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Development of nanosuspensions offers a promising tool for formulations involving poorly water-soluble
drugs. In this study, methotrexate (MTX) nanosuspensions were prepared using a bottom-up process
based on acid-base neutralization reactions. Computational studies were performed to determine
structural and electronic properties for isolated molecules and molecular clusters in order to evaluate the
mechanism of MTX nanoparticle formation. Computational results indicated that the clusters in
zwitterionic and cationic states presented larger dimensions and higher energies of interaction between
MTX molecules, which favored aggregation. In contrast, the clusters in the anionic state exhibited lower
energies of interaction, indicating aggregation was less likely to occur. Experimental results indicated
that the higher the HCI proportion during drug precipitation, the greater the particle size, resulting in
micrometric particles (2874-7308 nm) (cationic and zwitterionic forms). However, MTX nanoparticles
ranging in size from 132 to 186nm were formed using the lowest HCl proportion during drug
precipitation (anionic form). In vitro release profiles indicated that the drug release rate from
nanosuspension was increased (approximately 2.6 times) over that of the raw material. Overall,
computational modeling and experimental analysis were complementary and assisted in the rational
design of the nanosuspension based on acid-base reactions.
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1. Introduction

Nanosuspensions are a relatively new trend in pharmaceutical
technology because of the benefits of reducing the size of insoluble
drug particles. Nano-ranged particles can lead to an increase in the
dissolution rate and bioavailability of a drug, especially one with
stability and solubility problems (Bose et al., 2012; George and
Ghosh, 2013; Méschwitzer, 2013; Sinha et al., 2013). Additionally,
particle size reduction can increase penetration through biological
barriers and cell membranes, which can lead to an improved drug
residence time in a specific tissue or organ (Alaei et al., 2016;
Collnot et al., 2012; Rabinow, 2004). Additional advantages include
dose and toxicity reduction, increased drug concentration in
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affected tissues or organs, and better adhesion of nanoparticles to
mucosal surfaces (Das and Suresh, 2011; Jacobs and Miiller, 2002;
Tian et al,, 2013). In addition, nanosuspensions can be adminis-
tered by various routes, including oral (Xu et al., 2012), parenteral
(Tian et al, 2013), nasal (Bhavna et al., 2014), ophthalmic
(Pignatello et al., 2002), and pulmonary (Jacobs and Miiller, 2002).

Nanosuspensions are submicron colloidal dispersions of pure
drug particles, which are stabilized by surfactants, polymers, or a
combination of both (Rabinow, 2004). A reduction in particle size
leads to an increase in dissolution rate because of an increased
surface area, according to the Noyes-Whitney equation (Noyes and
Whitney, 1897), and an enhancement in saturation solubility of the
drug, based on the Ostwald-Freundlich equation (Sinha et al., 2013;
Xu et al., 2012).

Nanosuspensions can be prepared using top-down processes,
which involve drug particle size reduction using various techni-
ques, including media milling, microfluidization and high-pressure
homogenization. The wet milling and high-pressure homogeniza-
tion methods are widely exploited because they efficiently produce
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small particles and do not require organic solvents, making them
more feasible for industry production. However, these techniques
involve a high energy input, which generate heat, making it
difficult to process thermolabile materials. In addition, the large
amount of energy can produce amorphous particles and cause
deformation of crystals (Chen et al., 2008; Rabinow, 2004; Sinha
et al,, 2013; Verma et al., 2009).

Another technique for making nanosuspensions is the bottom-
up process, also known as the precipitation process, in which the
particles are formed from a molecular state, based on the
precipitation of particles from a supersaturated drug solution.
The drug can be precipitated using methods such as solvent
evaporation, supercritical fluid, antisolvent precipitation and
chemical precipitation. For drugs with pH-dependent solubility,
precipitation can be accomplished utilizing acid-base neutraliza-
tion reactions. The bottom-up method requires a low energy input,
making it useful for thermolabile materials, and is also simple and
inexpensive (Chen et al.,2008; Mou et al., 2011; Verma et al., 2009).

