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ABSTRACT 

 

The discovery and development of highly hydrophobic drugs represents an additional 

challenge for the pharmaceutical industry, as traditional methods of encapsulation, 

administration, and dosage are not always appropriate. Physically formed edible films 

have been proposed as a solution to this problem due to their ability to encapsulate and 

stabilize these particles.  

 

Many methods have been proposed for the characterization, and improvement of the 

physical and morphological properties of these films. However, many of these methods 

are subjective and time-consuming. In this study, it is proposed to evaluate the effect of 

the addition of various additives, such as flavorants, plasticizers, and two highly 

hydrophobic BCS (biopharmaceutical classification system) class II drugs, through 

rheological characterization of the gelation temperature of the precursor solutions. 

 

The evaluation of the addition of flavorants with different functional groups in their 

structure, and the effect of their concentrations in the gelation temperature of polymer 

solutions was studied. Gelation was affected by the polymer relative solubility, and the 

interactions between polymer and organic part of the solvent mixture which depends on 

the functional groups present in the flavorant molecules. These results could be applied in 

the estimation of the effect of the addition of small soluble molecules with similar 

chemistry.  
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The ability of the polymer to stabilize these hydrophobic particles through van deer Walls 

and hydrophobic interactions with the surface of the particles was studied. Results showed 

a relation between the polymer-particle affinity and the gel formation mechanism. A 

synergistic effect caused by the polymer molecular weight contribute to the amount of 

hydrophobic interactions that the polymer can make with other drug or polymer 

molecules, affecting the flexibility of the system.  

 

The effect of the addition of plasticizers to the mixture was evaluated. HPMC solutions 

with glycerol were further studied because it has been reported that at high concentrations 

of the plasticizer, phase separation may occur. A combination of steady-state rheology 

measurements of the polymer solutions and NIR-CI were used to study the relation 

between solution properties and films morphology. During the film casting process, the 

evidence of phase separation is measured by NIR-CI and optical images. 

 

 

 

 

 

 

 

 

 

 



 v 

RESUMEN 

 

El descubrimiento y desarrollo de fármacos altamente hidrófobos representa un desafío 

para la industria farmacéutica, ya que los métodos tradicionales de encapsulación, 

administración, y dosificación no siempre son apropiados. Membranas comestibles se han 

propuesto como una solución a este problema debido a su capacidad para encapsular y 

estabilizar estas partículas. 

 

Muchos métodos se han propuesto para la caracterización y mejora de las propiedades 

físicas y morfológicas de estas películas. Sin embargo, muchos de estos métodos son 

subjetivos y consumen mucho tiempo. En este estudio se propone evaluar el efecto de la 

adición de varios aditivos, como saborizantes, plastificantes, y dos drogas hidrofóbicas 

BCS tipo II, a través de la caracterización reológica de la temperatura de gelación de las 

soluciones precursoras. 

 

Se estudió la evaluación de la adición de saborizantes con diferentes grupos funcionales en 

su estructura, y el efecto de sus concentraciones en la temperatura de gelación de las 

soluciones de polímero. La gelación se vio afectada por la solubilidad relativa del 

polímero, y las interacciones entre polímero y parte orgánica de la mezcla de solvente que 

depende de los grupos funcionales presentes en las moléculas saborizantes. Estos 

resultados podrían ser aplicados en la estimación del efecto de la adición de pequeñas 

moléculas solubles con química similar. 
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Se estudió la capacidad del polímero para estabilizar estas partículas hidrófobas a través 

de fuerzas de van deer Walls e interacciones hidrofóbicas con la superficie de las 

partículas. Los resultados mostraron una relación entre la afinidad del polímero y la 

partícula, y el mecanismo de formación del gel. Un efecto sinérgico causado por el peso 

molecular del polímero contribuye a la cantidad de interacciones hidrofóbicas que el 

polímero puede hacer con otras moléculas de droga o de polímero, lo cual afecta la 

flexibilidad del sistema. 

 

Se evaluó el efecto de la adición de plastificantes a la mezcla. Soluciones de HPMC con 

glicerol se estudiaron más a fondo, ya que se ha reportado que a altas concentraciones del 

plastificante, puede ocurrir separación de fases. Una combinación de mediciones 

reológicas en estado estacionario y NIR-CI se utilizaron para estudiar la relación entre 

propiedades de la solución y la morfología de las membranas. Durante el proceso de 

fundición de la película, la evidencia de separación de fases se comprobó por NIR-CI e 

imágenes ópticas. 
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1. INTRODUCTION AND BACKGROUND 

 

The discovery of new, powerful and water insoluble drugs represents a challenge for 

researchers to develop new and novel drug dossing and delivery methods.[1, 2] Films of 

natural polymers with a suspended active pharmaceutical ingredient (API) have been 

proposed as feasible delivery system.[3, 4]  

 

The use of biopolymers in the pharmaceutical and food industry is not new. These 

materials have been widely used in varied pharmaceutical applications such as binders, 

emulsifiers, suspending and disintegrating agents, and coating materials in encapsulation 

processes.[5-7] Additionally these materials have been used in packaging and edible film 

coatings for food preservation.[1, 2] 

 

Polymers from natural sources are in many cases a better choice than synthetic polymers 

since they can be degraded in a short period of time by living microorganisms or in the 

human digestive system, avoiding environmental contamination or accumulation of 

polymers in the body, respectively. Some examples of biopolymers commonly used in the 

pharmaceutical industry are polysaccharides, such as starch and cellulose, and proteins 

such as casein, collagen and keratin.[8, 9] 

 

These materials are capable of forming physical and/or chemicals gels, which could 

provide the capacity for encapsulation and immobilization of particles making them 
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attractive for drug delivery applications. Many of these materials are cheap, renewable, its 

processing can be performed in existing polymer processing technology, and many of 

them are approved for human consumption by the U.S Food and Drug Administration 

agency (FDA).[10-12] 

 

Some advantages of these types of delivery methods include easy and continuous 

processing, fast bioavailability, easy dossing, long term stability, and less formulation 

excipients.[3, 4] However, other effects may be evaluated in the formulation process to 

avoid negative changes in the structural properties of the films. The addition of particles to 

the films it is conditioned to certain maximum load, this is because a high concentration of 

particles in the films may affect the mechanical properties [13], also particle (additives)-

polymer interactions may affect the gelation process.[14] 

 

Other additives, such as plasticizers, surfactants, and flavorants, may be incorporated in these 

systems to provide stabilization, flexibility and flavor masking.[15, 16] Nevertheless, 

molecular interactions may be present affecting the morphological, mechanical, and 

functional properties of the resulting films. The interactions between the surfactants, 

flavorants, plasticizers, and the structural gelling polymer may affect the dispersion of the 

particles, form aggregates, or weaken the polymer matrix preventing effective gel formation. 

 

 

 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Disminucion%20resistencia%20mecanica%20por%20adicion%20particulas.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Inhibicion%20gelation%20biopolimeros.pdf
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1.1 Biopolymer gels 

 

Polymer gels are colloidal systems in which the polymer molecules are physically or 

chemically cross-linked in a tridimensional network and the space between molecules is 

mostly filled with a liquid solvent, making them suitable for particle encapsulation 

applications. These networks exhibit no flow when in the steady-state and behave 

primarily as a solid system.[17] 

 

A detailed gel classification system was proposed by Flory,[18] who proposed a structural 

criteria classification of these. The four main types of structures identified are: 

I. Well-ordered lamellar structures: including gel mesophases. In this category 

systems like soap gels, clays and phospholipids can be found. Electrostatic 

interactions and van der wall forces are the primary interaction forces. 

II. Covalent polymeric networks: completely disordered. In this category, systems 

such as vulcanized rubber, phenolic resins, and paint films can be found. Chemical 

reactions, chemical cross-linking, and covalent bonds are the main gel forming 

interactions.   

III. Polymer networks formed through physical aggregation. In this category, systems 

predominantly disordered, but local ordered zones can be observed such as 

gelatin, gellan gum or agarose gels. Gelation in these systems is controlled by 

crystallization, hydrogen bonding, van der wall forces and hydrophobic 

interactions.    

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/viscoelastis%20properties%20-%20def%20GeL.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Gel%20characterization%20-%20FLORY%20(IMPORTANTE).pdf
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IV. Particulate: disordered structures. Some examples of systems in this category are 

flocculent precipitates and aggregated proteins. Main interactions found in these 

systems can be classified as: antibody-antigen interactions and specific interaction 

between well-defined sites of the proteins. 

 

For simplification, gel systems can also be divided into two main categories according to 

the cross-linking method of the polymer chains, which are physically or chemically cross-

linked systems.[19] 

 

Chemical gels are networks formed through covalent bonds induced by added reagents 

(cross-linkers) or between the polymer molecules (reacting monomers), by a series or 

reactions such as condensation (critical percolation), addition (kinetic growth) or 

vulcanization (cross-linking). These systems fall into the second category according to the 

classification system proposed by Flory. 

 

Physical or pseudo-gels are networks formed through physical aggregation, predominantly 

disordered, but with regions of local order.[20] These systems are formed by weak 

associative forces such as hydrogen bonds, van der wall forces or hydrophobic 

interactions; they are induced mainly by changes in thermodynamic parameters in the 

medium as pH, salt concentration (ionic), or temperature (thermotropic).  

 

 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Chemical%20-%20Physical%20gels.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Physical%20Gel.pdf
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1.2 Physical gelation of biopolymers 

 

Physical gels are characterized by dynamic cross-links that are constantly created and 

destroyed, changing its state between solid and liquid under influence of environmental 

factors. This restructuring ability makes them an important class of materials with many 

applications, such as drug delivery agents,[21] tissue engineering[22-24], and optical 

devices.[25] 

 

Classical gelation theory developed by Flory [26] and Stockmayer [27] in the early 1940's, 

considers the linking process of the polymer chains through random bonds, but ignores the 

rate of creation/destruction of them which introduce an additional degree of freedom. 

Consequently, the stress of these materials cannot be determined only by its deformation, 

but also by the continuous creation/destruction of the network, the density of cross-links, 

and their spatial organization.[20]  

 

As stated before, physical gels are formed by weak associative forces induced by changes 

in the medium. A group of gels that can be formed by changes in the temperature 

(thermotropic) are of special interest due to the potential for use as templates for drug 

delivery applications. Many of these thermotropic polymers are able to form 

thermoreversible networks, which have the ability to change its structure with changes in 

temperature.  Gelatin for example is a biocompatible polymer with many applications in 

both the food and pharmaceutical industry.[28, 29]  

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Drug%20delivery%20HPMC.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/hydrogels%20-%20tissue%20engineering.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/hydrogels%20-%20tissue%203.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/HPMC%20optical%20application.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Physical%20Gel.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/gelatin%20gels%20-%201.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/gelatin%20gels%20-%202.pdf
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These thermoreversible networks are formed through physical interaction between 

polymer chains such as crystallization, helix formation, or complex formation. Flory in his 

work describes the structure formation of these networks as shown on Figure 1.   

 

Figure 1. Schematic view of various kinds of thermoreversible physical gels: A 

PVC/plasticizer; B aqueous gelatin; C atactic PS in CS2; D triblock copolymer SDS 

in tetradecane; E PO-EO-PO triblock copolymer in water; F s-PMMA and i-PMMA 

in toluene; G dissolved SCLCP. Taken from [30] 

 

where A represents gel formation by miscellar cristallites, helix formation is represented 

in B, C, D and E represents networks formed by phase separation, F represents a complex 

formation and finally G represents a gelation process caused by interaction between 

mesogenic groups in the main chain and/or in the side chain.  
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In this work, a biopolymer matrix capable of forming thermoreversible physical gels was 

characterized. The selected polymer was hydroxypropyl methylcellulose (HPMC), a 

derivative of cellulose in which the hydroxyl groups are replaced by hydroxypropyl and 

methyl groups [31. 32] by reacting wood or cotton cellulose fibers with propylene oxide 

and methyl chloride in the presence of caustic soda. This polymer was chosen by its 

ability to form physical gels when heated, providing a template that could be used for drug 

(particle) encapsulation. According to the Flory classification system, this is a type III gel, 

and the gelation is controlled by crystallization, hydrogen bonding, van der wall forces 

and hydrophobic interactions.    

 

1.3 Thermoreversible polymer gels characterization methods 

 

The understanding of the physical properties of thermoreversible biopolymer solutions is 

of great importance for the development of processing methods and applications. For 

pharmaceutical applications, the ability to encapsulate particles in a gel network has been 

widely studied recently[33, 34], since these polymer matrixes could be used as a more 

efficient delivery method for active pharmaceutical ingredients (APIs).[35] 

 

The concentration of particles incorporated in a colloidal system has a significant effect on 

its microstructure; other important factors able to affect the mechanical and morphological 

properties of these systems are the surface chemistry and temperature.[36] Gelation 

temperature (Tgel) is a material property that can be related to changes in the 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/TEMPERATURE%20EFFECT%20ON%20THE%20MICROSTRUCTURE.pdf
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morphological and mechanical properties of biopolymer films, additional to that it have 

great importance because it can be used to set processing conditions.[37] 

 

The addition of APIs to the polymer system could affect the gelation process since 

polymer-particle (or particle-particle) interactions may occur, decreasing the selectivity of 

the actives sites in the polymer chain. Tgel is evaluated as a measure of how the addition of 

these particles (APIs) affects the stability of the gel network. This is the temperature at 

which the system stops behaving like a liquid and start behaving more like a solid due to 

the formation of a tridimensional network at the macroscopic scale (bulk).  

 

Other properties may be relevant to the process, such as viscosity, yield stresses, 

thixotropy, turbidity, elastic properties, etc., but in this work the main effort was to 

determine how the incorporation of additives such as plasticizers, flavorants, and drug 

particles (APIs) affect the microstructure of the system by measuring the Tgel.   

 

There are many techniques to determine gelation temperature in polymers, which include 

optical [38], mechanical [39], and thermal methods. Medina-Esquivel and collaborators 

used a simple optical method to determinate Tgel of aqueous solutions of agar when 

heating. A non-coherent light source was placed in front of the sample and the transmitted 

light was measured with a photodiode. Since the transmitted light decays while the sol-gel 

transition occurs, the gelation temperature can be approximated. [40] However, this 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/PROCESSING%20CONDITIONS.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/optical%20method%20-%20sin%20explicar.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/mechanical%20tgel%20-%20sin%20explicar.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/optical%20gel%20determination%20-%201.pdf
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method only works with systems that get cloudy or opaque when the gelation is occurring 

and is limited when the system is opaque in nature.  

 

In 2002, Chung and collaborators reported two simple mechanical methods to estimate the 

gelation transition temperature of PLGA-g-PEG aqueous solutions.[41] The first method 

consisted on placing the sample on a test tube and heating at a rate of 0.2°C/min, the test 

tube was inverted and the criterion of flow or no-flow was used to determine the gelation 

temperature.  The second method consisted on placing a steel ball in the solution and 

measure the time period for the ball to fall 5 cm when increasing the temperature, the sol-

gel transition was determined by extrapolating two slopes observed in a temperature vs 

travel time diagram (see Figure 2A). A modification of the Stokes’ law for yield stress 

fluids can be used to determinate the sol-gel transition,[42] using the specific weight of the 

ball, the specific weight of the fluid, the diameter of the sphere, and the velocity of the 

sphere, and extrapolating the two slopes observed in a dynamic viscosity vs temperature 

graph (see Figure 2B). It is clear that the particle size and density dictate the balance 

between gravitational stress and the yield stress. These methods revealed good results 

compared to rheological measurements, however a variation of 1-2°C was reported and 

the measurements were time consuming. 

 

 

 

 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/mechanical%20Tgel%20determination%20-%202%20methods.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/STOKES%20MODIFICATION%20TGEL%20BINGHAM.pdf
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Figure 2. Determination of sol-to-gel transition temperature of PLGAg-PEG 

copolymer (I) aqueous solution (29 wt %) by extrapolation of two lines from a curve 

describing the falling time of steel ball over 5 cm as a function of temperature. Travel 

time (a) and dynamic viscosity (b). Reproduced from [41] 

 

Other methods as turbidimetry, NIR spectroscopy, and dynamic light scattering have also 

have been reported.[43-45] However, turbidimetry can only be used on clear samples and 

is subjective to the opacity of the sample; NIR-spectroscopy is a very time consuming 

technique and is hard to work with liquids, and finally DLS does not provide structural 

information of the system due to cluster interactions during the gelation process.  

