Journal of Molecular Liquids

Inclusion complexes of nabumetone with B-cyclodextrins: spectroscopic, spectrometric

and calorimetric studies in different solvents
--Manuscript Draft--

Manuscript Number: MOLLIQ-D-23-07686

Article Type: Full length article

Section/Category: Water, aqueous solutions and other hydrogen-bonded liquids
Keywords: nabumetone; cyclodextrins; spectrofluorimetry; NMR spectroscopy;

microcalorimetry; thermodynamic parameters

Corresponding Author: Nives Galic
University of Zagreb Faculty of Science
Zagreb, CROATIA

First Author: David Klari¢
Order of Authors: David Klari¢
Melita Kelrajter
Ana Ciko$
Ana Budimir
Nives Galic

Abstract: Complexation of nabumetone (NAB) with B-cyclodextrin (8-CD) and its derivatives,
namely hydroxypropyl--CD (HPBCD), randomly methylated 3-CD (RMBCD), and
sulfobutylether sodium salt B-CD (SBEBCD) was investigated in detail. Increased
solubility of NAB in water and in simulated biorelevant media (pH = 1.0 (HCI) and pH =
4.5 and 6.8 (phosphate buffer)) was achieved in the presence of all 3-CDs, reaching
approximately 170 times for SBBCD. Based on the phase-solubility measurements,
complexation efficiency and stability constants for 1:1 complexes were calculated, and
further confirmed by spectrofluorimetric titrations. The complex stoichiometry was
additionally verified by high-resolution mass spectrometry. Thermodynamic parameters
(IgK, ArGO0, ArHO, ArS0) were determined by isothermal microcalorimetric titrations.
The stability constants agree well with those obtained from fluorescence
measurements (IgK = 3.42; 3.41; 3.47 and 3.62 for NAB complexes with 3-CD,
HPBCD, RMBCD, and SBBRCD, respectively). The inclusion was enthalpy and entropy
favorable and the mode of inclusion was determined by NMR spectroscopy.
Complexation of approximately 20 % was observed in DMSO-d6, in contrast to
essentially complete in deuterated water (ca 97 %). Two possible orientations of NAB
in B-CD cavity simultaneously exist in the solution, with a naphthalene ring inside the -
CD cavity and methoxy or butanone substituent oriented towards the narrow 3-CD rim.
In addition, the formation of a hydrogen bond between the 6-CH20H group in 3-CD
and the carbonyl group in NAB was observed. All experimental results are in good
agreement with those based on molecular modeling previously reported in the
literature.

Suggested Reviewers: Janez Plavec, prof
janez.plavec@ki.si
expert in NMR spectroscopy

Zoltan Aigner, prof
aigner.zoltan@szte.hu
specialist in pharmaceutical technology

Luis Fernando Cabeca, prof

luiscabeca@utfpr.edu.br

preparation and characterization of inclusion complexes with beta-cyclodextrins and its
derivatives

Beatrice Perisutti, prof
bperissutti@units.it

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



preparation and characterization of new drug formulations

Christian Schonbeck

jechsc@ruc.dk

solubility studies and stability constants determination of inclusion complexes with
beta-cyclodextrins and its derivatives

Opposed Reviewers:

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Cover Letter

Dear Editor,

We would like to submit our manuscript entitled "Inclusion complexes of nabumetone with
[-cyclodextrins: spectroscopic, spectrometric and calorimetric studies in different solvents” and
would very much appreciate if you would consider the manuscript for publication in Journal of

Molecular Liquids.

Nabumetone (NAB) is a nonsteroidal anti-inflammatory prodrug used clinically to reduce
pain and inflammation in the treatment of patients with osteoarthritis or rheumatoid arthritis. The
main drawback of NAB is related to its poor water solubility, which can be efficiently addressed
by inclusion complexation with cyclodextrins (CD). Both natural and chemical modified CDs are
known to act as multifunctional excipients which enhance in vitro dissolution properties of drugs
by changing their chemical and physical properties and thereby provide alternative ways of drug

delivery.

To the best of our knowledge, there is only one paper describing the phase-solubility study
of NAB in aqueous solution upon the addition of a- and y-CD. Since no phase-solubility data for
the NAB/B-CD system can be found in the literature, in this work we performed measurements
with B-cyclodextrin (B-CD), 2-hydroxypropyl-p-cyclodextrin (HPBCD), randomly methylated 3-
cyclodextrin (RMBCD) and sulfobutylether sodium salt B-cyclodextrin (SBEBCD) in unbuffered
aqueous solution, as well as in simulated biorelevant media at pH = 1.0, 4.5, and 6.8, to investigate
the influence of HCI and phosphate buffer on solubilization. UV-Vis and spectrofluorimetric

methods previously developed and validated by us were used for NAB determination in solution.

The interpretation of the NAB/B-CD inclusion phenomenon in literature is mainly based on
molecular modeling studies while few experimental data are available. Therefore, we have
conducted a comprehensive study of NAB inclusion interactions with B-CD, and its derivatives
(RMBCD, HPBCD, SBEBCD) in solution, using various experimental techniques such as LC,
HRMS, and NMR. NMR results suggested two possible orientations of NAB in the B-CD cavity
and the simultaneous existence of both inclusion orientations in solution. In both the naphthalene
ring sits in the hydrophobic cavity of the $-CD, while the substituents (methoxy and butanone) are
oriented toward the edges of the cavity and point toward the solvent. This is the first experimental

evidence of such equilibrium in solution. In addition to above mentioned techniques,



microcalorimetry titrations were employed to determine thermodynamic parameters (K, ArH, ArS,

AG) for drug-CDs systems.

