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The solubility of nilotinib hydrochloride monohydrate in supercritical CO, was measured at four
temperatures between 338 K and 308 K, and seven pressures between 12 MPa and 30 MPa, using
ethanol as a cosolvent. Both semi-empirical and empirical approaches were employed to analyze

the experimental data. In the ternary systems studied, the solubility values (mole basis) for nilotinib
hydrochloride monohydrate were between 1.08 x 10~ and 4.15x10~* (10.8 to 415 PPM). The results
indicated a significant increase in solubility with the incorporation of ethanol. The peak solubility

of nilotinib hydrochloride monohydrate was recorded in the ternary system at 338 K and 12 MPa,
which was approximately 10.8 times its solubility in supercritical carbon dioxide alone under
identical conditions. The best fit for the data, as measured by the average absolute relative deviation
percentage (AARD%), was achieved using the methods proposed by MST.

Keywords Nilotinib hydrochloride monohydrate, Solubility measurement, Supercritical carbon dioxide,
Cosolvent, Semi-empirical modeling

Nilotinib hydrochloride monohydrate, (NHM), sometimes called nilotinib monohydrochloride monohydrate,
exhibits a bioavailability of approximately 25% or lower and is classified as category IV in the biopharmaceutics
classification system (BCS) due to its low solubility and intestinal permeability, indicating that its absorption
is limited by solubility. Nilotinib is a yellow powdered pharmaceutical compound, classified as monohydrate
monohydrochloride; its solubility in water diminishes as the pH level rises. The chemical designation is 4-methyl-
N-[3-(4-methyl-1 H-imidazol-1-yl)-5-(trifluoromethyl) phenyl]-3-[4-(3-pyridinyl)-2-pyrimidinyl] amino]-
benzamide, monohydrochloride, monohydrate. It is asserted that crystalline form B of nilotinib hydrochloride
monohydrate exhibits enhanced crystallinity and greater physical stability compared to other polymorphic
forms. The research by Herbrink et al.! was aimed at improving NHM’s solubility and absorption through a
new spray-dried solid-dispersion method. They created solid dispersions of NHM using effective polymers
and evaluated the formulations’ dissolution and physicochemical properties using various techniques. Their
results showed that a spray-dried, solid-dispersion formulation of NHM with Soluplus in a 1:7 ratio significantly
enhanced its dissolvability. Nilotinib is a multi-targeted protein kinase inhibitor that is structurally related to
imatinib mesylate and dasatinib®~”.

Superecritical fluid (SCF) technology, particularly when using supercritical carbon dioxide (scCO,), is highly
flexible and beneficial for pharmaceutical applications. ScCO, has unique properties, combining aspects of gases
and liquids, and is favored for its safety, non-flammability, nontoxicity, and cost-effectiveness. It is beneficial
for producing heat-sensitive medications, such as peptides and proteins, and can be easily and completely
removed from the system without leaving traces of it’~!”. A strategy using SCF can improve the solubility and
pharmacokinetics of lipophilic drugs, especially those in BCS classes IT and IV. The solubility of these drugs in
SCF is crucial for pharmaceutical development.
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Solubility experiments can be performed statically or dynamically, employing quantifying methods such
as gravimetric, spectrometric, and chromatographic techniques'>1418-28_ Precise solubility data are crucial to
effectively leverage supercritical technology in drug treatment, as it dictates the drug’s affinity with the chosen
solvent and therefore helps in its selection.

There are three primary methods for particle production: (i) employing SCF as a solvent through techniques
such as rapid expansion of supercritical solution (RESS), (ii) utilizing SCF as an anti-solvent with methods like
gas antisolvent (GAS) and supercritical antisolvent (SAS), and (iii) using SCF as a cosolvent with strategies like
particles from the gas saturated solution (PGSS). A thorough understanding of these processes requires the
extent to which a solute is dissolved in the SCF. Therefore, it is essential for researchers and professionals in the
field10:12.29-39.

