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RESEARCH ARTICLE

Design and in vitro characterization of ivermectin nanocrystals liquid formulation
based on a top–down approach

Walter Javier Starkloffa,b , Ver�onica Bucal�ab , Santiago Daniel Palmac and Noelia L. Gonzalez Vidala,d

aDepartamento de Biolog�ıa, Bioqu�ımica y Farmacia, Universidad Nacional del Sur (UNS), Bah�ıa Blanca, Argentina; bPlanta Piloto de Ingenier�ıa
Qu�ımica (PLAPIQUI), UNS-CONICET, Bah�ıa Blanca, Argentina; cDepartamento de Farmacia, Facultad de Ciencias Qu�ımicas, Universidad Nacional de
C�ordoba, Unidad de Investigaci�on y Desarrollo en Tecnolog�ıa Farmac�eutica (UNITEFA), C�ordoba, Argentina; dConsejo Nacional de Investigaciones
Cient�ıficas y T�ecnicas (CONICET), Bah�ıa Blanca, Argentina

ABSTRACT
The aim of this study was to develop ivermectin (IVM) nanosuspensions (NSs) to improve the dissolution
rate of this poorly water-soluble drug. Different NSs combining different stabilizers, i.e. poloxamer 188
(P188), polysorbate 80 (T80), polyvinylpyrrolidone (PVP), and sodium lauryl sulfate (SLS), were prepared by
high-pressure homogenization. The stabilizers were selected based on the saturation solubility and IVM sta-
bility within 72 h. The screening of formulations was performed by considering the drug content within
the nanosize range. The best formulation (IVM:T80:PVP 1:0.5:0.5 wt%) was characterized in terms of the par-
ticle size distribution, morphology, crystallinity, drug content, and in vitro dissolution profile. This NS was
also evaluated from a stability point of view, by conditioning samples at a constant temperature and rela-
tive humidity for six months. The fresh and conditioned best NSs Z-sizes were 174.6 and 215.7 nm, respect-
ively; while both NSs showed low polydispersity indexes. The faster dissolution rate for the IVM NS was
attributed to the presence of nanoparticles and changes to the crystal structure (i.e. amorphization) that
further improved solubility. The best NS had a 4-fold faster initial dissolution rate than raw IVM, and is thus
a promising formulation for the treatment of human and animal parasitic diseases.
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Introduction

Parasitic diseases afflict hundreds of millions of people worldwide,
and are a major issue in animal health1. As most drugs available
today are old and have many limitations, novel drugs or formula-
tions for the treatment of human and animal parasitic diseases are
needed2. Particularly, ivermectin (IVM) is an antiparasitic agent
derived from naturally occurring fermentation products, which
exhibits a broad spectrum of activity3. It is a semisynthetic derivative
of the avermectins, composed of a mixture of two homologous
compounds:� 80% of component ‘‘a’’ (H2B1a) and <20% of compo-
nent ‘‘b’’ (H2B1b). IVM is an off-white nonhygroscopic crystalline
powder. It has 19 asymmetric centers and is optically active. Drug
stability studies have demonstrated that IVM is a stable molecule in
its crystalline powdered state, but it can participate in a wide variety
of reactions in acidic and basic solutions. The major uses of IVM are
not only in veterinary applications to various species, but it is also
an effective drug for the treatment of onchocerciasis in man4.

The aqueous solubility of IVM at room temperature is only
about 1 lg/ml. It belongs to Class II/IV in the Biopharmaceutics
Classification System5. It is well-known that poorly water-soluble
drugs are not easily dissolved, hence they may not be absorbed
from the gastrointestinal tract sufficiently and their bioavailability
may be impaired. The production of nanoparticles is one of the
most promising formulation strategies to improve those properties.
By reducing the particle size of a drug, the interfacial surface area,
saturation solubility, and dissolution rate increase, according to the
Ostwald–Freundlich and Noyes–Whitney laws6.

