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a  b  s  t  r  a  c  t

Solid  form  diversity  of  raw  materials  can  be  critical  for the performance  of  the final  drug  product.  In
this  study,  Raman  spectroscopy,  image  analysis  and  combined  Raman  and  image  analysis  were  utilized
to  characterize  the solid  form  composition  of a  particulate  raw  material.  Raman  spectroscopy  provides
chemical  information  and  is complementary  to the physical  information  provided  by  image  analysis.  To
demonstrate  this  approach,  binary  mixtures  of  two  solid  forms  of  carbamazepine  with  a distinct  shape,  an
anhydrate  (prism  shaped)  and  a dihydrate  (needle  shaped),  were  characterized  at an  individual  particle
level. Partial  least  squares  discriminant  analysis  classification  models  were  developed  and  tested  with
known,  gravimetrically  mixed  test  samples,  followed  by analysis  of  unknown,  commercially  supplied
carbamazepine  raw  material  samples.  Classification  of  several  thousands  of particles  was  performed,
and  it  was  observed  that with  the  known  binary  mixtures,  the  minimum  number  of  particles  needed  for
the combined  Raman  spectroscopy  – image  analysis  classification  model  was  approximately  100  particles
Modelling per solid  form.  The  carbamazepine  anhydrate  and  dihydrate  particles  were  detected  and  classified  with
a classification  error  of 1 % using  the combined  model.  Further,  this  approach  allowed  the  identification
of  raw  material  solid  form  impurity  in unknown  raw  material  samples.  Simultaneous  automated  image
analysis  and  Raman  spectroscopy  of powders  at an individual  particle  level  has  its potential  in accurate
detection  of  low  amounts  of  unwanted  solid  forms  in particulate  raw  material  samples.

©  2020  Published  by  Elsevier  B.V.
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1. Introduction

Polymorphism of drug compounds involves the occurrence of
different types of packing of the same molecule in a crystal lat-
tice [1]. The expression “solid form” can be used as a broader
term to describe not only crystalline single component systems,
but also amorphous matter and binary systems, such as salts, sol-
vates, cocrystalline and coamorphous systems [2]. Different solid
forms of a drug compound can be critical for the health outcome of
a patient because they may  affect product performance, especially
when exhibiting a different particle size, shape, solubility, dissolu-

tion rate and bioavailability [3,4]. These critical material attributes
can thus affect product quality, safety and efficacy [5]. Unexpected
solid form changes, such as metastable polymorphs [6], elusive
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rystal forms [7] and unintentional seeding caused by very low
mounts of an unwanted polymorph [8], have had negative effects
n the availability of otherwise affordable drugs. An example of a
rug product with a detrimental uncontrolled solid form change
as  Norvir® (ritonavir), leaving AIDS patients temporarily with-

ut a treatment [8]. To ensure that the polymorphism landscape
s properly explored by the industry, the regulatory authorities
ave issued guidance documents on solid form characterization
nd control [9]. For reasons such as the ones mentioned above, the
olid form diversity of particulate matter, both in solid, semi-solid
nd liquid products, is of particular interest to the pharmaceuti-
al industry when aiming for a more detailed product and process
nderstanding. Solid form screening has become an industrial prac-
ice to cope with these challenges and in this context, different
ethods for generating the maximal number of new forms as well
s high throughput analytical methods for quantification and detec-
ion have been developed [10].

https://doi.org/10.1016/j.jpba.2020.113744
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2020.113744&domain=pdf
mailto:jukka.rantanen@sund.ku.dk
https://doi.org/10.1016/j.jpba.2020.113744
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Solid form diversity can be also a critical part of the patent
portfolio of a given drug compound and its respective products. A
number of litigation cases involving solid form issues have affected
patent validity. For instance, the presence of forms I and II of ran-
itidine hydrochloride in anti-ulcer drug products led to litigation
between Glaxo and Novopharm [8]. In many cases, such as in a
case between Calgene and Dr Reddy’s around the anti-cancer drug
product Revlimid (lenalidomide), the key question is related to low
amounts of a polymorphic impurity in the drug product [11]. It
should be pointed out that many of these litigation cases have ini-
tiated intensive analytics in searching for very low amounts of a
given solid form [8].

