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Purpose. Reliable methods are needed to characterize the surface
roughness of pharmaceutical solid particles for quality control and for
finding the correlation with other properties. In this study. we used
fractal analysis to describe the surface roughness.

Methods. Atomic force microscopy (AFM) was used to obtain three-
dimensional surface profiles. The variation method was used to calcu-
late fractal dimensions. We have measured fractal dimensions of four
granule samples. four powders. and two freeze-dried powders.
Results. A computer program was written to implement the variation
method. The implementation was verified using the model surfaces
generated by fractional Brownian motion. The fractal dimensions of
most particles and granules were between 2.1 and 2.2, and were inde-
pendent of the scan size we measured. The freeze-dried samples, how-
ever, showed wide variation in the values of fractal dimension. which
were dependent on the scan size. As scan size increased, the fractal
dimension also increased up to 2.5.

Conclusions. Fractal analysis can be used to describe surface
roughness of pharmaceutical particles. The variation method allows
calculation of reliable fractal dimensions of surface profiles obtained
by AFM. Careful analysis is required for the estimation of fractal
dimension. since the estimates are dependent on the algorithm and the
digitized model size (i.e., number of data points of the measured surface
profile) used. The fractal dimension of pharmaceutical materials is also
a function of the observation scale (i.e., the scan size) used in the profile
measurement. The multi-fractal features and the scale-dependency of
fractal dimension result from the artificial processes controlling the
surface morphology.

KEY WORDS: fractal analysis; fractal dimension; atomic force

microscope; surface roughness; surface morphology; surface
topography.
INTRODUCTION

Solid dosage forms have been used as the major means to
deliver therapeutic compounds (1). The manufacturing of solid
dosage forms requires processing of pharmaceutical solid parti-
clesincluding powders and granules. Characterization of the par-
ticle size, shape and surface morphology is critical for quality
control and assurance of the physicochemical properties of final
products. Although the methods for characterizing particle size
(2) and particle shape (3) are available, additional efforts are
needed to study surface roughness or irregularity. Surface
roughness is known to play an important role in the manufactur-
ing processes and to affect the physicochemical properties of the
drug products (3-7). The surface roughness of particles is influ-
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enced by manufacturing processes, molecular reactions, and
microscopic processes occurring during production. Thus, char-
acterization of surface roughness of a pharmaceutical material
not only helps predict its physicochemical properties but also
provides a reference to reflect any mechanical or physicochemi-
cal process involved in the surface formation.

Characterization of surface roughness involves two steps:
instrumental measurement and quantification of the surface
roughness. In our study, an atomic force microscope (AFM)
was used to measure the surface topography. AFM allows mea-
surements of the surface profiles at the nanometer scale. Study-
ing the surface roughness at nano- or micro-scale can add
more information to finding relationships between the surface
morphology and the surface properties. Quantifying the surface
roughness includes two attributes: roughness heights and lateral
dimensions (8). It has been a tradition to use roughness heights
to represent surface roughness. These include arithmetic mean
surface roughness, root mean squarc roughness, average peak
to valley height between five highest peaks and five deepest
valleys within the sampling length, and skewness (9,10). These
parameters, however, were known to be poor representations
of surface roughness (9,10). Another attribute of surface
roughness, lateral dimension, describes how frequently the sur-
face height changes. It is conceptually simple, but finding a
good quantitative representation of the lateral dimension in
practice is not easy. The power spectrum method describes a
measured surface profile as a superposition of different wave-
forms by applying Fourier transform methods (11,12). This
method is able to describe the lateral dimensions of surface
texture as well as the roughness heights. However, it is not a
simple or straightforward representation of surface roughness
and is difficult to directly correlate the power spectrum to the
properties of solid materials.

Fractal dimension is able to represent lateral dimension.
In 1977, Mandelbrot established the basic theory of fractal
analysis (13). Since then, this concept has been studied in depth.
For a three-dimensional surface, the fractal dimension is a
decimal number between 2 and 3. It describes the spacing-
filling ability. The higher the value, the rougher the surface.
The surface/interface topographies of all materials are fractals
at the molecular level (14). It has been demonstrated that the
fractal analysis, a methodology to compute the fractal dimension
of an object with various algorithms, is an ideal tool to evaluate
surface irregularity (8,15,16). In our study, we have chosen the
variation method to calculate fractal dimension. We report a
study on the surface roughness characterization based on AFM
measurements and fractal analysis.