Pharmaceutical researchers utilize modeling techniques to assess drug solubility, thereby minimizing both
time and costs. They employ cubic equations of state (cEoS) and solution models that incorporate fugacity
and activity coefficients to analyze thermodynamic behaviors. While cEoS involves intricate mixing rules
and estimated variables, solution models focus on readily measurable properties such as melting point and
fusion enthalpy. There is an opportunity to improve empirical and semi-empirical models, which depend on
independent variables like the density of pure scCO,, temperature, and pressure, rather than requiring in-depth
knowledge of the characteristics of solid solute drugs**-*2.

The solubility of a medicinal compound in scCO, is crucial for choosing nanoparticle production
methods®~*. Sajadian et al.°. measured NHM solubility in scCO, (binary system: NHM-scCO,) with mole
fraction ranging from 1x 107 to 7.36x 107°.

Numerous studies highlight a key challenge in SCF processes: the limited ability of scCO, to dissolve
hydrophilic and polar solutes. Despite many medications being polar molecules, their nonpolar nature makes
it difficult to dissolve in carbon dioxide. To address this issue, scCO, is often combined with cosolvents, which
improves solubility for both polar and non-polar substances. Research indicates that adding small amounts (less
than 10%) of polar solvents such as menthol, acetone, methanol, DMSO, and ethanol, can significantly enhance
the dissolution of solutes in scCO,**. Cosolvent addition can enhance process efficiency by improving
selectivity and increasing solvent loading, but it may complicate product recovery and process design. Evaluating
its benefits requires careful consideration of its pros and cons, as well as a thorough understanding of its impact
on solubility, mass transfer, and costs. Cosolvents can improve the solvation power of less soluble compounds in
supercritical fluids through intermolecular interactions and hydrogen bonding, while increased solvent density
and specific interactions with components can enhance separation selectivity, making cosolvents useful in
various applications?>47:30-52,

Cosolvents significantly impact intermolecular interactions and density, improving solubility and selectivity
in ternary systems (ternary system: NHM-scCO,-cosolvent). Small amounts of cosolvent can greatly enhance
the solvent power of scCO,. However, their effectiveness depends on the concentration in the supercritical phase,
and the mixtures must be supercritical and fully miscible to achieve optimal results®'=¢. The cosolvent effect
is primarily influenced by solvent density and enhanced intermolecular interactions. While multicomponent
systems can achieve greater solubility, increased density of the solvent mixture does not improve selectivity.
Factors like pressure and temperature impact how a cosolvent affects solvent density. When a cosolvent is added,
it becomes denser, causing surrounding SCF molecules to cluster, which increases the SCF bulk density. The
most significant density increase occurs near the critical point of the solvent mixture. As pressure increases,
density of the SCF and its mixture eventually converge, leading to reduced clustering and a rise in SCF density,
which decreases the density difference between the cosolvent and the SCF>!-%,

Hydrogen bonding (H-bonding) is an interaction between hydrogen bond donors (HBD) and acceptors. It
occurs when a highly electronegative atom in a covalent bond attracts electrons, partially exposing the proton.
The acceptor must have polarizable or lone-pair electrons to interact with the donor. Functional groups like
alcohols, water (OH), and carboxylic acids can act as both donors and acceptors, while some, like the C=0 in
carboxylic acids, serve only as acceptors. Common H-bonds are moderate interactions between neutral donors
and acceptor groups, such as O=C and OH, which are prevalent in nature and science®. Studies show that
hydrogen bonding between a solute and a supercritical fluid occurs even at low pressures and remains largely
stable despite pressure changes. This aligns with the law of mass action. As the solvent concentration is much
higher than that of the solute, a minimal equilibrium shift is observed with increasingly solvent concentration.
To investigate the impact of solvents on hydrogen bonding and clustering, specific criteria were established: (i)
solutes must be soluble in liquid, supercritical, and gas phases; (ii) solutes should have minimal self-association;
(iii) solvents should lack HBD or acceptor (HBA) properties; (iv) solvents must be transparent in relevant
spectral regions; and (v) the critical point of the solvent mixture should be close to that of the solvent itself to
ensure significant compressibility>’.

