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A dual deformable liposomal ointment
functionalized with retinoic acid and epidermal
growth factor for enhanced burn wound healing
therapy†
Kong-Jun Lu,‡a Wei Wang,‡a,b Xiao-Ling Xu,a Fei-Yang Jin,a Jing Qi,a
Xiao-Juan Wang,a Xu-Qi Kang,a Meng-Lu Zhu,a Qiao-Ling Huang,b
Chao-Heng Yu,*c Jian Youa and Yong-Zhong Du *a
An ointment containing retinoic acid deformable liposomes (TRA DLs) and epidermal growth factor cationic deformable liposomes (EGF CDLs) was prepared for the treatment of deep partial-thickness burns.
The characterization tests conﬁrmed both liposomes featured small particle sizes, high drug entrapment
eﬃciencies and sustained drug release behavior. Compared with the free drug, TRA DLs and EGF CDLs
exhibited superior skin permeation and remarkably increased drug deposition by 2.9 and 18.8 folds,
respectively. Results on HaCaT cells indicated the combined application of two liposomes exerted a
synergistic eﬀect and prominently promoted cell proliferation and migration. Application of the dual lipo-
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somal ointment on a deep partial-thickness burn model stimulated wound closure ( p < 0.001), promoted
skin appendage formation and increased collagen production, thus improving healing quality. Finally, it
was demonstrated that TRA signiﬁcantly up-regulated the expression of EGFR and HB-EGF to enhance
the therapeutic eﬀect of EGF. Therefore, the dual liposomal ointment is a promising topical therapeutic
for burn treatment.

Introduction
As one of the worst forms of trauma, burns constitute a major
worldwide public health problem. Acute thermal injury is a
significant cause of mortality and morbidity, annually
aﬀecting more than approximately twenty million people in
China.1 Current burn therapy usually varies according to the
injured depth, including debridement, wound coverage,
topical application of drug and autologous skin graft, etc.2,3
Moreover, the application of topical drugs, which mainly
focuses on promoting the healing process and preventing
infection, plays an indispensable role in the treatment for all
types of burns. Hence, a large demand still exists in exploring
novel therapeutic agents for topical burn therapy.4
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In recent years, many growth factors have been topically
applied in clinic and their favorable bioactivity on wound
healing is well documented in many animal and human
studies.5–7 The epidermal growth factor (EGF) is a single-chain
polypeptide containing 53 acid residues and 3 disulphide
bridges. When specifically binding with EGFRs, EGF will
induce receptor phosphorylation and activate signal transduction pathways, leading to facilitated cell proliferation and
migration.8,9 Nevertheless, despite the strong mitogenic ability
of EGF, the poor stability and premature inactivation in wound
environments have greatly impaired its therapeutic eﬀect and
hindered its application. It is urgent to develop new strategies
to tackle these problems mentioned above.
All-trans retinoic acid (TRA) is a metabolite of vitamin A,
which is frequently used for the treatment of various dermatological problems such as acne, psoriasis, skin carcinoma and
photoaging.10,11 TRA regulates the growth and diﬀerentiation
of epithelial cells and fibroblasts, sebum production and collagen synthesis12,13 by combining with the nuclear retinoic
acid receptors. Some studies have shown the potential of TRA
in wound treatment: Yukie and Humaira found that topical
pretreatment with all-trans-retinoic acid was beneficial for
wound healing in genetically diabetic mice.14,15 Basak et al.
reported that topical TRA significantly improves wound
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healing, which is characterized by the increased synthesis of
collagen, appearance of blood vessels and new granulation
tissue around the wound region.16 Furthermore, TRA is verified to up-regulate the expression of EGFR, HB-EGF and other
cytokines that are related to wound healing,17,18 which reveals
the synergistic eﬀect of TRA and EGF. Unfortunately, skin irritation, extremely low water solubility and photolability of TRA
produce much inconvenience in topical application.19,20
Liposomes are one of the promising nano-carriers for
topical drug delivery. They are nontoxic, biodegradable, and
biocompatible with skin, providing protection for encapsulated drug and sustaining drug release.21 Emerging as a new
generation of liposomes, deformable liposomes mainly consist
of phospholipids and an edge activator (such as sodiumcholate, sodium deoxycholate and Tween-80).22 These novel carriers not only integrate the strengths of traditional liposomes,
but show more merits in topical application. The presence of
an edge activator provides high flexibility to deformable liposomes and enables them to cross the stratum corneum and
reach the viable epidermis.23 Many studies utilized deformable
liposomes to load various drugs and facilitate the distribution
of drugs into the skin.24,25 In particular, it could also be used
as a vehicle for the delivery of large biogenetic molecules into
the skin.26
To our knowledge, no study has been performed on topical
preparations containing EGF and TRA for burn treatment. In
this study, with a major objective of protecting drugs and
achieving larger retention in skin, TRA loaded deformable
liposomes (TRA DLs) and EGF cationic deformable liposomes
(EGF CDLs) were prepared. Their physicochemical properties
were systematically characterized, followed by investigation on
proliferation and the migration eﬀect of liposomes in HaCaT
cells. Then an ointment formulation containing both liposomes was developed to obtain the synergistic eﬀect of drugs
as well as convenience for use. Lastly, a deep second burn rat
model was established and used to evaluate the burn wound
healing eﬀect of this novel ointment formulation.

