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Abstract

Background. Dapsone (DAP) is an anti-inflammatory and antimicrobial active pharmaceutical ingredient
used to treat, e.q., AIDS-related diseases. However, low solubility is a feature hampering its efficient use.

Objectives. First, deep eutectic solvents (DES) were used as solubilizing agents for DAP as an alternative
to traditional solvents. Second, intermolecular interactions in the systems were described and quantified.
Finally, the solubility prediction model, previously created using the machine learning protocol, was extended
and improved using new data obtained for eutectic systems.

Material and methods. New DES were created by blending choline chloride (ChCl) with 6 selected polyols.
The solubility of DAP in these solvents was measured spectrophotometrically. The impact of water dilution
on the solubility curve was investigated. Experimental research was enriched with theoretical interpretations
of intermolecular interactions, identifying the most probable pairs in the systems. Dapsone self-association
and its ability to interact with components of the analyzed systems were considered. Thermodynamic
characteristics of pairs were utilized as molecular descriptors in the machine learning process, predicting
solubility in both traditional organic solvents and the newly designed DES.

Results. The newly formulated solvents demonstrated significantly higher efficiency compared to traditional
organic solvents, and a small addition of water increased solubility, indicating its role as a co-solvent. The in-
terpretation of the mechanism of DAP solubility highlighted the competitive nature of self-association and pair
formation. Thermodynamic parameters characterizing affinity were instrumental in developing an efficient
model for theoretical screening across diverse solvent classes. The study emphasized the necessity of retraining
models when introducing new experimental data, as exemplified by enriching the model with data from DES.

Conclusions. The research showcased the efficacy of developing new DES for enhancing solubility and
creating environmentally and pharmaceutically viable systems, using DAP as an example. Molecular interac-
tions proved valuable in understanding solubility mechanisms and formulating predictive models through
machine learning processes.
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Streszczenie

Wprowadzenie. Dapson jest substancjg czynng o dziataniu przeciwzapalnym i przeciwbakteryjnym, stosowang m.in. w leczeniu schorzen zwigzanych z AIDS.
Jednakze jego niska rozpuszczalnosc to cecha utrudniajgca jego efektywne wykorzystanie.

Cel pracy. Po pierwsze, do rozpuszczania dapsonu jako alternatywy dla tradycyjnych rozpuszczalnikéw zastosowano rozpuszczalniki gteboko eutektyczne (DES).
Po drugie, opisano i obliczono oddziatywania miedzyczasteczkowe w tych uktadach. Wreszcie, model przewidywania rozpuszczalnosci, wczesniej opracowany przy
uzyciu protokotu uczenia maszynoweqo, zostat rozszerzony i ulepszony uwzgledniajac rozpuszczalniki z grupy gtebokich eutektykow.

Materiati metody. Przygotowano nowe rozpuszczalniki nalezace do grupy gtebokich eutektykéw (DES) poprzez zmieszanie chlorku choliny oraz jednego z szesciu
wybranych polioli. W kazdym z zaprojektowanych rozpuszczalnikéw zmierzono rozpuszczalno$¢ dapsonu metoda spektrofotometryczng. Przebadano wptyw
rozcieficzania woda na rozpuszczalnosc. Badania eksperymentalne wzbogacono o interpretacje teoretyczng oddziatywan miedzyczasteczkowych i zidentyfikowano
najbardziej prawdopodobne pary. Uwzgledniono zar6wno autoasocjacje dapsonu, jak i jego zdolnos¢ do oddziatywania ze sktadnikami analizowanych uktadow.
Charakterystyki termodynamiczne par wykorzystano jako deskryptory molekularne w procesie uczenia maszynowego. Otrzymany model wykorzystano do prze-
widywania rozpuszczalnosc zar6wno w tradycyjnych rozpuszczalnikach organicznych, jak i nowych gebokich eutektykach.

Wyniki. Potwierdzono znacznie wyzszg efektywnos¢ nowych rozpuszczalnikéw niz tradycyjnych rozpuszczalnikdw organicznych, a niewielki dodatek wody wywotat
wzrost rozpuszczalnosci, co wskazuje na jej role jako wspdtrozpuszczalnika. Interpretacja mechanizmu rozpuszczalnosc dapsonu wykazata konkurencyjny charakter
autoasocjacji oraz tworzenia par ze sktadnikami analizowanych roztwordw. Parametry termodynamiczne charakteryzujace powinowactwo wykorzystano w procesie
uczenia maszynowego i opracowano bardzo efektywny model pozwalajacy na teoretyczne badania przesiewowe w bardzo szerokiej domenie klas rozpuszczalnikow.
Zwrdcono uwage na koniecznos¢ ponownego treningu modelu w przypadku rozszerzenia puli danych doswiadczalnych o przypadki uktadow o nowych cechach na
przyktadzie wzbogacenia modelu o nowe wartosci dla DES.

Whnioski. Na przyktadzie dapsonu udokumentowano, ze projektowanie nowych rozpuszczalnikéw gteboko eutektycznych jest wysoce efektywnym sposobem
z7wiekszania rozpuszczalnosci prowadzacym do otrzymania ekologicznie i farmaceutycznie akceptowalnych uktadéw. Oddziatywania miedzy molekulame sa
wartosciowym Zrodtem informacji umozliwiajacym nie tylko zrozumienie mechanizmu rozpuszczalnosci, ale réwniez sformutowania modeli teoretycznych

wykorzystujacych proces uczenia maszynowego.

Stowa kluczowe: dapson, rozpuszczalnos¢, uczenie maszynowe, oddziatywania miedzyczasteczkowe, rozpuszczalniki gteboko eutektyczne.

Background

Dapsone (IUPAC name: 4,4-Diaminodiphenyl sulfone,
abbreviated here as DAP) is a synthetic sulphone known for
its anti-inflammatory and antimicrobial properties.! Both
systematic and topical forms of DAP are used in medi-
cine, and among different diseases addressed by this drug,
one can include dermatitis herpetiformis, leprosy, acne,
malaria, and also conditions related to AIDS.?~> Dapsone
demonstrates its antibacterial activity by competitively
inhibiting dihydropteroate synthetase, thereby imped-
ing the biosynthesis of folic acid. This disruption ham-
pers the production of nucleic acids, which are crucial
for the survival and multiplication of the affected bacte-
ria.>® Dapsone’s ability to reduce inflammation is associ-
ated with its modulation of the production of cytokines.”?
Moreover, its ability to bind with NADPH oxidase results
in the inhibition of reactive oxygen species (ROS) and su-
peroxide radical production, thus rendering its antioxidant
capacity.’ Dapsone is metabolized in the liver via acetyla-
tion and hydroxylation, and excreted primarily in urine.!%!!
Among its adverse effects, hematologic issues and pe-
ripheral neuropathy are considered the most important,
with the DAP hypersensitivity syndrome being identified
as a life-threatening drug reaction.!? Dapsone is included
in class II of drugs according to the Biopharmaceutics

