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Abstract The short release half-life of carbon monoxide (CO) is a major obstacle to the effective ther-

apeutic use of carbon monoxide-releasing molecule-2 (CORM-2). The potential of CORM-2-entrapped

ultradeformable liposomes (CORM-2-UDLs) to enhance the release half-life of CO and alleviate skin

inflammation was investigated in the present study. CORM-2-UDLs were prepared by using soy phospha-

tidylcholine to form lipid bilayers and Tween 80 as an edge activator. The deformability of CORM-2-

UDLs was measured and compared with that of conventional liposomes by passing formulations through

a filter device at a constant pressure. The release profile of CO from CORM-2-UDLs was evaluated by

myoglobin assay. In vitro and in vivo anti-inflammatory effects of CORM-2-UDLs were assessed in

lipopolysaccharide-stimulated macrophages and TPA-induced ear edema model, respectively. The
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deformability of the optimized CORM-2-UDLs was 2.3 times higher than conventional liposomes.

CORM-2-UDLs significantly prolonged the release half-life of CO from 30 s in a CORM-2 solution

to 21.6 min. CORM-2-UDLs demonstrated in vitro anti-inflammatory activity by decreasing nitrite pro-

duction and pro-inflammatory cytokine levels. Furthermore, CORM-2-UDLs successfully ameliorated

skin inflammation by reducing ear edema, pathological scores, neutrophil accumulation, and inflamma-

tory cytokines expression. The results demonstrate that CORM-2-UDLs could be used as promising ther-

apeutics against acute skin inflammation.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the past few decades, low molecular weight gaseous mole-
cules, including nitric oxide (NO), carbon monoxide (CO) and
hydrogen sulfide (H2S), have been well recognized as gaso-
transmitters in human and have attracted attention because of
their novel therapeutic potential1,2. The beneficial biological ef-
fects of CO remained unexplored for a long time owing to its
reputation for toxicity, arising from its 250-fold higher binding
affinity toward hemoglobin (Hb) compared with oxygen, which
causes tissue hypoxia by substantially reducing the oxygen-
carrying capacity of Hb3,4. However, endogenously produced
CO has been shown to exhibit a variety of valuable biological
functions, such as anti-inflammatory, anti-apoptotic, anti-
proliferative, anti-oxidant, vasoactive and cytoprotective activ-
ities5,6. The endogenous production of CO in human bodies re-
sults from the catabolism of heme by heme oxygenase (HO)
enzymes. The heme degradation pathway involves the activity of
the inducible isoform HO-1 and the constitutive isoform HO-2 to
produce equimolar quantities of CO, biliverdin and free iron7.
The HO-1 pathway is activated in response to stressful insults,
such as ischemia, hypoxia, inflammation, apoptotic signals and
redox imbalance, so it generates physiological concentrations of
CO to act as a signaling molecule for the regulation of intracel-
lular, neural and vascular functions8.

The recognition of the biological functions of endogenous CO
has led scientists to investigate the therapeutic benefits of exog-
enously administered CO. The potent anti-inflammatory activity
of inhaled CO is well established in animal models of inflam-
mation, ischemia, lung and vascular injuries, sepsis and graft
rejection9e12. A major hurdle in the effective clinical utility of
direct CO inhalation is the need for strict dose control and
specialized settings because overdosing on CO can be lethal5,13.
These problems have prompted the design of innovative carbon
monoxide-releasing molecules (CORMs) to serve as CO donors
and safely deliver gaseous CO. CORMs are transition metal
carbonyl complexes, capable of releasing controlled amounts of
CO when exposed to a suitable biological environment. Some
noteworthy CORMs that have already been developed are CORM-
1 [Mn2(CO)10 and Fe(CO)5], CORM-2 [Ru(CO)3Cl2]2, CORM-3
[Ru(CO)3Cl-glycinate] and CORM-A1 [Na2(H3BCO2)]

14.
CORMs use a unique strategy to release their CO payload in the
body and have been reported to exhibit the therapeutic potential of
CO in a variety of animal models15,16. The overwhelming majority
of previous studies have focused on the commercially available
CORM-2, proving its anti-inflammatory, antimicrobial, anti-
allodynic, anti-nociceptive and anti-hyperalgesic effects17e19.
However, the clinical utility of CORM-2 remains a challenge
because its CO release half-life is less than a minute8.
Nanoparticle-mediated delivery of CORM-2 is one promising
approach to solve the problem of its short CO release profile.

The therapeutic effectiveness of CORM-2 has been improved
in several studies by loading it in nanoparticles that then release
the CO in a controlled manner. The encapsulation of CORM-2 in
styrene-maleic acid copolymer micelles resulted in better tissue
protection, compared with free CORM-2, against inflammatory
bowel disease in a murine colitis model20. In a subsequent study
by our group21, sustained CO release from CORM-2-loaded solid
lipid nanoparticles enhanced its in vivo anti-inflammatory effects
in a carrageenan-induced rat paw edema model. Most recently, we
found that loading CORM-2 in solid lipid nanoparticles enhanced
its anti-allodynic and anti-hyperalgesic effects in a chronic
constriction injury model22. Our group, for the first time, is
exploring the potential of CORM-2-loaded nanocarriers in a skin
inflammation model. The next generation of liposomes, often
described as elastic, deformable, or ultradeformable liposomes
(UDLs) or Tansfersomes™, holds great promise for improving the
skin permeation of therapeutic agents23,24. UDLs are a spherical,
nanosized drug delivery system composed of bilayers of phos-
pholipid molecules and an edge activator25. The presence of edge
activator in the phospholipid bilayers enables UDLs to penetrate
deep into the skin by using a hydration gradient across the
epidermis26. In contrast to UDLs, conventional liposomes contain
cholesterol instead of an edge activator in their bilayers, which
limits their ability to permeate the skin. Therefore, UDLs might
not only be a promising way to improve the skin permeation of
CORM-2 to ameliorate skin inflammation, but they might also
function to enhance the CO release half-life.

