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Abstract

Topical penetration of macromolecules into skin is limited by their low permeability. Here, we

report the use of a skin penetrating peptide, SPACE peptide, to enhance topical delivery of a

macromolecule, hyaluronic acid (HA, MW: 200–325 kDa). The peptide was conjugated to

phospholipids and used to prepare an ethosomal carrier system (~110 nm diameter), encapsulating

HA. The SPACE-ethosomal system (SES) enhanced HA penetration into porcine skin in vitro by

7.8+/−1.1-fold compared to PBS. The system also enhanced penetration of HA in human skin in

vitro, penetrating deep into the epidermis and dermis in skin of both species. In vivo experiments

performed using SKH1 hairless mice also confirmed increased dermal penetration of HA using the

delivery system; a 5-fold enhancement in penetration was found compared to PBS control.

Concentrations of HA in skin were about 1000-fold higher than those in blood; confirming the

localized nature of HA delivery into skin. The SPACE-ethosomal delivery system provides a

formulation for topical delivery of macromolecules that are otherwise difficult to deliver into skin.
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Introduction

Skin is the largest organ of the human body, which covers a surface area between 1.5~2.0

m2. From a pharmaceutical point of view, skin offers an outstanding route for therapeutic

delivery with several advantages over other means of administration, including avoidance of

first-pass metabolism, sustained and controlled delivery over a prolonged period of time,

potential access to either local or systemic target sites and improved patient compliance [1,
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2]. Over the past three decades, transdermal drug delivery has become one of the most

successfully used alternate routes for drug delivery [3]. Skin also represents a commonly

sought-after target for local delivery of drugs for treatment of various diseases including

psoriasis, cancer and skin infections. According to a recent report from the Pharmaceutical

Research and Manufacturers of America (PhRMA), US biopharmaceutical research

companies are currently developing nearly 300 products for skin diseases to help more than

100 million patients, one third of the U.S. population, that suffer from at least one skin

disease [4].

The range of drugs delivered through the skin, either for systemic or for local applications,

however, has been very narrow owing to skin’s barrier properties characterized by low

permeability [5, 6] which restricts the use of transdermal delivery to hydrophobic drugs with

molecular weights less than 500Da [7]. However, an increasing number of

biopharmaceuticals and macromolecules, such as peptides, proteins, nucleic acids, vaccines,

polysaccharides and siRNA are being developed for therapeutic, medical and personal care

applications, which are difficult to deliver by conventional means [8].

Skin penetrating peptides offer a potential means to enhance dermal/transdermal delivery of

macromolecules. A variety of peptides such as TAT, polyarginine, meganin, penetratin,

TD-1 and SPACE-peptide have been identified for this purpose [9–14]. SPACE-Peptide was

discovered through phage display and was shown to deliver siRNA and streptavidin into

skin after direct chemical conjugation [13]. While chemical conjugation of SPACE peptide

with the cargo demonstrates the feasibility of the approach, the conjugation process also

poses certain hurdles. Specifically, the conjugation process requires chemical modification

of the cargo which could alter its chemical, biological and pharmaceutical properties. In

addition, conjugation may not be feasible for certain drugs, thus limiting the applicability of

the peptide as an enhancer.

Here, we demonstrate that the previously published SPACE-peptide can be used as a part of

a lipid-based carrier system encapsulating and delivering macromolecular cargoes without

chemical conjugation. Specifically, we demonstrate the utility of a SPACE-lipid carrier

system, referred to as SES (SPACE-Ethosomal System), to deliver a hydrophilic

macromolecule, Hyaluronic Acid (HA). HA is a hydrophilic dipolysaccharide with a very

high molecular weight (200kDa~325kDa in this study). HA has been used for a wide variety

of medical applications including osteoarthritis [15], embryo implantation [16], and

cutaneous wound healing [17, 18]. In dermatology and cosmetic practice, HA has been

employed to help the skin to regain elasticity, turgor and moisture [19]. HA is a major

component of the skin extracellular matrix and is involved in various biologic processes

such as hydration, nutrient exchange, and cell differentiation and motility [19]. Owing to its

high molecular weight and charge, HA is a difficult molecule to deliver into the skin and

represents an excellent model molecule to test the capabilities of SPACE-based carrier

systems to enhance skin penetration.
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Materials and methods

