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Abstract

On developing the next generation sustainable soft materials, it is often crucial to
understand and control their properties and function. Whereas a characterization of
three-dimensional data is desirable in corresponding studies, often two-dimensional
data are less time consuming to obtain. Consequently, characterizing the three-
dimensional micro-structure of a material from two-dimensional data would enable
efficient screening of its properties. In this work, the challenge of characterizing two
different materials from two-dimensional images obtained by scanning (transmission)
electron microscopy is overcome by using tools from image analysis and spatial
statistics. The two different materials are a colloidal nanoparticle gel and a polymer
blended film.

The characterization of the micro-structures in the materials is conducted in two
main steps. First, the microscopy images are processed in order to identify the
objects of interest. Second, the structures are characterized according to the objects
of interest. In particular, the spatial arrangement of nanoparticles is evaluated by
summary functions from spatial statistics. One such function based on the size of a
cluster of particles has been developed in this project. For the pore space analysis
of a polymer blended film, tools from image analysis are applied to measure and
compare the shapes of pores in a statistical analysis.

The results obtained in this work, may be useful for reconstructions of the micro-
structure in materials in three dimensions. Such reconstructions can be used to ana-
lyze materials, which may not yet have even been synthesized, in simulation studies
without experiments involving valuable resources. In that way, new sustainable high
quality products may be developed.

Keywords: Clustering, colloidal nanoparticle gels, image analysis, mass transport, point
pattern, polymer blended films, pore shape.
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1 Introduction

1 Introduction

Current microscopy techniques allow us to obtain images of structures of materials on a
scale of a thousandth of a millimeter or even smaller. These images enable a characteriza-
tion of micro-structures and therewith open up opportunities to understand and control
material properties and functions. For instance, understanding the relationship between
mass transport through and the micro-structures of a material is of great importance
in various fields ranging from drug development over food processing to chromatogra-
phy. Ideally, three-dimensional structures should be studied. However, obtaining three-
dimensional data by microscopy is very time consuming and has usually more limitations
than taking two-dimensional images. The aim of this work is to overcome the challenge of
characterizing three-dimensional structures from two-dimensional images by using tools
from image analysis and summary functions from spatial statistics on the example of two
different soft materials.

The first material is a colloidal silica nanoparticle gel, where the pore structure is
determined by the arrangement of the nanoparticles after aggregation. Silica gels can
serve as test beds for mass transport since they have well known gelation properties.
If only two-dimensional images are available, a three-dimensional reconstruction of the
particle positions is important for mass transport simulations through the pore structure.
One aim in this work is to understand how silica nanoparticles aggregate and, hence, how
the pore structure is formed.

The second material consists of phase-separated polymer blends forming a film which
can be used as a pharmaceutical coating for oral controlled drug release formulations such
as pellets. The main question discussed here is what characteristics of the pore structure
affect the water permeability of the film. Water permeability through the studied films is
equivalent to diffusion through them.

Both materials are introduced in Section 2 after a short description of mass transport
and diffusion. Since the characterization of the materials was conducted using images
obtained by microscopy techniques, a brief overview of how the given data are obtained
is presented in Section 2.4. Subsequently, an introduction to the tools used from image
analysis is given in Section 3 and from spatial statistics in Section 4. Finally, the papers
appended in this thesis are introduced in Section 5, before some plans for future work are
outlined in Section 6.

2 Material properties and structures

In this section, the materials and data studied in this work are presented. Since mass
transport is of certain interest and the diffusion of particles plays an important role in
the aggregation of silica, an introduction to mass transport and diffusion is given first.



