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Chapter 1- General Introductions

“When we decode a coolibook, cveny one of ws b a practicing chemidt.
Cooliing cs neally the oldest, most basic application of plysical and chemical
forces to natunal materials. "

Arthur E. Grosser

Indeed, in our everyday life we encounter many aspects of physical and chemical
forces. Cooking is an example, but the simple acts of washing our hands or taking
medicine for a cold are, as well. In the case of washing our hands the soap we use
decreases the surface tension of water, allowing the dust particles to dissolve into the
water. Soap also acts as an amphiphile that will form micelles around the excess oil on
our skin. And it is more than likely that when we take a tablet for a cold, it is the result of
years of research on encapsulating the drug into a shell to protect it from the low pH of
the stomach, but then letting it release in the intestines. Today many medicines are coated

such that the release profile is very slow, in order to offer hours of relief from our ails.

This work will present two ways that can be used as possible delivery systems
that will have a way to encapsulate an active molecule and then tune the release
proprieties of the active species. The first method will discuss the incorporation of active
molecules into polyelectrolyte multilayer capsules. This will be done using two

encapsulation methods. The second approach to tune the release properties is by
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controlling the permeability of the container itself. This will be done by introducing a
material that, after heating, forms a layer that greatly reduces permeability. In this work
both systems are responsive to stimuli, in this case, to heat. One system exhibits a
reversible effect, and the other possesses an irreversible effect. The layout of the thesis is

as follows.

Chapter 2 - Literature Survey and Theory will introduce the basics,
from what a polyelectrolyte is to the principles of intermolecular interaction theory

necessary to understand this work.

Chapter 3 - Method of Characterization and Materials will discuss

the fundamentals of the most relevant methods of characterization used in this work. This

chapter will also detail the experimental parameters of the instruments used.

Chapter 4 - Polyelectrolyte multilayers as an encapsulation

vehicle will discuss the use of polyelectrolyte multilayer capsules used as containers to

trap active molecules.

Chapter 5 - Polyelectrolyte multilayer permeability alteration

with wax particles will discuss the use of hydrophobic species that, upon heating,

form a barrier layer to alter the permeability of capsules.

Chapter 6 - General Conclusions will summarize the main findings of this

work.



Chapter 2 - Literature Survey and Theory

2.1 Polyelectrolytes

An electrolyte is a substance which dissociates into free ions when dissolved, to
produce an electrically conductive medium. A polyelectrolyte is a polymer in which the
repeating unit possesses an electrolyte [1]. This means that when a powder of a
polyelectrolyte is dissolved in an aqueous solution the electrolyte will disassociate,
resulting in a charge on the polymer that is compensated by a counterion in solution.

Examples of natural polyelectrolytes are DNA, polysaccharides and proteins.

A polyelectrolyte can be classified according its charge and whether it is a
“strong” or “weak” polyelectrolyte. If after dissolving in an aqueous solution the
resulting polyelectrolyte is positive, it is referred to as a polycation. Conversely, if the
resulting polyelectrolyte is negative, it is referred to as a polyanion. In many cases a
polyelectrolyte can and will completely disassociate within a normal pH range. These are
referred to as “strong” polyelectrolytes. There are other polymers that only partially
dissociate upon dissolution in an aqueous solution. These are referred to as “weak”
polyelectrolytes. The dependence of the pH value on the dissociation constant is
described by the Henderson-Hasselbalch equation [2] seen below.

[acid]
H=pK, -log——
p PR g[base]

Equation 2.1.1 Henderson-Hasselbalch equation
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Here the pKa is the dissociation constant, [acid] is the molar concentration of
acid, and [base] is the molar concentration of base. It is clearly understood that if the
electrolyte on the polymer did not completely dissolve, the polyelectrolyte is not fully
charged. The Henderson-Hasselbalch equation then is also a simple expression which
determines at a given pH the percentage of the polyelectrolyte in the protonated, neutral
or deprotonated form.

2.2 Complexes

It is well known that opposite charges attract. This is also the case of polyanions
and polycations. When these two are mixed they bind and precipitate, forming a complex.
The attractive force involved is Coulombic and the main driving force for this is the
entropy gain when the counterions are released into solution. Since the attractive force is
dependent on the ability to be attracted to an opposite charge, it is intuitive that the
addition of an electrolyte or salt - that will dissolve into its respective ions which carry a
charge - can affect this attractive force. Investigations on this effect were performed by
Dautzenberg. He found that in the case of strong polyelectrolytes the addition of a low
concentration of salt leads to a lower amount of aggregates. However, at higher
concentrations, a secondary aggregation took place, which lead to the large aggregates to
precipitate out of solution [3]. This can be explained by the DLVO theory, which will be
discussed later in this chapter. When a complex consists of a weak polyelectrolyte and a
strong polyelectrolyte, the addition of salt leads to a complete dissolution of the complex
[4]. In the case of a weak polyelectrolyte the charge density changes depending on the
pH. To investigate the effect of the charge density on complexes, a copolymer of strong
polyelectrolyte and a neutral species were synthesized. This synthesis leads to a
polyelectrolyte with a defined charge density that can be discretely varied. When
combining a polyelectrolyte with a high charge density and a polyelectrolyte with a low
charge density, a complex could be formed at non-stoichiometric conditions, whereas a
with mixing ratio close to 1:1 only flocculation was observed. When a complex could be

formed, it also dissolved upon the addition of salt [5].
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2.3 Flat Films

Coulombic interactions do not only occur between polyelectrolytes. If a surface is
also charged, an attractive force can be possible. When a charged surface is placed in a
polyelectrolyte solution, the polyelectrolyte will adsorb onto the surface. If the adsorbing
polyelectrolytes completely cover the surface, the charge of the system will now carry the
charge of the polyelectrolyte. This is referred to as charge reversal. When this occurs the
surface can be washed in water and then placed in a solution of another polyelectrolyte
with a charge opposite to that of the first polyelectrolyte. In the presences of the second
polyelectrolyte, it will absorb on top of the first one. A difference between complexes and
a surface is that this process can be repeated as many times as desired. This process is
called layer-by-layer (LbL) assembly and leads to a multilayer film, with the first major
work being reported by Decher et al [6,7]. The internal structure of the films has been
investigated by neutron reflectivity. These investigations reveal that the structure is
continuous, striated, and interdigitated [8,9]. When the film is comprised of a species that
induces some water structuring, like a hydrophobic species, a more individual film could
be realized [10]. Films comprising of as many as 200 layers have been reported [11].
Since the paper by Decher in 1992, the work done on LbL has largely increased due to its
ease and versatility. To date, many substrates have been used, including glass, quartz,
silicon wafers, mica, and gold surfaces. In addition to the many available substrates,
many layer constituents have been realized, including polyelectrolytes, biopolymers,
inorganic particles, and many others too numerous to list here. A list of used layer
constituents is available in the following references [12,13,14].

Most multilayer films are built using electrostatic interaction between oppositely-
charged polyelectrolytes; however, these are not the only interactions available when a
multilayer film is wanted. Kotov stated that hydrophobic interaction arising from the
carbon backbone of the polymer also plays a major role [15]. Other interactions that can
be exploited to build multilayer films are hydrogen bonding [16,17] and specific

interactions [18].
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Multilayer films, like complexes, are also susceptible to environmental effects.
These environmental effects include the presence and concentration of salt [19,20], the
pH of films built from weak polyelectrolytes [21,22]. For this specific case of films
produced on a surface that are dried, the humidity in the air can affect the thickness of the
film [23]. Studies have also been done to calculate the content of water in films that are
dried. Films measured at ambient conditions were found to contain 10-20% water, which

could be removed upon excessive heating [24].

2.4 Capsules

The extension of LbL onto a spherical substrate has lately been a topic of great
interest. If LbL is preformed on a spherical sacrificial substrate, after the desired number
of layer is deposited, the substrate can be removed, leaving a hollow shell. This is
referred to as a capsule. Colloid spheres have been used to this effect. The colloidal
spheres can be introduced into a polyelectrolyte solution and left for the polyelectrolyte
to absorb on the surface. The colloidal particles can be removed from the polyelectrolyte
solution by filtration [25,26,27] or by the now widely-used centrifugation method. As
with the flat films, the substrates and layer constituents are vast. To date many cores have
been employed, ranging from organic particles to inorganic crystals, including melamine
formaldehyde (MF) [27,28,29], CaCO3 [30,31,32], Polystyrene (PS) [29,33,34], SiO;
[35], and MnCO3 [36]. As with flat films, hydrogen bonding can also be used to build
capsules [37].

Initially much work was done investigating the basic properties of the capsule
membrane, including the thickness of the membrane wall, the pH [38], salt [39], and
temperature sensitivity [40,41]. Other properties that have been investigated include their
permeability and mechanical properties [42,43,44].

Lately, multilayered polyelectrolyte microcapsules have been of particular interest
due to their possible use as microcontainers [31,45,46]. Proteins [32,47], enzymes [48],
DNA, inorganic salts [49] and polymers can be encapsulated using various techniques.

Such encapsulated polymers could also act as adsorbents for substrates or as substrates
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themselves and could be used for chemical reactions inside the capsules that will thus be
employed as microreactors or as a drug delivery system. Recently, they have been used
for the synthesis of inorganic particles in a restricted volume [50]. Synthesized polymers
were chosen depending on their stimuli-responsive properties [51]: metal complexants
[52] for reversible complex formation in the presence of metal ions, acid or basic
polymers for their pH-responsive properties [38], and thermo-responsive properties [53].

2.5 PNIPAM

Poly (N-isopropylacrylamide) is a polymer of much interest due to its novel
reversible, thermo-sensitive property; the first major work was reported in 1968 by
Heskins and Guillet [54]. Some of its thermodynamic properties in comparison to some
of its neighbors like poly (acrylic acid) and poly (methacrylate) were also discussed [55].
It is a special polymer in that its solubility actually decreases when the temperature is
increased. The Lower Critical Solution Temperature (LCST) is often discussed when
characterizing the polymer [56], which is simply the temperature at which the polymer is
no longer soluble. PNIPAM is a neutral polymer that at room temperature is water
soluble through strong hydrogen bonding (see section 2.7). However, above 32°C the
hydrogen bonding is disrupted and water no longer acts as a suitable solvent. At this
temperature, PNIPAM undergoes a coil to globule transition where it preferentially
makes hydrogen bonds with neighboring polymer chains. This collapse is caused by the
disruption of the hydrogen bonding network between the amide bonds of the PNIPAM
and water. As hydrogen bonds are affected by salt, the LCST of PNIPAM is influenced
and can be tuned by salts. Some investigations to this effect have been performed

[57,58]. The transition is displayed on a molecular level in Figure 2.5.1.
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Figure 2.5.1 PNIPAM solubility above and below the Lower Critical Solution Temperature.

PNIPAM has been synthesized in many ways, resulting in many different
architectures. Some polymerization methods employed include free radical
polymerization [59], redox initiation in aqueous media, emulsion polymerization [60]
and ionic polymerization. Some of the resulting architectures are linear, microgel
particles [60,61] macrogel particles, micelles [59], and, when copolymerized with a
charged species, flat films [62]. More details of PNIPAM synthesis and architectures are
presented in an excellent review by Schild [63]. It has been shown that PNIPAM can act
like a sponge, since in its swollen state it can absorb dyes [64] or metal ions, making it of
interest in drug delivery or waste water treatment [60].

PNIPAM has been already investigated in conjunction with polyelectrolyte
multilayers. Caruso et al found that multilayers consisting of PNIPAM could adsorb
Rhodamine and upon heating release the absorbed dye [65] Sukhishvili et al formed
capsules with PNIPAM as one of the layer constituents using hydrogen bonding. This
system was thermo-responsive [66]. Glinel et al used block co-polymers, including
PNIPAM, to construct capsules with the traditional electrostatic interaction. The capsule
permeability was greatly reduced upon heating. In both of these systems, however, the
PNIPAM did not exhibit full thermo-sensitive behavior, since the PNIPAM movement

was seriously restricted [67].
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2.6 Permeability control of LbL films

As seen in section 2.4 capsules are of great interest as a semi-permeable
membrane [68]which is impermeable for large molecules, however, very permeable for
small molecules. This is a result of the many pores created in the film during the core
dissolution. In many drug delivery or controlled release applications this is not
acceptable. Therefore recent investigations have focused on the permeability control of
capsules. As many of the properties of capsules can be tuned by the layer constituents,
there are many options for controlling the permeability. In the case of all capsules -
regardless of the components employed - a thicker layer results in an overall lower
permeability. In the case of capsules prepared with a weak polyelectrolyte one can alter
the pH in order to change the permeability [69,34]. In the case of weak polyelectrolytes
the charge density of the polyelectrolyte changes with the pH. In capsules formed in pH
ranges in which the weak polyelectrolyte contained many charges, changing the pH to a
range in which the chain is not as charged, will cause the chains that are still charged to
repel, thus altering the permeability. Another option is to introduce enough flexibility or
mobility to the multilayer constituents that they can rearrange, thereby sealing the pores
[70]. Yet another way to control the permeability of the capsule is to simply add
additional polyelectrolyte layers after the core has been removed to fill in the pores
created during core removal [71]. The heating and even autoclaving of capsules has been

of interest in recent investigations [40,41].

2.7 Intermolecular force Theory

In this work many interactions will be discussed. As shown from the literature
survey it is clear that in order to understand the many interactions, some background
information about these interactions is necessary. Three forces that lie between
permanent and induced dipoles are singled out due to their r°® dependence. They are

Keesom forces, Debye forces, and London forces [72,73].
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Van der Waals

Keesom forces, or orientation forces, occur between two freely rotating,
permanent dipoles. This interaction between atoms or molecules is a function of r (the
distance between the dipoles), the relative orientation of the dipole moments u; and uy,
and the changes in the orientation due to thermal motion. The interaction is described
with Equation 2.7.1

uyu, Cy

w, (r)=— =—
(1) 3(47z&90)2kTr6 r®

Equation 2.7.1 Keesom interaction energy

where ¢ is the dielectric constant of the medium, ¢, is the dielectric constant of vacuum, k
is Boltzmann constant and T is the temperature.

Deybe forces, or induction forces, are the force between a permanent dipole and
an induced dipole. In the case of two different molecules possessing permanent dipole u;
and uy and polarizabilities a1 and o, their net dipole-induced dipole interaction energy

can be described with Equation 2.7.2.

2 2
w, () U g, + Uy, Co
p\l) = 2.6 6
(4reey)r r

Equation 2.7.2 Debye interaction energy

London forces, or dispersion forces, are the interaction between two non-polar
species. They have an interaction energy described in Equation 2.7.3.