Materials and methods
Materials
Epidermal growth factor (EGF) and all-trans retinoic acid (TRA)
were purchased from SinopharmDalian Meilun Biotechnology
Co., Ltd (Dalian, China); phosphatidylcholine (SPC) was purchased from Lipoid GmbH (Ludwigshafen, Germany); 1,2-dioleoyl-3-trimethylamonium propane chloride (DOTAP) was
purchased from Corden (Liestal, Switzerland). Tween 80, Nile
red (NR) and fluorescein isothiocyanate (FITC) were purchased
from Aladdin Reagent Database Inc (Shanghai, China); 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Sigma-Aldrich Chemical; deionized water
(18.4 MΩ cm) used in all experiments was prepared using a
Milli-Q system (Millipore, Boston, USA) and was used in all
experiments. All other chemicals and solvents were of analytical or chromatographic grade.
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Preparation of deformable liposomes and liposomal ointment
TRA liposomal formulations made of SPC and diﬀerent
amounts of Tween 80 (weight ratio: 10%, 20%, 30%) were
prepared by the thin-film hydration method. Briefly, appropriate amounts of TRA, SPC and Tween 80 were dissolved in
chloroform, then transferred into a round bottom flask.
Solvents were rotary-evaporated at 45 °C. The resultant lipid
film was flushed with N2 and hydrated with citrate buﬀer
under bath sonication to make the film fall oﬀ. Finally, the
liposomal suspension was sonicated in an ice bath for 2 min
using a probe sonicator (intermittent operation for 2 seconds
on and 3 seconds oﬀ ). The final TRA concentration was
3 mg ml−1.
The EGF cationic deformable liposomes were prepared by a
modified thin-film hydration method. DOTAP and Tween 80
(w : w = 6 : 1) were dissolved in chloroform, and the lipid
mixture was deposited as a thin film in a round-bottom flask
by rotary-evaporating the solvent under vacuum. Then the film
was flushed with N2 and hydrated with deionized water under
bath sonication, following 2 min probe sonication (intermittent operation for 2 seconds on and 3 seconds oﬀ). EGF liposomes were obtained by vortex mixing of blank liposomes and
EGF solution for 2 min, and the mixture was incubated at
room temperature for 20 min prior to use.
The preparation process of the corresponding liposomal
ointment is rather simple and the formulation of the ointment
matrix containing deformable liposomes is shown in
Table S1.† Briefly, the oil phase and water phase were heated
to 60 °C separately. Then the oil phase was added into the
water phase with magnetic stirring. The mixture was cooled to
40 °C before the liposome suspension was added into it.
Finally, the ointment was transferred on ice for further
cooling. The final drug content of EGF in the ointment was
10 μg g−1 while that of TRA was 0.5 mg g−1.
Characterization of deformable liposomes
The particle size, size distribution and zeta potential were
measured by dynamic light scattering (DLS) after suitable
dilution (Zetasizer, Malvern Co., UK). The morphology of liposomes was observed by transmission electron microscopy
(TEM) (Hitachi Japan). For two kinds of liposomes, unencapsulated drug and liposomes were separated by ultrafiltration centrifugation. The TRA content of the filtrate (unencapsulated
drug) as well as the total TRA content in the formulation were
analyzed by high performance liquid chromatography (HPLC)
at a wavelength of 350 nm. The mobile phase was a mixture of
acetonitrile, water and acetic acid (84.5 : 15 : 0.5, v/v), at a flow
rate of 1.2 ml min−1, and the injection volume was 20 μl. The
EGF content of samples was determined by using micro-BCA
(Boster). Drug loading (DL) and encapsulated eﬃciencies (EE)
were calculated using the following formulas:
DLð%Þ
total mass of drug  mass of unencapsulated drug
¼
 100%
mass of loaded liposomes
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EEð%Þ
total mass of drug  mass of unencapsulated drug
¼
 100%
total mass of drug

Published on 15 March 2019. Downloaded by Zhejiang University on 5/29/2019 7:57:03 AM.

