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ABSTRACT

The discovery of new potent and water-insoluble drugs has emphasized the
need for novel drug-delivery systems and personalized dosification. Biopolymers
solutions are an alternative over conventional methods since they can acts as a
suspending medium for strong hydrophobic drugs, and have the potential to form gel
networks, which can be used to encapsulate and improve long-term stability.
Nevertheless, polymer-particle interactions can affect the rheology and gelation
process of the system making it unsuitable for the application or affecting the drugs
activity. Much more complex interactions are introduced by incorporation of
additional components into the system, such as surfactants to improve particle stability
or flavorants for taste-masking. The objective of this research work was to determine
the effects of fluid formulation parameters on the physical gelation and rheology of

biopolymer solutions with suspended solid particles.

In this work, rheological measurements have been used to determine,
understand and control the processing conditions which are related to the final product
properties.  Gelation temperature (Tg) was determined using stress control
temperature ramp and the dynamic oscillatory methods and rheology of polymer
solution was studied above Ty . The effect of operational and formulation parameter

on Tger Were also determined.



In Chapter 2 and 3, the effect of particle size and concentration on the gelation
temperature of two cold-setting gels, gelatin and sodium alginate (NaAlg), were
studied. It was observed that Tg is not affected by stress at applied stress of up to 10
Pa, and decreases with increasing cooling rate. On the other hand, as polymer
concentration increases gelation temperature increases. Yet, pH has a very mild effect,
as shown in Chapter 2. In Chapter 3, the thermotropic gelation of NaAlg solution was
demonstrated using three independent rheological measurements. Both systems were
unaffected by the presence of model silica particles ranging from the micron to the
nano scale. This was attributed to polymer-particle repulsion due to similar net

charges.

In Chapter 4, the effect of an active ingredient and the interaction between type
of surfactants and the polymer-particle system was determined by the rheology and
gelation temperature measurements. In this case, the model polymer system was the
hot-setting hydroxypropylmethyl cellulose (HPMC), an uncharged cellulose
derivative. The effect of particle size on solution properties was studied using
griseofulvin particles as model drugs. Tg showed complex dependence on particle
size, concentration, and surface selectivity. Surfactants with similar net charge as the
active ingredient can be either replaced by the polymer on the active’s surface or
aggregate with the polymer, thus increasing viscosity of the solution and improving
gelation due to bridging effects. On the other hand, positively charged and neutral
surfactants have minimum polymer-surfactant interactions and are able to effectively

stabilize the particles due to the preferential interactions with the active’s surface.



Rheological methods were useful to demonstrate physical gelation for a weak
gel, propose particles stabilization mechanisms and establish particle size and
concentration effects on gelation. This information can be extended to other systems
such as characterization of a weak gel, or systems with similar characteristics, where
use of surfactant is needed for charge particle stabilization.  These data and
mechanisms can be correlated to final product properties as drug dissolution, adhesion,

or mechanical properties, important in but not limited to films.



RESUMEN

El descubrimiento de nuevas drogas que se caracterizan por ser fuertes e
insolubles en agua ha creado la necesidad de nuevos sistemas para entrega de
medicamento que garanticen una dosis personalizada. Biopolimeros brindan una
solucion alternativa en relacién a métodos convencionales, debido a que ellos pueden
actuar como medio de suspension para medicamentos fuertes e hidrofébicos, ademas
tienen la habilidad de formar geles, esta propiedad puede ser usada para encapsular y
mejorar la estabilidad a largo plazo. Sin embargo, interacciones polimero-particulas
pueden afectar pueden afectar la reologia y el proceso de gelacién de el sistema
haciéndolo inadecuado para la aplicacion o afectando la actividad de la droga.
Interacciones mucho méas complejas suceden cuando se incorpora un componente
adicional como lo son los surfactantes o saborizantes, los cuales se utilizan para
impartir estabilidad o modificar el sabor original, respectivamente. El objetivo de esta
investigacion fue determinar los efectos de los parametros de formulacion y operacion
sobre la gelacién fisica y la reologia de de soluciones de biopolimeros con particulas

solidas suspendidas.

En este trabajo, mediciones reoldgicas se usaron para determinar, entender y
controlar las condiciones de procesamiento, las cuales estan relacionadas a las
propiedades del producto final. Temperatura de gelacion (Tge) fue determinada

usando la prueba de stress controlado y el método dinamico, y la reologia de las



soluciones poliméricas se estudio por encima de Tg EI efecto de los parametros de

formulacion y operacion sobre Ty fueron también determinados.

En el Capitulo 2 y 3, el efecto de tamafio y concentracion de particulas sobre la
temperatura de gelacion de dos polimeros que forman geles con disminucion de
temperatura fueron estudiados. Se observo que Ty N0 es afectada por el stress a un
stress aplicado hasta de 10 Pa, y disminuye con razon de enfriamiento. Por otro lado,
cuando la concentracién de polimero aumenta, la temperatura de gelacion incrementa.
Sin embargo, pH no tuvo un efecto significativo sobre Tgy. En el Capitulo 3, se
demostro la gelacion termotrdpica de soluciones de NaAlg mediante tres métodos
reoldgicos independientes. Ambos sistemas no fueron afectados por la presencia de
particulas de silica desde micrones a escala nano, debido a repulsiones polimero-

particula debido a una carga neta similar.

En el Capitulo 4, el efecto de un ingrediente activo y la interaccion entre tipo
de surfactante y el sistema polimero-particula fue determinado por la reologia y
mediciones de temperatura de gelacion. En este caso, el sistema polimérico modelo
fue hidroxipropil metilcelulosa (HPMC), el cual no tiene carga y forma geles con
incremento de temperatura. El efecto de tamafio de particulas sobre las propiedades
de la solucion fue estudiado usando particulas de griseofulvin como una droga
modelo. Ty demostré una dependencia compleja en tamafio, concentracion y
selectividad de la superficie. Surfactantes con carga neta similar al ingrediente activo
pueden ser reemplazados por el polimero en la superficie activa o agregarse con el

polimero, incrementando la viscosidad de la solucion y mejorando la gelacion debido

Vi



a la formacion de puentes. De otro lado, surfactantes neutrales o cargados
positivamente tienen minimas interacciones polimero-surfactante y son capaces de
estabilizar las particulas debido a las interacciones preferenciales con la superficie

activa.

Métodos reoldgicos permitieron demostrar gelacion fisica para un gel débil,
proponer mecanismos de estabilizacion de particulas y establecer efecto de tamafio y
concentracion de particulas en la temperatura de gelacion. Esta informacion puede ser
extendida a otros sistemas tales como caracterizacion de un gel débil, o sistema con
caracteristicas similares, donde el uso de surfactante es necesario para la estabilizacién
de particulas cargadas. Esta data y mecanismos pueden ser correlacionados a
propiedades finales de productos como prueba de disolucion, adherencia, o

propiedades mecanicas, importantes pero no limitada a peliculas.
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1. INTRODUCTION AND BACKGROUND

The discovery of new drugs has created the need for the development of
novel personalized dosages and drug delivery systems when the active ingredient is
potent, insoluble in water, and lower concentrations are required. Actually, the use of
biodegradable polymers films where an active ingredient is suspended is a good
alternative for drug delivery systems [1, 2]. Some advantages of these types of drug
delivery methods include fast dissolution, continuous processing, rapid availability,
easy dosification, long term stability, and less excipients or ingredient are needed for
the formulation [1]. Nevertheless, they have some disadvantages such as: low
maximum loading since drug particle size and concentration can affect the mechanical
properties of the polymer, and complex particle-polymer interaction which can affect

the polymer gelling capacity or particle stabilization.

Additionally, in many of these systems the use of surfactants to stabilize
and disperse the solid particles is unavoidable. Yet, interactions between the surfactant
and structural gelling material may also affect the dispersion of the particles,
promoting agglomerate formation, or decreasing the gelling capacity of the materials,

which causes a detrimental effect on the loading capacity of the gel.

In this work, we present an evaluation of the thermotropic gelling ability
and steady-state rheology of polysaccharides (sodium alginate and cellulose
derivatives) and proteins (gelatin) as structural ingredients in film formulations.

Systematic rheological characterizations are required to determine material gelling



capacity, flow behavior, capacity as a suspending medium, and adequate processing
unit operations. The relation between rheological properties and thermotropic gelation
of an aqueous suspension as a function of particle size, concentration, and particles

interaction with other components were studied.

1.1 Natural polymers

Natural biopolymers offer an alternative to synthetic polymers since some
of them can be degraded by living cells or by our digestive system. Some examples of
common natural biopolymers are polysaccharides (e.g., starch, cellulose, lignin,
chitin), proteins (e.g., gelatin, casein, wheat gluten, silk and wool) and lipids (e.g.,

plant oils including castor oil and animal fats) [3].

Biodegradable polymer gels have a variety of applications in various
fields such as the agriculture[4], food [5] and pharmaceutical industries [6, 7]. In the
environmental area, natural biopolymers offer an alternative to polymers used
conventionally since they can be degraded by living organisms. For example, R.
Russo reported advantageous biodegradable polymer films for the solarization process
since they do not have to be removed from the soil [4]. In the pharmaceutical
industry, biodegradable polymers are also considered as an alternative. They could be
used in drug administration to avoid polymer accumulation in the body, especially
when they are used for long treatments. Significant advances have been developed in
the last years where mechanisms for controlled delivery of drugs and therapeutic

agents have been developed. Aminabhvi [6] studied the use of gels as an alternative to



conventional ophthalmologic drops, since their viscous nature provided prolonged
corneal contact time. Other applications include the use of polymer microparticles of
alginate for the encapsulation and delivery of insulin as reported by C. Pinto [7]. The

latter is proposed as a substitute of insulin injections that cause stress and pain.

Biopolymers are ideal candidates as main structural agents, due to their
gelling capacity, immobilization capacity in the gel network and inherent flexible
processing through existing manufacturing technologies perfected in polymer
industries [8]. The inherent thermal processability and the thermotropicity of some of
these gels allows for control and flexibility during continuous processing. They have
properties that make them attractive for drug delivery applications. They have the
ability to form gels which provide the capacity to encapsulation and immobilization of
particles. They are: Cheap, FDA approved, from renewable sources and their
technologies processing are similar to synthetic polymer. Usually, they form physical

gels and the diversity in the network formation is a function of the used polymer.

1.2 Biopolymer gels

Gels are represented as a network of polymer molecules, in which the spaces
between molecules are crowded with a solvent. Polymeric gels can be primarily

divided into two groups, chemical and physical gels [9].



1.2.1 Chemical gels

Chemical gels form networks through covalent bonds. These types of gels
can be formed by polymerization of soluble monomers in water in the presence of
multifunctional agents or using soluble polymers in water with chemical organic

reactions that involve the functional groups of the polymers [9].

1.2.2 Physical gels

Physical gels are called physical networks or pseudo-gels. These gels are
continuous, disordered, and three-dimensional. They are formed by associative forces
able to form non-covalent unions, characterized by weak interactions and a reversible
potential such as hydrogen bonds, ionic associations, and hydrophobic interactions.
The formation of these attachments in the polymer chains are usually induced by
modification of thermodynamical parameters of the medium, for example, change in
temperature, pH, salt type, ionic strength, or addition of an additional ingredient.
Physical gels induced by changes in temperature are called thermotropic gels and they
are characterized by the transition of individual chain of polymer of viscous liquids to
an elastic gel that occurs abruptly at the gelation point, according to the Flory gelation

theory [9, 10].

