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ABSTRACT 

TOWARDS QUALITY BY DESIGN (QbD)  
OF PHARMACEUTICAL ORAL FILMS LOADED WITH POORLY WATER-

SOLUBLE DRUGS 

by 
Eylul Cetindag 

Oral films are an emerging drug delivery dosage form with numerous advantages 

such as ease of handling, the possibility to circumvent the first-pass metabolism, 

better patient compliance, capability for continuous manufacturing, and as a 

platform for personalized medicine. As films are different from other final dosages 

by their dimensions and their matrix form, further research is required to better 

understand the impact of excipient and drug on product performance to assure a 

consistent and good quality product. Therefore, this dissertation aims to contribute 

towards the processability and manufacturability of films by examining the impact 

of the materials and processes. First, the effect of solvent, and cellulosic polymers 

on solution-cast film critical quality attributes (CQAs) is investigated. The 

recrystallization of the drug is observed after processing and affected by its 

solubility in the solvent more than the polymer type. The CQAs are greatly 

impacted by the extent of drug recrystallization. An inversely linear correlation is 

found between recrystallization and supersaturation performance. Most 

interestingly, the films with low initial crystallinity do not guarantee stability, and 

uncontrolled recrystallization and poor time stability appear to be unavoidable for 

solution-cast films. Next, a long-standing challenge of bioavailability enhancement 

of the films loaded with a poorly water-soluble drug at high drug loadings is 

investigated via two different techniques: slurry and solution casting. 



Unfortunately, the solubility enhancement advantage of solution casting is negated 

by uncontrolled drug recrystallization. Thus, slurry-cast films are found to 

potentially outperform solution-cast films for dissolution performance at high drug 

loadings (> 10 wt%) and provide a stability advantage. Another unsolved 

formulation problem, the combined effect of particle size and loading of a poorly 

water-soluble drug on slurry cast film CQAs, is investigated next. The results 

confirm the hypothesis that as particle size decreases, the increased number of 

particles in the film changes the structure of the polymer matrix. Altered matrix 

adversely impacts the dissolution rate as a function of drug loading due to 

enhanced mechanical properties. Towards practical aspects such as 

manufacturability, drying of films, one of the most important pharmaceutical film 

process steps, is investigated to identify the impact of critical process parameters 

(CPPs). The CPPs for different drying modes (convection, conduction, and IR) are 

assessed through drying kinetics analysis. The effect of humidity on the drying rate 

is found to be as strong as air velocity along with temperature, and IR lamp power. 

In addition, the importance of solid-state characterization for process optimization 

is revealed. Towards product quality testing and assurance, Near-IR Spectroscopy 

is successfully evaluated for in-line monitoring of the thickness of poorly water-

soluble drug-loaded polymeric films. Drug particle size and surface modification 

via dry coating of the drug particles are identified as key parameters that impact 

product quality, including film thickness and its variation. A major outcome is that 

smaller and/or dry coated particles lead to more uniform films as well as enabling 

better prediction of the thickness.
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CHAPTER 1 

1 INTRODUCTION 
 

 

1.1 Background Information 
 
Oral films are relatively new dosage forms that have attracted the attention of many 

researchers [1, 2]. They can be defined as a thin polymeric film loaded with an 

active pharmaceutical ingredient (API) which dissolves and leads targeted 

therapeutic effect [3]. Depending on the site of application in the mouth (buccal 

and sublingual areas), the drug can be absorbed orally and bypasses the first-pass 

metabolism, leading to increased bioavailability [1]. Having this advantage, buccal 

and sublingual type oral films can be a better alternative for the drugs requiring 

intravenous administration, such as insulin or vaccines [4-6]. Aside from patient 

compliance and improved bioavailability, oral films possess other advantages such 

as flexible dosing and easiness to be incorporated into continuous manufacturing. 

In addition to these advantages, oral films are believed to play a key role in the 

reduction of time and the cost of manufacturing [7]. Moreover, a single formulation 

can be adjusted for different dosages considering a dispenser to arrange a desired 

amount of film. Through precision dispensing; the time and costs of packaging and 

manufacturing of several dosages will be significantly reduced [8] while giving 

flexibility to the practitioners in terms of supplying accurate prescriptions for varying 

ages and weights. 

Considering their attractive features, oral films are promising dosage forms, 

particularly given the growing interest in personalized medicine expanding the 
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research from the scientific and engineering design aspects. Despite considerable 

research, much work remains towards better standardization from materials to 

processing perspectives [2].  

Oral films can be prepared by hot-melt extrusion (HME) [9-19], solution 

casting [20-26], and slurry casting [27-32] which are commonly used techniques 

for oral films. The films prepared by HME are subjected to elevated temperatures 

during processing. HME processing results in films loaded with amorphous or 

molecularly dispersed drugs, facilitating increased solubility, particularly for poorly 

water-soluble drugs. However, high temperatures may cause degradation of the 

drug. In addition, the thickness of most films produced via HME is either too high 

(300 μm) or thinner (70-120 μm) with a standard deviation of at least 10 μm. These 

are not acceptable features since thickness is the most important parameter in 

terms of product quality attributes and patient compliance. Most importantly, drug 

content is strongly dependent on the thickness of the film. 

In another film preparation method, solution casting, the drug is designed 

to be amorphous similar to the HME process. In solution casting, the drug is 

dissolved in the polymer solution before casting unlike the heating in HME. If the 

drug is poorly water-soluble, an organic solvent must be used in the polymer 

solution to dissolve the drug. In the opposite case, if the drug is water-soluble, 

there is no need for an organic solvent. In the polymer solution, the drug dissolves 

and becomes amorphous, but as the solvent is evaporated the drug particles tend 

to recrystallize during the drying process which is the major issue for both HME 

and solution casting methods. Recrystallization of the drug during storage is quite 
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possible even if initially a crystal-free fresh film is obtained. For this reason alone, 

optimization of the formulation and selecting the process parameters must be 

performed meticulously. Each time when there is a change in the formulation such 

as polymer type, drug, excipient, the process parameters must be optimized again. 

In contrast to these techniques, slurry casting is a robust process delivering 

predictable and stable product quality. In slurry casting, the polymer solution is 

prepared using water as the solvent and the poorly water-soluble drug is directly 

added resulting in a suspension. Due to the usage of suspension, this method is 

called slurry casting. Since the drug is not dissolved, formulation optimization does 

not depend on the drug as much as in HME or solution casting methods. In the 

scope of this dissertation, films made with both solution and slurry casting will be 

analyzed. 

There are many studies related to the effect of critical material attributes 

(CMAs) and process parameters (CPP) on the critical quality attributes (CQAs) of 

the films [24, 33-36]. Yet, a general framework towards design space and control 

systems is missing for film manufacturing to assure good product quality. Product 

quality is of importance in every different type of manufacturing, but it is critically 

important in the pharmaceutical industry as pharmaceutical products must meet 

very specific needs. There is an approach called Quality by Design (QbD) in 

pharmaceutical development to ensure the fulfillment of CAQs’ needs and have 

better control of the product qualities by the design itself [37]. QbD includes 

predefined objectives, emphasizing product and processes by understanding 

process control steps to gain better control of any process to ensure the consistent 



 

4 
 

yield and high-quality products [38]. In this approach, the first challenge is defining 

a target product quality profile and objectives. These predefined quality 

performance criteria are followed by the design and development of products and 

manufacturing processes in accordance with these quality profiles. Moreover, in 

this approach identifying critical quality attributes, process parameters, and 

sources of variability is of great importance to assure the production of consistent 

and reliable quality over the production time [38]. The last step of QbD, ensuring 

the defined product quality, can be achieved by implementing Process Analytical 

Technology (PAT) into the manufacturing system. PAT offers process control by 

timely measurements and helps to intervene in case of failure in the system. 

QbD approach is not necessarily a new concept in pharmaceutical drugs. It 

has been investigated and established for the tablets by many researchers as it 

was reviewed by Lionberger et al. [39]. However, for oral films, one of the main 

missing parts in drug development is a well-defined roadmap for a reliable QbD 

approach. Having this incentive, Visser et al. prematurely tried to apply the QbD 

approach to films [40]. In their study, tensile strength, elongation at break, Young's 

modulus, and disintegration time consists of the main CQAs. Also, for the CQAs, 

they defined an upper or lower bound for these parameters. However, for design 

purposes, a well-defined range should be constituted rather than bounds. 

Implementation of these CQAs in QbD of oral films is more appropriate not only in 

the identification of sources of fails but also for higher quality design and 

experimental layouts. Besides this study [40], current literature lacks a comparison 

for the effects of CQAs on QbD performances in films.  
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Table 1.1 Summary of Critical Quality Attributes and Related Process Parameters 
and Material Attributes  

CRITICAL 
QUALITY 

ATTRIBUTES 
PROCESS PARAMETERS 

MATERIAL 
ATTRIBUTES 

Dose Uniformity, 
Stability, 

Appearance, 
Residual Water 

Content, 
Organoleptic 

Characterization, 
Physical 

Strength, Drug 
release profile 

Mixing 
Batch: Type and geometry 
of mixer, mixing time, mixer 
load level, impeller speed, 

solids loading, mixing 
temperature 

Continuous: Screw 
geometry, feed rate of 

ingredients, screw rotation 
rate, Solids loading, Mixing 

temperature 

Film Formers 
MW, viscosity in water, 

water solubility, film 
forming capability, 
toxicity, taste, cost, 
hydrophobicity, gel 

formation, solubility in 
organic solvents, 

swelling 

Defoaming 
Method of defoaming, 

defoaming time 

Plasticizers 
Compatibility with 

polymer, impact on 𝑇𝑔 

Casting 
Feed die type and 

geometry, gravity vs. 
pressurized feed, feed rate 

Active 
Pharmaceutical 

Ingredient 
Water solubility, MW, 

melting point, 
logP, particle size, BCS 

class 
Drying & Sampling 

Drying equipment type and 
geometry, feed type (slurry 
vs. solvent), feed rate, feed 
moisture content, types of 
drying and heat transfer 

modes , roller speed, zone 
temperatures, irradiation 

flux, inlet air flow rate, 
temperature, humidity, 

roller substrate type, drying 
(residence) time, film 

temperature, exhaust air 
temperature and humidity, 

punch type/size 

Stabilizers/surfactants 
Surface tension, 

adsorption, toxicity, 
irritation, hydrophilic-

lipophilic balance 
(HLB), tendency to 

promote foaming, may 
promote Ostwald 

ripening 
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Table 1.1 depicts the most important CQAs with projected CPPs and critical 

material attributes CMAs. It should be noted that implementing the analysis of 

these parameters would allow creating design space which is the key missing 

factor in oral film designs. In the following chapters, the current status of oral films 

is described within the perspective of attributes presented in Table 1.1. The related 

literature about the CMAs and CPPs in pharmaceutical film manufacturing is 

reviewed in the following chapters. In these chapters, certain formulation and 

process parameters were analyzed in terms of relevant CQAs to identify CMAs 

and CPPs for pharmaceutical film manufacturing. 

 

1.2 Objective 
 
Due to its many advantages (explained in Section 1.1), oral films loaded with the 

drug have taken the attention of many researchers. There are extensive studies 

especially about the effect of material attributes on the CQAs of the films. Yet, a 

general framework towards design space is missing for every step of 

manufacturing. To understand the effect of formulation and process parameters 

on the CQAs of the films which will help to create a design space later, the following 

scientific questions are raised: 

▪ How do different solvents affect CQAs of the films i.e., crystallinity, 
mechanical properties, dissolution, content uniformity? 

▪ How does the solubility of API in selected solvents affect the stability of 
films? 

▪ How does the recrystallization kinetics change with drug loading? 

▪ How do particle loading and size affect the dissolution? 
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▪ Do the drying modes i.e., conduction, convection, or radiation, affect CQAs 
(i.e., final moisture, crystallinity, mechanical properties) of the films? 

▪ How the casting thickness affect the drying kinetics?  

▪ How do engineered particles affect the film thickness? 

Throughout this dissertation, the questions above will be addressed by 

systematic analysis of CMAs and CPPs. In addition to these, in Chapter 7, PAT 

will be introduced into the analysis of CQAs of the drug-loaded films. 

 

1.3 Dissertation Outline 
 
This dissertation comprises eight chapters. Chapter 1 starts with a general review 

of the introduction to pharmaceutical films. A more detailed related literature review 

is included at the beginning of each chapter. Chapter 2 analyzes the effect of 

solvent and polymer on the properties of solution cast films. Chapter 3 investigates 

the effectiveness of different casting techniques, i.e., solution casting and slurry 

casting, in terms of dissolution rate. Chapter 4 explores the effect of particle size 

and drug loading on the dissolution enhancement of film loaded with a crystalline 

drug. In Chapter 5, the process parameters in the drying of drug-loaded films are 

examined. Chapter 6 introduced the Process Analytical Tools integration into the 

continuous film manufacturing to detect and analyze the thickness. Chapter 7 

presents the general conclusions of this dissertation and anticipated future work. 
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CHAPTER 2 

1 EFFECT OF SOLVENTS AND CELLULOSIC POLYMERS ON QUALITY 
ATTRIBUTES OF FILMS LOADED WITH A POORLY WATER-SOLUBLE 

DRUG 
 

 

2.1 Introduction 
 
Oral films are an emerging dosage form for drug delivery due to their numerous 

advantages. Some of the significant advantages of films include ease of handling, 

capability for continuous manufacturing, the possibility to bypass the first-pass 

metabolism leading to increased bioavailability [4-6], patient compliance in 

particularly for pediatrics, geriatrics and dysphagia patients [1, 2] and personalized 

medicine taking advantage of precision dispensing and flexible dosing capability 

[8]. Commonly adopted techniques for oral films are solventless casting, i.e., hot-

melt extrusion (HME) [9-11, 13-19], and solvent casting including solution [20-26] 

and slurry casting [27-32, 36, 41]. These techniques can be used to enhance the 

bioavailability of BCS (Biopharmaceutics Classification System) Class II active 

pharmaceutical ingredients (APIs) by increasing the dissolution rate. Two major 

approaches to enhance the dissolution rate in films are: increasing the solubility of 

the API by forming amorphous solid dispersions, which can be accomplished 

through HME or solution casting, or by using nano or low micro-sized API particles 

and preserving their large surface area through slurry casting as it can be 

explained by Noyes-Whitney equation [42]: 
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 ( )s

dC
kA C C

dt
= −  (2.1) 

 

in which Cs is the solubility of the API, C is the concentration at a time “t”, A is the 

total surface area over which dissolution occurs, and k the is solute transfer 

coefficient.  

In this chapter, the solution casting approach is investigated by examining 

the effect of solvents on the dissolution rate and other critical quality attributes 

(CQAs) for cellulosic films loaded with a poorly water-soluble drug. The main goal 

is to identify which CQAs in addition to the API crystallinity and form could be 

impacted by the solvent and assess the extent of the impact as compared to the 

impact of the polymer and other key formulations parameters. 

In solution casting, API is solubilized using an organic solvent and it is 

hoped that upon drying, the API is in an amorphous state within polymer matrix 

[20, 22-24], while in slurry casting API is crystalline, hence it has solubility limitation 

due to crystalline nature. Solution casting offers a highly promising option due to 

its potential for facilitating higher solubility and supersaturation during dissolution 

alleviating the solubility limitation of slurry casting. Unfortunately, recrystallization 

becomes a major challenge for solution casting [21-23, 43, 44]. It must be 

addressed by optimizing the materials used in the formulation as well as 

processing parameters because they can all significantly impact the properties and 

stability of the film product. However, in most studies to-date, the solid-state of the 

API in the film was either not considered or it was not well characterized [21, 22, 

24, 44-46].  
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As discussed previously, the API is likely to recrystallize in the film prepared 

via solution casting. Therefore, a representative API based on its crystallization 

tendency needs to be selected. Several API properties affect the crystallization 

tendency of the molecules. These include thermal properties such as the melting 

and glass transition temperatures, enthalpy, entropy, molecular weight and 

rotatable bonds [47, 48], and surface diffusion coefficient [49]. It was reported that 

higher molecular weight, number of rotatable bonds, more complex structure, 

lower enthalpy and entropy, and higher Tg decreases the crystallization tendency 

[47, 48]. In addition, high, intermediate, or low crystallization tendency categories 

have been proposed based on a detailed experimental analysis via solvent 

evaporation of a large group of organic molecules based on their glass-forming 

ability [47] and undercooled melt techniques [48]. Accordingly, for solvent 

evaporation, which is the most relevant to solution casting for films, the 

classification included 39 APIs as fast, 23 APIs as intermediate, and 31 APIs as 

slow or non-crystallizers [47]. Unfortunately, such classification is dependent on 

the solvent used [47]. Further, it has been reported that even slow crystallizers 

may have poor time stability [50], and in general most amorphous glasses tend to 

crystallize in time [51-53]. While it is not possible to account for all aspects of the 

intrinsic crystallization tendency of the selected API for the current study, one from 

an intermediate crystallizer category, Fenofibrate (FNB), is considered. Doing so 

assures that its behavior represents about 2/3rd of the APIs that could be classified 

as intermediate or fast crystallizers [47]. In addition, significant previous work on 

film formation with FNB via slurry casting is available as a baseline [27, 29, 30]. 
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Several studies have focused on understanding the effect of the polymer in 

solution casting for the films [23-26]. However, studies on the effect of solvent 

selection are very limited. Among these, Preis et al. discussed solvent suitability 

but only characterized the precursors [25]. Moreover, the visible appearance was 

the only characterization for the precursors which is not a quantitative technique. 

Pattnaik et al. studied the effect of solvent on the crystallinity of ondansetron in the 

film but did not analyze the effect on dissolution rates or mechanical properties of 

the films [54]. Considering these examples from the existing literature, solution 

casting appears to be implemented for oral film production without an adequate 

understanding of the effect of solvent on the solid-state of the API and other key 

quality attributes including dissolution.  

Two other solvent evaporation methods, spin coating and spray drying [55, 

56] may provide insights into solvent selection. Although these two techniques 

differ from solution casting in the final product form, time and mode of drying, and 

the relative amounts of drug and polymer, they all require preparation of a 

precursor solution that includes polymer and drug dissolved in a suitable solvent 

[57]. Spray drying studies showed that solvent may significantly influence the 

properties of the resulting dispersion i.e., particle size, glass transition 

temperature, dissolution rate, supersaturation level [58-62]. A general conclusion 

from these studies is that the solvent selection may influence the morphology and 

size of the particles and as a result, related dissolution profiles. Mugheirbi et al. 

examined the effect of the solvents on the polymer conformation using the films 

prepared via spin-coating [63]. It was concluded that even the smallest change in 
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solvent and evaporation rate could drastically affect the film matrix. Likewise, it is 

expected that the solvent system used in oral film preparation via solution casting 

would significantly affect the film matrix. Consequently, the film matrix would have 

an impact on the thermal properties (i.e., Tg), mechanical properties and the 

stability and release of the drug [1]. In addition, because the films are used as final 

dosage form, unlike spray-dried powders where additional additives and 

formulation development may help mitigate some of the negative effects from 

solvents, the effect of solvent is expected to play even more crucial role in film 

product development.  

Consequently, the main objective of this study was to investigate the impact 

of different solvents in conjunction with the film-forming polymer on the CQAs of 

the films produced via solution casting. The effect of solvents was experimentally 

examined on two widely used cellulosic polymers [64], i.e., hydroxypropyl 

methylcellulose E15 (HPMC E15) and hydroxypropyl cellulose (HPC, L grade). 

Fenofibrate (FNB) was used as a model BCS class II model drug and four different 

organic solvents, ethanol (EtOH), methanol (MeOH), acetone (Ace) and 

dichloromethane (DCM) were used in binary solvent systems. Key critical 

attributes of the films prepared using different solvents were measured, such as 

the film morphology and the FNB recrystallization, the content uniformity, film 

mechanical properties, and dissolution profiles, including supersaturation 

potential. These results were analyzed to assess the hypothesis that, significant 

drug recrystallization as a function of solvent and polymer can be expected, 
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impacting key film properties, including drug supersaturation during dissolution for 

solution-cast films.  

 

2.2 Materials 
 
Fenofibrate (FNB, Jai Radhe Sales) as a model BCS Class II drug, low molecular 

weight (MW) hydroxypropyl methylcellulose (HPMC; Methocel E15 Premium LV, 

Mw ~40 000, 12-18 cP; The Dow Chemical Company, Midland, MI) and 

hydroxypropyl cellulose (HPC, L grade, Mw ~140 000,  6-10 cP; donated by Nisso 

America Inc, New York, NY, USA) as film formers and glycerin (Sigma-Aldrich, 

Saint Louis, MO) as plasticizer were used. Ethanol (Alfa-Aesar, anhydrous, HPLC 

grade), methanol (VWR, ACS), acetone (Honeywell, Burdick & Jackson, 

ACS/HPLC) and dichloromethane (Sigma-Aldrich, anhydrous) were used as 

received.  

 

2.3 Methods 

2.3.1 Polymer solution preparation 
 
Hydroxypropyl methylcellulose (HPMC) and hydroxypropyl cellulose (HPC) are 

commonly used as a film former pharmaceutical products [20, 23-26, 29, 30, 65, 

66]. Therefore, these cellulosic polymers were selected as film formers in this 

study. HPMC and HPC both have cellulose backbone with different levels of 

methoxyl and/or hydroxypropyl substitutions. HPMC used is E15 LV grade having 

average MW of 40 000 Da, viscosity of 12-18 cP (2% in water), and degree of 

substitution (DS) of 1.9 (methoxyl) and 0.23 (hydroxypropyl) [67]. HPC used is L 
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grade having average MW of 140 000 Da, viscosity of 6-10 cP (2% in water), and 

degree of substitution of 2.2 (hydroxypropyl) [68]. 

 

Table 1.1 Solubility of Fenofibrate (FNB) in Pure Solvents and Their Mixtures 

Solvent 
Solubility of FNB 

(g/L) 

Methanol 43.1 

Ethanol 38.6 

Acetone 353.3 

Dichloromethane 
(DCM) 

617.2 

1:4 (water:methanol) 11.6 

1:4 (water:ethanol) 23.7 

1:4 (water:acetone) 156.4 

1:1 (DCM:ethanol) 535.7 

Water 0.1 mg/L [69] 

 

Ethanol (EtOH), methanol (MeOH), acetone (Ace), and dichloromethane 

(DCM) were chosen as solvents allowing to examine a wide solubility range (Table 

1.1) for the model poorly water-soluble drug (FNB). It is noted that the usage of 

DCM in pharmaceutical products should be limited according to FDA guidance for 

industry [70]. However, its alcoholic mixture is a good solvent for the polymers 

used, HPMC and HPC, as well as the drug, FNB. This allowed for preparing one 

of the formulations without any water in the solvent system, DCM:EtOH mixture, 

selected for research purpose. A binary organic solvent mixture including water is 
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needed to dissolve both HPMC and FNB due to the solubility limitation of HPMC. 

