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Abstract: The aim of this study was to optimize topical nanoemulsions containing genistein, by 

means of a 23 full factorial design based on physicochemical properties and skin retention. The 

experimental arrangement was constructed using oil type (isopropyl myristate or castor oil), phos-

pholipid type (distearoylphosphatidylcholine [DSPC] or dioleylphosphaditylcholine [DOPC]), 

and ionic cosurfactant type (oleic acid or oleylamine) as independent variables. The analysis of 

variance showed effect of third order for particle size, polydispersity index, and skin retention of 

genistein. Nanoemulsions composed of isopropyl myristate/DOPC/oleylamine showed the small-

est diameter and highest genistein amount in porcine ear skin whereas the formulation composed 

of isopropyl myristate/DSPC/oleylamine exhibited the lowest polydispersity index. Thus, these 

two formulations were selected for further studies. The formulations presented positive ζ poten-

tial values (25 mV) and genistein content close to 100% (at 1 mg/mL). The incorporation of 

genistein in nanoemulsions significantly increased the retention of this isoflavone in epidermis and 

dermis, especially when the formulation composed by isopropyl myristate/DOPC/oleylamine was 

used. These results were supported by confocal images. Such formulations exhibited antiherpetic 

activity in vitro against herpes simplex virus 1 (strain KOS) and herpes simplex virus 22 (strain 

333). Taken together, the results show that the genistein-loaded nanoemulsions developed in this 

study are promising options in herpes treatment.
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Introduction
Herpes simplex virus (HSV) types 1 and 2 cause various human diseases, such as 

gingivostomatitis, herpes labialis, meningitis, and ocular and genital infections.1 These 

viruses are able to establish and maintain latent infections that can be reactivated by 

different stimuli, such as stress, ultraviolet light, hormones, and immunosuppression.2 

Several drugs are currently available for the treatment of HSV infections. However, the 

emergence of viral strains resistant to available nucleoside analog drugs has stimulated 

the search for novel antiherpetic drugs.3

Studies exploring the evaluation of the antiherpetic activity of natural compounds, 

such as flavonoids, have been described.4–6 For instance, Lyu et al evaluated the anti-

herpetic action of five different classes of flavonoids.7 Among the flavonoids tested, 

genistein – the main soybean isoflavone – showed an important inhibition of virus-

induced cytopathic effect. The antiviral activity of genistein has been attributed to 

its tyrosine kinase-inhibitor effect.8 This kind of inhibition is one of the mechanisms 

responsible for reducing the infectivity of several viruses, including HSV.9 In vitro 

experiments suggested that genistein reduced the HSV-1 replication by specifically 

inhibiting tyrosine residues’ phosphorylation of HSV-1 polypeptides.10
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In the topical treatment of herpes labialis, the bioactive 

compounds need to reach the stratum basale of the epidermis 

since this is the main site for HSV replication.11 However, 

human skin is an efficient and selective barrier against the 

entrance of chemical/biological agents, and therapeutic 

agents must overcome its integrity, which mainly resides 

in the outermost layer of skin, the stratum corneum. This 

layer contains relatively low concentrations of water, being 

composed of corneocytes surrounded by lipids, which are 

arranged in highly organized lamellar bilayers.12,13 Thus, 

several research articles have focused on the evaluation of 

methods to overcome this resistance and increase stratum 

corneum permeability, thereby improving drug diffusion 

through the skin.

Various factors may play a role in the skin penetration of 

active compounds, including the influence of drug partitioning 

and its ability to diffuse through the skin layers. Skin permeation 

enhancement can be achieved by altering the thermodynamic 

properties of the drug and/or changing the barrier properties of 

the stratum corneum.14 A longstanding pharmaceutical approach 

to overcome this barrier effect is the use of penetration enhanc-

ers. Different chemicals have been used in this field, such as 

oils, fatty acids, and surfactants. These compounds may act 

through different mechanisms, including exerting different 

levels of interactions with stratum corneum cells, affecting 

cohesion between corneocytes, and modifying the resistance 

of the lipid bilayer.15,16 The use of penetration enhancers in 

the design of colloidal carriers has been a useful strategy to 

improve the skin’s percutaneous absorption of drugs.17–19 Such 

carriers could increase the skin’s permeation rate and enhance 

the topical effect due to the large surface area and low surface 

tension of these systems.20–22 

The development of nanoemulsions aimed to improve 

the skin delivery of drugs and has attracted much interest. 

Nanoemulsions are composed of vegetal, synthetic, or semi-

synthetic oils that are very often stabilized by phospholipids 

as surfactant. Phospholipids are endogenous components 

of the human skin that have been extensively used as skin 

penetration enhancers, due to their high biocompatibility.23 

The incorporation of cosurfactants that may improve the 

permeation/retention of compounds through the skin has also 

been investigated. For instance, positively-charged surfac-

tants may also have an effect on the permeation/retention of 

drugs, due to the possibility of increasing interaction with 

epithelial cells, which carry a negative charge in the outer 

cell membranes. Thus, different variables may have an effect 

on permeation. A factorial design can be used for planning 

formulation studies, providing maximum information with 

a small number of experiments.24 Such design could provide 

a better combination of the formulation’s composition, and 

the skin permeation can be used as a response. 

