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a  b  s  t  r  a  c  t

Pharmaceutical  regulatory  bodies  require  minimal  presence  of  solvent  in  an  active  pharmaceutical
ingredient  (API)  after  crystallization.  From  a processing  point  of  view  bigger  crystals  with  minimal
agglomeration  and  uniform  size  distribution  are  preferred  to avoid  solvent  inclusion  and  for  improved
downstream  processing.  The  current  work  addresses  these  issues  encountered  during  the  production
of  the  potential  anti-arrhythmic  cardiovascular  drug,  AZD7009.  This  paper  demonstrates  that  by  apply-
ing  the  automated  direct  nucleation  control  (ADNC)  approach  problems  with  agglomeration  and  solvent
inclusion  were  resolved.  This  model  free  approach  automatically  induces  temperature  cycles  in the  sys-
tem,  with  the  number  of  cycles,  temperature  range  and  adaptive  heating  and  cooling  rates  determined  to
maintain  the  number  of  particles  in  the  system,  as  measured  by  a focused  beam  reflectance  measurement
(FBRM)  probe,  within  a constant  range  during  the  crystallization.  The  ADNC  approach  was  able  to produce

larger and more  uniform  crystals  and  also  removed  the  residual  solvent  trapped  between  the  crystals
compared  to the  typical  crystallization  operation  using  linear  cooling  profile.  The  results  illustrate  the
application  of  process  analytical  technologies,  such  as  FBRM  and  ATR-UV–vis  spectroscopy,  for  the design
of optimal  crystallization  operating  conditions  for  the  production  of  pharmaceuticals,  and  demonstrate
that  the  ADNC  approach  can be  used  for rapid  crystallization  development  for APIs  exhibiting  problems

olven
with  agglomeration  and  s

. Introduction

The final step in the production of an active pharmaceuti-
al ingredient (API) is crystallization. However, crystallization of
n API is often problematic, since there are many issues to be
ddressed, e.g. purity, yield, average size, shape and size dis-
ribution, polymorphism/crystallinity (Variankaval et al., 2008).
rom a primary manufacturing perspective these factors can
ffect, e.g. filtration and drying rates and some of them can
lso cause problems in secondary manufacture such as batch
ariation in powder flow properties, particle size reduction and
ompaction into tablets (Hagsten et al., 2008). Therefore, it is
ften necessary to understand crystallization processes thor-
ughly and scientifically define a set of conditions that can be
sed to manufacture batches reproducibly at progressively larger

cales.

Process analytical technology (PAT) is now commonplace in
he pharmaceutical industry for the monitoring of reactions and

∗ Corresponding author. Tel.: +44 1509 222516; fax: +44 1509 223923.
E-mail address: Z.K.Nagy@lboro.ac.uk (Z.K. Nagy).
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t  inclusion.
© 2012 Elsevier B.V. All rights reserved.

crystallizations because it can provide a wealth of real-time data,
especially when used in situ, for process understanding and con-
trol (Barrett et al., 2005; Fujiwara et al., 2002). Techniques routinely
used include focused beam reflectance measurements (FBRM) for
in situ analysis of the evolving crystal size distribution (Kail et al.,
2009; Abu Bakar et al., 2010; Barthe and Rousseau, 2006; Doki
et al., 2004; Hermanto et al., 2010; Simon and Myerson, 2011;
Hishamuddin et al., 2011), and also in-line spectroscopic tech-
niques such as attenuated total reflectance Fourier transformation
infrared (ATR-FTIR) and ATR ultraviolet–visible (UV–vis) spec-
troscopy for solution concentration measurements (Billeter et al.,
2008; Borissova et al., 2009; Billot et al., 2010; Aamir et al., 2010a,b;
Saleemi et al., 2012a,b,c)  or for monitoring polymorphic transfor-
mation (Abu Bakar et al., 2011; Howard et al., 2009a,b). In addition,
the appearance and growth of crystals can be directly observed
in the reactor by way  of an in-process visualization aids such as
particle vision monitor (PVM) (Jia et al., 2008) or other in situ
imaging techniques (Qu et al., 2006; Li et al., 2008; Simon et al.,
2009a,b; Simon et al., 2010a,b). In recent years the Food and Drugs

Administration (FDA) has advocated the use of PAT in crystalliza-
tion and have detailed a number of in-line and on-line monitoring
techniques (Yu et al., 2004).

dx.doi.org/10.1016/j.ijpharm.2012.03.029
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:Z.K.Nagy@lboro.ac.uk
dx.doi.org/10.1016/j.ijpharm.2012.03.029
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Fig. 1. Structure of AZD7009.

