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This study focuses on the development of an automated image analysis method to extract informa-
tion on nucleation and crystal growth from polarized light micrographs. Using the developed image
analysis method, four parameters related to nucleation and crystal growth could be extracted from
the images. These parameters were crystalline count (applied as a measure of nucleation), percentage
area coverage, average equivalent diameter and average crystalline area (three last parameters applied
as a measure for crystal growth). The developed image analysis method was used to investigate two
pharmaceutically relevant case studies: first, nitrendipine antisolvent crystallization, and second, recrys-
tallization of amorphous piroxicam solid dispersion in an aqueous environment. In both case studies,
an amorphous-to-crystalline phase transformation were observed, which were successfully monitored
using real-time Raman spectroscopy. For the both case studies, the parameters related to crystalliza-
tion kinetics estimated by image analysis were in close agreement with the parameters estimated by
Raman spectroscopy. The developed image analysis method proved to be a valuable tool for quantitative
monitoring of nucleation and crystal growth with an obvious potential for high throughput screening.
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1. Introduction

Characterization of solid state forms is an important part of
the drug development process (Newman and Byrn, 2003). It is
well known that most active pharmaceutical ingredients (APIs)
can exist in a variety of solid state modifications, including both
amorphous and various crystalline forms, between which conver-
sions upon processing and storage may occur. Such solid state
phase transformations can have a dramatic influence on API mor-
phology, solubility, chemical stability as well as on processability
(Heinz et al., 2009; Lee and Myerson, 2006). In solid state research,
there is an increased focus on understanding of the amorphous API,
due to its increased dissolution rate and solubility as compared to
the respective crystalline forms with the potential of increasing
bioavailability of many poorly water soluble APIs. However, the
main concernrelated to an amorphous API formulation is the inher-
ent physical instability of amorphous materials due to the increased
free energy as compared to its crystalline counterpart (Karmwar
et al,, 2011), making it susceptible to recrystallization into a more
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thermodynamically stable form with the consequence of decreased
solubility and bioavailability. Monitoring and the subsequent esti-
mation of recrystallization kinetic parameters of solid state phase
transformation of an amorphous APl into its crystalline counterpart
in both, the early development phase as well as the later production
stage is thus crucial for the pharmaceutical industry.

Currently, a variety of techniques for monitoring and quan-
tifying solid state phase transformations are available including
thermal analytical techniques and spectroscopic techniques (Heinz
et al., 2009), such as Raman (Qu et al., 2011; Savolainen et al.,
2007), near infrared (NIR) (Zhou et al., 2006), and infrared (IR)
spectroscopy (Taylor and Zografi, 1997), as well as wide angle X~
ray diffraction (WAXD) (Andronis and Zografi, 2000). A common
feature of the thermal analytical techniques is that they allow
information related to thermodynamic properties of the sample
to be derived, while for the spectroscopic techniques, informa-
tion related to sample chemistry and molecular interactions can
be gained (Reffner et al., 2005). In the solid state phase transfor-
mation process such as the amorphous-to-crystalline conversion,
it has been shown that nucleation followed by crystal growth are
the two important stages (Bhugra and Pikal, 2008). Both, nucle-
ation phase (once the nuclei have reached a certain detectable
size) and the following crystal growth can be visualized by the
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polarized light microscopy (PLM), allowing kinetic information
related to solid state phase transformation to be derived (Andronis
and Zografi, 2000).

