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A B S T R A C T

Tuberculosis (TB) is one of the top ten causes of death worldwide and a leading cause of death in HIV patients.
Rifampicin (Rif), a low water-soluble drug, is a critical first-line treatment and the most effective drug substance
for therapy of drug-susceptible TB. However, Rif has high interindividual pharmacokinetic variability, mainly
due to its highly variable absorption caused by its poor solubility. Drug nanocrystals are a promising technology
to overcome this variability by increasing the surface area. This strategy allows for increasing the dissolution rate
and improving the bioavailability of this BCS class II drug. In this study, Rif nanocrystals were prepared by a wet-
bead milling method. A 3-factor, 3-level Box-Behnken design was used to investigate the independent variables:
the concentration of rifampicin, the concentration of the stabilizing agent (Povacoat® type F), and the mass of
zirconia beads. Two optimized formulations, F1-Rif and F2-Rif, were characterized by determining their particle
size and size distribution, morphology, crystal properties, and antimicrobial activity. Differential scanning ca-
lorimetry (DSC) and powder X-ray diffraction (PXRD) revealed that rifampicin's polymorph II crystal structure
was unchanged. The reduced particle size of< 500 nm (100-fold decrease) increased the saturation solubility
and dissolution rate up to 1.74-fold. The novel polymer, Povacoat®, demonstrated to be a suitable stabilizer to
maintain the physical stability of nanosuspensions over two years. The Rif nanocrystals showed antimicrobial
activity (0.25 μg/mL) not significantly different from standard rifampicin powder. However, the low cytotoxicity
of the nanosuspensions in HepG2 cells was determined. When compared to the commercial product, the na-
nosuspension increased the rifampicin concentration 2-fold. In conclusion, the Rif nanosuspension allows half
the needed volume of administration, which might increase compliance among children and elderly patients
throughout the long-term treatment of TB.

1. Introduction

Tuberculosis (TB) is a millenary global disease caused by
Mycobacterium tuberculosis, first described by Dr. Koch [1]. Despite
significant advances in science and technology, this disease still re-
presents a significant global Public Health risk. TB is one of the top ten
causes of death worldwide and a leading cause of death in HIV patients
[2]. Rifampicin (Rif), a broad-spectrum antibiotic, belongs to the first
line of treatment. Rif is a Class II drug according to Biopharmaceutical
Classification System (BCS), with low water solubility and high per-
meability, showing variable bioavailability due to its in vivo dissolution
and is subject to food effects [3,4]. Additionally, Rif has seven crys-
talline forms [5]; the polymorph II, which presents higher water solu-
bility, is metastable, and it is the commonly marketed form used in

pharmaceutical products [6].
Particle size reduction into the nanometer scale is a promising ap-

proach to increase the dissolution of hydrophobic drugs [7,8]. Nano-
crystals are matrix-free drug particles often stabilized by surfactants,
polymers, or a mixture of both. In general, the particles are below
1000 nm in size, typically between 200 and 500 nm [7,9]. The biphasic
system of stabilizer and crystals is called a nanosuspension. Due to the
increased surface area, this strategy allows besides increasing the dis-
solution rate an adhesion of the poorly water-soluble drugs to the gut
wall, improving the bioavailability of class II drugs [10].

Literature describes two approaches to produce nanocrystals:
bottom-up and top-down methods. Top-down technology consists of
breaking large particles into small sizes using mechanical grinding (wet
media milling) and high-pressure homogenization or a combination of
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both [11–14].
Miniaturized wet-bead milling is a novel approach for screening

formulation variables and process parameters (time and stirring speed).
The system consists of a milling chamber (glass recipient) filled with
zirconia beads, drug substance, dispersion media (stabilizer in aqueous
solution), and two or three magnetic stirring bars placed vertically. This
system is agitated by a magnetic stirrer plate at high speed [15,16]. This
simple low-cost method is performed in small volumes, which provides
advantages in early drug development. Besides, this procedure may
predict results of high-energy milling at pilot scale and identifies sui-
table preparation parameters [15,17].

The stabilizing agents (surfactants and polymers) play an important
role in particle size reduction and stability of nanosuspensions. Daido
Chemical Corporation developed a novel polymer with a molecular
mass of 40,000, Povacoat® type F (POVA), (polyvinyl alcohol/acrylic
acid/methyl methacrylate copolymer). This pharmaceutical excipient
was initially developed as a film-coating agent and wet granulation
binder. However, recent studies revealed the use of Povacoat® as a
stabilizer to prevent aggregation of nanocrystals [18–21].

In this study, Rif nanocrystals were developed. Their low water
solubility was improved by reducing the particle size. The parameters
such as particle size, distribution, zeta potential, and morphological
characterization of nanocrystals were assessed. Additionally, the phy-
sical stability of nanosuspension (two years), the in vitro anti-microbial
efficacy and cytotoxicity were evaluated.

2. Materials and methods

2.1. Materials

Rifampicin (Rif) (purity 98%) and micronized rifampicin commer-
cial suspension (20 mg/mL) (F-FURP) was supplied by Fundação para o
Remédio Popular- FURP (São Paulo, Brazil). Povacoat® Type F (poly-
vinyl alcohol/acrylic acid/methyl methacrylate copolymer, molecular
weight 40,000) was donated from Daido Chemical Corporation (Osaka,
Japan). D-mannitol (MAN) was purchased from Wako Pure Chemical
Industries Company, Ltd. Stabilized zirconia (zirconium oxide) beads
with diameters of 0.1 mm were purchased from Retsch Company, Ltd.
(Haan, Germany). Ultra-purified water Milli-Q®, Millipore GmbH
(Millipore, Darmstadt, DE) was used for all formulations. The water
conductivity used for ZP analysis was 60 μS/cm. The other chemicals
were of analytical reagent grade. The Mycobacterium tuberculosis (strain
ATCC 25618/H37Rv) and HepG2 cells were donated from the
Laboratory of Molecular Biology Microbiology for the Diagnosis by
Professor Ph.D. Mario Hiroyuki Hirata (São Paulo, Brazil).

