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Abstract 

The delivery of bio-active molecules through the skin is challenging given the complex 

structure of its outer layer, the stratum corneum. Here we explore the possibility to encapsulate 

bio-active compounds into nanocarriers containing permeation enhancers that can affect the 

fluidity of the stratum corneum lipids. This approach is expected to facilitate dermal or 

transdermal release. For this purpose, the application of bile salts, which are natural surfactants 

involved in vivo in lipid digestion, was exploited. 

Bile salts were added to lipid liquid crystalline nanoparticles (NPs) made of monoolein for 

antioxidant topical delivery. Monoolein self-assembly behaviour in water was affected by the 

presence of bile salts molecules, giving a transition from a bicontinuous cubic to unilamellar 

vesicles dispersion. By adding oleic acid (OA), the change of curvature in the system led to a 

reverse hexagonal phase. The morphology, structure and size of the nanocarriers was 

investigated before the nanoparticles were loaded with catechin, a natural antioxidant occurring 

in plants and food. The encapsulation did not affect significantly the formulation phase 

behaviour. The formulation loaded with bile salts and catechin was thereafter tested in vitro on 

the skin from new-born pig. The results for two different lipid formulations without bile salts 

were compared under the same experimental conditions and with the same antioxidant. The 

formulation with bile salts showed the best performance, allowing a superior permeation of 

catechin in the different skin layers in comparison with formulations without bile salt. 

 

 

 

Keywords: reverse hexagonal phase; skin; lipid liquid crystalline nanoparticles; natural 

antioxidants; mesophases; bile salts  
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1. Introduction 

The skin represents an effective barrier for many organisms, preventing invasion of pathogens 

and regulating both water content and temperature.[1,2] It consists of several anatomically 

distinct layers, of which the stratum corneum (SC) is the external one. The SC is formed by 

corneocytes (protein-enriched anucleate cells) and lipid lamellar sheets.[3,4] This architecture, 

described by P. Elias as the ‘bricks and mortar’ model,[5] strongly restricts the diffusion of 

drugs and active compounds across the SC, limiting the efficacy of topical delivery of these 

molecules.[6] 

Topical formulations containing permeation enhancers are applied to overcome this obstacle: 

they are able to make the SC more fluid and hence facilitate penetration of the drug.[7] Efficient 

carriers engineered for the dermal and transdermal release of active components include lipid 

dispersions such as liposomes,[2,8] ethosomes (phospholipids nanocarriers with a relative high 

concentration of ethanol)[9,10] and niosomes (non-ionic surfactant-based vesicles)[11–14]. 

However, most of these carriers have some limitations in terms of drug loading.[2] 

Many life science applications exploit self-assembly of surfactants and lipids in water. The 

structure of these aggregates can be tuned by several parameters (i.e. temperature, 

concentration and composition in terms of salt, pH and additives). The particular type of 

structure formed can be rationalized by using the concept of the critical packing parameter 

(CPP). It is defined as the ratio between the volume of the hydrophobic tail of the surfactant 

(v), and the product of the surface area of the headgroup (a) times the length of the hydrophobic 

tail (l), i.e CPP = v/al.[15] For values of the packing parameter below 1, direct phases can be 

formed in water. As it approaches to 1, the lamellar phase become more favorable, whereas 

reverse phases can be obtained for values higher than 1. Among the latter, the reverse cubic 

bicontinuous and reverse hexagonal bulk phases can be dispersed in water to obtain non-

lamellar liquid crystalline nanoparticles, called cubosomes and hexosomes, 
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respectively.[16,17] They possess a larger hydrophobic volume than their lamellar counterparts 

(i.e. liposomes) of the same size.[18] Herein, hexosomes and cubosomes will be discussed. In 

the reverse hexagonal phase, a lipid monolayer is curved towards water cylinders organized in 

a 2-dimensional hexagonal array. In the bicontinuous cubic phase, a curved lipid bilayer is 

formed in 3 dimensions in such a way that two systems of unconnected water channels are 

formed, with continuous regions of both water and lipid. The structure formed can be described 

as an infinite periodic minimal surface.[18] Both cubosomes and hexosomes can be formulated 

from different lipids, but monoolein-based aggregates are the most used for medical 

applications, given their low cytotoxicity.[18–20] Monoolein (or glycerol mono-oleate, GMO) 

forms a reverse hexagonal phase in water above 80 °C, depending on the purity of the 

sample.[21] Therefore, to favour the cubic bicontinuous-to-reverse hexagonal transition at 

room temperature, which is needed to formulate hexosomes, lipids such as oleic acid are 

needed as additives to increase the effective packing parameter. 

Both hexosome and cubosome require adding a stabilizing agent to ensure their colloidal 

stability and avoid aggregation, and amphiphilic non-ionic tri-block copolymers of 

poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO), known as poloxamers, are used 

as the most common stabilizers.[18,22] The hydrophobic PPO middle block is partly buried in 

the lipid bilayer, whereas the two PEOs hydrophilic end blocks build up a corona surrounding 

the NP. This corona ensures sterical repulsive forces preventing the aggregation of the 

dispersed NPs.  

