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Particulate interactions between drug and lactose carrier in
dry powder inhaler formulations ar e affected by the heter ogenous
energy distribution on the surface of theindividual compounds. A
new method based on I nver se Gas Chromatography at finite con-
centration is applied to study the energy heterogeneity of
untreated, milled, and recrystallized lactose of similar particle
size distribution. Energy distributions for the dispersive surface
energy and the specific free energy of ethanol are obtained. Mill-
ing causes an increasein surface ener gy dueto formation of amor -
phous regions. Untreated and recrystallized materials have
similar surface energies at low surface coverages but show clear
differencesin energy distribution.
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INTRODUCTION

The processing and performance of solid formulations
depends strongly on the interaction at the interface of the dif-
ferent compounds in the blend (Zeng, Martin & Marriot,
2001). Thisinteraction is affected by the surface heterogeneity.
Surface heterogeneity can be attributable to porosity, surface
roughness (rugosity), and distribution of the energy on the
surface (Gregg & Sing, 1982; Rudzinski & Everett, 1992;
Thielmann & Pearse, 2002). The latter is related to a variation
in surface energy of different active sites on the surface of a
solid.

Y oung and Price suggested that the existence of different
active sites on a solid can have an impact on the aerosolization
performance of dry powder inhalation (DPI) formulations
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(Young & Price, 2006) with lactose as a carrier. o-Lactose
monohydrate is used in such formulations to overcome the
high cohesiveness of the micronized drug. The authors
showed by colloid probe microscopy that there exists a wide
variation in energy distribution—even for unprocessed stan-
dard lactose that consisted mostly of o-Lactose monohydrate.
For instance, in aformulation of different lactose grades with
salbutamol sulphate there is a large variation in fine particle
fraction (FPF). Especialy in low dose drug systems there is
initially areduction in FPF despite an increase in loaded dose
due to the strong adhesion of fine drug particles to the high
energy sites of the lactose carrier. Generally, active sites of
enhanced energy can be amorphous (Chan, 2006; Ticehurst,
York, Rowe & Dwivedi, 1996) or certain face-specific
regions (Heng, Thielmann, & Williams, 2006; Larhib, Zeng
& Martin, 1999). If the loaded dose is increased further the
FPF increases as these high energy sites are “saturated.” In
this case there should be a critical surface energy where the
drug remains on the carrier. This would be an “upper limit”
for the surface energy above which the drug-carrier interac-
tion would be too strong.

However, there also must be a“lower limit” of drug-excipient
adhesion since certain process steps such as mixing or capsule
filling require a good content uniformity. Such uniformity can
only be achieved if the drug-excipient interaction is reasonably
strong compared to the drug-drug cohesion (Begat & Price,
2004; Thielman, Naderi, Young, & Traini, 2006).

From the above it is obvious that the distribution of the sur-
face energy is highly relevant for an understanding of process-
ing and formulation performance. In this paper a new method
is described for the determination of the surface energy distri-
bution by Inverse Gas Chromatography (IGC). The method is
applied to investigate the surface heterogeneity of an untreated
standard lactose, milled, and recrystallized lactose in combination
with other techniques.
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METHOD

IGC is awell-known method for the determination of surface
energetics and has been applied in various studies on pharma-
ceutical materials addressing issues such as flowability (Feeley,
York & Sumby, 1998), milling (Heng et a., 2006; York,
Ticehurst, & Osborn, 1998), and content uniformity (Galligan,
Buckton, & Burrows, 2000). A good overview of various appli-
cations can be found in reference (Grimsey, Feeley & York,
2002) and (Domingue, Burnett & Thielmann, 2003). IGC inverts
the roles of the stationary and mobile phase as found in conven-
tional gas chromatography since a solid of unknown properties
is packed into a column and probed with known vapors to deter-
mine its physico-chemical characteristics. This has various
advantages over conventional wettability techniques since it
avoids changes in the sample morphology as well as problems
with porosity and bulk absorption. However, in the past IGC was
mainly used in the infinite dilution range. This involves the
injection of very small concentrations of vapors and an interac-
tion with high-energy sites on the material surface takes place.

