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Abstract. We developed a novel process, “controlled crystallization during freeze-drying” to produce
drug nanocrystals of poorly water-soluble drugs. This process involves freeze-drying at a relatively high
temperature of a drug and a matrix material from a mixture of tertiary butyl alcohol and water, resulting
in drug nanocrystals incorporated in a matrix. The aim of this study was to elucidate the mechanisms that
determine the size of the drug crystals. Fenofibrate was used as a model lipophilic drug. To monitor the
crystallization during freeze-drying, a Raman probe was placed just above the sample in the freeze-dryer.
These in-line Raman spectroscopy measurements clearly revealed when the different components
crystallized during freeze-drying. The solvents crystallized only during the freezing step, while the solutes
only crystallized after the temperature was increased, but before drying started. Although the solutes
crystallized only after the freezing step, both the freezing rate and the shelf temperature were critical
parameters that determined the final crystal size. At a higher freezing rate, smaller interstitial spaces
containing the freeze-concentrated fraction were formed, resulting in smaller drug crystals (based on
dissolution data). On the other hand, when the solutes crystallized at a lower shelf temperature, the
degree of supersaturation is higher, resulting in a higher nucleation rate and consequently more and
therefore smaller crystals. In conclusion, for the model drug fenofibrate, a high freezing rate and a
relatively low crystallization temperature resulted in the smallest crystals and therefore the highest

dissolution rate.

KEY WORDS: dissolution; fenofibrate; nanocrystal; poorly water-soluble drug; raman spectroscopy.

INTRODUCTION

Many newly developed drugs are categorized as class 11
drugs according to the Biopharmaceutics Classification System
(1). These drugs have a low solubility in water, but once
dissolved, they are easily absorbed over the gastro-intestinal
membrane (2,3). For many of these drugs, the dissolution rate is
the rate-limiting step for absorption. Therefore, the bioavail-
ability can be improved by increasing the dissolution rate (4).
One strategy for increasing the dissolution rate is the application
of drug nanocrystals (5-8). The dissolution rate of nanocrystals
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is increased by their increased surface area (Noyes—Whitney
equation) (9), the decreased thickness of the diffusion boundary
layer (10), and the increased saturation concentration around
the small particles (Kelvin’s law) (11).

Current methods to prepare drug nanocrystals can be
divided into top-down and bottom-up methods. Most currently
used top-down methods are high-pressure homogenization (12)
and wet-ball milling (13). Disadvantages of these methods
include the use of surfactants, the difficulty of achieving a
uniform size distribution, low yields, and possible contamination
from grinding media (14-16). For currently used bottom-up
methods, disadvantages include the use of toxic solvents and the
difficulty of adequately controlling the particle size (16,17).

To overcome these disadvantages, we developed a novel
bottom-up process to produce drug nanocrystals: controlled
crystallization during freeze-drying (CCDF) (18). Briefly, this
method consisted of the following steps. Firstly, two solutions
are prepared: one is a solution of the poorly water-soluble drug
in tertiary butyl alcohol (TBA) and the other is a solution of a
matrix material in water. These solutions are mixed, frozen, and
then freeze-dried. Freeze-drying is performed at a relatively
high temperature to allow both the drug and the matrix to
crystallize. By using this process, nanocrystalline dispersions
with improved dissolution behavior were obtained.
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When we developed this process, we found that the
size of the nanocrystals was affected by the process
conditions, such as the freezing rate. However, it was not
clear during which stage of the process the solutes crystallized
and how the freezing rate caused its effect on the crystal size.
Since the mixture is thermodynamically unstable, the drug and
the matrix could crystallize (1) during freezing, (2) after freezing
at a temperature above the temperature of the maximally freeze-
concentrated fraction (7}'), or (3) during drying. Knowledge on
when and how crystallization occurs can help to elucidate the
mechanisms through which parameters such as freezing rate
affect the final size of the crystals. Crystallization processes can
be monitored with Raman spectroscopy. The effects of the
process conditions on the drug particle size could be elucidated if
the crystallization of both the solvents and the solutes could be
monitored during the freeze-drying process.