Despite the potential underlying PLM, much of the studies
involving PLM are of a qualitative character. By visually observ-
ing polarized light micrographs and by experience-based scoring
of the extent of crystallinity, Eerdenbrugh and Taylor estimated
the extent of inhibition of crystallization of drugs by different
polymers (Van Eerdenbrugh and Taylor, 2010). Using the same
scoring system, the authors characterized different APIs in terms of
their crystallization rate from amorphous films (Van Eerdenbrugh
et al, 2010). In another study by Andronis and Zografi, the
authors used PLM to estimate nucleation and crystal growth rate
of indomethacin by manually counting the nuclei and measuring
the size of crystalline areas of individual polarized light micro-
graphs (Andronis and Zografi, 2000). The above mentioned studies
highlight that whilst PLM is a fast and convenient technique in
observing nucleation and crystal growth, it is relying on labor
intensive consistent counting and measuring of each polarized
light micrograph (Andronis and Zografi, 2000). Using PLM and
image analysis a study by De Anda et al. showed an example of
using high speed camera in qualitative determination of nucle-
ation onset and the presence of different crystal morphologies in
batch crystallization (De Anda et al., 2005). An interesting study by
Qu et al. demonstrated the ability of video microscopy, in moni-
toring nucleation and crystal growth in batch crystallization (Qu
et al., 2006). However, the authors pointed out that the image
analysis routine was complicated with many complex preprocess-
ing steps, due to the complexity in the obtained images such as
particulate out of focus problem. Caillet et al. demonstrated the
potential of image analysis in online monitoring of crystal size dis-
tribution, but noticed that as the solid concentration exceeds a
certain limit, their image analysis method gave unrealistic results
(Caillet et al., 2007). Not only did these studies demonstrate the
value of image analysis in understanding different facets of solid
state phase transformation, but also highlight the need to validate
the robust region from the image analytical method in which the
obtained estimates can be trusted. The present study focuses on
the method development and implementation of an automated
image analysis routine that allows simultaneous determination
of nucleation, crystal growth and overall recrystallization rate
of amorphous-to-crystalline phase transformation from polarized
light micrographs. The robustness of the developed image analy-
sis routine was initially tested on images generated from computer
simulated crystallization. In order to demonstrate the usefulness
and broader applicability of the developed image analysis routine,
two case studies were then performed.

The first case study is focusing on the determination of nucle-
ation and crystal growth rate of nitrendipine during antisolvent
crystallization (Xia et al., 2012), under the influence of increas-
ing polymer concentrations in the aqueous phase. The second
case study investigates the nucleation and crystal growth rate of
amorphous piroxicam (PRX) formulated as solid dispersion using a
solvent evaporation method. The recrystallization rate of PRX from
the solid dispersions during a modified dissolution testing is inves-
tigated. For both studies, Raman spectroscopy is used as a reference
method to follow the amorphous-to-crystalline solid state phase
transformations.

2. Methods
2.1. Materials

Nitrendipine was obtained from the Nanjing Pharmaceuti-
cal Factory, China. Piroxicam anhydrate (PRX AH) was obtained

from Chr. Olesen Pharmaceuticals, Denmark. Polyvinyl alcohol
(PVA) with 30-70 kDA molecular weight and 88% alcoholysis was
generously supplied by Shin-Etsu Chemical Ind. Co. Ltd., Japan.
Polyethylene glycol 200 (PEG) was obtained from Sigma-Aldrich,
USA. Polyvinylpyrrolidone (PVP) K90 was obtained from BASF,
Germany. Methanol and acetone were obtained from LAB-SCAN
analytical sciences, Poland.

2.2. Preparation of nitrendipine and piroxicam references

From earlier studies the nitrendipine supplied by the manufac-
ture was identified as nitrendipine RS-mod. I (Burger et al., 1997;
Xia et al., 2012). Amorphous nitrendipine was prepared by dissolv-
ing 30 mg/ml nitrendipine in 50% (v/v) PEG 200 and acetone. Two
ml of the solution was transferred to 20 ml water kept in an ice-
water bath. The precipitated sticky solid body immediately formed
is transferred to an aluminum plate and Raman spectra of the sam-
ple are recorded.

Piroxicam monohydrate (PRX MH) was prepared in the same
way as described in a previous work (Qu et al., 2011). The obtained
PRX MH demonstrated identical X-ray powder diffraction pat-
tern as those published in Cambridge Structural Database, CSD
(CIDYAPO1, Reck et al., 1988).

2.3. Nitrendipine antisolvent crystallization

Nitrendipine was dissolved in a mixture of PEG 200 and 50% (v/v)
acetone, and the final drug concentration in the organic solution
was 30 mg/ml. PVA was dissolved in aqueous solutions at different
concentrations (0.1%,0.5%, 1% and 2%, w/v), and keptin an ice-water
bath. To precipitate the drug, 2 ml of the organic phase containing
the drug was transferred to 20 ml of aqueous solution containing
PVA under magnetic stirring. All experiments were performed in
triplicate.

2.4. Piroxicam solid dispersion crystallization

Five hundred milligrams of PRX:PVP in ratio 1:1 was dissolved
in 15ml acetone and 3.5 ml methanol. 10 pl of solution was pipet-
ted onto a microscope cover glass placed on a hotplate (Kriiss G12,
Germany) where temperature can be accurately controlled. The
temperature on the glass surface was controlled at 30 and 50°C,
and was monitored with a thermo electrode. After complete sol-
vent evaporation, the sample was immediately subjected to a PLM
investigation. Samples for Raman spectroscopy were prepared by
transferring 40 .l of solution onto an aluminum plate with tem-
perature controlled at 30 and 50 °C on the surface of the plate. All
experiments were performed in triplicate.