3y, (hv,)(hv C
w, () = — S ()(h,) __ C
2(4rey)°r’hy, + hv, r

Equation 2.7.3 London dispersion interaction energy

where hv, and hv, are the first ionization potentials of the molecules and h is the Planck
constant.

These three equations are normally put together because they are always attractive
and they all have an r° dependence. Combined, they are referred to as the Van der Waals

force, which can be written as

C,+C,+C
Wvdw(r):—K I’? -

Equation 2.7.4 Total Van der Waals interaction energy
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To calculate the interaction between two planes at distance D one has to integrate
over all Van der Waals forces of points within these planes. This yields a D dependence
with interaction constants merging into a Hamaker constant A, according to.

A
127D?

Equation 2.7.5 Vans der Waals interaction energy in terms of the Hamaker constant.

Wyaw (D) =

Double layer forces

Another class of forces that are repulsive in nature is the double layer force. This
force arises when a surface with dissociable groups is placed in water. The charges that
dissociate will be compensated by opposite charges in solution or adsorbed at the surface.
The expression that describes the distribution near the interface is the Poisson-Boltzmann
equation. The Poisson-Boltzmann equation requires that a non-linear second-order
differential to be solved [74]. The distribution, o, is affected by the concentration of salt

in the solution. The Debye length, k™

, Is the characteristic decay length of the double
layer. Basically, it is the “thickness” of the double layer. The interaction energy of the

electric double layer is seen in Equation 2.7.6.

202

W (D) = e™

KEE,

Equation 2.7.6 Interaction energy attributed to the double layer force

The combination of the Van der Waals forces and the electric double layer force
is known as the DLVO theory after Derjaguin, Landau, Verwey and Overbeek. The
DLVO theory describes the total interaction energy between two surfaces as a function of
distance. From Equations 2.7.5 and 2.7.6 it can be seen that at long ranges and extremely
short distances the Van der Waals contribution to the total potential is dominant.
However, in the intermediate D, the electric double layer forces are dominant. For many
years the DLVO theory has been the solid foundation which one uses to describe the
interaction between two surfaces. But at very, very close range, the DLVVO no longer
completely describes all the effects seen between two interacting bodies. These forces are

referred to as non-DLVO forces.


http://en.wikipedia.org/wiki/Boris_Derjaguin
http://en.wikipedia.org/wiki/Lev_Davidovich_Landau
http://en.wikipedia.org/w/index.php?title=Evert_Johannes_Willem_Verwey&action=edit
http://en.wikipedia.org/w/index.php?title=Theo_Overbeek&action=edit
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Non-DLVO Forces

At distances that are within a few nanometers from a surface the DLVO theory
fails to describe all the interactions that occur. These forces, not described by the DLVO
theory, can be attractive, repulsive or oscillatory in nature and are known as steric forces,
hydration forces, solvation forces, and hydrophobic forces. Steric forces normally refer to
the case at small distances that the Stern layer (see section 3.6) overlaps. The solvation
(or structuring) of solvent molecules at a surface is determined primarily by the geometry
of molecules and their arrangement around a constraining boundary. It is also important
to appreciate that solvation forces do not arise simply because liquid molecules tend to
arrange in semi-ordered layers at surfaces. They result from the disruption or change of
this ordering during the approach of a second surface. If there were no change, there
would be no solvation force. Solvation forces depend not only on the properties of the
intervening medium but also on the chemical and physical properties of the surfaces. The
short-distance interactions are usually referred to as solvation forces, structural forces, or
— when the medium is water — hydration forces. Hydrophobic forces arise from species
that are inert to water or cannot bind to water. The case where a hydrophobic species is in
an aqueous environment is an entropically unfavorable one. Therefore the hydrophobic

species are drawn together to reduce the surface to water.

Hydrogen bonding

Finally, a force that cannot be explained by the DLVO theory or by the non-
DLVO forces is hydrogen bonding. It is a special case of attractive directional dipole-
dipole interactions that is of extreme importance for this work. Hydrogen bonding takes
its name from the fact that it always involves a hydrogen atom. In particular, if hydrogen
is bonded to an electronegative atom, the electron will spend more time around the
electronegative atom, leaving a partial positive charge on the hydrogen and a partial
negative charge on the electronegative atom. Species that take the role of the
electronegative atom are known as hydrogen bonding donors, and examples of good
hydrogen bonding donors are oxygen, nitrogen, and fluorine. Hydrogen bonding is useful
in nature because of its directional dependence as well as its semi-strong nature. It has

strength from 10-40kJ/mole. This is in comparison to Van der Waals forces which have a
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bond strength ~1kJ/mol and covalent bonds whose strength is 500kJ/mol. It is important
because it is an interaction that is strong but not so strong that it is unbreakable. Water is
a special case of an associated liquid, or liquids that displays hydrogen bonds, since it has
two hydrogens and one oxygen. The oxygen of one water atom has two lone pairs of
electrons, each of which can form a bond with hydrogens on two other water molecules.
This can repeat, so that every water molecule is H-bonded with four other water

molecules. It forms a structure in bulk that can be seen below.

Figure 2.7.1 Hydrogen bonding in bulk water
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Chapter 3 - Method of Characterization and Materials

As can be seen from Chapter 2, the fabrication of multilayer systems is versatile
and easy. The resulting structure, however, is small and quite complex. To gain insight or
specific knowledge of the system various techniques are needed. The techniques used to
analyze the systems discussed in the work are a mixture of microscopy, spectroscopy,
and reflectivity methods. Some methods give surface and morphology information, while
other methods allow a look inside the system. Combining the knowledge gained from all
the measurements with one another gives a better understanding of the whole system. The

principles and layout of the methods used in this work are described in this chapter.

3.1 Confocal Laser Scanning Microscopy (CLSM)

Confocal Microscopy is a method that is widely used in many fields for obtaining
high-resolution images, 3-D reconstructions, or for obtaining images in-situ, meaning in
solution. The main advantage of confocal microscopy over other microscopy methods is
the ability to produce blur-free images of thick specimens and various but defined levels
[1,2].

The Confocal Laser Scanning Microscope works by pointwise illumination and

pointwise detection, which, coupled with a deflection mechanism (the static beam),
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becomes a scanning beam. To achieve this light is emitted from a laser that after passing
through the illuminating pinhole is deflected by a dichroric mirror, or beam splitter. After
the light passes the beam splitter it expands to fill the pupil of the objective lens. The
objective lens then focuses the light onto the sample. After the light hits and is reflected
from the sample, it is focused again by the objective lens and then passes through the
beam splitter. Once the light passes the beam splitter it is transmitted or rejected by the
detector pinhole. After passing the detector pinhole the light is detected by a
photomultiplier tube (PMT). The confocal principle comes from the fact that light that
comes from the focal plane will come into focus just as it comes to the pinhole. Light that
comes from below the focal plane will come into focus before the pinhole and continue
diverging until it is rejected by the pinhole. Conversely, light originating from above the
focal plane would come into focus only after the pinhole; therefore it is rejected by the
pinhole. The PMT converts the light signal into a digital signal that is recorded by a
computer as an intensity which becomes a pixel of a picture. After scanning in the x-y
direction, a full picture is reconstructed by the computer. It is also possible to move the
stage in the z direction with a computer-controlled fine-stepping method. It is also
possible to make 3-D pictures of the specimen by taking successive 2-D x-y scans and

assembling them.

Detector Pinhole
— Confocal Aperture

illuminating

[\ pinhole

Dichroic mirror

(Beam splitter) i
\ Light source
{laser)
objective lens
Focal Plane -Esyeraray Focal Plane
Specimen y
Specimen
In focus Qut of focus

Figure 3.1.1: Principle of Confocal Microscopy
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One exploitation of the confocal technique is the ability to investigate the cross
section of samples while in situ. In the case of microcapsules one can carry out
experiments and investigate phenomena exclusively inside the capsule wall. One
investigation that can be done with Confocal Microscopy which is of particular interest is
“Fluorescence Recovery After Photobleaching”, also referred to as FRAP. An image of
the process is shown in Figure 3.1.2. FRAP is used to determine the permeability of a
membrane. To achieve this, a florescent species is introduced into the suspension of the
material to be investigated. The laser is then focused on the inside of the capsule wall.
The wavelength of light that the dye absorbs is used to illuminate the region of interest at
high intensity. The high intensity laser light destroys the dye molecules so that they no
longer fluoresce. This is referred to as bleaching. At this point the interior of the capsule
is dark. Then the intensity of the fluorescence will increase, since the bleached dye is
diffusing out and fluorescing molecules diffuse into the capsule. This is referred to as

recovery.
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Figure 3.1.2 Principles of Fluorescent Recovery After Photobleaching [3].

From reference [3] we know.
| _ | -3 Pt
(t)

S — r
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Equation 3.1.1
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If one knows the initial intensity I, the radius of the capsule r, the intensity when
the intensity has recovered Is, and the intensity at time t, Iy one can calculate the

permeability, P,. The linearized form of equation 3.1.2 is

- Is) = _3_P
r
Equation 3.1.2

In(l, t+In(l, —-1,)

3.2 Raman Spectroscopy

Raman confocal microscopy is a method based on the Raman effect that was first
predicted by Adolf Gustav Smekal (1923) and then theoretically described by Heisenberg
(1925), Schrodinger (1926) and Dirac (1927). In 1928 a physicist named Chandrasekhara
Venkata Raman first experimentally proved that the wavelength of a small amount of
radiation scattered from a molecule differs from the incident wavelength [4,5]. For this

he received the Nobel Prize in 1931, and this technique now carries his name.

To understand the Raman effect one must take into consideration that when the
beam with frequency vex is incident upon a sample, the resulting electric field can be

described as

E =E, cos(2zv,t)
321
where E, is the amplitude of the wave. When this electric field interacts with the electron

cloud of the sample, it induces a dipole moment, , of the bond defined as oE, where a is

the polarizabilty of the bond. Substituted into equation 3.2.1 one obtains

U =0oE =aE  cos(2rv,t)
322
Assuming that o depends linearly on the distance between the nuclei of the bond

this can be described as
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oo
=a. +(r-r. ) —
a ao ( eq)(ar)

323
where r and req are the instantaneous and equilibrium distances, respectively. The change

in the distances fluctuates with the frequency v, according to the equation
r—r, =r,cos2zv,t)

324
where ry is the maximum distance between the nuclei relative to their equilibrium

position. If equation 3.2 4 is substituted into equation 3.2 3 the following is obtained.

a=a,+ [a—ajrm cos(2zv,t)
or

325
Now if equation 3.2 5 is inserted into equation 3.2 2 the induced dipole moment of the

bond can be described as

u=a,E, cos(2zu,t)+E, 1, (2—“) cos(2zv,t)cos(27v,,t)
r

326
Now knowing that cos(x) cos(y) =[cos (x+Yy)+ cos (x-y)] equation 3.2 7 is
obtained

E oa E oa
= E_cos(2 t)+—=r | — |cos|2xz (v, — L)t [+ =1 | — |cos|2xz (v, + v )t
ll'l ao 0 ( ﬂ-UeX) 2 m(arj [ 7[( ex V)] 2 m( arj [ 7[( ex v)]

327
where the first, second and third terms are referred to Rayleigh scattering, Stokes and

Anti-Stokes respectively. From this derivation to describe the Raman effect one sees that
it is dependant on and measures the change in the polarizability of a molecule as a

function of distance [6,7].

In a typical Raman experiment a monochromatic light source is introduced into a
diffraction-limited spot on the sample. Upon interacting with the sample, the
monochromatic light is scattered into the three Rayleigh, Stokes and Anti-Stokes forms.
Most of the light is elastically scattered, which means that there is virtually no loss in
energy (Rayleigh scattering). Only 1 in 10° to 107 photons created from the scattering
event are inelastically scattered or meaning an energy change in the beam. Energy loss

(v, —v,) corresponds to the Stokes shift and (v, +v,) energy gain corresponds to the

Anti-Stokes shift. As most of the photons are unchanged before the light continues on
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towards the detector, there is first a holographic filter which removes the Rayleigh
scattered light. The light continues through a “multi-mode” fiber until it reaches the
detector. The “multi-mode” fiber also serves as a pinhole introducing the confocal
capability of the instrument. Since Anti-Stokes scattering occurs from vibronically
excited states and these are much less populated than the ground state, the Stokes lines

are more intense and are therefore used in this work.

3.3 UV/VIS Spectroscopy

UV/Vis Spectroscopy is a class of spectroscopy that measures the absorbance of a
substance in the UV/Vis range. The absorbance is defined as the log of the intensity of
the incoming light |,, divided by the intensity of the light after passing through the
sample, 1. The concentration, ¢ of the substance and the pathlength, | through the sample

and the molar extinction coefficient € are related by the Beer-Lambert law.

0

I
Equation 3.3.1 Beer-Lambert Law

If one knows the molar extinction coefficient of a substance one can measure the

absorbance, A to calculate the concentration of the sample [8,7].

3.4 Scanning Electron Microscopy

Scanning Electron Microscopy is an important method for capsule analysis. It
gives not only an overall view of the capsules but also provides a view of the structure

and morphology of the capsule wall.

The principle of SEM is that electrons are formed with a gun by heating and

exciting the filament; in this case a LaBg, the cathode, and then are accelerated toward an
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anode, Once electrons are formed they are conducted down the column, where they are
focused with condenser lenses (electromagnet coils) into a fine spot. At this point the
electrons go through an objective lens where they are deflected with scanning coils to
raster the electrons over the sample. During the beam interaction with the samples many
scattering events occur, creating many types of electrons classified by their energy. After
inelastic scattering by the sample, the secondary electrons are collected by the secondary
electron detector. The secondary electrons come from within a nanometer from the
surface, giving special information about the surface. These collected electrons are used
to modulate the intensity of a CRT that is rastered in conjunction with the raster- scanned
primary beam [7,9,10].
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-~ e 1 )
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Figure 3.4.1 Layout of a typical SEM
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3.5 Scanning Force Microscopy

Scanning Force Microscopy (SFM) also know as Atomic Force Microscopy
(AFM) is a method invented in 1986 by Binning, Quate, and Gerber [7,11,12]. AFM is
of interest for this work because it is a non-destructive method that provides a 3-D
surface profile of a sample, and can be utilized in many environments, i.e. vacuum, air,
and liquid. As can be seen in Figure 3.5.1, an AFM consists of a sharp tip attached to a
cantilever. The deflection of a flexible cantilever is measured by the “beam-bounce”
method. In this method light from a laser source is illuminated on the backside of the
cantilever which then after reflection from a mirror passes to a position-sensitive
detector. The detector consists of four closely set photodiodes. When the cantilever is in a
normal position it reflects the light to the middle of the detector. The AFM has many
advantages over SEM, including the fact that it can supply an exact thickness value, and
the fact that it does not destroy the sample. There are also disadvantages, however,
including the fact that AFM is slower and can measure only a limited area. in contrast,
SEM can measure large areas quickly, but the sputtering process inhibits the

measurement of the sample with other techniques.