Indeed, other kinds of stabilizers can be adopted, such as polyphosphoesters,[23] brush 

copolymers,[24] and polysorbate 80.[25] Recently, few examples of cubosomes and 

hexosomes that remain stable in water without adding a stabilizer were reported.[26–28] 

Several compounds can be added to a formulation to enhance its permeation 

properties.[7,29,30] Among them, bile salts (BSs) are promising candidates as they are natural 
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surfactants, essential for the lipid digestion in vivo. The behaviour of these compounds and 

some derivatives in several biomedicine relevant systems, such as mixtures containing 

ionic[31,32] and non-ionic block copolymers [33–37] and lipids,[38–40] has been extensively 

investigated. Moreover, BSs derivatives have been synthesized to obtain drug carries suitable 

for delivery in the gastrointestinal tract to enhance the drug bioavailability,[41] and as building 

blocks for supramolecular structures, such as tubules and scrolls[42,43] able to organize into 

supra-colloidal frameworks.[44,45] Their importance in topical applications has been 

proven,[2,46] as they are considered to be “edge activators”, e.g., bilayer softening 

components,[47] and can confer elastic properties to lipid vesicles.[48] Indeed, the presence of 

an edge activator into the formulation can increase the penetration of drugs through the skin 

strata.[49–51] 

To our knowledge, only one experimental investigation has been devoted to explain the effect 

of a mixture of two BSs (sodium cholate (C) and sodium deoxycholate (DC)) on the structure 

and morphology of GMO- and phytantriol-based cubosomes.[52] It was found that the 

bicontinuous cubic Pn3m and Im3m to the lamellar bulk phases and their dispersions 

(cubosomes and vesicles, respectively) could be formed depending on the concentration and 

type of BS. However, the topical application of BSs-loaded non-lamellar lipid liquid crystalline 

dispersions has not yet been explored. 

Among the bio-active compounds adopted for topical delivery, natural antioxidants have been 

widely studied due to their exceptional versatility. Catechin (Cat) is a natural polyphenol, found 

in several nutritional products. In the last decades, its beneficial  properties as antiaging, 

antidiabetic, antibacterial, neuroprotective, and anti-inflammatory were reported.[53–55] 

Moreover, some studies highlighted that Cat has significant skin-photoprotection effect against 

UV-mediated oxidative stress and sunburns.[56] The application of this antioxidant is 

challenging due to short half-life in vivo and poor bioavailability after oral administration.[57] 
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Therefore, Cat was encapsulated in drug carriers suitable for dermal or transdermal 

release,[55,56,58,59] given that this administration route avoid the harsh environment of the 

gastrointestinal tract. 

The effect of three different BSs, sodium cholate, sodium deoxycholate and sodium 

taurocholate (TC), on the structure and morphology of GMO-based liquid crystalline 

nanoparticles have been investigated with the prospect of applying these systems for the topical 

delivery of Cat. The bile salts used were selected based on their variation of hydrophilicity. 

After an initial screening, the best formulation in terms of its colloidal stability was loaded with 

Cat and their antioxidant activity and penetration ability on skin from new-born pigs evaluated 

in vitro. 

 

Materials and Methods 

2.1 Materials 

The building block for the dispersions, RYLO MG 19 PHARMA, glycerol monooleate, 98.1 

% wt (GMO), was kindly provided by Danisco Ingredients (Bradrand, Denmark). The bile salts 

sodium cholate, sodium deoxycholate and sodium taurocholate, as well as catechin (HPLC 

quality, purity ≥ 97 %), Pluronic® F108 (here denoted PF108) and oleic acid (GC quality, 

purity ≥ 99.0 %) were purchased from Sigma Aldrich. Lauroylcholine chloride (LCh, Titration 

quality and purity > 98 %) was purchased from TCI (Germany). MilliQ water (MilliQ 

Corporation, Bedford, MA) was used for the preparation of the nanoparticles’ solutions. 

 

2.2 Loaded and unloaded NPs preparation 

The lipid liquid crystalline nanoparticles were prepared by melting GMO with or without oleic 

acid at 40 °C and thereafter an aqueous solution containing the poloxamer stabilizer PF108 and 

the BSs was added as described previously.[18,22] The GMO-PF108-BS mixture was 
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thereafter sonicated using a tip sonicator equipped with a controller (Sonics Vibra Cells, both 

from Chemical Instruments AB, Sweden) for 4 minutes at 30 % of amplitude and then for 6 

minutes at 40 %, using the pulse in mode ON for 1 s and in mode OFF for 1 s (5 minutes of 

total sonication time). After ultrasonication, a milky or bluish dispersion was obtained, 

depending on the concentration of BSs and OA. To prepare the carriers loaded with the natural 

antioxidant, Cat was first dispersed in the lipid phase before mixing with the PF108-BS 

solution. The formulations obtained were stored at 25 °C prior to use and characterized 48 

hours after preparation. The GMO:PF108 weight ratio was kept at 11:1 and the amount of 

dispersed phase was 3.6 – 4.6 wt (%), depending on the amount of BSs and OA added to the 

formulation. A typical volume for the samples was 2 mL. 