2.2. Preparation of Rif nanosuspension by miniaturized wet-bead milling
method using Box-Behnken Design (BBD)

Rif nanosuspensions were prepared by miniaturized wet-bead mil-
ling method. The formulations contained 3 to 5% (w/w) Rif, 10 to 20%
(w/w) of zirconia beads (ZIR) (0.1 mm) and 1 to 3% (w/w) POVA
aqueous solution for total weight of 10 g. The milling chamber con-
sisted of a 20-mL glass vial. The final set was composed of two magnetic
stir bars, cross-shaped (20 × 20 mm) (Max Labor, Brazil) arranged
vertically stacked on top of each other (Fig. 1). For each formulation,
first, the amount of RIF and ZIR was transferred to the vial; then, the
POVA aqueous solution and, finally, the magnetic stir bars. The vials
were stirred in an Ika® RTC basic magnetic stirrer plate (Ika, Germany)
at 800 rpm (speed of stirring) for 3 days at 25 °C. The nanosuspensions
obtained were removed using a pipette after precipitation of zirconia
beads as a result of their high density (3.7 g/cm3).

2.2.1. Box-Behnken Design (BBD)
Box-Behnken statistical design with three factors, three levels, and

15 runs was applied to understand the impact of the independent

variables under controlled conditions (Section 2.2). The independent
and dependent variables are listed in Table 1. The polynomial Equation
1 (Eq. (1)) generated by this experimental design Minitab® 18 (Minitab
Inc., State College, PA, US) and Statistica™ 13 (Statsoft Inc., OK, US)
was as follows:

= + + + + + + +

+ +
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where Yi (HD = Hydrodynamic diameter) is the dependent variable; a0
is the intercept; a1 to a33 are the regression coefficients; and X1 (Rif), X2

(ZIR) and X3 (POVA) are the independent variables.

2.2.2. Optimization of Rif nanosuspension
The derived polynomial equation was verified using a checkpoint

analysis. Values of independent variables were taken at two points,
which generated two formulas (F1-Rif and F2-Rif nanosuspensions).
The theoretical values (predicted HD), calculated by substituting the
values in the polynomial equation, were compared with the experi-
mental values (observed HD).

2.3. Particle size, zeta potential and morphology characterization

2.3.1. Laser diffraction
The larger particles or aggregates (> 3 to 5 mm) and size dis-

tribution were investigated by laser diffractometry (LD) using a
Granulometer Cilas 1900 (Cilas, Orléans, FR). The samples were ana-
lyzed using the Fraunhofer theory. The dispersing medium was Rif sa-
turated solution. The results were expressed by the volume-weighted
diameters d(v;0.1), d(v;0.5), and d(v;0.9). These values represent the
percentage of particles below a given size (nm).

2.3.2. Dynamic light scattering (DLS)
The HD of the Rif nanocrystals was determined by DLS, using a

Zetasizer Nano ZS 90 (Malvern Instruments Ltd., Malvern, UK) at 25 °C
and 90° (n = 10). Also, the polydispersity index (PdI) was determined
as a measure of the width of the size distribution. The samples were
previously diluted in Rif saturated solution at suitable concentrations.

2.3.3. Zeta potential (ZP) determination
The ZP was determined using Zetasizer Nano ZS (Malvern

Instruments Ltd., Malvern, UK) by laser Doppler electrophoresis
method. The field strength applied was 20 V/cm. The electrophoretic
mobility (EM) was converted to the ZP in mV using the Helmholtz–
Smoluchowski equation. ZP measurements were carried out in Rif sa-
turated solution with a conductivity adjusted to 60 μS·cm−1 by adding
NaCl 0.9% (w/v), to avoid ZP fluctuations caused by the difference in
conductivity (n = 3).

2.3.4. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM)

Rif raw material was analyzed using a SU-1500 scanning electron
microscope (SEM) (Hitachi High-Technologies, Tokyo, JP). Samples
were measured using 15 kV acceleration voltage. The particle size and
morphology of Rif raw material and Rif nanocrystals were evaluated
using a transmission electron microscopy JEOL JEM-1010 (Jeol, Tokyo,
Japan). The size particle was determined by Imagen.j® software
(National Institutes of Health, Bethesda, MD, US). The samples were
diluted in Rif saturated solution. Observations were made at an ex-
citation voltage of 80 kV and performed at magnifications of
25,000×–40,000×.
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2.4. Characterization of physical state

2.4.1. Differential scanning calorimetry (DSC)
DSC analyses were performed using DSC 7020 (Exstar, Bunkyo-Ku,

JP) each sample was carefully weighed, transferred to aluminum cru-
cibles, sealed and submitted to temperature from 25 °C to 350 °C at a
scanning rate of 10 °C/min of a dynamic atmosphere of the nitrogen
with the empty 50 mL·min−1.

2.4.2. Powder X-ray diffraction (PXRD)
XRD patterns were obtained using Bruker Diffractometer Model D8

Advance Da Vinci (Bruker, Japan), with Cu- Kα radiation generated at
40 mA and 40 kV.