The surface energy can be divided into a dispersive and a
specific contribution. The former is due to Lifshitz-van der
Waalsinteractions and the latter is related to electrostatic forces
(Oss & Good, 1989). The dispersive surface energy can be
determined directly by an injection of a range of alkanes while
the specific contribution can only be indirectly assessed through
the determination of the specific free energies of various polar
probes. The retention time of each injected probe vapor depends
on the strength of interaction with the sample surface: the stron-
ger the interaction, the higher the retention time. The gross
retention time, t obtained from the maximum (or the centre of
mass) of the eluted peak has to be corrected for the deadtime, t,
of the system. The deadtime is the time a non-interacting probe
takes to pass through the IGC system. If the deadtime is sub-
tracted the net retention time is obtained and can be transformed
into the retention volume, Vy via Eq. (1).

Vy = j/m-F-(tg—to) 1)

27315

where T is the column temperature, mis the sample mass, F isthe
exit flow ratea 1 atm, and 273.15 K. j isthe James-Martin correc-
tion factor, which corrects the retention time for the pressure drop
in the column bed. The net retention volume of each akaneinjec-

tion isrelated to the dispersive surface energy, n/g viaEg. (2).

RT InVy, = 2N, (72)"?a(yL)"2 + const. )

In Eq. (2) N, is the Avogadro constant, R is the gas con-
stant, ,° isthe dispersive surface tension of the probe, and a its
cross sectional area. If the term RTINVE? for arange of injected
akanesis plotted versus a(, )V2 astraight line results and the

dispersive surface energy can be calculated from the slope of
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the corresponding linear fit (Schultz, Lavielle & Martin, 1987).
When in addition polar probes are injected data points will be
located above the alkane line if plotted in the same coordinates.
Thevertical distance between each point of apolar probe and the
akanelineisadirect measure for the specific contribution of the
free energy, AG® (Schultz et a., 1987). With the knowledge of
the specific free energy an acid-base concept such as the
Gutmann or Good-van Oss theory could be applied to obtain
acid and base numbers for the solid surface (Mukhopadhyay &
Schrieber, 1995) or specific surface energies (Goss, 1997).

Although infinite dilution conditions are advantageous in
terms of an increased measurement sensitivity (Thielmann,
2004) it limits the investigation of the surface to high-energy
sites. For a study of the entire surface less energetic sites need
to be taken into account. This can be achieved by an increasein
vapor partial pressure to finite concentration conditions. For a
study of the surface heterogeneity vapors are injected at differ-
ent concentrations. There are numerous different approachesin
literature for the mathematical treatment of the results of such
experiments. An overview can be found in reference (Rudzinski
& Everett, 1992). However, the results are usually expressed as
adsorption potential (Jaroniec, Gadkarcc, & Choma, 1996) or
adsorption energy distribution (Balard, 1997). In the former
method retention times/volumes of a probe vapor are deter-
mined at different vapor partial pressures. A plot of the reten-
tion volume versus the partial pressure results in a curve that
represents the first derivative of the sorption isotherm. A
detailed description of the determination of adsorption iso-
therms from finite concentration IGC measurements can be
found in (Cremer & Huber, 1962). In principle two methods
can be distinguished for the isotherm calculation: the Peak
Maximum (PeakMax) and Elution of a Characteristic Point
(ECP) method. For the PeakMax method different concentra-
tions (partial pressures) of a probe vapor are measured and the
retention volume and equilibrium partial pressure in the maxi-
mum are calculated for each single injection concentration. In
the case of the ECP method one assumes that each maximum
of individual peaks from single injections coincides with the
rear of a peak produced by the highest injection concentration.
For this reason the isotherm can be calculated from just one
peak. However, this assumes that the curvature of the rear of
the peak is entirely due to adsorption/desorption effects. In
reality there is also a contribution from the gas phase diffusion
(Cremer & Huber, 1962). This diffusion effect can be partialy
eliminated by applying the correction according to Bachmann,
Bechtold, and Cremer (1962), so that isotherms from PeakM ax
and ECP calculations coincide.

