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INTRODUCTION

Efavirenz (EFV) is a non-nucleoside inhibitor of 
HIV reverse transcriptase, an antiretroviral drug used 
widely in anti-AIDS therapy (Burger et al., 2006). The 
bioavailability of EFV tablets is between 40% and 45%. 
Clinical studies show that the bioavailability of the 
liquid form is 20% lower than that of the solid form and 
has high variability between the starved and fed states 
(Chiappetta et al., 2010). EFV is a crystalline powder with 

a low water solubility of 3-9 µg/mL and a low intrinsic 
dissolution rate (IDR) of 0.037 mg.cm-2.min-1. According 
to the Biopharmaceutics Classification System (BCS), 
EFV is defined as a class II drug, meaning it has low 
solubility and high permeability (Chiappetta et al., 2010; 
Cristofoletti et al., 2013; Patel et al., 2014).

The most common enhancement technique to increase 
the dissolution rate of a drug is particle size reduction to 
the micrometric scale (Cho et al., 2010; Khadka et al., 
2014; Savjani, Gajjar, Savjani, 2012). However, for drugs 
with very low water solubility, such as EFV, it can be very 
promising to reach the nanometric scale (Fandaruff et al., 
2014; Muller, Keck, 2004). Drug nanocrystals are more 
commonly used than other nanotechnology approaches 
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in the pharmaceutical market (Gao et al., 2013). Drug 
nanocrystals are crystalline particles dispersed in an 
organized crystal arrangement with an average diameter 
smaller than 1000 nm (Patel et al., 2011). Nanocrystals 
are generally considered a safe structure to enhance the 
bioavailability of low water-soluble drugs (Gao et al., 2012).

The methods used to prepare nanocrystals can be 
divided into two categories: bottom-up and top-down. 
The bottom-up techniques consist of dissolving the drug 
in a solvent system and then transforming this solution 
into an antisolvent environment (Verma, Gokhale, 
Burgess, 2009). The driving force of crystal formation 
is supersaturation, which is why these methods are also 
known as precipitation methods (de Waard et al., 2009). 
Of all the available techniques for nanocrystal preparation, 
antisolvent precipitation was chosen for this study.

A brief review of the published literature about 
EFV nanocrystals includes a nanosuspension prepared 
by a modified antisolvent method (Jain et al., 2013), the 
preparation of nanocrystals by pearl milling (Patel et al., 
2014), and a preparation method combining a modified 
antisolvent precipitation procedure with hot melt extrusion 
(Ye et al., 2015). Overall, these studies propose complex 
procedures, with several long steps, which could present 
some problems during scaling up. Another important 
issue is that the resulting nanosuspensions have low drug 
loads. Therefore, the development of an EFV nanocrystal 
preparation method that combines the simplicity of 
nanocrystallization with a high drug load is still needed.

Many criteria can affect the outcome of this technique, 
especially those related to the crystallization kinetics (such 
as supersaturation degree) and those related to particle size 
and growth (such as stabilizer concentration) (Sinha, Müller, 
Möschwitzer, 2013a). Another factor vital to ensuring a 
uniform size distribution is agitation. The homogenizing 
process influences the nucleation rate and can lead to a 
more adequate size distribution of the crystals (Liu et al., 
2012; Matteucci et al., 2006).

The present article follows previous work (da Costa 
et al., 2015; da Costa et al., 2013; Hoffmeister et al., 
2017; Sartori, Prado, Rocha, 2017) that investigated 
ways to enhance EFV dissolution by developing a new 
medicine with greater and more reproducible dissolution/
bioavailability. A previous study has already shown good 

prospects for the nanocrystal approach, using cavitation 
as a stirring method (Sartori, Prado, Rocha, 2017). In this 
same study, several experimental parameters were tested 
until a promising sample was found.

Nevertheless, when ultrasound waves are applied to 
a liquid as a stirring method, they result in the formation 
and collapse of bubbles. This process produces a cyclic 
succession of expansion and compression phases (Wu 
et al., 2011). The mechanical vibration derived from this 
phenomenon generates enormous local heating (Flint 
Suslick, 1991); hence, there is a possibility of drug instability 
or scale-up difficulties. Therefore, there is a need to develop 
a low-energy method for nanocrystal preparation.