The results of different methods applied were in accordance. In addition, all findings
acquired by experimental methods were in excellent agreement with those previously suggested on
in silico results. In our opinion the manuscript fits well in the scope of Journal of Molecular

Liquids.

We confirm that this manuscript has not been published elsewhere and is not under
consideration by another journal. All authors have approved the manuscript and agree with
submission to Journal of Molecular Liquids. We have read and accepted Ethical Guidelines to

Publication of Chemical Research. The authors have not conflict to interest to declare.

Sincerely,
Nives Gali¢

ngalic@chem.pmf.hr
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[-cyclodextrin derivatives increase nabumetone solubility in water and biorelevant media

IgK, A/GP, AH® and A/S® were determined by isothermal microcalorimetric titrations

The mode of inclusion was determined by NMR spectroscopy

Two possible orientation of drug in B-CD cavity simultaneously exist in solution

Complexation in DMSO and water was ca 20% and 97% respectively
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Abstract

Complexation of nabumetone (NAB) with B-cyclodextrin (3-CD) and its derivatives, namely
hydroxypropyl-B-CD (HPBCD), randomly methylated B-CD (RMBCD), and sulfobutylether
sodium salt -CD (SBEBCD) was investigated in detail. Increased solubility of NAB in water
and in simulated biorelevant media (pH = 1.0 (HCI) and pH = 4.5 and 6.8 (phosphate buffer))
was achieved in the presence of all B-CDs, reaching approximately 170 times for SBRCD.
Based on the phase-solubility measurements, complexation efficiency and stability constants
for 1:1 complexes were calculated, and further confirmed by spectrofluorimetric titrations. The
complex stoichiometry was additionally verified by high-resolution mass spectrometry.
Thermodynamic parameters (IgK, AG° AH® AS% were determined by isothermal
microcalorimetric titrations. The stability constants agree well with those obtained from
fluorescence measurements (IgK = 3.42; 3.41; 3.47 and 3.62 for NAB complexes with 3-CD,
HPBCD, RMBCD, and SBBCD, respectively). The inclusion was enthalpy and entropy
favorable and the mode of inclusion was determined by NMR spectroscopy. Complexation of
approximately 20 % was observed in DMSO-de, in contrast to essentially complete in
deuterated water (ca 97 %). Two possible orientations of NAB in 3-CD cavity simultaneously
exist in the solution, with a naphthalene ring inside the -CD cavity and methoxy or butanone
substituent oriented towards the narrow B-CD rim. In addition, the formation of a hydrogen
bond between the 6-CH>OH group in 3-CD and the carbonyl group in NAB was observed. All
experimental results are in good agreement with those based on molecular modeling previously

reported in the literature.

Key-words: nabumetone, B-cyclodextrins, spectrofluorimetry, NMR spectroscopy,

microcalorimetry, thermodynamic parameters



1. Introduction

Nabumetone (NAB) is a nonsteroidal anti-inflammatory prodrug used clinically to reduce pain
and inflammation in the treatment of patients with osteoarthritis or rheumatoid arthritis [1].
NAB acts as a cyclooxygenase inhibitor after being metabolized in the liver to 6-methoxy-2-
naphthylacetic acid. According to the Biopharmaceutical Classification System NAB is
categorized as a class 11 drug, meaning it exhibits low aqueous solubility, and consequently low
bioavailability [2]. To be pharmacologically effective, all drugs must be soluble in water to
some extent, and most of them should be lipophilic to penetrate biological membranes. Various
technologies and methods are continuously being developed aiming to improve solubility, such
as solid dispersions, self-emulsifying drug delivery systems, nanocrystals, and drug inclusion
into macrocycles such as cyclodextrins (CDs) [3,4]. Some of these techniques, such as
nanostructured lipid carriers [2,5] have been used to enhance the solubility and improve the
intestinal absorption of orally administered NAB. Inclusion of drugs into macrocycles such as
cyclodextrins (CDs) remains a hot topic for development in the pharmaceutical industry
because they can be used as drug delivery systems for poorly soluble compounds, for
compounds that would otherwise be metabolized before reaching their target, or for
modification of the drug administration mode [6-8].
Cyclodextrins are a group of cyclic oligosaccharides containing six (a-CD), seven (p-
CD), or eight (y-CD) D-glucopyranose units that are a-(1,4)-linked in a ring formation. Their
structure presents as a truncated cone with a hydrophilic outer surface and a hydrophobic central
cavity. Nowadays, CDs are used as drug carriers because they can improve the solubility and,
therefore, bioavailability of poorly soluble drugs by taking up lipophilic drug moieties into their
hydrophobic central cavity and forming water-soluble inclusion complexes [9-11]. Beside -
CD, hydroxypropyl-B-CD (HPBCD), sulfobutylether-3-CD (SBEBCD) and randomly
methylated B-cyclodextrin (RMBCD) derivatives have gained pharmaceutical interest as they
are also approved as pharmaceutical excipients [12—14].
The literature background shows that the interactions of NAB with naturally occurring
CDs (a-CD, B-CD, y-CD) and some B-CD derivatives were mostly studied by fluorescence
spectroscopy [15-17], with thermodynamic parameters determined by the Van't Hoff equation.
In other examples, *H NMR was used to confirm the inclusion phenomena [15,16]. Having
established that NAB forms complexes with 3-CD, Valero et al. [15] concluded that NAB can
adopt two orientations within the B-CD cavity. In the first (Fig. 1A), 6-methoxy protrudes
through the narrow part of the B-CD, the naphthalene sits snugly within the cavity, and the 2-
3