2.5. Polarized light microscopy

The suspended samples on a glass slide were covered with
a 24mm x 24 mm cover glass, and examined under cross polar-
ized light (Axiolab, Carl Zeiss, Géttingen, Germany) using a 5x
magnification and 0.12 numerical aperture objective. Using an
attached digital camera (Deltapix, Malgv, Denmark), together with
the Deltapix software (ver. 1.6 Deltapix, Malgv, Denmark), a video
was captured in uncompressed Audio Video Interleave (AVI) for-
mat. Each image frame in the video has 240 ms exposure time and
consists of three channels (red, green, blue), each an array of size
1024 x 1280. Particle number density per unit volume was calcu-
lated using the depth of field Eq. (1) (Andronis and Zografi, 2000):

A(1 = NA2)'/2
Dy = = (1)
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where A and NA are the average wavelength of the light used
(550 nm) and numerical aperture, respectively.

For the nitrendipine antisolvent crystallization experiments,
40 pl of the suspension prepared as described above was imme-
diately pipetted onto a glass slide and a 4 frames per minute video
was captured.

For the modified dissolution testing of PRX solid dispersion,
20 w1 of water was pipetted onto the sample, and a video with 12
frames per minute was recorded.

2.6. Image analysis

The raw image data often contains noise in the background,
background interference with the regions of interest (crystalline
material) and artifacts within the regions of interest. These unde-
sired features necessitate image preprocessing prior to extraction
of numerical information from the data. It is outside the scope of
this paper to present all the existing image preprocessing tech-
niques since they can be found in e.g., the textbook by Gonzalez and
Woods (2008). In this paper, image preprocessing using mathemat-
ical morphology on binary images to extract numerical information
for quantification purposes was used. Converting the color image
into a binary image matrix consisting of elements either O or 1,
representing black and white pixels respectively, is a simple and
convenient method to separate regions of interest (white pixels)
from the background (black pixels). However, it was recognized
that the binarization process itself can add artifacts, thus necessi-
tating image restoration after binarization (Gonzalez and Woods,
2008). A useful tool in restoring binary images to better reflect the
true underlying phenomena is known as mathematical morphology
utilizing the mathematical set theory (Gonzalez and Woods, 2008).
In the following, the image analysis sequence of each frame in a
video will be described using the flow diagram shown in Fig. 1. All
frames in the AVI files were analyzed using in-house written script
for Matlab (ver. 7.10, Mathworks, U.S.) with the Image Process-
ing Toolbox (ver. 7.10, Mathworks, U.S.) installed. First each image
color frame array (raw image), Icoior, With size 1024 x 1280 x 3
(Fig. 2A) was gray scaled by calculating the monochrome lumines-
cence according to Eq. (2) (Buchsbaum, 1975):

Igray = 0.2989 x Ioq + 0.5870 x Igreen -+ 0.1140 x Ippye (2)

where Igray, Ired, Igreen and Ipy,e are the gray scaled matrix and
matrices from the red, green and blue channels, respectively. The
elements in the gray scaled matrix span a numerical scale from 0 to
255 (8 bit resolution). Applying a threshold by setting all elements
below 25 to 0 and above 25 to 1 in Igray, the crystalline objects
are separated from the background, and a binary matrix is created
(Fig. 2C). At this point the binary image showing one crystalline
PRX object (Fig. 2C) contains unfilled regions within the crystalline
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Fig. 1. Image analysis flow diagram showing an overview of the steps in processing
of each image frame. The boxes colored in blue are the preprocessing steps, the
boxes shown in green are the parameters estimated from each image. Percentage
area coverage (PAC), average equivalent diameter (AED) and average crystalline area
(ACA). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

area. Ideally the counting performed at this stage should resultin 1.
In practice however, due to the separated pixel regions around the
boundary, performing counting at this stage (Fig. 2C) would result
in a count of 7.

In order to fill the gaps within the crystal and connect the pix-
els around the edges, dilation of the binary image Ip;, with a disk
shaped structuring element B (Fig. 2C) is performed using Eq. (3)
(Gonzalez and Woods, 2008):

Tpin ® B = (2I[(B), N Ipin] < Ipin} (3

~—~

where z is the set of coordinates in the Iy, matrix, and B is the
reflection of matrix B. The result of the dilation is that holes within
the regions of interest that are smaller than the structuring ele-
ment B get filled up, and the separated pixels around the boundaries
are connected to the main crystal. However, the object also grows
larger due to the updates of B at the boundaries. In order to restore
the original particle size, the dilated matrix I;, is next eroded with
the same morphological structuring element B (Fig. 2D) using Eq.