In this paper, the solution to some of the issues encountered with
he production of the active pharmaceutical ingredient, AZD7009
tert-butyl 2-{7-[(2S)-3-(4-cyanophenoxy)-2-hydroxypropyl]-
-oxa-3,7-diazabicyclo[3.3.1]non-3-yl}ethylcarbamate (Fig. 1)
nd the role of PAT in process design are detailed. AZD7009 was
ominated as an orally delivered anti-arrhythmic cardiovascular
rug (Goldstein et al., 2004).

Owing to the high therapeutic dose of AZD7009, peak sales pro-
ections were predicted to be ∼300–400 tonnes of API a year at
eak scales. From a pharmaceutical perspective this can represent a
hallenge when developing a batch process for this compound. Ear-
ier work on this compound (which at that time was not explicitly
dentified for commercial reasons) showed that it had a propen-
ity to oil out (Deneau and Steele, 2005) and more than 100 pure
nd mixed solvents were screened in an effort to find a system
rom which it could be crystallized. Eventually this was  achieved
rom a mixture of di-iso-propyl ether (DIPE) and iso-propanol (IPA)
10:2 DIPE/IPA), which typically gave a >85% recovery from 12 sol-
ent volumes. However, analysis of early batches of the compound
howed that although the material was highly crystalline and very
ure (99.5%) the API, even after recrystallization, contained resid-
al DIPE at a level of 1500–2000 ppm, resulting in a strong odour
hich persisted even after drying in a vacuum oven at 55 ◦C.

The International Committee for Harmonization (ICH) has pub-
ished a guideline (ICH Q3c) for residual solvents such that drug
roducts should contain levels of residual solvents no higher than
an be supported by safety data. The permitted daily exposure
PDE) is defined as the pharmaceutically acceptable intake of resid-
al solvent. The solvents are classified into three classes of which
hose in the Class III category are the most preferred, since these are
he ones with the lowest toxic potential, e.g. acetic acid, acetone,
thanol ethyl acetate and ethyl ether, which have PDEs of 50 mg  or
ore a day. Camarasu et al. (2006) have reported recent progress

n the determination of volatile impurities in pharmaceuticals.
The ICH guidelines also define a fourth class of solvents for which

o adequate toxicological data on which to base a PDE has been
ound. DIPE falls into this class and the guideline comments that

anufacturers should supply justification for residual levels of sol-
ents. DIPE is also less favoured as solvent because of its propensity
o form peroxides on storage, which can cause explosive instability
Hunter and Downing, 1949). Therefore, from a manufacturing and
egulatory point of view DIPE was not ideal but, as noted earlier,
t was the only solvent that could be used to avoid oiling out and
btain crystalline material. Unfortunately, DIPE has an extremely
ow odour threshold whereby 100% of subjects can detect 0.1 ppm
evels (Smallwood, 2002). Since this level corresponds to ∼25 ng in

 250 mg  tablet, the residual ether smell made the tablets contain-
ng the API difficult to blind for use in clinical trials. The formulation
eam therefore requested that the DIPE odour be eliminated from
uture batches of the API. Furthermore, the formulation team also
equested larger crystals, which were found to have better flow and

ompression characteristics when making extended release tablets.