Methotrexate (MTX) ((2S)-2-[[2,4-diaminopteridin-6-yl)meth-
yl-methylamino]benzoyl]amino]pentanedioic acid) is a chemo-
therapeutic drug that, acts as a folic acid antagonist and interferes
with the formation of DNA, RNA, and proteins. The aqueous
solubility of MTX is pH-dependent ranging from 0.9 mM (pH 5) to
20mM (pH 7). It has a log P of —1.85 (Chen et al., 2012; Hansch
et al.,, 1995; Rubino, 2001).

It is widely used in the treatment of various diseases, including
leukemia, osteosarcoma, non-Hodgkin’s lymphoma, head and neck
cancer, lung cancer, breast cancer, colorectal cancer, choriocarci-
noma, as well as autoimmune diseases such as psoriasis and
rheumatoid arthritis. However, MTX is poorly water-soluble and
has a bioavailability limited by its poor solubility and slow
dissolution rate. It also is associated with several side effects when
administered at high doses (Chen et al., 2012; Pereira et al., 2014;
Rubino, 2001).

The development of nanosuspensions represents a promising
strategy for drugs such as MTX that have poor water-solubility.
This study aimed to develop nanosuspensions using a bottom-up
technique because MTX exhibits a pH-dependent solubility and
particles of MTX can be formed using acid-base neutralization. The
effect of variables, such as the different acid and base proportions
employed in the MTX solubilization and precipitation, were
evaluated regarding particle formation and size. The parameters
investigated were size, polydispersity index (PDI), zeta potential,
Fourier transform infrared spectroscopy (FTIR), drug content, and
in vitro particle dissolution rate.

Computational modeling studies, especially quantum chemis-
try calculations, can be used in pharmaceutical nanotechnology
together with experimental studies to advance the understanding
of the formation, mechanism of action, interaction, mechanical
properties, characterization, and stability of drug delivery systems
(Bunker et al., 2016; De Souza et al., 2016; Ramezanpour et al.,
2016). In this study, the interaction energies of the particles were
evaluated with computational calculations (quantum chemistry
calculations) using density functional theory (DFT) to obtain
various properties, including the equilibrium geometry for each
molecular system, Mulliken charges, orbital energies, and molec-
ular orbitals. Computational modeling and experimental analysis
were combined synergistically for the rational design of MTX
nanosuspensions and to understand the experimental methods.

2. Materials and methods
2.1. Computational study

Quantum chemistry calculations were performed using DFT as
implemented in the GAUSSIAN 09W package (Frisch et al., 2009)

because of their sufficient accuracy and lower computational cost
when compared to ab initio Hartree-Fock, as observed in other
studies (Becke, 1988; Dennington et al., 2009; Frisch et al., 2009;
Lewars, 2003; Rassolov et al, 2001). Generalized gradient
approximation (GGA) was used with the B3LYP (Becke, 1988)
exchange correlation functional, along with the 6-31G(d,p) basis
set (Rassolov et al., 2001). This basis functions were chosen due of
its additional polarization and diffuse functions that have
advantage to describe better equilibrium geometry, ground state
energies, charges, and electronic densities for second and third row
atoms.

In this study, it was used DFT with an implicit water solvation
PCM model (Tomasi et al., 2005). The PCM (Polarizable Continuum
Model) calculates the free energy of solvation by attempting to
sum over three different terms (Eq. (1)):

Gsolvatation = Gelectrostatic + Gdispersion—repulsion + Gcavitation (l)

The cavity used in the PCM is generated by a series of
overlapping spheres normally defined by the van der Waals radii of
the individual atoms (Fig. 1). It is possible in Gaussian to customize
the spherical radii.

The mathematical formalism for the integral equation formal-
ism PCM (IEF-PCM) model (this is the model that was employed by
Gaussian) is presented below. The complete Hamiltonian of the
solute molecule can be written as (Eq. (2)):

H=H+ Vys +V'(t) (2)

Where H° is the Hamiltonian in vacuo, Vs is the solute-solvent
molecule interaction, and the V’(t) component is the time-
dependent perturbation on the solute molecule. The V\;s compo-
nent is further defined as (Eq. (3)):

Vus = [[V(S)[™(5) + 0*(5)(pr5)]ds 3)