FRACTAL ANALYSIS

Fractal analysis is a resolution analysis that tracks the
recurrence of topographical surface at different length scales
(17). Traditional Euclidean geometry depicts a perfect straight
line, an ideal plane, and an ideal cube as 1-D, 2-D, and 3-D
features, respectively. All these dimensions are topological and
straightforward. For a much rugged line such as a coastline,
however, its length critically depends on the size of a measuring
ruler. As the resolution to look at the coastline is increased,
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one can observe the self-similarity of a coastline. The self-
similarity is a property that part of the curve (or surface) is
indistinguishable from the whole. The shape of the whole curve
repeats even on a tiny part and the repeatability can be observed
at all resolution levels. If a straight line is cut into M segments
of the same size, the linear size of each segment is reduced by
M fold. On the other hand, if a curve can be cut into M pieces
of the same linear size, the linear size of each piece is reduced
by M fold. This curve is called a fractal, and the D value is
catled a fractal dimension which can be caiculated to character-
ize its self-similarity.

For a rugged surface, which can be regarded between a
smooth plane and a fully filled cube, fractal analysis can be
used to evaluate the roughness. Fractal dimension is a universal
number that can be used for numerical evaluation of the degree
of surface irregularity or the space-filling ability. Because fractal
dimension is an intrinsic feature of a fractal object, the fractal
analysis is a perfect tool to characterize the lateral dimension
and thus it is becoming a widely accepted approach to evaluate
surface roughness (14,18,19). There are many methods to calcu-
late fractal dimension of a rough surface. One method is based
on the number of balls or boxes needed to cover the surface
as the size of the ball or box is decreased (17). This method,
called “box-counting method”, computes fractal dimension
from the relation between the number and the size of boxes.
Fractal dimension can be defined based on the Minkowski-
Bouligand denotation (20-22):

log (V(E(g))

A(E) = lim (3 —
log ¢

£—0

(N

where E is a bounded set in Euclidean space, and E(g) is set of
all points within € distance from E. E(¢) is called the Minkowski
sausage. Since V(E(g)) is hard to evaluate and the Minkowski
sausage is equivalent to the union of all the balls with radii €
centered on £, an approximation can be achieved using union
of cubes (side length of €) to cover E. Thus, fractal dimension
can be calculated by the following definition:

. logQ)
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where (), is the number of cubes. This box-counting method,
however, has been shown to be unsuitable for calculation of
fractal dimensions from the digitized data (21). Calculation of
fractal dimension by the power spectrum method (23,24) has
also been shown to be unsuitable, since it generates relatively
low-precision fractal dimensions (21). Recently, a much more
robust method. known as the variation method, has been devel-
oped (20-22,25). The variation method uses a different
approach to represent the Minkowski sausage. If the supremum,
vilx, v &) = sup Iftxy, y) — fxa, y2)i, is taken over all the
points such as max(lx — x;l, lx — xl Iy — vl Iy — »l) =g,
then the fractal dimension can be computed from integration
of the supremums over all the points on the surface:

log J' J' VAX, Yy, €) dxdy

AE) = lim 3 — ' ) (3)
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One of its useful features is that this method is not affected by
an affine transformation of the amplitude. Let Z = flx, y)
be a continuous function. For a constant C, f and Cf (affine
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transformation) should have exactly the same fractal dimension
values. It has been demonstrated that the box-counting method
is affected by an affine transformation but the variation method
is not, even with the discrete digitized data (20,21).

EXPERIMENTAL

Materials

Caffeine (anhydrous powder, USP, Knoll AR, Ludwigsha-
fen, Germany), chlorpheniramine maleate (USP, Schering-
Plough, Kenilworth, NJ), lactose (hydrous, capsulating grade,
Sheffield Products, Norwich, NY), hydroxypropyl methylcellu-
lose (HPMC) (Methocel, K100M, The Dow Chemical, Midland,
MI), ethylcellulose (EC) (Ethocel, 7FP, The Dow Chemical,
Midland, MI), and, cellulose acetate phthalate (CAP) (Eastman
Chemical Products, Kingsport, TN) were used for wet granula-
tion. Dibasic calcium phosphate dihydrate (Di-Tab, USP,
Rhéne-Poulenc, Cranbury, NI), croscarmellose sodium (Ac-Di-
Sol, NF, FMC, Newark, DE), microcrystalline cellulose (Avicel,
PH101, NF, FMC, Newark, DE) and mannitol (AR, Mallinck-
rodt Baker, Paris, KY) were used as received.

