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Aim: Multidrug resistance is the main reason for the failure of chemotherapy during the treatment of the
tumor. To overcome multidrug resistance, this study attempts to develop a novel transdermal drug-delivery
system (TDDS) loading cytotoxic drug and chemosensitizer. Materials & methods: The polyethylenimine-
modified ethosomes (Eth-PEI) and sodium cholate-modified ethosomes (Eth-SC) were firstly fabricated, and
then a novel TDDS based on the carriers complex of Eth-PEI/Eth-SC was prepared by electrostatic interaction
and evaluated both in vitro and in vivo. Results: The Eth-PEI/Eth-SC showed the excellent antitumor effect
on treating melanoma, using doxorubicin and curcumin as the cytotoxic drug and chemosensitizer, re-
spectively. Conclusion: The as-prepared TDDS composed of Eth-PEI/Eth-SC loading multidrug is an effective
means for treating melanoma.
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Chemotherapy is one of the main effective methods for long-term cancer cure [1–3]. However, drug resistance is
almost unavoidable during the chemotherapy of tumor with single-agent drug, and multidrug resistance (MDR) is
the main reason for the failure of chemotherapy [4]. The combination of cytotoxic agent and chemosensitizer has
been thought effective to overcome MDR and reduce side effects by modulating multiple signaling pathways in
cancer cells [4–6]. Though doxorubicin (DOX) is frequently used for the treatment of cancer, the use of free DOX
is also rather hampered due to MDR as well as cardiotoxicity and nephrotoxicity in clinical trials [7–9]. The main
molecular mechanisms of primary or secondary drug resistance to DOX was reported to be the overexpression of
P-glycoprotein encoded by MDR1 [8]. Curcumin (CUR), a polyphenol from the Curcuma longa L., can act as a
chemosensitizer co-administered with various efficacious anticancer agents and has been proved no toxic side effects
even at high doses [10–13]. Recently, several studies have demonstrated the synergistic effects of CUR and DOX,
which triumphantly enhanced the treatment efficacy of some cancers [14–18].

Another optimum solution for MDR is choosing a carrier which can wrap and transport cytotoxic drugs into
tumor site directly [4]. Doxil and Caelyx, the formulations of DOX encapsulated inside liposomes, had been
approved for the adjuvant therapy by US FDA in 1995 [19]. A liposome is a kind of nanoparticle with a cell
membrane-like structure which can easily fuse with the cell membrane, and has become a well-established carrier
in tumor treatment [20,21]. To best satisfy the therapeutic demands, the development of liposomes put emphasis on
surface modification [22]. Among them, cationic liposomes achieved cellular delivery of drugs efficiently due to its
surface positive charge and high deformability [23]. However, high positive charges of cationic liposomes can also
lead to severe toxicity in normal host cells, and occasionally cause a hypersensitivity reaction [24]. Therefore, it is
critical to balance between a high transfection efficiency and low cytotoxicity of the liposomes.

An ethosome is a modified form of liposome that contains a relatively low concentration of ethanol [23]. In
recent years, ethosome has been intensively studied as a drug carrier applied in transdermal drug delivery system
(TDDS) for its high transdermal efficiency and stability [25]. TDDS can transport drugs into the systemic blood
without the shortcomings of the hepatic first-pass effect and potential infection, compared with traditional drug
administrations (usually intravenous and oral) [26,27]. TDDS has also been reported to have unique advantages in
improving the control and treatment of superficial cancers, enhancing the efficiency of drug administration to the
lymphatic system and inducing an immune response (transcutaneous immunization) through antigen presenting
cells [28].

Based on the above knowledge, we hypothesized that a TDDS with both cationic and anionic ethosomes loading
cytotoxic drug and chemosensitizer, respectively could achieve the desired effect on the treatment of cancers,
especially for those occurred in the superficial tissues such as cutaneous melanoma. Here, a novel TDDS based
on the ethosomes complex including polyethyleneimine (PEI)-modified ethosomes (Eth-PEI) and sodium cholate
(SC)-modified ethosomes (Eth-SC; the two kinds of carriers would load different drugs, typically cytotoxic drug and
chemosensitizer, respectively) were generated through electrostatic interaction. The carriers complex with different
amount ratio of Eth-PEI and Eth-SC were prepared and characterized. The cell uptake and transdermal performance
of the carriers complex were assessed in vitro using fluorescent agents. Furthermore, with the DOX and CUR as
model drugs (CUR@Eth-PEI/DOX@Eth-SC), the therapeutic effect on melanoma of this TDDS was examined
both in vitro and in vivo.