In this study, we investigated the anti-inflammatory potential of
CORM-2-entrapped ultradeformable liposomes (CORM-2-UDLs)
in a tetradecanoylphorbol acetate (TPA)-induced skin inflammation
model. CORM-2-UDLs, which used soy phosphatidylcholine (SPC)
to form the bilayer and Tween 80 (TW80) as an edge activator,
were prepared and optimized using a lipid film hydration and
extrusion technique. They were characterized for particle size,
polydispersity index (PDI), surface charge, entrapment efficiency,
deformability and morphology. The release of CO from CORM-2-
UDLs was assessed using myoglobin assay, and in vitro and in vivo
anti-inflammatory effects were evaluated using lipopolysaccharide-
stimulated macrophages and ear edema model, respectively.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Materials and methods

2.1. Materials

The SPC was kindly gifted by Lipoid GmbH (Ludwigshafen,
Germany). CORM-2, TW80, sodium dithionite, myoglobin,
mineral oil, Griess reagent, TPA, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and lipopolysaccharide
(LPS) were purchased from SigmaeAldrich (St. Louis, MO,
USA), and fetal bovine serum (FBS) and Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from Gibco BRL
(Grand Island, NY, USA). All other chemicals were of analytical
grade and were used without any further purification.

2.2. Preparation of CORM-2-UDLs

CORM-2-UDLs, which used SPC to form the lipid bilayer and
TW80 as the edge activator, were prepared by a slightly modified
thin lipid film hydration and extrusion technique27. Concisely,
CORM-2, SPC, and TW80 were dissolved in chloroform that was
then evaporated at a reduced pressure using a rotary evaporator
(Rotavapor R-3; Büchi Labortechnik AG, Flawil, Switzerland).
Further drying of the resultant thin lipid film was accomplished by
purging it with a stream of nitrogen gas for 30 min. The
completely dried lipid film was hydrated with a 5% dextrose so-
lution maintained at a temperature (40 �C) above the phase tran-
sition of SPC. The obtained liposomal dispersion was sonicated
for 30 min in a bath type sonicator operated at 40 �C and then
extruded 6-times through a 100 nm polycarbonate membrane
using a Mini-Extruder (Avanti Polar Lipids, Inc., Alabaster, AL,
USA). The resultant CORM-2-UDLs were further purified by
removing free CORM-2 through an ultrafiltration centrifugation
process at 14,000�g for 15 min and stored in a refrigerator (4 �C)
until further analysis. The composition of CORM-2-UDLs 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 analyzed with a
light-scattering instrument (Zetasizer Nano ZS; Malvern In-
struments, Malvern, UK) to determine the mean particle size, PDI
and surface charge in terms of zeta potential. The particle size
measurement and PDI are based on photon correlation spectros-
copy, and the zeta potential evaluation is based on the principle of
electrophoretic light scattering.
Table 1 Composition and physicochemical properties of CORM-2-U

Formulation Composition (w/w) Physicochemical pro

SPC TW80 CORM-2 Particle size (nm)

CORM-2-UDLs-T1 9 1 1 106.3 � 1.6

CORM-2-UDLs-T2 8 2 1 100.9 � 1.5

CORM-2-UDLs-T3 7 3 1 98.6 � 3.1

CORM-2-UDLs-T4 6 4 1 95.3 � 1.2

SPC: soy phosphatidylcholine, TW80: Tween 80, UDLs: ultradeformabl

polydispersity index. Data are expressed as the mean � SD (n Z 3).
The amount of CORM-2 entrapped in CORM-2-UDLs was
determined by measuring the amount of ruthenium (Ru) in the
sample with inductively coupled plasma atomic emission spec-
trophotometry (Spectro, Kleve, Germany) at a detection wave-
length of 240.3 nm22. The entrapment efficiency (%) of CORM-2-
UDLs was then calculated using Eq. (1) as follow.

Entrapment efficiency ð%ÞZ
Amount of Ru in CORM-2-UDLs

Total amount of Ru in CORM-2 added
� 100

ð1Þ

The optimized CORM-2-UDLs formulation was evaluated for
storage stability at 4 and 25 �C for 28 days. For this purpose,
CORM-2-UDLs were stored in dry and sealed glass vials flushed
with a stream of nitrogen gas. Samples were subsequently moni-
tored for changes in particle size, PDI, zeta potential and
entrapment efficiency at Days 1, 3, 7, 14, 21 and 28.

2.4. Deformability index of CORM-2-UDLs

The deformability index of UDLs measures their ability to
penetrate pores much smaller than their own diameter. The
deformability of CORM-2-UDLs was measured by extruding the
sample through a 50 nm polycarbonate membrane in a stainless
steel pressure extruder (Lipix Extruder; Northern Lipids Inc.,
Burnaby, BC, Canada) at a constant pressure of 0.1 MPa28. The
deformability index (D) was then calculated by measuring the
volume of CORM-2-UDLs extruded in 5 min (J ) and their particle
size after extrusion (rv) through a permeability barrier having pore
diameter (rp) of 50 nm, using the following equation Eq. (2).

DZ J �
�
rv
rp

�2

ð2Þ

2.5. Transmission electron microscopy

The morphological features of the optimized CORM-2-UDLs
were visualized using a field-emission transmission electron mi-
croscope (FE-TEM, JEM-2100F; JEOL, Tokyo, Japan). The
sample was prepared for TEM analysis by adding a drop of
CORM-2-UDLs formulation onto a carbon-coated 400 mesh
copper grid, and allowing surface adsorption. The excess CORM-
2-UDLs were removed from the grid, and then we added a drop of
1% phosphotungstic acid solution for negative staining. The
negatively stained sample was properly dried at room temperature
and analyzed with TEM at an accelerating voltage of 200 kV29.
DLs.

perties

PDI Zeta potential (mV) Entrapment efficiency (%)