(4):
Ibin ©B= {Z‘(B)z < Ibin} (4)

When deciding on the shape and size of the morphological struc-
turing element B, an important aspect to consider is the distance
between two separated particles. If the particle density in the image
is high, the small distances between particles can potentially cause
a filling of the gap merging the particles together in the dilation
step; and it is not possible to separate them again in the subsequent
erosion step.

Dilation Erosion

D

00 150 200 50 100 150 200 50 100 1s0 200

Fig. 2. A sequence of images illustrating the steps in the image preprocessing. A: The original raw color image. B: The gray scaled image of a particle zoomed to the red
box of A. C: Binary image obtained by thresholding the gray scaled image B. In the upper left corner a morphological structuring element B is shown shaped as a circle with
a diameter of 12 pixels. D: Dilation of the binary image C with the morphological structuring element B. E: Erosion of the dilated image D with the same morphological
structuring element B. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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The objects in each frame are counted next using the 8-
adjacency rule that is in case the center pixel has a value of 1, all
8 pixels surrounding it will also be evaluated, and if one of them
has a value of 1, the center pixel will be classified as belonging to
that cluster and labeled. The numbers of separated clusters (crys-
talline count (CC)) after counting is then regarded as the number of
crystalline spots in the image. Besides counting, the percentage of
white pixels for the entire image is expressed as percentage area
coverage (PAC) defined as Eq. (5):

PAC = Asum crystalline « 100% (5)
Aimage

where Agym crystattine a0d Ajmgge are the pixel area of objects from the
crystalline material and the total image area respectively. From the
definition of PAC in Eq. (5), it is seen that PAC serves as a general
parameter in monitoring the overall recrystallization of the sample.
In order to monitor and compare crystal growth of different crys-
tal morphology, irrespective of their growth direction, the average
equivalent diameter (AED) of a circle computed according to Eq. (6)
can be used.

I Yraorarss
AED = M (6)

where A; is the area of the object i, and I'is the total number of objects
(crystalline spots) in the image, respectively. Using the equivalent
diameter as a measure of crystalline size allows description of crys-
talline growth irrespective of the crystal morphology (Caillet et al.,
2007). Another parameter used in monitoring of crystal growth was
the average crystalline area (ACA) computed as the average area of
crystalline objects in the image. Naturally, several other parame-
ters could be derived from the identified pixel areas, but this would
be outside the scope of this article.

2.7. Simulation in assessing robustness of image analysis

In many cases where recrystallization occurs in a solvent
medium, the movement of particles is unavoidable. As a conse-
quence multiple objects where boundaries meet or an object below
another object will be counted incorrectly as one object. When-
ever this occurs, the estimates of CC, PAC, AED and ACA in the
polarized light micrograph will be biased as compared to the true
values. The extent of this bias will be a function of particle size
and the number of particles in the image. In order to get an idea
of the robustness of the estimated responses, and to what extent
the increase in particle size and number of particles was affecting
the predictions of the above mentioned responses, a rudimentary
approach by inserting disk shaped structures into a blank image
was employed. The routine is written as an in-house Matlab script,
where disks of a predefined diameter and number are randomly
placed in an array of the same size as the polarized light micrograph
image (1024 x 1280). For a given disk size, the maximum number
of the disks that can be placed into one image is either 3000 (corre-
sponding to the maximum experimental counted crystalline in one
image frame), or estimated from Eq. (7) depending on which of the
two values is lowest:

Ix]
N=" (7)
where I, ], d are the number of rows and columns in the image array
and disk diameter, respectively. The CC, PAC, AED and ACA are then
determined from the array and the accuracy of the response was

calculated using a correlation constant k defined in Eq. (8):

Qtrue
k=— (8)
Apred

where agye and apr.q are the true and predicted response respec-
tively. When kis 1, the predicted and true responses are identical. If

the correlation constant is above or below 1, the response is being
underestimated or overestimated respectively.