The aim of the study was to elucidate the mechanisms
that determine the size of the drug crystals formed during
freeze-drying. Thereto, in-line Raman spectroscopy was used
as process analytical tool. Since Raman spectroscopy is a fast,
non-invasive technique, it offers the opportunity to monitor
physical changes of the formulation during freeze-drying. One
of the advantages of Raman spectroscopy is that Raman
spectra show sharp peaks by which individual components
generally do not overlap each other. This makes it relatively
easy to determine which component crystallizes at which
stage during the process (19).

In this study, a Raman probe was placed immediately
above the sample in the freeze-drier (as described by De Beer
et al. (20)). By using this in-line method, the crystallization of
the four components (a model drug, matrix, TBA, and water)
during the process could be monitored. The different stages
during the CCDF-process (freezing, increase in temperature,
and drying) were separated from each other and prolonged to
ensure that the complete phase changes during each stage
were measured. In addition, two process conditions, the
freezing rate and the temperature of the freeze-dryer shelf,
were varied. Monitoring the crystallization process yields
insight into the moment and length of the crystallization of
the different components, while varying the process condi-
tions reveals which factors influence the model drug crystal
size and therefore the dissolution rate. Fenofibrate and
mannitol were used as the model drug and the matrix
material, respectively.

MATERIALS AND METHODS
Materials
Fenofibrate and TBA were obtained from Sigma-Aldrich

Chemie B.V. Zwijndrecht, The Netherlands. Mannitol was
purchased from VWR international (Fontenay sous Bois, France).

Methods
Preparation of the Crystalline Dispersions

Crystallized dispersions were prepared similar to the
method described previously (18). Briefly, the drug, fenofi-
brate, was dissolved in TBA (25 mg/ml) and the matrix
material, mannitol, in water (31 mg/ml). The solutions were
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heated to approximately 60°C and 2.4 ml of the aqueous
solution was mixed with 1.6 ml of the TBA solution. After
mixing, the vials were frozen. Two freezing rates were used:
immediately freezing the vials on a pre-cooled (—50°C)
freeze-dryer shelf (cooling rate of the sample approximately
2.5°C/min); and freezing at 1°C/min by placing the vial on the
shelf at 20°C and cooling the shelf to —50°C at a rate of 1°C/min
(cooling rate of the sample approximately 0.8°C/min). In both
cases, the temperature of —50°C was maintained for 2 h. The
temperature of the shelf was then increased to either —25°C or
—15°C in 30 min and this temperature was maintained for
another 7 h. Next, sublimation of the solvents was initiated by
decreasing the pressure to 0.8-1.0 mbar in 20 min and the
samples were dried for 30 h (see Table I). The temperature of
the shelf was then gradually (2 h) raised to room temperature.
Finally, the freeze-dryer (Amsco-Finn Aqua GT4 freeze-dryer)
was emptied and the samples, having a drug load of 35% w/w,
were stored in a vacuum desiccator over silica gel for at least
1 day before further processing.

In-Line Raman Spectroscopy

A non-contact probe coupled to a RamanRxnl spec-
trometer (Kaiser Optical Systems, Ann Arbor, Michigan,
USA) via a glass fiber optic cable, was placed immediately
above a vial inside the freeze-dryer. The spectrometer was
equipped with an air-cooled CCD detector (back-illuminated
deep depletion design). The laser wavelength was the 785-nm
line from a 785 Invictus NIR diode laser. Spectra were
collected every minute during freeze-drying and the exposure
time was 30 s. All spectra were recorded at a resolution of
4 cm™! using a laser power of 400 mW. The HoloREACT
reaction analysis and profiling software package, the Matlab
Software package (version 6.5), and the Grams/Al-
PLSplusIQ software package (version 7.02) were used for
data-collection, -transfer, and -analysis. Spectra were
preprocessed by baseline correction (Pearson’s method).

Differential Scanning Calorimetry

The degree of crystallinity (defined as the ratio between the
heat of fusion of the drug or carrier in the solid dispersion and
the heat of fusion of the drug or carrier as received multiplied by
the fraction drug or carrier in the mixture) of fenofibrate and
mannitol in the crystallized dispersions was determined by
differential scanning calorimetry (DSC). Hermetically closed
aluminum pans were filled with 2-8 mg of the sample and heated
at 2°C/min, from —50 to 200°C in the scanning calorimeter
(Q2000, TA Instruments, Ghent, Belgium).