Materials & Methods
Materials
Fluorescein isothiocyanate (FITC), phosphatidyl choline (SC), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromidecholesterol (MTT), octadecylamine and PEI (Mw = 25 kDa) were purchased from Sigma-
Aldrich (Shanghai, China). SC was purchased from Beijing Lark Technology Co. Ltd (Bejing, China). Rhodamine
B (RB) was purchased from Sangon Biological Engineering Co. Ltd (Shanghai, China). Ultrapure water was used
throughout this study. B16 cell line was provided by the Institute of Biochemistry and Cell Biology Sciences,
Chinese Academy of Sciences (Shanghai, China). SD rats and C57BL/6 mice were purchased from Shanghai
SLAC Laboratory Animal Co. Ltd (Shanghai, China).

Preparation & characterization of the modified ethosomes
Ethosome was synthesized according to the thin layer evaporation technique [29]. Briefly, 100 mg lecithin and
10 mg cholesterol were sufficiently dissolved in 5 ml ethanol, and then the solution was evaporated by the vacuum
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rotary evaporation to obtain the dry film. After that, the formed thin film was dissolved in 10 ml of H2O/ethanol
(8:2 in volume), and 5 mg of PEI or SC was added into the solution and fully stirred for 30 min. Subsequently,
Eth-PEI or Eth-SC was uniformly dispersed in solution after ultrasonic broken. The carriers complex was obtained
by mixing the Eth-PEI solution with Eth-SC and incubated for 1 h at room temperature. The volume ratio of Eth-PEI

to Eth-SC in the complex is ranging from 9:1, 8:2, 7:3, 6:4 to 5:5, which were denoted as Eth-PEI/Eth-SC(9:1),
Eth-PEI/Eth-SC(8:2), Eth-PEI/Eth-SC(7:3), Eth-PEI/Eth-SC(6:4), Eth-PEI/Eth-SC(5:5), respectively. In the above pro-
cess, the different drug-loaded Eth-PEI or Eth-SC(RB@Eth-PEI, FITC@Eth-SC, CUR@Eth-PEI, DOX@Eth-SC) can
be obtained by replacing the H2O/ethanol (8:2 in volume) with different drugs solution (H2O/ethanol, 8:2 in
volume). Mixing 7 ml of RB@Eth-PEI or CUR@Eth-PEI with 3 ml FITC@Eth-SC or DOX@Eth-SC to get the
complex of RB@Eth-PEI/FITC@Eth-SC(7:3) or CUR@Eth-PEI/DOX@Eth-SC(7:3).

The attenuated total reflection–Fourier transform infrared spectroscopy (ATR-FTIR) of the modified etho-
somes was scanned from 400 to 4000 cm−1 using an ATR-FTIR spectrometer (Nicolet 6700, Thermo Fisher
Scientific, WI, USA). 1 ml of uniform ethosomes solution was transferred to the ζ-potential sample pool and
the colorimetric dish to measure the ζ-potential and particle size using Zetasizer Nano ZS instrument (Malvern,
UK) [30]. The morphology of the ethosomes was examined by transmission electron microscopy (TEM; JEM-2100F,
Jeol, Tokyo, Japan).

Cellular uptake assay of the carriers complex
The cytophagic performance of the ethosomes was detected by B16 cells uptake assay using RB and FITC as
model drugs in vitro. A certain amount of RB or FITC was added to the thin film mixed with PEI or SC solution
according to the above-mentioned method and then RB@Eth-PEI and FITC@Eth-SC were gained. A total of 7 ml
of RB@Eth-PEI was mixed with 3 ml FITC@Eth-SC to get the complex of RB@Eth-PEI/FITC@Eth-SC(7:3). The
free RB and FITC dispersed in 10 ml of H2O/ethanol (8:2 in volume) were prepared as a control. All of the
obtained samples were stored at 4◦C for further use. B16 cells were directly seeded into 96-wells at the same density
of 2 × 104 cells/well. After being cultured for 24 h, the cell medium was replaced with 100 μl fresh DMEM
(serum-free) and incubated for 2 h, then the medium was taken out and the cells were rinsed for three-times using
phosphate-buffered saline (PBS). At last, the cells were imaged with fluorescence microscopy. The fluorescence
intensity was calculated out by semi-quantitative analysis using software (Image J) and the number of the cells
ingested model drugs (RB or FITC) was also evaluated by the semi-quantitative analysis of the fluorescence images
using 1600–2000 cells on per area.