In vitro drug release
The dialysis method was applied to monitor the drug release
from liposomes. A known amount of TRA liposomes and free
drug solution was sealed in a dialysis membrane (MWCO
3.0 kDa for TRA) and then immersed in 10 ml hydroalcoholic
solution (ethanol/PBS 50 : 50) as the release medium. The
dialysis was carried out at 37 °C, with constant stirring in an
incubator shaker (HZ-8812S, Scientific and Educational
Equipment Plant, Taicang, China). At predefined time points,
the release medium was withdrawn and replaced by fresh
medium. The TRA content of samples was determined by
HPLC.
In vitro drug release of EGF liposomes was carried out in
much the same way, but a diﬀerent dialysis membrane
(MWCO 100 kDa) was applied and the release media was
changed into PBS ( pH = 7.4, pH = 5.5). The EGF content of
samples was measured by using micro-BCA.
In vitro skin permeation and retention
Female SD rats (180 ± 20 g) were sacrificed using excess
anesthesia. The full thickness ventral skin of female SD rats
was shaved and excised, and extraneous subcutaneous fat was
removed. The dermal surface skin permeation and deposition
studies were carried out using Franz diﬀusion cells. The
excised rat skin samples were mounted between the donor and
the receptor chambers of Franz diﬀusion cells with the
stratum corneum side facing the donor chambers, the eﬀective
diﬀusion area of Franz diﬀusion cells is 2.80 cm2. An appropriate volume of liposome suspension or liposomal ointment was
applied on the skin surface.
The receptor chamber was filled with 7 ml receptor
medium (hydroalcoholic solution for TRA and pH = 7.4 PBS
for EGF), which was maintained at 37 °C and under magnetic
stirring at 100 rpm. At predetermined time intervals, 1 ml of
receptor medium was withdrawn for measurement and
immediately replaced with the same volume of fresh medium
to maintain skin conditions.
After 24 h treatment, the skin samples were removed from
the cells and washed three times with ice-cold PBS. Following
room temperature drying, skin samples were minced and
added into corresponding extract solvents (PBS : methol = 1 : 1
for TRA and PBS for EGF). After homogenization and centrifugation, the supernatant layer was used to determine the concentration of the drug.
In vitro skin permeation of deformable liposomes and
liposomal ointment
The TRA deformable liposomes were prepared and bilayers
were labeled by the synthesized FITC-ODA. The Nile-Red
labeled cationic liposomes was used to load EGF conjugated
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with FITC. The two labeled vesicles were separately applied on
the excised rat skins clamped in the Franz cells for 12 h. At
predetermined time intervals, the skin samples were taken out
and washed with PBS to remove the excess amount of vesicle
formulation and the diﬀusion area was punched out. The
samples were fixed in formalin and embedded in the optimal
cutting temperature (OCT) compound. The frozen skin was
then sectioned with a cryostat into 10 μm slices. These tissues
were fixed onto slide glasses and with DAPI. The penetration
was assessed by confocal laser scanning microscopy (CLSM).
To distinguish dermis and epidermis, DAPI-stained cell nuclei
were excited at 405 nm using an Ar laser (emission wavelength
= 460 nm). FITC was excited with the 520 nm line from an Ar
laser. Nile-red was excited at 543 nm using an He–Ne laser.
Skin permeation of the corresponding liposomal ointment was
carried out essentially in the same way.
Cell culture
The human immortal keratinocyte cell line (HaCaT) was purchased from Cell Resource Center of China Science Academe.
The cell lines were cultured in Dulbecco’s modified Eagle
medium (Gibco BRL, USA) supplemented with 10% fetal
bovine serum (FBS, Sijiqing Biologic, China) and penicillin/
streptomycin (100 U mL−1, 100 U mL−1) at 37 °C in a humidified atmosphere containing 5% CO2. Cells were subcultured
regularly using trypsin/EDTA.
Cytotoxicity and cell proliferation
MTT assay was employed to evaluate the cytotoxicity of blank
vehicles and proliferative eﬀect of liposomes. HaCaT cells were
seeded in 96-well plates at a density of 1 × 104 cells per well,
incubated for 24 h, and treated with various concentrations of
blank vehicles or drug-load liposomes After 24 h, 20 μl MTT
(5 mg ml−1) was added and the cells were incubated for
another 4 h. Finally, 200 μl DMSO was added to dissolve the
purple formazan crystals and the plates were read immediately
on a microplate reader at a wavelength of 570 nm (Bio-Rad,
Model 680, USA). Untreated cells served as a control.
In the cell proliferation part, the situations of exclusive and
