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Eutectic mixtures are often used in drug design and delivery. Herein, thermodynamic and kinetic analyses of
the melting process of S-ketoprofen (KTP)/lidocaine (LDC) mixtures were performed by using differential
scanning calorimetry (DSC) and Fourier-transform infrared spectroscopy (FTIR) measurements to trace the
composition and melting process of KTP/LDC mixtures. In the binary solid-liquid phase diagram, a constant
melting point of 294 K was observed, which is lower than the theoretical eutectic point of 304 K. It is
believed that the hydrogen-bonding interactions between KTP and LDC caused a further decrease in the
melting point. Melting at 304 K resulted from a eutectic reaction, whereas melting at 294 K was interpreted
as the preliminary melting step. A kinetic analysis of the melting process was made possible by performing
singular value decomposition (SVD) on a dataset of the FTIR spectra. The principal component vector indi-
cating the magnitude of the contribution of the preliminary melting step reflects the time change in which
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the molten KTP signal increases after the molten LDC signal increases, which fits the sequential reaction
equation. This confirms the preliminary melting stage at 294 K, as indicated by the binary solid-liquid phase
diagram obtained by DSC. The activation energy was determined from the reaction rate constant, and a
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1. Introduction

The solubility of drugs is essential for controlling the bio-
availability in the pharmaceutical field." A significant percen-
tage of drugs (40% approved, 90% discovered) exhibit poor solu-
bility in water.” Eutectic systems, commonly used in alloy engin-
eering and metallurgy, have applications in drug development.®
Formation of eutectic and deep eutectic mixtures or solvents
enhances the aqueous solubility and bioavailability of active
pharmaceutical ingredients (APIs).* Combining anionic and cat-
ionic drugs can enhance solubility by forming hydrophobic
complexes via electrostatic interactions.> Lowering the melting
point (Ty,) via eutectic mixtures can increase the solubility and
drug delivery efficiency.® EMLA Cream® and S-Caine™ Peel are
examples of utilizing eutectic mixtures of local anesthetics for
enhanced solubility and effectiveness.”® The specific combi-
nation of lidocaine (LDC, Ty, = 341 K) and prilocaine or that of
lidocaine and tetracaine form eutectic mixtures with lowered
melting points and increased solubility. Mixing equimolar
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scenario for forming a eutectic mixture was proposed based on the mole fractions of KTP and LDC.

amounts of indomethacin (INM, Ty, = 433 K) and LDC readily
yielded a eutectic mixture with Ty, of 314 K.° The water solubility
of the INM/LDC mixture was greater than that of INM or LDC
alone.’ LDC is an efficient solubilizer of acidic drugs and acts
as a stable solvent with a low melting point.

In our previous study, we investigated the effects of solubi-
lity and membrane permeability to identify combinations that
enhance or reduce the solubility and membrane permeability
caused by physical interactions between two drugs in the solid
phase or solution."®'* This will help select the optimal formu-
lation for multidrug therapy and optimize formulations that
are easier to handle. Local anesthetics similar to LDC, such as
procaine (PRO, Ty, = 334 K), tetracaine (TET, Ty, = 316 K), and
dibucaine (DIB, Ty, = 338 K), can also be mixed with INM.
They form covalent mixtures with melting points of 313, 303,
and 325 K. Hydrophilic LDC and PRO increased the solubility
of INM, whereas hydrophobic TET and DIB decreased their
solubility. Aqueous solubility of eutectic mixtures of acidic
INM and these basic drugs depended on hydrophobicity
(log P) and melting point depression (R-AT,,)."° Basic addi-
tives have been suggested to interact directly with INM and
change its solubility. Additionally, various local anesthetics,
including LDC, increase the octanol/water partition coefficient
of INM, which is related to the inherent hydrophobicity of
local anesthetics.""

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Deep eutectic solvents (DES) mix hydrogen-bonding accep-
tors and hydrogen-bonding donors at specific eutectic molar
ratios, often leading to a significant decrease in the freezing/
melting points.'> The deep eutectic phenomenon was initially
discovered in 2003 with a mixture of choline chloride and urea
in a 1:2 ratio, exhibiting a notably low melting point com-
pared to the individual components.'® The melting points of
choline chloride and urea were 575 and 406 K, respectively,
whereas the eutectic mixture melted at 285 K.'* The melting
point of S-ibuprofen (T,, = 329 K) decreased to 293 K by the
presence of LDC." In addition, the phase diagrams of IBP and
LDC showed that the mixture was peritectic at two-phase tran-
sition temperatures (293 and 310 K), suggesting the presence
of a nonuniform intermediate state and the formation of a
unique eutectic mixture.'> The mixed solution of IBP and LDC
separates into an insoluble phase, behaving as a DES, poten-
tially affecting the solubility of IBP and LDC differently under
certain conditions.'® We attempted to apply principles similar
to those observed with IBP and LDC to S-ketoprofen (KTP) or
S-naproxen (NPX), another arylpropionic acid compound,
expecting similar behavior owing to its shared characteristics.
We confirmed the formation of a eutectic mixture when KTP
was mixed with LDC by analyzing the time and temperature
dependence of this process to understand the formation of an
eutectic mixture better. Universalizing and reusing the concept
of such phenomena will provide new insights into the for-
mation mechanisms of DES.