2.1 Mass transport and diffusion

2.1 Mass transport and diffusion

Mass transport refers to the net transport of mass like water from one location to another.
Diffusion describes the net transport of mass from regions of relatively high concentrations
c1 to regions with relatively low concentration ¢ by random molecular motion in a thin
sample of thickness h with diffusion coefficient

p___n__om
A(Cl — CQ) ot
Here, A refers to the surface area of the sample and %—T denotes the mass transport rate
along the cross-section direction of the sample (Cussler, E.L., 1997, p.16 ff.). In Einstein
(1905) a differential equation for the diffusion of n particles is given by

om 9?m
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with solution

2
m(z,t) = Lexp <_x>
" VArDt 4Dt

where m(x,t)dz gives the number of particles whose z-coordinate changed one unit be-
tween 2 and z + dz in the time interval [0,¢]. The corresponding mathematical model
for a particle diffusing in R? is often referred to as Brownian motion which is described
by a time-continuous stochastic process {B(t)};s0, B(t) = (B(t),..., B%(t)) with the
following properties (Grimmett and Stirzaker, 2001, p. 514 ff.)

e B(0) =0,

e B! ... B?are independent and identically distributed processes,

5.

Bl(s+t) — BY(s) ~ N(0,0%) Vs,t >0,

e B! has independent increments.

Here, V2 = Vo?t = v/2Dt corresponds to the expected shift of a particle along the
x-axis (Einstein, 1905).

2.2 Colloidal nanoparticle gels

A widely used colloid is milk which consists of insoluble milk proteins dispersed within
a water-based solution. On destabilizing the protein dispersion by lowering the pH, for
instance, that is by making the milk more acidic, the proteins aggregate and set yo-
ghurt is obtained (de Kruif et al., 1995). A simpler colloidal system is formed by silica
nanoparticles dispersed in a water-based solution. Silica dispersions are often used to



2.3 Polymer blended films

study colloidal aggregation and gelation as in Schantz Zackrisson et al. (2006). Figure 1
schematically shows the gelation process. At the beginning (A) there is a stable solution
such as milk or silica particles dispersed in a water-based solution. After destabilization
of the dispersion by addition of salt, for example, the particles start to aggregate and
form clusters (B). The gelation is completed when all particles have aggregated into one
large cluster (C). Consequently, understanding step B is most important when studying
colloidal aggregation.

There are two universal limiting regimes used to describe such aggregation, diffusion
limited and reaction limited cluster aggregation (Schantz Zackrisson et al., 2006). Tn
both regimes particles diffuse according to Brownian motion. In diffusion limited cluster
aggregation, particles aggregate immediately after collision and form clusters with time.
In the more general reaction limited regime, interactions between particles may prohibit
their aggregation and prolong the formation of clusters. A probability of aggregation can
be introduced to distinguish between the different aggregation processes; the probability
of aggregation is one in the diffusion limited regime and smaller than one otherwise. In
this work, the probability of aggregation is studied on an aggregated network of colloidal
silica nanoparticles with a diameter of around 20 nm. The gel was formed from a water-
based silica dispersion (AkzoNobel Pulp and Performance Chemicals, Sweden) and images
of the micro-structure were obtained by scanning transmission electron microscopy, where
particles in a 90 nm thin gel layer are projected on an images as shown in Figure 1 D.

o ® A .B C
° o®
o ® *
® . Projection
() ® “ —
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Figure 1: Schematic illustration of aggregation of colloidal particles in a stable
dispersion (A), forming clusters after destabilization (B) and finally a gel (C) and
projection obtain by scanning transmission electron microscopy of a gel sample

(D).

2.3 Polymer blended films

Polymers are formed by molecules featuring repetitions of consecutive units called
monomers. Here, a consecutive unit refers to the smallest regularly repeating unit which
completely describes the macromolecular chain. There are many different kinds and



2.3 Polymer blended films

groups of polymers, but especially bio-based polymers produced from renewable resources
gain global importance. Cellulose, for instance, is a bio-based polymer extracted from
plant fibers, which has long been used to build materials such as papyrus in ancient
Egypt (Klemm et al., 2005).

