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Abstract: The goal of this study was to explore the effects of spray-drying on w/o/w double 

emulsions of methyltestosterone (MT) loaded in a stearic acid matrix. MT-loaded nanoparticles 

were formulated by a water-in-oil-in-water emulsion technique using 50, 75, and 100 mg of stearic 

acid, 2% and 3% w/v polyvinyl alcohol, 5% w/v lactose, and 0.2% w/v chitosan. The emulsions 

were immediately spray-dried based on an optimized model of inlet temperature and pump rate, 

and characterized for optimized responses with regard to particle size, polydispersity index, and 

zeta potential, for both emulsion and powder samples. Dynamic light scattering analysis shown 

that the nanoparticles increased in size with increasing concentrations of polyvinyl alcohol and 

stearic acid. Scanning electron microscopy indicated that the MT-loaded nanoparticles were 

spherical in shape, had a smooth surface, and were in an amorphous state, which was confirmed 

by differential scanning calorimetry. These MT-loaded nanoparticles are a promising candidate 

carrier for the delivery of MT; however, further studies are needed in order to establish the stability 

of the system and the cargo release profile under normal conditions of use.

Keywords: double emulsions, nanoparticles, pump rate, spray-drying, testosterone

Introduction
In this era of nanotechnology, spray-drying technology is being increasingly used to 

transform liquids into solid powders in various manufacturing industries. Its main appli-

cations are in the food, chemical, and materials industries to enhance conservation of 

ingredients, particle properties, powder handling, and storage. Spray-drying enables the 

drying of temperature-sensitive products without degradation using controlled process 

parameters. The spray-dried products are suitable for various applications, especially 

in the pharmaceutical industry, due to their spherical or hollowed morphology, and are 

generally degradable and more compatible with biological systems. However, the nature 

of the products has been shown to be dependent on various process and formulation 

parameters, including inlet temperature, solid concentration, gas flow rate, and feed 

rate of the formulations.1

Additionally, nanoparticles can be prepared using various methods and molecu-

lar building blocks to suit specific applications2,3 and have an influence in spray-

drying. Successful design of the desired nanoparticles depends on the instrumental 

and operational parameters/variables used, and these need to be tuned correctly.4 

Parameters such as stirring rate,5 temperature, organic solvent evaporation rate, 

amount of surfactant,6,7 aqueous-to-organic phase volume ratio,8,9 viscosity,10–12 and 

pH can influence the physical properties of the final emulsion.13,14 Furthermore, 

bulk physicochemical and chemical structure characteristics are also important 
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Table 1 composition ingredients for preparation of nanoparticles

Sample PVA (%w/v) SA (mg) MT (mg)

1 2 50 100
2 2 50 100
3 2 50 100
4 2 50 100
5 3 75 100
6 3 75 100
7 3 75 100
8 3 75 100
9 3 100 100
10 3 100 100
11 3 100 100
12 3 100 100

Abbreviations: PVA, polyvinyl alcohol; SA, stearic acid; MT, methyltestosterone.

for formation and stability of the emulsions. For example, 

oil polarity can affect interfacial tension with the aqueous 

phase and partitioning of the components at the interface, 

as well as fatty acid chain length, degree of unsaturation, 

and molecular configuration, and have an effect on the 

stability of the emulsion.