X-ray Powder Diffraction

X-ray powder diffraction (XRPD) was used to determine
the crystallinity and identify the polymorphic forms of both
solutes. Therefore a CuKa radiation with a wavelength of
1.5405 A at 40 kV and 40 mA from an X'Pert PRO MPD
diffractometer (PANalytical, Almelo, The Netherlands) was
used. The sample powders were placed on a zero-background
silicon holder (diameter, 32 mm; thickness, 2 mm) and
scanned from 4-60° 20 with a step size of 0.008° and a time
per step of 35 s.



Elucidation of the Mechanism of Crystallization

571

Table I. Description of the Process and its Variables to Crystallize and Freeze-Dry the Water/TBA Mixtures

Step Temperature (°C) Length of step (h) Pressure (mBar)
1. Freezing Variable 1 1000
=50 2 1,000
2. Ramping to 7" Variable 2 0.5 1,000
3. Crystallization Variable 2 7 1,000
4. Drying Variable 2 30 0.8-1.0
5. Ramping to T¢pq 20 2 0.8-1.0
20 1 0.8-1.0
6. Emptying 20 - 1000
Process Variable 1: freezing rate Variable 2: T."
1. (Slow; —25°C) From 20 to —50°C at 1°C/min —25°C
2. (Slow; —15°C) From 20 to —50°C at 1°C/min —-15°C
3. (Fast; =25°C) Vial on pre-cooled shelf (—50°C); -25°C
4. (Fast; —15°C) Vial on pre-cooled shelf (=50°C) -15°C

“ T, crystallization temperature
Tabletting

The obtained powders were compressed to 9-mm
tablets of 100 mg on a ESH compaction apparatus (Hydro
Mooi, Appingedam, The Netherlands). The compaction
rate was 5 kN/s to a maximum compaction load of 5 kN.
The tablets were stored in a vacuum desiccator over silica
gel at room temperature for at least 1 day before further
processing.

Dissolution

The dissolution rate of fenofibrate from these tablets was
tested in a USP dissolution apparatus II, Rowa Techniek.
Dissolution was performed in 1 L of a 0.5% w/v sodium
dodecyl sulfate solution at 37°C; the paddle speed was
100 rpm. The concentration of fenofibrate was measured
spectrophotometrically (UV-VIS spectrophotometer UV-
1601, Shimadzu) at a wavelength of 290 nm.

RESULTS
Physicochemical Characterization of the Dispersions

The physical properties of the obtained freeze-dried
product were determined by both DSC and XRPD. The
DSC thermograms of all four dispersions showed melting
peaks corresponding to crystalline fenofibrate and crystalline
mannitol. Mannitol exists as three anhydrous polymorphs
whose melting points differ only slightly (166.5, 166, and 155°C
for the a-, -, and &-polymorphs, respectively (21)). Therefore,
DSC is not the most suitable method to identify which
polymorph has been formed. The XRPD patterns showed that
all samples contained only the &-polymorph (Fig. 1).
Although the pure mannitol as received did not consist of
6-mannitol, DSC can be used to determine the degree of
crystallinity of mannitol since the melting enthalpies of a-,
B-, and &-mannitol are also similar (21). Fenofibrate and
mannitol in all four dispersions were highly crystalline and
had a similar degree of crystallinity (96-102% for fenofi-
brate and 92-95% for mannitol; Table IT).

In-Line Raman Spectroscopy

Each crystalline component had a characteristic peak
that did not overlap with characteristic peaks of any of the
other components (Fig. 2). The characteristic peak used for

a
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Fig. 1. a X-ray diffraction patterns of fenofibrate as received, a-, p-,
and 6-mannitol and b the controlled crystallized dispersions contain-
ing 35% w/w fenofibrate in mannitol (patterns of the mannitol
polymorphs were taken from the ICDD-library)



572

Table II. Degree of Crystallinity of both Drug and Matrix (Mean=+
Standard Deviation; n=3)