The interactions that can produce physical gelation are: coil-helix
transitions, in which a molecule turns around another; microcrystallites and nodular

domains, in which the chains are chemically heterogeneous and the association only



occurs in preferential sites in the chain backbone [10]. The gelation through helix

formation [11] is represented in Figure 1.1.

non-modified

Figure 1.1. Physical gelation and melting of a biopolymer by coil-helix-coil
transitions.

Taken from [12]

1.3 Theory of gelation

Flory and Stockmayer developed the classical theory of gelation in the
1940’s. This theory considers the growth or chain attachment through random bonds,
ignoring loop or circles that can be formed. This process can be compared with the

growth of a tree as shown in Figure 1.2.

Figure 1.2. lllustration of the gel formation assumed by the classical theory

Taken from reference [10]

5



Each branch of a tree has many free places for the growth of new
ramifications, which follow the process without restrictions due to volume exclusion

or circle formation. The gelation point (P.) in the classical theory is represented by:
Pc P 1)

where f is the coordination number of a tree, that is, the bond number that can be
formed in each network site. If the gel is formed through chemical cross-linkers of
(B) with the precursor (A), the gelation point depends of the functionalities of f5 and
fg, both of them are shown in equation 2. Where r, is the stoichiometric relation of B

to A, and n is the number of moles of A and B, respectively.

1

P..= 2
e = TraUsD @

__ fBnB
fana

©)

Subsequent developments are based in non-classic nature. However, the
majority of the systems are not far from the critical region, for this reason the classical
theory is probably adequate [10]. Nevertheless, the available theories, such as the

above, fail to describe physical gels due to their random nature.



1.4 Biopolymer solution characterization

The study and understanding of biopolymer solution properties is of great
importance at the moment of characterization of biopolymers that form thermo-
reversible gels during their processing and developing of new technologies. A
fundamental property in the characterization polymer is the determination of the

gelation temperature.

Common techniques to determine gelation temperature include optical,
thermal, and mechanical (e.g. rheological) methods which relay on abrupt changes
observed around the transition. Optical methods offer a nondestructive study but
they have some limitations. Examples of optical methods are: turbidimetry [13],
near infrared (NIR) spectroscopy [4], and dynamic light scattering (DLS) [14].
Techiques such as NIR require the application of chemometric principles, which
requires considerable resources and time. On the other hand, scattering techniques
do not provide structural information on individual clusters since scattering during
the gelation process is dominated by interference amongst clusters [14, 15]. One
of the most simple technique is turbidity measurements but it is subjective [6].
Thermal methods are mainly based on differential scanning calorimetry (DSC) [16,
17] , however, the enthalpy associated with this type of transition is very low, thus

requiring the use of highly sensitive instruments such as micro-calorimeters.

The most common methods for the determination of the gelation

temperature are through rheological measurements because they are not subjective or



dependent on theoretical approximations. This technique allows monitoring gelation
either at nano [18] or macro-scale [12]. At macroscale gelation, two rheological
methods are use to determine sol-gel transitions: Constant-stress temperature-ramp
(CSTR) viscosity method [12, 19] and the oscillatory dynamic test [11, 20] . The
CSTR viscosity method measures the viscosity in a stress-controlled rheometer while
cooling the sample and applying a constant stress. The viscosity curve will show a
discontinuity, or an overshoot, at the sol—gel transition. Since the gel exerts a higher
stress, the applied shear rate tends to zero to maintain the constant stress, while the
calculated viscosity tends to infinity. The gelation temperature is predicted as the
intercept of the tangents of the viscosity at high temperatures and of the discontinuity

as shown in Figure 1.3.

Liquid-like behavior constant stress

Expected to be like
“common” polymer
solutions

Viscosity

Decreasing temperature

Figure 1.3. Constant stress temperature ramp method to determine Tgel

The second method is the dynamic oscillatory strain control, in which the

loss (G") and storage (G') moduli are studied as a function of temperature. This
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technique is frequently used because it allows to study gel evolution and it is non
destructive. However, assumptions are taken at the moment to identify gelation
temperature. Some authors define Tge as the temperature at which G” and G” are equal
[12, 21]. However, it has been shown that for some chemical gels, gelation starts at a

lower temperature [22], at the point in which:

i. G'~G"~=w"
ii. tand = tan (nz—”)

Both methods are valid to determine gelation temperatures. The first method provides
an approximate of the gelation temperature, while with the second method a more
precise temperature is obtained, with the disadvantage that long time is needed for
study the system over all the frequency range. Gelation temperature in this work, was
chosen as the point in which G' = G’ (i.e., solid- and liquid-like contributions are

equal) as shown in Figure 1.4

Moduli (Pa)

Decreasing Temperature (°C)

Figure 1.4. Diagram of the dynamic test for gelation temperature determination



1.5 Biopolymers rheological characterization

Rheological methods had been used to characterize biopolymers. In
addition to the methods discussed above other rheological properties can also be
measured to gather information about the state of the sample. These include:
dependence of elastic modulus and viscosity measurements on frequency or time [23,
24], and the shear rate dependence of the viscosity [25]. Some examples of works that

used rheological properties to characterize polymers are explained below.

An | Van et al. [11] studied the loss modulus (G") and storage (G') for
hydrogels based on gelatin methacrylamide solutions as a function of temperature.
The point in which G' = G" was identified as the gelation temperature. This point is
characterized by a transition of a primarily viscous solution to an elastic one as shown
in Figure 1.5. Additionally, they found that when temperature increases the elastic

modulus drops quickly due to the breakage of the physical network.

10°
(a)
H 1044
2
H 10°4
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®
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2 o
. 1]
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w
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15 20 25 30 5 40 45
Temperature (°C)

Figure 1.5. Dynamic rheological observations of the physical crosslink of gelatin

Taken from reference [11]
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While, P. Ding et al. [12] used the same method to determine the
temperature of gelation of solutions gelatin/pullulan at different concentrations in the
temperature range from 60°C to 20°C. On the other hand, Yun-Seok et al. [19] used
the viscosity vs. temperature curve to determine the gelation temperature of a
poloxamer solution at different concentrations (i.e, 20, 25 and 30 wt%). Gelation
temperature showed dependence on polymer concentration as shown in Figure 1.6.
The linear portion of the curve at high temperatures was extrapolated to the
temperature axes and this intercept was considered to correspond to Tge. The results

using this method showed to be reproducible.

5000

4000 -

3000 |

Viscosity, cps

2000 -

1000 -

)
25

Temperature, T

Figure 1.6. Viscosity profiles of aqueous solutions of poloxamer at different
concentrations.

The curves correspond toe 20%, o 25%, V¥ 30% poloxamer. Taken from reference [19]

A third method to determine Ty was used by Peng Zhou et al [26], in
which the fusion of gelatin was studied with sweep experiments, in which Tmgy,,

Tmyp, Tmy, and AT, are determined as shown in Figure 1.7. Tmgas, Tmap, TmMyy
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refers to the temperature in which G' is 75, 50 y 25% of the initial value. ATy, is the

difference between Tmgzs and Tmya. Tmyy2 is used as an approximation for Tge.

1
0.75 p=============-
= 05 p====="=======-- -
)
025 pe=m====mememespmese=pm=-
Tm %4:T ml/2 ETm 1/4 :
0 I 1 \ |\h \u
5 10 15 20 25 30 35
Temperature (°C)

Figure 1.7. Melting curve of gelatin

Taken from reference [26]

For systems containing more than one polymer, its properties were found
to be dependent on composition as shown by P. Ding et all [12]. They studied the
effect of the temperature and the composition of gelatin and pullulan mixtures at
different concentrations, summarized in Table 1.  The viscosity and the dynamic
modulus were also studied as a function of time at a constant temperature. At 35°C,
the viscosity and the storage modulus (G') increased by a small amount with time, and
the viscous modulus (G") did not change substantially, while at 32°C both modulus

increased notably. In both studies, temperature showed effects on the solution
properties.
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2.THERMOTROPIC GELATION OF GELATIN: EFFECT OF

OPERATIONAL PARAMETERS & PARTICLE INCLUSION

2.1 Introduction

Gelatin is a protein obtained by thermal denaturation from collagen
isolated from animal skin and bones. It can be extracted from mammalian and marine
sources [1-3]. It has a variety of applications in the food [4, 5] and pharmaceutical
industries [6, 7]. Gelatin represents about 43 % (Figure 2.1) of the hydrocolloid
market [8] due to its unique properties, which are associated to gelling and surface
effects. Gel strength, gelling time, melting temperatures and viscosity are properties
associated with gelatin gelling. While, properties adhesion, dissolution are related to

the surface behavior of gelatin [9]

M gelatin
guar gum

M carrageenan

M pectin

M gum arabic
xanthan gum
cmc
locust bean gum
alginates

M agar

Figure 2.1. Volume of world market for individual hydrocolloid.
Reproduced from reference [8]

Additionally, Gelatin is highly soluble in warm water (>40°C), it is
cheap, and it has the intrinsic ability to form thermally reversible gels [10, 11]. When
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a gelatin solution is cooled below room temperature, the protein coils form triple
helices and progressively a 3D network is formed. This is a thermo reversible
transition and the gels melt (helix to coil transition) at temperature above 30 °C [11,
12]. Dynamic rheology has been used to determine gelatin gelation and melting
temperature. The heating and cooling curves show hysteresis, which typically is 5°C
[9] as shown in Figure 2.2. However, it has been shown that biopolymer gelation
temperature is a function of source [13, 14], concentration [15, 16], cooling rate [12],

and others.
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Figure 2.2. Cooling and heating curves of a gelatin solution.

The effect of particle size and concentration on polymer rheological
properties is dependent on particle-particle (as electrostatic forces) and particle-
polymer interactions (as polymer absorption on the particle) [17-19]. The effect of
operational and formulation parameters on gelation temperature of gelatin solutions

was studied in this section using stress temperature ramp and dynamic methods.
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2.2 Experimental section

2.2.1 Materials

Type B gelatin (batch #035K00011) was obtained from Sigma Aldrich.
Aqueous colloidal silica dispersion (50 wt%) LUDOX TM-50 was also purchased
from Sigma-Aldrich. The hydrodynamic diameter of the silica particles was
determined as 13.1 nm with a polydispersity of 0.234 by dynamic light scattering on a

Brookhaven Instruments Bl 90-Plus particle size analyzer.

2.2.2 Solution preparation

Gelatin solutions were prepared by mixing Gelatin type B with deionized
water. Then the sample was heated in a hot plate at 70°C, while stirring constantly for
at least 30 minutes. The silica dispersion was diluted to the desired concentration in
deionized water. Silica dispersions of up to 5.0wt% in the specified biopolymer were

prepared from a commercial LUDOX silica dispersion.

Gelatin solution and silica particle dispersion were mixed in the
appropriate proportions to obtain final desired concentrations. Particle suspension in
gelation was kept at the same temperature at it stirring constantly for at least 30

minutes before transfer to the rheometer.

