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a  b  s  t  r  a  c  t

Raman  chemical  imaging  was used  in the  characterization  of  drug–excipient  interactions  between  a  drug
and different  types  of  cyclodextrins.  Detailed  analysis  was  carried  out  regarding  the  interactions  between
the active  ingredient  (API)  and  the  cyclodextrins  and  the  heterogeneity  of  the  samples  was  studied  using
multivariate  curve  resolution–alternating  least  squares  algorithm.  The  amount  of  recrystallized  pure  API
was also  estimated  using  the  same  curve  resolution  method.  The  Raman  mapping  results  were  validated
via  scanning  electron  microscopy–energy  dispersive  X-ray  spectroscopy  and  X-ray  powder  diffraction.
eywords:
icro-Raman
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Raman  mapping  was  found  to  be  suitable  to  detect  traces  of  pure  crystalline  API  below  the  detection
limit  of  X-ray  powder  diffraction.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The physical morphology, especially the amorphous state of
rugs has gained great interest in the pharmaceutical technol-
gy. There are several advantages to the amorphous state, the
ost important of which is the increased dissolution rate due to

igher molecular mobility. Since the water solubility of the major-
ty of the recently synthesised and biologically effective molecules
s very poor, the techniques to prepare the active ingredients in
morphous form are rapidly developing [1–3]. Increasingly popular
ethods are the preparation of solid dispersions via melt extrusion

4,5], electrospinning [6] and the formation of inclusion complexes
ith cyclodextrins [7,8].

The most remarkable challenge is usually the stabilization of
he amorphous state. Chemical [9] as well as physical [9–11]
tability issues may  arise. While chemical stability is usually mon-
tored using high performance liquid chromatography (HPLC) [12],

ultiple methods are used simultaneously to detect crystalline

mpurities [13,14],  including differential scanning calorimetry
DSC), X-ray powder diffraction (XRPD), vibrational spectroscopy
nd solid state nuclear magnetic resonance (SSNMR) spectroscopy.

∗ Corresponding author. Tel.: +36 1463 5918.
E-mail address: balazs.vajna@gmail.com (B. Vajna).

731-7085/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.05.005
Chemical imaging, which is a currently emerging group of
analytical methods combining vibrational spectrometry with
microscopic imaging optics, has been also used for the analysis of
amorphous drugs in solid dispersions. Mostly the distribution of the
active ingredient is monitored, since its homogeneity influences the
shelf life of the product [10,11]. However, not only the spatial dis-
tribution can be assessed, but the solid state characteristics can also
be determined on the different domains on the measured surface,
as there is a separate vibrational spectrum corresponding to each
pixel of the investigated area [10].

The majority of studies evaluate the Raman and near-infrared
chemical images in a univariate manner [4,5,10–12],  although a
large variety of multivariate methods have been applied in both
chemical imaging [15–20] and spectroscopic characterization of
crystallinity [14,21,22].  Connecting the two approaches, i.e. multi-
variate evaluation of vibrational chemical images is very promising
in the detection and quantification of trace crystalline components
in an amorphous system. Up to date, there is only one study deal-
ing with this issue: Widjaja et al. investigated several drug-polymer
solid dispersions and applied two factor analysis based algorithms:
target transformation factor analysis and band-target entropy min-

imization [23]. However, no study is present in the literature where
the most effective [24–26] curve resolution method, multivari-
ate curve resolution–alternating least squares [27] is tested in the
detection and characterization of trace crystallinity.

dx.doi.org/10.1016/j.jpba.2011.05.005
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:balazs.vajna@gmail.com
dx.doi.org/10.1016/j.jpba.2011.05.005
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Cyclodextrins are widely used to improve the dissolution char-
cteristics of drugs [7] and can also help to stabilize the active
ngredient in amorphous form [8].  In the present study, various
ypes of cyclodextrins (alpha (ACD), beta (BCD), gamma  (GCD),
ydroxypropyl-beta (HPBCD), hydroxypropyl-gamma (HPGCD)
nd randomly methylated beta (RAMEB)) were used to form inclu-
ion complex with a halogen-containing investigational drug in
ydrochloride salt form. Raman mapping was combined with
hemometric evaluation for three reasons: (1) to determine
hether the inclusion complex was formed between the different

ypes of cyclodextrins and the active ingredient, (2) to determine
he spatial distribution of the ingredients and their physical mor-
hology, (3) to detect and quantify the amount of residual trace
rystallinity and non-complexed active ingredient. It was assumed
hat all these questions can be answered at the same time via proper
valuation of the Raman chemical images. In order to verify the
aman mapping results scanning electron microscopy combined
ith energy-dispersive X-ray spectroscopy (SEM–EDX, regarding

he heterogeneity of samples) and X-ray powder diffraction (XRPD,
egarding the degree of amorphization) were used.