Chemicals

Phospholipon 90G (Phosphatidylcholine 94.4%, Lysophophatidylcholine 2.5%, Non-polar

lipids 1.5%, tocopherol 0.2%, ethanol 0.1%, water 0.4%) was a gift from Lipoid LLC

(Newark, NJ, USA). POPE-NHS (COATSOME® FE-6081SU5, N-(Succinimidyloxy-

glutaryl)-L-α-phosphatidylethanolamine, 1-Palmitoyl-2-oleoyl) was purchased from NOF

America Corporation (White Plains, NY, USA). SPACE peptide (AC-TGSTQHQ-CG,

Disulfide Bridge 2–10) was purchased from Ambiopharm (North Augusta, SC, USA) and

Bachem (Torrance, CA, USA). Fluorescein-labeled SPACE-peptide (FITC-AC-TGSTQHQ-

CG, Disulfide Bridge 2–10) was purchased from RS Synthesis, LLC (Louisville, KY, USA).

Fluorescein-labeled linear Hyaluronic acid (F-HA, Mw 200–325kDa) was purchased from

Creative PEGWorks (Winston Salem, NC, USA).

Conjugation of SPACE-Peptide with lipid

A solution of SPACE peptide in PBS (pH 8.0) was incubated with a solution of POPE-NHS

in ethanol (PBS: ethanol, 1:1, V/V) at room temperature for 2 hrs. The efficiency of

conjugation of SPACE peptide with POPE-NHS was determined by TNBS (2,4,6-

trinitrobenzene sulfonic acid) method [20]. TNBS interacts with primary amino group of the

peptide to generate a highly chromogenic product which can be readily measured at 335nm.

Preparation of Ethosomal systems

All liposomal systems were prepared by a conventional rotary evaporation method [21].

Briefly, the appropriate mass of Phospholipon 90G was dissolved in ethanol. In case of

SPACE-liposomal combination system, the lipid solution was added to SPACE-Peptide-

POPE conjugation solution. The solvent was removed using a rotary evaporator at room

temperature. The resultant dry lipid films on the inside wall of the round bottom flask were

hydrated and dispersed with the hydration systems containing 1mg/mL HA at room

temperature. The resultant ethosomal solution was extruded 21 times through a 100 nm

polycarbonate membrane (AVESTIN, Inc., Ottawa, ON, Canada) using a mini-extruder

(LiposoFast, AVESTIN, Inc, Ottawa, ON, Canada) at room temperature. Unreacted SPACE

peptide was not removed from the formulation since small amounts of peptide are unlikely

to have a significant impact on skin penetration.

Characterization of Ethosome preparations

The particle size, polydispersity index (PDI) and ζ-potential of the liposomal systems were

determined by photon correlation spectroscopy (Zetasizer Nano series, Malvern Instruments

Ltd., Worcestershire, UK). Before the size and ζ-potential measurements, different liposome

samples were diluted 100-times with distilled de-ionized water (EMD Millipore, Billerica,

MA, USA). Measurements were made at 25°C with a fixed angle of 137°. Sizes quoted here

are the z-average means for the liposomal hydrodynamic diameter [22]. PDI from photon

correlation spectroscopy was defined as the scaled ratio of the second the first order

coefficients describing the distribution decay rates and span a range of 0 to 1[23].

Calculation of ζ-potential (mV) was performed using electrophoretic mobility [24].
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Skin penetration study in vitro

Full thickness pig skin (Lampire Biological Laboratories, Pipersville, PA) and full thickness

abdomen human skin (National Human Tissue Resource Center, Philadelphia, PA) were

used in this study. All skin samples were stored at −80°C and defrosted immediately prior to

use. Briefly, the skin was allowed to thaw with the stratum corneum (SC) side up for at least

half an hour at room temperature. Skin disks of 36mm diameter were punched out. The

subcutaneous fatty tissue was carefully removed from the dermis. In the case of pig skin, the

hair shaft was cut off to no more than 4mm. The skin pieces were cleaned with PBS (pH

7.4) and the integrity of these pieces was determined by measuring the skin conductivity

[25] to ensure that the samples were free from surface defects.