Rheological characterization was performed on a Reologica StressTech
HR stress-controlled rheometer equipped with an extended temperature cell (ETC) for

temperature control using stainless steel cone-and-plate (d = 30 mm and 0 < 4°) and
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double-gap Couette (V = 11 mL) fixtures and on an Anton-Paar Physica MCR301
equipped with a Julabo constant temperature water bath control using stainless steel
cone-and-plate (d = 50 mm and 6 = 0.976°). The rheometer fixture was preheated to
the desired temperature, before transferring and loading the hot solution. The sample
and fixture temperature were allowed to equilibrate for at least 20 minutes. After
temperature reached equilibrium, rheological tests were performed. Gelation
temperature was determined using the constant-stress temperature-ramp (CSTR) and
dynamic test. The effect of operational parameters such as cooling rate and stress on
Tgel was studied in a range of 0.1 to 2 °C/min and 0.01 to 100 Pa, respectively. The
dynamic viscoelastic moduli were measured at a frequency of 1 Hz and a strain of 1%
to guarantee measurements in the linear viscoelastic regime while CSTR was
measured at 1 Pa. The temperature was decreased from 40 to either 20 or 15 °C at a

cooling rate of 2 °C/min, after that the sample was heated at the same rate.

2.3 Results and discussion

2.3.1 Effect of operational parameter on T

The gelation temperature for a 10 wt% gelatin solution showed
dependence on stress and cooling rate. The stress effect on Ty was evaluated from
0.01 to 100 Pa. Results are shown in Figure 2.3. Stress from 0.01 to 1 Pa did not
affect significantly Tge, but a lower Tge Was obtained for a stress of 100 Pa. This can

be attributed to breakup, favored at higher stresses.
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On other hand, cooling rate had a strong impact on gelation as shown in
Figure 2.4. Cooling rate effect was studied in a range from 2 to 0.1 °C/min. When the
solution is cooled faster a lower gelation temperature is obtained because polymeric
solution has shorter relaxation time. A difference of 10 °C was observed between

results obtained at 2 and 0.1 °C/min.

2.3.2 Effect of formulation parameters

The effect of concentration was studied in a range from 2 to 10 wt%.
Concentration had a strong impact on gelation temperature. It increases when gelatin
concentration increase due to there is more junction sites available (attachment

numbers are elevated) to form the gel. These results are shown in Figure 2.5.

Figure 2.6 shows the effect of pH on Tg. pH adjust using a NaOH
solution were done to studied its effect in a range from 5 to 8. Basic groups block the
active “amino acids” of the gelatin. Thus, it lowers the concentration of active
“junction sites”. However, the effect is mild, only two degrees with a difference of 3

in pH.
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2.3.3 Effect of particle inclusions

The gelation temperature for 10 wt% gelatin solutions was previously
measured using the constant-stress temperature ramp method at a constant cooling rate
of 2 °C/min and stress of 1 Pa. The gelation temperature was identified as 21.5 °C.
Figure 2.2 shows the diagram for the gelatin temperature transitions using the dynamic
viscoelastic moduli method. The gelation temperature was identified as 22.3 °C while

the melting temperature was 30.47 °C. No pH adjust were done.

Figure 2.7 shows the dynamic response when a 0.3 wt% of silica is
dispersed in the gelation solutions. In the cooling cycle, the storage moduli, G’,
showed significant scattering due to the low viscosity and the Newtonian behavior of
gelatin at high temperature. Neither gelation nor melting temperature were affected by
the presence of the silica particles at 0.3wt%. In fact, no significant effect was
observed for loadings up to 0.5 wt%, as summarized in Figure 2.8. Thus, low
concentrations of silica do not perturb the formation of helical structures. A gelation
temperature close to room temperature, 23.6 + 1.1 °C was observed within this range.

The melting temperature for the systems was 6.3 + 0.2 °C above Tgg.
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Nevertheless, at higher particle loadings (up to 5 wt%), the gelation
temperature for 10 wt% gelatin solution was observed to increase with silica loadings.
Thus, addition of silica particles has a positive effect on the gelation transition. Figure
2.9 shows the results for 3.0 wt% silica in gelatin dispersion. In this case, gelation
temperature was measured to be 28.5 °C, at least six degrees higher than for the gelatin
solution without silica at the same conditions. The melting point was outside the
experimental windows due to experiments were set at temperatures between 40 and
20°C.  Thus, the hysteresis in the transition temperature, present in this sample,

would be greater than 12 °C, more than double of the observed at lower loadings.

The positive deviation on the gelation temperature caused by high
concentrations of silica particles may be associated with a synergistic effect on the
network formation. It is possible that the silica particles are acting as additional nodes
for the network due to adsorbed gelatin. This may have been caused by a loss of the
stabilizing layer of the commercial particles, since pH was not adjusted in our

experiments and this solution were diluted.
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2.3.4 Effect of particle concentration at a controlled pH

Gelatin solutions were prepared using a NaCl stock solution 0.01 M.
These experiments involved keeping the gelatin and salt concentrations approximately
constant to avoid ionic changes [20]. pH was measured for each silica concentration.
Results are showed in Table 1. Gelation temperatures for concentration between 0 to
0.5 wt% showed variations around 0.1 °C, while that particles at the same

concentration but without pH control showed variation en Tge of 1.2 °C.

Table 2-1. Concentration effect on Ty at pH = 4.97 £ 0.13

Silica concentration (Wt%) 0 0.2 0.3 0.4 0.5 1 5
pH 491 4.87 4.93 4.97 4.95 4.95 5.26
Gelation Temperature [°C] 23.5 23.6 23.5 23.5 23.6 23.6 23.6

Silica concentration in a range from 0.2 to 5 wt% did not show an effect
on Tge and the pH was constant at 4.97 £ 0.13. These results suggest that variation on
Tge (Without pH adjusts); can be associated to a particle destabilization due to changes

in pH.

Since the components of the silica dispersion are unknown, discerning the
mechanics and interactions of the gelation in the presence of particles is difficult.
Furthermore determination of the effect of formulation parameters is desired, but this
system is ineffective for these purposes. Therefore, in the next chapter, silica particles
used were synthesized and characterized in our lab. Additionally, NaAlg a polymer

from brown algae and less bio-variability chosen as main structural component.
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2.4 Conclusion

Apparent gelation temperature increases when shear stress, cooling rate or
pH decreases, and when gelatin concentration increases. A stress of 1 Pa was selected
or future experiments. It is low enough to avoid network destruction but high enough
to avoid sensitivity issues with the torque measurements at low solution
concentrations. Cooling rate affects significantly T, 1 or 2 °C/min was chosen due
to its similarity to industrial process. pH does not affect significantly gelation
temperature for gelatin, however, it was found important to guarantee particle
dispersion due to can affect ionic strength and effect particles/particle and

particle/polymer interactions.
Note:
Sections of this chapter are reproduced verbatim from our publications:

v Florian Algarin, V. and A. Acevedo, Effect of Silica Nanoparticles on Rheological
Properties and Gelation Temperature of Biodegradable Polymer Gels. Nanotech
2009. 1: p. 198-200.

v Florian-Algarin, V. and A. Acevedo-Rullan, Rheology and Gelation Temperature of
Aqueous Gelatin and Sodium Alginate Solutions. AIP Conference Proceedings, 2008.

1027(1): p. 618-620.
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3.RHEOLOGY AND THERMOTROPIC GELATION OF AQUEQUS

SODIUM ALGINATE SOLUTION

3.1 Introduction

Sodium alginate is a natural biopolymer extracted from the calcium,
magnesium, and sodium salts of alginic acid in brown algae’s cell walls [1]. Alginate
is a linear unbranched copolymer consisting of alternating blocks of D-mannuronic
(M) and L-guluronic (G) acid residues at different ratios, according to the source
algae. Alginates compose around three percent of the approximately 4.4 billion dollar
global market of hydrocolloids and polysaccharides [2]. It is mainly used in the food
and pharmaceutical industry as a thickener, immobilization agent, gelling agent, and to
produce films and coatings [1, 3]. Additionally, until now there are no safety concerns
with the use and consumption of sodium alginate and new applications and increasing

demand will not contend with the world’s food supplies.

Sodium alginate gels ionotropically (i.e. upon addition of an ion) at
constant temperature upon addition of divalent cations, such as Ca2+, Sr2+, Cu*" [4-7].
Ionotropic gelation follows the egg-box model - interchain associations of G-block
sequences of 20 or more residues with arrays of site bound ions sandwiched between
the participating chains [8, 9]. The gels are formed by exposing a NaAlg film or
droplet to a solution containing an excess of the divalent cations. lon-induced alginate

gels have been used to immobilize cells [10-12], enzymes and proteins [13, 14],
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microorganisms [15, 16], pharmaceuticals [17, 18], and inorganic solids [19-21]. Since
the ionotropic gelation is very fast and the ability to control and modify the structure
of the gel is limited, chemical modification [22, 23] and blending with other materials
[24-26] has been performed to overcome these disadvantages. Blends are normally
gelled thermotropically, which allows better control of the resulting structure.
However, NaAlg is usually the additive, i.e. small amounts are used, to promote
synergism [27, 28]. In the literature no reports were found of a thermally-induced gel

transition using only NaAlg.

In this chapter, the evaluation of the thermotropic gelling ability and
steady-state rheology of sodium alginate (NaAlg), a candidate main structural agent
for the development of biodegradable film strips, is presented. Additionally, the effect
of particle size and concentration on the gelation of NaAlg solutions was determined

for model silica particles.

3.2 Experimental section

3.2.1 Materials

An ISP Kelcosol sodium alginate (NaAlg) sample (Lot# 05GV283) was
graciously donated by Mutchler Inc Pharmaceutical Ingredients. Silica nano-particles
were synthesized by Mariel Santiago at professor Aldo Acevedo’s lab at UPRM using
the Stéber method [29]. Ethanol, ammonium hydroxide solution and tetraorthosilicate
(TEOS) were purchased from Sigma Aldrich. In a 1000L Erlenmeyer, an amount of

ethanol was added followed by the ammonium hydroxide solution and a portion of de-
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ionized water. The appropriate amounts were calculated using the molarities provided
by the Stober method. After these components were placed in a magnetic stirrer, the
TEOS was added drop-wise into the stirred solution, and stirred until reaction was

completed.

3.2.2 Polymer characterization

The molecular weight distribution was determined in a Waters gel
permeation chromatography system equipped with a PL aquagel-OH mixed 8 mm
column and a Brookhaven Instruments BiDNDC differential refractometer. Samples
were analyzed at 30°C with reference to PEG-PEO standards (Varian, Inc). Results are
shown in Figure 3.1. From the distribution shown in the number average (Mn),
weight average (Mw), and z-average (Mz) molecular weights were calculated as 36.8,

291, and 1,380 kDa, respectively.

Thermogravimetric analysis (TGA) was performed in a TA Instruments
TGA 2950 under an inert nitrogen atmosphere at a 2 °C/min temperature ramp.
Results are shown in Figure 3.2. A weight decrease of 14.6% from 20 to 110 °C
which was associated with water loss was observed. Differential scanning calorimetry
(DSC) in a TA Instruments Q20 at a heating rate of 10 °C/min showed a broad peak
from 210 to 265 °C, which confirmed the TGA results. This result is shown in Figure
3.3. The degradation peak of sodium alginate has been previously reported in the

literature in this temperature range [30].
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FTIR spectra measured in a Varian 800 were used to determine the M/G
ratio through characteristic absorbance peaks at 1,030 and 1,080 cm—1 [32]. The
average absorbance ratio (A1030/A1080) for NaAlg without pretreatment and dried at
40°C in vacuum overnight was 1.00 + 0.01. Results for four samples are summarized
in Table 1. From the absorbance relationship for the calcium salt of alginate reported
by Sakugawa [32], the mannuronic content was predicted to be approximately 39 *

4%.

