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Abstract
The aim of the study was to investigate a system using liposomes and cell penetrating peptides
(CPP) for optimal transdermal delivery of macromolecules. CPP-conjugated liposomes
resulted higher cellular uptake efficiency compared to typical liposomes, showing higher
fluorescent intensity. In confocal laser scanning microscope studies, for Rhodamine B, having
a relatively small molecular weight, absorption into the cell was successful, and showed the
highest rate of cellular uptake with CPP-conjugated liposomes. Dextran-RITC, a
macromolecule with a relatively bigger molecular weight, showed similar results to Rhodamine
B. In terms of skin permeation, CPP-conjugated liposomes containing Rhodamine B showed
noticeable skin absorption after 4 and 18 hours, and the permeation range was wider and thicker
than that with typical liposomes. For Dextran-RITC with typical DOPE liposome, it was hardly
permeable through the skin, but for that with CPP-conjugated liposomes, the skin permeations
after 4 and 18 hours were remarkable. The improved cellular uptake and skin permeation of
the CPP-conjugated liposomes are due to the cationic arginine-rich peptide. In vivo studies also
proved that the CPP-conjugated liposomes are superior in depigmentation and anti-wrinkle
studies than typical liposomes. These results demonstrate that the CPP-conjugated liposomes

could also be effective for transdermal drug delivery of antioxidant and anti-aging therapeutics.
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Introduction
Generally, hydrophilic and huge substances cannot go into cells due to the barrier of cell
membranes. Cell membranes prevent large molecules such as peptides, proteins, and nucleic
acids from entering the cell, and even if they were able to enter the cell through a physiological
mechanism called endocytosis by cell membrane receptors, they are fused with the cell's
resources and eventually decomposed, resulting many restrictions in the treatment and
prevention of diseases using macromolecules. Therefore, the development of new strategy that
can effectively transmit biomaterials into the body but are not cytotoxic is required and
necessary. New alternatives have recently been proposed, of which CPP is under the spotlight
as they can increase the availability of large molecules such as siRNA (Gooding, 2012; Nakase,
2013), protein (Nasrollahi, 2012) and peptides (Liu, 2013) that were difficult to utilize as drugs
due to low cell membrane permeability and rapid in vivo half-life.
However, using CPP as the transdermal delivery system is still in its infancy. A few studies
have reported that CPP such as trans-activator penetration (Lee, 2005) can enhance the
transdermal delivery of various therapeutic molecules like sSiRNA, cyclosporine A, insulin, etc.
Short oligomers of arginine efficiently cross biological membranes and are more efficient than
Tat (Kim, 1997) and the third helix of Drosophila antennapedia (Derossi, 1994). Short arginine
oligomers facilitate transporting across the cutaneous barrier when applied topically to either
mouse or human skin (Rothbard, 2000). From the result of these studies, short arginine
oligomers are expected to be used as a transdermal delivery system.
Liposomes are widely used drug delivery system in the field of cosmetics and pharmaceuticals
because they can contain both hydrophilic and lipophilic components and they can penetrate
the intercellular lipids in the stratum corneum (El Maghraby, 2008). Due to these advantages,
liposomes have been extensively researched for transdermal delivery of active ingredients
(Manosroi, 2004; Park, 2013).
In this study, we designed a system using liposomes and CPP for optimal transdermal delivery.
Physical characteristics of the typical liposomes and CPP-conjugated liposomes were
investigated. Further, the cellular uptake and skin permeation of both liposomes were examined
using flow cytometry and Confocal Laser Scanning Microscope (CLSM), respectively.
Materials and Methods
Materials
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Dioleoylphosphatidylethanolamine (DOPE), phosphatidyl choline (PC), N-[(3-Maleimide-1-
oxopropyl) aminopropyl polyethyleneglycol-carbamyl distearoylphosphatidyl-ethanol amine
(DSPE-PEG-Mal) were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). Cell
penetrating Peptides (GRRRRRRRRRGTL-Cysteamine) were synthesized by Peptron Co.
(Daejeon, Korea). Cholesterol (Chol), cysteine, paraformaldehyde, Rhodamine B, Dextran-
Rhodamine B  Isothiocyanate  (Dextran-RITC), 4’,6-diamidino-2-phenyl  -indole
dihydrochloride (DAPI) and dialysis tubing were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). Trypsin, bovine serum albumin, and Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from PAA Co. (Pasching, Austria).