2.8. Raman spectroscopy

Using a wide angle (Phat) probe (Kaiser Optical Systems Inc.,
Ann Arbor, MI) with a spot size of 3 mm, the samples were moni-
tored online (RamanRxn1 Kaiser Optical Systems, 785 nm Invictus
TM NIR diode laser with a standard resolution 9 of 5cm~! and
~ 100 mW laser power). For nitrendipine antisolvent crystallization
experiments, spectra were collected using a 20 s exposure time and
1 accumulation. A total of 40 s was used to obtain each spectrum.
For PRX solid dispersion crystallization experiments, spectra were
collected using 10s exposure time and 1 accumulation. A total of
20s was used to obtain 1 spectrum.

Nitrendipine suspension was prepared as described above.
Immediately after the preparation, the suspension was transferred
to a 20 °C water bath with magnetic stirring and Raman spectra col-
lected. For the modified dissolution testing of PRX solid dispersions,
80 .l of water was gently dispersed on top of a PRX solid dispersion
samples, and Raman spectra collected.

2.9. Multivariate data analysis

Multivariate curve resolution (MCR) was used to analyze the
Raman spectra using a Matlab toolbox developed by Jaumot et al.
(2005). Mathematically speaking, MCR can be regarded as a bilin-
ear decomposition model, where the data matrix D consisting of
Raman spectra arranged row-wise with time is decomposed into
the concentration matrix C and a pure spectral matrix S according
to Eq. (9):

D=CST+E 9)

where the superscript T means transpose of matrix S and E, the
residual matrix consisting of the part not explained by the model
(Jaumot et al., 2005). In order to minimize the problem related to
ambiguity from MCR, non-negativity on spectral mode, unimodal-
ity on concentration mode and closure constraints were applied to
the model for each experiment (de Juan and Tauler, 2006). Evolv-
ing factor analysis was used to determine the number of chemical
evolving factors for each experiment (Maeder, 1987).

3. Results and discussions
3.1. Response robustness

Evaluation of the robustness of CC, PAC, AED and ACA as a
function of particle size and diameter are presented in Fig. 3. In
the current study, the maximum counts observed in analyzing the
polarized light micrograph frame were below 3000, hence the eval-
uation of image analysis parameters for their robustness has been
up to 3000 or estimated using equation 7 depending on which value
is the lowest as previously described. A reliable count estimate
was obtained for up to 3000 particles when the particle diame-
ter was below 25 wm, and when particle diameter is above 25 um,
the robustness of CC decreased as a function of particle number
(Fig. 3A). Of the four investigated parameters (CC, PAC, AED and
ACA), PAC is the most robust parameter since even at high parti-
cle diameter and number, the correlation coefficient showed that
the true PAC is around 1.4 times higher compared to the estimated
PAC (Fig. 3B). The higher robustness of PAC as compared to other
parameters can be understood by examining Eq. (5), and imagin-
ing a scenario where two or multiple particles overlap each other.
Because the pixel area of the entire image array is much higher as
compared to the overlapped pixel area, the error caused by under
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Fig. 3. Robustness of responses as a function of particle diameter and number. The response surfaces represent the correlation coefficient k. A: Crystalline count (CC), B:
percentage area coverage (PAC), C: average equivalent diameter (AED), D: average crystalline area (ACA). The white area in each response plot was not investigated because
it is unrealistic that particles with the given size and count can be contained within the entire image array.

prediction of PAC will be low. In contrast to CC and PAC, an increase
in particle diameter and count leads to over estimation of AED and
ACA (Fig. 3C and D). It should be noted that AED is more robust as
compared to ACA, since the region where k is around 1 is larger
for AED as compared to ACA. The reason behind this finding is due
to the squared relation between disk shaped particle area and its
radius. Hence, once disk shaped particles merged together, a rela-
tively small increase in diameter would lead to a relatively larger
increase in area. From the above discussions, it is concluded that
counting at increased particle number and diameter is the most
unstable response. In contrast even though bias exists for AED and
ACA at the same region, due to the fact that AED and ACA are cal-
culated as a mean value, the bias is smaller as compared to the
counting response.

3.2. Nitrendipine antisolvent crystallization

3.2.1. Original polarized light micrographs

An example of unprocessed images from nitrendipine antisol-
vent crystallization with 0.1% PVA obtained at successive time
points is presented in Fig. 4. These examples highlight that both
the number of crystalline counts as well as the overall size of crys-
talline nitrendipine are increasing as a function of time. In order to

obtain parameters that empirically describe nucleation and crys-
tal growth rate it is necessary to extract numerical information
from Fig. 4. From an image analysis point of view, and as discussed
under Section 2.6, the ability to estimate the rates related to nucle-
ation and growth of crystals relies on isolation of each cluster in the
image, and estimation of the number of pixels that each cluster is
composed of.