Hence, many drugs and other bioactive compounds have 

been tuned for specific scientific applications in life sci-

ence fields based on a pragmatic knowledge of formulation 

and process parameters. Androgens and their metabolites, 

including testosterone, have been widely investigated for 

various applications coincident with increased develop-

ment of innovative preparations.15 The preparation has 

been mainly centered on controlled release delivering and 

reducing their adverse effects in biological systems using 

nanocarriers. Molecular building blocks, including poly-

meric nanoparticles and their block copolymers,2,16,17 lipid 

nanoparticles,18,19 nanoemulsions,20 and cyclodextrins13,21 

have been investigated for use as nanodelivery systems 

for testosterone and other steroids. In the pharmaceutical 

industry, testosterone and other androgen drugs are used in 

hormonal therapy,22 transgender medicine,23 prevention of 

cardiovascular disease and osteoporosis,24–26 gynecology,20 

and gerontology.27,28 Free testosterone is also emerging as 

a significant possibility for improvement of quality of life 

in patients with human immunodeficiency virus.26,29 The 

drawbacks of using testosterone drugs and their derivatives, 

as with many lipophilic drugs, include poor solubility, stabil-

ity, and high clearance from the biological system, which 

reduces their efficacy and efficiency.13,14,21

In this research, 17α-methyltestosterone (MT)-loaded 

nanoparticles were designed using a double-emulsion 

technique. Our aim was to investigate the effects of spray-

drying parameters on the particle size (PS) and storage 

stability of these nanoparticles in emulsion. Stearic acid 

(SA) as the lipid material, polyvinyl alcohol (PVA), and 

chitosan, a cosurfactant, were used in the preparation of these 

nanocarrier systems. The prepared emulsions and powders 

were characterized for their structural and physicochemical 

properties, including PS and zeta potential (ZP).

Materials and methods
Materials
SA, low-viscous chitosan, hydrolyzed PVA (87%–89%), and 

D-lactose monohydrate were purchased from Sigma-Aldrich 

(Aston Manor, South Africa) and MT was supplied by 

Aquaculture Innovation (Grahamstown, South Africa). All 

other chemical products were of analytical grade.

Preparation of nanoparticles
The MT-containing nanoparticles were prepared using a 

water-oil-water (w/o/w) multiple/double emulsion technique 

followed by high-speed homogenization using the same 

ingredients. Briefly, in the internal (primary) phase, a defined 

amount of SA was mixed in 10 mL of ethyl acetate until com-

pletely dissolved, and 100 mg of MT and 2 mL of aqueous 2% 

or 3% w/v PVA were added (Table 1) and mixed thoroughly. 

The mixture was homogenized in ice blocks at 8,000 rpm 

for 5 minutes. The primary emulsions were then added to an 

external phase containing 10 mL of surfactant (PVA), 5 mL 

of chitosan, and 5 mL of lactose, and homogenized again at 

8,000 rpm for 20 minutes. The resulting MT-containing emul-

sions were used to investigate PS, polydispersity index (PDI), 

and ZP, and then spray-dried to produce powders.

Analysis of particle size and zeta potential
The nanosuspensions were diluted with distilled water before 

analysis of PS and ZP, which were determined by dynamic light 

scattering (Zetasizer Nano ZS, Malvern Instruments, Malvern, 

UK) at 25°C. The average PS and ZP of the nanoparticle 

suspensions were measured by dynamic light scattering and 

electrophoretic light scattering, respectively, using the same 

instrument. The measurements were taken by cuvette cells. 

The dynamic light scattering data were analyzed at 25°C and 

with a fixed light incidence angle of detection of 173 degrees 

using the backscattering technique, while the ZP was calculated 

from the electrophoretic mobility of the nanoparticles using the 

Helmholtz-Smoluchowski equation. The mean hydrodynamic 

diameter (PS, Z-average) and PDI of the analyzed samples 

were obtained by calculating the average of 11 runs, with 

20 runs for ZP. We analyze the data by the cumulant method, 

with the assumption that the particles were spherical. Measure-

ments were performed in triplicate.
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Spray-dried nanoparticles
The emulsions were then used to prepare the powdered 

nanoparticles in the spray-dryer. The emulsions were spray-

dried using a laboratory-scale spray-dryer (Buchi®, B-290, 

Flawil, Switzerland) in closed mode under ultra-high purity 

nitrogen gas. Different inlet temperatures and pump rates 

were used to optimize PS during the spray-drying process. 

The emulsion formulations were taken in a closed beaker with 

laboratory parafilm or aluminum foil to the spray-dryer and 

spray-dried at 70°C, 80°C, 90°C, or 100°C inlet temperatures 

and at pump rates of 1%, 2%, or 3%, in an optimization 

model. Other parameters, such as aspirator and processing 

pressure, were set at 100% and 5.1 bar, respectively. The 

dried samples were analyzed for PS, PDI, and ZP, and then 

placed in amber bottles and stored at 4°C for about 30 days 

until further analysis.