Classification System (BCS), which reflects its limited
water solubility as well as its reduced permeability.!> Be-
cause of the above features, the transdermal delivery route,
instead of the oral one, is the preferred way of administer-
ing this drug.!* These limitations were the inspiration for
various strategies aimed at resolving the poor aqueous
solubility and low bioavailability of DAP.1>1¢

Solubility, as a fundamental characteristic, holds sig-
nificant importance in the pharmaceutical realm and
plays a crucial role in drug design and formulation.1”!8
The reactivity, stability and bioavailability of a chemi-
cal compound are significantly influenced by its capac-
ity for dissolution in a specific solvent. Investigations
into solubility, encompassing both equilibrium and ki-
netic methodologies, play a vital role in various critical
domains, including enhancing liquid dosage,'® improv-
ing bioavailability,?° facilitating crystallization,?! aiding
pre-formulation,?? and enabling thermodynamic model-
ing.?% Based on the above, it can be easily concluded that
solvents are extremely important for the pharmaceutical
industry. In fact, it can be estimated that they account
for even 90% of all chemicals used in this industry.?* Be-
cause of the amount of solvents used, it is crucial to fo-
cus not only on their effectiveness in dissolving desired
compounds but also on their environmental impact. This
is why the framework of “green chemistry”?>2¢ has become
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widely introduced in the context of solvents.?’-3° Various
properties can be attributed to these green solvents, with
non-toxicity, non-flammability and low environmental
impact being the most important ones.

When considering the above properties, a particular
group of designed solvents comes to mind, namely deep
eutectic solvents (DES). They are formed by mixing at least
2 compounds, and their key feature lies in the lowering
of the melting point compared to individual constituents
of the eutectic mixture.?3> This characteristic enables
them to remain in a liquid state even at low temperatures.
The DES share many aspects with more traditional ionic
liquids; they differ mainly by including non-ionic constitu-
ents in their structure.?® Frequently, DES employ com-
pounds that can be termed primary metabolites derived
from plants, including alcohols, sugars, organic acids, and
amino acids.?*% The properties of DES are in line with
the general requirements for green solvents since these
systems are not readily volatile and flammable, they are
sustainable and biodegradable, their preparation is simple
and cost-efficient, and they can be tailored for user-spe-
cific requirements.3*~% These desirable properties resulted
in the widespread usage of DES, and the pharmaceuti-
cal industry is, of course, one of the beneficiaries of this
approach.*-42 The DES have proven to have the ability
to significantly increase the solubility and bioavailability
of many active pharmaceutical ingredients.*3~*> Also our
research group has successfully demonstrated the useful-
ness of using DES for the dissolution of many active sub-
stances, including sulfonamides,*® curcumin,? caffeine,*
and edaravone.?” Therefore, it seems natural to apply DES
in the case of DAP.

Selecting the right solvent to enhance the solubility
of a specific active pharmaceutical ingredient is a challeng-
ing and labor-intensive process. The number of experiments
is constrained by various factors, including time, financial
limitations and the contemporary emphasis on eco-friendly
chemical practices. Hence, preliminary screening using
diverse computational methods seems imperative before
conducting actual experiments. Of notable importance
is the use of machine learning to determine pharmaceuti-
cal solubility limits, an area that has seen a surge in neural
network and deep learning applications.>*~>2 Our previous
studies have demonstrated that combining COSMO-RS
with machine learning techniques yields highly accurate
predictions,”*> also in the case of daposne.*®

The current study had 3 primary objectives. First, DAP
solubility data was augmented using several designed DES,
which were expected to have a greater solubilization poten-
tial than traditional organic solvents. Furthermore, the in-
termolecular interactions within the considered systems
were studied in order to gain insight into the observed
solubility phenomena. Finally, the model for predicting
solubility, previously created using the machine learning
protocol, was extended and improved using new data ob-
tained for eutectic systems.
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Materials and methods
Materials

Dapsone (CAS No. 80-08-0) was acquired from Sigma-
Aldrich (St. Louis, USA) with <99% purity. The constitu-
ents of DES were also obtained from Sigma-Aldrich with
the same purity. These constituents include choline chlo-
ride (ChCl, CAS No. 67-48-1), as well as 6 polyols, namely
glycerol (GLY, CAS No. 56-81-5), ethylene glycol (ETG,
CAS No. 107-21-1), diethylene glycol (DEG, CAS No. 111-
46-6), triethylene glycol (TEG, CAS No. 112-27-6), 1,2-pro-
panediol (P2D, CAS No. 57-55-6), and 1,3-butanediol (B3D,
CAS No. 107-88-0) used as hydrogen bond donors (HBDs).
Methanol (CAS No. 67-56-1), used as a solvent throughout
the study, was supplied by Avantor Performance Materials
(Gliwice, Poland) and had a purity of at least 99%. Prior
to use, ChCl was dried, while all the other compounds
were used without any initial procedures.

Preparation of the samples and solubility
measurements

For DAP solubility determination in the investigated
DES, the initial step involved the preparation of a calibra-
tion curve. For this purpose, a stock solution of DAP was
prepared in methanol and subsequently diluted in 10-mL
volumetric flasks. The concentration of solutions used
for the preparation of the calibration curve ranged from
0.007 mg/mL to 0.017 mg/mL. An A360 spectrophotom-
eter from AOE Instruments (Shanghai, China) was em-
ployed for spectrophotometrical measurements of the so-
lutions. The wavelength corresponding to the maximum
absorbance value was found to be 295 nm. Three separate
calibration curves were averaged in order to obtain the fi-
nal curve. The linear regression equation was found to be
A =113.87.C + 0.0015 (A — absorbance, C — concentration
expressed in mg/mL). The degree of linearity was found
to be satisfactory, with R? = 0.999.

In the investigation of various DES, ChCl consistently
served as one of the constituents. The 2"¢ component var-
ied and GLY, ETG, DEG, TEG, P2D, or B3D. To formulate
the DES, ChCl and the 2" component were mixed together
in sealed test tubes in 1:2 molar ratio. A water bath at 90°C
was utilized for creating homogeneous solutions. The re-
sulting DES were used either in their pure form or com-
bined with water to create binary systems with varying
water proportions. To obtain saturated solutions of DAP
in the studied systems, excess amounts of DAP were added
to the test tubes containing both pure DES and binary
mixtures with water.