In this work, two cellulose derivatives, namely ethyl cellulose (EC) and hydroxypropyl
cellulose (HPC), are used to form semi-water-soluble films that can be used as pharma-
ceutical controlled release coatings. Here, free films are studied since they are convenient
for screening properties of such coatings. The basis for a film is a blend of EC and HPC
dissolved in ethanol. The resulting solution is sprayed onto a rotating Teflon drum by
a moving spraying nozzle using a heated air flow as shown in Figure 2. The spraying of
the films takes place in a modified fluidized-bed chamber originally designed for coating
pellets. While drying, the ethanol evaporates which induces phase-separation of the at
first homogeneously mixed EC and HPC phase. As a consequence, EC-rich and HPC-rich
bicontinuous phases form. This process is called spinodal decomposition and is frozen by
a high film viscosity which is reached at a certain ethanol concentration (Marucci et al.,
2013). Whereas EC is not soluble in water or in the gastrointestinal tract, HPC may act
as a pore former when dissolved in water (Sakellariou and Rowe, 1995). As a result, pores
are created in the HPC-rich phase.

Rotating Teflon drum Ve

Polymer solution
and air

L
<>
Moving spraying nozzle

Figure 2: Schematic illustration of the spraying process of free polymer blended
films.

There are several factors influencing the formation of the micro-structure such as film
processing parameters, polymer contents and viscosity. Viscosity, meaning the polymers
resistance to flow, depends on the degree of entanglements of the macromolecular chains,
which, in turn, depends on the molecular weight of the polymer (Cowie, 1991, p. 256).
Here, two HPC viscosity grades were used to produce two different films. These polymer
blended solutions contained 70% EC (w/w, Dow Wolff Cellulosics GmbH, Germany) and
30% HPC (w/w) in two different viscosity grades, HPC-SL and HPC-L (Nisso HPC, Nip-
pon Soda Co. Ltd, Japan). Tmages of the surface of film cross-sections were obtained by
scanning electron microscopy and one example for each HPC viscosity grade is presented
in Figure 3. Prior to imaging, HPC was dissolved in water and the remaining EC was
coated by a thin gold layer in order to increase the signal.

4



2.4 Microscopy
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Figure 3: Cross-sections of EC/HPC-SL (left) and EC/HPC-L (right) polymer
blended films. The EC-rich phase is depicted in gray and the pores formed after
dissolving of the HPC-rich phase are black.

2.4 Microscopy

All data provided for this study were obtained by microscopy techniques built on a
focused electron beam as schematically presented in Figure 4 (Pennycook et al., 2006).
In scanning transmission electron microscopy, an electron beam scans over and electrons
are transmitted through a sample while a detector collects the response. The sample has
to be very thin in order to obtain good images. In scanning electron microscopy, the
detector collects the signal from reflected electrons.

STEM SEM
Scanning electron beam
_— —
Oe\ec‘o
-4 | Sample |
Detector
I [0 Image

Figure 4: Schematic illustration of scanning transmission electron microscopy
(STEM) and scanning electron microscopy (SEM).



3 Image analysis

3 Image analysis

Tools from image analysis were used to identify objects of interest by image segmentation
as presented in Section 3.1. Section 3.2 presents further manipulations to the morphology
of the objects. Objects of interest can also be found by circle detection as presented in
Section 3.3. In the following, an image is regarded as a matrix [ = (Iiﬁj)izl,__”M; J=1,..Ns
where each entry I; ; represents a pixel value on a gray-scale.