Samples for Fractal Measurements

Four wet granule samples were obtained from Dr. Garnet
Peck at School of Pharmacy, Purdue University. The four sam-
ples were prepared using the following compositions: {1] caf-
feine (171.43 g), lactose (257.14 g), HPMC (114.29 g). CAP
(28.57 g), EC (28.57 g), and wetting solvent (300 ml); (2]
caffeine (171.43 g). lactosc (257.14 g), HPMC (51.14 g), CAP
(51.14 g), EC (51.14 g), and wetting solvent (155 ml); [3]
chlorpheniramine maleate (171.43 g), lactose (257.14 g),
HPMC (114.29 g), CAP (28.57 g), EC (28.57 g), and wetting
solvent (300 ml); and [4] chlorpheniramine maleate (171.43 g),
lactose (257.14 g), HPMC (51.14 g), CAP (51.14 g), EC (51.14
g), and wetting solvent (155 ml). The wetting solvent was
prepared with acetone, ethanol, and water in the volume ratio
of 20:20:1. Each sample was prepared by screening all ingredi-
ents with a 40-mesh sieve and then weighed. Drugs, polymers,
and lactose were mixed with a V-shape blender for 10 min.
Powders were transferred to a planetary mixer and sprayed with
the wetting solution to make wet granules. The wet mass was
screened with a 10-mesh sieve, and wet granules were dried
in a hot air oven at 60°C overnight. Dried granules were screened
with a 20-mesh sieve.

Di-Tab, Ac-Di-Sol, and Avicel were used as received to
measure surface profiles. The fractal dimension values of man-
nitol powders were analyzed before and after freeze-drying.
Freeze-dried mannitol powders were provided by Dr. Steven
Nail at School of Pharmacy, Purdue University. The first set
of mannitol samples (10% w/w) were prepared by freezing (at
shelf temperature of —45°C for 6 hours), followed by primary
drying (at —25°C for 48 hours under chamber pressure of 100
mTorr) and then secondary drying (at 25°C for 12 hours under
100 mTorr) in an FTS Dura-Stop freeze-drier (FTS System,
Stone Ridge, NY). The second set of mannitol samples (10%
w/w) were prepared by mixing with a red dye (0.5% w/w),
Amaranth Red (Fisher Scientific, Pittsburgh, PA), followed by
freeze-drying. The only difference in freeze-drying was that
the primary drying took 60 hours. After freeze-drying, powders
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were obtained by breaking the freeze-dried cakes with a spatula
(the first set), or by hand shaking vials (the second set).

Atomic Force Microscopy

An atomic force microscope (AFM) used in our study was
a NanoScope ITfa Multi-Mode AFM from Digital Instruments
Inc. (Santa Barbara, CA). AFM scans were carried out in Tap-
pingMode with silicon probes which had the spring constants
from 42.0 to 58.7 N/m. Resolution of all measurements was
512 X 512 points with equal steps along the x and y directions.
Two scanners were used in our study: E scanner with 10 wm
lateral and 2.5 pwm vertical ranges; and J scanner with 125 pm
lateral and 5 pm vertical ranges. The digital data were saved
and converted to the plain text format that could be read by
computer programs developed in our laboratory to calculate
fractal dimension based on the variation method.

Implementation of the Variation Method

Implementation of the variation method was done on an
IBM RISC/6000 workstation. The code was written in ANSI
C. A PC version of the program is also available. To verify the
correctness and to tune the heuristic parameters of the variation
method, our program was tested using model surfaces with
known theoretical or true fractal dimension values. The model
surfaces were generated by fractional Brownian motion (26).
Additional programs were also developed to visualize computer
graphics of surface profiles. All the 3-D computer graphics in
Figs. 1-5 were rendered and produced on workstations with
our visualization programs.

A
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RESULTS

Implementation of the Variation Method

Figure 1 shows four surface models with the theoretical
fractal dimension values ranging from 2.2 to 2.8. Increase in
surface roughness is obvious as the fractal dimension increases.
Some of our test results are listed in Table 1. Table 1 clearly
shows that our programs implementing the variation method
are able to calculate fractal dimensions close to the theoretical
values. An exception was observed when the surface roughness
was extremely high, i.e., when fractal dimension values were
large. When the theoretical values were 2.8 and 2.9, the calcu-
lated values were 2.73 and 2.79, respectively. A large difference
could also be observed when the surface roughness was very
low (i.e., 2.16 for 2.1). Although the calculated values of fractal
dimension had relatively poor precision for both extremely
rough and extremely smooth surfaces, the calculated values
were monotonically increased as the true values increased. This
particular feature indicates that the algorithm used is acceptable
(22). Because extremely rough solid pharmaceutical materials
are rare (as we have found out), we believe our programs are
suitable for routine applications, especially when the fractal
dimensions are 2.7 and smaller. Table 1 also shows that the
calculated fractal dimension became closer to the theoretical
value as the model size was increased from 257 X 257 to 1025
X 1025. One important conclusion from Table 1 is that affine
transformations did not affect calculation of fractal dimension.
The affine transformation was demonstrated by changing the
initial standard deviation when generating a surface model (26).