In order to obtain the adsorption potential distribution func-
tion the partial pressures of the sorption isotherm are converted
into a sorption potential, A by Eq (3).

A= R~T-In(EJ €)
p
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where p is the partial pressure, po the saturation pressure, R
the gas constant, and T the column temperature. The distribu-
tion parameter, @ can be obtained from the first derivative of
the sorbed amount, n with the sorption potential A asshownin

Eq. (4).
dn

d=—— 4)
dA

The distribution function can be normalized by dividing
through the monolayer capacity n,,

Although this approach is very vauable it suffers from the
fact that the adsorption potential as well as adsorption energy
distributions are probe molecule dependent, meaning the
results change depending on the vapors used in the experiment.
For thisreason it would be preferable to determine the distribu-
tion of the surface energy since this parameter is a sole prop-
erty of the material surface. Unfortunately, the calculation used
a infinite dilution cannot simply be extended to the finite con-
centration case due to the non-linear shape of the adsorption
isotherm in this region. In the non-linear part of the isotherm
the retention volume depends on the surface coverage. Probe
molecules injected by pulse chromatography adsorb usualy at
different surface coverages since it is difficult to predict the
equilibrium partial pressure in this discontinuous adsorption
method. Bogillo, Shkilev, and Voclkel (1996) suggested a
method that allows for a calculation of the adsorption energy
distribution directly from the retention volumes of finite con-
centration measurements. The adsorption energy function
could then be used to estimate an average dispersive surface
energy as well as the specific free energies for various polar
probes. However, this method did not provide the distribution
of the surface and free energies.

To determine the surface energy distribution the retention
volumes obtained from measurements at different concentra-
tions must be corrected for their surface coverage. This can be
achieved by assuming that akanes as well as weakly polar
vapors adsorb in a Type Il adsorption mechanism (Thielmannn
& Baumgarten, 2000). In this case the isotherms show a “knee-
shape” at low partial pressures which is associated with the for-
mation of a (statistical) monolayer before multilayer adsorption
occurs. This is usually a valid assumption if the vapor-vapor
interactions are significantly lower than the vapor-solid interac-
tions (van den Berg & Bruin, 1981). In this case the monolayer
capacity of the surface can be determined directly from the iso-
therm of each probe vapor by applying the BET equation, Eq.
(5) or estimated if the BET surface areais known from separate
experiments, e.g., with nitrogen adsorption techniques.

n= Ny -C p/pO
(L~ P/Ppo)- (1~ (L~)- plpo) ®

Inthisequation cisthe BET constant and all other constants
have the same meaning as above.
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With the knowledge of the monolayer capacity the surface
coverage O can be calculated according to Eq. (6) as suggested
by Langmuir (1918).

e=n/n, (6)

The retention volume can now be obtained for different sur-
face coverages by differentiation of the isotherm. To facilitate
the differentiation and to generate more data points, especially
in case of a peak maximum analysis, the isotherms have been
fitted using a linear combination between the Henry and BET
equation as shown in Eq. (7).

A-B-plp,
(1-p/po)-(1-(1-B)-p/py)

n = C-plpy+ (7

This simple extended BET equation gives remarkably good
fits in the experience of the authors, especially if the isotherms
are predominately of Typel. It should be pointed out here that
the linear combination normally requires two “weighing” fac-
tors. However, in this case they are already included in the con-
stantsfor A, B, and C. Thisisthe reason why the classical BET
and Henry constants have been replaced as they do not have
the same physical meaning in Eq. (7).

In theory it would be also possible to analyze the retention
volume curves directly and to avoid the extra step of an iso-
therm calculation. However, for the results obtained in this
paper the analytical description of a Type Il isotherm is much
simpler and more accurate than that of the retention volume
curve,

If now the retention volumes at the same surface coverages
are compared Eq. (2) can be applied and the dispersive surface
energies can be calculated as described above for each surface
coverage. In addition the specific free energies for each cover-
age can be obtained using the same approach. Consequently,
acid-base numbers could also be obtained as a function of sur-
face coverage. However, in this study only ethanol was used to
obtain a measure for the affinity of the surface to an amphot-
eric and hydrophilic acid-base probe vapor.