 

The most common methods for Tgel determination are based on rheological measurements, 

this is mainly because these methods are not subjective to optical properties of the sample 

or theoretical approximations, and the sample requires almost no pretreatments. The use of 

these methods has been reported extensively in literature. Boudhani and collaborators used 

oscillatory measurements of G' and G'' while heating a PVC plastisol (PVC + plasticizer) 
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sample, a constant frequency and heating rate (0.5°C/min) was maintained during the 

process.[46] In their work they report three different temperatures TGmin, Tc and TGmax, 

during the gelation process. TGmin is the temperature at which the moduli values are 

minima, characterizing the onset of the gelation process.   

 

Rheological measurements have been demonstrated to be very useful in the 

characterization of macroscopic properties of polymer solutions. But have also been 

reported to be useful to describe the gelation process at the nanoscale. Barrera and 

collaborators used cobalt ferrite nanoparticles coated with a PEG-silane to determine the 

gelation temperature of gelatin solutions, by measuring the out-of-phase component of the 

complex susceptibility of the nanoparticles when suspended in the polymer solution.[47] 

The results showed that this method is effective to determine Tgel, but a slight difference 

was observed in comparison with results obtained from macroscopic rheological methods, 

which was attributed to interactions between the particles and the network due the size of 

the nanoparticles.  

 

For bulk or macro-rheological measurements, two rheological tests have been extensively 

used for the gelation temperature determination through the observation of sol-gel 

transitions; constant stress temperature ramp (CSTR) viscosity method and oscillatory 

dynamic test.[48, 49] The first method is based on the determination of an overshoot or 

discontinuity at the sol-gel transition while the sample is cooled (or heated) at constant 

stress. The gelation temperature is determined by the intercept of the two tangents 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Reological%20measurements%20-%20Oscillatory%20Viscosity.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Nanorheology%20-%20Carola%20-Rinaldi.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Ref%2015%20-%20CSTR%20Viscosity%20Method.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Ref%2016%20-%20Oscillatory%20Gelation%20Temperature.pdf
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observed in the curve,[50] as depicted on the Figure 3. This figure shows a solution of 

HPMC E4M 2% with added naproxen (1%) which was subjected to a temperature ramp at 

a constant stress. The viscosity was monitored during the process and the gelation 

temperature was determinate as the intercept of the two tangent lines. 

 

The second rheological method is the oscillatory dynamic method, which consists in 

monitoring the storage and loss moduli (G', G''), as function of temperature as shown in 

Figure 4. The gel point (Tgel) is assumed to correspond to the temperature where G' = G''. 

This is an approximated value of Tgel, since it has been shown that for some chemical gels 

the gelation starts at a much lower temperature.[46]  

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Ref%2017%20-%20Vivian%20Gelacion%20macro.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Ref%2018%20-%20Oscillatory%20Viscosity.pdf
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Figure 3. Constant stress temperature ramp (CSTR) viscosity method. Tgel 

determination. HPMC E4M 2% - Naproxen 1% 
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Figure 4. Oscillatory dynamic method. Tgel determination. HPMC E4M 2% - 

Naproxen 1% 

 

These methods are based on the work of Winter and Chambon, where they reported that 

G' and G'' are proportional to ω
n
, where ω is the frequency and n is the slope of the plot 

G'G'' vs ω (in logarithmic scale). For n it can be found values of 1/2, -3/2, -7/2, -11/2, etc. 

but the solution is only valid for n=1/2.[51] However, this method despite being more 

accurate is more time consuming, therefore the approximation of G'=G'' is generally 

accepted. 

 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/WINTER%20CHAMBOL%20GELATION.pdf
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In this work solutions of HPMC (E4M and E15LV viscosity grade) will be evaluated in 

the presence of different API’s at different concentrations, flavorants, and plasticizers, for 

the determination of the gelation temperature, and how the presence (or absence) of the 

different additives affect the gelation process, the oscillatory dynamic method was used 

for the Tgel determination. 

 

1.4 Hydroxypropyl methylcellulose 

 

The proposed polymer matrix to be studied in this work is a hydrophilic, non-ionic 

semisynthetic biopolymer known as hydroxypropyl methylcellulose or HPMC (Figure 5), 

derived from cellulose which reacts with a mixture of methylene chloride and propylene 

oxide.[52] 

 

This biopolymer is used in several applications. In the pharmaceutical industry it is used in 

ophthalmic applications like lubricant, moist dispersions for contact lenses and artificial 

tears.[53-55] Also, HPMC is used as excipient in many oral medicaments and in drug 

delivery systems.[56, 57] 

 

This biopolymer is selected due to its ability of form physical gels when solubilized in 

water and heated to certain temperature.[58] The polymer provides the capacity for 

particle encapsulation that is desired for the suspension of particles. HPMC is a cheap, 

biodegradable, abundant, and easily processed polymer for gel applications. In the 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Ref%2019%20-%20HPMC.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Ref%2023%20-%20HPMC%20Excipient.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Ref%2024%20-%20HPMC%20drug%20systems.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Ref%2025%20-%20HPMC%20Gelation%20Microbalance.pdf
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structure of the HPMC, the hydroxyl (ROH) group of a cellulose molecule has been 

substituted for hydroxypropyl or methyl groups.[59] It is widely accepted that the 

dominant phenomenon in the gelation process of HPMC is the intermolecular association 

of hydrophobic groups in the polymer chains, leading to cross-linking and gel formation. 

In our special case, this phenomenon occurs when the polymers is heated.[60] 

 

There are two main stages in the gelation process of HPMC, initially when molecules are 

subjected to heat an increase in their energy is reflected in an increasing of their mobility, 

exposing their hydrophobic regions and allowing that these regions interact forming 

aggregates and finally a gel network. However, Suzuki and collaborators proposed that 

both hydrophobic interactions and hydrogen bonds are related to gel formation of 

methylcellulose solutions.[61] 

 

In accordance to the previous statement, Haque and collaborators reported that there are 

two ‘waves’ of structure formation within the thermal gelation process of methyl 

substituted cellulose esters, such as methylcellulose and hydroxypropyl methylcellulose. 

First ‘wave’ correspond to a partial melting of structures present in solution, reversible on 

cooling with a significant hysteresis. In this stage the polymer chains formed in bundles 

starts to separate, exposing the hydrophobic substitutions, in this stage is also reported the 

formation of water 'cages' structures around hydrophobic substituents exposed to the 

aqueous environment. The second ‘wave’ or stage, correspond to the disruption of these 

cage-like structures around the hydrophobic substitutions, and then the following 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Ref%2047%20-%20HPMC%20Gelation%20mechanism.pdf
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hydrophobic interactions between the exposed hydrophobic groups on the polymer chains. 

Both stages are characterized by increases in the storage moduli G'.[62]  

 

An inhibition in the gelation of highly hydroxypropyl substituted cellulose esters is 

observed, compared with methylcellulose polymers, and it can be explained, at least 

partially, by the more polar (less hydrophobic) character of the hydroxypropyl groups 

compared with the methoxyl substituents. An inhibitory effect on chain packing 

(compared with methylcellulose) at low temperatures is likely to arise from a combination 

of the internal flexibility ok the hydroxypropyl group and its physical size, which may be 

difficult to accommodate within a close-packed aggregate.  At higher temperatures the 

same resistance of the hydroxypropyl groups to incorporation within ordered structures, is 

a limiting factor for the gelation process.[31] 

 

 

Figure 5. HPMC Molecule Representation 

 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Haque%20-%20Morris%20Pt1%20-%20HPMC%20Gelacion.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Haque%20-%20Morris%20Pt2%20-%20HPMC%20Gelacion.pdf
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The behavior of hydrogels during the thermogelation process can be substantially altered 

by the addition of different additives such as salts.[63] As hydrogen bonds and other 

intermolecular interactions play and important role in the gelation process, it is expected 

that when another molecules such as flavorants are added in the system the gelation 

process may be affected, either by hydrogen-hydrogen interactions or any other change in 

the properties of the suspending medium that may inhibit the gelation process. 

 

In this work is proposed the study of the effect of the addition of different formulation 

parameters in the gelation temperature of hydroxypropyl methylcellulose solutions, in 

order to understand deeply the molecular interactions between polymer and additives that 

may affect the morphology and mechanical properties of thin edible films for drug 

delivery applications.  
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2. EFFECT OF THE ADDITION OF FLAVORANTS ON THE GELATION 

TEMPERATURE OF HPMC SOLUTIONS 

 

2.1 Introduction 

 

Biopolymer films as drug delivery method have significant advantages when compared 

with traditional hydrophobic drugs formulations. For these applications thermoreversible 

polymer matrices are proposed, since these materials have the ability to form gels and 

encapsulate the drug particles in the intermolecular spaces of the network providing high 

stability over time.[1-3] 

 

Many edible gel systems have been proposed as food coating and drug delivery methods. 

[4,5] Most of these systems have common formulation components, such as a biopolymer 

matrix, plasticizers, surfactants, an active ingredient (drug, nutraceutical, essential oil, 

etc), flavorants, and in some cases artificial coloring.[6]  

 

Several methods for the preparation of these thin films have been proposed. Casting [7], 

extrusion [8], spraying [9], and knife-coating [10] are some of them. Casting method is 

extensively used in the preparation of films in laboratory scale where drying conditions 

can vary from 12 min with hot air to 12 hours at room temperature, while the continuous 

casting method is mainly used in industrial scale.[11]  
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The casting method basically consists of spreading a polymer-solvent-additives precursor 

solution onto a flat non-stick surface, evaporate the solvents on the solution controlling the 

environment around the sample, from room temperature convection, to the use of 

vacuum/convection ovens, or hot plates, and finally removing the formed film. The most 

common solvents used in films preparation by casting method are water and ethanol.[12]   

 

As stated before, HPMC gelation mechanism is led by hydrophobic interactions in its final 

stage, which occur due to the disturbance of the water cages structures around the 

hydrophobic groups in the polymer chain promoting the interactions between polymer 

chains. In this process, factors such as the molecular weight of the polymer, its degree of 

substitution (mainly for the methoxy groups), and the quality of the solvent have a 

significant effect.  

 

Regarding the quality of the solvent, it has been reported that the incorporation of ethanol 

and propylene glycol has an inhibitor effect on the gelation process for HPMC solutions, 

as for other small molecules such as glycerol, sorbitol, and some salts lower the gel point. 

These behaviors are related to the effect of the addition of these compounds in the 

dehydration of the polymer chains. In this chapter the evaluation of the effect of the 

addition of small, soluble or partially soluble molecules, to the solvent mixture is 

proposed, to understand how the solubility of the polymer and the quality of the solvent 

affect the gelation mechanism.  
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Due the low water solubility of some flavorants, the use of a solvent mixture 25% ethanol 

and 75% water was used to enhance the solubility of these compounds; despite this, 

concentrations below 0.1% were used because of solubility restrictions. Flavorants were 

chosen because are small, partially soluble molecules capable of interact with both the 

aqueous and organic part of the solvent mixture and could be used as models to predict the 

effect of the addition of compounds with similar chemistry. These compounds exhibit 

different chemical functionalities depending of their main functional group.  

In this study, alcohols, aldehydes, esters, and monoterpenes flavorants were chosen.     

 

Molecular interactions between the polymer and the complex solvent mixture 

(water:ethanol:flavorant) may be beneficial or detrimental for the gelation process, and 

these interactions must be previously known and understood within a film formulation 

process.    

 

2.2 Experimental section 

 

2.2.1 Materials 

 

As states before, in this study a polymer matrix and different flavorants organized by 

functional group were evaluated. Hydroxypropyl methylcellulose (HPMC) grade E4M 

(CAS-No: 9004-65-3) was purchased from Sigma-Aldrich.  
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Alcohol flavorants: eugenol (CAS-No: 97-53-0), cinnamyl alcohol (CAS-No: 104-54-1), 

citronellol (CAS-No: 106-22-9).  

 

Ester flavorants: cinnamaldehyde (CAS-No: 104-55-2), ethyl vanillin (CAS-No: 121-32-

4), vanillin (CAS-No: 121-33-5). 

 

Aldehyde flavorants: ethyl cinnamate (CAS-No: 103-36-6), menthyl acetate (CAS-No: 

89-48-5), terpinyl acetate (CAS-No: 80-26-2).  

 

Monoterpene flavorants: eucalyptol (CAS-No: 470-82-6), geraniol (CAS-No: 106-24-1), 

menthol (CAS-No: 89-78-1), were all purchased from Sigma-Aldrich and used without 

any modification. Ethanol (CAS-No: 64-17-5), and deionized water were used as solvent 

for all samples.  

 

2.2.2 Sample Preparation & Characterization 

 

HPMC 1% (by weight) solutions were prepared using a mixture of deionized water-

ethanol as solvent. Ethanol as part of the solvent mixture was needed to improve the 

solubility of the flavorants compounds. Previous measurements were made to determine 

the best ethanol:water ratio, in order to enhance the solubility of the flavorants without 

significant effect on the gelation temperature of the solution. A value of 1:3 ethanol:water 

was chosen for all samples.  
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The solvent mixture was heated above 80 °C. The polymer was added gradually with 

continuous stirring to avoid agglomeration and enhance its solubility. Flavorants were 

added after dissolution of the polymer in the solvent mixture. Concentrations of flavorants 

of 0.005, 0.01, 0.025, 0.05 and 0.1% were incorporated into the polymer solution. The 

solutions were then cooled and slowly stirred for 24 to 36 hours at room temperature. The 

final HPMC-flavorants solutions were used for the rheological measurements within the 

next seven days after preparation to avoid any contamination.    

 

Rheological measurements were used to determine the gelation temperature of the 

samples. An ATS Rheologica Stresstech HR (stress-controlled) rheometer equipped with 

an ETS temperature controller; a double-gap Couette fixture was used for these 

experiments. All samples were left to rest for twenty minutes after loading to equilibrate 

stresses and temperature. A heating ramp from 25 to 80 °C at a heating rate of 0.5 °C/min, 

was then applied during an oscillatory shear experiment, at a constant strain of 0.01 and 

frequency of 1 Hz, from which the loss (G'') and storage (G') moduli were obtained as a 

function of temperature. The gel point was extracted from the data, as the point where G'= 

G''. All measurements were performed in triplicate and results correspond to the average ± 

the standard deviation. A two-way ANOVA (analysis of variance) was performed for all 

the data collected to evaluate the effect of the type of functional group (alcohol, ester, 

aldehyde, monoterpene) present in the flavorants and its concentration on the gelation 

temperature of the HPMC solutions. 
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Before rheological characterizations, flavorants were organized by their main functional 

group, in order to evaluate the effect of the interaction of these groups with the polymer 

and how this affect the gelation process (Tgel). Four main functional groups were 

categorized: alcohols, esters, aldehydes and monoterpenes. A factorial experimental 

design as seen on the Table 1 was developed to evaluate both the effect of the functional 

groups and the effect of the concentration of flavorant on Tgel by rheological 

measurements. Results are presented by functional group to evaluate first the effect of the 

concentration of the different flavorants on Tgel, and then a global ANOVA will be shown 

to evaluate the effect of the functional groups as a whole.  

 

Table 1. Factorial experimental design to determine the effect of flavorant functional 

group and concentration on Tgel of a HPMC in a water/ethanol mixture 

Functional group Molecule Concentration (weight %) 

alcohol 

cinnamyl alcohol 0, 0.005, 0.01, 0.025, 0.05, 0.1 

eugenol 0, 0.005, 0.01, 0.025, 0.05, 0.1 

citronellol 0, 0.005, 0.01, 0.025, 0.05, 0.1 

ester 

ethyl cinnamate 0, 0.005, 0.01, 0.025, 0.05, 0.1 

menthyl acetate 0, 0.005, 0.01, 0.025, 0.05, 0.1 

terpinyl acetate 0, 0.005, 0.01, 0.025, 0.05, 0.1 

aldehyde 

cinnamaldehyde 0, 0.005, 0.01, 0.025, 0.05, 0.1 

ethyl vanillin 0, 0.005, 0.01, 0.025, 0.05, 0.1 

vanillin 0, 0.005, 0.01, 0.025, 0.05, 0.1 

monoterpene 

eucalyptol 0, 0.005, 0.01, 0.025, 0.05, 0.1 

geraniol 0, 0.005, 0.01, 0.025, 0.05, 0.1 

menthol 0, 0.005, 0.01, 0.025, 0.05, 0.1 

 

ANOVA analyses are statistical method based on linear regression mathematical models, 

which may determine whether different treatments or conditions exhibited significant 
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differences compared with a tolerance level, or otherwise can be assumed that their 

population means do not differ. For the use of ANOVAs in data analysis, three 

presuppositions or hypothesis must be true: Independence in the observations, residuals 

distribution must be normal, and must be equal variances between the samples.  For the 

latest, Bartlett’s [13] (parametric) test is used to evaluate the variance distribution 

assuming normal distribution of the data, and Levene’s [14] tests was used when non-

parametric distribution (non-normal distribution) is expected, p-values above 0.05 for both 

test indicate an equal variance for all measurements.  This method will be discussed in 

detail in the appendix for this chapter. 