Conventional approaches to detect and quantify low levels of
solid form impurities are based on the analysis of bulk materi-
als [12]. Here we report an analytical technique at an individual
particle level for the detection and quantification of solid form
diversity. Crystals tend to grow in a specific crystallographic direc-
tion [13] and different polymorphs and crystallization/processing
conditions typically result in different crystal morphologies [14].
Quantitative assessment of particle morphology has evolved with
technological advancements in instrumentation and computing
power. Methods based on automated particle tracking, bright/dark-
field imaging and image analysis (IA) are capable of particle size and
shape analysis of even hundreds of thousands of particles within a
reasonable timeframe [15]. Particle morphology could therefore be
used for solid form assessment, potentially resulting in a fast and
sensitive analytical technique.

It has been estimated that about 90 % of studies related to poly-
morphism use at least two solid-state analytical techniques [16].
The use of a combination of characterization techniques enables
scientific insight into the complexity of these phenomena with a
higher accuracy [17]. Our study evaluates Raman spectroscopy, IA
and the combination of Raman spectroscopy and IA at a single par-
ticle level in order to detect and quantify a low amount of a solid
form impurity of a crystalline drug material. Partial least squares-
discriminant analysis (PLS-DA) is a well-established data analytical
method that combines dimensionality reduction and high predic-
tion capability. PLS-DA is commonly used for variable selection as
well as predictive and descriptive classification modeling. The PLS-
DA algorithm is applicable for analyzing high dimensional data and
does not assume the data to fit any distribution, making it suitable
for imbalanced data with a high number of variables (n>1000) [18].
By using crystalline carbamazepine (CBZ) anhydrate (AH) and dihy-
drate (DH) as model solid forms, we aim to quantify solid forms in
these binary mixtures, ultimately even at a single particle level.
Quantification based on IA, Raman spectroscopy or a combination
thereof is compared and a strategy is proposed for detection of low
amounts of an unwanted solid form.

2. Experimental section

2.1. Materials

Carbamazepine (CAS 298−46 - 4) was purchased from three
different commercial sources: Tokyo Chemical Industry, Co., LTD
(Tokyo, Japan), Hawkins, Inc. (Minneapolis, MN,  USA) and Car-
bosynth (Berkshire, UK). Methanol 99.8 % (67−65-1) was  purchased
from Sigma Aldrich Co. (St. Louis, Missouri, MO,  USA). All chemi-
cals used were of analytical reagent grade or higher. Highly purified

water (Milli-Q, Millipore Inc., Denver, Massachusetts, USA) was
used in all of the studies. Hydrophilic PTFE filters, Omnipore (with
a 0.45 �m pore size and 47 mm diameter), were purchased from
Merck (Darmstadt, Germany).
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.2. Methods

.2.1. Preparation of carbamazepine physical mixtures (test
amples)

Pure recrystallized CBZ AH and CBZ DH samples (Supporting
nformation, Section 1 A–D) were gravimetrically mixed by weigh-
ng a total mass of 20 mg  material in an HPLC vial, mixing with

 spatula and vortexing at 1500 rpm for 1 min. Powders were
reated with a Zerostat 3 anti-static gun (Microtonano, Haarlem,
he Netherlands) prior to mixing to reduce static charges and min-
mize adsorption to glass vials. Three different physical mixtures of
BZ DH and CBZ AH were prepared: test sample 1, composed of 20

 DH (w/w)  (4 mg  CBZ DH mixed with 16 mg CBZ AH), test sample
, composed of 50 % DH (w/w) (10 mg CBZ DH mixed with 10 mg
BZ AH) and test sample 3, composed of 80 % DH (w/w) (16 mg  CBZ
H mixed with 4 mg  CBZ AH).

.2.2. Characterization of the commercially supplied
arbamazepine raw material samples

Commercially supplied CBZ raw material samples were char-
cterized as indicated in Supporting Information, Section 1 C and
.

