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Abstract The application of chemometry as a solution to a
range of problems in the pharmaceutical industry has been
the subject of increasing interest in recent years. Therefore,
the objective of this work was to assess to what extent a
chemometric approach based on principal component
analysis (PCA) and cluster analysis (CA) can be used as a
supplementary tool for co-crystal detection based on DSC,
FTIR and Raman data. With this purpose in mind, potential
co-crystals of furosemide with caffeine in molar ratios of
1:1, 2:1 and 1:2 were prepared using liquid-assisted
grinding. The results of the study of furosemide and caf-
feine, their physical mixtures and potential co-crystals
supported by PCA and CA revealed a significant discrep-
ancy between the data obtained. In each case (DSC, FTIR
and Raman study), a co-crystal in 1:1 molar ratio was
detected and co-crystals in 2:1 and 1:2 molar ratios were
also confirmed, by DSC, and FTIR and Raman, respec-
tively. Detailed analysis of these data shows that the above
discrepancies are connected with the sample features being
measured. Thus, it was found that spectroscopic methods
which reflect the chemical bonding of substances provide
more reliable information on co-crystal formation than the
DSC method which illustrates phase transitions. In con-
clusion, co-crystal formation could be only confirmed
when the results obtained from PCA and CA examination
of the data acquired from DSC, FTIR and Raman methods
are compatible. It can therefore be affirmed that co-crystals
of furosemide and caffeine were obtained only in a 1:1

<l Marek Wesolowski
marwes @ gumed.edu.pl

Department of Analytical Chemistry, Medical University of
Gdansk, Gen. J. Hallera 107, 80-416 Gdansk, Poland

molar ratio, while co-crystals in molar ratios of 2:1 and 1:2
were not formed.
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Introduction

The poor solubility in water of active pharmaceutical
ingredients (APIs) has become the most challenging issue
to be overcome in the pharmaceutical industry, as the oral
bioavailability of drugs is directly related to the solubility
and dissolution rate of APIs [1]. Almost 40% of drugs used
in health care contain APIs with low water solubility, and
approximately 80% of potential APIs are poorly water
soluble. Moreover, the poor water solubility of potential
APIs is the main limiting factor in drug design and one that
often precludes their introduction into medical practise,
despite the desired pharmacological activity [2]. Therefore,
different approaches towards improving this property have
been applied, including, but not limited to, salt formation,
particle size reduction, micellar solubilisation, solid dis-
persion and cyclodextrin complexation. Nonetheless, there
is still a need to seek new methods of increasing API water
solubility, since each of the above approaches has limited
application [3]. Salt formation, for example, applies only to
a small group of APIs which have ionisable groups; fur-
thermore, the number of salt formers approved for use in
the pharmaceutical industry is low [4]. It is worth men-
tioning at this point that enhancing API aqueous solubility
frequently causes problems with drug instability under
storage conditions. Against this background, co-crystals
have recently gained great attention as a unique approach
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to improving solubility that could overcome some of the
limitations of familiar methods.

In 2013, the US Food and Drug Administration (FDA)
published guidance for the industry including classification
of pharmaceutical co-crystals with particular emphasis on
distinguishing co-crystals from other solid-state forms.
According to FDA guidance, co-crystals are solid-state
multicomponent materials which consist of at least two
ingredients, APl and neutral substance, called co-crystal
former or coformer [5], which should be acceptable as
pharmaceutical excipients and should have no toxic or
adverse effects on the human body [6]. Components of co-
crystals are bonded together in a crystal network via non-
covalent week bonds without proton exchange, which
allows co-crystals to be treated as a “drug-intermediate”
and not as a new API. Co-crystallisation could be per-
formed with APIs which do not have an ionisable group, in
contrast to salt formation where the presence of the acidic
or basic group is a prerequisite [7]. Hence, co-crystals
present a great opportunity to enhance the low water sol-
ubility of those APIs lacking an ionisable group. The
unique co-crystal lattice offers the possibility to modify the
physicochemical properties of APIs. Co-crystallisation
with a neutral component as coformer could alter the
melting point of APIs, increase their physical and chemical
stability, enhance solubility and consequently the
bioavailability of APIs [8]. However, changes in API
properties are often unpredictable and are dependent on the
type of conformer used in co-crystallisation [6].