The challenge was therefore to develop a cost-efficient process
hat produced large crystals of AZD7009 with no residual solvent
mell. During development, this was achieved using a typical
Fig. 2. Experimental setup used for the experiments.

temperature cycling (ripening) regime post-crystallization. Whilst
the classical temperature cycling approach allowed the delivery of
750 kg of AZD7009 to supply Phase II and III clinical trials (Juppo
and Steele, 2006), it used a fixed number of cycles within constant
upper and lower temperature limits. The crystallization and
dissolution of the same amount of crystals in each cycle increased
considerably the duration of the batch. The switching between the
heating and cooling stages, the heating/cooling rates and number
of cycles were determined heuristically, and verified subsequently
using economic calculation based on the operating costs of the
process. This paper describes a completely automated ripening
technique – automated direct nucleation control (ADNC), which
provides a rapid and robust design of the necessary temperature
cycling procedure to achieve the desired product characteristics
with minimal prior knowledge about the system.

2. Materials and methods

Solvents used in the experiments, namely DIPE (laboratory
reagent grade) and IPA (analytical reagent grade), were purchased
from Fisher Scientific, Loughborough, UK. Crude AZD7009 with
>99% purity was  supplied by Development Manufacture, Process
R&D, AstraZeneca R&D Charnwood, Loughborough, UK.

The experiments were carried out in a 400 mL jacketed glass ves-
sel fitted with an overhead PTFE coated 4-pitched blade turbine and
thermocouple (Fig. 2). The temperature was  controlled by a thermo
fluid circulator bath (Huber Variostat CC-415 VPC). An FBRM probe
(model D600, Lasentec) was  used to measure chord length dis-
tributions. FBRM data collection and monitoring was  carried out
by the FBRM control interface software (version 6.7). The UV–vis
spectra of the solution were measured using a Hellma 661.822
ATR probe connected to a Carl Zeiss MCS621 UV–vis spectrom-
eter. Software written in LabVIEW (National Instruments) using
libraries provided by Carl Zeiss was used for spectra collection.
The FBRM, UV–vis and temperature data were recorded every 10 s.
The data collected by computers connected to FBRM and UV–vis
were sent to a third computer, running the Crystallization Pro-
cess Informatics System (CryPRINS) software (in-house developed
software, available commercially by contacting the corresponding
author) written in LabVIEW. This software is capable of receiv-
ing and sending data through an RS232 interface, by file sharing,
dynamic data exchange (DDE) or using an OPC (OLE – Object Link-

ing and Embedding – for Process Control) server. The CryPRINS
software allows real-time communication with a variety of pro-
cess analytical technology tools (e.g. FBRM, ATR-UV–vis, ATR-FTIR,
Raman, conductivity, turbidity, etc.) introducing the concept of
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ig. 3. Calibration experiment carried out at the saturation temperature of 40 ◦C.

omposite PAT array (CPA), whereby signals from different PAT
ools are combined and used simultaneously to achieve better
nd more robust monitoring and control of the crystallisation sys-
ems. CryPRINS is the first commercially available software system
hich provides automated calibration approaches and implements

 series of advanced model-free crystallization control approaches
e.g. supersaturation control (SSC), ADNC, combined sequential
nd simultaneous SSC-ADNC, in situ seed generation, etc.) with
dvanced temperature tracking and combined cooling/antisolvent
peration modes. It also provides a simplified model-based esti-
ation approach for the prediction of the product crystal size

istribution at the end of the batch, allowing operators to adjust
perating conditions to achieve target product properties. The com-
unication interface offers immediate application of the CryPRINS

t both laboratory and industrial scale, a feature which in combina-
ion with the advanced feedback control based approaches make
ryPRINS an excellent framework as an intelligent decision support
ystem for rapid crystallisation design and scale-up.

Scanning electron microscopy (SEM) was performed using a
uanta 200 ESEM (FEI Co. Ltd, Cambridge, England) in low vacuum
ode, i.e. samples were not coated with gold and examined in the

ative state. A similar setup was used at the company (AstraZeneca)
or initial evaluation of the crystallisation behaviour of the sys-
em and for the investigation of the heuristic temperature cycling
pproach. An in situ Lasentec in-process video PVM700TM micro-
cope (Mettler Toledo, Leicester, UK) was used to monitor crystal
ize and shape changes in the crystal slurries.