Nanoparticles can be obtained either by a reduction in the par-
ticle size of larger crystals (top–down approach) or by building up

particles by the precipitation of dissolved molecules (bottom–up
approach)7. The bottom–up methods are not widely used due to
difficulties in retaining the nanosize after precipitation, subsequent
particle growth, solid-state stability, scale-up difficulties, poor drug
redispersibility, residual solvent content, and high production
costs8. Within the top–down techniques, high-pressure homogen-
ization (HPH) can be regarded as one of the most important
methodologies.

HPH is a scalable process, which is applied not only in the
pharmaceutical but also in the cosmetics and food industries9. In
addition, HPH has also been shown to overcome the drawbacks of
conventional size-reducing methods such as polymorph transform-
ation and metal contamination due to the high mechanical energy
requirements associated with conventional milling processes10.
Normally, a premix of the coarse drug and the dispersion medium
is prepared using high-speed stirrers. The dispersion medium con-
tains surfactant and/or stabilizer systems. Subsequently, this coarse
suspension (the so-called ‘‘macro-suspension’’) is passed several
times through the high-pressure homogenizer. Typically, the
applied pressure is increased step-wise from 10% to 100% in order
to avoid clogging of the narrow homogenization gap. At produc-
tion pressure, the gap has an opening of only a few micrometers.
Cavitation forces, shear forces, and collision cause the particle size
reduction itself. In general, several homogenization cycles are
needed to reach the minimal particle size11.

Drug nanocrystals are pure solid drug particles with a mean
particle size below 1000 nm, ideally between 200 nm and 500 nm,
with higher saturation solubility than microcrystals12. Although the
term nanocrystal implies a crystalline structure, particles can be crystal-
line, partially crystalline, or completely amorphous. A nanosuspension
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(NS) consists of drug nanocrystals, a stabilizing agent (surfactants and/
or polymeric stabilizers) and a liquid dispersion medium13. The size
and stability of the NS produced by top–down approaches are
dependent on the solubility of the drug in the stabilizer solution14. NSs
are essentially thermodynamically unstable systems. Therefore, the
proper selection of stabilizers is required during the preparation of a
NS in order to avoid agglomeration or crystal growth due to Ostwald
ripening. The most common stabilization approaches involve steric
and/or electrostatic forces. Adsorbing polymers or nonionic surfactants
onto the drug particle surface achieves steric stabilization, whereas
electrostatic stabilization is obtained by adsorbing charged molecules,
either ionic surfactants or charged polymers, onto the particle surface.
In many cases, a combination of stabilizers is required15,16.

In our research group, we have developed and optimized
IVM-lipid nanocapsules intend for oral administration17. However,
IVM-based nanocrystals have not been previously described.
Drugs with lower aqueous solubility, higher molecular weight,
and higher melting point have been shown to be good candi-
dates for NS production (i.e. easier to stabilize)15,18. IVM has a
molecular weight between 872.21 and 875.10 g/mol (depending on
the relative fraction of components H2B1a and H2B1b) and a melting
point of 155 �C4. Thus, it is a good drug candidate to be adminis-
tered as a NS.

This study aimed to develop a physicochemically stable NS able
to improve the dissolution behavior of IVM. After screening a num-
ber of stabilizing agents, based on the study of IVM saturation
solubility, different NSs were produced by the HPH method. The
NSs were characterized in terms of particle size distribution,
morphology, crystallinity, drug content and in vitro dissolution pro-
files, and compared with the properties exhibited by the starting
materials, i.e. raw IVM and a physical mixture of the drug with the
selected stabilizers. The stability of the best NS was also evaluated.
The development of an optimized formulation, capable of improv-
ing the unfavorable dissolution properties of this drug, could be a
promising option for the treatment of human and animal parasitic
diseases.