butanone is exposed to the solvent through the wider part of the B-CD. In the second orientation
(Fig. 1B) NAB is reversed, with the 6-methoxy facing the wide and 2-butanone the narrow part
of the B-CD cavity. The observed proton NMR chemical shifts perturbation confirmed the
inclusion, but there was no evidence of the preferred orientation. Moreover, NMR experiments
were performed in the presence of ethanol which improved the solubility of NAB but may have
altered the inclusion through competition with NAB. Goyenechea et al. [16] avoided ethanol in
their NMR experiments and performed molecular mechanics calculations. Their modeling
results suggest that both NAB orientations may be possible. The other studies on NAB/B-CD
complexes relied mainly on modeling methods and their results converge on orientation A as
being more favorable. Chen et al. postulate [18] that the methoxy group is pushed toward the
narrow rim of the -CD, while butanone does not interact with the host and rotates freely in the
solution. Molecular dynamics results [19] show 40 % conformations with 2-butanone at the
wide rim of the B-CD, where the hydrogen bond is formed between the carbonyl group and OH
of the secondary alcohol in the B-CD (C=0---H20---HO-CHz2). Quantum chemical results [20]
demonstrate that the inclusion of NAB in B-CD is a thermodynamically favorable process since
both NAB conformations have negative complexation energy. Additionally, conformation A
has —0.98 Kcal mol™! lower energy than conformation B, making it a preferred conformation.
The naphthalene moiety forms strong van der Waals interactions and weak intermolecular
hydrogen bonds with the host cavity, while the 2-butanone group is at the wide rim, exposed to
the solvent.

Therefore, the interpretation of the NAB/B-CD inclusion phenomenon is mainly based
on molecular modeling studies [16, 18-20] while few experimental data are available.
Therefore, we have conducted a comprehensive study of NAB inclusion interactions with j3-
CD, and its derivatives (RMBCD, HPBCD, SBEBCD) in solution, using various experimental
techniques such as LC, NMR, and HRMS. In addition, microcalorimetry titrations were
employed to determine thermodynamic parameters in water (K, AH, AS, A/G) and to
investigate the extent to which the organic solvent may have influenced the inclusion

phenomenon.



Fig. 1. Structures and numbering for two proposed orientations of nabumetone in

B-cyclodextrin cavity (A and B), and crystal structure of p-cyclodextrin (C) [11,15].

2. Materials and methods

2.1. Materials

All chemicals were used as received without any further purification. Nabumetone (NAB) was
purchased from Cayman Chemical (Ann Arbor, SAD). All cyclodextrins, B-cyclodextrin (B-
CD), 2-hydroxypropyl-p-cyclodextrin (HPBCD, with an average degree of substitution, DS =
4.5), randomly methylated B-cyclodextrin (RMBCD, DS = 12) and sulfobutylether sodium salt
B-cyclodextrin (SBEBCD, DS = 6.5) were obtained from CycloLab (Hungary). The solid 1:1
NAB: B-CD complex was prepared by grinding and analyzed by standard methods. LC-MS

grade formic acid, acetonitrile, methanol, and DMSO (p.a.) were obtained from Carlo Erba.



Ultrapure water was obtained by Mili-Q Advantage A10 purification system (Merck).
Deuterated solvents (DMSO-ds and D2O) were purchased from Eurisotop (Cambridge Isotope

Laboratories, Inc).

2.2. Instrumentation
For phase-solubility studies Tehtnica EV-402 and Tehtnica Vibromix 403 EVT orbital shakers
were used.

UV-Vis measurements were carried out using a Specord 200 spectrophotometer
(Analytik Jena AG, Germany). The absorption spectra were recorded in the spectral range from
200 nm to 400 nm in conventional quartz cells (I = 1 cm). The NAB absorbance was measured
at 232 nm in 70:30 acetonitrile:water (ACN:H-O)solution.

Emission spectra were recorded on a PerkinElmer Inc. LS55 spectrofluorimeter over the
range of 300-450 nm. For phase solubility studies, measurements were performed in 70:30
ACN:H0 solution (Aex = 315 nm, Aem = 353 nm). Spectrofluorimetric titrations were carried
out in 1:450 ACN:H20 solutions to minimize the effect of ACN on complex formation (Aex =
262 nm, Aem = 354 nm). Excitation and emission slit widths were amounted to 5 nm.

High-resolution mass spectra were acquired on an Agilent 6550 Series Accurate-Mass
Quadrupole Time-of-Flight (Q-TOF). Solutions were introduced directly via an Agilent 1290
Infinity Il UHPLC (flow injection analysis). The mobile phase was composed of 0.1% FA in
MeOH (A) and 0.1% FA in H20 in an isocratic mode 70:30 (v/v). The flow rate was set to 0.4
mL min~t and the injection volume was 5 pL. The ESI-MS spectra were obtained in positive
ion mode ranging from m/z 100 to m/z 3200. Fine-tuning of ESI ionization source parameters
was performed to achieve higher abundances of complex ions in MS spectra. The capillary
voltage was 3000 V, fragmentor voltage 350 V, drying gas flow 15 dm® min™?, and temperature
225 °C. Sheath gas flow was 10 dm® min~* and the temperature was 325 °C. The nozzle voltage
was 1500 V. Nitrogen was used as a drying and sheath gas. For MS/MS spectra, the collision
potential was varied from 10 to 40 V.