. Results and discussion

.1. In situ ATR-UV–vis calibration model development

A calibration model was  developed for concentration determi-
ation using ATR-UV–vis spectroscopy. Calibration experiments
ere performed at three saturation temperatures 20 ◦C, 30 ◦C and

0 ◦C. During these experiments the system was  monitored by
BRM and ATR-UV–vis spectroscopy. The data were recorded at
arious temperatures to include both undersaturated and super-
aturated regions. The temperature, total count/s and absorbance
rofile at 259 nm are shown in Fig. 3. In all calibration experiments
emperature was raised 10 ◦C above the saturation temperature
nd the lower temperature limit was 10 ◦C or until nucleation
ccurred. Clear and cloud points were determined using FBRM
esults accompanied by ATR-UV–vis data. Principal components

egression (PCR) was used to develop a calibration model. PCR
s a well-established multivariate calibration method and uses
rincipal component analysis (PCA) and least squares regression
Brereton, 2003; Keithley et al., 2009; Massart et al., 1998; Næs
Fig. 4. Raw absorbance, first and second derivatives of the AZD7009 comppound at
different concentrations and temperatures.

et al., 2002). Raw absorbance, first and second derivative spectra
of AZD7009 are shown in Fig. 4. To determine which form of spec-
tral pre-processing should be used, PCR models using each spectral
pre-processing were developed. A PCR model using second deriva-
tive with five principal components was selected as it gave the best
results with a root mean square prediction error of less than 3%
between actual and measured concentrations. It should be noted
that the application of partial least squares (PLS) calibration model
has also been investigated and for this particular system, there was
very little difference in the predictions from PCR and PLS. This was
because the main chemical component detectable in the UV  spec-
tral range used for this work was the API, with very minor spectral
contributions from the solvents. Therefore, most of the variance
observed in the spectral data was  very highly correlated to the
concentration of API and the associated temperature effects. Con-
sequently, the primary principal components obtained by the PCA
decomposition step in PCR were all highly correlated to the analyte
concentration and therefore PCR performed as well as PLS using the
same number of factors.

The key difficulties with the crystallization of this compound
were the solvent inclusion and the formation of small agglomerated
particles. The agglomeration was evident by PVM images obtained
by AstraZeneca during the development phase of AZD7009 and
showed that the crystals consisted of agglomerates of needle-
shaped crystals (Fig. 5). Agglomeration has been shown to be a
function of supersaturation, i.e. agglomeration is faster at high
supersaturation and the agglomerates formed become harder to
break up (Simons et al., 2004; Brunsteiner et al., 2005).

Since the product was  not a solvate, it was  hypothesized that
solvent inclusions could be the cause of the DIPE smell. There are

three main ways solvent can be associated with a solid, i.e. on the
surface when it is incompletely dried, as a solvate (or clathrate)
or through liquid inclusions (Zhang and Grant, 2005). As noted by
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Fig. 5. PVM image of AZD7009 agglomerates in the crystallization solvent.
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counts/s are chosen by the user, however statistical control charts
Fig. 6. Type I and Type II solvent inclusions (after Saito et al. (2001).

umas et al. (2002),  there are three types of primary solvent inclu-
ion: (i) small inclusions which arise due to unstable growth, (ii)
hannels of separate inclusions, due to the growth step not being
traight, but globe-like, and (iii) large layers that arise since there
s critical height for a straight step beyond which a layer of solution
s trapped.

Saito et al. (2001) have defined two types of solvent inclusion,
.e. Type I and II (Fig. 6). Type I inclusions are those that are included
ithin the crystal and is the result of unstable growth (Mullin,
001). Type II inclusions, on the other hand, lie between the
gglomerated crystals. Examination of the crystal agglomerates

Fig. 7. SEM images AZD7009 after drying in a vacuum oven (a) hig
f Pharmaceutics 430 (2012) 56– 64 59

by SEM after isolation and drying showed no evidence of Type I
inclusions on the surface of the crystals and hence the cause of the
residual smell of DIPE was thought to be due to Type II inclusions of
the solvent in the agglomerate, i.e. the DIPE was  trapped between
the crystals.