KTP is a propionic acid compound classified as a non-steroidal
anti-inflammatory drug known for its analgesic, anti-inflammatory,
and antipyretic effects.”” KTP has analgesic and antipyretic pro-
perties and reduces prostaglandins by blocking the production of
lipoxygenase and cyclooxygenase, which cause inflammation in the
body."® KTP exhibits low aqueous solubility and dissolution rate,
resulting in inconsistent bioavailability."> KTP has applications not
only as an antipyretic and analgesic but also in treating nerve pain,
such as sciatica and postherpetic neuralgia (PHN).>° KTP and LDC
are individually used for PHN, but they exhibit different pharmaco-
logical effects; KTP demonstrates anti-inflammatory and analgesic
effects, whereas LDC functions as a local anesthetic. Combining
KTP and LDC is expected to yield a potent therapeutic impact
against PHN by leveraging their distinct pharmacological actions.

2. Experimental section

2.1. Materials

KTP was purchased from Combi Blocks (San Diego, CA, USA)
and LDC from Fujifilm Wako Pure Chemical Industries Ltd
(Osaka, Japan).

2.2. Dissolution of KTP in aqueous solution of LDC

An excess amount of KTP was added to 25 mM KH,PO,/
Na,HPO, buffer (PB) solution at pH 6.8 of LDC at various con-
centrations (0-10 mM). The KTP solutions were shaken at
298 K for 120 min, which reached equilibrium concentration.
Their samples were filtered using a 0.22 mm polytetrafluoro-
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ethylene membrane filter. The concentration of KTP was deter-
mined using an SPD-20A high-performance liquid chromato-
graphy (HPLC) system (Shimadzu Co., Kyoto, Japan). The
mobile phase mixture contained HPLC-grade methanol and
PB at a volume ratio of 7: 3, and the injection volume of each
sample was 10 pL. Separation was conducted on an
InertSustainSwift C18 column (5 pL, 150 x 4.6 mm; GL
Sciences Inc., Tokyo, Japan) at a flow rate of 0.5 mL min~" at
313 K, and the elution absorbance was measured at a wave-
length of 256 nm. KTP solutions of known concentrations in
the mobile phase mixture were measured to obtain standard
peak areas. The mobile phase and washing flow, which were
HPLC analytical grade, were passed through membrane filters.

2.3. Thermal analysis of KTP and LDC mixtures

DSC was performed using a DSC8230 instrument (Rigaku Co.,
Tokyo, Japan). The sample was mixed gently with a mortar and
pestle at 283 K and sealed in an aluminum pan. The mixture
was heated at a heating rate of 5.0 or 10.0 K min™" and a nitro-
gen flow rate of 30 mL min~!. The T,, was adopted as the
melting start temperature obtained from the intersection of
the baseline extension and that of the point of maximum
slope of the peak using Thermo Plus 2 software (Rigaku Co.).

2.4. Analysis procedure using Gaussian function applied to
DSC thermograms

Binary solid-liquid phase diagrams were created using the DSC
thermograms to analyze the melting process. We attempted to
determine the melting temperature derived from the eutectic
mixture and the melting temperature derived from each drug.
The thermogram of the mixture contained multiple overlapping
peaks. One and two Gaussian functions were assigned to the
endothermic peak due to the melting of the eutectic mixture,
and the endothermic peak due to the melting of each drug,
respectively, and a total of three Gaussian basis functions were
linearly combined and fitted. The Gaussian function is given by

)= 3 arep{ - 1

where, u is the peak top temperature, o is the peak width, and
A is the peak top height.

The peak area of the Gaussian function is given by the
formula below.

(1)

GI; = A;V 2762 (2)

The peak area of the Gaussian function was converted to
the standard molar enthalpy of fusion (Ag,H®) for a specific
mass of each component. The standard molar melting entropy
(AgysS°) was approximated using the quotient of Ag, H divided
by Ty, according to the classical definition of Clausius.

2.5. Kinetic analysis of amorphous formation between KTP
and LDC

Fourier-transform infrared (FTIR) spectra were recorded in the
wavenumber range of 4000-400 cm™" at 310, 315, and 320 K
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using an FTIR spectrophotometer (PerkinElmer Co., Waltham,
MA, USA) equipped with a temperature-controlled stage.
Before the measurement, a handmade cell (radius 3.0 mm,
depth 0.2 mm) was installed to hold the crystal in the measure-
ment area. KTP was packed into cells, and LDC was sprinkled
on top. FTIR spectra were obtained to investigate the temporal
changes in the melting process at the crystal interface where
KTP and LDC are in contact (n = 1).