All NMR spectra were recorded at 25 °C using standard Bruker pulse sequences on
Bruker Avance AV600 spectrometer equipped with room temperature 5 mm BBO probe with
z-gradient accessory. The complete NMR analysis was based on one- and two-dimensional
NMR spectra (*H, 13C, COSY, NOESY, 1D and 2D ROESY, DOSY, HSQCe and HMBC, Figs.
S14-S40). The WaterGate scheme was used to suppress the HDO signal. NOESY spectra were
obtained with a mixing time of 500 ms. The duration of the ROESY spinlock was 300 ms. The



data was processed using the Bruker TopSpin software package. The DOSY NMR spectra were
acquired using dstebpgp3s, a pseudo 2D sequence using double stimulated echo for convection
compensation and longitudinal encode-decode (LED) with bipolar gradient pulses for diffusion
and three spoil gradients [21,22].

Due to the drastic difference in sample concentration, the spectra were acquired with 16
scans (DMSO-ds), 32 scans (B-CD in D20), 256 scans (NAB/B-CD complex in D20), and 512
scans (NAB in D,0) for each gradient step and the linear gradient was chosen in the range from
2 % to 95 %. The diffusion time (big delta, A) was 160 ms (DMSO-ds) and 100 ms (D20), while
the gradient duration (little delta, 5) was set to 2.1 ms (DMSO-de) and 1.5 ms (D20). The spectra

were processed using Dynamics Center 2.6.3 software. The fitted function was:

[
—Dx 2*x2*52*(A——)*104
f(x)=1I,xe " 3

where v is 26752 rad/(sG). lo represents the signal integral, and variable (x) is the gradient
strength.
For microcalorimetric titrations, PEAQ-ITC MicroCal (Malvern Panalytical Ltd, UK)

was used.

2.3. Phase solubility studies

Solubility measurements were performed according to Higuchi and Connors [23]. To
each 10 mg NAB sample, the selected cyclodextrins were added. The final concentration of 3-
CD was in the range 0-12.5 x 10~ mol L™, and for B-CD derivatives 0-40 x 103 mol L.
Suspensions were shaken at room temperature for 24, 48, and 72 h and filtered using 0.45 um
Chromafil Xtra H-PTFE filters (Macherey-Nagel, Germany). The NAB concentration in diluted
samples was determined by previously developed and validated UV-Vis and
spectrofluorimetric methods. The solubility diagrams were constructed, and stability constant

(K1:1) and complexation efficacy (CE) were calculated using the following formulas

K. - slope
B 5,(1 — slope)
slope
CE = _Sope
1 — slope

where Sg is the intrinsic solubility of a poorly soluble drug. The experiments were repeated
three times in pure water, and one time in simulated biorelevant media. The buffer solutions
were prepared according to European Pharmacopoeia [24], e.g. pH =1 (HCI) and pH = 4.5 and
6.8 (phosphate buffer).



2.4. Spectrofluorimetric titrations

The titrations were performed as a batch to obtain the adequate NAB:-CDs molar ratio. Each
sample was prepared separately in a 5.0 mL flask by varying the 3-CDs concentration (from 0
to 2.25 x 10~ mol L) while the concentration of NAB was kept constant (1 x 10° mol L™).
The spectra were acquired one hour after the solutions preparation to ensure that complete

equilibrium was reached. Titrations were repeated at least three times.

2.5. High-resolution mass spectrometry

Stock solutions of NAB and [3-CDs were prepared in MeOH and H20O, respectively. Solutions
of complexes with various n(NAB):n(B-CD) molar ratios (1:1, 1:5, and 1:10) were prepared in
methanol/water 1/1 mixtures. The final concentration of NAB in measured solutions was 4.40

x 107> mol L2,

2.6. Isothermal titration calorimetry

Microcalorimetric experiments were performed at 25.0 °C. All solutions were prepared in
purified water (Milli-Q, Millipore) and briefly degassed before use. The reaction cell was filled
with NAB solution (Vo =0.20 mL; o =4.34 x 10> mol L ™! or 4.89 x 10~°> mol L), and enthalpy
changes were recorded upon stepwise automatic addition of B-CDs solution (at 150 s intervals).
The concentration of -CDs in the stirrer syringe was more than 175 times higher than that of
the NAB. The enthalpy changes measured were corrected for the enthalpy changes
corresponding to the dilution of B-CDs obtained in the control experiments. The control
experiments were performed for each titration experiment using the same ITC method and the
same working solutions as for the complexation experiments. The enthalpy changes
corresponding to both B-CD and NAB dilution by pure water were negligible. The dependence
of the successive enthalpy changes on the titrant volume was analyzed using a single binding
site. model available in the analysis software MicroCal PEAQ-ITC (version 1.30). The
stoichiometry was set to 1.00 in the fitting procedure because the binding affinities were low,
and the binding stoichiometry was determined in separate experiments (sec. 2.3; 2.4; 2.5). All

measurements were repeated three or more times.

2.7. NMR analysis



The samples for NMR analysis were prepared in DMSO-ds and D20. The final concentration
of NAB, B-CD, and NAB/B-CD 1/1 complex in 600 pL of DMSO-ds was 35 x 103 mol L.
For NMR analysis in D20, 1.0 mg of NAB, 5 mg of 3-CD, and 6 mg of NAB/B-CD 1/1 complex
were each dissolved in 600 pL of D,O to achieve the concentration of 7 x 10~ mol L. 600 pL
of all three solutions were transferred to 5 mm NMR tubes, but almost all NAB and part of the
complex precipitated. The exact final concentrations were not determined, the samples were

recorded as is.

