membrane packing are also prominent glteni temperature due to gel-to-liquid
transitions resulting in compromised storage sitfil

Our findings indicate that CORM-2-UDLs substantialowed the release and enhanced
the half-life of CO. It is a sequential processsisting of slower CORM-2 release from the
lipid bilayer matrix of CORM-2-UDLSs followed by it@nt liberation of the CO from CORM-
2 upon ligand substitution triggered by sodium iditite**. The rate-controlling step in the
overall release process is the diffusion and degiaal of the liposomal bilayer membrane,
which releases the entrapped CORM-2. In contrastCORM-2 solution, CORM-2 was
readily available for ligand substitution with soh dithionite, which resulted in immediate
CO release. On the basis of their extended COgelkiaetics, we expected CORM-2-UDLs
to display superioiin vitro and in vivo anti-inflammatory responses in cells and animal
models.

Experimental evidence indicates that the therapeaffectiveness of CO depends
strongly on the concentration, mode, and duratibnit® application, apart from other
pathophysiological paramet&r3his dependence necessitates strict and presigeotof CO
release from CORM-2 for its safe and efficient against inflammatory conditions. Slower
CO release from CORM-2-UDLs, which produced longgposure for the macrophages,
resulted in improvedn vitro anti-inflammatory activity in the NO assay and alyhes
analysis. The smaller reduction in nitrite and &yte concentrations seen with CORM-2
solution could be ascribed to its instant releas€©, which causes a rapid loss of anti-
inflammatory action. It is noteworthy that CO liaegd from CORM-2 was shown to
suppress nitrite formation and the inflammatorypoese by inhibiting NO synthase in an
LPS-challenged cell culture syst&mn Furthermore, it has also been reported that CO
treatment modulates the production and polarizatfomacrophages towards M2 phenotype,
thereby inhibiting the release of pro-inflammataeggtokines and increasing the secretion of
anti-inflammatory cytokines in RAW 264.7 céfi’. Those findings provide a reasonable
explanation for the effects of CORM-2-UDLs and CORNMolution observed in our study.
In vivo alleviation of acute skin inflammation followinggical application of CORM-2-
UDLs was confirmed in murine TPA-induced ear edeaaell-recognized and widely used
model of localized skin inflammation characterizgdincreased epidermal proliferation and
thickness, the infiltration of inflammatory celland elevated levels of pro-inflammatory
cytokines in dermal tissu&s® Compared with CORM-2 solution and indomethacinta,
the enhancedn vivo anti-inflammatory activity seen with CORM-2-UDLsa® consistent
with the results fromin vitro NO and cytokine assay. CORM-2-UDLs successfully
suppressed the inflammatory parameters of skin ademstological changes, the
accumulation of neutrophils, and cytokine expresqit-6, IL-15 and TNFe). While we
observed consistent anti-inflammatory effects of RbB2-UDLs throughouin vitro andin
vivo results, there was a discrepancy between the mieiX&l and protein level of ILAin
the in vitro cell system (Fig. 4A and 4B). We could not obseavstatistically significant
inhibition of I1-13 mRNA level at 24 h after LPS stimulation. On thkev hand, the released
level of IL-18, which may play more actual role in inflammatomification than mRNA
itself, was significantly reduced by CORM-2-UDL<hi§ might be due to the different time
window of mMRNA expression and the cytokine releakging dynamic inflammatory
processes. Since the mMRNA expressionldff is maximally induced at ~6 h after LPS

13



stimulation and gradually decreased according ¢otithé”®, it would be worthy to examine
[1-18 mRNA level at earlier time point to clarify thehibitory effect of CORM-2-UDLs on
IL-14 at the transcriptional level. The level of mMRNApeassion ofl-15 as well adl-6 and
Tnf-o was significantly reduced by CORM-2-UDLs in mousar samples at 4 h after
inflammation induction, supporting the regulatioh oytokines by CORM-2-UDLsS in
transcription level.

Percutaneous permeability of CORM-2-UDLSs into thigaimed tissues is needed to exert
in vivo anti-inflammatory effects. The permeation of CORMUDLSs into the deeper skin
strata is facilitated by the edge activator—induatich-deformability of the vesicles, which
promotes dermal accumulatfn In addition to shape deformation, the interactimd
subsequent destabilization of intercellular lipigsthe UDLs is a mechanism contributing to
enhanced drug deposition in the skin layets It has also been reported that the permeation
of UDLs is followed by continuous drug release loasa their solubility in the stratum
corneum lipid3®. Because it is a lipophilic moiety, CORM-2 cantjtem and diffuse well
into the skin lipids. To dissociate CO in the bmtmal milieu, CORM-2 requires ligand
substitution preferably with thiol-containing compmis®. Glutathione, cysteine, and
proteins with free cysteine residues are probabéy main ligands that trigger CO release
from CORM-2 in the skin layet$> Taken together, our results indicate that our GER
UDLs successfully delivered CO into inflamed skimlgroduced anti-inflammatory effects.

5. Conclusions

Our data demonstrate that (i) CORM-2-UDLs extentthedrelease half-life of C@a slower
and constant release of CORM-&) CORM-2-UDLs enhanced the skin permeation and
dermal accumulation of CORM:-2and (i) CORM-2-UDLs showed superior anti-
inflammatory effects in LPS-stimulated RAW 264.7 arigphages and the murine TPA-
induced ear edema model compared with CORM-2 swlutiConsequently, topical
application of CORM-2-UDLs could be a potentialrdq@eutic approach to suppressing skin
inflammation in biological models.
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Figurel Physicochemical characterization of CORM-2-UDLs.) (AParticle size
distribution, (B) deformability indices and (C) TEMmnage of CORM-2-UDLs. The
deformability indices are expressed as the mean+&EB). 'P<0.05 vs. CORM-2-CLs,

CORM-2-UDLs-T1, CORM-2-UDLs-T3, and CORM-2-UDLs-T4.