Here, the surface charge density is broken into two parts for the
nuclei (o™(s)) and the electrons (o(p;s)) for the solute. The V(s)
component is the electrostatic potential of the solute molecule
calculated on the cavity surface, 2. The last element to the
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Fig. 1. Illustration of cavity of solute-solvent interaction. Solvent accessible surface
(SAS) traced out by the center of the probe representing a solvent molecule (blue
line). The solvent excluded surface (SES) is the topological boundary of the union of
all possible probes that do not overlay with the molecule (red line). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

atoms
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Hamiltonian of the solute molecule is (Eq. (4)):
V/(t) /-’Lel) Ea)( iwt 4 e—lwt)

2/ an) gt) zwt+e—iwt)ds (4)

This term describes the cavity-field effect and the response of
the solvent to the external field after creation of the solute cavity in
the solvent. This allows for the direct calculation of the effective
polarizabilities of the molecule in the solvent. The free energy of
solvation for any PCM calculation is primarily the electrostatic
energy.

The polar medium could provide the needed environment for
zwitterion stabilization, and the final equilibrium geometry
obtained is correspondent to a real zwitterion structure. Thus,
this test allowed the determination of several properties, including
the equilibrium geometry for each molecular system, populational
Mulliken analysis, orbital energies, and molecular orbitals.

The Adsorption Locator module of the Materials Studio suite
software (Anon., 2017; Rappe et al., 1993,1992) was used to find the
lowest energy cluster for different molecular quantities. The
adsorption cluster was obtained by increasing the number of
molecules gradually until the number was reached for each type of
cluster. We performed a simulated annealing using the universal
force field (UFF), where the criteria used for adsorption simulation
were five cycles with 15000 Monte Carlo steps using the default
probabilities for rotate, translate and regrow. The convergence
optimization criteria were an energy or force change less than or
equal to 103 kcal/mol or 0.5 kcal/mol A~!, respectively, between
successive steps. From the ten energy configurations, the most
energetically favorable (the lowest energy configuration), was
chosen and this protocol was systematically used for each type of
cluster. The interaction energy of the MTX molecules (Eiytora) Was
obtained by difference between the cluster energy for each state
(Eciuster) and the individual energy of the species (anionic,
zwitterionic and cationic) (Especie) Of the total molecules in the
analyzed state, according to the following equation (Eq. (5)):

Eint total = Ecluster - ZEspecie (5)

The GaussView package (Dennington et al., 2009) was used to
generate and visualize all the figures of the computational
calculations. In order to visualize the figures for this study, spheres
of different sizes, symbols, and colors were used for each chemical
element, as shown in Fig. 2a.

2.2. Experimental study

2.2.1. Materials

MTX was purchased from Fagron Pharmaceutical (Sio Paulo,
Brazil), sodium hydroxide was provided by Grupo Quimica (Rio de
Janeiro, Brazil), 37% hydrochloric acid was supplied by Quimis (Sao
Paulo, Brazil), and purified water (Milli Q Millipore).

2.2.2. Preparation of MTX nanosuspensions by bottom-up process

MTX (25 mg/mL) was solubilized in water (20 mL), and the pH
was adjusted with two different volumes of 1 mol/L NaOH (Table 1),
under magnetic stirring, in order to obtain 1:1 and 2:1 molar
proportions of the drug. These proportions guaranteed an
interaction with one and two carboxylic groups of MTX,
respectively, in addition to its solubilization.

To precipitate MTX patrticles, different volumes of 1 mol/L HCI
were added dropwise to the drug solution while stirring using an
Ultra Turrax (Turratec TE-102, Tecnal, Brazil) under ice bath, at
24000 rpm for 5min. The volumes and molar ratios used are
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Fig. 2. Representation of each chemical element in the surface molecular structures
(a). The geometry of the methotrexate (MTX) (b) compound in a minimum energy
state; (c) regions of high reactivity, observed from the Mulliken charges obtained for
each atom.

indicated in Table 1. The abbreviation F was used to identify
formulations as follows: F1, F2, F3, F4, F5, F6, F7, and F8.

2.2.3. Physicochemical characterization of MTX nanosuspensions

2.2.3.1. Particle size and PDI determination. The particle size and
PDI of MTX nanosuspensions were determined by dynamic light
scattering using a Zetasizer Nanoseries (Malvern Instruments,
Worcestershire, UK). Before measurement, the nanosuspensions
were diluted (1:9; v/v) in Milli-Q water, which was the vehicle of
the nanosuspension, and the final pH of each nanosuspension were
maintained. All measurements were performed at 25°C in

Table 1

Composition of the formulations (F): molar ratios of solubilizing agent (NaOH
1 mol/L) and precipitation agent (HCl 1 mol/L) used for preparing the samples using
the bottom-up method.

