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Abstract
Heidarian Höckerfelt, M. 2015. On the chemical and processing stability of pharmaceutical
solids. Solid form dependent water presenting capacity and process induced solid form
transformation. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty
of Pharmacy 203. 57 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9325-7.

There is a need for improving our knowledge and understanding about formation mechanisms
and nature of amorphous state in order to prevent the unintended presence of disorder in solid
pharmaceutical products and reduce the related stability issues. The suggested theory that water
binding capacity of amorphous cellulose affects the chemical stability of hydrolysis sensitive
drugs in formulations with cellulose based excipients needs a clarification and water-cellulose
interaction profiles need to be examined.  This thesis has addressed these questions.

Chemical, mechanical and thermal methods have been used to create partially or
predominantly amorphous solids. Mechanisms and the pathways for transformation to
amorphous phase and the characteristic qualities of this phase is studied in order to give some
tools to predict, to control or prevent the creation of disorder in a crystalline structure. The water
interaction with amorphous pharmaceutical materials has been studied to improve stability of
hydrolysis sensitive drugs.

The transition to amorphous state during handling of pharmaceutical material, referred to
as mechanical activation in processes like blending, mixing and compression is substantially
a consequence of vitrification. The process is described as creation of hot spots where friction
caused by particle sliding raise the temperature above the melting point of the material. The fast
cooling process promotes creation of a local disordered molecular arrangement. It is possible to
decrease the degree of amorphisation and undesired stability problems by reducing the friction
and inhibit the creation of crystal defects during processing.

The glass-forming propensity is an inherent material characteristic related to molecular size
and structure and is not process dependent. Molecules with a couple of aromatic rings are
often poor glass-formers. Less symmetrical, branched molecular structures with presence of
electronegative atoms are more readily transformed to and exist in amorphous state when
handled and stored at temperatures below their glass transition temperature.

The interaction profile of cellulose with water is strongly dependent on solid state structure
of cellulose. Crystallinity is the key parameter in water presenting capacity of cellulose.
Amorphous regions have a capacity to bind the water and decrease water mobility and in that
way reduce cellulose water presenting capacity despite higher moisture content in partially
amorphous cellulose compared to crystalline cellulose. The fact that higher amorphous content
decreases cellulose water presenting capacity is a promising lead to improve stability of
hydrolysis sensitive drugs in compositions with cellulose. This knowledge could be applicable
to other pharmaceutical materials as the differences between crystalline and amorphous states
of material are generally the same for different kind of materials.
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SE-75123 Uppsala, Sweden.
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Introduction 

Solid state structure of pharmaceutical materials 
Raw materials used in preparation of pharmaceutical products are frequently 
in a crystalline state. This is partly due to the raw material preparation pro-
cesses used and partly because material in crystalline state is thermodynami-
cally stable and properties like solubility, dissolution rate and hygroscopicity 
are predictable and well defined. 

Amorphisation 
The amorphisation is often described in literature as a process starting with 
energizing the material in a process like melting or grinding followed by a 
fast de-energizing step like cooling or freeze drying. During a fast cooling or 
drying the material has not time to crystallize and freeze in an amorphous 
state38,39. Transformation to an amorphous state could be a direct solid state 
transition that involves the collapse of crystalline structure due to accumula-
tion of a substantial number of crystal defects. Creation of a disordered solid 
state could take place in an indirect transition that involves formation of a 
solution or melt before the amorphous form is created. Properties of formed 
amorphous material may depend on the pathway by which the amorphous 
material is produced38,39. 

Amorphous form of a pharmaceutical material may be chemically more 
reactive76and show different heat of solution86,87,88 , apparent solubility and 
dissolution rate 17,67 , mechanical properties31and mixing characteristics57.  

Different approaches are used to  prepare amorphous materials, such as; 
solvent evaporation, freeze drying, quench cooling a melt, spray drying and 
mechanical activation methods such as mixing, milling and compres-
sion20,43,46,51. The general tendency of an amorphous material to crystallize is 
dependent on the proportion of its crystalline content, the higher the propor-
tion the greater the tendency. A completely amorphous material may show 
better physical stability than its partially crystalline counterpart. 
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Mechanical activation  
The importance of solid state structure of material and its impact on proper-
ties of end products was revealed early in industrial production of pharma-
ceutical preparations.  

In 1942 Smekal introduced the term “mechanical activation”. This term 
referred to creation of disorder in a crystalline material during handling and 
processing as a direct result of accumulated crystal defects. Hüttenrauch has 
described mechanical activation as a result of particle deformation42. The 
displacement of molecules in a crystalline structure creates crystal defects. 
When these crystal imperfections accumulate, regions of amorphous phase 
are created61,82,. When a particle is loaded with a force, it can deform elas-
tically, plastically or break. Breakage occurs if the tensile strength of the 
body is exceeded41. However, when the particles are below a critical 
size3,47,73,, the tension is not high enough to break them, and loading them 
just causes dislocations and defect sites in the crystal lattice. The density of 
these defects increases and leads to permanent structural changes12,92. The 
accumulation of crystal defects can eventually cause the collapse of the crys-
tal structure, at temperatures below the melting point of the crystal a super 
cooled liquid referred to as a glass is formed52. Mechanical treatment of a 
single phase solid system and creation of a stress field will result in different 
pathways depending on the activation parameters and the material properties 
like crystal morphology15, particle size and shape, the presence of defects 
and the mechanical and thermal properties of the material13. 

It has been suggested that the amorphisation which occurs during mixing 
and milling could be due to local thermal melting followed by rapid quench-
ing21. The energy transfer efficiency and the rate of impact are important in 
controlling the activation of the material. The presence of water has been 
proven to reduce mechanical activation, as such water can be used as a mill-
ing aid used to minimize activation and optimize particle size reduction in 
milling processes83.  

When mixing powders, a substantial fraction of the energy input is con-
verted to heat, resulting in the occurrence of mechano-chemical changes in 
the material being mixed. The repeated particle-particle and particle-mixer 
collisions may cause amorphisation. Despite the fact that tumbling of small 
batches is considered to be a gentle mixing process relative to other mixing 
methods, it still causes substantial changes in the material, such as creating 
an amorphous surface layer on the particles65 or making the whole particle 
amorphous35.  

The solid state structure of crystalline material is often changed during 
processing due to mechanical forces. Processes involving thermal changes 
and friction could also lead to changes in solid state structure of the crystal-
line material and creation of disorder in molecular arrangement. The amor-
phous content of pharmaceutical products is generally a consequence of ma-
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terial processing and is unintended and undesired. The instability of amor-
phous state and possible recrystalisation at storage is a source of instability44. 

In this thesis, the propensity of different pharmaceutical substances to 
transform to and exist as amorphous are studied. The significance of material 
properties and process dependent parameters has been studied in order to 
understand the transformation to amorphous state and prevent unintentional 
amorphisation to improve physical stability of pharmaceutical products.  

Water presenting capacity of cellulose based excipients  
Cellulose is a natural polymer which contains linear molecules of β (1-4) 
linked D-glucosyl residues. In native cellulose mentioned as cellulose I these 
molecules are parallel and bound to other molecules by hydrogen bonding to 
form a crystalline microfibril (Figure 1). The structure and properties of cel-
lulose depend on the source of the raw material and the preparation methods 
and conditions and degree of polymerization24,80. The common form of cellu-
lose used in pharmaceutical industry is micro crystalline cellulose (MCC) 
produced by hydrolysis of wood pulp. In wood pulp the number of repeating 
units is about 1000077. MCC has a much lower degree of polymerization 
with about 100-200 repeating units. The moisture content of formulations 
has been a subject of investigation and control in order to inhibit degradation 
of hydrolysis sensitive drugs23. However, in most cases this is not sufficient 
since the moisture content alone does not account for all of the water mole-
cules responsible for hydrolysis5. The moisture content of cellulose should 
not exceed 7 %26. Commercial cellulose excipients have a moisture content 
of around 5 Wt. % and hydrolysis sensitive drugs have a higher degradation 
rate together with cellulose.  
 