Previous studies by Silva et al and de Vargas et al 

have showed the feasibility of incorporating the isoflavone 

genistein into topical nanoemulsions.25,26 Following up on 

these results, here we applied a 2³ factorial design to opti-

mize the composition of topical nanoemulsions containing 

genistein. Our first aim was to evaluate simultaneously the 

effect of different oils (isopropyl myristate [IM] or castor oil 

[CO]), surfactants (dioleylphosphaditylcholine [DOPC] or 

distearoylphosphatidylcholine [DSPC]), and cosurfactants 

(oleic acid [OA] or oleylamine [OLA]) on the physico-

chemical properties of nanoemulsions and the retention of 

genistein into the porcine ear skin. Next, the distribution of 

genistein in skin layers was investigated for the optimized 

formulations, as well as their in vitro antiherpetic activity 

(anti-HSV-1 and anti-HSV-2).

Materials and methods
Materials
CO, IM, genistein, OLA, OA, and the dye Nile Red were pur-

chased from Sigma-Aldrich Corp (St Louis, MO, USA). Dis-

tearoylphosphocholine (DSPC) and dioleylphosphocholine 

(DOPC) were obtained from Lipoid GmbH (Ludwigshafen, 

Germany). Polysorbate 80 was supplied by Vetec Quimica 

Fina Ltda. (Duque de Caxias, Brazil). Methanol and trifluo-

roacetic acid were purchased from Merck KGaA (Darmstadt, 

Germany). Ultrapure water was obtained from a Milli-Q® Plus 

apparatus (Merck Millipore, Billerica, MA, USA). Pig ears 

were generously donated by Ouro do Sul – Cooperativa dos 

Suinocultores do Caí Superior Ltda. (Harmonia, Brazil).

high-performance liquid chromatography 
analysis
The quantification of genistein in different samples (oils, for-

mulations, and skin layers) was assessed by high-performance 

liquid chromatography (HPLC) using previously validated 

conditions.26 In brief, HPLC apparatus consisted of a Shi-

madzu LC-10A system (Kyoto, Japan) equipped with a model 

LC-20AT pump, a SPD-20AV ultraviolet-visible variable 

wavelength detector (set at 270 nm), a DGU-20A5 degas-

ser, a CBM-20A system controller, and a SIL-20A injection 

valve with a 100 μL loop. Genistein was analyzed using a 

Shim-pack CLC-ODS (M) RP-18 column (5 mm, 250×4 mm 

inner diameter). The mobile phase consisted of a mixture of 

methanol/water, with 0.1% trifluoracetic acid (70:30, v/v) in 

isocratic flow at a flow rate of 1.2 mL/min.
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Determination of genistein  
solubility in oils
The solubility of genistein was determined by adding an excess 

amount of this isoflavone to IM and CO. The mixtures were 

kept under moderate magnetic stirring for 24 hours at room 

temperature to reach equilibrium. After, the samples were 

centrifuged at 15,000 rpm for 15 minutes, and an aliquot of 

the supernatant of each sample was weighed and diluted with 

methanol. Genistein content was assayed by HPLC as described 

above. The experiments were performed in triplicate.

experimental factorial design
Formulations were obtained by the combination of different 

oils (X1), phospholipids (X2), and ionic surfactants (X3), 

according to a qualitative 23 full factorial design (Table 1). 

The final composition of the formulations (w/w) was 8.0% of 

the oil (IM or CO), 2.0% of phospholipid (DOPC or DSPC), 

0.05% of ionic surfactant (OA or OLA), and 1.0% of nonionic 

surfactant, polysorbate 80, and Milli-Q water up to 100%. 

Eight different formulations (NE1–NE8) were prepared 

in triplicate. Statistical analysis was performed using the 

Minitab® software at a significance level of P0.05. 

Nanoemulsions were prepared by spontaneous emulsi-

fication. This method consists of injecting an organic phase 

containing oil core components into the water phase, under 

magnetic stirring. Subsequently, the organic solvent (etha-

nol) was removed by evaporation under reduced pressure, 

at 40°C–45°C. The final pH of formulations was adjusted 

to values ranging from 5.0 to 6.0. A control solution was 

prepared at 1 mg/mL of genistein in propylene glycol. 