Formulation Molar ratio MTX:NaOH:HCI

F1 1:1:0.5
F2 1:2:1

F3 1:1:1.3
F4 1:1:14
F5 1:1:1.7
F6 1:2:19
F7 1:2:2.2

F8 1:2:3
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triplicate and the mean values and standard deviations were
reported.

2.23.2. Zeta potential measurement. Zeta potential was
determined by measuring particle mobility under an applied
electric field using a Zetasizer Nanoseries (Malvern Instruments,
Worcestershire, UK). Prior to the measurement, samples were
diluted (1:9; v/v) in Milli-Q water. All measurements were
performed at 25°C in triplicate and the mean values and
standard deviations were reported.

2.2.3.3. FTIR. The FTIR absorption spectra of the nanosuspensions
and the raw drug were recorded on a Thermo Scientific Nicolet 155
spectrophotometer (Thermo Fisher Scientific, Pittsburgh, PA, USA)
at frequencies ranging from 400 to 4000cm~' with a 2cm™!
resolution. Samples were frozen at —80°C for 12h and then
lyophilized by Thermo Micromodulyo-115 (Thermo Fisher
Scientific, Asheville, NC, USA) for 24 h. Thereafter, the samples
and raw drug were each mixed with potassium bromide and
pressed into pellets before testing. F2, F3 and F7 were selected for
FTIR studies to represent the different molecular forms of MTX
(anionic, zwitterionic and cationic).

2.2.34. ATR-FTIR. The ATR-FTIR spectra of the liquid form
nanosuspensions (F2, F3, and F7) and the raw drug were
measured using a Vertex 70 spectrophotometer (Bruker, UK)
fitted with a diamond ATR crystal. The spectra were recorded
across the range of 400 to 4000 cm ™}, using a spectral resolution of
4cm~! and 64 scans.

2.2.3.5. Drug content study. The MTX nanosuspensions were
centrifuged (centrifuge Labnet, model Spectrafuge 16 M, Edison,
NJ, USA) at 14000 rpm, at 25°C for 15 min and the supernatants
were filtered through 0.45-pum membrane filters. The amount of
MTX in each sample was determined using a UV
spectrophotometer (Hewlett Packard-Kayak XA, USA) at 303 nm.
The analysis was performed in triplicate, and the drug content was
calculated by the following equation (Eq. (6)):

Drug content (%)

_ <Theoretical drug content — Supernatant drug content)

Theoretical drug content
x 100

(6)

2.2.3.6. In vitro dissolution study. The dissolution tests were
performed on a Hanson Research (New Hanson SR-8 Plus,
Chastworth, USA) dissolution station, using a USP apparatus II
(paddle) (USP, 2007) at 50rpm and 37 4 0.4 °C. Five milliliters of
each sample, equivalent to 125 mg MTX, was added to 900 mL of
phosphate buffer solution (pH 6.8). Aliquots were withdrawn at
predetermined times and immediately replaced with an
equivalent amount of fresh dissolution media to maintain the
sink condition. Samples were filtered through a 0.45-pm cellulose
acetate membrane filter before analysis. The concentration of MTX
released from each sample was determined using a UV
spectrophotometer (Hewlett Packard-Kayak) at 303 nm.
Dissolution studies were performed in triplicate.

3. Results and discussion

3.1. Computational study: a tool for the development of
nanosuspensions

Quantum chemistry methods and molecular modeling techni-
ques allow for the investigation of a variety of molecular
properties, such as reactivity, disposition, and chemical bonding,
as well as the evaluation of molecular fragments and substituents.
Atomic charge is an important parameter that can be determined
using the Mulliken charges method (Gece, 2008). This numerical
quantity provided a qualitative understanding of the molecular
structure with respect to the reactivity of the molecule and the
atomic charge described the polarity of the molecule.