combined use of liposomes were investigated.
In vitro scratch wound recovery
An in vitro scratch wound recovery assay was performed to
identify the promotion eﬀect on the cell migration of liposomes. Briefly, the cells were seeded in 24-well plates and cultured in complete medium at 37 °C for 24 h to form a confluent monolayer. Scratch wounds were created by using a sterile
0.1–10 μl pipette tip, then incubated with an optimum concentration of free drug or drug loaded liposomes. Cell migration
was monitored every 12 h by using an optical microscope, and
the wound healing areas in each group were also semi-quantified by Image J.
Establishment of the partial-thickness burn wound in rats
All the animal procedures were performed in accordance with
the National Institutes of Health Guide for the Care and Use of
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Laboratory Animals and experiments were approved by the
Animal Care and Use Committee of Zhejiang University. A
partial-thickness burn wound model was used to assess the
wound healing eﬃcacy of the liposomal ointment. The female
SD rats (180–220 g) were anesthetized with 10% chloral
hydrate (4 ml kg−1), their dorsum was shaved and scrubbed
with 75% ethanol solution to prepare for wounding. A 4.0 cm2
circular burn wound was made using the instrument at constant temperature and pressure (YLS-5Q). The contact temperature of the metal head on the instrument could be adjusted
from 0 to 400 °C to control the depth and degree of inflicted
injury. The rats were scalded for 6, 8, and 20 s by using this
instrument at constant temperature (80 °C) and pressure (12
kPa).
This procedure was conducted to create a uniform wound
with a sharp margin. After 24 h of injury, the skin of the burn
area was removed, fixed in 4% buﬀered paraformaldehyde,
and sequentially dehydrated in a series of gradient ethanol
and dimethylbenzene (75, 85, 95, and 100%). Afterwards, the
processed tissues were embedded in paraﬃn and tissue sections (thickness of 8 mm) were analyzed by Masson’s trichrome and HE staining to determine the depth of injury. The
total skin burned area accounted for approximately 4% of the
whole skin surface.
Investigation of the promotion eﬀect on wound healing in vivo
A total of 42 SD rats were divided into seven groups: blank
control; TRA free drug ointment; EGF free drug ointment; TRA
liposomal ointment; EGF liposomal ointment; combined free
drug ointment and dual liposomal ointment. Ointments were
locally delivered at the wound site every day at a dose of 0.08
g cm−2. The wounds were copied with filter papers and the
weight percentage of filter papers was calculated at diﬀerent
post wounding time points; the wound closure percentage was
obtained as follows:
Wound closure percentage ð%Þ
wound area on day 0  wound area on day n
¼
 100%
wound area on day 0
The skin tissue at the wound site was harvested and fixed
with formalin and embedded in paraﬃn blocks, and 5 μm
thick paraﬃn sections were mounted on a glass slide for
Masson’s trichrome and HE staining to determine the healing
quality of the wound. Deparaﬃnized sections were incubated
with specific antibodies directed against PCNA and CK6 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), followed by the
appropriate peroxidase/DAB secondary antibodies (DAKO,
Glostrup, Denmark), and immunohistological staining was
used to evaluate the cell proliferation and migration at the
wound site.
The harvested skin tissue was washed and cut into small
pieces in lysis buﬀer RIPA containing protease inhibitor
0.1 mM PMSF (Beyotime biotechnology, China), followed by
homogenization and centrifugation, the supernatant was collected for further EGFR evaluation, conducted by using the rat
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EGFR ELISA kit (Jiangsu Meimian industrial, China). The
supernatant of skin tissue homogenized in PBS was also collected and its HB-EGF level was determined by using the rat
HB-EGF ELISA kit (Jiangsu Meimian industrial, China).
Amounts of EGFR and HB-EGF protein were normalized with
the total amount of protein. The hydroxyproline level of specimens was measured by using the hydroxyproline assay kit
(Jiancheng bioengineering institute, China) to reveal the collagen deposition.
Statistical analysis
All the quantitative data were shown as means ± standard deviation (SD) of three separate experiments. Discrepancies
between two groups were conducted by Student’s t test and
one-way analysis of variance (ANOVA) was used for discerning
discrepancies between multiple groups. A P-value <0.05 was
considered statistically significant.