In vitro transdermal performance of the carriers complex
The transdermal performance of the modified ethosomes was examined by Franz vertical diffusion method with RB
and FITC as the model drugs. In order to imitate the physiological environment of the human body, PBS buffer was
used as receiving liquid and temperature was set to 37˚C according to the previous studies [31,32]. The abdominal
hair of SD rat (female, weighing approximately 180 g) was shaved and the skin was excised carefully from abdomen
after the mice were sacrificed with diethyl ether. The intact skin was placed on the receiving pool (the dermis tightly
contacted with PBS buffer). A total of 2 ml of receiving solution was obtained and supplemented with the same
volume of fresh PBS every 2 h. After 48 h, the skin was dehydrated, paraffin-embedded and sequentially sectioned.
Fluorescence distribution in the skin was observed using fluorescence microscopy. All samples collected from the
receiving solution were detected by a microplate reader (Multiskan MK3, Thermo Fisher Scientific) at 492 nm.

In vitro antitumor test of the multidrug-loaded carriers complex
MTT assay was performed to evaluate the anticancer effect of drug-loaded ethosomes (CUR and DOX were loaded
into Eth-PEI and Eth-SC, respectively). B16 cells were incubated 24 h at an initial density of 2 × 104 cells/well in
96-wells plate. Then, the cells were treated with empty or drug-loaded ethosomes (Table 1) for 12 or 24 h. The
concentration of DOX and CUR was set as 3 and 7 μg/ml, respectively according to the previous study [17]. At
the time point, every well was rinsed three-times using PBS solution and then added with 100 μl fresh DMEM
medium containing 10% MTT solution. After incubated for 4 h at 37◦C, the medium was replaced with the same
volume of dimethyl sulfoxide and shaken for 30 min in table oscillator. And then, the absorption of each well at
492 nm was measured with a microplate reader (Multiskan MK3, Thermo Fisher Scientific) and the background
value of cell unseeded samples was taken out correspondingly.
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Table 1. The in vitro tested groups and their additives.
Cell medium Eth-PEI Eth-SC CUR@Eth-PEI DOX@Eth-SC

Control 1000 μl – – – –

Eth-PEI 995 μl 5 μl – – –

Eth-SC 995 μl – 5 μl – –

Eth-PEI/ Eth-SC(7:3) 995 μl 3.5 μl 1.5 μl – –

CUR@Eth-PEI 995 μl 1.5 μl – 3.5 μl –

DOX@Eth-SC 995 μl – 3.5 μl – 1.5 μl

CUR@Eth-PEI/

DOX@Eth-SC(7:3)
995 μl – – 3.5 μl 1.5 μl

CUR: Curcumin; DOX: Doxorubicin; Eth-PEI: Polyethylenimine-modified ethosome; Eth-SC: Sodium cholate-modified ethosome.

Table 2. The in vivo tested groups and their additives.
Control CUR@Eth-PEI DOX@Eth-SC CUR@Eth-PEI/ DOX@Eth-SC(7:3)

PBS 300 μl 90 μl 210 μl –

CUR@Eth-PEI – 210 μl – 210 μl

DOX@Eth-SC – – 90 μl 90 μl

CUR: Curcumin; DOX: Doxorubicin; Eth-PEI: Polyethylenimine-modified ethosome; Eth-SC: Sodium cholate-modified ethosome; PBS: Phosphate-buffered saline.