3. Results and discussion
3.1. Phase-solubility studies

To the best of our knowledge, there is only one paper describing the phase-solubility study of
NAB in aqueous solution upon the addition of a- and y-CD [25]. For NAB/a-CD system a non-
linear plot with concave-upward curvature (Ap type) was observed, indicating the formation of
1:1 and 1:2 complexes. The constants were calculated to be 77.3 and 57.7 mol ™ L, respectively.
On the other hand, for NAB/y-CD system, the Bs type equilibrium and precipitation of an
insoluble complex was observed. The calculated constant was 219 mol™ L. The authors
concluded that the o-CD cavity is too small to enclose NAB, while the large y-CD forms weak
interactions that would lead to premature release of the drug [25]. Since no phase-solubility
data for the NAB/B-CD system can be found in the literature, in this work we performed
measurements with 3-CDs in unbuffered aqueous solution, as well as in simulated biorelevant
media at pH = 1.0, 4.5, and 6.8, to investigate the influence of HCI and phosphate buffer on
solubilization. The total NAB concentration was determined using in-house developed and
validated UV-Vis and spectrofluorimetric methods (Supporting Information, SI, Table S1) after
24, 48, and 72 hours (SI, Fig. S1). All constructed phase diagrams were classified as A type
(Figs. 2 and S2) indicating the formation of 1:1 NAB:3-CDs complexes [23]. The stability
constants for -CD, HPBCD, RMBCD and SBEBCD complexes with NAB and corresponding
complexation efficiencies are given in Table 1. At this point, it should be mentioned that the
equilibrium was reached within 24 h, and there was no significant difference in values measured
after 24, 48, or 72 hours. The results suggest that all tested B-CDs improve NAB solubility.
RMBCD and SBEBCD had the most significant effect, with an increase of up to ca. 160-170
fold. The phase solubility diagrams for NAB/B-CD and NAB/HPBCD systems overlap (Fig. 2),

resulting in almost identical values for the corresponding stability constants. However, due to



the better solubility of HPBCD, the calculated Smax/So value for this particular system is higher
(Table 1). The use of HCI, as well as the phosphate buffer had no significant effect on the NAB
solubility in the presence of the different 3-CDs, as shown in Table S2.

10 -
= NAB:-CD

NAB:HPBCD

8 1 v NAB:RMBCD

¢ NAB:SBEBCD

3 -1
Cong X 10°/ mol L

T T T T T T T
0.00 0.01 0.02 0.03 0.04

-1
cCD/ mol L

Fig. 2. Phase-solubility diagrams of NAB with B-CD(M), HPBCD(A ), RMBCD(Y) and
SBEBCD(#) in water at ambient temperature after 24 h obtained by UV-VIS method of
quantification.
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Table 1. Stability constants (K1:1), complexation efficiencies (CE), and solubility enhancement

(Smax/So) for complexes of NAB with selected B-CDs in water at ambient temperature after 24

h obtained by UV-Vis spectroscopy and spectrofluorimetry (number of measurements = 3)

B-CD HPBCD RMBCD SBEBCD
uVv- 2712.75 + 2772.85 + 4829.58 + 5396.41 +
K11 £ SE/ Vis 284.86 255.54 191.90 445,74
M1 2629.81 + 4655.02 + 5105.27 +
Fluor. 2597.81 + 80.41
112.44 304.68 238.36
uVv-
] 0.12+0.01 0.12+0.01 0.21+0.01 0.24 +0.003
CE £ SE Vis
Fluor. 0.12 +0.002 0.13+0.01 0.23+0.02 0.25+0.02
UVv-
] 31+3 99+7 158 +6 169 + 15
Smax/So + SE Vis
Fluor. 30+1 93+3 155 + 13 166 + 6

SE = standard error of the mean

3.2. Spectrofluorimetric titrations

To determine the stability constants (K) by phase solubility studies, the equation including the
intrinsic solubility of a drug (So), defined as the intercept on the y-axis, was used. To eliminate
possible errors due to extrapolation, spectrofluorimetric titrations were also performed. The
increase in NAB emission upon the addition of spectrally inactive B-CDs was recorded in the
spectral range from 300 nm to 450 nm. The obtained experimental results were fitted to a model
involving only the formation of a 1:1 inclusion complex using the Specfit program. As an
example, the dependence of the emission spectra of NAB on the 3-CD concentration is shown
in Fig. 3a. The plot of the measured and calculated fluorescence intensities is shown in Fig. 3b.
The results of spectrofluorimetric titrations of NAB with the remaining CDs are available in
the Sl (Figs. S3-S5). The increase in NAB fluorescence intensities was observed for all B-CDs
but is more pronounced for B-CD derivatives. Similar results were previously obtained by
Goyenechea et al. [16]. The increase in NAB emission in NAB/B-CDs systems is related to

inclusion phenomena causing changes in the solvation shell of NAB.
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Fig. 3. a) Spectrofluorimetric titration of NAB (¢ = 1 x 107° mol L) with B-CD in water. Aex
= 262 nm; b) Dependence of fluorescence intensity at 354 nm on B-CD concentration. (®)

experimental; (—) calculated.