In vitro skin penetration and deposition experiments of different test formulations containing

HA were performed in Franz diffusion cells under occlusive conditions at 37±1°C. The

effective penetration area and receptor cell volume were 1.77 cm2 and 12.0 mL,

respectively. The receptor compartment was filled with PBS at pH 7.4. Each test

formulation was assessed in triplicate. Skin was mounted with the SC side up and the donor

compartment was left dry and open to atmosphere for 0.5 hour before applying the test

formulation. Caution was taken to remove all air bubbles between the underside of the skin

(dermis) and the receptor solution. In addition, the skin was stretched in all directions to

minimize the presence of furrows. 200 µL of the test formulation was applied to skin surface

using a pipette. The incubation time of the skin with different test formulations was 24 h. At

the end of the experiment, a 1 mL sample was withdrawn from the receptor compartment,

and the concentration of HA was determined using a micro-plate reader (SAFIRE,

XFLUOR4, V4.50, Tecan Group Ltd, NY, US). The formulations were removed from the

skin by washing five times with PBS (pH 7.4). The skin was transferred onto a device for

tape-stripping the SC.

Extraction of HA from skin layers

The SC was removed by striping with an adhesive tape (Scotch® Transparent Tape, 3M

Corporation, St. Paul, MN). In order to avoid impact of furrows, the skin was stretched and

mounted on cork discs. The skin was covered with a Teflon mask with a central hole of 15

mm in diameter. Each tape was put onto the skin and a weight of 2 kg was placed on the

tape for 10 seconds. The tape was quickly removed with forceps and transferred into a glass

vial of suitable size. Ten stripping procedures were performed consecutively. The stripped

tapes were collected in glass vials according to the following scheme: vial 1=1st strip, vial

2= 2nd through 5th strips and vial 3= 6th through 10th strips. After tape-stripping, the

epidermis sheet was separated from the dermis with a sterile surgical scalpel and cut into

small pieces and collected into a glass vial. The dermis was cut into small pieces and

transferred into a glass vial. For extraction of HA from the separated skin layers, 4 mL of

methanol and PBS pH 7.4 (1:1, V/V) mixture was added to each glass vial. The vials were

shaken overnight at room temperature. Afterwards the dispersions were centrifuged (10

minutes, 10000 rpm) to pellet skin tissue pieces at the bottom. The supernatants were

withdrawn, diluted if necessary, and HA concentrations were determined by fluorescence

spectroscopy. Fluorescence detection was performed at an excitation of 485 nm and an
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emission of 520nm. The method was validated for linearity, accuracy and precision. The

linear range during the measurements was from 0.01µg/mL to 10µg/mL (r2=0.9999).

Confocal Microscopy

The skin samples were harvested and then immediately frozen in OCT compound and

sectioned at a thickness of 20 µm on a cyrotome (Leica). After sectioning, the tissues were

mounted on a glass slide (Fisher Scientific). 30 µL of Permount mounting medium (Fisher

Scientific) was placed on top of the skin section along with a glass cover slip to seal slides.

All samples were imaged on a confocal microscope (Leica and Olympus Fluoview 1000,

Olympus America, PA, USA). The confocal microscopy system parameters were kept

constant for all measurements in order to allow for comparison.

Skin penetration in vivo

The efficacy of SPACE-ethosomes combination system in enhancing transport of HA was

tested in SKH1-hr strain of hairless inbred mice (Charles River Laboratories, 8 weeks old)

according to protocols approved by the Institutional Animal Care and Use Committee.