Position sensitive
detector

Laser ™. / }

Cantilever

Feedback

XYZ Piezo-Scanner

Figure 3.5.1 Principle of AFM
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3.6 Zeta Potential Measurement

Zeta Potential Measurement is a method widely used to determine the charge of a

surface, and size of a particle [10,13].

This technique measures the electrophoretic mobility of a particle, which is
defined as ug = v/E. This is achieved by applying an electric field across a solution
containing the particles and an electrolyte. When the electric field, E is present the
particles will start to move in the direction of the oppositely-charged electrode. The
velocity, v of the particle in solution is a function of the strength of the electric field, E
the dielectric constant, € the viscosity of the medium, n and the zeta potential of the

particle,  All of the variables are related by Equation 3.6.1 the Smoluchowski equation.

=&
7

Equation 3.6. 1

Ug

To interpret the zeta potential { of a particle one must look at the surface of a
particle. If one takes a particle with a negative surface charge, there will be many positive
counterions that are temporarily bonded to the surface of the particle. These particles
comprise the Stern layer. The outside of this layer is where the Stern potential is located.
Moving away from the surface are the ions that are in rapid thermal movement, known as
the diffuse double electrical layer. The zeta-potential is defined as the potential at the
distance from the surface where counterions inside still move with the particle, whereas
those outside are not sufficiently attracted and thus their motion is determined by thermal

energy. This is pictorially represented in Figure 3.6.1.
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Figure 3.6. 1: Potential of a charged surface

3.7 Ellipsometry

Ellipsometry is a specular optical technique used to measure the thickness of thin
films. It is of particular interest, because it is a non-destructive method which has a

resolution ranging from angstroms to micrometers, and the only sample requirement is

that it reflects laser light. The electric field vector of light, E, has two components, p and
s. p refers to light that is parallel to the plane of incidence and s is light perpendicular to
the plane of incidence. In ellipsometry one measures the change in polarization state of
light after interacting with a surface [10, 12,14]. The layout of a typical experiment is

seen below.
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Figure 3.7.1 Ellipsometry layout

The polarizer and compensator are used to produce any desired state of
polarization of the incident light. After reflection the state of polarization is changed and
analyzed by the analyzer. In a typical experiment, two quantities, A and ¥, are measured

which are defined in equations below

A=(6,-6))-(5,-4))

Equation 3.7 1

Equation 3.7.2

where A and W refer to the change in phase and the change in the amplitude of the light
respectively. The superscript r is the reflected light and i is the incident light. The values

A and W are then placed into Equation 3.7.3 to obtain the thickness of the sample.
R

tan ye'™ :R—p

S

Equation 3.7.3 Fresnel equation
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3.8 Differential Scanning Calorimetry

Differential scanning calorimeter (DSC) is a thermo-analytical technique in which
the amounts of heat required to increase the temperature of a sample and reference are
measured as a function of temperature. Using this method one can measure the helix-coil
transition in DNA, protein denaturation to crystallization, and the melting or
decomposition of a polymer [7,15].

DSC works on the principle of slowly and simultaneously heating a sample and a
reference, both in aluminum pans, with the same amount of energy being put into both.
The DSC monitors the amount of energy that must be introduced into the system to
increase the temperature in comparison to the reference. The temperature, at which the
energy input into the sample changes, denotes that a transition has occurred. There are
many types of transitions that can be observed: phase transition, glass transition, and the
change in the conformation of a protein.

If one knows the amount of the sample in addition to the temperature difference

between the pans, one can calculate the energy associated with the phase change.

Sample Reference pan

Heater

e

Measurement Thermocouples e

Figure 3.8.1 Layout of DSC
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Figure 3.8.2 Typical DSC curve for a polymer: Tg- glass transition, Tc-
crystallization temperature, Tm- Melting temperature and the
decomposition of the polymer. From ref [16]

3.9 Neutron Reflectivity

Neutron Reflectivity is an interesting technique due to its surface sensitivity and
contrast-matching ability. In the case of polyelectrolytes one can learn about the
hydration of the polyelectrolytes in the film, especially when measured against D,O in

comparison to H,O or air [17].

Neutrons are formed in a reactor or via a process called spallation. With guides
the neutrons are lead through a chopper which through an offset in the phase of the
chopper selects discrete energies of neutrons that are allowed to pass through slits and
then to interact with the surface. After the interaction with the surface the neutrons pass
through another slit and then to the detector. When interacting with the sample, some

neutrons are scattered, which can be described by the following equation.

A\ . (6
=|— [sin| =
o[ (2]
Equation 3.9.1
where Q is the scattering vector, A is the wavelength of the neutrons, 0 is the scattering

angle. In the case of a bare substrate at small angles all the neutrons are reflected by the

samples (total reflection). If the angle is increased, some of the neutrons will refract or
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enter the sample (critical edge). After the angle is increased past the critical edge the
intensity of the refracted neutrons will increase as described by a Fresnel curve shown in
Figure 3.9.1. In the case of samples with a film on top, some neutrons will be reflected
from the top of the layer, and other neutrons will be reflected at the film/solid interface.
These two beams of light will interfere constructively or destructively as a function of the
angle. This type of interference results in fringes referred to as Kiessig fringes. The
addition of the Fresnel curve and the Kiessig fringes is observed in typical reflectivity
curves shown in Figure 3.9.2. The interaction of neutrons with a solid surface is shown in
Figure 3.9.3.
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Figure 3.9.1 Simulation of the specular neutron reflectivity as a function of g from a

silicon/air interface.
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Figure 3.9.2 Simulation of the specular neutron reflectivity as a function of q from a silicon
wafer with a film on top.
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Figure 3.9.3 Neutron sample interaction

3.10 Instrumental Details

The CLSM data presented were conducted with a Leica TCS SP inverted confocal
microscope system (Leica, Germany) with a 100x oil-immersion objective, and a

numerical aperture of 1.4.

Raman Confocal microscopy spectra were measured at room temperature using a
Confocal Raman Microscope (CRM200, Witec) equipped with a piezo scanner (P-500,
Physik Instrumente) and a high NA microscope objective (x 60, NA = 0.80 or x 100 oil
NA = 1.25, Nikon). In a typical experiment, a circularly polarized laser (diode-pumped
Green laser, A=532nm, CrystalLaser) was focused on the located material with a
diffraction limited spot and the Raman light was detected and guided to an Avalanche
Photodiode Detector (APD). The spectra were taken with an air-cooled CCD (PI-MAX,
Priceton Instruments) behind a grating (600 mm™) spectrograph (Acton) with a resolution
of 6 cm™.

All UV/Vis Spectra were taken with a Cary 50 Conc (Varian GmbH, Australia
Pty Ltd). Cary software was used for measurement control and data acquisition.

Scanning electron microscopy images were taken using a Gemini 550 (Zeiss,
Germany) using an excitation voltage of 3.0 KeV. A drop of solution was placed on a

glass slide that was attached to a carbon film. After air drying at room temperature, the
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samples were sputter coated with a few angstroms of Pt in order to have a conductive
surface.

SFM images were recorded in dry state at 25°C using a Nanoscope 111 Multimode
SFM (Digital Instruments Inc, USA). Samples were prepared by placing a drop of the
suspension of interest onto a cleaved mica surface, which were then allowed to dry. The
SFM images were processed by the Nanoscope 111 software or WSxM software (Nanotec,
Spain).

Measurements were performed with a Zetasizer 3000HS system from Malvern
Instruments Ltd. (Southborough, MA, USA).

The thickness of the film was determined in air with a null ellipsometer
(Multiskop from Optrel, Berlin, Germany) at a fixed incidence angle of 70° and fixed
wavelength of 5320 A. A film refractive index of 1.54 was assumed to determine the
thickness of the films. Because the refractive index of wax is about 1.48, the total film
thickness determined by ellipsometry is slightly underestimated when a layer of wax is

present atop the polyelectrolyte multilayer

The reflectivity, R, which is the ratio between the intensity of the incoming and
the reflected beam, was measured as a function of Q. The experiments were performed
with D,0 on the bottom of the experimental cell against a Si block above. In this case the
lower medium has a higher SLD than the upper one. Under these conditions, R= 1 for Q
below a critical value Qc. Above Qc, R decays with Q, and the shape of the dependence
is a function of the area-averaged scattering length density profile normal to the interface.
A beam of rectangular cross section was set by a slit system on the sample side. The
studies were performed in a 6/26 geometry using the V6 monochromatic (wavelength A=

0.47 nm) reflectometer [18,19] at the Hahn-Meitner Institute, Berlin, Germany.
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Chapter 4- Polyelectrolyte multilayers as an
encapsulation vehicle

4.1 Introduction

Encapsulation of various substances into different micro- and nanoparticles such
as capsules, polymer spheres, liposomes, etc. has received considerable attention due to
increased interest in biotechnology, medicine, catalysis, ecology, nutrition, and so forth
[1]. As seen in chapter 2 the sequential layer-by-layer (LbL) deposition of polyelectrolyte
was used to fabricate multilayer films flat macroscopic substrates utilizing electrostatic
interaction between oppositely-charged macromolecules at each adsorption step. The
extension of this technology toward colloidal species has enabled an alternating
polyelectrolyte assembly on different kinds of supports. Encapsulation of
macromolecules, proteins, and other bioactive materials into such type of microcapsules
is of great interest for pharmaceutics and biotechnology due to the possibilities for
applying such systems as micro- and nanocontainers for drug delivery and controlled
release and in catalysis. To date there are many approaches for encapsulating
macromolecules into polyelectrolyte capsules using the LbL technique. The first method
consists of the formation of particles out of molecules subjected to encapsulation. Dye
and drug nanocrystals [2,3], protein aggregates, and compact forms of DNA [4,5] were
used to template LbL assembly, thus leading to encapsulation. The second approach for

encapsulation of macromolecules exploits preformed hollow capsules and incorporates
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the macromolecules from the surrounding medium by switching the permeability of the
hollow capsule shell [6,7]. The third method can be used for the incorporation of charged
and noncharged macromolecules via fabrication of double-walled capsules with
subsequent decomposition of the inner wall [8]. The fourth route of polymer
encapsulation is via controlled polymeric synthesis inside the capsule, now also referred
to as the “ship in a bottle” method [9]. These approaches have some disadvantages, such
as formation of stable cores with certain surface properties for the first method, low
incorporation efficiency for the second one, and confined usage of employed polymers
for the other approaches. This work aims to elaborate a new approach for fabrication of
polyelectrolyte capsules employing porous inorganic CaCO3; microparticles as a template
for polyelectrolyte capsule fabrication. Microcapsule formation is based on consecutive
core coatings in solutions of two oppositely-charged polyelectrolytes (poly (styrene
sulfonate) and poly (allylamine hydrochloride)) followed by core dissolution. The
structures formed were studied by scanning electron and force microscopy and confocal
Raman and laser-scanning fluorescence microscopy. The structure and properties of
particles used in this study and the capacity of microcapsules for macromolecule

entrapment will be discussed as well.

4.2 Fluorescent Probes

Preparation

Uniform, nearly spherical microparticles of CaCO3 with a narrow size distribution
were prepared by colloidal crystallization from supersaturated (relative to CaCOs;)
solution. The process was initiated by rapid mixing of equal volumes of CaCl, and
Na,COs solutions. The mixture was intensively agitated on a magnetic stirrer. The time
course of the reaction was observed under a light microscope. The amorphous precipitate
instantly formed upon mixing was found to transform more slowly into microparticles
with spherical morphology. The diameter of microparticles increases with time up to 15-

20 um without an essential change in particle morphology. In parallel with colloidal
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aggregation of primary nanoparticles of CaCOj3 into microspheres, the true crystallization
of CaCOs; into rhombohedral calcite microcrystals is also observed. We have found
experimental conditions for CaCOj3 crystallization practically excluding the formation of
all CaCO3 microparticles except for microspherical ones. In a typical experiment, 0.33 M
Na,CO3 solution (sodium carbonate was found to give more reproducible results in
comparison with ammonium bicarbonate, as used in ref [10]) was rapidly poured into an
equal volume of 0.33M solution of CaCl, at room temperature, and after intense agitation
on a magnetic stirrer the precipitate was filtered off, thoroughly washed with pure water,
and dried in air. The procedure results in highly homogeneous, spherical CaCOj3

microparticles with an average diameter ranging from 4 to 6 um.

Polyelectrolyte microcapsules were prepared by alternating incubation of CaCOs
microparticles (1% w/w in suspension) in PSS and PAH solutions (2 mg/mL), within
0.5M NaCl. Each adsorption cycle (10 min incubation, shaking) was completed with
three centrifugation steps (200g, 5 min) followed by suspension in water containing
0.05MNacCl for 4 min. Washing procedures were used before the next polyelectrolyte was
added and were applied to remove nonbound polymer. The last washing step was carried
out in pure water. Then the treated microparticles were re-suspended in an Eppendorf
tube by adding 0.1 M EDTA solution (pH 7.0 was adjusted by HCI) to dissolve the
calcium carbonate core. After 30 min of agitation, the capsules were centrifuged (1500g,
5 min), the supernatant was removed, and the capsules were re-suspended in fresh EDTA.
This washing procedure with EDTA was repeated three times; the resultant suspension of
the formed microcapsules was washed four times with pure water and stored at 4 °C in
water. To fabricate microcapsules with fluorescent-labeled polyelectrolyte, the same

procedure was used with PAH-FITC.

CaCl,

Na,CO,

CaCoO, core

Figure 4.2.1 Preparation schema of CaCO; cores
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Results

After following the core preparation procedure above, SEM pictures were taken
of the resulting cores. Figure 4.2.2 shows cores that were synthesized, washed, dried and

imaged.
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Figure 4. 2. 2: CaCO; core top and cross section of cores bottom. Scale bar in all
images is 1 pm.

The picture in Figure 4.2.2 shows the resulting CaCOs particles. The top row
shows whole cores, revealing the spherical and porous nature of the CaCO; cores.
Mechanical pressure was applied to take pictures of the cross section of the cores that
were on the SEM grid. The cross sectional pictures show lines, radial or striated from the
center of the cores. This results from the crystal nucleation taking place in the inside
followed by crystal growth outward.