.2.3. Raman spectroscopy and IA
Pure recrystallized, test set, and commercially supplied CBZ

amples were characterized by using an automatic optical
icroscope with an integrated Raman spectrometer (Malvern

analytical, Worcestershire, UK). The setup allows for the mea-
urement of Raman spectra and IA at a single particle level of
p to several hundred thousand particles within a time frame of
–10 hours. The instrument details are given in the Supporting

nformation Section 1 D.
Each sample was  dispersed onto a glass plate by using an

utomated sample dispersion unit (SDU) and scanned for the
article size and shape IA of about 100,000 particles with

 microscope objective that covers the particle size range of
.8 �m – 100 �m.  The particle size filter, equivalent circular diame-
er (ECD) 7 �m–300 �m,  was used for Raman spectroscopy analysis
f at least 1000 particles (Table S1, Supporting Information). A par-
icle size filter was applied to ensure sufficient Raman intensity
nd adequate resolution for particle shape analysis and to avoid
ggregates. A low filter cutoff of > 7 �m was  used to ensure suffi-
ient Raman intensity and adequate resolution for particle shape
nalysis. The spot diameter of the Raman laser beam was approxi-
ately 3 �m.  The obtained spectra had a resolution of 6 cm−1 and

omprised of a Raman wavenumber range of 150−1850 cm−1.

.2.4. Preparation of data for modeling
The raw data was exported as csv files, data matrices were

repared by using R (R statistical software environment version
.4.3) and all data was  imported into MATLAB (MATLAB Version
.6.0.267246 R2015b) for subsequent multivariate modeling by
sing the PLS Toolbox (PLS Toolbox Version 8.1.1 20,131).

For each recrystallized pure solid form, at least 1000 particles
ere analyzed by Raman spectroscopy and IA (Table S1, Supporting

nformation). Subsequently, 1241 particles of each solid form were
erged in silico into one data matrix with a total of 2482 particles

epresenting 50 % (n/n) CBZ AH and 50 % (n/n) CBZ DH, and used
or modeling (Fig. 1).

Raman spectroscopy raw data was composed of 1701 wavenum-

ers and IA raw data of 12 particle size and shape descriptors, per
article (Fig. 1). Both, Raman spectroscopy and IA data was ran-
omly partitioned into 2/3 and 1/3 of the total number of particles
or model training and validation. Raman spectroscopy data was
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Fig. 1. Partial least squares-discriminant analysis (PLS-DA) training and validation da
(AH)  and dihydrate (DH) samples.

smoothed by using a standard normal variate (SNV) algorithm and
mean centered; IA data was auto-scaled and mean centered (Fig. 1).

2.2.5. Raman model
A supervised multivariate Raman classification model was  cre-

ated with the partial least squares-discriminant analysis (PLS-DA)
algorithm. The number of latent variables (LVs) of the Raman
PLS-DA model was determined by using internal validation, e.g.
calibration/training and 10-fold venetian blinds cross validation.
Raman PLS-DA model quality was expressed by the sensitivity,
specificity, accuracy, precision and classification error. Perfor-
mance of the model was evaluated with the test samples and
commercially supplied CBZ raw material samples. Different Raman
PLS-DA models were created with a stepwise increasing number of
randomly sampled pure recrystallized particles of both solid state
forms of the drug. To determine how many particles were needed
for a classification model, the iterative process of random sampling
continued with an increasing number of particles, until the pre-
dicted number of hydrate particles visually leveled off to a constant
value.

2.2.6. IA model
The IA PLS-DA model was created the same way  as the Raman

model by using the same particles. Variable importance in projec-
tion (VIP) scores were calculated with the PLS toolbox software
[19]. The minimum number of particles needed for the IA PLS-DA
model was assessed in the same manner as for the Raman PLS-DA
model.

2.2.7. Combined model
The combined PLS-DA model was created with concatenated,

auto-scaled and mean centered Raman PLS-DA score values for the
initial LVs and IA particle size and shape parmeters. Variable impor-
tance, modeling and assessment of the number of particles were
evaluated the same way as for the IA model.