Many technological processes were used to prepare co-
crystals, for instance dry-grinding, liquid-assisted grinding,
the solvent-based method at ambient or elevated tempera-
ture, and co-crystallisation using supercritical fluid or
ultrasound-assisted technology [9]. Of these techniques,
grinding methods are employed for the screening of co-
crystal formation, whereas solvent-based ones for scale-up
and characterisation of co-crystals. Generally, three
mechanisms, including molecular diffusion as well as
intermediate formation of eutectic mixture or amorphous
phase, are proposed for co-crystal formation by dry-
grinding [10]. However, the role of liquid addition in the
most effective liquid-assisted grinding method is not yet
fully understood. It may well act as a lubricant for the
reaction or provide a medium to enhance molecular dif-
fusion. Regardless of the method used in co-crystal
preparation, its formation should be confirmed in each case
by the correct tools such as differential scanning
calorimetry (DSC) [2, 11], Fourier-transform infrared
(FTIR) [2, 3] and Raman [10, 12] spectroscopies, powder
X-ray diffraction (PXRD) [4, 13], and others [8, 14].

DSC can be used to measure a number of characteristic
properties in a sample, such as fusion, crystallisation, glass
transition, oxidation or stability [15]. The usefulness of
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DSC is primarily due to the small quantity of sample
applied to a study and the brief analysis time. Thus, it is
used to detect co-crystal formation based mainly on alter-
ations in melting points between API and the coformer in
the co-crystallisation process. However, DSC has some
limitations in co-crystal detection; for instance, a single
endothermic event on a DSC scan may also indicate the
melting of the eutectic mixture formed in the physical
mixture. In this case, the construction of a binary phase
diagram of the melting points of API and coformer mixed
in different molar ratios allows co-crystals to be distin-
guished from eutectics [14]. Moreover, a single endother-
mic event could be also observed when the co-crystal and
one of its components have similar melting points. In this
situation, the broadening and shallowing of the peak
without peak separation have been observed to obstruct
DSC scan interpretation. As opposed to DSC, FTIR spec-
troscopy is a method which is not only focused on the
behaviour of API and coformer in solid state but which
reflects vibrational changes due to potential intermolecular
interactions between components [16]. It can be used to
detect co-crystals since a comparison of the FTIR spectra
of physical mixtures with those of co-crystals allows
structural differences to be recognised in the samples under
study, such as formation of hydrogen bonding during co-
crystallisation. Nevertheless, usage of FTIR spectroscopy
in co-crystals detection is limited due to the presence of
overlapping API and coformer bands in the co-crystals
spectra, the disappearance of FTIR bands or the appearance
of entirely new ones, as well as alterations in intensity and
band broadening. Thus, whenever possible, supplementary
methods should be employed.

Taking all the above into consideration, the aim of this
study was to verify to what extent chemometry can be used
as a supporting tool for detecting co-crystal formation. To
this end, two unsupervised pattern recognition methods
such as principal component analysis (PCA) and cluster
analysis (CA) were used to gain information that can be
indirectly acquired from DSC scans, and FTIR and Raman
spectra. The aim of PCA is data reduction with the creation
of a new set of variables called principal components (PCs)
which are orthogonal to each other and describe variation
in the data matrix [17]. CA, the second unsupervised
approach was used as a continuation of PCA to assess
whether a more sensitive discrimination of API physical
mixtures with coformer and co-crystals can be expected
when using a different classification algorithm. This
method evaluates the clustering tendency of samples
through an iterative process (agglomerative method) which
associates the samples with relation to the distance between
sample pairs and the difference in linkage algorithms
according to which samples or clusters are merged [17, 18].
Our preliminary study revealed that PCA and CA make it
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possible to detect incompatibility in pharmaceutical mix-
tures based on thermal [19] and FTIR [20] data. Further-
more, Raman spectroscopy in conjunction with PCA
enables us to gain a deeper insight into the transformation
of physical mixture into co-crystal during dry-grinding [10]
and PCA based on both PXRD and FTIR data is capable of
differentiating polymorphic forms of carbamazepine and
saccharin from co-crystals [21], while Raman spectroscopy
combined with the partial least squares method permits the
quantification of co-crystal and its coformer [22]. A strat-
egy for the online monitoring of solvent-evaporation type
co-crystallisation using near-infrared spectroscopy and
PCA has also been developed [13, 23-25].

Co-crystal of furosemide as an API with caffeine (Fig. 1)
as a coformer was chosen as the model substance for the
study. The co-crystal was prepared using liquid-assisted
grinding with furosemide to a coformer molar ratio of 1:1.
Its chemical structure and physicochemical properties have
been studied in more detail elsewhere. For instance, single-
crystal and powder X-ray diffraction revealed that co-
crystal unit consists of one molecule of furosemide and one
of caffeine bonded together via hydrogen bonds [2]. PXRD
patterns were also used for confirming physical stability of
furosemide—caffeine co-crystals before and after wet mil-
ling [25]. Furthermore, PXRD and DSC proved that fur-
osemide—caffeine co-crystals formed a eutectic mixture
with excess of caffeine, whereas no such mixture was
formed with excess of furosemide [26].

