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ABSTRACT 15 

 16 

Positively charged ethylcelulose nanoparticles have been obtained from 17 

alkylamidoammonium/Span 80 based nano-emulsion templates. Oil-in-water 18 

polymeric nano-emulsions form in a broad range of oil-to-surfactant ratios and water 19 

contents above 75 wt% by a low-energy method at 25ºC. Nano-emulsions with a 20 

water content of 90 wt% showed droplet sizes typically below 300 nm and high 21 

positive zeta potential values (~55 mV). If oleylamine is added to the system, smaller 22 

droplet sizes and higher zeta potential values (~66 mV) are obtained, but the stability 23 

of the nano-emulsions decreases. Although these nano-emulsions are destabilized 24 

by creaming, the period of stability is large enough to allow nanoparticle preparation 25 

by solvent evaporation. Polymeric nanoparticles obtained show a globular core-shell-26 

like morphology, with mean diameters of around 250 nm. The surface charge of the 27 

nanoparticles is similar to that of the nano-emulsion template and remains positive 28 

after 24 hours dialysis, suggesting slow desorption kinetics of the 29 

alkylamidoammonium from the nanoparticle surface. These results indicate that the 30 

proposed nano-emulsion approach is a good strategy for the preparation of positively 31 

charged nanoparticles from nonionic ethylcellulose polymers. 32 

 33 

 34 
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1. INTRODUCTION 39 

 40 

Positively charged nanoparticles have attracted the interest of biomedical 41 

researchers for their ability to bind anionic drugs (especially nucleic acid derivatives 42 

for gene therapy) to form stable complexes and the advantageous properties 43 

generally attributed to positively charged nanomaterials such as mucoadhesivity and 44 

antimicrobial activity [1-6]. For this purpose, polycations like chitosan [7], 45 

poly(ethyleneimine) or poly(amidoamine) [3, 8] have been extensively studied. 46 

Nanoparticles prepared with non-charged or anionic materials usually display close to 47 

zero or negative zeta potential values. This has been described for example for 48 

nanoparticles of ethylcellulose [13], poly(lactic-co-glycolic) acid [12] or solid lipid 49 

nanoparticles [14]. To confer a positive surface charge to these kinds of materials, 50 

strategies such as covalent binding of cationic molecules have been proposed. For 51 

example, Fornaguera et al. achieved changing the surface charge of poly(lactic-co-52 

glycolic) acid (PLGA) nanoparticles from negative (about - 20 mV) to positive values 53 

(as high as about + 70 mV) by covalently binding cationic carbosilane dendrons to 54 

the nanoparticle surface [9]. An interesting alternative to covalent attachment is the 55 

adsorption of cationic molecules onto the nanoparticle surface. Nanoparticles can be 56 

endowed with modified surface properties such as hydrophilicity, cationic charge and 57 

so on, by incubating them with selected molecules which would adsorb onto their 58 

surface. This has been shown with polar molecules, such as PEG derivatives [10], 59 

polysorbate 80 [11] or chitosan [12], which are usually added in a late step, after 60 

nanoparticle preparation as an alternative to covalent linking.  61 

 62 

A well-known method for nanoparticle preparation is nano-emulsion templating. The 63 

preparation of nano-emulsions by low-energy methods is convenient because it 64 

allows achieving smaller and more homogeneous droplet sizes than high energy 65 

emulsification methods. Although the preparation of O/W nano-emulsions with 66 

nonionic surfactants by low-energy emulsification methods has widely been studied 67 

[15-18], only a limited number of papers have been devoted to nano-emulsion 68 
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preparation by low-energy methods using ionic surfactants or mixtures of cationic and 69 

nonionic surfactants [19-21]. The incorporation of a cationic surfactant or the use of 70 

mixed ionic-nonionic surfactant systems may be beneficial for certain biomedical 71 

applications and may as well contribute to the so called electrosteric stabilisation, i.e. 72 

both, electrostatic and steric repulsion for stabilizing the dispersed droplets [22]. In 73 

previous papers by our group, we have demonstrated the high versatility of the low-74 

energy nano-emulsion approach for the preparation of polymeric nanoparticles 75 

(ethylcellulose [17] and PLGA [23]) with a broad range of characteristics such as size 76 

(e.g. hydrodynamic radii from 20 nm to 200 nm), loading (dexamethasone [32], 77 

loperamide [25], galantamine [26]) or functionality (binding of transferrin receptor 78 

targeting 8D3 antibody [25] or of cationic carbosilane dendrons for gene therapy [9]). 79 