2.6. Multivariate analysis procedure applied to spectra
generated by FTIR measurements

The observed i-th IR spectrum {«5i|1 <i<n} of the sample
was represented as a m-dimensional vertical vector measured
at the specific wavenumber. Since the wavenumber is
measured over a range of 1800-1000 cm™" with an interval of
1 em™, the value of m is 800 (except for 1653 cm™"). Matrix M
is composed of a horizontal sequence of vectors from the first
and i-th spectrum vectors, with an m x n rectangular matrix
defined by eqn (1):

M = (517527""5”)

$1(201)  $,(204) #(201)
$1(20,)  $,(20,) $n(20,)

- . . . (3)
¢1(29m) ¢2(26’”) ¢n(29m)

men

Let M and M' be real and transposed matrices, respectively.
Their products M'M and MM' become orthogonal matrices,
and the rows of ¥ and A are the left and right singular vectors,
respectively. The matrices describing M can be transformed
into eqn (2):

M =¥PIA"
diag(c4,05,...,0 O I RN
_ ?’( g( 1,02, r) ron—r )(ﬂl 12 ln >
Om—r,r Om—rn—r
~ Y’( 61/_{1 0'2;{2 O'rzr >

(4)

The diagonal matrix ¥ contains the diagonal elements {o;|1
< i < r} that have positive real values ordered in descending
order. These elements represent singular values indicating dis-
persion. The i-th column of the orthogonal matrix A is the
coefficient vector corresponding to the singular value o; and
vector J; is called a specific singular vector. The rows of matrix
¥ are denoted as basis function vectors. The principal com-
ponent vector @ is the coefficient vector 7; multiplied by the
corresponding singular value o;.

M = ?’(6111, 6212, e ,6,1,)
(5)

= 1{1(5)1,6?)27. "76‘)7‘)

Matrix ¥ has rows that are the basis function vectors. In
this study, we applied SVD to a matrix of 800 x 415 (wavenum-
ber: 1800-1000 cm™" except for 1653 cm™') spectrum data.
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Matrix ¥ has rows that are the basis function vectors. From the
diagram representing the logarithm of the singular value in
descending order against the index corresponding to the docu-
ment spectrum, we practically determined the dimensionality,
that is, the minimum dimensionality of the basis functions
required to reproduce the vector space of the document spec-
trum. This may be practically negligible, with a singular value
less than several hundredths of the highest singular value of
the first principal components, which are components with
such too small singular values that contribute little to the
reproduced spectrum. Owing to the dimensionality r decided
under this criterion instead of the mathematical rank p, the
yielded principal components approximately reproduce the
vector space, including the documental spectrum, as the j-th
feature vector X; composed of the i-th elements x; ;:

,
Xij R Y WikOkkj
= (6)

= l//i,lo—l,i/llJ + l//i_Zo_ZJ;LZ,]' +...+ Wi‘ro'r,//lr,j

Principal component analysis (PCA)*">* was performed on &;
extracted by SVD to perform axis rotation. The axis rotation of @;
by PCA is PC;, and the axis rotation of the basis vector (¥;) from
the loadings results is the reproduction basis vector (®;).

3. Results

3.1. Solubility behavior of KTP in the LDC solution

Fig. 1 shows the phase solubility diagram of KTP in the pres-
ence of LDC. The equilibrium concentration of KTP was shown
to increase proportionally with increasing LDC concentration.
According to the classification of Higuchi and Connors,*' the

20 ]
y =0.8368x + 10.572
R?=0.9787

- Y
N (=2]
T T

[KTP] /mM
(o]

0 1 1 1 1
0 2 4 6 8

[LDC] /mM

Fig. 1 Phase solubility diagram of KTP in the presence of LDC.

10
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phase solubility diagrams of KTP with LDC were Ay, type. In the
A;-type, the stoichiometry of the complex does not change, and
a 1:1 complex is always formed.*® The stability constants of
KTP/LDC were K; .1 = 0.49 M. This indicates that KTP forms a
1:1 soluble complex with LDC in solution.

The equilibrium concentration of NPX increased in the
presence of LDC, indicating the A;-type (Fig. S17). The stability
constants of NPX/LDC were K; ,; = 0.17 M™%,

3.2. At a heating rate of 10.0 K min™", the KTP/LDC and
NPX/LDC mixtures show an ideal eutectic reaction

The formation of eutectic mixtures results in melting point
depression, which is why they are often used in drug design
and delivery. To compare the behavior of the binary mixture of
KTP and LDC with that of an ideal eutectic, the melting point
of the mixture was investigated using DSC.

Fig. 2(a) shows the DSC thermograms of KTP/LDC mixtures
at various ratios at a heating rate of 10.0 K min~"'. The KTP
and LDC monomers exhibited a sharp single endothermic
peak (with T\,’s of 349 K and 341 K, respectively). A broad peak

KTP:LDC
0:10
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\/ 4:6
5:5
; |~ 7:3
2 "_\ / 8:2
2 9:1
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[
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=
e
]
o] - G1+G2+G3
c
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288 303 318 333 348 363 378 393
Temp. /K
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with multiple overlapping endothermic peaks was observed in
the thermogram of the mixture. The lowest T, was 302 K for a
4 : 6 mixture of KTP/LDC.