Table 3-1. NaAlg composition determined by absorbance ratio between
A1030/A1080

NaAlg Sample | (Azoso/Aceo) | Average | STDEV
1 0.992
0.9916
0.9968
0.9967
1.0097
0.9992
0.9984
0.9985

without treatment 0.99428 | 0.0028

40C/Vacuum - Over

Night 1.00145 | 0.0055

AW IN|IFP|IDJWIIN
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Figure 3.3. Thermogram for NaAlg determined by differential scanning
calorimetry
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3.2.3 Silica particle characterization

Zeta potential and particle size were measured in a Brookhaven

Instruments 90Plus particle size analyzer at 40 °C. Silica particles were negative in

the pH range from 3 to 10.

polydispersity values.

batches considered in this work is presented in Table 3.2.

Particles were monodisperse as evidenced by the

A summary of the diameter and zeta potential for the three

Table 3-2. Particle size distribution and zeta potential for silica

Silica batch Effective diameter | {'potential (mV) @ pH =7
1 784.9 £ 0.04 -57.4
2 216 +0.044 -20
3 73.3 £ 0.005 -30.7

Silica particles synthesized were negative in all the analyzed pH range as

is shown in Table 3.3. However, silica particles with diameter of 0.22 pum were stable

<-30 mV> in pH 9, particles of 0.78 um were stable in at pH range from 5 to 10, while

particle of 0.07 pm were stable at pH from 3.5 to 10.

Table 3-3. { potential for silica particles at different sizes in a pH range

Silica 0.22 um Silica 0.78 um Silica 0.07 um
pH | CPotential (mV) | STDEV | pH | {Potential (mV) | STDEV | pH | { Potential (mV) | STDEV
9.97 -19.89 473 |10.01 -56.1 445 | 9.88 -46.18 2.14
9.03 -32.84 4.66 8.99 -60.11 294 |9.35 -63.97 6.74
7.97 -19.96 3.75 7.97 -64.7 4.88 | 8.02 -63.55 5.99
7.04 -9.97 2.57 6.94 -57.44 482 |6.92 -30.01 4.55
5.99 -4.44 2.05 5.96 -48.76 592 |5.098 -58.82 7.89
4.99 -41.38 4.15 4.97 -32.83 239 |5.01 -56.89 8.97
4.03 -17.17 4.62 3.95 -22.5 3.11 | 4.07 -47.37 5.81
2.97 -11.46 1.05 2.99 -26 343 | 2.96 -18.66 5.64
1.98 -3.28 1.19 2.05 441 159 |2.08 -13.45 6.68
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3.2.4 Solution preparation

NaAlg allows for preparation of aqueous solutions only at low
concentrations, usually less than 2.5%. Solutions were prepared by mixing the
appropriate amount of sodium alginate with deionized water. Then, the mixture was
heated in a hot-plate at 70 °C, while stirring constantly for at least 30 minutes. No
adjustments of pH were made. The measured pHs of the solutions were between 5.2
and 5.4. pH for NaAlg solution at 1.5 wt% was 9, while the pH for the NaAlg solution
containing silica was around 7. Concentrations used in the following sections of this

work were not corrected for water content.

3.2.5 Rheology

Rheological characterization was performed on a Reologica StressTech
HR stress-controlled rheometer equipped with an extended temperature cell (ETC) for
temperature control using stainless steel cone-and-plate (d = 30 mm and 6 < 4°) and
double-gap Couette (V = 11 mL) fixtures and on an Anton-Paar Physica MCR301
equipped with a Julabo constant temperature water bath control using stainless steel

cone-and-plate fixture (d = 50 mm and 6 = 0.976°).

The rheometer fixture was pre-heated to the desired temperature, before
transferring and loading the hot solution at 70 °C. The sample and fixture temperature
were allowed to equilibrate for at least 20 minutes. After temperature reached

equilibrium, rheological tests were performed.
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Gelation temperature of NaAlg was determined using the constant-stress
temperature-ramp (CSTR) viscosity test and dynamic tests. In the first one, the
viscosity was measured at a constant stress of 1 Pa from 50 to 10 °C at a cooling rate
of 2 °C/min. The cooling rate was chosen to emulate typical processing conditions. In
the dynamic tests, storage and loss moduli were measured at a frequency of 1 Hz and a
strain of 1% to guarantee measurement in the linear viscoelastic regime, the

temperature ramps were similar to those used in the CSTR.

Thixotropy tests were performed by measuring the steady-state viscosity
at constant temperature as a function of the shear rate in an upward sweep from 0.1 to

100 s™ immediately followed by a downward sweep from 100 to 0.1 s™.

Steady-state
viscosity was also measured at constant 10 °C increments above gelation temperature

as a function of the shear rate from 0.1 to 100 s,

3.3 Results and discussion

3.3.1 Gelation temperature of NaAlg solutions

The viscosity curves measured by the CSTR tests from NaAlg solutions
ranging from 0.5 to 2.5 wt% are presented in Figure 3.4. The discontinuity in the
viscosity associated to network formation, as explained in previous sections, was
observed for solutions above 1.0 wt% (perceived on a linear viscosity scale). The
gelation temperature (Tg) was determined as the intercept of the tangent line of the
viscosity at high temperature and that of the discontinuous viscosity overshoot, as

illustrated by the dashed lines over the 1.25 wt% solution in Figure 3.4.
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The early stage of an overshoot was observed around 10 °C on the 1.0 wt
% solution, which suggest a gel transition below our lowest experimentally accessible
temperature. Thus, for solutions below 0.75 wt%, no gelation was observed within our
experimental window. These CSTR viscosity tests confirm the existence of a
thermotropic gel transition in aqueous NaAlg systems. Nevertheless, the transition
occurs below room temperature, as evidenced by the values of Ty (Table 2).
Additionally, the gelation temperature is also observed to increase with polymer
concentration. Reproducibility tests performed on various solutions with a
concentration of 1.5 wt% yielded an average value of T, of 15.0 °C with a standard

deviation of 1.9 (n =15).
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Figure 3.4. Constant-stress temperature-ramp (CSTR) test for various aqueous
sodium-alginate solutions

Experimental conditions were constant stress of 1 Pa and cooling rate of 2 °C/min.
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The CSTR viscosity test describes the gelation process under conditions
similar to a processing environment. Nevertheless, it is a more destructive method
than the small amplitude oscillatory shear test (i.e. determination of viscoelastic
moduli). Thus, we applied this method independently to determine and compare
values of the gelation temperature obtained from the two methods. As an additional
benefit, the sample can be heated continuously after the cooling ramp without a lag

time. The latter allows assessing of the reversibility of the transition. [31]

Table 3.2. Summary of transition temperatures for aqueous sodium
alginate solutions determined by the constant-stress temperature-ramp
(CSTR) viscosity and dynamic linear viscoelastic moduli (DLVEM)

methods.
Tgel (°C) Tmeit (°C)
Concentration (wt%)
CSTR DLVEM DLVEM
0.5 n.o.? -- -
0.75 n.o. n.o. n.o.
1 13.5° n.o. n.o.
1.25 13 - -
15 150+ 1.9° 16.7" 28.2°
1.75 18 22 35.7
2 20.5 -- --
2.5 19 - -
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The evolution of the storage and loss moduli during cooling and heating
for a 1.5 wt% solution is shown in Figure 3.5. The gelation temperature was chosen as
the equilibrium point where the storage modulus (G’) equals the loss modulus (G")
during cooling of the sample. The average gelation temperature obtained from two
dynamic experiments was 16.7, measured with the CSTR method. Furthermore, upon
heating an additional crossover of the moduli was observed, which demonstrates the
thermoreversible nature of the aqueous NaAlg solutions. The crossover of the heating
curves is identified as the melting temperature. Values for various concentrations are
summarized in Table 3.2. A hysteresis between the gelling and melting temperatures
of the NaAlg solutions was observed. The NaAlg gels melted at least 7 °C above the
gelling point. Similar behavior has been reported for gelatin [31] and agarose [32]
solutions. The thermal hysteresis can be attributed to gel domains that remain stable at
much higher temperatures than those at which the molecular interactions caused gel

formation.
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1.5 wt% aqueous sodium alginate solution.

Constant frequency of 1 s, strain of 1% and cooling rate of 2 °C/min were used.
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Visual inspection of the gels and the magnitude of G' indicates that NaAlg
gel networks are much weaker than those obtained for gelatin. Thus, thixotropy tests
were perfomed to further demostrate the formation of internal structure. Figure 3.6
shows thixotropy tests for a 1.5 wt% NaAlg solution at various temperatures below
and above Tg (15.0 & 16.7 °C), where the open and closed symbols indicate upward
and downward shear rate sweeps, respectively. The presence of a thixotropic envelope
(or hysteresis) between the upward and downward shear rate sweeps demonstrate the
destruction of internal structures, in this case, of a physical gel network. The
thixotropic envelope was observed for temperatures 10, 15, 20 and 25 °C. The
hysteresis observed at 20 and 25 °C is somewhat unexpected since the temperature is

higher than the gelation temperature measured by the CSTR and dynamic tests.

Nevertheless, upon close inspection of the data curve for the 1.5 wt%
NaAlg solution in Figure 3.4, it can be seen that deviations from linear behavior begin
around 23 °C. These deviations suggest that network formation has begun at this
temperature. However, we believe that at these temperatures the network does not
extend throughout the whole system. This experiment shows further evidence of the
thermotropic physical gelation of sodium alginate. It also confirms that the physical

gel is very weak, as evidenced by the small area of the hysteresis envelopes.
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The steady-state rheology of the aqueous sodium alginate solutions above
Teel Was also characterized as a function of shear rate, temperature, and concentration.
Figure 3.7 shows the temperature dependence of the steady-state rheology of a 1.0 wt
% solution. The solutions in all cases exhibited shear-thinning behavior with similar
scaling over the studied shear rate range, i.e. at all temperatures and all concentrations
as is shown in Figure 3.7. Hence, reduction of all the data to a viscosity master curve

was suggested.

Time-temperature superposition (TTS) based on the Rouse dynamics
model was applied [33], where the relationship for reduced shear rate and reduced

viscosity are given, respectively by:

7-/r,T =ary (1)

77(T )Tref P ref

YIS (aT 7) =
a;Tp @)

where, ar is the empirical temperature shifting parameter, T is the temperature, pis

the density, and the subscript ref refers to the properties of the chosen reference
solution. Tabulated water densities where used in Eq. 2 to predict variations in density

instead [34].
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Figure 3.8 and 3.9 show the temperature-shifted data for all studied
concentrations. Good agreement was observed at all concentrations below 70 °C and at
low shear rates, deviations are present for 1.5 and 2.5 wt.% solutions. Deviations due
to degradation, poor solubility, or textural stresses are not consistent with the observed
higher shear rate scaling of the viscosity at lower shear rates and higher temperatures.
A more extended chain configuration at higher temperatures may reduce the effective
number of entanglements which may allow the molecules to move freely around each
other. Molecules are thus more susceptible to shear forces and to shear-induced
orientation even at low shear rates. However, this would be expected to happen at all
concentrations, yet the 1.0 wt% NaAlg solution did not show deviations. In situ
structural probes such as small-angle X-ray or light scattering techniques may provide
additional information on the effect of temperature and flow on the conformation of

NaAlg molecules.