Results and discussion
Characterization of deformable liposomes
It is fundamental to evaluate the physicochemical parameters
of vesicular systems, due to their crucial influence on the biopharmaceutical features of the encapsulated compounds in
the delivery process. Therefore, the particle size, entrapment
eﬃciency (EE) as well as drug release were characterized
(Table 1).
The DLS showed that the average particle size of diﬀerent
TRA DL formulations varies with the edge activator content: by
the incremental proportion of the surfactant from 10% to
30%, the particle size dropped from 86.2 ± 14.9 nm to 48.1 ±
4.1 nm, then grew up to 87.0 ± 9.4 nm. In contrast, the particle
size of EGF CDLs was smaller, measured at 16.00 ± 1.01 nm. It
was reported that topical drug delivery was aﬀected by the size
of liposomes, smaller ones with size ≤70 nm often had an
edge on skin penetration and deposition and were seen to be
promising for dermal delivery.27 Therefore, the prepared DLs
were suitable enough for topical application. TEM images not
only revealed a hollow spherical morphology of both deformable liposomes, but displayed a similar average particles size
to DLS results.
The drug loading eﬃciencies of all TRA DL formulations
were calculated to be about 3%, and their encapsulated

Table 1 The characterization of various liposomes. (A–D: the TRA liposomes with diﬀerent surfactant ratios, E: EGF cationic deformable
liposomes)

Formulations

Particle
size (nm)

Polydispersity
index

Encapsulated
eﬃciency (%)

A: 10% Tween 80
B: 20% Tween 80
C: 30% Tween 80
D: Traditional lipo
E: EGF cationic lipo

86.2 ± 14.9
48.1 ± 4.1
77.6 ± 8.5
87.0 ± 9.4
16.00 ± 1.01

0.392 ± 0.036
0.424 ± 0.018
0.363 ± 0.021
0.372 ± 0.060
0.497 ± 0.097

99.83 ± 0.03
99.84 ± 0.07
99.74 ± 0.04
99.80 ± 0.08
63.73 ± 4.48
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eﬃciencies were over 99%. As for EGF CDLs, the encapsulated
eﬃciency reached 63.73 ± 4.48%.
The drug release behavior of diﬀerent TRA DLs was investigated under simulated physiological conditions (pH 7.4) at
37 °C. Owing to the poor water solubility of TRA, the hydroalcoholic solution (ethanol/PBS 50 : 50) was chosen as the release
media to maintain the sink condition.28,29 As displayed in
Fig. 1C, all formulations sustained drug release for 48 h.
However, the release was faster in DLs (88%–96% at 24 h) than
that in traditional liposomes (79% at 24 h), which can be
explained by the addition of the edge activator increasing the
fluidity of the bilayer. In the case of EGF CDLs, the drug release
was performed under both physiological conditions (pH 7.4)
and inflamed injured skin conditions (pH 5.5).30 The EGF CDLs
displayed an initial burst release phase where the cumulative
release reached 39% in pH 7.4 and 44% in pH 5.5, respectively.
Then it followed a sustained release profile, sharing a similar
drug release behavior to that of the EGF liposomes prepared by
Alemdaroğlu et al.31 Furthermore, the EGF release was slightly
quicker in an acidic environment, being mildly pH dependent.
This may be because the acidic environment caused a drop in
the proportion of negatively charged EGF (pI = 4.6), more EGF in
positive and neural form could overcome the electrostatic interaction and escape from positive-charged liposomes. The slow
and incomplete drug release could result from the electrostatic
force between the cationic lipsomes and some EGF molecules.32
Skin permeation and retention study
Results for skin permeation and retention of diﬀerent lipsomes are illustrated in Fig. 2. As shown in Fig. 2A, with
respect to the saturated free drug solution, the TRA DLs
remarkably improve the drug retention in skin by 2.3, 2.9 and
1.6 folds in TRA liposome formulations containing 10% 20%
and 30% Tween 80, respectively. In addition, the traditional
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liposome also transferred 130% more drug into the skin than
the aqueous control. Moreover, the drug retention of 20%
Tween 80 formulation took the lead in the amount of drug
retention, as well as in skin permeation flux (Jflux). As previously observed by Cevc and El Maghraby, deformable liposomes significantly meliorate in vitro skin delivery of lipophilic
drugs by improving both skin deposition and transdermal permeation,33,34 which is in line with our findings. The fluctuation of skin retention with the change of the surfactant ratio
can be due in part to the rugged particle size in diﬀerent
groups, but it could be more related to the surfactant concentration of diﬀerent formulations. Although the addition of an
edge activator obviously enhances the flexibility of the phospholipid bilayers, the excessive surfactant may tend to form a
proportion of mixed micelles in the vesicular system. However,
the mixed micelles appear to be noticeably less turbid, more
rigid, thus being less eﬀective as skin delivery systems compared with deformable liposomes.35 This may be the reason
why there was a decline of skin retention from 20% to 30%
Tween 80 formulation. The diﬀerent liposomal ointments were
also tested for their drug permeability and deposition. Albeit a
reduction of skin deposition caused by a slower drug release in
the ointment matrix was noticed, the results were in accordance with the trend previously obtained in liposomes, which is
beneficial for reducing the frequency of application.
EGF CDLs also delivered significantly better results in this
study, as EGF retention in skin soared to almost 18.8 folds as
that of the free drug. Not surprisingly, drug release was slowed in
the ointment matrix and a decline of the retention arose after the
same period of time. It is reported that cationic deformable liposomes were suitable to deliver macromolecules and seemed to
assure a deep skin penetration of several drugs with respect to
neutral and anionic liposomes.36 The positive surface charge
endows them with aﬃnity to negative charged stratum corneum,