Materials and methods
Chemicals

Furosemide and caffeine were purchased from Sigma-
Aldrich, St. Louis, USA. The purity of both substances
was >98%. Acetonitrile was obtained from J.T. Baker,
Gliwice, Poland. The purity of solvent was >99.8%.

Sample preparation

Binary physical mixtures of furosemide with caffeine in
molar ratios 1:1, 2:1 and 1:2 were obtained by gentle
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Fig. 1 Chemical formulas of furosemide and caffeine

mixing of both components in agate mortal for 5 min. Co-
crystals were prepared using liquid-assisted grinding
method. Adequate quantities of furosemide and caffeine in
molar ratios 1:1; 2:1 and 2:1 were mixed in agate mortar
for 20 min using pestle after adding 5-6 drops of
acetonitrile.

Differential scanning calorimetry (DSC)

DSC scans of furosemide, caffeine, mixtures of both
components and their co-crystals were obtained using a
heat-flux DSC instrument (model 822°, Mettler Toledo,
Schwerzenbach, Switzerland) coupled with a STARe
software. Roughly 4 mg of a sample was put into 40-uL.
flat-bottomed aluminium pans closed with perforated lids.
Measurements were carried out over the range of
25-300 °C at a heating rate of 10 °C min™"' under nitrogen

stream at a flux rate of 70 mL min .

FTIR spectroscopy

A Nicolet 380 FTIR spectrometer (Thermo Fischer Sci-
entific, Madison, USA) with a DTGS KBr detector and an
OMNIC software was exerted to collect IR spectra of the
samples. Hydraulic press (Specac, Orpington, UK) was
used to prepare pellets for IR analysis. Each of pellets
contained 1 mg of a sample and 100 mg of KBr (Merck,
Darmstadt, Germany). Measurements were carried out over
the spectral range of 4000-400 cm™' with resolution of
4 cm™'. Before each measurement, background spectra
were taken with average 16 scans.

Raman spectroscopy

Raman spectra were recorded on a DXR SmartRaman
spectrometer (Thermo Fisher Scientific, Madison, USA).
The spectrometer was equipped with a 15-mW DXR
780 nm laser with a slit width of 25 um, Raleigh filter,
CCD detector and an OMNIC software. The measurements
were run over the range of 3413-99 cm™'. Exposure time
was 1 s (twice).

Data analysis

DSC scans, and FTIR and Raman spectra were interpreted
with the aid of PCA and CA. The data acquired from
Raman and FTIR spectra were pre-processed with a stan-
dard normal variate algorithm. In all matrices, the number
of rows including physical mixtures and co-crystals pre-
pared in molar ratios of 1:1, 1:2 and 2:1 was constant at a
figure of six, whereas the number of variables differed for
each matrix. The matrix of the data constructed for DSC
scans included heat flow values acquired every 3 °C (98
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variables). The transmittance values of furosemide and
caffeine at characteristic spectral ranges (2930-3400 and
821-1860 cm™") were used to create an FTIR spectra
matrix consisting of 51 columns. The matrix of the data
acquired from Raman spectra included 20 variables
reflecting Raman intensity values at selected wavenumbers
of Raman shifts characteristic for furosemide and caffeine.
PCA and CA calculations were carried out using Statistica
10 software (StatSoft Inc., Tulsa, USA), and CA performed
to allow for the Euclidean distance between pairs of sam-
ples and Ward’s linkage criterion according to which
samples or clusters are merged. A graphic visualisation of
the samples’ classification was presented as a tree diagram,
and PCA was visualised in a score scatter plot. Covariance
matrices were used as a basis for the calculation of prin-
cipal components.

Results and discussion

To realise the aim of this study, DSC scans, FTIR and
Raman spectra were recorded for furosemide and caffeine,
as well as mixtures of both components and potential co-
crystals prepared by liquid-assisted grinding. The forma-
tion of co-crystals was confirmed by a comparison of scans
or spectra of physical mixtures with those of products
obtained by grinding with the addition of acetonitrile, a
method which allows differences to be recognised in
sample melting points or chemical structures. In the second
stage of the work, PCA and CA were used to gain infor-
mation that can be indirectly acquired from DSC scans, and
FTIR and Raman spectra.