3. Results and discussion

3.1. Model development

3.1.1. Raman model
The Raman PLS-DA model was optimal with three LVs that

cumulatively used 76.9 % of the variation in the data to classify
CBZ AH and CBZ DH (Table S2, Supporting Information). Separation
of CBZ AH and CBZ DH classes is visualized with the scores plot
of the three LVs (Figure S4, Supporting Information). The loadings
plot (Figure S5, Supporting Information) indicates that the Raman

wavenumber range between 1400 cm−1 and 1600 cm−1 is the most
significant for classification, in agreement with the literature [20].

The Raman model classified CBZ AH solid form with a true pos-
itive rate (TPR, sensitivity) of 98.7 % and a true negative rate (TNR,

e
A
S
g

3

s composed of IA and Raman spectroscopy data of recrystallized pure CBZ anhydrate

pecificity) of 97.6 % (Table S3, Supporting Information). CBZ DH
lassification sensitivity and specificity were 97.6 % and 98.7 %
espectively. The accuracy of the Raman model was  on average 98.2
, resulting in a classification error of 1.8 % (Table S3, Supporting

nformation). The CBZ DH classification precision was  98.7 %, com-
ared to 97.7 % for the CBZ AH classification precision. In total, the
redicted CBZ DH class was  smaller and had less false positives,
esulting in a higher percentage of true positives compared to CBZ
H.

The lower CBZ DH sensitivity compared to CBZ AH could
ave been caused by the spherical 3 �m diameter laser spot not
ptimally interacting with the needle-shaped CBZ DH particles,
ften recording the background scattering along with the parti-
le, resulting in a low signal-to-noise ratio (Figure S3, Supporting
nformation). CBZ DH needle particles had a minimum width of
.2 �m,  which was smaller than the minimum width of 2.7 �m of
he prism shaped CBZ AH particles. The difference in the minimum
idth could have been important for the detection of the parti-

les by the camera and the laser, and particles could have been
issed when the magnification was changed after particle track-

ng but before the Raman spectroscopy analysis, observed at 20x
nd 50x, respectively. A higher CBZ DH specificity compared to CBZ
H is caused by a low number of classified CBZ AH particles actually
eing CBZ DH (Table S4, Supporting Information). CBZ AH particles
ere not misclassified because their Raman spectra did not have a
igh background noise.

Many spectroscopic methods can be considered for fast and
ensitive approaches to solid form detection. Terahertz pulsed
pectroscopy has been reported to detect solid forms with a limit of
etection of approximately 1 % [21]. Similarly, solid-state nuclear
agnetic resonance (ss-NMR) has a detection limit of 1 % [22]. The

pproach presented here is based on detecting solid form impu-
ities at a single particle level, which is a fundamentally different
pproach to these bulk methods. When analyzing a high number of
articles, the level of detection can become as low as the measure-
ent time and data storage allows, which ultimately may even lead

o finding a single impurity particle amongst millions of particles
23].

.1.2. Image analysis (IA) model
The IA based PLS-DA model had optimal classification with four

Vs that cumulatively used 89.5 % of the variation in the data (Table
5, Supporting Information). Less clear visual separation of CBZ AH
nd CBZ DH classes was  achieved based on IA model compared
o Raman model (Figure S6, Supporting Information). The vari-
ble importance projection (VIP) plot indicated the intensity mean
IM), aspect ratio (AR) and HS as the most significant parameters in

xplaining the IA model (Figure S7, Supporting Information). CBZ
H particles appeared darker compared to CBZ DH particles (Figure
2, Supporting Information), resulting in a lower IM.  IM is the mean
reyscale value of the pixels (Figure S8, Supporting Information)
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Fig. 2. CBZ AH (red) and CBZ DH (blue) classification achieved by the combined Ra
first,  second and third latent variable (LV) of the auto-scaled and mean centered tr
the  95 % confidence intervals.