As a result of a preliminary study, 1:4 (water / organic solvent) ratio was selected 

to further analyze (Details may be found in Appendix A).  

Formulations were given abbreviated names indicating polymer and solvent 

used (Table 1.2). These names were used throughout the manuscript for the sake 

of brevity. Polymer solutions prepared with HPMC E15 contained 10% (wt%) 

polymer, 3.3% (wt%) plasticizer while HPC-L solutions contained 20% (wt%) 

polymer, 1% (wt%) plasticizer and the rest were the solvent mixture. 

The composition of HPMC E15 solutions was adapted from Zhang et al [30] 

and HPC-L solutions were adjusted considering viscosities and peelability of the 

films. Details may be found in the Appendix A. To prepare a polymer solution in a 

binary solvent mixture for both HPMC E15 and HPC-L, the required amounts of 

organic solvent and deionized water were added to a glass jar with magnetic 

stirring and heated together. Upon reaching 30 °C, the plasticizer, glycerin, was 

added to the binary solution and stirred for 5 minutes and the temperature was 

increased to 40–45 °C. At this stage, the polymer was slowly added to the solution, 

after all, the solution was maintained at approximately 40–45 °C until all of the 

polymer was dissolved, and then the final mixture cooled down to room 

temperature. HPMC solutions in water were prepared following the same steps 

except for the temperature (80 °C) during polymer addition. Aqueous HPC 

solutions were prepared at room temperature using an over-head impeller. 
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Table 1.2 Formulation Compositions   

Name of the formulation 
Polymer 

type 

Solvent used in 
polymer solution 

preparation 

Slurry-HPMC HPMC E15 Water 

MeOH-HPMC HPMC E15 
Water : methanol 

(1:4) 

EtOH-HPMC HPMC E15 Water : ethanol (1:4) 

Ace-HPMC HPMC E15 Water : acetone (1:4) 

DCM-HPMC HPMC E15 
Dichloromethane : 

ethanol (1:1) 

Slurry-HPC HPC-L Water 

EtOH-HPC HPC-L Water : ethanol (1:4) 

Ace-HPC HPC-L Water : acetone (1:4) 

 
 
2.3.2 Precursor preparation 

 
To create the film precursor, dry FNB powder was incorporated into the polymer 

solution via planetary centrifugal mixing (Thinky Model ARE-310). Process 

parameters were adapted from a previous work which showed that planetary mixer 

resulted in good mixing of powder and polymer solution regardless of powder 

properties [30]. However, here the mixing time had to be increased since the API 

needs to be dissolved, which was not the case in [30]. In addition, a defoaming 

step was added due to increased mixing time and since casting was to be done 

right after precursor preparation. Consequently, the drug powder and polymer 

solution were mixed for 10 min at 2000 rpm, followed by defoaming for 2 min at 

2200 rpm. All the films had 10% FNB loading unless it is stated otherwise. 
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2.3.3 Casting and drying 
 
Film precursor suspensions were cast onto a plastic substrate (Scotchpak TM 

9744, 3M, MN, USA) with a doctor blade (Elcometer, Rochester Hills, MI) in a 

different range of wet thicknesses to achieve a uniform thickness from each solvent 

precursor using a Lab-Cast Model TC-LC Tape Caster (HED International, 

Ringoes, NJ). Drying of the HPMC films made with 1:4 (w:EtOH) at 50 or 40 °C 

created irregularities on the film surface due to the fast evaporation (Figure A.2). 

In order to obtain defect-free film for all the formulations, following the casting step, 

samples were dried in a fume hood at ambient temperature overnight. Once dry, 

the films were peeled from the substrate and stored in sealed plastic bags until 

analyzed. All the characterizations were conducted on the same day that films 

were dried and peeled.  

 

2.4 Characterization 

2.4.1 Solubility 
 
The excess amount of FNB was added into 50 mL of pure solvents and their binary 

mixtures listed in Table 2.1 at room temperature and stirred for 24 h. Some of the 

suspension was extracted via a syringe, filtered (pore size of 0.2 µm) and diluted 

using fresh solvent/solvent mixtures. Absorbances of the solutions were measured 

via UV-vis spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). 

Concentrations were calculated using respective calibration curves and solubilities 

were reported in Table 1.1. 
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2.4.2 Morphology 
 
The films were analyzed using a digital microscope with polarized back-lighting 

mode (Carl Zeiss Microscopy, LLC. Germany). Each film with a 1 cm x 3 cm 

dimensions was fixed on a glass slide by a tape on the edges and images were 

taken from the top. For thin films produced here, this approach allowed for the 

detection of the recrystallization within and on the surface of the film. 

2.4.3 Extent of recrystallization 
 
A differential scanning calorimeter (DSC, Mettler Toledo, Inc., Columbus, OH) 

analysis was performed in the examination of the extent of recrystallization in the 

film samples loaded with FNB. Approximately 5–8 mg of sample in an aluminum 

standard pan was heated from 25 °C to 120 °C with a constant heating rate of 10 

°C/min under a nitrogen flow and cooled down to 25 °C with the same rate. 

Crystallinities in the films were calculated using the melting peaks (if occurred) on 

the thermograms (Equation 2.2). Specific enthalpy of crystalline material in the film 

was calculated by calculating the area under the melting peak. Specific enthalpies 

of slurry films were used as 100% crystalline material in the calculations. All the 

samples were run triplicates. 

 

0
              

       
            

1
 

% 0
enthalpy of the saSpecific

Specific
E

mple film
xtent of recrystallization

enthalpy of the slurry film
=   (2.2) 

  

In the case of shoulder appearance on the thermograms, the curve was 

deconvoluted using OriginLab 2020 software [71]. Each fitted curve represents a 
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different form of FNB. They were used in crystallinity calculations for the 

corresponding form of FNB. Same slurry films were used as the reference for each 

form of FNB as Tipduangta et al. stated that form I and II would have similar melting 

enthalpies due to their similar crystal structures [72]. 

2.4.4 Content uniformity 
 
In order to measure the dispersion and uniformity of drug particles in the dried film, 

ten circular punches, ~0.7 cm2 area, were sampled from the films randomly [27, 

30]. Such a small sample size (~0.7 cm2), about 1/10th of the intended dosage size 

(2 cm x 3 cm), was selected for improved discernment of the effect of the key 

factors [27, 30]. Mass and thickness of these samples were recorded. Then, they 

were dissolved in a 20 mL of 7.2 g/L concentration solution of sodium dodecyl 

sulfate (SDS) solution and stirred via magnetic bars for at least three hours. The 

absorbance of each solution was measured via a UV-vis spectrophotometer 

(Thermo Fisher Scientific Inc., MA, USA) at the maximum wavelength for FNB (290 

nm) and concentrations were calculated using a pre-prepared calibration curve. 

Label claim% (the average drug loading with respect to label claim), and relative 

standard deviations (RSD, average value divided by standard deviation) for 

thickness, drug amount per area and drug loading% (FNB weight with respect to 

total weight) were calculated and reported. Acceptance value (AV) for each 

formulation was also calculated using Equation 2.3 [73].  

 

 ( %) avgAcceptance M LC k s value  AV = − +   (2.3) 
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In the above equations, LCavg% is the average drug loading with respect to label 

claim; s is the standard deviation of LCavg%, k is the acceptability constant, 2.4. 

Parameter M is set as shown below. 

M: Reference value;  

 98.5      % 98.5avgif LC   (2.4) 

 %      98.5 %  101.5avg avgLC if LC   (2.5) 

 101.5         %  101.5avgif LC   (2.6) 

2.4.5 Mechanical properties 
 
Investigation of the mechanical properties of the dried films was done using a TA-

XT Plus Texture Analyzer (Stable Microsteps, UK). From each film, 5 rectangular 

samples, 50 mm x 15 mm, were taken. These samples were attached between 

two grips and elongated at a constant rate (1 mm/s) until the sample broke. From 

the resultant stress-strain curve, tensile strength (TS), Young’s modulus (YM), and 

percent elongation at break (EB%) were calculated. For each film, the average 

values and standard deviations were reported. Further details about mechanical 

properties may be found in [29, 74].  

2.4.6 Dissolution under sink conditions 
 
Measurement of the drug release profile under sink conditions was performed 

using previously established procedures for closed-loop flow-through cell 

dissolution apparatus (USP IV; Sotax, Switzerland) [27, 30, 75]. For each film, 6 

circular film samples with an area of ~0.7 cm2 were selected randomly from the 

film and placed between 5 g of 1 mm glass beads within the dissolution cell. A flow 
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rate of 16 ml/min was used for the dissolution media (175 mL of 3.6 g/L SDS 

solution) and the temperature was maintained constant at 37 ± 0.5 °C. The 

dissolution results are reported as a percentage of FNB dissolved with respect to 

time. 

2.4.7 Dissolution under non-sink conditions 
 
Dissolution studies for non-sink conditions were conducted in USP II (Sotax, 

Switzerland). The procedure was adapted from an early study on the paddle 

method under sink conditions [75]. Experiments were conducted at 37 °C and 

paddles were rotated at 50 rpm. 500 mL of 3.6 g/L SDS solution was used as 

dissolution media. Film samples (amount corresponds to 100 mg FNB) were 

introduced to dissolution vessel in a sinker to prevent any floating sample and 

sticking of the sample to the vessel. Samples were taken at predetermined time 

intervals and replaced with the same amount of fresh medium. Taken samples 

were filtered using a syringe filter (pore size of 0.2 µm). After adequate dilutions, 

absorbances of the solutions were measured using UV-vis Spectroscopy. The 

dissolution results are reported as the concentration of FNB dissolved (mg/L) with 

respect to time. The supersaturation capability was characterized by measuring 

the area under the curve (AUC) for all dissolution curves. 

2.4.8 Stability 
 
Films to be tested for stability were stored in a plastic bag at room temperature 

(20–25 °C) and humidity (30–40% RH) for 1 year. DSC measurements and 

dissolution tests under sink conditions were conducted according to the 

procedures described in Sections 2.4.3, and 2.4.6, respectively. 
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2.5 Results and Discussion 

2.5.1 Morphology 
 
Optical microscopy images taken through the back-lighting mode of films prepared 

with HPMC and HPC for various cases are presented in Figure 1.1. The DCM-

HPMC film was completely clear, hence those images are not included. HPMC and 

HPC films prepared with acetone (Figure 1.1.a and e) contained mostly small 

crystal seeds but not fully-grown crystals while films made with ethanol (Figure 

1.1.b, and f) showed large crystals on the film surface and also likely within the 

films. Even though the solubility of FNB in water-methanol (11.6 g/L) and water-

ethanol (23.7 g/L) were not drastically different, EtOH-HPMC and MeOH-HPMC 

showed different shaped FNB crystals, needle-like and triclinic shapes, 

respectively (Figure 1.1.b, and c). Ace-HPMC film had larger crystals than Ace-

HPC film, and EtOH-HPMC film surface was covered with crystals while EtOH-

HPC was not, even though it had larger crystals within the film as compared with 

its HPMC counterpart. These images qualitatively revealed the extent of 

recrystallization, recrystallite sizes and shape differences with the solvent as well 

as the polymer. Considering different crystals shapes might be due to polymorphic 

crystal growth [72, 76], possible occurrences of FNB polymorph were assessed 

via DSC measurements, discussed in the next section. 
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Figure 1.1 Optical images of HPMC (a-d) and HPC (e-g) films loaded with 10% 
fenofibrate. (a) Ace-HPMC (b) EtOH-HPMC (c) MeOH-HPMC (d) Slurry-HPMC (e) 
Ace-HPC (f) EtOH-HPC (g) Slurry-HPC. 
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Generally, it appeared that recrystallized FNB particle sizes were inversely 

correlated with the solubility of FNB in the corresponding solvent being of the order; 

DCM > Ace > EtOH > MeOH. While the images were selected to represent the 

whole film as a general, the observed distribution of the drug crystals was non-

uniform throughout the prepared film structures. 

2.5.2 Extent of recrystallization 
 
Figure 1.2.a and b present DSC thermograms of HPMC and HPC films, 

respectively. In each graph, slurry films loaded with 100% crystalline FNB (form I) 

are used as reference for recrystallization analysis which had a melting peak at 79 

°C corresponding to FNB (form I), comparable to previous reports at 80 °C [77]. 

DCM-HPMC and Ace-HPMC did not have a melting peak indicating the absence 

of crystalline FNB in the film. However, the rest of the formulations showed melting 

peaks indicating the occurrence of recrystallization during film drying. While EtOH-

HPMC and MeOH-HPMC films had a single melting peak at 79 °C (Form I FNB, 

same as control), shoulder for Ace-HPC film and peak for EtOH-HPC film was 

observed around 74 °C and 76 °C, respectively, along with a peak at 79 °C. Heinz 

et al. reported the melting peak of commonly used and most stable form of 

fenofibrate (form I) as 80 °C and unstable form of FNB (form II) as 73 °C [77]. This 

observation is similar to present results (form I FNB at 79 °C and form II FNB at 

74–76 °C) and confirmed that there is FNB polymorph formation in HPC films 

made with organic solvents.  
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Figure 1.2 DSC thermograms of films made using different solvents; (a) HPMC 
films (b) HPC films. 

 

Crystallinities for HPMC and HPC films, calculated from the melting peaks 

obtained via DSC measurements, Figure 1.2, were in line with optical images in 

Figure 1.1. EtOH films showed higher crystallinity than Ace films for both HPMC 
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(40.1% and not detected) and HPC (18.9% and 3.6%) films. The high values of 

the standard deviations in estimated crystallinities for EtOH-HPMC (± 20.8) and 

MeOH-HPMC (± 11.4) further confirmed non-uniform and uncontrolled 

recrystallization in the film while Ace-HPC (± 0.8) and EtOH-HPC (± 2.1) had lower 

standard deviations. As mentioned in Section 2.3.1, the polymers HPMC E15 and 

HPC-L have different MWs, viscosities, substituents and their degrees. A polymer 

with a higher MW may inhibit recrystallization better than its lower MW forms, in 

part due to increase in the viscosity, which can slow the drug diffusion in the 

solution and decrease the nucleation rate  [68, 78-80]. The functional groups in 

the polymer can also affect the recrystallization [78, 81]. Even when the polymer 

concentrations were already adjusted to account for the differing viscosities, Ace-

HPMC film did not have recrystallization while Ace-HPC film did. Besides, 

polymorphism was observed in both Ace-HPC and EtOH-HPC films. Thus, it 

appears that the impact from the substituents and degree of substitution (DS) of 

the polymers may have been more than from MW in terms of stabilizing 

amorphous FNB, in line with the previous observation [82].  

The recrystallization of FNB in the films was examined with respect to its 

solubility in the corresponding solvent as well as the polymer type. These results, 

plotted in Figure 1.3, show a highly nonlinear effect of the FNB solubility on 

recrystallization for both polymer types. To the best of our knowledge, there are 

no reports correlating solubility with the crystallinity of freshly dried films. Mugheirbi 

et al. reported that increased solvent viscosity leading to a decrease in diffusivity 

and decreased boiling point leading to increased drying rate may both result in 
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decreased recrystallization [63]. However, they did not observe any correlation 

between the solubility of the API and crystallinity [63]. That could be because the 

solubility of the API in their work was in a much narrower range (1 to 6 g/L). The 

API-polymer interactions and polymer chain conformations in the solvent may also 

affect the recrystallization, but the effect of different polymer types is not easy to 

discern from the limited results in the present study [83, 84]. Further investigation 

of the relation between extent of recrystallization and solubility would be a good 

topic for future work. 

 
Table 1.3 Extent of Recrystallizations in Solution Cast Films Computed from DSC 
Thermograms (n=3) 

Formulation 

Crystallinity%  

Fresh Films 
1-year-old 

films 

 Form I Form II Total Form I 

MeOH-HPMC 48.0 ± 11.4 ND 48.0 ± 11.4 81 

EtOH-HPMC 40.1 ± 20.8 ND 40.1 ± 20.8 70.5 

Ace-HPMC ND ND - 75 

DCM-HPMC ND ND - NT 

EtOH-HPC 9.9 ± 1.1 9.1 ± 1.1 18.9 ± 2.1 NT 

Ace-HPC 1.1 ± 0.3 2.5 ± 0.5 3.6 ± 0.8 NT 

ND: Not detected 
NT: Not tested 
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Figure 1.3 Crystallinity in freshly made 10% FNB loaded HPMC and HPC films 
versus solubility of FNB in the corresponding solvents. Fitted trend-line based on 
a power-law function. 

 
Appendix B offers a solution for the recrystallization during the film preparation. It 

was demonstrated that another polymer layer on top of the drug-loaded solution 

cast film may prevent recrystallization during the drying process. Decreased or 

prevented recrystallinity helped to improve supersaturation capability even though 

the initial dissolution rate was decreased. 

2.5.3 Content uniformity 
 
Relative standard deviation (RSD) values of thickness, drug amount per area, and 

drug loading, along with label claim% (LC%) and acceptance values (AV)  [73] for 

10% FNB loaded solution and slurry cast films are presented in Table 1.4. The 

RSD values (Table 1.4) were mostly in line with the recrystallization observed, both 

quantitatively (Table 1.3) and qualitatively (Figure 1.1). However, despite the large 

variations in the recrystallization in different films, its impact on the drug amount 

RSDs was not as significant, since RSD was <6% in most cases. Films with high 
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recrystallization amount and standard deviation (EtOH-HPMC and MeOH-HPMC) 

had RSD >6% for drug amount per area (Table 1.4). DCM-HPMC film, in which 

there was no detected recrystallization, had the lowest RSD of drug per area 

(3.1%) among all formulations while MeOH-HPMC had the highest (7.8%) as it had 

the most recrystallization (Table 1.4). As compared to HPMC films, the HPC films 

had lower RSD values, which also corresponded to smaller re-crystallites (Ace-

HPC ,Figure 1.1.e) or lower recrystallization (EtOH-HPC, Figure 1.1.f and Table 

1.3) and less recrystallization variation (Table 1.3) in the HPC films. These results 

demonstrated that the uncontrolled recrystallization in the HPMC films affected the 

dosage (drug amount per area) uniformity which may be detrimental for 

pharmaceutical manufacturing. Non-uniform recrystallization also negatively 

impacted RSD of the thickness (Table 1.4). It is emphasized that while RSD of 

drug loading (wt%) indicated the composition uniformity, RSD of drug amount per 

area indicated the dosage uniformity which is affected by thickness uniformity. 

Fortunately, the RSD values for drug loading, which is another important measure, 

were <6% for all the formulations indicating that the FNB was well distributed in 

the precursor and maintained such uniformity after casting and drying. These 

findings were in line with previous results for slurry casting where using the 

planetary mixer and similar viscosity and drug loading range, uniformity was 

assured [30]. For all formulations, the films passed the acceptance value test (AV 

<15),Table 1.4. Even there, two cases (MeOH-HPMC and Slurry-HPC) with higher 

uncontrolled recrystallization had the highest AV values that are rather close to the 

failing level. Thus, uncontrolled recrystallization, which is highly likely for solution-
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cast films, has an adverse impact on some of the film CQAs, such as the content 

uniformity.  

 

Table 1.4 Drug Content Uniformity for Various 10% FNB Loaded Films  

Polymer 

type 
Solvent LC% 

RSD of 

thickness 

RSD of 

drug 

amount 

per 

area 

RSD of 

drug 

loading 

Acceptance 

value 

HPMC 

E15 

Water 103.1 3.5 3.5 1.6 5.7 

1:4 

(w:MeOH) 
89.3 11.3 7.8 1.8 13.2 

1:4 

(w:EtOH) 
99.7 10.2 6.2 1.8 4.3 

1:4 (w:Ace) 98.3 4.2 4.8 2.3 5.5 

1:1 

(DCM:EtOH) 
94.5 4.3 3.1 1.6 7.7 

HPC-L 

Water 91.4 2.7 3.7 3 13.7 

1:4 

(w:EtOH) 
96.8 5.0 3.5 0.97 4 

1:4 (w:Ace) 97.1 3.2 3.8 1.6 5 

2.5.4 Mechanical properties 
 
Although there are no well-defined acceptance criteria for film mechanical 

properties, generally, high tensile strength (TS) and elongation at break (EB), and 

low Young’s modulus (YM) are desired for handling purposes [85]. These three 

properties for HPMC and HPC films with and without FNB for various solvents were 

measured and presented in Figure 1.4. HPMC placebo films had a higher impact 
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of the solvent on Young’s modulus than on tensile strength and elongation at 

break, whereas elongation at break was affected the most for HPC placebo films. 

This might be due to the combined effects of polymer solubility in these solvents 

and the boiling points of the solvent mixtures on the conformation of the polymer 

chains [63]. The addition of FNB decreased almost all film mechanical properties, 

in line with previous work [11, 86]. As reported before [11], an increase in 

elongation at the break due to APIs plasticizing effect was observed with only 

DCM-HPMC film having no detectable crystallinity. When recrystallization 

occurred, crystal FNB particles may have caused disruption sites in the film and 

decreased tensile strength, elongation at break and young’s modulus. The crystal 

particles in the slurry films had a smaller size and less size variation than those for 

recrystallized particles in films. Further, the slurry films had more uniformly 

distributed FNB particles (Figure 1.1) and better thickness uniformity (Table 1.4). 

Consequently, slurry films had stronger (higher tensile strength) and more elastic 

structure than solution cast films with recrystallization. In previous work for slurry-

cast films loaded with micron-sized particles also, the TS, YM and EB values were 

lower compared to those for films loaded with nanoparticles [27, 30]. Thus, the 

state of the API, including its crystal sizes and their distribution, all greatly impact 

the film mechanical properties.  

Changing the preparation solvent between acetone, ethanol and water, 

HPMC and HPC films exhibited similar trends for all the mechanical properties. 

However, HPC films had much lower tensile strength and Young’s modulus 

compared to HPMC counterparts showing the effect of the polymer itself. 
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Therefore, the selection of both the solvent and the film-forming polymer in solution 

casting can strongly impact film mechanical properties. 

 

  
Figure 1.4 Mechanical properties of placebo and 10% FNB loaded HPMC and 
HPC films. 