Interpretation of DSC scans

DSC lends itself well to the screening and confirmation of
co-crystal formation since a single endothermic event on a
DSC scan caused by a sample melting at a different tem-
perature to that of the API or coformer may be sufficient to
confirm co-crystal formation. Scans of the samples studied
are presented in Fig. 2. Furosemide (Fig. 2h) displays two
subsequent endothermic peaks followed by one exothermic
(Table 1). The first endothermic event is due to the poly-
morphic transition of API, while the other is connected
with the melting (endothermic peak) or decomposition
(exothermic event) of furosemide. The endothermic peak
above 260 °C reflects the melting of the furosemide
decomposition product. Polymorphic transition
at ~137 °C and melting with decomposition at ~223 °C
indicate that polymorph form I was used in this study
[26, 27]. In the case of caffeine (Fig. 2g), the DSC scan
shows only two endothermic effects (Table 1), the first
probably being due to the polymorphic transition of API
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Fig. 2 DSC scans of furosemide—caffeine physical mixtures at
drug/coformer ratios: (a) 1:1, (¢) 2:1, (e) 1:2, furosemide—caffeine
co-crystals at drug/coformer ratios: (b) 1:1, (d) 2:1, (f) 1:2, (g) caf-
feine, (h) furosemide

and the second can be attributed to the final melting of
caffeine. These data in turn indicate that caffeine form II
was used in this study [28].

DSC scans of physical mixtures of furosemide with
caffeine (Fig. 2, scans a, c, e) display two weak
endothermic events at approximately 137 and 160 °C, a
probable result of polymorphic transitions of furosemide
and caffeine, respectively. Furthermore, for physical mix-
tures at 1:1 and 2:1 molar ratios, two consecutive
endothermic peaks followed by an exothermic event are
observed at higher temperatures. As shown in Table 1,
enthalpy values for transitions in the fourth peak are ten-
fold higher than those in the third. The opposite situation is
observed for physical mixture at 1:2 molar ratio (Fig. 2e)
where the enthalpy value for transition in the third peak is
twofold higher than that for the fourth.

DSC scans of potential co-crystals of furosemide with
caffeine prepared in different molar ratios are shown in
Fig. 2 (scans b, d, f). Co-crystals in molar ratios of 1:1 and
2:1 reveal only a single endothermic effect followed by an
exothermic peak, whereas co-crystal at 1:2 molar ratio
shows two endothermic events characterised by compara-
ble enthalpy transition values (Table 1). Moreover, weak
endothermic events due to polymorphic transitions of both
furosemide and caffeine are also observed in the DSC scan
of co-crystal at 1:2 molar ratio. The implication is, there-
fore, that DSC indicated co-crystal formation in 1:1 and 2:1
molar ratios. The melting point of the former co-crystal is
consistent with previous studies [2, 26].

PCA and CA were used to confirm the findings obtained
by DSC. Variations in the data for matrices created in this
study, which consist of physical mixtures and co-crystals of
API and coformer, are listed in Table 2. PC1 and PC2
taken together explained more than 70% of the total
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Table 1 Temperatures of onset (Topee) and peak (Tpeq) and the enthalpy of transitions (AH) obtained from DSC scans of furosemide, caffeine,

their physical mixtures and potential co-crystals

Samples Molar ratios Peaks number Tonse! °C Tpear/°C AH/J g7l
Furosemide 1 129.38 137.16 endo (w) 4.63
2 221.20 223.28 endo (w) 4.19
3 223.59 226.22 exo (s) 107.49
4 266.25 270.53 endo (m) 42.85
Caffeine 1 147.16 161.11 endo (w) 16.45
2 235.99 236.24 endo (s) 104.22
Physical mixtures 1:1 1 128.68 136.46 endo (w) 1.75
2 149.80 159.46 endo (w) 2.75
3 211.53 215.05 endo (w) 591
4 227.37 228.71 endo (m) 50.18
5 229.47 232.80 exo (m) 45.33
2:1 1 128.21 136.79 endo (w) 2.38
2 148.65 159.63 endo (w) 1.62
3 210.47 213.24 endo (w) 3.56
4 218.67 219.70 endo (m) 47.75
5 222.63 224.18 exo (m) 39.44
1:2 1 129.38 136.98 endo (w) 0.75
2 146.58 160.32 endo (w) 3.68
3 209.22 211.53 endo (m) 41.95
4 220.99 225.57 endo (m) 19.15
5 229.23 231.11 exo (w) 3.68
Co-crystals 1:1 1 225.06 227.07 endo (s) 96.63
2 231.88 233.50 exo (w) 11.63
2:1 1 216.24 216.94 endo (w) 11.62
2 220.01 220.89 exo (m) 57.71
1:2 1 126.57 129.46 endo (w) 0.38
2 153.12 158.78 endo (w) 0.74
3 207.08 209.65 endo (m) 43.71
4 222.54 225.81 endo (w) 9.34
5 227.78 230.23 exo (m) 21.02

Intensity of the DSC peaks: w weak, m medium, s strong

variance, meaning that the results of PCA can be visualised
in a two-dimensional score scatter plot. The localisation of
physical mixture and co-crystal prepared in the same molar
ratio and on the same PCA plane along the PC1, PC2 or
PC3 axes indicates that no process of co-crystallisation
occurred and that consequently there are no differences in
the thermal properties of the samples. By contrast, the
localisation of physical mixture and co-crystal prepared in
the same molar ratio in the opposite PCA space along PCl1,
PC2 or PC3 axes does reveal co-crystal formation.