The prepared samples were incubated for 24 h at 25°C
in an Orbital Shaker Incubator ES-20/60 from Biosan
(Riga, Latvia). The temperature was precisely main-
tained at 0.1°C, with a variation of +0.5°C observed over
the 24-h cycle. During the mixing process, all samples
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were agitated at a speed of 60 rpm. Afterward, the sam-
ples were filtered using a syringe combined with a PTFE
syringe filter of 0.22 pm pore size. In order to prevent
precipitation, the test tubes, syringes, pipette tips, and
filters were initially warmed to align with the temperature
of the sample.

Ultimately, fixed volumes of the filtered solution were
placed in test tubes filled with methanol, and the samples
diluted in this way were subjected to spectrophotometric
measurements. Additionally, to determine the mole frac-
tions of DAP, 1 mL of each solution was precisely weighed
in a 10 mL volumetric flask in order to obtain the den-
sity of the sample. Throughout the study, an Eppendorf
(Hamburg, Germany) Reference 2 pipette was used with
a systematic error of 0.6 uL. The RADWAG (Radom, Po-
land) AS 110 R2.PLUS analytical balance with a precision
of 0.1 mg was also utilized.

The solubility of DAP in the considered solvents was
determined based on spectrophotometric measurements
of the prepared samples. The wavelength range from
190 nm to 500 nm was used during solubility measure-
ments, and the corresponding resolution was 1 nm. Ini-
tially, methanol was used for spectrophotometer cali-
bration, and it was also utilized to dilute the measured
samples. Dilution was necessary to ensure that the ab-
sorbance values remained within the linear range. Based
on the calibration curve, the absorbance values measured
at 295 nm were used to calculate DAP solubility, expressed
both as its concentration and mole fraction. These values
were obtained by averaging the results from 3 separate
measurements.

Computations details

Solubility predictions were made using a custom Python
model designed to tune the hyperparameters of 36 regres-
sors using various algorithms, which include, among many
others, boosting, nearest neighbors, linear models, ensem-
bles, and neural networks. The methodology was already
described in our previous studies,*®~>® and only a brief
description is presented here. The exploration of the hy-
perparameter space was aimed at finding their optimal
values throughout 5000 minimization trials with the help
of the Optuna framework. The performance of the consid-
ered regression models was assessed based on a custom
score function combining metrics accounting for model
accuracy and generalizability. The ultimate performance
assessment of all models relied on the loss values repre-
senting both test and validation subsets. The ensemble
model definition incorporated the subset of regression
models characterized by the lowest values correspond-
ing to both criteria. The final predictions were the results
of the averaging of the chosen models. The solubility data
from the previous work®® was used for model training, and
was supplemented with the new measurements presented
in this work. The same types of molecular descriptors
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were used to characterize the intermolecular interactions
in the system, expressed in terms of solute—solvent affini-
ties. These properties were characterized by the Gibbs free
energy (AG,) values associated with reactions involving
the formation of pairs, namely X + Y = XY, with X and
Y representing solute and solvent molecules, respectively.
For the purpose of machine learning, both the enthalpic
and entropic contributions included in the affinities were
additionally incorporated into the set of molecular de-
scriptors. Each compound in the form of monomers, di-
mers or heteromolecular pairs was represented by the set
of the most representative conformations selected from
alarge number of potential geometries optimized using RI-
DFT BP86 (B88-VWN-P86) in Turbomole v. 7.5.1 (Turbo-
mole GmbH, Frankfurt am Main, Germany). Highly simi-
lar clusters and those exceeding the 2.5 kcal/mol threshold
for relative energy were not included in the pool of confor-
mations. All thermodynamic properties were computed
using the COSMOtherm program v. 22.0.0 (Dassault Sys-
témes, Biovia, San Diego, USA).

Results and Discussion

Experimental solubility of DAP
in designed solvents

The solubility of DAP was studied in several DES com-
prising ChCl and 1 of 6 considered polyols, namely GLY,
ETG, DEG, TEG, P2D, and B3D. These systems were stud-
ied previously for other active pharmaceutical ingredients
and proved to be very effective in enhancing their solu-
bility.*’ Also, based on earlier experiences, the 1:2 molar
ratio of DES constituents (i.e., a twofold excess amount
of the polyol) was used. The studies encompassed the de-
termination of DAP solubility in neat DES, as well as in bi-
nary solvent mixtures of DES and water. In the latter case,
different molar proportions of the eutectic and water were
used. The results are presented in Fig. 1.

The analysis of the results leads to several interesting
observations. First of all, there is a following decreasing
trend among the studied neat DES in terms of DAP dis-
solution effectiveness, namely: TEG > DEG > ETG > GL
Y > B3D > P2D. At 25°C, the mole fraction solubility
of DAP in the neat DES comprising ChCl and TEG equals
xpap = 107.50-10-3. Using DEG as a DES constituent yields
a slightly smaller solubility of xpsp = 96.48-10-3. The next
2 systems, involving ETG and GLY, are responsible for
a considerably lower solubility of xpsp = 70.96-1073 and
Xpap = 65.1:1073, respectively. Finally, DAP is the least sol-
uble in DES utilizing B3D and P2D, with xpap = 49.36-1073
and xpap = 46.91.1073, respectively.

The studied DES systems differ slightly in their be-
havior when introduced as a part of an aqueous binary
solvent. For all studied DES, a cosolvency effect can be ob-
served, which means that at a specific molar composition
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of the aqueous binary solvent, the solubility of DAP
is higher than for the neat DES. However, the solubil-
ity profiles presented in Fig. 1 are not identical among
the studied DES. The most important difference comes
from the binary mixture composition, which results
in the highest DAP solubility. In the case of eutectics
comprising ETG, DEG and TEG, the x*, = 0.2 compo-
sition is responsible for the highest solubility of DAP.
Meanwhile, for DES utilizing P2D, B3D and GLY, this
composition is x*,, = 0.3. The shape of the solubility pro-
files also differs slightly between the studied systems,
although the solubility increase is rather similar and
in the range from 1.07 to 1.15 times greater when com-
paring the optimal binary composition and the neat DES.
For example, the most efficient composition for the DES
comprising TEG results in the solubility of DAP equals
to xpap = 120.96.1073 at 25°C. Interestingly, there is a de-
viation from the solubility effectiveness trend observed
among the studied neat DES. When the optimal com-
position is concerned, the eutectic involving GLY turns
out to be more effective than the one with ETG, which
is the opposite for neat DES.