Preparation of DOPE Liposomes

DOPE liposomes containing active materials were prepared by employing the thin-film
hydration method. Briefly, active materials (Rhodamine B; MW ~480 and Dextran-RITC; MW
~10,000) and lipid mixture (DOPE:PC:Chol = 1.5:1.5:2.0, molar ratio) were dissolved in 15
mL chloroform. The solution was then poured into a round-bottom flask, and the solvent was
removed by rotary evaporation, forming a thin lipid film on the wall of the flask. Next, 10 mL
distilled water was added to the flask, and the solution was sonicated using a probe-type
sonicator (Branson, USA) for 15 min with an amplitude of 40% and a pulse on/off time of 5

seconds to obtain uniformly sized liposomes.

Preparation of CPP-Conjugated DOPE Liposomes

CPP-conjugated DOPE liposomes containing active materials (Rhodamine B and Dextran-
RITC) were prepared by conjugating the peptide to DOPE liposomes using a thiol-maleimide
reaction. Briefly, active materials and lipid mixtures (DOPE:PC:Chol:DSPE-PEG-Mal =
1.5:1.1:2.0:0.2 or 0.4, molar ratio) were dissolved in 15 mL chloroform. CPP-conjugated
DOPE liposomes were prepared as described in DOPE liposomes preparation with
modification. Only distilled water (8 mL) was added to the flask, because of hydration. The
CPP peptide (DSPE-PEG-Mal: peptide = 1.0: 1.1, molar ratio) was dissolved in 2 mL distilled
water and mixed with the DOPE liposomes. The mixture was stirred with a magnetic stirrer for
12 hours. An excess amount of cysteine was added to block any unreacted maleimide group.
The peptides in the solution that were not conjugated to liposomes were removed using dialysis

tubing.
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Particle Size and Zeta Potential

The particle size and zeta potential of the DOPE liposomes and CPP—-DOPE liposomes were
measured using an ELSZ analyzer (Otsuka Electronics, Osaka, Japan). The Contin method was
used to resolve particle size distributions. The zeta potentials were estimated in all cases using

the simple Smoluchowski equation. The measurements were repeated three times.

Flow Cytometry

FACS was used to evaluate the ability of cellular uptake of the liposomal systems. Liposomes
containing 0.05% Rhodamine B and 1.0% Dextran-RITC, Human HaCaT keratinocytes
(provided by CLS cell line service) were incubated in DMEM supplemented with 10% fetal
bovine serum (PAA) and 1% penicillin—streptomycin (PAA) at 37°C in a 5% CO> atmosphere.
HaCaT cells were pre-incubated in DMEM without fetal bovine serum for 1h. The cells were
incubated of each liposome preparation at 37°C for 4h. Liposomes that did not permeate into
the cells were removed by washing with phosphate-buffered saline (PBS) 3 times. The cells
were harvested using 0.25% trypsin, followed by centrifugation and re-suspension in PBS
containing 0.1% bovine serum albumin. The suspensions were embedded in paraformaldehyde
(3% in PBS) at 4°C. The cellular uptake of the fluorescent dye was investigated by using flow
cytometry analysis (FACS Calibur, BD).

CLSM

To visualize the skin delivery of DOPE liposomes and CPP-DOPE liposomes, the liposomes
were prepared with 0.05% Rhodamine B and 1.0% Dextran-RITC. Un-entrapped active
materials were removed using dialysis tubing. The skin delivery of DOPE liposomes and CPP-
DOPE liposomes were visualized by assessing the penetration of the fluorescent dyes by
confocal laser scanning microscope (CLSM, LSM510). All optical sections were recorded with
the same settings. Rhodamine B was excited at 543nm using a He/Ne laser, and the

fluorescence emission signals were detected at 630nm (shown in red).