3.2.2. Estimation of nucleation and crystal growth

Nucleation and crystal growth profiles for nitrendipine antisol-
vent crystallization experiments are presented in Fig. 5. When both
AED and ACA are used as responses for crystal growth, it can be
observed from Fig. 5C and D that the initial profile significantly
deviates from the fitted curve. This deviation can be attributed to
the heterogeneous nucleation on particles which are unavoidably
present during the experiments. At this stage, with only a few par-
ticles present, the presence of large nuclei led to overestimation
of the true average size of crystals. However, as time proceeds,
more nuclei are formed, less weight is given to the outliers on the
estimation of true average crystal size.

From Fig. 5, it is evident that the phase of nucleation and crystal
growth of nitrendipine from aqueous phase containing 0.1-0.5%
PVA is separated. The nucleation phase ends at around 2 and 4 min

Fig. 4. Polarized light micrograph at increasing time showing nitrendipine antisolvent crystallization from aqueous phase containing 0.1% PVA. A, B, C, D corresponds to

frames at 1, 2, 3 and 4 min, respectively. The scale bar corresponds to 100 pm.
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Fig. 5. Nucleation and crystal growth profiles for the nitrendipine antisolvent crystallization experiment with an increase in PVA concentration in the aqueous phase. A:
Nucleation profile based on crystalline count (CC). B: Percentage area coverage (PAC) profile. C: Average equivalent diameter (AED) profile. D: Average crystalline area (ACA)
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(Fig. 5A), while the crystal growth phase starts to dominate from 2
to 4 min and onwards, respectively (Fig. 5B-D). However, when the
concentration of PVAin aqueous phase exceeds 0.5%, the nucleation
and crystal growth phases are no longer separated. It indicates that
a PVA concentration above 1% has an insignificant inhibition effect
on nucleation.

The profiles from nucleation and crystal growth follow a sig-
moidal shape (Fig. 5), hence the empirical nucleation and crystal
growth rates can be derived from the f constant, obtained by fit-
ting the profiles to equation 10 (Qu et al., 2011; Wikstrom et al.,
2009):

o

X=Xt T exp( B < (t — t30))

(10)

where X, @ and ts5g are the initial level offset of the response, equi-
librated response and the time needed to reach 50% toward the
equilibrated state, respectively. The 8 and t5y estimated by fitting
the transformation profiles shown in Fig. 5 to Eq. (10) is plot-
ted against their respective PVA concentration (Fig. 6). As can be
seen from Fig. 6, increasing the PVA concentration in the aqueous
phase from 0.1 to 1% has a significant effect on decreasing the 8
constant for both responses related to nucleation as well as crys-
tal growth. It is also evident from Fig. 6 that the 8 constant of
nucleation and crystal growth was not significantly decreased with
an increase in PVA concentration above 1% in the aqueous phase.
The same trend is seen for the t5¢ value, since an increase in PVA

concentration above 1% did not significantly increase the t5q value
as compared to increasing PVA concentration between 0.1 and 1%
(Fig. 6). Fig. 6A also presents the particle AED span when solid state
phase transformation has reached an equilibrium. A lower solid
state transformation rate (low § constant) was observed when the
particle size distribution (span) was higher and vice versa. A higher
nucleation rate can generate crystals with smaller particle size,
which is due to the higher density of nuclei in the sample. The
high density of nuclei can also lead to a fast consumption of the
dissolved supersaturated nitrendipine in the surrounding of each
nucleus. Ultimately, the outcome is the formation of many particles
with a narrow particle size distribution (Sugimoto, 2007).

3.2.3. Raman monitoring of nitrendipine antisolvent
crystallization

Raman spectra for nitrendipine crystalline reference, amor-
phous nitrendipine and the monitored nitrendipine amorphous-to-
crystalline transformation are shown in Fig. 7A. The characteristic
Raman band of raw crystalline nitrendipine was observed at 1120,
1213, 1347, 1645cm~!, which have been assigned to pyridine
in plane vibration, C—O—C vibration, symmetric NO, stretch and
C=C stretch respectively (Socrates, 2004; Tang et al., 2002). From
Fig. 7A, in agreement with other studies (Chieng et al., 2009;
Savolainen et al., 2007), it can be observed that the main differ-
ence between amorphous and crystalline nitrendipine is the lower
intensity and band broadening of the amorphous form due to the
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Fig. 8. Polarized light micrographs of equilibrated samples evaporated at A: 30°C and B: 50 °C. The scale bar corresponds to 100 pm.