ranging from 0, representing black, to 255, representing white. This
IM parameter is related to the optical properties of the crystals, ulti-
mately determined by the crystal packing in these model systems.
CBZ DH particles were needles, i.e., had a remarkably larger length
than width compared to CBZ AH particles (Figure S2, Supporting
Information), resulting in a higher AR for the CBZ AH particles (Fig-
ure S8, Supporting Information). AR is the ratio between the width
and the length of the particles (Equation S6, Supporting Informa-
tion). Because of the higher AR, CBZ DH particles had a lower HS
circularity compared to CBZ AH particles (Figure S8, Supporting
Information). HS circularity is defined as high sensitivity circular-
ity, or squared circularity, where circularity is the measure of how
close a particle is to a perfect circle based on the ratio between the
area and the perimeter (Equation S8, Supporting Information).

The IA model classified CBZ AH with a sensitivity of 98 % and a
specificity of 93 %. CBZ DH was classified with a sensitivity of 93
% and a specificity of 98 % (Table S3, Supporting Information). CBZ
AH and CBZ DH classification was less sensitive when based on IA
compared to Raman spectroscopy. Also specificity was  lower and
more CBZ AH and CBZ DH particles were misclassified based on IA
compared to Raman spectroscopy. Moreover, the average IA model
accuracy of 95.4 % was lower compared to the Raman model accu-
racy, resulting in a classification error of less than 5 %. The IA model
precision of CBZ AH classification was 93.1 %, and 97.9 % for CBZ DH
classification. For both, the IA and Raman model, precision of CBZ
AH classification was lower compared to CBZ DH classification. The
number of misclassified CBZ DH particles was higher compared to
CBZ AH.

Even though the IM,  AR and HS circularity are not significantly
different between CBZ AH and CBZ DH particles (Figure S8, Sup-
porting Information), the combination of them can be used by the
multivariate PLS-DA model to discriminate between the CBZ AH
and CBZ DH classes. PLS-DA is especially applicable to modeling of
correlated variables such as particle shape, i.e. the AR and HS cir-
cularity. Both the IA and the Raman model classify CBZ DH with a
lower sensitivity and higher specificity compared to CBZ AH. This
may  be because not all CBZ DH particles were needle shaped and
not all CBZ DH particles that were needle shaped were observed
as needles due to 2D imaging in not-longitudinal direction. Also if
parts of CBZ DH particles were out of focus, they could have skewed
the overall morphological parameters of these particles. IA resulted
in a better detection of CBZ AH particles compared to CBZ DH due to
the specific shape of CBZ AH particles, which makes it possible for
the camera to focus/detect the prism shaped particles more easily.
The IA model resulted in less misclassified CBZ AH particles com-
pared to CBZ DH particles (Table S6, Supporting Information). This

may  be because not many CBZ AH particles were needle shaped or
can be mistakenly identified as such by the IA.

Classification error of less than 5 % can be attributed to the clear
visual difference between CBZ AH and CBZ DH particles and the

t
7
-
I

4

IA partial least square discriminant analysis (PLS-DA) model: Score values for the
 dataset, n = 1654 (a) and the validation dataset n = 828 (b). The ellipsoids indicate

nformation density offered by automatic IA. Generally used image
ased particle characterization methods related to the quality of the
PI are optical microscopy and scanning electron microscopy. Both
ethods have evolved with the current imaging systems towards

utomated timely analysis of thousands of particles leading to a
arger amount of data on particulate systems [24]. A disadvantage
f using the IA model was misclassification of CBZ DH particles that
re not needle shaped, while a disadvantage of the Raman model
as the difficulty of focusing the laser on the needle shaped CBZ
H particles. Therefore, a combination of Raman spectroscopy and

A is potentially able to classify CBZ DH with a lower classification
rror compared to Raman model or IA model alone, making these
nalytical techniques complementary.

.1.3. Combined model
A combined model was created with four LVs that cumulatively

se 77.0 % of the variation in the data for classification (Table S7,
upporting Information). The aim of using the combined model was
o enable improved classification by increased information density
ompared to the Raman or IA model alone. The classification into
BZ AH and CBZ DH groups based on the combined model is shown

n Fig. 2. CBZ AH and CBZ DH classes are visually narrower compared
o the Raman model (Figure S4, Supporting Information) and more
learly separated compared to the IA model (Figure S6, Supporting
nformation).