Of course, it is necessary to put the obtained results
in the context of DAP solubility in the neat solvents studied
previously.>® All the studied DES, as well as most water-
DES mixtures, outperform classical organic solvents, in-
cluding dimethyl sulfoxide (DMSO), DEG and diethylene
glycol bis(3-aminopropyl) ether (B3APE), as evidenced
in Fig. 1. Even DMSO, a compound that is known to be
avery efficient solubilizer, yielded DAP solubility at a level
of xpap = 18.95:10~3, which is only around 20% of the solu-
bility of the neat eutectic involving TEG.

Fig. 1. Solubility of dapsone (DAP) at 25°C in the studied designed
solvents, comprising choline chloride (ChCl) with either glycerol

(GLY), ethylene glycol (ETG), diethylene glycol (DEG), triethylene glycol
(TEG), 1,2-propanediol (P2D), or 1,3-butanediol (B3D). Horizontal lines
represent values characterizing saturated solutions of DAP in neat
solvents including dimethyl sulfoxide (DMSQ), DEG and diethylene glycol
bis(3-aminopropyl) ether (B3APE), as documented in a previous study

x*,, — mole fraction of water in solute-free solutions.
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Intermolecular interactions of DAP
in the studied DES

The characteristics of the intermolecular interac-
tions in saturated solvents studied here are expressed
as the collection of the values of AG, of synthesis reactions
of homo- and hetero-molecular pairs. This, however, re-
quires the proper representation of the structural diversity
of potential intermolecular contacts in considered systems.
Hence, an extensive conformational search for potential
pair formation was conducted as an initial step. According
to the procedure described in the methodology section,
each complex is represented by the set of the most stable
conformations used for the determination of the affinity
values. It is important to note that 2 types of thermody-
namic characteristics can be derived using COSMOth-
erm depending on the way of interpretation of the reac-
tion of the pair formation. For the purpose of the overall
stability of the systems, the values of concentration in-
dependent AG, were used. Such a way of representing af-
finity simply utilizes the product of activity coefficients,
correcting the values of equilibrium constants determined
based on the mole fraction distribution in a given system.
The resulting activity equilibrium constants are directly
related to the values of the AG, and are related to the tem-
perature, but remain the same independently of the system
composition. These values are collected in Fig. 2, quantify-
ing all possible binary contacts of DAP in the studied DES.
The graphical representation of the most stable complexes
is provided in Fig. 3.

The plots presented in Fig. 2 lead to the conclusion
that the self-association of DAP is the most predomi-
nant factor of system stability. This suggests that dimer
formation might be considered the driving force behind
solubility restrictions in any solvent. Indeed, the hetero-
molecular complexes that characterize the affinity of DAP
to any individual DES component are lower compared
to DAP-DAP formation. It is worth emphasizing that

Fig. 2. Collection of solute-solvent and solute-solute affinities
characterized by the values of the Gibbs free energy of reactions (AG)):
dapsone (DAP) + X = DAP-X, where X stands for either of the deep
eutectic solvents (DES) components
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ChCl is a very important component of the system, play-
ing a crucial stabilization role. Indeed, the DAP-ChCI
pairs are very stable in all cases. The 2"! factor contribut-
ing to the overall system stability comes from DAP-HBD
pairs, which are slightly less favorable compared to DAP-
ChCl. There is only 1 exception for DAP-TEG, as this
pair has stability comparable to the latter. As one might

T. Jeliriski et al. Dapsone solubility in deep eutectic solvents

Fig. 3. Representation of the most
stable pairs of dapsone (DAP)
with deep eutectic solvents (DES)
components. The colored clouds
represented the charge density

expect, the hydration of DAP has the smallest contribution
to the overall affinity, which might be attributed to the low
polarity of the solute. In Fig. 2, the relative solute—solvent
affinity was drawn as a thick red line, representing the dif-
ference between DAP self-affinity and the sum of affin-
ity to DES components. It is very interesting to observe
that there is a correspondence between the order of DAP
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solidity in the studied DES and the relative affinity. In-
deed, the highest DAP solubility was observed in the ChCl
mixture with TEG. The sequence of solubility reduction
in TEG, DEG and ETG is associated with the parallel de-
crease of AG,(AB) values. For the rest of the studied HBDs,
the trend is not so clear, but solute—solvent interactions
are comparable to DAP self-affinity. This conclusion not
only qualitatively reveals the mechanism of DAP dissolu-
tion in DES but is also a good prognostic for the utiliza-
tion of intermolecular interaction for machine learning
purposes.

It is interesting to note that the structure of DAP allows
for 3 types of interactions. The presence of the oxygen
centers bound to sulfur atoms stands for acceptors of hy-
drogen bonding. The amino groups bound to aromatic
rings can act as potential donors of hydrogen bonds. Fi-
nally, the apolar, aromatic rings can be the source of sta-
bilization via non-covalent dispersive interactions. This
general overview suggests that DAP should be easily
solvated in a variety of solvents and soluble in diverse
solvents. If this simple picture is confronted with the mea-
sured data, one can infer a rather more complex behavior
of DAP.

Indeed, 3 separate classes of solvents interacting with
DAP can be distinguished.>® The 1°¢ class comprises sys-
tems in which DAP acts as a proton acceptor via the sul-
fonyl group. This class of solvents encompasses water and
aliphatic alcohols. It is anticipated that solubility in these
solvents, which donate protons, will generally be at a mod-
erate level due to the potential self-association of DAP.
The 2" group includes systems in which DAP is a proton
donor in conjunction with solvents like acetone or DEG.
The likelihood of DAP dissolving in these solvents is rela-
tively high, as the non-polar region of DAP is less inclined
to self-associate thanks to the obstruction caused by sol-
vent molecules. In the 3" and final class, solvents can be
found that react with DAP through non-hydrogen bond
interactions. This includes such solvents as DMSO and
N-methyl-2-pyrrolidone, and the potential solubility range
of DAP in these compounds is quite extended.
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Fig. 4. Graphical representation
of 2 types of dapsone (DAP)
dimers found in the studied
systems

It is important to add that there is another aspect that
should be taken into account if the dissolution mecha-
nism is to be described, which is the self-affinity of DAP.
As it was documented in Fig. 2, this type of interaction
is the strongest among all pars potentially present in DAP
solutions. This holds not only for DES but also for many
neat and binary solvents as well.>® The dispersive forces are
the predominant factor stabilizing the 2 DAP molecules.
However, 2 distinct classes of structures were identified
in the conformational search, as documented in Fig. 4. In-
terestingly, the structure of the most stable pair (on the left)
is deficient in any type of hydrogen bonding. However, for
some stable dimers the active role of both donor and accep-
tor centers of DAP is evident (on the right). The interplay
of DAP self-association and complex formation with sol-
vent molecules of DAP can be regarded as the main factor
determining solubility. Solvents whose molecules offer
concurrency to DAP dimerization are supposed to be bet-
ter ones, such as, for example, TEG or DEG. These 2 mol-
ecules strongly interact with the non-polar region of DAP,
in consequence effectively reducing the self-association.
Solvents that can form hydrogen-bonded complexes typi-
cally do not impair as seriously the ability of dimerization,
which results in more probable self-association leading
eventually to aggregation and sedimentation.