The average formation constant values from three experiment sets are given in Table 2.
The formation of 1:1 NAB/B-CDs complexes was additionally confirmed by applying the
Benesi-Hildebrand linear regression method to determine K (Figs. S6-S9, Table S3) [26]. The
constants are quite comparable to those previously reported for NAB/B-CD and NAB/HPBCD

complexes determined by linear regression [15].
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Table 2. Stability constants (IgK) for 1:1 complexes of NAB with selected 3-CDs in water at

ambient temperature determined by spectrofluorimetric titrations

Cyclodextrin B-CD HPBCD RMBCD SBEBCD
IgK £ SE 3.34+£0.04 | 3.28+£0.05 | 3.49+0.04 3.62 +0.04

SE = standard error of the mean (N = 3)

3.3. High resolution mass spectrometry (HRMS)

ESI-MS represents a powerful method for the analysis of weakly bound non-covalent
complexes. It can be used to determine the stoichiometry of host/guest complexes in the gas
phase, which can be correlated with those in solutions [11]. In this work, solutions of NAB with
[-CDs were studied by HRMS. Regardless of the changes in the NAB/B-CDs molar ratios, the
composition of the mobile phase, and instrumental parameters settings, we were able to acquire
only MS spectra of the NAB/B-CD complex (Fig. 4, Table S4). As can be seen, the base peak
corresponds to the NAB fragment ion (m/z 171), a stable carbocation formed by B-cleavage
adjacent to the carbonyl group. Further fragmentation leads to the naphthalene ion (CioHs™,
m/z 128.06). These m/z values were previously found during the LC-MS/MS analysis of
pharmaceutical compounds in herbal food products and were assigned to NAB fragments [27].
Low intensity signals corresponding to doubly charged 1:1 ((NAB+B-CD+Na+H]?*, m/z 693)
and 1:2 complexes ([NAB+2B-CD+2H]?*, [NAB+2B-CD+Na+H]?*, [NAB+2B-CD+2Na]?**,
m/z 1249, 1260 and 1271 respectively) were present in MS spectra of solutions with equimolar
NAB/B-CD ratio, as well as in the solutions with B-CD in excess. Since only 1:1 NAB:B-CD
complexes have so far been observed in solution by spectroscopic methods, the formation of
the 1:2 complex is probably a consequence of the electrospray process. The occurrence of
NAB(B-CD): in solution was previously suggested in the form of a ternary complex where
polymer polyvinylpyrrolidone acts as a bridge between two -CD molecules binding the drug
[28].

The B-CD derivatives (namely RMBCD, HPBCD, SBEBCD) have different degrees of
substitution ranging from 4 to 14, which makes their MS spectra very complex, with a cluster
of signals for each number of substituents on the 3-CD molecule (Fig. S10). Taking into account
the fact that the most intense signal in the MS spectrum originates from the in-source NAB

fragment ion, the fact that drug complexes with B-CD derivatives are spread over all
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cyclodextrin molecules, regardless of the degree of substitution, and that the ionization of the
complexes is not very efficient, the signals from NAB complexes with 3-CD derivatives were

not observed in the corresponding MS spectra.
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Fig. 4. HRMS spectrum of NAB and B-CD solution. The insets show the expanded region
(signals of NAB, NABB-CD and NAB(B-CD). complexes).
c(NAB) = ¢(B-CD) = 4.40 x 10> mol L

To gain more insight into NAB/B-CD complexes, the tandem MS analysis was performed. The
intensity of the singly charged ions was not intensive enough to isolate an adequate m/z value,
so MS/MS spectra of the doubly charged ions [NAB+B-CD+Na+H]?>* (m/z 693.2362),
[NAB+2B-CD+2H]?* (m/z 1249.4374), [NAB+2B-CD+Na+H]?** (m/z 1260.4285) and
[NAB+2B-CD+2Na]?* (m/z 1271.4196) were acquired at different collision energies (10.0, 20.0,
and 40.0 eV; Tables S5-S7). The MS/MS spectra of selected ions at 20 eV are shown in Fig. 5.
As can be seen, the fragmentation patterns are similar for [NAB+2p-CD+2H]?* and [NAB+2p-
CD+Na+H]?* ions, in both cases showing that complexes are cleaved, leaving the charge on
one B-CD unit. In the case of the latter, the adducts with Na* ions, as well as protonated ions
are formed, so two sets of signals are observed in the spectrum, including the [2B-CD+Na+H]?*
ion (m/z 1146.3612). The [B-CD+H]" and [B-CD+Na]* ions are further cleaved by the
successive loss of the glucopyranose unit resulting in ions with signals at m/z 973, 811, 649,

487, and very intensive one at m/z 325, assigned to two protonated units [29]. Interestingly, the
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formation of [B-CD+H]" and [B-CD+Na]" adducts with one or more glucopyranose units is also
observed, with corresponding signals at higher m/z values (1297, 1459, 1621, and 1319, 1481,
1643, respectively). However, the ion [B-CD+Na]* (m/z 1157) formed by cleavage of
[NAB+2B-CD+2Na]?* is very stable, even at a higher collision energy of 40 eV.
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Figure 5. MS/MS spectra of a) [NAB+2B-CD+2Na]?* (m/z 1271.4196), b) [NAB+2p-
CD+Na+H]?* (m/z 1260.4285) and ¢) [NAB+2B-CD+2H]%" (m/z 1249.4374) at 20.0 eV.