Ethanol is commonly used as a cosolvent when dealing with pharmaceuticals due to its low health risks. In
2023, Manna and Banchero® studied the solubility of hydrocortisone and cortisone in scCO, with ethanol as
a cosolvent. They found that both Garlapati-Madras®! and Reddy-Madras®! models best correlated the ternary
system for both compounds, emphasizing the significance of safe and effective cosolvents in pharmaceutical
applications®. A recent study’! found that ethanol is an effective cosolvent for nystatin, increasing its solubility
in scCO, by at least 8.7 times. The best models for correlating the ternary system were developed by Jouyban et
al.2. and Garlapati-Madras®®. Sajadian et al.* explores the solubility of mesalazine in scCO, with and without
a cosolvent, examining temperatures from 308 to 338 K and pressures from 12 to 30 MPa. The solubility of
mesalazine in scCO, was found to range from 4.41 x 1075 to 18.4x 107> mole fractions, (44.1 to 184 ppm),
depending on temperature. The addition of 2% dimethyl sulfoxide as a cosolvent significantly enhanced
solubility, increasing the range to between 28.2x 107> and 82.6x107°. A novel association model was used
to correlate the solubility data for both binary and ternary systems, alongside various several semiempirical
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Fig. 1. Structure of nilotinib hydrochloride monohydrate.

Material Source Purity (mass basis) | Analysis method
Nilotinib hydrochloride monohydrate | Tofigh Daru Research & Engineering Co. | <0.991 HPLC

Ethanol Merck Co. 0.999 GC

Carbon dioxide Shiraz Aboughaddareh Industrial Gas Co. | 0.999 GC

Table 1. Sources and purity of the materials used in this work.

correlations for solubility calculations®®. Research indicates that incorporating ethanol as a cosolvent enhances
the solubility of alprazolam and rivaroxaban in scCO, by 16.63 and 18.73 times, respectively. The Soltani and
Mazloumi®, Garlapati-Madras®, and Sodeifian-Sajadian®® models are the most accurate for rivaroxaban,
while the Garlapati-Madras®® model is the best for alprazolam®”%8. The solubility of teriflunomide in scCO,
was examined at temperatures of 338, 328, 318, and 308 K, both with and without ethanol as a cosolvent. The
presence of ethanol significantly enhanced teriflunomide’s solubility, peaking at 338 K and 12 MPa, where it was
approximately 14 times higher than in pure scCO,%.

Ethanol has been frequently used as a cosolvent, and this study is aimed at deepening our understanding of
NHM solubility in scCO,. Static equilibrium tests were conducted at seven pressures ranging from 12 to 30 MPa
and four temperatures (308, 318, 328, and 338 K). The investigation focuses on the influence of various operating
parameters, such as pressure, temperature, and the inclusion of a cosolvent, on the solubility of NHM in scCO,.
Several density models, including those proposed by Méndez-Santiago and Teja (MS-T)°, Sodeifian-Sajadian®,
Soltani-Mazloumi®®, Gonzélez et al.”!, Jouyban et al.%?, and Garlapati-Madras®®, were used to correlate the
solubility data of NHM for this ternary system. The parameters of these models were determined. Finally, the
average absolute relative deviation (AARD%) and the adjusted correlation coefficient (R, dj) were used to ponder
the accuracy of the model predictions.

Materials and methods

In this section, the list and properties of the various materials used in the experiments are presented. Also,
the experimental apparatus and the experimental procedures are described in detail. Finally, the calculation
procedures are laid out.

Materials

The key compound used in this work is nilotinib hydrochloride monohydrate (form B), obtained from Tofigh
Daru Pharmaceutical Company. The NHM formula is C,,H,.CIF,N, O, and therefore its molar mass is 584.0 g/
mol. The NHM structure is shown in Fig. 1, which is the nilotinib (plain) plus the HCl group (monohydrochloride)
and the water group (monohydrate). Additionally, the source and purity of carbon dioxide and ethanol, that were
also used, are displayed in Table 1.