Briefly, a cylinder with an exposed skin area of 1.8 cm2 was attached to the back of

anesthetized animals using minimal Vetbond® tissue glue (3M Corporation, St Paul, MN),

and 100 µL of the test solution containing 1 mg/mL of HA was topically applied to the

exposed skin area. Following addition of the solution to the cylinder, the solution was

manually spread over the entire exposed area. The cylinder was covered with parafilm to

prevent evaporation. Animals were kept under constant minimal anesthesia in an anesthesia

chamber placed on a heating pad so as to avoid hypothermic reactions. During the entire

duration of experiments, animals were closely monitored for vital parameters. After 6hrs,

animals were sacrificed with CO2 overexposure, and skin biopsy (5mm diameter) and blood

samples from cardiac puncture were collected. Skin samples were homogenized and tested

for fluorescence intensity to quantify total amount delivered into the skin. For blood

samples, Ethylenediamine tetra acetic acid disodium salt was added as an anticoagulant. The

blood was separated into plasma and cells by centrifugation at 1200×g for 15 min. HA

concentrations in plasma were determined by fluorescence spectroscopy. Fluorescence

detection was performed at an excitation of 485 nm and an emission of 520 nm. The linear

range during the measurements was from 0.01 µg/mL to 1 µg/mL (r2=0.9999). Four mice

were used for each test formulation group.

Measurements of Partition Coefficient

The partition coefficient of SPACE-peptide in epidermis or dermis was measured with a

modified shake-flask method [26]. Briefly, the pig stratum corneum/epidermis membranes

were separated from dermis by the heat separation technique [27]. A known mass of SC/

epidermis or dermis was immersed in a PBS (pH 7.4) solution containing 0.25 mg/mL of

FITC-SPACE-peptide in a glass vial at 37 °C for 48 hours. Afterwards, the supernatants

were withdrawn, diluted and analyzed for final concentration in donor PBS solution by

fluorescence spectroscopy. The concentration of FITC-SPACE in SC/epidermis or in dermis

was calculated from the mass of peptide disappearing from the solution divided by the

volume (mass) of the tissue. The partition coefficient of SPACE-peptide between PBS and

SC/epidermis or that between PBS and dermis was calculated as the ratio of peptide
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concentration in the tissue divided by the peptide concentration in the solution. Fluorescence

detection was performed as described above. The linear range during the measurements was

from 0.01µg/mL to 1µg/mL (r2=0.9999)

Data analysis

All reported data are mean±SD. Statistical significance was assessed by the two-tailed and

unpaired Student’s t-test in Microsoft Excel. The level of significance was set at p<0.05,

unless otherwise indicated.

Results

The preparation protocol yielded SPACE-decorated ethosomes (Fig. 1) with a mean

diameter of 110 nm and a zeta potential of about −40 mV. The size is consistent with the

pore size of the extrusion membrane (100 nm).

The negative charge originates primarily from the negatively charged lipids and also likely

from HA. The efficiency of conjugation between SPACE-peptide and POPE-NHS was

greater than 90%. Unconjugated SPACE-peptide was not removed from the SES

formulations.

The SPACE-ethosomal system (SES) significantly enhanced penetration of HA into skin

(Fig 2a); 9.3%±1.2% of applied HA from the SES formulation penetrated into skin over 24

hours. This penetration was 7.8±1.1-fold (p<0.01) higher than that from PBS, 5.9±2.5-fold

(p<0.01) higher than that from 1:1 PBS:Ethanol control and 3.2±0.6-fold (p<0.01) higher

than that from ethosomes without SPACE-Peptide. The SES formulation also increased the

penetration depth of HA into skin; 3.3%±0.6% of the applied dose penetrated into the

epidermis, which is approximately 10-fold (p<0.01) higher than that observed with PBS

alone (Fig. 2b). The SES formulation also significantly enhanced HA penetration into the

SC (p<0.01) (Fig. 3). In contrast, the accumulation of HA in the dermis or the receptor phase

was not significantly different between the SES formulation and PBS control (p>0.05).

Thus, while the SES formulation enhanced HA skin penetration, delivery was localized in

various skin layers.

The magnitude of enhancement of HA penetration induced by the SES formulation was

dependent on the concentration of SPACE peptide (Fig. 4a). Noticeable penetration (3.4%

±0.5% of applied dose) was observed at a SPACE peptide concentration of 2 mg/mL.