In calculating fractal dimensions by the variation method,
properly choosing heuristic parameters is very important (27).
The variation method in the literature describes a heuristic

Fig. 1. Fractal surface models with different fractal dimension values generated by fractional Brownian
motion. The fractal dimension values are 2.2 (A), 2.4 (B), 2.6 (C), and 2.8 (D). As the fractal dimension
increases, the surface roughness also increases dramatically.
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Fig. 2. 3-D rendered graphics of surfaces measured with AFM of wet granule (caffeine with HPMC,
CAP and EC in 1:1:1 w/w ratio) (A), Di-Tab powder (B), Ac-Di-Sol powder (C), and Avicel PHI101
powder (D). The fractal dimension values and scanning areas are 2.25 and 5 X 5 pm (A), 2.23 and
4 X 4 um (B). 2.14 and 2 X 2 pm (C), and 2.13 and 2 X 2 pum (D). respectively.

parameter, R, which is critical in the computation of the
best value of fractal dimension (20,21). The essence of the
variation method is to use bins as the basic unit instead of
original data points to evaluate the supremum. This approach
can largely improve the calculations. Reorganization of the
N? points into R? bins (i.e., choosing a good R value) is
the key to finding a precise fractal dimension value. The
best R value. R, is chosen from all possible values to have
the smallest error in the linear fit of the log-log plot for
calculation of the fractal dimension (i.e., log fxfy v(X, y, €)
dxdy versus log(g), as in Equation 3) (20,21). Nevertheless,
from testing fractal surface models with known theoretical
fractal dimensions, we have found that the range for finding
the best bin size, R, should be different for surfaces with
different roughness. For highly smooth surfaces (i.e., fractal
dimension <2.2), the range to choose the best bin size, Ry,
is very narrow, starting from [ data point and ending just
after a few increases. On the other hand, for extremely rough
surfaces (i.e., fractal dimension >2.7), the starting R has to
be very large (e.g., 30 points) and a large range has to be
scanned. For those surfaces with medium roughness, choices
of the starting R and the scanned range are between the two
extreme cases. Consequently, a self-adjusted approach is used
in our programs. When computing an input surface profile,

the programs first use a small range and a small starting
bin size to find R,y. If the calculated fractal dimension is
bigger than the first threshold (e.g., 2.2), the programs
calculate again with a medium range and a medium starting
bin size. If a fractal dimension value is still bigger than the
second threshold (e.g., 2.5), the programs use a large range
and a large starting bin size for the calculation. All the
values of bin ranges and starting bin sizes have to be tuned
with surface models with known theoretical or true fractal
dimensions to get the best resuits.

Because of the usage of heuristic parameters such as the
bin range and starting bin size in determining fractal dimension,
there would be differences introduced between the true and
calculated fractal dimension values of real surfaces. In addition,
a small change of heuristic parameters can induce a relatively
large change in the estimation of fractal dimensions. For the
same surface, different algorithms could yield different fractal
dimension values. Even the same algorithm could give different
values with different implementations. Therefore, the true frac-
tal dimension value of a surface would never be known due to
the involvement of heuristic parameters in all algorithms used
for calculation of fractal dimension. This, however, does not
mean that the calculated fractal dimension values are of little
value. A good algorithm should give monotonically increased
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Fig. 3. 3-D rendered graphics of surfaces measured with AFM of four mannitol powder samples.
Fractal dimension values are (A) 2.13 (1 X | wm scanning), (B) 2.16 (5§ X 5 wm scanning), (C) 2.16
(15 XI5 pm scanning), and (D) 2.15 (20 X 20 pwm scanning), respectively.

fractal dimension values when the true values increase so that
the computed values can be used to correlate with other physical
properties (22). Such an algorithm should also be robust and
consistent. Our tests show the variation method has these desired
features, and our programs run correctly.

It is necessary to point out that for the same theoretical
fractal dimension, different surface models generated with dif-
ferent random number seeds could result in different calculated
fractal dimension values. The calculated values can also be
dependent on the number of data points of surface profiles.
Nevertheless, the calculated values of surfaces with the same
theoretical fractal dimension are close to the true value with
small deviations. This indicates that the fractal dimension calcu-
lated from either a surface model or a real solid surface profile
follows a statistical distribution. The calculated fractal dimen-
sion values are distributed in some form centering on the true
or real value. Thus, the average value of fractal dimension is
expected to represent the true value.