2.5.5 Dissolution under sink conditions 
 
The dissolution profiles of HPMC and HPC films under sink conditions are 

presented in Figure 2.5.a and b, respectively. Generally, one would expect films 

having some level of amorphous content to dissolve faster unless the effect of the 

film matrix structure dominates. For HPMC films (Figure 2.5.a), three out of four 
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solution-cast films were faster than the slurry- film, which by design had 100% 

crystalline FNB. The exceptional case was MeOH-HPMC film, which had many 

large FNB crystals. The fastest dissolution was for the Ace-HPMC films, likely due 

to little or no recrystallization. Between DCM-HPMC and Ace-HPMC films, slower 

dissolution of the former may be attributed to its film matrix structure induced by 

different solvents i.e., lower elongation at break with similar tensile strength [11, 

15, 34]. Similar observations have also been reported for different polymer and 

solvents used in spray-dried amorphous solid dispersions [62, 87]. For the DCM-

HPMC film, its high elongation at break and tensile strength may have led to its 

slower dissolution as compared with the EtOH-HPMC film. For HPC films, Ace-

HPC and EtOH-HPC films showed a higher dissolution rate compared to their 

slurry counterpart (Figure 2.5.b) while they had a similar dissolution rate despite 

the differences in crystallinity and polymorph formation.  

HPC films were slightly faster than HPMC films, see Figure A.3, Appendix 

A, for better visualization. The low inherent viscosity of the HPC-L might have 

affected the film structure, i.e., much lower tensile strength, leading to a higher 

dissolution rate under sink conditions. This is in line with a previous work, which 

showed that the addition of HPMC into HPC film resulted in a decrease in the 

dissolution rate [19]. Overall, the dissolution profiles under sink conditions were 

affected by polymer type and the matrix structure created by the combination of 

the polymer, drug, and the solvent used. It is noted that most films did not attain 

full dissolution during the testing time of 90 minutes. Such outcomes have been 

observed previously for films containing microparticles, nanoparticles or 
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amorphous APIs [18, 19, 29-31, 88]. Besides, the amount of SDS in the buffer 

used here was only 3.6 g/L, which was half that of previous studies [27, 30]. 

 

 

 
Figure 1.5  Film dissolution profiles under sink conditions, (a) HPMC-E15 (b) HPC-
L (arrows indicate decreasing FNB solubility). 
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2.5.6 Dissolution under non-sink conditions 
 
In order to examine the FNB supersaturation capability of the HPMC (Figure 2.6.a) 

and HPC (Figure 2.6.b) films during dissolution, non-sink conditions were used. 

Varying degrees of supersaturation levels were obtained for all the solution cast 

films, both in terms of the peak amount of drug dissolved and the area under the 

dissolution curve, AUC (Figure 2.6.a and b). Dissolution profiles of Ace-HPMC, 

DCM-HPMC and Ace-HPC films were compared to highlight the effect of solvent 

as well as polymer, see Figure A.4, Appendix A. Films made with the same solvent 

(acetone) reached a similar maximum FNB concentration with a similar initial 

dissolution rate. However, using DCM with HPMC led to a slower dissolution rate. 

Although these are not exhaustive results, it is likely that the effect of the solvent 

on the dissolution profiles might be more than the effect of polymer in some cases. 

Interestingly, the dissolution rate of DCM-HPMC was slightly slower than all the 

other solution cast films, which could be attributed to the solvent affecting the film 

matrix structure [11, 15, 34].  
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Figure 1.6 Film dissolution profiles under non-sink conditions, (a) HPMC-E15 (b) 
HPC-L (arrows indicate decreasing FNB solubility). 

 

Since supersaturation capability, quantified through AUC, was expected to 

be dependent on the degree of recrystallization, their relationship was further 

analyzed, see Figure 2.7. For both the polymers, a linear trend was observed 

between the AUC and the degree of recrystallization, which was affected by both 
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the solvent and the polymer. The films that had better stabilization, indicated by 

lower crystallinity, reached higher AUC. In all cases, HPMC exhibited better 

supersaturation maintenance capability as compared to HPC. Amongst solvents, 

Ace performed better than EtOH. These trends demonstrated how both the 

polymers and solvents have an impact on the dissolution performance. However, 

since the form of the drug in solution cast films being unstable, the dissolution 

performance would continue to change with time of storage. Therefore, the 

storage stability of these films was examined next by evaluating the degree of 

recrystallization and changes in the dissolution profiles. 

 

 
Figure 1.7 Correlation between AUC of non-sink dissolution profiles and 
crystallinity. 

2.5.7 Stability 
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recrystallization, and the subsequent impact on dissolution. They were stored in 

plastic bags at room temperature and humidity up to 1 year and tested for 

dissolution. Sink conditions were used for better discrimination of the effect of large 

recrystallized particles, as was the case for fresh films, e.g., MeOH-HPMC, 

discussed in Section 2.5.6.  

The most interesting outcome is that the increase in the recrystallization 

amount after 1-year storage was inverse of initial recrystallization levels. Thus, low 

initial recrystallization did not guarantee better stability. In fact, Ace-HPMC having 

no detected recrystallization in the fresh film had the most increase in the 

recrystallization in a year, reaching a high level of 75%. Recrystallization increased 

by ~30% in EtOH-HPMC (from 40.1% to 70.5%) and by ~30% in MeOH-HPMC 

film (from 48% to 81%). It was interesting that although the dissolution rates of the 

Ace-HPMC and MeOH-HPMC films decreased after a year, EtOH-HPMC was not 

affected (Figure 2.8). Such an outcome could be attributed to larger error bars of 

the dissolution curves for stored films, indicating differing levels of recrystallization 

amongst various film samples, and probably no significant changes in the crystal 

sizes after storage. In contrast to such significant stability issues with solution-cast 

films, the dissolution rates of the slurry-cast films loaded with nano-sized crystalline 

API did not significantly change after accelerated storage testing of 6 months 

exposure at 40 °C and 75% RH [33]. Whereas for amorphous dispersions, 

dissolution profiles could change significantly even when no significant increase in 

the crystallinity was found for spray-dried solid dispersions after 1-month exposure 

at 40 °C and 75% RH [87]. Overall, uncontrolled recrystallization and apparent lack 
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of stability during storage may pose formidable challenges in developing more 

stable solution-cast film formulations without requiring extensive investigation of 

the complex inter-play between the drug, film-forming polymer, and solvents. 

 

Figure 1.8 Dissolution profiles under sink conditions for fresh and 1-year-old 10% 
FNB loaded solution cast films; Ace-HPMC, EtOH-HPMC and MeOH-HPMC. 
 
 

2.6 Conclusions 
 
For solution casting of FNB, a poorly water-soluble drug, the choice of the polymer 

and the solvent system affected the film quality attributes, such as the drug 

recrystallization, drug content uniformity, film mechanical properties, drug 
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dissolution rate including supersaturation, and storage stability. In addition to the 

solvent affecting the film structure, it had a significant impact on FNB 

recrystallization, which in turn impacted many other film attributes, including the 

content uniformity and film mechanical properties which were found to be 

adversely affected by uncontrolled recrystallization leading to the occurrence of 

large and uneven crystals in some of the films. The most important finding was 

that the drug recrystallization was affected strongly by FNB solubility in the solvent, 

and to a lesser extent by the polymer type, which also affected the film structure 

and related properties. Consequently, the recrystallization of FNB also affected its 

dissolution rates as well as supersaturation under non-sink conditions, again 

largely attributed to uncontrolled crystal sizes. Quantitatively, AUC, one of the 

parameters defining bioavailability, was found to be linearly correlated with drug 

crystallinity in fresh films. It was also affected by the supersaturation maintaining 

capability of the polymer. The degree of FNB recrystallization in solution-cast films 

significantly increased after one-year storage, reaching very high levels even for 

the films with no initial recrystallization. These results demonstrated that for 

solution-cast films, uncontrolled recrystallization and poor time-stability would be 

unavoidable, and over time, amorphous drug content would diminish significantly.  
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CHAPTER 3 

3 EFFECT OF CASTING TECHNIQUES ON CQAS OF FILMS LOADED WITH 
POORLY WATER-SOLUBLE DRUGS 

 

 

3.1 Introduction 
 
Recently, oral films drew the attention of many researchers owing to their favorable 

characteristics such as patient compliance, improved bioavailability, flexible dosing 

and adaptability to continuous manufacturing [1, 2, 4, 6, 8]. Having these 

advantages, oral films are believed to play a key role in the reduction of time and 

the cost of manufacturing [7]. Solventless casting, i.e., hot-melt extrusion (HME) 

[9-11, 13-19], and solvent casting, i.e., solution [20-26] and slurry casting [27-32, 

36, 41], are commonly utilized techniques for pharmaceutical oral film 

manufacturing. In the literature, each technique was shown to be enhancing the 

bioavailability of a poorly water-soluble active pharmaceutical ingredient (API) by 

increasing the dissolution rate. However, it is unknown that which technique would 

create a better performing product under similar conditions, i.e., same API and 

loading, same polymer, thickness, etc. Therefore, this paper presents a 

comparative assessment of solvent casting techniques, i.e., solution and slurry 

casting, to have a better understanding of the capabilities and limitations of film 

manufacturing techniques.  

The dissolution rate can be explained by the Noyes-Whitney equation [42] 

in which the solubility of the API and the total surface area are the variables. 

Utilizing this equation, an increase in dissolution rate can be achieved for oral films 
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via solution or slurry casting. In solution casting, the drug is present mostly in the 

amorphous state which subsequently shows an increased solubility in the media 

leading to an increase in dissolution rate. In slurry casting, the total surface area 

of the API can be increased by size reduction, i.e., micronization, nano-milling, to 

achieve a higher dissolution rate. 

Amorphous compounds are generally claimed to be better than crystalline 

with size reduction in terms of dissolution enhancement owing to increased 

solubility of API [89, 90]. However, especially at high drug loadings, the amorphous 

structure has disadvantages of instability which may hinder the solubility 

advantage. In fact, it has been shown that most of the amorphous compounds are 

prone to crystallize in time [51-53]. On the other hand, crystalline API may enhance 

the dissolution rate by increased total surface area and ensure stability. Besides, 

particle size reduction below 200 nm may lead to some extend of solubility 

enhancement. Nonetheless, particle agglomeration needs to be prevented to 

maintain the increased total surface area which in turn increases the dissolution 

rate. It has been shown that nano-sized formulations may have similar oral or 

intravenous (i.v.) absorptions compared to amorphous formulations of poorly 

water-soluble APIs [91, 92]. Li et al. demonstrated that nanoparticles in a polymeric 

matrix may dissolve faster compared to amorphous solid dispersion with higher 

supersaturation capability [93]. Given the above, these techniques need to be 

closely investigated as choosing one technique over another would not be a simple 

process. In addition, compared to conventional dosage forms, i.e., tablets, 

capsules, liquids and i.v., film dosages incorporate more mechanisms to the 
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dissolution process due to matrix structure and available surface area of the 

dosage. Therefore, the objective of the present work was to systematically 

investigate the impact of two different casting techniques, i.e., solution and slurry 

casting on the critical quality attributes (CQAs) of the films. 

Different approaches, i.e., solubilizing agent, salt formation, ion-pair 

complexes, etc., were successfully applied to eliminate the recrystallization 

disadvantage of solution casting and obtain crystal-free films [23, 94, 95]. 

However, in many other cases using the conventional solution casting method, 

different levels of initial crystallinity or recrystallization in time were observed in the 

film where solution casting was applied [21-23, 43, 44]. This recrystallization of API 

in the film would not only affect the dissolution rate but also impact other critical 

quality attributes (CQAs) of the film, i.e., content uniformity and mechanical 

properties. Morales et al. stated that solution casting adversely impacted the 

uniformity of the films at high drug loadings due to the high amount of 

recrystallization [21]. Cetindag et al. reported the effect of recrystallized API on the 

mechanical properties where larger particles led to more decrease in tensile 

strength compared to their placebo counterparts [96]. All these CAQs would also 

affect the dissolution rate adversely. It should also be noted that the observed 

recrystallizations were also unpredictable. On the other hand, the slurry casting 

method allows the preparation of films with predictable properties and is also 

loaded with stable API [29, 35]. Krull et al. reported that the films loaded with nano-

sized API in varying drug loadings had similar redispersibility and dissolution 



 

44 
 

profiles after 6 months of storage at accelerated stability conditions (40 °C and 

75% relative humidity) [35].  

Considering the advantages and disadvantages of both techniques at high 

drug loadings, one may not predict which technique can produce films with better 

performance, i.e., content uniformity, mechanical properties and dissolution rate. 

Therefore, the aim of this study was to develop a better understanding of the 

advantages and disadvantages of two film manufacturing methods, i.e., solution 

and slurry casting techniques, over each other at high drug loadings. These two 

film casting techniques, solution and slurry casting, were compared using a BCS 

class II model drug with intermediate crystallization tendency, fenofibrate (FNB) 

[47], and a widely used polymer in pharmaceuticals, hydroxypropyl methylcellulose 

E15 (HPMC E15), as the film former [64]. Critical quality attributes of the films 

prepared using different preparation techniques were measured, such as the 

content uniformity, film mechanical properties, and dissolution profiles. These 

results were analyzed to assess the hypothesis that comparable or even faster 

dissolution rates than solution cast films can be obtained via particle engineering 

in the film (slurry casting) without compromising the stability of the product. 

 

3.2 Materials 
 
Fenofibrate (FNB, Jai Radhe Sales) was used as a model BCS Class II drug with 

0.1 mg/L solubility in water [69]. Hydroxypropyl methylcellulose (HPMC; Methocel 

E15 Premium LV, Mw ~40 000, 12-18 cP; The Dow Chemical Company, Midland, 

MI) as a film former and glycerin (Sigma-Aldrich, Saint Louis, MO) as plasticizer 
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were used. Acetone (Honeywell, Burdick & Jackson, ACS/HPLC) was used as 

received for FNB solubilization in solution casting. Sodium dodecyl sulfate (SDS; 

Sigma-Aldrich, Saint Louis, MO) was used as a stabilizer for nanoparticle 

stabilization and surfactant for dissolution experiments. Pharmaceutical-grade 

hydrophilic silica (M5P, Cabot Corporation, MA) with a primary particle size of 16 

nm was used as the coating material of the micronized API. 

 

3.3 Methods 

3.3.1 Preparation of micronized coated drug powders 
 
Micronized dry coated drug powder was prepared via procedures adapted from 

previous works [30, 97]. Briefly, as-received fenofibrate (FNB) powder and silica 

were pre-mixed using Laboratory Resonant Acoustic Mixer (LabRAM; Resodyn 

Acoustic Mixers, Inc., Butte, MT) with a ratio of 97:3 at 61 Hz frequency and 75 G 

acceleration for 5 min. Then, the FNB-silica mixture was micronized and coated 

via a fluidized energy mill (FEM, qualification model, Sturtevant Inc., Hanover, MA) 

where the powder was fed into FEM with a constant 1 g/min rate at a feeding 

pressure of 45 psi and grinding pressure of 40 psi. The particle size of micronized 

coated FNB powder (MC-FNB) was measured via Rodos/Helos system 

(Sympatec, NJ, USA) using 1 bar dispersion pressure. 

3.3.2 Preparation of drug nanosuspensions 
 
FNB nanosuspension was prepared via wet stirred media milling (WSMM) 

(MicroCer, Netzsch, Exton, PA). The milling method was adapted from previous 

studies where further information can be found [29, 98, 99]. Briefly, sodium dodecyl 
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sulfate (SDS) and HPMC were added into DI water for stabilization of FNB particles 

in the suspension. Then, AR-FNB powder was added under a shear mixer (Fisher 

Scientific Laboratory Stirrer, Catalog No. 14-503, Pittsburgh, PA). The AR-FNB 

suspension was composed of 2.5% (wt%, w.r.t. to water) HPMC, 0.05% (wt%, 

w.r.t. to water) SDS and 20% (wt%, w.r.t. to water) FNB. Prepared AR-FNB 

suspension was milled via WSMM for 120 minutes. Collected FNB 

nanosuspension was stored for overnight to remove bubbles created from milling. 

The particle size of the FNB in the suspension was measured via a laser diffraction 

particle size analyzer (Coulter LS 13320, Beckman Coulter, FL, USA). 

3.3.3 Preparation of films loaded with fenofibrate 
 
Formulation names and composition of the polymer solutions that were used in 

different casting techniques, i.e., solution or slurry casting, are presented in Table 

3.1. All polymer solutions were prepared using HPMC E15 as film former and 

glycerin as a plasticizer with a ratio of 3:1 (w/w). In the slurry casting method for 

micron-size API, the viscosity of the polymer solution cannot be too high due to a 

viscosity increase by the addition of powder API in the following step [30]. On the 

other hand, the viscosity of the polymer solution cannot be too low for the slurry 

casting method for nano-size API due to a viscosity decrease by the addition of 

nanosuspension in the following step [35]. Lower polymer concentration was 

needed for solution-cast films due to the increased viscosity by the organic solvent 

used and the limited solubility of the polymer in the organic solvent [96]. Fixing the 

polymer concentration according to one method would cause a disadvantage to 

other preparation methods leading to an unfair assessment of the preparation 
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methods. Therefore, optimized polymer concentrations were used for each 

preparation method to ensure the best conditions for each method since the aim 

was to compare films at their best conditions for each considered method. The 

compositions of polymer solutions were adapted from Zhang et al. [30], Krull et al. 

[35] and Cetindag et al. [96] for slurry cast films loaded with micron-sized particles, 

slurry cast films loaded with nano-size particles and solution-cast films, 

respectively (Table 3.1).  

Table 3.1 Formulation Compositions of Films Prepared via Different Casting 
Methods 

Name of the 
formulation 

FNB (wt%) 
in dry film 

Polymer 
(wt%)* 

Plasticizer 
(wt%)* 

Water 
(wt%)* 

Organic 
solvent 
(wt%)* 

Solution 
10, 20, 30 

or 40 
10 3.3 17.3 69.4 

Slurry - AR 
10, 20, 30 

or 40 
12 4 84 - 

Slurry - MC 
10, 20, 30 

or 40 
12 4 84 - 

Slurry - nano 
10, 20, 30 

or 40 
17 5.7 77.3 - 

* With respect to total polymer solution amount 
 

Cetindag et al. showed that when 1:4 water:acetone (w:Ace) or 1:1 

ethanol:dichloromethane (EtOH:DCM) mixtures were used to prepare solution-

cast films, crystal-free films may be produced [96]. However, DCM has a safety 
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limitation in pharmaceutical products according to the Guidance for Industry by 

Food and Drug Administration [70]. Therefore, 1:4 w:Ace was chosen as the 

solvent mixture for the preparation of solution-cast films at high drug loadings. 

More details on solvent selection may be found in [96]. 

Polymer solutions were prepared via previously established methods [29, 

96]. Briefly, the required water or solvent mixture (Table 3.1) were heated up to 30 

°C while stirring and the plasticizer was added. The solutions were continued to be 

heated up to 80–90 °C or 40–45 °C for water or organic solvent-based solutions, 

respectively. Then, the polymer powder was added to the mixture slowly and the 

final solutions were cooled down to room temperature.  

Aqueous polymer solutions were mixed with either AR-FNB or MC-FNB 

powder or FNB nanosuspension, to prepare the film precursor for Slurry-AR, 

Slurry-MC, or Slurry-nano films, respectively. Polymer solution prepared with 1:4 

(w:Ace) mixture was mixed with AR-FNB powder to prepare the film precursor for 

Solution films. Polymer solutions were mixed with FNB at different ratios to obtain 

10, 20, 30, or 40% (wt%) drug loading in the dry film using a planetary centrifugal 

mixer (Thinky Model ARE-310). Mixing was performed for either 2 min or 10 min 

at 2000 rpm for slurry or solution cast film precursors, respectively and followed by 

defoaming for 2 min at 2200 rpm.  

Each precursor was cast onto a plastic substrate (Scotchpak TM 9744, 3M, 

MN, USA) with a doctor blade (Elcometer, Rochester Hills, MI) using a Lab-Cast 

Model TC-LC Tape Caster (HED International, Ringoes, NJ). Wet film thickness 

for each formulation was adjusted to obtain 100 µm dry film thickness. Slurry-cast 
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films were dried at 50 °C for 1 h while solution-cast films were dried at room 

temperature overnight. Following the drying, films were peeled and stored in plastic 

bags until further analysis. More details on the selection of process parameters for 

mixing or drying can be found in [30, 96]. 

3.3.4 Crystallinity of fenofibrate in the film 
 
The films were analyzed using a digital microscope with polarized back-lighting 

mode (Carl Zeiss Microscopy, LLC. Germany). Each film with 1 cm x 3 cm 

dimensions was fixed on a glass slide by tape on the edges and images were taken 

from the top. For thin films produced here, this approach allowed for the detection 

of the recrystallization within and on the surface of the film. 

The crystallinity of fenofibrate in the film was analyzed using a differential 

scanning calorimeter (DSC, Mettler Toledo, Inc., Columbus, OH). An aluminum 

standard pan loaded with ~8 mg of the film was heated from 25 °C to 120 °C at a 

constant heating rate of 10 °C/min under a nitrogen flow and cooled down to 25 

°C at the same rate. The FNB in the Slurry-AR films was assumed to be fully 

crystalline. Specific enthalpies (area under melting peaks, if occurred) were used 

to calculate the percentage of crystallinity in the solution-cast films using the 

thermograms (Equation (2.7)).  
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3.3.5 Redispersion of particles from dried films 
 
The drug particles were re-dispersed from dried films and size distribution was 

analyzed to assess the particle size maintenance in the film structure. The 

procedure was modified from earlier works [27, 30]. Briefly, 2 or 3 (depending on 

drug loading) circular punches of 0.72 cm2 in the area were vortexed in 10 ml 

deionized water at 1500 rpm for 2 min. The size of drug particles in the suspension 

was measured via a laser diffraction particle size analyzer (Coulter LS 13320, 

Beckman Coulter, FL, USA). 

3.3.6 Content uniformity 
 
The uniformity of the dried films was analyzed in terms of content, i.e., drug loading 

and drug amount per area, and thickness via relative standard deviations. For each 

formulation randomly selected ten circular punches, ~0.7 cm2 area, were dissolved 

in 7.2 g/L sodium dodecyl sulfate (SDS) solution following mass and thickness 

measurements. Either 20, 30, 50, or 100 mL of 7.2 g/L SDS solution were used 

depending on the theoretical drug loading, i.e., 10%, 20%, 30%, or 40% drug 

loading, respectively. It should be noted that the small sample size used for the 

uniformity testing, which was about 1/10th of the intended dosage size (2 cm x 3 

cm), was for better discrimination between samples [27, 30]. The absorbance of 

each solution was measured via a UV-vis spectrophotometer (Thermo Fisher 

Scientific Inc., MA, USA) at the maximum wavelength for FNB (290 nm) and 

concentrations were calculated using a pre-prepared calibration curve. Label 

claim% (the average drug loading with respect to label claim), and relative 

standard deviations (RSD, average value divided by standard deviation) for drug 
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amount per area and drug loading% (FNB weight with respect to total weight) were 

calculated and reported. The acceptance value (AV) for each formulation was also 

calculated Equation (2.8) [73].  