Materials and methods

Materials

Pharmaceutical grade IVM (Todo Droga, C�ordoba, Argentina),
which complied with the European Pharmacopoeia 5.019 require-
ments, was used. Pharmaceutical-grade poloxamer 188 (P188 –
Lutrol F68VR ), polyvinylpyrrolidone K30 (PVP – BASF), and polysor-
bate 80 (T80 – Tween 80VR ) were purchased from Droguer�ıa
Saporiti (C.A.B.A., Argentina). Sodium lauryl sulfate (SLS) was
acquired from Laboratorios Cicarelli (San Lorenzo, Argentina).
Triple distilled water was used for the formulation of NSs. HPLC
grade methanol, acetonitrile, and water were purchased from
Sintorgan (Villa Martelli, Argentina). Potassium dihydrogen phos-
phate (Anedra -Research AG- Tigre, Argentina) and sodium hydrox-
ide (Cicarelli, San Lorenzo, Argentina), analytical grade, and
deionized water were used for the dissolution media preparation.
For particle size analysis, ultrapurified Milli-QVR water (Millipore SAS,
Molsheim, France) was used for dilution.

Methods

Raw IVM saturation solubility
In order to prepare the initial dispersions for HPH process, the sat-
uration solubility is required to establish the IVM content that
ensures supersaturation conditions. For this reason, the solubility
of IVM (as supplied) was determined in different stabilizer

solutions, and compared with the drug solubility in triple distilled
water and phosphate buffer (pH 5.8). This pH value was selected
to emulate ruminal acidity, considering the potential application
of the formulated NSs to the treatment of ruminants. Another
critical parameter in nanocrystal production is the process tem-
perature, which strongly affects drug solubility12. Since the
HPH increased the dispersion temperature, as discussed below,
the process was controlled in order to not exceed 40 �C. For this
reason, the saturation solubility tests were performed at this
temperature.

The stabilizer solutions were prepared by mixing ionic or non-
ionic surfactants (SLS or T80, respectively) with a polymeric stabil-
izer (PVP or P188) to form binary mixtures at a 1:1 ratio and a
total concentration of 1% or 2% (w/v) in triple distilled water. An
excess of drug and 7 ml of each stabilizer solution were added to
screw-capped tubes. The solubility experiment was performed at
40 �C. To this end, the tubes were immersed in a shaking water
bath (Gerhardt Sch€uttelwasserbad SW 20, Germany), thermostatic-
ally controlled for 72 h (at this time, the equilibrium was reached
for all the stabilizer solutions). Each sample was centrifuged
(3500 rpm, 30 min) using a Rolco CM 2036 (Liniers, Argentina), and
the supernatant was filtered through 0.45-lm pore nylon mem-
brane (Microclar, Tigre, Argentina). An aliquot was evaluated by
UV-spectrophotometry (Varian Cary 50Conc, Varian Instruments,
Mulgrave, Australia), at the maximum IVM absorption wavelength,
i.e. 245 nm4. No interference from the stabilizer solutions was
detected under the same analytical conditions. Each sample was
analyzed in triplicate.

NSs preparation
To prevent blockage of the homogenization valve in the HPH pro-
cess, pre-milling of the suspension is required. Coarse drug sus-
pensions were prepared by dispersing IVM (as supplied) in
different stabilizer solutions. The IVM:stabilizers ratio was 1:1 (w/w).
IVM was gently wetted with the stabilizer solution in a glass mortar.
The suspensions were mixed using a magnetic stirrer at 1000 rpm
for 5 min, and sonicated for 10 min at maximum power using an
ultrasonic bath (Testlab TB018TDCD, Bernal Oeste, Argentina). The
bath medium was a mixture of water and 0.2% (w/v) SLS in order
to increase cavitation forces. The obtained coarse suspensions were
then homogenized at high pressure (40 cycles at 800 bar) using an
APV 1000 apparatus (Soeborg, Denmark). Due to the high input of
energy, the outlet stream (i.e. recycled for further homogenization)
exhibited temperature increases. In order to control the processing
temperature, four cycles under pressure were followed by 10 cycles
without pressure, and the suspension to be recycled was cooled
down each time by its circulation though a water bath maintained
at 20 �C. By doing this, the suspension temperature was controlled
in order to not exceed 40 �C.