Extended model for solubility prediction
of DAP

In one of our previous projects,® a model for predict-
ing DAP solubility was developed and validated. The en-
semble of regressors with tuned hyperparameters was
found to be very accurate in back-computations of DAP
mole fraction at saturated conditions in neat solvents and
binary solvent mixtures at varying compositions and tem-
peratures. Also, the performed detailed analysis of po-
tential predicative potential proved the ability of the for-
mulated model to reliably predict new cases. The studied
solvent space was quite extended and encompassed major
types of solvents, including polar-protic, polar-aprotic
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Fig. 5. Distribution of the solute-solute (AS,(AA) — on the left) and solute—solvent (AS,(AB) — on the right) entropic contributions to the affinity in the studied
systems. Three sets represent the neat solvents (black circles), binary solvent mixtures (grey circles) and studied deep eutectic solvents (DES; black bold

circles)

and non-polar ones. It is interesting to see if such a broad
range of solvents representatively covers the possible vari-
ety of dissolution media. This aspect is especially impor-
tant from the perspective of the type of solvents studied
here, which are very polar, with diverse hydrogen bond-
ing capabilities. Hence, the plots of selected descriptors
were prepared for comparison of the coherence of their
distributions. The previously developed model,>® which
optimized the set of the most suitable regressors, utilized
intermolecular interactions as molecular descriptors.
The detailed analysis of the importance of given descrip-
tors revealed that for the majority of regressors, 2 contri-
butions are dominant. These 2 descriptors characterize
the solute—solute (AS.(AA)) and solute—solvent (AS,(AB))
entropic contributions to the affinity in the studied sys-
tems. The distributions of these values provided in Fig. 5
are separated into 3 sets, namely pure solvents, binary
mixtures and ternary DES systems. The most important
conclusion is that the new set of data adds distinct fea-
tures to the overall characteristics. Although the obtained
new results are within the range of solubility data used
in the previous machine learning, molecular descriptors
have quite distinct distributions. It is worth mention-
ing that the solubility measurements in DES were done
only at room temperature, while the previous dataset in-
cluded a quite extended range of temperatures from 5°C
up to 80°C. It is not surprising that at elevated tempera-
tures, the DAP solubility has been found to be very high,
even higher than in the case of the studied DES. Hence,
it is not the solubility range that prevents direct utili-
zation of the developed model, but the distinct interac-
tions in new systems. Consequently, it is very unlikely that
the previous model can be used for solubility predictions
in DES, and the utilization of such a model is not meth-
odologically acceptable as the new pool of data is outside
its applicability domain. Hence, it is necessary to ex-
tend the model for reliable predictions. The retraining

of the model is characterized in Fig. 6. First of all, the list
of the most efficient regressors provided in the caption
defines the new ensemble. No additional tuning of weight
was performed, as the simple addition of their contribu-
tions was quite effective, as documented in the right panel
of Fig. 6. The accuracy of back-computed DAP solubil-
ity is very high, which is a good prognosis for potential
screening for alternative solvents. The fact that the appli-
cability domain is significantly extended by the inclusion
of solubility in DES means that the range of potential
applications is seriously extended compared to previously
formulated ensemble.>®

Conclusions

The performed multi-aspect analysis of DAP solubility
in DES led to a number of conclusions regarding their
effectiveness, dissolution mechanism and future screen-
ing for new solvents. First of all, the considered eutectic
systems outperformed the classical organic solvents stud-
ied earlier, including DMSO, with the DES comprising
ChCland TEG being the most effective. It was also found
that the addition of a specific amount of water to the DES
systems increases DAP solubility even further. Second,
the interplay of DAP self-association and the formation
of complexes between DAP and solvent molecules can
be regarded as the main factor influencing solubility.
The self-association of DAP seems to be the most impor-
tant factor influencing the stability of the systems and
thus limiting its solubility. Conversely, the reason for in-
creased solubility in some solvents is the ability of some
molecules to strongly interact with the non-polar region
of DAP, thus reducing self-association and increasing solu-
bility. Finally, some important considerations have to be
made regarding the usage of machine learning for solubil-
ity predictions. The general problem of the applicability
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Fig. 6. The ensemble marked with a green rectangle in the left panel is defined by the set of the following regressors: NuSVR, SVR, CatBoostRegressor,
RandomfForestRegressor, HistGradientBoostingRegressor, LGBMRegressor, and BaggingRegressor. The predictive abilities of this model are provided

in the right panel

domain restrictions imposed on any non-linear model
developed using machine learning protocols is stressed
and exemplified in the case of DAP solubility in DES. Ac-
cording to chemical intuition, the extension of solubility
space by the inclusion of new dissolution media can affect
the predictive potential of any non-linear model. How-
ever, the problem is whether the actual new pool of data
resulting from new measurements requires re-formulating
the model from scratch.

This paper univocally illustrates the necessity of aug-
menting the dataset with measurements in DES. The initial
model was formulated for a quite extended and diverse
set of solvents, which is not a common situation for active
pharmaceutical ingredients. Hence, it might seem that
the major portion of solvent structural and energetic diver-
sity was already included in the original formulation, and
the model can be applied for prediction in a variety of sol-
vents not included in the pool of solvents used for model
training. However, DES so seriously differ from organic
solvents that retraining was indispensable. Fortunately,
after the extension of the solubility data with 6 different
solvents, the newly designed and retrained ensemble of re-
gressors was able to capture all the new features of the sys-
tem and very accurately describe the whole dataset. Since
this is also associated with the extension of the applicabil-
ity domain, its scope of application is broadened. This posi-
tive statement is partly mitigated by the fact that retraining
is an unavoidable aspect of ensemble development if new
data extend the solvent space.

Data availability
The datasets generated and/or analyzed during the cur-

rent study are available from the corresponding author
on reasonable request.

Consent for publication

All the authors give their consent for the publication
of their identifiable details in the Polymers in Medicine
journal.