Fractal Analysis of Pharmaceutical Samples

Surface profiles of four wet granule samples, Di-Tab, Ac-
Di-Sol, Avicel, and mannitol powders were measured with an
AFM and analyzed with our fractal analysis programs. For each
sample, many AFM measurements were carried out on different

particles and on different areas of a same particle. The 3-D
computer graphics of some surface profiles are shown in Figs.
2-5. The results of fractal dimension values, including the
average values, maximum calculated values, and minimum cal-
culated values, are listed in Table 2. Average height values of
all surfaces measured are also listed in the table. The lowest
point of every surface profile was taken as the bottom level to
calculate the height of each point. The correlation coefficient
square of the linear curve fitting for calculation of any fractal
dimension (i.e., log [f, vi(x. y. €) dxdy versus log (€), as in
Equation 3) listed in Table 2 was at least 0.99.

Figure 2 shows 3-D surface images of a wet granule sam-
ple, Di-Tab, Ac-Di-Sol, and Avicel PH101. Although the first
two surface profiles (Figs. 2-A and B) had a little larger fractal
dimension values than the last two (Figs. 2-C and D), the
average calculated values of fractal dimension of these four
systems and other three wet granule samples were close to each
other. These images demonstrate that AFM is able to gather
3-D surface profiles at the nanoscale. These detailed, highly
resolved 3-D surface data allow accurate fractal analysis. The
only limitation we noticed in our study was the short vertical
range (2.5 wm or 5.0 wm) of the AFM scanners. This limitation
makes it difficult to measure large surface areas because the
surface height could be out of the measuring range. These
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Fig. 4. 3-D rendered graphics of surfaces measured with AFM of four freeze-dried mannitol powder
samples. Fractal dimension values are (A) 2.11 (I X 1 pwm scanning), (B) 2.33 (10 X 10 pwm scanning),
(C) 2.48 (20 X 20 pm scanning), and (D) 2.36 (20 X 20 pwm scanning), respectively.

surface data also made it easy to directly visualize the surface
textures in 3-D. Fig. 2-D shows an interesting texture of Avicel.
The “fiber”-looking features on the Avicel surface could be the
individual microcrystals.

Figures 3-5 show surface graphics of bulk mannitol,
freeze-dried mannitol, and freeze-dried mannitol with the dye,
respectively. Four images of different scan areas are shown for
each sample. After freeze-drying, the mannitol surface became
very different, i.e., much rougher, and the fractal dimension
became significantly larger. In addition, the surface texture
appeared to be changed by the freeze-drying process. Fig. 3
shows needle-shaped mannitol crystals on the surfaces while
no such mannitol crystals were observed on the freeze-dried
mannitol surfaces (Figs. 4 and 5). The presence of tiny grains
made the surface much more irregular. Again, these images
showed the AFM’s ability to probe and obtain 3-D surface
profiles at the nanoscale. For example, Fig. 5-A shows detailed
features of a 1 X | wm area of the freeze-dried mannitol with
the dye.

Table 2 shows fractal dimension values of four wet granule
samples, Di-Tab, Ac-Di-Sol, Avicel PH101, and mannitol bulk
powders. Fractal dimension values of all samples were small
and close to each other. The average values were in a very

narrow range from 2.06 to 2.17. For powder samples, difterent
scan areas were tested and the effect of the scan area on fractal
dimension was studied. It was shown that the scan size in the
range we studied had little influence on the fractal dimension of
raw powder materials. Regardless of the scan size, the average
values of Di-Tab, Ac-Di-Sol, Avicel, and mannitol were 2.14
+0.04, 2.12 = 0.03, 2.12 £ 0.04, 2.11 = 0.04, respectively.
Surfaces of these samples were not rough and the surface
roughness did not depend on the scan area. It was interesting
to observe that the results of freeze-dried mannitol powders
(with and without the dye) were quite different. Their fractal
dimension values were larger than those of control samples and
varied with different scan areas. Fig. 6 shows fractal dimension
as a function of the scan size (which is the square root of the
scan area) of Di-Tab, mannitol powders, freeze-dried mannitol,
and freeze-dried mannitol mixed with the dye. As shown in
Fig. 6, fractal dimension values of Di-Tab and bulk mannitol
powders did not change very much as the scan size increased.
The standard deviations of these two systems were also small.
The fractal dimension was usually smaller than 2.20 regardless
of the scan size. The maximum values calculated for Di-Tab
and mannitol powders were 2.26 and 2.20, respectively. On the
other hand, for the two freeze-dried mannitol powders, the
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Fig. 5. 3-D rendered graphics of surfaces measured with AFM of four powder samples of freeze-
dried mannitol and a dye. Fractal dimension values are (A) 2.18 (1 X | pm scanning), (B) 2.34 (5
X 5 pm scanning), (C) 2.52 (10 X 10 wm scanning), and (D) 2.47 (40 X 40 um scanning), respectively.