 
Figure 1.  Hydrogen bonds between cellulose chains and the D-glucosyl residues 
linked by β (1-4) glucosidic bond 
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Cellulose from different manufactures has different crystallinity and can 
even have different mechanical properties like compactability. The 
crystallinity of cellulose can be modified by chemical methods like swelling 
in ZnCl2 

62 or mechanical methods like ball milling 49,69. The water content 
and water interaction profile of cellulose depends on cellulose structural 
order and is important for performance of cellulose during production and 
chemical stability of the hydrolysis sensitive drugs in pharmaceutical com-
positions with cellulose16,73. Water presented in crystalline regions of cellu-
lose is adsorbed to crystallite surfaces with a weak interaction but in amor-
phous locations it penetrates into the structure and is bond to available hy-
droxyl groups by hydrogen binding90. The moisture content of cellulose in-
creases as the crystallinity decrease at the same relative humidity and 
temperature. At very low moisture contents, which by literature is defined as 
MC up to 1.5 wt. % a water molecule is attached to two repeating sugar units 
(6-OH) via two hydrogen bonds. Above 3 wt. % each water molecule is at-
tached to one hydroxyl group via one hydrogen bond. At higher moisture 
contents additional water is not directly in contact with cellulose and is at-
tached to bound water by dipole attractions. This attraction may be described 
as weak hydrogen bonding and water contents up to 6 wt. % exist as loosely 
bound water. At higher moisture contents the additional water exists as free 
water with character of bulk water. The water molecules attached to cellu-
lose can dissociate and move to a neighboring hydroxyl group. This theory is 
confirmed by different methods such as moisture sorption isotherms used in 
the calculation of molar enthalpy change of water, as well as overall enthal-
py change of the cellulose-water system48,73. The tightly bound water has 
very little mobility and is not available for chemical degradation, loosely 
bound water is more available and when presented in the formulation will 
increase the rate of degradation. When water exists as free water the degra-
dation rate will be much faster due to availability of water to take part in 
chemical degradation27,91.   

Acetyl salicylic acid is mainly decomposed by hydrolysis but the hydrolysis 
rate is very slow in dry formulations because ASA is not hygroscopic 4,54. In 
combination with cellulose based excipients the degradation of ASA is ac-
celerated. The increase in degradation rate is correlated with drug-cellulose 
weight ratio, cellulose moisture content, cellulose crystallinity and number 
of contact points between ASA and cellulose particles4,62. The importance of 
crystallinity in degradation of hydrolysis sensitive drugs in combination with 
cellulose been studied and according to earlier research the cellulose-water 
interaction profile is important in degradation of hydrolysis sensitive drugs 
and despite higher water content cellulose of lower crystallinity does not 
promote drug hydrolysis as much as cellulose with higher crystallinity5,62.  
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In this thesis the possibility of changing excipients crystallinity to create a 
favorable drug-water interaction profile to prevent hydrolysis and improve 
chemical stability of hydrolysis sensitive drugs has been studied and evalu-
ated.  
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Aims of the thesis 

The stability of a pharmaceutical preparation is a critical aspect on the de-
velopment of a formulation and a manufacturing method of a medicine. Sol-
id preparations are in general terms more stable than liquid preparations. 
However, as discussed above, in recent years the need for understanding and 
controlling instability phenomena of solids has increased. In this context, the 
solid form of the drugs and excipients has been considered of great relevance 
for the stability of solid preparations. Changes in the properties of drugs and 
excipients may occur both during the manufacturing and during storage of a 
preparation. Thus, stability issues may be categorized as processing stability 
and storage stability. The overall objective of this thesis is to contribute to a 
better understanding of instability phenomena occurring during processing 
and storage of solids and solid systems. A key aspect addressed in this thesis 
is the solid form of the drug and the excipients. More specifically, the objec-
tives of this thesis are firstly, to generate a better understanding of the mech-
anism of process induced solid state changes in solids and secondly, to gen-
erate a better understanding of the role of hygroscopic excipients for the 
chemical degradation of drugs in the solid state. The following aspects are 
investigated in this thesis: 
 

 The mechanisms behind and factors governing the transition be-
tween the crystalline and the amorphous state. The purpose was to 
clarify the role of inherent material properties and of processing fac-
tors for the formation of an amorphous state. An increased under-
standing is important in order to prevent process induced structural 
disorder and undesired storage instability of the product (Paper I and 
II and III). 

 The water interaction profile of hygroscopic and non hygroscopic 
pharmaceutical excipients and its relationship to the availability of 
sorbed water to take part in a moisture dependent degradation of a 
solid drug. The term water presenting capacity is introduced and the 
purpose was to clarify the relationship between solid form and water 
presenting capacity of a hygroscopic excipient, i.e. cellulose. The in-
formation thus gained can be used as a way to control water present-
ing capacity and thus to affect or prevent drug degradation (paper IV 
and V).   

 



 17

The thesis is based on a series of papers with the following specific aims: 
 
Paper I 
Mechanical activation of a crystalline material at rum temperature as a result 
of mechanical straining in a dry mixing process 
 
Paper II 
Prediction of glass forming ability of pharmaceutical materials through mo-
lecular structure data 
 
Paper III 
Investigate the mechanism of amorphisation of micro-particles of a crystal-
line material during powder flow in a shear mixer or through repeated com-
pactions in a tablet machine 
 
Paper IV 
Influence of water-cellulose interaction profile for stability of hydrolysis 
sensitive drugs 
 
Paper V 
Improve drug stability in combination with hygroscopic excipients by con-
trolling water presenting capacity of the excipient. To evaluate if the water 
presenting capacity can be controlled trough structural changes in solid form. 
The role of crystallinity in water-cellulose interaction profiles 
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Materials 

Desiccator chemicals 
0%   RH   P2O5 (Merck Germany paper I, Sigma-Aldrich paper III) 
11% RH   LiCl (Sigma-Aldrich) 
18% RH   CH3COOK (Sigma-Aldrich) 
33% RH   MgCl2 (Sigma-Aldrich) 
43% RH   K2CO3 (Sigma-Aldrich) 
55% RH   Ca (NO3)2.4H2O (Sigma-Aldrich) 
63% RH   NaBr (Labassco, Sweden) 
75% RH   NaCl (Merck Germany paper I, Sigma-Aldrich paper III) 
90% RH   1M HCl ((Sigma-Aldrich) 

Paper I and III 
Griseofulvin was supplied by Sigma-Aldrich and glass beads (acid washed 
425-600 microns) were supplied by Kebo, Sweden (paper I) and Sigma-
Aldrich Germany (paper III). The magnesium stearate and polysorbate 80 
were supplied by Apoteket AB, Sweden. 

Paper II 
Acetohexamide was purchased from Fluka. Albendazole, griseofulvin, hy-
drocortisone, indometacin, indoprofen, naproxen, phenytoin, pindolol, 
proxicam, probenecid, spironolactone, sulfamerazine, testosterone, 
tolazamide and tolfenamic acid were obtained from Sigma-Aldrich Chemie 
GmbH, Germany. The specified purity of all drugs used was >98%, except 
for griseofulvin (>96%). Ethanol (Alita Corporation, Finland) and acetone 
(VWR International S.A.S., France) were used as solvents in the spray-
drying feed solution. 
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Paper IV and V 
ASA (Sigma Aldrich Chemie Gmbh, Germany) was used as supplied. Mi-
crocrystalline cellulose (MCC) (Avicel PH 102, FMC, Irland) was used as 
supplied. ZnCl2 (Merck KGAA, Germany) was used as supplied. 

High crystalline cellulose (HCC) was produced by swelling MCC in 1 kg 
48% (w/w) ZnCl2 and washing in de-ionized water, (until the conductivity 
of the wash water was below 14 S/cm) followed by spray-drying (Minor 
type 53, Niro Atomizer A.S., Denmark) and sieving.  

Low crystalline cellulose (LCC) was produced by swelling 50 g MCC in 1 
kg 70% (w/w) ZnCl2 (Merck KGaA, Germany) solution for 1 h. Additional 
water was added to a final volume of 2 l. The cellulose was then filtered and 
washed with 95% ethanol. The filtrate was washed with de-ionized water 
until the conductivity of the wash water was below 14 S/cm (the upper limit 
for conductivity for MCC is 75S/cm, European Pharmacopoeia, 2005a) and 
subsequently dried in an oven at 45 ◦C for 2 days.  The resulting powder was 
milled in a mortar grinder (KM1, Retch, Germany) and sieved. 

α-Lactose monohydrat (Pharmatose 200M, Sweden) was used as supplied. 
High purity indium, tin (Acros Organics, New Jersey, UAS), gallium (Sig-
ma-Aldrich GmbH) and Zinc (TA Instruments, Delaware, USA) were used 
in calibration of differential scanning calorimeter instrument. Ethanol (95% 
analytical grade, Solveco, Sweden) was used in the chemical analysis. 
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Methods 

Material characterization and sample analysis 

Scanning electron microscopy (SEM) 
SEM images have been used in this work to estimate particle size, shape and 
surface structure. Particles were attached to a holder by a double-adhesive 
tape and covered with gold before scanning with an electron microscope 
(paper I, III; Leo 1530 Gemini, UK; Paper IV, V Hitachi 3500, Japan). SEM 
images were used in paper III to study the tablet surface in compact sliding 
experiments before and after rotation experiment. 

Surface area measurements 

Gas adsorption permeametry (Paper V): The powder surface area was de-
termined by gas adsorption (ASAP 2010 Micrometrics, USA), using of N2 as 
adsorbent. Gas adsorption isotherms were determined at the temperature of 
liquid N2 (about 77 K) and from the isotherms the powder surface area was 
calculated using the BET equation14 in a relative gas pressure range of 0.05-
0.35. Reported values are the mean of three samples. 

Volume specific surface area (Paper III): The external surface area of griseo-
fulvin and magnesium stearate was measured by a transient (Blaine) air per-
meametry instrument3,45. For glass beads a steady-state air permeametry 
instrument was used25. The values are the mean of three samples. 