These ethylcellulose and PLGA nanoparticles have been prepared using nonionic 80 

ethoxylated surfactants, and display a negative surface charge (typically between 81 

about -20 mV and -70 mV) unless the nanoparticle surface is functionalized with 82 

covalently bound cationic dendrons [27]. 83 

 84 

In this context, in the present research work it is hypothesized that positive surface 85 

charge may be conferred to ethylcellulose nanoparticles prepared using the low-86 

energy emulsification approach by introducing a cationic amphiphilic compound, 87 

namely an alkylamidoammonium derivative, before nanoparticle preparation, with no 88 

chemical reaction and no additional post-adsorption steps. This method presents the 89 

advantage of avoiding the use of potentially toxic reactants and time consuming 90 

purification steps although it might be less effective due to easy desorption. The 91 

cationic surfactant is expected both, to adsorb at the water/polymer interface due to 92 

its dual hydrophilic-hydrophobic nature and to interact with the nonionic polymer thus 93 

generating a positive surface charge. It is worth mentioning that monomeric 94 

alkylamidoammonium derivatives are a class of cationic surfactants which in spite of 95 

their frequent use in the home and personal-care industry have not been explored yet, 96 

to our best knowledge, for biomedical applications. In contrast to their amidoamine 97 

counterparts, they have the advantage of being permanently positively charged, 98 

regardless of the pH of the dispersing medium, due to the quaternized ammonium 99 

end group. In this paper we propose the preparation of positively charged 100 

nanoparticles from ethylcellulose nano-emulsion templates formed in a mixed 101 

cationic/nonionic surfactant system. The purpose of this paper is to explore the 102 
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feasibility of endowing positive surface charge to ethylcellulose nanoparticles 103 

prepared by a low-energy emulsification-solvent evaporation method, by using a 104 

cationic alkylamidoammonium surfactant to modulate the surface charge of the 105 

nanoparticles, and assess its permanence when exposed to a diluting medium. 106 

 107 

 108 

 109 

2. EXPERIMENTAL 110 

 111 

 112 

2.1. Materials 113 

 114 

Ethylcellulose, a commercial semi synthetic cellulose ether derivative, was from 115 

Colorcon, a distributor of the Dow Chemical Company (ETHOCEL™ Premium Std 10 116 

ethylcellulose polymer, abbreviated as EC10. ETHOCEL is a trademark of the Dow 117 

Chemical Company). This polymer is insoluble in water. It consists of repeating 118 

anhydroglucose units in which hydroxyl groups have been partially substituted by 119 

ethoxyl groups. Ethoxyl content was 48.7% and the weight-average molecular weight 120 

(Mw) was 66385 ± 322 Dalton with a polydispersity of 4.3 as determined by Gel 121 

Permeation Chromatography (see Supplementary Information for analysis conditions). 122 

Ethyl acetate (> 99.8%), supplied by Merck, was used as organic solvent. This 123 

solvent has a boiling point of 77 ºC, it is partially soluble in water and can dissolve 124 

water up to 3 wt% at 25ºC [17]. The cationic alkylamidoammonium amphiphile, 125 

ricinoleamidopropyltrimonium methosulfate (Figure 1), in the following abbreviated 126 

as CatA, was from Evonik. This technical grade cationic surfactant has an active 127 

matter content of 40 wt% in water. It is fluid at room temperature and appears clear 128 

yellow with tendency to cloudiness at 20°C. It has a density of 1.03 g/cm3 at 20 °C 129 

and is easily soluble in water at room temperature. It is generally used in the 130 

formulation of commercial home and personal care products. It has a critical micellar 131 

concentration of 3.3 x 10-2 mM [28]. Sorbitan monooleate (Span® 80) and oleylamine 132 

(≥ 70%, GC) were purchased from Fluka. Sorbitan monooleate is a nonionic, yellow, 133 

at room temperature liquid surfactant, with a hydrophilic-lipophilic balance (HLB) 134 

number of 4.3. Oleylamine is a slightly yellow and clear liquid with a melting point of 135 

18 – 26ºC, a density of 0.813 g/mL and a boiling point of 348 – 350ºC. Water was 136 
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deionized and MilliQ® filtered. When stated in the text, phosphate buffer 0.02M 137 

(abbreviated PB) was used as diluting medium. 138 

 139 

 140 

 141 

Figure 1: Chemical structure of a) ricinoleamidopropyltrimonium methosulfate (CatA) 142 

and b) oleylamine (OA). 143 

 144 

 145 

2.2. Methods 146 

 147 

2.2.1. Phase Inversion determination 148 

The phase inversion region was determined by conductivity measurements. Samples 149 

(4 g) were prepared by addition of water to oil/surfactant mixtures up to 90 wt%. 150 

Electrical conductivity of samples was measured at each composition by means of a 151 

Crison-GLP 31 conductimeter with a Pt/platinized electrode under continuous 152 

magnetic stirring at 25ºC. 153 

 154 

2.2.2. Formation of oil-in-water (O/W) nano-emulsions 155 

About 4 g of the nano-emulsions were prepared at a constant temperature of 25°C by 156 

adding water dropwise to the mixture of oil and mixed surfactants, which was 157 

previously homogenized. The addition was performed under permanent vortex 158 

stirring (Vortex Genie 2TM, Scientific Industries Inc.) at about 2700 rpm.  159 

 160 

2.2.3. Nano-emulsion region determination 161 

The region of formation of O/W nano-emulsion in the Water / [cationic:nonionic 162 

surfactant mixture] / oil system was at first assessed visually at 25°C. Samples with 163 

various O/S ratios and water contents were prepared as described in Section 2.2.2. 164 

Compositions with a translucent to opaque appearance and a reddish or bluish shine 165 

when observed through a lamp light were identified as nano-emulsions. 166 
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 167 

2.2.4. Nanoparticle preparation 168 

Nanoparticles were prepared by the solvent evaporation method using a rotary 169 

evaporator (Büchi) during 45 minutes under reduced pressure of 43 mbar and at 170 