2.5. Nanosuspension lyophilization

The lyophilization procedure was performed in TDS-00209-A (FTS
Systems, Stone Ridge, NY, US). The nanosuspensions samples were
frozen at −40 °C before primary and secondary drying steps. After
freezing, primary drying was started at −30 °C at a pressure of 100
mTorr. Finally, secondary drying was done at temperatures of 10 °C for
300 min and 100 mTorr of pressures. Mannitol 5% (w/v) was used as
cryoprotectant. After the lyophilization, the Rif nanocrystals were re-
suspended in the same volume of water of the original formulations.

2.6. Saturation solubility measurement

Solubility studies were performed using the shake-flask method in a

shaker Tecnal TE 4080 (Tecnal, Sao Paulo, Brazil). An excess of the
sample of Rif nanocrystals (F1-Rif and F2-Rif lyophilized nanosuspen-
sions) and Rif raw material were added in lab jars containing 10 mL of
purified water (pH 6.5), acetate buffer pH 4.5 and phosphate buffer
pH 6.8 and 7.2, prepared according to the American Pharmacopeia
[22]. The samples were transferred to the shaker at 37 °C for 72 h. After
this time, an aliquot from each sample was withdrawn and filtered
through a 0.45 μm pore-size membrane. The content of rifampicin was
determined using Evolution 201 UV–VIS spectrophotometer (Thermo
Scientific, São Paulo, Brazil) at 472 nm. Analysis of variance (ANOVA)
with a post-hoc Tukey test was performed to evaluate the significance
of the media in the saturation solubility test using software Minitab® 18
(Minitab Inc., State College, PA, US).

2.7. Determination of rifampicin content, viscosity and pH

The analytical method was developed and validated using Evolution
201 UV–VIS spectrophotometer (Thermo Scientific, São Paulo, Brazil).
Accurately weighed 0.15 mg of Rif nanosuspensions and micronized
rifampicin commercial suspension (20 mg/mL) were dissolved in 30 mL
of ethanol by ultrasonic method. Then the volume was completed to
50 mL with water. Finally, the samples were filtered with a 0.45 μm
membrane before analysis by spectrophotometry at 472 nm.

The viscosity was performed using a digital viscometer Brookfield
model DV-I Prime (AMETEK Brookfield, MA, US) at room temperature
(25 °C) (n = 3). The final pH of the formulations was measured via a
Mettler Toledo pHmeter (Model InLab ® 73× Series, Ohio, US) at room
temperature (25 °C) (n = 3).

2.8. Dissolution test

Dissolution test of Rif nanosuspensions and micronized rifampicin
commercial suspension (20 mg/mL) (F-FURP) was carried out for
60 min in 900 mL of phosphate buffer solution (pH 6.8) with constant
stirring at 50 rpm in a dissolution apparatus 2, 708-DS Dissolution
Apparatus (Agilent Technologies, Santa Clara, CA, US) at 37 °C. The
amount of sample for the test was adjusted to obtain 200 mg of Rif.
Finally, the amount of dissolved Rif was determined by spectro-
photometric method at 472 nm.

2.9. Stability studies

The stability study for Rif nanosuspensions was evaluated at 4 °C for
two years. HD and PdI value measurements were performed using

Fig. 1. Scheme of miniaturized wet-bead milling method A: Front view and B: Top view.

Table 1
Variables and levels in Box-Behnken Design to prepare Rif nanocrystals.

Independent variables
(%w/w)

Levels

Low
(−1)

Medium
(0)

High
(+1)

Rif (X1) 3.00 4.00 5.00
ZIR (X2) 10.00 15.00 20.00
POVA (X3) 1.00 2.00 3.00

Dependent variable

HD: Hydrodynamic diameter (z-average) of the nanocrystals

Rif: Rifampicin; ZIR: Zirconia beads; POVA: Povacoat®.
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Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) in triplicate
(n = 3).

2.10. Minimal inhibitory concentration (MIC) by broth dilution method

The metabolic activity of Mycobacterium tuberculosis H37Rv was
determined by colorimetric MTT [23]. The MIC was performed in a
biosafety cabinet type BSC Class II A using biosafety level 3 practices in
the mycobacteriology laboratory. The strain ATCC 25618/H37Rv was
obtained from the American Type Culture Collection (ATCC) and
maintained at Laboratory of Microbiology. The activity of the organism
was determined by colorimetric MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) reduction assay in 96-well plates (Falcon
3072, BD, Argentina). The microbial suspension was transferred using a
multichannel pipette, in each well of a 96-well plate at 106 CFU/well
(50 μL), and N-acetylcysteine (NAC) (50 μL) diluted in Middlebrook
7H9 broth medium with 10% (w/v) oleic acid albumin dextrose com-
plex (OADC) added at the indicated concentrations. The plates were
incubated at 37 °C in air containing 5% CO2, for 5 days. After this
period, the samples of Rif nanosuspensions (F1-Rif and F2-Rif), mi-
cronized rifampicin commercial suspension (20 mg/mL) (F-FURP) and
standard rifampicin powder (S-Rif) (Sigma Chemical, St Louis, MO, US)
diluted to concentrations at 8.0, 4.0, 2.0, 1.0, 0.5, 0.25, 0.125 and
0.063 μg/mL were transferred to the cells. The assay was incubated for
48 h at 37 °C, in air containing 5% CO2. Then, the MTT salt was added
to each well-plate and incubated for 3 h. Finally, an aliquot of 100 μL of
lysis buffer (20% w/v of sodium dodecyl sulfate and 50% of di-
methylformamide in distilled water) was added, and the cultures were
incubated overnight at 37 °C in 5% CO2. Bacterial cultures treated with
standard rifampicin powder (1.0 μg/mL) were used as a positive control
for growth inhibition and with only Middlebrook 7H9 broth medium as
the negative control. The MIC was defined as the concentration at
which no microbial growth was observed visually or spectro-
photometrically via readings of optical density (OD) at 570 nm (TECAN
Safire 2, Mannedorf, Switzerland). The means of the values of absor-
bance (n = 24) for the F1-Rif, F2-Rif, F-FURP, and S-Rif were compared
using ANOVA. The magnitude of the differences observed in the
ANOVA was revealed using a multiple comparison test, the Tukey test.