The dependent variables related to the physicochemical 

properties of formulations were the mean droplet size, the 

polydispersity index, the ζ potential, and also, the genistein 

content. The total amount of genistein retained in the whole 

skin was also used as an additional dependent variable. The 

experimental conditions used to evaluate these variables are 

described in the “Characterization of the nanoemulsions” and 

“Skin permeation/retention studies” sections.

characterization of the nanoemulsions
The droplet size and the ζ potential of the nanoemulsions 

were determined by photon correlation spectroscopy and 

electrophoretic mobility, respectively (3000HS Zetasizer; 

Malvern Instruments, Malvern, England). The samples were 

diluted in water, for size, or in 1 mM NaCl solution, for ζ 

potential measurements. Morphological examination was 

performed by means of transmission electron microscopy 

(TEM). The formulations were diluted at a 1:10 ratio, obtain-

ing an oil phase concentration equal to 1%. Specimens for 

TEM viewing were prepared by mixing samples with one 

droplet of 2% (w/v) uranyl acetate solution. The samples 

were then adsorbed to the 200 mesh Formvar-coated copper 

grids, left to dry, and examined by TEM (JEM-1200 ExII; 

JEOL Ltd., Tokyo, Japan). 

The total genistein content was determined after the dilu-

tion of formulations in methanol. To estimate the genistein 

association, nanoemulsions were directly added to ultrafil-

tration membranes (100,000 Da cutoff, Ultrafree; Merck 

Millipore) and centrifuged at 15,000 rpm for 15 minutes. 

The association efficiency (%) was estimated by the differ-

ence between the total and free-genistein concentrations.

skin permeation/retention studies
Porcine ears were obtained from a local slaughterhouse. The 

ears were withdrawn from the animals before the scalding 

procedure, cleaned, and the full-thickness skin was excised 

from the outer region of the ear with a scalpel. After the 

removal of subcutaneous fat, the skin was wrapped in alumi-

num foil and stored at -20°C for a maximum time period of 

1 month. Genistein permeation/retention was assessed using 

Franz-type diffusion cells, which presented a surface area 

for diffusion of 1.77 cm2 and a receptor volume of 10.0 mL. 

Porcine ear skin with a thickness about 0.6 to 0.9 mm was 

set between the donor and the receptor compartments, with 

the dermal side facing downward into the receptor medium. 

Experiments were performed in sink conditions, due to the 

presence of 30% ethanol in phosphate-buffered saline in the 

receptor phase. The bathing solution was kept under a con-

trolled temperature (32°C). Approximately 500 μL of each 

nanoemulsion were placed in the donor compartment. After 

8 hours, samples of the receptor fluids were withdrawn from 

the compartment, and the skin was removed from the cell and 

cleaned using a cotton swab embedded with Milli-Q water. 

The genistein content was assessed by HPLC, as described 

in the “High-performance liquid chromatography analysis” 

section, in the receptor fluid and in the whole skin, after 

discarding the first tape strip. 

Table 1 Independent factors and their levels

Factors Level

Low  
level (-1)

High  
level (+1)

X1 Oil IM cO
X2 Phospholipid DsPc DOPc
X3 Ionic cosurfactant Ola Oa

Abbreviations: cO, castor oil; IM, isopropyl myristate; DOPc, dioleylphosphadityl-
choline; DsPc, distearoylphosphatidylcholine; Oa, oleic acid; Ola, oleylamine. 
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To evaluate the distribution of genistein into the skin 

layers from selected formulations (NE1 and NE3), genistein 

retention was determined in the stratum corneum, epidermis, 

and dermis. Briefly, the first stripped tape was discarded, 

while the following 15 tapes were used for genistein assay 

(stratum corneum). Next, the epidermis was separated from 

the dermis using a scalpel. The dermis was perforated into 

tiny pieces, and the layers were placed in the test tube. Results 

were expressed as mean ± standard deviation of genistein 

retained per unit of area (μg/cm2) from five experiments.

Histological and confocal fluorescence 
microscopy studies
For histological studies, the skin cuts were cleaned with a 

cotton swab and immersed in formaldehyde solution (at 37%). 

Subsequently, the cuts were dehydrated, embedded in paraf-

fin, and sectioned, with a thickness of 6 μm. The skin tissue 

specimens, after staining with hematoxylin and eosin, were 

photographed by optical microscopy. For confocal fluores-

cence experiments, a fluorescent dye, Nile Red, was added 

during the preparation of nanoemulsions by a spontaneous 

emulsification process. Formulations NE1 and NE3 were pre-

pared containing this fluorescent dye at a final concentration 

of 0.05% (previously solubilized in ethanol). Approximately 

500 μL of each fluorescent nanoemulsion was placed in the 

donor compartment, and the permeation/retention study was 

performed under the same experimental conditions described 

in the “Skin permeation/retention studies” section. After 

8 hours, the skin cuts were cleaned and mounted with Tissue-

Tek® O.C.T.™ (Sakura Finetechnical Co., Ltd., Tokyo, Japan) 

onto a metal sample holder and frozen at -20°C. Vertical 

slices of skin cuts of 40 μm thickness were obtained with a 

cryostat (CM 1,850; Leica Microsystems, Wetzlar, Germany), 

and the slides were evaluated using a confocal microscopic 

Olympus FluoView™ 1,000 (Olympus Corporation, Tokyo, 

Japan), with a helium–neon red laser exciting at 559 nm. The 

images were taken at a tenfold magnification.