Dextran-RITC was excited at 488 nm with an Ar laser, and the fluorescence emission signals
were detected at 520nm (shown in green). To separate the epidermis and the dermis, DAPI was
excited at 408nm with an Ar laser, and the fluorescence emission signals were detected at

460nm (shown in blue).
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Results and Discussions
Table 1 represents physical characteristics of the DOPE liposomes and CPP-DOPE liposomes.
The particle sizes of both liposomes were about 100nm. The zeta potential of the DOPE
liposome and CPP-DOPE liposome was -27.5mV and +34.8mV, respectively. This change
was primarily due to the arginine moieties in the cationic peptide, indicating that DOPE

liposomes were successfully conjugated with the CPP peptide on the liposomal surface.

Table 1

Particle Size and Zeta Potential of Liposomal Formulations
Items DOPE CPP RC RA4 RA8 DRC DRA4 DRAS8

liposome liposome
Lipids DOPE:PC:Chol DOPE:PC:Chol DOPE:PC:Chol DOPE:PC:Chol DOPE:PC:Chol DOPE:PC:Chol DOPE:PC:Chol DOPE:PC:Chol
:DSPE-PEG-Mal :DSPE-PEG-Mal :DSPE-PEG-Mal :DSPE-PEG-Mal :DSPE-PEG-Mal
molar ratio 1.5:1.5:20 15:1.1:2.0:.04 15:15:2.0 1.5:1.1:2.0:0.2 15:1.1:2.0:04 15:1.5:2.0 15:1.1:2.0:0.2 15:1.1:2.0:.04
CPP % per lipids 0.0 8.0 0.0 4.0 8.0 0.0 4.0 8.0
drug (%) - - Rhodamine BRhodamine BRhodamine BDextran-RITC  Dextran-RITC  Dextran-RITC
(0.05) (0.05) (0.05) (1.0 (1.0 (1.0)

particle size (nm) 81.34 +0.26 108.3+£0.21 117.7+£0.29 122.6 £0.21 113.2+0.21 127.3+£0.27 1155+0.38 102.1+0.19

zeta potential (mV) -27.5+5.2 348+6.3 -199+6.6 147+9.7 22.1+135 -222+38 11.8+£8.3 20.6+9.8

Cellular Uptake Efficiency

Figure 1 shows the cellular uptake efficiency of liposomes using the relative fluorescent
intensity. The fluorescent intensity of Rhodamine B and Dextran-RITC in samples treated with
the CPP-DOPE liposomes (RA4, RA8; DRA4, DRAS in Table 1) were higher than that of the
DOPE liposomes (RC; DRC in Table 1). These data represented that CPP-conjugated
liposomes have higher cellular uptake efficiency than typical DOPE liposomes. This could be
due to the presence of the cationic arginine-rich peptide in CPP. This could be due to presence
of the cationic arginine-rich peptide in CPP. For Rhodamine B, the zeta potential values of the
DOPE and CPP-DOPE liposomes were -19.9mV in RC, +14.7mV in RA4 and +22.1mV in
RAS8, respectively.

For Dextran-RITC, the zeta potential values were -22.2mV in DRC, +11.8mV in DRA4 and
+20.6mV in DRAS, respectively. The CPP-DOPE liposomes could easily approach the cell

membrane, which consists of negatively charged phosphates and sulfates, through electrostatic
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interactions with the cationic arginine-rich peptide. Therefore, CPP—-DOPE liposomes could

induce more endocytosis, leading to increased cellular uptake of Dextran-RITC [15-16].
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(b) Dextran-RITC
Figure 1. Fluorescence intensity of Rhodamine B and Dextran-Rhodamine B Isothiocyanate

(Dextran-RITC) permeated into cells after treatment with DOPE liposomes and CPP-DOPE
liposomes containing (a) 0.05% Rhodamine B and (b) 1.0% Dextran-RITC

CLSM Study

Figure 2 shows CLSM images after treating 80 ug/ml of liposomes for 3 hours in the HaCaT
cell. Red indicates either Rhodamine B or Dextran-RITC, and blue indicates the nucleus. In
the case of Rhodamine B, CPP-DOPE liposome showed the highest rate of cellular uptake, and
typical DOPE liposome showed a little more, compared to the solution in PBS. Dextran-RITC,
a macromolecule with a large molecular weight, showed similar results to Rhodamine B. In
other words, while PBS solutions or typical DOPE liposomes have little intracellular uptake,
CPP liposomes were able to confirm the cellular introduction of a large amount of red
fluorescent dyes, which shows that CPP liposome has a significant effect in cellular uptake of

not only for small molecules, but also for macromolecules.
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Figure 3 presents CLSM images of skin permeation of the DOPE liposomes and CPP-DOPE
liposomes containing Rhodamine B and Dextran-RITC.