Experimental setup

The schematic of the laboratory configuration is shown in Fig. 2. Its caption includes the specifications of the
various elements therein. The entire assembly of this high-pressure unit, including tubing and fittings, is made of
316 stainless steel. The brand of tubing used is Sandvik, and it has an external diameter of 1/8 inch or 3.18-mm,
a thickness of 0.89 mm, and an internal diameter of 1.4-mm.

The laboratory configuration illustrated in Fig. 2 includes a spectrophotometer and various other
components, such as CO, tank, air compressor (Finac, China), refrigeration unit, high-pressure pump (Haskel
type pump, model: MSHP-71, Burbank CA 91502, USA), filter, needle valve, back-pressure regulator (Xian
Shelok Instrument Technology Co., Ltd.), metering valve (Fitok, MHSS-FL4-V, Germany), equilibrium cell, and
oven (Memmert Oven UNB 100, Germany). A manometer (Shllj, LZM-6T) and a transmitter (Wika, EN 837-1)
were used to measure and transmit the system pressure.
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Fig. 2. Experimental setup. D-1: CO, Tank, D-2: needle valve, D-3: filter, D-4: refrigerator unit, D-5: high-
pressure pump, D-6: compressor, D-7: needle valve, D-8: oven, D-9: needle valve, D-10: magnetic stirrer,
D-11: equilibrium cell, D-12: loop, D-13: syringe, D-14: back-pressure regulator, D-15: metering valve, D-16:
collection vial, D-17: panel, and V, V,, and V;: valves.
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Fig. 3. Sequence steps in sampling. (Green means valve is open; black means it is closed.)

Experimental procedure
The CO, was purified by passing it through a filter (D-3 in Fig. 2). Subsequently, due to the low internal
temperature, CO, liquefied in the refrigeration system (-5°C). Liquid CO, was then drawn into the high-
pressure pump (approximately 6 MPa) from the CO, tank. The system pressure was monitored and recorded
with an accuracy of 0.1 MPa.

The NHM was placed into a 300-mL cell, where a magnetic stirrer was used to ensure the solution was well-
mixed in scCO,. The pressure within the equilibrium cell was adjusted to the desired level using compressed
CO.,. Once the necessary pressure and temperature were attained, the cell was maintained in that state to reach
equilibrium. For the ternary system, CO, containing 3.0% (mol basis) of ethanol was added to the cell along
with 3000 mg (3 g) of the NHM. Ethanol was inserted directly into the cell. The calculation details for value of
ethanol in each experiment have been included in the supplementary file (Table S1). An oven was used to control
the temperature throughout the process. A sintered filter was positioned on either side of the cell to secure the
NHM. Prior to introducing the CO, into the cell, it was compressed to the appropriate pressure. Initial tests
revealed that a static time of 135 min was sufficient to reach equilibrium. After this period, a three-valve device
(V,-V,) with two positions was used to fill the injection loop with saturated scCO, (300 uL +0.3 uL). Following
the rerouting of the injection valve, the loop was placed into the collecting vial to retain a specific volume (4 mL)
of ethanol (solvent). This method is summarized in the four steps illustrated in Fig. 3.
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The static time must precede the filling of the loop. First, valve V| is opened {step @}, and once the loop is
filled, valve V, is closed {step @} and valve V, is opened {step ®}. After positioning the loop in the collecting vial,
V, is opened {step @}, and 1 mL of ethanol is used to rinse both the loop and all connecting lines. The open and
closed states of the valves are represented in Fig. 3 by green and black colors, respectively. This procedure was
repeated three times (triplicate) for each system and each data point.

The final volume of solution in the collection vial (5 mL+0.2%) was collected for next step (UV
spectrophotometry). The absorbance was measured at a wavelength of 280 nm that corresponds to a maximum
absorbance (A, ). The absorbance was measured using UV spectrophotometry with a Jenway UV instrument
equipped with a quartz cell. A calibration curve that showed a linear relationship across a wide range of
concentrations (with a regression coefficient of 0.997) was previously determined. The solubility was determined
by measuring the solution absorbance and converting that to solubility with the calibration curve.