3.1 Image filtering and segmentation

An image may have to be enhanced prior to and even after segmentation. For example,
filtering can be used to handle noise, detect edges or to smoothen an image. Filtering
involves a transformation of the image I using matrix operations often depending on
a specified neighborhood around each pixel. In particular, an n x n neighborhood for
ne€N={1,2,...} corresponds to an n X n matrix

UJ:(U)]C’[, gz_pv_p+177p7 k:_p7_p+1a7p)7

for p =[5 ], where |-] denotes the floor function. A new, filtered image is obtained by

p p
new __
I = E E Wie Ly ke jre-

k=—pl=—p

For a simple averaging filter, equal weights wy; = ﬁ are used. In this work, a more

complex pixelwise adaptive Wiener filtering was used for Gaussian white noise reduction.
This transformation is based on local estimates for the mean p and the variance o2. The
noise variance o2 is estimated by taking the average over all locally estimated variances.
The transformed image ™" is obtained by setting

6°—6
I5% =+ Tn(li,j — ),

where fi and 62 refer to the locally estimated mean value and variance, respectively, and
62 is the estimated noise variance. More details on filters can be found in Glasbey and
Horgan (1995, Chapter 3).

Image segmentation is used to classify and discriminate regions of different pixel values
in an image. Since the result is a binary image with black background and white objects,
image segmentation is also called binarization. Selecting an appropriate threshold for the
binarization is crucial. A commonly used method applied to select a threshold is Otsu’s
method (Otsu, 1979). This method is based on the histogram of the pixel values at L
different levels, where the optimal threshold k* corresponds to the value which minimizes
the variance of pixel values below and above it. In particular, the histogram is divided
into two classes with levels [1,... k] in the first class and [k + 1,...,L] in the second

6



3.2 Morphological operations

class for some threshold k. Let 0%(k) denote the between-class variance, then the optimal
threshold £* can be found by using that

2 *\ 2
op(k*) = Dax o (k).

3.2 Morphological operations

The most standard morphological operations are erosion and dilation with a structure
element S moved along certain reference pixels collected in a set A. These operations can
be used to remove small objects or enlarge the contrast of an image, for example. Let the
group of pixels S(; ;) be the structure element S placed with its reference pixel at (7, 7).
Then the erosion of A by S can be defined as

AeS=A{(i,j): Su; C A}
and the dilation of A by S is given by
Ao S= (A6 8,

where A¢ denotes the complement of A. If A is the set of pixels of objects that are set
to one after segmentation, A® is the set of pixels set to zero (Glasbey and Horgan, 1995,
Chapter 5). Figure 5 gives an example for erosion (C) and dilation (D) with a spherical
structure element S with a diameter of 3 pixels.

Sequential thinning of the set A is another useful morphological operation and can
be used for the shape characterization of objects. For example, A can be thinned until a
skeleton is obtained. A skeleton is the union of minimally connected line segments with
the thickness of one pixel. In the thinning algorithm as for instance presented in Lam, L.
and Lee, S'W. (1992), pixels from the boundary of objects are removed while preserving
the number of objects and holes in an image. Figure 5 D shows an example of a dilated
skeleton.

Figure 5: Example of an original gray-scale image A of size 250 by 250 pixels, B
after segmentation and C after erosion by a pixelized disk with a diameter of 3
pixels. D shows the skeleton of the eroded image C dilated by the same structure
element.



3.3 Detection of circular objects

3.3 Detection of circular objects

Often specific shapes have to be detected in an image, for instance circular objects. For
this purpose, the circular Hough transform can be used (Atherton and Kerbyson, 1999).
Let (zo,y0) denote the two-dimensional position of a circle center. Then a circle with
radius R € R? can be represented as the following system of equations

x = x9 + Rcos(a)
Y =yo+ Rsin(a),

where z and y trace the circle perimeter according to the angle o € [—m, 7]. An alternative
representation yields R* = (z — x0)? + (y — yo)*>. The Hough transform transforms the
(x,y)-space to a three-dimensional parameter space (zo,4o, R). Candidates for points
on the circle perimeter are pixels with a large gradient magnitude, which is calculated
by the partial gradient images for column vectors I(j), j = 1,..., N and row vectors

1), i=1,...,M

agg) =05(I(j+1) = 1(j - 1)),
oI(i) ; ]
5, —0PUG+D—1i-1).