The samples of hexosomes without bile salt (used for the in vitro studies) were prepared in the 

same manner, while the vesicles without BSs required the use of LCh instead of PF108. 

For detailed compositions of the samples, see the Supplementary Material.  

 

2.3 Cryogenic transmission electron microscopy 

The morphology of the formulations was analyzed by cryogenic transmission electron 

microscopy (cryo-TEM) at the National Center for High Resolution Electron Microscopy 

(nCHREM) at Lund University. The instrument used was a JEM-2200FS transmission electron 

microscope (JEOL), equipped with a field-emission electron source, a cryo-pole piece in the 

objective lens and an in-column energy filter (omega filter). The recording of zero-loss images 

was acquired at an acceleration voltage of 200 kV on a bottom-mounted TemCam-F416 camera 

(TVIPS) using SerialEM under low-dose conditions. Each sample with the lipid nanoparticle 

dispersions was prepared using an automatic plunge freezer system (Leica Em GP) in an 

environmental chamber at 25.0 °C and 90 % of relative humidity. A 4 L droplet of the 

dispersions of vesicles or hexosomes was deposited on a lacey formvar carbon-coated grid 



 9

(Ted Pella), and the excess liquid was removed with filter paper after blotting. The grids were 

plunged into liquid ethane (around –183 °C) to ensure the rapid vitrification of the sample in 

its native state, and thereafter stored in liquid nitrogen (–196 °C). Before an imaging session, 

the grids were transferred into the microscope using a cryo-transfer tomography holder 

(Fischione, Model 2550). 

 

2.4 Dynamic light scattering and electrophoretic mobility measurements 

The apparent hydrodynamic diameter (Dh) and the zeta () potential  of the particles in the 

formulation were estimated by DLS measurements and by measurements of the electrophoretic 

mobility of the particles using a ZetaSizer Nano ZS by Malvern Instruments (now part of 

Malvern Panalytical) at (25.0  0.1) °C,[60] set in a backscattering geometry at a fixed 

scattering angle of 173°. The nanoparticle dispersions were diluted in water 1:50 and analysed 

in disposable cuvettes. The values of the intensity-weighted Dh and polydispersity index (PdI) 

were extracted from a second order Cumulant analysis. The parameters were collected from at 

least six independent measurements of 10 runs each.  

The electrophoretic mobilities were collected at a fixed scattering angle of 17° using laser 

Doppler electrophoresis method with disposable folded capillary cells (DTS1070). potentials 

values were estimated from electrophoretic mobility by using Smoluchowski’s equation and 

stated as the average of three consecutive measurements on the same solution together with the 

estimated standard deviation (SD). Before the measurements, the samples were diluted by a 

factor of 1:50 in water.  

 

2.5 Small angle X-ray scattering 

Small angle X-ray scattering patterns of the formulation were acquired with a SAXSLab 

Ganesha instrument (JJ-Xray, Denmark), equipped with a 30 W Cu X-ray micro-source 
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(Xenocs, France) and a 2D 300 K Pilatus detector (Dectris, Switzerland). The measurements 

were performed with a pin-hole collimated beam with the detector positioned asymmetrically 

at a distance of 480 mm from the sample, to yield azimuthally averaged intensities as a function 

of the scattering vector (q) over the range 0.012 – 0.67 Å-1. The magnitude of the scattering 

vector is defined by q = (4sin)/, where  equals to 1.54 Å, Cu K wavelength, and  is half 

of the scattering angle. The q scale was calibrated using silver behenate (CH3–(CH2)20-

COOAg) as a standard. 

Samples were loaded in 1.5 mm quartz capillary cells and placed in a thermostat stage at 25 

°C, controlled using a Julabo T Controller CF41 (Julabo Labortechnik GmbH, Germany, and 

equilibrated for 1800 s before any SAXS measurements 

The d spacing was obtained from the positions of the Bragg peaks detected in the patterns 

(𝑞௣௘௔௞)  by the following expression: 

 

𝑑 =  
ଶగ

௤೛೐ೌೖ
    (eq. 1) 

 

Then, the lattice parameter of the liquid crystalline phase structure, a, was calculated from eq. 