. Materials and methods

.1. Materials and sample preparation

The hydrochloride salt of a commercially available drug with
ery poor water solubility was chosen as a model. Due to rea-
ons of Industrial Property Rights (IPR) the drug is referred to as
API”. Six types of cyclodextrins (ACD, BCD, GCD, HPBCD, HPGCD,
AMEB) were obtained from Wacker Chemie (Munich, Germany).
he formulations of the API and cyclodextrins at 1:1 molar ratio
ere prepared with lyophilization method based on the technolo-

ies described in Refs. [28,29]. The active ingredient was dissolved
n ethanol and was added to the cyclodextrin solution in water. The

ixture was stirred for 30 min  in each case. Ethanol was removed
sing a Labrota 4000 rotary evaporator (Heidolph Instruments,
chwabach, Germany) at room temperature and 10 mbar pressure.
fter removing the ethanol, the samples were lyophilized in a
yovac GT-3 freeze dryer (Leybold AG, Hanau, Germany) for 10 h
t 0.1 mbar pressure and −50 ◦C temperature. A secondary drying
ycle was applied on each sample at 22 ◦C tray temperature for the
uration of 5 h at 0.05 mbar pressure. All pure components were

yophilized as well before the measurements. All samples were
round after lyophilization.

.2. X-ray powder diffraction (XRPD)

Samples were investigated in powder form. XRD patterns were
btained by a PANalytical X’pert Pro MPD  X-ray diffractometer
Almelo, the Netherlands) equipped with an X’Celerator detector
ith 0.04 sollers, using Cu K� radiation (1.542 Å) and Ni filter. The

pplied voltage was 40 kV while the current was 30 mA.  The sam-
les were analyzed between 2◦ and 42◦ 2�. Automatic divergence
nd antiscatter slits were used to provide 10 mm irradiated length.
ontinuous scan was carried out with 0.0167◦ step size and 30.4 s
ounting time (overall measurement time was 10 min/sample).
ive separate portions were scanned and their diffractograms were
veraged for each sample.

.3. Scanning electron microscopy–energy-dispersive X-ray
pectroscopy (SEM–EDX)
Morphology of the samples was investigated by a JEOL 6380LVa
JEOL, Tokyo, Japan) type scanning electron microscope and ele-

ental mapping was accomplished using the energy dispersive
-ray detector of the same equipment. Each specimen was fixed by
 Biomedical Analysis 56 (2011) 38– 44 39

conductive double sided carbon adhesive tape. The applied accel-
erating voltage was  15 kV, the working distance was 10 mm and
during the elemental mapping the intensity of the detected X-ray
radiation was  between 5000 and 12,000 counts/s.

The heterogeneity of the active ingredient was assessed based
on the distribution of chlorine atom, as it was  used in hydrochloride
salt form. The oxygen atom is only present in the cyclodextrins
and not the API, thus, its distribution was used to determine the
heterogeneity of the excipient.

2.4. Raman chemical imaging

Raman mapping spectra were collected using a Horiba
Jobin-Yvon LabRAM system coupled with an external 532 nm
frequency-doubled Nd-YAG laser source and an Olympus BX-40
optical microscope. An objective of 10× magnification was used
for optical imaging and spectrum acquisition. The instrument is
described elsewhere [26]. All spectra were obtained in the spec-
tral range of 290–1740 cm−1 with approximately 3 cm−1 resolution
provided by a grating monochromator of 1800 groove/mm.

All samples were investigated in powder form. No further sam-
ple preparation was applied. Raman maps were collected with 10×
objective (laser spot size: ∼3 �m)  and 40 �m step size. In each
experiment the acquisition time of a single spectrum was 1 s and 5
spectra were averaged at each spatial position. The measured area
varied from 0.8 mm  × 0.8 mm to 1 mm × 1 mm.

The reference Raman spectra of the pure ingredients were col-
lected with a 100× objective using sufficient acquisition times to
achieve adequate signal-to-noise ratio (the actual measurement
time depended on the materials themselves).