The gradient magnitude is given by \/%T%Q and the gradient direction by
% arctan (fg—;, g—i). An example of a gradient magnitude and a gradient direction image
is presented in Figure 6 together with an example of detected spheres.

In order to detect circular objects, a circle with radius R is drawn around each candi-
date point and the points at the intersections are used as estimates for circle centers. This
method can be extended to a range of radii R, < R < Rnae, see for instance Atherton

and Kerbyson (1999).

Figure 6: Example of gray-scale image (left) and corresponding gradient mag-
nitudes (middle left) as well as directions (middle right) and the result of the
particle detection algorithm (right).



4 Point processes

4 Point processes

This section presents basic definitions and characteristics of random spatial point pro-
cesses which are fundamental to the spatial statistical analysis conducted in this work.
Henceforth, B(R?) denotes the family of all Borel sets on R? and By(R?) refers to the
family of all bounded Borel sets on R%. The d-dimensional Lebesgue measure v, is used
to quantify geometric properties.

4.1 Basic definitions

Random spatial point processes provide mathematical models for objects randomly dis-
tributed on the plane or in space. Point process models can be used to characterize
the spatial arrangement of point patterns arising from the objects of interest and may
contribute to solving problems in diverse fields as, for instance here, in material science.
Point processes can be interpreted either as random sets of discrete points or as random
counting measures (Stoyan et al., 1995, p. 99 ff.).

Definition 4.1 (Point process). A sequence X = {X;}en of random vectors
X; : Q2 — R?U {oo} on some probability space (2,4, P) is called a point process if

X(B)=ho(XNB)<oo VB e By(RY,
where X (B) gives the number of points of the process in the set B. If
PG #X)=1 Vij21 i#j,
X is called a simple point process.

Let N denote the family of all locally finite counting measures & and N be the small-
est o-algebra on N such that the mapping = — x(B) is (N, B(R))-measurable for every
bounded set B € B(RY). Then, a point process X is a measurable mapping of a prob-
ability space (€2, 4,P) into (N, ') and generates a distribution Py of X on (N, N).
Consequently, X can be seen as a random choice of a sequence & € N of points in R?.

The expectation of a point process is called the intensity measure and is defined as
follows.

Definition 4.2 (Intensity measure). A measure A : B(R?) — [0, o0) is called the intensity
measure of a point process X if

A(B) = E[X(B)] :/ x(B)Px(dx) VB € B(RY).
N
Henceforth, the intensity measure is assumed to be locally finite. Furthermore, the

probability distribution of a point process Py or the point process X itself is here assumed
to be stationary and isotropic.



4.1 Basic definitions

Definition 4.3 (Stationarity). A point process X is called stationary or invariant under
translation if

Px(A) = Px(A_,) VAeWN, VzcR?

for A, ={x e N: x_, € A} for A € N, where =_, denotes the random sequence of
points x translated by the vector .

Definition 4.4 (Isotropy). A point process X is called isotropic or rotation invariant if
Px(A) = Px(6A) VAeN,

for every rotation § : R? — R? around the origin and A = {x € N : § 'z € A} for
AeN.

For stationary point processes we obtain the following result which also defines the
expected number of points of X per unit area.

Theorem and Definition 4.1. Let X be a stationary point process in R and
B € By(R?), then
E[X(B)] = Ava(B)
for some constant \ € [0,00). X is called the intensity of the point process X.
It can be useful to condition on a point of X lying at a fixed position when studying
local properties. In order to assess only those points of a stationary point process X

having a certain local characteristic A € A/, the Palm distribution P, at a typical point o
of X can be used.

Definition 4.5 (Palm distribution). Let X be a stationary point process with intensity
A € (0,00). Then the Palm distribution P, is defined on (N, ) as

= 3 M“fy;‘(lg)f(dw) VAEN

rcxNB
for arbitrary B € B(R?) with v4(B) > 0, where I(-) is the indicator function.