To test the strength of the agglomerates a sample was  placed
on a microscope slide and suspended in silicone oil. This caused
the agglomerates to disperse to some degree and when covered
with a glass slip and sheared slightly they were disrupted even
further. In this respect, they can be classified as ‘soft’ agglomerates,
in contrast to hard agglomerates, which require considerably more
shear to disrupt the cemented crystals (Nichols et al., 2002). Some
agglomerates did remain intact, which yielded a suspension of hard
and soft agglomerates and many primary crystals.

Agglomeration can also occur during the drying process
whereby at the early stages of drying there is solvent in the pores
and spaces between neighbouring crystals. This can give rise to
capillary effects that tend to pull the crystals together and predis-
pose them to agglomeration and solvent inclusion: the tendency to
agglomerate during the drying process will be exacerbated if the
crystal size is small (Lekhal et al., 2004).

SEM was  used to examine the agglomerates in more detail and
Fig. 7(b) shows low (×241) and Fig. 7(a) high magnification (×2394)
SEM images of an agglomerate obtained after drying. The SEMs
showed no evidence of Type I inclusions and hence the cause of the
residual smell of DIPE is most likely due to Type II solvent inclusions.

3.2. Automated direct nucleation control experiments

In order to address the issues of solvent inclusion and obtain
larger AZD7009 crystals, automated direct nucleation control
(ADNC) was applied. ADNC is a model free feedback control
approach using information from FBRM (Saleemi et al., 2012a,b).
Direct nucleation control approach has been shown to generate
larger, uniform crystals with minimal agglomeration (Abu Bakar
et al., 2009a,b; Saleemi et al., 2012a). ADNC is a flexible and sophisti-
cated method of maintaining the number of particles at the desired
level. Apart from selecting the desired target counts, upper and
lower limits for target counts along with temperature limits and
heating/cooling rates can also be specified based on the system
dynamics. The upper and lower limits on the target counts/s are
required to eliminate unnecessary frequent switching between the
cooling and heating phases, and/or account for potential slow drift
in signal due to change in shape of particles. The bounds for the
could be used to provide an alternative way of differentiating noise
in the FBRM measurement from the changes caused by real nucle-
ation/dissolution events (Simon et al., 2010a,b). ADNC varies the

h magnification (×2394) and (b) low magnification (×241).
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large number of small particles resulting in a small change in the
Fig. 8. Schematic working of ADNC approach.

rocess temperature to keep the number of particles at the set-
oint. As a result of these temperature cycles, fines are continuously
issolved whilst maintaining a certain number of counts. Since the
maller crystals have a larger surface area compared to the larger
rystals they will preferentially dissolve on heating. On cooling, the
upersaturation generated by the dissolution of the small crystals
s then deposited on the remaining crystals and hence the average
article size of the crystals in the slurry increases. Schematic work-

ng of the ADNC approach is shown in Fig. 8. The process starts once
omplete dissolution has taken place. Cooling continues until the
nset of nucleation. When the upper limit of the target counts/s

s exceeded the system switches to heating and tries to bring the
BRM counts/s to the setpoint. During the heating phase the oper-
ting curve goes below the solubility curve resulting in dissolution
f crystals. Once the setpoint has been attained the operating curve
eturns again into the supersaturated region. During this phase the
upersaturation generated by the dissolution of the smaller parti-
les is consumed by the crystals present in the slurry resulting in
heir growth. These cycles continue until the process reaches the
etpoint limit along with the target counts.

The effect of these heating/cooling cycles on the crystals is
hown in Fig. 9. Temperature cycling, apart from growth of the
rystals, also assists agglomerate disruption and, consequently any
olvent trapped between the agglomerates will be released. These
esults are in accordance with the literature where it has been
hown that temperature cycling helps in removal of solvent inclu-
ion and increases crystal size (Kim et al., 2003, 2011). Note that
he temperature cycles also help in the elimination of Type I sol-
ent inclusions, since the repeated heating cooling cycles lead to

epeated surface dissolution and regrowth of the faces of the larger
rystals at low supersaturation, yielding the elimination of solvent
olecules incorporated in the crystal structure during growth.