lack of long range molecular order. It is evident from the trans-
formation spectra in Fig. 7A that other Raman bands related to
excipients and acetone are also present, however, it is worthy to
note from Fig. 7B that the major differences in the two modeled
pure spectra are due to amorphous and crystalline nitrendipine. It
suggests that the influence from excipients is removed in the final
model. Evolving factor analysis revealed two significant evolving
components (data not shown), which is most likely attributed to the
evolution of amorphous and crystalline nitrendipine components
during the solid state phase transformation. Fig. 7C is present-
ing the conversion profiles with the fitted 8 and t5g parameters
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shown in Fig, 7D. The § value determined from Raman moni-
toring (Fig. 7D) is in close agreement with the § value from the
polarized light microscopy experiment when PAC, AED and ACA
are used as responses (Fig. 6). Comparing fitted t5y values from
the Raman measurements with the t5¢ values from image anal-
ysis, it can be seen that the t59 values from Raman are higher
as compared to the ts5y values from the image analysis. It can
be concluded that in this case, the anti-solvent crystallization
experiments performed under polarized light microscopy closely
resembled the bulk anti-solvent conversion experiments when
monitored with Raman spectroscopy in terms of conversion rate.
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Fig. 9. Nucleation and crystal growth profiles of PRX solid dispersion crystallization in aqueous environment. A: Nucleation profile based on crystalline count (CC), B:
percentage area coverage (PAC), C: average equivalent diameter (AED), and D: average crystalline area (ACA). Red, green and blue belongs to samples evaporated at 30, 40
and 50°C, respectively (n=3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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crystalline area (ACA).

However, since the volume of the bulk where anti-solvent crys-
tallization takes place is much larger as compared to the volume
between the two glass plates from the polarized light microscope
experiments, a delay in the bulk crystallization as compared to the
crystallization under polarized light microscopy is manifested in
higher ts5g values.

3.3. Modified piroxicam solid dispersion dissolution experiment

3.3.1. Piroxicam solid dispersion crystallization

Polarized light micrographs of equilibrated PRX crystals in solid
dispersions prepared at 30 and 50°C evaporation temperature
are presented in Fig. 8. Evaporation at low temperature (30°C)
increased the density of nuclei when compared with the high sol-
vent evaporation temperature (50 °C). The blue opalescence region
between crystals (Fig. 8B) can be observed only with samples pre-
pared using 50 °C evaporation temperature. The solid state nature
of the submicron bodies responsible for the blue opalescence is
not fully understood. Prenucleation events and related molecular
clustering prior to nucleation has been discussed in the literature
(Lee and Myerson, 2006). An alternative theory to the classical
nucleation theory has been suggested, in which molecular clus-
ters, metastable with respect to the crystalline state, are created
from the supersaturated liquid. This event is subsequently followed
by ordering into the crystalline state (Lee and Myerson, 2006).
This theory may be used in explaining the blue shaded, opalescent
regions in Fig. 8B.

In agreement with visual observation of the polarized light
microscope images (Fig. 8), an increase in solvent evaporation tem-
perature decreased the density of nuclei when equilibrium has been
reached (Fig. 9A). The nucleation rate was increased when samples
were prepared using a low solvent evaporation temperature (30 °C)
as compared to a high solvent evaporation temperature (50°C)
(Fig. 10A). This finding suggests that solid dispersion samples pre-
pared using a low solvent evaporation temperature (30°C) may
contain molecular cluster regions in the amorphous phase. Upon
contact with water, these regions act as nucleation sites leading
to a higher number of nuclei. Because the initial nucleation rate is
higher for samples prepared at 30°C compared to those at 50°C
evaporation temperature, the degree of PRX supersaturation must
be lower with the 30°C samples immediately after the nucleation
phase. Hence, it is likely that the molecular clusters can also act as
reservoir in replenishing the consumed PRX for solid dispersions
prepared at 50 °C solvent evaporation temperature. Ultimately, this
leads to a longer recrystallization time as manifested in Fig. 9B, and
increased crystal growth rate when solvent evaporation tempera-
ture is increased (Figs. 9C and D and 10C and D).