Figure 3 presents the score plots for the first three PCs
for furosemide and caffeine physical mixtures and their
potential co-crystals based on heat flow value. As can be
seen, physical mixture and co-crystal in a 1:2 molar ratio
(samples e and f) are grouped in the same space as PCl,

PC2 and PC3 (Fig. 3a, b). It bears a significant similarity
between physical mixture and co-crystal (both in 1:2 molar
ratio). Furosemide—caffeine co-crystals in 1:1 and 2:1
molar ratios (samples b, d) form a cluster in the central part
of the PCA score plots while their physical mixtures are
separate from the co-crystals cluster. PC1 distinguishes
between physical mixture in a 1:1 molar ratio and co-
crystal cluster. PC2 correlates positively with physical
mixture in a 2:1 molar ratio but negatively with the co-
crystals cluster. Moreover, PC3 with 17.09% of explained
variation mainly distinguishes co-crystal in 1:1 molar ratio
from others samples.

The evident clustering tendency of samples is depicted
in Fig. 4 in the form of a CA tree diagram. The first cluster
is formed below 33% of the maximum distance by
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Table 2 Eigenvalues and variation in the data used for PCA calcu-
lations for physical mixtures and co-crystals of furosemide with
caffeine

Techniques Principal Eigenvalue Variance/ Cumulative
components % variance/%
DSC PC1 6.71 45.99 45.99
FTIR 4.30 58.16 58.16
Raman 14.79 79.39 79.39
DSC PC2 3.86 26.48 72.47%
FTIR 2.54 34.39 92.55%
Raman 3.11 16.72 96.11*
DSC PC3 2.49 17.09 89.56"
FTIR 0.30 4.00 96.55"
Raman 0.64 343 99.54°
# PC1 and PC2 taken together
® PC1, PC2 and PC3 taken together
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Fig. 3 PCA score plots for: a PC1 and PC2, b PC1 and PC3,
calculated for the data acquired from DSC scans. Furosemide—
caffeine physical mixtures at drug/coformer ratios: (a) 1:1, (¢) 2:1,
(e) 1:2, furosemide—caffeine co-crystals at drug/coformer ratios:

(b) 1:1, (d) 2:1, () 1:2
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Fig. 4 CA tree diagram for the data obtained from DSC scans.
Furosemide—caffeine physical mixtures at drug/coformer ratios:
(a) 1:1, (¢) 2:1, (e) 1:2; furosemide—caffeine co-crystals at drug/co-
former ratios: (b) 1:1, (d) 2:1, () 1:2

potential co-crystal and physical mixture in 1:2 molar
ratio (samples e, f). Due to the revealed similarity
between samples, it could be assumed that process of co-
crystallisation did not occur. On the other hand, a large
cluster consisting of the remaining samples is formed
above 33% of the maximum distance. The distribution of
physical mixtures and co-crystals prepared in 1:1 and 2:1
molar ratios in different clusters reveals co-crystal
formation.

These results show that PCA and CA confirm co-
crystal formation by identifying co-crystals in 1:1 and 2:1
molar ratios from among other samples. However, the
PC1 distinguish physical mixture in 1:1 molar ratio from
co-crystal in the same molar ratio more precisely than is
the case for co-crystal and physical mixture in 2:1 molar
ratio, PC1 in particular does not differentiate samples in
2:1 molar ratio. This may indicate that the co-crystalli-
sation process could not occur for components mixed in
2:1 molar ratio.