The aim of the present paper is not only to determine 
the effects of changing the homogenizing technique 
from the ultrasound technique used in previous studies 
(Sartori, Prado, Rocha, 2017) to a rotor-stator agitation 
but also to observe the consequences of modifications of 
the experimental conditions on the dissolution profile of 
EFV nanocrystals, especially the addition of a milling 
step (top-down technique) to prevent particle growth.

MATERIAL AND METHODS

Material

EFV was purchased from two different suppliers, 
which cannot be disclosed because of confidentiality 
issues. Ethanol, acetonitrile, acetone and methanol 
(analytical degree) were purchased from Tedia; 
hydroxypropyl methylcellulose (HPMC) E5 was 
purchased from Colorcon; polyvinyl pyrrolidone (PVP) 
K30 was purchased from Boai NKY; sodium lauryl 
sulphate (SLS) was purchased from VETEC.

Methods

Nanocrystal preparation

For the formation of EFV nanosuspensions, it was 
necessary to prepare two different solutions. The first 
one, the solvent phase, comprised the drug dissolved 
in methanol. The second solution contained stabilizers 
dissolved in deionized water. The electrostatic stabilizer 
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used in all preparations was SLS at a concentration of 
2% (w/w), and the steric stabilizers used were HPMC 
and PVP at a concentration of 40% (w/w), related to the 
EFV mass used, at room temperature. In some samples, 
different experimental conditions were tested, and the 
rationale for the preparation of samples and the conditions 

tested in those experiments are outlined as a workflow 
in Figure 1. In TX2, the solvent/antisolvent ratio was 1:1 
(the ratio in other samples was 1:9); in TX4, the influence 
of a low-temperature antisolvent solution was evaluated, 
and sample TX7 was passed through a Meteor model 
REX 1-K/B90-52 colloid mill (Table I).

FIGURE 1 - Workflow for the design of the different formulations.
Efavirenz (EFV) nanocrystallization experiments presented step-by-step. Samples were considered promising or excluded based in the 
dissolution assay, hence this test was in a diamond

TABLE I - Experimental parameters used in the preparation of the samples

Sample
EFV SLS Polymer

Special parameters
(% w/v) (%w/w) Type (%w/w)

TX1 53.33 2 HPMC E5 40
TX2 8.00 2 HPMC E5 40 Solvent/antisolvent ratio 1:1
TX3 13.35 2 HPMC E5 40

TX4 13.35 2 HPMC E5 40 Antisolvent temperature 
between 7.2 – 7.5 °C

TX5 70.00 2 PVP K30 40
TX6 10.00 2 PVP K30 40

TX7 13.35 2 HPMC E5 40 After crystallization went through 
to colloid milling for 1 hour

TX8 13.35 2 HPMC E5 40 Solvent: Ethanol
TX9 13.35 2 HPMC E5 40 Solvent: Acetone
TX10 13.35 2 HPMC E5 40 Solvent: Acetonitrile

Note: Efavirenz (EFV); Sodium Lauryl Sulphate (SLS)
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The solvent solution was added to the antisolvent 
phase under vigorous agitation by an Ultra-turrax IKA 
model T25 at 20 000 RPM, and this agitation was 
maintained for one minute. The resulting suspension 
was freeze-dried using a BETA 1-16 Christ freeze-dryer 
to obtain a powder.

Particle size and zeta potential analysis

The particle size and zeta potential (ζ) were evaluated 
by dynamic light scattering (DLS) using a Nano ZS90 
Malvern Zetasizer equipped with He-Ne LASER (λ = 633 
nm) and a detector fixed at a 90° angle. Aliquots of the 
suspensions, taken immediately after preparation, were 
diluted to approximately 0.1% (v/v) in deionized water at 
room temperature. The zeta potential was measured by 
determining the electrophoretic mobility of the suspension 
using the Smoluchowski equation (Sze et al., 2003).

Powder X-ray diffraction

The analyses were performed on a D8 Advance Bruker 
diffractometer equipped with a LYNXEYE XE detector at 
room temperature using Cu-Kα (λ=1.5418 Å) radiation; the 
voltage and current during the assay were 40 kV and 40 
mA, respectively, with a step size of 0.02° and a step time 
of 0.01 second. Powder samples, placed in the appropriate 
support, were scanned from 4° to 40°. Samples TX4, TX6 
and TX7 also underwent a second analysis using the same 
parameters except with a step time of 0.5 second.