2.5. Data analysis of chemical images

Before chemometric evaluation, all spectra were base-line cor-
rected (this was done by using the same baseline points for all the
maps and reference spectra). The raw three-dimensional data was
unfolded into a 2-dimensional matrix (for the procedure see Ref.
[16]).

The estimation of pure component spectra (further also referred
to as ‘loadings’) from the Raman maps was carried out by multi-
variate curve resolution–alternating least squares (MCR–ALS [27]).
Applied constraints were non-negativity of concentrations, non-
negativity of spectra and closure (the sum of scores was forced to
be 1 at each pixel). All calculations were performed in MATLAB
7.6.0 (Mathworks, USA) with PLS Toolbox 6.0.1 and MIA  Toolbox
2.0.1 (Eigenvector Research, USA).

Spectral concentrations of the ingredients present in the sample
(further also referred to as ‘Raman scores’ in order to avoid confu-
sion with real concentrations) were computed using MCR–ALS. The
calculations are based on the following bilinear model:

X = CST + E (1)

ST (k × �) is the set of reference (pure component) spectra, X
(p × �) is the matrix containing the mapping spectra, and C (p × k)
contains the vectors of spectral concentrations (each row in C
contains the concentrations of the k ingredients). The matrix E rep-
resents the residual noise. The CLS calculation, which provides the
C matrix using X and ST, is described in numerous papers, including
[15–19]. For the visualized score maps, scores were calculated with
CLS method using the reference spectra of the pure ingredients.
Visualization of spectra and spectral concentration maps was
carried out with LabSpec 5.41 (Horiba Jobin Yvon, France). The
statistical properties of scores (mean, standard deviation) were
computed with MATLAB.
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. Results and discussion

Formation of inclusion complexes with cyclodextrins can
nhance the solubility of a drug to a large extent, but the long term
tability is ensured only if the whole amount of the API interacts
ith the cyclodextrin. Raman mapping has proven to be a versatile
ethod in the analysis of solid dispersions [4,5,10–12],  thus, this
ethod was used in this study to characterize the drug–excipient

nteractions. Six types of cyclodextrins were compared, using an
fficient preparation method [28,29], to determine which one
ields the most complete complexation. Raman mapping was per-
ormed on each sample and the vast amount of information present
n the Raman maps were extracted first via conventional, then via
hemometric approaches.

Conventional evaluation provides already a significant amount
f valuable knowledge including the average spectrum of the chem-
cal image, which gives a general idea about the bulk structure of
he sample. Furthermore, the visualized score maps (as the Raman
cores correspond to the concentrations) give insight into the spa-
ial distribution of the ingredients and may  reveal local deviations
n an otherwise homogeneous environment (e.g. local crystalliza-
ion of pure API can be detected with high sensitivity, while the

ajority of the API is present in the form of inclusion complex).
Using curve resolution algorithms, such as MCR–ALS, helps to

iscover, however, further details. The resolved pure component
pectra with MCR–ALS show the underlying factors in the dataset
it has to be noted that “pure components” in the terms of curve
esolution may  not always be chemically pure, thus they are often
eferred to as ‘loadings’ to avoid miscomprehension). Finally, using
he Raman scores calculated with MCR–ALS, estimation can be
iven to the ratio of amorphous and crystalline inclusion complexes
nd the pure active ingredient present in non-complex form.

.1. Inspection of average spectra

The position of the vibrational bands in the average spectra of
he chemical images indicates the general morphology of the sys-
em, giving the same type of information as if the samples were
nvestigated with a conventional (non-imaging) vibrational spec-
roscopic method.

The spectral differences between the inclusion complex and
rystalline form are shown in Fig. 1. The spectrum on the top is the
eference spectra from the pure, crystalline API (spectrum 1a). Two
eaks can be seen at 1581 and 1586 cm−1; furthermore, a sharp
eak appears at 1372 cm−1. It is indicated by spectra 1b and 1c,
hat the API does not form inclusion complex with the alpha and
eta cyclodextrins, as the properties of the API peak do not change.
owever, it cannot be proved based on the average spectra that

he formation of inclusion complex does not take place locally in
ertain regions of the sample.

The changes of peak positions and shapes refer to structural
hanges. The most important change in the spectrum of API + GCD
spectrum 1d) lyophilized mixture is that the peak at 1586 cm−1

isappears, while the peak at 1581 cm−1 remains with a slight
hift to 1580 cm−1. Besides, significant, asymmetric band widen-
ng can be observed towards lower wavenumbers on the peak
t 1372 cm−1. This indicates that significant interaction exists
etween the ingredients, i.e. the GCD molecule is large enough to
orm inclusion complex with the active substance.