Based on the VIP analysis, Raman spectroscopy is the most sig-
ificant variable of the combined model (Figure S9, Supporting

nformation). The combined model and Raman model are based on
7 % explained variance and the IA model is based on 90 % explained
ariance indicating the importance of the quality of the informa-
ion, not the quantity. The amount of the explained variance is not
elated to the LV’s ability to discriminate between the classes [25].
aman spectroscopy provides chemical information compared to
he physical information provided by IA. Consequently, the com-
ined model has higher model quality parameters compared to the
aman model and the IA model alone (Fig. 3), demonstrating the
omplementary nature of these two analytical techniques.

.2. Performance of the models using test samples

The performance of the IA model, the Raman model and the
ombined model was tested with the physically mixed test sam-
les. The increase in the CBZ DH content between the test samples,

.e. 20 % to 50 % to 80 % (w/w)  CBZ DH, was observed with the Raman
odel as 19.3 % to 48.3 % to 75.0 % (n/n) CBZ DH, as 17.1 % to 30.2 %
o 63.3 % (n/n) CBZ DH with the IA model, and as 18.7 % to 46.9 % to
9.2 % (n/n) CBZ DH with the combined model (Table 1, Figures S10

 S11, Supporting Information). From the above it is clear that the
A model classified a lower CBZ DH content for all the test samples
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Fig. 4. Pure recrystallized CBZ AH (red), CBZ DH (blue), three different commercially
supplied carbamazepine (CBZ) raw material samples (Supplier I, II and III) classifi-
cation achieved by the principal component analysis (PCA) model: Score values for
the first, second and third principal component (PC) of the SNV corrected and mean
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Fig. 3. Model quality attributes of the IA, Raman and combined partial least squares
discriminant analysis (PLS-DA) models.

compared to the Raman model, whereas the Raman model and the
combined model determined a comparable CBZ DH content.

By combining chemical and physical information in the com-
bined Raman - IA model, the PLS-DA approach gains improved
predictive ability. On the one hand, as stated above, a challenge
was observed with using Raman spectroscopy when the spot size
of the laser beam in the current setup was not optimal for the needle
shaped CBZ DH particles. On the other hand, IA had challenges with
the detection of CBZ DH particles that were not needle shaped. The
combined model was able to handle CBZ DH particles successfully
because these methods are complementary. Needle shaped CBZ DH
particles were successfully classified by IA and not-needle shaped
CBZ DH particles by Raman spectroscopy. Having the classification
error brought down to 1 % with the combined model, assessing
thousands of particles will theoretically result in the detection of
very low levels of CBZ AH or CBZ DH with an accuracy of 99 % (Table
S3, Supporting Information).

Furthermore, a minor difference between the weight based CBZ
DH content and the number based CBZ DH content was  expected,
as the weight of the test samples may  contain a different num-
ber of particles depending on their respective density and volume.
The density of CBZ DH and AH is 1.29 g/cm3 [26] and 1.34 g/ cm3

[27], respectively. The volume of the particles needs to be estimated
based on assumptions of the third dimension of the particles as
optical microscopy records only two dimensional images. When
assuming the spherical equivalent volume, number based percent-
ages 17.1 %, 19.3 % and 18.7 % DH (n/n) resulted in the respective
weight based percentages 28.7 %, 32.4 % and 31.4 % DH (w/w). When
assuming the third dimension was equal to the width of the par-
ticles, the weight based percentages were 24.3 %, 27.4 % and 26.6
% DH (w/w). These calculation examples highlight the challenge of
transforming number to weight based percentages; careful consid-
eration is needed when comparing numeric values of particle size
results based on different analytical methods.