 

In statistics, a significance level is established to accept or reject the null hypothesis 

(hypothesis that propose that all the results are equal). For a 95% of confidence a p-value 

of 0.05 is fixed. If the p-values of the different evaluated factors evaluated are below 0.05 

the null hypothesis is rejected, and then we can assure that the measurements are different. 

In this work, two factors were evaluated.  The first was the flavorant and has three levels, 

for alcohols the levels are 1-citronellol, 2-eugenol, 3-cinnamyl alcohol, while the second 

factor have six levels and represents all the concentrations tested (0, 0.005, 0.01, 0.025, 

0.05 y 0.1 weight %). In addition the interaction of these two factors also is evaluated.  
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2.3 Results and discussion 

 

2.3.1 Alcohol flavorants 

 

Three alcohol flavorants were chosen for these section, citronellol, eugenol and cinnamyl 

alcohol, which are small molecules with similar structure, a cyclic hydrocarbon (or semi-

cyclic), and hydroxyl (–OH) groups (Figure 6). The hydroxyl groups in the alcohols may 

interact with the water portion of the solvent reducing the amount of hydrogen-hydrogen 

interactions between the solvent and the polymer, and this in turn decrease the solubility 

of the polymer reducing the hydrophilic interactions between polymer chains responsible 

of the gelation, [15] so that one can anticipate an increase in the gelation temperature 

(Tgel). 

 

Figures 7, 8, and 9, illustrate the behavior of the Tgel for all three alcohol flavorants over 

the entire concentration range. With the addition of low concentrations of alcohol 

flavorants, an initial decrease in Tgel is observed, which is attributed to an initial saturation 

of the solution with the flavorant. Afterwards that initial saturation, an inhibition in the 

gelation of HPMC can be observed as higher concentrations are added. The latter is 

attributed to the increase in the amount of aromatic hydrocarbon groups in the solvent, 

which decreases the solubility of the polymer by solubilizing the polymer molecules in the 

solvent mixture, a main factor in the HPMC gelation mechanism.[16]  
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Figure 6. Cinnamyl alcohol, eugenol and citronellol molecular structure 
 

 

Figure 7. Effect of the concentration of cinnamyl alcohol on Tgel of HPMC solutions 

with a water:ethanol mixture as solvent 
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Figure 8. Effect of the concentration of eugenol on Tgel of HPMC solutions with a 

water:ethanol mixture as solvent 
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Figure 9. Effect of the concentration of citronellol on Tgel of HPMC solutions with a 

water:ethanol mixture as solvent 

 

A trend of increasing the gelation temperature whit increasing the concentration of the 

three different alcohol flavorants was observed. From the ANOVA results, p-values for 

type of flavorant and concentration are below the significance level (0.05), so it can be 

concluded that both factors have a significant effect on the gelation temperature (more 

details of the calculations on the appendix for this chapter).  
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The main effect of the presence of flavorants in the solvent mixture on the gelation 

temperature of the HPMC solutions can be attributed to changes in the solubility of the 

polymer in the solvent due to the solubilizing effect that alcohol molecules have on the 

polymer molecules. With the additions of these flavorant molecules to the solvent, 

interactions between the hydrophobic sites of the polymer are reduced, and the energy 

required for disturb the water cages structures surrounding the hydrophobic groups in the 

polymer chains increases, so is the gelation temperature.  

 

The gelation mechanism for HPMC is based on two main stages of structures 

formation.[17] Changes in the solvent composition caused by the addition of small partial 

soluble molecules as flavorants may affect this process, reducing the freedom of 

movement of the polymer chains in solution.  

 

Hansen solubility parameter calculations were made to visualize the effect of the addition 

of flavorants to the quality of the solvent in the gelation process of the polymer solutions, 

and will be discussed in detail on the section 2.3.5.   

 

2.3.2 Ester flavorants 

 

Esters flavorant used in this work are fairly soluble in water. Although esters are not able 

to form hydrogen bonds with each other they can with water molecules. However, its 

solubility decays with increasing chain length. In this work small ester molecule flavorants 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Haque%20-%20Morris%20Pt2%20-%20HPMC%20Gelacion.pdf
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as ethyl cinnamate, menthyl acetate and terpinyl acetate were used (Figure 10) to ensure 

better dispersion in the solvent.  

 

 

Figure 10. Ethyl cinnamate, menthyl acetate and terpinyl acetate molecular structure 

 

 

To dissolve a small ester molecule, one of the partially-positive hydrogen atoms in a water 

molecule is attracted to one of the lone pairs on one of the oxygen atoms in the ester 

forming a hydrogen bond. Dispersion forces and dipole-dipole attractions are also present 

in the process; however the solubility of organic part of the molecule decreases with 

increasing the temperature.[18] The presence of these intermolecular interactions lowers 

the energy needed to dissolve the ester molecule. As the molecule chain length increases, 

the organic portion of the esters gets between water molecules breaking the fairly strong 

hydrogen bonds between water molecules without offering an energetic compensation.  
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Additionally, the water molecules are forced into an ordered alignment along the chain, 

reducing the entropy in the system. This makes the process thermodynamically less 

favorable, and so solubility decreases.[19] 

 

Figures 11, 12, and 13, show the results for Tgel of HPMC solutions when esters flavorants 

are added in the studied range of concentration. The gelation temperature of the HPMC 

solutions in the presence of ester-flavorants remains almost constant since there is no 

significant variation in the studied range.  

 

From the ANOVA results, p-values for flavorant and concentration are above the 

significance level (0.858 and 0.070 respectively) supporting the conclusions from the 

rheological observations (more details of the calculations are discussed on the appendix 

for this chapter).  
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Figure 11. Effect of the concentration of ethyl cinnamate on Tgel of HPMC solutions 

with a water:ethanol mixture as solvent 
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Figure 12. Effect of the concentration of menthyl acetate on Tgel of HPMC solutions 

with a water:ethanol mixture as solvent 
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Figure 13. Effect of the concentration of terpinyl acetate on Tgel of HPMC solutions 

with a water:ethanol mixture as solvent 

 

2.3.3 Aldehyde flavorants 

 

The aldehyde flavorants used in this work are slightly soluble in water, but highly soluble 

in organic solvents like ethanol. Hydroxyl groups present in the flavorants interact with 

water molecules by H-H bonds. Nevertheless, the organic part of the molecule interacts 

mostly with the organic part of the solvent (ethanol).  
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Figure 14. Cinnamaldehyde, vanillin and ethyl vanillin molecular structure 

 

Similar to esters, aldehyde molecules are slightly soluble in water, and its solubility 

decrease with increasing the chain length. The solvation mechanism of aldehydes is very 

similar to esters molecules. A lone pair of electrons on the oxygen in the carbonyl group (-

C=O) forms a hydrogen bond with a slightly positive hydrogen on the water molecule. As 

the chain length increase, the hydrocarbon part of the aldehyde molecule starts to inhibit 

the H-H bonds between water molecules making the process energetically less efficient 

and decreasing the solubility of the polymer in the solvent. This process may interfere 

with the water cages dehydration around the hydrophobic substituents in the polymer 

chain, delaying the gel structure formation.  

 

From the rheological characterization (Figures 15, 16, 17), an increase in the gelation 

temperature of the samples can be observed at higher concentrations of vanillin and ethyl 

vanillin. On the other hand, cinnamaldehyde causes a slight decrease which is later proved 

to be statistically insignificant. All the data was previously tested to ensure statistical 
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consistency (the results for the equal variance test, and ANOVA calculations are presented 

on the appendix).  

 

 
 

Figure 15. Effect of the concentration of cinnamaldehyde on Tgel of HPMC solutions 

with a water:ethanol mixture as solvent 
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Figure 16. Effect of the concentration of vanillin on Tgel of HPMC solutions with a 

water:ethanol mixture as solvent 
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Figure 17. Effect of the concentration of ethyl vanillin on Tgel of HPMC solutions 

with a water:ethanol mixture as solvent 

 

The main difference observed from the rheological data is that cinnamaldehyde does not 

have a significant effect on the gelation process, which is attributed to the lower number 

of hydroxyl groups per molecule reducing the ability to solubilize the polymer reducing 

the polymer-polymer hydrophobic interactions responsible of the gel formation. Since 

vanillin and ethyl vanillin have more hydroxyl groups in their structure, they are expected 

to be able to solubilize the polymer and reduce the hydrophilic interactions between the 
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polymer chains, increasing the energy barrier necessary for the gelation process too and, 

therefore, increasing Tgel.  

 

The conclusions from the rheological measurements were supported with the ANOVA 

results, which shown that the three factors evaluated (flavorant, concentration and the 

interactions) have a significant effect on the gelation temperature of the sample, with p-

values of 0.000, 0.000 and 0.003 respectively. Values of p-values below three significant 

figures are reported as 0.000 by Minitab.   

 

In this case, the difference in the amount of hydroxyl groups of the flavorant molecules 

and flavorant concentration, are responsible for the changes during the gelation process. A 

synergistic interaction of factors has also a significant effect on the gelation temperature of 

the HPMC solutions.  

 

2.3.4 Monoterpene flavorants 

 

Monoterpenes are small acyclic, monocyclic, bicyclic or tricyclic molecules.[20] They are 

also non-polar, and highly volatile compounds. Some of them have been reported as 

antibacterial compounds.[21] The monoterpene flavorants used in this work (Figure 18) 

are lightly soluble in water (in the range of 0.1 – 3.5g/L) but highly soluble in lipids. In 

overall, a generalization has been made that monoterpene compounds are insoluble in 

water.[22, 23] However, monoterpenes containing oxygen in the form of an alcohol, 
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ketone, aldehyde or ester have solubilities 10-100 times greater than hydrocarbons with 

comparable skeletons.[24]  

 

 

Figure 18. Menthol, geraniol and eucalyptol molecular structure 

 

Figure 19 and 20 illustrate the behavior of Tgel when menthol and geraniol are added in the 

studied concentration range to the HPMC solutions. These two compounds are alcohol-

like monoterpene flavorants, and similar to their counterpart alcohol flavorants inhibit the 

gelation of HPMC, increasing the gelation temperature of the solutions. Eucalyptol (1,8-

Cineole) on the other hand, does not have a significant effect on the gelation temperature 

of the HPMC  solutions (Figure 21). 
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Figure 19. Effect of the concentration of menthol on Tgel of HPMC solutions with a 

water:ethanol mixture as solvent 
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Figure 20. Effect of the concentration of geraniol on Tgel of HPMC solutions with a 

water:ethanol mixture as solvent 
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Figure 21. Effect of the concentration of eucalyptol on Tgel of HPMC solutions with a 

water:ethanol mixture as solvent 
 

 

From the statistical analysis, it can be concluded that there is a slight effect corresponding 

to the concentration, and a significant effect of the type of flavorant, and the interaction of 

factors on the gelation temperature of the HPMC solutions, with p-values of 0.051, 0.000 

and 0.002 respectively. P-values above 0.05 were found in both data validation tests, for 

parametric and non-parametric distributions which confirm that the data is statistically 

consistent (more detains in the appendix). A second ANOVA was performed only with 

menthol and geraniol, since these flavorants exhibited an alcohol-like behavior in the 
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rheological measurements, and the results shown that both flavorants have a significant 

effect on Tgel on the studied concentration range.  

 

It can be concluded that the effect on the gelation of HPMC is directly related with the 

relative solubility of the flavorants in the two solvents (water-ethanol). The effect of the 

dispersion, dipolar intermolecular forces, and hydrogen bonds between the polymer and 

the solvent can be evaluated by calculating the Hansen solubility parameters [25, 26] for 

each possible solvent interaction with the polymer in the solution to understand deeply 

how the addition of the flavorants affect the gelation process of the HPMC solutions. -  

 

2.3.5 Solubility parameters 

 

As stated previously, solubility of the polymer chain in the solvent can be assumed as one 

of the main factors affecting the gelation mechanism of HPMC.[17, 27] The different 

molecular interactions between polymer and solvent are typically responsible for the 

dehydration of the water cages around the hydrophobic sites on the polymer chain, and 

thus the stretching of the molecule. Other factors that affect the gelation of HPMC are pH, 

substitution degree (amount of –CH3 groups), and temperature.[28]  

 

Solubility parameters were calculated to understand how the addition of flavorant to the 

solvent mixture affects the gelation process of HPMC. Hansen solubility parameters were 

calculated using the Hoftyzer-van Krevelen group-contribution method.[29] This method 
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was chosen because it allows for the calculation of the effects of the dispersion, dipole and 

hydrogen-bond forces, on the solubility of the polymer. The following set of equations 

compromise the method to calculate the solubility parameter (δ)  

 

δd =
∑ Fdi

V
                      (Eq. 1) 

δp =
√∑ Fpi

2

V
                   (Eq. 2) 

δh = √
∑ Ehi

V
                  (Eq. 3) 

δ2 = δd
2 + δp

2 + δh
2             (Eq. 4)     

 

 

Where the d, p and h subscript stand for dispersion, polar and hydrogen bond interaction 

contributions. The subscript i correspond to the number of functional groups present in the 

molecule. V is defined as the molar volume of the solvent, V = ∑ ϕiVi, which is calculated 

using the volume (or molar) fraction (ϕ) of each component in the solvent mixture and 

their respective molar volumes, in this equation the subscript i correspond the number of 

compounds in the solvent mixture. In this work, the solvent was defined as the mixture 

between water-ethanol-flavorant, and the polymer (HPMC) as the solute. 

 

The group contribution method, allows calculating the individual contribution of each 

structural group present in the flavorant molecule, through the F and E parameters (F 

represent the molar attraction components and E stands for the cohesive energy) as shown 
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on Table 2. For example, the contribution of small linear hydrocarbons has a strong 

contribution on the dispersion forces while cyclic carbon groups have stronger 

contributions in dispersion and polar interactions.  

 

Table 2. Solubility parameter: component group contribution. Reproduced from 

Polymer Handbook 4
th

 Edition volume 2. [30] 
Structural group Fdi (J

1/2 
cm

3/2
/mol) Fpi (J

1/2
cm

3/2
/mol) Ehi(J/mol) 

 
1430 110 0 

-CH3 420 0 0 

>CH2 270 0 0 

>CH- 80 0 0 

>C< -70 0 0 

=CH2 400 0 0 

=CH- 200 0 0 

=C< 70 0 0 

-OH 210 500 20000 

-O- 100 400 3000 

-COH 470 800 4500 

-CO- 290 770 2000 

 

Table 3 summarizes the solubility parameters calculated by the Hoftyzer-van Krevelen 

method for all the flavorants, solvents and polymer used in this work. The molar volume 

of the different compounds was calculated using the molecular weight and the density of 

each compound at ambient temperature. 
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Table 3.  Calculated group contribution Hansen Solubility parameters for all 

flavorants, solvents and polymer in the system 

Functionality Molecule 

Solubility 

Parameter 

(δs) (MPa
0.5

) 

Vol Molar 

(cm
3
/mol) 

alcohols 

cinnamyl alcohol 22.16 129.0468 

eugenol 22.57 154.9056 

citronellol 18.89 186.2807 

aldehydes 

ethyl vanillin 23.48 140.1096 

cinnamaldehyde 17.91 125.9026 

vanillin 21.52 144.0814 

monoterpenes 

menthol 19.5 175.5842 

geraniol 17.38 177.9123 

eucalyptol 16.09 167.1505 

esters 

menthyl acetate 11.24 212.7682 

ethyl cinnamate 18.67 168.4608 

terpinyl acetate 16.06 204.0436 

polymer HPMC 21.15 281.8153 

solvents 
ethyl alcohol 26.5 58.3903 

Water 47.84 18.0160 

 

The calculated solubility parameter for the individual components were used to obtain the 

solubility parameters for the solvent mixtures (water:ethanol:flavorant) at the proportions 

used in the experiments. A linear volumetric mixing rule 𝛿𝑠 = ∑ 𝜙𝑖𝛿𝑖 was used to obtain 

the value for the solvent mixture. Results are summarized on Table 4.  
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 Table 4. Calculated Hansen solubility parameters for solvent mixtures 

 
Solvent mixture solubility parameter (δs) (MPa

0.5
) 

         Concentration (%) 

 

           Flavorant 

(H2O:e-

OH) (3:1) 
0.005 0.01 0.025 0.05 0.1 

cinnamyl alcohol 41.50201 41.50113 41.50025 41.49761 41.49320 41.48439 

eugenol 41.50201 41.50116 41.50032 41.49778 41.49355 41.48510 

citronellol 41.50201 41.50076 41.49950 41.49575 41.48949 41.47697 

menthyl acetate 41.50201 41.50129 41.50057 41.49841 41.49481 41.48762 

ethyl cinnamate 41.50201 41.50094 41.49988 41.49669 41.49137 41.48073 

terpinyl acetate 41.50201 41.50111 41.50022 41.49753 41.49305 41.48409 

menthol 41.50201 41.50084 41.49967 41.49616 41.49031 41.47860 

geraniol 41.50201 41.50069 41.49937 41.49542 41.48884 41.47567 

eucalyptol 41.50201 41.50071 41.49940 41.49549 41.48898 41.47594 

ethyl vanillin 41.50201 41.50047 41.49893 41.49432 41.48664 41.47127 

cinnamaldehyde 41.50201 41.50098 41.49994 41.49684 41.49167 41.48134 

vanillin 41.50201 41.50076 41.49950 41.49575 41.48949 41.47697 

 

Table 4 summarizes the changes in the solubility parameters for the solvent mixtures when 

increasing the concentration of the different flavorants. These changes are very low in 

magnitude (bellow 0.04%) and are not constant; the magnitude change for the solubility 

parameters in the last two evaluated concentrations is in some cases up to 5 times larger. 