The temperature shift parameters are plotted as a function of temperature
in Fig. 3.10. The temperature shift parameters of flexible polymers usually show
Arrhenius dependence. Fitting of an Arrhenius equation to our data yields values of
—AH/Rx1072 for the 1.0, 1.5, and 2.5 wt.% NaAlg solutions of 4.62 + 0.32, 3.67 +
0.65, and 3.66 + 0.43, respectively, with corresponding correlation coefficients (R?) of
0.948, 0.748, and 0.866. The prediction for —~AH/Rx10"° equal to 4 is shown as solid
line in Fig. 3.10 shifted one vertical unit down for reference. The activation energies

for flow (—AH/R) are close to each other, but are independent of concentration.
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Correlation factors for the Arrhenius equation show moderately good to
very good agreement. Other dependencies, such as the WLF equation, were tested
with poor agreement and no correlation. No theoretical basis for the temperature shift
parameters was identified. Although TTS has a theoretical basis, it is widely used for
systems where there is no theoretical justification [33] . Nevertheless, the advantages
of demonstrating the applicability of TTS lie in the prediction of viscosity and other

rheological properties with high certainty through widely used semi-empirical models.
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Kokini and Surmay (1994) reported the construction of concentration
master curves for various polysaccharides, including sodium alginate, yet, their
approach was completely empirical [35]. The temperature-shifted data from Fig 8

were reduced by applying the shift factor to the viscosity and shear rate as:
-1
Mee =8 77 3)
/4 re a7y 4)

The concentration shift factor was treated as an adjustable parameter.
Figure 3.11 shows the data from Fig. 3.8 concentration-shifted using the approach
discussed above. It is observed that the concentration shifting allows for the
collapsing of all the temperature-shifted data into a single master curve. Furthermore,
it was determined that the concentration shift parameter scales with the dimensional

concentration as:

where c is the concentration and the subscript denotes the reference value. By
applying a linear fit to the adjusted ac, the exponent b was found to be equal to 3.31 +
0.33 (R?=0.981). The viscosity for suspensions of rigid polymers and particles in the
semidilute regime has been experimentally demonstrated to scale with the cube of
concentration in agreement with predictions [36]. It has also been reported that the
specific viscosity of concentrated solutions of sodium alginate scales with the b™

power of concentration, where b ranges from 3.2 to a 4.1 power [37, 38]. Similar
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behavior has been reported for many industrial polysaccharides [39]. Thus, a semi-
empirical approach can be applied where the concentration shift parameter can be

predicted by Eq. 5 with a cubic-power scaling.

The semi-empirical power-law fluid viscosity model (77 =ky") was

adjusted to the viscosity master curve. Data sets above 70 °C, which showed
deviations from the master curve, were neglected for the fitting of the model. Good
agreement was obtained with k = 4.75 and n = -0.446 £ 0.003 with a correlation
coefficient R* = 0.979. As shown in the plot above, the viscosity above 70 °C shows a
stronger scaling with shear rate (i.e. closer to -0.5). The deviations at higher
temperatures may be due to an increase in flexibility and thus, extension of the chains.
This in part might increase entanglements of the coils and thus the viscosity. A
conformational study of the sodium alginate solutions at different temperature is
required in order to elucidate the mechanism of gel formation and the cause of the

deviations at higher temperatures.
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Figure 3.11. Steady-state viscosity temperature—concentration-shifted master
curve for aqueous sodium alginate solutions.

Reference temperature and concentration are 30°C and 1.0 wt %, respectively
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3.3.3 Effect of particle size and concentration on the gelation

temperature

Figure 3.12 shows the effect of particle size and concentration on gelation
temperature of a 1.5 wt% NaAlg solution. Each value corresponds to the average of at
least three measurements plus or minus their corresponding standard deviation.
Gelation temperatures for a NaAlg solution at 1.5 wt% were not affected by the size or
concentration at low silica concentration (< 1.4). Stata Software was used for

statisticals analysis; results are shown in Table 3.4.

Table 3-4. Statisticals analysis of the effect of particle concentration on gelation
temperature of 1.5 wt% NaAlg solution

Silica 0.07um 0.22um 0.78um
Tgel Tgel Tgel
(wWt%o) | (°C) | STDEV |Pvalue| (°C) | STDEV |Pvalue| (°C) | STDEV | P value
0 13.63 0.36 13.63 0.36 13.61 0.35
0.2 11.82 0.69 0.02 13.69 1.03 0.93 14.17 0.60 0.24
0.4 12.12 1.06 0.08 13.55 0.44 0.84 13.70 0.96 0.88
0.6 13.00 1.26 0.45 13.78 0.69 0.74 13.83 1.44 0.80
0.8 13.79 1.01 0.81 13.85 1.35 0.79 14.27 1.80 0.57
1 13.20 1.46 0.65 13.63 1.08 1.00 13.73 0.71 0.79
1.2 13.48 1.98 0.91 14.50 0.52 0.07 13.63 0.75 0.96
1.4 12.59 0.85 0.12 15.05 0.71 0.04 14.93 0.97 0.09
15 11.54 0.48 0.00 14.82 0.98 0.11 14.30 1.01 0.33

This can be attributed to electrostatic repulsions between NaAlg and
silica. Sodium alginate is a negative polyelectrolyte [40] and silica was found to have
a negatively charged surface. No adsorption of the polymer to the silica surface is
expected. Da Silva et al. studied the effect of silica on the anionic polymer k-

carrageen [41]. They found that carrageen gelation was a function of silica particle
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load and size. The effect of particle size was studied using particles with 118, 444,
563 and 856 nm in diameter, concentrations from 5 to 50 wt% relative to the polymer,
and particle charges around -5 to -20 mV. These particles size and concentration are
within our studied range. However, our particles are more negatively charged (-20 to -
60 at the solution pH) resulting in a higher repulsion and the gelation mechanism for
the polymers are different. K-carrageenan forms physical gels by a coil-helix
mechanism similar to gelatin [42]. Da Silva and coworkers argue that particles affect
gelation due to an increased effective concentration. We disagree since polymer and
particle concentrations are low, thus the inter-particle length scales must be much
larger that the polymer length scale. Polymer concentration was 1.5 wt% and the
higher silica concentration studied was 1.5 wt%. When silica is present in the system
at this concentration causes a maximum increase of 0.02 wt% in polymer
concentration and not significant changes are expected for Tg. Thus, confinement

effect and polymer depletion should be negligible in the studied range.

Figure 3.12 shows a comparison between gelation temperatures obtained
for NaAlg solutions containing silica with particle size 0.07 and 0.22 pm. The
corresponding P values are reported in Table 3.4. Gelation temperature for silica-
loaded polymer was only significantly affected (P < 0.03) with particle size at high
silica concentrations (> 1.4 wt%). Similar results were obtained by a comparative
analysis between gelation temperature for NaAlg containing silica particles with
diameters of 0.07 and 0.78 um, shown in Figure 3.13. Corresponding P values are

summarized in Table 3.4.
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Figure 3.13. Effect of silica size (0.07 and 0.22 um) and concentration on gelation
temperature of a 1.5 wt% NaAlg solution

Table 3-5. Silica size effect (0.07 and 0.22 um) on gelation temperature

Sil wt% 0.22 pm 0.07 pm P
Te(°’C) STDEV | T4(°C) STDEV
0 13.63 0.36 13.63 0.36 1.00
0.2 13.69 1.03 11.82 0.69 0.06
0.4 13.55 0.44 12.12 1.06 0.10
0.6 13.78 0.69 13.00 1.26 0.40
0.8 13.85 1.35 13.79 1.01 0.95
1 13.63 1.08 13.20 1.46 0.71
1.2 14.50 0.52 13.48 1.98 0.43
14 15.05 0.71 12.59 0.85 0.02
1.5 14.82 0.98 11.54 0.48 0.01
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Figure 3.14. Effect of silica size (0.07 and 0.78 pum) and concentration on gelation
temperature of a 1.5 wt% NaAlg solution

Table 3-6. Silica size effect (0.07 and 0.78 um) on gelation temperature

Sil wt% 0.07 pm 0.78 um P
Te(°C) | STDEV | T4(°C) | STDEV
0 13.63 0.36 13.61 0.35 0.95
0.2 11.82 0.69 14.17 0.60 0.01
0.4 12.12 1.06 13.70 0.96 0.14
0.6 13.00 1.26 13.83 1.44 0.49
0.8 13.79 1.01 14.27 1.80 0.71
1 13.20 1.46 13.73 0.71 0.60
1.2 13.48 1.98 13.63 0.75 0.91
1.4 12.59 0.85 14.93 0.97 0.03
1.5 11.54 0.48 14.30 1.01 0.01
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3.4 Conclusions

In this chapter, the existence of a thermotropic gelation in sodium alginate
solutions was demonstrated through three independent rheological tests: the constant-
stress temperature-ramp (CSTR), dynamic viscoelastic moduli, and thixotropy test.
Oscillatory dynamic tests also showed the thermoreversibility of the gels. The gel
structure in this system is very weak as evidenced by the viscosity drop in the
thixotropy test and the magnitude of the storage moduli. Aditionally, the gelation
occurs below room temperature. Thus, the direct use of the gelled NaAlg as the main
structural component in film-forming applications and/or suspending medium for solid

particles may be limited.

It was also demonstrated that the steady-state rheology of aqueous NaAlg
solutions above Ty in a temperature range from 20 to 60 °C, concentrations between
1.0 to 2.5 wt% and shear rates from 0.1 to 100 s may be collapsed into a single
master curve using time-temperature superposition and a semi-empirical approach for
the concentration shifting. Since shear-thinning behavior was observed in all cases, a
power-law fluid model was fitted to the master curve with good agreement. The
power-law model and shifting parameters may be used to predict a priori steady-state

rheology.

In was also found that for our similarly charged polymer-particle system,

gelation temperature was unaffected by low particle loadings (up to 1.5 wt %)
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independently of particle diameter. This is attributed to the nature of our solutions,
both in polymer and particle concentrations. At much higher particle concentration
particle-particle interactions and polymer confinement may affect the Tge.

Nevertheless, that particle range was outside of the scope of this work.

Note:

Sections of this chapter are reproduced verbatim from our publication:

v Florian-Algarin, V. and A. Acevedo, Florian-Algarin, V. and A. Acevedo,
Rheology and Thermotropic Gelation of Aqueous Sodium Alginate Solutions.

Journal of Pharmaceutical Innovation, 2010. 5(1): p. 37-44.
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4. SURFACTANT EFFECT ON THE RHEOLOGY AND GELATION

OF HPMC SOLUTIONS LOADED WITH A MODEL DRUG

4.1 Introduction

Surfactants play an important role as dispersing agents improving the
separation of particles, and preventing clumping and settling. In many systems the use
of surfactants is necessary to stabilize and disperse solid particles is unavoidable [1].
The latter are extremely important properties in the development of reproducible
homogeneous and stable pharmaceutical products. In this section the effect of
surfactant on the rheology and gelation temperature of HPMC solution with and

without active ingredient was studied.

Surfactants are classified as anionic, cationic, nonionic, or amphoteric
depending on their head group charge. Anionic surfactants represent approximately
60% of surfactant production in the United State of America [2]. Sulfates are the most
common anionic surfactant, thus sodium dodecyl sulfate was studied as a model of
this group. Cetylpyridinium chloride (CPC) was the cationic surfactant chosen due to
its applications [3]. While, lecithin was the studied amphoteric surfactant, since it is a

common surfactant used in the food and pharmaceutical industries [4].

When a surfactant and a non-ionic polymer are mixed two competing
phenomena may take place, either self-aggregation of surfactant molecules to form

micelles or interaction of individual surfactant molecules with the monomer units of
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the polymer chain [5]. Self-aggregation into micelles in aqueous media occurs at a
characteristic concentration for each surfactant denoted the critical micelle
concentration (CMC) [2]. Surfactants can interact with polymers, more so if the
polymer contains both polar and non-polar functional groups. On the other hand when
the surfactant is mixed with the polymer, if they interact complexes may be formed.
Interactions between non-ionic polymers and surfactants are affected by surfactant

head group charge and tail length [6].