The broad peak is attributed to a drop in the melting point
due to forming a eutectic mixture. For peak assignment and
physical description, these curves were solved as a linear com-
bination of three Gaussian basis functions using the solver
program module in Microsoft Excel. Three independent peaks
are observed in each KTP/LDC mixture thermogram. The left
foot of each Gaussian curve (i.e., the peak temperature minus
three times the variance) was defined as the phase transition
temperature. This corresponds to a 99.5% confidence interval
of the Gaussian function. The thermograms were linearly com-
bined using three Gaussian functions. The binary solid-liquid
phase diagram was created using the left leg of the Gaussians
as the melting point.

Fig. 2(b) shows the binary solid-liquid phase diagram of
KTP and LDC mixtures at a heating rate of 10.0 K min~". The
Ty, determined from the Gaussian function was plotted
against the mole fraction of KTP. KTP formed a eutectic

310 |

300

0.4 0.6
Mole fraction of KTP

Fig. 2 (a) DSC thermograms of KTP/LDC mixtures with various ratios at a heating rate of 10.0 K min™ (n = 1). Black arrows show the melting points
of neat LDC, neat KTP, and 6:4 mixtures. (b) Binary solid—liquid phase diagram of melting points of KTP/LDC system at a heating rate of 10.0 K
min~1. The phase transition temperatures were calculated from the obtained Gaussians, orange circles (G1), yellow squares (G2), and gray triangles

(G3), respectively.
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mixture with LDC, with a KTP mole fraction of 0.4 and a eutec-
tic point of 304 K.

An ideal eutectic mixture does not interact with the two
components to form new compounds. At specific ratios, crys-
tallization was inhibited, and the melting temperature was
lower than that of the individual components. The T;,, deter-
mined from the Gaussian function was plotted against the
mole fraction of KTP, and the theoretical liquidus line in an
ideal eutectic mixture was determined using the Schroder-Van
Laar (SVL) equation:>*

lnx:_Afu_sH(l—i) (7)

where x is the mole fraction of one drug in the mixture, Ag,H
and T, are the corresponding heat of fusion (J mol™") and the
melting temperature (K) of pure drug substance, respectively,
and T is the melting point of the binary mixture at x, and R is
the gas constant (8.314 ] K~ mol ™).

The intersection of the liquidus lines determined by the SVL
model for the KTP/LDC mixture was 304 K, and the KTP mole
fraction was 0.39. The eutectic point obtained from the peak
separation in the DSC thermogram was close to that of the SVL
model (304 K), resulting from an ideal eutectic reaction.

The peak areas of the Gaussian function were converted to
the total melting enthalpy (Ag,sH) for the mass of the content
component through compensation with an instrumental
coefficient. The total melting entropy (Ag,sS) for the mass of
the component was simultaneously approximated by dividing
the quotient of AgsH by Ty

The entropy changes due to the melting of KTP and LDC
(AsS®™, AgsS™PC) and the entropy changes due to the for-
mation of a eutectic mixture (Ag,S°) are shown in Fig. 3.
These values were determined based on the assumption that
the eutectic mixture consisted of KTP and LDC at a molar ratio
4:6 (Fig. 3). When the LDC and KTP were 100%, the melting
entropy was 32.1 and 51.0 ] K~* mol™". The melting entropy of
the eutectic mixture (KTP + LDC) was a constant value of
approximately 18.0 J K~ mol ™.

For NPX, the T,,, of monomers was 430 K, and the lowest T},
was 303 K for a 6:4 mixture of NPX/LDC, as shown in
Fig. S2(a).t Fig. S2(b)i shows the binary solid-liquid equili-
brium phase diagram for the NPX/LDC mixture. NPX formed a
eutectic mixture with LDC with an NPX mole fraction of 0.4
and a eutectic point of 305 K. A similar analysis was performed
for NPX/LDC mixtures (Fig. S31). The melting entropy of NPX
was 56.1 J] K™ mol™". The melting entropy of the eutectic
mixture (NPX + LDC) was a constant value of approximately
24.5 J K" mol™.

AsasS<TT, ApsS™ T, and Ag,S™PC were calculated by subtract-
ing the mole fraction consumed eutectic. The solid phase in
the non-eutectic portion remained as drug-specific crystals.
Therefore, it should remain constant, even for mixed samples.
AgusS™PC was invariable at 30 ] K™* mol ™. However, Ag,S¥'* or
AgusSTT decreased as the KTP or NPX mole fraction decreased.
This difference depends on the asymmetry of the action, in

540 | RSC Pharm., 2024, 1, 536-547

View Article Online

RSC Pharmaceutics

70

M eutectic LDC OKTP

0 0.2
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0.6

Fig. 3 Entropy of fusion in KTP and LDC upon heating of the KTP/LDC
mixtures. ApsS™PC, AwsSK T, and AgsSSU**c are shown by orange closed
circles, black open circles, and blue closed squares.

which the effect of LDC on melting KTP or NPX is greater than
that of KTP or NPX.