25°C. After evaporation, weight loss was replaced with water. The volume shrinking 171 

factor from nano-emulsion droplet to nanoparticle has been determined from the ratio 172 

of the volumes of the droplets and the nanoparticles calculated from the 173 

hydrodynamic size as obtained by dynamic light scattering measurements, assuming 174 

that the number of dispersed entities keeps constant. The theoretical diameter of 175 

nanoparticles was determined from the hydrodynamic diameter of the nano-emulsion 176 

droplets by considering the volume of dispersed spheres, assuming that the number 177 

of dispersed entities keeps constant during the evaporation process, that no water is 178 

present in the dispersed phase and that once evaporation is completed, 179 

nanoparticles consist exclusively of polymer. For the calculation, densities of ethyl 180 

acetate and ethylcellulose were taken to be 0.9 g/mL and 1.15 g/mL respectively. 181 

 182 

2.2.5. Particle size characterization 183 

Dynamic light scattering: Droplet (nano-emulsions) and particle (nanoparticle 184 

dispersion) size were determined by Dynamic Light Scattering (DLS) with a Photon 185 

Correlation Spectrometer (PCS) from Malvern Instruments, equipped with an Argon 186 

laser (  = 488 nm). Results were given as ZAverage (ZAve) which corresponds to the 187 

hydrodynamic droplet or particle diameter. Nano-emulsions and nanoparticle 188 

dispersions were diluted (1/100) with water saturated with ethyl acetate (refractive 189 

index of 1.349) in order to prevent diffusion of ethyl acetate from the droplets to the 190 

continuous phase and water (refractive index of 1.333) respectively. Measurements 191 

were carried out as triplicates at a scattering angle of 90°, at 25°C.  192 

Transmission Electron Microscopy (TEM): Nanoparticle size was also determined by 193 

using the transmission electron microscope JEOL JEM 1010 (Jeol Korea Ltd.), 194 

operating at 80 kV. The samples were prepared just after solvent evaporation. A drop 195 

of the nanoparticle dispersion was placed on a carbon coated cupper grid and then 196 

negatively stained with 2 wt% uranyl acetate (UA) solution. About 1000 particles were 197 

sized manually from about 50 TEM micrographs taken at different magnifications. For 198 

this purpose, the software package Image J was used. Data were evaluated with the 199 

Origin software package for particle size distribution calculation. 200 
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 201 

2.2.6. Nano-emulsion and nanoparticle dispersion stability 202 

Macroscopic observation: Nano-emulsions and nanoparticle dispersions were kept in 203 

a glass vial in a thermostated bath at 25°C. They were visually checked as a function 204 

of time. 205 

Light Backscattering: Stability of the nano-emulsions was also assessed by light 206 

backscattering measurements with a TurbiscanLab® Expert instrument, at 25ºC. 15 g 207 

of freshly prepared sample were transferred into the glass cell which was tightly 208 

stoppered in order to prevent solvent evaporation. A pulsed near infrared LED (  = 209 

880 nm) served as light source. The instrument consists of two synchronous optical 210 

sensors, one receiving light transmitted through the sample and the other one 211 

receiving light backscattered by the sample at an angle of 135º. Data were acquired 212 

each hour during 24 hours at 25°C. The destabilization rate was determined by 213 

plotting the destabilization index (DI) as a function of time. DI is a statistical factor 214 

provided by the Turbisoft 2.1.0.52 software, computed from the sum, in absolute 215 

value, of the variation of each selected scan of a sample at a given time and sample 216 

height to the previous one, according to the following expression:  217 

i

h 1ii

H

(h)scan(h)scan
(DI)indexationDestabiliz    (Eq. 2) 218 

 219 

where i is a measurement at a given time, h is the sample height in the measuring 220 

cell, scani(h) is the scattering (transmission or backscattering) value  at the 221 

considered sample height in the measuring cell at a given time; scani-1(h) is the 222 

scattering value  at the same sample height obtained in the previously considered 223 

measuring time; and H is the total sample height in the measuring cell. Analysis was 224 

performed considering scattering variations over the whole sample height range. The 225 

higher the value of DI, the more unstable the dispersed system. 226 

 227 

2.2.7. Nano-emulsion and nanoparticle surface charge 228 

The zeta potential, a measure of the net surface charge, was determined from the 229 

electrophoretic mobility measured on a ZetaSizer Nano Z laser diffractometer 230 

(Malvern Instruments), by applying the Smoluchowsky equation [29]. For the 231 

measurements, nano-emulsions were diluted with water to a concentration of 20 mg 232 
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nano-emulsion /g solution. Each sample was measured in triplicate at room 233 

temperature.  234 

 235 

2.2.8. Removal of surfactant excess from nanoparticle dispersion by dialysis 236 

About 4 g of nanoparticle dispersion were filled in a SpectraPor dialysis bag (MWCO 237 

of 12000 – 14000) and immersed in 800 mL of MilliQ filtered water at 25ºC. The 238 

conductivity in the dialysate solution was monitored by means of a Crison-GLP 31 239 

conductimeter with a Pt/platinised electrode. The dialysate was replaced twice, after 240 