Infrared spectroscopy

The samples were analysed with a Nicolet 6700 
Thermo-Nicolet infrared spectrometer equipped with 
OMNIC 7.0 software, with small amounts of the samples 
deposited directly in the attenuated total reflectance 
(ATR) accessory. The spectra were registered from 4000 
to 600 cm-1 with 4 cm-1 resolution and 32 scans.

Scanning electron microscopy

The samples were spread on a sample holder and 
then coated with gold by an SCD 050 Sputter BalTech 

coater. The particle morphology of each sample was 
observed at several magnifications ranging from 500 
to 30000 times using Quanta 400 FEI and TM3030Plus 
Hitachi scanning electron microscopes.

Sample dosing (drug assay)

The samples were dissolved in methanol to produce 
a primary solution with a concentration of 1 mg/mL. The 
primary solution was then diluted to enable the analysis 
with a UV-1800 Shimadzu spectrophotometer at a λ of 
248 nm. The EFV content of each sample was calculated 
using a previously obtained analytical curve.

Dissolution profile

The dissolution test was conducted according to the 
Farmacopeia Brasileira 5th edition (Brasil, 2010) paddle 
method using an Evolution 6000 Distek dissolution 
instrument. The temperature of the medium was 
maintained at 37 °C, and the sample was stirred at a 
constant stirring rate of 50 rpm. A sample with a mass 
corresponding to 100 mg of efavirenz, calculated based 
on sample dosing, was dispersed in 900 mL of medium 
containing an aqueous 0.1% (w/v) SLS solution; 11 mL 
samples were drawn at 5, 10, 15, 20, 25, 30, 45, 60 and 
90 minutes. Sink conditions were maintained during the 
entire assay. The drug content was determined using a 
UV-1800 Shimadzu spectrophotometer at 248 nm, based 
on a previously obtained calibration curve. The dissolution 
profiles were compared two-by-two using ANOVA with 
Microsoft Excel® software. According to this statistical 
test, all dissolution profiles present significant differences 
from each other, and the dissolution efficiency was also 
calculated.

RESULTS AND DISCUSSION

Nanocrystal preparation

Initial crystallization conditions

Previous crystallization studies evaluated EFV 
solubility in different solvents and at several stabilizer 
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concentrations (data not shown). The most promising 
sample is labelled TX1 and contains 40% HPMC and 
2% SLS. Hence, this sample was chosen as the base 
formulation from which other experiments were derived.

Ultra-turrax samples generate foam during and just 
after preparation, especially at the top of the beaker, 
which is possibly related to the high concentration of 
SLS and to the agitation method. The bottom part of the 
suspension was similar to a clustered thick paste.

From a production point of view, suspensions were 
not favourable, since they could hinder nanosuspension 
handling. Therefore, a less viscous suspension would be 
more suitable for processing.

Changing the solvent/antisolvent ratio

It is expected that a greater volume difference 
between the solvent and antisolvent phases will result in 
a higher nucleation rate and, therefore, a smaller particle 
size (Sinha, Müller, Möschwitzer, 2013b; Zhao et al., 
2007). TX1 was prepared using a solvent/antisolvent 
ratio of 1:9; sample TX2 used a ratio of 1:1.

The resulting suspensions were similar to a very 
thick paste and did not disperse in water. After drying, 
the resulting powder was characterized.

Drug load reduction

To enhance the mixing efficiency by reducing 
the system viscosity, two samples were prepared by 
decreasing the EFV drug load. Sample TX3 maintained 
the antisolvent at room temperature, while TX4 
maintained the antisolvent solution only between 7.0 
and 7.5 °C, which was achieved by applying an ice bath.

The TX3 sample was foamy and viscous, while TX4 
was milky and fluid. Sample TX4 also presented visible 
sedimentation, but no visible large particles were observed.

Particle size analysis of sample TX4 shows that 
the most significant particle population has an average 
diameter of 222.6 nm. However, a second peak representing 
micrometric particles was also observed (Table II). This 
second population could be related to the sediment particles, 
since this sample had visible sedimentation or even particle 
aggregation. The polydispersity index (PDI) is lower than 
0.5, indicating a uniform distribution. The zeta potential 
(ζ) indicates the stability of suspensions. The optimum 
value of the zeta potential for suspensions with steric and 
electrostatic stabilization is greater than ±20 mV (Liu et 
al., 2012). Sample TX4 presented an absolute value of ζ 
higher than ± 20 mV, which is considered adequate. Both 
PDI and ζ are parameters related to the physical stability of 
the suspension (Sawant et al., 2011; Wu, Zhang, Watanabe, 
2011). Because sample TX3 did not disperse in water, DLS 
analysis was not possible.