Figure 4.2.3 shows SEM images of the coated cores, if the whole cores are used

as a template for LbL as described above.
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Figure 4. 2. 3: Coated CaCOj; cores top pictures are with 6 layers and below with 16 layers.
Scale bar in all images is 1 um.

The CaCOj3 cores were templated with two different amounts of PSS and PAH
absorbed on the surface. The top pictures show cores after 6 layers and the bottom
pictures show 16 layers of PSS and PAH coating. Cores coated with 6 layers show that
the surface roughness is decreased. This occurs even more so in the pictures with 16
layers of PSS and PAH on CaCOj cores. One can also observe that the definition of the

shape is blurred by a “plastic” coating.

If mechanical stress is applied to cores with 16 layers of PSS and PAH the cross
section of the coated core as seen in Figure 4.2.4 is obtained. In this image the typical
striations that show the crystal growth are still present. But in addition to the radial lines

of the interior, one can also see the polymeric coating resulting from the PSS and PAH.
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Figure 4. 2.4 Cross section of a CaCOs; core after 16 layers. Scale bar
is 1 pm. Arrow shows the polymeric coating on the surface of the particle.

If the CaCOj3 core is removed as also described above one obtains the following

images. Note the porous and fiber-like structure of the surface.
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Figure 4.2. 5 SEM images of capsules after 6 and16 layers of PSS/PAH. Scale bar in all
images is 1 pm.



4.2 Fluorescent Probes 43

If a fluorescently-labeled polyelectrolyte is used one can gain much information
about where the polyelectrolyte goes during the absorption step. When one uses a CaCO3
core and FITC labeled PAH (FITC-PAH) and PSS to make the capsule the result is the

following capsule, shown in Figure 4.2.6.

Figure 4. 2. 6 Confocal image of (PAH-FITC/PSS) 8 capsules

In figure 4.2.6 one can see a capsule consisting of 16 layers of (PAH-FITC/PSS).
With fluorescence inside the capsules, it is evident that PAH is also present in the capsule
interior. Therefore one can also assume that the PSS goes inside the core during the
absorption steps. Thus, both polyelectrolytes are inside the microcapsule, forming a
polyelectrolyte complex. This means that microcapsules formed on CaCOj3; cores have a
matrix-type structure and the polyelectrolyte complex is not only precipitated at the wall.
The polyelectrolyte complex between PSS and PAH inside the capsule may have an
excess charge due to nonstoichiometry and it may therefore swell, trapped within the
capsule, forming a gel-like structure. The diameter of the pores in the CaCOs;
microparticles is from 20 to 60 nm. This allows small molecules of PSS and PAH with a
size of several nanometers to penetrate inside.

When unlabeled polyelectrolytes are used, the matrix left inside the CaCOs;
capsules will have no fluorescence. If a fluorescent dye like Bovine Serum Albumin
labeled with FITC (BSA-FITC) or dextran-FITC is added to the capsules with a matrix
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the pictures seen in Figure 4.2.7 are obtained. The fabrication of BSA-FITC, dextran-
FITC, as well as the structures used for the entire work are illustrated in Appendix | The
cross section of the capsule in Figure 4.2.7 B shows the non- uniformity of the matrix
structure inside the capsule. This arises from the fact that PSS and PAH are unable to

diffuse completely to the middle of the core.
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Figure 4.2.7 CLSM images of microcapsules (16 PEAP) after incubation with BSA-FITC(A)
and dextran-FITC(B) followed by water washing. (C) Transmission confocal microscopy
image of the capsule presented in image B. (D) The fluorescence profile for image B

Discussion

After the desirable number of PEAP was achieved, the calcium carbonate support
was decomposed. This was accomplished by multiple washings in an EDTA solution that
leads to the formation of a water-soluble complex between EDTA and Ca?*. Thus, the
polymeric microcapsules are formed. SEM images of capsules obtained using 6 and 16
layers were shown. The number of layers used affects the morphology of the structures
formed. In the case of 6 layers, the capsule structure looks like a very porous network
with many holes (Figure 4.2.5 top left). The surface morphology of the initial CaCOs
microcores governs the morphology of the polyelectrolyte film formed on its surface and

as a consequence the morphology of the capsules. After 16 layers, the morphology of the
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capsules differs from that which was described for 6 PEAP. SEM images of such
capsules are given in the bottom half Figure 4.2.5. These capsules have more defined
folds indicating a visibly thicker wall, which is smoother than the previous capsules (6
layers) but still rough. Formation of polyelectrolyte complex on the surface of CaCOj3;
cores hinders the diffusion of other polyelectrolytes during further treatment with PSS
and PAH; this leads to formation of a thick wall in the case of 16 layers. Scanning
Confocal Raman spectroscopy (will be shown later) and CLSM were used to determine

the presence of a polyelectrolyte complex inside the capsule.

4.3 PNIPAM in CaCOjcores

Preparation

The CaCOg cores were prepared by vigorously stirring adding an equal amount of
1 M Na,COs all at once to 1M CacCl, in a small glass beaker that contained 5 ml of water.
Upon addition of the second salt the solution immediately became cloudy, denoting the
nucleation and growth of the CaCOj3 cores. After allowing the CaCO; to grow for 30
seconds, stirring was halted and the solution was transferred into Eppendorf tubes. It was
then centrifuged (4000 rpm, 5 minutes) and washed 3 times to remove the excess NaCl,
CaCl,, and Na,COs3, to stop the CaCO3; growth, and to remove the cores that were much
smaller than the 5um average. After washing the cores, the layer-by-layer assembly of
polyelectrolytes and wax particles was performed until the desired number of layers was
deposited. To encapsulate PNIPAM inside the CaCO3 core, PNIPAM was dissolved in
the 5 ml of water to which the CaCl, and Na,CO; were added to. Once the desired
number of layers was deposited, the core was removed with two washings in 0.1M HCI

for 5 min and then washed in pure water until a neutral pH was reached.
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Figure 4. 3. 1 Scheme presenting CaCOj; core co-synthesis with PNIPAM and then the LbL
deposition of PSS and PAH to form capsules.

Results

Capsules templated on CaCOs; that were co-synthesized with PNIPAM were
measured with SEM, Raman, and Confocal microscopy. In Figures 4.3.2 and 4.3.3, SEM
pictures of CaCOj3 cores with and without encapsulated PNIPAM are shown. In the case
of CaCOj; cores the typical porous, spherical structure is seen Figure 4.3.2. When during
the synthesis of the core PNIPAM is added to the water a co-synthesis particle is
obtained. In this sample, with PNIPAM encapsulated in the core (Figure 4.3.3) one can
see that there is not only the amorphous structure of the CaCO; core but also spots where
there appear to be smooth areas on the surface of the particle and projecting out of the

particle.
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Figure 4. 3. 2 SEM images of CaCOg; cores . The left scale bar is 2 um and the right
scale bar is 1 pm.
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Figure 4. 3. 3 SEM of CaCOs cores with co-synthesized PNIPAM. Scale bar
in both images is 1 um.

When treating the particle with 0.1M HCI the CaCOs dissolves, leaving a capsule
of the constituents employed, in this case PAH/PSS. Capsules consisting of four bilayers
of (PAH/PSS) are shown in Figure 4.3.4. Results with capsules with the same number of
layers and the same layer components, but on CaCOj3; co-synthesized with PNIPAM, are

presented in Figure 4.3.5.

Capsules templated on plain CaCOs; cores are spherical but not flat. The
morphology of capsules prepared using the filled CaCOj3 cores is drastically different. In
the left image of Figure 4.3.5, they in fact look like the native cores. The right image was

taken only a few millimeters away on the same sample.
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Figure 4. 3. 4 SEM of (PAH/PSS)4 capsules from CaCO; cores. Both scale bars are 1u.m
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Figure 4. 3.5 SEM of (PAH/PSS)4 capsules from CaCOj; cores with encapsulated PNIPAM.
The left scale bar is 1um and the right scale bar is 10 pm.

In Figures 4.3.6 and 4.3.7 the optical transmission confocal pictures
corresponding to the above SEM pictures are presented. In confocal microscopy, when
looking at a cross-section or confocal plane it can be seen that in the case of unfilled
cores, the capsules are spherical. This, however, is not the case for capsules made up of
co-synthesized CaCO; particles. Another observation is that in the case of unfilled

capsules, their size distribution is 5um + 0.5um. When PNIPAM is inside the cores the

resulting capsules have a size distribution between 7 and 17 um.

400 pm

Figure 4. 3. 6 Confocal images of (PAH/PSS)4 capsules from CaCOj cores.
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ure 4. 3. 7 Confocal images of (PAH/PSS)4 capsules from CaCO; cores with
encapsulated PNIPAM

To achieve a definite proof of the presence of PNIPAM inside the CaCO; cores
and the resulting capsules, Raman Spectra are presented in Figure 4.3.8 and 4.3.9.
Although it cannot be shown, fluorescence was observed during the measurement of the
PNIPAM-MRho inside the CaCO3.
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Figure 4.3. 8 Raman Spectroscopy of CaCOj cores with and without PNIPAM.
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Figure 4.3.9 Raman Spectroscopy of capsules templated on CaCOj cores.

Assignments of the peaks seen in Figures 4.3.8 and 4.3.9 are presented in Figure

4.3.10 and 4.3.11 respectively.

Peak Position cm™ Intensity Assignment

1087 sh, s CaCQOg, Internal stretching
1433 sh, w CaCOg, Internal stretching
1453 sh, m CH, stretching
1658 sh, m R-N-C=0
1751 sh, w CaCQOg, Internal stretching
2926 br, s CH,, CHjs stretching

3380-3430 br, w -OH elongation

Absorption: s- strong, m- medium, w- weak, sh- sharp, br- broad.

with and without PNIPAM.

Figure 4.3.10 Raman Spectroscopy vibration assignment for CaCOj; cores

Peak Position cm™ Intensity Assignment
1131 sh, m R-SO5
1604 sh, m aromatic stretching
2850-2950 br,m CH,, CHjs stretching
3380-3430 br, w -OH elongation

Absorption: s- strong, m- medium, w- weak, sh- sharp, br- broad.

Figure 4.3.11 Raman Spectroscopy vibration assignment for capsules

templated on CaCO; cores with and without PNIPAM.
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The spectra presented in Figure 4.3.8 show a large peak between 2850-2950cm™
which can be attributed to the CH,, CHj3 stretching of the PNIPAM backbone. The peaks
at 1087 (cm™), and in the insert at 1433 cm™ and 1751 cm™ are attributed to internal
stretching in the CaCO3 [11]. The green curve (CaCOj3 co-precipitated with PNIPAM-
MRho) shows a broad band between 1100 and 1800 cm™ that is probably caused by the
fluorescence of the MRho.

The Raman spectra presented in Figure 4.3.9 shows, primarily from the absence
the peaks at1087, 1433, and 1751 cm™, that the CaCO; core has been completely
dissolved and removed. Secondly the CH,-CHj stretching peak normally at 2926 cm™ for
the pure dried PNIPAM has a slight red shift to 2923 cm™ for unfilled capsules and to
2920 (cm™) for the capsule with PNIPAM. This shift in the CH,-CH; can be attributed to
two effects. The initial shift could be induced by the larger order found inside the
capsule [17]. Another reason for the shift could be a result of the PNIPAM inside the
capsules. Zhanpeisov et al report that there is a red shift in the CH,-CHj stretching peak
for polymers that can form hydrogen bonds with water [12]. Both of the reasons could
cause a shift in the peak position, but due to the lack of separation of the bands associated
to CH; and CHj3 and the unspecific nature of the CH,-CHj; peak it is hard to definitively
say that PNIPAM is inside the CaCOj3 core.

Discussion

Raman alone cannot demonstrate whether there is PNIPAM inside the capsules
templated on CaCOgs cores. However, from the florescent interference in the Raman,
SEM and confocal one could say that the PNIPAM was successfully encapsulated inside
the core. In the SEM the presence of material on the surface of the core could only be
PNIPAM.

It was shown that calcium carbonate forms porous particles and that the large
pores in the CaCOj3 core are large enough for the polyelectrolytes PSS and PAH to

penetrate inside the core. As CaCOs has a negative surface charge, PAH is applied first to
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the core. After washing, the PSS is added to the core solution. During the absorption of
the polyelectrolytes, the polyelectrolytes absorb not only on the surface but also in the
interior of the pores of the particle, which is also electrostatically driven. The result is not
a hollow capsule, but a capsule with a matrix structure as seen in Figures 4.2.6, 4.2.7, and
4.3.4. It is this matrix structure inside the capsules that in both cases causes the
absorption and accumulation of the dye species inside the capsule. In the case of the
capsules templated on cores with PNIPAM, dye will also accumulate inside the matrix
from the PSS and PAH. In the next section PNIPAM encapsulated inside a capsule with
the “ship in a bottle method” will be discussed. In this case the encapsulated PNIPAM
collapses above the LCST or high salt concentration. The capsules with PNIPAM inside
the capsules obtained with the CaCO3z method were also tested to see if a collapse of the
PNIPAM could be seen. In this case a collapse was not observed. This is probably a
result of the presence of the matrix inside the capsule. The matrix acts as a stabilizer and
even inhibits PNIPAM from collapsing even though it was heated above the LCST.

4.4 PNIPAM in PS templated capsules

Preparation

Microcapsules were fabricated with the LbL method by alternate adsorption of
PAH and PSS (both were in 0.5 M NaCl). A 10 um polystyrene template was first coated
with PAH for twenty minutes. After the adsorption step the sample was centrifuged at
6000 rpm for 30 seconds. The supernatant was removed and washed three times with
water. This procedure was repeated until 18 layers of PAH/PSS were adsorbed. After the
desired number of layers was deposited, the core was removed, leaving a hollow shell. To
achieve this THF was added to the coated PS cores and they were then washed three

times with THF to ensure all PS remnants were removed. Figure 1 A-E.
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Figure 4. 4. 1 Ship in a bottle encapsulation scheme

PNIPAM was encapsulated inside the capsules with a method proposed by Déhne
et al [9]. The NIPAM was weighed to have an overall 0.5M solution with an overall 8 ml
volume. MRho and APS were weighed out to be 0.5% and 1% by moles of the NIPAM,
respectively. The NIPAM and MRho were dissolved together and APS was dissolved
alone, but all were dissolved in Milli-Q water that had N, bubbled through it to remove
the dissolved O,. The hollow (PAH/PSS) shells were then added to a mixture of the
NIPAM monomers and the MRho. This mixture was allowed to come to equilibrium by

stirring and bubbling with N for four hours.