In vivo antitumor test of the multidrug-loaded carriers complex
All animal experiments were carried out in accordance with the Institutional Animal Care and Use Committees
guidelines. B16 cells (1 × 106) were subcutaneously inoculated into the right hind leg of C57BL/6 mice (6–8 weeks,
weighting 18–22 g). After 5 days, when the tumor volume of melanoma increased to about 150 mm3, the mice
were divided randomly into four groups and received transdermal therapy using PBS, CUR@Eth-PEI, DOX@Eth-SC

and CUR@Eth-PEI/DOX@Eth-SC(7:3), respectively (Table 2). For each group, the drugs or PBS were applied to
the in situ skin of the tumors once every 3 days, totally six-times throughout the experiment. For each time, the in
situ skin of the tumors (after shaving the hair) were evenly coated with the drugs or PBS and then wrapped with
gauze for 24 h. The dose of DOX and CUR was 9 and 21 mg/kg, respectively according to the previous study [17].
The tumor sizes of the mice were measured every 3 days with a caliper in two dimensions. The individual tumor
volumes (V) was calculated using the following equation: V = (length × [width]2)/2, where length was the longest
diameter and width was the shortest diameter [33]. Tumor growth inhibition (TGI) was calculated by the formula:
TGI = 1- (V21-V0) Treatment/ (V21-V0) Control, where V21 and V0 were the individual tumor volumes on day 21 and
0, respectively [33]. Day 0 represents the day when the mice received subcutaneous injection of B16 cells.

Statistical analysis
All data were reported as mean ± standard deviation and the error bars in the figures are the standard deviations
of the data. All statistical analysis was used one-way analysis of variance with Origin 8.0 (OriginLab, MA, USA).
A p-value of less than 0.05 was considered statistically significant, and a p-value of less than 0.01 was considered
highly significant.

Results
Physical & chemical properties of the modified ethosomes
ATR-FTIR spectroscopy was used to characterize the changes of the surface chemical compositions of the modified
ethosomes. As shown in Figure 1, the characteristic absorption peaks of lecithin mainly include 1743 cm−1 (C=O
stretching vibration), 1158 cm−1 (C-O antisymmetric stretching vibration), 1080 cm−1 (C-O-PO2 characteristic
absorption), 988 cm−1 (RCH = CH2 characteristic absorption) and 886 cm−1 (RRC = CHR characteristic
absorption) [34]. Cholesterol is characterized by 3400 cm−1 (OH stretching vibration peak), 2850-2960 cm−1

(stretching vibration peak of CH3 bond and stretching vibration joint of CH2), 1060 cm−1 (C-O-(H) stretching
vibration) and 1351 cm−1 (asymmetric deformation vibration joint of CH3) [34]. On the spectrum of PEI,
1456 cm−1 is the bending vibration peak of -NH, 2920 and 2856 cm−1 are the asymmetric and symmetric
stretching vibration peaks of CH2, and the strong absorption peak at 3400 cm−1 is the stretching vibration peak
of NH, superimposed with the hydrogen bond vibration peak of water molecules [35]. The bending vibration peak
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Figure 1. Attenuated total reflection–Fourier transform infrared spectroscopy spectra of the PEI- or SC-modified
ethosomes (the arrows indicate the location of the characteristic peaks).
Eth-PEI: Polyethylenimine-modified ethosome; Eth-SC: Sodium cholate-modified ethosome.

of -NH at 1456 cm−1 was not observed in Eth-PEI spectrum. While the intensity of other characteristic peaks in
Eth-PEI was enhanced with the addition of PEI, confirming the successful incorporation of PEI. The characteristic
peaks corresponding to the hydroxyl and carbonyl groups were at 3396 and 1676 cm−1 respectively on the FTIR
spectrum of SC [36]. The intensity of the characteristic peak at 1676 cm−1 in Eth-SC was enhanced with the addition
of SC, confirming the successful incorporation of SC. Clearly, the main characteristic peaks of PEI, SC and Eth
were included in the spectra of Eth-PEI/Eth-SC.

ζ-potential was monitored to investigate the surface charge of the modified ethosomes. As shown in Figure 2A,
the surface charge of Eth-PEI and Eth-SC were measured to be 60.7 ± 1.5 and −17.6 ± 0.11 mV. The charge values
of the composite ethosomes were gradually decreased with the amount of Eth-SC increased, and Eth-PEI/Eth-SC (5:5)
exhibited a lowest positive charge (21.8 ± 0.15 mV) (Figure 2A).