One of the most important stationary point processes is the homogeneous Poisson
process which underlies many other point processes and often serves as a reference model
with completely randomly distributed points.

Definition 4.6 (Poisson process). X is called a Poisson process if it satisfies the following
properties.

(i) X(B) is Poisson distributed with mean A(B) for all B € By(R?)

(ii) If By,...,By € BRY), BN B; =0, i,j > 1, i # j, then X(By),..., X(By) are
independent for arbitrary k € N.

If the Poisson process X is stationary then A(B) = Avy(B) holds according to Theorem
4.1 and it is called the homogeneous Poisson process with intensity A € [0, 00).

10



4.2 Summary characteristics

4.2 Summary characteristics

Often point patterns are divided into three groups: completely spatially random or Poisson
patterns with no interaction between the points, clustered patterns and regular patterns.
In order to characterize the arrangement of points, summary functions of distance r can
be used. This section introduces the summary characteristics considered in this work
assuming stationary and isotropic point processes with intensity A > 0.

4.2.1 First-order characteristics

The intensity measure A(B) = E[X(B)] is an example of first-order characteristics. An-
other first-order characteristic is the empty space function F' : [0,00) — [0, 1], which
gives the distribution of the distance from an arbitrary point z € R? to the nearest point
in X. Considering the probability that a ball b(x,r) centered at an arbitrary point z € R?
with radius r does not contain any point of X, a cumulative distribution as a function of
radius r can be obtained

F(r)=1-P(X(b(z,r))=0) Vr>0.

The distribution of the distance from a typical point o in X to its nearest neighbor
in X is summarized by the nearest neighbor distance distribution G : [0,00) — [0, 1].
G(r) is defined using the result that the distance is smaller than r if and only if there is
at least one other point in a ball with radius r centered around o given that there is a
point at o.

G(r)=P,(x e N: x(b(o,r)) >1)=1—P,(x € N: x(b(o,r)) =1) Vr>0.

4.2.2 Second-order characteristics

A common second-order characteristic is Ripley’s K-function K : [0,00) — [0, 00] also
known as the second reduced moment function. Therefore, NK(r) gives the expected
number of points within a ball b(o,r) centered at a typical point o of X with radius r
without counting o itself, in expression
1 1
K(r)= X]EO[X(b(o, r)\ {o})] = X/ z(b(o,7) \ {0})Po(dx) Vr >0.
N

A variance stabilizing transformation of the K-function, is given by the L-function
L:[0,00) = [0,00) defined as

K(r)

™

L(r)= Vor>0.
The pair-correlation function g : [0,00) — [0,00] is a normalized transform of the
derivative of the K-function given by
dK(r)
dr

9(r) = ha_1(9b(0, 7))’

11



4.2 Summary characteristics

where hy_; quantifies the surface of a ball b(o,r). Hence, for d = 2, hy gives the length of
the perimeter of the circle b(o, r).

4.2.3 Higher-order characteristics

In order to describe the interpoint behavior of a point process on a higher-order, the behav-
ior between more than two points can be taken into account. A third-order characteristic,
the clustering function, is introduced in Rajala (2010). In particular, the clustering func-
tion ¢ : [0,00) — [0, 1] sets the number of observed triplets in a ball b(o, r) in relationship
to the theoretical number of possible triplets. Let ne(o) = X N (b(o,7) \ {o}), then

e(r) :/ CorPo(dx) ¥r >0
N

where

o Zayeneo 2(07) N0, o — i) \ {o})
3(0(0)? = 4(0))

2

“1(6(0) > 2)

and

6(0) = z(b(o,7) \ {o}).
On joining several points of a planar point process in a cluster, another higher-order
characteristic can be defined for the mean cluster size based on the diameter of a cluster

D=2 [ S S o -y,

k zeCy yECk

where ny is the number of particles in a cluster Cy. D is also called the diameter of
gyration (Khan et al., 2014). The mean cluster size function M : [0,00) — [0,00) is
defined as