2 and eq. 3 for the bicontinuous cubic and for the hexagonal phases, respectively.[61] 

 

𝑎 = 𝑑 ∙ √ℎଶ + 𝑘ଶ + 𝑙ଶ  (eq. 2) 

 

𝑎 = 𝑑 ∙
ଶ

√ଷ
√ℎଶ + 𝑘ଶ + ℎ𝑘  (eq. 3) 
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Here, h, k and l are the Miller indexes that describe the crystalline planes of lattice. The lattice 

parameter was used to evaluate the water channel radius (rw) of the bicontinuous cubic phase 

(eq. 4) or of the hexagonal phase (eq. 5): 

 

𝑟௪ = (𝑎 − 𝑙) ∙ ට
஺బ

ିଶగఞ
   (eq. 4) 

 

𝑟௪ = 𝑎 ∙ ඥ1 − 𝜑௟௜௣௜ௗ ∙ ቀ
√ଷ

ଶ∙గ
ቁ

భ

మ
  (eq. 5) 

 

where χ and A0 are, respectively, the Euler characteristic and the surface area of the IPMS 

geometry (Pn3m, χ = −2, A0 = 1.919), and l is the GMO hydrophobic chain length at 25 °C (17 

Å). The volume fraction, 𝜑௟௜௣௜ௗ, was calculated using the following equation (eq. 6), where the 

parameters wlipids, dlipids, wwater and dwater are the weight and density of the lipid mixture 

(GMO+OA) and water respectively: 

 

𝜑௟௜௣௜ௗ =  

ೢ೗೔೛೔೏ೞ

೏೗೔೛೔೏ೞ

ቆ
ೢ೗೔೛೔೏ೞ

೏೗೔೛೔೏ೞ
ା

ೢೢೌ೟೐ೝ
೏ೢೌ೟೐ೝ

ቇ

  (eq. 6) 

 

The values of dlipids= 0.941g cm-3 and dwater = 0.998 g cm-3 were used. 

 

2.6 Encapsulation Efficiency 

Although Cat is strongly hydrophobic and thus expected to partition mostly in the lipid matrix, 

the formulations were dialyzed to remove possible traces of the solubilized antioxidant in the 

aqueous phase. The samples containing Cat were loaded into a dialysis tubing cellulose 



 12

membrane (14 kDa MW cutoff, purchased from Sigma Aldrich) and dialysed again 2 L of 

water for 2 h (by replacing the water after 1 h) at room temperature.  

The absorption spectra of Cat (with an absorption maximum at 281 nm) were acquired using a 

Win-Cary Varian UV-Vis double beam spectrophotometer in EtOH. The standard calibration 

curve method was exploited to evaluate the loading of the antioxidant into the formulations via 

linear regression analysis (R2 = 0.9999). A portion of the lipid formulations loaded with Cat 

was dissolved in EtOH before and after dialysis and placed in quartz cuvettes (1 cm of optical 

path).  

The encapsulation efficiency (EE %) of the carriers was calculated using the following 

equation: 

 

𝐸𝐸 % =  
௠಴ೌ೟ ೌ೑೟೐ೝ ೏೔ೌ೗೤ೞ೔ೞ

௠಴ೌ೟ ್೐೑೚ೝ೐ ೏೔ೌ೗೤ೞ೔ೞ
∙ 100 (eq. 7) 

where mCat after dyalisis and mCat before dialysis represent the mass of Cat evaluated via UV-Vis 

spectroscopy in the samples after and before dialysis, respectively. 

 

2.7 DPPH test 

The antioxidant activity of Cat-loaded formulations was assessed by evaluating their ability to 

scavenge the stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH). DPPH (0.04 mg/mL) 

dissolved in methanol was mixed with an appropriate amount of formulation to yield final Cat 

concentrations in the range 0.01 – 0.1 mg/mL. Empty formulations were also tested as control. 

Moreover, a negative control was prepared by mixing 990 µL of DPPH solution with 10 µL of 

water. After 30 minutes of incubation in the dark at room temperature, the absorbance was read 

at 517 nm by a Synergy 4 multiplate reader (BioTek, Winooski, USA). The percent antioxidant 

activity was calculated according to eq. 8. 
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𝑎𝑛𝑡𝑖𝑜𝑥𝑖𝑑𝑎𝑛𝑡 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
൫஺஻ௌ೎೚೙೟ೝ೚೗ି஺஻ௌೞೌ೘೛೗೐൯

஺஻ௌ೎೚೙೟ೝ೚೗
∙ 100  (eq. 8) 

 

where ABScontrol and ABSsample are the absorbance of the Cat methanolic solution (control) and 

of the different Cat-loaded carriers (sample). 

 

2.8 In vitro penetration and permeation studies 

The ability of BS-loaded formulations to modulate Cat penetration and/or permeation through 

the skin was evaluated using skin from new-born pigs and the results were compared with the 

corresponding reference sample without BS. The experiments were performed in Franz vertical 

cells, exhibiting a diffusion area of 0.785 cm2. The skin of one-day-old Goland–Pietrain hybrid 

pigs (∼1.2 kg), died of natural causes and provided by a local slaughterhouse, was excised and 

stored at −80 °C until the day of the experiment. Skin specimens (n = 6 per formulation) were 

pre-equilibrated with saline (NaCl 0.9 % w/v) at 25 °C, then put between the donor and the 

receptor compartments. The receptor was filled with 5.5 mL of saline solution (NaCl 0.9 w/v 

%), continuously stirred and thermostated at (37 ± 1) °C, to emulate in vivo conditions. Exactly 

200 μL of each formulation were placed onto the skin surface. At regular intervals, up to 8 h, 

the receiving solution was entirely withdrawn, replaced with fresh saline to ensure sink 

conditions and analysed by HPLC for catechin content. After 8 h, the skin surface was gently 

washed with 1 mL of distilled water and then dried with filter paper. The stratum corneum was 

removed by stripping with adhesive tape Tesa® AG (Hamburg, Germany). Each piece of 

adhesive tape was firmly pressed on the skin surface and rapidly pulled off with one stroke. 