The particle size of Eth-PEI, Eth-SC and the complex was measured by Zetasizer Nano ZS instrument. As shown
in Figure 2B, Eth-PEI was almost half of the size of Eth-SC and the size of the ethosomes complex increased with
the proportion of Eth-SC increasing, suggesting the aggregation between the two kinds of ethosomes, which was
confirmed in the image of TEM (Figure 2C). The morphology of Eth-PEI, Eth-SC and Eth-PEI/Eth-SC(7:3) were
characterized by TEM (Figure 2C), the carriers have a spherical land multilamellar structure, and the image of
Eth-PEI/Eth-SC(7:3) clearly displayed two or more ethosomes sticking together.

Cellular uptake of the carriers complex
The RB- or/and FITC-loaded ethosomes (RB@Eth-PEI, FITC@Eth-SC and RB@Eth-PEI/FITC@Eth-SC(7:3)) were
observed by fluorescence microscopy so as to investigate the cellular uptake of the carriers complex. The RB- or/and
FITC-loaded ethosomes were evidently phagocytosed by the B16 cells (Figure 3A). As shown in Figure 3B & C,
the fluorescence intensity of the cells ingested the drug-loaded ethosomes was significantly stronger (p < 0.01)
than that of free drugs (the red fluorescence intensities of RB@Eth-PEI, RB@Eth-PEI/FITC@Eth-SC(7:3) and
free RB were 0.092 ± 0.01, 0.095 ± 0.01 and 0.048 ± 0.005, respectively; the green fluorescence intensities
of FITC@Eth-SC, RB@Eth-PEI/FITC@Eth-SC(7:3) and free FITC were 0.052 ± 0.008, 0.055 ± 0.013 and
0.028 ± 0.002, respectively), indicating that the carrier-wrapped drugs have a much higher efficiency of cellular
uptake than the nude ones do. The intensity values of red or green fluorescence were almost equal for the cells
treated with single kind of carriers or the Eth-PEI/Eth-SC(7:3) (Figure 3B & C) indicating a similar cellular uptake
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Figure 2. Shape, size and surface charge properties of the carrier complex. (A) ζ-potential. (B) Particle size. (C) Transmission electron
microscopy.
**p < 0.01.
Eth-PEI: Polyethylenimine-modified ethosome; Eth-SC: Sodium cholate-modified ethosome.

rate for single carriers or carriers complex. The results demonstrated the Eth-PEI/Eth-SC(7:3) has an excellent cellular
uptake rate.

Evaluation of skin permeability of the carriers complex in vitro
The transdermal efficiency of the carriers was examined using RB and FITC as the model drugs. As shown in
Figure 4A, the fluorescence intensity represents the amount of RB or FITC that penetrated the stratum corneum
and remained in the skin tissue. Obviously, the ethosomes-included groups showed much stronger fluorescence
intensity than the ones with free drugs (Figure 4A). Moreover, Figure 3B showed RB has a relatively slow release after
having experienced the initial burst release at early 20 h. Within 48 h, the cumulative RB release from RB@Eth-PEI

and RB@Eth-PEI/FITC@Eth-SC(7:3) rated up to 52.56 and 44.28%, respectively, while that from the group of free
RB was only 26.99%. Meanwhile, as shown in Figure 4C, the burst release time of FITC was measured to be 10 h
and the cumulative release rates during 48 h of FITC@Eth-SC and RB@Eth-PEI/FITC@Eth-SC(7:3) were 57.71 and
52.16%, respectively, significantly higher than that of the control group with free FITC (38.97%). These results
indicated that the Eth-PEI/Eth-SC(7:3) is effective to transdermally deliver drugs, though its efficiency is slightly less
than that of the single ethosomes (Figure 4B & C).
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Figure 3. The uptake of the carrier complex by B16 cells. (A) Fluorescence images. (b) Fluorescence intensity of RB. (C) Fluorescence
intensity of FITC.
**p < 0.01, compared with the other two groups.
Eth-PEI: Polyethylenimine-modified ethosome; Eth-SC: Sodium cholate-modified ethosome; FITC: Fluorescein isothiocyanate; RB:
Rhodamine B.