0.070 � 0.025 43.7 � 4.9 35.5 � 0.9

0.087 � 0.025 42.7 � 4.5 31.5 � 2.0

0.116 � 0.005 40.9 � 4.8 27.1 � 2.3

0.141 � 0.031 38.0 � 6.8 23.9 � 2.0

e liposomes, CORM-2: carbon monoxide-releasing molecule-2, PDI:
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2.6. In vitro CO release from CORM-2-UDLs

In vitro release profile of CO from CORM-2-UDLs was evaluated
with a myoglobin assay21,30. Precisely, myoglobin (Mb) solution
was prepared by dissolving lyophilized equine heart Mb in
phosphate-buffered saline (0.01 mol/L, pH 7.4). Sodium dithionite
(0.1%, w/v) was added as a reducing agent to 1 mL of Mb solution
to accomplish the conversion of Mb into deoxyMb. CORM-2-
UDLs or CORM-2 solution in ethanol (equivalent to 20 mmol/L
CORM-2) was then directly mixed with 1 mL of deoxyMb solu-
tion in a quartz cuvette. The resultant reaction mixture was
covered with 500 mL of light mineral oil to prevent the escape of
the released CO and oxygenation of the deoxyMb to Mb. The
amount of carbonmonoxy myoglobin (MbCO) produced from the
deoxyMb as a result of CO release from CORM-2-UDLs or
CORM-2 solution was quantified by measuring the optical density
at 510 and 540 nm using a UVeVisible spectrophotometer
(Ultrospec 7000, Biochrom Ltd., Cambridge, UK). The produced
MbCO was quantified at regular intervals until the release of CO
reached a plateau.

2.7. In vitro cell viability and anti-inflammatory studies

2.7.1. Cell culture
A RAW 264.7 cell line of murine macrophages was purchased
from the American Type Culture Collection (Manassas, VA,
USA). The macrophage cells were cultured in DMEM containing
10% heat-inactivated FBS, 100 mg/mL of streptomycin, and 100
units/mL of penicillin. The cells were cultured at 37 �C in hu-
midified air containing 5% CO2. Experiments were conducted
when the cell cultures reached w80% confluence.

2.7.2. MTT assay
The effects of CORM-2-UDLs and CORM-2 solution on in vitro
cell viability were measured by the MTT assay to confirm that the
formulations did not produce cytotoxicity in living cells. Briefly,
RAW 264.7 cells were seeded in 96-well plates at a density of
1 � 104 cells/well and incubated at 37 �C for 24 h. The cells were
treated and incubated with two different concentrations of CORM-
2-UDLs and CORM-2 solution (equivalent to 10 and 20 mmol/L of
CORM-2) for 24 h. Each well was then treated with MTT reagent
(0.5 mg/mL) followed by incubation for an additional 2 h at 37 �C.
After the supernatant was carefully removed, formazan crystals
in each well were dissolved by the addition of 100 mL of
DMSO. Formazan concentration was determined by measuring
the absorbance at 570 nm using a multimode spectrophotometer
(Enspire, PerkinElmer, Waltham, MA, USA), and the cell
viability (%) was calculated by comparing the absorbance with
that of untreated control cells31.

2.7.3. Nitric oxide assay
In vitro anti-inflammatory effects of CORM-2-UDLs were
evaluated in LPS-stimulated RAW 264.7 cells using a NO
assay31. The amount of a pro-inflammatory mediator, NO, that
the cells produced was measured as an indicator of inflamma-
tion. For this purpose, RAW 264.7 cells were seeded in 24-well
plates at a density of 1 � 105 cells/well and incubated at 37 �C
for 24 h. The cells were subsequently challenged with LPS
(200 ng/mL) for 24 h in the absence or presence of CORM-2-
UDLs and CORM-2 solution (at a dose equivalent to 10 and
20 mmol/L of CORM-2). The supernatant from each well was
collected and centrifuged to remove cell debris, which was
followed by the addition of Griess reagent and subsequent in-
cubation for an additional 20 min at room temperature. The
ability of CORM-2-UDLs to inhibit LPS-stimulated NO pro-
duction was measured by quantifying the nitrite concentration
(stable end product of NO) at 540 nm using a multimode
spectrophotometer (Enspire, PerkinElmer, Waltham, MA,
USA). A standard calibration curve 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 further
evaluated by measuring the production of pro-inflammatory cy-
tokines in LPS-stimulated RAW 264.7 cells. The cytokines were
quantified in terms of released protein and mRNA expression
levels using an enzyme-linked immunosorbent assay (ELISA) and
quantitative real-time polymerase chain reaction (qRT-PCR),
respectively. RAW264.7 cells were stimulated with LPS (200 ng/mL)
for 24 h in the absence or presence of CORM-2-UDLs and CORM-2
solution (at a dose equivalent to 20 mmol/L of CORM-2), as described
for NO assay. The released levels of IL-6, IL-1b, and TNF-a in the
cells supernatant were determined by using their respective mouse
DuoSet ELISA kit (R&D systems, Minneapolis, MN, USA),
according to the manufacturer’s instructions.

The levels of mRNA expression for IL-6, IL-1b, and TNF-a
were determined by qRT-PCR. For this purpose, RAW 264.7 cells
were stimulated with LPS (200 ng/mL) for 24 h in the absence or
presence of CORM-2-UDLs and CORM-2 solution (at a dose
equivalent to 20 mmol/L of CORM-2), followed by total RNA
isolation from the cells using TRIzol reagent (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s protocol32.
Purified RNA (500 ng) was reverse transcribed to synthetize
cDNA by using ReverTra Ace�RT kit (Toyobo, Osaka, Japan) in
MyCycler™ Thermal Cycler (Bio-Rad Laboratories Inc., Her-
cules, CA, USA). Quantitative PCR was performed using iQTM
SYBR Green supermix (Bio-Rad) on a CFX96TM Real-Time
PCR Detection System (Bio-Rad), under the conditions of
95 �C for 10 min, followed by 45 cycles at 98 �C for 10 s, 60 �C for
30 s, and 72 �C for 1 min, and elongation at 72 �C for 5 min. The
primers were obtained from Genotech (Daejeon, Republic of
Korea), and the sequences for mouse primers were as
follows: for Gapdh, sense 50-TGAACGGGAAGCTCACTGG-30

and anti-sense 50-TCCACCACCCTGTTGCTGTA-30; for IL-1b,
sense 50-CAACCAACAAGTGATATTCTCCATG-30 and anti-
sense 50-GATCCACACTCTCCAGCTGCA-30; for IL-6, sense
50-AACGATGATGCACTTGCAGA-30 and anti-sense 50-GAG-
CATTGGAAATTGGGGTA-30;for TNF-a, sense 50-ATGAG-
CACAGAAAGCATGATC-30 and anti-sense 50-TACAGGC-
TTGTCACTCGAATT-30. Gene expressions were calculated
using the comparative CTmethod (2�DDCt), and normalized to the
GAPDH control.