Computational modeling studies were used to evaluate the
behavior of the MTX molecule in three different states (anionic,

LUMO +2

Fig. 3. The spatial distribution of the frontier molecular orbitals of methotrexate (MTX): the highest occupied molecular orbital (HOMO) and the lowest unoccupied

molecular orbital (LUMO).
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zwitterionic, and cationic). This provided a mechanism for
understanding the experimental results from this study.

The geometry of the MTX compound revealed a minimum
energy state (Fig. 2b) and exhibited a considerable electronic
density owing to the presence of different functional groups as
amine, amide, carboxylic acids, and benzene ring. These groups
represented three different regions in the molecule; (i) pteridine
terminal group, (ii) carboxylic acid terminal groups and (iii) amine
and amide aromatic centered groups. The presence of these groups
provide electronic density along the whole molecule.

The populational analysis of Mulliken allowed observing
regions of some atoms, sites with high or low electronic density
(Fig. 2c). Thus, it was observed that the electronic density is higher
over the nitrogen atoms, due to the negative value of the Mulliken
charges, associated to the effect of common resonance to hexenes
cycle. In the region of the carboxylic acid terminal group, was
observed a more positive value of the acid hydrogen bonded to the
carboxylic acid group next to the amide group, indicating the more
acidic hydrogen. Besides, the oxygen of the amide group presented
a high negative value. The association of the acid hydrogen closed
to the amide oxygen provides a more reactive region.

Molecular frontier orbital were used to evaluate the regions of
the molecule that are acceptors or donors of electrons. These
regions are the reactive regions of the molecule (Li et al., 2014;
Macedo et al., 2012). The HOMO (highest occupied molecular
orbital) can donate electrons because its orbital is more external
(high energy) than the other occupied orbitals, whereas the LUMO
(lowest unoccupied molecular orbital) can accept electrons
because it is lower energy than the other unoccupied orbitals.
Molecular orbitals are denominated with reference either to
HOMO or LUMO orbital, i.e., the label HOMO-n stands for nth
orbital below the HOMO, whereas the LUMO+m stands for mth
orbital above the LUMO (Kokalj and Peljhan, 2010).

From the results of the quantum chemistry calculations, the
frontiers orbital, largely used to understand the reactivity and
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Fig. 5. Interaction energies of methotrexate (MTX) molecules in different charge
states: anionic, zwitterionic and cationic.

transport properties of molecules, were identified. In Fig. 3, the
HOMO orbital was observed to be localized over the benzene rings;
this was the region that was favorable for the donation or sharing
of electrons. The HOMO -1 and HOMO -2 were localized over
nitrogen atoms and indicated regions of greater reactivity. The
LUMO orbital and LUMO +2 were localized over the same region as
HOMO -1 and HOMO -2; this indicated a highly localized frontier
orbitals molecule and indicated the region most favorable for
reactivity (donor/acceptor) or interaction with other molecules.
Fig. 4 shows the clusters with different quantities of MTX
molecules (3, 5, 7,9, 11, and 17) in different charge states (anionic,
zwitterionic and cationic). A weak interaction between MTX
molecules was observed in the anionic state, whereas in the
zwitterionic and cationic states, a strong interaction between MTX

Fig. 4. Clusters with different quantities of methotrexate (MTX) molecules in different charge states: anionic (a-c), zwitterionic (d-f) and cationic (g-i).
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molecules was observed. These results are shown in Fig. 5, which
shows the relationships between the interaction energies of the
MTX molecules. The anionic molecules presented an average
energy of approximately —110 kcal/mol for clusters with up to nine
molecules; as the number of molecules increased over nine, the
energy also increased, which suggested a less favorable clustering
state. However, the cationic and zwitterionic species displayed
average interaction energies around —260 and —360 kcal/mol,
respectively. This energy trend of increasingly negative values
clearly indicated a more energetically favorable state for the
formation of clusters. Therefore, from an energy stand point, MTX
molecules in cationic and zwitterionic states were more likely to be
aggregated.

The calculated volume for each size and state (cationic,
zwitterionic and anionic) of MTX cluster is displayed in Table 2.
The results indicated that the clusters in the zwitterionic and
cationic states (acidic pH) had larger volumes, observed mainly
from the 7 MTX molecules, and higher energies of interaction
between MTX molecules than did the clusters in the anionic state.
This favored the aggregation of molecules in the cationic and
zwitterionic states. The clusters in the anionic state (neutral pH)
exhibited the lowest energy of interaction and cluster volume,
which indicated a region energetically favorable to the formation
of nanoparticles, and corroborated with the results mentioned
above.