30 minutes and after 2 hours, and was then allowed to equilibrate until conductivity in 241 

the dialysate solution reached a plateau. Conductivity data were automatically 242 

collected on a computer every 5 minutes in the first dialysate, every 15 minutes in the 243 

second one and every 60 minutes in the third one. 244 

 245 

 246 

3. RESULTS AND DISCUSSION 247 

 248 

3.1. Nano-emulsion formation and characterization 249 

 250 

The formation of oil-in-water (O/W) nano-emulsions has been studied in the Water / 251 

[CatA:Span® 80] / [6% EC10 in ethyl acetate] system at 25ºC as described in 252 

Section 2.2.2. For this purpose, first the oil component and the surfactants are 253 

thoroughly mixed, and then, the water is dropwise added up to the required amount 254 

under continuous stirring. The ratio CatA:Span® 80 was 1:1 and the concentration of 255 

ethylcellulose in ethyl acetate was 6 wt%. Figure 2 shows that nano-emulsions are 256 

obtained in a wide range of oil/surfactant (O/S) ratios, between 25/75 and 85/15, and 257 

at water contents above 75 wt% (purple area). The higher the water content the more 258 

transparent they appeared. It is worth noting that they could be formed at O/S ratios 259 

higher than those obtained in other systems by low-energy emulsification methods in 260 

the absence of polymer and using a less polar oil. In those systems nano-emulsions 261 

could not be formed at O/S ratios higher than 40/60 [18, 30]. In the system shown 262 

here, the O/S range of nano-emulsion formation is even broader than that found in 263 

systems with the same oil components [17, 24]. It is worth mentioning that nano-264 

emulsions were only obtained if the surfactant was first mixed with the oil.  265 

 266 
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 267 

 268 

 269 

Figure 2. Oil-in-water (O/W) nano-emulsion region (purple area close to the water 270 

vertex) in the Water / [CatA:Span® 80 = 1:1] / [6 wt% EC10 in ethyl acetate] system, 271 

at 25ºC. The dashed lines at O/S ratios of 25/75 and 85/15 are a guide to the eye 272 

indicating the O/S ratio boundary of nano-emulsion formation. The dotted line with 273 

the red arrow for the O/S ratio 70/30 indicates the dilution path which was followed 274 

for conductivity measurements. Samples were prepared by addition of the aqueous 275 

component to the mixture of the oil and the surfactants. 276 

 277 

The occurrence of phase inversion from O/W type to W/O type systems along the 278 

emulsification path was verified by conductivity measurements at 25ºC, as described 279 

in Section 2.2.1. Figure 3 shows the conductivity (Figure 3a) as a function of total 280 

water content along the dilution path with O/S ratio of 70/30 (dotted line in Figure 2) 281 

and the destabilization kinetics (Figure 3b) of nano-emulsion samples at 25ºC as 282 

determined from the destabilization index (DI) as a function of time. DI is a statistical 283 

factor which is obtained from the transmission and light backscattering spectra of the 284 

samples as explained in section 2.2.6. 285 

. .  286 

 287 
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  288 

Figure 3. a) Conductivity as a function of total water content in the Water / 289 

[CatA:Span® 80 = 1:1] / [6 wt% EC10 in ethyl acetate] system along the dilution path 290 

at the O/S ratio 70/30, at 25ºC. The dashed line indicates the region of instable 291 

samples which could not be measured. Water-in-oil (W/O) and oil-in-water (O/W) 292 

regions are indicated. b) Destabilization kinetics of nano-emulsion samples at 25ºC 293 

as determined from the destabilization index (DI) as a function of time. 294 

 295 

The amount of water present in the surfactant CatA (40 wt% of active matter) was 296 

considered in the total water content in the plot. For that reason, the lowest water 297 

concentration that could be studied was about 9 wt% of water. At low water contents, 298 

conductivity values increase upon increasing water concentration. Conductivity 299 

between about 20 and 40 wt% of water could not be measured accurately due to fast 300 

phase separation of the samples. Conductivity values reach a maximum at about 45 301 

wt% of water and then gradually decrease. The increase in conductivity at low water 302 

content is indicative of water-in-oil (W/O) structures which experience a transition at 303 

higher water concentration. The decrease in conductivity is indicative of the dilution 304 

effect of the conducting species present in the system [31, 32]. Bell-shaped curves 305 

as obtained here had previously been described in literature [17, 31, 32]. Inversion 306 

from W/O to O/W takes place during emulsification. However, there is a remarkable 307 

difference between conductivity values of nano-emulsions of the present study and 308 

those of similar systems formulated with a nonionic surfactant [17]. While 309 

conductivity in this system was close to zero at water contents of 0 – 20 wt% and 310 

reached a maximum value of about 320 S/cm at 42 wt% water contents, 311 
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conductivity values in the present system are quite high due to the presence of the 312 

cationic surfactant. 313 

 314 

Nano-emulsions with O/S ratios of 50/50, 60/40 and 70/30 and a water content of 90 315 

wt% were selected for further studies (NE(50/50), NE(60/40) and NE(70/30) 316 

respectively). To enhance the cationic properties of the system, oleylamine (OA) was 317 

incorporated in these nano-emulsions (NE(50/50_OA), NE(60/40_OA) and 318 

NE(70/30_OA). This fatty amine has a pKa of about 10.7 [33] and is consequently 319 

positively charged at lower pH values. It was mixed with the oil component in the ratio 320 