3.3. At a heating rate of 5.0 K min™", a eutectic point indicat-
ing a preliminary melting stage was observed at 294 K in KTP/
LDC mixtures

Using thermograms obtained at lower heating rates, we
created a binary phase diagram and attempted to separate the
melting processes of the eutectic mixtures. Fig. 4(a) shows the
DSC thermograms of the KTP/LDC mixtures with various mole
fractions. The thermograms were obtained at a heating rate of
5.0 K min~*. The T,, of KTP and LDC monomers were 348 K
and 342 K, respectively.

The binary phase diagram is obtained by plotting the phase
transition temperature against the mole fraction, as shown in
Fig. 4(b). The lowest phase transition temperature of the mix-
tures was approximately 294 K, except for the mixtures with
extreme mole fractions (KTP:LDC = 1:9, 9:1). Substantial
proton transfer typically occurs in aqueous solutions when the
pK, difference is more significant than 3.>>?® KTP (pK, 3.98)
acts as Brensted acids, and LDC (pK, 8.01) acts as a Bronsted
base. This result suggests the formation of deep eutectic liquid
co-crystals through solid hydrogen-bondings or interactions
between partially ionized species. The subsequent phase tran-
sition temperatures varied around 304 K, and a horizontal line
was tentatively drawn at this temperature. Melting at 294 and
304 K was not observed for neat KTP or LDC, indicating two-
step melting caused by the interaction and nanostructure of
both substances after mixing.

The curve formed by the highest phase transition tempera-
ture (liquidus) touches the 304 K line at two points corres-
ponding to KTP mole fractions of 1/3 and 2/3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) DSC thermograms of KTP/LDC mixtures with various ratios at
of neat LDC, neat KTP, and 5: 5 mixture. (b) Binary solid—liquid phase dia
Each plot is the average of values obtained from three experiments.

Further melting point depression due to hydrogen-bonding
interactions between KTP and LDC may be observed at a con-
stant melting point of 294 K (lower than the melting tempera-
ture of 304 K observed in the eutectic reaction). In addition, a
maximum was observed at a KTP mole fraction of 1/2 in the
binary solid-liquid phase diagram. When KTP and LDC act as
Bronsted acid and Brensted base, respectively, they form an
ion pair in a 1:1 stoichiometric ratio. This strong ionic inter-
action may be attributed to the behavior of the molecular
compounds.

Fig. S4t1 shows time-lapse observations using a polarizing
microscope after the KTP and LDC crystals were brought into
contact at room temperature. A complete glass transition
occurred 72 hours after the two crystals were brought into
contact. After 2.5 hours, the crystals were surrounded by a
liquid phase. This is considered a preliminary melting state,
as suggested by the solid-liquid phase diagram obtained by
DSC.

The DSC results for a 1:1 mixture of KTP/LDC are shown
immediately after mixing the samples and left to stand for a
certain period. A glass transition temperature of 258 K was
observed over time (Fig. S51). Also, the endothermic peak in
the eutectic mixture decreased. A small exothermic peak at
approximately 282 K indicated LDC crystallization. In the 2nd
heating sample, a phase transition temperature of 255 K was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a heating rate of 5.0 K min~t (n = 3). Black arrows show the melting points
gram of melting points of KTP/LDC system at a heating rate of 5.0 K min~%.

observed, and no endothermic peak was observed in the eutec-
tic mixture. Since the glass transition temperature is
sufficiently lower than room temperature, the glass transition
progresses at room temperature.

3.4. Time evolution of FTIR spectra due to melting of KTP
and LDC crystals

In the previous section, we described the melting of the KTP/
LDC mixture at 294 K. The endothermic process occurring
between 294 and 304 K involved two steps. First, the contact
between the LDC and KTP crystallites induces the melting of
LDC, and then the molten LDC phase starts to melt the
remaining KTP crystals.

We determined the phase transition temperatures for
various mole fractions from the DSC measurements. However,
because DSC measurements involve temperature modulation,
it is impossible to comment on the reaction rates of the eutec-
tic mixtures. To investigate not only the melting rate from the
contact interface of the KTP/LDC crystals but also the potential
amorphization through preliminary melting, we conducted
time-dependent IR spectroscopy measurements at tempera-
tures of 310, 315, and 320 K for mixed samples of KTP: LDC in
mole fractions of 1:3, 2:1, 1:1, 2:1, and 3:1 (n = 1). The
samples’ absorbance before melting was not observed
(Fig. S6t). As the samples melted, the absorbance increased
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and eventually saturated at a constant absorbance. The time-
dependent spectral changes in the mixed samples were highly
complex because multiple factors continuously evolved.