In the case of alkylated cyclodextrin derivatives (HPBCD, HPGCD,
AMEB; spectra 1e, 1f and 1g, respectively) higher degree of (and

ymmetric) widening can be observed on the API peaks. Further-
ore, the maximum of the peak at originally 1372 cm−1 shifts

o lower wavenumbers (1371–1368 cm−1). Such band broadening
ndicates the occurrence of amorphization.
Fig. 1. Peaks of active ingredient in the average spectra of Raman maps (spectra
were normalized to unit area for illustration).

3.2. Evaluation of chemical images

The visualized score images give insight into the spatial distribu-
tion and heterogeneity of the components. Fig. 2 shows the results
obtained with the different analytical methods (Raman mapping,
SEM–EDX imaging, XRPD).

Fig. 2a, d, g, j, m and p shows the distribution of the active
ingredient. The Raman scores of the pure components were cal-
culated with direct classical least squares method using the pure
reference spectra of the API and the respective cyclodextrins. The
Raman score (i.e. spectrally calculated concentration) of the API
in each pixel is indicated by the colour scale on the right of each
distribution map. In certain areas the vibrational peaks of the API
uniformly emerged with fairly low intensities (thus, its calculated
concentration was low), shown with blue on the Raman figures. The
homogeneity in these areas suggests that the API forms complex
with the cyclodextrin. However, the pure API has very intensive
Raman signals; therefore, where peaks of the pure API are very
prominently seen in the measured spectrum, pure API particles can
be assumed to be present in the sampled volume. This phenomenon
results in the fact that where pure API is also present, the calculated
Raman CLS scores for the API are significantly higher than in the
regions where it is present in complex form. Fig. 3 contains rep-
resentative mapping spectra of differently coloured regions within
the Raman maps.

It can be seen in Fig. 2a and d that the distribution of API is com-
pletely heterogeneous and is present as distinct particles in the
ACD–API and BCD–API samples. Besides, Fig. 3a illustrates that the
API is present in crystalline state, regardless of its observed con-
centration level in any pixel. The corresponding SEM–EDX images
(Fig. 2b and e) support these observations, as the distinct particles
either contain pure API (green) or pure cyclodextrin (red). Since the
formation of inclusion complex would result in identical spatial dis-
tribution of the two components, these figures indicate that ACD

and BCD do not form inclusion complex with the active ingredient.
This is in correspondence with the X-ray diffractograms (Fig. 2c and
f), which shows that the amorphization was  not successful in these
cases.
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Fig. 2. Raman score maps, SEM–EDX images and X-ray powder diffractograms of the API–cyclodextrin lyophilized mixtures.
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Fig. 3. Examples of mapping spectra from pix

The results in the case of GCD–API sample are shown in Fig. 2g, h
nd i. The distribution of the API is generally homogeneous (except
or a small number of pixels), indicating that GCD is capable of
orming inclusion complex with the API (Fig. 2g). The SEM–EDX
mage (Fig. 2h) confirms that the two ingredients are not sepa-
ated from each other, as both red (GCD) and green (API) points
re uniformly distributed in the whole image. Fig. 3b (blue spec-
rum) shows that in those areas, where the API is homogeneously
istributed, its peaks are altered implying interaction with the
yclodextrin. The fact that significant band broadening was not
bserved in the Raman mapping spectra is in correspondence with
he X-ray diffractogram (Fig. 2i), which shows that the inclusion
omplex is not amorphous but crystalline. However, it has to be
oted, that a few points on the Raman score image proves the pres-
nce of non-complexed active ingredient (coloured green in Fig. 2g
nd spectrum shown with green in Fig. 3b), while this could not be
etected at all with any of the other methods.

According to Fig. 2j and m,  the API is present in all the mea-
ured points of the HPBCD–API and HPGCD–API samples, showing
hat the complexation took place to some extent. The alteration
f a characteristic API peak in the blue areas of Fig. 2j and m is
hown in Fig. 3c. However, there are district particles containing
PI in high concentration as well. This is validated by the SEM–EDX

mages (Fig. 2k and n), on which API rich domains (green) can be
bserved. The X-ray powder diffractograms (Fig. 2l and o) confirm
he assumptions based on the Raman results, i.e. the HPBCD–API
nd HPGCD–API complexes are in amorphous form (this is most
ikely due to the fact that the alkylated cyclodextrins themselves
re amorphous in pure form). Although the amount of crystalline
on-complexed API is only slightly above the XRPD limit of detec-
ion, the Raman score images significantly denote the presence of
rystalline particles.