Material density 
He-pycnometry (Accupyc 1330, Micromeritics, U.S.A.) was used in appar-
ent density measurements in Paper I,III. (1.5-3) gram of each sample was 
used and each measurement was conducted in accordance with the procedure 
described in the European Pharmacopoeia (5th edition). Reported values are 
the mean of 3 samples. 
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Particle size distribution 
The particle size distributions of griseofulvin powders were determined by 
an electrical sensing zone (Coulter Counter) instrument (Coulter Multisizer 
II, Coulter Electronics Ltd., UK), equipped with an aperture tube of 70μm. A 
water suspension of glass beads and griseofulvin particles with a concentra-
tion of 3.4 mg powder mixture/ml was prepared. The suspension was then 
sonicated in an ultrasonic bath for 15 min in order to detach the griseofulvin 
particles from the glass beads before particle size measurement. A sample of 
700 μL of the suspension was then withdrawn and added to 200 mL particle-
free griseofulvin saturated electrolyte solution (0.9 wt.% NaCl in water)10. In 
the same way, a suspension of the original griseofulvin particles was pre-
pared and sonicated for 15 min. The concentration of the suspensions was 
adjusted to get a low coincidence error whilst providing a sufficient number 
of particles at each count. The number of particles in each size class was 
recorded and the particle size distribution thus determined. The particle sizes 
corresponding to the 10%, 25%, 50% (median), 75% and 90% of the cumu-
lative oversize number distributions were determined as numerical represen-
tations of the particle size distributions. Reported values are the mean of 
three measurements. 

The particle size distribution of magnesium stearate was determined using a 
laser diffraction instrument (Coulter LS230, small volume module plus). 
Magnesium stearate (0.1 g) was suspended in water (99.9 g) and polysorbate 
80 (0.08g) was thereafter added and the aqueous suspension was sonicated in 
an ultrasound bath (Branson, 5210) for 5 minutes. The reported values are 
the mean of three measurements. 

Powder X-ray diffraction 
Diffraction patterns of powders were obtained using an x-ray diffractometer 
equipped with Bragg-Brentano focusing geometry (D5000, Siemens, Ger-
many), using CuK radiation at 40 kV and 50 mA. Sample temperature was 
set at 25°C during the analysis. 

The griseofulvin samples were scanned in steps of 0.04° from 10° to 18° 
(2θ). The cellulose materials were scanned from 12° to 28° (2θ), with 0.1° 
steps (step-time 20 s). The ratio between the total peak height and the base-
line level of the amorphous background was used to extract the crystallinity 
index. 
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Moisture content 
Halogen Moisture Analyser (HR 73, Mettler Toledo, Switzerland) was used 
to determine moisture content of the samples in paper IV. Cellulose samples 
were dried at 130°C.  

Apparent solubility   
Saturation concentration was determined for original griseofulvin powder 
and griseofulvin powder obtained by the quenching procedure as well as 
griseofulvin powder after mixing in Paper I. The solvent used was a solution 
of 0.9 wt.% NaCl and 0.01 wt.% Tween 80 in deionized water. A suspension 
of griseofulvin with a concentration of 5000 μg/mL solvent was prepared for 
each powder and stirred for 24 h with a magnetic stirrer. Samples were 
thereafter withdrawn and centrifuged (Beckman, USA) for 10 min at 10000 
rpm/min before filtration, using 0.22 μm membrane filters. The concentra-
tion of dissolved griseofulvin was finally determined by UV-spectroscopy at 
295 nm (Unicam UV/ Vis Spectrometer). Reported values are the mean of 
three measurements. 

Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (SSC/5200h, Seiko, Japan) was used to 
study temperature dependent solid state transformations. The instrument was 
calibrated according to operation manual (Seiko Instrument, Inc. 1996). 
Aluminum sample pans with lids (TA Instruments, Delaware, USA) were 
used. An empty pan was used as a reference. The reference and sample pan 
were purged during measurements by nitrogen gas flow (80 ml/min). 

Samples were weighted (2-20 mg) and positioned in the instrument. Quench-
ing melts of the drugs in the DSC was used to investigate the propensity of 
the compounds to become amorphous when cooled from the liquid state.  2 
mg of unprocessed substance was weighed into an aluminum pan (TA stand-
ard pan and lid) with a perforated lid before being analyzed by performing 
two heating/ cooling cycles, the first for melt-quenching and the second for 
analysis, in which the samples were heated from room temperature to ap-
proximately 10 ºC above their melting point at a heating rate of 20 ºC /min 
and immediately cooled at a rate of 40 ºC/min. The second cycle was used to 
judge the presence of amorphous phase (paper II).  

Lactose, high crystalline, microcrystalline and low crystalline cellulose con-
ditioned over K2CO3 saturated salt solution were scanned at 1.5 or 10 
ºC/min. Lactose samples were scanned between -15 and 260 ºC, cellulose 
samples were heated up to 170 ºC, the samples were cooled down by a rate 
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of 20 ºC/min to the start temperature. The temperature associated with the 
maximum point of the endothermic curve of water evaporation was then 
documented, and the area under curve was extracted as a measure of the total 
amount of energy (J/g) required for releasing the moisture present in the 
samples (paper IV).  

The cellulose samples conditioned at relative humidities between 0 and 90 % 
were scanned to determine the association profile of water and cellulose 
structural units. The samples were cooled down from 20 ºC to -10 ºC and 
then heated up to 160 ºC and then cooled down to the start temperature. The-
se measurements were conducted in triplets (paper V). The ASA and SA 
samples were heated from 20 ºC to170 ºC. Measurements were conducted on 
ASA and SA in order to determine the melting points. ASA-cellulose blends 
were examined by the same temperature scheme periodically in order to 
detect SA crystals in the mixture (paper V). 

Microcalorimetry 
Microcalorimetry was used to monitor the crystallization enthalpy of 
griseofulvin powders. A Thermal Activity Monitor (TAM), (Termometric 
2277, Sweden) was used. Powder samples were weighed into 
microcalorimetry vials. In order to maintain a constant and controlled rela-
tive humidity in the vial during the experiment, a small container containing 
a saturated salt solution, giving the appropriate relative humidity (paper I: 
NaCl,75% RH; paper III: CaNO3 55% RH) was placed in each glass vial 
together with the powder sample. It is reported2,6,7 that a relative humidity of 
75% will lower the glass transition temperature of amorphous griseofulvin 
below 25 °C, which was the fixed temperature of the sample in the 
microcalorimeter. The vial with the small container was sealed and intro-
duced into the calorimeter6,7. An empty vial was used as a reference in paper 
I measurements. In paper III experiments glass beads of the weight equiva-
lence to sample were used as reference. The heat flow in the 
microcalorimeter was monitored and the peak corresponding to the crystalli-
zation of the griseofulvin powder was integrated to give the crystallization 
enthalpy. Reported values are the mean of three measurements. 

Spectrophotometry 
Spectrophotometry was used to measure the concentration of salicylic acid 
as the main product of hydrolysis of acetyl salicylic acid in paper IV and V. 

The concentration of salicylic acid was measured by removing 50 mg 
samples (25 mg for pure ASA) from each powder and blending them with 25 
ml 95% ethanol. The samples were then shaken vigorously (paper IV) or 
stirred for 5 minutes and then centrifuged (model 5403, Eppendorf, Germa-
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ny) at 5000 rpm and 20 °C for 5 min. The supernatant was then analyzed by 
a UV-spectrophotometer (Hitachi U1100, Japan) at λ = 303 nm. The total 
salicylate concentration was measured at 273(E1% 1 cm for ASA = 63 and 
for salicylic acid= 46.1).  

The concentration of griseofulvin in powder mixtures, examined by TAM 
(paper III) was measured according to British Pharmacopoeia (1980) in or-
der to calculate accurate crystallization enthalpy values. The amount of 
griseofulvin in the samples taken from the powder mixtures and placed in 
the microcalorimetry vials was determined using a spectrophotometer 
(Unicam UV4 UV / Vis spectrophotometer) after crystallization in the 
microcalorimetry. Each sample was dissolved in 100 ml ethanol (99%). The 
solutions were stirred for 20 min with a magnetic stirrer, after which, 1 ml 
samples were withdrawn and centrifuged (Beckman, Avati TM 30 compact 
centrifuge, USA) for 10 min at 1000 rpm. The 1ml of centrifuged sample 
was diluted with ethanol to 10 ml and the concentration of griseofulvin was 
determined at 295 nm using a standard calibration curve.  

Preparation of amorphous standard by quenching 
Samples of original griseofulvin powder (0.5 or 4 g) were placed in an alu-
minum vessel (100×20×5mm) and placed on a heater (Heidolph MR 3001k). 
The heater temperature was set to 300°C. The samples were then either 
cooled immediately after the whole amount of powder had melted or were 
kept in the molten state for 3 s before cooling. The vessel was then removed 
from the heater and placed in a container filled with liquid nitrogen, which 
was also poured directly into the aluminum vessel on top of the melted sam-
ple. Thus, the sample was cooled with the liquid nitrogen both from the top 
and bottom surfaces. The minimum time between removal from heat and 
cooling was approximately two seconds. The quenched samples consisted of 
large lumps which were gently broken down with the aid of a spatula into 
particles65. These powder samples were then stored at low relative humidity 
over P2O5 to avoid changes in their solid state structure before conducting 
further experiments39.  