However, the effect of the addition of these small flavorant quantities have demonstrated 

in some cases to have a significant effect on the gelation process of HPMC as seen on 

previous sections in this chapter.  

 

A good solvent for HPMC, such as water, have a high solubility parameter (47.84 MPa
0.5

), 

as the solubility parameter decreases, the capability of solvation of the polymer decreases 

as well, limiting the gelation process. A synergistic effect triggered by the addition of 
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ethanol and flavorants as part of the solvent mixture is the main source of variation in Tgel, 

since the presence of these molecules in the solvent affect the ability of the polymer to 

stretch, expose the hydrophobic sites, and disturb the structures (water-polymer) that allow 

achieving the gelation state.     

 

For the calculation of Flory interaction parameters (χ), the molar volume of the solvent 

had to be calculated. By the equation: 𝑉𝑚𝑠
= ∑ 𝜙𝑖𝑉𝑚𝑖

, where ϕi is the volume fraction of 

the different compounds in the solvent, and Vmi, which represents the molar volume for the 

i compounds in the solvent mixture. The molar volume for the solvents, were calculated in 

the range of concentration studied for all the flavorants. Results are summarized on Table 

5. Changes in the molar volume when increasing the flavorant concentration are almost 

unnoticeable; due to solubility limitations the maximum concentration of flavorant that 

could be used was 0.1%,     
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Table 5. Calculated molar volume for all solvent mixtures 

 
Solvent molar volume (Vm) (cm

3
/mol) 

         Concentration (%) 

 

 Flavorant 

0% 

(H2O:e-

OH) (3:1) 

0.005% 0.01% 0.025% 0.05% 0.1% 

cinnamyl alcohol 30.00719 30.01170 30.01621 30.02974 30.05229 30.09739 

eugenol 30.00719 30.01277 30.01835 30.03509 30.06298 30.11877 

citronellol 30.00719 30.01585 30.02450 30.05046 30.09372 30.18023 

menthyl acetate 30.00719 30.01159 30.01598 30.02917 30.05115 30.09511 

ethyl cinnamate 30.00719 30.01152 30.01584 30.02882 30.05044 30.09370 

terpinyl acetate 30.00719 30.01231 30.01742 30.03276 30.05834 30.10948 

menthol 30.00719 30.01494 30.02268 30.04591 30.08463 30.16205 

geraniol 30.00719 30.01527 30.02335 30.04757 30.08795 30.16870 

eucalyptol 30.00719 30.01423 30.02126 30.04236 30.07753 30.14787 

ethyl vanillin 30.00719 30.01648 30.02576 30.05361 30.10003 30.19286 

cinnamaldehyde 30.00719 30.01346 30.01973 30.03853 30.06986 30.13253 

vanillin 30.00719 30.01576 30.02432 30.05002 30.09284 30.17849 

 

Using the classical solution theory, the Flory Huggins’ interaction parameters were 

derived as a measurement of the enthalpic and entropic contribution of the all compounds 

in the mixtures. Specifically using the Hansen solubility parameters for the polymer and 

solvent as follows 

𝜒𝑖−𝑗 =
𝑉𝑚𝑠

𝑅𝑇
(𝛿𝑖 − 𝛿𝑗)2 + 0.34     (Eq. 5) 

 

Where Vms is the molar volume of the solvent mixture, R is the gas constant, T is the 

temperature in Kelvins, δi and δj are the Hansen solubility parameters for the polymer and 

solvent, respectively, and 0.34 represents a correction factor for entropic 

contributions.[31] As the interaction parameter, Tgel is also dependent on the temperature, 

so Flory interaction parameters for the HPMC-solvent system at 25, 50 and 75 °C were 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%202%20-%20Referencias/33%20-%20Referencia%20Ecuacion%20de%20Flory%20Huggins.pdf
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calculated, to evaluate how it evolves during the gelation process. Results are presented in 

detail on the appendix. In the Figure 22, it can be observed the dependence of the 

interaction parameters with concentration of flavorant. 

   

Table 6. Flory Huggins interaction parameters for the system HPMC:solvent 

(water:ethanol:flavorant) @25°C 

Flavorant 

Concentration (%) 

0% 

(H2O:e-OH) 

(3:1) 

0.005% 0.01% 0.025% 0.05% 0.1% 

HPMC/cinnamyl alcohol 5.35665 5.35697 5.35729 5.35824 5.35984 5.36302 

HPMC/eugenol 5.35665 5.35716 5.35768 5.35922 5.36180 5.36693 

HPMC/citronellol 5.35665 5.35748 5.35830 5.36079 5.36492 5.37317 

HPMC/menthyl acetate 5.35665 5.35703 5.35741 5.35855 5.36044 5.36423 

HPMC/ethyl cinnamate 5.35665 5.35685 5.35704 5.35764 5.35863 5.36059 

HPMC/terpinyl acetate 5.35665 5.35706 5.35747 5.35871 5.36077 5.36489 

HPMC/menthol 5.35665 5.35736 5.35808 5.36023 5.36381 5.37095 

HPMC/geraniol 5.35665 5.35735 5.35805 5.36015 5.36364 5.37060 

HPMC/eucalyptol 5.35665 5.35718 5.35771 5.35931 5.36197 5.36726 

HPMC/ethyl vanillin 5.35665 5.35744 5.35823 5.36061 5.36457 5.37245 

HPMC/cinnamaldehyde 5.35665 5.35718 5.35772 5.35934 5.36202 5.36737 

HPMC/vanillin 5.35665 5.35746 5.35828 5.36072 5.36478 5.37288 
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Figure 22. Flory Huggins interaction parameter calculated to all solvents 

(water:ethanol:flavorant) in the concentration range studied for 25°C Alcohols 

(squares), Esters (Triangles), Aldehydes (circles), Monoterpenes (Inverted Triangles) 

 

The Flory’s interaction parameters are proportional to the temperature of the solution and 

concentration of flavorant. When increasing the temperature the ability of the solvent to 

solvate the polymer increases, however, when increasing the quantity of flavorant in the 

mixture this ability decreases. As a general rule, complete miscibility is achieved when the 

interaction parameter is lower than 0.5 (χ < 0.5), in the systems evaluated the interaction 

parameters are far from the ideality and the solubility of the polymer is limited, which 
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causes an inhibition in the structure formation stages previous to the gelation. HPMC in 

solution form semi-organized bundles that are highly influenced by the quality of the 

solvent medium. Ionic forces, hydrogen bonging and other molecular interactions 

contribute to the structure formation process that promotes the gel network formation. 

Finally, the destabilization of the water cages around the methoxyl groups in the HPMC 

chains is also highly dependent of the interaction between the components in the solvent 

mixture, and the energy barrier to break them may vary, so is Tgel.     

   

2.4 Conclusions 

 

From the measurements and results shown in this section, it can be concluded that the 

gelation process of HPMC solutions in presence of the flavorants evaluated is highly 

dependent of the type of functional group and the concentration of the flavorant molecule 

in the solvent mixture. Confident intervals can be set using a tolerance of ±2σ for the Tgel, 

in this range of temperature the use of these flavorants as part of the formulation process 

can be used with little effect on the gelation process.  

 

Esters flavorants exhibited no effect on the gelation temperature for HPMC in the studied 

concentration range. For a film formulation development in similar systems, these 

flavorants are good candidates.  
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The addition of flavorants in this study was proposed as a model for the evaluation of the 

effect of the incorporation of small soluble or partially soluble species on the gelation 

mechanism of HPMC. Results proved the relation between the quality of the solvent and 

changes in the gelation process for all samples.   
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3. EFFECT OF THE POLYMER MOLECULAR WEIGHT ON TGEL 

(ADDITION OF BCS-CLASS II DRUGS) 

 

3.1 Introduction 

 

In the development and design of a drug delivery product, the solubility and the 

interactions of the active pharmaceutical ingredient (API) particles, with the rest of the 

formulation components is a key factor to take into account. A special case occurs when 

the pharmaceutical product has low water solubility, such as Biopharmaceutical 

Classification System (BCS) class II drugs, characterized by their poor water solubility 

and high permeability in the human body.[1] Permeability across biological membranes is 

a main factor in the absorption and distribution of drugs. Poor permeability can arise due 

to a number of structural features and membrane-based efflux mechanisms.[2] It can lead 

to poor absorption across the gastrointestinal mucosa or poor distribution throughout the 

body. Moreover, for BSC II drugs, the low solubility in aqueous and biological mediums 

reduces significantly the efficiency in the drug transport and bioavailability.[3, 4]  

 

Particle size reduction is usually an approach used to increase the solubility of these APIs 

in aqueous or biological mediums.[5-7] Nevertheless, in order to enhance the 

bioavailability it is essential to preserve the particle size after the drug administration. 

Since it is extremely common to observe agglomeration of particles due to their large 

surface area, the colloidal stability of these particles has to be controlled during 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%203%20-%20Referencias/1%20-%20BSC%20Drug%20classification%20-%201.pdf
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processing. [8-10] Agglomeration does not only affect the bioavailability of the drug, but 

also decreases its permeability, reducing the drug’s effectivity.[11]      

 

In order to overcome these limitations, encapsulation and stabilization systems are 

proposed as methods for improving the bioavailability of poor soluble drugs by exploiting 

the ability of a biopolymer matrix to trap drug particles within a gel network without 

incurring in higher cost due to pretreatments. While forming a gel, in the case of the 

thermotropic hydroxypropyl methylcellulose matrix, an increase in the temperature of the 

polymer solution is necessary to promote interactions between the polymer chains and 

solvent which affects the stability of the water cages around the hydrophobic sites of the 

polymer chains. These interactions promote the gelation of the polymer.  

 

In this study griseogulvin (GF) and fenofibrate (FNB) were selected as API of interest, 

since these drugs have very low solubility in aqueous media. The particle size was not 

varied or controlled, since the APIs are proposed to be used without further treatment 

eliminating the cost and time spent on pretreatments. The focus is to evaluate the effect of 

the concentration of these hydrophobic drugs on the gelation process of the polymer 

matrix due to interactions between the polymer and the drug particles, the solubility of the 

drug (FNB is almost seventeen times less soluble than GF), and how these interactions are 

associated to the molecular weight (chain length) of the chosen polymer. Although it is 

known that there is an effect by the particle size, in this study is not considered since it 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%203%20-%20Referencias/11%20-%20Absorcion%20-%20permeabilidad.pdf
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have been reported that the difference in average particle size for GF and FNB is less than 

2μm.[12] 

 

3.2 Experimental section 

 

3.2.1 Materials 

 

Hydroxypropyl methylcellulose (HPMC) (CAS-No: 9004-65-3) grade E4M and grade 

E15LV (CAS-No: 9004-65-3) were purchased from Sigma-Aldrich. Griseofulvin (GF) 

(CAS-No: 126-07-8) from Alfa Aesar and fenofibrate (FNB) (CAS-No: 49562-28-9) from 

Sigma-Aldrich were used without any modification. Deionized water was used as the 

solvent. The physicochemical properties of the evaluated drugs are summarized on Table 

7.  

 

Table 7. Physicochemical Properties of the drugs 

Drug Solubility (mg/L) Molecular weight Melting Point (°C) Log P 

Griseofulvin 8.99 352.8 220 3.5 

Fenofibrate 0.50 360.8 80.5 4.4 

 

LogP is the logarithm of the partition coefficient. The partition coefficient is a ratio of the 

concentrations of an un-ionized compound between two liquid phases. For GF and FNB 

the two phases is water and the other is a non-polar solvent, in this case LogP is also 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%203%20-%20Referencias/Romanach%20-%20HPMC%20films%20-%203.pdf
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known as a measure of lipophilicity (affinity to dissolve in fats, oils, lipids and non-polar 

solvents). 

 

HPMC E4M and HPMC E15LV have similar substitution degree for methoxy and 

hydroxypropyl substituents (Table 8). However, the main difference lies in the chain 

length or number of repetitive units (degree of polymerization). From the nomenclature 

for HPMC products (or methoxel), E represents a hydroxypropyl methylcellulose product, 

4 represents the viscosity in mPa s and the letter M denotes 1000. Which identify the 

product as a Hydroxypropyl methylcellulose viscosity grade 4000 mPa s. “LV” denotes 

“Low viscosity” for the E15LV product.   

 

Table 8. Physicochemical properties of HPMC polymers (data provided by the 

manufacturer) 

Viscosit

y grade 
Mn 

Viscosity (mPa.s) (2% in 

H2O @25°C) 

% methoxy 

substituent

s 

%hydroxypropy

l substituents 

E4M 86kDa 3500 – 5600 28 – 30% 7 – 12% 

E15LV ~6kDa ~15 28 – 30% ~9% 

 

3.2.2 Sample Preparation & Characterization 

 

HPMC grade E4M 2% (weight %) and HPMC grade E15LV 4% (weight %) stock 

solutions were prepared. Deionized water was heated to 80 °C while stirred. When the 

water reached the desired temperature, the HPMC was incorporated in small quantities 

allowing complete dissolution. When the polymer was incorporated into solution, the 
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temperature was reduced to 35 °C and the agitation was maintained from 24 to 36 hours 

until the solution turned completely clear. The desired amount of GF and FNB was 

weighed and added to a dilution of the stock HPMC solution to achieve the desired 

concentration (1% and 2% for E4M and E15LV, respectively). The resulting polymer/drug 

solutions were magnetically stirred for at least 12 hours guarantee homogenous dispersion 

of the drug particles in the polymer solution. Concentrations from 0 to 5% (weight) of 

E4M solutions and 0 to 10% for E15LV were prepared to maintain same drug/polymer 

ratio. 

 

 In this chapter the effect of the addition of GF and FNB to the gelation temperature of 

HPMC E4M and E15LV solutions in concentrations corresponding from 0 to 5% 

drug/polymer ratio was studied. Since solutions with HPMC E15LV at 1% shown very 

low viscosity (<2cP), and due to equipment sensitivity, the E15LV solutions were 

prepared at twice the concentration of the E4M solutions to compensate as stated before.     

 

Rheological measurements with the same parameters as those described on Chapter 2 

were performed to determine the gelation temperature of the samples. An ATS Rheologica 

Stresstech HR (stress-controlled) rheometer equipped with an ETS temperature controller 

and a double-gap Couette fixture was used for these measurements. All measurements 

were performed in triplicate and results correspond to the average ± the standard 

deviation.  
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3.3 Results and discussion 

 

3.3.1 Effect of the drug concentration 

 

In this section, the effect of the addition of the drug and its concentration in the gelation 

process and gelation temperature of HPMC solutions (E4M) was studied. Two different 

drugs were evaluated, in the concentration range from 0 to 5 drug/polymer ratio.  

 

BCS class II drugs used in this section has solubilities in a range from 0.5 – 9 mg/L, 

hereby at high concentrations it can be some agglomeration and precipitation. This 

behavior was observed in GF solutions above 5% and will be discussed later.  

 

In Figure 23 it can be observed that when increasing the drug concentration there is a 

reduction on the gelation temperature of the solution. This phenomenon was explained in 

a previous publication from our group [13], and was attributed to the adsorption of 

polymer on the drug particle’s surface by hydrophobic interaction, which works as a 

bridge to enhance the gelation process while it decreases bulk viscosity of the sample due 

to depletion. Polymer-particle hydrophobic interactions reduce the necessary energy to 

form a gel matrix. However, the morphological (and mechanical) properties of these gels 

are affected by the particle concentration.  