fractal dimension value changed significantly as the scan size
increased. The standard deviation was significantly larger, espe-
cially for the freeze-dried mannitol mixed with the dye. Increase
of fractal dimension of the first set of freeze-dried mannitol
samples was apparent as the scan size became larger as shown
in Fig. 6. For the second set of freeze-dried mannitol samples,
the fractal dimension changed more dramatically as the scan
size increased. At the scan size of 10 pm, fractal dimension
already reached the highest value of 2.52, with the average of
2.31. Above this scan size, fractal dimension varied with large
standard deviations without any noticeable trend. For the two
sets of freeze-dried mannitol powders, fractal dimension
increased from a small value of about 2.1 at 0.5 pm or 1.0 pm
scan size to a large value of about 2.3 at 10 um scan size.
Table 2 also lists the average height of surface profiles measured
with AFM. It was generally shown that the average height
increased as the scan size increased. It appeared that there
was no clear relationship between the average height and the
fractal dimension.

DISCUSSION

It is interesting to notice that fractal dimensions of wet
granules and raw powder materials (Di-Tab, Ac-Di-Sol, Avicel,
and mannitol) were small and close to each other. The average

fractal dimension values were generally smaller than 2.20. In
addition, fractal dimensions of these samples were not related
to the scan size or scan area in the range we measured. Neverthe-
less, fractal dimensions of two freeze-dried mannitol samples
showed strong dependence on the scan size. Most significantly,
fractal dimensions were larger than those of wet granules and
raw powder materials. Surfaces of freeze-dried mannitol
became much more rugged. The largest fractal dimension values
were 2.48 for the first set of samples and 2.52 for the second
set as seen in Table 2, respectively. Apparently, the freeze-
drying process changed the surface morphology of mannitol
and rendered the surface more coarse. Considering that the raw
materials are prepared mechanically during their last production
processes (such as milling, cutting, sieving, compaction, etc.),
we can expect that the mechanical processes smoothen local
areas of these materials so their fractal dimensions are smaller
than 2.20 for the samples used in this study. Of course, we are
not sure whether at larger scales (i.e., larger scan sizes), such
as millimeter or ever larger, fractal dimensions of these raw
materials become much different (i.e., either bigger or smaller).
This study showed that AFM was able to probe differences of
the surface morphology or texture caused by a physicochemical
process such as freeze drying. A physicochemical process
occurs at the molecular level so that the impact on surface
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Table 1. Theoretical and Calculated Fractal Dimension Values of Frac-
tal Surfaces Generated by Fractional Brownian Motion

Theoretical Initial Calculated
Fractal Model Standard Fractal
Dimension Size! Deviation” Dimension®
2.1 513 X 513 50 2.16 = 0.03
2.2 513 X 513 50 2.24 * 0.04
2.3 513 X 513 50 2.32 £ 0.03
2.4 513 X 513 50 2.40 * 0.04
2.5 513 X 513 50 2.48 = 0.02
2.6 513 X 513 50 2.62 + 0.05
2.7 513 X 513 50 2.68 + 0.04
2.8 513 X 513 50 273 = 0.03
2.9 513 X 513 50 2.79 + 0.02
2.1 257 X 257 50 2.15 = 0.03
2.3 257 X 257 50 2.32 £ 0.03
2.5 257 X 257 50 245 £ 0.02
2.7 257 X 257 50 2.67 = 0.05
29 257 X 257 50 276 + 0.03
2.1 1025 X 1025 50 2.17 = 0.03
2.3 1025 X 1025 50 2.32 = 0.03
2.5 1025 X 1025 50 2.50 = 0.06
2.7 1025 X 1025 50 2.69 £ 0.04
2.9 1025 X 1025 50 2.80 = 0.02
2.3 513 X 513 10 232 =+ 0.03
23 513 X 513 30 2.32 + 0.03
23 513 X 513 200 232 = 0.03
2.5 513 X 513 10 248 = 0.03
2.5 513 X 513 30 247 + 0.03
2.5 513 X 513 200 247 +0.03
2.7 513 X 513 10 2.69 + 0.04
2.7 513 X 513 30 2.68 + 0.04
2.7 513 X 513 200 2.69 = 0.04

¢ Model size shows the number of points along X and Y. The distance
between consecutive points along X and Y was chosen as 8, 4. 2 for
model size 257 X 257, 513 X 513, and 1025 X 1025, respectively.