3.2. Experimental study

3.2.1. Effect of acid-base neutralization in preparation of MTX
nanosuspensions

MTX nanosuspensions were prepared by chemical precipitation
using a bottom-up approach. MTX exists in different ionic forms
depending on the pH of the solution (Fig. 6). It is soluble in alkaline
solutions, whereas, in solutions below its pKa values of 4.7 and
3.36, its solubility decreases. Neutralizing a basic solution
containing MTX causes a decrease in solubility, which induces
the formation of the zwitterionic and cationic forms and causes
precipitation.

The challenge of the bottom-up process is to determine the
optimal conditions for MTX solubilization and precipitation in
order to obtain an appropriate particle size reduction. For initial
screening, different alkaline conditions were evaluated in which
one or two MTX carboxyl groups were ionized, in order to
determine the best NaOH proportion in which to dissolve the drug.
Thereafter, different acidic conditions were tested to determine the
most appropriate proportion of acid that would lead to the
precipitation of the drug in nano-size ranged particles. During
these steps, different acid and base proportions were tested as
critical parameters to obtain nanosuspensions. The nanosuspen-
sions were evaluated using measurements of particle size, PDI, zeta
potential, and final pH. The results are shown in Table 3.

Table 2
Calculated volumes for methotrexate (MTX) clusters in different charge states:
anionic, zwitterionic, and cationic.

MTX molecules number Cluster volume (A%)

Anionic Zwitterion Cationic
3 1143.17 1139.01 1163.51
5 1902.25 1896.66 1938.02
7 2661.80 2673.38 2717.48
9 3420.10 3433.68 3485.51
11 4179.86 4196.00 4259.00
13 4946.55 4972.19 5029.44
15 5700.65 5747.90 5810.76
17 6463.68 6512.97 6581.68

pKa 3.36 HO o)

OH
CHs NH

N7 N\ til ©
.Jl\ AN A CHs Cationic form (pH<3.36)

pKa 4.70 oHO°
-
CHy NH
N o
N X N
)I\ . <I:H3 Zwitterionic form (pH 3.36-4.70)
HN™ SN N
pKa 5.71 I o_ O
(o]
N
CH, NH

N7 N\ N =
)I\ Py éHs Anionic form (pH>5.71)

Fig. 6. lonization of MTX.

Nanoparticles were formed for samples F1 (132nm) and F2
(186 nm) (Table 3), using the lowest HCl proportion during the
drug precipitation step. These formulations exhibited a homoge-
neous particle size distribution, as indicated by PDI values below
0.2 (Bose et al,, 2012).

As the HCI proportion increased in the formulations F3, F4, F5,
F6, F7, and F8, particle size and PDI values increased significantly.
This was attributed to a high degree of supersaturation created by
acid-base neutralization, which resulted in the formation of a large
number of aggregated heterogeneous particles (Chen et al., 2004).
Besides, the further addition of HCl led to a rapid growth of MTX
cores, which aggregated into microparticles.

In the formulations with lower pHs, where microparticles or
microsuspensions formed (F3, F4, F5, F6, F7 and F8), more study is
necessary, including the evaluation of the use of stabilizers for
preventing particle agglomeration and particle growth and the
effect of other agitation processes on particle size reduction. These
approaches represent promising strategies to be studied in the
production of MTX nanosuspensions.

The zeta potential values were predominantly negative and
increased as the pH of the samples increased. The negative zeta
potential was attributed to the ionization of the carboxylic acid
groups in the MTX molecule, which occurred at a pH above its pKa
(=5.71) where the anionic form was predominant. Samples with an

Table 3
Particle size, polydispersity index (PDI), zeta potential and final pH of methotrexate
(MTX) nanosuspensions (mean =+ SD, n=3).

Sample Particle size PDI+s.d. Zeta potential mV+s.d. pH
nm +s.d.