Analysis of nanoparticle stability
The stored powders were dispersed and characterized in terms 

of PS, PDI, and ZP. Mean diameter was measured on the basis 

of fluctuations in the intensity of the scattered light due to 

particle movement by monitoring size as a function of time 

(for up to 1 month) under given storage conditions.

Differential scanning calorimetry
Differential scanning calorimetry (DSC) was performed 

using a model Q200™ device equipped with an auto-

mated, computer-controlled, refrigerated cooling system 

(RSC-90) with Tzero™ capability (TA Instruments, New 

Castle, DE, USA). The DSC thermograms were collected 

using a sample weight of 5 mg powder and placed in Tzero 

alodine-coated aluminum DSC pans, which were then her-

metically sealed with a Tzero hermetic sealer (TA Instru-

ments). The phase transition temperatures and melt points 

of the samples were measured under a 40 mL per minute 

dry ultra-high purity nitrogen gas (Scott-Gross Company 

Inc., Campbellsville, KY) purge in DSC. The samples were 

heated at 5°C per minute from 10°C to 200°C. The samples 

were kept at 200°C for 5 minutes and then cooled to room 

temperature at a rate of 5°C per minute. The measured DSC 

data were analyzed using a coupled DSC Q200-1740 data 

station (TA Instruments).

Scanning electron microscopy
The shape and surface morphology of the powders were 

investigated using a JSM-7500F field emission scanning 

 electron microscope (JEOL Ltd, München, Germany). 

Briefly, a carbon tape was stuck on field emission scanning 

electron microscope snubs, and a very small amount of 

sample was sprinkled onto the carbon tape. The sample was 

then carbon-coated and introduced into the microscope for 

imaging.

Results and discussion
MT-loaded nanoparticles were successfully prepared by 

double emulsion technique using a high-speed Silverson L 

4R homogenizer. During the process, various physical and 

chemical assays were used to observe the effects of the pro-

cess on PS, PDI, and ZP before and after spray-drying.

Synthesis of nanoparticles
PVA has a lipophilic/hydrophobic balance value of 18, with 

polyhydric alcohol, a hydrophilic group, and a fatty acid 

lipophilic group.30 The lipid nanoparticles were prepared 

from 2% and 3% w/v PVA with an SA matrix, and showed 

variations in the PS formed. The lower weight lipid matrix, 

ie, containing SA 50 mg and 2% w/v PVA, yielded smaller 

PS compared with SA 75 mg and 100 mg at 3% w/v PVA 

and constant 100 mg (Table 2). The smaller PS observed 

is in contrast with other reports on the effects of increased 

concentrations of surfactants and matrices.14,30 The PS of 

nanoparticles was shown to be the attribute of amount 

SA and concentration of PVA. The higher contents of SA 

and PVA, increased the viscosity of solutions and reduced 

their solubility in aqueous solution, which contributed to 

observed larger PS.

In practical terms, viscosity contributes most to 

 disruption and break-up of molecules in emulsion during 

Table 2 effects of surfactant concentration and lipid matrix on 
nanoparticles

Sample PVA  
(%w/v)

SA 
(mg)

MT 
(mg)

PS (nm) +  
SE

PDI ZP (mV) +  
SE

1 2 50 100 129.80±1.61 0.27 22.1±0.20
2 2 50 100 121.90±5.03 0.22 30.0±0.31
3 2 50 100 112.10±3.21 0.13 32.3±0.09
4 2 50 100 138.60±7.04 0.15 28.8±0.18
5 3 75 100 128.20±1.98 0.17 31.5±0.08
6 3 75 100 127.90±2.26 0.20 32.2±0.33
7 3 75 100 170.90±0.83 0.35 34.7±0.34
8 3 75 100 142.40±1.32 0.26 26.3±0.51
9 3 100 100 189.5±1.27 0.36 31.6±0.30
10 3 100 100 160.6±0.22 0.25 31.8±1.33
11 3 100 100 157.7±2.31 0.23 28.4±2.10
12 3 100 100 182.4±3.54 0.30 31.6±1.80

Abbreviations: PVA, polyvinyl alcohol; SA, stearic acid; MT, methyltestosterone; 
ZP, zeta potential; PDi, polydispersity index; PS, particle size; Se, standard error of 
the mean.
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homogenization. It has been reported that the PS of 

nanoparticles is mainly determined by the viscosity4 of the 

organic phase and the water phase used in preparation of the 

nanoparticles. The difference in PS between 25% and 3% w/v 

PVA could account for the interfacial films of the PVA in the 

emulsion molecules that cover the surface of exposed hydro-

phobic patches, as previously reported.31 PVA concentrations 

higher than 3% w/v could account for the greater stability of 

the nanoparticles under process conditions, such as during 

spray-drying.