Data processing and solubility calculation

This section describes the calculation of the solubility at the various temperatures and pressures from the
experimental measurements described above. Subscripts 1 and 2 refer here to solvent and solute, respectively. The
raw data used in these calculations are the concentration C, (expressed as mass/volume) from the spectrometer
measurements, the volume of the collection vial V, and the volume of the sampling loop, V,. Other properties
(mainly molar mass) of the solute and the solvent (CO,) are also required. With this information, the mole
fractions are obtained as follows:

_ VL

ny = M, (1)
GV

ng = TQ 2)

Y2 = ni1 + ng 3

where 1 refers to the solvent (CO,) and 2 to the solute (NHM), V is the volume of the collection vial, V is the
volume of the sampling loop, and M, and M, represent the molar masses of the solvent (CO,) and the solute
(NHM), respectively.
When a cosolvent is used (species 3), then the solubility is calculated by:
n2

ST @

Here, n, and n, are calculated with the respective masses contained in the loop (, and m,) and the molar
masses (M, and M,). For species 2, this is valid for the binary and ternary cases.

Summary of experimental results

As mentioned above, both binary experiments (no cosolvent) and ternary experiments (with ethanol as
cosolvent) were carried out. Table 2 displays experimental results of both binary and ternary systems. Also, the
last column of the table shows the so-called “magnification factor,” “cosolvent enhancement factor (CEF),” or
simply “cosolvent effect” (y), which represents the ratio of the ternary solubility to the binary solubility at any

given condition:

=22t (5)

where y,, is the NHM solubility in the ternary system and y, , corresponds to that in the binary system at
the same temperature and pressure. These results are shown graphically in Fig. 4(a) for the binary system and
Fig. 4(b) for the ternary case. Although these figures look similar, note the scale difference of the ordinates (y-
axes) in them: 4(a) goes up to 80 PPM while 4(b) goes up to 450 PPM corresponding to a factor of almost 6. This
is the order of magnitude of the CEF (or ) just defined (Eq. 5).

Another way to visualize the magnitude of the cosolvent effect is by the graphs presented in Fig. 5. The two
bottom lines represent the solubility of the drug (NHM) as a function of density at constant temperature. The
bottom line (in blue) is for the binary case, while the middle one is for the case in which ethanol is added (ternary
case). The left figure (Fig. 5a) is at lowest of the four temperatures studied (308 K) and the right figure (Fig. 5b) is
at highest of the four temperatures (338 K). At 308 K, the enhancement factor or cosolvent effect () is within the
rough range of 4 to 6.5 and decreases with temperature. At the highest temperature,  is about 6 and 11 meaning
the cosolvent effect increases with temperature.

In addition, based on XRD analysis before and after the solubility test, there is no evidence of polymorph
conversion for the NHM sample. The information on XRDs has been added to the supplementary file (Figure
S1).

Modeling

Several models were used in this work to represent experimental data. To select the models, it was important that
the models applied to ternary systems (i.e., systems that included a cosolvent). Therefore, models like Chrastil’2,
Sparks et al.”?, Bian et al.”4, and Bartle et al.'® were not considered since they mostly apply to binary systems
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T |p Binary Ternary

K | MPa | Density (kg/m’) | y,, (PPM) | Uncertainty x10° | Density (kg/m®) |y, (PPM) | Uncertainty x107 | y cosolvent effect
12 768.42 10.8 0.08 769.05 69.8 14.82 6.46
15 816.06 14.4 0.07 815.18 83.4 17.70 5.79
18 848.87 20 0.10 846.86 99.4 21.05 4.97

308 |21 874.40 24.8 0.08 871.44 115.2 24.45 4.65
24 895.54 30.6 0.12 891.76 137.9 29.21 4.51
27 913.69 38.3 0.06 909.18 160.8 34.17 4.20
30 929.68 47.7 0.11 924.51 196.5 40.19 4.12
12 659.73 5.6 0.10 663.14 423 9.51 7.56
15 743.17 12.4 0.10 744.53 82.4 17.61 6.64
18 790.18 18 0.20 790.14 107.2 22.92 5.96