TABLE II - Relation of particle size and zeta potential analysis

Sample
Medium diameter (nm)

PDI Zeta potential (mV)
Peak 1 Peak 2 Peak 2

TX4 222.6 5440 0.419 -37.6

TX5 1756 170.6 4863 0.857 -55.7

TX6 182.2 550.2 5306 0.408 -57.6 

TX7-before 210.5 840.4 4737 0.431 -28.7

TX7-after 491.9 5429 - 0.389 -29.2

TX9 960.6 5378 174.2 0.652 -29.5

TX10 768.7 4526 - 0.639 -3.74

Note: Polydispersity Index (PDI)
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Solvent supersaturation

There is a relationship between a high degree of 
saturation and intensification of the nucleation rate 
(Sinha, Müller, Möschwitzer, 2013a). Hence, sample 
TX5 was prepared using a supersaturated solution of 
EFV in methanol as the solvent phase. The suspension 
had a thick and clustered appearance; however, the 
TX5 suspension was dispersible in water, so DLS  
was possible.

Table II presents the particle size distribution of 
TX5. Three different peaks can be observed. Peak 1 is 
more intense than the other peaks and is attributed to 
particles with an average diameter larger than 1 µm; 
peak 2 indicates a second particle population with an 
average diameter of 170.6 nm, and peak 3 is attributed to 
even larger micrometric particles. Accordingly, the PDI 
obtained was very high, reflecting the low uniformity of 
particles in the suspension.

Although TX5 presented an adequate ζ, the particle 
size analysis indicates that the supersaturation condition 
was not the most favourable for nanocrystal formation. 
As a result, TX5 was not subjected to the characterization 
and dissolution tests.

Change in the steric stabilizer

A brief literature review revealed studies using 
EFV and PVP (Alves et al., 2014; Jain et al., 2013; Patel 
et al., 2014), and since the efficacy of these polymers 
as steric stabilizers has already been tested in other 
nanocrystallization methods by this group, sample TX6 
was prepared using the same experimental conditions 
used to prepare TX3, but the polymer used was  
PVP K30.

The suspension had a fluid nature; however, after 
some time, it was possible to observe large aggregate 
formation. DLS analysis (Table II) exhibited peaks 1 
and 2 corresponding to particles with average diameters 
of 182 nm and 550.2 nm, respectively. Since both peaks 
have nanometric dimensions, the sample PDI was lower 
than 0.5. The zeta potential of -57.6 mV is considered 
suitable, indicating good physical stability.

Adding a milling step after crystallization

It has been reported in the literature that a bottom-
up preparation can be followed by a top-down technique 
to prevent particle growth (Salazar et al., 2012; Yang et 
al., 2016). Sample TX7 was prepared using the same 
conditions used to prepare TX3; however, a milling 
step was added immediately after precipitation. The 
mechanical stress generated by particle collision 
inside the mill is expected to prevent particle growth 
(Carstensen, 2001).

After one hour of milling, a reduction in the viscosity 
was observed. The initial appearance was the same as 
that of TX3, and the foam, which was initially only on 
the top of the suspension, was observed throughout the 
whole suspension.

To verify the suspension stability, a particle size 
DLS analysis was performed before and after the milling 
step. Peak 1 in the data for TX7 before and after milling 
was observed at 210.5 nm and 491.9 nm, respectively 
(Table II).

There was also a reduction in the PDI after the 
milling process (Table II), indicating that this step 
produces more uniform suspensions. Although some 
growth has been detected, the particles are still within 
the nanoscale range, indicating that milling is effective in 
preventing significant particle growth. The zeta potentials 
of both suspensions were similar and considered adequate 
for a stable suspension.

Changing the solvent

With drugs of very low solubility, such as EFV, the 
use of a less polar solvent should result in more effective 
interaction between the drug and the stabilizers and a 
higher nucleation rate (Beck, Dalvi, Dave, 2010; Sinha, 
Müller, Möschwitzer, 2013a). Thus, smaller particles 
should be obtained.

Three new samples (TX8, TX9 and TX10) were 
prepared using ethanol, acetone and acetonitrile, 
respectively; the conditions used to prepare TX3 were 
applied. The suspensions were reasonably viscous and 
presented visible particles; they also presented phase 
separation, forming one slightly turbid liquid and a dense 
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foam. Only TX9 and TX10 dispersed in water and were 
subsequently subjected to DLS analysis.