Our results are in agreement with the literature regarding 

the effects of homogenization of emulsions on PS.30,32,33 The 

higher the lipid content, the higher the mean PS. To form 

stable w/o/w emulsions, the oil phase should ideally have 

high viscosity and low water solubility.9,10 In this regard, 

PVA is widely used in the fabrication of polymeric micro/

nanospheres due to its high viscosity in aqueous solution 

and strong adsorption around the surfaces of the emulsion 

droplets.30 Higher emulsifier concentrations decrease the 

interfacial tension and amount of energy by facilitating 

particle disruption, resulting in stable PS during homog-

enization34,35 and an increased surface area in the dispersed 

hydrophilic phase.32 Additionally, an increase in the surfactant 

concentration leads to stable small PS due to stabilization 

of oil droplets as a result of localization of the surfactant 

molecules at the oil–water interface.14,30

Emulsification of fish oil with pectin surfactants weigh-

ing between 0.05% and 0.35%5 has shown an increasing 

trend of nanoparticle size with increasing concentrations of 

surfactant. However, it should be noted that an increase in 

the surfactant concentration can lead to poor drug entrap-

ment efficiency in the oil phases because some drugs tend 

to bind to excessive emulsifier molecules.33 The emulsifiers 

recommended for w/o/w emulsions should have a lipophilic/

hydrophobic balance value between 8 and 1830,36 and optimal 

viscosity,6 creating kinetic and steric stability with low initial 

interfacial tension and a constant viscosity with time.36 The 

use of an inappropriate emulsifier could lead to an inverted 

emulsion. Selection of the most appropriate emulsifier7 or 

combination of emulsifiers is the most important factor to 

consider during production.11,35,37

Spray-dried MT-loaded nanoparticles
For effective spraying-drying, certain process parameters, 

such as inlet temperature, drying gas, feed rate, com-

pressed air flow rate, and pressure, should be considered. 

The formulation parameters to be taken into account 

include the feed composition, type of solvent, viscosity, 

and surface tension of the drying solutions.4 In this study, 

the experiments were carried at 70°C, 80°C, 90°C, and 

100°C, which could evaporate the ethyl acetate and water 

used as the solvent in the atomization cone, leading to a 

more stable and pure formulation. In addition, pump rates 

of 1%, 2%, and 3% were considered for a PS optimization 

model. The PS data showed that the PS obtained at pump 

rates of 1% and 2% was larger compared with that at a 

pump rate of 3%. The 3% pump rate generated a smaller 

PS (Table 3), regardless of the temperature used. Another 

observable attribute of spray-dried nanoparticles was the 

change in the range of the ZP during the spray-drying 

process, which may be attributable to degradation of the 

cross-linked chitosan backbone. The negatively charges 

of the ZP could account for the reduced stability of the 

nanoparticles during storage.

A similar observation was reported for production of 

spray-dried cyclosporin A, in the form of multifunctional 

particles for dry powder inhalation aerosol delivery, when 

spray-dried at pump rates of 10%, 25%, 50%, and 75%.38 

That study concluded that the spray-dried sample with a 

pump rate of 75% produced a smaller PS when compared 

with unprocessed samples and a lower pump rate. On other 

hand, the concentrated feed solution led to smaller dried 

particles. The phenomenon of decreasing PS and a ten-

dency for crystallization when the pump rate is increased 

has been reported by Paudel et al and Serfert et al in the 

production of spray-dried artemisinin-maltodextrin.4,5 

Additionally, increasing the surfactant concentration leads 

to small PS being produced by spray-drying because of 

stabilization of oil droplets when the surfactant molecules 

localize at the oil–water interface.14,30 This contributes to 

Table 3 Powdered nanoparticles size from spray dryer

Sample Inlet 
(°C)