2.11. In vitro cytotoxicity studies

The MTT assay determined the cytotoxic effect of Rif nanosuspen-
sions on HepG2 cells. These cells were cultured in 96-well plates at a
concentration of 1 × 105 cells/well, and incubated at 37 °C, in a 5%
CO2 incubator. After 24 h, the culture supernatant was changed, and
different amounts of Rif were added to produce final concentrations of
1.0, 5.0, 10.0, 15.0, 25.0, and 75.0 μg/mL in Middlebrook 7H9 broth
medium. Also, Middlebrook 7H9 broth medium with Dimethyl sulf-
oxide (DMSO) 5.0% (w/v) was added as positive control (total cell
death) and only Middlebrook 7H9 broth medium as the negative con-
trol (100% cell viability). The plates were incubated for 24 h. Then,
20 μL of MTT (methyl-tetrazolium [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide]) (Sigma-Aldrich, US) at a concentration
of 5.0 mg/mL was added to each well. The plates were incubated for 3 h
at 37 °C in a 5% CO2 incubator. The growth medium was removed;
200 μL of DMSO and 20 μL of glycine buffer were added and incubated
at room temperature for 30 min. The appearance of purple color de-
monstrated the presence of viable cells due to the formation of for-
mazan crystals. The absorbance was determined at 570 nm using
Microplate reader Biotek-PowerWave XS2 (BioTek Instruments, Inc.,
Winooski, VT, US). Percent of growth inhibition was determined using
the following equation:

= − ×Growth inhibition (%) [(C T)/C] 100

where C is the mean absorbance of the control group, and T is the mean
absorbance of the test group.

This method is recommended and standardized according to ISO
10993-5:2009 Biological evaluation of medical devices - Part 5: Tests
for in vitro cytotoxicity [24].

3. Results and discussion

3.1. Preparation of Rif nanosuspensions by miniaturized wet-bead milling
method using Box-Behnken Design (BBD)

Rif nanosuspensions were prepared by miniaturized wet-bead mil-
ling method (Section 2.2). After three days, the particle size was re-
duced to about to 500 nm compared to the initial size of 50 μm, a 100-
fold decrease in the size. This small-scale approach, being simple and
low-cost, allows for screening of drug and stabilizer concentrations, and
identifies critical process parameters [15].

3.1.1. Box-Behnken Design (BBD)
The Box-Behnken design was used to evaluate the effects of the

independent variables on the dependent variable, hydrodynamic dia-
meter. BBD requires fewer experiments (15 formulas) compared to a
full factorial design (27 formulas), maintaining a similar statistical
power level. The BBD design, HD, and PdI results are shown in Table 2.

The Supplemental Table S1 presents the analysis of variance
(ANOVA) for HD. The p-values< 0.05 (α = 0.05) showed the sig-
nificance of each main effect and their interaction. The lack-of-fit
showed p-value equal to 0.484, which indicated the fitness of the se-
lected model. In this study, the regression analysis revealed coefficient
of determination (R2) of 99.76%, adjusted R2 (adj-R2) of 99.32%, and
predicted R2 (pred-R2) of 97.31% (Supplemental Table S1). When these
values differ significantly, it is an indication that nonsignificant terms
were included in the model [25]. For the developed model, the three R2

values were close, which indicates that the model was representative of
the data, and the variables were representative, regarding HD.

Fig. 2 shows the optimized condition to decrease the HD to va-
lues< 348 nm: Rif concentration< 3.5% (%w/w); concentration of
POVA aqueous solution in the range of 2.4 to 3.2% (%w/w) and 14 to
20% (%w/w) of ZIR. The reduction of particle size is a result of the
collisions produced between the particles of the drug substance with
itself and with the grinding beads in the grinding chamber [26–28]. The
Rif concentration in the system allowed an effective mechanical colli-
sion and shear forces [27]. The study showed that POVA concentration
is critical and can affect the milling results. High polymer concentration
may slow down the movement of zirconia beads, hinder the energy
delivery, delay production, and jellify the nanosuspension during

Table 2
Box-Behnken experimental design and observed responses.

Formula Rif ZIR POVA HD + SD (nm) PdI

(%w/w)

1 3.0 10.0 2.0 407.2 ± 4.5 0.1
2 5.0 10.0 2.0 393.3 ± 1.0 0.2
3 3.0 20.0 2.0 362.9 ± 4.3 0.2
4 5.0 20.0 2.0 390.9 ± 2.8 0.1
5 3.0 15.0 1.0 401.6 ± 0.3 0.2
6 5.0 15.0 1.0 377.9 ± 6.9 0.2
7 3.0 15.0 3.0 336.6 ± 1.6 0.2
8 5.0 15.0 3.0 362.9 ± 5.5 0.3
9 4.0 10.0 1.0 421.8 ± 4.0 0.1
10 4.0 20.0 1.0 442.4 ± 8.9 0.2
11 4.0 10.0 3.0 428.8 ± 5.3 0.2
12 4.0 20.0 3.0 355.3 ± 2.6 0.2
13 4.0 15.0 2.0 356.4 ± 4.5 0.2
14 4.0 15.0 2.0 360.4 ± 2.1 0.2
15 4.0 15.0 2.0 360.8 ± 3.7 0.2

Rif: rifampicin; ZIR: zirconia beads; POVA: Povacoat®, HD: hydrodynamic
diameter, SD: standard deviation, PdI: polydispersity index.
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production [29,30]. A larger number of zirconia beads with high den-
sity are beneficial for obtaining fine particles [27,28].