[EC10 in ethyl acetate]:oleylamine of 3:1. Characteristics of nano-emulsions prepared 321 

with and without this component are summarized in Table I.  322 
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Table I. pH values, ZAverage droplet size and polydispersity indices (PI) of nano-emulsions of the Water / [CatA:Span® 80 = 1:1] / [6 323 

wt% EC10 in ethyl acetate] system with 90 wt% of water content at 25°C. Electrophoretic mobility (µ) and zeta potential (ζ) values of 324 

nano-emulsions of the system in water (pH 5.6) and PB (pH 7.4) as diluting media, at a concentration of 20 mg/g, at room 325 

temperature.  326 

[6%EC10 in ethyl 

acetate] : OA 
O/S ratio pH(1) 

ZAve 

(nm)(2) 
PI(2) 

µ (µmcm/Vs) ζ (mV) 

Water(3) PB(3) Water(3) PB(3) 

1:0 

50/50 5.1 297.6 0.12 4.8 2.3 61.1 28.2 

60/40 5.2 305.1 0.15 4.3 2.0 55.3 25.2 

70/30 5.5 261.7 0.10 4.3 1.6 55.1 20.5 

3:1 

50/50 8.6 250.7 0.14 5.1 2.7 65.1 34.8 

60/40 9.2 238.9 0.10 5.3 2.8 67.9 35.8 

70/30 9.3 230.8 0.13 5.4 2.8 68.0 36.3 
 327 
(1)

pH values of as-prepared nano-emulsions. 
(2)

Droplet size and polydispersity index (PI) obtained with DLS upon dilution (1/100) with water saturated with ethyl acetate 328 
(3) Diluting medium to attain a final concentration of 20mgEC10/g (pH values of water and PB are 5.6 and 7.4 respectively).

 329 
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 330 

In the absence of oleylamine, the pH values of the nano-emulsions where moderately 331 

acidic while pH values of the systems with OA increase up to around 9. It was found 332 

that the pH value increases slightly with the O/S ratio. In samples containing the fatty 333 

amine, this increase is consistent with the higher amount of oleylamine when the O/S 334 

ratio increases. The nano-emulsion with and without fatty amine were characterized 335 

by DLS (Section 2.2.5). Nano-emulsions without OA show mean droplet sizes 336 

(ZAve) up to around 300 nm and polydispersities below 0.15 at room temperature. In 337 

the presence of oleylamine, however, droplet sizes decreased to around 240 nm, 338 

showing similar polydispersities  than those of the system without OA. Furthermore, a 339 

decrease of droplet sizes with the increase of O/S ratio is noticeable which may be 340 

due to the presence of fatty amine placing itself at the interfacial surfactant film and 341 

acting as a cosurfactant, as this molecule consists of a polar head group and a 342 

hydrocarbon chain and may therefore display amphiphilic character. In addition, it is 343 

probable that the effect of solvent diffusion from the droplets towards the continuous 344 

phase leading to a decrease in droplet size dominates over the increase in droplet 345 

size produced by an increase in dispersed fraction. By contrast, no clear tendency in 346 

droplet size as a function of the O/S ratio is observed in nano-emulsions without OA. 347 

Nevertheless, the smallest droplet size was achieved at the highest O/S ratio (70/30) 348 

which may be attributed to solvent diffusion.  349 

 350 

The surface charge of the nano-emulsion droplets was determined by zeta potential 351 

measurements. To allow proper measurements, the nano-emulsions were diluted. In 352 

a first step, the effect of the degree of dilution and the nature of the diluting medium 353 

water and a phosphate buffer solution, PB 0.02M) were determined. The buffer was 354 

used in order to study influences on the nano-emulsion system at physiological pH 355 

(pH 7.4 of human blood). Figure 4 shows the results. When diluting in water, zeta 356 

potential increased with increasing nano-emulsion concentration from slightly 357 

negative values (about -1 mV) until a plateau was nearly reached in the positive 358 

range (about +54 mV). Using PB as diluting media, zeta potential values showed a 359 

similar tendency, starting with negative values at low concentration and raising to 360 

higher positive values with increasing concentration. However, values in water (pH = 361 

5.6) are generally about 20 mV higher than in PB (pH = 7.4) in the studied dilution 362 

range. The reason may be that the phosphate anionic species in the buffer solution 363 
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shield the cationic charges provided by the surfactant CatA, producing a decrease of 364 

the zeta potential values.  365 

 366 

 367 

Figure 4: Zeta potential of the nano-emulsions of the Water / [CatA:Span® 80 = 1:1] / 368 

[6 wt% EC10 in ethyl acetate] system as a function of the concentration of nano-369 

emulsion in the diluting medium (water (pH = 5.6) or PB (pH=7.4)), at 25°C. The 370 

nano-emulsion composition was O/S ratio 60/40 and 90 wt% water. The symbols are 371 

the experimental data and the lines a guide to the eye. 372 

 373 

Based on these results, further measurements were performed by diluting to a 374 

concentration of 20 mg/g, which is within (diluting medium: water) or close to (diluting 375 

medium: PB) the plateau range. As previously observed, one main factor affecting 376 

the zeta potential seems to be the diluting medium (Table I). The presence of anionic 377 

shielding species strongly decreases the zeta potential. While in water the zeta 378 

potential is around 60 mV, in PB this value drops down to about the half. 379 

Furthermore, with all diluted systems containing OA the zeta potential values are 380 