Physical mixture preparation
Physical mixtures (PM) were prepared by blending IVM and the
stabilizers in a glass mortar until a homogeneous mixture was
obtained. For this purpose, the same drug/stabilizer ratios (w/w) as
the IVM NSs were used.

Particle size analysis
The mean hydrodynamic radius (Z-size) and polydispersity index
(PI) of the nanoparticles were determined by photon correlation
spectroscopy (PCS) using a Zetasizer Nano ZS90 (Malvern
Instruments, Worcestershire, UK). Samples were backscattered by
a helium-neon laser (633 nm) at an angle of 90�, and a constant
temperature of 25 �C. Each sample was analyzed immediately after
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its formulation, in triplicate. In order to avoid concentration-
dependent effects (i.e. particle interactions), the sample was suit-
ably diluted using ultrapurified water until the results were inde-
pendent of the particle concentration.

The measurable range of the Zetasizer is approximately 2 nm to
3 lm. Thus, laser diffraction (LD; HORIBA LA950-V2, Kyoto, Japan),
with a measuring range up to 2000 lm, was employed to observe
larger particles. The raw IVM was characterized by LD, using the
unit equipped with a powder jet dry feeder system at 0.2 MPa air-
flow. Measurements were performed in triplicate, and volumetric
particle size distributions were obtained. LD results were expressed
in terms of the mean diameter over volume (D43) and its corre-
sponding standard deviation (SD).

Powder X-ray diffraction analysis
Powder X-ray diffraction analysis (PXRD) patterns of the raw mate-
rials, PM, and NSs were recorded with a Rigaku D/Max IIIC (Tokyo,
Japan) diffractometer with a Ni-filtered CuKa radiation detector
(k¼ 1.5405 Å), operating at a voltage of 35 kV and a current of
15 mA in the 2h range from 2.5� to 60�, with a scan angular speed
of 2�/min and a scan step of 0.02�. In the case of T80, PXRD ana-
lysis was not performed because the material is in the liquid state
at room temperature. For the analysis of IVM NS, the liquid formu-
lation was dried in a thermostatically controlled oven at 40 �C in
order to obtain a dried powder.

A computer program (MDI/JADE7, Jacksonville, FL) involving the
use of self-modelling curve resolution (SMCR) and multivariate
curve resolution (MCR) methods was employed to analyze the X-
ray diffraction data and to study the interactions between IVM and
stabilizers in the NS.

Differential scanning calorimetry
Thermal analysis was performed using a Perkin Elmer Pyris1
(Perkin Elmer, Waltham, MA). The instrument was calibrated with
indium (calibration standard, purity 99.999%) for melting point and
heat of fusion. About 9 mg of raw IVM, PVP, and dried NS samples
were scanned from 25 to 200 �C, at a heating rate of 10 �C/min in
aluminum-crimped pans under nitrogen gas flow. An empty alumi-
num pan was used as the standard reference. In the case of T80,
the material is in liquid state at room temperature and has a flash
point of 149� C20. Therefore, at temperatures that are representa-
tive of IVM thermal events (i.e. IVM melting point: 169.7 �C), differ-
ential scanning calorimetry (DSC) analysis of raw T80 and PM was
unfeasible. Nevertheless, in the NS, T80 is attached to the nanopar-
ticles and trapped by PVP chains, and thus behaves with com-
pletely different identity with respect to the raw materials. It was
thus possible to perform the DSC test.

The purpose of the first thermal scan was to remove the
residual moisture that could affect the determination of Tg. Then,
the samples were cooled from 200 to 25 �C, at a cooling rate of
10 �C/min, and reheated from 20 to 200 �C at the same rate. Tg
was calculated from thermograms as the temperature at which
one-half of the change in heat capacity, DCp, occurred (i.e. the
half DCp method)21.