A second-order polynomial equation for HD (dependent variable)
was generated, Eq. (2).

= − − − −

∗ + ∗ + ∗ +

∗ + ∗ − ∗

HD (nm) 799.90 2.50 Rif 44.48 ZIR 67.54 POVA 6.48 Rif

Rif 1.43 ZIR ZIR 17.03 POVA POVA 2.09 Rif
ZIR 12.50 Rif POVA 4.70 ZIR POVA (2)

3.1.2. Optimization of Rif nanosuspension
For the mathematical model verification, it was found that the

observed and predicted HD values of F1-Rif and F2-Rif (Fig. 3) were
similar (Table 3) and presented monomodal distribution (Supplemental
Fig. S1). Thus, the obtained mathematical model was valid for pre-
dicting the HD.

3.2. Particle size and morphology characterization

The Rif raw material had around 50 μm in diameter. Tables 3 and 4
show Rif nanocrystal particle sizes in the nanoscale range. Due to in-
creased saturation solubility, Rif nanocrystals can dissolve during the

Fig. 2. Three-dimensional response surface plot showing the effects of the mutual interactions between two independent variables on the HD of the Rif nanocrystals.
A: Rif and ZIR (POVA 2.0%w/w), B: Rif and POVA (ZIR 15.0%w/w) and C: POVA and ZIR (Rif 4.0%w/w).

Fig. 3. Rif nanosuspensions obtained by miniaturized wet-bead milling method.
A: F1-Rif and B: F2-Rif.

Table 3
Observed and predicted hydrodynamic diameter (HD) by dynamic light scat-
tering (DLS) for optimized Rif nanosuspension (F1-Rif and F2-Rif) (n = 3).

Sample Rif ZIR POV HD (nm) 95% CI

(%w/w) Predicted Observed

F1-Rif 3.25 20.00 2.57 345.10 340.60 ± 5.40 339.70; 350.30
F2-Rif 3.28 20.00 2.00 370.10 364.20 ± 4.50 365.30; 374.80

Rif: rifampicin; ZIR: zirconia beads; POVA: Povacoat®, CI: confidence interval.

Table 4
Mean particle diameters of Rif raw material, F1-Rif and F2-Rif by laser dif-
fraction (LD) (n = 10).

Samples d (v; 0.1) (μm) d(v; 0.5) (μm) d(v; 0.9) (μm) MD (μm)

Rif 35.2 ± 0.1 48.9 ± 0.1 66.8 ± 0.1 50.1 ± 0.1
F1-Rif 0.4 ± 0.1 0.6 ± 0.1 0.9 ± 0.1 0.6 ± 0.1
F2-Rif 0.1 ± 0.1 0.6 ± 0.1 1.7 ± 0.1 0.8 ± 0.1

LINK Excel.SheetBinaryMacroEnabled.12 "C:\\Users\\Katherine\\AppData\
\Roaming\\Microsoft\\Excel\\Libro1 (version 1).xlsb" "Hoja1!F8C6:F14C10"
\a \f 4 \h \* MERGEFORMAT d(v;0.1), d(v;0.5), and d(v;0.9): volume-weighted
diameters, MD: mean diameter.
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measurements causing differences in size and polydispersity index
(PdI). The Rif saturated solution was used to address this problem
[10,31]. The similar results of particle size using different techniques
(DLS and LD) (Tables 3 and 4) indicated an adequate performance of
miniaturized wet-bead milling method.

The SEM micrograph (Fig. 4A) of RIf raw material showed micro-
particles with typical needle morphology of the crystals. Fig. 4B (TEM
micrograph) revealed the tendency of Rif particles to form aggregates
from smaller particles. This feature is a challenge in product develop-
ment, which requires the proper choice of the stabilizing agent aiming
to achieve adequate stability to the system. TEM micrographs of na-
nocrystals (Fig. 4C–D) showed their semi-spherical morphology and
absence of aggregates. The particle size was drastically decreased from
microscale to nanoscale. The results showed particle sizes between
40 nm to 500 nm in the nanosuspensions. Similar results were found by
the measurements based on DLS and LD methods [32,33].

3.3. Nanosuspension lyophilization

The addition of excipients (cryoprotectants and lyoprotectants) in
the formulations is necessary to avoid changes in the nanocrystals. The
characteristics of an excellent freeze-dried product include an intact
cake. This cake, when redispersed has to occupy the same volume as the
original frozen dough (Fig. 5) [34]. Mannitol was used successfully as
cryoprotectant at a concentration of 5% (w/v) to avoid the aggregation
of drug nanocrystals. This sugar is used since it recrystallizes around the
nanocrystals during the water-removal operation and prevents the
particle interaction and the formation of aggregate [35,36]. After the
lyophilization, the Rif nanocrystals redispersion time was rapid and
without observation of apparent aggregates. Table 5 shows the results
of HD, PdI, and ZP. These parameters were unaffected by the freeze-
drying process. Additionally, TEM micrographs (Fig. 6) show the semi-
spherical morphology without aggregates remaining.