 ( %) avgAcceptance M LC k s value  AV = − +   (2.8) 

 
In the above equations, LCavg% is the average drug loading with respect to label 

claim; s is the standard deviation of LCavg%, k is the acceptability constant, 2.4. 

Parameter M is set as shown below. 

M: Reference value, 98.5       if    LCavg% < 98.5 

   LCavg%   if    98.5 < LCavg% < 101.5 

   101.5      if    LCavg% > 101.5 

3.3.7 Mechanical properties 
 
The mechanical properties of the films were analyzed via tensile test using a TA-

XT Plus Texture Analyzer (Stable Microsteps, UK). Results were analyzed in terms 

of the tensile strength (TS), Young’s modulus (YM), and percent elongation at 

break (EB%). Briefly, five film samples, 50 mm in length and 15 mm in width were 

cut for each formulation. Each sample was elongated between two parallel grips 

along the length of the film until failure. The elongation was performed at a constant 

rate (1 mm/s). YM, TS and EB were calculated from the stress-strain curve 

recorded during the tensile test and the average values along with standard 

deviations were reported. Further details about mechanical properties may be 

found in [29, 74].  
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3.3.8 Dissolution under sink conditions 
 
The dissolution profiles were tested under sink conditions using previously 

established procedures for closed-loop flow-through cell dissolution apparatus 

(USP IV; Sotax, Switzerland) [27, 30, 75]. From each formulation, 6 circular film 

samples in an area of ~0.71 cm2 were punched randomly and placed between 5 g 

of 1 mm glass beads within the dissolution cell. 3.6 g/L SDS solution with a flow 

rate of 16 ml/min was used as the dissolution medium at 37 ± 0.5 °C. Fixed 

dissolution media volumes (175 mL, 300 mL 460 mL and 600 mL) were used for 

each drug loading (10%, 20%, 30% and 40%) ensuring similar sink conditions. The 

dissolution profiles were plotted as the percentage of FNB dissolved with respect 

to time. 

As the statistical analyses on dissolution profiles of films, bootstrap similarity 

(f2) analyses were conducted due to high variation, seen as larger standard 

deviations, in the dissolution profiles [100, 101]. 

 

3.4 Results and Discussion 

3.4.1 Crystallinity of fenofibrate in the film 
 
Figure 3.1 presents the optical microscopy images taken using polarized light for 

the films prepared with the solution casting method for various drug loadings. Films 

at 10% drug loading contained crystal seeds and small crystals on a few occasions 

while films with higher drug loadings qualitatively indicated the increased 

recrystallization. At 40% drug loading, drug recrystallization was also observed in 

layers as indicated by arrows in Figure 3.1.d. It should be noted that the observed 

drug crystals were non-uniformly distributed along the film surface and the most 
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representative images were selected for each film at 20, 30 and 40% drug loadings 

(Figure 3.1.b-d) while the image at 10% drug loading was selected as an example 

of recrystallization occurrences (Figure 3.1.a).  

 

Figure 3.1 Optical images of Solution films loaded with a) 10% b) 20% c) 30% and 
d) 40% FNB. 

 

DSC analyses were conducted to assess any possible polymorph formation 

of FNB since different crystallite shapes may be observed due to polymorphism 

[72, 76], Figure 3.2.a presents DSC thermograms of films with varying drug 

loadings. A single melting peak at 79 °C corresponding to FNB (form I) was 

observed for films with a drug loading of 20-40%, comparable to previous reports 

at 80 °C [77] showing no polymorph occurrence. 
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Figure 3.2 a) DSC thermograms of Solution cast films with varying drug loadings 
b) Extent of recrystallizations in solution cast films computed from thermograms. 

 

The percentage of crystallinities for Solution films with varying drug loadings 

(10-40%), calculated from the melting peaks obtained via DSC measurements 

(Figure 3.2.b) were in line with optical images in Figure 3.1. Figure 3.2.b compares 

the crystallinity of FNB in the films with various drug loadings and aging times. As 

drug loading increased, the crystallinity of FNB in the fresh films slightly increased. 

After storage of the films (at room temperature and humidity), the increase in 

crystallinity was more prominent for lower drug loadings (20 and 30% drug 
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loading). Cetindag et al. also revealed that low initial crystallinity may not result in 

better stability which is in line with the present findings. 

3.4.2 Redispersion of particles from dried films 
 
The particle sizes of as received (AR) and micronized-coated (MC) FNB powders 

and the nanosuspension before mixing with polymer solution were reported in 

Table 3.3. The preservation of particle sizes during preparation and drying was 

anticipated for Slurry formulations while the AR-FNB powder was dissolved for 

Solution formulation and expected to remain in the dry film. 

 

Table 3.2 Formulation Names, Processing Conditions and Particle Sizes of FNB 
before Mixing with Polymer Solution 

Formulation Drug form d10 (µm) ± SD d50 (µm) ± SD d90 (µm) ± SD 

Solution As 
received 
powder 

2.10 ± 0.02 6.18 ± 0.07 13.27 ± 0.12 

Slurry - AR 

Slurry - MC 
Micronized 

coated 
powder 

0.68 ± 0.02 2.77 ± 0.1 5.32 ± 0.08 

Slurry - nano 
Wet milled 
suspension 

0.103 ± 0.001 0.159 ± 0.001 0.241 ± 0.001 

SD: Standard deviation 

 

The particle size maintenance and recovery of FNB particles from dried 

Slurry films were analyzed through the redispersion test. The redispersibility of 

recrystallized FNB in the Solution films and/or recrystallization in the test medium 

(DI water) was also analyzed using the same conditions as was for Slurry films. 



 

56 
 

Figure 3 presents the particle size distributions (PSDs) of redispersed particles 

from Solution, Slurry-AR, Slurry-MC and Slurry-nano at varying drug loadings, 10–

40%. PSDs belonging to Slurry films at each drug loading were unimodal where 

AR particles had the broadest PSD. However, PSDs for Solution films were very 

broad and multi-modal indicating the great variance in the recrystallization of FNB 

either in the film or after contact with the test medium (DI water).  
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Figure 3.3 Particle size distribution of re-dispersed particles from dry films with 
varying drug loadings and different preparation methods. 

 

As explained in the previous section, Solution film at 10% drug loading did 

not show any crystallinity according to DSC results (Figure 3.2) and optical imaging 

(Figure 3.1) revealed that there were only crystals or very small. However, the 

redispersion test showed a very broad PSD varying from 40 nm to 160 µm 

suggesting the recrystallization in the test medium. Similar behaviors were 
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observed for Solution films at 20 and 30% drug loadings while only a bi-modal and 

relatively narrower distribution was observed for 40% drug loading. This may be 

due to the presence of already recrystallized FNB in higher amounts compared to 

lower drug loadings. Therefore, low initial crystallinity may not mean better stability.  

Table 3.3 presents the particle sizes of each formulation along with 

calculated standard deviations and relative standard deviations (RSDs). 

Comparison between the particle sizes after redispersion (Table 3.3) and the 

primary particle sizes (before mixing with the polymer solution, Table 3.2), showed 

that Slurry-MC and Slurry-nano films were able to redisperse from the film while 

preserving their particle sizes. However, there was a slight increase in the 

redispersed particle size of Slurry-AR film compared to its primary particle size. 

Nonetheless, repeatable sizes with low RSDs were obtained for all Slurry films 

while Solution films, especially at 10% drug loading, resulted in high RSD values 

further confirming the unpredictability of the recrystallization process. 

 At high loadings of micron-size APIs, particle agglomeration may be 

promoted due to close proximity of the drug particles, especially for films (thickness 

of 100 µm).  
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Table 3.3 Particle Size Distribution of Re-Dispersed Particles from Dry Films 

Formulation 
Drug 

loading% 
 d4,3 

(µm) 
d10 

(µm) 
d50 

(µm) 
d90 

(µm) 

Solution 

10% 

AVG 13.885 0.300 3.827 35.975 

SD 0.771 0.274 4.883 3.698 

RSD 5.551 91.452 127.599 10.280 

20% 

AVG 20.290 0.242 3.367 71.935 

SD 1.937 0.015 0.099 8.111 

RSD 9.549 6.149 2.940 11.275 

30% 

AVG 42.100 1.685 24.680 116.850 

SD 1.994 0.020 2.008 6.293 

RSD 4.736 1.175 8.137 5.386 

40% 

AVG 21.840 3.179 20.850 42.685 

SD 0.226 0.082 0.368 0.191 

RSD 1.036 2.580 1.764 0.447 

Slurry-AR 

10% 

AVG 10.030 3.650 8.652 18.835 

SD 0.467 0.090 0.287 1.223 

RSD 4.653 2.461 3.318 6.495 

20% 

AVG 8.812 3.404 7.766 15.945 

SD 0.016 0.001 0.010 0.021 

RSD 0.185 0.042 0.127 0.133 

30% 

AVG 8.450 3.255 7.418 15.310 

SD 0.070 0.030 0.069 0.092 

RSD 0.829 0.907 0.936 0.599 

40% 

AVG 8.615 3.302 7.603 15.570 

SD 0.064 0.008 0.025 0.170 

RSD 0.739 0.236 0.335 1.090 

SD 0.001 0.001 0.002 0.000 

RSD 0.697 0.990 1.096 0.000 

AVG: Average, SD: Standard deviation, RSD: Relative standard deviation 
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Table 3.3 (Continued) Particle Size Distribution of Re-Dispersed Particles from 
Dry Films 

Formulation 
Drug 

loading% 
 d4,3 

(µm) 
d10 

(µm) 
d50 (µm) d90 (µm) 

Slurry-MC 

10% 

AVG 3.324 1.670 2.943 5.576 

SD 0.055 0.005 0.016 0.151 

RSD 1.652 0.270 0.539 2.713 

20% 

AVG 3.320 1.702 2.963 5.507 

SD 0.007 0.001 0.003 0.016 

RSD 0.201 0.034 0.101 0.299 

30% 

AVG 2.533 1.549 2.456 3.641 

SD 0.005 0.002 0.003 0.010 

RSD 0.178 0.129 0.122 0.275 

40% 

AVG 3.020 1.548 2.685 4.962 

SD 0.024 0.005 0.008 0.048 

RSD 0.801 0.342 0.298 0.968 

Slurry-nano 

10% 

AVG 0.165 0.104 0.157 0.238 

SD 0.000 0.001 0.001 0.001 

RSD 0.000 0.553 0.367 0.243 

20% 

AVG 0.166 0.101 0.158 0.243 

SD 0.001 0.001 0.002 0.000 

RSD 0.697 0.990 1.096 0.000 

30% 

AVG 0.169 0.101 0.161 0.248 

SD 0.001 0.001 0.001 0.001 

RSD 0.342 0.570 0.358 0.232 

40% 

AVG 0.173 0.108 0.165 0.250 

SD 0.002 0.005 0.001 0.014 

RSD 1.206 4.264 0.606 5.543 

AVG: Average, SD: Standard deviation, RSD: Relative standard deviation 
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3.4.3 Content uniformity 
 
Relative standard deviation (RSD) values of drug amount per area, and drug 

loading, along with label claim% (LC%) and acceptance values (AV) [73] for 

solution and slurry cast films with varying drug loadings (10%, 20%, 30% and 40%) 

are presented in Table 3.4. All the prepared films, via solution or slurry casting, 

had good content uniformity (RSD <6% and AV < 15). Previously, it was shown 

that higher viscosity increased the uniformity of films loaded with nanoparticles and 

good content uniformity could be achieved at drug loadings 10-50% which was in 

line with the present results [35, 74]. Zhang et al. demonstrated that usage of 

planetary mixer with sufficient viscosity would result in good uniformity for the films 

loaded with micron-sized particles at 20% drug loading [30]. Unlike slurry casting, 

particle size, shape and amount are unpredictable in solution casting. Therefore, 

recrystallization may lead to non-uniformity as was described by earlier studies 

[96]. One may expect less uniformity in the films prepared by solution casting 

method at high drug loadings (>10%) due to more recrystallization. However, the 

present results further showed that optimized mixing of the drug and the polymer 

solution at sufficient viscosity would result in good content uniformity at FNB 

loading between 10% and 40% for films loaded with crystalline FNB particles or 

amorphous FNB. Also, it should be noted that a small sample size (~1/10th of 

intended dosage form) was used in content uniformity testing to better discriminate 

the differences between formulations. Yet, good content uniformity was assured 

for all four techniques by optimized preparation parameters for each film 

preparation technique. 
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Table 3.4 Relative Standard Deviation (RSD) Values of Drug Per Area and 
Acceptance Values (AV) of Films Loaded with FNB 

 
Drug 

loading% 
LC % 

R.S.D. of 
drug 

amount 
per area 

R.S.D. of 
drug 

loading 

Acceptance 
value 

Solution 

10 99.6 2.1 1.7 4.2 

20 96.3 4.0 1.4 5.3 

30 101.7 0.8 1.6 4.2 

40 99.8 3.6 1.0 2.4 

Slurry-AR 

10 93.3 1.6 1.8 9.2 

20 92.2 3.5 3.3 13.6 

30 91.9 2.2 1.1 9.0 

40 98.3 2.0 0.8 2.2 

Slurry-MC 

10 92.8 4.9 2.3 10.8 

20 98.0 2.1 1.1 3.0 

30 100.0 1.4 1.2 2.9 

40 98.0 2.1 0.4 1.4 

Slurry-

nano 

10 98.2 1.8 0.8 2.3 

20 99.8 0.9 0.8 1.9 

30 99.2 3.0 0.8 1.9 

40 98.7 1.6 0.8 1.9 

3.4.4 Mechanical properties 
 
Each preparation method at varying drug loadings was compared in terms of the 

tensile strength (TS) and elongation at break (EB), and low Young’s modulus (YM) 

(Figure 3.4). Solution and Slurry-nano films had higher tensile strength compared 

to Slurry-AR and Slurry-MC films. As it was stated in the literature, larger particles 
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may lead to more disruption on the matrix leading to weaker films [30, 96]. An 

increase in the drug loading affected the Slurry-AR and Solution films the most. 

Again, it may be due to larger particle effect on the matrix, i.e., as received (d90 of 

~13 µm) and recrystallized FNB particles for Slurry-AR and Solution films, 

respectively. Increased drug loading decreased the elongation at break of Slurry-

MC and Slurry-nano films while did not affect the Slurry-AR films. It may be due to 

the better orientation of smaller particles. Increased drug loading slightly increased 

the elongation at break of Solution films due to more solubilized FNB in the matrix 

which was in line with previous studies [11, 96]. The flexibility (YM) of the Slurry-

MC films was improved as drug loading increased while an opposite trend was 

observed for Slurry-AR films and the flexibility of Slurry-nano films was not affected 

by drug loading (Figure 3.4). The flexibility of Solution films was not affected for 

20-40% drug loading while it was higher for 10% drug loading.  

 

 



 

63 
 

10% DL 20% DL 30% DL 40% DL

10

15

20

25

30

35

40

10% DL 20% DL 30% DL 40% DL
0

5

10

15

20

25

30

35

40

10% DL 20% DL 30% DL 40% DL
0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

T
e
n

s
il
e
 S

tr
e
n

g
th

 (
M

P
a
)

E
lo

n
g

a
ti

o
n

 a
t 

B
re

a
k
%

Y
o

u
n

g
's

 M
o

d
u

lu
s
 (

G
P

a
)

 Solution

 Slurry-AR

 Slurry-MC

 Slurry-nano

 
Figure 3.4 Mechanical properties of films prepared with different methods and 
having varying drug loads. 

 

Considering all these changes, mechanical properties depended highly on 

drug loading and the effect of drug load may not be similar for different preparation 

techniques. For example, Slurry-MC at 10% drug loading was the least flexible film 

while it was the most flexible at 40% drug loading. Thus, the state of the API, 

particle size and amount, all impact the film mechanical properties and needed to 

be considered for the investigation of preparation techniques.  

3.4.5 Dissolution under sink conditions 
 
Dissolution profiles of dried films loaded with FNB were analyzed under sink 

conditions (Figure 3.5). It was observed that the dissolution rates were depended 

on the drug loading. At each drug loading, Slurry-AR films were the slowest while 
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they had similar dissolution profiles with Slurry-nano films at 30 and 40% drug 

loadings. Surprisingly, the Slurry-nano film was one of the slowest films at 40% 

drug loading while it film was the fastest among all the films prepared including 

Solution at 10% drug loading. At 20% drug loading, Solution, Slurry-MC and Slurry-

nano films exhibited similar but enhanced dissolution rates compared to Slurry-AR 

films. At 30% drug loading Slurry-MC film was the fastest among all while Solution 

film got to similar dissolution rate as Slurry-MC at 40% drug loading.  

Ultimately, different trends were observed between films prepared using 

different methods at fixed drug loadings. This was risen due to the unique impact 

behaviors of drug loading when the particle size and solid-state varied. 

Considering the good redispersibility for all Slurry formulations (Table 3.3 and 

Figure 3.3), the dissolution rate was expected to be correlated with the particle 

size. However, depending on the drug loading smaller particles (for example 

Slurry-nano at 40% drug loading) did not result in a faster dissolution rate.  

Krull et al. showed that increasing drug loading led to decreasing dissolution 

rates for the films loaded with nanoparticles [35]. However, it was noted that the 

thickness and sink condition variation might have affected this trend. Present 

results demonstrated that increasing drug loading did not significantly affect the 

dissolution rate of films loaded with nanoparticles at the fixed thickness and sink 

conditions (Figure 3.5.b). Further, increased drug loading enhanced the dissolution 

rate of Slurry-MC film the most. It may be due to one of the inherent parameters 

affecting the dissolution, mechanical properties. 
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Figure 3.5 Dissolution profiles of films prepared with different methods loaded with 
varying preparation methods at fixed drug loadings, 10 – 40 wt%. 

 

As it was discussed in the previous section (3.4.4), Slurry-MC films had 

lower TS compared to Slurry-nano and Solution films which theoretically had the 

most dissolution enhancement potential. Besides, EB of Slurry-MC films was lower 

than Slurry-nano for drug loadings higher than 10% which was the only case 

Slurry-nano film was faster than all formulations. Lower TS and elongation at break 

may have led to faster disintegration and resulting in faster dissolution despite the 

particle size or solid-state differences. Similarly, Zhang et al. stated that films 

loaded with MC-API may provide similar dissolution profiles at around 20% drug 

loading compared to nano-API loaded films by discussing the results from the 

literature [27, 30].  
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Again, an increasing trend was observed for Solution and Slurry-AR films 

(Figure 3.5.b). Even though there were recrystallizations in Solution films, an 

enhancement in the dissolution rate was observed due to largely amorphous 

content in the film.  

The bootstrap similarity analyses for dissolution profiles of films under sink 

conditions are presented in Table C.1, Appendix C. Slurry-MC and Slurry-nano 

films at 20% drug loading were found to be similar. Slurry-MC and Solution films 

at 10% drug loading; Solution and Slurry-nano at 20% drug loading; Slurry-AR and 

Slurry-nano at 40% drug loading were found to be very close to the similarity limit 

while a similarity was not confirmed for the rest of the combinations at fixed drug 

loadings. 

Overall, due to greater dissolution enhancement with increasing drug 

loading, Slurry-MC films performed similarly to Solution films and better than 

Slurry-nano and Slurry-AR films at 40% drug loading. 

 

3.5 Conclusions 
 
A comparative assessment of solution and slurry casting methods, which were 

used to improve bioavailability, was demonstrated considering the quality 

attributes of the films, i.e., content uniformity, redispersion, recrystallization, 

mechanical properties, and dissolution.  

Initial crystallinity was observed for the Solution films at drug loadings higher 

than 10% and continued to recrystallize in time demonstrating the instability of 

Solution films. Redispersion results of Solution films showed that initial crystallinity 
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may not be the only issue, API may continue to recrystallize in the body while all 

Slurry films showed repeatable unimodal particle size distributions. It was shown 

that the solid-state of API and/or particle size affected the mechanical properties 

of the films which are very important from many aspects, i.e., patient compliance, 

handling and effect of other quality attributes (disintegration, dissolution). Even 

with the optimized formulations for each technique, the results showed that similar 

or even better dissolution rates can be obtained by films loaded with crystalline 

FNB over mostly amorphous FNB at high drug loadings.  

Considering the present findings along with the common knowledge 

regarding the tremendous effort required for formulation optimization in solution 

casting, it can be concluded that Slurry-MC films may be a better option among all 

the techniques considered at high drug loadings.
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CHAPTER 4 

4 EFFECT OF PARTICLE SIZE AND DRUG LOADING OF API ON CRITICAL 
QUALITY ATTRIBUTES OF THE FILM 

 

 

4.1 Introduction 
 
Under the recent developments, 90% of new chemical entities (NCE) are poorly 

water-soluble, either in Biopharmaceutics Classification System (BCS) class II or 

IV [102-104]. Because of the large number of poorly water-soluble drugs, there is 

a need for the development of a bioavailability enhancement step. The 

bioavailability of BCS Class II active pharmaceutical ingredients (APIs) may be 

improved using many different approaches: amorphous solid dispersions, particle 

size reduction, polymorph, salt formation, lipid-based systems, cocrystals, etc. [29, 

30, 105-110]. Enhancement of dissolution rate by particle size reduction is one of 

the most frequently used techniques amongst others. The increased total surface 

area via particle size reduction leads to an enhancement in the dissolution rate of 

API suspensions or powders as explained by the Noyes-Whitney equation [42]. 

Besides, the solubility of API may also be increased according to Freundlich–

Ostwald equation with reduced particle size to nanometer level (< 200 nm) which 

in turn will enhance the dissolution rate [111, 112]. It should be noted that these 

particle size-dissolution rate relationships mostly valid for free forms such as 

suspension and powder. However, in a film dosage, API is embedded into a matrix 

where other mechanisms, i.e., disintegration, swelling, chain relaxation, and drug 

diffusion, play a role in the overall dissolution along with the dissolution of the 
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particle itself. Therefore, this paper is seeking an answer to the question of “How 

the change in particle size and number of particles in the film matrix affect the 

product performance, i.e., dissolution rate?”. 