Particle morphology evaluation
The morphology of IVM particles in the NSs, PM, and bulk drug
were examined by Scanning Electronic Microscopy (SEM; LEO EVO
40-XVP, Oberkochen, Germany). A drop of fresh NS was dispersed
onto glasses coverslips, and the water was left to evaporate natur-
ally. The obtained powder was fixed on aluminum stubs using
doubled-sided adhesive tape and coated with Au in a sputter
coater (PELCO 91000, Redding, CA).

High performance liquid chromatography analysis
An isocratic high performance liquid chromatography (HPLC)
method was employed for the quantification of IVM22, in dissol-
ution and stability studies, and to probe for the presence of IVM
degradation products in saturated solutions containing SLS. A
Spectra System (Thermo, San Jose, CA) equipped with a P4000
pump unit, an SCM1000 degasifier, an injection valve with a simple
loop of 20 ll volume (Rheodyne 9125), and an Ultrasphere C18 col-
umn (4.6� 250 mm, 5 lm; Beckman, Atlanta, GA) was used. The
column was maintained at room temperature. The mobile phase
consisted of a mixture of acetonitrile:methanol:water (51:34:15).
The flow rate was 1.0 ml/min, and the UV detector (UV2000,
Spectra System, Thermo, San Jose, CA) was set at 245 nm. H2B1a

eluted at 18.6 min and H2B1b at 14.5 min, under the conditions
described above. An external standard calibration curve was estab-
lished by using solutions of IVM in methanol within the range of
0.0058–0.58 mg/ml, with a R2 value of 0.9999, referring to compo-
nent H2B1a.

In vitro dissolution studies
In vitro dissolution studies were performed using the paddle
method, at a rotation speed of 50 rpm (Erweka DT60,
Heusenstamm, Alemania). The dissolution medium was 900 ml of
phosphate buffer (pH 5.8), prepared according USP 3023, with 0.5%
(w/v) SLS, kept at 37.0 ± 0.5 �C. The pH of the dissolution
medium, as mentioned above, was selected to emulate ruminal
acidity. SLS was added to enhance the dissolution rate of IVM,
considering the ability of surfactants to accelerate this process,
due to a reduction in the interfacial tension and micellar solubiliza-
tion properties24.

Samples (10 ml) were withdrawn at 7, 15, 30, and 45 min (an
equal volume of pre-warmed fresh dissolution medium was
replaced after each extraction) and immediately filtered through a
0.22-lm pore nylon membrane (Gamafil, B�eccar, Argentina). The
amount of IVM dissolved was determined by HPLC, and the mean
results and standard deviation were reported. To provide the same
drug amount, dissolution tests were performed, in triplicate, using
10 ml of NSs, 100 mg of IVM bulk drug, and 200 mg of IVM-stabil-
izer PM.

Stability studies
Drug stability studies were performed to assess the stability of IVM
NS, under controlled conditions of temperature and relative
humidity (25 ± 2 �C, 60 ± 5% RH) for a period of six months. NS was
stored in closed vials, protected from light, in a pharmaceutical
stability chamber (SCT Pharma ICH 830 L, Temperley, Argentina).
After conditioning, the NS particle size distribution, drug content,
morphology of nanocrystals, crystallinity, and in vitro dissolution
rate were evaluated.

Statistical analysis
Analysis of variance (ANOVA) was performed using InfoStat25.
Multiple comparisons were achieved by Fisher’s LSD test. Results
are expressed as mean ± standard deviation of replicate analyses.
Differences with p values less than 0.05 (p< 0.05) were considered
statistically significant.