3.4. Characterization of physical state

The Cambridge Structural Database (CSD) provides seven crystal-
line forms of rifampicin [5] with two polymorphic forms having been
identified through thermal analysis [37]. The DSC study confirmed that
the rifampicin used was polymorphic form II with a melting peak at
192.3 °C, immediately followed by recrystallization to form I (exotherm
at 200 °C). This feature is a characteristic of a solid-liquid-solid tran-
sition. The drug finally decomposed above 248.9 °C (Fig. 7) [38]. Fig. 7,
DSC curve, demonstrated rifampicin raw material and lyophilized ri-
fampicin nanocrystals presented polymorph form II. The only difference
observed was a shift in temperature of thermic events by the reduction
of particle size or the presence of the stabilizer [39,40]. The DSC curve
of physical mixture presented a sum of the thermal events of rifampicin
and Povacoat® and was similar to the curves of nanocrystal

Fig. 4. SEM micrograph: (A) Rif raw material (magnification 5000×). TEM micrographs: (B) Rif raw material (magnification 25,000×), (C) F1-Rif nanocrystals
(magnification 25,000×) and (D) F2-Rif nanocrystals (magnification 5000×).

Fig. 5. Rif nanosuspension lyophilized A: F1-Rif and B: F2-Rif.
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formulations. These results confirmed that the crystalline characteristic
of the drug substance was maintained after the nanonization process
and demonstrated the lack of interactions between the drug and ex-
cipients [41].

The polymorphic form II of rifampicin raw material is distinguish-
able by its XRD pattern (XRD-p) with characteristic diffraction peaks
exhibited at 9.93 and 11.10° 2θ (Fig. 8) [38]. Povacoat® was reported as
a semicrystalline polymer with a prominent diffraction peak at 19.2° 2θ
[18]. The XRD-p of mannitol (MAN) determined the presence of form III
of D-mannitol [42]. The XRD-p of the lyophilized Rif nanocrystals (F1-
Rif and F2-Rif) showed the combined peaks of the pure components
(Rif, POVA, and MAN) as well as the presence of the peaks 9.93 and
11.10° 2θ of polymorphic form II of Rif. The less intense peaks were due
to the presence of 3.25 (%w/w) or 3.28 (%w/w) Rif in the nanosus-
pensions and the significant reduction in the particle size induced by
the milling process. Also, these peaks are a result of the dilution of the
particles with the stabilizer (POVA) and cryoprotectant (MAN) [21,43].
Similar results were observed in the crystallinity of griseofulvin after
nanonization. The XRD-p of MAN proved to be so strong that it was
difficult to check the crystallinity of the milled griseofulvin [20]. Fi-
nally, as a conclusion of the results of DSC and XRD-p evaluation, the
crystalline state of Rif was not influenced by the miniaturized wet-
milling process.

3.5. Determination of rifampicin content, viscosity and pH

The Rif content for F1-Rif and F2-Rif was 96.3% and 96.0% (w/v),
respectively, which was higher than the micronized rifampicin com-
mercial suspension (20 mg/mL) (Table 6). The lower drug content
found (88.9%) was due to its high viscosity (725.9 cP), which makes
sample homogenization problematic. In contrast, nanosuspensions offer
the possibility of incorporating a high concentration of the drug sub-
stance into a reduced volume of the dispersion medium, while ob-
taining products with lower viscosity (F1-Rif and F2-Rif, both 3.1 cP)
compared to the commercial product. Therefore, the administration of
the nanosuspension could reduce the dose by half, which might

improve the long-term treatment for the elderly and children by reduce
side effects [44–46].

The pH is an important parameter to avoid RIF degradation. Table 6
shows the pH for F1-Rif and F2-Rif formulations was 6.55 and 6.60,
respectively. Rifampicin is most stable in the range of pH 5 to 7 (pKa
values of 1.7 and 7.9) [47,48]. However, in an acidic medium, ri-
fampicin hydrolyzes and forms degradation products such as 1-amino-
4-methyl piperazine [47,49]. For this reason, solid preparation is more
appropriate. The lyophilization process was used to provide a solid
formulation. This approach increases its chemical stability and reduces
the possible hydrolysis process of rifampicin in aqueous medium.

3.6. Saturation solubility

Fig. 9 shows the results of the saturation solubility of Rif raw ma-
terial (Rif) and Rif nanocrystals (F1-Rif and F2-Rif). The analysis of
variance (ANOVA) (Supplemental Table S2) revealed a significant dif-
ference between the solubility means among the Rif nanocrystals and
Rif raw material (p-value equal to and<0.001; α = 0.05).

Subsequently, the Tukey test (Table 7) revealed the AB pH 4.5,
water and PB pH 7.2 media presented significant differences in sa-
turation solubility of F1-Rif and F2-Rif compared to Rif raw material.
Additionally, in PB pH 6.8 medium, the three samples showed sig-
nificant differences. Thus, this medium was chosen as the dissolution
test medium since it is more discriminative. These results confirm the
increased saturation solubility of Rif nanocrystals.

The size reduction increased the solubility of the two formulations
(F1-Rif and F2-Rif) in all media. The Rif nanocrystals increased solu-
bility up to 1.74-fold in water compared with the raw drug substance.
Agrawal and collaborators found that Rif bioavailability is variable due
to a limited dissolution rate in the acidic medium. Immediate release
(IR) formulations might disintegrate in the stomach but might not re-
lease the drug rapidly for optimum bioavailability [38]. The results
showed a higher saturation solubility occurred at acid pH (acetate
buffer pH 4.5), where rifampicin exhibits usually lower solubility. The
Noyes–Whitney Kelvin and Ostwald–Freundlich equations establish

Table 5
Hydrodynamic diameter (HD), polydispersity index (PdI) and zeta potential (ZP) of F1-Rif, F2-Rif and redispersed rifampicin nanocrystals in water (n = 3).