3.4. Isothermal microcalorimetric titrations

To gain a more detailed insight into the complexation processes, thermodynamic studies of
NAB complexation with B-CDs at 298.15 K in water were performed using isothermal
microcalorimetric titrations (Figs. 6a and S11a-S13a). The NAB binding was associated with
negative enthalpy changes. Normalized successive enthalpy changes (enthalpy changes divided
by the amount of added B-CD) with respect to the B-CD/NAB molar ratio are shown in Figs. 6b
and S11b-S13b. The complex stability constant and the reaction enthalpy were processed
according to a 1:1 binding model. The standard reaction Gibbs energy and entropy were
calculated using fundamental thermodynamic relations [30]. The thermodynamic parameters

for the complexation reaction are listed in Table 3. These parameters are crucial in determining
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an interaction, as the enthalpy change provides information on the involvement of electrostatic
forces, hydrogen bonding, and van der Waals interactions, while the entropy change reveals
whether hydrophobic interactions are involved [31,32]. The extent to which each type of force
affects the CD-guest interaction has been thoroughly studied and discussed in the literature
[33,34]. In general, most CD-guest interactions are enthalpy driven, while entropy can be
favorable or unfavorable. As shown in the data presented in Table 1, B-CDs are a moderate
binder for NAB, and the stability constants agree well with those calculated from fluorescence
measurements. The standard molar enthalpies of complexation are negative for all CDs used.
The value of enthalpy is the result of several factors, including the endothermic contribution
due to the disruption of hydrogen bonds between the water molecules in the CD cavity, the
endothermic dehydration of the included NAB molecule, and the exothermic contribution due
to the van der Waals interaction between NAB and the CD cavity. The values of entropies are
positive for all CDs studied. They could be explained by desolvation of the embedded part of
NAB after inclusion, and from the displacement of water molecules from the cavity. The
binding of NAB by CDs is both an enthalpically and entropically favorable process, although
the entropic contribution to the reaction Gibbs energy is more dominant for RMBCD and
SMBCD. Our data obtained for the NAB/B-CD system agree well with those reported by
Todorova et al., for the interaction of f-CD with NAB in phosphate buffer [35].

To investigate the influence of the solvent composition on the thermodynamic parameters, we
studied the titration in 5% DMSO-water solution. Unfortunately, we were not able to obtain

reproducible data due to the strong background noise [36,37].

Table 3. Thermodynamic parameters for complexation of NAB with cyclodextrins at 25 °C in

water.
Macromolecule | Ig (m) +SE AIZIG;;_SlE Al:]HI:l;_SlE ]fr:j;j ;i
B-CD 3.42 £0.03 -19.6+0.2 -126+£0.9 24 +3
HPBCD 3.41+0.03 -19.5+0.2 -10.3+£0.7 31+3
RMBCD 3.47+£0.01 -19.8+0.1 -85+0.7 382
SBBCD 3.62 £ 0.07 -206+04 -9.7+£0.7 374

SE = standard error of the mean (N > 3)
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3.5. Inclusion mechanism studied by NMR spectroscopy
3.5.1. Experiments in DMSO-ds

The analysis of NMR chemical shift perturbations (*H and *3C), intermolecular interactions
through space (NOESY), and diffusion coefficients calculations (DOSY) were performed

aiming to confirm the complexation and investigate the inclusion mechanism of NAB in the -
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CD cavity. The results indicate that the inclusion in DMSO-ds at 25 °C indeed occurs but in a
very low percentage. From the DOSY spectra, the calculated complexation was ca. 20 %, which
could account for the insignificant chemical shift perturbation observed (Tables S8 and S9)
and why the interactions between NAB and B-CD were not seen in the NOESY spectrum (Fig.
S32). The reason for such low complexation could be the solvation of NAB by DMSO
molecules, or the competition between NAB and solvent molecules for the same interaction
sites in the B-CD cavity, both of which can hinder the inclusion.

3.5.2. Experiments in D20

Because of the poor solubility of NAB in water, it was not possible to acquire any NMR
spectrum other than the proton (with water suppression, Fig. S36). Comparison of this spectrum
with the proton spectrum of NAB/B-CD 1:1 complex (Fig. 7) revealed two facts: a) the
solubility of the complexed NAB is much higher than that of the free form and b) the chemical
shifts of NAB change significantly after the complex is formed, especially 1-H, 5-H and 8-H
(Table 4). Both results indicate that the NAB/B-CD complex is formed under the given
conditions (D20, 25 °C). Moreover, chemical shift comparison between free and bound B-CD
(Table 5) revealed the biggest perturbation in 3-H and 5-H, suggesting that the mechanism of
complexation is inclusion since these two protons are located on the inner side of the B-CD
cavity. All these conclusions are in excellent agreement with the previously reported results
[15,16].

b)

a)

8 7 6 5 4 3 [ppm]

Figure 7. Comparison of proton NMR spectra with WaterGate solvent suppression: a) free
NAB and b) NAB/B-CD 1:1 complex, both in D20 at 25 °C.
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Table 4. Comparison of *H chemical shifts of free NAB and NAB in complex with B-CD, both

in D20 at 25 °C, atoms with biggest differences between free and bound state marked with blue

fo— A (free and Free nabumetone Bound nabumetone
. bound) d/ppm JIHz d/ppm JIHz
4 -0.051 7.846 | d 8.96 7.795 d 9.05
8 -0.118 7.846 | d 8.96 7.728 d 9.36
1 -0.139 7.720 | s - 7.581 S -
3 -0.001 7.454 | d 9.10 7.453 | dd 1.69; 8.78
7 0.064 7.248 | dd 2.70; 9.38 7.312 | dd 2.49;9.24
5 -0.155 7393 | d 2.83 7.238 d 2.44
15 0.013 3.974 | s - 3.987 S -
11 0.026 3.063 | m - 3.089 t 7.10
12 -0.043 3.019 | m - 2.976 t 7.26
14 -0.054 2.228 | s - 2.174 S -

Table 5. Comparison of *H chemical shifts of free f-CD and B-CD in complex with NAB, both

in D20 at 25 °C, atoms with biggest differences between free and bound state marked with blue.