 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%203%20-%20Referencias/12%20-%20Carbohydrate%20Polymers%20102%20(2014)%2074-79.pdf
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Figure 23. Effect of the concentration of BCS class II drugs on the gelation 

temperature (Tgel) of HPMC E4M solutions 
 

It can be observed on the Figure 23 a decrease in Tgel in concentrations as low as 0.1 

drug/polymer ratio. A linear relation between drug/polymer ratio and Tgel is observed for 

GF and FNB above 0.5% concentrations. HPMC in presence of GF exhibit a more strong 

dependence of the drug concentration, while in presence of FNB the main change is 

observed in the lowest concentration when a significant reduction of Tgel was observed, 

after that initial saturation the system changes in Tgel are statistically insignificant (see 

appendix).  
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For GF in HPMC E4M solutions it was observed in additional experiments, that at 

concentrations above 5%, the gel matrix collapses and the drug agglomerates at the 

bottom of the container. This occurs because the weight of the particles when aggregated 

is stronger than the interaction forces between the polymer chains and the particles. This 

behavior can be observed the Figure 24 and 25. After the gelation, an increase in the 

storage and loss moduli occurs (as well the viscosity), however at higher temperatures, the 

interactions between polymer chains fail to stabilize the particles and a drop in both 

moduli is observed. After the gel collapses, the particles precipitate and a interested 

behavior in G' and G'' is observed.   
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Figure 24. HPMC E4M – GF 7% gel failure measurement – oscillatory shear test  
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Figure 25. HPMC E4M – GF 7% gel failure measurement – oscillatory shear test 

 

This phenomenon was corroborated by visual inspection of the suspension (Figure 26). A 

solution of HPMC E4M 1% - GF 7% by weight was prepared and stored in a clear 

container, then was heated slowly in a Themo Precision 655 convection oven from 25 to 

80 °C at 5 °C steps every five minutes, followed by an additional five minutes for 

stabilization. Until 40 °C, a uniform dispersion was observed. Above 50 °C a phase 

separation is observed where the GF particles precipitate to the bottom of the container.  
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Figure 26. Gelation and failure of HPMC E4M 1% - GF 7% solution 

 

Statistical analyses were used to support the results of the effect of the drug concentration 

on the gelation temperature of HPMC solutions. P-values below 0.001 for GF and FNB in 

the concentration range studied were obtained confirming the significant effect of the 

addition of these particles on the gelation temperature of HPMC solutions. Statistical 

analysis is discussed with more detail on the appendix for this section. 

  

3.3.2 Effect of the polymer molecular weight 

 

Gelation mechanism of HPMC is based on two different stages of structure formation. 

Initially polymer chains form bundles of molecules, semi-organized, with an increase in 

the medium temperature this bundles start to separate and then water-cages structures are 

formed around the hydrophobic (more non-polar) groups in the polymer structure. In the 

second stage these water cages are disrupted by an increase in the entropy of the system 
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(due the high temperature) and the hydrophobic groups are exposed. Finally, hydrophobic 

interactions between polymer chains complete the gel network formation. This process is 

highly related to the quality of the solvent, degree of substitution (for both hydroxypropyl 

and methoxil groups), concentration, temperature, the presence of other solutes, and chain 

length (molecular weight).[14]    

 

In this section the effect of the polymer molecular weight in the gelation temperature of 

HPMC solutions in presence of two different BCS Class II drugs is evaluated. HPMC 

solutions for E4M and E15LV viscosity grade were prepared with concentration of GF 

and FNB up to 5% (drug/polymer ratio).  

 

For GF the effect of the molecular weight is significant in the studied concentration range. 

Figure 27 show the behavior of the different HPMC solutions when increasing the drug 

concentration.    

 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%203%20-%20Referencias/DOW%20Methoxel%20data.pdf
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Figure 27. Effect of the molecular weight for HPMC-griseofulvin solutions 

 

 

A clear difference in the gelation temperatures for al griseofulvin concentrations is 

observed. However, Tgel does not follow a common trend for both molecular weights. For 

fenofibrate (Figure 28) similar behavior is observed.  
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Figure 28. Effect of the molecular weight for HPMC-fenofibrate solutions 
 

The strong interactions between the polymer and the hydrophobic sites in the drug surface 

were previously reported as a main factor in the network formation for HPMC solutions in 

the presence of a highly hydrophobic drug particle.[13] As stated before, the polymer 

chains serve as bridges between drug particles; these structures require that the polymer 

has sufficient hydrophobic substitutions to form bonds with both particles. Polymer with a 

higher molecular weight statistically has more hydrophobic substitution than a polymer 

with a smaller chain. While the polymer with a longer chain can interact with more drug 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%203%20-%20Referencias/12%20-%20Carbohydrate%20Polymers%20102%20(2014)%2074-79.pdf
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particles, a small chain polymer may be adsorbed totally on the surface of one particle, 

neglecting the bridge structure formation.  

 

The storage modulus of the polymer solutions is related to the amount of crosslinks 

between polymer molecules and other molecules or in this case, nodes of polymer 

molecules attached on the drug surface. Figure 29 show the behavior of this modulus 

when increasing the temperature (network formation stage) for both molecular weight 

polymers.  

 

Figure 29. Storage modulus for HPMC E4M and E15LV in the last stage of gel 

formation 
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Romanski et al (2011) and Zhu et al (2011), reported by using computer simulations, the 

average interfacial binding energy for HPMC on the surface of GF (-180kcal/mol/nm
2
) 

and FNB (-150kcal/mol/nm
2
) crystals.[15,16] and concluded that HPMC have a strong 

adsorption on GF and FNB molecules due to its relatively long hydrophobic branches 

(~6Å), which could potentially provide significantly strong van der Wall forces with the 

drug hydrophobic surface. However, this adsorption phenomenon is highly influenced by 

the chain length; small polymer molecules can be adsorbed almost completely flat on the 

drug surface, while long polymer chains can be adsorbed partially leaving enough 

hydrophobic substitutions free to form entanglements with other polymer molecules or 

other particles.  

 

A direct relation between the radius of gyration and the molecular weight of the polymer 

was proposed by Flory [17] and represent the dimensions of a polymer chain, or the end to 

end distance in the molecule. This value depends on the quality of the solvent, temperature 

of the medium and degree of polymerization of the polymer (molecular weight).  

 

𝑅𝑔~𝑁𝑣  

Where Rg is the radius of gyration, N represents the number of bond segments (degree of 

polymerization) and ʋ is the Flory exponent for the solvent quality. A good solvent for 

HPMC as water has a ʋ value of 1/3.  This value (Rg) can be related to the amount of 

crosslinks or interactions that a polymer chain has the ability to do in a good solvent 

media. For HPMC E4M and E15LV a relation can be obtained as follows. 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%203%20-%20Referencias/Flory%20book%20-%20Gyration%20radius.pdf
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𝑅𝑔𝐸4𝑀

𝑅𝑔𝐸15𝐿𝑉

=
𝑁𝐸4𝑀

0.6

𝑁𝐸15𝐿𝑉
0.6  

 

𝑅𝑔𝐸4𝑀

𝑅𝑔𝐸15𝐿𝑉

= (
𝑀𝐸4𝑀

𝑀𝐸15𝐿𝑉
)

0.6

 

 

For E4M and E15LV, the values of M are 86kDa and 6kDa respectively. Replacing these 

values on the previous equation an expression for compare the Rg for both polymers can 

be obtained. 

 

𝑅𝑔𝐸4𝑀

𝑅𝑔𝐸15𝐿𝑉

= (
86

8
)

0.6

= 4.93 

 

𝑅𝑔𝐸4𝑀
= 4.93 𝑅𝑔𝐸15𝐿𝑉

 

 

E4M suspended in an aqueous solution has almost 5 times the extent of E15LV, hence is 

capable of form more interactions with other polymer molecules or drug particles, 

reducing Tgel in the same conditions evaluated, further calculations were made to achieve a 

more deep understanding of these interactions.   

 

The effect of the polymer molecular weight on the gelation temperature of HPMC 

solutions with griseofulvin concentrations up to 5% (%drug/%polymer), seems to be 
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related to the amount of hydrophilic polymer-polymer interactions that a polymer 

absorbed to the surface of the hydrophobic drug has with other free or absorbed polymer 

molecules. The amount of hydrophobic links between polymers and drug particles are also 

related to the strength of the gel and its flexibility, since these interactions have a 

significant effect on the microstructure of the system. 

 

The amount of interactions that a polymer molecule can make is directly proportional to 

the amount of hydrophobic groups on its structure. A smaller polymer chain (lower radius 

of gyration, Rg) has less hydrophobic substitutions, hence is capable of less interactions 

with other polymer molecules. Furthermore, the effect of the addition of hydrophobic 

particles, with high superficial area reduces these polymer-polymer interactions since the 

polymer is absorbed or partially absorbed on the particle surface. A competitive effect is 

observed between Rg and the interparticle spacing, which is a limiting factor of the 

polymer-polymer interactions that stimulate the gel formation.  

 

Rheological measurements for HPMC E4M and E15LV with concentrations up to 5% 

(%drug/%polymer) were performed to determine the gel strength at 80 °C (temperature at 

which the gel is completely formed). The elastic modulus G' was monitored when 

increasing the angular frequency to determine the gel strength and its relation with drug 

concentration in solution.  
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Figure 30. Elastic modulus dependence with angular frequency for HPMC E4M – 

Griseofulvin mixtures 

  

In Figure 30, it can be observed that for the E4M polymer, when increasing the drug 

concentration in the solution, the gel strength increases. A different behavior for HPMC 

E15LV solutions was observed, when increasing the GF concentration the gel strength 

increases but at 6% by weight of particles the value for G' decreases below the value 

reported for 4% (Figure 31).  
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Figure 31. Elastic modulus dependence with angular frequency for HPMC E15LV – 

Griseofulvin mixtures 

 

These variations can be attributed to the competing effect of the absorption of the polymer 

on the drug’s surface and the interactions between polymer chains to form the network. 

Calculations of the interparticle distance were compared to the Rg of the polymer, which 

represents the effective length of the molecules to interact with other polymer molecules 

in the solution. For HPMC E4M a Rg of 35 nm have been reported [18], and since 

𝑅𝑔𝐸4𝑀
= 4.93 𝑅𝑔𝐸15𝐿𝑉

 the Rg for E15LV is 7.0 nm approximately. 
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The interparticle space (IPS) for GF in the polymer solution can be calculated as a 

function of the particle size, volume fraction, and density of the drug. For 1% GF in an 

HPMC E4M solution the IPS can be calculated as follows: 

 

𝐼𝑃𝑆 = 2𝑟 [(
𝜙𝑚

𝜙
)

1/3

− 1]  𝑓𝑜𝑟 𝜙 ≪ 𝜙𝑚 [19] 

 

Where ϕm is the maximum volume fraction for hard spheres in solution (0.52), ϕ is the 

drug volume fraction and r is the particle radius. For 1% GF in 50 ml of solution, ϕ = 

0.0071 and r = 5.9 μm, then 𝐼𝑃𝑆 = 36.87𝜇𝑚. 

 

For different concentrations of GF in both E4M and E15LV solutions, calculations for IPS 

were made. The results are shown on Table 9 and 10. 

 

Table 9.  Interparticle space for GF in HPMC E4M solutions 

% GF 1 2 3 5 

ϕ 0.007 0.014 0.022 0.037 

IPS(μm) 36.87 28.84 22.00 16.76 

 

Table 10. Interparticle space calculations for GF in HPMC E15LV solutions 

% GF 2 4 6 10 

ϕ 0.014 0.029 0.044 0.076 

IPS(μm) 26.84 18.94 15.09 10.91 
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When the IPS is equal or lower than two times the particle radius (Figure 32), electrostatic 

and steric interactions between drug particles begin to significantly affect the system 

dynamics. For HPMC E4M, the IPS for all concentrations is higher than the particle 

diameter, but for HPMC E15LV concentrations above 6% exhibited this behavior.  

 

 

Figure 32. Graphical representation of the minimum interparticle spacing between 

two GF particles in solution. 

 

HPMC E4M is capable of absorbing on the surface of the particle by hydrophobic 

interactions. A partially absorbed polymer molecule is able to interact with other free 

polymer molecules or with other drug particles, forming bridges between particles, and 

stimulating the complex formation that promotes the formation of the tridimensional 

network (Figure 33).     
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Figure 33. Bridge structure formation between two GF particles with HPMC 

absorbed. 

 

For HPMC E15LV, the chain length is the limiting factor. Since the Rg of E15LV is 

significantly small, a complete absorption of the polymer molecules on the particle surface 

may occur limiting the interactions between the polymer chains due to the lack of free 

hydrophobic groups in the absorbed molecule. As shown on the Figure 34, the small 

HPMC molecules, and the high superficial area provided by the drug particles (in this case 

up to 10% by weight in solution), generate a limiting synergistic effect on the polymer-

polymer interactions, increasing the gelation temperature and reducing the gel strength.    
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Figure 34. HPMC E15LV absorption on GF particle surface. Limiting effect on the 

gelation process of HPMC. 

 

Loss tangent (tanδ) vs frequency plots were constructed for both E15LV and E4M HPMC 

polymer solutions, with the complete concentration range of GF. tanδ represents the ratio 

between the viscous modulus (G'') and the elastic modulus (G'); the lower the value of 

tanδ a more “solid-like” behavior has the sample. For both E4M and E15LV HPMC 

solutions values bellow 0.4 were obtained, however as expected, for E15LV tanδ 

exhibited larger values, as seem on Figures 35 and 36. 
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Figure 35. Viscoelastic behavior of HPMC E4M – GF solutions @80 °C 
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Figure 36. Viscoelastic behavior of HPMC E15LV – GF solutions @80 °C 

 

 

3.4 Conclusions 

 

Highly hydrophobic drugs like griseofulvin and fenofibrate in concentrations up to 5% 

(drug/polymer) were successfully suspended in different viscosity grade HPMC solutions. 

A significant effect on the gelation temperature was observed. Tgel decreases drastically 

when increasing the concentration of particles in the solution. This was attributed to 
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hydrophobic interaction between the particles and the polymer chains. This can be due to 

the higher affinity between HPMC and these drugs as proposed in the work of Romanski 

et al and Zhu et al, where the binding energy for both systems was estimated and 

correlated to the adsorption of the polymer in the drug surface. 

 

A gel failure was observed when 7% by weight in solution of GF was suspended on 1% 

HPMC E4M. The gelation of the polymer initially was highly promoted by the presence of 

the particles, and Tgel was about the same as for 5% of GF. However, when the process 

surpasses Tgel, a failure in the gel structure occurs and the particles precipitate. The weight 

of the particles is larger than the strength of the hydrophobic interactions of the gel 

network that keeps them suspended.     

 

Differences in the molecular weight of HPMC polymer were related to the ability of the 

polymer to form bridges between drug particles. The polymer molecular weight is a 

limiting factor in the gelation process, since there is a competition between polymer 

absorption on the surface of the drug and polymer-polymer interactions.  These 

interactions are highly dependent on the polymer chain length.  

 

 

 

 

 



 91 

3.5 References 

1. Amidon G., Lennernäs H., Shah V., Crison J. A Theoretical Basis For A 

Biopharmaceutic Drug Classification: The Correlation Of In Vitro Drug Product 

Dissolution And In Vivo Bioavailability. Pharmaceutical Research 12(3) (1995); 

413 – 420. 

2. Acharya C., Seo P., Polli J., Mackerell A. Computational Model For Predicting 

Chemical Substituent Effects On Passive Drug Permeability Across Parallel 

Artificial Membranes. Molecular Pharmaceutics 5(5) (2008); 818 – 828. 

3. Krishnaiah Y. Pharmaceutical Technologies For Enhancing Oral Bioavailability Of 

Poorly Soluble Drugs. Journal Of Bioequivalence & Bioavailability 2(2) (2010); 

28 – 36. 

4. Nagabandi V., Ramarao T., Jayaveera K. LIQUISOLID Compacts: A Novel 

Approach To Enhance Bioavailability Of Poorly Soluble Drugs. International 

Journal Of Pharmacy And Biological Sciences 1(3) (2011); 89 – 102. 

5. Hammond R., Pencheva K., Roberts K., Auffret T. Quantifying Solubility 

Enhancement Due To Particle Size Reduction And Crystal Habit Modification: 

Case Study Of Acetyl Salicylic Acid. Journal Of Pharmaceutical Sciences 96(8) 

(2007); 1967 – 1973. 

6. Sun J., Wang F., Sui Y., She Z., Zhai W., Wang C., Deng Y. Effect Of Particle 

Size On Solubility, Dissolution Rate, And Oral Bioavailability: Evaluation Using 

Coenzyme Q10 As Naked Nanocrystals. International Journal Of Nanomedicine 7 

(2012); 5733 – 5744. 