ORCID iDs

Tomasz Jeliriski
Maciej Przybytek
Rafat Rézalski
Piotr Cysewski

https://orcid.org/0000-0002-2359-6260
https://orcid.org/0000-0002-3399-6129
https://orcid.org/0000-0003-2067-9981
https://orcid.org/0000-0001-6220-2634

References

1. Madanipour MR, Fatehi-Zardalou M, Rahimi N, et al. The anti-inflam-
matory effect of dapsone on ovalbumin-induced allergic rhinitis
in balb/c mice. Life Sci. 2022;297:120449. d0i:10.1016/j.Ifs.2022.120449

2. ZhuY]I, Stiller MJ. Dapsone and sulfones in dermatology: Overview
and update. J Am Acad Dermatol. 2001;45(3):420-434. doi:10.1067/
m;jd.2001.114733

3. May SM, Motosue MS, Park MA. Dapsone is often tolerated in HIV-
infected patients with history of sulfonamide antibiotic intolerance.
J Allergy Clin Immunol Pract. 2017;5(3):831-833. doi:10.1016/j.jaip.
2016.11.011

4. Wozel G, Blasum C. Dapsone in dermatology and beyond. Arch
Dermatol Res. 2014;306(2):103-124. d0i:10.1007/s00403-013-1409-7

5. Moreno E, Calvo A, Schwartz J, et al. Evaluation of skin permeation
and retention of topical dapsone in murine cutaneous leishmaniasis
lesions. Pharmaceutics. 2019;11(11):607. doi:10.3390/pharmaceutics
11110607

6. SwainSS, Paidesetty SK, Dehury B, et al. Molecular docking and simu-
lation study for synthesis of alternative dapsone derivative as a newer
antileprosy drug in multidrug therapy. J Cell Biochem. 2018;119(12):
9838-9852. doi:10.1002/jcb.27304

7. Roman C, Dima B, Muyshont L, Schurmans T, Gilliaux O. Indications
and efficiency of dapsone in IgA vasculitis (Henoch-Schonlein pur-
pura): Case series and a review of the literature. Eur J Pediatr. 2019;
178(8):1275-1281. doi:10.1007/s00431-019-03409-5

8. Ghaoui N, Hanna E, Abbas O, Kibbi A, Kurban M. Update on the use
of dapsone in dermatology. Int J Dermatol. 2020;59(7):787-795.
doi:10.1111/ijd.14761

9. Rios C, Orozco-Suarez S, Salgado-Ceballos H, et al. Anti-apoptotic
effects of dapsone after spinal cord injury in rats. Neurochem Res.
2015;40(6):1243-1251. doi:10.1007/511064-015-1588-z


https://www.doi.org/10.1016/j.lfs.2022.120449
https://www.doi.org/10.1067/mjd.2001.114733
https://www.doi.org/10.1067/mjd.2001.114733
https://www.doi.org/10.1016/j.jaip.2016.11.011
https://www.doi.org/10.1016/j.jaip.2016.11.011
https://www.doi.org/10.1007/s00403-013-1409-7
https://www.doi.org/10.3390/pharmaceutics11110607
https://www.doi.org/10.3390/pharmaceutics11110607
https://www.doi.org/10.1002/jcb.27304
https://www.doi.org/10.1007/s00431-019-03409-5
https://www.doi.org/10.1111/ijd.14761
https://www.doi.org/10.1007/s11064-015-1588-z

%

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

. Tingle MD, Mahmud R, Maggs JL, Pirmohamed M, Park BK. Compari-

son of the metabolism and toxicity of dapsone in rat, mouse and man.
JPharmacol Exp Ther. 1997;283(2):817-823. PMID:9353403.

. Mitra AK, Thummel KE, Kalhorn TF, Kharasch ED, Unadkat JD, Slattcry JT.

Metabolism of dapsone to its hydroxylamine by CYP2E1 in vitro and
in vivo. Clin Pharmacol Ther. 1995;58(5):556-566. doi:10.1016/0009-
9236(95)90176-0

. Molinelli E, Paolinelli M, Campanati A, Brisigotti V, Offidani A. Meta-

bolic, pharmacokinetic, and toxicological issues surrounding dap-
sone. Exp Opin Drug Metab Toxicol. 2019;15(5):367-379. d0i:10.1080/17
425255.2019.1600670

. Jouyban A, Rahimpour E, Karimzadeh Z, Zhao H. Simulation of dap-

sone solubility data in mono- and mixed-solvents at various temper-
atures. J Mol Liq. 2022;345:118223. d0i:10.1016/j.molliq.2021.118223

. Schneider-Rauber G, Argenta DF, Caon T. Emerging technologies

to target drug delivery to the skin: The role of crystals and carri-
er-based systems in the case study of dapsone. Pharm Res. 2020;
37(12):240. doi:10.1007/511095-020-02951-4

. WuY,HaoX, LiJ,Guan A, Zhou Z, Guo F. New insight into improving

the solubility of poorly soluble drugs by preventing the formation
of their hydrogen-bonds: A case of dapsone salts with camphorsul-
fonicand 5-sulfosalicylic acid. CrystEngComm. 2021;23(35):6191-6198.
doi:10.1039/D1CE00847A

. Paredes Da Rocha N, De Souza A, Nishitani Yukuyama M, et al. High-

ly water-soluble dapsone nanocrystals: Towards innovative prep-
arations for an undermined drug. Int J Pharm. 2023;630:122428.
doi:10.1016/j.ijpharm.2022.122428

Martinez F, Jouyban A, Acree Jr WE. Pharmaceuticals solubility is still
nowadays widely studied everywhere. Pharm Sci. 2017;23(1):1-2.
doi:10.15171/PS.2017.01

. Savjani KT, Gajjar AK, Savjani JK. Drug solubility: Importance and

enhancement techniques. ISRN Pharmaceutics. 2012;2012:195727.
doi:10.5402/2012/195727

. Kalam MA, Alshamsan A, Alkholief M, et al. Solubility measurementand

various solubility parameters of glipizide in different neat solvents.
ACS Omega. 2020;5(3):1708-1716. d0i:10.1021/acsomega.9b 04004
Yang Z, Yang Y, Xia M, Dai W, Zhu B, Mei X. Improving the dissolu-
tion behaviors and bioavailability of abiraterone acetate via multi-
component crystal forms. IntJ Pharm. 2022;614:121460. doi:10.1016/j.
ijpharm.2022.121460

Thakur AK, Kumar R, Vipin Kumar VK, Kumar A, Kumar Gaurav G,
Naresh Gupta K. A critical review on thermodynamic and hydro-
dynamic modeling and simulation of liquid antisolvent crystalli-
zation of pharmaceutical compounds. J Mol Lig. 2022;362:119663.
doi:10.1016/j.molliq.2022.119663