318 |21 823.70 27 0.14 822.57 140.3 29.79 5.20
24 850.10 35.1 0.20 848.04 168.9 35.97 4.81
27 872.04 44.7 0.09 869.17 211.3 45.16 4.73
30 890.92 59.2 0.15 887.33 276.3 56.44 4.67
12 506.85 1.5 0.11 512.60 13.8 4.44 9.21
15 654.94 9.2 0.07 658.45 71.2 15.23 7.74
18 724.13 15.5 0.23 726.00 92.7 20.38 5.98

328 |21 768.74 26.8 0.20 769.36 156.2 33.63 5.83
24 801.92 39.4 0.13 801.51 220.2 47.08 5.59
27 828.51 53.5 0.17 827.21 288.3 61.30 5.39
30 850.83 67.4 0.11 848.74 353.7 72.26 5.25
12 384.17 1 0.61 390.45 10.8 3.44 10.80
15 555.23 59 0.18 560.44 54.6 12.37 9.26
18 651.18 12.9 0.14 654.77 110.3 24.31 8.55

338 |21 709.69 27 0.20 711.93 188.4 40.74 6.98
24 751.17 47 0.08 752.30 276.4 58.96 5.88
27 783.29 61 0.14 783.47 351.6 74.57 5.76
30 809.58 73.6 0.17 808.92 415.2 84.84 5.64

Table 2. Experimental solubility of NHM in scco, (binary) and in scco, + 3% ethanol (ternary). *Standard
uncertainty u are u(T) =0.1 K; u(p) =0.1 MPa.
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Fig. 4. Experimental solubility (in molar PPM) of NHM in scCO,: Binary system (left) and ternary system
(right). Note the y-axes scales difference (up to 80 in the binary case vs. 450 in the ternary case; almost a factor
of 6). The graphical abstract shows these data on a single, semi log representation.
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Fig. 5. Isothermal solubilities (expressed as PPM) of NHM as a function of density at constant temperatures
(two bottom lines) and cosolvent effect (top line) at 308 K (left) and 338 K (right).

Model Equation Nt
Méndez-Santiago & Teja’® | T'In (%) =ao t+aipr + a2T + azys 4
Sodeifian & Sajadian®® In (y2) = (ao + %) In p1 + az2p1 + a3 ln (y3P) 4
Gonzélez et al.”! In(y2) = apln(p1) + arln(ys) + 22 + a3 4
Soltani & Mazloumi®” In (y2) = ao + a?l + as pTI —azIn(P)+ asln(yspiT) 5
Garlapati & Madras”® In(y2) = ao + a1ln(p1) + azp1 — 2 + asIn(T) + a5 In (ys) + ag In (ysp1T) |7
Jouyban et al.% In (y2) = ao + a1ys + asp1 + azP? + a4 PT + as L + agln (p1) 7

Table 3. Models used to correlate experimental solubility data. * N Refers to the number of adjustable
parameters (or adjustable constants) in each model.

(no cosolvent). In this contribution, the following six (6) models that apply to ternary systems were selected:
Meéndez-Santiago and Teja’’, Sodeifian and Sajadian®®, Gonzalez et al.”!, Soltani and Mazloumi®®, Garlapati and
Madras”, and Jouyban et al.®%. The corresponding equations are displayed in Table 3. The Méndez-Santiago
and Teja’® is an extension of their binary model by adding the last term, which is a linear dependence on the
mole fraction of the cosolvent. The Sodeifian and Sajadian model’” took some concepts from the Gonzélez
et al. model”! to modify the Chrastil (binary) model. Gonzélez et al.”! discussed the model by Chrastil that
combines an exponential relationship between solubility and cosolvent levels with a logarithmic dependence on
liquid density. This model effectively estimates solute solubility in non-entrained supercritical liquids, especially
when an entrainer significantly enhances solubility through solute-entrainer interactions. It suggests that
solute, entrainer, and solvent form clusters or solvate complexes, aligning with observations that temperature
negatively impacts solute solubility. However, the model may not accurately predict solubility in systems where
the cosolvent only acts as cosolvent for CO, without exhibiting the entrainer effect that boosts solubility. The
Soltani and Mazloumi model® is a newly developed five-parameter model that is used to predict the solubility
of solids in scCO, in the presence of a cosolvent. This model is based on the relationship between density,
pressure, temperature, and other relevant input factors. It is based on the work of Hozhabr et al.”® and features
three primary relations: a linear one between In y, and In ys, a nonlinear relationship between In y, and both
temperature and density, and a linear correlation between In y, and In ys. The Garlapati and Madras equation®,
developed in 2010 and based on Jouyban et al. model, and uses seven adjustable constants to relate the solubility
of high-molar-mass substances in scCO, to temperature, scCO, density, and cosolvent mole fraction. It can be
applied to binary or ternary systems (i.e., with or without cosolvent).