Pump  
rate (%)

PS (nm) +  
SE

PDI ZP (mV) +  
SE

1 70 1 191.1±5.45 0.59 7.4±2.30
2 80 1 178.7±9.63 0.52 28.5±3.32
3 90 1 210.7±1.57 0.48 14.1±2.05
4 100 1 163.7±1.85 0.41 21.1±0.97
5 70 2 181.1±2.32 0.57 25.2±1.82
6 80 2 138.2±0.27 0.50 14.2±3.11
7 90 2 143.2±1.20 0.43 33.1±3.06
8 100 2 136.0±4.41 0.33 11.7±1.09
9 70 3 120.0±2.11 0.41 23.9±2.01
10 80 3 126.6±7.24 0.32 7.2±2.21
11 90 3 112.5±0.19 0.30 9.6±0.92
12 100 3 128.4±1.08 0.46 8.0±2.30

Abbreviations: ZP, zeta potential; PDi, polydispersity index; PS, particle size; 
Se, standard error of the mean.

www.dovepress.com
www.dovepress.com
www.dovepress.com


Nanotechnology, Science and Applications 2014:7 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

109

effects of spray-drying on w/o/w emulsions prepared from SA matrix

produce more stable nanoparticles at any temperature  during 

spray-drying.

Finally, we investigated the PDI and ZP of the MT-loaded 

nanoparticles. The PDI of the MT-loaded nanoparticles was 

virtuous (virtuous implies acceptable ranges or conform-

ing to acceptable ranges, for stability of emulsions) but the 

ZP was in the marginal range of stability for nanoparticles 

spray-dried at a pump rate of 3%. The decrease in ZP for the 

spray-dried nanoparticles might be contributed to by deg-

radation of intrachain hydrogen bonds in chitosan,39 with a 

critical temperature at 40°C.40 Similarly, it has been reported 

that chitosan nanoparticles formulated from pentasodium 

tripolyphosphate by ionotropic gelation show different PS 

by varying the processing temperatures and time. At 37°C, 

chitosan nanoparticles aggregated after 1 hour and partial 

aggregation occurred after 2 hours at room temperature or 

24 hours at 4°C.41 This indicates a loss of the cross-linked 

network of chitosan,42 which promotes interfacial interac-

tions, to aggregates into large PS. In general, the PDI and ZP 

give an indication of the susceptibility of colloidal systems to 

aggregation under specific storage conditions. Particles can 

be considered stably dispersed when the absolute value of 

the ZP is above positive or negative 30 mV, due essentially 

due to electric repulsion between particles. Therefore, the 

MT-loaded nanoparticles developed in the present work may 

be considered relatively unstable due to a low ZP value.

After successfully optimizing the dried powder nanopar-

ticles and achieving for PS within the administration range for 

delivery, we set out to characterize the prepared nanoparticles 

for their stability, crystalline structure, and morphology we 

set out to characterize critically the prepared nanoparticles 

for their stability, crystal structure, and morphology, as well 

as other constituents in the composition of nanoparticles. 

Just as importantly, the studies yielded range estimates 

for key factors that allow confident construction of future 

experimental designs.

Analysis of nanoparticle stability
The solid spray-dried MT-loaded nanoparticles were stored 

in a desiccator for 1 month and then characterized for their 

stability based on PS, PDI, and ZP analysis. The mean diam-

eter was measured based on fluctuations in the intensity of 

scattered light due to particle movement by monitoring PS as a 

function of time and storage conditions. The PDI and ZP val-

ues for the MT-loaded nanoparticles indicated poor stability. 

The stored nanoparticles indicated that there were fluctua-

tions of PS, PDI and ZP, although in nonlinear fashion to the 

temperature used in spray-drying process. The formulations 

spray-dried at 70°C and 100°C showed some stability in ZP, 

whereas at 80°C and 90°C, the ZP became negative (Table 4). 

For all samples, there was an increase in PDI values, indicating 

a high potential for aggregation. In addition, the ZP for all 

samples was decreased, and was associated with increased 

PS. The greater the change in ZP, the more the change in 

PS. These observations account for the need to optimize the 

formulation and process parameters to control the stability of 

the nanoparticles during storage.