" Initial standard deviation defines the average height of a surface
model.

¢ For each test, 10 different surfaces were tested by using 10 different
random-number generation seeds.

morphology including surface roughness can be observed with
AFM. On the other hand, since most mechanical equipment and
workpieces are large, their impact on the surface morphology is
macroscopic and may be beyond the measuring range of AFM.
It is speculated that at larger scales wet granules and raw pow-
ders may show significant differences in their fractal features.

The relationship between fractal dimension and observa-
tion scale is thought to depend on the way that surface was
formed. A surface feature or morphology is caused by certain
processes, either mechanical or physicochemical, and such pro-
cesses may act separately or simultaneously. The scale of influ-
ences by such processes can be very small (in the angstrom or
nanometer scale) or very large (in the millimeter or meter
scale). Furthermore, influence on the surface morphology can be
homogeneous or heterogeneous. Thus, the surface morphology
could be very simple or very complicated. Since fractal dimen-
sion defines the space-filling ability of a surface, it can be used
to reflect or retrace the influence of the processes that produced
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the material’s surface. It is well known that a pure fractal
generated with mathematical functions has a single fractal
dimension value regardless of the observation scale. The reason
is apparent. The mechanism to form the fractal is isotropic and
is not scale-dependent. Thus, if a physicochemical process is
isotropic (i.e., not scale-dependent) and it is the only mechanism
to form a surface, fractal dimension of this surface is constant
regardless of the observation scale. One example is simulated
snowflakes formed by diffusion-limited aggregation (28,29).
For most materials, however, fractal dimension is scale-depen-
dent and not homogeneous because of different processes influ-
encing the surface at different scales. The interplay of different
influences results in a heterogeneous surface morphology.
Therefore, fractal dimension may be not only scale-dependent,
but also different on different spots on the surface, i.e., a single
fractal dimension value may not be used to characterize the
entire surface because it is a composite of fractals of different
dimensions (multifractal). The observation that fractal dimen-
sion of wet granules and raw powder materials were similar at
the scales from 0.5 to 20 pwm (see Table 2) indicates that
mechanical processes undermine the influences of the material’s
compositions and chemical identities. Although their fractal
dimension values were small, we may expect that different
results could be obtained at larger scales, such as hundred
micrometers or larger. We observed a rather dramatic influence
of the freeze-drying process on surface morphology. Large stan-
dard deviations indicate that the influence or impact of freeze-
drying was anisotropic on the surface. In addition, the second
set of freeze-dried samples showed larger standard deviations.
Different spots showed different fractal features. Either different
form of mannitol crystals and/or the presence of the dye affected
the formation of surface morphology. The direct relationship
between fractal dimension and the underlying physical process
was reported by others as well (30).

The average height shown in Table 2 revealed another
aspect of surface roughness. However, there was no apparent
relationship between the height and fractal dimension. There
was also no apparent influence of the freeze-drying process on
the average height of mannitol samples. Moreover, large stan-
dard deviations of the average height indicate that the height
distribution on surfaces was heterogeneous. Fractal dimension
reflected the impact of freeze-drying while height did not, and
this may be due to the way in which they were computed.
Although both fractal dimension and height are necessary to
describe surface roughness, the fractal dimension is much more
sensitive to changes of surface morphology, and in fact, fractal
dimension alone can be used to represent the surface roughness.
Since fractal analysis can provide a quantitative parameter rep-
resenting the surface roughness, it can be a valuable tool for
surface characterization of pharmaceutical particles.