Interpretation of FTIR spectra

FTIR spectroscopy is used to confirm co-crystal formation
because of its ability to detect differences in the chemical
structures of samples indicative of the formation of
hydrogen bonding. The spectra of furosemide, caffeine,
their physical mixtures and potential co-crystals in molar
ratios 1:1, 2:1 and 1:2 are presented in Fig. 5. Character-
istic bands for furosemide (spectrum g) are found at 3399.4
and 3350.3 cm™! (NH, stretching vibration), 3284.2 cm™!
(N-H stretching), 1672.0 cm”! (C=0 stretching),
1591.8 cm™' (N-H bending), 1322.5 cm™' (R-SO, sym-
metric stretching), 1142.1 cm ™! (S-O stretching) and
744.6 cm ™! (C—Cl stretching). Caffeine (spectrum h)
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Fig. 5 FTIR spectra of furosemide—caffeine physical mixtures at
drug/coformer ratios: (a) 1:1, (c¢) 2:1, (e) 1:2, furosemide—caffeine co-
crystals at drug/coformer ratios: (b) 1:1, (d) 2:1, (f) 1:2,
(g) furosemide, (/) caffeine

shows characteristic bands at 1700.7 cm™' (C=0 in-phase
stretching), 1655.3 cm™' (C=0 out-of-phase stretching),
1598.1 cm™' (C=C and C=N stretching), 1548.2 cm™"
(imidazole ring stretching). These data are compatible with
those found in the literature [2, 28, 29].

As shown in Fig. 5, the FTIR spectra for physical
mixtures of furosemide with caffeine (spectra a, c, e) dis-
played bands specific for both components and no signifi-
cant shifts in bands wavenumbers were detected. However,
differences in transmittance intensity were observed,
probably due to the variety in molar composition of the
physical mixtures. On the other hand, the spectrum of co-
crystal in 1:1 molar ratio (Fig. 5b) revealed a shift in the
characteristic bands of API and coformer to lower or higher
wavenumbers. Bands of furosemide at 1591.8 and
1142.1 cm™! shifted to 1595.0 and 1161.6 cm™?, respec-
tively, in the co-crystal spectrum, while band of caffeine at
1655.3 cm ™" shifted to 1650.2 cm™'. Moreover, the dis-
appearance of characteristic bands of furosemide (3399.4,
3350.3 and 3284.2 cm™') and the appearance of a new
band at 3297.6 cm™' were also detected in the co-crystal
spectrum. Similar bands were also found in the FTIR
spectrum of co-crystal in 1:2 molar ratio (Fig. 5f). Shifts in
the spectral position of bands assigned for amino, carbonyl
and sulfonyl groups of furosemide and the carbonyl group
of caffeine confirm the formation of hydrogen bonds
between free hydrogen donors, and acceptors of both
components confirm co-crystal formation [10]. On the
other hand, the similarity of the physical mixture and co-
crystal spectra (both in 2:1 molar ratio) suggests that co-
crystallisation did not occur (Fig. 5, spectra c, d).

As in the case of DSC, the data acquired from FTIR
spectra were interpreted using unsupervised chemometric

methods, PCA and CA. The PCA score plots for the studied
samples are shown in Fig. 6. Detailed inspection of Fig. 6a
reveals that physical mixtures create a cluster on the right-
hand side of the plot, whereas co-crystals are grouped to
the left. This shows that PC1 (which accounts for 58.16%
of the total variance) primarily distinguishes co-crystals
from physical mixtures. However, a potential co-crystal in
molar ratio 2:1 (sample d) is located in the central position
of the plot, in closer proximity to physical mixtures than to
other co-crystals. This may be due to the spectral similar-
ities between co-crystal and physical mixture in 2:1 molar
ratio and may exclude co-crystal formation in 2:1 molar
ratio. The distribution of samples along PC2 (Fig. 6a) and
PC3 (Fig. 6b) reveals that co-crystals in molar ratios 1:1
and 1:2 are clearly distinct. These co-crystals correlated
with PC2 and PC3, negatively (co-crystal 1:1) and posi-
tively (co-crystal 1:2).
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Fig. 6 PCA score plots for: a PC1 and PC2, b PC1 and PC3,
calculated for the data acquired from FTIR spectra. Furosemide—
caffeine physical mixtures at drug/coformer ratios: (a) 1:1, (¢) 2:1,
(e) 1:2, furosemide—caffeine co-crystals at drug/coformer ratios:

(b) 1:1, (d) 2:1, () 1:2
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Fig. 7 CA tree diagram for the data obtained from FTIR spectra.
Furosemide—caffeine physical mixtures at drug/coformer ratios:
(a) 1:1, (¢) 2:1, (e) 1:2, furosemide—caffeine co-crystals at drug/co-
former ratios: (b) 1:1, (d) 2:1, (f) 1:2

As shown in Fig. 7, CA distributes the physical mixtures
and co-crystals under study into two clusters situated below
66% of the maximum distance. Co-crystals in 1:1 and 1:2
molar ratios (samples b, f) are grouped in the first cluster at
approximately 40% of the maximum distance, which
confirms co-crystallisation. The second cluster splits into
two subsequent clusters which group physical mixture and
co-crystal in 2:1 molar ratio (samples c, d) and physical
mixtures in 1:1 and 1:2 molar ratios (samples a, e),
respectively. Both clusters created at approximately 30% of
the maximum distance revealed that the co-crystal in a 2:1
molar ratio has not been prepared using liquid-assisted
grinding.