The change in nucleation and crystal growth profiles and cor-
responding rates as a function of solvent evaporation temperature
confirms the statement from Leuner and Dressman (2000) that a
variation in solvent evaporation temperature can have great impli-
cations on product performance. Several authors have shown that
an increase of PVP:drug ratio in solid dispersion increases the
drug dissolution rate (Kearney et al., 1994; Tantishaiyakul et al.,
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1999). Many reasons have been suggested for this finding, such
as increased wettability due to PVP, reduction of the drug particle
size to an absolute minimum within solid dispersion (Vasconcelos
et al,, 2007) and the presence of different solid state forms of
the drug within the polymer matrix (Tantishaiyakul et al., 1999).
Findings from the present study highlight that in addition to dis-
solution rate being affected by the factors mentioned, it may also
be affected by the kinetics of recrystallization of the amorphous
drug within the polymer matrix upon contact with the dissolution
medium. A study from Brouwers et al. highlights the importance of
stabilization of supersaturation by excipients in order to inhibit or
delay drug precipitation (Brouwers et al., 2009). From this perspec-
tive, the method for quantification of nucleation and crystal growth
proposed in this study, has the potential of screening the stabiliz-
ing effect of excipients on supersaturated drug solution upon solid
dispersions dissolution testing.

3.3.2. Raman monitoring of piroxicam solid dispersion conversion
Evolving factor analysis performed on each Raman PRX crys-
tallization data set revealed 2 significant factors, suggesting the
change in two components, i.e., amorphous and crystalline PRX.
The Raman spectrum obtained initially from the solvent mediated
PRX solid dispersion conversion revealed broader and lower inten-
sity bands as compared to the final Raman spectrum (shown as
dark blue and red spectra in Fig. 11A, respectively). This finding
suggests more amorphous PRX being present initially as compared

to the later phase of conversion (Savolainen et al., 2007). The pure
spectrum obtained from the MCR model of amorphous PRX is
in good agreement with the experimental spectrum reported by
Kogermann et al. (2011), and the pure spectrum of crystalline PRX
matched with the experimental spectrum of PRX monohydrate
(Fig. 11B). Since only two evolving factor components were
identified in the data set (amorphous and crystalline PRX), it
can be concluded that the solid state phase transformation for
amorphous PRX in solid dispersion is a single step transfor-
mation in aqueous environment. A previous study investigating
the physical stability of the same PRX solid dispersion for-
mulation stored at 53% RH and 25°C revealed that the solid
state phase transformation of amorphous PRX was following
the Ostwald’s step rule yielding, first, the unstable PRX AH
form II (Vrecer et al.,, 2003) and second, the formation of the
more stable PRX AH form I (Wu et al, 2011). These find-
ings suggest that different mechanisms are responsible for the
recrystallization of amorphous PRX solid dispersion in aqueous
environment.

Amorphous-to-crystalline conversion profiles (Fig. 11C) and the
calculated average conversion rates (Fig. 11D) clearly indicate a
decrease in the conversion rate as solvent evaporation temperature
is increased. It has been shown that an increase in solvent evapora-
tion rate has a negative effect on the crystallization of PRX in solid
dispersion (Wu et al., 2011). The most likely explanation behind
this finding is that a rapid evaporation of solvent decreases the
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possibility for PRX molecules to rearrange into molecular clustersin
the amorphous phase upon precipitation. Upon contact with water,
the formulation prepared using low solvent evaporation temper-
ature (30°C) has a faster nucleation rate (Fig. 10A), leading to an
overall faster amorphous-to-crystalline solid state transformation
(Figs. 10B and 11D).

Comparing solid state phase transformation rates of PRX recrys-
tallization monitored with image analysis and Raman spectroscopy,
it can be concluded that Raman spectroscopy has the particular
advantage being capable of monitoring the overall evolution of
solid state phase transformation together with identification of the
polymorphic forms. In contrast, the image analysis approach is par-
ticularly useful in obtaining knowledge related to the nucleation
and crystal growth kinetics.

4. Conclusion

The image analysis routine established in the current study
represents a relatively easy and convenient way in obtaining quan-
titative information on various aspects of crystallization, with the
estimated kinetic values in close agreement with the values found
from real-time Raman monitoring. In comparing the four image
analysis responses (CC, PAC, AED and ACA), PAC and CC were found
to be the most and least robust response, respectively.

Using the developed image analysis technique the following two
specific conclusions could be drawn. First, for the nitrendipine anti-
solvent crystallization, an increase in PVA concentration from 0.1
to 1% significantly decreased nucleation and crystal growth rate
of nitrendipine. Second, for the modified PRX solid dispersion dis-
solution testing, an increase in solvent evaporation rate upon solid
dispersion preparation decreased the nucleation rate but increased
the crystal growth rate in the following modified dissolution testing
in aqueous environment.
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