2.8. In vivo anti-inflammatory activity of CORM-2-UDLs

2.8.1. TPA-induced ear edema model
In vivo anti-inflammatory activity of CORM-2-UDLs was
investigated in a TPA-induced mouse model of ear edema33.
Male ICR mice (6 weeks old) were purchased from the Koatech
Laboratory Animal Company (Pyeongtaek, Gyeonggi, Republic
of Korea). All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of Hanyang Univer-
sity, and all procedures were conducted according to the
guidelines of the National Institutes of Health. Concisely,
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CORM-2-UDLs (equivalent to 0.2 mg of CORM-2), CORM-2
solution (0.2 mg of CORM-2), indomethacin (0.2 mg), or
vehicle (20 mL of 5% dextrose) was applied on the inner and
outer skin surface of the right ear, followed by the application of
TPA (2 mg/ear) on the same ear after 1 h. The left ear of each
animal was used as the control.
2.8.2. Ear thickness and weight measurement
The extent of edema in the TPA-induced mouse model was
assessed by measuring the thickness and weight of the right and
left ears of each animal. At the designated time intervals of 0, 1, 2,
3, 4, 5, and 6 h following TPA application, the thickness of each
ear was measured with a digital caliper. Six hours after TPA
application, the mice were sacrificed, and a plug 6 mm in diameter
was removed from both ears with a biopsy punch (Kai Industries,
Tokyo, Japan) and weighed. The difference in the thickness and
weight of the right and left ears in each mouse was used to
determine the treatment effects of CORM-2-UDLs. The collected
ear plugs were further processed and evaluated for histopatho-
logical changes and the expression of different inflammatory
mediators.
2.8.3. Histopathological analysis
The tissue samples collected from the right ears of the mice were
fixed in 4% neutral buffered paraformaldehyde solution for his-
topathological analysis. The preserved tissue samples were
embedded in paraffin, and cross sections were prepared followed
by hematoxylin and eosin (H&E) staining. Histological changes
and cellular infiltration were examined by analyzing the stained
sections under a light microscope. The slides were observed by a
histologist blinded to the experimental conditions for the number
of neutrophils per scope, and pathological scores were assigned
for ear edema (0e5), epidermal hyperproliferation (0e5), and
leucocyte infiltration (0e5).
2.8.4. Estimation of cytokine mRNA levels in ear tissues
In vivo levels of mRNA expression of Il-6, Il-1b, and Tnf-a in ear
tissues were estimated by qRT-PCR. The samples collected from
the right ears were frozen, homogenized, and total RNA from
tissue homogenates was isolated with the TRIzol reagent using the
manufacturer’s protocol. Complementary DNA was created by
reverse transcribing purified total RNA (500 ng) with a ReverTra
Ace� qPCR RT Kit (Toyobo, Osaka, Japan) in a MyCycler™
Thermal Cycler (Bio-Rad). qRT-PCR was performed with iQTM
SYBR Green Supermix on a CFX96TM Real-Time PCR Detec-
tion System (Bio-Rad). The detailed conditions for qRT-PCR and
the primer sequences were same with those in the in vitro studies
as described above.
2.9. Statistical analysis

All the experiments in this study were repeated at least three
times, and the data are presented as the mean � standard devi-
ation (SD) or standard error of mean (SEM). Statistical analysis
of data was carried out by applying the Student’s t-test or one-
way ANOVA with post hoc Duncan’s or ManneWhitney U
testing using SPSS software (SPSS Inc., Chicago, IL, USA). A
value of P < 0.05 was regarded as a statistically significant
difference.
3. Results

3.1. Preparation and characterization of CORM-2-UDLs

CORM-2-UDLs were prepared and optimized with different ratios
of SPC (lipid bilayer former) and TW80 (deformability inducing
edge activator) using the popular thin lipid film hydration method.
The cumulative amount of SPC and TW80 was kept constant at
10 mg/mL, and a fixed amount of CORM-2 (1 mg/mL) was added
to all formulations. The ratios of SPC to TW80 were varied as 9:1,
8:2, 7:3, and 6:4 (w/w) to optimize the composition of CORM-2-
UDLs for particle size, PDI, entrapment efficiency, and deform-
ability. The results of physicochemical characterization of
CORM-2-UDLs are described in Table 1. All CORM-2-UDL
formulations produced an average particle size of around
100 nm with PDI values of <0.200, demonstrating a narrow size
distribution of liposomal vesicles. The distribution pattern of
CORM-2-UDLs showed a unimodal curve (Fig. 1A), which in-
dicates a homogenous size distribution in the vesicle dispersion.
The surfaces of CORM-2-UDLs were positively charged, as
demonstrated by zeta potential values of around 40 mV. The
maximum entrapment efficiency was 35.5% (CORM-2-UDLs-
T1), which was subsequently reduced to 23.9% when the
amount of edge activator in the lipid bilayers was increased
from 1 to 4 mg/mL (CORM-2-UDLs-T4). On the other hand,
increasing the TW80 concentration had a negligible effect on
the particle size and PDI values of CORM-2-UDLs. These
results indicate that CORM-2-UDLs possess the favorable
physicochemical properties required of nano-particulate drug
delivery systems.