Spray drying 
Spray drying was used as one of the routes to produce amorphous material in 
paper II. A Büchi B-290-mini spray dryer with an inert loop (Büchi 
Laboratoriums, Switzerland) was used.  The parameter setting used in the 
spray-drying process was obtained through a fractional factorial experi-
mental study design using MODDE 7 (Umetrics, Sweden) based on mini-
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mum and maximum values for the following parameters: inlet temperature, 
spray gas flow, drying air flow, feed pump rate, feed solution concentration 
and feed solvent composition.  

Mechanical activation  

Dry mixing  
In paper I, the effects of dry mixing on crystalline particles of griseofulvin 
were studied. Original griseofulvin particles of approximately 2 μm in size 
and glass beads (425-600 μm)  in the proportion 1:99 were mixed at 50 rpm 
using a Turbula mixer (2 litre, W.A. Bachofen, Switzerland). 200 g of pow-
der mixture was used, corresponding to a fill volume of the mixing jar of 
approximately 15%. Samples were withdrawn from the mixing jar after 2, 4, 
24, 48, 72, and 96 h of mixing time. 

In Paper III, two batch sizes of either 50 g mixture in a 100 ml glass jar or 
200 g mixture in a 1000 ml glass jar were used. Samples were taken and 
analyzed at 5 h and 24 h of mixing.  The particle collision and sliding at 
lubricated and nonlubricated contact sites were studied. Glass beads were 
used either as supplied or were lubricated with 0.01 % (w/w) or 0.02% (w/w) 
magnesium stearate.  

Mechanical activation by uniaxial pressure load  
In Paper II, 30 mg powder was used in repeated compression experiments in 
single punch press; Korsch tablet machine (EK O, Germany) with cylindrical 
punches (11.3 mm).  The number of strokes (n; 100 or 200) and the pressure 
(P; 15-300 MPa) used was adjusted to create the sufficient activation energy 
for each material.   

In Paper III, 30 mg griseofulvin was compressed (n; 250) at three compres-
sion pressures (P; 60,120,180 MPa). The experiments were conducted at two 
relative humidities of 35±2% and 23±2%.In experiments with the Korsch 
tablet machine the compact was pushed up to the surface by the lower punch 
after each compression  and then pushed down to the die by the upper punch 
and was then recompressed. The speed of punches in the Korsch machine 
was 37 strokes/min. In compressions with Zwick material tester the lower 
punch was stationary; the upper punch velocity was 5 strokes/min.  
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Compact sliding 
In Paper III, tablets of 125±2 mg griseofulvin were prepared with the Korsch 
tablet machine at 23±2% RH and 400 MPa with flat-faced punches with 5.65 
and 11.3 mm diameter. The smaller tablet was then centered and clamped 
into a drill chuck and mounted against the larger tablet to allow the surfaces 
to come in contact. The smaller tablet was then rotated for 5, 15 and 25 
minutes.  

Computational Modeling 
In Paper II, a predictive model of glassforming ability was developed 
through the use of partial leastsquares projection to latent structure discrimi-
nant analysis (PLSDA) in Simca v.11 (Umetrics, Sweden). The computa-
tional model was designed to differentiate between glass-formers, i.e. com-
pounds able to form theirs amorphous state, and non-glassformers, i.e. com-
pounds remaining crystalline after processing, from calculated molecular 
descriptors alone. The descriptors were obtained from DragonX (Talete, 
Italy), and 245 variables were used as input while the response variables 
were the two classes “glass-formers” (assigned value 0) and “non-glass-
formers” (assigned value 1). The three different methods used for producing 
the amorphous state had equal weight when sorting the compounds into the-
se two classes. If two out of the three materials produced from each com-
pound were amorphous, the compound was sorted as a “glass-former”, 
whereas if two out of three were crystalline, the compound was sorted as a 
“non-glassformer”. This classification took into account neither how much 
of the bulk became amorphous upon processing nor whether the amorphous 
material was stable over time; only the ability to exist in the amorphous state 
after conventional material processing was modeled. The data were mean 
centered and scaled to unit variance. A reduction of the number of variables 
was done to decrease the complexity of the models, facilitate interpretation 
and increase the accuracy. First, the bottom 50% of the descriptors, exhibit-
ing the lowest level of importance, was excluded. Second, descriptors dupli-
cating the information contained within other descriptors and therefore resid-
ing in the same area of the PLS loading plot were excluded, to leave just four 
of the original 245 variables in the final model. The aim of this variable se-
lection was to increase the predictivity and robustness of the model by re-
moving information that was not directly related to the response investigated  
(i.e., noise). The accuracy of the PLS models was judged by how well the 
two classes of the training set were separated from each other. Once the se-
lection of descriptors had been finalized, the resulting model was validated 
with a test set of 16 compounds for which the glass-forming ability was re-
ported in the literature. 
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Chemical stability 
In Paper IV, LCC, MCC, HCC, and lactose were blended with ASA to make 
four mixture series. In each series, the amount of the excipient was 1, 5, 10, 
25 and 50% (w/w), respectively. A Turbula mixer (Willy A. Bachofen AG, 
Switzerland) was used. A total amount of 4 g of each sample was prepared, 
and the samples were mixed for 15 min.. The mixtures were stored at con-
stant relative humidity (40%) over saturated K2CO3 solution at 50 °C for 35 
days. The concentration of salicylic acid was measured weekly by removing 
50 mg samples from each mixture and blending them with 25 ml 95% etha-
nol. The ethanol mix was shaken vigorously and centrifuged (model 5403, 
Eppendorf, Germany) at 5000 rpm and 20 °C for 5 min. The supernatant was 
then analyzed by a UV-spectrophotometer (Hitachi U1100, Japan) at λ = 303 
nm. 

In Paper V, powder mixtures of 50% (w/w) ASA and cellulose (MCC or 
LCC) were prepared by dry mixing 6 g of ASA and 6 g of cellulose for 60 
minutes in a tumbling mixer (Turbula mixer, WA Bachofen, Switzerland) at 
50 rev/min using a 50 ml jar with screw cap. The degradation of ASA was 
studied at 50 ºC and the temperature during the storage period was controlled 
by using a heat cabinet (Memmert UP 500, Germany) in which dessicators 
with controlled RH were placed. 

Portions (about 12 g) of the powder mixtures were directly after the blending 
dispensed into open vials and the vials were transferred to a series of 
dessicators containing P2O5 or a salt solution. The dessicators were subse-
quently placed in the heat cabinet and stored during a series of storage times 
between 1 hour and 175 days. From each vial, three samples were withdrawn 
and the degradation of ASA was assessed. In order to follow the degradation 
of ASA, the amount of salicylic acid (hereafter abbreviated SA) formed dur-
ing storage of ASA powder and powder mixtures of ASA and celluloses was 
determined spectrophotometrically (UNICAM-spectrophotometer, UV/VIS, 
England). 50 mg of powder (only ASA or mixtures of ASA and cellulose) 
was dispensed into Erlenmeyer flasks and 25.00 ml of 95% ethanol was add-
ed.  Powder and ethanol were mixed by a magnetic stirrer in laboratory con-
ditions for 60 min during which the drug particles was dissolved. During 
pre-trials it was noticed that some dissolved ASA could degrade during this 
period and the mixing time was thus reduced to 3 min. The solution or sus-
pension (of cellulose) thus formed was centrifuged (Eppendorf, Germany) 
for 5 min at 5000 rev/min and 1.00 ml of the supernatant was removed by 
pipetting and transferred to a cuvette. Samples were diluted when necessary 
before measurement. The absorbance of the solution was determined at 303 
nm and 273 nm and was transformed into concentrations using the extinction 
coefficient at each wavelength. The measurement at 303 nm (E 1%, 1 cm, 
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262.0) gave the amount of SA (wSA,303), and the measurement at 273 nm (E 
1%, 1 cm, 63.0 for ASA, and 46.1 for SA) gave the total amount of salicy-
lates (wtot,273), i.e. a simultaneous measurement of ASA and SA4. 
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Results and discussion 

Mechanical activation and physical stability of 
pharmaceutical material during processing - 
Amorphisation of micro-particles of Griseofulvin during 
powder flow  
The importance of stability of pharmaceutical materials during processing 
has been a subject of importance for a long time and changes in the solid 
state structure followed by mechanical and thermal treatment of material 
been studied in various research  
projects18,65,87,88.  

There are several techniques available and currently used to study solid 
state structure and related properties of pharmaceutical materials, such as:  x-
ray powder diffraction 33, density79,  heat of solution37,70,  infrared spectros-
copy11,  dissolution rate37, water vapour sorption70, solid state NMR and 
isothermal micro calorimetry29,75. To assess the degree of crystallinity, a 
reference amorphous material with a total lack of crystallinity is usually 
used. The degree of order/disorder in the sample material is then calculated 
in comparison with the reference material74.  