3.3. Performance of the models using commercially supplied
(unknown) samples
The IA, Raman and combined models were tested for real life
performance by assessing the DH content of commercially supplied
CBZ raw material samples. The purpose was not to quantify the
absolute DH content in these samples per se but to develop a mul-

C
a
h
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Table 1
DH content in test samples as calculated by IA model, Raman model and combined Rama

Test samples DH [% (w/w)] Particles [#] 

1 20w% 2250 

2  50w% 3508 

3  80w% 1374 

5

entered bulk Raman spectroscopy data. The ellipsoids indicate the 95 % confidence
ntervals.

ivariate based modeling strategy for such measurements in the
uture by comparing the performance and robustness of the mod-
ls. In order to optimize the time used for these measurements, the
article size filter cutoff used for the analysis of the commercially
upplied CBZ raw material samples was 40 �m.  With this filter
utoff the maximum ECD of the analyzed particles was  39.99 �m,
hich means that the applied filter influenced the absolute compo-

ition of the samples determined by the models. For future research
n the absolute composition of the samples, we recommend not to
se a filter cut-off to avoid its possible influence on the absolute
omposition of the samples.

Commercially supplied CBZ samples had an inhomogeneous
ppearance when observed by scanning electron microscopy (Fig. 5
, e, f; Supporting Information Section 1 C). This is typically an

ndication of variation in the solid form composition, and in this
ase, these samples contained a mixture of particle habits similar
o both CBZ AH and DH (Fig. 5 g, h). Potential solid form diversity of
ommercially supplied CBZ material has been also reported earlier
3].

Solid form diversity of the commercially supplied CBZ samples
as  initially confirmed with unsupervised multivariate analysis of

he bulk Raman spectra with principle component analysis (PCA)
Fig. 4).

In Fig. 5 a, b, c, this solid form variation is visualized by the
ombined Raman-IA partial least square discriminant analysis (PLS-
A) model as a score plot of the first three LVs. Inhomogeneity
f these samples is clearly indicated by the mixture of the pure
BZ-AH or CBZ DH solid forms.

The Raman, IA and combined models were tested for perfor-
ance by assessing the CBZ DH content of commercially supplied

BZ raw material samples. Based on the Raman model, the IA model

nd the combination model, CBZ material from supplier III had the
ighest CBZ DH content, while the material from supplier I had the

owest CBZ DH content amongst the three commercially supplied

n-IA model.

DH [% (n/n)] DH [% (n/n)] DH [% (n/n)]
IA  model Raman model Combined model

17.1 n% 19.3 n% 18.7 n%
30.2 n% 48.3 n% 46.9 n%
63.3 n% 75.0 n% 79.2 n%
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Fig. 5. (I) CBZ AH (red) and CBZ DH (blue) classification achieved by the combined Raman-IA partial least square discriminant analysis (PLS-DA) model: Score values for the
first,  second and third latent variable (LV) of the auto-scaled and mean centered commercially supplied CBZ samples. CBZ Supplier I, n = 3218 (a), CBZ Supplier II, n = 3428 (b)
and  CBZ Supplier III, n = 3712 (c). The ellipsoids indicate the 95 % confidence intervals. (II) Visual observation of the particle shape and homogeneity of commercially supplied
CBZ  materials (d, e, f) in comparison with pure recrystallized CBZ samples (g, h) was  performed by using scanning electron microscopy.

Table 2
DH content in commercial samples as assessed by the IA, Raman and combined model.

Commercial samples Particles [#] DH [% (n/n)]
IA model

DH [% (n/n)]
Raman model

DH [% (n/n)]
Combined model

CBZ Supplier I 3218 6.8% 6.1 % 5.1 %

t
h
p
m
b
[
b
s
t
m
v
b
l
l
g
a
i
a
i
b
u
f
c
p
t
a
i
b
a

CBZ  Supplier II 3428 44.2% 

CBZ  Supplier III 3712 23.0% 

materials (Table 2). As previously concluded based on accuracy,
the CBZ DH content determined by the Raman and the combined
model were similar to each other (Figure S13, Supporting Infor-
mation), whereas the CBZ DH content determined by the IA model
was lower for the commercial sample I and higher for commercial
sample II and III compared to the Raman and the combined model
results. It should be noted that the applied cutoff in particle size
affected the absolute results.