Hot-melt extrusion (HME) [11, 15, 18], solution [21-23], and slurry casting 

[27-32] are commonly used film manufacturing techniques that can be utilized for 

bioavailability enhancement. Adopting HME and solution casting methods, 

amorphous API in the film can be achieved facilitating higher solubility. However, 

re-crystallization is a major challenge in both techniques [21-23, 43, 44, 96]. 

Amorphous API tends to recrystallize in time due to its unstable nature [20, 50, 52, 

53]. The recrystallization may occur right after preparation or in the longer-term. 

Therefore, the formulation development requires an intensive optimization step to 

prevent the recrystallization in fresh product and extend the stable period. It also 

should be noted that when API starts to recrystallize in the product, neither extend 

of the recrystallization nor the recrystallized particle size can be controlled [21, 96, 

113]. This uncontrolled change in the solid-state of API leads to unpredictable 

product performance [21, 96]. On the other hand, slurry casting is a more 

predictable process due to the solid-state stability of crystalline API. In addition, 

Krull et al. proved the robustness of the slurry casting technique by adopting the 

same formulation and processing parameters to produce 5 different API loaded 

wrinkle-free films with good content uniformity [27]. Considering these, dissolution 

rate enhancement via slurry casting might be a more reliable and desirable 

technique compared to solution casting despite the limited solubility of crystalline 

API. Micronization and nano-milling steps can be added to the oral film 
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manufacturing process to compensate for the solubility limitation. Many studies 

show that particle size reduction would increase the dissolution rate of the film 

while assuring good content uniformity, stability, and acceptable mechanical 

properties [29, 30, 32].  

Many researchers confirmed that particle size reduction increases the 

dissolution rate of a drug suspension [114-118]. Nevertheless, due to the 

increased number of particles and high surface energy, particle size reduction 

increases agglomeration in turn affecting the dissolution rate. Thus, there is 

intensive research on the stabilization of drug suspensions [107, 119-122]. Also, 

to avoid the stability issue, a solid dosage form can be prepared by drying the drug 

suspensions (e.g., freeze-drying, spray-drying, fluid bed coating, nanoextrusion, 

incorporating suspension into the film, etc.) [107, 123, 124]. However, formulation 

and process parameters need to be adjusted to prevent agglomeration and 

obtaining good redispersibility [125]. The redispersibility of the drug is a critical 

parameter since it would define the available surface area for dissolution, in turn 

mitigating or maintaining the dissolution and solubility advantages of particle size 

reduction.  

It was demonstrated that the embedded nanoparticles in the film could be 

redispersed while preserving their primary particle sizes (before adding them into 

the film) [27, 35]. Zhang et al. examined the redispersion of micron-sized particles 

which were incorporated into films as powders [30]. Particle size reduction of API 

powder was found to be promoting agglomeration in the film despite the high 

polymer content. However, it was shown that the dispersion of API in the film can 
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be significantly improved via dry coating achieving primary particle size after the 

redispersion [30]. Interestingly, despite the good redispersibility in both nano-sized 

and micronized coated API loaded films, it was found that these two films would 

have comparable dissolution rates [27, 30].  

Along with the effect of dissolution rate, the size of the embedded particles 

in the film may also affect the mechanical properties of polymeric composites. It 

was shown that a reduction in particle size increases the tensile strength of the 

composites [126-129]. The addition of nanoparticles into the films is used for 

reinforcement when desired. However, a moderate tensile strength is preferred for 

oral films due to the need for quick disintegration, patience compliance, and 

handling [1, 85].  

Considering two similar oral film formulations from the literature, nano-size 

API loaded film had higher tensile strength compared to films with micro-size [27, 

30]. This difference in mechanical properties led to similar dissolution rates despite 

the total surface area differences. Therefore, the particle size should not be 

evaluated only in terms of available surface area, but also mechanical properties 

need to be considered to adjust the dissolution rate. 

The aforementioned results indicate that when a matrix is in question, the 

effect of API particle size on the dissolution rate of the particles itself and the 

structure of the dosage form might be contrary. Even with a good particle 

redispersibility, it may not result in fast dissolution due to the confounding effect of 

particle size on the film structure. Thus, this paper systematically examines the 
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effect of particle size and drug loading on the quality attributes of the film, i.e., 

mechanical properties, dissolution profiles.  

The purpose of this work was to examine the effect of the particle size and 

loading on the dissolution rate of poorly water-soluble active pharmaceutical 

ingredients (APIs) loaded oral films. The effect of particle size in the film was 

examined using five different particle sizes of a model poorly water-soluble API, 

fenofibrate (FNB). Besides, four different drug loading, 2.5, 10, 25, and 40%, were 

analyzed. Product performance was evaluated in terms of content uniformity, 

redispersion, mechanical properties, and dissolution profiles to assess the 

hypothesis that smaller API particles would increase the dissolution of API due to 

increased surface area while the film matrix gets tougher in turn might be slowing 

down the dissolution from film dosage.  

 

4.2 Materials 
 
Fenofibrate (FNB, Jai Radhe Sales) as a model BCS Class II drugs, low molecular 

weight hydroxypropyl methylcellulose (HPMC; Methocel E15 Premium LV, The 

Dow Chemical Company, Midland, MI) as a film former and glycerin (Sigma-

Aldrich, Saint Louis, MO) as plasticizer, sodium dodecyl sulfate (SDS; Sigma-

Aldrich, Saint Louis, MO) as stabilizer were used.  
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4.3 Methods 

4.3.1 Preparation of pre-milled drug powder 
 
Pre-milling of fenofibrate (FNB) powder, Micronized FNB (M-FNB), was prepared 

using fluidized energy mill (FEM, qualification model, Sturtevant Inc., Hanover, 

MA). The procedure was adapted from previous works [30, 97]. Briefly, as-received 

(AR) FNB fed with a constant 1 g/min rate into FEM using a feeding pressure of 

45 psi and grinding pressure of 40 psi. The sample was collected from the filter at 

the end of the line and used for further preparations. 

4.3.2 Preparation of drug suspensions 
 
Five different drug suspensions having FNB in different particle sizes were 

prepared for analysis; one with AR-FNB, another with M-FNB, three further milled 

AR-FNB suspensions via wet stirred media milling (WSMM) (MicroCer, Netzsch, 

Exton, PA). As-received (AR) and micronized fenofibrate (M-FNB) suspensions 

were prepared using previously established methods [29, 99]. For drug particle 

stabilization purposes, SDS (surfactant) and HPMC-E15 (polymer) were used in 

the suspension. Briefly, 0.1g of SDS, 5 g of HPMC, and 40 g of FNB were added 

into 200 mL of DI water in corresponding order while it was stirred using a shear 

mixer (Fisher Scientific Laboratory Stirrer, Catalog No. 14-503, Pittsburgh, PA). 

The resulted suspensions were consisted of 2.5% (w/w) (wrt to water) HPMC, 

0.05% (w/w) (wrt to water) SDS and 20% (w/w) (wrt to water) FNB. For further 

particle reduction, three separately prepared AR-FNB suspensions were milled via 

WSMM for 5, 15, or 120 minutes [29, 98, 99]. The milling method was adapted 

from previous studies where further information can be found [29, 98, 99].  
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4.3.3 Preparation of polymer solution and precursors 
 
An aqueous polymer solution was prepared according to Dow and previously 

established protocols [29, 30, 67]. A polymer solution consists of 12% HPMC and 

4% glycerin was selected considering previous works [29, 30]. Briefly, DI water 

was heated up to 35-40 °C while stirring, glycerin was added. When the solution 

reached 80-90 °C, HPMC powder was added slowly and allowed to disperse well. 

Then, the solution was left to cool down to room temperature while mixing.  

Polymer solution and FNB suspensions were mixed at different ratios to get 

2.5, 10, 25, and 40% drug loading in the dry film. Mixing was carried out for 2 min 

at 2000 rpm following by a defoaming step for 30 s at 2200 rpm in a planetary 

centrifugal mixer (Thinky ARE- 310, Laguna Hills, CA, USA). Prepared 

suspensions were called precursors throughout the manuscript.  

4.3.4 Casting & drying 
 
Film precursors suspensions were automatically cast onto a plastic substrate 

(Scotchpak TM 9744, 3M, MN, USA) using Lab-Cast Tape Caster (Model TC-LC, 

HED International, Ringoes, NJ). Wet film thicknesses were adjusted by changing 

the opening of the doctor blade (Elcometer, Rochester Hills, MI) to achieve 100 

µm dry film thickness from each precursor. Following the casting step, samples 

were dried at 50 °C for 1 h. Once dried, the films were peeled from the substrate 

and stored in sealed plastic bags until characterization. The compositions of dry 

films are shown in Table 4.1. 
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Table 4.1 Formulation Compositions of the Dry Films 

          

 Drug loading 
 
Components 

2.5% 10% 25% 40% 

HPMC E15 (wt%) 73.2% 68% 57% 46% 

Glycerin (wt%) 24.3% 22% 18% 14% 

FNB (wt%) 2.5% 10% 25% 40% 

SDS (wt%) 0.006% 0.025% 0.063% 0.100% 

 

4.4 Characterization 

4.4.1 The particle size of FNB in suspension and after redispersed from 
dry films 

 
The redispersibility of FNB from the film was examined in terms of particle size 

distribution. The method was adopted from earlier works where more details can 

be found [27, 30]. Briefly, randomly taken circular punches (0.72 cm2) were added 

into a vial filled with 10 ml deionized water. Then, it was vortexed at 1500 rpm for 

2-5 min to dissolve the polymer. A laser diffraction particle size analyzer (Coulter 

LS 13320, Beckman Coulter, FL, USA) was used to measure the particle size of 

FNB in the prepared suspension. 

4.4.2 Content Uniformity 
 
The mass and thickness of randomly selected ten circular punches (0.71 cm2) were 

recorded for each film sample. Then, each punch was dissolved in 20 - 100 mL 7.2 

g/L sodium dodecyl sulfate (SDS) solution. The volume of SDS was selected 

depending on the drug loading to ensure sink conditions. Absorbances of each 

solution were measured using a UV-vis spectrophotometer (Thermo Fisher 
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Scientific Inc., MA, USA). Drug amount per area (mg/cm2), drug loading for each 

sample was calculated and relative standard deviations (RSD) of thickness, drug 

loading, and drug amount per area were reported for uniformity assessment. Also, 

label claim% and acceptance values were calculated. Equation (3.1) was used to 

calculate AV [73].  

 ( %) avgAcceptance M LC k s value  AV = − +   (3.1) 

 
In the above equations, LCavg%, s, and k are the average drug loading with respect 

to label claim, standard deviation of LCavg%, and the acceptability constant, 2.4, 

respectively. The “M” Parameter is chosen according to the below disequilibriums. 

M: Reference value, 98.5       if    LCavg% < 98.5 

   LCavg%   if    98.5 < LCavg% < 101.5 

   101.5      if    LCavg% > 101.5 

 

While RSDs give insight about the variation along the film values explain to 

what degree the drug amount per area or drug loading varies along the film. 

Acceptance value (AV) is defined by United States Pharmacopedia  [73] as an 

indicator taking into account the closeness to the label claim, as well as the drug 

content uniformity. This method offers a more complete picture of a film’s quality. 

4.4.3 Morphology 
 
The cross-section of the films loaded with the drug was examined via field emission 

scanning electron microscopy (SEM) (JSM-7900F, JEOL USA, Inc. MA). Film 

samples were cut into small pieces and fixed onto double-sided carbon tape where 
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the cross-section of the films facing upwards. The samples were coated with gold 

via a sputter coater (EMS 150T ES, Quorum Technologies Ltd., Laughton, East 

Sussex, England) to prevent the charging of the sample due to the high polymer 

content. Images were taken as representative of the sample. 

4.4.4 Mechanical properties 
 
Mechanical properties of the films were investigated using a TA-XT Plus Texture 

Analyzer (Stable Microsteps, UK). Film samples having dimensions of 50 mm x 15 

mm were analyzed via tensile test where the film was elongated until failure. More 

details can be found in [29, 74]. Tensile strength (TS), Young’s modulus (YM), and 

percent elongation at break (EB %) were reported for an average of 5 samples 

from each formulation.  

4.4.5 Dissolution profiles 
 
Dissolution profiles of the film samples were analyzed using a flow-through cell 

dissolution apparatus (USP IV; Sotax, Switzerland) under sink conditions. 

Dissolution medium of 3.6 g/L SDS solution was circulated at a flow rate of 16 

mL/min and a constant temperature of 37 ± 0.5 °C. A dissolution medium of 100 – 

600 mL was used ensuring similar sink conditions for each formulation with varying 

drug loading. During the dissolution, timely UV measurements were taken 

automatically. Results for each formulation were reported as percent dissolved API 

of an average of randomly selected 6 circular punches (0.71 cm2). More details 

can be found in [75]. 
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4.4.6 Curve fitting and analysis of dissolution curves 
 
Dissolution curves of each formulation were compared between each other using 

bootstrap similarity (f2) analysis due to the high standard deviation for some of the 

samples [100, 101]. In addition to the statistical analysis, area under the curve 

(AUC) was calculated and dissolution curve were fitted to five different commonly 

adopted models. The fitting of dissolution curve were performed up to 60% 

dissolved FNB. The fitting of each formulation was analyzed in terms of the 

dissolution rates and dissolution mechanisms. 

Zero-order model [130]: 

 tM
k t

M

=   (3.2) 

First-Order model [130, 131]: 

 100 (1 )k ttM
e

M





=  −  (3.3) 

Higuchi model [132]: 

 
0.5tM

k t
M

=   (3.4) 

Korsmeyer – Peppas model [133, 134]: 

 
ntM

k t
M

=   (3.5) 

Hixson – Crowell model [135]:  

 
3100 1 (1 )tM

k t
M

 =  − −    (3.6) 
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In above equations, tM M is the percent drug dissolved, k is a constant 

representing dissolution rate, t is time and n is release exponent where applicable. 

 

4.5 Results and Discussion 

4.5.1 Particle size of FNB in suspension and after redispersed from dry films 
 
Particle sizes of unprocessed and dry milled FNB powders were also measured in 

a dispersive system, Rodos/Helos system (Sympatec, NJ, USA). The unprocessed 

FNB particles had d10, d50 and d90 of 2.23 ± 0.12 µm, 8.86 ± 0.05 µm, 14.82 ± 0.06 

µm, respectively while dry milled FNB powder had 1.23 ± 0.06 µm, 4.35 ± 0.07 µm, 

8.70 ± 0.11 µm. The particle sizes of FNB in the primary suspensions before mixing 

with polymer solution were measured via the light scattering method. The particle 

sizes of prepared FNB suspensions are presented in Table 4.2 with respective 

milling conditions. The round-up d50 values were given as the formulation names.  

The particle sizes of unprocessed and dry milled FNB powders were smaller 

than their suspensions. The difference in particle size of the dry and liquid state 

was more pronounced for unprocessed FNB. Observed particle size increase in 

the suspension was due to the instability of too large particles and good 

dispersibility during powder particle size measurement.  
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Table 4.2 Formulation Names, Processing Conditions and Particle Sizes of FNB 
Suspensions 

Formulation 
Processing 

of FNB 
d10 (µm) ± 

SD 
d50 (µm) ± 

SD 
d90 (µm) ± SD 

15 µm Unprocessed 5.839 ± 0.078 15.16 ± 0.049 29.29 ± 0.057 

5.5 µm Dry milling 2.295 ± 0.002 5.477 ± 0.003 11.66 ± 0.078 

700 nm 
Wet milling 
for 5 min 

0.242 ± 0.012 0.701 ± 0.133 2.891 ± 0.158 

400 nm 
Wet milling 
for 15 min 

0.191 ± 0.004 0.361 ± 0.003 1.546 ± 0.008 

160 nm 
Wet milling 

for 2 h 
0.103 ± 0.002 0.16 ± 0.001 0.246 ± 0.005 

SD: Standard deviation 

 

The particle size of redispersed FNB from dried films with varying 

embedded particle size and drug loading were reported in Figure 4.1. Films loaded 

with particles smaller than 1 µm showed good redispersion at varying drug 

loadings. The redispersed particle size was smaller than the primary particle sizes 

of the suspensions for 15 and 5.5 µm formulations except for 2.5% drug loading. 

However, when the size of redispersed particles was compared with the particle 

size of powders, some level of agglomeration was observed (Figure 4.1). These 

results were in line with the previous observations where nanoparticles were found 

to have good redispersibility and micro-size particles showed agglomeration which 

was prevented with the extra step of dry coating [30, 35].  
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Figure 4.1 Particle sizes of redispersed FNB from films, i.e., d10, d50, and d90. 
Dashed lines indicate the primary particle size. 

 

 The redispersion results for micro-sized particles, i.e., 15 µm and 5.5 µm 

showed that mixing of the suspension with the polymer solution would help drug 

dispersion in the film allowing the redispersion size of FNB similar to powder.  

Considering all the size measurements, particles were tended to 

agglomerate more at lower drug loadings, i.e., 2.5% (wt%). Poorer redispersibility 

at low drug loadings may be the result of the high amount of polymer. While 

agglomeration was observed for some of the formulations, it was demonstrated 

that the particle size reduction helped to obtain good redispersibility regardless of 

drug loading at a range of 2.5 – 40% (wt%). 
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4.5.2 Content uniformity 
 
Table 4.3 presents the uniformity of each formulation in terms of percent label 

claim%, acceptance values (AV), and relative standard deviation (RSD) values for 

thickness, drug amount per area, and drug loading. Regardless of particle size and 

drug loading, good uniformity (RSD < 6%) was achieved with some exceptions. 

When it is considered that the sampling size for the content uniformity test was 

about 1/10th of actual dosage, it could be fairly said that all films had good content 

uniformity. Also, acceptance values (AV) were in the acceptable range (<15) 

concluding the acceptable variation and LC%. It was previously shown that mixing 

with a planetary mixer would result in good content uniformity even with particles 

having poor redispersibility [30]. The results demonstrated that the FNB particles 

were well dispersed in the precursor and maintained after drying regardless of drug 

loading (2.5 – 40% (wt%)) and particle size (0.16 – 15 µm). 
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Table 4.3 Relative Standard Deviation (RSD) Values of Drug Per Area and 
Acceptance Values (AV)  

Particle size 
(µm) 

 Drug 
Loading% 

 RSD of 
thickness 

 

RSD of 
drug 

amount 
per area 

 
RSD of 

drug 
loading 

 LC%  Acceptance 
value 

15  2.5  7.7  8.1  1.6  108.4  11 

15  10  3.0  1.6  1.0  103.5  4.4 

15  25  3.5  3.6  2.1  103.2  6.8 

15  40  5.4  7.2  1.0  104.2  5.3 

5.5  2.5  3.1  2.3  0.9  88.1  12.3 

5.5  10  1.8  1.9  0.8  100.1  2 

5.5  25  5.9  7.1  1.2  101.5  3 

5.5  40  5.8  5.6  1.3  101.6  3.2 

0.7  2.5  5.0  4.1  0.9  113.3  14.2 

0.7  10  5.6  5.7  1.0  101.0  2.4 

0.7  25  4.0  5.8  2.1  98.7  5 

0.7  40  6.9  6.7  1.2  98.7  3 

0.4  2.5  5.7  5.9  0.9  104.9  5.7 

0.4  10  3.6  3.4  0.7  104.8  4.9 

0.4  25  6.9  6.4  1.9  101.7  4.8 

0.4  40  5.1  4.9  0.6  101.8  1.7 

0.16  2.5  4.5  2.9  0.7  101.9  2.2 

0.16  10  4.7  4.9  0.7  101.9  2.1 

0.16  25  7.6  4.4  1.2  105.7  7.2 

0.16  40  5.4  6.0  0.6  104.0  4.1 
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4.5.3 Morphology 
 
Cross-sectional SEM images of films prepared with varying particle size (160 nm, 

400 nm, 700 nm, and 16 µm) at the highest drug loading and varying drug loading 

(10%, 25%, and 40%) at 160 nm particle size are presented in Figure 4.2.  

 
Figure 4.2 SEM images of cross-sectional area of films loaded with particles with 
a) 10% of 160 nm FNB b) 25% of 160 nm FNB c) 40% of 160 nm FNB d) 40% of 
400 nm FNB e) 40% of 700 nm FNB f) 40% of 15 µm FNB 

 

The films loaded with FNB in 160 nm had a closed, and uniformly distributed 

porous structure (Figure 4.2.a-c). There was not a significant change in the 

structure of the films loaded with 160 nm FNB, as drug loading varied. However, 

as the particle size increased pores of the film matrix were enlarged and uniformity 

was decreased (Figure 4.2.c-f). More uniform distribution of pores/weaker points 

creates tougher structures leading hard to break while non-uniform structures are 

easier to fail. 
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4.5.4 Mechanical properties 
 
Even though there are no well-established criteria for mechanical properties of oral 

films, moderate tensile strength (TS) and elongation at break (EB) and low Young’s 

modulus (YM) are desired in strip-films [85]. Mechanical properties of oral films 

should be strong enough for processing and handling while they should be soft 

enough not to disturb the mouth and disintegrated quickly. 

Figure 4.3 shows the mechanical properties of films loaded with FNB in 

varying sizes and loading. As particle size decreased TS and YM generally 

increased for higher drug loadings (25% and 40%) (Figure 5.3.a and b). At low 

drug loadings, the effect of particle size was not significant on TS and YM. As drug 

loading increased, TS was decreased especially for the films loaded with large 

particles i.e., 5.5 µm and 15 µm. It may be due to a particle size threshold for 

uniform distribution along the film. The thickness of the dried film was fixed to 100 

µm for all formulations. Considering thickness and the larger particle sizes, the 

number of particles on the thickness direction would be in the order of 1 magnitude. 

Therefore, there may not be much room for particles to be uniformly dispersed in 

the thickness direction. Thus, defective parts were formed which would allow 

easier tensile fail, i.e., lower tensile strength. It was also observed via SEM imaging 

that larger particles created less uniform pores along the cross-section of the film 

(Figure 4.2). 

EB was not significantly affected by particle size except for 2.5% (Figure 

4.3.c). However, it was significantly reduced with increased drug loading going 

towards a brittle structure (Figure 4.3.c). EB variation by particle size was high for 
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2.5% FNB loaded films mostly due to less uniformity of the low number of particles 

in the matrix.  
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Figure 4.3 Mechanical properties of films loaded with FNB in varying sizes and 
drug loadings a) Tensile strength b) Young’s Modulus c) Elongation at break. 
Arrows show the direction of change. 
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The aforementioned observations about the effect of the particle size and 

drug loading on the mechanical properties were in line with the literature [136-138]. 

Mysiukiewicz et al. explained that the hindering of the chain movements by the 

particles or stretching was the reason for the reduction in EB and TS when particle 

loading increased from no loading through 20 wt% [136]. As described, both 

particle size and drug loading were found to be significantly important parameters 

affecting the mechanical properties of the films.  