If the surface coverage per molecule of the surfactant is high and the
concentration exceeds a characteristic value, polymer-surfactant micelles are
produced. This concentration is denoted the critical aggregation concentration (CAC)

and it is lower than the CMC [7].

The presence of a surfactant can affect the physicochemical properties of
the product, such as surface tension, conductivity, rheological, and optical properties.
Consequently, the performance properties, such as release rate and diffusion through
the polymer, are also affected. To guarantee particle dispersion, the identification of
the interactions of surfactants and polymers is needed, in the absence and presence of
active pharmaceutical ingredients, and their effect on the gelation process. In this
chapter, the effect of surfactant net charge and concentration on the gelation
temperature and viscosity of an aqueous non-ionic polymer solution are evaluated by
rheological measurements, with and without the water insoluble drug (griseofulvin).
The well-studied hydroxypropyl methylcellulose (HPMC) system was chosen as the

model non-ionic polymer.
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HPMC is a biopolymer derived from cellulose in which the hydroxyl
groups are replaced by hydroxypropyl and methyl groups. It has the ability to form
gels upon heating due to the hydrophobic interactions between the methoxy groups
present along its backbone [8, 9]. The gelation temperature (Tge) for HPMC has been
studied by others through optical rotation [10], differential scanning calorimetry
(DSC) [11] and dynamic rheometry [12, 13], among other methods. Two steps in the
gelation process for HPMC have been identified [14-16]. In the first stage,
hydrophobic interactions and formation of aggregates take place while, at the second
stage is characterized by a phase separation where clusters grow to form crystallites
[12]. As HPMC molecules are heated, their mobility increases exposing their
hydrophobic regions. Intermolecular hydrophobic interactions occur followed by

formation of aggregates to form a network.

4.2 Experimental section

4.2.1 Materials

A 86 kDa hydroxypropyl methylcellulose (Cat # 423203, Batch#
MKBBO0393/MKBC7873) was obtained from Sigma-Aldrich. The sample was used as
purchased. The surfactants SDS and CPC were obtained from Sigma Aldrich and
lecithin from MP Biomedical. The critical micelle concentration (CMC) of SDS and
CPC have been reported in the literature as ~8.08 [17] and ~1.01 mM [18],
respectively. The CMC for the refined soy lecithin was taken as ~15 mM

(collaborative work Paul Takhistov’s lab). The model drug chosen was griseofulvin.
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It is a commercial antifungal and low water solubility drug [19]. Micronized
griseofulvin was donated by Johnson & Johnson Company. A schematic

representation of the polymer, surfactants and particles is shown in Figure 4.1.

4.2.2 Griseofulvin particle characterization

Griseofulvin particle size distribution is in the 10 — 25 um range using a
hammer mill. While, griseofulvin nanoparticles suspensions in lecithin have a size

distribution as is shown in Figure 4.1 with a particle size 0.15 pm.

Distribution

Particle size(nm)

Polydispersity index:  0.28

Figure 4.1. Particle size distribution for griseofulvin suspension using lecithin as
surfactant at a ratio 5:1 (Collaborative work Paul Takhistov’s Lab)

4.2.3 Sample preparation

Aqgueous ternary mixtures of surfactant, polymer and drug were prepared
by mixing stock solutions of each to obtain the required final studied compositions.

Surfactant solutions were prepared by mixing with deionized water and stirring for at
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least 30 min. While griseofulvin solutions were sonicated at least for a half hour using
a Branson 450W high power sonicator to avoid particle agglomeration. Solutions
were magnetically stirred at 25°C until analysis. HPMC was dissolved in hot water at
50°C and stirred overnight at room temperature.  Surfactant concentrations were
studied up to their CMC, while HPMC and griseofulvin concentration were held
constant for both at 1 wt%. The effect of size and concentration of griseofulvin
particles on the gelation temperature of a HPMC solution at 1 wt% was determined
using dynamic tests. Two different sizes were studied, 0.15 and 15 pum. Griseofulvin
micro particles and nano griseofulvin suspension in lecithin were donated by the
Takhistov lab at Rutgers University. Both particles were suspended in aqueous media
using a ratio of 5:1 of lecithin to particles. Then, a HPMC solution was added to the

suspension and stirred overnight.

4.2.4 Rheology

Rheological characterization was performed on a Rheologica stress-
controlled rheometer equipped with an extended temperature cell for temperature
control using a double gap Coutte (V = 11 mL) fixture. The rheometer geometry was
set to the desired temperature before loading the solution. Solutions were left at rest

for at least five minutes to relax and equilibrate.

Dynamic rheological measurements were used to determine gelation
temperatures of biopolymers during heating ramps [13, 16]. The storage and loss

moduli were measured during a heating ramp from 25 to 75°C at a rate of 0.5°C/min.
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Frequency and strain were fixed at 1Hz and 1%, respectively. Steady state viscosity
was determined at 25 °C at shear rates from 0.1 to 100 s™. Viscosity can provide
information about conformational effects due to polymer-surfactant interactions [20].
Reported values of Ty and viscosities correspond to the average of at least three

measurements plus or minus their respective standard deviation.

4.3 Results and discussion

4.3.1 Sodium dodecyl sulfate effect on HPMC T

Figure 4.2 shows the gelation temperature, Tge, 0Of HPMC systems as a
function of SDS concentration below their CMC with (closed symbols) and without
(open symbols) griseofulvin. Gelation temperature for pure HPMC was found to be
57.4 + 1.5 °C. At low SDS concentrations no significant change in Tg is observed
without griseofulvin (P > 0.2). Around 0.6CMC (~5mM) a minimum in Tgg iS
observed, which represents a drop of 5.6 °C from that of the HPMC only solution (P =
0.005). Afterwards, at SDS concentration of 0.7 CMC, T increases surpassing the
value for HPMC by 3 °C. Then, Tg remain similar at concentrations of 0.7, 0.8 and 1
times CMC, with P values larger than 0.6. A complete statistical analysis for effect of

particle and surfactant is shown at the end of this chapter as an appendix.

These results are in agreement with gelation temperature results reported
by other authors but determined by calorimetric techniques [21]. Su and coworkers
[21] reported that low SDS concentrations (i.e 2 and 4 mM) do not have a significant

effect on the gelation temperature (Tge ~ 55 °C) of a 1 wt% 86 kDa HPMC solution.
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Sunil and Bin [22] attribute the minimum and sudden increase in gelation temperature
to adsorption of SDS molecules to the hydrophobic sites of the polymer followed by
aggregate formation. The onset of aggregate formation is called the critical
aggregation concentration (CAC). A CAC of 6 mM for SDS in HPMC was extracted
from calorimetric measurements. Similarly, the increase of about 8 °C for HPMC
solutions with SDS concentration above 6 mM, with reference to pure HPMC, was
attributed to the higher energy that was necessary to displace aggregates and break

water cages.
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Figure 4.2. Gelation temperature of 1 wt% aqueous hydroxypropyl
methylcellulose solutions with sodium dodecyl sulfate with (m) and without (0) 1
wt% griseofulvin
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The steady-state viscosity of aqueous HPMC solutions showed a
Newtonian plateau at low shear rates ( 7< 10Pa-s) followed by a shear-thinning
regime at higher shear rates, which is a characteristic behavior for most polymer
solutions [23]. No effect on the onset of shear thinning with the addition of SDS was
observed. Reported values correspond to the Newtonian plateau or equivalently the
zero-shear viscosity. This regime provides more information about the component

interactions, since it is assumed that they are not disturbed by shear.

The effect of SDS concentration on the magnitude of the zero-shear
steady-state viscosity of HPMC solutions at 25 °C is shown as open symbols in Figure
4.3. Low SDS concentrations did not show a significant effect on the viscosity (P >
0.09). Above 0.6 CMC, the viscosity increases by up to a factor of 2, as it reaches the
CMC. A significant increase in Tge was found for SDS at 0.87 CMC (P <0.038). An
increase in the viscosity supports the proposed mechanism that higher order structures,
such as aggregates, are being formed. Additional evidence is provided by the fact the
onset of the increase in viscosity is observed at the same concentration as the

minimum in Ty, which was attributed to formation of aggregates.
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Figure 4.3. Zero-shear steady state viscosity of aqueous hydroxypropyl
methylcellulose solutions at 1% with sodium dodecyl sulfate with (m) and without
(o) griseofulvin.
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When griseofulvin was present in the system an overall decrease in Tge
was initially obtained. This decrease was more pronounced in the absence of
surfactant, which was 7.5 °C lower than pure HPMC (P = 0.0004). The decrease in
gelation temperature suggests co-adsorption of the polymer and surfactant on the
active’s surface. The particle then bridges hydrophobic HPMC bundles or crystallites,
thus promoting gelation at lower temperatures. The schematic mechanism for HPMC
gelation in the presence of SDS and griseofulvin is shown in Figure 4.4. The decrease
in viscosity, Figure 4.3, also supports the hypothesis of polymer adsorption on the

particles surface, which causes a reduction in the effective viscosity of the medium.

® an
W an
am

Figure 4.4. Schematic mechanism for HPMC gelation containing SDS and
Griseofuvin

As SDS at 0.1 CMC is added to the HPMC-griseofulvin mixtures Tgg
increases by 5.7 °C above HPMC-griseofulvin solution (P = 0.0005). Upon increasing
the SDS concentration (up to 0.6CMC), Tg does not show a significant change with
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reference to 0.1 SDS concentration/CMC (P > 0.06). A slight increase, without going
through a minimum, of about ~1.6 °C is observed at higher SDS concentrations.
Nevertheless, the difference is very close to the experimental error and much lower
than for their HPMC-SDS counterparts. The absence of the minimum suggests that
there is no or little aggregation of SDS and HPMC. There is no effect of SDS
concentration on Ty When griseofulvin is present in the system for SDS concentration
from 0.1 to 1 times CMC (P > 0.11). These values are similar to the Ty for HPMC

solutions (P > 0.11).

Griseofulvin has a negative surface [24] and negative SDS preferentially
interact with the polymer. Then, gelation temperature is the results of two factors:
griseofulvin acting as binding agent with the polymer and SDS forming aggregates
with the HPMC hydrophobic group. The first one causes a decrease in Ty, While the
second has the opposite effect, it inhibits the interactions between the hydrophobic
sites of HPMC. These results were agreed with the adsorption data reported by
Berglund et coworkers for the hmHEC/SDS/silica systems. The coadsorption of a
hydrophobic polymer and on a negatively charged surface reported by Berglund and
coworkers [25]. It was demonstrated that SDS was able to bind to hmHEC
(hydrophobically modified hydroxyethyl cellulose) at concentration as low as 0.1 mM.
The viscosity shows a similar trend to the HPMC-SDDS viscosity without active
ingredient, no change up to 0.6 CMC followed by an increase without going through a
minimum. The viscosity at higher SDS concentrations is also similar to that of the
HPMC without griseofulvin (P > 0.26), which also agrees with a replacement

mechanism of HPMC from the particles surface by the surfactant.
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4.3.2 Cethylpiridium chloride effect on HPMC T

The effect of CPC concentration on gelation of HPMC solutions is shown
in Figure 4.5. Gelation temperature obtained for CPC concentration from 0.1 to 1.1
CMC was significantly different to Tge for HPMC pure with a P < 0.04. Upon
addition of 0.1 CMC of CPC to an HPMC solution (i.e. open squares in Fig 5), the
gelation temperature is inhibited (i.e. increased) by 8 °C (P = 0.002). Increasing the
CPC concentration, up to 0.4 CMC, decreases Tge. For concentration above 0.4 CMC
no significant change in gelation temperature were observed (P > 0.26). Yet, the

gelation temperature remains at least 2.6 °C above that for the HPMC solution.