Results and discussion

Raw IVM saturation solubility and NSs formulation

Figure 1 shows the IVM saturation solubility in different media at
40 �C. The IVM solubility, as expected, was very low in phosphate
buffer (pH 5.8) and in triple distilled water. The mixtures
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containing SLS, even though using different stabilizer amounts,
had the apparent highest saturation solubility. However, the dis-
persions containing SLS exhibited a yellowish appearance after
48 h at the selected temperature. For this reason, after centrifuga-
tion, the filtered supernatant of the sample containing SLS was
analyzed by HPLC. Figure 2(a,b) show the HPLC chromatograms
for pure IVM dissolved in methanol and the filtered supernatant of
the sample containing SLS (0.5% w/v) and PVP (0.5% w/v), respect-
ively. In both cases, the same IVM final concentration was injected
(0.31 mg/ml). Figure 2(a) shows two peaks that eluted at 15.8 and
20.5 min, which are related to the components H2B1b and H2B1a,
respectively. The relative retention times (H2B1a to H2B1b) were
about 1.3, a value that is in good agreement with the USP 30
Monograph for IVM23. The HPLC chromatogram for the sample
containing SLS (Figure 2(b)) showed a reduction in the area of the
H2B1b and H2B1a peaks, and the occurrence of secondary peaks,
indicating IVM degradation. Because IVM contains many functional
groups, it can participate in a wide variety of reactions in acidic
and basic solutions. Besides, IVM is subject to oxidative degrad-
ation, which occurs preferably in aqueous surfactant solutions4.
These results indicate that SLS did not behave as an adequate sta-
bilizer for the formulation of an IVM NS.

On the other hand, nonionic surfactants, like T80, are described
as pharmaceutically acceptable and compatible with IVM, with
regard to solubility and chemical stability26. The presence of T80,
combined with either PVP or P188, substantially increased IVM solu-
bility, with respect to IVM solubility in triple distilled water (Figure
1). In addition, these dispersions did not exhibit color changes. For
these reasons, these stabilizers were used to prepare the NSs. An
IVM concentration of 10 mg/ml (i.e. 1% w/v) was selected to ensure
supersaturation conditions (Figure 1). Additionally, an IVM:stabilizers
ratio of 1:1 was selected for the formulation of NSs, because doubling
the total stabilizer content does not double the solubility.

T80 has been found to be useful in improving the oral bioavail-
ability of drug molecules that are substrates for p-glycoprotein (P-
gp)27. In addition, it has been observed that apical-to-basolateral
transport of certain drugs across Caco-2 monolayers is enhanced at
pharmaceutically relevant concentrations of T80, namely those that
are substrates of P-gp or MRP-like efflux systems28. Several authors
have reported evidence that a broad variety of nonionic surfactants
have an inhibitory effect not only on P-gp but also on other ABC
transporters, such as BCRP and MRPs29–31. This evidence is relevant
because IVM has been reported to be a substrate of P-gp32, and
can induce the overexpression of P-gp, thereby reducing its effect-
iveness and increasing resistance33. Thus, a NS containing T80 could
be an advantageous formulation.

Finally, a recovery study was performed to select the best stabi-
lizing polymeric agent. For this reason, NSs formulated with T80, in
the presence of PVP or P188, were filtered through a 0.45-lm pore
nylon membrane filter. The filtered NSs were dissolved in ethanol
and quantified by UV-spectrophotometry (as described in the

Figure 1. Ivermectin solubility in different media and at 40 �C. Stabilizers concentration expressed as % w/v.

Figure 2. HPLC results: IVM solution (solvent: methanol) (a), IVMþ SLS (0.5% w/v)
� PVP (0.5% w/v) (b), fresh NS1 (c), and NS1 after six months of storage (d). A.U.:
Arbitrary units.

4 W. J. STARKLOFF ET AL.
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section ‘‘Raw IVM saturation solubility’’). IVM NS formulated with
T80-PVP showed an IVM recovery of 52% in the filtered liquid
(i.e. dissolved IVMþ IVM nanoparticles), while a value of 19% was
measured for T80-P188 (data not shown).