In vitro evaluation of antiherpetic activity 
of genistein-loaded nanoemulsions
cells and viruses
The cell lines used were Vero (CCL81; American Type 

Culture Collection, Manassas, VA, USA) and green mon-

key kidney (GMK) AH1 (Department of Clinical Virology, 

Gothenburg University, Gothenburg, Sweden). They were 

grown in Eagle’s minimum essential medium (MEM) (Cul-

tilab, Campinas, Brazil) supplemented with 10% fetal bovine 

serum (Cultilab) and maintained at 37°C in a  humidified 

5% CO
2
 atmosphere chamber. The HSV-1 (KOS strain) 

( Faculty of Pharmacy, University of Rennes, Rennes, France) 

and HSV-2 (333 strain) (Department of Clinical Virology, 

Gothenburg University) were propagated in Vero and GMK 

AH1 cells, respectively. Stock viruses were prepared, titrated 

based on plaque-forming units, counted by plaque assay, as 

previously described, and stored at -80°C.27

cytotoxicity assay
The cytotoxicity of genistein (dissolved in 1.0% dimethylsul-

foxide) and the nanoemulsions was determined by sulforho-

damine B assay.28 Briefly, the cells were trypsinized, seeded 

into 96-well microplates, and allowed to adhere for 24 hours, 

at 37°C in a 5% CO
2
 atmosphere chamber. Afterwards, dif-

ferent concentrations of the samples were dispensed into the 

wells and incubated for 48 hours. The cells were stained with 

sulforhodamine B, and absorbance was measured at 510 nm 

using a microplate reader, and for each sample, the concentra-

tion at which cell viability was reduced by 50% (CC
50

) was 

calculated, comparing with the untreated controls.

antiherpetic activity
The potential antiherpetic activity of genistein and genistein-

loaded nanoemulsions was evaluated by the plaque number 

reduction assay, as previously described by Silva et al.29 

Confluent monolayers of Vero or GMK AH1 cells were 

infected with 100 plaque-forming units per well of HSV-1 

(KOS strain) or HSV-2 (strain 333), respectively, for 1 

hour at 37°C. After, the cells were washed with phosphate-

buffered saline and overlaid with agarose gel (0.6%) in the 

presence or absence of different concentrations of genistein 

or genistein-loaded nanoemulsions, and the plates were 

incubated for 48 hours. Cells were then fixed and stained 

with naphthol blue–black, and viral plaques were counted. 

The IC
50 

of each sample was defined as the concentration 

that inhibited 50% of viral plaque number when compared 

with untreated controls. 

The IC
50 

and CC
50 

values were estimated by linear regres-

sion of the concentration–response curves generated from 

the obtained data. The selectivity index (CC
50

/IC
50

) of each 

tested sample also was determined. All experiments were 

performed in triplicate.

statistical analysis
The mean and standard deviations were calculated for all 

experiments. The statistical analysis was according to paired 

t-test or analysis of variance (P0.05) in a factorial experi-

mental design, using Minitab 15 software.
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Results
solubility determination in tested oils
Genistein solubility in the oil cores used for the preparation 

of nanoemulsions was estimated by adding an excess of this 

isoflavonoid in IM or CO. Genistein was much more soluble 

in CO (3.32±0.25 mg/g) than in IM (0.34±0.01 mg/g).

Nanoemulsion optimization  
by factorial design
Table 2 shows the experimental arrangement based on the 

2³ full factorial design as well as the measured responses 

(droplet size, polydispersity index, ζ potential, genistein 

content, and skin genistein retention) for the eight formu-

lations obtained by means of spontaneous emulsification. 

Analysis of variance of responses was performed (Table 3). 

For mean droplet size (Y1), polydispersity index (Y2), and 

genistein retention (Y5), the analysis of variance for these 

responses showed statistical significance for the effects of 

third-order interactions. The mean droplet size varied, from 

approximately 160 nm to 420 nm. The combination of X1, 

X2, and X3 over Y1 response allowed the selection of NE3 

(IM/DOPC/OLA) due to the lowest droplet size (161±6 nm). 

This droplet size value was significantly different from other 

all-lipid combinations. The CO/DSPC/OA (NE6) combina-

tion led to the highest mean droplet size (426±82 nm). With 

regard to the polydispersity index, the combination of IM/

DSPC/OLA (NE1) exhibited the lowest value (0.07±0.02), 

which was significantly different from the other formulations. 