7. Liversidge G., Cundy K. Particle Size Reduction For Improvement Of Oral 

Bioavailability Of Hydrophobic Drugs: I. Absolute Oral Bioavailability Of 

Nanocrystalline Danazol In Beagle Dogs. International Journal Of Pharmaceutics 

125 (1995); 91 – 97.  

8. Van Eerdenbrugh B., Vermant J., Martens J., Froyen L., Van Humbeeck J., 

Augustijns P., Van Den Mooter G. A Screening Study Of Surface Stabilization 

During The Production Of Drug Nanocrystals. Journal Of Pharmaceutical Sciences 

98(6) (2009); 2091 – 2103. 

9. Rogers T., Gillespie I., Hitt J., Fransen K., Crowl C., Tucker C., Kupperblatt G., 

Becker J., Wilson D., Todd C., Broomall C., Evans J., Elder E. Development And 

Characterization Of A Scalable Controlled Precipitation Process To Enhance The 

Dissolution Of Poorly Water-Soluble Drugs. Pharmaceutical Research 21(11) 

(2004); 2048 – 2057. 

10. Al-Ghazawi A., Nuguru K., Gianbattisto D. Immediate Release Tablet Containing 

Naproxen Sodium. U.S. Patent US 2003/0211150 A1. (2003) 

11. Sing N., Zhang S., Liu C. Overview Of Factors Affecting Oral Drug Absorption. 

Asian Journal Of Drug Metabolism And Pharmacokinetics 4(3) (2004); 167 – 176. 

12. Sievens-Figueroa L., Bhakay A., Jerez-Rozo J., Pandya N., Romañach R., 

Michniak-Kohn B., Iqbal Z., Bilgili E., Davé R. Preparation And Characterization 



 92 

Of Hydroxypropyl Methyl Cellulose Films Containing Stable BCS Class II Drug 

Nanoparticles For Pharmaceutical Applications. International Journal Of 

Pharmaceutics 423 (2012); 469 – 508. 

13. Acevedo A., Takhistov P., Pinzón De La Rosa C., Florian V. Thermal Gelation Of 

Aqueous Hydroxypropylmethylcellulose Solutionswith SDS And Hydrophobic 

Drug Particles.  Carbohydrate Polymers 102 (2014); 74 – 79.  

14. DOW Methoxel Cellulose Esters: Technical Handbook. Form No. 192-01062-

0902 AMS (2002) USA. 

15. Romanski F. The Production And Stabilization Of Pharmaceutical 

Nanosuspensions. Doctoral Dissertation Rutgers University. (2011) 

16. Zhu W., Romanski F., Meng X., Mitra S., Tomassone M. Atomistic Simulation 

Study Of Surfactant And Polymer Interactions On The Surface Of A Fenofibrate 

Crystal. European Journal Of Pharmaceutical Sciences 42 (2011); 452 – 461. 

17. Flory P. Principles Of Polymer Chemistry. Cornell University Press (1953), Ithaca, 

New York.  

18. Viriden A., Wittgren B., Larsson A. Investigation of Critical Polymer Properties 

for Polymer Release and Swelling of HPMC Matrix Tablets. European Journal of 

Pharmaceutical Sciences 36 (2009); 297 – 309. 

19. Hao T., Riman R. Calculation of Interparticle Spacing in Colloidal Systems. 

Journal of Colloid and Interface Science 297 (2006); 374 – 377.  

 

 

 

 

 

 

 

 

 

 

 

 



 93 

4. PLASTICIZER EFFECT ON GELATION OF HPMC SOLUTIONS FOR 

DRUG DELIVERY APPLICATIONS 

 

4.1 Introduction 

 

Thin polymer films for drug delivery applications have been proposed as an advanced 

alternative to traditional tablets, capsules and liquids often associated with prescription 

and over the counter (OTC) medications [1-3], especially in applications where a more 

comfortable presentation is required. These films, mostly designed for oral administration, 

are designed to bypass the first metabolism path making the drug more bioavailable.[4, 5]  

 

Most thin films formulations are composed of a biopolymer based matrix, active 

ingredient, coloring, flavoring and saliva stimulating agents, preservatives, and 

plasticizers.[6] The last mainly incorporated to improve the flexibility of the strip and 

reduce its brittleness.[7] Plasticizers also are used as viscosity modifiers in polymer 

solutions.  

 

One of the most known and successful examples a dissolvable thin biopolymer have been 

applied is Listerine Pocketpaks® oral care strips [8], a Johnson & Johnson brand 

available in the market since 2007. A biopolymer matrix based on pullulan was used to 

suspend essential oils, such as menthol, thymol, methyl salicylate, and eucalyptol, which 

have an antiseptic effect. Xanthan gum, another polysaccharide, is used as a thickening 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%204%20-%20Plasticizers/PATENTE%20-%20Ingredientes%20films.pdf
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agent. This product takes advantage of the pullulan ability to suspend these oils in the 

films structure and its easy dissolution in humid environment.  

 

Other systems have been proposed to the fabrication of edible (and transdermal) thin films 

for food and pharmaceutical applications [9-11], to administer drugs or nutraceutical 

ingredients via absorption. This drug delivery method has generated great interest for its 

convenience with pediatric and geriatric patients [12, 13] and for the development of “on 

the go” products and food coatings. 

 

Plasticizers in film formulations have many applications related to the final desired 

mechanical properties of the films. Plasticizers may increase the flexibility, mechanical 

strength or durability of films, but at high concentration may affect the water vapor 

permeability (WVP) of the films. Also help to protect the active ingredient from oxidation. 

Many plasticizer compounds promote (or obstruct) gelation depending the type of 

plasticizer/polymer system, and might even promote interactions between polymer and 

drug particles, facilitating their stabilization. [14, 15] Plasticizers also have an important 

role in the water vapor permeability of the films since are able to reduce the hydrophobic 

interactions that provide the water transport barrier.[16]   

 

Two types of plasticization can occur, internal and external. Internal plasticizers 

chemically modify a polymer chain through the addition of substituent groups attached via 

covalent bonds.[17] Most common plasticizers used in edible films and coating are 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%204%20-%20Plasticizers/17%20-%20Efecto%20water%20vapor%20pressure%20in%20films%20-%20tanaka.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%204%20-%20Plasticizers/Chemical%20plasticization.pdf
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polyols, which include glycerol, sorbitol, PEG, sucrose, and propylene glycol. These 

plasticizers are able to perform an external plasticization, where they solvate and lubricate 

the polymer chains, lowering their glass transition temperature and also increasing the free 

volume.[18] The effectiveness of a plasticizer is dependent upon three aspects: size, shape, 

and compatibility with the polymer matrix.[19] The state of the plasticizer under normal 

storage conditions may also affect its permeability and flexibility. Solid plasticizers may 

have an “antiplasticizing” effect, decreasing matrix flexibility, while improving the vapor 

water permeability barrier.[20] 

 

For drug delivery formulations the flexibility, strength, and swelling capabilities of the 

films are very important to ensure long term stability and suitable release of the active 

ingredient [21], many plasticizers are able to improve these properties. However, the 

perfect amount of plasticizer must be evaluated to avoid mechanical flaws in the film 

structure due to phase separation effects.  

 

Phong and Takhistov have reported an optimal glycerol concentration range from 9 to 

29% (by weight) to plasticize E15LV viscosity grade HPMC films [22], where glycerol 

enhances the flexibility of the polymer to improve the mechanical properties of the films. 

In their work, HPMC E15LV films were prepared by dry casting method and evaluated 

using optical microscopy to determine if there was a phase separation within the films. 

Other works attribute phase separation between plasticizer and polymer to and excess of 

plasticizer or incompatibility between them.[23, 24] 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%204%20-%20Plasticizers/Free%20volume%20theory.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%204%20-%20Plasticizers/size%20-%20shape%20-%20effect.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%204%20-%20Plasticizers/anti-plasticizing%20effect.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%205%20-%20Plasticizers%20II/9%20-%20swelling%20plasticizer.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%205%20-%20Plasticizers%20II/10%20-%20phong%20takhistov%20poster%20submision.pdf
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In the first section of this chapter, the effect of the concentration and type of plasticizer 

(Glycerol, D-sorbitol and PEG 400), on HPMC grade E4M was evaluated. Linear 

regression analyses were proposed to predict Tgel in HPMC solutions in presence of the 

evaluated plasticizers.  

 

HPMC solutions have been reported to have a viscoplastic Bingham behavior.[25, 26] 

However, at high concentrations of glycerol a phase separation may occur.[27] In the 

second part of this chapter, steady-state rheological measurements are proposed to be used 

as a screening tool for phase separation prediction in HPMC-glycerol solutions.  

 

Finally, HPMC-glycerol films were prepared by dry casting method to confirm the 

rheological results. Films were evaluated by NIR-CI (chemical imaging) to determine 

glycerol distribution through the films. 

 

4.2 Experimental Section 

 

4.2.1 Materials 

 

Hydroxypropyl methylcellulose viscosity grade E4M and E15LV (CAS-No: 9004-65-3), 

glycerol >99.9% (CAS-No: 58-81-5), d-sorbitol (CAS-No: 50-70--4) and PEG Mn 400 

(CAS-No: 25322-68-3), all were purchased from Sigma-Aldrich. All plasticizers were 

used without further modification. Deionized water was used as solvent for all solutions.  

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%205%20-%20Plasticizers%20II/15%20-%20HPMC-glyceron%20phase%20separation%20diagram.pdf
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4.2.2 Sample preparation & Characterization 

 

For the first experiments, stock HPMC E4M 2% solutions were prepared by heating 

deionized water to 80 °C while stirring, and adding the polymer by small quantities at a 

time until complete dissolution. After the entire polymer is incorporated, the temperature 

was reduced to 25 °C and the stirring was maintained from 24 to 36 hours. For HPMC-

plasticizer solution preparation, the stock HPMC solution was diluted to 1% (by weight) 

and the desired amount of plasticizer (1, 2, 5, 7, 8, 9 and 10% by weight) were added. 

Solutions were kept under constant stirring for an additional 8 to 12 hours to ensure 

complete dissolution and homogenization. Plasticizers used (Figure 37) were chosen 

because their small size and water solubility. 

 

 

Figure 37. Glyceril, sorbitol and PEG molecular structure 

 

All samples were subjected to oscillatory shear measurements to determinate the gelation 

temperature. A temperature ramp from 25 to 80 °C at a heating rate of 0.5 °C/min was 

applied. All samples were transferred to the rheometer cell and let to rest for at least 20 

minutes to stabilize any remaining stresses from the loading.  
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For the second section, stock HPMC 8% E15LV viscosity grade solutions were following 

the same procedure previously described. For HPMC-glycerol solution preparation, the 

stock HPMC solutions were diluted to 2.5 and 5% (by weight) and the desired amount of 

plasticizer was added (up to 40% by weight). Solutions were kept under constant stirring 

for 12 hours to ensure complete dissolution and homogenization, before being used in the 

rheological experiments.  

 

Steady-state rheological measurements were performed in an Anton Paar MCR 302 

modular rheometer and double gap geometry using a shear rate ramp from 0.01 to 100 s
-1

 

at a constant 25 °C temperature.  All samples were transferred to the rheometer cell and 

left to rest for at least 20 minutes to stabilize any remaining stresses from the loading 

process.  All measured were performed three times and the resulting data was analyzed by 

ANOVAs using Minitab, for statistical consistency.  

 

HPMC-glycerol films were prepared pouring 30 grams of the polymer-plasticizer solution 

on a tempered glass plate and left to dry completely on a Thermo Precision 655 

convection oven at 35 °C for 12 hours.  After drying, the films were cut into one square 

inch sections and analyzed on a Malvern SyNIRgy NIR-CI, with an operating wavelength 

length of 1200 to 2400 nm, and a 40 μm/pixel magnification.  
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4.3 Results and discussion 

 

4.3.1 Plasticizers effect on Tgel of HPMC solutions 

 

In this section, HPMC viscosity grade E4M solutions with different concentrations of 

glycerol, d-sorbitol and PEG were evaluated. The plasticizer effect was evaluated in 1% 

HPMC solutions with plasticizer concentrations up to 10% by weight.  

 

It has been reported that plasticizers improve the mobility of the polymer chains in the 

solution, which in theory will lubricate the polymer chains promoting the structures 

increasing the hydrophobic interaction between them by the exposition of the methoxyl 

groups.  

  

From the rheological measurements a clear trend for glycerol and d-sorbitol to reduce the 

Tgel (coagulant effect) of the HPMC in the solution is observed (Figure 38). This effect is 

homologue to a salting-out effect by salt addition to the solvent [28], where by electrolyte-

non electrolyte interactions some solutes as polymers or proteins precipitate (agglomerate) 

due to the increase of hydrophobic interactions. This phenomenon is attributed to the 

increase in hydrophobicity of the solvent induced by slightly polarizable ions with high 

surface charge density, which stimulates an increase in the hydrophobic interactions of 

macromolecules.[29]  

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%204%20-%20Plasticizers/19%20-%20Agregacion%20particulas%20-%20Salting%20out.pdf
file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%204%20-%20Plasticizers/20%20-%20J.%20Biol.%20Chem.-1966-Robinson-4030-42.pdf
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Figure 38. Effect of the addition of plasticizer in HPMC-d-Sorbitol, HPMC-glycerol 

solutions 

 

Similar, mostly linear behavior was observed for glycerol and sorbitol in concentrations 

up to 8%, above that concentration glycerol exhibited a significant decrease in Tgel which 

is attributed to agglomeration of the polymer by a reduction in its solubility in the aqueous 

medium (water-glycerol mixture). 
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For PEG, an increase in Tgel was observed in concentrations up to 5%. This effect occurs 

because PEG has a solubilizing effect on HPMC polymer molecules in the solution. PEG 

promotes the solvation of HPMC molecules, preventing the disruption of the water cages 

around the hydrophobic sites in the polymer, which reduces the hydrophobic interactions 

between polymer molecules; this in turn increases the gelation temperature (energy needed 

to disrupt the water cages around the hydrophobic sites, which are in charge for the 

gelation). This effect is more noticeable in concentrations between 2 and 5%, small 

quantities of PEG have no significant effect on the gelation mechanism.  

 

PEG molecules are relatively large (compared with glycerol and sorbitol), and at higher 

concentrations these molecules can agglomerate forcing the HPMC molecules to form 

bundles which promote the hydrophobic interaction, generating an inverse plasticizer 

effect reducing Tgel. The plasticizing effect of PEG in the studied concentration range can 

be observed on detail on the Figure 39.  

 

 



 102 

 

Figure 39. Effect of the addition of PEG in Tgel of HPMC solutions 

 

From the linear regression analysis it can be concluded that the type of plasticizer and its 

concentration, both have a significant effect on Tgel, p-values below 0.05 for both factors 

were obtained; more details can be found on the appendix.   

 

Figure 40 summarizes the Tgel data distribution for all plasticizers. Glycerol exhibits the 

largest variation in Tgel; this is attributed to the big changes in Tgel at higher concentrations 

due to the polymer agglomeration caused by an initial phase separation stage.    
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Figure 40. Data distribution/variability for glycerol, PEG, sorbitol in HPMC 1% 

solutions 

 

Based on the linear regression analysis, three linear approximations were obtained to 

predict the gelation temperature of the evaluated systems,   

𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙,        𝑇𝑔𝑒𝑙 = 62.123 − 1.300 ∗ 𝐶 

𝑃𝐸𝐺,                 𝑇𝑔𝑒𝑙 = 70.956 − 1.300 ∗ 𝐶 

𝑆𝑜𝑟𝑏𝑖𝑡𝑜𝑙,        𝑇𝑔𝑒𝑙 = 64.549 − 1.300 ∗ 𝐶 
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where C represents the concentration of the plasticizer. These equations represent the 

behavior of the systems for plasticizer concentrations of 1% (by weight) an above.  

 

Glycerol exhibits a very interesting behavior. While Tgel displays a linear dependence with 

the sorbitol and glycerol in concentrations up to 8%, at higher concentrations of glycerol a 

discontinuity in the linearity is observed. This behavior is attributed to an initial stage of 

glycerol clusters’ formation where the glycerol molecules agglomerate. In the second part 

of this chapter a more detailed evaluation of this behavior is presented.       

 

4.3.1 Rheology as screening tool for film formulations 

 

The objectives of this section was to determine the effect of glycerol in the rheology of 

HPMC solutions and determine if there is a correlation between solution rheology and the 

morphological properties of dry-casted films, such that it may be used as a screening tool 

for film formulations. For this purposes steady-state rheological measurements were 

performed on 2.5 and 5% HPMC solutions with glycerol concentrations up to 40% by 

weight.  