M(r)=E(D,) ¥Yr>0

where

1
D, =2 3z Z Z 2 —yl?

.k xecr,k yECT,k

for a cluster C.; € R? including n,;, points. The cluster region C, is here defined by
geometric graphs (Penrose, 2003) placing an edge between two points if the distance
between two points ||z — y||? is smaller than r. As a result, each C, is formed by a set of
points connected in the graph as depicted in Figure 7.
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4.2 Summary characteristics
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Figure 7: Definition of clusters using a geometric graph with edge length r =0
(left), » = 20 (middle) and r = 40 (right) in a 600x600 observation window.

4.2.4 Estimation of summary functions

Whereas a point process X is defined on whole R?, point patterns can only be observed
in bounded observation windows W C R?. Since the missing observations outside W may
affect the estimation of summary functions, their estimators have to incorporate some
edge correction. There are several methods available for dealing with edge effects as can
be found in Stoyan et al. (1995, p. 133 ff.), Tllian et al. (2008, p. 228 ff.) and in many
further publications. In the articles appended in this thesis, edge corrected estimators are
given to those summary functions that are used.
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5 Summary of appended papers

5 Summary of appended papers

In this section, the three appended papers are introduced in the context of this thesis.
Since the emphasis in all papers is on the developed methods, the main components of
each method are presented. Furthermore, the main results of each work are highlighted.

5.1 Paper I and II: Colloidal nanoparticle gels

Paper I: Estimation of mass thickness response of embedded aggregated silica
nanoparticles from high angle annular dark-field scanning transmission elec-
tron micrographs

High angle annular dark-field scanning transmission electron micrographs allow for two-
dimensional projections which still contain information about the structure along the
projected axis of three-dimensional samples. The motivation for this work was to find a
method for estimating the mass thickness response from such micrographs on the example
of nano sized (20 nm) silica particle gels. The estimation is based on the relationship be-
tween the mass thickness of the silica and the intensity observed at each pixel of an input
micrograph image. Here, the intensity is modeled as a power function of the mass thick-
ness with additive zero-mean Gaussian noise. The parameters involved were estimated
by maximizing the log-likelihood while iterating the positions of artificial particles and
varying the remaining parameters using a grid search. A major achievement that is not
discussed in the paper was a computationally efficient computer program that accurately
approximates the maximum of the log-likelihood function in feasible time. A key compo-
nent here was to control the lowering of the parameter driving the simulated annealing
used for iterating the particle positions.

In a validation study, silica particles were simulated by the Poisson point process model
and micrographs were generated using a power function with chosen fixed parameters.
Not only were the shape parameters of the power function estimated correctly, but also
the iterated particle positions showed a good fit. Finally, the method was evaluated on
experimental micrographs and we showed that a power function performs statistically
significantly better than a linear function. As a result, on fitting the parameters for the
intensity power function, a non-unique solution to the three-dimensional particle positions
and therewith an estimate for the mass thickness of the silica are obtained. This result is
an important step towards a full three-dimensional particle position reconstruction.

This paper is co-authored with Matias Nordin, Christoffer Abrahamsson, Charlotte Ham-
ngren Blomqvist, Magnus Réding, Eva Olsson, Magnus Nydén as well as Mats Rudemo
and was published in Journal of Microscopy 253(2):166-170, 2014 (Nordin et al., 2014).
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5.1 Paper I and II: Colloidal nanoparticle gels

Paper 1I: From static micrographs to particle aggregation dynamics in three
dimensions