Penetration further increased to 9.3%±1.2% when the concentration of SPACE peptide

increased to 5 mg/mL (p<0.01). A further increase in SPACE concentration to 10 mg/mL,

however, did not lead to a proportional increase in penetration (6.9%±0.7%). The optimum

concentration of SPACE peptide in the SES formulation was thus deemed to be 5mg/mL.

HA penetration efficacy was also found to be pH dependent (Fig. 4b). As pH of the SES

formulation increased from 4 to 8, the delivery of HA into skin decreased significantly

(2.6%±0.4% at pH 8 compared to 9.3%±1.2% at pH 4 p<0.01). No such dependence of

penetration on pH was found in case of controls (1.5%±0.2% at pH 8 and 1.2%±0.2% at pH

4, p > 0.05).
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The efficacy of the SES formulation in HA delivery was also tested in human skin (Fig. 5).

Delivery of HA using the SES formulation in human skin was comparable to that observed

in porcine skin (p>0.05). Penetration depth of HA into human skin was assessed using

confocal microscopy (Fig. 6). Deep penetration of HA into the dermis was observed when

delivered via SES compared to controls.

Enhanced skin penetration of HA using the SES formulation was also observed in vivo in

mice. The skin deposition of HA from this formulation after a 6-hour contact (4.5%±1.6%)

was significantly enhanced, which is 5.1±1.8-fold (p<0.01) higher than that from PBS

control (0.9%±0.06%) (Fig.7a). In addition, concentrations of HA in local skin tissue under

the application site were about 1000-fold (p<0.01) higher than those in systemic circulation,

indicating HA primarily accumulated in mouse skin located under the application area (Fig.

7b). Confocal microscopy studies confirmed deep penetration of SES-formulated HA in

mouse skin (Fig. 7d). Meanwhile, in PBS controls, relatively low penetration of HA was

observed (Fig. 7c).

The physical stability of the SES HA formulation was investigated at 4°C for 4 weeks in

terms of particle size distribution (Fig. 8a,b) and ζ-potential (Fig. 8c). The formulation

exhibited low polydispersity index (PDI) values (PDI < 0.2), indicating that it was a

homogeneous suspension. However, the particle size distribution and ζ-potential of the

system changed gradually over 4 weeks (from 110.1±2.3 nm to 133.6±6.7 nm and from

−36.7±0.8 mV to −48.6±1.3 mV, respectively). The long term stability of SES formulation

should be explored in future studies.

Discussion

The study demonstrates the use of a formulation containing a skin and cell penetrating

peptide, SPACE-peptide, to improve dermal absorption of HA. Previous studies with

SPACE peptide were reported using direct chemical conjugation of SPACE peptide with the

active cargo [13]. The present study eliminates that constraint by using lipid vesicles as a

means to display SPACE peptide and encapsulate the active cargo.

Liposomes have been used for dermal delivery applications for more than three decades [28,

29]; however, their efficacy in delivering drugs has been found to depend on the

composition and the choice of drug [30–33]. Several specific modifications of liposomal

compositions have been proposed to improve their efficacy. These include addition of

ethanol to prepare ethosomes [34–38] or incorporation of sodium cholate, Tween 80, sodium

deoxycholate or other surfactants to make deformable liposomes [39–42]. Ethosomes have

been used to deliver various small and large molecules across the skin including testosterone

bacitracin [36], and 5-fluoraracil [43]. In this study, an ethosome-like system was used as

the preferred vehicle in view of their previous success in topical delivery.

In vitro results confirm that the SPACE-ethosomal (SES) formulation enhances penetration

of HA into skin. In particular, significant penetration of HA into epidermis was observed

compared to controls. Relatively minimal penetration into dermis and limited penetration

into the receptor compartment was found. Topical delivery of HA has been of significant
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interest, although relatively few studies have systematically measured the penetration profile

of HA. Brown et al studied penetration of tritium-labeled HA (MW: 250–400 kDa) into

mouse and human skin from gels, demonstrating HA is transported across the epidermis and

metabolized in the skin [44]. Permeation of HA tetrasaccharides through hairless mouse skin

has also been studied in vitro and in vivo [45]. These studies reported low penetration of HA

through intact skin; however, a significant effect of HA was found on epidermal healing in

response to UV-induced skin damage. Clinical studies have also been performed to assess

the effect of topical application of HA formulations on skin appearance. One study assessed

the effect of various molecular weight HA (50–2000kDa) and reported that 50 and 130 kDa

HA induced significant improvement in skin elasticity and roughness compared to placebo

[46]. Topical HA has also been shown to be effective for wound healing applications.