Therefore, the decrease for ZP below ±30 mV of spray-

dried nanoparticles led to instability of stored nanoparticles, 

as reported in previous section. Long-term stability studies of 

these nanoparticles need to be carried out to be able to develop 

a stable dynamic system suitable for controlled release of 

testosterone. This observation can be explained in terms of 

various stabilizing scenarios, such as the moisture content and 

sorption of the spray-dried samples.43 The sorption effect is an 

important consideration for storage. A high moisture content 

in nanoparticles is undesirable after the spray-drying process, 

and causes some dissolution of the dried bioactive ingredients 

or a change in state, resulting in caking. High moisture content 

was also observed to cause rearrangement of nanoparticles 

from a high-energy level (amorphous) to a low energy level 

(crystalline) after spray-drying, leading to formation of large 

clumps rather than a free-flowing powder.

The amount of surfactant used during the process of 

spray-drying and the degree of crystallization are functions 

of nanoparticle stability. This depends to a large extent on the 

concentration of the surfactant relative to surface area, which 

is governed by the shape and type of the crystal structures 

generated. A low surfactant concentration may be insufficient 

to cover the exposed hydrophobic patches in relation to the 

rate of particle–particle collision. This may influence the rear-

rangement of the nanoparticles, leading to aggregation.31

Differential scanning calorimetry
Polymorphism is the term used to describe the occurrence of 

different molecular conformations and molecular packing.33 

Polymorphs have striking thermodynamic properties, 

Table 4 Nanoparticle stability under storage conditions

Sample Inlet  
(°C)

Nanoparticles after 1 month of storage

PS (nm) ± SE PDI ZP (mV) ± SE

1 70 396.0±11 0.51 5.6±0.2
6 80 933.0±37 0.48 -3.0±0.2
11 90 956.0±38 0.60 -4.5±0.4
12 100 364.8±86 0.54 4.4±0.5

Abbreviations: ZP, zeta potential; PDi, polydispersity index; PS, particle size; 
Se, standard error of the mean.
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including melting point, X-diffraction patterns, and solubility, 

reflecting their capacity for drug incorporation and their 

release rate.33 Polymorphs are caused by a substantial trans-

formation in structure at a low temperature, driven by surface 

interactions, indicating that the internal strain depends on the 

nature of the surroundings as well as size. In this study, DSC 

analysis of physical mixtures of MT and SA, bulk SA, and the 

formulations was performed to confirm if MT was solubilized 

in the matrix carrier, using bulk MT as the reference.

Figure 1 shows the melting point and crystallization 

behavior of the bulk MT compound, physical mixtures of 

MT and SA, and SA-loaded and MT-loaded nanoparticles. 

At baseline, the heat flux of the reaction or transition or both 

is equal to zero. The upper section of Figure 1 shows respec-

tive exothermic (crystallization/cooling) isotherms, while the 

lower part corresponds to the endothermic (heating/melting 

point) enthalpy of the sample. The melting point and crystal-

lization spectra for MT were 165°C and 138°C, respectively. 

SA had a stable melting point at 69°C (β-polymorphic form) 

and an insignificant metastable spectra (α-polymorphic form) 

at 174°C, with a crystallization point at 68°C.

The physical mixtures of SA and MT did not show a 

melting point, although in the third cycle there is much 

lower intensity, which may be explained by the presence of 

a small amount of MT in SA (Figure 1). The melting points 

and crystallinity spectra for the nanosuspensions disap-

peared. Disappearance of the DSC endothermic spectra for 

the solid dispersions may reflect the lower crystallinity of 

MT in the polymers. This suggests that most of the MT was 

converted to an amorphous state in the solid dispersions 

after spray-drying.