higher than without this component. This implies that these nano-emulsions contain 381 

more cationic charge caused by the presence of the OA carrying a positive charge at 382 

the studied pH values. A slight decrease in zeta potential with increasing oil content 383 

can be observed in the systems without OA with both diluting solvents due to the 384 

decrease in CatA content. However, in the presence of oleylamine surface charge of 385 

nano-emulsions keeps almost constant. It may be assumed that the decrease in 386 

CatA with increasing O/S ratio is compensated by the cationic charge provided by the 387 

fatty amine as this component is added to the oil phase. 388 

  389 

Due to high zeta potential values of the studied nano-emulsions, a good stability is 390 

expected as a result of electrostatic repulsion among droplets. Yet the visual 391 
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assessment of the samples stored at room temperature reveals that a layer in the 392 

upper part of the sample is formed at about seven hours after nano-emulsion 393 

preparation, indicating creaming. For a closer analysis, tests by light backscattering 394 

were undertaken. Figure 5 displays the results for the nano-emulsion with an O/S 395 

ratio of 70/30 with and without oleylamine. The backscattering intensity (expressed in 396 

percentage compared to internal standards) is plotted as a function of sample height 397 

(horizontal axis) at different times. In the sample without OA, a slight increase in 398 

backscattering intensity is observed at the bottom of the cell which is due to multiple 399 

light diffractions of the glass cell (Figure 5a). No physical meaning is assigned to this 400 

phenomenon. Backscattering intensity did not change throughout the sample height 401 

during 24 hours indicating, that clarification of the continuous phase, caused by a 402 

decrease in droplet size or in quantity of dispersed droplets, does not occur. However, 403 

at the meniscus, a peak appeared after three hours which is an indication of 404 

creaming.  405 

 406 

 407 

Figure 5: Backscattering data of the nano-emulsion of the Water / [CatA:Span® 80 408 

=1:1] / [6 wt% EC10 in ethyl acetate] system with an O/S ratio of 70/30 and 90 wt% 409 

water a) in the absence and b) in the presence of oleylamine (OA), at 25ºC. The grey 410 

shaded regions in the graphics indicate the bottom and meniscus of the sample in 411 

the glass cell. 412 
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Table II Stability assessment of the three selected O/S ratios of nano-emulsions of the water / [CatA:Span® 80] / [6 wt.% EC10 in 413 

ethyl acetate] system without and with oleyl amine (OA) as determined by visual observation and light backscattering at 25ºC, and 414 

calculated from Stokes’ law. 415 

[6%EC10 in ethyl 

acetate] : OA 

O/S 

ratio 

Visual assessment 

of phase separation 

(h) 

Backscattering 

appearance of a peak 

in meniscus (h) 

Theoretical creaming rate (nm/s) 

Assuming no 

solvent diffusion 

Assuming 

solvent diffusion 

1:0 

50/50 ≤ 7 - - 4.5 8.0 

60/40 ≤ 7 5 -4.7 8.5 

70/30 ≤ 7 3 -3.5 6.2 

3:1 

50/50 < 7 1 -4.2 -5.2 

60/40 < 7 1 -3.8 -4.7 

70/30 < 7 1 -3.5 -4.4 

 416 
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 417 

With the sample containing OA (Figure 5b) the backscattering intensity increase at 418 

the meniscus of the samples is significantly reduced compared to the nano-419 

emulsions in the absence of OA which is in good agreement with the lower creaming 420 

rate predicted by Stokes’ law (Table II). However, a striking decrease in the 421 

backscattering intensity is observed with time. This phenomenon has been related to 422 

a clarification of the continuous phase, which can be caused by a decrease in the 423 

size or in the number of the dispersed droplets. On the one hand, a decrease in size 424 

can be caused by the diffusion of the partially water-soluble ethyl acetate from the 425 

dispersed droplets to the aqueous continuous phase. On the other hand, a decrease 426 

of the number of dispersed entities can occur as a consequence of coalescence, 427 

flocculation or Ostwald ripening. Since nano-emulsions showed high surface charge 428 

values, flocculation and coalescence of the droplets should not be favorable here. 429 

Ostwald ripening however, which implies a growth of the larger droplets at an 430 

expense of the smallest ones is prone to happen in polydisperse nano-emulsion 431 

systems and would lead to a reduction of the number of drops. The clarification 432 

observed and identified as Ostwald ripening, which started right in the first hour after 433 

sample preparation, can be regarded as consistent with the visual observation of 434 

samples where creaming was observed 7 hours after sample preparation. As 435 

mentioned before, destabilization is likely to take place before this time. Similar 436 

results were obtained for the nano-emulsions with O/S ratios 50/50 and 60/40 in 437 

absence and presence of the fatty amine. Overall destabilization kinetics (Figure 3b) 438 

clearly confirms the lower stability of the nano-emulsions in the presence of OA in 439 

spite of the contribution of this component to higher positive surface charge of the 440 

droplets. These stability results are in agreement with the visual assessment.  441 

 442 

 443 

3.2. Nanoparticle formation and characterization 444 

 445 

The nano-emulsion with the O/S ratio of 70/30 was selected for nanoparticle 446 

formation as it showed the smallest droplet size, with high zeta potential values and a 447 

stability assessed visually similar to the other compositions (O/S ratio 50/50 and 448 