 

From the steady-state rheological measurements a shear thinning followed by a Newtonian 

plateau was observed for all HPMC solutions. However, at concentrations above 30% (by 

weight) the constant viscosity (Newtonian plateau) zone disappears. This behavior 
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suggests a change in the morphology such as the presence of plasticizer rich zones which 

may generate discontinuities in the viscosity curve.  

 

In Figures 41 to 44 the effect of glycerol concentration in the viscoplastic behavior of the 

HPMC 2.5 and 5% solutions is shown. The results were divided in two graphs for each 

HPMC concentration, since the viscosity curves for 20 to 40% glycerol are in different 

order of magnitude and the effect on the lower concentrations is not appreciated.  

 

   

Figure 41. Effect of the glycerol concentration in 5% HPMC E15LV solutions for 

glycerol concentrations up to 10% 
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Figure 42. Effect of the glycerol concentration in 5% HPMC E15LV solutions for 

glycerol concentrations 20 to 40% 
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Figure 43. Effect of the glycerol concentration in 2.5% HPMC E15LV solutions. 

Glycerol concentrations up to 10% 
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Figure 44. Effect of the glycerol concentration in 5% HPMC E15LV solutions for 

glycerol concentrations 20 to 40% 

 

It can be observed that all samples behave as a Bingham plastic, where an initial stress 

(yield stress) has to be applied to make the polymer flow. As the shear rate increases the 

viscosity decreases until reaches a constant value. However, for both HPMC solutions at 

glycerol concentrations above 30% the plateau disappears (Figures 42 and 44). 
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From the Bingham model, calculation from the yield stress can be made by fitting models 

to the measured rheograms and extrapolating to zero shear rate. The Yield stress is 

obtained by the intercept on y of the curve.   

 

𝐵𝑖𝑛𝑔ℎ𝑎𝑚 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑚𝑜𝑑𝑒𝑙: 𝜎 = 𝜎0 + 𝜂𝐵�̇� 

 

Where σ is the stress, 𝜎0 is the yield stress, 𝜂𝐵 is the Bingham viscosity or plastic viscosity 

and �̇� is the shear rate.  

 

Glycerol in solution have been reported to behave in three different ways, depending on 

the concentration on the concentration and affinity with the solvent and polymer [30], 

glycerol can (1) interact with the polymer and form bonds with the polymer chains (Figure 

45a), (2) can act as a lubricant and stay in the solvent around polymer chains (Figure 45b) 

or (3) agglomerate in plasticizer rich zones between the polymer chains (Figure 45c). 

 

 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%205%20-%20Plasticizers%20II/Glycerol%20Phase%20separation.pdf
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Figure 45. Glycerol-HPMC interactions in solution 

 

At low glycerol concentrations (a) and (b) are the predominant arrangements. When the 

glycerol concentration increases, it have been reported that and agglomeration of 

plasticizer molecules can occur due to partial miscibility between the HPMC and glycerol 

(c).[27] As result, internal fissures may appear in the film. 

 

Yield stresses and plateau viscosities were calculated using the Bingham viscosity model. 

Figures 46 and 47 illustrate the plateau viscosity behavior when increasing the glycerol 

concentration for 2.5 and 5% HPMC solutions. A constant increase viscosity for both 

HPMC concentrations is observed when increasing the glycerol concentration, this suggest 

and increases in the Rg (radius of gyration) of the polymer (stretching of the polymer 

molecules) due the plasticizer effect, this effect may cause an agglomerating effect of 

glycerol on the polymer chains.  

 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%205%20-%20Plasticizers%20II/15%20-%20HPMC-glyceron%20phase%20separation%20diagram.pdf
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Figure 46. Plateau viscosity measurements for HPMC 2.5% - glycerol solutions 
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Figure 47. Plateau viscosity measurements for HPMC 5% - glycerol solutions 

 

Figures 48 and 49 show how the yield stress is affected by the glycerol concentration. For 

both 2.5 and 5% HPMC solutions, an increase in the yield stress is observed when 

concentration of glycerol reaches 30%. This is attributed to the behavior shown on Figure 

45c, where glycerol forms aggregates, creating discontinuities in the polymer solution 

which affects the flow properties of the sample.  
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Figure 48. Effect of the glycerol concentration on the yield stress on 2.5% HPMC 

solutions 
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Figure 49. Effect of the glycerol concentration on the yield stress on 5% HPMC 

solutions 

 

This increase in the 30 – 40% region is attributed to phase separation between the polymer 

and the plasticizer. At higher concentration of polymer, the effect is more noticeable due 

to the miscibility effect between glycerol and HPMC increases.  

 

NIR-CI was used as a validation tool. Films of HPMC-glycerol were prepared by dry-

casting method, using the same HPMC-glycerol concentrations. NIR spectrums of the 
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pure components were obtained previous of the films analysis to determine the glycerol 

distribution in the 0.55, 8 and 30% films. After getting the images and spectrums for all 

samples, an image analysis is conducted using ISys Chemical Imaging analysis software. 

 

For the imaging analysis first the removal of the “back” and “dark” spectrum for all 

samples is required. The dark spectrum represents the noise generated by a black focus 

point where the light from the NIR lamps is reflected, and the back is the noise generated 

by a highly polished ceramic stones used to place the sample. Arithmetic operations 

between the sample spectrums and the back and dark spectrums are performed to remove 

the noise in the measurements.  

  

After the removal of the dark and back spectrums from the images, a spectral “Triangle 

squared’ Fourier filter is applied to the sample to optimize the curves and masking the 

remaining noise.  After this optimization, the normalization and remotion of “bad pixels” 

in the images is done (see Figure 50), for this, ISys averages the information around a bad 

pixel in the sample with the information of the surrounding pixels to reduce the 

discontinuities in the film’s image.    
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Figure 50. Bad pixels analysis in HPMC-Glycerol 30% untreated film NIR-CI Image 

 

After these pretreatments all the data is transformed using a 2
nd

 derivate modification 

filter. A spectral median filter replaces each point of the spectrum with the median of the 

values of a user-set neighborhood of that point. This is very effective in removing sharp 

spikes in a spectrum while preserving the overall shape of the waveform.  
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Finally, concatenations of all the spectrums (images) for a single glycerol concentration 

are combined in an only composite image (Figure 51). Concatenation is useful to link the 

data sets for different samples so that they are processed in exactly the same way. This 

function fuses data sets along the specified axis.  

 

After concatenation, a statistical analysis is performed on the images, to eliminate all the 

pixels that are between a tolerance range (two times de standard deviation of the mean 

glycerol concentration for all films), the remaining pixels are considered to represent 

agglomeration or plasticize rich zones in the films. Binary (black and white) images are 

constructed with this information to provide more detailed representation of the plasticizer 

distribution on the films (Figure 52).  
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Figure 51. NIR-CI concatenated images for HPMC-glycerol films a) HPMC pure, b) 

0.55% glycerol, c) 8% glycerol, d) 30% glycerol 
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Figure 52.  NIR-CI binary images for HPMC-glycerol films a) HPMC pure, b) 0.55% 

glycerol, c) 8% glycerol, d) 30% glycerol 

 

When increasing the glycerol concentration, the amount and size of the black areas in the 

binary images increases. These areas represent plasticizer rich zones in the films caused by 

a phase separation phenomena between the polymer and plasticizer. Data validation 

methods and linear regression analysis is shown in detain on the appendix. 

 

 



 120 

4.4 Conclusions 

 

The plasticizing effect was observed in two different ways. A solubilizing effect of the 

HPMC molecules was observed with the addition of PEG in concentrations up to 5%. This 

behavior occurs because small PEG molecules may be attracted to the HPMC, acting as a 

solvent. These hydrophobic interactions block the polymer-polymer interactions that cause 

gelation, requiring more energy to achieve it. This behavior was reported previously by 

Laboulfie and collaborators in their work on the effect of different molecular weight PEGs 

on the mechanical resistance and thermal behavior of composite films for HPMC 

solutions.[31] At higher PEG concentrations, an opposing behavior is observed, and Tgel 

decreases when increasing the concentration of PEG in the solution, this can be attributed 

to the agglomeration of HPMC molecules caused by a phase separation with PEG. 

  

The addition of glycerol and d-sorbitol to HPMC solutions originates a decrease in the 

gelation temperature of the samples. This behavior is attributed to a coagulant effect on 

the HPMC molecules by these small soluble molecules, causing agglomeration of the 

polymer molecules which increases the polymer-polymer interactions and promotes 

gelation. In some cases, the effect can be so strong that the polymer can precipitate after 

agglomeration.  

 

The addition of plasticizer in film formulation for the enhancement of the mechanical 

properties can be related to the behavior of the precursor solutions. When the plasticizer 

file:///C:/Users/Iq%20Carlos%20Pinzon/Dropbox/HPMC%20-%20Flavorants%20Project/Thesis/References/Capitulo%204%20-%20Plasticizers/21%20-%20PEG%20-%20HPMC%20Films.pdf
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reduces Tgel, a more flexible yet fragile film is formed. Higher gelation temperatures may 

indicate better mechanical strength, but less malleability can be expected. This is the result 

of the organization of the polymer chains due to the presence of the plasticizer molecules.      

 

The use of simple steady-state rheological measurements was successfully implemented as 

screening tool for film formulations. The morphological properties of dry-casted films 

were successfully predicted by relating the viscoelastic behavior of the films precursor 

solutions, applying a shear rate ramp at constant temperature. 

 

Based on the results presented in the second section of this chapter, the use of in-line 

viscosity meters, or rheometers can be implemented as a process analytical technology 

(PAT) tool for controlling the morphological and mechanical properties of films in 

continuous industrial process. The quality of the product could be monitored in real-time 

based on a single viscosity measurement of the bulk solution. 

 

From our rheological measurements and previous studies cited in this chapter, [takhistov 

10], it can be expected that HPMC-glycerol films with glycerol concentrations between 9 

and 30% have better mechanical properties. In this case, glycerol as plasticizer has a 

lubricant effect on HPMC films improving the polymer chain stretching and enhancing the 

viscosity of the samples below 29%.  
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The use of spectroscopic characterization methods like NIR-CI has been demonstrated to 

be a confident validation method for dry-casted films. In pharmaceutical films 

applications or food coating continuous manufacturing could be implemented as an 

excellent quality control tool.  
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5. CONCLUDING REMARKS 

 

Biopolymer films formulations have been extensively proposed as food coating and drug 

delivery methods. Many formulations have in common the use of a biocompatible 

polymer, able to form physical or chemical stable gels structures. In the pharmaceutical 

industry, the constant development of new drugs require in many cases, novel drug 

delivery methods able to offer long term stability of the pharmaceutical product and 

increase its bioavailability. The encapsulation and controlled releases of drugs in gel 

matrices is proposes as an innovative strategy able to fulfill these requirements.  

 

Formulations of edible polymeric thin films have in common many formulation 

components. In this study the addition of flavorant agents, plasticizers and highly 

hydrophobic drug particles to non-ionic hydroxypropyl methylcellulose solutions was 

evaluated. The gelation temperature of the polymer-additive samples was the selected 

control variable, because is a key processing parameter directly related to the final product 

microstructure (morphology, fragility and permeability of the films). Rheological 

measurements are a verified method for the determination of this processing parameter, 

and were used in this work for the polymer solutions characterization. 

 

The addition of flavorants, plasticizers and the active pharmaceutical ingredients to the 

polymer precursor solutions, triggered changes in the gelation temperature of the system 
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due to molecular interactions between the additives and the polymer molecules, and 

changes in the solubilizing properties of the solvent mixture.  

 

Flavorants are small partially soluble molecules used to masking the bitter taste of some 

drugs. Due to solubility limitations, the flavorants concentrations evaluated in chapter 1 

were considerably low (concentrations bellow 0.1%). Solubility and Flory interaction 

parameters were calculated for each flavorant concentration; however the results shown 

little variation between each other, and statistically it can be concluded that the flavorant 

concentration has no or little effect on these parameters. But, these slight changes in the 

concentration have a significant effect on the gelation temperature of HPMC solutions and 

the results can be used for the prediction of the behavior of slightly flavored film 

formulations, especially for pediatric use. When little or no change in the gelation 

temperature of HPMC solutions is required, the use of ester flavorants compounds are 

recommended as these molecules does not participate directly in the gelation mechanism 

of HPMC.  

 

Small soluble molecules as menthyl acetate, ethyl cinnamate and terpinyl acetate are able 

to form H-H bonds with water, while the organic part of the molecule is capable of 

disrupting the water network continuity, promoting the hydrophobic interaction between 

the polymer chains, and therefore promoting gelation. It can be said that these compounds 

have a lubricant effect on the polymer chains, and contribute to the polymer chains 
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stretching. More compatibility and molecular interactions studies are required to evaluate 

the joint effect of flavorants in presence of more additives. 

 

Hydrophobic interactions prevail when BCS class II drug particles were incorporated in 

HPMC solutions. Polymer absorption on the drug surface occurs because the polymer 

molecules have relatively long hydrophobic branches (~6Å), which could potentially 

provide significantly strong van der Wall forces with the drug hydrophobic surface. These 

polymer-polymer and polymer-particle interactions are highly dependent on the chain 

length and Rg (radius of gyration), since small polymer chains can be absorbed completely 

on the drug surface limiting the interactions with other polymer chains and reducing the 

probability of form entanglements.  

 

Polymer films provide long term stability for pharmaceutical products; however one of its 

disadvantages is the maximum load that can be incorporated. Experimental results for 

griseofulvin and 1% HPMC showed that above 5% of drug concentration the gel matrix 

collapses, and the drug particles precipitate. These results are valuable for the 

development of a drug encapsulation system with similar properties, considerations about 

particle size and surface charge of the components are recommended. For suspend higher 

concentrations of drug particles a higher concentration of polymer may be used, however 

the effect of this modifications in the morphology and mechanical properties of the 

resulting films has to be evaluated. 
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The morphology and mechanical properties of the edible thin films based on a non-ionic 

biopolymer matrix as HPMC can be modified with the incorporation of plasticizers. These 

compounds are used as viscosity modifiers and may have a solubilizing or coagulant effect 

on the polymer solution. Glycerol as plasticizer, have a coagulant effect and promote the 

polymer-polymer interactions by reducing the solubility of the polymer in the aqueous 

medium. The integration of this plasticizer in a film formulation enhances the flexibility 

and reduces the brittleness of the product. Nonetheless, the addition of these additives may 

decrease the mechanical properties of the films when the used concentration promotes the 

aggregation of the plasticizer molecules; this generates plasticizer rich zones with different 

mechanical resistance to stress than the rest of the film. Rheological measurements were 

successfully implemented as a screening tool for phase separation determination in 

HPMC-glycerol films, this method proved to be a fast and efficient way to build and 

control the quality of the films in real time industrial applications. 
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6. APPENDIX 

 

6.1 Appendix from the chapter 2 

 

Linear regression analyses were performed for all the HPMC-flavorant solutions. The 

effect of the type of flavorants (by groups) and the effect of the concentration were 

evaluated.  

 

For all functional groups equal variance tests (parametric and non-parametric) were 

performed to evaluate the data consistency. 

 

6.1.1 Alcohol Flavorants 

 

Equal variance tests were performed to evaluate the data consistency. Bartlett’s and 

Levene’s test are used to evaluate the variance distribution for both parametric and non-

parametric.  P-values above 0.05 indicate a consistent equal variance for all samples. 
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Figure 53.  Test for equal variance for alcohol flavorants (1. cinnamyl alcohol. 2. 

eugenol. 3. citronellol) 

 

Two-way ANOVA: T Gel versus Flavor, Concentration  

 
Source         DF       SS       MS      F      P 

Flavor          2  203.717  101.859  21.52  0.000 

Concentration   5  378.300   75.660  15.98  0.000 

Interaction    10   67.763    6.776   1.43  0.206 

Error          36  170.417    4.734 

Total          53  820.197 

 

S = 2.176   R-Sq = 79.22%   R-Sq(adj) = 69.41% 

 

 

Results from the ANOVA analysis confirm that the type of flavorant and concentration, 

both have a significant effect on the gelation temperature of HPMC solutions. However, 

the interaction of factors does not has a significant effect.  
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Figure 54 was generated to illustrate the interaction of factors and its effect on Tgel. In the 

3D plot no significant peaks or valleys are observed (sudden inflexions) so it can be 

concluded (jointly with the p-value obtained in the ANOVA) that the interaction of factors 

has no significant effect on Tgel. 