Samples Before lyophilization After lyophilization (redispersed nanocrystals)

HD (d. nm) PdI ZP (mV) HD (d. nm) PdI ZP (mV)

F1-Rif 340.6 ± 5.4 0.2 ± 0.1 −8.8 ± 0.4 345.7 ± 3.4 0.3 ± 0.1 −9.0 ± 0.4
F2-Rif 364.2 ± 4.5 0.3 ± 0.1 −9.0 ± 0.1 363.2 ± 2.9 0.2 ± 0.1 −9.0 ± 0.1

Fig. 6. TEM micrographs (A) F1-Rif (magnification 25,000×) and (B) F2-Rif (magnification 25,000×) lyophilized after redispersion.
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that the reduction of the particle size increases surface area allows for
higher interaction with dissolution media (biological fluids). Thus, it
promotes a high dissolution rate [42,50–54]. The increase of the sa-
turation solubility and the adhesion to biological membranes of drug
nanocrystals allow an increase in the concentration gradient and sub-
sequently permeation of the drug through gut membranes [55–58].
Frequently, variability in oral absorption is common for class II drugs in
fed vs. fasted state. Due to their in vivo properties nanocrystals can
reduce fasted and fed state variability [58–60].

3.7. Dissolution test

The dissolution rate and saturation solubility are essential factors
affecting oral absorption, which can be improved by a reduction in
particle size [61,62]. The dissolution profiles for F1-Rif, F2-Rif, and
micronized rifampicin commercial suspension (20 mg/mL) (F-FURP)
are shown in Fig. 10. Rif nanosuspensions showed the highest dis-
solution rate in a few minutes compared to the F-FURP. The effect of Rif
particle size is pronounced in determining solubility [63]. The slow

Fig. 7. DSC curves of rifampicin raw material (Rif), Povacoat® (POVA), physical mixture (PM) and lyophilized rifampicin nanocrystals (F1-Rif and F2-Rif).

Fig. 8. Powder X-ray diffractograms of rifampicin raw material (Rif), Povacoat® (POVA), mannitol (MAN), physical mixture (PM), and lyophilized Rif nanocrystal
(F1-Rif and F2-Rif).
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dissolution of the commercial suspension can be attributed to the high
hydrophobicity of rifampicin shown by poor wetting of drug particles
and its particle size (50.1 ± 0.1 μm). Additionally, the commercial
suspension shows high viscosity (725.87 cP) compared to the nano-
suspensions, which did not allow an adequate stirring in the vessel of
apparatus 2. The slope of the dissolution profile is different for nano-
suspensions in the initial stage (first 30 min). The dissolution rate of
rifampicin nanosuspension was maintained at a higher level throughout
the experiment when compared to the commercial product. The large
effective surface area and higher apparent saturation solubility of Rif
nanocrystals enhance the dissolution rate according to the Noyes-
Whitney equation [59]. A higher amount of dissolved drugs can en-
hance the absorption leading to higher drug plasma concentrations.
This can potentially avoid the development of multidrug-resistant
(MDR-TB), and Rifampicin mono-resistant tuberculosis (RMR-TB)
strains of Mycobacterium tuberculosis [64,65], which represent a sig-
nificant challenge to the global control of tuberculosis.

3.8. Stability study

Drug nanocrystals can agglomerate, aggregate, or precipitate during
the preparation or storage. Mostly, the aggregation is due to Ostwald
ripening phenomenon, where smaller particles are dissolved faster, and

free molecules diffuse to the larger drug particles. This enlargement in
particle size will decrease the apparent saturation solubility and the
dissolution rate [51,59]. The balance between attractive and repulsive
forces in aqueous suspensions can be achieved by adding stabilizers
(surfactants and polymers) on the particle surfaces, such as Povacoat®
(Supplemental Fig. S2), decreasing the Ostwald ripening emergence.
This polymer was initially developed as a film-coating agent and wet
granulation binder [18]. Povacoat® can form a dense film that operates
as moisture, odor, and oxygen barriers in tablets. This film prevents the
passing of oxygen, avoiding the deterioration of the coated tablets. Its
high water solubility allows easy preparation of Povacoat® solutions for
film coating or granulation binder liquid. The use of this polymer in
tablet manufacturing also prevents capping and sticking. Due to its
characteristics, it can also be used to produce an orally disintegrating
tablet.

When used to prepare nanosuspensions, Povacoat® forms a dense
hydrophilic layer around hydrophobic particles providing steric hin-
drance and repulsions between the particles (steric stabilization). This

Table 6
Drug content, pH and viscosity in the Rif nanosuspensions (F1-Rif and F2-Rif)
and micronized rifampicin commercial suspension (20 mg/mL) (F-FURP)
(n = 3).

Samples Concentration (mg/
mL)

% Rif content
(w/v)

Viscosity (cP) pH

F1-Rif 42.9 ± 0.4 96.3 ± 0.4 3.1 ± 0.1 6.55 ± 0.02
F2-Rif 42.4 ± 0.5 96.0 ± 0.5 3.1 ± 0.1 6.60 ± 0.03
F-FURP 17.8 ± 2.1 89.0 ± 2.1 725.9 ± 6.8 4.49 ± 0.02

Fig. 9. Solubility (mg/mL) of Rif raw material (Rif) and Rif nanocrystals lyophilized (F1-Rif and F2-Rif) at 37 °C for 72 h (n = 3).
AB: acetate buffer, PB: phosphate buffer.

Table 7
Tukey multiple comparison test for media (n = 3).