Chemometric techniques are helpful in analyzing complex
overlapping peaks and wavenumber shifts in spectral data. The
spectral data were considered to be a multidimensional matrix
dataset. Multivariate analysis reduces the dimensionality based
on variables in the spectral dataset. The extracted spectra were
used to evaluate the molecular interactions.”””*® Singular value
decomposition (SVD) is an approach to analyze the resulting data
quantitatively. This makes it possible to extract the characteristic
changes.® In our previous work, the effects of phase transform-
ations on INM, cimetidine (CIM), and their 1: 1 eutectic mixtures
were investigated using FTIR spectroscopy and multivariate ana-
lysis.*® By applying the UV spectrum of the reaction solution to
SVD, we monitored the photodecomposition of KTP by ultraviolet
irradiation in real-time.*® We also recently reported using math-
ematical models and linear algebra on XRPD measurement to
understand the drug complexes’ crystalline structures and inter-
conversion pathways with f-cyclodextrin (8-CD).*

In this study, we investigated the mechanism of eutectic
mixture formation in KTP/LDC by tracking the changes over
time using SVD. SVD was performed on the spectral data in the
1800-1000 cm ™" range obtained from these measurements.

Fig. 4-6 show the SVD analysis results. The singular value
(0) indicates the magnitude of the contribution of each com-
ponent (Fig. 5). It also shows the cumulative contribution rate
for all the data, particularly up to the fifth component, with
the most significant value. The cumulative contribution rates
were 81.0% for the 1st component, 83.2% for the 2nd com-
ponent, 84.5% for the 3rd component, 85.5% for the 4th com-

108 I
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102|-.
©
o 10 | :
o
= e 87.0%
t; .| .. 0%
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t_; ....“’“ou
g’ 10}
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20 365
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Fig. 5 Singular values (6) and cumulative contribution ratio obtained by
SVD analysis of IR spectra.
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ponent, and 87.0% for the 5th component. The gap between
the 5th and 6th ¢ plots is separated from the adjacent plot of
the previous component, which led to the selection of 1st to
5th components (p = 5). The measured spectrum can almost
be reproduced by adding these spectra of up to 5th com-
ponents with large singular values o; representing the size of
the basis vector y; that compose component 7.

The reproductive basis vector (&) showing the spectral
elements that make up the IR spectrum of each drug is shown
in Fig. 6(a)-(e). Assigning the respective reproduction basis
vectors was performed using neat KTP, neat LDC measured at
298 K, molten KTP, and molten LDC measured at 353 K
(Fig. S7 and S87).

The IR spectrum of neat KTP showed an extended C=O
peak at 1727 ecm™" and a carboxylic acid band with a shoulder
at 1687 cm™', while the ketone C=O was revealed at
1653 cm™'. Aromatic C=C stretches were evident at 1597,
1582, and 1455 cm™". C-H deformation of CH; was observed
at 1370 em™'.%27*

In contrast, in molten KTP, the carboxylic acid bands (1727
and 1687 cm™') of neat KTP are red-shifted to 1739 and
1704 cm™', respectively, due to the cancellation of inter-
molecular interactions in the hydrogen-bonded dimer of KTP.
A similar redshift was also reported for the carbonyl peak, con-
tributing to the hydrogen-bonded dimer of IBP.*®

In the neat FTIR spectrum of LDC, the N-H bend of the sec-
ondary amide group was observed at 1490 cm™'. The amide
carbonyl stretching vibration was recorded as a sharp absorp-
tion band at 1662 cm™'. Aromatic C=C was found at
1594 cm™'. The C-N absorption band is observed at
1166 cm™'.**?33% In molten LDC, the amide carbonyl C=0
stretch (1662 cm ™) of neat LDC was red-shifted to 1686 cm™".

@, showed the average amount of change observed in all
spectra. Bands at 1656, 1596, 1577, 1318, and 1280 cm™’
derived from molten KTP were observed, but a peak at
1390-1370 cm™ ' and a shoulder at 1690 cm™" derived from
molten LDC were observed. Assigning this to a spectrum that
indicates a specific state is difficult.

For @,, the positive basis vector was assigned to the spec-
trum of molten KTP. In contrast, on the negative side, bands
derived from molten LDC were seen at 1497, 1425, and
1370 cm™'. In addition, @, reflected a spectral change that
reversed the positive/negative of @,. From this result, it can be
concluded that the principal component vectors PC2 and PC4
indicate the amount of change in the spectra of &, and &, at
each time, depending on the preliminary melting step in
which LDC is melted and KTP is dissolved into molten LDC.
Conceivable, positive changes in @; indicated neat LDC and
molten LDC, and &5 was assigned to neat KTP. Fig. 6(f) shows
a scheme summarizing the components obtained by SVD ana-
lysis by assigning basis vectors.

3.5. The preliminary melting step was compatible with the
successive reaction equation derived from the intermediates

This section describes the kinetic analysis of the components
successfully extracted in the preliminary melting step. If a reac-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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tion occurs via a preliminary melting step, it can be considered
a successive reaction. In the preliminary melting step, the state
in which molten LDC wraps around KTP is defined as
“peritectic.”

The melting behavior can be described as a successive reac-
tion when passing through the peritectic phase as an inter-
mediate in the melting process.

X (crystal) fy (peritectic) Ny (amorphous) (8)

For melting behavior showing supersaturation according to
eqn (8), the experimental data were fitted to eqn (9).

Y__k
X07k2*k1

{exp(—kit) + exp(—kzt)} (9)

where k; and k, are the rate constants corresponding to (7),
and ¢ is the time (min).