4.5.5 Dissolution profiles 
 
The dissolution profiles of FNB suspensions having varying particle sizes are 

presented in Figure 4.4. Figure 4.5 presents the dissolution profiles of films loaded 

with varying particle sizes and loadings. 
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Figure 4.4 Dissolution profiles of suspensions containing drug particles with 
varying sizes. 
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Figure 4.5 Dissolution profiles of the films loaded with FNB in varying sizes with 
a) 2.5% b) 10% c) 25% and d) 40% drug loading. 
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Figure 4.5 (Continued)  Dissolution profiles of the films loaded with FNB in varying 
sizes with a) 2.5% b) 10% c) 25% and d) 40% drug loading. 
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As expected, the dissolution rate in suspensions was increased with 

decreased particle size owing to an increased total surface area [42] (Figure 4.4). 

The same trend was observed for the dissolution of 2.5% FNB loaded films (Figure 

4.4.a). At 10% FNB loading, dissolution rate was increased as particle size was 

decreasing down to 700 nm and films loaded with FNB ≤ 700 nm had similar 

dissolution profiles (Figure 4.4.b). As drug loading increased, the increasing trend 

was reversed for FNB < 700 nm. Interestingly, at the highest tested drug loading 

(40 wt%), an increase in the dissolution rate was observed down to d50 of 700 nm 

particle size, while smaller particles than this size resulted in a slower dissolution 

rate (Figure 4.4.d) as opposed to general particle size behavior in suspension. 

More importantly, dissolution of the films loaded with the smallest FNB particles 

(d50 of 160 nm) was the slowest at the highest drug loading. These may be 

explained by the mechanical properties. The mechanical properties of the films at 

2.5% drug loading were not affected by particle size significantly. Therefore, one 

could expect to observe an increased dissolution rate by increased total surface 

area. At 10% drug loading, only tensile strength was slightly affected by particle 

size. At 25 and 40% drug loadings, tensile strength was increased significantly as 

particle size decreased. Besides, at higher drug loadings, elongation at break was 

lower. These changes in the mechanical properties could affect the dissolution rate 

adversely.  

The results for statistical similarity analysis on dissolution profiles can be 

found in Table D.2. Some of the films were found to be similar considering the 
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bootstrap similarity factor and they were considered when the above comments 

were made. 

Table 4.4 presents the fitting parameters and R2 values for the five different 

models (Zero-order, First-order, Higuchi, Korsmeyer–Peppas, and Hixson–

Crowell) and area under the curve (AUC) results for each formulation. When R2 of 

each fitting was considered, Korsmeyer–Peppas model was found to be the best 

fitting among the other models for all the formulations. The release exponent (n) in 

the Korsmeyer-Peppas model was found to be higher than 1 (in the range of 1.01 

– 1.89) suggesting Super Case II transport for all the formulations. Super Case II 

transport corresponds to a combination of several mechanisms during dissolution, 

such as polymer swelling, chain relaxation, and drug diffusion [139]. Therefore, it 

could be stated that the mechanical properties would easily play a role in the 

dissolution.  

The dissolution curves were fitted again where n was fixed to the average 

of all n values (1.4) to fairly compare dissolution rate constants (k) amongst all the 

formulations (Table 4.4). Again, R2 of each fitting was found to be higher than 0.99 

with some exceptions. In addition, the area under the curve (AUC) was calculated 

for all the formulations to analyze the dissolution profiles (Table 4.4). 
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Table 4.4 Fitting Parameters of Dissolution Models Used for Dissolution Profiles 
of FNB Loaded Films with Varying Drug Loading and Particle Size 

Models: Zero Order First Order Higuchi Hixson-Crowell 

Particle size 
(µm) — DL% 

k 
(%/min) 

R2 k (min-1) R2 
k 

(%/min1/2) 
R2 k (min-1) R2 

15 — 2.5 2.32 0.948 0.03 0.888 9.35 0.714 0.04 0.700 

15 — 10 2.16 0.870 0.03 0.803 8.16 0.603 0.04 0.908 

15 — 25 2.99 0.936 0.04 0.873 10.23 0.689 0.05 0.797 

15 — 40 3.73 0.932 0.05 0.870 11.37 0.687 0.06 0.803 

5.5 — 2.5 2.92 0.931 0.04 0.867 10.04 0.684 0.05 0.795 

5.5 — 10 2.80 0.920 0.03 0.859 9.56 0.666 0.05 0.832 

5.5 — 25 3.65 0.920 0.05 0.856 11.08 0.668 0.06 0.839 

5.5 — 40 4.23 0.921 0.05 0.857 12.01 0.672 0.07 0.835 

0.7 — 2.5 3.41 0.990 0.05 0.962 11.75 0.840 0.05 0.401 

0.7 — 10 3.52 0.952 0.05 0.892 11.49 0.717 0.06 0.739 

0.7 — 25 4.50 0.945 0.06 0.890 12.37 0.708 0.08 0.787 

0.7 — 40 4.96 0.934 0.06 0.873 13.04 0.694 0.08 0.825 

0.4 — 2.5 2.99 0.967 0.04 0.917 10.34 0.744 0.05 0.682 

0.4 — 10 3.79 0.966 0.05 0.910 12.05 0.742 0.06 0.705 

0.4 — 25 4.40 0.961 0.06 0.905 12.63 0.734 0.07 0.741 

0.4 — 40 4.46 0.972 0.06 0.920 12.88 0.758 0.07 0.690 

0.16 — 2.5 3.83 0.982 0.05 0.934 12.30 0.782 0.06 0.602 

0.16 — 10 3.53 0.963 0.04 0.910 11.21 0.735 0.06 0.722 

0.16 — 25 4.20 0.969 0.05 0.915 12.56 0.750 0.07 0.703 

0.16 — 40 3.09 0.974 0.04 0.923 10.71 0.756 0.05 0.674 
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Table 4.4 (Continued) Fitting Parameters of Dissolution Models Used for 
Dissolution Profiles of FNB Loaded Films with Varying Drug Loading and Particle 
Size 
 

Models: 
Korsmeyer-Peppas 

(n varies) 

Korsmeyer-
Peppas 
(n=1.4) 

Area Under 
curve 

Particle size (µm) 
— DL% 

k 

(%/min
n

) 
n R

2

 
k 

(%/min
1.4

) 
R

2

 AUC (%·min) 

15 — 2.5 0.77 1.37 0.984 0.71 0.984 3259.0 

15 — 10 0.16 1.89 0.994 0.63 0.963 3755.3 

15 — 25 0.75 1.52 0.995 1.04 0.992 4521.6 

15 — 40 1.02 1.53 0.994 1.42 0.990 4546.1 

5.5 — 2.5 0.71 1.53 0.992 1.01 0.989 3547.4 

5.5 — 10 0.56 1.61 0.994 0.98 0.987 4336.1 

5.5 — 25 0.80 1.62 0.995 1.39 0.987 4596.0 

5.5 — 40 1.04 1.61 0.995 1.71 0.987 4132.6 

0.7 — 2.5 3.30 1.01 0.990 1.19 0.943 4080.2 

0.7 — 10 1.25 1.41 0.993 1.27 0.993 4483.8 

0.7 — 25 1.57 1.48 0.996 1.86 0.995 3641.3 

0.7 — 40 1.50 1.56 0.997 2.13 0.993 3945.5 

0.4 — 2.5 1.31 1.31 0.994 1.03 0.992 4405.3 

0.4 — 10 1.65 1.34 0.996 1.40 0.995 4085.0 

0.4 — 25 1.82 1.39 0.997 1.76 0.997 4052.7 

0.4 — 40 2.23 1.30 0.997 1.78 0.995 4349.9 

0.16 — 2.5 2.33 1.20 0.995 1.41 0.985 3858.9 

0.16 — 10 1.44 1.36 0.996 1.30 0.996 3857.3 

0.16 — 25 1.96 1.33 0.997 1.63 0.996 4553.3 

0.16 — 40 1.44 1.29 0.997 1.06 0.994 4037.2 
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The dissolution rate constants (k) obtained from Korsmeyer–Peppas model 

and AUC were plotted with respect to the available total surface area of FNB in the 

film, separately. The total surface area of FNB was calculated using the measured 

d4,3 after redispersion and with the assumption of spherical particles. Both 

dissolution profile analysis parameters, i.e., k and AUC, were found to have similar 

trends. Therefore, only AUC versus surface area was shown here for the sake of 

brevity (Figure 4.6). Total surface area dependence on k can be found in Appendix 

D (Figure D.1).  

AUC change with respect to the total surface area was found to be more 

drastic with varying drug loading (Figure 4.6.b) than the particle size (Figure 4.6.a). 

It may be due to a more pronounced adverse effect on structure (i.e., tensile 

strength) with varying particle size than it was for drug loading change. Therefore, 

the expected surface area effect on the dissolution could be observed better with 

varying drug loading without the hindrance of mechanical properties. 

 



 

95 
 

 

 
 

Figure 4.6 Dissolution analysis with respect to total surface area of FNB a) drug 
loading and b) particle size grouping. 
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4.6 Conclusions 
 
As one of the most important steps in the pharmaceutical industry, the dissolution 

rate enhancement technique of particle size reduction was examined on oral films. 

Films were produced with acceptable uniformity regardless of the particle size and 

drug loading. It was shown that particle size and number significantly affected the 

polymer structure, mechanical properties, and in turn dissolution rate. Larger 

particles and the higher number of particles led to physically weaker films while 

smaller particles led to especially at high drug loadings. There was a combined 

effect of particle size and drug loading on dissolution rate with the confounding 

effect of mechanical properties. Particles in the polymer matrix may lead to slower 

dissolution above a certain surface area threshold due to adversely affected 

mechanical properties. The results demonstrated that nano-sized particles do not 

necessarily mean to outperform micro-sized particles in a matrix. 
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CHAPTER 5 

5 EFFECT OF PROCESS PARAMETERS ON THE FILMS LOADED WITH 
POORLY WATER-SOLUBLE DRUG: DRYING 

 

 

5.1 Introduction 
 
In addition to the optimization of the formulation in dosage, design researchers 

followed various strategies to overcome the challenges encountered in every 

preparation step due to the different structure and solubility characteristics of 

materials. Drying is one the most important steps in film manufacturing due to its 

effects on film texture (i.e., skin, bubble formation), mechanical properties, 

thickness, and content uniformity of the film (i.e., agglomeration of drug particles). 

Depending on the needs, both the selection of the drying technique and the pace 

of drying should be introduced in the process development. In addition to that, 

drying is the step where residual solvent content is finalized. There are restrictions 

about the residual solvents for health effect concerns. Even though a non-

hazardous solvent (water) is used in the formulation instead of organic solvents, 

for mechanical stability and texture purposes drying is still lies in the center of 

design parameters. To control the drying process, Critical Process Parameters 

(CPPs), types of drying modes, air flow rate, temperature, humidity, drying 

(residence) time, needs to be optimized specifically.  

There are various studies on polymeric film drying which with many different 

purposes i.e., packaging [140-142], support material [143], edible films [144], 

coating [145], orodispersible films (ODFs) with or without drug [40, 74, 146-153]. 
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Even though there is an extensive research on drying of polymeric films in the 

literature, it should also be emphasized that current literature is also lacking in 

terms of systematic investigations on the processing parameters of the oral film 

manufacturing. 

For the drying of oral films, from ambient temperature to 60˚C and from 6 h 

to 48 h, different drying parameters are investigated Most of the drying processes 

are performed in the oven, leading high drying time. Susarla et al. introduced 

forced convection drying for the oral films [74]. Effect of the air temperature and 

the air velocity were systematically investigated on the oral films loaded with poorly 

water-soluble API using two different precursor viscosities. They optimized drying 

temperature range and air velocity to be suitable for drying API loaded films. Preis 

et al. studied the impact of drying conditions on the disintegration of the films [152]. 

In their study, films are dried at the ambient temperature, 40˚C, 60˚C and 80˚C for 

48 h. Depending on the polymer type, different effects of drying temperature on 

the disintegration time were analyzed. An important observation in this study is, 

while disintegration time has increased with increasing drying temperature in the 

films made of polyacrylic acid (PAA) and methylcellulose (MC), temperature 

increment did not change any of the disintegration characteristics in the films made 

of hydroxypropyl methylcellulose (HPMC) and hydroxypropyl cellulose (HPC). 

Velaga et al. studied the drying kinetics of polymeric films with plasticizer using a 

convection oven and thermo-gravimetric analysis (TGA) as a metric [146]. They 

divided the drying into three phases, increasing temperature, constant 

temperature, and diffusion. On a side note, it is important to emphasize that the 
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thickness of the film may affect the drying kinetics and the thickness cannot be 

controlled in TGA. Even though they concluded that TGA can be used an easy 

metric to design drying conditions for thin films, the study clearly shows that there 

are differences in the fitted parameters which can lead to mistakes in the design. 

Thabet et al. compared batch and continuous casting and drying processes 

[147]. From this study, it is clearly seen that while there is a lot of research about 

optimization of the formulation and process parameters, the design of the 

manufacturing devices plays an important role and needs to be paid attention by 

the regulating authorities. Therefore, to gain insight into drying mechanisms, 

identify and predict failure modes, and create a design space of drying process for 

production of high quality particle-loaded films, three drying modes and CPPs were 

analyzed. Polymer solution and drug loaded precursors were used to investigate 

the drying kinetics through conduction, convection and infrared heating as well as 

the final product quality of drug loaded films. 

 

5.2 Materials 
 
Griseofulvin (GF; Sigma–Aldrich, Saint Louis, MO) and fenofibrate (FNB, Jai 

Radhe Sales) as model BCS Class II drugs, pharmaceutical grade amorphous 

hydrophilic silica (M5P, Cabot Corporation, MA) with a primary particle size of 16 

nm as the coating material of the drug particles, hydroxypropyl methylcellulose 

(HPMC; Methocel E15 Premium LV, The Dow Chemical Company, Midland, MI) 

as film former and glycerin (Sigma-Aldrich, Saint Louis, MO) as plasticizer were 

used. 
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5.3 Methods 

5.3.1 Preparation of micronized-coated drug  
 
Simultaneous micronization and dry coating technique used in this study were 

modified from a previous work [97]. As received griseofulvin powder and M5P silica 

was pre-mixed with a ratio of 97:3 using Laboratory Resonant Acoustic Mixer 

(LabRAM; Resodyn Acoustic Mixers, Inc., Butte, MT). LabRAM is operated at a 

frequency of 61 Hz and with 75 G acceleration for 5 min. This pre-mixture was fed 

with a constant 1 g/min rate into fluidized energy mill (FEM, qualification model, 

Sturtevant Inc., Hanover, MA) for simultaneous coating and micronization of GF. 

Feeding pressure was 65 psi while grinding pressure was 60 psi throughout the 

process. The particle size of micronized-coated GF (MC-GF) was tested using 

Rodos/Helos system (Sympatec, NJ, USA). The micronized coated particles had 

a d50 of 5.64 µm. 

5.3.2 Preparation of precursor 
 
An aqueous polymer solution with a composition of 14% HPMC E15 and 4% 

glycerin was prepared by first adding glycerin into the water at 35-40˚C. After the 

reached solution temperature of 90˚C, HPMC powder was added slowly with 

continuous stirring. Following HPMC addition, the solution cooled down slowly to 

room temperature. Polymer solution and MC-GF or MC-FNB were mixed using 

Thinky ARE-310 planetary centrifugal mixer (Thinky, Laguna Hills, CA, USA) with 

a ratio of 48:1. They were mixed at 2000 rpm for 2 min, defoamed at 2200 rpm for 

30 s. The theoretical final composition of the precursor (wet %) and the film (dry 

%) are shown in Table 5.1. 
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Table 5.1 Composition of Wet and Dry Films  

Ingredients Type Wet % Dry % 

Polymer HPMC E15 13.7% 69.8% 

Plasticizer Glycerin 3.9% 19.9% 

API 
Griseofulvin or 

Fenofibrate 
2.0% 10.0% 

Coating agent Silica (M5P) 0.1% 0.31 

 Water 80.3% - 

5.3.3 Drying of films 
 
The custom-made drying chamber used in this study (Figure 5.1) was designed to 

have conduction, convection and infrared heating modes. Conduction was 

supplied using a heating pad underneath a steel plate and convection was supplied 

using a hot air fan (HG 2510 ESD, Steinel). The temperature in the chamber was 

recorded using two mounted thermocouples before and after the film via a 

thermocouple recorder (Easy View 15 Thermometer Datalogger, Extech 

Instruments). The air velocity was measured right above the film using a hot wire 

thermo-anemometer (407123, Extech Instruments).  
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Figure 5.1 Schematic of drying setup. 

Table 5.2 Experimental Conditions in the Drying Chamber 

Run # Tplate (°C) Tair (°C) 
Air Velocity 

(m/s) 

Infrared 
lamp power 

level 
Tdew (°C) 

1 40 40 0.2 - 11 

2 40 40 1 - 11 

3 55 55 0.6 - 11 

4 70 70 0.2 - 11 

5 70 70 1 - 11 

6 40 40 0.2 - 0 

7 40 40 0.2 - 5 

8 40 40 0.2 - 8 

9 - - - 1 11 

10 - - - 2 11 

11 - - - 3 11 

12 - 40 0.4 1 11 

13 - 40 0.4 2 11 

14 - 40 0.4 3 11 

 

The conditions for each drying run shown in Table 5.2 was set and let it 

reach steady-state before the film was placed into the setup. Films were cast on a 
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polyester substrate (9744 Release Liner, 3M Scotchpak) using a doctor blade with 

a 0.5 mm aperture thickness. Then the film was cut into 8 cm x 12 cm (W x L) size 

and placed into drying chamber. During the drying, the weight of the film was 

recorded every 2 s and the film surface temperature was measured manually and 

recorded every minute using an IR thermometer (Sper Scientific, 800107). The 

experiment for each run was repeated for 3 times at each condition. All the mass 

data recorded during the experiments were converted to moisture ratio (MR) using 

Equation 5.1 to make a fair comparison between different conditions.  

 

 
0 0

t s t

s

m m X
MR

m m X

−
= =

−
 (5.1) 

 
where mt is mass at time “t”, ms is solid mass and m0 is the mass when time is 

zero. All the data was smoothed using 1st order Savitzky-Golay filtering with 11 

points step to eliminate the variation caused by the effect of flow on the weighing. 

The thickness of the films was measured using a digital micrometer with an 

accuracy of 0.001 mm. Thickness was measured at five different locations across 

the film and used for calculating the average and relative standard deviation. 

5.3.4 Thermo-gravimetric analysis (TGA) and Differential scanning 
calorimetry (DSC) 

 
Thermo-gravimetric analysis (TGA) were conducted to measure the final moisture 

in the films using a TGA/DSC1/SF Stare system (Mettler Toledo, Inc., Columbus, 

OH, USA). A small sample of a film (∼5.0 mg) was placed in a ceramic crucible, 
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heated from 25˚C to 250˚C in a nitrogen atmosphere at a constant heating rate of 

10˚C/min. 

A differential scanning calorimeter (DSC, Mettler Toledo, Inc., Columbus, 

OH) analysis is also performed in the examination of the melting point of 

aforementioned film samples loaded with drug. In DSC, approximately 5-8 mg of 

sample in an aluminum standard pan was heated from 25°C to 200 °C with 

constant heating rate of 10 °C/min under a nitrogen flow and cooled down to 25 

°C with the same rate. 

5.3.5 Mechanical properties 
 
Investigation of the mechanical properties of the dried films was done using a TA-

XT Plus Texture Analyzer (Stable Microsteps, UK). From each film, 5 rectangular 

samples, 50 mm x 15 mm, were taken. These samples were attached between 

two grips and elongated at a constant rate (1 mm/s) until the sample broke. From 

the resultant stress-strain curve, tensile strength (TS), Young’s modulus (YM), and 

percent elongation at break (EB%) were calculated. For each film, the average 

values and standard deviations were reported. Further details about mechanical 

properties may be found in [29, 74].  

 
 

5.4 Results and Discussion 

5.4.1 Drying kinetics: process parameters 
 
Drying kinetics of MC-GF loaded films were analyzed where conduction and 

convection were applied. Figure 5.2 shows the effect of temperature and air 

velocity on the drying rate of films with 0.3 mm and 0.5 mm wet film thicknesses. 
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Drying times were varied from 5 min to 20 min depending on the drying condition 

and film thickness. Drying curves clearly showed that increasing temperature and 

air velocity increased the rate of drying due to increased driving force. 

Furthermore, comparing two different film thickness drying rates, the effect of the 

air velocity was found to be more pronounced in thinner films (0.3 mm).  

Drying curves fitted by Page model (Equation 5.2) for quantitative analysis 

[154]. Moisture ratio (MR) was explained with respect to time using this semi-

empirical model where Fitting parameter, k, corresponds to the drying constant 

(min-n).  

 

 ( )exp nMR k t= −   (5.2) 
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Figure 5.2 Drying curves at different temperatures and air velocity with a casting 
thickness of a) 0.3 mm b) 0.5mm. Symbols represent experimental data points 
while lines are the fitted modified model. 

 
Fitting of curves according to Page model (Equation 5.2), yielded R2 of 0.99 

for each case with exceptions (Table 5.3). In these fitted models, n varied from 

0.88 to 1.32 with an average of 1.2 ± 0.2. The drying constant k varied along with 
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n preventing a direct comparison for drying curves in terms of drying rate. 

Therefore, each curve was fitted with a modified version of the Page model 

(Equation 5.2) where n was fixed to its averaged value 1.2. Table 5.3 shows the 

fitting parameters for both equations at varying conditions. 

The drying constant, k, from the modified model was considered as the 

drying rate analyzed for varying conditions, i.e., temperature, air velocity, and wet 

film thickness. When conductive and convective heating was applied, the increase 

in drying rate with increased air velocity was 91% and 134% for 0.3 mm thick films 

while it was 36% and 40% for 0.5 mm thick films (Table 5.3). Similarly, the increase 

in drying rate by increased temperature was more pronounced in 0.3 mm thick 

films than 0.5 mm thick films, i.e., 201% / 269% and 155% / 162%, respectively. 

This may be due to the increased diffusion layer of 0.5 mm thick films leading to 

the limiting parameter for the evaporation. 