One of the key and unique attributes of UDLs is their ability to
deform their shape for enhanced skin penetration. The shape trans-
formation ability of CORM-2-UDLs was measured in terms of a
deformability index, and the results are depicted in Fig. 1B. CORM-2-
UDLs had significantly higher deformability indices than conven-
tional liposomes (CORM-2-CLs). In addition, the deformability of
CORM-2-UDLs was greatly influenced by the concentration of the
edge activator in the lipid bilayers. The deformability indices
increased in the order of CORM-2-CLs (19.5 � 2.8)<CORM-2-
UDLs-T4 (28.3 � 2.6)<CORM-2-UDLs-T3 (36.0 � 3.6)<CORM-
2-UDLs-T1 (37.7 � 0.6)<CORM-2-UDLs-T2 (44.1 � 3.2), repre-
senting about 1.46, 1.84, 1.93, and 2.26 times higher deformability by
CORM-2-UDLs comparedwithCORM-2-CLs. These results indicate
that the pliability of the lipid bilayers decreased when the TW80
concentration increased beyond 2mg/mL, i.e., with SPC:TW80 ratios
of 7:3 and 6:4 (-T3 and -T4 formulations). Based on their highest
deformability index and reasonable entrapment efficiency, CORM-2-
UDLs-T2 (SPC:TW80 Z 8:2, w/w) were chosen as the optimized
formulation for all further experiments.

The optimized formulation, CORM-2-UDLs-T2, was then
subjected to TEM analysis to visualize its morphology, and the
resultant micrograph is shown in Fig. 1C. The TEM image
revealed a spherical shape with vesicular morphology, with a
distinct lipid bilayer surrounding an inner aqueous core. The
unilamellar and uniform shape of CORM-2-UDLs accompanied
nanometric dimensions (w100 nm), thereby validating the results
of the photon correlation spectroscopy size analysis. The opti-
mized CORM-2-UDLs-T2 formulation was also evaluated for
storage stability at refrigerator and room temperatures (4 and
25 �C) for a period of 28 days (Table 2). CORM-2-UDLs main-
tained its physicochemical properties at 4 �C as shown by the
absence of any marked changes in particle size, PDI, zeta potential



Figure 1 Physicochemical characterization of CORM-2-UDLs. (A) Particle size distribution, (B) deformability indices and (C) TEM image of

CORM-2-UDLs. The deformability indices are expressed as the mean � SD (n Z 3). *P < 0.05 vs. CORM-2-CLs, CORM-2-UDLs-T1, CORM-

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

Table 2 Storage stability of CORM-2-UDLs at 4 and 25 �C for 28 days.

Day Particle size (nm) PDI Zeta potential (mV) Entrapment 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 42.7 � 4.5 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 45.2 � 6.8 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 42.2 � 1.0 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 46.3 � 3.7 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 45.2 � 4.4 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 45.1 � 3.2 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 40.2 � 6.0 3.5 � 1.0 27.2 � 2.5 15.5 � 4.1

Data are expressed as the mean � SD (n Z 3).
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and entrapment efficiency after 28 days. In contrary, substantial
decrease in zeta potential (42.7 vs. 3.5 mV) and entrapment effi-
ciency (31.5% vs. 15.5%) was observed at 25 �C. These findings
indicate a superior storage stability of CORM-2-UDLs at low
temperature compared with room temperature and therefore
advocate the need for storage at refrigerator conditions.

3.2. CO release profile of CORM-2-UDLs

The release of CO from CORM-2-UDLs and its subsequent
binding to deoxyMb in the myoglobin assay was quantitatively
determined by monitoring spectrophotometric changes upon the
formation of MbCO. The time-course release profile of CO from
CORM-2-UDLs over a period of 3 h is illustrated in Fig. 2A.
CORM-2-UDLs exhibited controlled CO release, in contrast to the
instant release seen with CORM-2 solution. In the initial 30 min,
w90% of the CO was released from CORM-2 solution, whereas
CORM-2-UDLs took 75 min to release the same amount of CO.
Furthermore, CORM-2-UDLs maintained a slow and continuous
release pattern of CO for 2 h. A detailed depiction and comparison
of CO release from CORM-2-UDLs and CORM-2 solution in the
initial 20 min is shown in Fig. 2B. It is evident that CORM-2
solution released 74% and 87% of its CO in 3 and 20 min,
respectively, whereas CORM-2-UDLs released only 1.8% and
48% of their CO during the same times. It is noteworthy that
CORM-2-UDLs extended the release half-life of CO by up to 43
times compared with CORM-2 solution (21.6 min vs. 30 s).

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

The non-cytotoxicity of CORM-2-UDLs was confirmed by
measuring the viability of macrophage cells using the MTT assay
(Fig. 3A). Treatment of cells with CORM-2-UDLs or CORM-2
solution at 10 and 20 mmol/L concentrations did not produce
any cytotoxic effects, as evidenced by cell viability of >95% of



Figure 2 In vitro CO release profiles of CORM-2-UDLs and CORM-2 solution determined by myoglobin assay. (A) CO release for 180 min

and (B) CO release for initial 20 min. Data are expressed as the mean � SD (n Z 3).
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that found in the untreated control cells. These results suggest that
CORM-2 and all the ingredients used to formulate CORM-2-
UDLs are nontoxic and safe for in vivo use.

To investigate the anti-inflammatory effects of CORM-2-
UDLs, the suppression of LPS-stimulated increase in the inflam-
matory mediators, such as nitric oxide (NO) and cytokines in
RAW 264.7 macrophage cells was measured. The amount of NO
was quantified in terms of nitrite concentration, and the results are
presented in Fig. 3B. The inhibitory effects of CORM-2-UDLs on
nitrite production were evaluated at concentrations of 10 and
20 mmol/L and were compared with the effects of CORM-2 so-
lution using untreated LPS-stimulated cells as a control. At
10 mmol/L, CORM-2-UDLs significantly reduced (P < 0.01) the
nitrite concentration to 36.8%, much lower than that from cells
treated with CORM-2 solution (75.5%). Similarly, a remarkable
difference in the suppression of nitrite production was seen be-
tween CORM-2-UDLs (18.4%) and CORM-2 solution (66.4%) at
the 20 mmol/L dose. These results suggest that CORM-2-UDLs
have potent in vitro anti-inflammatory effects. A dose of
20 mmol/L of CORM-2 was selected for further in vitro anti-
inflammatory studies, since it demonstrated a better inhibitory
effects on the nitrite production compared to 10 mmol/L dose in
NO assay.