Rhodamine B DOPE liposome (RC) CPP liposome (RA4) CPP liposome (RA8)

(@) Rhodamine B

Dextran-RITC DOPE liposome (DRC) CPP liposome (DRA4) CPP liposome (DRAB8)

(b) Dextran-RITC
Figure 2. Confocal laser scanning microscopy (CLSM) images of cell membrane permeation
of the DOPE liposomes and CPP-DOPE liposomes containing (a) 0.05% Rhodamine B and
(b) 1.0% Dextran-Rhodamine B Isothiocyanate (Dextran-RITC)

4ahr

256ms —_— 25bms

Rhodamine B; m.w. 480 DOPE liposome (RQC) Dextran-RITC; m.w. 10,000 DOPE liposome (DRC)

(a) DOPE liposome
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4hr
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64ms — 64ms _ 64ms 64ms

Rhodamine B; m.w. 480 CPP liposome (RA4) Dextran-RITC; m.w. 10,000 CPP liposome (DRA4)

(b) CPP-DOPE liposome
Figure 3. Confocal laser scanning microscopy (CLSM) images of skin permeation of (a)
DOPE liposomes and (b) CPP-DOPE liposomes containing 0.05% Rhodamine B and 1.0%
Dextran-RITC.

As shown in Figure 3 (a), in the case of Rhodamine B having a relatively small molecular
weight of 480, skin permeation of PBS solution and typical DOPE liposome were checked after
4 and 18 hours. However, in the case of Dextran-RITC having a relatively bigger molecular
weight of 10,000, PBS solution and DOPE liposome showed little transdermal permeation after
4 and 18 hours. As shown in Figure 3 (b), CPP-DOPE liposomes containing Rhodamine B
showed prominent skin absorption after 4 and 18 hours, and the permeation range was found
to be wider and thicker than that with typical DOPE liposome in Figure 3 (a). In the matter of
the CPP-conjugated liposomes containing high molecular weight Dextran-RITC, the skin
permeations after 4 and 18 hours were notably successful, presenting different results than the
conventional DOPE liposome shown in Figure 3 (a).

As a result, CPP-conjugated liposomes containing macromolecules, molecular weight about
10,000, were successfully delivered through the cell and the skin by the transdermal drug
delivery system. It was because the lipid disturbs the intercellular lipid lamellae of the stratum
corneum, and also the positive charged arginine of the cell penetrating peptide facilitates drug

delivery through the electrostatic interaction with negatively charged phosphates and sulfates.
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Therefore, Rhodamine B and Dextran-RITC encapsulated in the hydrophilic core of the
liposomes were able to permeate into deeper skin layers through the stratum corneum.
Conclusions
We designed the CPP conjugated liposomes as a system using liposomes and CPP for
transdermal delivery of macromolecules. The physical characteristics of typical liposomes and
CPP-conjugated liposomes containing macromolecules were tested. Further, the cellular
uptake of both liposomes were evaluated using flow cytometry. Skin permeation of both
liposomes were investigated using Franz diffusion cell and CLSM studies. The particle sizes
of both liposomes were approximately 100 nm, and zeta potential values of typical liposomes
and CPP-conjugated liposomes were approximately -25mV and over +11mV, respectively.
Fluorescent-labeled liposomes were prepared to evaluate cellular uptake and skin permeation
efficiency. Using flow cytometry, we found that CPP-conjugated liposomes improved cellular
uptake of the fluorescent dye as compared with the typical liposomes. In addition, the skin
permeation of CPP conjugated liposome was proved higher than that of typical liposome by
CLSM studies. These results were due to the electrostatic interactions between negatively
charged phosphates and sulfates, and the cationic arginine-rich peptide. In addition,
depigmentation and anti-wrinkle effects of the CPP-conjugated liposomes were proved through
in vivo studies. Therefore, it is expected for CPP-conjugated liposomes to be applicable for
transdermal drug delivery of antioxidant and anti-aging therapeutics as well.
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