Since @, and @&, were assigned as vectors with the positive
and negative sides reversed, kinetic analysis was performed on
—(PC2-PCA4). k; and k, were determined by an optimization cal-
culation using eqn (8) and the least-squares method for the
values of —(PC2-PC4). Fig. 7 shows the temporal change in
—(PC2-PC4) at various KTP/LDC molar ratios. The optimized
Xo, k1, ks, and root-mean-square (RMS) values, which indicate
the fitting accuracy, are listed in Table S1.f Because both
showed high fitting accuracy, we could extract the peritectic
phenomenon using multivariate analysis.
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3.6. Activation energy of the preliminary melting process

The activation energy was determined to determine whether
the progress of the peritectic melting process differed for
various KTP : LDC molar ratios.

The activation energies at k; and k, were calculated from
the Arrhenius equation:

E.
2 __ 1lnA

1 LA
0g ki 2.303RT

(10)
where E,; and A are the energy of activation and frequency
factor, respectively.

The activation energy was determined from the slope of the
approximately straight line of the Arrhenius plot with log & on
the vertical axis and 1000/T on the horizontal axis (Fig. S97).
Fig. 8 shows the activation energy as a function of the KTP
mole fraction.

E,; and E,, are the activation energies of the process of
forming a peritectic state and the process of forming an amor-
phous state, respectively. E,; reached a maximum value when
the KTP: LDC ratio was 1: 1. E,, decreased as the molar ratio
of KTP decreased. E,; and E,, are the activation energies of the
process of forming a peritectic state and the process of creat-
ing an amorphous state, respectively. E,; reached its
maximum value when KTP:LDC = 1:1 and decreased as the
molar ratio increased. This tendency depends on the degree of
melting of the LDC and is similar to the fact that the binary

KTP:LDC=1:3 . =1: : =1:
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I
8. 1 1 [ J
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e
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Fig. 7 Principal component vector (PC) showing the magnitude of spectral change at various temperatures; 310 K (blue circles), 315 K (gray
squares) and 320 K (orange diamonds). The components assigned to the peritectic phenomenon were plotted and fitted using a sequential reaction

equation.
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triangles) at various mole fraction of KTP and LDC.

solid-liquid phase diagram has a minimum point at 1:2 and
2 :1. As the KTP molar ratio decreased, E,, increased.

4. Discussion

In Sections 3.3 and 3.4, DSC measurements with different
heating rates of 10.0 K min~" and 5.0 K min~" were performed
(Fig. 2a and 4a). The solid-liquid phase diagrams were created
from the Ty, obtained by fitting the thermogram with Gaussian
functions (Fig. 2b and 4b). Different heating rates caused two
differences in the binary solid-liquid phase diagram. (i) At
10.0 K min™", there was only the ideal eutectic point (304 K),
and at 5.0 K min~", there were two points, 294 K and 304 K. (ii)
The minimum point of the liquidus line was at a mole fraction
of 1/3 at 10.0 K min™*, and 1/3 and 2/3 at 5.0 K min™".

Since KTP (pK, 3.98) and NPX (pK, 4.18) act as Brensted
acids, and LDC (pK, 8.01) acts as a Brensted base, hydrogen-
bonding interactions caused by proton transfer are expected to
form a more complex system. DSC is measured by heating the
material from low to high temperatures. At low heating rates,
multiple peaks were observed, whereas at extremely high
heating rates, a single peak was observed in the thermogram
of isotactic polystyrene.’” The peak temperature of the
endotherm was highly dependent on the heating rate. This
may have been caused by the heating rate exceeding the
melting or crystallization rates. In this study, since the heating
rate at 10.0 K min~" was fast for the time it takes for the crystal
to melt and its responsiveness to temperature, the information
based on interactions that would indicate DES (the preliminary
melting step at 294 K) could not be extracted as a linear combi-
nation of Gaussian functions. On the other hand, it is reason-
able that a preliminary melting stage could be observed in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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analysis of thermograms measured at a slow heating rate of
5.0 K min~" and in the study of FTIR spectra measured under
annealing conditions.

At a KTP mole fraction of 1/3, a minimum point originating
from the eutectic reaction was observed, even at 10.0 K min™*
and 5.0 K min™". This minimum point at 1/3 coincided with
the eutectic point resulting from the eutectic ideal response
given by the SVL equation. In contrast, a new minimum point
in the KTP ratio 2/3 was also observed (Fig. 4b). Fiandaca et al.
showed that the transfer of the carboxylic acid proton of
naproxen to LDC promoted hydrogen-bonding between
naproxen, which has an electron-deficient carbonyl oxygen,
and another molecular form of naproxen.*® As a result, a
minimum point was seen at 2/3 in the binary solid-liquid
phase diagram for the mixture of naproxen and LDC. It is
believed that such an interaction occurred even when the KTP
ratio was 2/3. The KTP mole fractions of 1/3 and 2/3 indicate
that the cooperation of the KTP and LDC molecules acceler-
ated melting. In Fig. 7, at any ratio, LDC melts first, then KTP
is melted into the molten LDC. The molten LDC envelops and
melts the KTP, achieving an “island in the sea” arrangement
(Fig. S4t).