Degree of crystallinity

Process Fenofibrate Mannitol
1. (Slow; —25°C) 102.3+0.8 91.9+0.2
2. (Slow; —15°C) 99.5+0.6 92.5+0.6
3. (Fast; —25°C) 96.4+2.2 95.1+1.2
4. (Fast; —15°C) 100.2+1.2 91.5+2.1

fenofibrate was at 1580-1610 cm ™!, for mannitol at 865-895 cm ™!,
for TBA at 725-763 cm ™', and for water at 208-226 cm ' (22-24).
Since these peaks can be clearly distinguished from each other, it
is possible to use in-line Raman spectroscopy to monitor the
crystallization of the individual components. To determine when
crystallization of fenofibrate, 6-mannitol, and water started and
ended, the peak intensity of each individual characteristic peak
was determined. An increase in peak intensity indicates the start
of crystallization. The peak intensity of the TBA peak cannot be
used for the determination of the start and end of the TBA
crystallization, since liquid TBA already shows a peak with a
high intensity. Therefore, the width of the TBA peak was used to
determine the crystallization of TBA. A narrowing of the peak
indicates the start of the crystallization of TBA (25).
Furthermore, it should be mentioned that Raman spectroscopy
only allows to measure the surface of the sample.

The intensity of the water peak increased and the width
of the TBA peak decreased during the freezing stage of
process 1 (Fig. 3), corresponding to the crystallization of the
solvents. The intensity of the fenofibrate peak decreased
slightly due to the decrease in temperature and the peak of
crystalline mannitol was not detected during this stage of the
CCDF-process. Thus, only the solvents and not the solutes
crystallized during the freezing stage. After approximately
80 min, the intensity of the solvent peaks did not change
anymore, indicating that almost all solvent had crystallized.
At this point during the CCDF-process, the system consisted

Mannitol Fenofibrate

Intensity (arbitrary units)

TBA

T T T

0 500 1000 1500
Raman shift (cm™)

2000

Fig. 2. Raman spectrum of the sample during freeze-drying it
according to process 1 after 500 min. The peaks used to determine
the intensities of the individual components are encircled
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Fig. 3. The intensities of fenofibrate (1,580-1,610 cmfl), mannitol
(865-895 cm '), and water (208-226 cm ') peaks and the peak width
of TBA (725-763 cm™') during the first 1,000 min of process 1.
During this process the freeze-drier shelf was cooled during the first
70 min from 20°C to —50°C, then the temperature was kept constant
at —50°C for 120 min, then the temperature of the freeze-drier shelf
was increased to —25°C in 30 min and kept constant for 420 min.
Finally, the pressure was decreased to 0.8-1.0 mBar to dry the
samples

of crystalline water (ice), crystalline TBA, and a vitrified
freeze-concentrated solution of fenofibrate and mannitol in a
mixture of water and TBA.

After the temperature was increased to —25°C, the
intensity of the peaks corresponding to both fenofibrate and
mannitol increased. Indicating that the solutes crystallized at
this stage. Since the intensities did not change any further
after approximately 460 and 480 min for fenofibrate and
mannitol, respectively (Table III), which was well before the
vacuum was applied (after 640 min), these data show that
fenofibrate and mannitol crystallized completely before the
drying step started. After 650 min the width of the TBA peak
increased and the intensity of the water peak decreased,
indicating that sublimation started immediately after the
pressure was decreased. Due to the sublimation of the solvents,
the concentration of the solutes, and therefore the intensities of
the solute peaks, increased. After 1,144 and 980 min the peaks of
TBA and water, respectively, disappeared. Since only the
surface of the sample can be measured by Raman spectroscopy,
this indicates that the top of the sample was dried in
approximately 8.5 h. To end with a completely dry crystalline
dispersion, the total drying time used was 30 h.

The solutes and solvents of the other three processes
crystallized at the same stages of the freeze-drying process as
found for process 1 (Table III; note that step 2 of processes 3
and 4 start 70 min earlier than step 2 of process 1 and 2, due
to the different freezing rate). The solvent crystallized upon
cooling, while crystallization of the solutes was not observed
at this stage. The solutes crystallized after the temperature
had been increased to —25°C (processes 1 and 3) or —15°C
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Table III. Summary of the Average Time at which the Crystallization of Each Individual Component Starts and Ends
Crystallization times (min)
Process 1 Process 2 Process 3 Process 4
Start End Start End Start End Start End
Fenofibrate 291 461 273 353 243 439 207 307
Mannitol 237 480 231 379 222 475 199 314
TBA 59 75 44 67 15 30 14 25
Water 71 80 63 68 19 33 21 26

(processes 2 and 4). Even if the mixture was cooled at a rate
of at least 1°C/min, the solutes did not crystallize during
freezing, but only after the temperature was increased. Since
the intensity of the solute peaks reached a constant value
before the vacuum was applied, the solutes indeed crystal-
lized only during the time between freezing and drying.