The pro-inflammatory cytokines are known to play important
roles in the amplification of inflammation through transcriptional
regulation. While the levels of released cytokines in media
increased after LPS stimulation, the increase was significantly
suppressed in macrophages treated with CORM-2-UDLs
(Fig. 4A). The levels of IL-6 (37.2%), IL-1b (9.0%) and TNF-a
(55.2%) were significantly decreased by CORM-2-UDLs in
comparison with CORM-2 solutions (93.5%, 63.9% and 86.9% for
each cytokine), suggesting that CORM-2-UDLs effectively
blocked the amplification of inflammation mediated by different
cytokines. To further confirm the inhibitory effects of CORM-2-
UDLs on cytokine production, the mRNA levels of cytokines
were measured by qRT-PCR following 24 h treatment with LPS in
the presence or absence of CORM-2. Both the IL-6 mRNA
(34.5%) and TNF-a mRNA (32.0%) were significantly reduced by
CORM-2-UDLs (Fig. 4B), consistent to the level of released cy-
tokines. The mRNA expression levels of IL-1b (163.8%) in LPS-
stimulated macrophages at 24 h were not statistically different
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
assessed in mice using the TPA-induced ear edema model. Topical
application of TPA results in the induction of acute skin inflam-
mation accompanied by severe ear edema34. The severity of ear
edema was monitored by measuring the difference in thickness
between the right (treated) and left (untreated) ears (Fig. 5A). The
ear thickness started to rise following TPA application, with a
substantial increase to 0.43 � 0.02 mm in the TPA group after 6 h,
compared with the vehicle control group, which had an almost
constant thickness throughout the monitoring period. As shown in
Fig. 5A, differences in the edema levels among treatment groups
were noticeable as early as 2 h after TPA application and
continued to increase for 6 h. With the indomethacin (positive
control) and CORM-2 solution treatments, the ear thickness
recorded after 6 h was 0.32 � 0.02 and 0.33 � 0.04 mm,
respectively, both significantly lower than the TPA-treated group
(P < 0.05). On the contrary, prominently less ear edema was
observed in CORM-2-UDL group, whose ear thickness was only
0.08 � 0.01 mm, which was close to that of the vehicle group.
CORM-2 solution displayed results comparable to those of the
positive control (indomethacin), with edema levels higher than those
in CORM-2-UDL group, demonstrating that CORM-2-UDLs more
effectively attenuated skin inflammation. In addition to ear thickness,
theweight of the ear plugswas also reduced significantly byCORM-2-
UDLs (2.18 � 0.64 mg) compared with the TPA only
(14.82 � 0.45 mg), indomethacin (12.22 � 0.75 mg), and CORM-2
solution (13.36 � 1.35 mg) treated groups (Fig. 5B). These results
demonstrate the significant in vivo anti-inflammatory activity of
CORM-2-UDLs.

3.4.2. Macroscopic observation and microscopic evaluation of
ear tissues after H&E staining
TPA-induced real-time changes were visually observed, and his-
topathological attributes and the accumulation of inflammatory
cells in ear tissue were microscopically detected after H&E
staining (Fig. 6). Real-time photographs indicate that the severity
of TPA-induced ear edema was successfully reduced by CORM-2-
UDL treatment, as evidenced by a decrease in swelling and ery-
thema. Similarly, the infiltration and accumulation of



Figure 3 (A) Cell viability and (B) in vitro anti-inflammatory effects of CORM-2-UDLs and CORM-2 solution in RAW 264.7 cells. To assess

in vitro anti-inflammatory effects, cells were stimulated with lipopolysaccharide and the nitrite concentration was determined. Data are expressed

as the mean � SD (n Z 5). *P < 0.01 vs. CORM-2 solution.
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inflammatory cells decreased remarkably at the inflamed sites, and
normal tissue architecture was preserved by CORM-2-UDLs, as
observed in the microscopic images (Fig. 6A). In contrast, indo-
methacin and CORM-2 solution had less prominent effects on
cellular infiltration and tissue architecture than CORM-2-UDLs.
The neutrophil count (Fig. 6B) increased after TPA application
(157 cells/scope) and was more substantially reduced by CORM-
2-UDLs (10 cells/scope) than by the indomethacin (69 cells/
scope) or CORM-2 solution (110 cells/scope). Furthermore,
pathological indicators of skin inflammation, ear edema,
epidermal hyperproliferation, and leukocyte infiltration, were
scored by a histologist blinded to the experimental conditions and
tabulated in Table 3. CORM-2-UDL samples exhibited 3.1, 2.6,
and 2.5 times lower histological scores for ear edema (1.13)
compared with the TPA (3.53), indomethacin (2.93), and CORM-2
solution (2.87) groups, respectively. Likewise, epidermal hyper-
proliferation and leukocyte infiltration scores were also signifi-
cantly lower in CORM-2-UDL group than in the animals assigned
to the TPA, indomethacin, and CORM-2 solution groups. Taking
the results of the histopathological evaluation together, CORM-2-
UDLs efficiently ameliorated all the representative parameters of
skin inflammation in the TPA-induced ear edema model.