Epidermis was separated from dermis with a surgical scalpel. Skin strata were cut, placed each 

in a flask with methanol and sonicated for 2 min to extract the accumulated drug. The tape and 

tissue suspensions were filtered out and assayed for drug content by HPLC. 
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2.9 HPLC method 

Cat content was quantified at 222 nm using a chromatograph Alliance 2690 (Waters, Italy). 

The column was a XSelect HSS T3 (3.5 μm, 4.6 × 100 mm, Waters). The mobile phase was a 

mixture of acetonitrile, water and acetic acid (40.845:59.15:0.005 v/v), delivered at a flow rate 

of 0.3 mL/min. A standard calibration curve (R2 of 0.999) was built up by using working, 

standard solutions (0.01 – 0.1 mg/mL).  

 

2.10 Statistical analysis of data 

Results are expressed as the mean ± SD. Multiple comparisons of means (one-way ANOVA 

with post-hoc Tukey HSD test) were used to substantiate statistical differences between groups, 

while Student’s t-test was used to compare two samples. Data analysis was carried out with the 

software package XLStatistic for Microsoft Excel. Significance was tested at 0.05 level of 

probability (p). 

 

3. Results and discussion 

3.1 Effect of BSs on the cubosomes dispersion in water 

First, a screening was conducted in order to evaluate the effect of the bile salts C, DC and TC 

on the structure of the GMO-based liquid crystalline nanoparticles. Here, the results in relation 

to the differences in chemical structures of the BSs used in this study will be discussed (Fig. 

1a). The BSs typical facial amphiphilic moiety emerges from the hydroxyl groups-decorated 

backbone of condensed rings, which allows the molecule to intercalate into lipid bilayers and 

eventually disrupt them during the digestion.[62]  

DC and C possess the same substitution in R4 (DC does not have a –OH group in position R2), 

while TC presents a taurine derivative with a larger polar group (–SO3
–). The number of 

hydroxyl groups and the conjugation with hydrophilic aminoacids determine the 
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hydrophobic/hydrophilic balance on BSs molecules, which decreases in the order deoxycholate 

> cholate > taurocholate. 

The BSs were loaded into the NPs in the range 0 – 1 wt % of the dispersion, containing 3.6 – 

4.6 wt % of dispersed phase. Then, the (internal) structure and the size (apparent hydrodynamic 

diameter) of the particles in the formulations were evaluated by SAXS and DLS, respectively.  

 

 

 

  

a)
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Figure 1. a) Chemical structure of the BSs used in the study. The steroid backbone (light 

yellow) is highly hydrophobic, while the different substituents (blue) define the hydrophilicity. 

The main difference between the three sodium bile salts is the substitution in R4, equal to a 

taurine (-C=O-NH-CH2-CH2-SO3
-) in the case of TC and a carboxylate (-COO-) for both C and 

DC. Moreover, DC lacks a -OH in position R2. b) The apparent hydrodynamic diameter by 

DLS is plotted against the BSs concentration (wt % of the dispersion). The errors in the 

measurements are less than 2 % for each point in the plot. The different structures inferred 

from SAXS results as a function of BSs content are highlighted as differently colored areas: 

light blue for the Pn3m + Im3m bicontinuous cubic phase and light green for unilamellar 

vesicles. c) SAXS patterns acquired for the formulations at 25 °C with increasing content of 

BSs. The lines on the peaks represent the Im3m (filled lines) and Pn3m (dashed lines) quasi-

Bragg peaks. Even though only TC-loaded aggregates were reported in the plot, DC and C 

followed the same trend without any significant difference (data not shown). 

 

The Dh values, upon addition of these BSs in the concentration range 0 – 1.0 wt %, to the 

formulation of cubosomes, suggest that the addition of bile salt reduces the size of the particles 

(Fig. 1b). Starting from a typical value of 148 nm for the cubosomes without BSs, no significant 
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effect on the size was observed up to a BS content of 0.015 wt %. By contrast, a remarkable 

decrease of the diameter was detected at larger BS concentration down to a plateau at Dh values 

of 107 – 110 nm, which was reached at around 0.6 wt % BS. Similar trends were observed for 

all of the investigated BSs, with no significant differences. 

It is well known that GMO in excess water self-assembles into a bicontinuous cubic Pn3m 

phase. However, the presence of poloxamers, such as PF108, induces the formation of an 

additional bicontinuous cubic phase, the Im3m. This phenomenon was explained by Nakano 

as an interaction between the PPO moiety of the block copolymer and the GMO bilayer.[63] 

Indexing of the diffraction peaks from the SAXS pattern confirmed the coexistence of Pn3m 

and Im3m cubic phases in the copolymer-stabilized dispersion in the absence of BSs (Fig.1c).  