Fig. 9. Effect of temperature cycli
f Pharmaceutics 430 (2012) 56– 64

Unlike typical temperature cycling which is applied by a trial
and error method, ADNC determines automatically the number of
cycles, heating and cooling rates and the moment when switching
between heating and cooling should occur. ADNC can be readily
applied to most crystallisation systems using the CryPRINS soft-
ware. Note that although in principle other sensor that provide
a signal that is a continuous function of the particle concentra-
tion, (e.g. low cost turbidity, or bulk video imaging) can be used
for the implementation of the ANDC approach, the advantage of
the FBRM is that the counts/s signal is relatively independent (or
has a much weaker dependence compared to other sensors) on
the growth of particles. However since the drift in signal due to
growth is generally slower and smaller compared to the changes
due to nucleation/dissolution this disadvantage can be minimized
by appropriate implementation of the ADNC approach, which takes
into account the rate and magnitude of change in the signal to iden-
tify true nucleation/dissolution events (Saleemi et al., 2012a,b). The
ADNC approach exploits the benefits of controlled dissolution to
achieve better product properties, which otherwise can only be
obtained using more complicated model-based control and opti-
misation approaches (Nagy, 2009; Nagy et al., 2011, 2008a,b).

3.3. Comparison between ADNC and linear cooling runs

In order to compare the efficiency of ADNC, an unseeded linear
cooling experiment was also performed. The concentration of the
solute used in these experiments was  0.065 g/g, and the total dura-
tion of the run was  kept the same. The total counts/s, concentration
and temperature profiles for both runs are shown in Fig. 10.

Based on a previous trial run carried out to understand the
dynamics of the process, an ADNC experiment was  conducted
where the target counts were set at 8000 counts/s with upper and
lower limits of ±1000 counts/s. The ADNC approach was initiated
once complete dissolution occurred. Three heating/cooling cycles
(with maximum rates of ±0.2 ◦C/min) were required before the tar-
get counts were reached and the process stabilized at the lower
process temperature limit of 10 ◦C. Variations in total counts/s
and concentration profiles as a result of temperature cycling gen-
erated by ADNC can be seen in Fig. 10(a). In the case of linear
cooling, the total counts/s remained approximately constant after
nucleation took place until the end (Fig. 10(b)). The onset of nucle-
ation occurred at high supersaturation therefore a large number
of small nuclei were generated and the supersaturation decreased
close to the equilibrium concentration. Further cooling the sys-
tem at a slow rate (0.03 ◦C/min) kept the supersaturation at very
small values ensuring that the system was  growth dominated.
The concentration can be seen to be constantly decreasing, since
the supersaturation was used up by the generation of a very
square weighted chord length distribution (SWCLD) of the crystals
(Fig. 11(a)). For the linear run SWCLD indicates very small growth
throughout the run (Fig. 11(b)). SWCLD can be used qualitatively

ng on a crystal suspension.
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Fig. 11. Square weighted chord length distribution (SWCLD) for the (a) ADNC run
and  (b) linear cooling run.
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o indicate any changes in crystal size because of agglomeration or
rowth.

The SWCLD for the ADNC run indicates significant growth in the
ystem as can be seen by the shift in the distribution towards a
arger chord length. The difference in SWCLD for both profiles can
e clearly seen in Fig. 12(a). In addition, the evolution of square
eighted mean chord length (SWMCL) shows continuous growth
uring ADNC run, whereas the profile for the linear run indicates
uch less growth in the system.
Whilst for the implementation of the ADNC approach concentra-

ion measurement is not required, using the calibrated ATR-UV–vis
pectroscope to monitor the process allows evaluation of the ADNC
perating curve in the phase diagram providing a better under-
tanding of the crystallization process. The data collected during the
DNC run starting from the completely dissolved solution when the
DNC was started is shown in Fig. 13.  As shown previously, three
eating/cooling cycles were required to produce the large crystals.
he figure also illustrates that during the heating phases the con-
entration consistently moves along the same operating line, which
orresponds closely to the solubility curve of the compound. Hence
uring the ADNC cycles the solubility curve is also automatically
etermined in situ. This ability to determine the solubility curve is
elpful in case there is a shift because of, e.g. the presence of impu-
ities or as a result of different crystal size. The ADNC approach
lso automatically adjusts the operating curve to the changes in
he nucleation curve. As illustrated in Fig. 13,  the first (primary)

ucleation occurs at a higher supersaturation, yielding to a larger
issolution cycle, whereas the second and third cycles occur at
uch lower supersaturation values since solid is already present

Fig. 12. (a) Comparison of the SWCLD for the ADNC and linear runs at the end of
the batch and (b) evolution of SWMCL for the ADNC and linear runs.
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Fig. 13. Phase diagram for the ADNC run.

n the system. These results demonstrate the completely adaptive
eature of the ADNC approach.