Use of thermodynamic measurements and measuring crystallization en-
thalpy of the samples in comparison with crystallization enthalpy of a totally 
amorphous sample is a reliable method with good precision1,2,9,74.  

A common approach to prepare an amorphous reference material is through 
rapid solidification of a melt. This method is often denoted as quenching in 
the literature2,8,30,66and has been used in this thesis in order to prepare an 
amorphous standard. 

The size of micro-particles used in these experiments with an average of 
about 2 µm was far below the critical particle size for brittle-ductile transi-
tion reported in the literature for pharmaceutical materials of about 20 
µm47,83.  

The measurements of particle size and particle size distribution showed 
indeed that no systematic measurable change had occurred. 



 30 

The crystalline start material used in dry mixing experiments showed a sub-
stantial change in apparent solubility already after 4h mixing. According to 
particle size measurements no breakage or fragmentation had occurred and 
this change in apparent solubility was a result of amorphisation of the sur-
face through mechanical activation. The fast increase in apparent solubility 
indicates a very fast and substantial structural change at the surface during 
the first 4 hours of mixing.  The rate of increase slowed thereafter down and 
the apparent solubility curve levelled off when it reached a value of about 24 
μg ml−1, corresponding  to the apparent solubility of  amorphous griseofulvin 
(indicated by the horizontal line in the Figure 2). The rate of this transition is 
affected by energy transfer within the system and depends on experimental 
setup, equipment and material parameters15. In our experiments the tumbling 
frequency, batch size, the size and proportions of glass beads, the size of the 
jar and mixing time are the key parameters. 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Effect of mixing time on the apparent solubility (Sapp) of griseofulvin 
powders. The horizontal line represents the apparent solubility of amorphous 
griseofulvin prepared by the quenching procedure. The bars represent the standard 
deviations. 

The apparent solubility data can be related to structural changes at the sur-
face layer of the particles. When the apparent solubility of the particles 
reaches corresponding value for totally amorphous griseofulvin the surface 
can be considered as totally disordered.  

To study the solid structure of the whole particle the crystallization en-
thalpies (Q) of the samples were measured by micro calorimetry. The crys-
tallization enthalpy curve showed a similar profile as the dissolution rate 
curve with a fast increase initially followed by a slower increase rate and 
then leveling off. The apparent solubility data were then stable throughout 
the experiment time. The Q values on the other hand showed a tendency 
towards a decrease by mixing times exceeding 48h. Samples collected at 72h 
mixing showed a small decrease which was followed by a further decrease in 
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Q for samples collected after 96h mixing (Figure 3). The initial increase at 
the first 24hours of mixing was fast enough to generate a Q-value corre-
sponding to crystallization enthalpy of totally amorphous griseofulvin of 
about 60 J g−1 (indicated by the horizontal line in the figure 3). 
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Figure 3. Effect of mixing time on the crystallization enthalpy (Q) of griseofulvin 
powders.The horizontal line represents the crystallization enthalpy of griseofulvin 
prepared by the quenching procedure.The bars represent the standard deviations 

The decrease in Q-values observed for mixing times exceeding 48h could be 
interpreted as a sign of a recrystallization process occurring within the parti-
cles. This reduction in Q was not affecting the apparent solubility values and 
this fact may be interpreted as localization of the formed crystalline regions 
within the bulk of the particles and not on the particle surface. The formation 
and growth of crystalline nuclei can take place in the interior parts of the parti-
cles where the mechanical straining does not disturb the recrystallization as 
much as at the surface layers exposed to constant collisions and heat transfer. 

Figure 4 shows the relative change in Sapp as a function of change in degree 
of amorphicity (A%). The quenched griseofulvin represents the amorphous 
standard. 

The relative change in Sapp (Sapp %) is defined as: 
 

Sapp %=100× [(St−Sc) / (Sq−Sc)] 

where St is the apparent solubility of particles mixed for time t, Sq is the 
apparent solubility of the quenched particles and Sc is the apparent solubility 
of the original crystalline particles. The degree of amorphicity (A%) is 
defined as: 
 
A%=100× (Qt/Qq) 
 
where Qt is the crystallization enthalpy of particles. 
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Figure 4. Relationship between degree of activation (A%) and relative change in 
apparent solubility (Sapp%) of griseofulvin powders subjected to different dry mix-
ing times. 

The main conclusion of this study was that mechanical activation due to 
mixing could transform crystalline micro particles of griseofulvin to totally 
amorphous particles. The suggested mechanism of transformation was re-
peated deformation of particles creating a partially amorphous structure ini-
tially on the surface, gradually increasing in proportion to eventually trans-
form the whole particle to an apparently totally amorphous state without 
breakage or fragmentation. The suggested mechanism was then tested with a 
new series of experiments. 

To investigate the effect of batch size, two batches were prepared with the 
same proportions as in earlier experiments with 50 or 200 g mixture. The 
effect of surface properties was studied by prelubrication of glass beads with 
0.01 or 0.02 % magnesium stearate and comparison of prelubricated and 
nonlubricated samples. The samples were analyzed after 5 and 24h mixing to 
study the effect of mixing time. 

Increasing the batch size and changing the fill volume from 50 g in a 100 ml 
glass jar to 200 g powder in a 1000 ml glass jar increased the crystallization 
enthalpy for 24h samples from 24.7 J/g (mixture II) to 51.8 J/g (mixture VII) 
for nonlubricated 24h samples of  griseofulvin particles. The effect of batch 
size was even more pronounced for prelubricated samples. The heat of crys-
tallization was 4.1 J/g for 50 g batch size (0.01% lubricant, mixture IV) and 
6.8 J/g (0.02% lubricant, mixture VI) the corresponding value for 200 g 
batch size (sample VIII) was 36.5 J/g. 

The prelubrication of glass beads in the larger batch decreased the amor-
phous content with 30% whereas the corresponding value for the smaller 
batch was 83.4 % decrease for prelubricated samples with 0.01% lubricant 
and 72.5% decrease with 0.02 % lubricant.  
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In the dry mixing experiments, the addition of  1% (w/w) griseofulvin micro 
particles to glass beads with an average size of about 500 µm resulted in 
formation of  an ordered mixture81. The addition of griseofulvin to glass 
beads could be observed by SEM technique. The effect of surface properties 
was studied by the use of prelubricated glass beads with 0.01 or 0.02 % 
magnesium stearate. Lubrication of glass beads disturbed the formation of an 
ordered mixture by reducing the number of griseofulvin particles attached to 
the glass beads surfaces and decreased the degree of amorphisation. The 
content analysis showed that in nonlubricated samples the fraction of free, 
nonattached griseofulvin was low. In samples with prelubricated glass beads 
due to fewer available attachment sites a fraction of 35-50% of griseofulvin 
exist as free nonattached particles. 

The attachment of micro particles to the heavy and dense glass particles 
seems to be required for developing enough energy to activate the material. 
The collision between small unattached griseofulvin particles does not have 
the same impact on surface structure. In the samples from 50 g batch lubrica-
tion decreased the degree of disorder for 5h samples from 30 % to 10 % and 
for 24h samples from 41% amorphous content to 10 % for samples with 0.02 
% lubricant and 7 % for samples with 0.01% lubricant. The effect of 
prelubrication of glass beads was not as drastic in the larger batch (200g) but 
still significant. The amorphous content of 24h samples decreased by 25 % 
for samples with prelubricated glass beads from 86% to 61% compared with 
nonlubricated samples. The prelubrication has a pronounced effect but the 
effect is more than twice as big for the small batch compared to the larger 
batch. The increased sample weight providing a larger number of colli-
sion/slidings and the larger size of glass jar providing a higher flight distance 
seems to partially compensate the increased fraction of free griseofulvin and 
fewer attachment sites on glass particles.  

The crystallisation enthalpy of samples with nonlubricated glass beads in-
creased with increased mixing time. As reported earlier35,65 the main part of 
amorphisation occurred within the first 5 hours of mixing. The average crys-
tallization enthalpy of samples with nonlubricated glass beads of smaller 
batch size (50g) was 17.8 J/g (corresponding to 30 % amorphous content) 
after 5h dry mixing and 24.7 J/g (corresponding to 41 % amorphous content) 
after 24h dry mixing.  

For lubricated samples with 0.01 % lubricant the longer mixing time of 24h 
seems to have an effect on the stability of the amorphous state since the 
amorphous content of these samples was lower than the samples of the 
shorter mixing time of 5h. The degree of disorder is 10% after 5h and below 
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7% after 24h mixing. In samples with 0.02% lubricant the amorphous con-
tent seems to reach equilibrium after 5h and lay between 10-11% for 5 and 
24h samples. 
 