The two phases were preserved in the presence of small addition of BSs (< 0.02 wt %) to the 

formulation, although a slight decrease in the lattice parameters occurred since the diffraction 

peaks shifted to larger q values (see Supplementary Material). In parallel a decrease of the 

peak intensities was detected. A slight decrease in hydrodynamic diameter was also observed. 

A complete transition from reverse bicontinuous cubic phase to unilamellar vesicles took place 

above 0.02 wt % BS, as highlighted by the disappearance of the well resolved cubic diffraction 

that coincides with the appearance of a broad diffuse peak at larger q, related to the presence 

of vesicles (Fig.1c). 

The observed strong effect of BSs on the GMO bilayers can be justified considering the 

capability of the bile salt molecules to intercalate the bilayer, leaving their charged heads in 

contact with the bulk water. This reduces the effective packing parameter and hence favours a 

phase transition from a reverse bicontinuous cubic to a lamellar phase. 

We observed that, at the same BS concentration, the different BSs provided formulations with 

similar structure and size of the particles. However, a relevant effect of the BS type on the 

polydispersity of the formulations could be observed. In particular, the DC- and C-loaded 
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formulations exhibited higher PdI values (0.2 < PdI < 0.3) compared to the TC-loaded 

formulations ( 0.2). Moreover, a visual inspection revealed that both composition and BS type 

affected the stability of the formulations. Samples containing DC and C below 0.2 and above 

0.5 wt % were destabilized after few days, whereas for BSs content between 0.2 and 0.5 wt % 

the samples lasted for two weeks on average. TC-loaded NPs remained stable for two months 

at TC content in the range 0.2 – 0.5 wt %, and 2 – 3 weeks at compositions outside this interval. 

According to the electrophoretic mobility measurements, DC- and C-loaded NPs presented an 

average  potential of (– 40  mV while the NPs formulated with TC had (– 50  mV. 

The higher (absolute value)  potential may explain the higher stability of the TC samples. 

It deserves here noticing that, at least to a certain degree, the investigated BSs and PF108 may 

interact forming complexes, as already reported for different PEO-PPO-PEO block copolymers 

and another type of BS.[33,34,36] Therefore, a possible reason for the observed loss of 

colloidal stability when the BS concentration exceeds 0.5 wt % could be due to the reduced 

amount of PF108 available for the stabilization of the nanoparticles. 

Among the stable formulations containing TC, the sample with composition 

GMO/TC/PF108/W = 3.3/0.3/0.3/96.1 (wt %) was selected for a more detailed characterization 

due to its stability at intermediate BS content. The morphology of the NPs was studied by cryo-

TEM. In the micrographs spherical unilamellar vesicles were observed (Fig. 2a and b), 

corroborating the previous findings unveiled by SAXS. 
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Figure 2. Cryo-TEM images of the formulations investigated. (a) and (b) GMO/TC/PF108/W 

= 3.3/0.3/0.3/96.1 (wt%) at a magnification of 15k and 60k, respectively. (c)  

GMO/OA/TC/PF108/W = 3.0/0.2/0.3/0.3/96.2, magnification of 30k. (d) 

GMO/OA/TC/PF108/W = 3.0/0.5/0.3/0.3/95.9 (wt%), at a magnification of 60k showing 

hexosomes (black arrows) and vesicles (red arrowheads).  

 

3.2 Hexosomes containing bile salts  

a) b)
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To create formulations based on hexosome dispersions, oleic acid was added to tune the 

interfacial curvature of the investigated systems. The effect of OA addition to the formulation 

containing TC was therefore explored in the OA concentration range 0.2 – 0.6 wt %. As 

revealed by cryo-TEM and SAXS experiments, vesicles were formed up to a content of 0.3 wt 

% OA, while hexosomes were obtained in the range 0.4 – 0.6 wt % of OA. Further addition of 

OA led to unstable formulations, undergoing complete macroscopic separation after few 

minutes. The morphology of the vesicles and hexosomes was studied by means of cryo-TEM 

(Fig. 2c and d). 

Fig. 2c shows a typical micrograph of unilamellar vesicles. A few vesicles were interconnected 

or fused, highlighting the reduced curvature of the lipid bilayer induced by the presence of 

TC.[49] Increasing the OA concentration lead to the formation of hexosomes. This is evident 

from Fig. 2d, which shows a cryo-TEM image for a sample with composition 

GMO/OA/TC/PF108/W = 3.0/0.5/0.3/0.3/95.9 (wt%), that presents spherical and quasi-

spherical particles with an inner-structure characterized by curved striations. These kind of 

morphologies are commonly reported in other studies of liquid crystalline nanoparticles with a 

reverse hexagonal phase.[64,65] The presence of unilamellar vesicles can also be discerned in 

the same micrograph (Fig. 2d). 