The adjustable parameters in each model were obtained by regression of the experimental data. To this end,
the simulated annealing algorithm in MATLAB software was used to estimate adjustable parameters. AARD was
used to assess the model’s performance.
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Model a, a, a, a, a, a, ag
MS-T -8720.6 3.74 | 22.25 -8472.8 | — — —
Sodeifian & Sajadian | -3.053 -1.046 | 0.0363 0.1644 | — — —
Gonzilez et al. 5.986 -7.78 | -591.33 -57.67 | — — —
Soltani & Mazloumi 15.42 | 9660.31 | 3.19 0.259 | -0.152 |— —
Garlapati & Madras 52.65 -13.49 | 0.0058 | -328.27 | 2.736 35.71 15.02
Jouyban et al. -40.51 0.41 | -0.00057 | -0.0058 | 0.00125 | 0.1204 | 3.644

Table 4. Coeflicients of the models listed in Table 3.

Model Param. | AARD% | R adj

MS-T 4 9.202 0.988
Sodeifian & Sajadian | 4 10.570 0.990
Gonzalez et al. 4 10.520 0.990
Soltani & Mazloumi | 5 9.370 0.993
Garlapati & Madras | 7 9.810 0.985
Jouyban et al. 7 13.280 0.988

Table 5. AARD% and R, " for the models listed in Table 4.

100 o |ys™e — 5™
AARD% = 2
ROA=§—Z72. " ©
The correlation coefficient R? was used to compare the various models, and it is defined by:
N
ex atc 2

55 (5P — y5'°)
RP=1-22E_1_ __ = 7

SSt @

where SS, represents the sum square error and SS,. denotes the total sum of squares””*’. On the other hand,
the numbers in any set or model are the subject of the information, while Z and N, stand for the changeable
parameter numbers for each presentation?”. R 4 Was used when comparing various models®>8081;

Q1 —R?)

N_0_1 (8)

Radj = ‘RQ -

Finding and outcomes

Modeling results

The solubility of NHM in scCO, + ethanol (cosolvent) was experimentally determined at four temperatures
between 308 K and 338 K and six pressures between 12 and 30 MPa, as reported in Table 2. The scCO, densities
in the binary and ternary systems reported in Table 2 were calculated using the Span-Wagner EoS®2%. The
experimental data were correlated with temperature, pressure, and density as “independent variables” Note
that, mathematically, there are only two independent variables, as the density is a function of temperature and
pressure. However, density is used as an “independent” variable for physical reasons since the solubility is known
to be a strong function of the density of de SCE. Table 4 shows the constants for the models listed in Table 3.
Statistical indicators of the goodness of the fittings (AARD% and R, dj) are reported in Table 5 keeping the same
order of the models used in Table 4 (from fewer constants on).

Interestingly, the best AARD% (lowest value) corresponds to the MST model with just four adjustable
parameters. Similarly, the best R_,. corresponds to the Soltani & Mazloumi, which has just 5 adjustable
parameters. (The best value in each of the last two columns is in italics, in Table 5). The last two models, that have
seven adjustable parameters, have the worst R, g of all models, and ranked third and last in terms of AARD%.

Furthermore, the self-consistency of the experimental solubility data of NHM was tested using MSTs for
binary and ternary solubility, as illustrated in Figure S2. As can be seen, the model correlation line and the
experimental solubility data confirm the self-consistency of the data at all temperatures.