Fig. 1 The characterization of deformable liposomes. (A) TEM images and size distribution of TRA DLs (20% Tween 80). (B) TEM images and size distribution of EGF CDLs. (C) In vitro drug release of diﬀerent TRA DLs. (D) In vitro drug release of EGF CDLs.
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Fig. 2 Skin permeation and retention study of deformable liposomes. (A) In vitro skin permeation and retention of diﬀerent TRA DLs (*p < 0.05,
**p < 0.01, ***p < 0.001 compared with traditional lipo). (B) In vitro skin permeation and retention of diﬀerent TRA DLs ointment (*p < 0.05,
**p < 0.01 compared with traditional lipo). (C) In vitro skin permeation and retention of EGF CDLs and their liposomal ointment. (D) CLSM images of
rat skin after the application of TRA DLs. (E) CLSM images of rat skin after the application of TRA DL ointment. (F) CLSM images of rat skin after the
application of EGF CDLs. (G) CLSM images of rat skin after the application of EGF CDL ointment.

resulting in an enhanced drug penetration into/through the skin.
On the other hand, they quickly associate with the skin cell membrane and then are endocytosed eﬃciently.37,38 In this study, the
EGF CDLs exhibited satisfactory skin permeation and retention.
To visualize the in vivo skin permeation of two DLs, confocal images were obtained from frozen sections under CLSM.
All skin samples are stained with DAPI, and mostly a clear

This journal is © The Royal Society of Chemistry 2019

boundary of epidermis could be seen in the pictures. 20%
Tween 80 TRA DLs labeled with FITC-ODA gradually penetrated the stratum corneum after 4 h, and reached the viable
dermis after 8 h, for more green fluorescence was observed in
the deeper skin. Furthermore, it should be pointed out that
the fluorescence was obviously more intense in skin appendages such as hair follicles. Likewise, EGF CDLs engendered a
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deeper penetration as expected. They were capable of penetrating through the pyknotic basal layer of epidermis and entered
the deeper dermis after 4 h application, similarly accumulating
into skin appendages. Green and red fluorescent signals were
nearly overlapped, revealing EGF was carried by liposomes into
the deep layer of dermis. Generally speaking, mechanisms of
liposomes to enhance skin permeation include: the penetration
enhancement of the liposome components, vesicle adsorption
to and fusion with the stratum corneum and intact penetration
through skin.39 Nonetheless, our results have supported the
notion that skin appendage was another major pathway for
deformable liposomes getting into the deeper skin.
Cytotoxicity, cell proliferation and scratch assay
The in vitro toxicity of blank liposomes was accessed on
HaCaT cells for a range of concentrations via the MTT assay.
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Based on results presented in Fig. 3, the blank DLs are rarely
toxic to cells, for over 90% cells remaining viable at the
highest concentration of 500 μg ml−1. Blank CDLs also exhibited low cytotoxicity at low concentrations, although the cell viability gradually dropped from 90% to 60% with the further
increase of the concentration, this could be attributed to the
intrinsic toxicity of DOTAP.40
To evaluate the synergistic biological activity of EGF and
TRA combination, we examined the eﬀects of EGF CDLs and
TRA DLs, alone or in combination, on the proliferation of
HaCaT cells. In occasion of the exclusive use of TRA DLs, the
cell viability initially escalated and peaked at 119%, but then
dwindled with the increase of the concentration, indicating
TRA only showed the proliferative eﬀect at a relatively low
dose. In contrast, the incremental cell viability between a dose
of 0.15–1.2 μg ml−1 showcased that EGF CDLs possessed a