Similar, albeit uncontrolled temperature cycling experiments
ere initially performed at the company to eliminate the problems

elated to agglomeration and solvent inclusion.
After several trial-and-error experimental optimisations of the

ipening conditions and economic evaluation based on operating
osts, three temperature cycles (similar to the ADNC experiment)
nd a batch time of approximately 9 h were confirmed as the
ptimal operating conditions. The PVM images recorded during

he three temperature cycles demonstrate that the cycles rectified
gglomeration, as shown in Fig. 14.  These images show that
gglomerated crystals were obtained after the onset of primary
ucleation, but as the process proceeded the dissolution steps

Fig. 14. PVM images showing growth and de-agglomeration of crysta
f Pharmaceutics 430 (2012) 56– 64

during the temperature cycling dissolves the bonds between
the particles and eliminates the agglomerates. At the same time
crystals also increased considerably in size. The DNC  approach
determined completely automatically that three cycles are needed
to obtain the best crystal quality, resulting in a batch time of
approximately 9 h, results which coincide with the optimal num-
ber of cycles and batch time determined within the company based
on economic considerations and trial-and-error optimisation.

In case of the linear cooling experiment the crystals remained in
agglomerated form throughout the process. The crystals obtained
from the ADNC run when analysed showed negligible amount of
DIPE.

Optical microscopy and SEM images of the product from both
batches are significantly different as shown in Figs. 15 and 16.  The
crystals from ADNC batch are larger, with well-defined shapes, with
less breakage and agglomeration. The product obtained from the
linear run mainly consists of small broken crystals with large lumps
of aggregated particles. Experimental investigation demonstrated
that larger crystals of the API have better flow and compression
characteristics; hence the application of the ADNC in addition to
eliminating problems related to solvent inclusion can yield bet-
ter tablets. Some preliminary seeding experiments (40 ◦C) were
also undertaken and found to be viable alternative to temper-
ature cycling to avoiding crystallization induced agglomeration.
However, with respect to seeding, Ressler (1997) has noted that
seeding could create significant amounts of paperwork and, there-
fore, inconvenience to production personnel since records must be
maintained so that seed material can be traced to origin to com-

ply with current good manufacturing processes (cGMP) practice.
Additionally, the production of seed with consistent quality is often
difficult and the variation in the seeds can translate into large vari-
ability in the product properties. In contrast, the ADNC approach

ls during the three cycles of a temperature cycling experiment.
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Fig. 15. Product images obtained at the end of the ADNC run (a) optical microscope image (b) SEM image (scale bar equals 20 �m).
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Fig. 16. Product images obtained at the end of the linear cooling ru

an produce in situ consistent seed and react to any change in the
uality of the seed, shift in metastable zone, or other process dis-
urbances such as accidental seeding, from crust formed on the wall
Mersmann, 1988; Saleemi et al., 2012a).

. Conclusions

The automated direct nucleation control (ADNC) approach has
een shown as a successful crystallization control method which
as able to produce large, high quality crystals of the cardiovascular
rug, AZD7009, eliminating production problems due to agglom-
ration and hence solvent inclusion. The effects of the automated
emperature cycles were to de-agglomerate the particles, thus
liminate solvent inclusion (reducing the residual smell of di-iso-
ropylether) and to promote growth, yielding crystals with better
ow and compression characteristics. The ADNC control approach

s completely automated, hence it is much easier to implement
han a trial and error based temperature cycling method. A direct
omparison with linear cooling profile showed that the ADNC
pproach resulted in product of superior quality in terms of
rystal size distribution, and agglomeration, which can provide
etter final product characteristics when making extended release
ablets.
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