CONCLUSIONS

We implemented the variation method for calculation
of fractal dimension and fractal analysis was applied to
characterization of pharmaceutical solid materials based on
AFM measurement. The variation method is shown to be
most suitable for carrying out fractal analysis. Yet, implemen-
tation of the method needs careful and extensive adjustments
of heuristic parameters. This was achieved using the theoretical
surface models generated by fractional Brownian motion with
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Table 2. Fractal Analysis of Pharmaceutical Samples
Scanning Tests Average Max. Min. Average
Measured Sample Area (pm?) # FD = SD FD” FD” Height + SD*
Granule of caffeine with HPMC, CAP
and EC in 4:1:1 w/w ratio 5 X 5 9 2.16 = 0.04 222 2.09 1.00 = 0.28
Granule of caffeine with HPMC, CAP
and EC in 1:1:1 w/w ratio 5 X 5 9 2.15 = 0.04 2.25 2.10 0.90 = 0.23
Granule of chlorpheniramine maleate
with HPMC, CAP and EC in 4:1:1
w/w ratio 5 X 5 13 2.12 £ 0.03 2.17 2.08 0.84 = 0.28
Granule of chlorpheniramine maleate
with HPMC, CAP and EC in 1:1:1
w/w ratio 5 X 5 9 2.13 £ 0.06 2.25 2.08 093 =042
Di-Tab (dibasic calcium phosphate
Dihydrate) 05X 05 15 2.10 = 0.04 2.19 2.06 0.12 = 0.08
1 X 1 21 2.14 £ 0.05 224 2.06 023 *0.10
2 X 2 4 2.14 * 0.04 2.18 2.10 041 = 0.04
3 X 3 7 2.14 £ 0.06 2.24 2.08 073 = 0.30
4 X 4 9 2.16 = 0.04 224 2.12 092 =035
5 X 5 11 2.15 £ 0.04 2.26 2.10 1.16 = 043
10 X 10 6 2.14 = 0.01 2.16 213 1.94 = 0.78
15 X 15 2 2.14 2.15 2.12 3.57
Ac-Di-Sol (croscarmeliose sodium) I X 1 11 2.12 = 0.03 2.16 2.07 0.18 = 0.21
2 X 2 7 2,12 £0.03 2.17 2.09 0.25 = 0.10
3 X 3 2 2.08 2.10 2.06 0.51
Avicel PH101 (microcrystalline
cellulose) 1 X 1 16 212 £ 0.05 224 2.03 0.24 *0.05
2 X 2 8 212 £ 0.03 2.15 2.07 038 *0.11
3 X 3 1 2.15 0.62
Mannito! powders I X 1 8 2.10 = 0.03 2.13 2.05 0.086 = 0.045
2 X 2 I 2.06 0.31
3 X 3 3 2.11 £ 0.06 2.18 2.06 0.34 = 0.05
5 X 5 16 2.10 £ 0.04 2.20 2.05 0.87 =043
10 X 10 13 2.12 = 0.03 2.16 2.08 1.84 = 0.82
15 X 15 3 2,13 £ 0.03 2.16 2.09 1.65 = 0.10
20 X 20 3 2,17 £ 0.02 2.20 2.15 1.39 =052
Freeze-dried mannitol powders I X 1 8 2.08 + 0.02 2.11 2.05 0.14 = 0.05
5 X 5 17 2.17 £ 0.07 2.30 2.06 0.56 = 0.29
10 X 10 16 225 £ 0.07 2.34 2.13 0.78 * 0.57
15 X 15 5 233 £0.03 2.36 2.30 0.85 *0.53
20 X 20 5 236 = 0.07 2.48 2.30 1.09 =+ 0.64
30 X 30 1 2.47 3.66
Freeze-dried mannitol with a dye 0.5X 05 5 2.13 = 0.03 2.16 2.10 0.071 = 0.050
1 X 1 13 2.12 = 0.06 2.27 2.05 0.10 = 0.06
5 X 5 20 2.24 = 0.09 2.38 2.12 041 = 0.38
10 X 10 19 231 = 0.11 2.52 2.12 0.56 = 0.79
15 X 15 6 2.30 = 0.06 2.36 2.23 0.43 = 0.24
20 X 20 6 2.33 £ 0.09 2.45 2.18 0.62 * 042
30 X 30 3 222 £0.12 2.36 2.14 1.86 = 1.40
40 X 40 1 247 0.39
50 X 50 1 2.30 1.72

@ Test # is the number of samples tested.

» Maximum and minimum fractal dimensions (FD) are those found among all calculated values in a given system.
¢ The average height (in wm) is relative to the lowest point of each measurement.

known fractal dimensions. AFM has demonstrated its ability
to measure 3-D surface profiles at the nanoscale. Our results
of fractal analysis of four wet granule samples, raw powder
materials (Di-Tab, Ac-Di-Sol, Avicel PH101, and mannitol),
and freeze-dried mannitol powders revealed an intrinsic rela-
tionship between fractal dimension and underlying processes
which produced the material and formed the surface morphol-
ogy. Our method not only showed a way to quantify the

surface roughness, but also indicated the importance of the
observation scale for studying the surface morphology and
roughness. Nanoscale measurements with AFM are able to
reveal influences of the underlying physicochemical processes
occurring at the molecular level. For the mechanically pro-
cessed materials, however, larger-scale measurements may
have to be used. Studies of the relationship between surface
roughness and physicochemical properties of a material require
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Fig. 6. Fractal dimension values of four different samples as a function
of the scan size. Since AFM scanning area was square, scan size
indicates the length of one side of the scanning area.

thorough measurements of fractal dimension values as a
function of the observation scale.
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