AS (free and Free B-cyclodextrin Bound p-cyclodextrin
Proton
bound)
o/ppm J/Hz o/ppm J/Hz
1 -0.005 5091 | d 3.46 5.086 d 3.85
3 -0.024 3.989 t 10.08 3.965 t 9.86
6 -0.022 3901 | m - 3.879 m -
5 -0.033 3.881 | d 247 3.848 d 3.74
2 —0.005 3.673 | dd 3.58;10.12 3.668 dd 3.82;10.30
4 -0.002 3.607 t 9.43 3.605 t 9.57

Our investigation also revealed a large perturbation in the chemical shift of the -CD 6-CHa,
that has not been reported previously. This difference could be explained by the formation of
hydrogen bond between the 6-CH2OH in B-CD and the carbonyl in NAB, as suggested by
Suarez and Diaz in the analysis of their molecular dynamics results [19]. If that is the case, this
could be the first obtained experimental data that points toward the 2-butanone substituent is

located adjacent to the narrow rim of the -CD (Fig. 1B).

Intrigued by the possibility of exactly determining which NAB/B-CD conformation is present

in the D20 solution, our study continued by identifying the intermolecular interactions through
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space (1D and 2D ROE). Fortunately, the larger solubility of the complex allowed a higher

concentration of NAB in the solution, which was a prerequisite for such a study.

Figure 8 shows part of the NAB/B-CD ROESY spectrum with four expected intramolecular
NAB interactions (1-H and 3-H with spatially close 2-butanone 11-CH. and 12-CH>), but also
a number of intermolecular interactions between NAB and B-CD. In the 3-CD cavity, 5-H has
interactions with 4-H, 8-H, 1-H, 3-H and probably 5-H from NAB. Similarly, p-CD 3-H, which
is also located in the inner cavity of B-CD, has close contact with NAB 4-H, 8-H, 1-H, and 3-
H. In other words, 3-H and 5-H of B-CD both show very similar sets of interactions, despite
being located at opposite ends of the B-CD cavity. In addition, the 6-CH> from the narrow rim
of B-CD shows interactions with 7-H and 5-H of NAB, which is evidence for the presence of

conformation A in solution.
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Figure 8. Part of the ROESY spectrum showing intermolecular interactions of NAB with B-CD in
1:1 complex in DO at 25 °C

A similar result is seen in the 1D ROE spectra with selective excitation at 3.97 ppm (Fig. 9b).
Unfortunately, the selective pulse bandwidth excited both the 3-H B-CD proton (3.97 ppm)
along with the NAB 15-CHz (3.99 ppm) which resulted in interactions with all the aromatic

protons of NAB. Discrimination between these source protons was performed by examination
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of the ROESY spectrum: enhancement of 5-H and 7-H were intramolecular from 15-CHz, and

the rest intermolecular from B-CD 3-H.

Figure 9c shows the 1D ROE spectrum with selective excitation at 3.85 ppm, which
simultaneously excited both 5-H (3.85 ppm) and 6-CH: (3.88 ppm) of B-CD, also resulting in
intermolecular interactions with all the aromatic protons in NAB. Although this result did not

provide any new information, it confirmed the conclusions from the ROESY experiment.

The appearance of these interactions in the ROE spectra can be explained by the simultaneous
presence of both binding orientations in solution, in exchange with free NAB and B-CD. As
such, these results represent the first experimental evidence of the equilibrium between both
intermolecular orientations in solution and are in agreement with the results of in silico methods

from the literature.

[]
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Figure 9. Comparison of a) 'H, b) 1D ROE with selective excitation at 3.97 ppm (3-H B-CD
and NAB 15-CHj3), ¢) 1D ROE with selective excitation at 3.85 ppm (5-H and 6-CHa, both j-
CD) of NAB/B-CD 1:1 complex in D20 at 25 °C.

To determine the ratio between free and complexed species in solution, DOSY experiments
were performed. In the first step, the diffusion coefficients of free and bound NAB and B-CD
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were determined by DOSY. The results are shown in Table 6, while the superposition of the

DOSY spectra is shown in Figure 10.

Table 6. Diffusion coefficients (D) calculated from DOSY experiments in D20 at 25 °C

D [m?/s] / 10710 Error /1010
Nabumetone - free |  6.52 0.07
Nabumetone - bound | 2.63 0.08
B-cyclodextrin - free | 2.52 0.02
B-cyclodextrin - bound | 2.53 0.03

The small difference between free and bound B-CD indicates that its diffusion coefficient was
not affected by interaction with NAB. Additionally, the slightly smaller diffusion coefficient of
bound NAB compared with bound B-CD can be explained by the fact that a certain percentage

of NAB exchanges rapidly between free and bound states. Under these conditions, the equation

[38-40] can be used to calculate the percentage of complex formation (p):

_ Dfree - Dcomplex

b
Dfree - DCD

The percentage of complexation for NAB/B-CD 1:1 complex was calculated to be 97 % in D.O
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Figure 10. Overlay of DOSY spectra: free NAB (green), free -CD (purple) and NAB/B-CD
1:1 complex (black) in D20 at 25 °C.
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4. Conclusion

Based on the all results presented, it can be concluded that NAB forms 1:1 inclusion complexes
with B-CDs. Increased NAB solubility was achieved up to almost 170 times with SBEBCD at
different pH values. The inclusion occurs in both DMSO-de and D20 at 25 °C. NMR results
suggested two possible orientations of NAB in the B-CD cavity and the simultaneous existence
of both inclusion orientations (Figure 1) in solution. In both the naphthalene ring sits in the
hydrophobic cavity of the B-CD, while the substituents (methoxy and butanone) are oriented
toward the edges of the cavity and point toward the solvent. Although this was previously
suggested based on in silico results, this work presents the first experimental NMR evidence

confirming the existence of such an equilibrium in solution.
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