 

     

Figure 54. Surface plot. Effect of the interaction of factors on Tgel (flavor – 

concentration) for alcohol flavorants 
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6.1.2 Ester flavorants 

 

Same analyses were performed for all functional groups. Equal variance tests, ANOVA 

analysis and interaction of factors analysis were performed. A graphical summary is 

shown below. 

 

Figure 55. Test for equal variance for ester flavorants (1. ethyl cinnamate. 2. menthyl 

acetate. 3. terpinyl acetate) 
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Two-way ANOVA: Tgel versus Flavor, Concentration  

 
Source         DF       SS       MS     F      P 

Flavor          2    1.670   0.8351  0.15  0.858 

Concentration   5   60.901  12.1801  2.25  0.070 

Interaction    10   59.933   5.9933  1.11  0.384 

Error          36  195.047   5.4180 

Total          53  317.550 

 

S = 2.328   R-Sq = 68.58%   R-Sq(adj) = 69.57% 

 

 

From the ANOVA results it can be concluded that no significant effect for flavorant, 

concentration or the interaction is present for ester flavorants. 

 

Figure 56. Surface plot. Effect of the interaction of factors on Tgel (flavor – 

concentration) for ester flavorants 
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6.1.3 Aldehyde flavorants 

 

 

Figure 57. Test for equal variance for aldehyde flavorants (1. vanillin. 

2.cinnamaldehyde. 3. ethyl vanillin) 

 

P-values above 0.05 for the equal variance test indicate consistent variance for all samples. 

  

Two-way ANOVA: Tgel versus Flavor, Concentration  

 
Source         DF       SS       MS      F      P 

Flavor          2  176.916  88.4579  21.79  0.000 

Concentration   5  163.667  32.7334   8.06  0.000 

Interaction    10  137.131  13.7131   3.38  0.003 

Error          36  146.119   4.0589 

Total          53  623.833 

 

S = 2.015   R-Sq = 76.58%   R-Sq(adj) = 65.52% 
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Significant effect is observed for both flavorant and concentration, as well as for the 

interaction.  

 

Figure 58 Surface plot. Effect of the interaction of factors on Tgel (flavor – 

concentration) for ester flavorants 
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6.1.4 Monoterpene flavorants 

 

 

Figure 59. Test for equal variance for monoterpene flavorants (1. menthol. 

2.geraniol. 3. eucalyptol) 

 

From the equal variance test p-values above 0.05 indicate a variance constant for all 

samples.  
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Two-way ANOVA: Tgel versus Flavor, Concentration  

 
Source         DF       SS       MS      F      P 

Flavor          2  299.830  149.915  33.25  0.000 

Concentration   5   55.619   11.124   2.47  0.051 

Interaction    10  161.516   16.152   3.58  0.002 

Error          36  162.313    4.509 

Total          53  679.278 

 

S = 2.123   R-Sq = 76.11%   R-Sq(adj) = 64.82% 

 

According to the ANOVA results, the flavorant, the concentration and the interaction have 

significant effect on Tgel for monoterpene flavorant.  

 

 

Figure 60. Surface plot. Effect of the interaction of factors on Tgel (flavor – 

concentration) for ester flavorants 
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For geraniol and menthol (alcohol-like monoterpenes) a second ANOVA was performed 

to evaluate the concentration effect on Tgel. From the Minitab results it can be concluded 

that both flavorants have a significant effect on Tgel for HPMC solutions in the studied 

concentration range. 

 

 

Source         DF  Adj SS   Adj MS  F-Value  P-Value 

  Flavor        1  212.67  212.674    34.97    0.000 

  Conc          5  127.75   25.550     4.20    0.005 

Error          29  176.35    6.081 

  Lack-of-Fit   5   52.21   10.442     2.02    0.112 

  Pure Error   24  124.14    5.172 

Total          35  516.77 

 

 

Model Summary 

 

      S    R-sq  R-sq(adj)  R-sq(pred) 

2.46596  65.87%     58.81%      47.41% 
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Figure 61. Main effects plots for evaluated factors (flavor and concentration) in 

menthol and geraniol – HPMC solutions 

 

The main effects plot show a significant effect for both factors evaluated.  

  

6.2 Appendix from the chapter 3 

 

The data distribution for GF and FNB is shown on Figure 62. From the graphical 

summary on the right side of Figure 55 and the Anderson-Darling normality test results it 

can be deduced that the Tgel data does not have a normal distribution, especially the data 

for FNB which have a p-value below 0.005. For FNB a few outliers can be observed, but 

these values represents the Tgel values of HPMC solutions without drug. Outliers are odd 
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values in the data; however these values being the 0% concentration does not affect the 

data consistency.  

 

 

Figure 62 .Graphical summary of Tgel data for GF and FNB in HPMC E4M solutions 

 

A global ANOVA for all the data (GF and FNB) allow us to conclude that the drug 

concentration has a significant effect in Tgel, with p-values below 0.001as shown on Figure 

63.  The Anderson-Darling test has a p-value of 0.318 which means that the data have a 

normal distribution with a slight negative kurtosis; this means that the data is slightly 
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distributed more to the right of the histogram which indicates that most of the data for 

Tgel is in the range of 58 to 62 °C and the effect of the addition of the drugs is mostly 

significant at low concentrations. 

 

It can be concluded from this section that the concentration of drug particles, have a 

significant effect on the gelation process of HPMC solutions. Despite HPMC solutions 

with presence of BCS Class II drugs having a higher mechanical stability due to drug-

polymer interactions that promote the gelation, above 5% (for GF) exhibited gel collapse.   
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Figure 63. Graphical summary of Tgel data for all concentrations for both drugs GF – 

FNB.   

 

 

Two different ANOVAs were performed to evaluate the effect of the addition of BCS 

Class II drugs to HPMC solutions. First all data was evaluated from 0 to 5 (drug/polymer 

ratio). Then, a second ANOVA (for GF and FNB) was performed eliminating the values 

below 0.5 (where the bigger effect is observed). 
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From the First ANOVA for FNB a significant effect of the concentration of the drug is 

observed on Tgel. A p-value significantly lower than 0.05 was obtained.  

 

Analysis of Variance (FNB all concentrations) 

* 

Source  DF  Adj SS  Adj MS  F-Value  P-Value 

C1       8  294.31  36.788     8.54    0.000 

Error   18   77.56   4.309 

Total   26  371.87 

 

 

Model Summary 

      S    R-sq  R-sq(adj)  R-sq(pred) 

2.07585  79.14%     69.87%      53.07% 

 

 

Removing   the data for 0, 0.1, and 0.5% FNB, the results still indicate a no relation 

between Tgel and the drug concentration. This is because the higher effect on Tgel is noted 

at low drug concentrations (for FNB).  

 

Analysis of Variance (FNB without concentrations below 0.05) 

 

Source  DF  Adj SS  Adj MS  F-Value  P-Value 

C3       6   24.41   4.068     1.17    0.377 

Error   14   48.81   3.487 

Total   20   73.22 

 

 

Model Summary 

      S    R-sq  R-sq(adj)  R-sq(pred) 

1.86722  33.33%     74.76%      70.00% 

 

 

In the case of GF, a significant effect on Tgel by changes in the concentration of the drug 

is observed in both ANOVAs, with and without the concentrations below 0.05%. This 
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indicates that HPMC have a more strong affinity with GF particles and the effect of the 

addition of particles is constant in the studied concentration range. 

 

Analysis of Variance (GF all concentrations) 

 

Source  DF  Adj SS  Adj MS  F-Value  P-Value 

cONC     8   355.4  44.419     7.79    0.000 

Error   18   102.6   5.699 

Total   26   457.9 

 

 

Model Summary 

      S    R-sq  R-sq(adj)  R-sq(pred) 

2.38724  77.60%     67.64%      49.60% 

 

 

Analysis of Variance (GB without concentrations below 0.05) 

 

Source  DF  Adj SS  Adj MS  F-Value  P-Value 

CONCE    6  232.94  38.824     6.26    0.002 

Error   14   86.82   6.201 

Total   20  319.76 

 

 

Model Summary 

      S    R-sq  R-sq(adj)  R-sq(pred) 

2.49020  72.85%     61.21%      58.91% 

 

 

For the evaluation of the effect of the molecular weight on Tgel two separate ANOVAs 

were performed (one for each drug). For GF a significant effect of the molecular weight 

on Tgel was observed, with a p-value below 0.05.  
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Analysis of Variance 

 

Source           DF   Adj SS   Adj MS  F-Value  P-Value 

  Polymer         1   931.09  931.094   103.36    0.000 

  Concentration   8   442.32   55.289     6.14    0.000 

Error            44   396.37    9.008 

  Lack-of-Fit     8    99.66   12.458     1.51    0.188 

  Pure Error     36   296.71    8.242 

Total            53  1769.78 

 

 

Model Summary 

      S    R-sq  R-sq(adj)  R-sq(pred) 

3.00140  77.60%     73.02%      66.27% 

 

 

In Figure 64 it can be observed, a trend to increase Tgel from E4M to E15LV for all GF 

concentrations.  
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Figure 64. Interaction plot for GF-HPMC for both molecular weight (1. E4M, 2. 

E15LV) 

 

This plot shows a clear trend to increase Tgel when decreasing the molecular weight of the 

polymer for HPMC-GF solutions. 

 

For FNB the effect of the molecular weight is almost no significant with a p-value of 

0.052. However a trend to increase Tgel when decreasing the molecular weight is present in 

almost all samples. The main effect is observed in concentrations below 2%.  (Figure 65). 
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Figure 65. Interaction plot for GF-HPMC for both molecular weight (1. E4M, 2. 

E15LV) 

 

Analysis of Variance 

 

Source           DF   Adj SS   Adj MS  F-Value  P-Value 

  Polymer         1    48.05   48.053     4.00    0.052 

  Concentration   8   815.82  101.977     8.48    0.000 

Error            44   528.96   12.022 

  Lack-of-Fit     8    75.76    9.470     0.75    0.646 

  Pure Error     36   453.20   12.589 

Total            53  1392.83 

 

 

Model Summary 

      S    R-sq  R-sq(adj)  R-sq(pred) 

3.46724  62.02%     54.25%      42.80% 
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6.3 Appendix from the chapter 4 

 

The effect of the type of plasticizer and its concentration was evaluated by linear 

regression modeling. Results are summarized in the ANOVA below. 

 

Analysis of Variance 

 

Source           DF  Adj SS   Adj MS  F-Value  P-Value 

Regression        3  2574.0   857.98    65.43    0.000 

  Concentration   1  1574.3  1574.33   120.07    0.000 

  Plasticizer     2   999.6   499.81    38.12    0.000 

Error            68   891.6    13.11 

  Lack-of-Fit    20   564.2    28.21     4.14    0.000 

  Pure Error     48   327.4     6.82 

Total            71  3465.6 

 

 

Model Summary 

      S    R-sq  R-sq(adj)  R-sq(pred) 

3.62110  74.27%     73.14%      71.01% 

 

 

p-values below 0.05 for the concentration and type of plasticizer were obtained, indicating 

that both factors have a significant effect on the gelation temperature of HPMC solutions. 
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Data Validation – HPMC 5%. (Glycerol Concentration vs Viscosity & Yield Stress) 

 

Table 11. Plateau viscosity/Yield stresses for all HPMC 5% - glycerol solutions 

Glycerol Concentration (weight %) Viscosity (Pa s) Yield Stress (Pa) 

0.00 0.117 1.009 

0.00 0.117 1.008 

0.00 0.117 1.001 

0.55 0.122 1.005 

0.55 0.121 1.008 

0.55 0.121 1.006 

1.00 0.122 1.004 

1.00 0.121 1.005 

1.00 0.121 1.003 

2.00 0.126 1.002 

2.00 0.125 1.005 

2.00 0.126 1.009 

3.00 0.135 1.009 

3.00 0.135 1.005 

3.00 0.135 1.011 

5.00 0.142 1.005 

5.00 0.144 1.003 

5.00 0.142 1.002 

8.00 0.144 1.003 

8.00 0.144 1.006 

8.00 0.145 1.002 

10.00 0.173 1.008 

10.00 0.173 1.003 

10.00 0.173 1.012 
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From the ANOVA analysis for HPMC 5% solutions, with the evaluated glycerol 

concentrations it can be concluded that the glycerol concentration have a significant effect 

on the viscosity and yield stress of the samples.  From the Figures 66 and 67 it can be 

observed a normal data distribution for all viscosity and yield stress data respectively.  

 

ANOVA results for HPMC 5% - Glycerol solutions (Plateau Viscosity) 
 
Source                    DF                   SS              MS                          F                 P 
Glycerol Concentration     7   0.0099359       0.0014194   3457.92        0.000 
Error                      18   0.0000074       0.0000004 
Total                   25    0.0099433 
 
S = 0.0006407   R-Sq = 99.93%   R-Sq(adj) = 99.90% 

ANOVA results for HPMC 5% - Glycerol solutions (Yield Stress) 
 
Source                    DF            SS          MS              F               P 
Glycerol Concentration    7           0.0001158         0.0000165        2.04         0.036 
Error                      18                  0.0001461         0.0000081 
Total                     25                  0.0002619 
 
S = 0.002849   R-Sq = 74.22%   R-Sq(adj) = 72.52% 
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Figure 66. Residual Plots for Plateau viscosity HPMC 5%  – All measurements 

 

 

0.00100.00050.0000-0.0005-0.0010

99

90

50

10

1

Residual

P
e

r
c
e

n
t

0.1800.1650.1500.1350.120

0.0010

0.0005

0.0000

-0.0005

-0.0010

Fitted Value

R
e

s
id

u
a

l

0.00120.00060.0000-0.0006-0.0012

8

6

4

2

0

Residual

F
r
e

q
u

e
n

c
y

2624222018161412108642

0.0010

0.0005

0.0000

-0.0005

-0.0010

Observation Order

R
e

s
id

u
a

l

Normal Probability Plot Versus Fits

Histogram Versus Order

Residual Plots for Plateau Viscosity



 153 

 

Figure 67. Residual Plots for Yield Stress HPMC 5%  – All measurements 

 

Data Validation – HPMC 2.5%. (Glycerol Concentration vs Viscosity & Yield Stress) 
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Table 12. Plateau viscosity/Yield stresses for all HPMC 2.5% - glycerol solutions 

Glycerol Concentration (weight %) Viscosity (Pa s) Yield Stress (Pa) 

0.00 0.018 1.003 

0.00 0.016 1.000 

0.00 0.016 1.001 

0.55 0.019 1.003 

0.55 0.017 1.001 

0.55 0.017 1.000 

1.00 0.017 1.004 

1.00 0.016 1.000 

1.00 0.016 1.001 

2.00 0.018 1.000 

2.00 0.018 1.000 

2.00 0.018 1.005 

3.00 0.021 1.005 

3.00 0.020 1.000 

3.00 0.020 1.000 

5.00 0.021 1.001 

5.00 0.021 1.001 

5.00 0.021 1.000 

8.00 0.023 1.005 

8.00 0.022 1.001 

8.00 0.022 1.005 

10.00 0.025 1.000 

10.00 0.026 1.003 

10.00 0.024 1.003 

 



 155 

 

 

From the ANOVA analysis for HPMC 2.5% solutions, with the evaluated glycerol 

concentrations it can be concluded that the glycerol concentration have a significant effect 

on the viscosity and yield stress of the samples with p-values of 0.000 and 0.487 

respectively.  From the Figures 68 and 69 it can be observed a normal data distribution for 

all viscosity and yield stress data respectively.  

 

 

 

 

ANOVA results for HPMC 2.5% - Glycerol solutions (Plateau Viscosity) 
 
Source                    DF                 SS              MS           F        P 
Glycerol Concentration    7             0.0001786          0.0000255        48.42             0.000 
Error                              16            0.0000084          0.0000005 
Total                           23            0.0001870 
 
S = 0.0007259   R-Sq = 95.49%   R-Sq(adj) = 93.52% 
 

ANOVA results for HPMC 2.5% - Glycerol solutions (Yield Stress) 
 
Source                     DF           SS           MS       F       P 
Glycerol Concentration      7            0.0000136          0.0000019             0.42       0.487 
Error                      16             0.0000743          0.0000046 
Total                     23            0.0000879 
 
S = 0.002154   R-Sq = 75.47%   R-Sq(adj) = 73.10% 
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Figure 68. Residual Plots for Plateau viscosity HPMC 2.5%  – All measurements 
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Figure 69. Residual Plots for Yield Stress HPMC 2.5%  – All measurements 

 

From the results of the statistical analysis for both 2.5 and 5% HPMC solutions it can be 

concluded that the glycerol concentration have a significant effect on the plateau viscosity 

and yield stress of the samples. Properties that were related in this chapter to changes in 

the morphological properties of HPMC/glycerol dry casted films.   
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