Dissolution

As expected from earlier studies (18,26), the dissolution
rate of samples that were made by rapid freezing (vials placed
on a pre-cooled freeze-dryer shelf) was higher than the
dissolution rate of samples that were frozen more slowly
(at 1°C/min; see Fig. 4). Furthermore, a relatively low shelf
temperature during the crystallization stage (—25°C) resulted
in faster dissolution than a relatively high shelf temperature
(-15°C). Between the samples that were crystallized at a
relatively low temperature, the effect of the freezing rate on
the dissolution behavior is negligible, indicating that crystal-
lization at a lower temperature could diminish the effect of
the freezing rate. Since all samples had a similar degree of
crystallinity and consisted of the same polymorphic forms,
differences in dissolution rate can be attributed to differences
in crystal size (18,26). Thus, both the rate of freezing and the
temperature at which crystallization occurs influence the final
particle size. Based on the dissolution data, we conclude that
a higher freezing rate and a lower temperature at which the
solutes crystallized, resulted in smaller drug crystals.

DISCUSSION

In this study, we clearly elucidated the mechanism of
crystallization during the CCDF-process. The in-line Raman
spectroscopy measurements showed that the solvents and the
solutes crystallized at different steps during the CCDF-
process. During the freezing step, the solvents crystallize.
Due to the crystallization of the solvents, the remaining
solution becomes more concentrated. Since the remaining
solution (containing fenofibrate, mannitol, TBA, and water)
is thermodynamically unstable, the solutes can start to
crystallize as well. However, if the freezing occurs rapidly,
and if the system is cooled to a temperature well below the
T,’, the mobility is strongly reduced and a rigid glass is formed.
Due to the strongly reduced mobility neither the solvents nor
the solutes can crystallize in the freeze-concentrated fraction.
The in-line Raman data show that the solutes did not crystallize
at the freezing stage of the CCDF-process. Thus, the freezing
rate (even at 1°C/min) is apparently fast enough to prevent

crystallization of the solutes during freezing and the reached
temperature of —50°C is well below the T'.

After step 2, when the temperature was increased to
either —25°C or —15°C, the solutes crystallized and the
crystallization was finished before the next step, drying, was
started. The T,’ of the solutes could not be properly
measured in this complex system by DSC (data not shown),
but since the solutes crystallized at these temperatures, the
temperature of the system was apparently above the 7,'. At
temperatures below the 7,/, the freeze-concentrated fraction
is glassy and the solutes cannot crystallize.

Although the solutes crystallized solely during the step
after the freezing step, not only the crystallization temperature,
but also the freezing rate determined the particle size of the
powder. Therefore, we conclude that two phenomena play a
role in the formation and growth of the crystals during CCDF.

The first process variable that determines the final crystal
size was the freezing rate. A higher freezing rate resulted in
smaller crystals. This effect was already shown in an earlier
study, in which we also speculated about different mecha-
nisms that could determine the drug crystal size (18). Since
we have shown in this study that both the drug and the matrix
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Fig. 4. Dissolution profiles of tablets composed of a physical mixture
(m) and controlled crystallized dispersions of 35% w/w fenofibrate in
mannitol. Controlled crystallized dispersions were prepared by slow
freezing (closed symbols) or fast freezing (open symbols) and a low
(—25°C) crystallization temperature (circles) or a high (-15°C)
crystallization temperature (triangles). Process 1 corresponds to (@),
process 2 corresponds to (A), process 3 corresponds to (O), and
process 4 corresponds to (A) (n=3-6; mean=standard deviation)
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crystallized after freezing, we conclude that the size of the
solvent crystals determines the final solute crystal size. A
higher freezing rate results in smaller solvent crystals (27) and
consequently smaller interstitial spaces, containing the freeze-
concentrated fraction, between the solvent crystals. Since the
solutes crystallized in the freeze-concentrated fraction, the
size of the interstitial spaces limits the final size of the solute
crystals. Thus, a high freezing rate results in smaller solvent
crystals and therefore smaller interstitial spaces and conse-
quently smaller solute crystals.