Interpretation of Raman spectra

Raman and FTIR spectroscopies are complementary tools
because other molecules and bonding are active in their
spectra. Raman spectra of physical mixtures, co-crystals
and both substances alone are shown in Fig. 8. Charac-
teristic bands of furosemide (spectrum g) occur at
1593.5 cm ™! (NH, scissoring vibration), 1503.1 cm ™!
(aromatic ring stretching), 1334.2 cm™" (SO, asymmetric
stretching), 1213.5 cm™' (O-H bending in-plane, C-O
stretching), 1144.6 cm ™! (SO, symmetric stretching),
681.8 cm™' (C—ClI stretching), 577.6 cm™' (O—H bending
out-of-plane). Caffeine (spectrum h) displays specific
bands at 1692.6 cm™' (C=O stretching in-phase),
1649.9 cm™' (C=0 stretching out-of-phase), 1594.5 cm™'
(C=C symmetric stretching, C-N symmetric stretching,
CH; symmetric bending), 1322.7 cm ™' (imidazole trigonal
ring  stretching), 1065.4 cm™' (H-C=N bending),
5493 cm™' (CH bending, CH; bending, CH; rocking).
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Raman shift/cm™1

Fig. 8 Raman spectra of furosemide—caffeine physical mixtures at
drug/coformer ratios: (a) 1:1, (¢) 2:1, (e) 1:2, furosemide—caffeine co-
crystals at drug/coformer ratios: (b) 1:1, (d) 2:1, (f) 1:2,
(g) furosemide, (h) caffeine

These characteristic bands are consistent with those found
in the literature for furosemide [29] and caffeine [28, 30],
respectively. Although all characteristic bands for both
components are also found in the Raman spectra of phys-
ical mixtures (spectra a, c, e), differences in Raman
intensity values were detected between samples due to the
differences in molar ratio of furosemide and caffeine.
Additionally, a shifting of characteristic bands to API and
coformer occurs in co-crystals (spectra b, d, f). For
instance, bands of furosemide at 1593.5 and 1334.2 cm™!
were shifted in the co-crystal spectrum, to ~ 1590
and ~ 1325 cm_l, respectively, whereas band of caffeine
at 1692.6 cm™' was shifted to ~1699 cm™'. Moreover,
the Raman spectra of co-crystals in molar ratios 1:1 and 1:2
bear distinct similarities, but are only slightly similar to the
spectrum of co-crystal in 2:1 molar ratio. In this case,
insignificant shifts in the spectral position of bands are
observed for co-crystal in 2:1 molar ratio as compared with
spectra of the others.

The PCA score plots for the first three principal com-
ponents calculated for the data acquired from Raman
spectra are presented in Fig. 9. To emphasise the impor-
tance of Raman spectroscopy in the detection of co-crys-
tals, it is important to mention that in this case PCl
explains a higher percentage of the total variance than that
obtained for the data acquired from DSC or FTIR
(Table 2). Thus, the distribution of samples along the PC1
axis is of great importance. As shown in Fig. 9a, the scatter
of physical mixtures and co-crystals is similar to that
obtained in the case of FTIR (Fig. 6). The difference lies in
the fact that co-crystals in 1:1 and 1:2 molar ratios create a
separate cluster on the right of the plot, whereas all phys-
ical mixtures and potential co-crystals in a 2:1 molar ratio
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Fig. 9 PCA score plots for: a PCl and PC2, b PC1 and PC3,
calculated for the data acquired from Raman spectra. Furosemide—
caffeine physical mixtures at drug/coformer ratios: (a) 1:1, (¢) 2:1,
(e) 1:2, furosemide—caffeine co-crystals at drug/coformer ratios:

(b) 1:1, (d) 2:1, () 1:2

are grouped to the left. In other words, PC1 clearly deter-
mines two co-crystals (samples b, f), and physical mixtures
(samples a, c, d, &) confirm that no co-crystal in a 2:1 molar
ratio exists, a finding further corroborated by the PCA
score plot of PC1 and PC3 (Fig. 9b).

The tree diagram calculated using the data acquired
from Raman spectra is shown in Fig. 10. It is similar to that
calculated for the FTIR spectra, with the only differences
being in the proximity distances between CA trees. The
cluster grouping of co-crystals in 1:1 and 1:2 molar ratios is
created in the lowest percentage of the maximum distance
(below 33%). This confirms that both co-crystals have
similar Raman spectra and that the clustering tendency is
stronger in comparison with other clusters.