60/40) and sufficient for nanoparticle preparation. The polymeric nanoparticles were 449 

obtained from the nano-emulsion by solvent evaporation under reduced pressure as 450 
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described in Section 2.2.4. The characteristic nanoparticle diameter, determined by 451 

DLS, was 202 nm. This value is smaller than that of the template nano-emulsion 452 

attributed to the evaporation of ethyl acetate from the droplets during nanoparticle 453 

preparation. The shrinking factor of the droplets upon nanoparticle formation as 454 

calculated from light scattering data is about 2.2. However, the expected reduction in 455 

size would be larger (to a nanoparticle diameter of about 100 nm), as calculated from 456 

the nano-emulsion hydrodynamic radius, considering that the number of dispersed 457 

entities keeps constant during evaporation, that no water is present in the dispersed 458 

phase and that once evaporation is completed, nanoparticles consist only of polymer. 459 

This may be an indication that during the evaporation process, destabilization 460 

phenomena such as Ostwald ripening or flocculation and/or coalescence may take 461 

place. The observation of the nanoparticle dispersion by transmission electron 462 

microscopy (TEM) revealed that the nanoparticles display a globular core-shell like 463 

morphology and are partially aggregated (Figure 6a). The core-shell appearance is 464 

due to the penetration of the negative stain in the outer layer of the nanoparticles, 465 

which may be due to the higher hydrophilic character of the adsorbed cationic 466 

surfactant. Their diameter by TEM of about 230 nm roughly matches with the mean 467 

particle diameter obtained by DLS. 468 

 469 
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 470 

Figure 6. TEM micrographs of a negatively stained nanoparticle dispersion obtained 471 

from the nano-emulsion of the Water / [CatA:Span® 80 =1:1] / [6 wt% EC10 in ethyl 472 

acetate] system with an O/S ratio of 70/30 and 90 wt% water a) and b) before 473 

dialysis and c) and d) after dialysis. 474 

 475 

The nanoparticle dispersion obtained was dialyzed in order to remove excess of 476 

surfactant and assess the residual positive charge remaining on the surface of the 477 

nanoparticles. The dialysis process was performed as described in Section 2.2.8 478 

and was followed by conductivity measurements (Figure S1). The conductivity of 479 

MilliQ water was 2.64 S/cm. The conductivity detected in the dialysate was 480 

considered to be caused by the diffusion of the cationic surfactant, as it is the main 481 

conducting species in the nanoparticle dispersion. The contribution of other 482 

components or impurities to the conductivity was neglected. The cationic surfactant 483 

molecules most prone to be removed by diffusion are those available in the 484 

monomeric form in the aqueous continuous phase of the nanoparticle dispersion 485 

and/or those only weakly adsorbed on the nanoparticle surface. Therefore, the 486 
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cationic surfactant remaining in the nanoparticle dispersion after dialysis is believed 487 

to be that stronger adsorbed on the surface of the nanoparticles. This may happen by 488 

entanglement of the hydrophobic chain of cationic surfactant into the polymeric 489 

matrix of the nanoparticle, allowing the polar head to be oriented towards the 490 

aqueous continuous phase of the nanoparticle dispersion. 491 

During the first two dialysis periods, conductivity in the receptor solution strongly 492 

increases which is indicative for a strong washing out-effect. During the third period, 493 

the conductivity increase is weaker and a plateau was reached after about 20 hours 494 

which was attributed to equilibrium of ions in the nanoparticle dispersion and the 495 

dialysate. 496 

The total amount of CatA released from the nanoparticle dispersion, as determined 497 

from a calibration curve of conductivity as a function of CatA concentration, was 73.3 498 

wt%. Thus, it can be inferred that the amount of CatA on the nanoparticle surface is 499 

about 26.7 wt%.  500 

In Table III particle sizes and surface charges before and after dialysis are compared. 501 

TEM image analysis revealed that after dialysis, the mean nanoparticle size is slightly 502 

larger (about 30 nm) showing similar polydispersity. This size increase may be the 503 

result of a swelling of the polymer chains with time due to penetration of the aqueous 504 

continuous phase into the chains, enhanced by a wetting effect of the surfactants 505 

present in the nanoparticle dispersion. The nanoparticle shape remains globular 506 

which is presented in Figure 6b, a micrograph of the dialyzed nanoparticles. Size 507 

distributions of the nanoparticle dispersion before and after dialysis, as described in 508 

Section 2.2.5, are shown in Figure 7. Both size distributions have similar shapes. 509 

However, the size distribution after dialysis is shifted to larger particle sizes which 510 

could be explained  by  the earlier mentioned swelling effect.  511 

 512 

 513 

Table III. Nanoparticle size (determined by TEM image analysis) and zeta potential 514 

(ξ) values of the nanoparticle dispersion obtained from a nano-emulsion of the Water 515 

/ [CatA:Span® 80 =1:1] / [6 wt% EC10 in ethyl acetate] system with an O/S ratio of 516 

70/30 and 90 wt% water, before and after dialysis. 517 

 
Mean diameter by 

TEM (nm) 

 (mV) 

diluted in water 

 (mV) 

diluted in PB 
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Before 

dialysis 
228  152 53.6 25.0 

After 

dialysis 
262  180 24.3 -32.6 

 518 

 519 

 520 

521 
Figure 7: Nanoparticle size distribution assessed from TEM image analysis, of a 522 

nanoparticle dispersion obtained from a nano-emulsion of the Water / [CatA:Span® 523 