As a general rule, formulations presented a polydispersity 

index lower than 0.3, except for NE6 (CO/DOPC/OLA), for 

which the highest value, of 0.58±0.08, was observed. Finally, 

concerning the skin retention of genistein, the values ranged 

from 0.56 μg/cm² to 1.86 μg/cm². The use of IM (NE1 to 

NE4) led to a higher retention in the skin; however, NE3 

(IM/DOPC/OLA) presented the highest skin retention of 

genistein (1.86±0.32 μg/cm²). The value was significantly 

lower for NE1, NE2, and NE4, without significance among 

them. Considering the effect of two-way interaction over the 

Y4 response (genistein content), NE5 and NE6 presented 

no statistical differences between them (P=0.05), and NE6 

presented the lowest content of genistein (P0.05) in rela-

tion to the other nanoemulsions. ζ potential response (Y3) 

was significantly affected by oil type and ionic surfactant 

but not by interactions among them. The NE3 and NE7 

nanoemulsions showed higher values (P0.05) in modulus 

for ζ potential response when compared with the other for-

mulations (higher than 30 mV).

TeM imaging of selected nanoemulsions
The morphology of the NE1 and NE3 nanoemulsions can 

be seen in Figure 1. The TEM images showed the typical 

appearance of oil–water nanoemulsions, with oil droplets 

displaying a size of close to 150–250 nm.

genistein distribution into skin layers 
from selected nanoemulsions
Figure 2 shows the amount of genistein retained from the 

formulations, in the porcine ear skin layers. Regardless of 

the composition, genistein was detected in all layers. A lower 

amount of genistein was detected in the stratum corneum 

from nanoemulsions in comparison with the control pro-

pylene glycol solution. The incorporation of genistein into 

nanoemulsions significantly increased the retention of this 

isoflavone in the epidermis and dermis (P0.05). In addition, 

the formulation composed by IM/DOPC/OLA (NE3) led to a 

significantly higher amount (P0.05) of genistein in the der-

mis in comparison with those composed by IM/DSPC/OLA 

(NE1). Following 8 hours of permeation/retention, genistein 

Table 2 experimental arrangement based on the 2³ full factorial design and measured responses for eight experiment runs

Code Experimental  
arrangement

Y1 Y2 Y3 Y4 Y5

Z-ave  
(nm) ± SD

PI ± SD ζ potential  
(mV) ± SD

GEN content  
(mg/mL) ± SD

GEN retained  
(µg/cm²) ± SD

Ne1 IM DsPc Ola 213.60±18.07 0.07±0.02* +25.20±10.85 0.96±0.041 1.41±0.08
Ne2 IM DsPc Oa 236.90±19.27 0.17±0.04 -17.95±02.59 0.94±0.047 1.13±0.16
Ne3 IM DOPc Ola 161.19±06.64* 0.24±0.01 +32.92±04.91 0.95±0.042 1.86±0.32*
Ne4 IM DOPc Oa 287.79±33.70 0.30±0.04 -18.35±07.61 0.97±0.013 1.06±0.10
Ne5 cO DsPc Ola 225.40±17.23 0.19±0.02 +23.97±03.19 0.83±0.049* 0.90±0.20
Ne6 cO DsPc Oa 426.40±82.94 0.58±0.08 -15.63±05.44 0.80±0.061* 0.65±0.10
Ne7 cO DOPc Ola 190.82±03.70 0.14±0.03 +36.00±04.90 0.97±0.048 0.81±0.12
Ne8 cO DOPc Oa 219.02±20.68 0.13±0.03 -19.13±04.83 0.97±0.044 0.56±0.08

Note: *Significantly different (P0.05).
Abbreviations: cO, castor oil; DOPc, dioleylphosphaditylcholine; DsPc, distearoylphosphatidylcholine; geN, genistein; IM, isopropyl myristate; Ne, nanoemulsion; 
Ola, oleylamine; Oa, oleic acid; PI, polydispersity index; sD, standard deviation; Z-ave, droplet size.
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content was below the methods lower limit of quantification 

(0.1 μg/mL) for both NE1 and NE3.

skin distribution of the dye Nile red 
from selected formulations
Figure 3 shows a photomicrograph panel of porcine ear skin 

colored by hematoxylin/eosin, of untreated skin (Figure 

3A) or after 8 hours of the permeation/retention study for 

NE1 (Figure 3B) and NE3 (Figure 3C). Images showed 

the cells’ nuclei stained in blue and the other components 

stained in red. Regardless of the treatment (NE1 and NE3), 

the treated skin maintained a structure similar to untreated 

skin (Figure 3A), presenting stratum corneum with little 

detachment, a well-defined nucleus and cytoplasm without 

vacuoles or lyses, absence of intraepidermal clefts, and 

dermal–epidermal junction without separation of the two 

layers. In similar experimental conditions, confocal images 

of vertical skin sections of 40 μm thickness were performed 

(Figure 3D–F). The images revealed that the Nile Red dye 

was mainly located in the stratum corneum when this fluo-

rescent dye was dispersed in propylene glycol. Fluorescence 

was distributed throughout the skin layers (stratum corneum, 

viable epidermis, and dermis) when this dye was incorporated 

into the nanoemulsions. The fluorescence intensity seems to 

be higher after nanoemulsion application when compared 

with the control solution.

antiherpetic activity
Table 4 shows the antiherpetic activity (anti-HSV-1 and anti-