SAXS patterns of the formulations with different OA concentrations are reported in Fig. 3. 
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Figure 3. SAXS patterns of GMO/OA/TC/PF108/W systems with increasing concentration of 

OA at 25 °C. The quasi-Bragg peaks related to the reverse hexagonal phase (HII) are indicated 

by vertical black lines. 

 

 

As already mentioned, increasing the OA concentration affected the self-assembly properties 

of GMO. At 0.2 wt % the amount of OA was not enough to counterbalance the lamellar-

forming effect of TC and therefore the SAXS curve reflects a formulation containing only 

vesicles (Fig.3). At 0.4 wt % a lamellar-to-hexagonal phase transition phase was observed. The 

presence of the reverse hexagonal symmetry was proved by three peaks in the SAXS pattern 

positioned at q values in the ratio 1: √3: √4. The radius of the water channels calculated from 

the peak positions was observed to slightly decrease with OA addition (Table 1). Further 

increasing the amount of OA destabilized the system, with consequent phase separation. 
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The most stable hexagonal phase dispersion was the one containing 0.5 wt % of OA, which 

was stable for more than one month as judged by visual inspection. 

 

Table 1. Effect of OA concentration on NPs structure. Composition is given in wt %. Lattice 

parameters and water channel radii were calculated from eq.3 and eq.5. 

GMO/OA/TC/PF108/W Phase a (Å) rw (Å) 

3.3/0.2/0.3/0.3/95.9 Vesicles - - 

3.3/0.3/0.3/0.3/95.8 Vesicles - - 

3.3/0.4/0.3/0.3/95.7 HII 58.9 ± 0.2 30.4 ± 0.1 

3.3/0.5/0.3/0.3/95.6 HII 56.7 ± 0.2 29.2 ± 0.1 

3.3/0.6/0.3/0.3/95.5 HII 55.0 ± 0.1 28.4 ± 0.1 

 

 

3.3 Encapsulation of catechin into hexosomes 

Encapsulation of payloads into a lipid liquid crystalline phase represents an effective method 

to overcome the poor water solubility of several bio-actives. Here, the encapsulation of a 

natural antioxidant, Cat, into a non-lamellar lipid phase dispersion was studied to prepare NPs 

for topical application. Given the hydrophobic character of Cat, the antioxidant was effectively 

incapsulated into the reverse hexagonal phase of the formulation GMO/OA/TC/PF108/W = 

3.0/0.5/0.3/0.3/95.9. This composition was chosen since it has an intermediate OA content 

among those samples that formed hexosomes.  The Cat-loaded formulation (HexTC + Cat) was 

then compared with two blanks: TC-loaded hexosomes with the same composition (HexTC) 

and a classical hexosomes (Hex) dispersion (GMO/OA/PF108/W = 3.0/0.5/0.3/96.2) without 

the BS. 
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In comparison with the two blank samples, the Cat loading did not significantly affect the 

structure, size, polydispersity, and  potential, as shown in Figure 4 and Table 2. 

Regarding the shelf-life of the formulation, the Cat-loaded NPs did not exhibit any phase 

separation for 1 month after checking the samples each week by visual inspection. 

 

Figure 4. SAXS patterns of the formulation of hexosomes (Hex), TC-loaded hexosomes 

(HexTC) and TC-loaded hexosomes with catechin encapsulated (HexTC + Cat) at 25 °C. 

 

Table 2. Lattice parameters (a), apparent hydrodynamic diameters (Dh), polydispersity index 

(PdI) and potentials for the loaded and unloaded formulations evaluated by SAXS, DLS, and 

electrophoretic mobility measurements. 

Sample a (Å) rw (Å) Dh (nm) PdI  (mV) 

Hex 56.9 ± 0.2 29.3 ± 0.1 160 ± 2 0.10 ± 0.02 –30 ± 1 
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HexTC 56.7 ± 0.2 29.2 ± 0.1 157 ± 1 0.13 ± 0.01 –52 ± 1 

HexTC + Cat 58.2 ± 0.7 30.0 ± 0.3 158 ± 1 0.14 ± 0.01 –54 ± 2 

 

3.4 In vitro permeation study on skin from new-born pigs  

Based on these results and aiming to a possible topical application of these new NPs, in vitro 

penetration and permeation tests were performed through new-born pig skin, using Franz 

diffusion cells under non-occlusive conditions. 

The capacity of HexTC to deliver Cat into and through the skin during in vitro experiments 

was compared to that of both hexosomes without TC (Hex + Cat) and vesicles formed by GMO 

and lauroylcholine (Ves + Cat),[8,29,30] which were loaded with the same amount of 

antioxidant (see Supplementary Material for the SAXS patterns of the empty and Cat-loaded 

formulations without TC). In Table 4, the general information about these samples is reported. 

 

Table 3. Parameters obtained from DLS, electrophoretic mobility and encapsulation efficiency 

measurements on the samples used in the in vitro study.  