Media Samples Mean Grouping

AB pH 4.5 F1-Rif 45.48 A
F2-Rif 44.88 A
Rif 35.72 B

Water Rif 47.71 A
F1-Rif 39.89 B
F2-Rif 39.01 B

PB 6.8 F1-Rif 47.71 A
F2-Rif 42.71 B
Rif 27.38 C

PB 7.2 F1-Rif 45.48 A
F2-Rif 44.88 A
Rif 35.72 B

AB: acetate buffer, PB: phosphate buffer.
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phenomenon decreases the free energy of the system and interfacial
(surface) tension of drug particles, avoiding formation of aggregates
due to minimizing the molecular motion of the drug in the dispersed
phase [19,20,53,54,66,67]. Povacoat® has demonstrated its potential to
prevent the aggregation. This polymer was more efficient than other
stabilizers in providing physicochemical stability in the preparation of
orotic acid (OA) nanocrystals by a high-energy milling method. The
results indicated a notable reduction in the particle size of OA,> 200
times (116 ± 5 nm) when compared with the OA raw material
(26.1 μm) [21]. Similarly, Yuminoki et al. obtained griseofulvin (GF)
nanocrystals by the same method using polyvinyl alcohol (PVA), hy-
droxypropyl cellulose (HPC), and polyvinylpyrrolidone (PVP) as stabi-
lizing agents. Drug nanocrystals with Povacoat® showed high disper-
sion stability, an improvement of solubility and oral absorption
compared with the other polymers studied [20].

The stability study is shown in Fig. 11. The particle size of F1-Rif
and F2-Rif presented monomodal size distribution with PdI lower than
0.3. No aggregates indicated the physical stability of the system for two
years. Homogenous nanosuspensions (PdI < 0.3) can effectively avoid
the emergence of the Ostwald ripening phenomenon. The storage
temperature was essential to prevent physical instability; higher tem-
peratures can increase the saturation solubility of Rif, the hydrophobic
interactions between particles, and the dehydration of polymer [68].
The unchanged particle size for two years proved that Povacoat® was a
suitable choice for Rif nanosuspension stabilization.

3.9. Determination of minimum inhibitory concentration (MIC)

The mean absorbance values at 0.25 μg/mL (MIC) (n = 24) for the
F1-Rif, F2-Rif, micronized rifampicin commercial suspension (F-FURP)
and standard rifampicin powder (S-Rif) are presented in Supplemental
Table S3. The analysis of variance (ANOVA) revealed a significant
difference between the means among these groups (p-value equal to
0.001; α = 0.05) (Supplemental Table S4).

The Tukey test (Table 8) revealed that the F1-Rif and F-FURP, F2-Rif
and S-Rif, F-FURP, and S-Rif did not present significant differences
among themselves.

Similar to this study, Schön and colleagues determined that the ri-
fampicin MIC were equal to 0.25 μg/mL and 0.50 μg/mL, respectively,
for susceptible Mycobacterium tuberculosis H37Rv strain in clinical iso-
lates and for other susceptible Mycobacterium tuberculosis [69]. In the
present study, the MIC was 0.25 μg/mL; absorbance equal to 0.08075,
0.08713, 0.06756 and 0.07279, respectively for F-FURP, F1-Rif, F2-Rif
and S-Rif, indicating that the milling process did not alter the anti-
microbial property of the Rif (Supplemental Table S3).

3.10. In vitro cytotoxicity study

For the evaluation of the cytotoxicity, F1-Rif was chosen due to its
higher concentration of polymer compared to the F2-Rif. MTT method
using HepG2 cells was selected due to the well-known anti-tuberculosis
drug-induced liver injury. Cell viability values below 70% characterize
significant toxicity of the sample [70,71]. This assay has been used to
screen the cytotoxicity of bexarotene nanocrystals and paclitaxel na-
noparticles. Bexarotene nanocrystal showed tumorigenic potential re-
duction in human lung cancer cell line [72]. Similarly, paclitaxel (PTX)
nanoparticles were less toxic than pure drug PTX in cancer and resistant
cancer cell lines [73]. In the present study, we use hepatocytes to access
the in vitro toxicity of Rif nanocrystals.

Table 9 showed that the interaction between rifampicin and the
polymer was not cytotoxic. Additionally, no evidence of cytotoxicity
was found in any of the tested concentrations since there is no statis-
tically significant difference between the values of cellular viability for
these concentrations and those found for the control group. Further-
more, cell viability was>70% for all concentrations studied, which,
according to ISO 10993-5 [24,74], does not have a toxic effect.

4. Conclusion

In this study, a simple miniaturized wet bead milling method de-
monstrated to adequately reduce the particle size of rifampicin
(< 500 nm and 100-fold decrease). The rifampicin nanocrystals showed
increased saturation solubility up to 1.74-fold and improved dissolution
rate, compared to the commercial product marketed in Brazil. Thus this

Fig. 10. Dissolution profiles of Rif nanosuspensions (F1-Rif and F2-Rif) and micronized rifampicin commercial suspension (F-FURP) obtained with paddle dissolution
test (900 mL of phosphate buffer pH 6.8, 50 rpm, 37 °C) (n = 3).
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preparation might increase the oral absorption of this poorly water-
soluble drug. Another achievement was that the crystalline state was
unchanged after the size reduction and lyophilization. Povacoat® in-
creased the nanosuspension stability up to two years. Furthermore, a
100% increase in drug concentration in the preparations was achieved.
F1-Rif and F2-Rif showed antimicrobial properties similar to the com-
mercial product and no evidence of cytotoxicity was observed. These
features and a 50% reduction in volume can improve patient adherence
throughout the duration of the TB treatment. Thus, rifampin nanosus-
pensions can provide a platform for developing innovative preparations
aiming to combat this disease with improved patient compliance.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2020.110895.
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