 
Table 5.3 Fitting Parameters for Drying Curves of Films Dried with Conduction and 
Convection Heating 

Fitting Equations: ( )exp nMR k t= −   ( )1.2expMR k t= −   

Wet film 
Thickness 

Drying 
conditions 

k n R2 k R2 

0.3 mm 

40 °C-0.2 m/s 0.099 1.22 0.9979 0.104 0.9979 

40 °C-1 m/s 0.192 1.22 0.9964 0.199 0.9965 

55 °C-0.6 m/s 0.383 0.92 0.9784 0.278 0.9707 

70 °C-0.2 m/s 0.313 1.20 0.9852 0.313 0.9859 

70 °C-1 m/s 0.703 1.31 0.9877 0.734 0.9879 

0.5 mm 

40 °C-0.2 m/s 0.057 1.31 0.9985 0.073 0.9966 

40 °C-1 m/s 0.114 1.13 0.9918 0.099 0.9913 

55 °C-0.6 m/s 0.133 1.24 0.9888 0.144 0.9890 

70 °C-0.2 m/s 0.155 1.32 0.9974 0.186 0.9962 

70 °C-1 m/s 0.378 0.88 0.9589 0.259 0.9524 
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Infrared (IR) drying kinetics were analyzed with and without forced 

convection in the drying setup (Figure 5.3). The addition of air flow into the system 

with an IR lamp accelerated the drying of the films. The increment in the drying 

rate was more pronounced for the lowest IR lamp power setting, compared to 

second and third settings. 
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Figure 5.3 Drying curves under varying infrared lamp power and forced convection 
presence. 

Another parameter affecting the drying rate is humidity. Since the saturation 

level of the air depends on both temperature and relative humidity, the dew point 

was calculated and kept constant during the experiments. The effect of all the other 

parameters was analyzed with a dew point of 11 °C. The effect of the humidity on 

the polymeric film without drug was analyzed using four different dew points at 40 

°C – 0.2 m/s. Parallel to the expectations, decreasing dew points caused an 

increment in drying rates except for the dew point of 8 °C which is similar to the 

curve at the dew point of 11 °C (Figure 5.4). Since a lower dew point means that 

air contains less moisture, the difference in water content between film and air has 

increased. The standard deviation of the MR curves was reduced as the dew point 
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decreased at 40 °C – 0.2 m/s meaning drying at lower dew points is more 

predictable Figure 5.4. 
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Figure 5.4 Drying curves of films dried at 40 °C and varying dew points. 

 
In addition to process parameters, the effect of the presence of the drug 

was analyzed in terms of drying rates of cast films at the intermediate drying 

conditions, 55 °C, and 0.6 m/s, where conduction and convection were applied. 

Particles in sizes ranging from nano to micrometer as well as an amorphous drug 

were incorporated films were analyzed (Figure 5.5). Introducing the drug to the film 

did not affect the drying kinetics at moderate drying conditions regardless of the 

solid state of the drug, drug type, and size. Susarla et al. stated that there was no 

difference in the drying rates of the films with and without nano-sized drug particles 

when 40 - 60 °C was used as operating temperature and 0.5 – 1.5 m/s as operating 

air velocity [74]. Present findings also well align with previous studies and also 

confirms that even larger particles or amorphous drug did not affect the drying rate. 
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Figure 5.5 Drying curves of films loaded with different drugs. 

5.4.2 Characterization of the films 
 
Drying kinetics of the films were analyzed where drying time was fixed for all drying 

conditions at the same thickness. However, drying the films more than is needed 

may lead to brittle films and decomposition of the drug along with unnecessary 

process implementation. Therefore, for characterization purposes of micronized-

coated fenofibrate (FNB) loaded films, drying times were adjusted for each 

selected drying condition. As a control, one film was dried at room temperature 

overnight (~12h). The highest drying condition (70 °C and 1 m/s) and intermediate 

condition (55 °C and 0.6 m/s) for conduction and convection drying were chosen 

for further analysis. In addition, the second lamp power with and without forced 

convection and the first (lowest) setting with convection was chosen. Because the 

lowest condition (I1) was significantly slower than the rest of the IR drying 

conditions and at the highest setting with and without convection did not enhance 

the drying rate significantly (Figure 5.3). 
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Figure 5.6 Drying curves of films loaded with 10% MC-FNB at varying drying 
conditions. 

5.4.3 Thermal analysis of films loaded with drug 
 
The final moisture content of the films defines the dryness of the film and has great 

importance since it would affect the stability, handling, mechanical properties, and 

peelability of the film. The moisture content of the films was calculated from TGA 

thermograms by taking the weight loss% until the first plateau on the thermogram 

which also corresponds to about 100 °C (boiling point of water). The moisture 

content of the dried films was found to be 2-3 wt% which led to peelable films. 

The films were also analyzed via DSC to confirm the preserved crystallinity 

of the drug during the drying (Figure 5.7). The melting temperature of FNB in the 

film dried at room temperature as the control was 80 °C which was comparable to 

previous reports [77]. Unfortunately, the second IR lamp setting with and without 

forced convection and conduction-convection at 70 °C, 1 m/s induced the melting 

of the drug leading to no melting point on the thermogram. IR lamp might have 

increased the temperature on the film surface too fast causing the drug to melt. 
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The melting point of a compound starts before the melting point and continues after 

that. Therefore, FNB can start melting at 70 °C where conduction-convection was 

applied. However, complete melting was not expected. Considering the exposure 

time and the airflow, it may be stated that the drying temperature should be ~20 

°C lower than the melting point of the drug.  
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Figure 5.7 DSC thermograms of films dried at varying conditions. 

 
 

The surface temperatures during the drying of the films at I2, I2C, and 70 

°C, 1 m/s reached 60, 55, and 60 °C. On the other hand, it was only 45, and 50 °C 

for the drying conditions that protected drug crystallinity (I1C and 55 °C, 0.6 m/s, 

respectively). These indicated that the surface temperature of the film during the 

drying process should be closely monitored and kept well below the melting point 

of the drug (~30 °C). 
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5.4.4 Mechanical analysis of films loaded with drug 
 
Films without crystallinity loss after the drying were further analyzed in terms of 

mechanical properties. Figure 5.8 presents the tensile strength (TS), elongation at 

break (EB), and Young’s modulus (YM) of three films that preserved their 

crystallinities. While YM and EB did not vary among the different drying conditions, 

films dried at the lowest IR lamp setting with airflow had slightly lower TS compared 

to the other two. Similarly, Susarla et al. did not find a significant change in 

mechanical properties at the range of 40 - 60 °C and 0.5 – 1.5 m/s, temperature, 

and air velocity, respectively, for the films dried with conduction and convection 

heating [74]. I1C film was slightly compared to others suggesting that IR lamp 

drying can also produce good quality films faster and without damaging the drug. 
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Figure 5.8 Mechanical properties of dried films at varying conditions. 
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5.5 Conclusions 
 
The effect of process and formulation parameters i.e., temperature, air velocity, 

humidity, thickness, and the addition of drug particles in a dryer with combined 

conduction, convection infrared heating modes were presented. Drying times of 

the films varied from 5 to 30 min depending on the drying mode and strength. The 

effect of critical process parameters (CPPs) on the kinetics was verified while it 

was demonstrated that film thickness affected the extent of CPPs effect on the 

drying. 

For the selected cases, film quality attributes, i.e., final moisture content, 

the crystallinity of drug, mechanical properties, were investigated. Good quality, 

peelable films with similar mechanical properties were produced with conduction-

convection and infrared-convection systems. High temperature, air velocity, and 

infrared lamp power led melting of the drug in the film. Depending on the melting 

point of the drug, the maximum limit of CPPs should be considered. The results 

clearly showed that other control parameters such as film surface temperature 

should be introduced for process design in addition to drying rate. 
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CHAPTER 6 

6 IN-LINE THICKNESS ANALYSIS VIA NEAR-IR SPECTROSCOPY ON STRIP 
FILMS LOADED WITH SURFACE-MODIFIED POORLY WATER-SOLUBLE 

DRUG 
 

 

6.1 Introduction 
 
Oral films have drawn the attention of many researchers in past few years owing 

to their favorable characteristics such as patient compliance, improved 

bioavailability, flexible dosing, and adaptability to continuous manufacturing [1, 2, 

4, 6, 8]. Having these advantages, oral films are believed to play a key role in the 

reduction of time and the cost of manufacturing [7].  

There are many studies related to the effect of material attributes and 

process parameters on the critical quality attributes (CQAs) of the films [24, 33-

36]. Yet, a general framework towards design space and control systems is 

missing for film manufacturing to assure good product quality. Product quality is of 

importance in every different type of manufacturing, but it is critically important in 

the pharmaceutical industry where products must meet the CQAs needs. The 

CQAs can be monitored in real-time using Process Analytical Technology (PAT) 

allowing instant recognition of a manufacturing fault [155, 156]. However, a PAT 

system capable of this level of dynamic monitoring has yet to be integrated into the 

manufacturing of orally disintegrating films (ODFs). This paper investigates in-line 

Near-Infrared Spectroscopy (NIRS) analysis as PAT integration for the films 

loaded with poorly water-soluble active pharmaceutical ingredients (APIs) by 

examining formulation parameters with the goal of controlling film thickness. The 
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main goal is to identify the effect of particle engineering, which is a crucial addition 

to the formulation for improved bioavailability, with in-line chemometric analysis. 

NIRS and Raman Spectroscopy are the most reported PAT analyzers [156]. 

They are used for different purposes, i.e., detecting granule size, water content, 

drug amount, and thickness detection in many different processes i.e., fluid bed 

drying, tablet coating, hot-melt extrusion, film manufacturing [157-159]. Off-line 

spectroscopic measurements have been examined to show the applicability of 

these tools towards the implementation of PAT to films [160-162]. In these studies, 

NIRS was used to determine drug content in the film with a good correlation 

between spectra and assay values. There are also instances of in-line studies on 

drug-loaded films where only the drug content was analyzed either with NIRS or 

Raman Spectroscopy [163-165]. Hammes et al. integrated in-line Reflectance 

NIRS at the end of the drying line to analyze the drug content [163]. NIR spectra 

were analyzed using Partial Least Squares (PLS) regression, to correlate the 

spectra with drug amount in the film. Considering a narrow range of drug amounts, 

i.e., 2.2 – 2.6 mg per dosage, were used, the applicability of their correlations may 

be limited. Zhang et al. used Raman Spectroscopy to determine the drug content 

through both in-line and off-line analysis [164]. Key factors such as the effect of 

the belt speed, the probe location in the drying line, and the thickness of the film 

were considered. Correlations between spectra and the drug amount 

measurements exhibited low variation (R2>0.99) and high prediction (RMSEC< 

0.6%) with both in-line and off-line cases. On the other hand, it was underlined that 
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varying process conditions i.e., belt speed, probe location, affected the calibration 

models [164].  

PAT tools have been used for monitoring micron-size [160, 162], or nano 

[164], or amorphous [161-163, 165] APIs in the films. Finer particles such as nano-

sized or amorphous dispersions are expected to increase the dissolution rate of 

the API [42] and are commonly used in film manufacturing [9, 18, 24, 28-32, 35, 

96]. An interesting recent technique to improve the dissolution is the dry coating of 

the API [30, 97]. The dry coating has been shown to be effective in preventing 

aggregates and promotes excellent API dispersion in the films [97]. In the present 

work, the use of a spectroscopic method was considered to examine films loaded 

with micronized and/or dry coated API particles. Unfortunately, the effect of dry 

coating on the ability to obtain reliable NIR spectra and on the accuracy of the 

subsequent chemometric analysis is unknown. In addition, the particle size, as well 

as agglomerate sizes, may affect the NIRS analysis by changing the absorbance  

[166, 167]. However, neither the effect of the particle size of the API nor the 

presence of a coating agent on the chemometric analysis has been studied for 

films. Such monitoring would provide significant insight for the development of the 

film manufacturing and monitoring processes. 

Another important film CQA besides the drug loading is thickness as it can 

affect other CQAs such as mechanical properties, dissolution rate, and drug 

dosage. Thickness can also be affected by critical material attributes (CMAs) [34] 

and critical process parameters (CPPs). Therefore, it is also useful to examine NIR 

spectroscopy to assess the thickness of the film loaded with the poorly water-
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soluble drug along with the effects of particle size and dry coating. Consequently, 

a NIRS probe was used for in-line thickness detection. In addition, for improving 

the sampling of the film in motion, a moving apparatus was developed for 

automatically obtaining spectra from various parts of the film. Hydroxypropyl 

methylcellulose E15 as the film-forming polymer, glycerin as a plasticizer, 

fenofibrate (FNB) as a model poorly water-soluble API, and hydrophilic silica as 

coating agent were used. Two micron-sized FNB powders in different particle sizes 

and their coated counterparts were incorporated into the films for further analysis. 

Principal component analysis (PCA) was performed on NIR spectra to gain insight 

into the samples. Further, correlations between NIR spectra and thickness of the 

films were developed using partial least squares (PLS) regression along with 

complimentary characterization techniques, i.e., surface and cross-sectional 

morphology redispersed particle sizes and thickness and content uniformity. 

These results were analyzed to assess the robustness of thickness monitoring via 

NIRS in presence of coating agents and/or APIs with different particle sizes. 

 

6.2 Materials 
 
A model BCS Class II drug, Fenofibrate (FNB, Jai Radhe Sales), pharmaceutical-

grade amorphous hydrophilic silica (M5P, Cabot Corporation, MA) with a primary 

particle size of 16 nm as the coating material of the drug particles, hydroxypropyl 

methylcellulose (HPMC; Methocel E15 Premium LV, The Dow Chemical 

Company, Midland, MI) and glycerin (Sigma-Aldrich, Saint Louis, MO) were used 

in film preparation. 
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6.3 Methods 

6.3.1 Preparation of coated and uncoated micronized drug powders 
 
Micronized and/or dry coated drug powders were prepared via procedures adapted 

from previous works [30, 97]. Laboratory Resonant Acoustic Mixer (LabRAM; 

Resodyn Acoustic Mixers, Inc., Butte, MT) were used to mix as-received 

fenofibrate (FNB) powder and silica with a ratio of 97:3 at 61 Hz frequency and 75 

G acceleration for 5 min. This mixture was called as-receive coated fenofibrate 

(ARC-FNB). Micronized coated FNB (MC-FNB) was prepared with a simultaneous 

micronization and coating technique via fluidized energy mill (FEM, qualification 

model, Sturtevant Inc., Hanover, MA). Briefly, ARC-FNB fed with a constant 1 

g/min rate into FEM with a feeding pressure of 45 psi and grinding pressure of 40 

psi. The uncoated-micronized FNB was produced under the same conditions 

except for silica addition. The particle sizes of all powders, i.e., as-received, as-

received coated, uncoated-micronized, and coated-micronized, were tested using 

Rodos/Helos system (Sympatec, NJ, USA) using 1 bar dispersion pressure. 

6.3.2 Preparation of films loaded with drug 
 
An aqueous polymer solution was prepared according to Dow and previously 

established protocols [29, 30, 67]. A polymer solution consists of 12% HPMC and 

4% glycerin was selected considering previous works [29, 30]. Briefly, DI water 

was heated up to 35-40 °C while stirring, glycerin was added. When the solution 

reached 80 °C, HPMC powder was added slowly and allowed to disperse well. 

Then, the solution was left to cool down to room temperature while mixing. Polymer 

solution and FNB powders were mixed for 2 min at 2000 rpm and defoamed for 30 
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s at 2200 rpm using a planetary centrifugal mixer (Thinky ARE- 310, Laguna Hills, 

CA, USA). If the suspension still had bubbles, it was left overnight. The 

compositions of films and given abbreviated names are shown in Table 6.1. 

 

Table 6.1 Compositions of Films Loaded with Drug 

Formulation 
name 

FNB 
modification  

HPMC 
in 

polymer 
solution 

(wt%) 

Glycerin 
in 

polymer 
solution 

(wt%) 

Polymer 
solution 

to 
powder 

ratio 

Target 
drug 

loading 
in dry 
film 

(wt%) 

Coating 
agent in 
the dry 

film 
(wt%) 

AR As-received 12 4 14.6 30 NA 

ARC 
A-received 

coated 
12 4 13.9 30 0.9 

MUC 
Micronized 
uncoated 

12 4 14.6 30 NA 

MC 
Micronized 

coated 
12 4 13.9 30 0.9 

The suspensions were cast onto a moving substrate (ScotchpakTM 9744, 

3M, MN, USA) using a doctor blade (Elcometer, Rochester Hills, MI) with different 

opening thicknesses ranging from 0.2 to 0.9 mm with an interval of 0.1 mm. Films 

were dried in a Lab-Cast Model TC-LC Tape Caster (HED International, Ringoes, 

NJ) at 50 °C. Films for both calibration and prediction sets were prepared with the 

same method. 

6.3.3 Uniformity of the films loaded with drug 
 
The uniformity of the films was assessed via relative standard deviations (RSD) of 

thickness, drug loading, and drug amount per area. The method was adapted from 
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previously established procedures [29, 30]. Ten circular punches with ~0.7 cm2 of 

area, were taken from each film randomly. The mass and thickness of each sample 

were recorded. Then, samples were dissolved in a 7.2 g/L sodium dodecyl sulfate 

(SDS) solution on magnetic stirrers. The volume of SDS was adjusted depending 

on the theoretical drug amount of the film ensuring sink conditions, from 20 mL to 

50 mL. Drug amount per area (mg/cm2) and drug loading for each sample were 

calculated from absorbances measured via a UV-vis spectrophotometer (Thermo 

Fisher Scientific Inc., MA, USA) at the wavelength corresponding to FNB, 290 nm 

[29, 30]. Then, the reported RSDs for thickness, drug loading, and drug amount 

per area were calculated average and standard deviations of ten samples. 

6.3.4 Re-dispersion of drug particles from the dried films 
 
The drug particles were re-dispersed from dried films and size distribution was 

analyzed to assess the particle size maintenance in the film structure. The 

procedure was modified from earlier works [27, 30]. Briefly, 3 circular punches of 

0.72 cm2 in the area were vortexed in 10 ml deionized water at 1500 rpm for 2 min. 

The size of drug particles in the suspension was measured via a laser diffraction 

particle size analyzer (Coulter LS 13320, Beckman Coulter, FL, USA). 

6.3.5 Imaging of dried films loaded with drug 
 
The surface morphology of the films loaded with the drug was examined via field 

emission scanning electron microscopy (SEM) (JSM-7900F, JEOL USA, Inc. MA). 

The samples were pre-coated with gold via a sputter coater (EMS 150T ES, 

Quorum Technologies Ltd., Laughton, East Sussex, England) to prevent the 

charging of the sample due to the high polymer content. 
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The cross-section of films loaded with the drug was analyzed using an 

optical microscope with polarization mode (Carl Zeiss Microscopy, LLC. Germany). 

Film samples were cut into thin pieces and fixed onto a glass slide with the help of 

double-sided tape. Images were taken as representative of the sample. 

6.3.6 In-line Near-IR (NIR) Spectroscopy data acquisition and analysis 
 
A micro Near-IR probe (JDSU Inc., now Viavi Solutions, San Jose, CA) was used 

for diffuse reflectance spectra acquisition over 908–1670 nm spectral range. One 

spectrum was an average of 100 scans. The NIR probe is fixed onto a moving 

apparatus which allows taking data from two sides and the middle of the film 

(Figure 6.1). The distance between the NIR probe and the substrate was 3 mm 

which was found to be the optimum distance based on preliminary work. The 

apparatus with the NIR probe was placed into an HED drying chamber for in-line 

measurements (Figure 6.1). The films with varying thicknesses were prepared as 

explained in Section 2.2.2. The thickness of films varied by changing the opening 

height of the doctor blade. The measurements were taken from each dried film 

towards the end of the line while the film was moving at 0.16 or 0.08 cm/s speed 

and the temperature inside the chamber was 50 °C. The setup for spectral 

acquisition is demonstrated in Figure 6.1. 
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Figure 6.1 Schematic for manufacturing and detection steps. 

 

After NIR spectra were taken, the thickness of the films was measured using 

a digital micrometer with an accuracy of 0.001 mm at 20 different locations across 

the film and the average was taken to use as a reference for model development. 

NIR spectra were collected from each FNB powder, i.e., AR-FNB, ARC-FNB, 

MUC-FNB, MC-FNB. Powders were filled into a glass petri dish where the surface 

was leveled. The probe was located 3 mm above the sample. 50 spectra were 

recorded for each powder type. 

NIR spectra were analyzed using The Unscrambler X 10.5.1 software. 

Different pre-processing methods i.e., SNV, 2nd order Savitzky-Golay smoothing, 

1st order derivatives, baseline correction, and their combinations were applied to 

NIR spectra. 

Initially, Principal Component Analysis (PCA) was conducted as a 

qualitative analysis of NIR spectra belonging to films with different thicknesses to 

analyze the possible effects on the data. Partial Least Square (PLS) regression 
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was used to create a model correlating the NIR spectra to the thickness of the films 

loaded with FNB. NIR spectra were used as predictors and thicknesses obtained 

using a micrometer were used as responses. A total of 10 spectra were taken for 

each sample, i.e., each thickness, to use in the calibration model. Cross-validation 

was implemented using the leave-one-out method. For the prediction, 5 more 

spectra were taken from the films with the same thicknesses as in the model and 

with 2 different thicknesses in addition to the ones used in the calibration model. 

PCA and PLS analysis were conducted on NIR spectra belonging to films 

loaded with 30 wt% AR-FNB to assess the most suitable pre-processing method. 

The 1st derivative as the pre-processing method and spectral range of 1304 – 1651 

nm were selected for PCA and PLS analysis after evaluating the results in terms 

of RMSEC (2.47), RMSECV (2.59), bias (0.015), R2 (0.9924) (Table E.1) and PCA 

scores (Figure E.1). The 1st derivative was used as the pre-processing method for 

all the other formulations as well.  

A calibration model was created separately for each formulation containing 

one type FNB (AR or ARC or MUC or MC). In addition, two calibration models were 

developed combining data belonging to films loaded with the same particle sizes 

(AR-ARC and MUC-MC). Another calibration model was developed combining all 

the data for films containing AR or ARC or MUC or MC-FNB. The films containing 

coated and uncoated particles or all the films were used to create one calibration 

model to examine the possibility of the number of calibrations needed. 

The quality of the calibration models was assessed in terms of root mean 

square error of calibration (RMSEC), root mean square error of cross-validation 
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(RMSECV), root mean square error of prediction (RMSEP), bias, and R2. In 

addition, the optimum number of PLS factors were chosen considering the 

aforementioned figures of merit.  