In vitro antitumor effect of the multidrug-loaded carrier complex
Cell viability assay was conducted to evaluate the anticancer activity of the samples in vitro. As shown in Figure 5,
the viability of B16 cells treated with Eth-PEI (60 μg/ml) was decreased by 9.65% with the treating time from
12 to 24 h, while little changes appeared for the cells treated with Eth-SC and Eth-PEI/Eth-SC(7:3). The viability
test against mouse skin cells L929 also indicated that even at the concentration of 120 μg/ml, both the Eth-SC

and Eth-PEI/Eth-SC have good cytocompatibility, better than Eth-PEI (Supplementary Figure 1). Obviously, the
cytotoxicity of Eth-PEI was significantly reduced by the combination of Eth-SC. The growth of B16 cells was severely
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RB or FITC in the skin. (B) Release curve of RB through rat skin. (C) Release curve of FITC through the skin.
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inhibited by the carriers loading DOX and/or CUR, and among them, the CUR@Eth-PEI/DOX@Eth-SC(7:3)
exhibited a much stronger inhibition than the CUR@Eth-PEI or DOX@Eth-SC did (Figure 5).

In vivo antitumor efficacy of the multidrug-loaded carrier complex
To further investigate the antitumor efficacy of the drug-loaded carriers via the transdermal route, the C57BL/6
mice bearing melanoma tumor were used (Figure 6A). At the end of the test, all mice were sacrificed and
the tumor tissue was excised and photographed. As shown in Figure 6B & C, after the in situ transder-
mal treatment, the tumor volumes of the mice treated with the drug-loaded carriers was significantly smaller
than that of the PBS treated ones. From day 5 to 13, the tumor tissue had the fastest growth, during
which the tumor volume of the PBS treated mice increased 1065 mm3, while that of the mice treated with
CUR@Eth-PEI, DOX@Eth-SC or CUR@Eth-PEI/DOX@Eth-SC(7:3) were 729 mm3, 655 mm3 and 279 mm3,
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respectively. As shown in Figure 6D, the tumor inhibition rates were calculated to be 21.9, 35.5 and 46.38%
for the mice treated with CUR@Eth-PEI, DOX@Eth-SC or CUR@Eth-PEI/DOX@Eth-SC(7:3), respectively. Im-
portantly, the CUR@Eth-PEI/DOX@Eth-SC(7:3) treated mice showed a much better antitumor ability, com-
pared with those treated by CUR@Eth-PEI or DOX@Eth-SC(p < 0.01). Also, no mice died during the treat-
ment with CUR@Eth-PEI/DOX@Eth-SC(7:3), while other groups have some deaths (Figure 6E). Obviously,
CUR@Eth-PEI/DOX@Eth-SC(7:3) has excellent antitumor efficacy and significantly prolonged the survival time of
the mice bearing melanoma.

Discussion
The PEI- and SC-modified ethosomes (Eth-PEI, Eth-SC and Eth-PEI/Eth-SC) were fabricated and characterized
(Figures 1 & 2). As the surface of the cell membrane has a negative charge, carriers with a positive charge on the
surface have higher cell transfection ability due to the electrostatic interaction [37]. Thus, the as-prepared carriers
complex can be suitable carriers for drug delivery since it possesses a positive charge on the surface. Usually, carriers
with small size and more positive charge have better performance on delivering drugs into cells [37]. Although
the Eth-PEI/Eth-SC(9:1) had the smallest size and the most positive charge, the content of Eth-SC is too small and
would greatly restrict the dose of the loading drug. It was reported that at a low concentration or the concentration
difference between the cationic and anionic surfactant is large, not only will there be no obvious aggregation
and precipitation, but the certain synergistic effect on promoting the surface activity of materials will occur [38].
While the concentration of the cationic and anionic surfactant is close or the total concentration is high, the
mixtures have intrinsic precipitate phenomenon based on strong electrostatic interactions [38], which can explain
the aggregation occurred in Eth-PEI/Eth-SC(6:4) and Eth-PEI/Eth-SC(5:5) (Supplementary Figure 2). Therefore, the
Eth-PEI/Eth-SC(7:3), with a more positive charge and relatively smaller size, was regarded as the optimal carriers
complex for drug delivery.