In Chrastil’s theoretical framework, the dissolution process is modeled as a two-step mechanism. Initially, the
solid solute undergoes sublimation, which Chrastil refers to as vaporization. Then, the solute becomes solvated
in the solvent. Consequently, the total enthalpy of dissolution is expressed as follows:
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AHdiss = AHvap + AHsolv (9)
Chrastil equation adjustable parameters are a, a,, and a,:

c=d"exp (% + a2> (10)

Here, parameter a, represents the enthalpy of dissolution, often referred to as total heat (AH,, ). Through
regression analysis of solubility data using Eq. (10), the enthalpy of dissolution was calculated to be 48.01 kJ/
mol. According to the Bartle et al. model, the enthalpy of sublimation (AH, ) was determined to be 67.35 kJ/
mol. In addition, the values of enthalpy of solvation (AH_ ). (-19.33 [k]/mol]fwas determined as the difference
between the AHvap (67.35 [kJ/mol]) and AH, , , (48.01 [kJ/mol])>.

The impact of cosolvent on the solubility

The solubility of NHM in terms of density and pressure at various temperatures is illustrated in Fig. 6(a) to (f) for
ternary systems. In 2023, Estévez et al.. conducted research on the NHM in binary mode® and observed that the
NHM solubility in scCO, at constant temperature for both systems generally increase with increasing pressure
because it increases the solvating power of scCO, density. That trend is also observed in the ternary case with
ethanol as cosolvent. However, the absolute magnitude of solubility is dramatically augmented. To emphasize
this, Fig. 7(a) and (b) have been prepared.

Interestingly, the enhancement effect, as quantified by the enhancement factor, y, is more pronounced at
lower pressures, which could be counterintuitive. The explanation of that could be in Fig. 7(b). Interestingly, the
effect of temperature in Fig. 7(b) is almost negligible as all four isotherms seem to be superimposed. That means
that the enhancement factor is a weak function of temperature or pressure and a strong function of density.
This is not noted in Fig. 7(a) because the density appears indirectly through the temperature and pressure. To
empbhasize this idea, Fig. 8 was prepared. This figure has the same data as Fig. 7(b), except that it is not segregated
by temperature.

Our analysis of NHM’s solubility in both binary and ternary systems clearly indicates that the inclusion of a
cosolvent, specifically ethanol, significantly improves NHM'’s solubility in the SCE. Ethanol is recognized as safe
for food-related applications, making it a suitable choice for cosolvent use®. The data reveals that the cosolvent
effects reach a maximum of 10.08 at 338 K and 12 MPa, and a minimum of 4.12 at 308 K and 30 MPa, as observed
in Fig. 8. Note that the solubility enhancement (y) quantifies the effect of adding ethanol as a cosolvent on
NHMs solubility in scCO,*>72.

Conclusions

This work investigates the solubility of nilotinib hydrochloride monohydrate in a supercritical fluid system,
within the temperature range of 308 K to 338 K and pressures from 12 MPa to 30 MPa, utilizing scCO, with
ethanol as a cosolvent. The solubilities for the ternary system were between 0.108x107* and 4.15x 1074
(10.8 to 415 PPM). Adding ethanol as a cosolvent greatly improved the solubility of nilotinib hydrochloride
monohydrate, which is attributed to the intermolecular connections between the compound’s dipoles and the
cosolvent. The data supported this conclusion, with the highest cosolvent enhancement factor (y) of 10.80 at
338 K and 12 MPa. Within the specified temperature and pressure conditions, the highest solubility of nilotinib
hydrochloride monohydrate observed in the presence of ethanol as cosolvent was 4.152x 107 (415.2 PPM).
Additionally, Gonzélez et al. showed the strongest correlation of the data for this ternary system.
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Fig. 6. Solubility (as PPM, mole basis) of NHM in scCO, (symbols are experimental data and lines show
modeling results): (a) Méndez-Santiago and Teja (top-left); (b) Sodeifian & Sajadian; (c) Gonzalez et al.; (d)
Soltani & Mazloumi; (e) Garlapati & Madras; (f) Jouyban et al.
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