Specifically, topical application of HA has been shown to activate TLR2 and TLR4 and

eventually lead to increased self-defense of skin epithelium by induction of beta defensin

[47].

Dermal penetration of HA in the SES formulation likely originates from the synergistic

action of SPACE peptide, ethanol and lipid vesicles. Ethanol in itself is a penetration

enhancer and can interact with intercellular lipids leading to their fluidization [48]. In

addition, ethanol imparts fluidity to the liposome bilayers thus increasing their flexibility,

which can further enhance their penetration into the skin and eventual release of their

contents [31, 35]. In this study, ethosomes alone induced only a modest (~1.8-fold)

enhancement of HA penetration compared to that from Ethanol:PBS control, indicating that

the observed enhancement cannot be primarily attributed to ethosomes. Incorporation of

SPACE peptide on the ethosome surface in the SES formulation enhanced HA penetration

by an additional 3-fold compared to ethosomes alone.

The precise mechanisms by which the SES formulation penetrates into the skin require

further investigation. SPACE peptide has been shown to exhibit affinity with keratin and

corneocytes [13]. In the present study, the partition coefficient of SPACE peptide between

PBS and stratum corneum+epidermis was measured to be 9.8+/−1.5. The partition

coefficient between PBS and dermis was found to be 4.3+/−0.2. This high partition

coefficient of SPACE peptide into epidermis may assist its own penetration as well as that of

SES formulation into the skin.

Mechanisms of penetration of ethosomes or other liposomal carriers into skin has received

significant attention in the literature [31, 40, 41, 49]. Confocal microscopy studies of human

and mouse skin have shown that elasticity of the vesicle bilayer plays an important role in

their penetration, with softer vesicles exhibiting deeper penetration compared to rigid

vesicles [50]. Freeze-fracture electron microscopy studies have indicated that liposomes

adsorb on the stratum corneum and induce detectable changes in the composition of lipids in

the lower region of the SC [51]. Interactions of ethosomes with the SC are likely to be more

complex due to the presence of ethanol. Ethosomes could potentially enter the SC intact or

fuse/break-up upon their contact with the SC. Electron microscopy studies have shown

presence of regions of ethosomal lipids interdispersed with the SC lipids, which lead to their

disruption and enhanced drug penetration [52]. Such interactions need further exploration.

Regardless of the precise mechanisms, SPACE-ethosomes in the SES formulation, or
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fragments thereof, may traverse through the lipids or corneocytes, thereby enhancing HA

penetration.

Penetration of HA using the SES formulation exhibited significant dependence on

formulation characteristics, specifically pH and concentration of SPACE peptide. The effect

of pH on penetration of HA from the SES formulation may be attributed to ionization of HA

as well as SPACE peptide. HA has a pKa value of about 3.0 [53]. Hence, HA is significantly

less ionized at a pH 4 compared to that at pH 8, which may facilitate its penetration.

However, this alone does not explain increased transport since pH had minimal impact on

penetration of HA alone (Fig. 4b). The effect of pH was more pronounced in the presence of

ethosomes, which may have originated from the charge on SPACE peptide, which has an

isoelectric point of 6. SPACE peptide has a charge of −1.4 at a pH of 8 and +1.4 at pH 4

primarily due to histidine. The positive charge may potentially assist in encapsulation of HA

and also in penetration into skin. Furthermore, significantly improved HA skin absorption

was observed from SES formulation containing 5mg/mL of conjugated SPACE-peptide

compared to that from ethosomes alone or SES formulation containing 2 mg/mL of

conjugated SPACE-peptide. This dependence likely originates from increased affinity of

ethosomes towards skin due to presence of SPACE peptide since the peptide itself was

found to exhibit increased affinity towards the SC. Therefore, an increase in the

concentration of conjugated SPACE-peptide could lead to the increased interaction between

ethosomal particles and skin, and in turn improve dermal absorption of SES formulation.