According to the described results, the NS formulated at an
IVM concentration of 1% (w/v) with a stabilizing solution of T80
(0.5% w/v) � PVP (0.5% w/v) was selected as the model formula-
tion (NS1). The stabilization efficiency of these agents could be
explained by the results described by Cabane and Nakach et al.,
which explain the specific interaction between hydrosoluble
polymers and surfactants. Both authors have described their
results as a synergistic combination of stabilizers. As in pure surfac-
tant micelles, the lipophilic chains of the surfactant molecules
appear to be gathered in the hydrophobic core of the active
pharmaceutical ingredient, while their polar groups are spread
on the interface, interacting with monomers of the polymer
chain34,35.

Particle size measurement

As shown in Table 1, the average mean particle size (n¼ 3) for raw
IVM was approximately 221 lm. HPH of IVM dispersions produced
a significant reduction in the particle size of the bulk drug, since
the Z-size obtained for fresh NS1 was about 150.4 nm, with a PI
value of 0.521. IVM nanoparticles exhibited a mean particle size
approximately three orders of magnitude lower than the one cor-
responding to raw IVM. A narrow particle size distribution avoids
problems with the variable saturation solubility of particles with
different sizes, thus inhibiting Ostwald ripening and providing
long-term stability36.

Morphology evaluation

The SEM micrographs of the raw material, PM ,and NS1 are shown
in Figure 3. Raw IVM showed an irregular shape, with particles

Figure 3. SEM micrographs of raw IVM (a), physical mixture (b), fresh NS 1 (c), and NS 1 after six months of storage (d).

Table 1. Size parameters obtained by LD and PCS.

LD D43 (lm) SD (lm) D10 (lm) D50 (lm) D90 (lm)

Bulk IVM 220.7 ± 13.1 159.1 ± 17.2 44.0 ± 2.2 192.8 ± 9.2 434.4 ± 34.1

PCS Z-size (nm) PI D50 (nm) D90 (nm) D95 (nm)

Fresh NS1 174.6 ± 2.1 0.357 ± 0.036 236 ± 5 324 ± 49 357 ± 50
NS1 after six months of storage 215.7 ± 1.6a 0.204 ± 0.001a 240 ± 7ns 357 ± 35ns 394 ± 45ns

aHigh significant differences (p< 0.001); nsNo significant differences.
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larger than 450 lm (Figure 3(a)). Figure 3(b) shows the PM, which
was an agglomerate containing large IVM particles. The nanopar-
ticles were mainly spheres, and their sizes were in good agree-
ment with those derived from PCS (Figure 3(c); Table 1).
In addition to the particle size distribution analysis, the SEM micro-
graphs provide further evidence that HPH resulted in significant
reduction in particle size. It is evident that the size of the IVM
nanoparticles was significantly smaller and the shape was more
homogeneous than in the raw material, properties that could be
beneficial in terms of enhancing bioavailability.

Solid state evaluation and crystallinity

The assessment of the crystalline state helps in understanding
molecular interactions in the solid state. PXRD was performed to
investigate the effect of the HPH process on the crystallinity of IVM.
As shown in Figure 4(a), the pattern of the raw IVM exhibited some
intense crystalline peaks between 6� and 22� of 2h, which prove that

the raw material was crystalline. Even though PVP is amorphous
(Figure 4(b)), the PM showed peaks that can be related to the crystal-
line structure of IVM (Figure 4(c)). Only one broad and diffuse max-
imum peak was detected in the PXRD patterns of fresh NS1 (Figure
4(d)), which indicated that the nanosized IVM was amorphous.

Thermal analysis

As shown in Figure 5(a), the thermal behavior of raw IVM showed
an onset temperature of 149.3 �C and a melting peak at 161.7 �C,
in agreement with the results given by Fink4. PVP K30 showed a
glass transition temperature close to 166 �C (Figure 5(b)), a similar
value to the one obtained by Turner and Schwartz for the second
heating of PVP K-30 samples37. The NS1 thermogram did not
exhibit significant thermal events (Figure 5(c)), which confirms the
disappearance of crystallinity as indicated by PXRD.