F1° 132 +4.50 0.157 £0.01 —49.72+0.30 6.36
F2? 186 +1.60 0.165+0.17 —50.20+0.10 6.08
F3° 3254+356.00 0.674+0.16 —43.88 +£0.70 5.06
F4° 3927 +£160.21 0.742 £0.05 —-31.33+0.15 4.01
F5° 5165 +436.37 0.841+0.29 —-17.30+0.20 3.19
F6¢ 7308 £808.29 1.000+0.00 —-14.50+1.73 2.65
F7¢ 2874 +148.91 0.583+0.00 7.56+1.39 138
F8¢ 6816 +243.43 1.000+0.00 18.63+1.03 116

a is anionic form, b is zwitterionic form and c is cationic form.
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acidic pH (F7 and F8), on the other hand, exhibited positive zeta
potentials because the amino group of MTX was protonated at a pH
below its pKa (=3.36) where the cationic form was predominant.
The zeta potential values indicated that, depending on the pH and
the ionic form of the MTX, the surface charge of the particles varied
from positive to negative. Higher zeta potential values were
obtained for samples F1, F2, F3, and F4 and ranged from —31.33 to
—50.20mV. High values are desirable for promoting repulsion
between particles with the same charge and for avoiding
aggregation. Minimum zeta potential of £30mV is sufficient to
stabilize nanosuspensions by electrostatic repulsion, and a zeta
potential of approximately £20mV in combination with steric
stabilization (Wang et al, 2013). Therefore, if the particles
possessed sufficient zeta potential values to provide enough
electric repulsion, particle aggregation was less likely to occur.

This study displayed the importance of determining the optimal
precipitation conditions and how the conditions affect particle
size. The different proportions of HCl influenced not only the
particle size, but also the PDI, zeta potential values, and final pH of
the MTX nanosuspensions. This study also indicated that it was
possible to obtain nanosuspensions with a bottom-up method
using acid-base neutralization reactions. In addition, the study
provided guidance for controlling the size of the particles using
different precipitation conditions.

3.2.2. Fourier transform infrared spectroscopy (FTIR)

The FTIR has been widely used to characterize interactions and/
or structures of the drug at the molecular level, through change in
the absorbance such as wavenumber or intensity which can be
observed in the nanosuspensions and compared with the pure
drug (Jog et al., 2016a).

FTIR spectra for MTX nanosuspensions (F2, F3, and F7) and raw
MTX are shown in Fig. 7. The stretching vibration bands between
3400 cm ™! and 3300 cm ! were due the appearance of broad peaks
for the N—H and O—H groups (Chadha et al., 2009; Ekinci et al.,
2015; Zhang et al., 2014) and the characteristic band at 1638 cm™!
corresponded to the presence of C=C stretching vibration (Ferreira
et al., 2015; Lima and Reis, 2015). Similarly, vibration bands in the
region of 1641cm™! indicated that C=0 stretching partially
overlapped the N—H band, which appeared around 1608 cm™!
(Ajmal etal., 2015; Chadhaetal.,2009; Dai et al., 2015). Besides, the
vibration band at 1208 cm ™! indicated C—N stretching (Chen et al.,
2012; Tian et al., 2014; Zhang et al., 2014).

FTIR spectroscopy was performed to evaluate the molecular
structure of the MTX particles after the bottom-up process
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Fig. 7. FTIR spectra of: (a) raw methotrexate (MTX); (b) F2; (c) F3; and (d) F7.

followed by lyophilization. The comparisons between the spectra
of raw MTX and those of MTX nanosuspensions demonstrated that
there were no significant changes in the positions of the IR bands;
however, there were slight variations in their intensities. These
variations indicated that minor structural changes occurred at a
molecular level, that is, the molecular spatial relationships of the
MTX slightly changed after bottom-up processing. In this regard,
disappearance or weakening of the absorption peaks correspond-
ing to C=C, C=0, and N—H stretching were observed, especially in
the spectra of F2. This may have resulted from its small particle
size.

3.2.3. Attenuated total reflectance fourier transform infrared
spectroscopy (ATR-FTIR)

The MTX nanosuspensions liquid form (F2, F3, and F7) and raw
MTX were also analyzed using ATR-FTIR, and are shown in Fig. 8. A
band intensity between 3700cm ™! and 3100cm! for nano-
ssuspensions (F2, F3, and F7) was observed, which became more
pronounced with presence of water, masking the broad bands for
the N—H and O—H groups of the MTX between 3400cm™! and
3300cm~!. Moreover, the region between 3700cm~! and
3100 cm™! corresponds to the O—H stretching vibrations, charac-
teristic of the water molecule (Pirayavarapom et al., 2013).