HSV-2) of genistein solution (solubilized in dimethyl-sulfoxide) 

and genistein-loaded NE1 and NE3 nanoemulsions. Genistein 

was significantly (P0.05) more cytotoxic for Vero cells 

(CC
50

 =23.91 μg/mL) in comparison with GMK AH1 cells 

(CC
50

 =50.36 μg/mL). An increase in cytotoxicity was observed 

when genistein was incorporated into nanoemulsions, especially 

when GMK AH1 cells were used. As it can be seen, genistein 

exhibited an IC
50 

of approximately 13 μg/mL for both viral 

strains tested (HSV-1, in the KOS strain, and HSV-2, in the strain 

333). The incorporation of genistein into formulations (NE1 or 

NE3) reduced the IC
50 

values for both viral types of viral plaque 

formation. Blank nanoemulsions (without genistein) showed 

no activity against HSV-1 and HSV-2 viruses.

Table 3 The analysis of variance for responses

Responses P-values

Main  
effects

Two-way  
interactions

Three-way  
interactions

Particle size (Y1) 0.001 0.003 0.001
Polydispersity index (Y2) 0.001 0.001 0.001
Zeta potential (Y3) 0.001 0.381 0.898
genistein content (Y4) 0.001 0.011 0.898
skin retention (Y5) 0.001 0.028 0.001

NE1 NE3

Figure 1 TeM images of the selected nanoemulsions composed of IM/DsPc/Ola (Ne1) and IM/DOPc/Ola (Ne3). No differences were detected in the morphology of 
oil droplets of Ne1 and Ne3.
Note: scale bar =200 nm.
Abbreviations: DOPc, dioleylphosphaditylcholine; DsPc, distearoylphosphatidylcholine; IM, isopropyl myristate; Ne, nanoemulsion; Ola, oleylamine; TeM, transmission 
electron microscope.
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Discussion
In the present study, we evaluated the effects of lipid compo-

nents on the properties of nanoemulsions, with the intention 

of optimizing the composition of the formulations intended 

for genistein skin delivery. The effects of the oil core, the 

phospholipid, and the ionic surfactant composition on the 

different physicochemical properties of nanoemulsions, 

genistein content, and genistein retention in the skin were 

evaluated by means of a 2³ full factorial design. This experi-

mental design enabled all factors to be varied simultaneously, 

allowing the quantification of the effects caused by indepen-

dent variables along with the interactions between them.24 

Main effects alone do not have much meaning when they 

are involved in significant interactions. These interactions 

are the key to achieving the optimal conditions. 

Among the dependent variables evaluated, the obtained 

results showed three-way interactions for the droplet size 

and the polydispersity index of nanoemulsions, as well as 

for genistein retention in porcine ear skin after 8 hours of 

permeation/retention kinetics. Such results can be better 

interpreted using the factorial plots of three-way interactions 

for these variables (Figure 4). 

The IM/DOPC/OLA (NE3) combination led to the low-

est droplet size of the nanoemulsions (161±6 nm). A smaller 

droplet size can be related to a greater surface to interact with 

skin, thus improving the permeation/retention of drugs.30,31 

However, the polydispersity index of this formulation was 

G
en

is
te

in
 re

te
nt

io
n 

(µ
g/

cm
2 )

Stratum corneum Epidermis Dermis

PG
0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

NE1
NE3

** **

**

*

Figure 2 Distribution profile of genistein into porcine ear skin layers after 8 hours 
of permeation/retention study, from a control solution (Pg solution) and Ne1 and 
Ne3.
Notes: a lower amount of genistein was detected in the stratum corneum from 
nanoemulsions, with a significantly increased retention of this isoflavone into 
epidermis and dermis. The values are means ± SD of five experiments. *Significantly 
lower (P0.05) for Pg in stratum corneum, epidermis and dermis as compared to 
NE1 and NE3; **significantly higher (P0.05) for Ne3 in epidermis and dermis as 
compared with Pg and Ne1.
Abbreviations: Pg, propylene glycol; Ne, nanoemulsion; sD, standard deviation.

A B C

D E F

Figure 3 hematoxylin-/eosin-stained histological (A–C) or fluorescent (D–F) images of full-thickness porcine ear skin treated with a genistein propylene glycol solution 
(A and D) or with genistein-loaded Ne1 (B and E) or Ne3 (C and F).
Notes: histological images show no skin damage after treatment with the nanoemulsions. The confocal images revealed that the dye Nile red was mainly located in stratum 
corneum when dispersed in propylene glycol. However, the fluorescence was distributed throughout the skin layers when the dye was incorporated into nanoemulsions. 
Images were obtained after 8 hours of permeation/retention studies using a Franz diffusion cell. Images were obtained at ×10 magnification. Nile Red was used as fluorescent 
dye in confocal images.
Abbreviation: Ne, nanoemulsion.
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0.24±0.01, which can be considered a limit value according 

to the literature. Polydispersity index gives some information 

about the deviation from the average size, and values up to 

0.250 could be acceptable.32 From the analysis of variance, 

the replacement of DOPC (NE3) by DSPC (NE1) showed the 

lowest polydispersity index (0.07±0.02). Thus, the ternary 

mixture of a high transition temperature phospholipid (DSPC) 

with IM and OLA yielded more homogeneous systems. No 

marked differences were detected in the oil droplets of these 

formulations by TEM; the droplet size was in the 200 nm 

range, which is in accordance with the photon correlation 

spectroscopy experiments. Taking into account the physi-

cochemical characterization, NE1 and NE3 were selected 

for further studies. Similarly, analysis of variance of the 

data obtained in the experimental design showed three-way 

interactions for the variable genistein retention in the skin. 