Table 1. Effect of Mixing Time, Lubrication and Quantity of Mixture on the Crystal-
lisation Enthalpy (H) (Mean ± SD, n = 4) 

 

The most important process parameters in these experiments were identified 
as batch size, mixing time and the attachment of griseofulvin to available 
sites on the glass beads. The latter was important in mediating the transfer of 
enough energy to cause a change crystal structure. The batch size and mixing 
time affected the number of collisions and sliding events causing defor-
mation and heat generation by friction.  

Mechanical activation by repeated compression of pharmaceutical powders 
in a single punch press was also studied in this thesis. In pretrial experi-
ments, parameters like number of compactions and compaction pressure 
were identified as important parameters for particle amorphisation.  Inherent 
material properties like crystal structure are significant and it has been re-
ported that yield pressure may have an effect on mechanical activation40,92.  
The yield pressure of the griseofulvin powder was determined and used in 
mechanical activation experiments together with a 50% lower and a 50% 
higher pressure (120 MPa ± 50%). The stability of amorphous phase is de-
pendent of molecular mobility and at temperatures beyond Tg the amorphous 
phase created by mechanical activation is not stable and a crystallization 
may occur. Tg decrease with an increase in RH and at very high relative 
humidities amorphous phase easily recrystallize and is not stable enough to 

Mixture Griseofulvin (mg) H (J/g)

Mixture I 7.8 (0.3) 17.8 (1.9)

Mixture II 8.3 (0.3) 24.7 (4.7)

Mixture III 6.7 (0.4) 6.0 (0.5)

Mixture IV 6.3 (0.4) 4.1 (0.3)

Mixture V 6.4 (0.5) 6.1 (1.1)

Mixture VI 3.7 (0.8) 6.8 (2.3)

Mixture VII 8.3 (0.5) 51.8 (2.6)

Mixture VIII 4.6 (0.1) 36.5 (5.1)
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be detected. The highest degree of amorphisation by mechanical activation 
for griseofulvin in pretrial experiments was 19 % at a compaction pressure 
of 150MPa and 250 strokes at 35% RH. The punch diameter and amount of 
powder in the die were other parameters that according to pretrial experi-
ments had an effect, probably by affecting the compression pressure. The 
effect of external lubrication was significant and reduced the degree of acti-
vation substantially. The crystallization enthalpies measured by micro 
calorimetry are presented in figure 5. The results indicate a modest mechani-
cal activation and creation of a partially amorphous phase in the samples in 
single punch press with ejection in Korsch compression instrument. Mechan-
ical activation in Zwich material tester without ejection was minute. The 
difference between the two compression machines with and without ejection 
and compression tooling with and without lubrication show the significance 
of friction as an important parameter in generating the activation energy 
through heat evolvement.  

The major cause of mechanical activation suggested is local increase in tem-
perature because of heat evolvement due to particle-particle sliding and fric-
tion causing melting and resolidification usually mentioned as vitrification in 
the literature. 

Handling of pharmaceutical powders in common processes like compaction 
and mixing may induce changes in crystalline structure of pharmaceutical 
solids and cause imperfections and disorder within the crystalline structure. 
The extent of these changes is material and process dependent. These chang-
es can alter the chemical and physical stability of pharmaceutical products 
and could have an effect on performance and self life of the products.   

 
 
Figure 5. The degree of amorphisation (A) of griseofulvin particles occurred during 
(a) dry mixing and (b) repeated compaction at 60,120 and 180 MPa. 
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In Silico prediction of glass-forming ability of drug 
compounds  
The results from the prediction model suggested that the propensity of solid 
drug compounds to form and exist in amorphous state depends on the mo-
lecular structure of the material rather than the method used to create disor-
der in the solid state structure. This model is an appropriate tool to predict 
the glass-forming ability of drug compounds with high accuracy. The model 
designed and tested in this work identified four structural descriptors im-
portant in glass-forming ability. The number of benzene rings, molecular 
symmetry and the branching of carbon skeleton and distribution of electro-
negative atoms in the molecules had a critical impact on glass-forming abil-
ity of the material.  

Data from the PLS-DA model was combined with information from 
Cambridge Structural Database to interpret the results. According to this 
interpretation when the molecule has a flat structure with a number of ben-
zene rings the formation of crystalline structure proceed easily because of 
the easy and noncomplex packing monster. When the molecule contains long 
branches and a number of electronegative atoms, the interaction pattern is 
more complex with a large number of matching requirements in forming a 
stable crystalline structure. The presence of electronegative atoms contrib-
utes to formation of hydrogen bonds and stabilization of amorphous struc-
ture.  

Prediction of glass forming ability for the test set was consistent with ex-
perimental data for 15 of total 16 substances.13 substances showed no pro-
cess dependency but sulfamerazine and tolazamide could be activated by 
quenching and mechanical treatment but not through spray drying. Phenyto-
in was predicted as non glass-former by the model. The absence of crystalli-
zation peak upon cooling of phenytoin melt was not due to amorphization 
but decomposition of material upon melting. The prediction accuracy was 
75% for a test set selected from data published by Lin and coworkers 
2009(Figure 6). 

The glass transition temperature of the materials used is a crucial parame-
ter in creation and preserving the amorphous structure32. In order to prevent 
crystallization the temperature should not exceed Tg during amorphisation 
process and storage. 

It has been shown by Mahlin and Bergström recently that molecular struc-
ture is crucial in prediction of the glass-forming ability. By using the molec-
ular weight (MW) alone the possibility to make the compound amorphous by 
standard process technology can be appreciated by 90% accuracy. The phys-
ical stability of amorphous state upon storage can be predicted by this model 
correctly in 78% of cases based on MW and glass-transition temperature59. 
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Figure 6. The accuracy of the classification of the training set and the test set used. 
(A) The compounds were denoted 1 if experimentally determined as crystalline and 
0 if amorphous; hence the cutoff between these classes in the prediction was 0.5. 
The falsely predicted compounds are colored red. (B) Pie charts showing correct and 
false predictions of glass-forming ability by the developed PLS-DA model. The 
correct classification is shown in black, false predictions in white 

 Improvement of chemical stability of hydrolysis sensitive drugs by material 
engineering - Control of water presenting capacity of cellulose and physical 
distribution of sorbed water through decreased crystallinity index 

The short term chemical stability study confirmed the expected increase 
in degradation rate of ASA as a model substance for hydrolysis sensitive 
drugs in compositions with hygroscopic excipients like MCC and HCC. The 
mixtures contained 1-50% excipient. The effect on drug stability was natu-
rally dependent on the amount of available water in the mixture. Higher pro-
portion of MCC or HCC resulted in higher degradation rate. In samples with 
1 or 5 % excipient the effect on stability was negligible but further increase 
in excipient-drug ratio resulted in significant change in degradation rate. In 
mixtures containing 50 % microcrystalline or high crystalline cellulose the 
increase in hydrolysis rate was dramatic.  
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In case of ASA mixtures with lactose or LCC, an increase in excipient 
content in the mixture actually improved the stability and slowed down the 
degradation (Figure 7).  
 

Figure 7. Salicylic acid concentration vs. time in mixtures of ASA and MCC, LCC, 
HCC, as well as lactose at the five indicated drug/excipient ratios stored over satu-
rated K2CO3 solution at 50ºC. Lines are drawn as guides to the eye. 

Despite a small difference in moisture content between MCC and lactose of 
about 0.77 % (w/w) the ASA degradation rate was almost 4-fold higher in 
50% mixtures with MCC compared to lactose mixtures. The water content of 
lactose monohydrate is present mostly as highly confined crystal water and 
does not promote drug hydrolysis.  The highest degradation rates were ob-
served in ASA mixtures with MCC and HCC and this is consistent with wa-
ter evaporation enthalpies measured with DSC for these samples.  Evapora-
tion enthalpy values are roughly twice as high for LCC and lactose com-
pared with HCC and MCC (Table 1), indicating higher water mobility and 
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consequently water activity in HCC and MCC mixtures. The water in MCC 
and HCC is presented on the surface of cellulose microfibrils weakly associ-
ated with the surface and thereby free for taking part in hydrolysis. HCC 
promotes degradation far more than MCC despite a difference of merely 0.2 
% (w/w) lower moisture content.  