It is important to notice that the vibration band at 1641 cm™
indicated that C=0 stretching overlapped the C=C stretching
vibration band in 1638 cm™!, as observed in the ATR-FTIR spectra
F2, F3, and F7. Additionally, N—H vibration band in the region
around 1608 cm™!, and the vibration band at 1208 cm™! corre-
sponding to C—N stretching, demonstrated that the characteristic
bands of the MTX continue evident for all liquid form nano-
suspensions. However, a decrease in the bands intensity was
observed, probably due the presence of water molecules.

These results demonstrated that there were no significant
changes in the positions of the IR bands between spectra of the
lyophilizated nanosuspensions and those liquid nanosuspensions,
and these ATR-FTIR data are supportive for FTIR spectra of the solid
nanosuspensions.

1

3.2.4. Drug content study

The MTX content for sample F7 was 99.84%, whereas, for F2,
drug content was found to be 79.92%. This lowest drug content in
the nanosuspension F2 can be attributed to the final pH (pH 6), at
which the carboxyl group began to be ionized, which resulted in an
outside

increased quantity of MTX molecules of the
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Fig. 8. ATR-FTIR spectra of: (a) raw methotrexate (MTX); (b) F2; (c) F3; and (d) F7.
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Fig. 9. Dissolution profiles of raw methotrexate (MTX) and F2 nanosuspension
(composition in Table 1) in phosphate buffer (pH 6.8) as release medium.

nanosuspensions particles. Additionally, drug outside of the
particles (in solution) may be an advantage if a burst effect is
desired.

3.2.5. In vitro dissolution of nanosuspensions

Drug nanoparticles are one of the novel nano-medicine tools to
overcome the problems of solubility and bioavailability of poorly
water-soluble active pharmaceutical ingredients, through their
combined mechanisms of enhancing dissolution rates and
increasing supersaturation levels due to nano-size range (Jog
et al,, 2016b).

The dissolution profile of F2 was compared with that of raw
MTX (Fig. 9). F2 displayed a higher rate of dissolution than raw
MTX. F2 dissolved more than 80% of MTX in the first 15 min and
100% in less than 90 min. In contrast, raw MTX dissolved <30% of
the drug in the first 15 min and took 300 min to dissolve the total
amount. According to Chen et al. (2012), the size of the raw
material can vary in the diameter, from 1 wm to over 5 pm. The
increase in dissolution rate was attributed to particle sizes in the
nano range, which presented greater surface areas according to the
Noyes-Whitney equation (Noyes and Whitney, 1897) and a drug
saturation solubility that followed the Ostwald-Freundlich equa-
tion (Li et al., 2011; Zhang et al., 2013).

From the in vitro dissolution results, it can be concluded that the
nanosuspensions significantly increased the dissolution rate of
MTX compared to that of the raw drug.

4. Conclusions

Molecular simulation using computational modeling indicated
that MTX presented a favorable microaggregation trend. Despite of
particle size reduction being a non favorable process from an
energy view point, this study determined the experimental
conditions required to obtain nanoparticles by controlling the
molecular form of MTX (cationic, zwitterionic, or anionic) and the
interactions between acids, bases and ionization groups on the
MTX molecule.

The computational modeling corroborated the experimental
results, in which microsuspensions were formed in samples with
lower pH. This occurred because cationic forms of MTX were
created that had decreased negative zeta potential, increased
energy of interaction, and increased agglomeration. On the other
hand, nanosuspensions were formed when the anionic form of

MTX was predominant (neutral pH). The anionic form displayed a
lower energy of interaction, resulting in smaller nano-ranged
clusters. Thus, this study was essential for a comprehensive
understanding of the development of MTX nanosuspensions based
on computational modeling and acid-base neutralization, indicat-
ing that the computational methodologies were complementary to
the experimental methodologies. These tools were crucial to the
formation of nano-range size particles and to clarify that the
parameters, including the ionic form of MTX, interaction energy,
and drug precipitation, were directly related to the properties of
these particles (size, PDI, zeta potential, and dissolution rate).
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