Heating and cooling of the majority of lipids leads to 

appearance of transitional states between their multiple 

polymorphic states, ie, unstable (α), metastable (β′), and 

stable (β) forms.33 The transformation in state to crystalline 

structures is contributed to mainly by the partial formation 

of lower energy lipid modifications and surfactants that 

can lower the onset temperature, maximum temperature, 

and melting enthalpy, in turn reducing crystallinity. Rapid 

quenching of solid lipid nanoparticles containing hydro-

cortisone and progesterone prevented the drug molecules’ 

nucleation to the crystal lattice, and consequently the drug 

molecules remained dispersed in the lipid matrix of the solid 

lipid nanoparticles in an amorphous state.44 If the there is no 

existence of melting points for physical mixtures of the bulk 

materials, the formulations appear as amorphous in spray-

drying, which is the function of lattice imperfection.45

Solvent evaporation kinetics also contribute to forma-

tion of amorphous solid dispersions, and the higher the 

evaporation rate the less the crystalline formation. Other 

factors thought to facilitate formation of an amorphous state 

include the solution state of the active ingredients, formula-

tion parameters, and process parameters, such as the drying 

gas and flow rates.4 Transformation of nanoparticles from α 

to β′ to β results in transformation of the spherically shaped 

lipid crystalline particles to needle-like or platelet-shaped 

particles,31 this was not observed with these experiments 

( Figure 1). The physical stability of the metastable amorphous 

state is the most important form for sustained drug release 

from nanoparticles.4

Moreover, imperfections (eg, lattice defects) in nanopar-

ticles allow a greater amount of drug to be accommodated, 

resulting in a high drug-loading capacity. The lipid within 

nanoparticles should be in a less ordered arrangement than 

that in crystalline bulk materials.46 Low crystallinity in lipid 

nanoparticles results in the highest “compatibility” and higher 

drug loading.19 In this regard, the prepared nanoparticles 

had an amorphous structure. Amorphous thermoplastics 

undergo step-like changes in their properties in the glass 

transition range. The characteristics in glass transition are 

a function of the physical forces responsible for bonding in 

the polymers used.

Scanning electron microscopy analysis
Particle morphology can be described in terms of PS, shape, 

internal structure, and surface properties. With few excep-

tions, spray-dried particles are spherical, and their size can 

be described by their geometric diameter, which influences 

the forces on particles during fluid flows and the packing of 

particles when they form a powder.39 The particle and surface 

morphology of the formulations were imaged, and the SEM 
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effects of spray-drying on w/o/w emulsions prepared from SA matrix

images are shown in Figure 2. The spray-dried powders were 

observed to comprise smooth-surfaced, spherical particles 

with some having a “doughnut” or concave shape and a maxi-

mum diameter of 1 µm. These results are in agreement with 

the dynamic light scattering results obtained after 1 month 

under storage conditions, although the instability phenomena 

were not well displayed in the SEM analysis. The smoothness 

of the MT-loaded nanoparticle surfaces implies that no or 

limited aggregation occurred after 2 months of storage.

The smooth-surface and spherical morphology of the 

nanoparticles is due to denser packing of the surfactant (PVA) 

on the surface, indicating a higher entrapment efficacy and 

good kinetic release of the bioactive ingredients from the car-

rier systems.30 These types of nanoparticles have been reported 

to facilitate minimal contacts with the aqueous environments, 

hence increasing their bioavailability and efficacy for deliver-

ing bioactive ingredients in biological systems. Additionally, 

they require a small amount of surfactant to have a high 

potential for protecting the incorporated drug.47 During the 

spray-drying process, several factors contribute to formation 

of the amorphous surface. These include the solvent evapo-

ration kinetics, carrier, formulation parameters, and process 

parameters, such as drying gas, flow rate, and solution spray 

rate.4 SA serves as an inhibitor of crystallization by decreasing 

the molecular mobility (anti-plasticization) of the amorphous 

state of the drugs dispersed in the matrix. For these reasons, 

spray-drying is used as a particle engineering technique and, 

for nanosuspensions, to generate particles and dispersion.4

Conclusion
The results obtained in the present work show that lipid 

nanoparticles are suitable carrier systems for incorporation 

of androgens intended for oral administration. Furthermore, 

the homogenization method and w/o/w multiple emulsion 

techniques are both appropriate for production of lipid 

nanoparticles. These findings represent an advance in 

simplification of the methods needed to produce testosterone-

loaded nanoparticles. However, ongoing long-term stability 

studies are comparing the PS and physicochemical stability 

of placebo-loaded versus MT-loaded formulations for longer 

periods. Additional in vitro/in vivo correlation studies are 

also underway to assess the encapsulation parameters and 

the profile of drug release from nanoparticles.
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