After establishing equilibrium, the NIPAM/capsule/MRho mixture was cooled in
an ice bath. Then the APS and 50 uL of TMEDA were added, starting the reaction. After
the reaction was finished, (one hour) the capsules were centrifuged and washed with
water leaving the labeled PNIPAM only inside the capsules. This is shown is Figure
4.4.1 F-1. The supernatant from the reaction was saved and dialyzed exhaustively against

water and freeze dried. Figure F-H
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Results

In Figure 4.4.2 a representative SEM picture before and after PNIPAM synthesis
is shown. Before encapsulation the capsules are flat and collapsed. After the
encapsulation one can see the presence of small particles. These particles are PNIPAM
that precipitated and formed particles upon drying. In Figure 4.4.3 AFM images are
presented. In the case before encapsulation the double wall thickness of the capsule is
around 55 nm [13]. After the encapsulation of PNIPAM the double wall thickness
increases to between 170 and 230 nm. This large increase in thickness denotes the
presence of the dried PNIPAM microgel that is restrained inside the capsule. Figure
4.4.4 compares the Raman spectra of capsules with those of a dried PNIPAM. The major
C-H stretching bands (2800-3000cm™) [14] and the broad band between 1580-1720 cm™
which are assigned to amide [15] that are present in the PNIPAM as purchased are also
present inside the capsule, giving chemical proof of the presence of the PNIPAM inside
the capsule.

Figure 4.4. 2 Representative SEM pictures of capsules before (left) and after PNIPAM
synthesis (right). Particle formation inside the capsule after the polymerization is due to the
presence of PNIPAM which upon drying forms particles. Scale bar in both images is 1 pm
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Figure 4.4. 3 AFM images of dried capsules before and after PNIPAM encapsulation.

55

After encapsulation of PNIPAM the double wall thickness increases from 57 nm to 200
nm, an increase of almost 150nm which can be attributed to the presence of the microgel

inside the capsule.
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Figure 4.4. 4 Raman spectra of pure PNIPAM purchased from Aldrich
(bottom) and the PNIPAM found inside the capsules (top).



4.4 PNIPAM in PS cores 56

Discussion

Once it was proven that PNIPAM was encapsulated the thermo-responsive
properties were checked to ensure the encapsulated PNIPAM stayed responsive. In
Figure 4.4.5 CLSM images are presented upon heating the capsules. When heating the
filled capsule the PNIPAM undergoes a transition from a soluble phase or *“coil” to an
insoluble or “globule” phase at around 34°C. The pictures below are the same capsule
after allowing the capsules to cool below the LCST of the PNIPAM and zoomed in. This
demonstrated that the PNIPAM synthesized inside the capsule remains as responsive to
temperature as it is in bulk state. Previous work has shown that capsules must be heated
above 50°C to cause noticeable changes in the capsules wall permeability [16]. Therefore
the effects observed at 32°C are only a result of the PNIPAM.

Figure 4. 4. 5: Series of confocal pictures revealing encapsulated PNIPAM only inside
capsules. The PNIPAM exhibits a reversible collapse after heating. Scale bar is 10 um.

To compare the collapse temperature of the PNIPAM inside the capsule and the
bulk, the PNIPAM from the supernatant that was dialyzed and re-crystallized was then

dissolved in water in order to achieve the same concentration as that inside the capsules



4.4 PNIPAM in PS cores 57

and that measured with DSC. The PNIPAM in the bulk had a LCST of 34°C. The LCST
of PNIPAM in bulk is normally around 32°C, however the small amount of Rhodamine
used to label the polymer increases the LCST. The capsule wall is comprised of the
complex of two polyelectrolytes (PSS and PAH). The orientation of the PSS and PAH
chains does not allow one polymer chain to fully complex one polymer chain, resulting in
many uncompensated charges. The NaCl present during the capsule preparation will
compensate for these uncompensated charges. The difference between the LCST of pure
PNIPAM in the bulk and inside the capsules arises from the increased order of the
structure of the water inside the polyelectrolyte capsule wall [17]. The result is that either
the capsule wall components or their complement are structuring the water, which brings

about a 2°C difference in the collapse temperature of the encapsulated and bulk PNIPAM.

4.5 PNIPAM as an absorption and release agent

It has been shown that PNIPAM can absorb a substance in its hydrophilic state.
After PNIPAM is heated, PNIPAM becomes more hydrophobic and can release the
absorbed substance [18]. Methylene Blue has often been suggested as a candidate for the
absorption on a PNIPAM network and the subsequent release after heating. To test this
effect on PNIPAM encapsulated via the “ship in a bottle” method, unlabelled PNIPAM
was synthesized inside the capsules according to the previous procedure discussed above,
but without the MRho. A large excess of Methylene Blue was added to the capsule
suspension and left overnight. After incubation of the capsules in the Methylene Blue
suspension, the capsules were centrifuged and washed until the supernatant was clear.
These capsules were imaged with confocal microscopy, and when viewed with the
confocal microscope the capsules were a purple-blue color, a result of the Methylene
Blue absorption. An image of this is not shown, since the main excitation of Methylene
Blue is 663 nm, and there is no suitable laser line available to excite at this wavelength.
After the capsules were heated the intensity of the color inside the capsules decreased,

but the capsule was never colorless again. This effect of the release of Methylene Blue
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from the capsules was tested with UV absorption spectroscopy. Unfortunately, the
concentration was never high enough to measure the amount released from the capsule.
To have an understanding of how much Methylene Blue would be released from a
capsule system, the release of Methylene Blue was measured with a membrane.
PNIPAM from Aldrich was dissolved to have a concentration of 0.5M. To this a large
excess of Methylene Blue was added and left overnight for incubation. The PNIPAM-
Methylene Blue solution was put inside a membrane with a molecular cutoff of 4500 Da.
This was exhaustively dialyzed until no Methylene Blue diffused from the membrane. At
this point the membrane was introduced to water above the LCST of the membrane.
Immediately the solution inside the membrane turned from a translucent blue to a cloudy
blue, denoting the collapse of the PNIPAM. The release of Methylene Blue was followed

with UV absorption spectroscopy. The graph below shows the release.
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Figure 4.5.1 Release of Methylene Blue from a membrane. See text.

In Figure 4.5.1 the red curve represents the absorption spectra of the water one
hour after the collapse was observed inside the membrane. The blue curve represents the
spectra after the membrane had been in the heated water one night; the green curve shows
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the spectra measured after one day in the water bath. The purple curve is the spectra if the
membrane is broken and the solution inside the membrane is measured. From the curves
it can be deduced that some of the Methylene Blue was released, but only a small
amount. This confirms that a large amount could be absorbed in the capsules, but only a
small amount was released. Guilherme et. al state that the Methylene Blue is absorbed on
the PNIPAM network and that incomplete release occurs because of hydrophobic nature
of the dye. Guilherme et. al suggests using a new, more hydrophilic, dye, Orange Il [19].
To compare Orange Il in our system to Methylene Blue an excess of Orange Il was added
to the suspension of capsules with PNIPAM encapsulated via the “ship in a bottle”. Like
the Methylene Blue, Orange Il was left overnight to absorb. Then the capsules were
repeatedly washed. The sediment of the capsules was orange. Upon imaging with
confocal microscopy it could be seen that the Orange Il was leaking from the capsule.
This was also confirmed with Orange Il in a dialysis bag. Orange Il was left with free
PNIPAM overnight and then placed in a dialysis membrane. Much of the dye was
released initially, due to the diffusion of the non-bound Orange Il to PNIPAM. After that
the diffusion was slower but never stopped until the solution inside the dialysis
membrane became clear, indicating that all the Orange 11 was released. In an attempt to
keep the Orange Il inside the capsules, the matrix capsule of the capsules templated on
the CaCO3 were tried (this will be discussed below).

FITC was used to test the accumulation of capsules with PNIPAM encapsulated
via co-synthesis with non-filled capsules. It was added to these samples shown in Figures
4.5.2 and 4.5.3. In both cases the FITC permeated after some time and aggregated inside
the capsule. The FITC accumulated inside both the “empty” (top row) and the filled
capsule (bottom row). Due to the porous structure of the core, the PAH/ PSS penetrates
inside the core; when the core is removed, a matrix structure results. Then when a
charged dye like FITC is added to the solution, the dye will accumulate inside the

capsule. This effect is shown in the following figures.



4.5 PNIPAM as an absorption and release agent 60

Figure 4. 5. 2 Confocal images of (PAH/PSS)4 capsules from CaCO; cores with FITC.

Comparing the “empty” capsule and the capsules templated on co-synthesized
cores, one concludes that the dye is spread inside and seems to have a strong bond with
the inner material. Also, if one looks at the transmission image, the picture of the “filled”

capsule appears darker, which could denote the presence of PNIPAM.

Figures 4.5.2 and 4.5.3 show pictures of FITC added to CaCOg3 capsules. These
images were obtained by putting a drop of suspension onto a glass slide. To this a drop of
FITC was added. In both figures the top image is taken shortly after the addition of FITC.
The bottom picture of the figure set was taken after 10 minutes. Just like in section 4.2

the dye accumulates inside the capsules.
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Figure 4. 5. 3 Confocal images of (PAH/PSS)4 capsules from CaCOj cores with
encapsulated PNIPAM with FITC.

Orange Il was proposed in literature as a probe that is released upon heating. Like
the capsules with PNIPAM encapsulated by the “ship in a bottle” method, the capsules
with PNIPAM encapsulated via co-synthesis were added to a solution with a large excess

of Orange Il left overnight and then washed. The resulting capsules are presented in
Figures 4.5.4 and 4.5.5.
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Figure 4. 5. 4 CaCO; encapsulated PNIPAM (PSS/PAH)4 treated with Orange Il overnight
and washed until supernatant was clear

20.00 pm

Figure 4.5.5 CaCOj; encapsulated PNIPAM (PSS/PAH)4 added to microscope slide
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The capsules presented in Figure 4.5.4 and 4.5.5 look similar, in that the Orange
Il fluorescencing only from the wall. The capsules left in Orange Il overnight appear to
be darker in the transmission image, which could denote a higher Orange Il content.
There are most likely two reasons for this. First, because of the sulfonate function on the
dye, it will bind preferentially to the charged PAH in the capsule wall and in the matrix
structure left in the wall. Secondly, the dye that did absorb was probably released during
the washing process. Due to the polar nature of Orange Il if the concentration gradient is
favorable it will break its hydrogen bond with the PNIPAM and release into the water
outside of the membrane. Rhodamine absorption on the PNIPAM network (co-synthesis)
was carried out, in an attempt to match results achieved by Quinn et al [20]. They
showed the absorption and release of Rhodamine from a film including PNIPAM that
released the dye after heating. In the case of the capsules the Rhodamine absorbed, but

never released.

As has been shown, many attempts were made to absorb and release a dye from
the PNIPAM network. To date none have been completely successful. In the case of the
co-synthesis capsules the presence of the matrix definitely affects the properties of the
PNIPAM. But this not the case for the “ship in a bottle” capsules. The inability to
reproduce literature results lies more likely on an only partially understood system in the
literature. In the case of Methylene Blue it was shown that Orange Il would be a better
candidate due to the hydrophobic nature of Methylene Blue. In the case in Orange Il and
Rhodamine, the systems were probably not in equilibrium at the point of heating the
PNIPAM to release the dye. In the case of Orange Il, when the concentration gradient
favors the release the PNIPAM network, it will occur. In the case of the reported
Rhodamine release, it appears that the authors in fact observed the release of the non-

bound slowly diffusing Rhodamine.
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4.6 Effect of salt on the LCST of PNIPAM

The Hofmeister series organizes cations and anions according to their chaotropic
and cosmotrophic abilities on the structure of water. It was first investigated in 1888 by
Hofmeister [21] who found that different ions that make up salts do not behave the same
when mixed with egg white proteins. In fact depending on the ions involved, different
precipitation concentrations were found. The Hofmeister series has recently experienced
a rebirth of interest, so much so that it was the topic of the whole August 2004 issue of
Current Opinion in Colloid & Interface Science, including translations of the major
papers from the original German text [22]. Recently Hofmeister ion investigations have
been done on planar LbL films studying the thickness of the resulting films [23]. The
anion series is ClO4 > SCN™ > I' >NO3” > Br > CI' >CH3;COO™> HCOO" >F > OH’
>HPO,*> SO,*. Taking CI" as a middle point, ions to the left are chaotropic or water
structure breaking. lons to the right are cosmotropic or water structure making, and the

effect of anions is more pronounced than that of cations [24].

PNIPAM is a polymer whose solubility in water is highly sensitive and dependent
on the hydrogen bond it can make with water. The addition of salt or ions interrupts the
structure of water and therefore impedes the ability of PNIPAM to form hydrogen bonds.
The hydrogen bond of PNIPAM to water is also disrupted when the temperature is
increased. If one adds enough salt to a PNIPAM solution it will collapse even at room
temperature. This is what is observed in the cases of encapsulated PNIPAM in the
presence of 1M NaCl. Moreover, if the salt concentration is decreased the collapse
temperature increases, proving that the solubility of PNIPAM in water is highly
dependent on temperature and salt concentration [25,26]

The supernatant of the PNIPAM was measured with DSC after dialysis, freeze
drying, and dissolution in water to approximately the same concentration inside the
capsules. The same amount of PNIPAM-MRho dissolved in the individual salt solution
was added to every DSC measuring pan. The DSC graphs are shown in Figure 4.6.1. The

height of the peaks can be compared not only because the scale on every graph is the
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identical, but also because the amount added to the measurement pan was the same. In

every graph two peaks are observed the first peak around 2°C is ice melting. The second

peak denotes the LCST of the polymer at that salt concentration.
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Figure 4.6.1 DSC of bulk PNIPAM with different ions and concentrations.

The LCST of bulk and encapsulated PNIPAM with different ions was

investigated with DSC and confocal microscopy respectively. The observed LCST are

presented in Figure 4.6.2 (Note that the collapse temperatures of PNIPAM in capsules are

decreased by 5 degrees for clarity). The addition of 1M salt - independent of type -

caused the collapse of the encapsulated PNIPAM at room temperature, which was around

22°C.

To observe the online heating of the capsules equal amounts of PNIPAM-filled

capsule suspension (volume-wise) were added to 2M, 1M and 0.5M salt. This made an

overall salt concentration of 1M, 0.5M and 0.25M respectively. A glass side was placed

atop of the capsule/salt mixture. The heating plate was then placed on top of the glass

side.
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Figure 4.6.2: Dependence of LCST of PNIPAM with various concentrations of different
salts.