In conclusion, the findings obtained by PCA and CA for
the data acquired from DSC scans differ from those created
for the data obtained from FTIR and Raman spectra
(Table 3). However, regardless of which matrix was the
starting point for calculations, the formation of co-crystal

90

60

30

f b d c e a

Fig. 10 CA tree diagram for the data obtained from Raman spectra.
Furosemide—caffeine physical mixtures at drug/coformer ratios:
(a) 1:1, (¢) 2:1, (e) 1:2, furosemide—caffeine co-crystals at drug/co-
former ratios: (b) 1:1, (d) 2:1, () 1:2

Table 3 Results obtained by using multivariate statistical techniques
as supplementary tools for interpretation of the DSC, FTIR and
Raman data for physical mixtures and co-crystals of furosemide with
caffeine

Techniques Molar ratio PCA CA
DSC 1:1 + +
2:1 + +
1:2 - -
FTIR 1:1 + +
2:1 - -
1:2 + +
Raman 1:1 + +
2:1 - -
1:2 + +

+, Co-crystal; —, physical mixture

in 1:1 molar ratio was confirmed in each case. Furthermore,
co-crystals in molar ratios 2:1 (DSC data) and 1:2 (FTIR
and Raman data) were also detected in this study. To
explain the discrepancy in chemometric analysis of the
data, it is necessary to consider which characteristic fea-
tures of a sample under study are being measured. DSC
shows that phase transitions, such as polymorphic transi-
tions, melting and crystallisation, occurred in a sample
during the heating process, while FTIR and Raman reveal
the chemical structure of a sample reflected by character-
istic vibrational bands. Hence, a comparison of the melting
points of co-crystal and API or coformer indicates co-
crystal formation. However, it should also be borne in mind
that changes in melting point can also be the result of the
formation of a eutectic mixture. On the other hand, it has
been established that API and coformer interact via non-
ionic and non-covalent intermolecular interactions, such as
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van der Waals forces, n—m interactions, and most impor-
tantly, hydrogen bonding [10]. Thus, changes in the spec-
tral position of bands characteristic to API or coformer
indicate co-crystal formation. Taking all of the above into
consideration, it would appear that spectroscopic methods
which reflect the chemical bonding of substances provide
more reliable information on co-crystal formation than the
DSC method, which illustrates phase transitions. In this
situation, PCA and CA examination of the data acquired
from FTIR and Raman spectra could be more reliable than
that data received from DSC scans.

As reported in the literature, co-crystal formation of
furosemide with caffeine was induced by the polymorphic
transition of API at 137 °C during the heating of physical
mixture. Moreover, co-crystal in 1:1 molar ratio formed a
eutectic mixture with excess of caffeine, whereas no such
mixture was formed by excess of furosemide [26]. In our
study, a similar effect to that reported in the literature was
observed in the case of DSC scans of physical mixture in
1:2 molar ratio and possible co-crystal in the same molar
ratio. PCA and CA examination of the values of heat flow
is a stronger indicator of the similarities between potential
co-crystal and physical mixture in the same molar ratio
(1:2) than data from FTIR and Raman spectra. This study
suggests that the complex analysis of the data obtained by
chemometric examination of DSC scans as well as FTIR
and Raman spectra enables distinct separation of co-crystal
from a eutectics mixture consisting of co-crystal and caf-
feine. For this reason, it was concluded that co-crystals of
furosemide and caffeine were obtained only in 1:1 molar
ratio, while co-crystals in molar ratio 2:1 and 1:2 were not
formed.

Conclusions

The results of a DSC, FTIR and Raman study of fur-
osemide, caffeine, physical mixtures and potential co-
crystals of both components in molar ratios 1:1, 2:1 and 1:2
supported by two unsupervised pattern recognition meth-
ods (PCA and CA) revealed significant discrepancies
between the data obtained. In each case (DSC, FTIR and
Raman study), co-crystal in 1:1 molar ratio was detected,
while co-crystals in molar ratios 2:1 and 1:2 were also
confirmed by DSC, and FTIR and Raman, respectively.
These discrepancies are related to specific features of the
samples being measured. As a result of this study, it was
established that spectroscopic methods which reflect the
chemical bonding of substances provide more reliable
information on co-crystal formation than a DSC method
that illustrates phase transitions. In this situation, PCA and
CA examination of the data acquired from FTIR and
Raman spectra could be more reliable than that of data
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received from DSC scans. Finally, co-crystal formation
could only be confirmed where the results obtained from
PCA and CA examination of the data acquired from DSC,
FTIR and Raman methods are compatible.
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