3.4.3. Evaluation of cytokine expression
Tissue samples from the right ear of each animal were evaluated
for the expression of potent pro-inflammatory cytokines, Il-6, Il-
1b, and Tnf-a, in the skin (Fig. 7). Topical application of TPA
alone significantly increased the expression of those mediators in
the mouse ears compared with the vehicle group. The mRNA
expression level of Il-6 was significantly lower in CORM-2-UDL
group (1.75-fold) than in the TPA (217-fold), indomethacin
(168-fold), and CORM-2 solution (289-fold) groups (Fig. 7A).
Similarly, CORM-2-UDL-treated mice showed 16.6, 5.6, and 7.7
times lower expression of Il-1b (1.91) than mice treated with TPA
only (31.77), indomethacin (10.69), or CORM-2 solution (14.78),
respectively (Fig. 7B). The effects of indomethacin and CORM-2
solution on the mRNA expression levels of Il-1b were comparable
to each other, and both were substantially less than in TPA only
group. Furthermore, Tnf-a expression levels were also markedly
reduced by CORM-2-UDLs (Fig. 7C). The suppression of pro-
inflammatory cytokines, accompanied by the alleviation of ear
edema and improved histopathological scores, suggest the thera-
peutic potential of topically applied CORM-2-UDLs against skin
inflammation.

4. Discussion

Despite the well-recognized potent anti-inflammatory effects of
CO, its therapeutic applications are restricted by safety and dose
control requirements11. CORM-2 is an attractive alternative to
gaseous CO, however, it releases CO very quickly and thereby
reduces its usefulness as a CO donor in animal models. In this
study, we developed CORM-2-UDLs to both prolong the release
half-life of CO and improve skin permeation to produce anti-
inflammatory effects against skin inflammation. CORM-2-UDLs
were prepared from SPC and TW80, which are both physiologi-
cally biocompatible, pharmaceutically acceptable, and widely
studied ingredients23,35,36. The concentrations of SPC and TW80
were varied to study the influence of composition and obtain
CORM-2-UDLs with optimal physiochemical properties. We
observed that the particle size of CORM-2-UDLs decreased
slightly (106.3e95.3 nm) with a higher ratio of TW80 (9:1 vs. 6:4,
SPC:TW80), possibly because the insertion of TW80 in the lipid
bilayer membranes produced an increased curvature and reduced
the diameter of the UDLs37. Increasing the amount of TW80 in the
vesicles bilayers reduced the entrapment efficiency of CORM-2-
UDLs from 35.5% to 23.9%. CORM-2 is a lipophilic moiety
that is concurrently accommodated in the SPC matrix with TW80.
A higher TW80 content not only diminished the overall volume of
the lipid bilayers by decreasing the particle size but also reduced
their capacity to accommodate CORM-2, which reduced the
entrapment efficiency in CORM-2-UDLs. In addition, pore for-
mation in the lipid bilayers with a higher edge activator concen-
tration was previously associated with lower drug entrapment
efficiency in UDLs38.

Edge activator-imparted deformability is an important feature
because CORM-2-UDLs were formulated for topical delivery. In
comparison to conventional liposomes, CORM-2-UDLs demon-
strated higher deformability indices at each concentration of
TW80. It has been reported that edge activators cause shape
transformations in UDLs exposed to mechanical stress or space
detention. That stress-dependent adaptability could be attributed



Figure 4 The inhibitory effects of CORM-2-UDLs on the pro-inflammatory cytokines in LPS-stimulated RAW 264.7 cells. (A) The level of IL-

6, IL-1b and TNF-a determined by ELISA and (B) the expression of mRNA for IL-6, IL-1b and TNF-a detected by quantitative real-time PCR.

Data are expressed as the mean � SEM (n Z 3). *P < 0.05 vs. CORM-2 solution group.
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to the repositioning of TW80 and SPC molecules, enabling
CORM-2-UDLs to penetrate pores with dimensions many times
smaller than their own39,40. It is worth mentioning that edge ac-
tivators are mostly single chain surfactants with a high curvature
radius and mobility, so they produce lipid vesicles with a low
elastic modulus and thereby bring about shape adaptability at low
energy41. The deformability of the bilayer membranes decreased
at high TW80 concentration (3 and 4 mg/mL), possibly because of
the coexistence of mixed micelles with less flexible structures38.
On the other hand, the complete absence of an edge activator in
the bilayer membranes of CORM-2-CLs rendered them too rigid
to penetrate small pores29. CORM-2-UDLs-T2 formulation
(SPC:TW80 of 8:2), which had the highest deformability, was
chosen as the optimized formulation and used in all further ex-
periments. The storage conditions play a vital role in the stability
of liposomal formulations since lipid vesicles have a natural
propensity to fuse and disintegrate upon storage and thereby bring
about drug leakage and changes in their particle size, PDI and
surface charge27,42. The enhanced stability of CORM-2-UDLs at
low temperature could be ascribed to the fact that higher tem-
perature escalates the kinetic energy and collision of the lipid
vesicles. In addition, lipid bilayer degradation and defective
membrane packing are also prominent at higher temperature due
to gel-to-liquid transitions resulting in compromised storage
stability43.

Our findings indicate that CORM-2-UDLs substantially slowed
the release and enhanced the half-life of CO. It is a sequential
process consisting of slower CORM-2 release from the lipid
bilayer matrix of CORM-2-UDLs followed by instant liberation of
the CO from CORM-2 upon ligand substitution triggered by so-
dium dithionite44. The rate-controlling step in the overall release
process is the diffusion and degradation of the liposomal bilayer
membrane, which releases the entrapped CORM-2. In contrast, in
CORM-2 solution, CORM-2 was readily available for ligand
substitution with sodium dithionite, which resulted in immediate
CO release. On the basis of their extended CO release kinetics, we
expected CORM-2-UDLs to display superior in vitro and in vivo
anti-inflammatory responses in cells and animal models.