NaCl
When comparing the bulk LCST (from DSC) with the literature value one realizes

that the effect caused by NaCl on the LCST is the same as that presented by Yang et al
[25], i.e., the change in the bulk LCST of 34.1 is decreased by 4°C, 7.4°C, and 15°C for
0.25, 0.5, and 1M NaCl, respectively. For the encapsulated PNIPAM, the collapse
temperature in pure water is 32 °C with a decrease by 1.5 °C and 4.5 °C for 0.25, and 0.5
M NaCl, respectively, with a collapse below room temperature for 1M NaCl. The
decrease in the efficiency of NaCl in collapsing the PNIPAM inside the capsules is a
result of the presence of the capsule wall, which acts like a buffer, protecting the
polymer. This will be discussed later.
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NaBr
The collapse temperature of the PNIPAM is also extremely dependent on the type

of ion used. In the case of NaBr the encapsulated PNIPAM exhibits similar behavior
compared to NaCl, where the LCST decreases with increasing salt concentration;
moreover, the fact that NaBr and NaCl demonstrate similar behavior is to be expected,
due to their neighboring positions in the Hofmeister series. The observed LCST for
encapsulated NaBr is decreased by 1 °C and 5.5 °C for 0.25, 0.5M NaBr respectively.
Compared to results reported in the literature, the effect we observe is always larger than
the reported change in collapse temperature being 1.9°C, 4.1°C, and 8.5°C for 0.25, 0.5,
and 1M NaBr, respectively. [25,27]

NaF
In the case of NaF, -F is a smaller, harder, and more electronegative ion with a

larger hydration shell compared to —Br and -CI. Therefore -F has a higher capacity to
disrupt hydrogen bonding of the PNIPAM. Exactly this is observed in the trend in the
bulk. The LCST is significantly decreased in comparison to NaBr or NaCl. In the case of
capsules with 1M and 0.5M NaF the PNIPAM inside the capsules collapsed below room
temperature. However, at 0.25M NaF, the collapse temperature is decreased by only
1.5°C, which is similar to the effect of NaCl inside the capsules. This, again, is an effect
of the capsule wall behaving as a buffer. In the case of the bulk the change in the LCST
with respect to salt concentration is 5.6°C and 9.6°C for 0.25 and 0.5M NaF, respectively.
In the case of 1M NaF the LCST could not be determined. This is agreement to what
Zhang et al [27] found. They report that above 0.7M NaF the PNIPAM transition goes
from a one- to a two-step process, making the LCST difficult to determine.

KCI
According to the Hofmeister series, anions should exhibit a stronger influence on

the PNIPAM than the cation. Leaving the counterion —CI the same, K+ was taken. As
expected in the case of free PNIPAM, KCI has a very similar behavior, in which
increasing the salt amount decreases the LCST. When comparing the effect of K+ to Na+
the effect is smaller. This is due to the larger interaction Na+ has than K+ [23]. The
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collapse temperature in bulk is exactly what Freitag et al [28] present, except for the
PNIPAM. Inside the capsule the LCST is changed by 3 and 8°C for 0.25M and 0.5M
KCI, respectively. The observed effect for PNIPAM inside the capsule and in the bulk are
similar, meaning that in the cases of cations the capsule wall does not provide much

protection.

If the collapse temperatures of the encapsulated and bulk PNIPAM are compared,
the trend of increased collapse temperature with decreasing salt concentration remains the
same. However, the temperature at which it happens differs. Inside the capsule the
PNIPAM collapse temperature is nearly the same for 0.25M. A possible explanation for
this is that when salt is added to the capsule the ions tend to stay outside of the capsule
wall in the polar environment. In bulk, the added salt distributes evenly throughout the
solution. Inside the capsules with encapsulated PNIPAM, the environment is non-polar
and the effective salt concentration is lower. With higher concentrations of added salt, the
ion must go inside the capsule, giving the distinguishable Hofmeister effect of ion type
on the LCST.

4.7 Comparison of encapsulation techniques

Three encapsulations methods were employed. The first method was the
accumulation of dyes onto the matrix structure resulting from capsules templated on a
porous CaCOscores. The second technique was using the co-synthesis technique, and the
third was the “ship in a bottle” method. In the second technique the presence of PNIPAM
inside the CaCOg3 core resulted in a different core morphology. The third method is a
much longer and involved process, but it results in a fully reversible thermo-responsive
capsule. In the second method when 1M salt was added or when the capsules were heated
the coil-to-globule-transition was never seen. Since the second method of encapsulation
did not react to the given stimulus, it is difficult to really compare the two outside of
Raman spectroscopy.
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Figure 4.7.1 compares the Raman spectra from the second and third encapsulation
methods, the PNIPAM purchased from Aldrich, the CaCO3; cores with PNIPAM and
(PSS/PAH) capsules. The sharp increase in the signal in the purchased PNIPAM at 3200
cm™ and decrease at 600 cm™ is due to the shutter. Previously, other authors have
identified PNIPAM with the CH, vibrations at 1453 cm™ [29,30] and 2800cm™ [14]. It
may, however, may be better to use the peak associated with the amide motive at 1600
cm™ This peak is more specific to PNIPAM and shows up in the PS capsules (“ship in a
bottle”) and in the purchased PNIPAM lines. From this peak at 1600 cm-! it is certain
that PNIPAM is inside the capsules templated on PS cores. But this is not so evident in
the capsules templated on CaCO3 cores. Another area that could be scrutinized to prove
the presence of PNIPAM in the capsules is the large band between 3200 and 3600 cm™.
This band is associated with the —OH stretch from water but also could denote the
presence of hydrogen bonds, and can be seen in the purchased PNIPAM sample as well
as in the capsules templated on co-precipitated CaCO; capsules. The purchased PNIPAM
shows this band despite the fact that the dry powder was measured. The presences of the
band could arise from the PNIPAM forming hydrogen bonds with the moisture in the air.

The PSS/PAH capsules show this band, but has a later onset.
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Figure 4.7.1 Raman Spectroscopy of PNIPAM encapsulated in capsules templated on
CaCO; cores and PS cores.
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Raman spectroscopy gives a proof that the “ship in a bottle” encapsulation
method was successful in that PNIPAM was incorporated into the multilayer capsules. In
the case of the co-precipitated CaCO;3 capsules, the Raman gives a hint that PNIPAM
could be inside the capsules. However, due to the matrix residual structure inside the
capsules templated on CaCO3 the PNIPAM does not collapse, rendering this technique
not useful for drug delivery applications. To have definite proof of the presence of the
PNIPAM inside the co-precipitated CaCOj3 capsules, one could do MALDI-TOF mass
spectroscopy. In light of this the third encapsulation method is better, since it has a fully

reversible, thermo-sensitive active agent inside the multilayers.

4.8 Conclusions

In summary, we demonstrated a novel approach for fabricating polyelectrolyte
microcapsules containing a gel-like polyelectrolyte matrix. The process of consecutive
polyelectrolyte adsorption applied to porous calcium carbonate microparticles as
templates results in polyelectrolyte matrix formation within the templating particles due
to permeation of polyelectrolytes into porous microsupports during the LbL assembling
procedure. After core decomposition, the formed microcapsules have a matrix-type
structure consisting of an inner porous polyelectrolyte network. We demonstrated that the
encapsulation of a macromolecule, such as dyes, can be performed by adsorption into this
matrix within the polyelectrolyte capsules. Microcapsule morphology, structure, and
adhesion capacity for entrapping macromolecules are influenced by a number of
polyelectrolyte adsorption procedures used for capsule preparation. Encapsulation of
macromolecules is presumably based on electrostatic interaction between

macromolecules and free charges of the polyelectrolyte complex inside the capsules.

PNIPAM was successfully encapsulated into a polyelectrolyte microcapsule the
“ship in a bottle” method. This confined PNIPAM maintained its thermo-responsive

properties in micron-sized capsules. With different types and concentrations of ion, we
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prove the ability to control and tune the LCST inside the capsule. The transition

temperature inside the capsule differs from that of the bulk due to the presence of the

capsule wall, but still follows the trend of lower LCST with higher salt concentration.
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Chapter 5- Polyelectrolyte multilayer permeability
alteration with wax particles

5.1 Introduction

As shown in Chapter 2, the films produced by the LbL method are soft materials
which are sensitive to atmospheric humidity and other environmental conditions such as
high and low pH or high ionic strength. This environment- sensitive behavior may cause
the denaturation or the destruction of the film, which is disadvantageous for specific
applications requiring the stability of the internal structure of the film. The diffusion of
small molecules in the assembly can also be detrimental for active compounds included
in the layers: One example is the diffusion of urea into myoglobin-containing multilayers
reported to denature the protein [1]. In this context, different routes were investigated to
improve the stability of LbL assemblies: The subsequent cross-linking of polyelectrolyte
chains was employed to stabilize the internal structure of the multilayers [1,2,3,4,5,6].
The resulting films were shown to be resistant toward extreme environments, but they are
still permeable for the small molecules. Moreover, cross-linking requires the presence of
specific reactive moieties on polyelectrolyte chains, which may limit the versatility of the
LbL technique. Another alternative consists of adsorbing a hydrophobic layer atop the
films, presumably leading to a reduction of their sensitivity to water and to other small
polar species. In addition, the ability of the films to prevent permeation of small
hydrophilic molecules may be increased. In analogy to biological membranes, uniform

lipid bilayers were deposited on polyelectrolyte multilayers [6,7,8]. These lipid layers
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were shown to efficiently prevent the diffusion of small molecules in the films. However,
these coatings are well-known to be unstable under mechanical stress or drying. Recently,
Rouse and Ferguson [9] showed that the incorporation of uncharged, nonpolar polymers
in multilayers from organic solutions strongly effects their swelling ability in a humid
atmosphere.

This chapter presents a new route to improving the stability of polyelectrolyte
multilayers with respect to water diffusion. This method consists of the adsorption of
negatively-charged wax particles from aqueous solution atop the multilayers. The
subsequent annealing of the self-assembly provides the formation of a uniform
hydrophobic barrier layer. The adsorption and the fusion of wax particles have been
tested on flat and spherical substrates as self-assemblies consisting of poly(allylamine
hydrochloride) (PAH) and poly- (styrene sulfonate) (PSS).

Native multilayer films on spherical substrates have pores that are holes created
during core dissolution, which make these films only semi-impermeable. The capsules
are permeable for small dye molecules or water, but are impermeable for large molecules
like polymers. Therefore, to be able to encapsulate a smaller molecule of interest for
controlled delivery, the capsule needs to have a way to close the holes or pores in the film

to seal in the material of interest.

5.2 Wax Particle Characterization

The wax particles used in this investigation were received as a gift from Keim-
Additec GmbH (Kirchberg, Germany). The table below details the particles received and
the properties relevant to this work. The exact details of the wax particle composition are
proprietary information. But investigations were performed to determine the basic
properties of interest in this study, the size, the charge and the melting temperature. The
properties are shown in Figure 5.2.1. Figure 5.2.2 is a DSC graph of the wax particles.

The peak denotes the melting temperature.
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Charge Melting
Name Name Size (nm) (mV) Temperature °C
Ultralube E-337 337 268.8 42 59
Ultralube E-022 022 332.8 48 45
Ultraphob E-359 - wax 72 67 57

Figure 5.2.1 Wax types and their properties
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Figure 5.2.2 DSC of wax particles. The peaks denote the melting temperature of the wax.

5.3 Flat films

Preparation

The substrates used were one side-polished (100) silicon wafers from Silchem
Handelsgesellschaft GmbH (Freiberg, Germany) cut into rectangles of 3 cm X 1 ¢cm and
two-sides-polished 8 cm X 5 cm X 1.5 cm (100) silicon blocks from Siliciumbearbeitung
Andrea Holm (Tann/Ndb., Germany) for multilayer growth and NR experiments,
respectively. The wafers were first cleaned by treatment in a hot piranha solution [H202

(30%)/H2S0O4 (98%) 1:1 v/v] for 20 min (caution: piranha solution is extremely
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corrosive) and then thoroughly washed with pure Milli-Q water. Polyelectrolyte
multilayers were self-assembled by alternately dipping the substrate into aqueous
solutions of the cationic PAH (4 mg/mL in 0.5M NaCl) and the anionic PSS (4 mg/mL in
0.5 M NaCl) for 15 min each. Note that the first layer adsorbed on the silicon wafer is
PAH. After each dip, the substrate was rinsed by immersion into three beakers of pure
Milli-Q water for 2 min. After the deposition of the required number of PAH/PSS
bilayers, the sample with a PAH end layer was dipped in the suspension of negatively
charged wax particles (3% w/w in water) for 15 min, then rinsed three times in pure
Milli-Q water, and when the assembly was complete, dried with nitrogen. Such self-
assemblies will be designated as (PAH/PSS)n/wax bilayers in the following. The
subscript n refers to the number of PAH/PSS bilayers deposited on the silicon substrate.

Results

(PAH/PSS)6 and (PAH/PSS)7.5 were assembled on a silicon wafer. The
thickness of the film was determined in air with a null ellipsometer. A film refractive
index of 1.54 was assumed to determine the thickness of the films. Because the refractive
index of wax is about 1.48, the total film thickness determined by ellipsometry is slightly
underestimated when a layer of wax is present atop the polyelectrolyte multilayer. Figure
5.3.1 illustrates the principle of controlling the permeability of flat films by creating a

barrier layer with wax particles.

polyelectrolyte
multilayer (FAHFSEL,
(thickness =30 nm)

charged paraffin particles
(diameter = 150 rm)

/

barrier layer

Figure 5.3.1 Schematic representation of the formation of a uniform hydrophobic barrier
layer of paraffin atop the polyelectrolyte multilayer.
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In Figure 5.3.2 one should immediately notice that the film with wax is much
thicker than without wax. This thickness increase cannot be attributed to the additional
polyelectrolyte layers. It is due to the fact that the particles are much larger than the
already absorbed layers. The second feature that one should notice is that the overall
thickness decreases with time in the case of the layers with wax atop the film, whereas

the polyelectrolyte film thickness remains constant.