In Paper I, we developed a method for estimating the mass thickness of nano sized (20
nm) silica particle gel samples from high angle annular dark-field scanning transmission
electron micrographs. As a result, we obtained estimates of mass thickness of the silica
at each pixel. However, the exact position of each particle in the direction of the electron
beam within the sample was not obtained. For such a complete three-dimensional recon-
struction of the particle positions, the connectivity between the particles and, hence, the
aggregation dynamics involved have to be understood. In this study, the diffusion limited
and the more general reaction limited cluster aggregation process are evaluated exactly
for this purpose. A quantitative comparison of experimental micrographs to cluster ag-
gregation simulations is the major part in our developed method of how to study the
probability of aggregation assumed to drive the aggregation of the nanoparticles. A first
component in our method is a micrograph simulation step using the relationship between
mass thickness and intensity discussed in Paper I, but here to model the intensity in sim-
ulated micrographs. Subsequently, particles are detected by a newly composed particle
detection algorithm based on standard tools from image analysis. Finally, the resulting
point patterns of experimental and artificial particle centers are compared by common
summary functions from spatial statistics and more specific summary functions for clus-
ter analysis. One of these cluster analysis functions is based on the size of a cluster and
was developed in this work.

In a least square approach collecting all information from the different summary func-
tions, we drew a combined inference on the probability of aggregation that can be as-
sociated with the gel samples studied. All in all, we showed that different aggregation
scenarios capture different structure characteristics of the gel samples, however, overall
a very small probability of aggregation (<0.0001) seems most suitable for modeling the
silica particle aggregation.

This paper is co-authored with Aila Siarkkd, Mats Rudemo, Charlotte Hamngren Blomqvist,
Eva Olsson, Christoffer Abrahamsson as well as Matias Nordin, and is intended for the
Journal of Microscopy.
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5.2 Paper III: Polymer blended films

5.2 Paper III: Polymer blended films

Paper III: Characterization of pore structure of polymer blended films used
for controlled drug release

Polymer blended films are often used as coatings in oral controlled drug release formu-
lations, where the structure of the coating governs the release mechanism. In this work,
a blend of two polymers is studied, where only one is water-permeable and acts as a
pore former. On the attempt of understanding and controlling the release mechanism in
such porous films, a characterization of the pore space becomes vital. Furthermore, the
motivation for this study was a difference in permeability found between two films with
different polymer viscosities, but nearly the same leakage measurements of the pore form-
ing polymer. Hence, the question arose in which pore characteristics the pore structures
differ within these two films.

In this study, two-dimensional scanning electron microscopy images of film cross-
sections were available. After merging images from the same sample and having achieved
a reasonable segmentation of the two polymer phases, we conducted an image analysis
on the size and shape of the pores. Since results from pore size analyzes were already
obtained in related studies, we focused on investigating and comparing different pore
shape measures. An analysis of variance of all considered pore characteristics indicated a
statistically significant difference between the two films in the number of branching and
endpoints of the pore skeleton. Consequently, we found that the more permeable film
seems to have a better pore connectivity due to more elongated shapes. This conclusion
was in line with hypotheses developed during experiments, which had not been deduced
from a statistical analysis before.

This paper is co-authored with Helene Andersson, Anna Jansson, Anette Larsson, Eva
Olsson as well as Aila Sarkka, and is intended for the Journal of Controlled Release.

16



6 Future work

6 Future work

A natural continuation of the work presented in this thesis is to go from a two-dimensional
characterization of materials to their three-dimensional characterization and reconstruc-
tion. For a complete three-dimensional reconstruction of the particle positions from micro-
graphs of colloidal nanoparticle gel samples, the results from Paper I and Paper II can be
combined. Here, a three-dimensional pore space analysis similar to the two-dimensional
pore characterization introduced in Paper III can be conducted. Such an extension to
a three-dimensional pore shape analysis is straightforward in theory, but requires more
advanced image analysis techniques. Combining the results from Paper III and a three-
dimensional pore shape analysis, a statistical model can be constructed also for polymer
blended films based, for instance, on marked point processes.

Finally, three-dimensional models can be validated by comparing mass transport
simulations through generated structures and experimentally obtained measurements from
real materials. All in all, a virtual design framework can be set up for characterization,
reconstruction and simulation of mass transport properties of different materials.
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