EXPERIMENTAL

Materials

o-Lactose monohydrate was obtained from Acros Organics,
Loughborough, UK, ACS grade (CAS 5989-81-1). The “as
received” lactose material (as well as all other materials after
treatment) were sieved using ASTM Test Sieves (Endecotts,
Chelmsford, UK) and the sieve fraction 63-90 um was col-
lected for further experiments. The milled sample has been
generated by grinding 20 g of the initial material (which will be
referred to as “untreated lactose” in the following sections)
using a Minigrinder (Micromark, London, UK). The grinding
time was 3 min. After sieving the material was collected and
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will be referred to as “milled lactose”. A few grams of the
milled sample were placed in a petri dish and put into a desic-
cator together with a petri dish filled with water. The desicca
tor was sealed and the sample was exposed to this humid
environment for 24 h in order to recrystallize any amorphous
material which may have been present after milling. The sam-
ple was then dried in an oven at 40°C for 12 h to remove the
physisorbed water. Finaly, the materid was sieved as
described above and will be referred to as “recrystallized
lactose”.

Particle Size Analysis

Particle size analysis was carried out after sieving to con-
firm a comparable size range for al samples. Particle size dis-
tribution was determined using a laser light scattering based
particle size analyzer (Mavern Mastersizer 2000, Malvern
Instruments, Worcestershine, UK) in accordance with SO
13320 (using the Mie theory) fitted with a small volume sam-
ple dispersion unit. A small amount (< 0.2 g) of sample was
dispersed into 200 mL of acetone in a large beaker with a stir-
ring rate of 2000 rpm used, providing for a thorough mixing of
the particles in suspension. The suspension was allowed to fill
the glass cuvette placed in the laser path of the instrument. Six
measurements were obtained for each sample.

Dynamic Vapor Sorption (DVS)

Dynamic gravimetric vapor sorption was used for the deter-
mination of the amorphous content of the lactose samples.
Experiments were carried out with a DVS Advantage instru-
ment (Surface Measurement Systems Ltd., London, UK). The
amorphous content has been determined by the method of
Mackin, Zanon, and Park (2002). In this approach the solvent
vapor sorption is measured below the vapor pressure at which
crystallization would occur. Then the partial pressure is
increased above this point and subsequently reduced back to
the original vapor pressure where the vapor sorption is mea-
sured again. In the current investigation water has been used as
the crystallization solvent. The adsorption of water has been
determined at 20% relative humidity (RH) and 25°C. The sam-
ple was crystallized at 95% RH and then the humidity reduced
to 20%. The difference in the uptake at 20% RH is used as a
measure for the amorphous content. Experiments have been
carried out in duplicate on all three samples.

Optical Imaging (Microscopy)

A visua comparison of the untreated samples with the sam-
ples after milling and recrystallization was carried out by
obtaining photomicrographs of the particle surfaces using an
Olympus BX51M optical microscope (Olympus, Japan) fitted
with aDP70 camera. To enhance the depth focus, the Extended
Focal Imaging (EFI) module was used by taking a series of sin-
gle images at various focus levels. These images were then
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compiled into a composite image using an ANALY SIS FIVE
software (Olympus), resulting in a sharp focus for the whole image.

Inverse Gas Chromatography (IGC)

| GC experiments were carried out using an iGC 2000 (Sur-
face Measurement Systems Ltd., London, UK) with a flame
ionisation detector. The lactose samples were packed into stan-
dard columns (30 x 0.3cm ID) using a tapping machine from
the same supplier. Columns were filled with 2-3 g of material
and then conditioned in situ for 2 h at 30°C to remove phys-
isorbed water. Measurements were performed with a range of
alkanes (decane, nonane, octane, heptane) and ethanol as a
polar probe, al supplied by Aldrich (Gillingham) in HPLC
grade. Injections were made in duplicate using a range of dif-
ferent vapor concentrations via a vapor sample loop with 0.25
mL volume at 30°C and 10 mL/min flow rate of the helium
carrier gas. For the untreated lactose a second column was
packed to investigate sample-to-sample variation.