Figure2 In vitro CO release profiles of CORM-2-UDLs and CORM-2 solut
determined by myoglobin assay. (A) CO release 8@ hin and (B) CO release for initial 20

min. Data are expressed as the meant$EB)(

Figure3  (A) Cell viability and (B)in vitro anti-inflammatory effects of CORM-2-UDLs
and CORM-2 solution in RAW 264.7 cells. To assesatro anti-inflammatory effects, cells
were stimulated with lipopolysaccharide and theiteitconcentration was determined. Data

are expressed as the mean+Sri25j. P<0.01vs. CORM-2 solution.

Figure4  The inhibitory effects of CORM-2-UDLs on the prdlammatory cytokines in
LPS-stimulated RAW 264.7 cells. (A) The level of-6l. IL-15 and TNFe determined by
ELISA and (B) the expression of mRNA for IL-6, IlF-and TNFe detected by quantitative

real-time PCR. Data are expressed as the mean+JrE3). 'P<0.05vs. CORM-2 solution

group.

Figure5  Suppression of TPA-induced skin inflammation aftéreatment with
CORM-2-UDLs. (A) The severity of edema evaluatedehy thickness and (B) the weight of
ear plugs. Data are expressed as the mean+SrEB). (P<0.05vs. TPA group and P<0.01

vs. CORM-2 solution group.



Figure6  Macroscopic observation and histopathological eamtadn of ear tissues after
H&E staining. (A) Real-time images and histologinatrographs and (B) neutrophil counts
per scope of ear tissues. Data are expressed amtretS.E.M{=5). P<0.01vs. TPA group,

TPA + indomethacin group, and TPA + CORM-2 solutipaup.

Figure7  Effects of CORM-2-UDLs on the expression of mRNAr fimflammatory
cytokines. (A) IL-6, (B) IL-B and (C) TNFe. Data are expressed as the mean+S.BE8)(

"P<0.05vs. TPA group andP<0.01vs. CORM-2 solution group.



Table1l Composition and physicochemical properties of CORMDLS.

Formulation Composition W/w) Physicochemical properties
SPC TW80 CORM-2 Particle size PDI Zeta potential Entrapment
(nm) (mV) efficiency (%)
CORM-2-UDLs-T1 9 1 1 106.3+1.6 0.070+0.025 43.7£4.9 35.5+0.9
CORM-2-UDLs-T2 8 2 1 100.9£1.5 0.087+0.025 42.7£4.5 31.5+2.0
CORM-2-UDLs-T3 7 3 1 98.6+3.1 0.116+0.005 40.9+4.8 27.1+2.3
CORM-2-UDLs-T4 6 4 1 95.3+1.2 0.141+0.031 38.016.8 23.9+2.0

SPC: soy phosphatidylcholine, TW80: Tween 80, UDilsadeformable liposomes, CORM-2: carbon monox&leasing molecule-2, PDI:

polydispersity index. Data are expressed as me@n£{$-3).



Table 2 Storage stability of CORM-2-UDLs at 4 and 25 °C 28rdays.

Day Particle size (nm) PDI Zeta potential (mV) BEpiment efficiency (%)
4°C 25°C 4°C 25°C 4°C 25°C 4°C 25°C
0 100.9+1.5 100.9+1.5 0.087+0.025 0.087+0.025 A+ 42.7+4.5 31.5+2.0 31.5+2.0
1 99.8+2.6 99.2+2.9 0.059+0.016 0.085+0.016 452+6.41.7+2.6 31.4+2.0 30.9+2.6
3 98.1+2.3 96.8+3.6 0.087+0.003 0.083+0.028 422+1. 41.8+1.6 30.5+1.8 29.9+1.9
7 100.3+0.8 97.6+3.5 0.085+0.019 0.071+0.007 46.8+3 37.4+4.6 30.1+2.8 27.4+2.0
14 99.0+5.9 95.9+2.4 0.077+0.013 0.067+0.010 458+4 22.6+1.7 29.0+2.0 24.6+3.3
21 97.9+3.2 89.5+3.2 0.077+0.029 0.067+0.002 452+3 7.7+1.3 28.0+1.1 23.2+3.9
28 99.2+1.7 89.5+4.3 0.067+0.020 0.079+0.021 402+6 3.5+1.0 27.2+2.5 15.5+4.1

Data are expressed as mean+SrB3j.



Table 3 Effects of CORM-2-UDLs on pathological parameter§ PA-induced ear edema model.

Groups Ear edema Epidermal hyperproliferation ~ Leucocyte infiltration
Vehicle 0.00+0.00 0.00+0.00 0.00+0.00
TPA 3.53+0.38 2.47+0.69 3.27+0.43
TPA + indomethacin 2.93+0.43 1.47+0.30 2.60+0.15
TPA + CORM-2 solution 2.87+0.56 1.93+0.72 2.53+0.65
TPA + CORM-2-UDLs  1.13%0.77 0.93+0.72 0.730.55

Data are expressed as mean+StB5]. 'P<0.01vs. TPA and’ P<0.01vs. TPA, TPA + indomethacin and TPA + CORM-2 solutgmups.
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