The DLS data for samples TX9 and TX10 exhibited 
peak 1 related to particles with an average diameter close 
to 1 µm; peak 2 corresponding to particles larger than 
4 µm was also observed. Both samples had PDI values 
greater than 0.5. Sample TX10 had a ζ potential of -3.74 
mV, which is considered low for particle stabilization. 
Although TX9 had a ζ potential of -29.5 mV, particle 
analysis proved that this sample was not a nanosuspension. 
Considering the unsatisfactory results for TX9 and TX10, 
these samples were discarded.

Solid state characterization

All samples considered promising were freeze-dried 
and characterized by SEM, infrared spectroscopy and 
PXRD. The samples were TX1, TX2, TX3, TX4, TX6, 
TX7 (after milling) and TX8.

Particle morphology

Photomicrographs of the processed samples and raw 
EFV exhibit a modified particle morphology. The active 
pharmaceutical ingredient (API) is composed of rough 
micrometric particles. Overall, the samples exhibit gel 
formation or long needle-shaped particles (Figure 2).

Sample TX1 presented more intense gel formation 
than did TX2, displaying large aggregates formed by 
smaller elongated particles with a nanometre-scale width. 
It is possible that the gelation in TX2 is not as intense 
as that in TX1 because a smaller volume of water was 
used during the preparation. Another hypothesis is that 
the great amount of methanol utilized could prevent the 
formation of the HPMC gel (Nickerson et al., 2009).

Film formation was also observed in samples 
TX3 and TX4, which both contain the same polymer 
concentration as TX2. This reinforces the idea that the 
methanol/water ratio is related to this phenomenon. 
Evidently, the film in TX3 is more uniform than that 
in TX4. This may be due to deformations that occurred 
during the freezing step of the freeze-drying process 
(Lee, Cheng, 2006), which makes clear the need for a 
specific study of the drying method.

Sample TX6 shows elongated particles of nanometric 
width, as well as aggregates and thicker particles, in 
accordance with the DLS analysis. The TX6 morphology 
demonstrates significant particle growth, indicating 
that PVP may not be an ideal steric stabilizer for this 
preparation method.

FIGURE 2 - Photomicrographs from SEM analysis.
Pictures of different samples, obtained through microscopy analysis. 
In general samples presented needle shape particles with nanometric 
width 
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Sample TX7 also presented intense film formation, 
and TX8 was composed of large agglomerates of several 
sizes. With a more accurate analysis, it was observed that 
the aggregates are formed by long and fine particles. This 
indicates that the conditions used are not favourable for 
preparing nanocrystals, in conflict with the literature 
(Beck et al., 2010; Sinha, Müller, Möschwitzer, 2013a). 
Although fine elongated particles were generated, it is 
shown that they tend to aggregate, implying that the same 
preparation conditions were not affective for suspension 
stabilization when the solvent was ethanol.

Infrared spectroscopy.

The infrared spectra of the samples and API 
(Figure 2) present all the bands associated with the EFV 

functional groups (Gomes et al., 2013). This indicates 
not only that EFV is present in the samples but also that 
no chemical reaction occurs between the drug and the 
stabilizers, due to some kind of incompatibility.

The high polymer concentration in the samples 
reduces the EFV proportion in the bulk, leading to 
a decrease in the signal intensity; this effect is more 
evident in TX3 than in other samples (arrow in Figure 
2). Another possibility is that the lactam portion of 
the EFV molecule forms hydrogen bonds with the 
polymer, thereby reducing the vibration and intensity 
of absorption (Stuart, 2004). A common effect of 
particle comminution by this method is the reduction 
of the crystalline domain, which tends to decrease the 
infrared absorption of crystalline powders (Shankar, 
Rhim, 2016).

FIGURE 3 - Infrared spectra of EFV and processed samples.
Efavirenz (EFV) respective group bands are marked with arrows. Subsequent arrows are marking: 2902 cm-1, 2930 cm-1 and 2936 cm-1 are 
relative to CH and CH2 bands; 1652 cm-1 associated with the pyrrolic ring of the PVP; 

Samples TX3 and TX4 presented bands at 2930 cm-1 
and 2902 cm-1, respectively, which are not characteristic 
of EFV molecules. These bands are commonly associated 
with CH and CH2 (Stuart, 2004), probably indicating 
the presence of a polymer. Steric stabilization of TX6 
is achieved by PVP, and the infrared spectrum of this 
sample has a band at 1652 cm-1 associated with the 
pyrrolic ring of the polymer (Laot, 1997). Overlapping 
of the bands in the range between 2860 and 3304 cm-1 
was detected.