An overall analysis of the results showed that the use of IM 

as the oil core instead of CO led to a significant increase of 

genistein in the skin. One initial explanation is that IM could 

be considered a better absorption enhancer than CO.33,34 In 

addition, since the solubility of genistein in the IM was sig-

nificantly lower (P0.05) than in CO, as demonstrated in this 

Size particle (nm) PI

Skin retention (µg/cm2)

Castor oil
Oleic acid DSPC

Isopropyl myristate

Ionic surfactant

Castor oil
Oleic acid

Ionic surfactant

Castor oil
Oleic acid

Ionic surfactant

Oleylamine

Oleylamine

Oleylamine

190.823

225.407

219.020

426.400 236.900

287.790

213.600

161.190 0.14333 0.24333

0.066670.18667

0.13333

0.58000 0.16700

1.858

1.410

0.810

0.902

0.556

0.650 1.130

1.106

0.29667

Phospholipid

DOPC

DSPC
Isopropyl myristate

Phospholipid

DOPC

DSPC
Isopropyl myristate

Phospholipid

DOPC

Oil Oil

Oil

Figure 4 Factorial plots of three-way interactions for droplet size response, polydispersity index response, and genistein retention in the skin.
Notes: The graphical representation shows that the Ne3 presented the lowest droplet size and the highest genistein retention in the porcine ear skin. The Ne1 presented 
the lowest polydispersity index. The plots were obtained from measured responses.
Abbreviations: DOPc, dioleylphosphaditylcholine; DsPc, distearoylphosphatidylcholine; Ne, nanoemulsion; PI, polydispersity index.

Table 4 cytotoxicity (cc50) on Vero and gMK ah1 cells and 
inhibitory effects of hsV-1 and hsV-2 replication (Ic50), respectively, 
of free-genistein and genistein-loaded nanoemulsions (Ne1 and 
Ne3)

Genistein NE1 NE3

hsV-1 cc50 (μg/ml)* 23.91±1.12 16.59±0.94 17.55±2.82
Ic50 (μg/ml)# 13.14±1.26 06.75±0.13 06.38±2.63

hsV-2 cc50 (μg/ml)* 50.36±7.97 19.88±2.21 21.23±0.61
Ic50 (μg/ml)# 12.58±1.62 05.87±0.85 04.82±0.62

Notes: Values represent the mean ± standard deviations of three independents 
experiments. *cytotoxicity was determined by sulforhodamine B assay on Vero and 
gMK ah1cells. #antiviral activity was determined by plaque number reduction assay.
Abbreviations: cc50, concentration at which cell viability was reduced by 50%; 
hsV, herpes simplex virus; Ic50, concentration that inhibited 50% of viral plaque 
number; Ne, nanoemulsion; gMK, green monkey kidney.
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study, a saturation of the vehicle might lead to an increase 

in the retention of this isoflavone into the skin, whereas the 

high solubility of genistein in CO increased the affinity of 

this isoflavone into the oil core, decreasing the partitioning 

from the vehicle into the skin. Among the IM-based formula-

tions, the genistein retention in skin was significantly higher 

(P0.05) from positively-charged NE3 (composed of IM/

DOPC/OLA), followed by NE1 (composed of IM/DSPC/

OLA). It is well documented that positively-charged col-

loidal carriers can interact with negatively charged protein 

residues of epithelial cells, leading to a disturbance in the 

lipid structure of the stratum corneum,35,36 which, in turn, can 

lead to increased drug permeability. Finally, the formulation 

composed of IM/DOPC/OLA (NE3) led to a significantly 

higher amount of genistein retained in the skin when compared 

with the combination containing DSPC (NE1). This result 

may be attributed to the more fluid interface of IM/DOPC/

OLA nanoemulsions, due the presence of DOPC, which is 

in the fluid state and could lead to an increase of partitioning 

of genistein to the skin. 