Further increase in the concentration of conjugated SPACE-peptide led to reduced

penetration, which may have potentially originated from increased interactions among

particles leading to aggregation or the presence of excess unreacted SPACE peptide which

could potentially mitigate interactions between ethosomes and skin. Further studies are

necessary to investigate these possibilities.

Enhanced penetration using the SES formulation was also observed in vivo in hairless mice.

While the formulation enhanced penetration of HA into skin, no significant increase in

systemic absorption of HA was observed. Penetration into the skin of hairless inbred mice

suggests that the trans-epidermal route, rather than the trans-follicular route, is the primary

penetration pathway for HA using this formulation. These in vivo observations are consistent

with the in vitro skin penetration results, which further confirmed the ability of our SES

formulation ethosomes to deliver HA regardless of the species.

The SES system offers several advantages as a topical drug delivery system. It allows the

delivery of macromolecules and has the potential to deliver a wider range of molecules

owing to the use of ethosomes. The lipid membrane of ethosomes may allow encapsulation

of hydrophobic drugs while the aqueous nature of the interior allows encapsulation of

hydrophilic drugs. Further studies should be conducted to determine the efficacy of SES in

delivering drugs of various physic-chemical properties. In comparison to device-based

technologies, SES offers the advantage of ease-of-use. At the same time, it has certain

limitations, primarily the cost associated with peptide-based formulations which is generally

higher than chemical-based formulations. Long-time stability of the formulation and its wide

range applicability also needs to be demonstrated.
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Conclusions

The study demonstrates enhanced penetration of HA into skin due to a SPACE-ethosomal

based formulation, SES. Significant penetration of HA into stratum corneum and epidermis

was observed. Skin penetration of HA was SPACE peptide concentration and pH dependent.

The optimal SPACE peptide concentration was observed to be 5 mg/mL with an optimal pH

of 4.0. Hyaluronic Acid Penetration of HA was confirmed in vitro in porcine and human

skin, and in vivo in hairless mouse skin. The SES formulation containing HA was stable for

28 days at 4°C. Future studies should focus on developing a detailed understanding of

SPACE-ethosome penetration pathways and assessing the utility of SPACE-ethosomes and

the SES formulation in aiding transport of additional macromolecules into skin.
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Figure 1.
Schematic of an ethosome modified with SPACE peptide conjugated phospholipids used for

topical delivery of Hyaluronic Acid (HA).
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Figure 2.
SES enhances penetration of high molecular weight HA into porcine skin in vitro. (a)

Percent penetration of topically applied dose into total skin (b) Percent penetration of

topically applied dose into epidermis. SES formulation demonstrated significantly greater

total skin (a) (9.3%±1.2%, p<0.01 versus ethosomal control) and epidermal penetration (b)

of HA (3.3%±0.6%, p<0.01 versus ethosomal control). PBS: PBS (pH 4.0, 50 mM) control

solution; PBS/EtOH: 45% v/v mixture of PBS (pH 4.0, 50 mM) and Ethanol; Ethosomal

control: Ethosomes alone at pH 4.0 (without SPACE-peptide surface modification); SES

formulation: The SPACE-Ethosomal system formulation with SPACE peptide conjugated

phospholipids (5 mg/mL) at pH 4.0. Values represent mean ± SD (n=3) *Statistically

different from PBS group (p < 0.05). ** Statistically very different from all other groups (p<

0.01).
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Figure 3.
Enhanced high molecular weight HA penetration into porcine stratum corneum and

epidermis using the SES formulation. SES formulation demonstrated significantly enhanced

accumulation in SC (5.4%±0.6%, p<0.01 versus PBS control) and in viable epidermis (3.3%

±0.6%, p<0.01 versus PBS control). Backslash bar: HA from PBS (pH 4.0, 50 mM) control

solution; Solid black bar: HA from SES formulation at pH 4.0. SC-1 corresponds to 1st strip,