To study the D,0 distribution within the multilayers, specular neutron reflectivity
was used. As a result of the sensitivity of NR to deuterium, a direct view of the laterally
averaged concentration in heavy water along a line perpendicular to the film surface is
provided. The reflectivity curves of the (PAH/PSS)9.5 and (PAH/PSS)9.5/ wax
multilayers before and after annealing, measured in the dry state, are shown in Figure
5.3.3a. The SLD profiles computed from the best fits of the experimental data are shown
in Figure 5.3.3b. In these measurements performed in air, no significant difference was
observed between the wax-coated and wax-free films. This is due to the low SLD of the
wax (1~ -4x 107 A™?), which is close to that of the air; [10] consequently, the wax layer
does not discriminate against air, and the profiles of wax-free and wax-coated films are

very similar. From these profiles, the average thickness of the (PAH/PSS)9.5 part of the
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film was determined to be about 26 nm. This value is slightly lower than that expected
from previous ellipsometry measurements on thinner films as a result of the uncertainties
in the refractive index of the film and the presence of the native oxide layer at the surface
of the silicon wafer. The annealing does not lead to noticeable variations of the structure
of the PAH/PSS part of the films. The reflectivity curves and SLD profiles of samples
measured in D,O are presented in Figure 5.3.4a Figure 5.3.4b, respectively. Kiessig
fringes, which correspond to interferences resulting from multiple reflections at the
interfaces, are more visible for wax-free films than for wax-coated films as a result of the
considerable increase of the roughness of the surface after wax adsorption. For
(PAH/PSS)n films lacking the final wax coating, the value of the SLD increases after
immersion in D,O because of the sorption of D,O molecules in the multilayer. This
sorption results in the swelling of the polyelectrolyte film, whose thickness increases
from 26 to 37 nm; from the average SLD of the film, the amount of D,O in the film was
estimated to be about 50%. In addition, for such films, no significant difference could be
detected before and after annealing (Figure 5.3.3b, compare curves 1 and 2). These
results confirm that the annealing process itself does not affect the swelling of the film by

water, in agreement with previous reports by others [11].

In contrast, the amount of D,0O incorporated in the wax-covered unannealed
sample is much lower and decreases with increasing proximity to the silicon substrate
(Figure 5.3.4b, curve 3). This is more pronounced after annealing (Figure 5.3.4b, curve
4): the fusion of the wax particles now almost completely prevents the sorption of water
in the film. Interestingly, for all films, water seems to be more excluded with closer
proximity to the silicon substrate, possibly due to a difference in the structure of the film

as postulated by others [12,13].
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Figure 5.3.3 (a) Neutron reflectivity of multilayers measured in air: (PAH/PSS)9.5
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unannealed (1), (PAH/PSS)9.5 annealed at 60 °C (2), (PAH/PSS)9.5/wax unannealed (3),
and (PAH/PSS)9.5/ wax annealed at 60 °C (4). Dots are experimental data, and lines are fits
using theSLDprofiles shown in part b. For clarity, curves have been displaced vertically. (b)
The SLD profiles of(PAH/PSS)9.5 unannealed (continuous line), (PAH/PSS)9.5 annealed at

60 °C (dotted line), (PAH/PSS)9.5/wax unannealed (dotted and dashed line), and

(PAH/PSS)9.5/wax annealed at 60 °C (dashed line).
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Figure 5.3.4 (a) Neutron reflectivity of multilayers measured in D,O: (PAH/PSS)9.5
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unannealed (1), (PAH/PSS)9.5 annealed at 60 °C (2), (PAH/PSS)9.5/wax unannealed (3),
and (PAH/PSS)9.5/ wax annealed at 60 °C (4). Dots are experimental data, and lines are fits

using the SLD profiles shown in the right side. For clarity, curves have been displaced

vertically. (b) Corresponding SLD profiles.
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5.4 Capsules

In light of the ability to control the permeability of flat films, it was thought that
this could be applied to control the permeability of capsules. To achieve this, three core
types were implemented to test the resulting permeability the resulting capsules as the
core type plays a large role in the capsule permeability: The effect of the core type is
most seen in the dissolution process. The three core types investigated were CaCOj to,

MF, and PS.

To fabricate impermeable capsules the core was coated with PSS or PAH. Once
all the polymer layers were deposited, the wax layer was added. If the layer of wax was
added before the core removal it is referred to as method 1, and if the wax layer was

added after the core was removed it is referred to as method 2.

Figure 5.4.1 Scheme of capsule fabrication with wax layer via method 1.

5.4.1 Capsules- CaCOs;

Preparation

Capsules were prepared first on CaCOs cores as a model system because of their
ease of synthesis and low cost. Various capsules were prepared with varying types of wax
suspensions and charges. SEM provided a fast microscopic way to determine if the wax

particles could be incorporated in the polyelectrolyte multilayer surface.
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To prepare the CaCOs cores, an equal amount of 1 M Na,COs3 was added to 1M
CaCl, all at once in a small glass beaker, while vigorously stirring. Upon addition of the
second salt, the solution immediately became cloudy, denoting the nucleation and growth
of the CaCOs cores. After allowing the CaCO; to grow for 30 seconds, stirring was
stopped and the solution was transferred into Eppendorf tubes. The solution was
centrifuged (3000 rpm, 1 minute) and washed 3 times to remove the excess NaCl, CaCl,,
Na,COs, to stop the CaCO3 growth, and to remove the cores that were much smaller than
the Sum average. After washing the cores, the layer-by-layer assembly of
polyelectrolytes and wax particles was performed. Once the desired number of layers was
assembled, the core was removed with two washings in 0.1M HCI and then washed in

pure water until a neutral pH was reached.

CaClz + N32C03 - 2NaCl + CaC03

Equation 5.4. 1 CaCO;j; crystallization reaction

Results

Polyelectrolyte capsules templated on CaCO; with 4 bilayers are presented in
Figure 5.4.1.1, with their heated counted parts shown in Figure 5.4.1.2. Capsules with wax
as a layer constituent are shown in Figure 5.4.1.3 and Figure 5.4.1.4. As discussed in the
previous chapter, all capsules templated on CaCOj; have porous structures resulting from
the porous nature of the CaCO; core. In the case of capsules with wax the porosity
decreases a little. This observed change in the structure of the capsule wall is due to the

wax presences. More detailed SEM pictures can be seen in Appendix II.
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Figure 5.4.1.1 CaCO; templated (PAH/PSS) 4 capsules (core has been removed)
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Figure 5.4.1.3 CaCO, templated (PAH/PSS), (PAH/-wax) ,

In the figure above one can see that the addition of wax layers to the core leads to
the decrease in the amount of pores on the capsule wall. This is even more dramatic in the
pictures below, which display the heated capsules. These capsules do not show any large
pores as in the case of the capsules without wax and the unnannealed wax. This change in
the wall structure proves that the wax adsorbs and melts when the temperature is

increased above the melting temperature.
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Figure 5.4.1.4 CaCO; templated (PAH/PSS), (PAH/-wax), capsules after heating.

The following pictures display the use of the positive particles received from
Keim Additec. These particles reveal that the morphology of these capsules is,
unfortunately, no longer spherical. Another problem is the large aggregation of the

capsules assembled with positive wax.

Aggregation was also observed in capsules with 3 or 4 layers of wax. As a result
the assembly with positive wax and multiple layers of the negative wax layers was halted

to prevent aggregation.
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Figure 5.4.1.5 CaCO; (PAH/PSS)2 (+wax022/PSS), The left scale bar is 1um. The right scale
bar is 200nm.

Now that it was shown that the wax can be absorbed and annealed to change the
capsule morphology the core was changed to MF to avoid the matrix structure of the

capsule.
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5.4.2 Capsules -Melamine Formaldehyde

Preparation

Melamine Formaldehyde particles (5 pum, positively charged) were purchased
from Microparticles GmbH (Berlin, Germany). After particles were washed 3 times with
pure water, capsules were prepared using the LbL. method with 4 bilayers of PSS, PAH,

or negative wax. The negative species was always absorbed first.

Results

The following capsules were prepared, (PAH/PSS) 4 and (PAH/PSS) 3 (PAH/-
wax) according to the standard capsule procedure. These capsules were examined with

FRAP using FITC as the fluorescent species. The results of FRAP are shown below.
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Figure 5.4.2.1 FRAP curves of MF templated capsules

Upon bleaching it was seen that the recovery time does increase with the presence
of wax. In the case of the wax heated in the attempt to form a barrier layer, recovery did
not take so long, however the difference between the initial intensity and the final
intensity is large. This denotes that perhaps the wax is on the way to forming a barrier

layer, which is not complete due to the large pores formed in the capsule wall. It is



5.4.2 Capsules- Melamine Formaldehyde 87

known that MF cores do not fully dissolve in HCI. Instead of dissolving and being
washed away, the MF leaves oligomers in the capsule wall. These oligomers also affect
the permeability and are probably the reason why the recovery times from capsule to
capsule is different. After these results were obtained it was decided to change the core
material again to PS because this core is completely dissolvable and the PS diffuses
through the capsule wall in smaller particles resulting in less destruction of the capsule
wall. Figure 5.4.2.2 presents a confocal picture of a (PAH/PSS)4 and heated (heated
without wax). Figure 5.4.2.3 shows (PAH/PSS)3 (PAH/-wax) (wax not heated) and
Figure 5.4.2.4 illustrates (PAH/PSS)3 (PAH/-wax) and heated (wax heated).

Figure 5.4.2.2 (PAH/PSS)4 MF templated capsule

Figure 5.4.2.3 (PAH/PSS)3 (PAH/-wax) (wax not heated) templated capsule
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To compare the bleaching curves one could apply the following formula

I, -1 :
°—I°O= fraction of sealed capsules

0 min

Equation 5.4 2.1

where I, is the initial intensity of the fluorescence, L. is the intensity at equilibrium, and
Imin 1s the intensity directly following bleaching. Applying this to the curves seen in
Figure 5.3.2.1 one obtains averages of 0.27, 0.45, and 0.82 for the capsules heated
without wax, with wax and heated with wax, respectively. From this one can see that the
addition of wax leads to capsules that are less permeable to FITC, and the subsequent
heating further decreases the permeability. The difference between I, and I, denotes the
mobile fraction of dye molecules and the difference between I, and I, and shows the
amount of immobile molecules. The introduction of wax and the heating of the wax

causes the amount of immobile or molecules trapped inside the capsule to increase.

As can be seen in Figure 5.4.2.1, the reproducibility of the recovery within the
capsules prepared on MF is low. This is particularly the case for the capsules with a wax
layer absorbed on the capsule wall. The irreproducibility of the permeability and the
major problem of aggregation are illustrated in Figure 5.4.2.4 which shows (PAH/PSS)3
(PAH/-wax) heated capsules. In addition to the severe aggregation, one can also see that
there are some capsules that are fully permeable to the FITC. Other capsules are still
black inside, which denotes that the capsule permeability has been significantly altered or
that these capsules are impermeable. Unfortunately, single capsules of this type could
never be found. Nevertheless this does show that in principle the addition of wax and

subsequent heating does form a partial barrier layer and decrease the film permeability.
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16.00 pm 16.00 pm

Figure 5.4.2.4 CLSM image of heated (PAH/PSS)3 (PAH/-wax) MF templated capsules

5.4.3 Capsules- Polystyrene
Preparation

Polystyrene particles (10um, negatively charged) were purchased from
Microparticles GmbH (Berlin, Germany). After the particles were washed 3 times with
pure water, capsules were prepared using the LbL. method with 8.5-10 bilayers of PSS,
PAH, or -wax. More layers are required in the case of PS core, due to the size of the
template. With a core 10 um in size the number of layers must be increased to at least 8
bilayers to yield a stable membrane once the core is removed. The positive species was

always absorbed first.

Results

The capsules resulting from PS cores were analyzed with SEM, AFM and CLSM.
The SEM images show the morphology of the capsule wall before and after wax
deposition. AFM gives information about the dry thickness of the wall and the roughness.

Roughness is an important measurement in the analysis of capsules with wax, as the wax
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particles are small, but are not closely packed. This results in a large roughness of
capsules with wax. With CLSM the diameter of capsules and the permeability can be
determined. To measure the permeability of the capsules Fluorescence Recovery and
Photobleaching (FRAP) was performed. Below is a table listing those capsules prepared

on PS cores that were investigated as part of this study.

Capsules prepared on PS cores
2| (PAH/PSS) 8.5bil
3a| (PAH/PSS) 8.5bil  (-wax) (before core dissolution)
3b| (PAH/PSS) 8.5bil (-wax) (after core dissolution)
4 (PAH/PSS) 9 bil
2_h| (PAH/PSS) 8.5bil heated (60°C 1hr)
3a_h| (PAH/PSS) 8.5bil (-wax) (before core dissolution) heated (60°C 1hr)
3b_h| (PAH/PSS) 8.5bil (-wax) (after core dissolution) heated (60°C 1hr)
4 h| (PAH/PSS) 9 bil heated (60°C 1hr)

As can be seen from the table, capsules on PS were prepared using method 1 and

Figure 5.4.3.1 Capsule layer continent layout.

method 2. A scheme of method 2 is shown in Figure 5.4.3.2.
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Figure 5.4.3.2 Scheme of capsule fabrication with wax layer via method 2

Polyelectrolyte capsules templated on PS with 8.5 bilayers are presented in Figure

5.4.3.3 with their heated counterparts shown in Figure 5.4.3.4. Capsules with wax as a
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layer constituent (method 1) are shown in Figure 5.4.3.5 and Figure 5.4.3.6. In the case
of capsules without wax, heating does not appear to cause a change in the capsule
surface. The capsules with a wax layer are different from the capsules without the wax in
that they appear to be rougher and a little stiffer. Heated capsules with wax appear to be
smoother than the capsules with the wax, but they also appear to be much stiffer, which
can be seen in the larger and sharper folds. More detailed SEM pictures are provided in
Appendix II.

Figure 5.4.3.4 Sample 2h (PAH/PSS) g5y heated (60°C 1hr). The scale bar in the left image
is lum. The scale bar in the right image is 2 pm.
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Figure 5.4.3.5 Sample 3a PAH/PSS)g s, + (-wax) (before core dissolution). Scale
bar in both images is 1um.
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Figure5.4.3.6 Sample 3ah (PAH/PSS)g spii + (-wax) (before core dissolution)
heated (60°C 1hr) Scale bar in both images is 1um.

Capsules with wax as layer constituent (method 2) are shown in Figure 5.4.3.7

and Figure 5.4.3.8.
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Figure 5.4.3.7 Sample 3b (PAH/PSS)g s + (-wax) (after core dissolution) Scale bar
in both images is 1um.
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Figure 5.4.3.8 Sample 3bh (PAH/PSS)gspi + (-wax) (after core dissolution) heated (60°C 1hr)
Scale bar in both images is 1pm.

As can be seen from the SEM pictures, the stage at which the wax is added to the
capsules does make a large difference in the surface morphology of the capsules. In the
cases of capsules with wax added before the core is removed, some wax particles do
absorb and anneal. But in the case of the wax added via the second method, a drastic
change in the capsule surface can be seen. If the wax is added after core removal, the
surface has a homogeneous coating after the deposited wax particles are annealed. AFM
images of the samples are available in Appendix III. There, it is shown that the roughness
increases after the wax layers are added. In addition the layers are a little thicker after
heating due to the rearrangement of the polyelectrolytes. To test how this coating on the

capsules affects the permeability, FRAP measurements were performed.
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FRAP of capsules on PS cores
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Figure 5.4.3.9 FRAP curves of PS templated capsules

When the recovery curves are separated for more clarity they provide the graphs

shown in Figure 5.4.3.10.