 

samples Dh (nm) PdI  (mV) EE % 

Cat 

Concentration 

(mg/mL) 

HexTC + Cat 158 ± 1 0.14 ± 0.01 –54 ± 2 99.9 ± 0.1 1.00 ± 0.1 

Hex + Cat 160 ± 2 0.13 ± 0.01 –29 ± 1 99.5 ± 0.2 0.99 ± 0.1 

Ves + Cat 80 ± 3 0.24 ± 0.01 +42 ± 2 97.4 ± 1.2 0.95 ± 0.5 

 

Results from the (trans)dermal experiments are shown in Fig. 5a. As expected, based on 

previous studies,[8,30] after 8 h of treatment the GMO vesicles (Ves + Cat) increased the skin 
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Cat penetration and accumulation, particularly in the epidermis, as compared to both Hex 

formulations, while no transdermal release could be observed in the receptor fluids.  

Conversely, although the cumulative amount of Cat accumulated in all the three skin layers 

was lower than that recovered after vesicles application, the conventional hexosomes (Hex) 

enhanced Cat permeation through the skin. Indeed, 1.15 % of the applied Cat dose was 

recovered in the receptor compartment after 2 hours experiment (data not shown), and 4.56 % 

after 8 h.  

The formulation containing TC, i.e., HexTC, showed a significantly higher drug accumulation 

in the different skin layers compared to both Hex without TC and vesicles. Indeed, the Cat 

amount found in the stratum corneum was approximately three and two-fold higher than 

traditional Hex and vesicle formulations, respectively. Furthermore, also the accumulation in 

the deeper skin layers as well as the transdermal permeation increased as can be clearly noticed 

in Fig. 5a. These data suggest that the HexTC nanoparticles, thanks to the synergic action of 

the penetration enhancers GMO and OA and the edge activator TC, are able to facilitate the 

Cat penetration into the stratum corneum, where it creates a depot by which slowly diffuses 

through the skin layers.  

 

 

Figure 5. (a) Cumulative amount of Cat retained into and permeated through the skin layers 

after 8 h-treatment with TC-loaded hexosomes (HexTC + Cat), hexosomes without TC (Hex + 
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Cat) and a GMO-vesicle formulation (Ves + Cat). SC, Ep, D and RC denote stratum corneum, 

epidermis, dermis and receptor compartment, respectively. Results are reported as means ± SD 

of at least 6 independent determinations. Symbols represent significance of differences 

between HexTC and Hex, ** P < 0.01, and between HexTC and Ves, †† P < 0.01. (b) In vitro 

antioxidant activity of TC-loaded hexosomes (HexTC + Cat), hexosomes without TC (Hex + 

Cat) and a GMO-based vesicle formulation (Ves + Cat). Results are reported as the mean value 

± SD of three separate experiments, each performed in triplicate. * Empty formulations were 

also tested as control at the same dilution of Cat loaded formulations. 

 

3.5. In vitro antioxidant activity 

Finally, to evaluate the effect of Cat encapsulation on its intrinsic antioxidant activity, a DPPH 

assay experiment was performed. Fig. 5b presents the antioxidant activity of the different Cat 

formulations expressed as % inhibition of the DPPH radical as compared to a Cat in methanol 

solution. In order to verify a possible antioxidant activity of the formulation components, the 

formulations without Cat were also tested. Results showed that in the range between 20 – 100 

µg/mL of Cat concentration, all the tested formulations exert a high and statistically equivalent 

antioxidant activity with a DPPH radical inhibition of ∼ 88 %. These outcomes demonstrate 

that Cat preserves its strong antioxidant activity after hexosome encapsulation, while the 

formulation components did not affect it. 

 

4. Conclusions 

Administration of drugs or bio-actives on skin represents a convenient and non-invasive 

therapeutic route, although it can be challenging to overcome the skin barrier, especially the 

stratum corneum. Previously, vesicles were widely studied for this task, formulated with 
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permeation enhancers and edge activators.[8,10,66–68] However, vesicular carriers have 

limitations in terms of cargo loading that restrict their therapeutical efficacy.[2,18] 

In this work, we have shown that lipid-based NPs formulation for topical application containing 

permeation enhancers, such as GMO and OA, and edge activators (i.e., BSs) can tackle the 

challenges in terms of limited cargo loading and skin penetration. The effect of three bile salts 

of varying hydrophilicity, i.e., sodium cholate, sodium deoxycholate and sodium taurocholate 

were evaluated by using SAXS, DLS and cryo-TEM with the purpose of formulating the most 

stable composition. A natural antioxidant, catechin, was loaded into hexosomes. The in vitro 

penetration tests showed that the presence of BSs in the hexosomes enhances the penetration 

properties, favoring accumulation in the deeper skin layers and transdermal permeation in 

comparison with the hexosomes and vesicles without BSs. Moreover, DPPH test showed that 

the antioxidant properties of Cat were retained after encapsulation into the hexosomes. 

As a future perspective, formulations of BS gels will be adopted to enhance its applicability 

compared to liquid formulations, for the reason that a gel is expected to be applied on the skin 

more easily than a liquid, and hence increase the efficacy of the therapy. 
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