SC-2 corresponds to collection of 2nd through 5th strips and SC-3 corresponds to collection

of 6th through 10th strips. Values represent mean ± SD (n=3) **Statistically very different

from PBS groups (p< 0.01).
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Figure 4.
Penetration of high molecular weight HA into porcine skin is SPACE peptide concentration

and pH dependent. (a) SPACE peptide concentration dependent penetration and (b) pH

dependent penetration. All formulations contain 1 mg/mL HA. (a) PBS: PBS (pH 4.0, 50

mM) solution; 2 mg/mL SPACE: The SPACE-ethosomal system formulation with SPACE

peptide conjugated phospholipids (2 mg/mL) at pH 4.0; 5 mg/mL SPACE: The SPACE-

ethosomal system formulation with SPACE peptide conjugated phospholipids (5 mg/mL) at

pH 4.0; 10 mg/mL SPACE: The SPACE-ethosomal system formulation with SPACE

peptide conjugated phospholipids (10 mg/mL) at pH 4.0. (b) PBS pH 4: PBS (pH 4.0, 50

mM) solution (1 mg/mL); PBS pH 8: PBS (pH 8.0, 50 mM) solution; SES pH4: The

SPACE-ethosomal system formulation with SPACE peptide conjugated phospholipids (5

mg/mL) at pH 4.0; SES pH8: The SPACE-ethosomal system formulation with SPACE

peptide conjugated phospholipids (5 mg/mL) at pH 8.0. Values represent mean ± SD (n=3)

*Statistically different from all other groups (p < 0.05). **Statistically very different from

all other groups (p< 0.01).
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Figure 5.
SES enhances penetration of high molecular weight HA in human and pig skin in vitro. All

formulations contain 1 mg/mL HA. Pig PBS: PBS (pH 4.0, 50 mM) solution applied on pig

skin; Human PBS: PBS (pH 4.0, 50 mM) solution applied on human skin; Pig SES: The

SPACE-Ethosomal system formulation with SPACE peptide conjugated phospholipids (5

mg/mL) at pH 4.0 applied on pig skin; Human SES: The SPACE-ethosomal system

formulation with SPACE peptide conjugated phospholipids (5 mg/mL) at pH 4.0 applied on

human skin. Values represent mean ± SD (n=3) **Statistically very different from PBS

groups (p < 0.01).
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Figure 6.
SES enables penetration of high molecular weight HA into dermis of human skin in vitro.

(a) Confocal image of skin penetration of HA from PBS (pH 4.0) solution; (b) Confocal

image of skin penetration of HA from the SPACE-ethosomal system formulation with

SPACE peptide conjugated phospholipids (5 mg/mL)at pH 4.0. (c) Zoom-in confocal image

of HA accumulated in dermis from (b).
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Figure 7.
SES enhances penetration of high molecular weight HA into SKH1-hr hairless skin in vivo

(a) Dermal absorption of HA from SES formula compared to its control group. (b)

Comparison of the concentration of HA in skin tissue and in systemic circulation from SES

formula (pH 4.0) and PBS (pH 8.0). Control PBS of pH 8 was chosen due to its proximity to

neutral pH which provides a natural reference point to assess potential adverse effects of

SES formulation on skin. For details of the effect of pH on HA delivery see Figs. 4b and 6.

Solid black bar: HA concentration in mouse skin; Crosshatch bar: HA concentration in

mouse blood. (c) Confocal image of skin penetration of HA from PBS; (d) confocal image
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of skin penetration of HA from SES formula. All formulations contain 1 mg/mL HA. Blank:

untreated mice skin. PBS: PBS (pH 8.0) solution; SES formula: SPACE-ethosomal system

formulation with SPACE peptide conjugated phospholipids (5 mg/mL) at pH 4.0. Values

represent mean ± SD (n=4). **Statistically very different from PBS group (p< 0.01).
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Figure 8.
Stability of SES HA formulations (pH 4). (a,b) Particle size distribution of SPACE-

ethosomes as a function of time at 4°C; (c) ζ-potential of SPACE-ethosomes as a function of

time at 4°C.
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