LCC with a moisture content exceeding 9 % (w/w) did not enhance drug 
degradation at all. The explanation is the nanostructure environment differ-
ences between crystalline and amorphous regions in the cellulose. In amor-
phous cellulose water penetrates in to the bulk and makes hydrogen bonds 
with hydroxyl groups available. This bound water has then very little mobili-
ty and cannot promote drug degradation. The crystallinity is the key parame-
ter in determination of equilibrium level of water content and water-cellulose 
interaction profile 
 

Table 2. Solid-state characteristics of the samples and DSC thermal analysis data. 
The values in parentheses are standard deviation over 3-6 measurements. 
 Temperature a, ºC Icr

b, % Moisture 

content c, %  

- Hd, (J/g 

sample) 

- He,  

(J/g water) 

HbondsN  

c, f 

 1.5ºC/min 3.0ºC/min 10.0ºC/min  (w/w) 1.5ºC/min 1.5ºC/min  

HCC 36.7 (4.1) 49.4 (3.7) 81.1 (2.5) 82.1 

(1.7) 

5.27 (0.24) 121.1 (17.4)  2298 (393.8) 1.98 (0.34) 

MCC 35.2 (3.0) 54.2 (2.9) 87.8 (4.9) 81.7 

(4.0) 

5.47 (0.08) 133.6 (23.3)  2442 (443.7) 2.10 (0.38) 

LCC 49.9 (1.3) 61.0 (2.9) 90.6 (8.1) 30.5 

(11.3) 

9.27 (0.24) 376.1 (35.9) 4057 (439.6) 3.49 (0.38) 

Lactose 136.3 (0.8) 144.0 (1.2) 150.6 (1.4) - 4.70 (0.36) 177.1 (11.0)  3768 (377.7)  3.24 (0.32) 

a) The maximum temperature of the endothermic peaks in the DSC measurements. For Lactose the 

temperature is extracted for the peak pertaining to evaporation of crystal water 

b) Crystallinity index 

c) Equilibrated at 40% RH 

d) Heat absorbed normalized per sample weight 

e) Heat absorbed normalized per sample moisture content 

f) Average number of H-bonds holding the water molecule in the excipient structure 

In order to find out the mechanism of water absorption by cellulose and the 
distribution pattern of water in amorphous and crystalline regions of cellu-
lose governed by cellulose crystallinity a new series of experiments were 
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conducted. The water mobility and activity was studied by following stabil-
ity of ASA in mixtures with MCC and LCC at various relative humidities 
and moisture contents at 50ºC.  

At dry conditions, defined as 0 % RH, the degradation of ASA both alone 
and in 50 % mixtures with MCC or LCC was negligible. The degradation 
rate increased slowly as the relative humidity increased up to 32 % for sam-
ples containing ASA- MCC and ASA-LCC. At low relative humidities, be-
tween 0-18 % RH, the differences in drug degradation rate between MCC 
and LCC samples with ASA were small. At intermediate relative humidity 
zone between 32-63 % RH the degradation rate was considerably lower for 
LCC mixtures with ASA compared to MCC mixtures. The LCC stability 
enhancing property was most pronounced at 43% relative humidity (Figure 
8). 

Increase in relative humidity above 63% and consequently increase in mois-
ture content abolished the differences in degradation rate between LCC and 
MCC containing          samples. For samples stored at 75 and 90 % RH deg-
radation curves for ASA mixtures with MCC and LCC were similar. In these 
samples about 70% of ASA in the sample was transformed to salicylic acid 
during the study time period. The salicylic acid crystals could be observed 
by SEM and the melting peak of SA could be observed in DSC measure-
ments. Two peaks were observed at 136 ºC and 159 ºC which in accordance 
with the literature could be identified as melting peaks for ASA and SA. SA 
crystals could be observed when about 30% of ASA in the sample was trans-
formed to SA. The nucleation and crystal growth of the degradation products 
has been reported in the literature for 5-nitro acetyl salicylic acid identified 
by polarized light microscope images68. 
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Figure 8. Degradation profiles of acetylsalicylic acid (ASA), i.e. the amount of 
formed salicylic acid (SA), during storage up to 175 days at a series of relative 
humidities (i.e. 0%, 11%, 18%, 33%, 43%, 63%, 75% and 90%) of ASA alone (●), 
blends of ASA and microcrystalline cellulose (MCC, ■) and blends of ASA and low 
crystalline cellulose (LCC, ▲). Error bars are standard deviations. N.B. The scale of 
the y-axis differs between graphs. 

In this thesis, the degradation rate of ASA was assumed to occur at a con-
stant rate and the slope obtained by linear regression of the accumulated SA 
concentration (%) versus storage time was used as an indication of the rate 
constant. This approach has been reported in the literature23 and was consid-
ered to provide the best fit for the data. The values of degradation rates at 
different relative humidities and moisture contents are presented in table 2. 

At 90 % relative humidity, the degradation curve showed tendency to a non-
linear degradation. A similar type of degradation profile has been reported 
by Okamura and coworkers (1980) for 5-nitro acetyl salicylic acid crystals 
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with a slow degradation rate initially which was interpreted as an induction 
period followed by a faster degradation with linear profile.  

Leeson and Mattocks reported 1958 that the degradation of ASA when 
stored in dry conditions is very slow. The presence of water is required for 
degradation process. This is in agreement with the results of this work. 
When ASA is stored with hygroscopic powders like MCC and LCC the deg-
radation increases with increased relative humidity. It seems that cellulose 
by absorbing the moisture from surrounding atmosphere and binding the 
water in a micro environment close to ASA crystals facilitates the degrada-
tion by presenting water and make it available for hydrolysis of ASA in 
ASA-cellulose mixtures. 

Beside amount of water presented in the mixture defined as moisture con-
tent, the water mobility is a key factor. The temperature of maximum evapo-
ration rate in DSC drying measurements presented as Tmax has been used as 
an indicator of water mobility in the samples. 

Degradation rate constant (K) of ASA is very slow at low moisture contents 
and increase slowly with increased MC. At a critical point the moisture con-
tent passes a limit for low water mobility and low degradation rate and above 
that limit the degradation rate increase linearly with increased MC. The bi-
phasic profile of degradation rate relationship with moisture content of sam-
ples is similar for MCC and LCC containing mixtures. The critical moisture 
content level for the shift from low degradation rate region (phase 1) to high 
degradation rate region (phase 2) is shifted towards a higher moisture con-
tent for LCC containing samples (Figure 9). Point of intersection for linear 
regression lines for phase 1 and phase 2 was determined and is defined as 
critical moisture content and is presented in table 3 together with slopes of 
phase 1 and 2 regression lines. Phase 1 is defined as the region with relative 
humidities under 33% and phase 2 contains samples with moisture contents 
above 33%. The substantial increase in degradation rate in phase 2 is an in-
dication of considerable increase in available water for hydrolysis due to 
increased water mobility. 
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Figure. 9. The degradation rate constant (K) of acetylsalicylic acid (ASA) in mix-
tures of ASA and microcrystalline cellulose (MCC, circles) and ASA and low crys-
talline cellulose (LCC, triangles) as a function of the moisture content of the cellu-
loses (MC). Inserted graph represents powder samples stored at relative humidities 
of 0, 11, 23, 33, 43 and 63% 

The endothermic peak of evaporation in DSC drying measurements has been 
used to study water association and interaction profile with MCC and LCC. 
The maximum point of this peak is considered to define the temperature of 
highest evaporation rate92. The shape of the peak was changed depending on 
moisture content of the cellulose and was flat and broad for samples with 
low moisture content. The temperature of highest evaporation rate (Tmax) is 
shown as a function of moisture content in Figure 10.  

For samples conditions at 0 and 11% RH, having moisture contents below 
2 wt. %, the Tmax was significantly higher for LCC (general linear model 
ANOVA, P-value of 0.0039). Tmax decreased then rapidly for both MCC and 
LCC samples with increasing moisture content in a non-linear way. 
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Figure 10. The maximum evaporation rate temperature for MCC (■ )and LCC(▲) at 
different moisture contents.  

The relationship between degradation rate constant (K) and Tmax showed a 
non-linear   dependency (Figure 11). Tmax -values above 63 ºC are associated 
with very low K-values for both MCC and LCC. The interpretation in terms 
of water mobility is very limited water mobility at low moisture contents and 
a very fast increase in water mobility when MC is above critical moisture 
content. Low Tmax values around 40 ºC is an indication of existents of free 
water with properties similar to properties of bulk water. The profile is the 
same for LCC and MCC.   
 
 

 
Figure.11. The degradation rate constant (K) of acetylsalicylic acid (ASA) in mix-
tures of ASA and microcrystalline cellulose (MCC, circles) and ASA and low crys-
talline cellulose (LCC, triangles) as a function of the peak temperature of water 
evaporation (Tmax) from DSC thermograms. Inserted graph represents powder sam-
ples stored at relative humidities of 0, 11, 23, 33 and 43%. 
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Table 3.Equilibrium moisture content (MC) of celluloses, the degradation rate con-
stant (K) obtained by linear regression of the degradation profiles of acetylsalicylic 
acid (ASA) in mixtures with celluloses during storage, the temperature of highest 
water evaporation rate (Tmax) and heat of evaporation (Q) from DSC thermograms 
for celluloses stored at all relative humidities (RH). 