Kim HS, Kim CM, Jo AN, Kim JE. Studies on preformulation and
formulation of JIN-001 liquisolid tablet with enhanced solubility.
Pharmaceuticals (Basel). 2022;15(4):412. d0i:10.3390/ph15040412
Anwer MdK, Mugtader M, Igbal M, et al. Estimating the solubility,
solution thermodynamics, and molecular interaction of aliskiren
hemifumarate in alkylimidazolium-based ionic liquids. Molecules.
2019;24(15):2807. doi:10.3390/molecules24152807

Constable DJC, Jimenez-Gonzalez C, Henderson RK. Perspective
on solvent use in the pharmaceutical industry. Org Process Res Dev.
2007;11(1):133-137. d0i:10.1021/0p060170h

Anastas PT, Williamson T. Green chemistry: An overview. In: Anastas PT,
Williamson TC, eds. Green Chemistry: Designing Chemistry for the Envi-
ronment. Vol. 626. ACS Symposium Series. Washington, DC, USA:
American Chemical Society; 1996:691-697. doi:10.1021/bk-1996-0626
Becker J, Manske C, Randl S. Green chemistry and sustainability metrics
in the pharmaceutical manufacturing sector. Curr Opin Green Sust Chem.
2022;33:100562. doi:10.1016/j.cogsc.2021.100562

DeSimone JM. Practical approaches to green solvents. Science. 2002;
297(5582):799-803. doi:10.1126/science.1069622

Jessop PG. Searching for green solvents. Green Chem. 2011;13(6):1391.
doi:10.1039/c0gc00797h

Cvjetko Bubalo M, Vidovi¢ S, Radojci¢ Redovnikovic |, Joki¢ S. Green
solvents for green technologies. JChem Technol Biotechnol. 2015;90(9):
1631-1639. doi:10.1002/jctb.4668

Hackl K, Kunz W. Some aspects of green solvents. Comptes Rendus Chimie.
2018;21(6):572-580. doi:10.1016/j.crci.2018.03.010

3.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

T. Jeliriski et al. Dapsone solubility in deep eutectic solvents

Abbott AP, Ahmed El, Harris RC, Ryder KS. Evaluating water miscible
deep eutectic solvents (DESs) and ionic liquids as potential lubricants.
Green Chem. 2014;16(9):4156-4161. doi:10.1039/C4GC00952E

Omar KA, Sadeghi R. Physicochemical properties of deep eutec-
tic solvents: A review. J Mol Lig. 2022;360:119524. doi:10.1016/j.mol-
1iq.2022.119524

Zhang Q, De Oliveira Vigier K, Royer S, Jérdbme F. Deep eutectic sol-
vents: Syntheses, properties and applications. Chem Soc Rev. 2012;
41(21):7108. d0i:10.1039/c2cs35178a

ChoiYH, Van Spronsen J, Dai Y, et al. Are natural deep eutectic solvents
the missing link in understanding cellular metabolism and physio-
logy? Plant Physiol. 2011;156(4):1701-1705. doi:10.1104/pp.111.178426
Dai Y, Van Spronsen J, Witkamp GJ, Verpoorte R, Choi YH. Natural
deep eutectic solvents as new potential media for green technology.
Anal Chim Acta. 2013;766:61-68. doi:10.1016/j.aca.2012.12.019
Espino M, De Los Angeles Fernandez M, Gomez FJV, Silva MF. Natural
designer solvents for greening analytical chemistry. Trends Anal Chem.
2016;76:126-136. doi:10.1016/j.trac.2015.11.006

Xu G, ShiM, Zhang P, et al. Tuning the composition of deep eutectic sol-
vents consisting of tetrabutylammonium chloride and n-decanoicacid
foradjustable separation of ethylene and ethane. Separ Purif Technol.
2022;298:121680. doi:10.1016/j.seppur.2022.121680

Paiva A, Craveiro R, Aroso |, Martins M, Reis RL, Duarte ARC. Natural
deep eutectic solvents: Solvents for the 215t century. ACS Sust Chem Eng.
2014;2(5):1063-1071. d0i:10.1021/5c500096]

Cao Y, Tao X, Jiang S, Gao N, Sun Z. Tuning thermodynamic properties
of deep eutectic solvents for achieving highly efficient photothermal
sensor. J Mol Liq. 2020;308:113163. doi:10.1016/j.molliq.2020.113163
Nguyen CH, Augis L, Fourmentin S, Barratt G, Legrand FX. Deep eutec-
tic solvents for innovative pharmaceutical formulations. In: Four-
mentin S, Costa Gomes M, Lichtfouse E, eds. Deep Eutectic Solvents
for Medicine, Gas Solubilization and Extraction of Natural Substances.
Vol. 56. Environmental Chemistry for a Sustainable World. Cham,
Switzerland: Springer International Publishing; 2021:41-102. doi:10.
1007/978-3-030-53069-3_2

LiuY, Wu Y, Liu J, Wang W, Yang Q, Yang G. Deep eutectic solvents:
Recent advances in fabrication approaches and pharmaceutical
applications. Int J Pharm. 2022;622:121811. doi:10.1016/j.ijpharm.
2022.121811

Pedro SN, Freire CSR, Silvestre AJD, Freire MG. Deep eutectic solvents
and pharmaceuticals. Encyclopedia. 2021;1(3):942-963. d0i:10.3390/
encyclopedial030072

Duarte ARC, Ferreira ASD, Barreiros S, Cabrita E, Reis RL, Paiva A. A com-
parison between pure active pharmaceutical ingredients and thera-
peutic deep eutectic solvents: Solubility and permeability studies.
EurJ Pharm Biopharm.2017;,114:296-304. doi:10.1016/j.ejpb.2017.02.003
Pedro SN, Freire MG, Freire CSR, Silvestre AJD. Deep eutectic solvents
comprising active pharmaceutical ingredients in the development
of drug delivery systems. Exp Opin Drug Deliv. 2019;16(5):497-506.
doi:10.1080/17425247.2019.1604680

Bazzo GC, Pezzini BR, Stulzer HK. Eutectic mixtures as an approach to
enhance solubility, dissolution rate and oral bioavailability of poor-
ly water-soluble drugs. Int J Pharm. 2020;588:119741. doi:10.1016/j.
ijjpharm.2020.119741

Jelinski T, Przybytek M, Cysewski P. Solubility advantage of sulfanil-
amide and sulfacetamide in natural deep eutectic systems: Experi-
mental and theoretical investigations. Drug Dev Ind Pharm. 2019;45(7):
1120-1129. doi:10.1080/03639045.2019.1597104

Jelinski T, Przybytek M, Cysewski P. Natural deep eutectic solvents
as agents forimproving solubility, stability and delivery of curcumin.
Pharm Res. 2019;36(8):116. doi:10.1007/511095-019-2643-2