FRAP of capsules on PS cores FRAP of capsules onPS cores
2a0
b 20
— 200
: ﬁf:ﬁ._._._. o
161y ., 160
%' 140 5 10
51 i1
Zy £ 1o :’a;:gasrﬁ*“
=]
a0
Sample 2 _| o
20 . . T T - - T T T
- 4 4 14 19 34 0 M 3 4 4 5= -1 4 a 14 1@ 24 W 34 3\ 4 @4 54
Time [sec] Time [sec)
FRAP of capsules onPS cores FRAP of capsules onPS cores
240 240
2 2
2 200
1] 120
g 10 T+ g 10
§ 10 § 1A
5 1m = 5 120 MH(_E
Eoil = p | i
a0
. mh?/ T P
L/ " ol ' ]
= Sample 3bh [ Sample 3b
= T T T T : 5 = 20t T T
- 4 Q 14 19 24 2 34 3 44 4 54 - 4 o 14 12 M 20 3 38 4 a4 54
Time (sec) Time [sac)

Figure 5.4.3.10 Separated FRAP curves of PS templated capsules
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From the graph above it can be seen that the recovery time is on the order of five
seconds for sample 2. If the sample 2 is heated the recovery time increases to 10 seconds.
The permeability of sample 3a is not shown, as the sample was highly aggregated, as

shown in Figure 5.4.3.11.

20,00 pm 20.00 jim

Figure 5.4.3.11 Confocal image of Sample 3a right and 3ah left.
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Figure 5.4.3.12 Confocal image of Sample 3bh
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As can be seen, the timing of the wax addition plays a major role in the resultant
permeability of the capsules. This can be explained in many ways. If the wax is added
before the core is removed, it is obviously affected by the THF. In a separate Eppendorf,
THF was added to wax. After the addition of THF, the appearance of the wax changed,
leading to the belief that the wax is partially soluble in THF. So it possible that the wax
can be removed from the capsule wall in the presence of THF. This is why sample 3a was
so aggregated. If some of the wax is removed from the surface, the charge of the
outermost layer is no longer homogenous, increasing the probability of aggregation.
Another reason why the results of method 2 are more favorable can be the fact that THF
is very hygroscopic. This means that the water in between the polyelectrolyte is removed
in the presence of THF, leaving a more hydrophobic shell, which is more favorable for
the absorption of wax. Also, when the water is removed from the shell fluorescent
species do not have the ability to transport through the shell. And, finally, the wax added
after the core is removed closes the pores caused during the core dissolution. Trying to
add solvent “melted” wax was also briefly attempted. Acetone was found to be a suitable

solvent for the wax. The results are seen in the Figure below.

4.00 pm 4.00 ym

Figure 5.4.3.113 PS (10um core) (PSS/PAH)y,. (after core removal) (added —wax dissolved in
acetone). Not heated

Despite the problems with the solvent, in general the capsules templated on PS
can be made reproducibly impermeable, whereas capsules templated on MF are always
different. In this light, it can be shown that wax-coated capsules can made impermeable
for small molecules. This is already a big advancement over previously discussed

permeability changes [14, 15].
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5.5 Conclusions

The use of wax as a permeability controlling agent was successfully introduced to
planar and spherical polyelectrolyte multilayer films. In both cases once the wax was
heated the melted wax did indeed form a barrier layer preventing the diffusion of small
molecules. In the case of planar films it was proven that the resulting film is water-tight.
The capsules that had wax added after the core dissolution show impermeability against
FITC. In light of this, active molecules can be encapsulated and held inside the capsules.
If the release of the active material is desired, the remote control release of active

molecules by Skirtach et al could be easily applied [16].
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Chapter 6- General Conclusions

In this work it has been shown that introducing a non-polar substance into the
polyelectrolyte multilayer is no trivial matter. In Chapter 4, active molecules were
encapsulated within polyelectrolyte multilayer capsules, in this case Poly-(N-isopropyl
acrylamide), (PNIPAM). In Chapter 5, the incorporation of charged wax particles into the

polyelectrolyte film, leads to the decrease in the film permeability.

In Chapter 4, many encapsulation methods were discussed, three of which were
attempted to incorporate active molecules inside capsules. The stimili-responsive
polymer, PNIPAM, encapsulated with the “ship in a bottle” was successful proven with
Raman spectroscopy, AFM, and SEM. The “ship in a bottle” is fabricating capsules with
the layer-by-layer (LbL) technique, adding the capsules to the monomer solution,
polymerizing the monomer, and the washing away the polymer that is on the outside.
PNIPAM added to the capsules with the “ship in a bottle” method maintained all of its
thermo-sensitive properties, which was not the case for the other attempted encapsulation
methods. In addition, it was shown with DSC and CLSM, that the LCST of the PNIPAM
depends not only on the type and the concentration of ions present but also if the capsule
wall is present. The presence of the capsule wall decreases the effective salt concentration
the PNIPAM feels. With this, it was shown that the temperature at which the LCST was
seen could be tuned. This work is extremely promising as it could be used as a sensor, for
drug delivery applications, or waste water treatment. In many other publications active

molecules were observed and released upon heating.



Chapter 6 General Conclusions 100

In Chapter 5, wax particles were implemented as a permeability control agent.
First, the wax particles were characterized to ascertain their properties of interest, i.e.
size, charge and melting temperature. On flat films, it was shown that wax particles
introduced into the polyelectrolyte films covered the film which increased the contact
angle and roughness. The increase in the roughness was proven by ellipsometry and
Atomic Force Microscopy, (AFM) denoting the presence of the hydrophobic particles.
The particles comprised of wax form a barrier layer after heating that repelled water. This
was proven with neutron reflectivity studies against D,O. In the case of capsules many
different core materials were employed, as the permeability of the capsule wall is mostly
affected by the core removal process. Again, in this case, wax particles could be
introduced into the polyelectrolyte multilayers, proven by the morphology changes in the
SEM images and the thickness increase of the wall shown with AFM. Capsules templated
on Polystyrene cores, showed the largest decrease in the permeability to FITC after
heating the incorporated wax particles. The reason the PS templated capsules showed the
largest decrease in permeability is a result of the THF used to remove the core. The THF
removed not only the core, but also the water with in the membrane of the capsule wall.
The increase hydrophobicity of the wall created a more favorable environment for the
wax particles to absorb, that after heating created a barrier layer that was resistant to
FITC.

In general, two advanced methods of possible delivery systems have been
proposed. In both cases, if biocompatible elements are used as the capsule wall
constituents, the resulting capsules systems gives a stable method of encapsulating active
molecule that with the ability to tune the wall thickness, gives the ability to control the

release profile of the molecule of interest.
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Einbettung unpolarer, temperaturempfindlicher Substanzen in
Polyelektrolytkapselsysteme zur Wirkstofffreisetzung

Verkapselung ist ein vielseitiges Werkzeug, das zum Schutz und zum Transport
von Molekillen ebenso eingesetzt werden kann, wie zur Verbindung von
Reaktionspartnern in einem gemeinsamen, von der Umgebung abgeschirmten Raum. Es
basiert auf einem einfachen Vorbild der Natur. Pflanzen schitzen ihren Samen zum
Beispiel durch eine harte, nahezu undurchdringbare Schale (Nusse) oder durch eine
selektiv durchlassige Hille, wie bei Weizen, der sobald er feucht wird zu keimen beginnt.
Die Natur setzt durch den Einsatz des Huille-Kern Prinzips sehr effizient die Kontrolle
uber Durchl&ssigkeit und Anpassung an bestimmte Aufgaben um.

Wird das Hdulle-Kern-Prinzip zum Schutz oder Transport von Molekilen
eingesetzt, so sind die zu verwendenden Kapseln nur wenige Mikrometer groR. Sie
werden dann als Mikrokapseln bezeichnet. Zur Erzeugung dieser Mikrokapseln werden
verschiedene Methoden verwendet. Der heute Ubliche Weg geht von einer ca. 5-10
Mikrometer groflen Kugel (Kern) aus, die mit einer stabilen und an die gewiinschten
Eigenschaften angepassten Schicht von wenigen Nanometern versehen wird. Im
Anschluss wird der Kern herausgel®st und eine hohle, stabile Kapsel erhalten.

Schichten von wenigen Nanometern Dicke kénnen aus Polyelektrolyten durch das
Layer-by-Layer-Verfahren (LbL) hergestellt werden. Dieses Verfahren eignet sich auf
Grund seiner vielen Anpassungsmaoglichkeiten besonders zum Aufbau der Schichten fur
Mikrokapseln, da sich die Eigenschaften der Beschichtung bereits beim Aufbau der
Schicht auf die Bedirfnisse maRschneidern lassen.

Diese Arbeit befasst sich mit der Erzeugung von Mikrokapseln, deren
Eigenschaften temperaturabhéngig sind. Dies wurde auf zwei Wegen erreicht. Zum einen
wurden Kapseln aus Polyelektrolyten und Wachs aufgebaut. Bei Temperaturerhéhung
schmilzt das Wachs und versiegelt die Kapsel. Zum anderen werden Kapseln mit einem
Waérme empfindlichen Polymer gefullt. Bei Temperaturerhdhung kollabiert das

Polymergerust. Der enthaltene Wirkstoff wird freigesetzt.
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Introduction of a Thermo-sensitive Non-polar Species into
Polyelectrolyte Multilayer Capsules for Drug Delivery

The layer-by-layer assembly (LbL) of polyelectrolytes has been extensively studied for the
preparation of ultrathin films due to the versatility of the build-up process. The control of the
permeability of these layers is particularly important as there are potential drug delivery applications.
Multilayered polyelectrolyte microcapsules are also of great interest due to their possible use as
microcontainers. This work will present two methods that can be used as employable drug delivery
systems, both of which can encapsulate an active molecule and tune the release properties of the active

species.

Poly-(N-isopropyl acrylamide), (PNIPAM) is known to be a thermo-sensitive polymer that
has a Lower Critical Solution Temperature (LCST) around 32°C; above this temperature PNIPAM is
insoluble in water and collapses. It is also known that with the addition of salt, the LCST decreases.
This work shows Differential Scanning Calorimetry (DSC) and Confocal Laser Scanning Microscopy
(CLSM) evidence that the LCST of the PNIPAM can be tuned with salt type and concentration.
Microcapsules were used to encapsulate this thermo-sensitive polymer, resulting in a reversible and
tunable stimuli- responsive system. The encapsulation of the PNIPAM inside of the capsule was
proven with Raman spectroscopy, DSC (bulk LCST measurements), AFM (thickness change), SEM
(morphology change) and CLSM (in situ LCST measurement inside of the capsules). The exploitation
of the capsules as a microcontainer is advantageous not only because of the protection the capsules

give to the active molecules, but also because it facilitates easier transport.

The second system investigated demonstrates the ability to reduce the permeability of
polyelectrolyte multilayer films by the addition of charged wax particles. The incorporation of this
hydrophobic coating leads to a reduced water sensitivity particularly after heating, which melts the
wax, forming a barrier layer. This conclusion was proven with Neutron Reflectivity by showing the
decreased presence of D,O in planar polyelectrolyte films after annealing creating a barrier layer. The
permeability of capsules could also be decreased by the addition of a wax layer. This was proved by
the increase in recovery time measured by Florescence Recovery After Photobleaching, (FRAP)

measurements.

In general two advanced methods, potentially suitable for drug delivery systems, have been
proposed. In both cases, if biocompatible elements are used to fabricate the capsule wall, these
systems provide a stable method of encapsulating active molecules. Stable encapsulation coupled with
the ability to tune the wall thickness gives the ability to control the release profile of the molecule of
interest.
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Appendix I-Materials

The sources of the chemicals used in this work are as follows: sodium poly-
(styrene sulfonate) (PSS, Mw _ 70 kDa) and poly(allylamine hydrochloride) (PAH, Mw _
70 kDa) (Aldrich, USA), fluorescein isothiocyanate (FITC, Sigma, USA),
ethylenediaminetetraacetic acid (EDTA, Sigma), calcium chloride dihydrate (CaCl,
2H,0, Ultra, Sigma), Na,CO3 (pro analysis, Merck, Germany), bovine serum albumin
(BSA, Sigma), and dextran-FITC (4 kDa, Aldrich) Orange Il (Tropaeolin 000 Nr2),
Potassium Chloride and Methylene Blue (Fluka)

Ammonium persulfate, (APS), N-isopropylacrylamide (NIPAM), N,N,N’,N’-
Tetramethyl-ethylenediamine (TMEDA) and dialysis membranes with a 12,400 kDa
molecular cut off were purchased from Sigma-Aldrich (Germany). Tetrahydrofuran
(THF), and NaCl were acquired from Roth (Germany). Monodispered polystyrene (PS)
with a mean diameter of 10.25 um were obtained from Microparticles GmbH (Berlin)
cores. Methacryloxethyl thiocarbonyl rhodimine B (MRho) (used to label the NIPAM)
was purchased from Polysciences, Inc (Warrington USA). The water used in all
experiments was prepared in a three-stage Millipore Milli-Q Plus 185 purification system
and had a resistivity higher than 18 MQ cm. NaBr, NaF, KCI were purchased from Roth
GmbH (Karlsruhe, Germany).
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To prepare PAH-FITC, two solutions (PAH and FITC) were mixed in
50mMborate buffer (pH 9.5) at a ratio of 100:1 (amino group of PAH/FITC) and dialyzed

against water overnight after 2 h of incubation at room temperature.
BSA was labeled with FITC by mixing of BSA and FITC solutions in 50 mM
borate buffer (pH 9.5) at a molar ratio of 1:1. After stirring for 2h at room temperature,

the solution was dialyzed against water overnight and used for further study.

The molecular structures of the more complicated molecules are displayed below.
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Appendix Il Supporting SEM Images

In the next pages SEM images of the capsules discussed in Chapter 5 are shown.
The images display the change in the surface morphology of capsules with, and without
wax as well as when the wax is present and the wax is annealed. Pages 2-4 are pictures of

capsules templated on CaCOj3 and pages 5-7 are of capsules on PS cores.
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Appendix Il Supporting AFM Images

In the next pages images of the capsules discussed in Chapter 5 are shown. The
images display the roughness and thickness dependency on the number of layer, the

presence of wax and the effect of heat.
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Sample 4 (PAH/PSS)9bil heated (60°C 1hr)
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