RESULTS AND DISCUSSIONS

Particle Size Analysis

Figure 1 shows the particle size distributions obtained for
all three samples. The mean particle size (d 0.5) was 73.85 um
for the untreated sample, 56.11 um for the milled material, and
76.53 um for the recrystallized sample. All three samples show
a rather uniform distribution. However, despite the sieving a
small shoulder is visible at lower particle sizes as well as
another small shoulder for the recrystallized material at high
particle sizes. The former could be explained by agglomeration
of smaller fines that are strongly attached to other fines or big-
ger particles and cannot be separated by the sieving procedure.
The reason for the shoulder at higher particle size for the
recrystallized material is less obvious but might be related to
fracturing and re-agglomeration during sieving.

DVS Measurements

The amorphous content of the three samples was determined
by water sorption as described above. Figure 2 demonstrates the
method by means of the milled lactose. The diagram shows the
uptake at 20% RH before and after exposure to 95% RH. From
the change in weight at 95% RH it can be clearly seen that the
sample recrystallizes during the humidity exposure suggesting
that the milling procedure introduced amorphous regions on the
surface. The difference before and after exposure yields to
0.023% while the reference amorphous sample (obtained by
spray-drying) with 100% amorphous content shows a differ-
ences in uptake at 20% RH of 0.080%. Therefore, an amor-
phous content of 1.25% results for the milled sample. The
unmilled sample gives an amorphous content of 0.2% while the
valuefor the recrystallized material waswell below 0.1% which
represents the detection limit of the approach for this system.
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FIGURE 1. Particlesizedistribution for all three lactose samples measured by laser diffraction.
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FIGURE 2. DVS humidity change and balance response for milled lactose at 298 K.

untreated sample in Figure 3a shows a certain degree of surface

The optical images obtained for the three samples are shown  roughness which is even more significant for the milled material
in Figures 3a—c. The figures differ in surface morphology. The in Figure 3b. In contrast, the recrystallized sample in Figure 3c
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FIGURE 3a. Optical mlicroscope image of untreated lactose.

FIGURE 3b. Optical microscopeimage of milled lactose.

appears to have arelatively smooth surface. Since experiments
were repeated in various different regions of the sample the
authors would consider these images as representative. How-
ever, AFM or SEM experiments could provide more detailed
information on surface roughness and confirm the observations
of this study.

IGC Measurements

Sorption isotherms were calculated according to the ECP
and PeakMax method as described above. Figure 4 shows the
heptane isotherms (as an example for an alkane) obtained from
ECP (before and after diffusion correction) and PeakMax anal-
ysisfor the untreated lactose.
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10 um

FIGURE 3c. Optical microscope image of recrystallized lactose.

There is generally a good agreement between the PeakMax
and ECP method with diffusion correction (keeping in mind
the small changes on the y-axis). Since the ECP analysis
requires only the injection of one (maximum) partial pressure
for each probe vapor this method would be beneficial from an
experimental point of view due to the dramatic reduction of
measurement time compared to the PeakM ax method where an
injection has to be made for each data point. However, in the
authors experience isotherms obtained from PeakMax analy-
sis are more accurate and give more reproducible values for
most pharmaceutical materials. This is due to the fact that the
ECP analysis assumes adistinct Type || adsorption mechanism
and therefore a relatively strong vapor-solid interaction. How-
ever, this is not always the case, especialy if solids have a
lower-energy surface or the probe vapors have a strong inter-
molecular interaction, for example due to hydrogen bonding.
In that case PeakMax measurements give better results as the
analysis does not assume any specific adsorption mechanism.
A more detailed consideration of isotherm types and adsorp-
tion mechanism has been carried out in reference (Thielmann
& Burnett, 2002).

Figure 5 shows a comparison of the heptane sorption iso-
therms for the three different lactose samples as well as a
repeat measurement for the unmilled lactose. These isotherms
have been obtained from ECP analysis of the peak resulting
from the highest injection concentration.