Formation of micelles or higher order structures should produce an
increase in viscosity as that observed for SDS. However, the zero-shear viscosity is
mostly unaffected with increasing surfactant concentration (open squares in Figure
4.6). Cationic surfactants typically have larger head groups than anionic ones. The
surfactant still interacts with the polymer, as evidenced by the halving of the viscosity
upon addition of CPC, which suggests a reduction of the hydrodynamic fraction of the
polymer. Yet, fewer surfactant molecules interact per hydrophobic site, in contrast
with SDS molecules. Steric hindrance due to the large size of the cationic head group
may prevent CPC molecules to aggregate around the hydrophobic sites. Yet they are
able to shield them preventing them from interacting and causing a displacement of

gelation to higher temperatures.
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Figure 4.5. Gelation temperature of aqueous hydroxypropyl methylcellulose
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As discussed previously, Tge is promoted by the addition of griseofulvin
to HPMC, since the particle effectively bridges the HPMC crystallites. The schematic
gelation of HPMC in presence of CPC and griseofulvin is shown in Figure 4.7.
Gelation temperature for CPC concentrations from 0.1 to 1 containing griseofulvin

was not affected significantly with reference to HPMC pure.

Figure 4.7. Schematic mechanism for HPMC gelation containing CPC and
Griseofulvin

The average values are higher by at least 8 °C, but within experimental
error of each other. At higher concentrations T reaches a value close to the gel point
for HPMC and is mostly unaffected by further increases in CPC. The viscosity of the

HPMC-griseofulvin (closed squares in Fig. 46) is mostly unaffected by addition or
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increase of CPC concentration (P > 0.2). Thus, no evidence of aggregate formation

was observed in the presence of griseofulvin.

At low CPC concentrations, the surfactant and polymer adsorbs onto the
griseofulvin surface. The surfactant’s surface coverage is low. Thus, the bridging
effect of the griseofulvin is only slightly diminished, increasing gelation temperature.
As the CPC concentration increases, the CPC replaces the HPMC on the surface of the
active, stabilizing it. The larger head groups prevent HPMC to adsorb back onto the
particle’s surface. Only a small amount of CPC is expected to be free to interact with
the polymer, as evidenced by the minuscule changes in viscosity. Consequently, the

gelation temperature eventually approaches that of pure HPMC.

4.3.3 Lecithin effect on HPMC T

Adding lecithin to an HPMC solution displaces the gelation temperature
toward higher values at all concentrations by at least 7 °C as shown in Figure 4.8. A
significant difference in Ty was obtained through the range of lecithin concentration
studied (P < 0.004). Upon addition of 0.1 CMC lecithin, the gelation increases to 67.7
°C. From 0.2 to 1 times the CMC, Tg remains within experimental error of each
other (P > 0.67). The latter resembles the behavior observed for the CPC-HPMC
system. However, Figure 4.9 shows that only the initial addition of lecithin affects the
solution viscosity, but increasing the concentration of surfactant does not have an

effect (P > 0.06). Analogous to the CPC system, evidenced of polymer-surfactation
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was observed. There is no difference between Ty for HPMC-lecithin with and

without griseofulvin (P > 0.05), with the exception of 0.8CMC lecithin (P =0.01).

The hydrophobic head group of lecithin is also much larger than for
anionic surfactants, which suggests that it will have the same effect as the cationic
surfactants such as CPC. Larger head groups will interact with the polymer at much
lower surfactant molecules per hydrophobic site, which restricts the formation of
aggregates. Nevertheless, the surfactant is still capable of stabilizing the sites, which

prevents them from participating in network formation.

The gelation temperature of the HPMC-griseofulvin solutions increases
with increasing lecithin concentration until 0.3 CMC, as shown in Figure 4.8. When
the concentration approaches CMC, Ty in the presence of griseofulvin approaches
that of the system without drug. The linear the viscosity of the HPMC-griseofulvin
solution is also unaffected by changes in the concentration of lecithin. The drug
stabilization mechanism in the presence of HPMC seems to be similar for the non-
ionic lecithin to that of the cationic CPC. The surfactant adsorbs onto the
griseofulvin’s surface removing and blocking HPMC from it. Thus, the bridging effect
caused by the HPMC-griseofulvin bridging effect is diminished until the particle is

completely covered by lecithin.
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4.3.4 Effect of size and concentration of griseofulvin

Viscosity of HPMC solutions was not affected by adding nano or micro
particles as shown in Figure 4.11 (P > 0.1), as it was explained before, in this system
no aggregates are being formed thus no changes in viscosity were observed for particle

loading of up to 0.01wt%.

The gelation temperature for the HPMC system at 1 wt% was 55.6 + 1.3
°C. When griseofulvin suspension with 0.15 nm of particle size was added to HPMC
solution an increase of at least 4 °C in the gelation temperature was observed at all
lecithin concentrations in the range studied (P < 0.03). However, gelation temperature
was almost the same (~60.9 * 1 °C) within experimental error. Results are shown in
Figure 4.10. This increase in gelation temperature is due to griseofulvin is acting as a

steric barrier blocking the HPMC gelation.

However, gelation temperature was not affected when micro particles
suspension were added to the system (P > 0.07). However, the observation may
suggest that griseofulvin agglomerates, which does not affect viscosity since it is not a
function of particle size but it is function of volume fraction. Yet, since lecithin
concentration are low particle coverage is ineffective, thus lecithin can prefer to

interact with polymer to decrease surface energy.

91



64 Lecithin:Griseofulvin = 5:1

62.: ” J I

5)
L
o 60 [ ]
3 |
Q
O 58
Q
£
i .
g 56 i [ ]
s \ .
o 1
O 54 4 I 1
_ ®m  Griseofulvin microparticles
50 \ ® Griseofulvin nanoparticles
A HPMC pure 1wt%
I Y I Y T ! T L T X T
0.00 0.02 0.04 0.06 0.08 0.10

Lecithin concentration (wt%)

Figure 4.10. Particle size effect on gelation temperature of a 1 wt% HPMC
solution

Table 4-1. Effect of Nano and micro particles on Tgg

Lecithin:G=5:1 Nanoparticles Microparticles P
Lecithin wt% Tgel (°C) | STDEV | Tgel (°C) | STDEV
0.033 53.14 1.45 59.97 2.82 0.02
0.07 55.21 0.29 60.77 2.03 0.01
0.1 56.19 2.26 62.00 1.91 0.03
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Figure 4.11. Particle size effect on steady-state viscosity of a 1 wt% HPMC
solution at a shear rate of 1 5™

Table 4-2. Effect of Nano and micro particles on n

Lecithin: G =5:1 Nanoparticles Microparticles
Lecithin wt% n(Pa.s) | STDEV | n(Pa.s) | STDEV P
0.033 0.17 0.00 0.18 0.04 0.69
0.07 0.17 0.01 0.17 0.02 1.00
0.1 0.16 0.01 0.18 0.02 0.20
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4.4 Conclusion

HPMC gelation temperature showed dependence on concentration and
type of surfactant. Surfactants inhibit HPMC gelation temperature as a result of their
interaction with the hydrophobic sites of the polymer. The effect of type of surfactant
on Ty Was mostly affected by the relative size of the hydrophilic headgroup, which
are somewhat related to the net charge. When griseofulvin is present in the system,
HPMC gelation temperature decreased drastically due to adsorption of the polymer on
hydrophobic surface of the active ingredient, thus effectively acting as a cross linking
agent. However, surfactant-particle interaction showed dependence with surfactant
charge. SDS surfactant is not able to properly stabilize griseofulvin due to the
repulsion amongst the negatively charged surface. SDS preferentially forms
aggregates (or complexes) with HPMC. CPC and lecithin are able to bind to the
griseofulvin particles therefore less particles are acting as bridges between
hydrophobic sites of HPMC. At a specific concentration, surfactant is able to stabilize
particles completely. Thus, gelation temperature for the systems approximates that of
pure HPMC. Viscosity studies showed the formation of aggregates for system with
anionic surfactant (SDS), while no aggregates were observed for systems containing
cationic (cetylpyridinium chloride) or non ionic (lecithin). Viscosity with the addition
of active ingredient was unaffected for the system with CPC and lecithin. However,
lower viscosities were obtained for the system containing SDS due to the adsorption of
the polymer on the particle surface. Additionally, gelation temperature showed be

dependent on particle size.
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4.6 APPENDIX 4

Appendix 4. 1 Statistical analysis of the effect of SDS concentration on gelation
temperature of HPMC solution with and without griseofulvin at 1 wt%

HPMC 1 wt% HPMC 1 wt%+ G wt%
[SDS]/CMC
Tgel(°C) STDEV P Tgel(°C) | STDEV P
0 57.40 1.51 49.73 0.7
0.12 59.30 1.56 0.20 57.45 1.0 0.00
0.25 58.60 2.11 0.47 56.45 0.9 0.00
0.37 57.49 1.91 0.95 55.27 1.1 0.00
0.50 56.91 2.44 0.78 55.46 1.8 0.01
0.62 51.84 0.85 0.01 55.33 1.5 0.00
0.74 61.03 1.11 0.03 57.50 2.0 0.00
0.87 60.15 3.21 0.25 57.42 2.0 0.00
0.99 60.55 1.36 0.05 57.51 1.9 0.00

Appendix 4.2 Statistical analysis of the effect of CPC concentration on gelation
temperature of HPMC solution with and without griseofulvin at 1 wt%

HPMC 1 wt% HPMC 1 wt%+ G wt%
[CPC]/CMC
Tgel(°C) STDEV P Tgel(°C) | STDEV P
0 57.40 1.51 49.73 0.7
0.15 65.37 1.21 0.00 59.01 0.6 0.00
0.3 63.63 1.38 0.01 52.79 3.1 0.17
0.45 61.77 2.10 0.04 55.64 3.7 0.05
0.6 61.33 1.79 0.04 52.55 6.7 0.51
0.75 60.13 0.67 0.05 57.89 2.6 0.01
0.9 61.10 0.53 0.02 57.97 2.6 0.01
1.05 62.37 1.37 0.01 60.09 1.6 0.00
1.2 62.00 1.40 0.02 58.83 5.0 0.04
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Appendix 4.3 Statistical analysis of the effect of Lecithin concentration on
gelation temperature of HPMC solution with and without griseofulvin at 1 wt%

o HPMC 1 wt% HPMC 1 wt%+ G wt%
[Lecithin]/CMC
Tgel(°C) STDEV P Tgel(°C) | STDEV P

0.0 57.40 1.5 49.73 0.7

0.1 67.77 2.4 0.00 54.90 2.8 0.04
0.3 71.40 2.1 0.00 58.43 2.6 0.01
0.4 68.74 3.0 0.00 59.03 3.3 0.01
0.5 69.78 3.3 0.00 62.10 0.6 0.00
0.7 68.21 0.9 0.00 59.40 3.7 0.01
0.8 66.80 3.1 0.01 60.60 2.9 0.00
0.9 68.81 3.5 0.01 60.63 1.5 0.00
1.1 66.53 1.5 0.00 62.90 1.7 0.00