Experimental evidence indicates that the therapeutic effec-
tiveness of CO depends strongly on the concentration, mode, and
duration of its application, apart from other pathophysiological
parameters6. This dependence necessitates strict and precise
control of CO release from CORM-2 for its safe and efficient use
against inflammatory conditions. Slower CO release from CORM-
2-UDLs, which produced longer exposure for the macrophages,
resulted in improved in vitro anti-inflammatory activity in the NO
assay and cytokines analysis. The smaller reduction in nitrite and
cytokine concentrations seen with CORM-2 solution could be
ascribed to its instant release of CO, which causes a rapid loss of
anti-inflammatory action. It is noteworthy that CO liberated from
CORM-2 was shown to suppress nitrite formation and the in-
flammatory response by inhibiting NO synthase in an LPS-
challenged cell culture system45. Furthermore, it has also been
reported that CO treatment modulates the production and polari-
zation of macrophages towards M2 phenotype, thereby inhibiting
the release of pro-inflammatory cytokines and increasing the
secretion of anti-inflammatory cytokines in RAW 264.7 cells46,47.
Those findings provide a reasonable explanation for the effects of
CORM-2-UDLs and CORM-2 solution observed in our study.
In vivo alleviation of acute skin inflammation following topical
application of CORM-2-UDLs was confirmed in murine TPA-
induced ear edema, a well-recognized and widely used model of
localized skin inflammation characterized by increased epidermal
proliferation and thickness, the infiltration of inflammatory cells,
and elevated levels of pro-inflammatory cytokines in dermal tis-
sues34,48. Compared with CORM-2 solution and indomethacin
control, the enhanced in vivo anti-inflammatory activity seen with
CORM-2-UDLs was consistent with the results from in vitro NO
and cytokine assay. CORM-2-UDLs successfully suppressed the
inflammatory parameters of skin edema, histological changes, the
accumulation of neutrophils, and cytokine expression (IL-6, IL-1b
and TNF-a). While we observed consistent anti-inflammatory
effects of CORM-2-UDLs throughout in vitro and in vivo re-
sults, there was a discrepancy between the mRNA level and pro-
tein level of IL-1b in the in vitro cell system (Fig. 4A and B). We
could not observe a statistically significant inhibition of IL-1b
mRNA level at 24 h after LPS stimulation. On the other hand, the
released level of IL-1b, which may play more actual role in in-
flammatory amplification than mRNA itself, was significantly
reduced by CORM-2-UDLs. This might be due to the different
time window of mRNA expression and the cytokine release during
dynamic inflammatory processes. Since the mRNA expression of
IL-1b is maximally induced at w6 h after LPS stimulation and
gradually decreased according to the time49, it would be worthy to
examine IL-1b mRNA level at earlier time point to clarify the
inhibitory effect of CORM-2-UDLs on IL-1b at the transcriptional
level. The level of mRNA expression of Il-1b as well as Il-6 and
Tnf-a was significantly reduced by CORM-2-UDLs in mouse ear
samples at 4 h after inflammation induction, supporting the
regulation of cytokines by CORM-2-UDLs in transcription level.



Figure 5 Suppression of TPA-induced skin inflammation after treatment with CORM-2-UDLs. (A) The severity of edema evaluated by ear

thickness and (B) the weight of ear plugs. Data are expressed as the mean � SEM (nZ 5). *P < 0.05 vs. TPA group and **P < 0.01 vs. CORM-2

solution group.

Figure 6 Macroscopic observation and histopathological evaluation of ear tissues after H&E staining. (A) Real-time images and histological

micrographs and (B) neutrophil counts per scope of ear tissues. Data are expressed as the mean � SEM (n Z 5). *P < 0.01 vs. TPA group,

TPA þ indomethacin group, and TPA þ CORM-2 solution group.

Table 3 Effects of CORM-2-UDLs on pathological parameters in TPA-induced ear edema model.

Group 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 þ indomethacin 2.93 � 0.43 1.47 � 0.30 2.60 � 0.15

TPA þ CORM-2 solution 2.87 � 0.56 1.93 � 0.72 2.53 � 0.65

TPA þ CORM-2-UDLs 1.13 � 0.77# 0.93 � 0.72* 0.73 � 0.55#

Data are expressed as the mean � SD (n Z 5). *P < 0.01 vs. TPA and #P < 0.01 vs. TPA, TPA þ indomethacin and TPA þ CORM-2 solution

groups.
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Percutaneous permeability of CORM-2-UDLs into the
inflamed tissues is needed to exert in vivo anti-inflammatory ef-
fects. The permeation of CORM-2-UDLs into the deeper skin
strata is facilitated by the edge activator-induced ultra-
deformability of the vesicles, which promotes dermal
accumulation50. In addition to shape deformation, the interaction
and subsequent destabilization of intercellular lipids by the UDLs
is a mechanism contributing to enhanced drug deposition in the
skin layers51,52. It has also been reported that the permeation of
UDLs is followed by continuous drug release based on their



Figure 7 Effects of CORM-2-UDLs on the expression of mRNA for inflammatory cytokines. (A) Il-6, (B) Il-1b and (C) Tnf-a. Data are

expressed as the mean � SEM (n Z 5). *P < 0.05 vs. TPA group and #P < 0.01 vs. CORM-2 solution group.
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solubility in the stratum corneum lipids53. Because it is a lipo-
philic moiety, CORM-2 can partition and diffuse well into the skin
lipids. To dissociate CO in the biological milieu, CORM-2 re-
quires ligand substitution preferably with thiol-containing com-
pounds54. Glutathione, cysteine, and proteins with free cysteine
residues are probably the main ligands that trigger CO release
from CORM-2 in the skin layers30,55. Taken together, our results
indicate that our CORM-2-UDLs successfully delivered CO into
inflamed skin and produced anti-inflammatory effects.
5. Conclusions

Our data demonstrate that (i) CORM-2-UDLs extended the release
half-life of CO via slower and constant release of CORM-2; (ii)
CORM-2-UDLs enhanced the skin permeation and dermal accu-
mulation of CORM-2; and (iii) CORM-2-UDLs showed superior
anti-inflammatory effects in LPS-stimulated RAW 264.7 macro-
phages and the murine TPA-induced ear edema model compared
with CORM-2 solution. Consequently, topical application of
CORM-2-UDLs could be a potential therapeutic approach to
suppressing skin inflammation in biological models.
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