Macheras and Iliadis et al.”” modeled the random release of
particles from a fractal polymer matrix by percolation clusters
at critical points in the pharmaceutical field. In site percola-
tion theory, the threshold that affects the propagation by the
mixing ratio of two components of equally sized spheres is
called the critical probability (P.). For example, for a simple
cubic lattice, P, is 0.312,*° and above this ratio both materials
are interpreted as continuous phases. Fig. S101 shows SEM
images of KTP and LDC. The ground KTP was maximum or
minimum size approximated by projected area diameter: 0.151
and 0.586 mm, respectively. The ground LDC was maximum or
minimum size: 2.28 and 0.397 mm, respectively. Although
some variation in particle size was observed, the interpretation
based on the percolation model was a sufficiently acceptable
result.

Cerajewski et al.*' reported that the macroscopic DES pro-
perties of mixtures of 1-ethyl-3-methylimidazolium chloride
[EMIm][CI] and urea were dominated by nanoscale interfaces.
In the urea:[EMIm][Cl] = 25:75 sample, the hydrogen-
bonding between the Cl anion and urea takes precedence,
resulting in the formation of an excess cationic phase of
[EMIm], and urea behaves as a homogeneous dispersed phase.
In urea:[EMIm][Cl] = 72.5:27.5, the imidazolium cations
cause phase separation owing to the lack of chlorine anions.
In contrast, when urea:[EMIm][Cl] = 50:50, a network was
formed in which imidazolium and urea invaded each other
and were separated on the nanoscale. This can be considered
reasonable from an interpretation based on percolation theory.
In addition, in the case of urea : [EMIm][Cl] = 50: 50, imidazo-
lium and urea were crosslinked in the right amount via chlor-
ine cations, forming a strong hydrogen-bonding network and
increasing the melting point.

Kataoka et al.'® proposed different scenarios for melting
IBP (T, = 325 K) and LDC (T, = 341 K) mixtures depending on

Z. 39
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their proportions. When the amount of IBP was more signifi-
cant than that of LDC, the molten IBP surrounded the isolated
crystalline LDC, and further melting of the LDC proceeded
with zero-order kinetics. When the amount of IBP was less
than that of LDC, the molten IBP accelerated in the matrix on
the LDC solid and penetrated the solid to form a liquid
network. A reaction rate of negative 1/2 order was obtained for
melting. Three regimes with apparent reaction orders of 0, 1/2,
and —1/2 were observed at different molar ratios and inter-
preted in site percolation theory.

Different melting scenarios depending on the KTP and LDC
mole fraction were proposed from the activation energy results
obtained by kinetic analysis based on FTIR spectra. When KTP
> LDC, the LDC surrounded by KTP melts excess KTP from
the interface in a chain reaction. In contrast, when KTP <«
LDC, KTP is in the state of an “island” floating in the “sea” of
molten LDC, and KTP becomes fine particles and has a high
surface energy. This fine particle state is observed as a peritec-
tic phenomenon; as a result, E,, increases in the LDC-rich
state.

5. Conclusion

An attempt was made to analyze the melting point depression
and formation of KTP and LDC eutectic mixtures. In the
binary solid-liquid phase diagram, at a heating rate of 5.0 K
min~"', the constant melting point was lower than the ideal
eutectic point. Melting of both crystals at room temperature
was observed using a polarizing microscope. This abnormal
drop in melting point can be understood from the fact that the
pK. difference between KTP and LDC is more than 3, which
facilitates proton transfer and indicates the properties of the
DES. The entropy of fusion (Af,sS°"*) of the eutectic mixture
is approximately 20.0 ] K™* mol™", which is less than Ag,S"P°
(32.0 ) K™* mol™") and Az, S (51.0 J K~ mol ™). It is thermo-
dynamically advantageous to form eutectic mixtures.
Furthermore, Ag,S™"° showed approximately constant values
at various mixing ratios, whereas AgS<'* decreased as the
molar ratio of KTP decreased. The time course of melting from
the contact surface of the KTP and LDC crystals was obtained
by IR spectroscopy and analyzed by SVD. A preliminary
melting step was assigned to the basis vector. The molten LDC
signal first increased, followed by a change in the molten KTP
signal. Therefore, LDC is believed to melt and dissolve the
drug by converting it into fine particles. The difference in acti-
vation energy depending on the molar ratio was interpreted by
the “island in the sea” model and revealed the contribution of
percolation to the melting mechanism of eutectic mixtures.

Abbreviations

KTP S-Ketoprofen
LDC Lidocaine
DSC Differential scanning calorimetry
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FTIR Fourier-transform infrared spectroscopy
SVD Singular value decomposition

APIs Active pharmaceutical ingredients

Tm Melting point

INM Indomethacin

PRO Procaine

TET Tetracaine

DIB Dibucaine

DES Deep eutectic solvents

PHN Postherpetic neuralgia

HPLC High-performance liquid chromatography

SVL equation Schroder-Van Laar equation
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