Regardless of the combination of the lipids used, analysis 

of variance of the ζ potential of the nanoemulsions showed 

only significance for the main effect. In other words, there was 

no interaction between lipid components over this property. ζ 

potential was only influenced by adding charged cosurfactants in 

the formulation composition. Concerning the selected formula-

tions (NE1 and NE3), the binary mixture of these cosurfactants 

with DOPC or DSPC did not have a significant effect on this 

parameter. Since the phosphatidylcholine polar head group of 

DOPC or DSPC did not exhibit charge (due to the coexistence 

of the negatively charged phosphate group and the positively 

charged quaternary ammonium group of choline in the polar 

head group) at the formulation’s final pH, the ζ potential was 

only influenced by the presence of OLA. It must be pointed 

out that the bulk pH of positively-charged nanoemulsions 

presented values of approximately 8.5–9.0 due to the presence 

of the OLA. For these formulations, final pH was adjusted to 

5.0–6.0 to produce theoretically fully ionized OLA molecules 

at the interface, as previously reported.37,38 Furthermore, it was 

demonstrated that the pH of the vehicle had a significant effect 

in the cutaneous retention of genistein, which is higher at a pH 

of 6.0, due the nonionic form of genistein in this medium.39 

For the optimized formulations, the genistein content 

values were higher than 95% (0.96±0.041 and 0.95±0.042 

for NE1 and NE3, respectively), without any difference 

among them (P0.05). Since genistein was not detected in 

the water phase, after separation of a fraction of the water 

phase on ultrafiltration membranes, this isoflavone seems 

to be incorporated into the oily phase of nanoemulsions. 

This result could be attributed to the affinity of this poorly 

soluble aglycone (LogP =3.04)40 for the lipid components of 

the inner phase of the nanoemulsions. Regarding the genistein 

content response, the effect of two-way interaction between 

the oil (CO or IM) and phospholipid (DSPC or DOPC) factors 

was observed. Statistical analyses showed that the interac-

tion of CO and DSPC (containing OA or OLA) presented 

the lowest content of genistein: 0.83±0.049 mg/mL (for 

NE5) and 0.80±0.061 mg/mL (for NE6). This result could 

be related with a decrease of the fluidity of the oil core (in 

the presence of CO and DSPC) and thus, the solubility of 

genistein in those formulations. 

To have a better insight into the distribution of genistein 

in the porcine ear skin layers from optimized formulations, 

stratum corneum, epidermis, and dermis were separated and 

the amount of this isoflavone determined by HPLC. A higher 

amount of genistein was detected in the deep layers (epidermis 

and dermis) when isoflavone was incorporated into nano-

emulsions, indicating that the positively-charged optimized 

formulations were able to overcome the barrier property of 

the outermost layer of the skin. The skin retention of genistein 

from other colloidal carriers has been described elsewhere.41–43 

Conversely, the skin retention of genistein from the propylene 

glycol control solution was higher in the stratum corneum, 

which demonstrates that skin penetration is hampered by the 

barrier effect of the stratum corneum. These results were illus-

trated by the confocal images. A higher fluorescence intensity 

was detected in the deep layers of porcine ear skin (without 

a deleterious effect on the skin, according to histological 

photomicrographs) when compared with images obtained 

with a propylene glycol solution, in which Nile Red seemed 

to be located mainly in the upper skin layers. 

Finally, our results clearly showed the inhibition of 

HSV-1 and HSV-2 replication by genistein, which follows 

in line with data previously reported by Yura et al.10 Inter-

estingly, the incorporation of genistein into the optimized 

nanoemulsions (NE1 and NE3) decreased the IC
50

 of the 

viral plaque formation, against both HSV-1 and HSV-2. This 

result suggests that the nanoemulsions tested could enhance 

intracellular genistein uptake. They most probably took 

advantage from the destabilization of the cell membrane due 

to the positive charges of the nanoemulsions, which probably 

increased membrane permeability and allowed the genistein 

molecules to enter the cells more efficiently.44 For instance, 

the formulation composed of IM/DOPC/OLA (NE3) showed 

an IC
50 

up to 2.6-fold lower than free-genistein in HSV-2. 

This formulation exhibited a selectivity index (that is the 
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ratio between CC
50 

and IC
50

) higher than 4, which can be 

considered promising for candidates as antiviral agents.45 

The antiherpetic activity of genistein has been related to the 

protein-tyrosine phosphorylation, which is involved in the 

regulation of cell growth and in receptor-mediated signal 

transduction;9 however, the mechanism needs to be fully 

elucidated.

Conclusion
The factorial design allowed us to select the combinations 

of IM, OLA, DSPC, or DOPC as the best inner phases for 

stable nanoemulsions with higher potential for increasing 

skin retention of genistein, showing the effect of positively 

charged nanoemulsions on these properties. A significant 

increase in the genistein content was detected into viable 

skin layers (epidermis and dermis) when this isoflavone 

was incorporated into nanoemulsions, without visible skin 

damage as it was visualized in the histological images. These 

results were supported by confocal laser scanning micros-

copy experiments. Finally, such formulations exhibited in 

vitro antiherpetic activity against HSV-1 (strain KOS) and 

HSV-2 (strain 333). Taken together, the results showed that 

the genistein-loaded nanoemulsions developed are promising 

for antiherpes treatment.
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