The second process variable that determines the crystal
size is the shelf temperature. We found that a lower shelf
temperature during crystallization (—25°C vs. —15°C) resulted
in smaller crystals. At a lower shelf temperature, the degree
of supersaturation is higher, resulting in a higher nucleation
rate (28). Since the formation of new nuclei and crystal
growth are two competing processes (29), a higher nucleation
rate results in more nuclei and consequently in smaller
crystals. Thus, although the size of the interstitial spaces
(controlled by the freezing rate) determines the maximum
particle size, the crystal size is also determined by the balance
between the formation of new nuclei and crystal growth
(controlled by the shelf temperature).

CONCLUSION

In this study, we revealed during which stages of the
CCDF-process the solvents as well as the solutes crystallized.
Based on this, we identified the critical steps for crystal
formation for the model drug fenofibrate during freeze-
drying. CCDF consists of three successive steps: freezing,
increasing the temperature, and drying. The in-line Raman
measurements showed that the first two steps, the freezing
step and the crystallization step are critical steps that
determine the final size of the fenofibrate crystals. When the
mixture was frozen more rapidly, the interstitial spaces
between the solvent crystals are smaller and because the size
of the solute crystals is limited by the size of the interstitial
spaces, smaller fenofibrate crystals are formed. When the
solutes crystallize at a lower shelf temperature, the degree of
supersaturation in the freeze-concentrated fraction is higher.
A higher degree of supersaturation (as caused by lower
crystallization temperatures) results in a higher nucleation
rate and consequently more and therefore smaller fenofibrate
crystals are formed. The combination of a high freezing rate
and a relative low crystallization temperature results in the
smallest fenofibrate crystals and consequently a higher
dissolution rate. Furthermore, these results show that the
fenofibrate crystal size can be controlled by choosing the
appropriate freezing rate and shelf temperature. Further
studies are necessary to prove whether the critical steps as
defined in this study and the mechanism of crystal formation
are generally applicable to other lipophilic drugs.

ACKNOWLEDGMENTS

This research was performed within the framework of
project T5-105 of the Dutch Top Institute Pharma. The
authors would like to thank P. Pfaffenbach (Solvay Infra
Bad Honningen GmbH, Hannover, Germany) for his assis-
tance on XRPD analysis.

de Waard et al.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which
permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are
credited.

REFERENCES

1. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Exper-
imental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv
Drug Deliv Rev. 2001;46:3-26.

2. Lobenberg R, Amidon GL. Modern bioavailability, bioequiva-
lence and biopharmaceutics classification system. New scientific
approaches to international regulatory standards. Eur J Pharm
Biopharm. 2000;50:3-12.

3. Amidon GL, Lennernas H, Shah VP, Crison JR. A theoretical
basis for a biopharmaceutic drug classification: the correlation of
in vitro drug product dissolution and in vivo bioavailability.
Pharm Res. 1995;12:413-20.

4. Curatolo W. Physical chemical properties of oral drug candidates
in the discovery and exploratory development settings. Pharm
Sci Technol Today. 1998;1:387-93.

5. Jinno J, Kamada N, Miyake M, Yamada K, Mukai T, Odomi M,
et al. Effect of particle size reduction on dissolution and oral
absorption of a poorly water-soluble drug, cilostazol, in beagle
dogs. J Control Release. 2006;111:56-64.

6. Hu J, Johnston KP, Williams 3rd RO. Nanoparticle engineering
processes for enhancing the dissolution rates of poorly water
soluble drugs. Drug Dev Ind Pharm. 2004;30:233-45.

7. Moschwitzer J, Miiller RH. New method for the effective
production of ultrafine drug nanocrystals. J Nanosci Nano-
technol. 2006;6:3145-53.

8. Blagden N, Matas MD, Gavan PT, York P. Crystal engineering
of active pharmaceutical ingredients to improve solubility and
dissolution rates. Adv Drug Deliv Rev. 2007;57:617-30.

9. Noyes AA, Whitney WR. The rate of solution of solid
substances in their own solutions. J Am Chem Soc. 1897;19:
930-4.

10. Bisrat M, Nystrom C. Physicochemical aspects of drug release.
VIII. The relation between particle size and surface specific
dissolution rate in agitated suspensions. Int J Pharm. 1988;47:
223-31.

11. Hou D, Xie C, Huang K, Zhu C. The production and character-
istics of solid lipid nanoparticles (SLNs). Biomaterials. 2003;24:
1781-5.

12. Miiller RH, Peters K. Nanosuspensions for the formulation of
poorly soluble drugs: I. Preparation by a size-reduction techni-
que. Int J Pharm. 1998;160:229-37.