3.4. Critical aspects of model development

The accuracy of prediction of the resulting models with an
increasing number of particles is presented in Fig. 6. This aspect is an
important part of model development, because it will directly affect
the time needed for the analytical work, as well as the required
computing power. The final number of particles needed for a clas-
sification model was estimated to be reached, when the predicted
amount of hydrate was starting to visually level off to a constant
value. It was observed that the number of particles leading to sta-
ble results is approximately 200 particles when only IA or Raman
models were used, while for the combined model the results lev-
eled off already at around 100 particles. Less particles were needed
for a stable result with the combined model, because more comple-
mentary information is collected from each particle. This indicates
that combining the information gained by various characterization
techniques is valuable with respect to detection and quantification
of solid form composition.

Particle size and shape analysis is an important analytical task
related to many pharmaceutical challenges, however, this analy-

sis is often performed manually, requiring a lot of time and effort
[28]. Today, however, these methods have advanced to a level of
automatic sample dispersion and particle tracking suitable for auto-
mated IA of hundreds of thousands of particles within a limited

b
c
%
m

6

64.9 % 61.8 %
15.2 % 14.6 %

ime frame. Imaging techniques such as flow imaging microscopy
ave been applied in analyzing the presence of small particles in
arenterally administered pharmaceuticals [29]. An unsupervised
odel has been applied earlier for classification of particulates

ased on their morphology by using neural network analysis (ANN)
30]. These methods are often referred to as a ‘black box’ approach,
ecause they do not allow means for controlling or deeper under-
tanding of the root cause resulting in this classification. Taking
his into the account, when analyzing unknown pharmaceutical

aterials, the following strategy is proposed. First, an unsuper-
ised classification of the particulate matter could be performed
ased on IA as the fastest and the most accessible method for a

arge number of particles. The classes obtained by unsupervised
earning can help in the process to identify impurities or inhomo-
eneity within the materials, i.e. the discriminative particle size
nd shape parameters can be extracted related to the inhomogene-
ty. Subsequently, more specific analytical chemistry method, such
s Raman spectroscopy can be used for chemical and/or physical
dentification of the root cause for the diversity in the sample. If
oth the selected analytical chemistry approach and the IA of the
nknown specimen are available, a combined model can be created
or a fast screening of these materials with higher accuracy and pre-
ision. One can use this strategy to screen for inhomogeneity within
harmaceutical materials as well as other fine chemicals, to iden-
ify their origin based on identification of unique impurity profiles
nd finally, to create fast methods for quality control. By applying
ndividual particle analysis approaches, it is theoretically possi-
le to detect solid form impurities at very low levels, ultimately
t a single particle level. IA allows for an analysis of a high num-

er of individual particles and it has a lower theoretical sensitivity
ompared to Raman spectroscopy at the cost of approximately 5

 uncertainty, i.e. 5 times higher compared to the spectroscopic
odel.
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Fig. 6. CBZ DH content of test samples 1 (dotted line), 2 (broken line) and 3 (solid lin
(c).  Models are created by using data of an increasing number of randomly sampled

4. Conclusion

In this study three different classification models were devel-
oped for solid form characterization at a single particle level. The
IA model was the best for fast screening and comparison of different
samples according to their hydrate content. The IA of at least 200
particles was sufficient for a classification error of less than 5 %. This
can be relevant for a number of applications where time and cost
of analysis are the highest priority. The Raman model could assess
solid form composition with 2 % classification error and would
therefore be the ideal choice where accuracy and precision above 98
% are needed. With a combined model based on IA and Raman spec-
troscopy only approximately 100 particles were needed to assess
the solid form with 1 % classification error. The combination model
had the highest precision, sensitivity and specificity compared to
the IA model or the Raman model alone. IA and Raman spectroscopy
are complementary in assessing the solid form diversity of materi-
als and their combination resulted in an accuracy and precision of
above 99 %. The reported approach is demonstrating the potential of
integrated complementary measurement techniques in measuring
very low amounts of solid form impurities.
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