Appendix 4.4 Statistical analysis of the effect of SDS concentration on viscosity of
HPMC solution with and without griseofulvin at 1 wt%o

[SDSJ/CMC HPMC 1 wt% HPMC 1 wi%+ G wi% HPMC 1 wt%-+ G wt%
n(Pas) | STDEV| P | n(Pas) |STDEV| P | n(Pas) | STDEV| P
0.00 0.76 0.19 0.26 0.09
0.12 0.69 009 | 060 | 0.29 009 | 002 | 029 009 | 0.70
0.25 0.68 027 | 070 | 0.29 009 | 004 | 0.29 009 | 0.70
0.37 0.51 025 | 024 | 0.39 011 | 004 | 039 011 | 0.8
0.50 0.54 025 | 029 | 054 015 | 019 | 054 015 | 0.05
0.62 0.98 032 | 036 | 070 019 | 072 | 070 019 | 0.02
0.74 2.04 108 | 011 | 136 053 | 014 | 136 053 | 0.02
0.87 1.37 025 | 003 | 1.19 036 | 014 | 1.19 036 | 0.1
0.99 1.89 082 | 008 | 158 025 | 001 | 158 025 | 0.01
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Appendix 4.5 Statistical analysis of the effect of CPC concentration on viscosity
of HPMC solution with and without griseofulvin at 1 wt%

[CPC)/CMC HPMC 1 wt% HPMC 1 wt%+ G wt% HPMC 1 wt%+ G wt%
n (Pa.s) | STDEV P n (Pa.s) | STDEV P n (Pa.s) | STDEV P
0 0.76 0.19 0.26 0.09

0.15 0.46 0.16 0.10 0.34 0.01 0.03 0.34 0.01 0.20
0.3 0.36 0.03 0.02 0.42 0.06 0.04 0.42 0.06 0.06
0.45 0.41 0.05 0.04 0.44 0.08 0.06 0.44 0.08 0.06
0.6 0.52 0.07 0.12 0.31 0.10 0.02 0.31 0.10 0.55
0.75 0.46 0.00 0.05 0.22 0.20 0.03 0.22 0.20 0.77
0.9 0.53 0.19 0.22 0.32 0.02 0.02 0.32 0.02 0.32
1.05 0.47 0.08 0.08 0.44 0.10 0.06 0.44 0.10 0.08
1.2 0.81 0.68 0.91 0.36 0.08 0.03 0.36 0.08 0.22

Appendix 4.6 Statistical analysis of the effect of Lecithin concentration on
viscosity of HPMC solution with and without griseofulvin at 1 wt%

- HPMC 1 wt% HPMC 1 wt%+ G wt% HPMC 1 wt%+ G wt%
[Lecithin]/CMC
n (Pa.s) | STDEV P n(Pass) | STDEV | P n(Pas) | STDEV | P
0.0 0.76 0.19 0.26 0.09
0.1 0.34 0.03 0.04 0.35 0.02 0.04 0.35 0.02 0.17
0.3 0.37 0.01 0.02 0.29 0.04 0.02 0.29 0.04 0.63
0.4 0.38 0.03 0.03 0.29 0.02 0.01 0.29 0.02 0.60
0.5 0.43 0.10 0.06 0.38 0.05 0.03 0.38 0.05 0.11
0.7 0.44 0.07 0.05 0.39 0.04 0.03 0.39 0.04 0.08
0.8 0.61 0.09 0.01 0.36 0.06 0.03 0.36 0.06 0.18
0.9 0.52 0.09 0.12 0.40 0.08 0.04 0.40 0.08 0.11
1.1 0.54 0.04 0.12 0.42 0.06 0.04 0.42 0.06 0.06
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Appendix 4.7 Comparison between Ty for HPMC-SDS with and without G

HPMC 1 wt%+ G
[SDS]/CMC HPMC 1 wt% wt%
Tgel(°C) | STDEV | Tgel(°C) | STDEV P

0 57.40 1.51 49.73 0.7 0.00
0.12 59.30 1.56 57.45 1.0 0.13
0.25 58.60 2.11 56.45 0.9 0.18
0.37 57.49 1.91 55.27 1.1 0.19
0.50 56.91 244 55.46 1.8 0.45
0.62 51.84 0.85 55.33 1.5 0.02
0.74 61.03 1.11 57.50 2.0 0.06
0.87 60.15 3.21 57.42 2.0 0.28
0.99 60.55 1.36 57.51 1.9 0.09

Appendix 4. 8 Comparison between Ty for HPMC-CPC with and without G

HPMC 1 wt% HPMC 1 wit%-+ G wit%
[CPC/CMC
Tgel(°C) | STDEV | Tgel(°®C) | STDEV | P
0 5740 | 151 49.73 0.7

0.15 6537 | 1.21 59.01 06 | 0.01
0.3 63.63 | 1.38 52.79 3.1 | 001
0.45 6177 | 2.10 55.64 37 | 007
0.6 6133 | 1.79 52.55 6.7 | 0.09
0.75 60.13 | 0.67 57.89 26 | 0.22
0.9 6110 | 053 57.97 26 | 011
1.05 6237 | 1.37 60.09 16 | 013
1.2 62.00 | 1.40 58.83 50 | 0.35
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Appendix 4. 9 Comparison between Ty for HPMC-Lec with and without G

[Lecithin}/CMC HPMC 1 wt% HPMC 1 wt%-+ G wt%
Tgel(°C) | STDEV | Tgel(°C) | STDEV | P

0.0 57.40 15 49.73 0.7

0.1 67.77 2.4 54.90 28 | 0.00
0.3 71.40 2.1 58.43 26 | 0.00
0.4 68.74 3.0 59.03 33 | 0.02
05 69.78 3.3 62.10 06 | 001
0.7 68.21 0.9 59.40 37 | 002
0.8 66.80 3.1 60.60 29 | 0.06
0.9 68.81 35 60.63 15 | 0.02
1.1 66.53 15 62.90 17 | 0.05

Appendix 4. 10 Comparison between n for HPMC-SDS with and without G

[SDS)/CMC HPMC 1 wt% HPMC 1 wt%+ G wt%
n (Pa.s) | STDEV | n (Pa.s) STDEV P
0.00 0.76 0.19 0.26 0.09 0.01
0.12 0.69 0.09 0.29 0.09 0.01
0.25 0.68 0.27 0.29 0.09 0.08
0.37 0.51 0.25 0.39 0.11 0.49
0.50 0.54 0.25 0.54 0.15 1.00
0.62 0.98 0.32 0.70 0.19 0.26
0.74 2.04 1.08 1.36 0.53 0.34
0.87 1.37 0.25 1.19 0.36 0.52
0.99 1.89 0.62 1.58 0.25 0.56
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Appendix 4. 11 Comparison between n for HPMC-CPC with and without G

(cPCy/CMC | HPMC 1wt HPMC 1 Wt%+ G wt%
n (Pa.s) | STDEV | n(Pas) | STDEV | P

0 0.76 0.19 0.26 009 | 0.01
0.15 0.46 0.16 0.34 001 | 0.26
0.3 0.36 0.03 0.42 006 | 0.20
0.45 0.41 0.05 0.44 008 | 061
0.6 0.52 0.07 0.31 0.0 | 0.04
0.75 0.46 0.00 0.22 020 | 0.11
0.9 0.53 0.19 0.32 002 | 0.13
1.05 0.47 0.08 0.44 010 | 0.71
1.2 0.81 0.68 0.36 008 | 0.32

Appendix 4. 12 Comparison between n for HPMC-Lec with and without G

HPMC 1 wt%+ G
[Lecithin]/CMC HPMC 1 wt% wit%
n (Pa.s) | STDEV | n (Pa.s) | STDEV P
0.0 0.76 0.19 0.26 0.09 0.01
0.1 0.34 0.03 0.35 0.02 0.66
0.3 0.37 0.01 0.29 0.04 0.03
0.4 0.38 0.03 0.29 0.02 0.01
0.5 0.43 0.10 0.38 0.05 0.48
0.7 0.44 0.07 0.39 0.04 0.34
0.8 0.61 0.09 0.36 0.06 0.02
0.9 0.52 0.09 0.40 0.08 0.16
1.1 0.54 0.04 0.42 0.06 0.04
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5.CONCLUDING REMARKS

A film containing a strong and non-soluble active ingredient which is
homogenously dispersed can be an alternative for stabilization and accurate
dosification of the drug. A polymer or gel network is preferable to provide
encapsulation of the drug, which improves long-term stability. Gelation temperature is
a critical processing parameter that needs to be determined in order to set an adequate
processing temperature range and to establish the final product microstructure. On the
other hand, rheological properties are necessary to understand the effect of the

processing variables on final product performance.

In this work, it was shown that polymer characterization can be studied
using rheological techniques. Rheological properties help to understand the physical
process and interactions. They can be also related to the formation and final film
properties required such as particles dispersion and drug release. Additionally,
phenomenological models to determine rheological properties, for example viscosity
as a function of temperature and concentration, such as we developed for NaAlg, can

be generated and extended to others weak gels.

In some cases, the use of surfactants to stabilize particles is necessary.
Consequently, interactions between surfactant, particles and polymer can occur
changing suspension and gel properties. It was demonstrated that these interactions
are dependent on type of surfactant, particle properties and polymer nature. The latter
are extremely important in the development of reproducible homogeneous and stable

pharmaceutical products, which can be extrapolated to systems with similar
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characteristic as the one studied. In this work, a non-charged polymer, with
hydrophobic and hydrophobic functional groups, a negatively charged particle and
surfactants with different charges were studied. For the studied system, at high
enough concentrations all surfactants are able to stabilize the drug; nevertheless, they
affect the rheological properties due to differing microstructure. Yet, gelation
temperature increases with anionic and neutral surfactants, while viscosity remains
constant. The opposite behavior was observed for systems containing cationic
surfactant. Results showed that the effectively of the surfactant to stabilize charged
particles in presence of a non ionic polymer is related to its head group charge.
Charged particles can be suspended successfully using an opposite charged surfactants
due to no repulsion are present and polymer is no able to replace surfactant at the
particle surface. It is expected that these interaction do not cause a drastic change in
Tger and viscosity will remain unaffected. While, if particles and surfactant have the
same charge, repulsion are expected and adsorption of the polymer on the surface is

favorable causing aggregate formation and changes in Tqe and viscosity.

This information can be used to develop and process drug-loaded films
with a priori understanding of the complex interactions in these systems. Similarly,
the effect of particle size and concentration on the gelation process of model systems

showed to be related to the properties of the system chosen.

Additionally, he effect of charged particles on the gelation temperature of
a charged biopolymer was studied using silica particles and NaAlg solution Silica is a

model of negatively and hydrophobic particles. Results showed that silica with
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particle size from nano to submicron and at loading of up to at concentration below
1.4 wt% did not have an effect on the Tge of the negatively charged 1.5 wt% NaAlg
solution. In this system polymer is no able to absord in the particle surface due to
repulsion and not change in viscosity and Ty are expecting Pharmaceutical particles
with properties similar to silica interacting with polymer as NaAlg, facilitate film

processing due to no additional considerations will be necessaries.

For future work, development of a model for the rheology above T for
different cold-setting gels or below Tge for hot-setting gels can be useful to predict
solution viscosity as a function of formulation and processing parameters.
Additionally, different methods as casting or rolling can be used to form films and
their physical properties as texture, color, softness, hardness and drug release, among
others, can be related to the suspension properties and to determine if additives, such

as colorants or plasticizers are needed.
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