Fig. 3 Cytotoxicity, cell proliferation and scratch assay of deformable liposomes. (A) Cytotoxicity of blank DLs. (B) Cytotoxicity of blank CDLs. (C)
Cell proliferation of HaCaT cells after incubation with TRA DLs alone. (D) Cell proliferation of HaCaT cells after incubation with EGF CDLs alone. (E)
Cell proliferation of HaCaT cells after incubation with both TRA DLs and EGF CDLs. (F) The representative photos of wound areas at diﬀerent time
points of the scratch assay. (G) The quantitative analysis of wound areas in the scratch assay (*p < 0.05, **p < 0.01).
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strong stimulating eﬀect on proliferation. Above all, driven by
the synergistic mitogenic eﬀect of TRA DLs and EGF CDLs in
the combined use, cell viability was further boosted, reaching
1.6 folds that of the control. However, no significant diﬀerence
was observed between the free drug group and liposome group
in terms of cell proliferation. This is because the cell model
was simple and unable to completely model the skin barrier,
the lack of a skin permeation process makes it unable to bring
the strength of liposomes into full play.
In the in vitro scratch wound recovery assay, consistent
results were obtained. TRA DLs mildly accelerated the wound
closure, while no significant improvement was shown in the
free TRA group. EGF and EGF CDLs could conspicuously
promote cell proliferation and migration, so their wound
recovery rates were 27% and 35% higher than the control after
48 h treatment. Planned comparison revealed that there was a
noticeable synergistic eﬀect on wound closure after treatment
with a combination of two liposomes for 48 h, the wound
closure rate dramatically climbs to 3 folds that of the control.
In addition, a significant diﬀerence was observed ( p < 0.01)
between groups of combined free drug and liposomes, indicating a more preferable eﬀect of liposomes on promoting
migration. Cell migration is a crucial phase of re-epithelization, the results of the scratch assay testified the strong capability of two liposomes for stimulating migration and proved
their promising potential for burn treatment.
Establishment of the partial-thickness burn wound model
HE and Masson’s trichrome staining sections of burned skin
at 24 h post-wounding are shown in Fig. 4C. In the superficial
partial-thickness burn wound group, the necrotic epidermis
and slightly swollen collagenous fibers in the superficial
partial dermis were observed in HE-stained samples. The deep
partial-thickness burn wound increased in severity: the epider-
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mis was completely destroyed, the deep partial dermis was
swollen, and angiectasis was evident. Skin appendages, such
as hair follicles, sebaceous glands, and sweat glands, were
partly damaged. Specifically, the epithelial cells in the follicular sheath were disrupted, numerous infiltrative lymphocytes
and monocytes appeared in the inflammation sites due to
recruitment, and collagenous fibers in the deep partial dermis
turned into red in the Masson’s trichrome staining. The thirddegree burn group suﬀered the most devastating injury: for
both epidermis and dermis were terribly damaged and most
skin appendages were totally disrupted.
Promotion eﬀect on the wound healing of partial-thickness
burn wound model
The wound healing rate of the burned skin was determined
from the percentage of the wound area covered by regenerating
epidermis. Fig. 5B exhibited that the TRA liposomal ointment
slightly promoted the burn wound healing versus the blank
control at 10 d, and a more significant influence on wound
closure was observed in the EGF liposomal group and combined free drug group. Moreover, the application of the dual
liposomal ointment significantly expedited the healing rate,
achieving a superior eﬃcacy than any other group from visual
inspection ( p < 0.001 compared with the blank control). The
results above could be attributable to the synergistic eﬀect of
drugs and merits brought by deformable liposomes-a better
drug deposit and sustained drug release.
The microstructure of the wound site was subsequently
observed from the tissue section. The collagen matrix
remained disorganized in the control group. However, collagen
bundles arranged in parallel and their relatively regular deposition could be noticed in the EGF liposomal group and dual
liposomal group at 24 days post-wounding, while the latter
exhibited more similar collagen deposition to that of normal