Fig. 2p shows that the distribution of API is almost completely
omogeneous in the API–RAMEB formulation, except in a few
istinct pixels. The SEM–EDX image (Fig. 2q) also shows proper
ispersion of the two components. This means that the complex-
tion took place between the RAMEB cyclodextrin and the API.
he Raman image very sensitively shows the appearance of trace
rystallinity, as in the majority of the corresponding pixels the crys-
alline peaks (1372 and 1586 cm−1) only appear slightly or as a
shoulder’ near the peak at 1580 cm−1 (Fig. 3d). Fig. 2r proves that
he small amount of crystalline API detected by Raman mapping
s below the limit of detection of the conventionally used XRPD,
ven though the overall measurement time was approximately the
ame.

It can be concluded based on Fig. 2 that the complexation could
ake place in the cases of GCD and the alkylated cyclodextrins; how-
ver, despite the 1:1 molar ratio used, some of the active ingredient

as detected in pure form. Either the complexation did not take
lace completely during the formulation, or the complex form is
ot thermodynamically stable and recrystallization occurs after the
rocedure.
th high and low observed API concentrations.

3.3. Inspection of resolved spectra via MCR–ALS

The previous sections show that the average spectra (such as
those obtained with a non-imaging spectrometer) and the distribu-
tion maps created with conventional evaluation methods already
enable thorough characterization of the drug–excipient samples,
revealing the interactions and giving a qualitative idea about the
amount of residual non-complexed API present. However, fur-
ther information can be gained if the above steps are followed by
MCR–ALS decomposition.

All deductions in Sections 3.1 and 3.2 were made based on visual
inspection of the spectral concentration maps and the individual
mapping spectra. General statements, such as the relation between
the observed API Raman score and the complexation (described
in the beginning of Section 3.2) can only be drawn if they have
been confirmed by inspecting every mapping spectrum. This is a
very time-consuming procedure and still some features cannot be
extracted this way, e.g. the spectrum of a trace substance which
highly overlaps with the signals of other components. The advan-
tage of chemometric curve resolution methods is that they utilize
the entire spatial and spectral information of the dataset at the same
time, providing more accurate results in relatively short time.

Multivariate curve resolution techniques, such as MCR–ALS,
are capable of estimating the underlying factors in the dataset.
Although this is also possible using factor analysis based algorithms
[23], the advantage of MCR–ALS is that physically meaningful
scores (concentrations) and loadings (spectra) are used through-
out the calculations, rendering it particularly effective for spectral
datasets [24–26].

MCR–ALS decomposition of the Raman maps yielded two load-
ings in all cases, meaning that the lyophilized mixtures consist of
two  components (it should be noted that MCR–ALS requires the
number of components as input information, however, a trial and
error approach assuming different numbers of pure components
led to the conclusion that there are no more than two  compo-
nents present in each case). The first loading is equivalent to the
Raman spectrum of the pure, crystalline active ingredient in all
cases. Its resolution was  successful even in the case of RAMEB
cyclodextrin–API freeze dried product, where the crystalline peaks
were the most overlapped by the bulk signal.

The second loading, however, is not identical among the dif-
ferent samples, indicating differences in the drug–cyclodextrin
interaction. As shown in Fig. 4, the second loading corresponds
to the pure cyclodextrin in the case of the ACD–API and BCD–API
mixtures. In these two cases the cyclodextrin loadings do not con-
tain any contribution from the active ingredient, meaning that the
spectra of the API and these cyclodextrins are spatially completely
independent and all measured Raman spectra in the chemical

image are a mixture of the spectra of the two  pure components.
In contrast, the second loading contains both cyclodextrin and API
peaks in the cases of GCD and the alkylated cyclodextrins (HPBCD,
HPGCD and RAMEB). The most prominent API peak appearing on



B. Vajna et al. / Journal of Pharmaceutical and

F
t

t
i
t
A
3

p
b
w
p
c

ig. 4. MCR–ALS resolved spectra corresponding to the cyclodextrin obtained from
he  Raman maps of the different cyclodextrin–API lyophilized mixtures.

he loadings is marked by an arrow and its position (1580 cm−1)
s shown on the wavelength scale. Closer inspection reveals that
hese API peaks are different from the peaks of the pure crystalline
PI, and similar deviations can be seen as those described in Section
.1 (e.g. the disappearance of the band at 1586 cm−1).