The uptake rate of tumor cells to drugs is critical for antitumor treatment. Our data showed an excellent
uptake of the carriers complex by B16 cells, which is much higher than that of the free drugs. Due to its lipids
composition, the ethosomes can cause membrane fusion during the process of endocytosis, which greatly enhances
the cellular uptake of the drugs loaded in ethosomes [39,40]. While the uptake of free drugs should be attributed
to direct diffusion through cytomembrane, which efficiency is inferior to the ethosome-mediated transportation.
Interestingly, the cellular uptake rates were almost no difference between the single carriers and the carriers complex
(Figure 2B & C), which indicates that at a certain ratio and concentration, the combination of two carriers does not
affect the phagocytosis rates of each one. Our data show a promising potential for the Eth-PEI/Eth-SC(7:3) serving
in drug delivery since it posses an excellent cellular uptake rate.

Transdermal efficiency is the key parameter of TDDS. As a modified form of liposomes, ethosomes have out-
standing transdermal efficiency and stability, making it a competitive candidate using as a drug carrier in TDDS [25].
The high transdermal efficiency of ethosomes should be greatly attributed to the ethanol contained in ethosomes,
as the ethanol effectively increase the deformability and mobility of ethosomes [23]. The Franz vertical diffusion
method was used to investigate the transdermal performance of the carriers complex, and the temperature of the
receiving liquid was set to 37˚C according to the previous studies [31,32]. Our data confirms the excellent transder-
mal performance of the ethosomes (Figure 3). Moreover, the carriers complex of Eth-PEI/Eth-SC(7:3) also showed a
good capacity of penetrating the stratum corneum, indicating the effectiveness of this complex to deliver drugs into
the tissues and organs. The transdermal efficiency of Eth-PEI/Eth-SC(7:3) was slightly less than that of the single
ethosomes, which may be due to the larger size of the carriers complex. In consideration of its good performance
on both the cellular uptake rate and transdermal efficiency, the complex of Eth-PEI/Eth-SC(7:3) can be a powerful
candidate used as a multidrug carrier in TDDS.

The combination of cytotoxic agent and chemosensitizer, as well as nanocarriers, can help to overcome MDR
of cancer [4–6]. Though DOX is an effective cytotoxic agent and widely used in the treatment of cancers, its side
effects include MDR, cardiotoxicity and nephrotoxicity, which are almost unavoidable and getting more serious as
dose increase [7–9]. In order to reduce DOX dose, CUR can be used as a chemosensitizer. The synergistic effect of
CUR and DOX on the treatment of some cancers was reported by several research groups [14–18]. In this study, the
combination of DOX and CUR was also adopted to investigate the antimelanoma effect of the as-prepared carriers
complex via transdermal route. DOX and CUR were paired with Eth-SC and Eth-PEI, respectively, owing to the fact
that the optimal ratio of Eth-PEI to Eth-SC for the carriers complex is 7:3 (which means the amount of the drug
loaded in Eth-PEI would be much larger than the other one loaded in Eth-SC) and that DOX has severe side effects
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(which greatly restrict its applicative dose) while CUR has no toxic side effects even at high dose. Therefore, it is
better to encapsulate CUR into Eth-PEI, and DOX into Eth-SC so as to obtain a better antitumor effect.

PEI has the ability to efficiently transfect cells due to its large amount of positive charge, but it also has significant
cytotoxicity for the same reason. The cytotoxicity of PEI can be reduced with the combination of liposomes according
to our previous study (data not shown). Here, our data showed the Eth-SC has good cytocompatibility even at a
high concentration (600 μg/ml), and the cytotoxicity of Eth-PEI was significantly reduced by the combination of
Eth-SC(Supplementary Figure 1). Melanoma cell line B16 was used to investigate the in vitro antitumor ability
of the carriers loading DOX and/or CUR. The drug-loaded carriers showed significant cytotoxicity to B16 cells
compared with the empty ones. Notably, CUR@Eth-PEI/DOX@Eth-SC(7:3) exhibited a much better effect on
inhibiting the growth of B16 cells compared with CUR@Eth-PEI or DOX@Eth-SC, which suggested a synergistic
effect on anticancer between the CUR@Eth-PEI and DOX@Eth-SC. Furthermore, the in vivo antitumor efficacy
of the drug-loaded carriers was evaluated through measuring the tumor sizes of the mice, which showed a similar
trend as that of in vitro (Figure 6). Both the in vitro and in vivo data demonstrated the excellent performance
of CUR@Eth-PEI/DOX@Eth-SC(7:3) on inhibiting the growth of the melanoma cells. A synergistic effect of
anticancer between CUR@Eth-PEI and DOX@Eth-SC was also confirmed. Our study indicates that the TDDS
based on Eth-PEI/Eth-SC(7:3) is an effective system loading multidrugs to treat cancer or prevent cancer recurrence
after surgery via the transdermal route, especially for the cancers occurred in the skin and subcutaneous tissues.