It can be seen that the experiment-to-experiment reproduc-
ibility is excellent and deviations are small compared to the dif-
ferences observed between the three types of lactose. The fit
parameters based on the extended BET equation described
above are summarised in Table 1. Although one might argue the
physical meaning of the constants the regression coefficients
shown in Table 1 are 0.999 or better. This confirms that Eq. (7)
allowsfor avery accurate description of the isotherms measured.
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Heptane Isotherms
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FIGURE 4. PeakMax and ECP isotherms for heptane (amount adsorbed n as a function of partial pressure p/po) on untreated lactose at 303 K.
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FIGURE 5. Heptane isotherms (amount adsorbed n as a function of partial pressure p/po) on al three lactose samples at 303 K.

TABLE 1
Fit Parameter and Regression Coefficients From the Fits of the Extended BET Equation to Heptane
Isotherms for the Three Lactose Samples

Sample a b C Regr. Coeff.
Untreated Lactose 0.001539 5.488474 0.001121 0.999305
Milled Lactose 0.003688 4.291087 0.001249 0.999882

Recrystallized Lactose 0.000932 3.703794 —0.00049 0.999958
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TABLE 2
BET Surface Areas of the Three Lactose Samples
Determined From the Heptane | sotherms
Obtained by IGC Experiments at 303 K

Sample Sger (m?lg)
Untreated L actose 0.80+0.03
Milled Lactose 1.57 +0.05
Recrystallized Lactose 0.22+0.02

With the knowledge of the fit parameters the retention vol-
umes can now be calculated based on the first derivative of the
extended BET equation. The corresponding surface coverages
can be determined from the amount adsorbed and the mono-
layer capacities for each probe. The surface areas that are
required for the calculation of the monolayer capacity are sum-
marised in Table 2 for the three lactose samples. The numbers
for the surface areas show bigger differences than one may
expect based on similar particle size distributions. However,
these differences can be easily explained by the variation in
roughness between the three samples which is supported by the
differences observed in Figures 3a—.

Figures 6 to 8 show a comparison of the retention volumes
as afunction of surface coverage for al vapor probes injected.
As one would expect the retention volume generally decreases
with increasing surface coverage. Moreover, in al three cases
the heavier akanes show higher retention volumes. The
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retention volumes for ethanol are relatively high at low cover-
ages, suggesting a strong interaction but decrease steeply at
higher coverages. When the curves for the three samples are
compared untreated and milled lactose show a much steeper
decline in retention volume with surface coverage than the
recrystallized sample.

From the retention volumes the dispersive surface energy as
well as the specific free energy can now be calculated for each
point at the same surface coverage using Eq. (6). The resulting
graphs are illustrated in Figure 9 for the dispersive surface
energy and in Figure 10 for the specific free energy of ethanal.

As expected from the retention volume curves the surface
and free energy decrease with increasing surface coverage
since more and more less active sites will contribute to the
overall interaction.

It can be seen from Figure 9 that the dispersive contribution
to the surface energy at zero coverage (corresponding to infi-
nite dilution conditions) is the highest for the milled sample
(around 53 mJ¥m?) while the value for the other two samplesis
very similar (around 42 mJm? at zero coverage). This agrees
well with results from infinite dilution measurements pub-
lished in the literature for fairly crystalline in the latter and rel-
atively amorphous materials in the former case (Planinsek,
Zadnik & Rozman, 2003; Ticehurst et al., 1996). Milling can
introduce significant levels of amorphous material (Mackin
et a., 2002; Saleki-Gerhardt, Ahlneck, & Zograffi, 1994) caus-
ing not only an increase in surface area but also in surface
energy. Despite having a comparabl e dispersive surface energy
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FIGURE 6. Changein retention volume with surface coverage for untreated lactose.



1248

300

250 -

200

150

Ret.-Vol. (ml/g)

F. THIELMANN ET AL.

—o— Decane
—#— Nonane
A Octane
—*— Heptane
—+— Ethanol

0

0.9 1

o |
®

0 0.1 3 0.4 0.5 0.6 0.7
Surf. Coverage (-)
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FIGURE 8. Changein retention volume with surface coverage for recrystallized lactose.

at zero coverage the curves for the recrystallized and untreated
material show a different progression at higher surface cover-
ages. It is aso noticeable that the milled and untreated samples
have nearly reached a constant surface energy level below 10%
coverage while the curve for the recrystallized material levels
off well above 70% coverage. This suggests that the energy dis-
tribution is more homogenous for the recrystallized samples.