IVM dissolution

Figure 6 presents the dissolution profiles of raw IVM, PM, and NS1.
The dissolution rates can be inferred from this figure as the local
slope of these profiles. Pure IVM presented a low initial dissolution
rate, and after 45 min only 64% was dissolved. The PM, with an even
lower initial dissolution rate, reached almost the same total dissol-
ution as raw IVM. In contrast, NS1 exhibited a significant higher

Figure 4. X-ray diffractograms for raw IVM (a), raw PVP (b), physical mixture (c),
fresh NS 1 (d), and NS 1 after six months of storage (e).

Figure 5. DSC thermograms of IVM raw material (a), PVP raw material (b), fresh
NS1 (c), and NS1 after six months of storage (d).
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dissolution rate than PM and raw IVM. For NS1, more than 80% of
the drug was dissolved in the first 7 min compared to 15% for raw
IVM and less than 45% for PM. ANOVA analysis indicated that dis-
solved percentages at 7 min, between raw IVM and NS1, were statis-
tically different (p< 0.001). The formulation of IVM as a NS was very
successful in enhancing the dissolution rate, which may increase the
concentration of IVM in the gastrointestinal lumen, and hence
improve the treatment of enteric parasitic diseases.

The rapid IVM dissolution observed for NS1 can be attributed
to the presence of nanoparticles and changes in the crystal
structure (i.e. amorphization) that further improved solubility38,39.
Both formulation characteristics were caused by the high energy
forces applied during the homogenization process. The increase
in the surface-to-volume ratio, due to the submicron dimension
of the drug particles, improved the NS dissolution rate, as pre-
dicted by the Noyes–Whitney model40–43.

NS1 stability

During the stability study of the formulation, shape changes were
not detected (Figure 3(d)). ANOVA of the particle size measure-
ments showed statistically significant differences in Z-size and PI
between fresh NS1 and NS1 after 6 months, while their cumulative
distributions showed no differences (Table 1). Nevertheless, NS1
after 6 months of storage still presented a Z-size in the nanometric
range (215.8 nm) and a PI value below 0.3, indicating a narrow par-
ticle size distribution44. Distributions with low PI values inhibit the
occurrence of Ostwald ripening7,44,45. This can explain why Ostwald
ripening is not a major concern for NS1 with a uniform particle size.
Similar PXRD patterns were observed after six months of storage,
indicating that the nanoparticles remained amorphous (Figure 4(e)).
These results are in good agreement with those derived from DSC
(Figure 5(d)). As shown in Figure 6, the amount of IVM dissolved
at 7 min from the conditioned NS1 was approximately 4-fold
higher than IVM dissolved from the PM. Nevertheless, the ana-
lyzed formulation exhibited an initial dissolution rate slightly
slower than that of fresh NS1, but with no statistically signifi-
cant differences observed (up to 7 min). Finally, the HPLC chro-
matograms showed characteristic IVM peaks, not only for fresh
NS1 but also for NS after six months of storage, suggesting no
IVM degradation (Figure 2(c,d)). Therefore, all the performed
tests indicated remarkable stability of NS1.

Conclusions

A NS formulation of IVM, containing T80 and PVP as stabilizers,
was developed. The IVM nanoparticles produced by the HPH
method were amorphous with a narrow PI, and chemically stable.

The dissolution of nanosized IVM was significantly enhanced with
respect to the performance exhibited by the raw material or PM.
In conclusion, the HPH method offers a simple and robust process
to obtain nanoparticles of adequate size and stability, and provides
a significant improvement in the dissolution rate of IVM.

By definition, BCS Class II drugs, such as IVM, exhibit bioavail-
ability problems directly related to their solubility and dissolution
rate in physiological fluids. Moreover, IVM is a P-gp substrate, so it
can be assigned to BCS Class IV. The developed NS would over-
come these two obstacles by the reduction in particle size and the
incorporation of T80 as a stabilizer, which increase the dissolution
rate and inhibit P-gp, respectively. Therefore, NS1 is a promising
formulation for improvement of antiparasitic chemotherapy.
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