Fig. 4 Establishment of the partial-thickness burn wound model. (A) The instrument with constant temperature and pressure (YLS-5Q). (B) The
process of establishment of the partial-thickness burn wound. (C) Appearance, HE and Masson’s trichrome staining of the burn wound at various
degrees at 24 h post-wounding (I normal skin; II superﬁcial partial thickness burn wound; III deep partial thickness burn wound; IV third degree burn
wound).
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skin. More skin appendages and blood vessels grew within the
granulation tissue in the dual liposomal group, whereas the
control group exhibited wide areas of a dense dermis devoid of
skin appendages. It means that the skin treated with the dual
liposomal formulation was restored and regained its ordinary
function at a faster pace. These results support more robust
angiogenetic and wound repair eﬀect of the dual liposomal
formulation, being consistent with previous findings.
Activation of keratinocytes is a key process in cell migration,
and cytokeratin 6 (CK6) is a crucial mark to detect activated
keratinocytes in the wound.41 According to immunostaining
results in Fig. 6A, CK6 was up-regulated around the wound
edge in the EGF liposomal group and more pronounced in the
dual liposomal group, suggesting activation of keratinocytes in
the suprabasal compartment located near the wound edge was
increased versus the other groups. PCNA immunostaining was
performed to evaluate cell proliferation at wound sites.21

Biomaterials Science

According to the findings of Alemdaroğlu et al. and Değim
et al., both EGF chitosan gel and the EGF liposomal gel significantly boosted cell proliferation, especially targeting fibroblasts and keratinocytes in the deep second-degree burn
model.42,43 Notably, we also found out that there were more
positive-stained cells in the EGF liposomal group and combined free drug group in comparison with the blank control,
indicating EGF and EGF liposomes exerted a favorable proliferative eﬀect. Thanks to the advantages of deformable liposomes and the synergistic eﬀect of drugs, the number of proliferative cells in the dual liposomal group topped that in any
other group, partly explaining the accelerated wound healing
rate.
The collagen content was estimated by the assessment of
the hydroxyproline content, a major constituent of collagen.44
The hydroxyproline content was mildly elevated in the TRA
liposomal group while other groups showed significant

Fig. 5 Wound healing eﬀect of the dual liposomal ointment. (A) Representative photos of full partial-thickness burn wound at various time points.
(B) Wound closure rate of full partial-thickness burn wound at various time points (*p < 0.05, **p < 0.01).
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Fig. 6 Establishment of the partial-thickness burn wound model and the wound healing eﬀect of the dual liposomal ointment and mechanism of
the synergistic eﬀect generated by TRA and EGF combination. (A) HE and Masson’s trichrome staining and cytokeratin 6, PCNA
Immumohistochemical staining of the burn wound site at 24 days post-wounding. (B) The hydroxyproline content of burn wounds at 24 days postwounding in diﬀerent groups. (C) HB-EGF expression levels of burn wounds at 24 days post-wounding in diﬀerent groups. (D) EGFR expression
levels of burn wounds at 24 days post-wounding in diﬀerent groups (*p < 0.05, **p < 0.01, ***p < 0.001 compared with blank control).

surges in the hydroxyproline content, with the dual liposomal
group coming on top. The 2.0-fold hydroxyproline content
compared with control indicates that the combined use of
liposomes contributed to the rapid production of collagen,
accelerating the wound healing process and improving
healing quality.
In order to confirm the mechanism generated by TRA and
EGF combination, the expression levels of cytokines relevant
to the EGFR signal pathway were measured by ELISA. EGFR is
the major receptor that EGF binds with, and HB-EGF also
plays a crucial role in the EGFR signal pathway so as to
promote wound healing. As displayed in Fig. 6C and D, as well
as in the TRA liposomal group, expression levels of EGFR and
HB-EGF significantly rise in the dual liposomal ointment
group in comparison with the control ( p < 0.001). These
results demonstrated that the synergistic eﬀect created by TRA
and EGF could result from the elevation of expression levels of
EGFR and HB-EGF.

This journal is © The Royal Society of Chemistry 2019

Conclusion
TRA DLs and EGF CDLs were successfully prepared and
promptly augmented drug retention in skin by virtue of flexibility of deformable vehicles. The two types of liposomes not
only synergistically enhanced the cell proliferation and
migration, but noticeably boosted wound healing and
improved the healing quality when both were incorporated
into an ointment matrix. Their synergistic therapeutic mechanism was associated with the up-regulation of EGFR and
HB-EGF. These results suggested that the combined liposomal
ointment has the potential to be a desirable formulation in
the treatment of burns.
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