The presence of hydrogen bonds reduces the 
vibration of amine, amide and hydroxyl groups, reducing 
the intensity or wavenumber of the bands related to these 
functional groups (Theophile, 2012). The inflexibility 
of the hydrogen bonds formed between EFV and PVP 
masks the NH band (arrow in Figure 2). The spectra of 
samples TX7 and TX8 have a band of 2936 cm-1, usually 
associated with alkane CH bonds (Stuart, 2004), which is 
possibly related to the presence of a high concentration 
of HPMC. 
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Powder X-ray diffraction

According to the diffraction patterns presented in 
Figure 3a, samples TX1, TX2, TX3 and TX8 maintained 
crystalline characteristics after precipitation. It is possible 
to identify EFV polymorph I, especially by the peak at 
2θ=6.2° (Mahapatra et al., 2010). Moreover, an increase 
in the peak width can be observed, possibly related to 
the reduction in the crystalline domain that is usually 
associated with particle size reduction (Blachére, Brittain, 
2008), in accordance with the infrared analysis.

Sample TX7 presents a halo indicating the 
presence of amorphous EFV resulting from the 

preparation method (Blachére, Brittain, 2008). For a 
more meticulous investigation, samples TX4, TX6 and 
TX7 underwent a new PXRD assay, increasing the 
step time to enhance the signal intensity (Blachére, 
Brittain, 2008).

The pattern obtained for samples TX4 was compared 
with the calculated patterns of other polymorphs of 
EFV (data not shown); however, no clear resemblance 
was found. In a study of the thermodynamic relations 
between several EFV polymorphs (Chadha et al., 2012), 
a crystalline form was found by slow recrystallization 
from hexane, with a diffraction pattern similar to that 
of TX4 (Figure 3b).

FIGURE 4 - (a) Diffraction patterns using step time of 0.01 seconds; (b) Diffraction patterns using step time of 0.5 seconds.
Comparison of diffraction patterns of samples with efavirenz (EFV), showing the presence of peaks relative to efavirenz polymorph I.
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In a new PXRD analysis of TX6, it was possible 
to confirm the presence of EFV form I, but still some 
preferential orientation can be observed (Blachére, 
Brittain, 2008). Increasing the step time reduces the noise 
associated with the diffraction pattern, so it is possible 
to detect form I with 2θ=6.2° in sample TX7.

Dissolution

Observing the dissolution profiles (Figure 4) and 
dissolution efficiency calculated for each sample (Table 
III) suggests that all samples, with the exception of TX2, 
TX6 and TX8, presented enhanced dissolution profiles. 
Sample TX2 has the lowest dissolution profile, even in 

comparison with the drug itself. This result was expected, 
since modification of the solvent/antisolvent ratio could 
significantly reduce the saturation degree of the system, 
favouring crystal growth. Hence, the dissolution profile 
is in accordance with theory.

Sample TX6 uses PVP as a steric stabilizer, as 
mentioned in the EFV-related literature. Nevertheless, 
the physical characterization and dissolution profile 
indicated that this modification was not beneficial. The 
low dissolution profile of sample TX8 is not in agreement 
with the literature since the use of a less polar solvent, 
when crystallizing a drug with very low water solubility 
such as EFV, should increase the nucleation rate (Beck, 
Dalvi, Dave, 2010).

FIGURE 5 - Dissolution profiles of samples.
Dissolution profiles of samples compared with efavirenz, pointing that the use of the technique was efficient in enhancing dissolution.
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TABLE III - Drug concentration and dissolution efficiency of 
each sample in % with the respective standard deviation (SD)

Samples EFV content
(% average ± SD)

Dissolution 
efficiency

(% average ± SD)

TX1 57.19 ± 3.55 70.26 ± 1.39

TX2 57.46 ± 2.21 11.70 ± 2.30

TX3 55.67 ± 4.01 91.25 ± 3.98

TX4 58,30 ± 3.52 56.47 ± 4.90

TX6 48.94 ± 5.30 29.23 ± 4.00

TX7 61.17 ± 3.23 98.41 ± 1.07

TX8 63.46 ± 7.51 19.79 ± 1.52

Note: Efavirenz (EFV)

Samples TX3 and TX4 have the same formulation, 
with their main difference being the antisolvent 
temperature used in their preparation. Due to the 
higher degree of saturation promoted by the low 
antisolvent temperature, it was expected that TX4 has 
a greater dissolution enhancement than TX3 (Sinha, 
Müller, Möschwitzer, 2013b). However, by maintaining 
the antisolvent at room temperature in conjunction 
with EFV mass reduction, sample TX3 presented a more 
positive effect towards dissolution profile enhancement.