The specific free energies for ethanol show dlightly differ-
ent trends. At zero coverage the milled sample shows a higher
value than the recrystallized sample. Surprisingly, the
untreated material has a higher specific free energy at zero cov-
erage than the milled sample. With increasing surface coverage
the milled and untreated sample exhibit a similar steep
decrease in free energy. This could be related to the very small
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FIGURE 9. Changein dispersive surface energy with surface coverage for al three lactose samples.

--#--- Untreated

— B - Recryst.
—4&— Milled
3
£
=
3
>
2
o
c
w
[
ﬂl_) VS
'S * * <+ * *
g R -
o u
(72}
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Surf. Coverage (-)
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but detectable amorphous regions on the surface of the
untreated sample.

It is possible to obtain a rough idea about the differential
energy distribution without any modelling or other assump-
tions by point-to-point integration of the curves in Figures 9
and 10. The area increments can then be transformed into

histograms reflecting an energy distribution. The resulting dia-
grams are displayed in Figure 11a—c for the dispersive surface
energy and in Figure 12a— for the specific free energy of ethanal.

When the dispersive surface energy distributions of the lac-
tose samples are compared in Figures 1la—c the histograms
show significant differences in the profiles. The values for the
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milled material are shifted to high surface energies compared
to the other two samples. The profile of the milled material
also reveals three distinct maxima around 31, 33 m¥m? and a
broad peak at 40 mJ¥m?. When the recrystallized and untreated
sample are compared it is obvious that the recrystallized mate-
rial shows a broad but fairly even distribution between 32 and
38 mJm? while the untreated sample shows a clear peak
around 35 and a shoulder around 37 mJ¥m?. Since there are no
significant differences in the amorphous content of the recrys-
tallized and untreated lactose it can be assumed that the varia-
tionsin peak position and width are related to differencesin the
composition of the crystalline form. Those variations could be
explained by impurities or variation in anomeric composition.
Lactose can crystallize not only as a-monohydrate but also in
an anhydrous 3 and o. form aswell asin mixed forms. The ano-
meric composition can have a strong influence on surface ener-
gies and formulation performance (Thielmann et a., 2006).

A comparison of the histograms for the ethanol specific free
energies in Figure 12a—c shows a different picture. All three
curves revea a distinct peak around 5.2 kJ/Mol. The milled
sample also has an additional peak around 8.5 and at 1.5 kJ/
Mol. It could be speculated whether the peak at 8.5 kJ/Moal is
due to the amorphous contributions. However, further studies
by XRD and spectroscopic methods would be required to clar-
ify the observationsin this paper.

CONCLUSIONS

Three different lactose samples have been investigated: an
untreated, a milled and a recrystallized material. Sieving and
particle size analysis were applied to ensure similar particle
size distributions. IGC measurements at finite concentration
allowed for a study of the distribution of the dispersive surface
energy aswell as an investigation of the distribution of the spe-
cific free energy of ethanol. Although untreated and recrystal-
lized lactose showed a similar dispersive surface energy at
infinite dilution the energy distributions for the two samples
are quite different. For the milled material thereis ashift in the
energy distribution of dispersive aswell as specific component
to higher values, compared to the other two samples. In combi-
nation with DV'S amorphous content results this suggests that
the milled sample has a significant amorphous content while
the amorphous content of the untreated and recrystallized sam-
ple is extremely small. The differences observed between the
untreated and recrystallized material were therefore associated
with other factors such as variations in the samples’ anomeric
compositions or impurities. The study has demonstrated the
potential of this IGC finite concentration method to provide an
improved understanding of changes in surface energy and
energy distribution observed during processing on the surface
of a sample. As the next step a correlation with formulation
properties and in vitro behaviour shall be carried out. Of
course, the approach should also be valuable in formulation
development in other areas such as oral solid dosage forms.
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