It should be also noted that in some cases relatively ‘negative’
eaks were observed in the second loading. This may  happen when

oth loadings have similarly high intensities at the same or nearby
avenumbers, i.e. they have an almost completely overlapping
eak. At these wavenumbers the true intensity in the pure spectra
annot be determined and the true solution is ambiguous. Iterations

Fig. 5. Distribution of crystalline, non-complexed API in the AP
 Biomedical Analysis 56 (2011) 38– 44 43

in this case can result in a wide range of solutions. The degree of
ambiguity, i.e. the feasible range of possible solutions can be calcu-
lated with advanced curve resolution methods [30,31] (they were,
however, not applied here as this issue had no practical importance
in this case. Since only the peak around 1370 cm−1 is significantly
affected, the ambiguity in the calculated concentrations is negligi-
ble).

3.4. Estimation of the degree of crystallinity and amount of
non-complexed API

The MCR–ALS calculations discussed in Section 3.3 also pro-
vided Raman scores both for the non-complexed API and the
API–cyclodextrin inclusion complex. Plotting the MCR–ALS scores
against the spatial coordinates makes it possible to make the state-
ments drawn in Section 2 more clear and evident. Fig. 5 proves
that all deviations from the otherwise homogeneous distribution
of the active ingredient in the Raman maps in Fig. 2 were caused by
the crystallization of the API (higher API scores in Fig. 2 appear
at the same coordinates as where crystalline API is detected by
MCR  in Fig. 5). Furthermore, at areas where the API was  detected
with homogeneously low spectral concentrations in Fig. 2, no API
in crystalline or non-complexed state was detected with MCR-ALS.

In addition, these scores, although not being equal to the
real concentrations, can be used as rough estimation of the
crystalline material present. The observed Raman scores for the
non-complexed, crystalline API are the following: GCD–API: 1.33%;
HPBCD–API: 4.0%; HPGCD–API: 4.5%; RAMEB–API: 0.9%. Percent-
age values were obtained by multiplying the MCR–ALS scores with
100% (as originally scores were scaled between 0 and 1). The
obtained values are in good agreement with the X-ray diffrac-
tograms: while the crystalline API is already detected by XRPD in
the HPBCD–API and HPGCD–API samples, the trace crystallinity in

the RAMEB–API sample is below its limit of detection. This shows
that Raman mapping can be a very useful tool in the detection of the
early stages of crystallization. Besides, using an appropriate calibra-
tion set, better quantification can be expected with Raman mapping

I–cyclodextrin formulations, calculated with MCR–ALS.
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t 3–5% crystalline content than with XRPD, as just above the limit
f detection quantification is still inaccurate. As it is shown in Fig. 2j
nd m,  this degree of crystallinity is well above the limit of detec-
ion of the Raman images with an appropriate size of measured
rea.

Additionally, it can be seen that using Raman mapping the com-
lexation can be investigated successfully even when the resulting

nclusion complex is not amorphous. The amount of remaining
races of non-complexed API could be estimated (1.33%) in the
ase of the GCD–API lyophilized mixture despite its very low con-
entration, while this cannot be carried out with XRPD as the
iffractogram is dominated by the peaks of the inclusion complex.

. Conclusions

It was demonstrated that the combined use of Raman chemical
maging and MCR–ALS evaluation method is rather effective in the
etailed characterization of drug–excipient interactions. The aver-
ge spectra and the loadings provided by MCR–ALS help determine
hether there is interaction among the ingredients (in this case,
hether the inclusion complex was formed). The high selectivity

f Raman bands enable the estimation of the physical morphology
nd the amorphization can be monitored based on the alterations
n the API Raman peak positions and shapes. The visualized score
mages give insight into the distribution of the ingredients reveal-
ng if any local deviation exist from the bulk characteristics. Traces
f non-complexed API were unambiguously detected in both crys-
alline and amorphous inclusion complexes below the XRPD limit
f detection. Additionally, semi-quantitative estimation was  given
or the amount of non-complexed crystalline API using the scores
btained with MCR-ALS.

This study shows that the combination of Raman chemical imag-
ng and chemometric evaluation is a versatile tool, being able to
nswer several questions based on single set of measurements.
his technique can play an important role in the characterization
f drug–excipient interactions and amorphous materials.
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