As TX4 has a different crystalline structure than 
TX3, this can affect several physicochemical properties, 
and thus, a more accurate study may be conducted in 

the future. Among all samples, the one that achieved 
the highest dissolution was TX7, proving that the 
addition of a milling step was able to prevent particle 
growth and produce a uniform suspension, the particles 
maintained their stability through freeze-drying, 
and the obtained EFV nanocrystals presented a high  
dissolution profile.

Comparison with the sonication method

A comparison of the dissolution profiles of samples 
TX3 and TX7, the most promising formulations, with the 
profile of a sonication sample (SN11) from a previous 
study (Sartori, Prado, Rocha, 2017) with the best 
improvement and EFV is presented in Figure 5.

In general, the samples prepared by rotor-stator 
agitation were more viscous, similar to a paste, while 
the sonicated samples were more fluid. In a supersaturated 
environment, crystallization tends to occur. It has been 
reported that mass transfer from solution to the solid 
phase could be compromised due to the high viscosity 
of the suspension (Tung et al., 2008).

However, it is well known that in a suspension, 
particles are in Brownian motion, which is more intense 
in the case of more fluid environments, increasing particle 
collisions with subsequent growth (Comba, Sethi, 2009). 
Therefore, increasing the viscosity is an alternative to 
improve the stability of a highly concentrated suspension 
(Peltonen, Hirvonen, 2010).
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FIGURE 6 - Comparison between dissolution profiles of samples TX3, TX7, EFV and sonication sample (SN11).
Comparison of dissolution profiles of the most promising samples with efavirenz and sample SN11 (from previous)

Thus, TX3 and TX7 exhibit greater dissolution 
than SN11. However it is important to emphasize that 
suspension viscosity is a property to optimize, not 
maximize, and that the determined level should not be 
exceeded, which would hinder the crystallization process.

From a production point of view, the higher 
enhancement of nanocrystals prepared by a high shear-based 
technique can be considered positive. Since cavitation-based 
techniques are more expensive and generate intense heat, 
the use of rotor-stators is more suitable when developing a 
low-cost and easy-to-scale up process.

CONCLUSION

Early attempts to crystallize TX1 were promising, 
as confirmed by dissolution enhancement, and they 
were used to establish a basic formulation. Changing the 
solvent/antisolvent ratio and the kind of solvent did not 
produce satisfactory results, and the sample had the lowest 
dissolution profile. Reducing the antisolvent temperature 
leads to the formation of a different crystalline state, 
possibly impairing dissolution. Changing the solvent 
also resulted in unsatisfactory outcomes.

Reducing the mass of EFV in TX3 produced a sample 
with one of the highest levels of dissolution. Sample TX7 

exhibited higher dissolution than turrax samples and 
previous samples prepared using sonication, confirming 
that the addition of a milling step after crystallization is 
an interesting alternative to prevent growth.

Suspensions prepared by sonication were less 
viscous than those prepared with high shear. However, the 
dissolution percentage was higher for the latter samples 
(when compared with those prepared by sonication). The 
addition of a milling step produced a suspension that was 
more viscous than those prepared with sonication but not 
as pasty as the other samples that did not pass through 
the colloidal mill.

As a result, the combination of bottom-up (antisolvent 
precipitation) and top-down (colloid milling) techniques 
was shown to be the most efficient for producing EFV 
nanosuspensions. This resulted in dried nanocrystals with 
high and fast dissolution profiles. Another advantage of 
this method is that the drug concentration (drug load) was 
higher than those presented by other studies referenced 
previously. This is important since the drug load is 
directly related to the yield of the process.

Performing studies to comprehend the EFV 
crystallization process could provide insight into the 
reason why some of the presented results were not in 
agreement with the literature. Scale-up studies will be 
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required to adapt the viscosity issue of the suspensions 
to the production point of view. Many aspects are still 
open for study, such as EFV tablet compression and 
nanocrystal performance in vivo.
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