80 =1:1] / [6 wt% EC10 in ethyl acetate] system with an O/S ratio of 70/30 and 90 524 

wt% water, before and after dialysis. 525 

 526 

With a value around +54 mV, the zeta potential value in water of the nanoparticles 527 

dispersion (Table III) was similar to that of the template nano-emulsion (Table I). This 528 

suggests that solvent evaporation has no influence on the surface charge of the 529 

system. These data confirm the hypothesis that the incorporation of the 530 

alkylamidoammonium derivative in the template ethylcellulose nano-emulsion is a 531 

suitable strategy to prepare nanoparticles with positive surface charge from nonionic 532 

polymers. Although zeta potential values are reduced to about half of the value after 533 

dialysis (+24 mV), they remain in the positive range. The reduction represents 45%, 534 

while the amount of CatA removed by dialysis was determined to be around 73 wt%, 535 
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as mentioned before. This supports the idea that positive surface charge may be 536 

attributed to the cationic surfactant strongly adsorbed on the nanoparticle surface. 537 

When diluting with PB buffer (as observed for the nano-emulsions), zeta potential 538 

values of the nanoparticle dispersion are significantly lower which is attributed to the 539 

interaction of the cationic charges at the nanoparticle surface with the anionic 540 

species of the PB buffer solution. After dialysis, zeta potential values are in the 541 

negative range (about -30 mV) which was associated with the shielding effect of the 542 

anions in the PB buffer as well as with the washing-off effect through dialysis. 543 

 544 

 545 

 546 

4. CONCLUSIONS 547 

Nano-emulsions containing ethylcellulose as oil component were formed in a mixed 548 

cationic:nonionic surfactant system by a low-energy emulsification method in a broad 549 

range of oil-to-surfactant (O/S) ratios. They showed a mean droplet diameter (ZAve) 550 

typically below 350 nm with a polydispersity below 0.15 and positive zeta potential 551 

values which were dependent on the pH of the diluting media. Droplet size of the 552 

nano-emulsions was reduced by the presence of oleylamine and higher zeta 553 

potential values were obtained. Stability assessment by light backscattering revealed 554 

that the main destabilization mechanism of the nano-emulsions in the absence of 555 

oleylamine may be creaming, while in the presence of oleylamine, other mechanisms 556 

such as Ostwald ripening may be mainly involved, which may explain their lower 557 

stability. However, the nano-emulsions were sufficiently stable for the preparation of 558 

nanoparticles by solvent evaporation. Nanoparticles obtained from the nano-559 

emulsions with an O/S ratio of 70/30 without oleylamine showed a smaller mean 560 

diameter (about 250 nm) than the template nano-emulsion, and a high positive zeta 561 

potential (+54 mV). The microscopic appearance of the nanoparticle dispersion after 562 

dialysis suggests a globular core-shell-like morphology. When subjected to dialysis, 563 

the zeta potential values of the nanoparticles drop to the half of its original value, but 564 

keep the positive charge. This is attributed to the cationic surfactant strongly 565 

adsorbed on the nanoparticle surface or entrapped in its outer shell. These results 566 

confirm the hypothesis that positively charged nanoparticles can be obtained from 567 

ethylcellulose by a low-energy nano-emulsification-solvent evaporation approach 568 

using an alkylamidoammonium/Span 80 surfactant mixture in the emulsification step 569 
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and without the need of chemical reactions. This approach provides a simple way to 570 

endow positive charge to ethylcellulose nanoparticles. 571 

 572 

 573 
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SUPPLEMENTARY INFORMATION 706 

 707 

Suppl. Information 1: Determination of ethylcellulose molecular weight 708 

The molecular weight of the ethylcellulose polymer was determined by Gel 709 

Permeation Chromatography. The experimental setup consisted on a Waters 710 

Alliance 2695 Separation Module equipped with a pump, an injector and a controller, 711 

and coupled to a Waters IR-2414 refractive index detector set at a sensibility of 128 712 

A.U. and a temperature of 37 ºC. Two columns in series were used, namely a 713 

Styragel HR4 (300 x 7.8 mm) and a Styragel HR1 (300 x 7.8 mm). The eluent was 714 

tetrahydrofurane at a flux of 0.5 mL/min and the injection volume was 50 µL. 715 

Polystyrene standards for GPC were used for the calibration (Fluka; molecular 716 

weights of 3460; 27500; 62300 and 139000 Da). For the analysis, ethylcellulose was 717 

dissolved in tetrahydrofurane at a concentration of 5 mg/mL. The chromatogram was 718 

allowed to run for 55 minutes. Ethylcellulose retention time was 26 minutes. Sample 719 

was analyzed in duplicate. 720 

 721 

Figure S1: Conductivity values as a function of time, measured in the dialysate 722 

(water) during dialysis of a nanoparticle dispersion obtained from a nano-emulsion of 723 

the Water / [CatA:Span® 80 =1:1] / [6 wt% EC10 in ethyl acetate] system with an O/S 724 

ratio of 70/30 and 90 wt% water, at a nanoparticle dispersion/dialysate ratio of 1/200, 725 

and changing dialysate after 30 and 150 minutes. 726 

 727 
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