13. Merisko-Liversidge E, Liversidge GG, Cooper ER. Nanosizing:
a formulation approach for poorly-water-soluble compounds.
Eur J Pharm Sci. 2003;18:113-20.

14. Keck CM, Muller RH. Drug nanocrystals of poorly soluble drugs
produced by high pressure homogenisation. Eur J Pharm
Biopharm. 2006;62:3-16.

15. Sarkari M, Brown J, Chen X, Swinnea S, Williams RO,
Johnston KP. Enhanced drug dissolution using evaporative
precipitation into aqueous solution. Int J Pharm. 2002;243:
17-31.

16. Shekunov BY, Chattopadhyay P, Seitzinger J, Huff R. Nano-
particles of poorly water-soluble drugs prepared by supercritical
fluid extraction of emulsions. Pharm Res. 2006;23:196-204.

17. Kipp JE. The role of solid nanoparticle technology in the
parenteral delivery of poorly water-soluble drugs. Int J Pharm.
2004;284:109-22.

18. de Waard H, Hinrichs WLJ, Frijlink HW. A novel bottom-up
process to produce drug nanocrystals: controlled crystallization
during freeze drying. J Control Release. 2008;128:179-83.

19. De Beer TRM, Baeyens WRG, Heyden YV, Remon JP, Vervaet
C, Verpoort F. Influence of particle size on the quantitative



Elucidation of the Mechanism of Crystallization

20.

21.

22.

23.

24.

determination of salicylic acid in a pharmaceutical ointment
using FT-Raman spectroscopy. Eur J Pharm Sci. 2007;30:229-35.
De Beer TRM, Alleso M, Goethals F, Coppens A, Vander
Heyden Y, Lopez De Diego H, et al. Implementation of a process
analytical technology system in a freeze-drying process using
raman spectroscopy for in-line process monitoring. Anal Chem.
2007;79:7992-8003.

Burger A, Henck JO, Hetz S, Rollinger JM, Weissnicht AA,
Stottner H. Energy/temperature diagram and compression
behavior of the polymorphs of D-mannitol. J Pharm Sci. 2000;
89:457-68.

D'Arrigo G, Maisano G, Mallamace F, Migliardo P, Wanderlingh
F. Raman scattering and structure of normal and supercooled
water. J] Chem Phys. 1981;75:4264-70.

Taylor LS, York P, Williams AC, Mehta V. Characterization
of frozen glucose solutions. Pharm Dev Technol. 1997;2:
395-402.

Romero-Torres S, Wikstrom H, Grant ER, Taylor LS. Monitoring
of mannitol phase behavior during freeze-drying using non-

25.

26.

217.

28.

29.

575

invasive raman spectroscopy. PDA J Pharm Sci Technol. 2007;61:
131-45.

McCreery RL. Raman spectroscopy for chemical analysis. 1st ed.
New York: Wiley-Interscience; 2000.

de Waard H, Grasmeijer N, Hinrichs WLJ, Eissens AC,
Pfaffenbach PPF, Frijlink HW. Preparation of drug nanocrystals
by controlled crystallization: application of a 3-way nozzle to
prevent premature crystallization for large scale production. Eur
J Pharm Sci. 2009;38:224-9.

Pikal MJ. Freeze drying. In: Swarbrick J, editor. Encyclopedia of
pharmaceutical technology. New York: Informa Healthcare
USA, Inc.

Rodriguez-Hornedo N, Kelly RC, Sinclair BD, Miller JM.
Crystallization: general principles and significance on product
development. In: Swarbrick J, editor. Encyclopedia of pharma-
ceutical technology. New York: Informa healthcare USA, Inc.
Qian F, Tao J, Desikan S, Hussain M, Smith RL. Mechanistic
investigation of pluronic(R) based nano-crystalline drug-polymer
solid dispersions. Pharm Res. 2007;24:1551-60.



	Controlled...
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Methods
	Preparation of the Crystalline Dispersions
	In-Line Raman Spectroscopy
	Differential Scanning Calorimetry
	X-ray Powder Diffraction
	Tabletting
	Dissolution


	RESULTS
	Physicochemical Characterization of the Dispersions
	In-Line Raman Spectroscopy
	Dissolution

	DISCUSSION
	CONCLUSION
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