Limitations
This study had some limitations. The in vivo antitumor efficacy of CUR@Eth-PEI/DOX@Eth-SC(7:3) has been
confirmed through measuring the tumor sizes of the mice and counting the dead individuals. However, it can be
better to simultaneously measure the body weight changes of the tested mice. In addition, histological analysis
is absent in this work. The histological analysis of the tumor tissue can investigate the infiltration of active T
lymphocyte cells, which helps to reveal the antitumor mechanism of the multidrug-loaded carriers complex. In the
future, we intend to conduct a more in-depth study of the mechanism of this novel TDDS, and the histological
analysis and molecular biological assays will be included. In addition, the final dosage form in this study was a
solution which can be inconvenient to use. As a next step, we plan to develop TDDS as easy to use based on the
ethosomes complex of this work, constructing a dosage form of nanofibrous mats or hydrogels.

Conclusion
In this work, a novel TDDS based on Eth-PEI/Eth-SC complex was successfully produced by electrostatic interaction.
The optimal ratio of Eth-PEI to Eth-SC is 7:3 (in this ratio the output had a higher positive charge and smaller
particle size). Moreover, the Eth-PEI/Eth-SC(7:3) showed good transdermal performance as demonstrated by the
experiment in vitro using model drugs (RB and FITC). Meanwhile, CUR@Eth-PEI/DOX@Eth-SC(7:3) showed
excellent antitumor activity on the treatment of melanoma in vitro and in vivo, suggesting this complex a promising
potential in transdermally delivering multi drugs to cure cancers occurred in the skin and subcutaneous tissues.

Future perspective
TDDS has a promising prospect for its outstanding advantages, such as avoiding the first-pass effect of liver and
gastrointestinal tract damage to drugs, reducing side effects and improving patient tolerance [26,27]. By enhancing the
efficiency of drug administration to the lymphatic system, TDDS has found its unique advantage in the treatment
of cancers [28]. The present study reported a new TTDS based on the complex of Eth-PEI/Eth-SC which can be used
as carriers loading cytotoxic agent and chemosensitizer against tumors. We have provided an application example of
this TDDS loading DOX and CUR, which showed an excellent performance in the treatment of melanoma. In the
next few years, we will improve the Eth-PEI/Eth-SC based TDDS, such as modifying the surface of the carriers with
some tumor-targeting groups, attaching the carriers complex onto a nanofibrous membrane or hydrogel matrix
to facilitate its application. As tumor resistance and TDDS continue to be focused, more similar systems with
capabilities of multidrug loading and targeted delivery will be developed in the future. For example, some novel
tumor immunotherapy system based on TDDS-targeting antigen presenting cells (such as dendritic cells) can be a
good choice.
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Summary Points

• A transdermal drug delivery system based on the polyethylenimine (PEI)- and sodium cholate (SC)-modified
ethosomes complex (Eth-PEI/Eth-SC) has been generated via electrostatic interaction.

• The optimal ratio of Eth-PEI to Eth-SC is 7:3, in this ratio the carriers complex (Eth-PEI/Eth-SC [7:3]) has a higher
positive charge and smaller particle size.

• Eth-PEI/Eth-SC(7:3) has a good cellular uptake rate, showing a promising potential in drug delivery.

• Eth-PEI/Eth-SC(7:3) showed excellent performance in transdermal drug delivery.

• CUR@Eth-PEI/DOX@Eth-SC(7:3) significantly inhibited the growth of melanoma cells in vitro.

• CUR@Eth-PEI/DOX@Eth-SC(7:3) showed a good effect of inhibiting melanoma in vivo through in situ transdermal
treatment.

• Eth-PEI/Eth-SC(7:3) is a useful carrier complex for transdermally deliver multi drugs to cure cancers occurred in the
skin and subcutaneous tissues.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/full/
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