Jelinski T, Cysewski P. Quantification of caffeine interactions in cho-
line chloride natural deep eutectic solvents: Solubility measurements
and COSMO-RS-DARE interpretation. Int J Mol Sci. 2022;23(14):7832.
doi:10.3390/ijms23147832

Cysewski P, Jelinski T, Przybytek M. Intermolecular interactions of eda-
ravone in aqueous solutions of ethaline and glyceline inferred from
experiments and quantum chemistry computations. Molecules. 2023;
28(2):629. doi:10.3390/molecules28020629

Lee S, Lee M, Gyak KW, Kim SD, Kim MJ, Min K. Novel solubility pre-
diction models: Molecular fingerprints and physicochemical fea-
tures vs graph convolutional neural networks. ACS Omega. 2022;7(14):
12268-12277. doi:10.1021/acsomega.2c00697


https://pubmed.ncbi.nlm.nih.gov/9353403
https://www.doi.org/10.1016/0009-9236(95)90176-0
https://www.doi.org/10.1016/0009-9236(95)90176-0
https://www.doi.org/10.1080/17425255.2019.1600670
https://www.doi.org/10.1080/17425255.2019.1600670
https://www.doi.org/10.1016/j.molliq.2021.118223
https://www.doi.org/10.1007/s11095-020-02951-4
https://www.doi.org/10.1039/D1CE00847A
https://www.doi.org/10.1016/j.ijpharm.2022.122428
https://www.doi.org/10.15171/PS.2017.01
https://www.doi.org/10.5402/2012/195727
https://www.doi.org/10.1021/acsomega.9b04004
https://www.doi.org/10.1016/j.ijpharm.2022.121460
https://www.doi.org/10.1016/j.ijpharm.2022.121460
https://www.doi.org/10.1016/j.molliq.2022.119663
https://www.doi.org/10.3390/ph15040412
https://www.doi.org/10.3390/molecules24152807
https://www.doi.org/10.1021/op060170h
https://www.doi.org/10.1021/bk-1996-0626
https://www.doi.org/10.1016/j.cogsc.2021.100562
https://www.doi.org/10.1126/science.1069622
https://www.doi.org/10.1039/c0gc00797h
https://www.doi.org/10.1002/jctb.4668
https://www.doi.org/10.1016/j.crci.2018.03.010
https://www.doi.org/10.1039/C4GC00952E
https://www.doi.org/10.1016/j.molliq.2022.119524
https://www.doi.org/10.1016/j.molliq.2022.119524
https://www.doi.org/10.1039/c2cs35178a
https://www.doi.org/10.1104/pp.111.178426
https://www.doi.org/10.1016/j.aca.2012.12.019
https://www.doi.org/10.1016/j.trac.2015.11.006
https://www.doi.org/10.1016/j.seppur.2022.121680
https://www.doi.org/10.1021/sc500096j
https://www.doi.org/10.1016/j.molliq.2020.113163
https://www.doi.org/10.1007/978-3-030-53069-3_2
https://www.doi.org/10.1007/978-3-030-53069-3_2
https://www.doi.org/10.1016/j.ijpharm.2022.121811
https://www.doi.org/10.1016/j.ijpharm.2022.121811
https://www.doi.org/10.3390/encyclopedia1030072
https://www.doi.org/10.3390/encyclopedia1030072
https://www.doi.org/10.1016/j.ejpb.2017.02.003
https://www.doi.org/10.1080/17425247.2019.1604680
https://www.doi.org/10.1016/j.ijpharm.2020.119741
https://www.doi.org/10.1016/j.ijpharm.2020.119741
https://www.doi.org/10.1080/03639045.2019.1597104
https://www.doi.org/10.1007/s11095-019-2643-2
https://www.doi.org/10.3390/ijms23147832
https://www.doi.org/10.3390/molecules28020629
https://www.doi.org/10.1021/acsomega.2c00697

Polim Med. 2024;54(1):15-25

51.

52.

53.

54.

Panapitiya G, Girard M, Hollas A, et al. Evaluation of deep learning
architectures for aqueous solubility prediction. ACS Omega. 2022;
7(18):15695-15710. doi:10.1021/acsomega.2c00642

Vermeire FH, Chung Y, Green WH. Predicting solubility limits of organic
solutes for a wide range of solvents and temperatures. JAm Chem Soc.
2022;144(24):10785-10797. d0i:10.1021/jacs.2c01768

Cysewski P, Jelinski T, Przybytek M. Finding the right solvent: A novel
screening protocol for identifying environmentally friendly and cost-
effective options for benzenesulfonamide. Molecules. 2023;28(13):
5008. doi:10.3390/molecules28135008

Cysewski P, Jelinski T, Przybytek M, Nowak W, Olczak M. Solubility
characteristics of acetaminophen and phenacetin in binary mix-
tures of aqueous organic solvents: Experimental and deep machine
learning screening of green dissolution media. Pharmaceutics. 2022;
14(12):2828. doi:10.3390/pharmaceutics14122828

55.

56.

57.

58.

25

Cysewski P, Przybytek M, Rozalski R. Experimental and theoretical
screening for green solvents improving sulfamethizole solubility.
Materials (Basel). 2021;14(20):5915. doi:10.3390/ma14205915
Cysewski P, Przybytek M, Jelinski T. Intermolecular interactions as
a measure of dapsone solubility in neat solvents and binary solvent
mixtures. Materials (Basel). 2023;16(18):6336. d0i:10.3390/ma16186336
Jelinski T, Kubsik M, Cysewski P. Application of the solute-solvent
intermolecular interactions as indicator of caffeine solubility in aque-
ous binary aprotic and proton acceptor solvents: Measurements and
quantum chemistry computations. Materials (Basel). 2022;15(7):2472.
doi:10.3390/ma15072472

Cysewski P, Jelinski T, Cymerman P, Przybytek M. Solvent screening
for solubility enhancement of theophylline in neat, binary and ter-
nary NADES solvents: New measurements and ensemble machine
learning. Int J Mol Sci. 2021;22(14):7347. d0i:10.3390/ijms22147347


https://www.doi.org/10.1021/acsomega.2c00642
https://www.doi.org/10.1021/jacs.2c01768
https://www.doi.org/10.3390/molecules28135008
https://www.doi.org/10.3390/pharmaceutics14122828
https://www.doi.org/10.3390/ma14205915
https://www.doi.org/10.3390/ma16186336
https://www.doi.org/10.3390/ma15072472
https://www.doi.org/10.3390/ijms22147347

	Solubility of dapsone in deep eutectic solvents: Experimental analysis, molecular insights and machi