RH(%) 
MC of 
MCCa(%) 

K of 
MCC 
(%/day) 

Tmax of 
MCC 
(°C) 

MC of 
LCCb(%) 

K of 
LCC 
(%/day) 

Tmax of 
LCC 
(°C) 

K 
ofASA(%/day) 

0 0 0.0003 
(0.68)c 

69.0(1.73)d 0 0.0004 
(0.79)c 

76.0(3.61)d 0.0004 (0.95)c 

11 1.62(0.09)d 0.0016 
(0.92) 

67.5(2.12) 2.37(0.37)d 0.0007 
(0.80) 

75.0(0.00) 0.0006 (0.88) 

23 2.44(0.31) 0.0037 
(0.92) 

62.0(2.00) 3.15(0.02) 0.0040 
(0.90) 

64.5(3.54) 0.0006 (0.93) 

33 2.95(0.31) 0.0068 
(0.95) 

64.3(0.58) 3.78(0.41) 0.0040 
(0.85) 

63.7(2.08) 0.0010 (0.79) 

43 3.63(0.39) 0.0248 
(0.92) 

57.3(1.15) 4.64(0.19) 0.0157 
(0.87) 

59.3(2.08) 0.0032 (0.83) 

59 4.20(0.25) 0.0480 
(0.90) 

58.7(2.08) 4.94(0.55) 0.0370 
(0.95) 

59.7(1.15) 0.0041 (0.88) 

75 8.25(0.28) 0.1472 
(0.98) 

51.7(3.79) 8.66(0.51) 0.1733 
(0.98) 

54.3(2.08) 0.0170 (0.75) 

90 18.8(0.46) 0.4326 
(0.96) 

45.0(0) 21.1(0.44) 0.4315 
(0.97) 

41.5(2.12) 0.0507 (0.82) 

a  MCC: micro crystalline cellulose. 

b  LCC: low crystalline cellulose. 

c   Coefficient of determination (r2) obtained by linear regression of the degradation profiles 

(in parentheses). 

d  Standard deviation in parentheses. 

In the literature the phenomenon of water-cellulose interaction has been 
studied with a variety of techniques and methods. Lepore et al 2012 reported 
a model to describe the interaction of water with cellulose based on NMR 
studies down on cotton fibres. According to this model, water absorbed to 
cellulose exists in two states. Firstly, the highly confined water with low 
mobility at low relative humidities and low water content and, secondly, 
water with a looser interaction with cellulose forming a clustered structure 
with higher mobility at higher relative humidities. Similar descriptions have 
been reported by several studies earlier e.g.48,73,85,91.  

The results of this study presented in figure 6 and 7 show the effect of this 
residence model for drug degradation. At low relative humidities when water 
exists as highly confined with a low mobility the degradation rate is slow, 
when the moisture content of samples pass a critical point, the formation of 
clustered water with high mobility promote degradation significantly. The 
values of this critical moisture content for MCC obtained in this study are in 
good agreement with values reported earlier in the literature48,73,85,91.  The re-
ported values of 3-4 % bound water correlates to degree of crystallinity. 
Highly confined water exists as tightly bounded to hydroxyl groups of amor-
phous regions in cellulose. In low crystalline cellulose a higher number of 
available hydroxyl groups are available and a larger amount of water can be 
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absorbed as structured water and the critical moisture content value is shifted 
towards a higher value. LCC with 16% less crystallinity showed a 46 % higher 
critical moisture value (3.26% compared to 2.8 % for MCC). The transition 
from low degradation rate below critical moisture content to a high degrada-
tion rate above critical MC is evidently correlated to cellulose crystallinity.  

The chemical stability of hydrolysis sensitive drugs is dependent of water 
activity in the composition. The moisture content of composition per se is not 
the main factor in determining chemical stability. Hygroscopic excipients like 
LCC with a higher water content and higher amorphous content can even im-
prove drug stability by immobilization of the water present in the formulation. 
MCC with a similar structure but higher crystallinity on the other hand facili-
tate drug degradation by making water available for hydrolysis because of a 
weak interaction between water and cellulose resulting in higher water mobil-
ity. The earlier findings had described that an increase in amount of free water 
provided by increased proportion of MCC34 or increased number of ASA-
MCC contact points5 enhance drug degradation. This is a result of increasing 
inter-particle junctions (communication sites) for water transfer between ASA 
and cellulose. This is in agreement with the results of this model for water 
distribution correlated to cellulose crystallinity. 

In conclusion, chemical stability of hydrolysis sensitive drugs may be im-
proved by lowering degree of crystallinity which in turn decreases water 
mobility and consequently drug degradation. The degradation of hydrolysis 
sensitive drugs is strongly affected by water presenting capacity of cellulose 
which is correlated to cellulose crystallinity as presented in figure 12. 

 
 
Figure 12.  Summary of conceptual view on the effect of a hygroscopic excipient on 
the chemical degradation of a solid drug, using the term water presenting capacity to 
denote excipient functionality. 
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Summary and conclusions 

The objective of this thesis was to study solid state material properties like 
crystalline-amorphous transition, and water interaction profile in order to 
solve problems related to physical and chemical stability of pharmaceutical 
materials.   

The results of powder flow experiments show that using techniques like dry 
mixing and compression involving particle sliding increase the heat generat-
ed by friction that can raise the temperature at contact sites between the par-
ticles. The creation of these hot spots increases the molecular mobility and 
may cause local melting which alters the crystalline order by close range 
disorder. The consequent fast solidification subsequently creates a partially 
amorphous/glassy material. This process which is referred to as vitrification 
proceeds as long as the heat generating process is ongoing and under certain 
conditions may transform the crystalline structure to an almost totally amor-
phous material. The vitrification depends on inherent material properties like 
melting point and process dependent properties like the number and intensity 
of collisions and surface conditions and may change surface and solid state 
dependent properties like dissolution rate and apparent solubility. 

The prediction of glass-forming ability of material is possible according to 
the results of PLS-DA model based on molecular structure.  

The presence of unbound water is the main cause of drug degradation in 
solid drug formulations. In case of some hygroscopic excipients like cellu-
lose based material the degree of crystallinity is a key factor in defining how 
water molecules are associated and sited within the cellulose polymeric 
structure. The water presenting capacity of cellulose is controlled by cellu-
lose crystallinity and lowering crystallinity decreases amount of available 
water for degradation through hydrolysis. According to the findings in this 
thesis it is possible to reduce the rate of hydrolysis substantially by lowering 
crystallinity of cellulose used in combination with a moisture sensitive drug. 
The next challenge is to test this hypothesis by performing a stability study 
involving the measurement of the hydrolysis rate for a hydrolysis sensitive 
drug in combination with totally amorphous cellulose. 
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Svensk populärvetenskaplig sammanfattning 

Fysikalisk-kemisk stabilitet av slutprodukt är en viktig parameter i läkeme-
delstillverkning. Många läkemedelsubstanser är fuktkänsliga och degraderas 
genom hydrolys när de utsätts för fukt. I tillverkning av fasta beredningar 
som tabletter och kapslar används oftast hjälpämnen, en del hjälpämne som 
mikrokristallin cellulosa är hygroskopiska. Mikrokristallin cellulosa är ett av 
de viktigaste hjälpämnen som används i tillverkning av fasta beredningar 
framförallt tabletter. Mikrokristallin cellulosa som används i tillverkning, 
kan innehålla upp till 7 % fukt. När mikrokristallin cellulosa blandas med 
hydrolyskänsliga läkemedel så sker nedbrytningen av substansen fortare och 
hållbarheten av läkemedlet försämras. Resultatet av vår forskning har visat 
att fördelningen av vatten i mikrokristallin cellulosa styrs av cellulosas kris-
tallinitet och om man sänker cellulosas kristallinitet så blir interaktionen 
mellan cellulosas fiberstruktur och vatten starkare och vattenmolekylernas 
rörlighet minskar vilket resulterar i lägre vattenaktivitet och långsammare 
nedbrytning av läkemedelssubstansen. Detta kan vara ett steg mot framtag-
ning av mikrokristallincellulosa som har bättre kompatibilitet med fuktkäns-
liga läkemedel och skyddar hydrolyskänsliga läkemedelssubstanser mot 
hydrolys. 

Kristallinitet påverkar även lösligheten och kristallina material som under 
processer som malning, blandning och spraytorkning övergår till en delvis 
oordnad fastfasstruktur får en högre skenbar löslighet. Den molekylära struk-
turen avgör hur lätt krisitalldefekter kan uppstå och hur stabil den oordnade 
fastfasstrukturen av substansen blir. En del läkemedelsubstanser som t.ex. 
naproxen kan kristallisera så lätt att den oordnade formen inte kan bildas i 
rumstemperatur. 

Resultatet av vår forskning visar att betydande fastfasförändringar kan upp-
stå under tillverkningsprocesser som torrblandning av pulver vilket resulterar 
i förändrad skenbar löslighet av substansen och fysikalisk stabilitet av slut-
produkten. Vi föreslår att fastfasförändringen är i första hand resultatet av en 
lokal temperaturhöjning på grund av friktion som ger en lokal smältning som 
följs av en snabb vitrifiering vilket leder till lokala oordnade mikroöar som 
sprider sig inom strukturen om processen fortsätter. Denna omvandling kan 
förebyggas genom att använda smörjmedel som minskar friktionen. 
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Fördjupad kunskap om farmaceutiska material och olika steg i tillverknings-
processen ger oss möjlighet att förbättra materialegenskaper och anpassa 
tillverkningsstegen för att få produkter med hög fysikalisk och kemisk stabi-
litet.  
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