 

6.4 Results and Discussion 

6.4.1 Uniformity of films loaded with drug 
 
Different film thicknesses may be required for specific application sites and varying 

the dosage. A robust manufacturing system should be producing films in a range 

of thicknesses with good uniformity. The uniformity in the thickness would affect 

many quality attributes of the film from dosage to mechanical properties and 

dissolution. Therefore, the thickness is one of the most important parameters to be 

controlled to ensure an acceptable product. The uniformity of the films was 

assessed using relative standard deviations (RSD) for thickness, drug amount per 

area, and drug loading obtained with off-line tests (Figures 6.2.a, b, and c, 

respectively).  

As it was reported previously, mixing with a planetary mixer and sufficient 

viscosity would lead to good content uniformity regardless of the drug modification 

[24]. RSDs indicated good thickness and content uniformity (<6%) with a few 

exceptions (Figure 6.2). The films that did not meet the uniformity criteria were 

either loaded with AR-FNB or were the thinnest films. It should be noted that the 

sample size (~0.7 cm2) used for the content uniformity test was about 1/10th of the 

intended dosage size (2 cm x 3 cm) for better discriminating analysis [24, 37]. 

Therefore, more variation in the content could be expected for thinner films due to 

the even lower drug amount in the sampling. RSDs of dry film thickness for the 
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samples loaded with AR and ARC were slightly higher than MUC and MC (Figure 

6.2.a). The reduction of particle size may be helping to obtain better-organized 

particles leading to a more uniform thickness. Since heterogeneity of the samples 

adversely affects the measurements, uniformity of the samples and sampling are 

highly important for the calibration model in multivariate analysis of spectra [38-

40]. Therefore, improved thickness and content uniformity via dry coating would 

help to develop better correlations between spectra and the quality attribute in 

question (thickness, drug loading, etc.). 

 
Figure 6.2 Relative standard deviation (RSD) values of a) film thickness and  
b) drug amount per area c) drug loading%. 
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Figure 6.2 (Continued) Relative standard deviation (RSD) values of a) film 
thickness and b) drug amount per area c) drug loading%. 
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6.4.2 The particle size of drug powders and after re-dispersion of drug 
particles from the dried films 

 
Particle sizes of drug powders and re-dispersed drugs from the dried films are 

reported in Table 6.2 as d10, d50, and d90. In all cases, there was a slight increase 

in particle sizes of re-dispersed FNB particles compared to powder due to an 

aqueous environment. Re-dispersed MUC-FNB particles showed more increase 

in particle size compared to others. The particle size of powder MUC-FNB was 

also higher compared to MC-FNB powder indicating agglomeration without 

coating. Only film sample with no particle size, i.e., d50 and d90, change between 

powder and re-dispersed particles was the film containing MC-FNB.  

 

Table 6.2 Particle Size Distribution of Dry Powders and Re-Dispersed Particles 
from Dry Films 

Drug 

d10 (µm) ± SD     d50 (µm) ± SD  d90 (µm) ± SD 

Dry  
Powder 

Re-
dispersion 

 Dry  
Powder 

Re-
dispersion 

 Dry  
Powder 

Re-
dispersion 

AR 
2.12 ± 
0.25 

3.26 ± 0.03 
 

6.00 ± 
0.19 

7.42 ± 0.07 
 
13.39 ± 

0.22 
15.31 ± 

0.09 

ARC 
2.18 ± 
0.04 

3.34 ± 0.01 
 5.88 ± 

0.09 
7.68 ± 0.01 

 12.56 ± 
0.38 

15.86 ± 
0.09 

MUC 
0.67 ± 
0.03 

1.83 ± 0.02 
 

2.71 ± 
0.03 

3.52 ± 0.13 
 

5.38 ± 
0.58 

7.38 ± 0.57 

MC 
0.54 ± 
0.04 

1.44 ± 0.02 
 

2.24 ± 
0.24 

2.49 ± 0.08 
 

4.05 ± 
0.40 

4.14 ± 0.43 

SD: Standard deviation 

It has been shown that dry-coating of the drug using hydrophilic silica 

reduces the agglomeration in powder drug [97, 168]. Zhang et al showed that dry-

coating of micronized drug particles prevents the agglomeration both in powder 
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and the film allowing preparing physically stable product [30]. The current findings 

were also in line with previous literature confirming drug agglomeration reduction 

via dry coating. 

6.4.3 Imaging of dried films loaded with drug 
 
The surface morphology of the films was analyzed via SEM imaging (Figure 6.3). 

Particle size reduction and/or coating of API particles led to qualitatively more 

uniform surface morphology and less surface roughness due to better distribution 

of the particles. It was shown that the coating of the API allows better distribution 

of the particles along with the film which is in line with present results [30]. 

 
Figure 6.3 SEM images of top surfaces of films loaded with 30% a) AR-FNB b) 
ARC-FNB c) MUC-FNB and d) MC-FNB. 

 
Film cross-sections were analyzed using optical microscopy with polarized 

light (Figure 6.4). The bottom of the film was smoother than the top due to 
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confinement via substrate under the film. Centkowska et al. showed using AFM 

measurements that the bottom of the film loaded with micro-sized API was 

smoother (maximum roughness of 0.14 µm) than the surface (maximum 

roughness of 5 µm) [169]. Cross-sectional images further showed that particle size 

reduction and/or coating of API particles reduced the surface roughness and 

increased uniformity of particle distribution close to the film surface. 

 
Figure 6.4 Cross-sectional optical images of films loaded with 30% a) AR-FNB b) 
ARC-FNB c) MUC-FNB and d) MC-FNB (scale bars represents 100 µm) (top 
surface of the film faces upwards). 

 

6.4.4 Spectroscopic measurements and Multivariate data analysis  

The films loaded with either AR, ARC, MUC, or MC-FNB where the average 

thicknesses varied from 23 to 124 µm were analyzed using in-line NIR 

Spectroscopy. The NIR spectra were acquired as the film was moving at 0.16 cm/s 

speed on the semi-continuous film casting and drying line. As an example for NIR 

spectra changes with varying thickness, an average of 10 spectra for 30 wt% MC-

FNB (wt%) loaded films with the average thicknesses varying from 23.3 to 112.2 

µm are presented in Figure 6.5. O–H stretching and O–H 1st overtone bands 

increased as thickness increases. The thickness range considering all individual 
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measurements was 23 to 135 µm. Ortega-Zuniga et al. demonstrated that the 

penetration depth of NIR radiation in polymeric films could be as high as 3.04 mm 

[170]. Even though the depth of penetration changes depending on the material, 

the films used in this study were thin enough for NIR radiation to go through. 

Therefore, NIR spectra represented the whole sample in the thickness axis 

allowing thickness monitoring. 
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Figure 6.5 Pre-treatment (1st derivative) applied and averaged NIR spectra 
belonging to films with varying thickness, loaded with 30% MC-FNB. 

 

PCA scores of NIR spectra belonging to films with different thicknesses 

were analyzed for 30 wt% AR-FNB, ARC-FNB, MUC-FNB, and MC-FNB loaded 

films (Figure 6.6). In all the cases, PC1 corresponded to the thickness of the film 

showing variability along PC1 axis and it was the only variable at fixed drug loading 

and particle type. PC2 most probably corresponded to thickness deviation along 
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with the film. PCA scores of NIR spectra belonging to films with varying 

thicknesses formed clusters for the same dry film thicknesses.  
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Figure 6.6 PCA score plots for NIR spectra belonging films loaded with 30% a) 
AR-FNB b) ARC-FNB c) MUC-FNB and d) MC-FNB.  

 
Figure 6.6 demonstrates PCA score plots of the films loaded with either AR-

FNB, ARC-FNB, MUC-FNB, or MC-FNB. Coated FNB loaded films (ARC-FNB or 

MC-FNB) (Figures 6.6. b and d) showed reduced variation within the replicates 

compared to their uncoated counterparts (AR-FNB or MUC-FNB) (Figures 6.6. a 

and c). Mostly, PCA scores for films loaded with micronized and/or dry coated FNB 

showed less variation within the same thickness measurements. The lower 

variation indicated that the dry coating of FNB allowed better drug distribution thus 

more uniform thickness. In the case of MC-FNB (Figure 6.6.d), 99.86% of the 
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spectral variation was explained with PC1 which corresponds to the thickness and 

had a narrower confidence ellipse confirming the uniformity enhancement via both 

micronization and coating of the FNB compared to other cases. In all cases, the 

variation among the samples with the same thickness increased as thickness was 

increased. 

The effect of particle type in the film on the thickness was analyzed via NIR 

spectra scores (Figure 6.6). In order to analyze the variation in spectra between 

coated/uncoated or different particle size counterparts, spectra were further 

analyzed via PCA scores of paired sets. Effect of micronization and the coating of 

the FNB embedded in the film were analyzed by pairing the spectra belonging to 

films loaded with either the same size or same coating conditions (coated or 

uncoated).  

The effect of micronization, i.e., particle size, was analyzed via PCA scores 

of NIR spectra belonging to films loaded with AR & MUC and ARC & MC (Figure 

6.7.a and b). Films loaded with FNB in two different particle sizes with (d90 of 4.14 

and 15.31 µm) or without coating (d90 of 7.38 and 15.86 µm) were compared. 

99.31% and 99.6% of the spectral variation was explained by PC1 corresponding 

to thickness for PCA of AR & MUC and ARC & MC, respectively. Figures 6.7.a and 

b show a clear distinction between scores of ARC and MC compared to AR and 

MUC. It was due to the better distribution of coated particles compared to their 

uncoated counterparts leading to more differentiation in NIR spectra of the films 

loaded with different sized particles. It was stated that particle size could affect the 

interaction with NIR photons leading to an increase in absorbance [166]. However, 
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it was also shown that when larger particles are of a lower concentration in the 

blend, they could lead to inaccuracies [167]. The present results are also in line 

with previous results showing differentiation between different particle sizes.  
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Figure 6.7 PCA score plots for NIR spectra belonging films loaded with 30% a) 
AR-FNB or MUC-FNB b) ARC-FNB or MC-FNB c) AR-FNB or ARC-FNB and d) 
MUC-FNB or MC-FNB. 
 

The effect of dry coating of FNB was also analyzed via PCA scores of NIR 

spectra belonging to films loaded with AR & ARC and MUC & MC (Figure 6.7.c 

and d). PC1 corresponded to the thickness and PC2 thickness deviation in the film. 

The scores of the films loaded with the coated drug (ARC or MC) showed less 

variation (PC2 range of 0.001 and 0.0009, respectively) compared to their 

uncoated counterparts (AR or MUC) (PC2 range of 0.0021 and 0.0016, 
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respectively). Films loaded with the same type of FNB did not show clustering 

between the PCA scores belonging to films loaded with coated and uncoated FNB. 

This suggested that the coating of FNB did not interfere with NIR spectra and the 

same particle sizes resulted in similar spectra. PC1 explained 99.45% of the data 

for larger particles (AR or ARC) (Figure 6.7.c) while 99.77% of the data were 

explained by PC1 when smaller particles (MUC or MC) were used (Figure 6.7.d). 

As it was also shown in Figures 3 and 4, smaller MUC or MC particles (redispersed 

d90 of 7.38 and 4.14 µm, respectively) have better distribution especially at the 

surface of the film compared to larger, AR or ARC particles (d90 of 15.31 and 15.86 

µm, respectively). This might have led to more repeatable NIR spectra acquisition. 

All the NIR spectra-related analyses and discussions till this point were on 

the data taken while the film was moving on a belt at 0.16 cm/s. Since belt speed 

is one of the processing parameters, it was also examined to understand how it 

affects the NIR spectra of the films loaded with FNB. Figure 6.8 shows PCA scores 

of NIR spectra belonging to films loaded with 30% MC-FNB and with varying 

thicknesses where data were collected at two different belt speeds; 0.08 cm/s and 

0.16 cm/s. PC1 explained 100% of the data. Figures 6.8.a and b present the same 

data but different grouping for better visualization. Different colors represent belt 

speed in Figure 6.8.a while Figure 6.8.b shows thickness grouping by colors. Less 

scattering of PCA scores was observed for higher belt speed, especially for thinner 

films. It may be due to faster movement of the film leading to more area coverage 

(increased sample size) during each NIR spectrum acquisition where 100 scans 

were averaged. Several studies are examining the effect of some of the processing 
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parameters in the spectral analysis leading to change in the sampling size [164, 

171, 172]. Ortiz et al. showed that for an in-line NIR spectroscopy system on a 

tableting process, paddlewheel speed would affect the sampling size and middle 

speed generated more accurate predictions [171]. However, composite sampling 

is important for better representation of the material while eliminating the bias 

coming from the sampling procedure [173, 174]. The faster belt speed contributes 

to a larger composite sample. 

PCA scores qualitatively demonstrated that particle size of FNB in the film 

and sampling size would potentially affect the thickness detection via NIR spectra. 

In addition, the coating agent did not interfere with the spectra thus multivariate 

analysis. Therefore, these results indicated that spectra of coated and uncoated 

FNB might be used in the same prediction model. This hypothesis is examined in 

the next section.  
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Figure 6.8 PCA score plots for NIR spectra belonging films loaded with 30% MC-
FNB a) Belt speed grouping b) Dry film thickness grouping.  
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6.4.5 Development of the NIR calibration model and prediction 
 
The predicted thicknesses using the developed models with optimized PLS factors 

as well as the measured thicknesses are presented in Table 6.4. All the models 

resulted in good predictions while predictions calculated using calibration model 

developed with all four formulations showed slightly higher differences compared 

to the measured value and other predictions in some cases. Overall, all the 

calibration models were able to predict the film thickness in a range of 23 – 124 

µm. The effect of the dry coating was clearly seen on the calibration and prediction 

results by statistically improved models. 

Statistics for all the calibration models, cross-validations, and predictions 

are presented for up to three PLS factors in Table 6.3. Considering lower RMSE, 

bias, the number of factors, and higher R2, one PLS factor was selected as the 

optimized number of factors for each developed calibration model. The linearity of 

optimized calibration models where R2 was found to be ≥ 0.99 for all the cases 

except for the model including all modification cases (Table 6.3). RMSE and bias 

for the prediction set were lower when micronization or dry coating was applied. 

As it was discussed via PCA scores in Section 3.4, the coating did not interfere 

with NIR data acquisition, it improved the uniformity of the films along with the 

reduced variation of NIR spectra belonging to the films loaded with micronized 

and/or dry coated FNB. This allowed to create better calibration models as 

sampling was improved [170]. 

Calibration models established using combined NIR spectra for same 

particle sizes (AR-ARC and MUC-MC) provided reasonable PLS statistics (Table 
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6.3) as well as comparable predictions to one type of FNB calibration (Table 6.4). 

Prediction results confirmed PCA results discussed in the previous section. PCA 

scores showed that the particle size would lead to differentiation in thickness 

detection while dry coating only improved the variation in the spectra (Figure 6.7).  

 

Table 6.3 Statistics of PLS models for the Prediction of the Thickness (Films 
Loaded with 30 wt% FNB) 

FNB in the 
Film 

Calibration Cross-Validation Prediction 

RMSEC 
(µm) 

RMSECV 
(µm) 

Bias 
(µm) 

R2 RMSEP 
(µm) 

Bias 
(µm) 

AR 2.92 3.02 0.007 0.9899 4.06 -1.273 

ARC 2.17 2.24 0.018 0.9930 2.23 -0.495 

MUC 2.60 2.69 -0.011 0.9909 2.54 0.299 

MC 2.24 2.28 -0.005 0.9944 2.17 -0.105 

AR - ARC 2.62 2.66 0.005 0.9912 3.36 -0.864 

MUC - MC 3.40 3.43 0.004 0.9861 3.21 0.096 

ALL 4.31 4.33 0.001 0.9774 4.32 -0.314 

 
 

In the case where all the data used in the calibration, RMSEs were higher 

than other models, and linearity was reduced (R2 of 0.977) while comparable bias 

was obtained. Predicted thicknesses from the calibration curve including all four 

types of FNB deviated from measured thicknesses while predictions from one type 

FNB calibration curve were much closer to measured (Table 6.4).  

Developed PLS models quantitatively demonstrated that the thickness of a 

film loaded with coated or uncoated FNB, in a d50 range of 2.5 to 6 µm, can be 

detected via inline NIR measurements. However, separate calibration models 
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were needed to be developed for FNB in different particle sizes loaded films. In 

addition, the coating agent did not adversely affect NIR acquisition and allowed 

usage of coated and uncoated FNB in the same calibration model with good 

prediction. 

Table 6.4 Thickness Predictions using Selected PLS Models for Corresponding 
API(s) in the Film 

Number of FNB types used 
in Calibration: 

One Two All types (4) 

Formulation 
Reference Film 
Thickness (µm) 

± SD 

Predicted 
Film 

Thickness 
(µm) ± SD 

Predicted 
Film 

Thickness 
(µm) ± SD 

Predicted Film 
Thickness 
(µm) ± SD 

AR 

36.1 ± 0.9 35.8 ± 0.2 35.1 ± 0.2 29.8 ± 0.2 

42.5 ± 1 46.6 ± 0 46 ± 0 41.6 ± 0.1 

53.6 ± 1.2 52.4 ± 0.1 51.8 ± 0.1 48 ± 0.1 

60.5 ± 1.2 60.6 ± 1.2 60.1 ± 1.2 56.9 ± 1.3 

64.0 ± 1.6 64.7 ± 2.7 64.3 ± 2.7 61.4 ± 2.9 

79.9 ± 1.5 75.8 ± 0.1 75.5 ± 0.2 73.5 ± 0.2 

94.6 ± 2.5 98.3 ± 1.2 98.2 ± 1.2 98.1 ± 1.3 

99.8 ± 2 95.9 ± 0.3 95.8 ± 0.3 95.5 ± 0.4 

105.9 ± 2.8 103.2 ± 2.3 103.1 ± 2.3 103.4 ± 2.5 

124.1 ± 6.7 118.2 ± 7.6 118.2 ± 7.6 119.7 ± 8.3 

ARC 

35.0 ± 1.4 35.5 ± 0.4 36.5 ± 0.4 31.4 ± 0.4 

48.5 ± 2.5 49.1 ± 0.4 49.8 ± 0.4 45.8 ± 0.5 

53.4 ± 1.3 56.4 ± 0.2 57 ± 0.2 53.6 ± 0.3 

58.8 ± 2.3 58 ± 0.1 58.6 ± 0.1 55.3 ± 0.1 

70.2 ± 1.5 70.3 ± 0.2 70.7 ± 0.2 68.4 ± 0.2 

87.2 ± 3.6 86.4 ± 0.4 86.6 ± 0.4 85.6 ± 0.4 

93.8 ± 3.0 92.1 ± 0.4 92.2 ± 0.4 91.6 ± 0.5 

95.8 ± 2.2 92.1 ± 2 92.2 ± 2 91.6 ± 2.1 

104.7 ± 3.3 106 ± 0.9 105.9 ± 0.9 106.4 ± 0.9 

117.1 ± 3.7 113.3 ± 2.3 113.1 ± 2.2 114.2 ± 2.4 
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Table 6.4 (Continued): Thickness predictions using selected PLS models for 
corresponding API(s) in the film 

Number of FNB types used 
in Calibration: 

One Two All types (4) 

Formulation 
Reference Film 

Thickness 
(µm) ± SD 

Predicted 
Film 

Thickness 
(µm) ± SD 

Predicted 
Film 

Thickness 
(µm) ± SD 

Predicted Film 
Thickness 
(µm) ± SD 

MUC 

26.9 ± 1 26.7 ± 0.2 24.3 ± 0.2 30.1 ± 0.2 

42.0 ± 1 40.2 ± 1.2 37.7 ± 1.2 42.4 ± 1.1 

45.5 ± 0.9 46 ± 1 43.6 ± 1 47.8 ± 0.9 

51.9 ± 0.9 52.3 ± 0.8 49.9 ± 0.9 53.5 ± 0.8 

62.0 ± 0.7 64.1 ± 0.4 61.7 ± 0.4 64.3 ± 0.4 

80.2 ± 0.9  82.5 ± 1.5 80.1 ± 1.5 81.1 ± 1.4 

80.3 ± 1.2 85.3 ± 1 83 ± 1 83.7 ± 0.9 

89.2 ± 0.8 85.8 ± 2 83.5 ± 2 84.2 ± 1.8 

100.1 ± 1.7 97.9 ± 0.7 95.6 ± 0.7 95.3 ± 0.7 

112.6 ± 2.2 112.7 ± 1.1 110.4 ± 1.2 108.8 ± 1.1 

MC 

23.3 ± 0.5 21.1 ± 0.5 23.8 ± 0.5 29.7 ± 0.5 

33.6 ± 1 34 ± 0.1 36.6 ± 0.1 41.3 ± 0.1 

47.4 ± 2.5 49.1 ± 1.5 51.6 ± 1.5 55 ± 1.4 

50.7 ± 0.5 50.9 ± 0.3 53.3 ± 0.3 56.7 ± 0.3 

62.9 ± 1.2 62.5 ± 0.3 64.9 ± 0.3 67.2 ± 0.3 

77.3 ± 0.9 79.6 ± 0.9 81.9 ± 0.9 82.8 ± 0.8 

80.8 ± 1.1 82.3 ± 1 84.6 ± 1 85.2 ± 0.9 

87.0 ± 0.8 87.7 ± 2.3 90 ± 2.3 90.1 ± 2.1 

100.5 ± 3.7 99.8 ± 1.5 102 ± 1.5 101.1 ± 1.4 

112.2 ± 3.2 108.8 ± 2.8 110.9 ± 2.8 109.2 ± 2.5 
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6.5 Conclusions 
 
NIR spectroscopy as a PAT tool for monitoring the strip film manufacturing process 

was successfully applied for in-line quantification of film thickness. PCA was able 

to explain major contributions to the models, i.e., micronization, and dry coating. 

The effects of the micronization and dry coating of the API on the detection of the 

thickness were explained qualitatively and quantitatively. PCA analysis showed 

that modification of the API (micronization and dry coating) had no adverse effect 

on the NIR spectra of the films with varying thicknesses. Indeed, modification of 

API resulted in better uniformity (content and thickness) of the film leading to a 

better correlation between thickness and spectra. PLS models were developed by 

varying film thicknesses and R2 was found to be ≥ 0.99 for individually investigated 

cases while modification of the API enabled either usage of fewer factors in the 

model, or lower RMSE or bias. Overall, it was shown that engineered particles led 

to uniform films enabling better chemometric analysis. 
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CHAPTER 7 

7 OVERALL CONCLUSIONS AND FUTURE WORK 

 

 

7.1 Conclusions 
 
The overall objective of this dissertation was to provide fundamental knowledge 

towards a general design space on the path toward QbD with the specific 

objectives as outlined in Chapter 1.3. As part of the context of designed objectives, 

various formulation and process parameters were investigated in terms of relevant 

CQAs where CMA and CPP were identified.  

The first major topic of investigation was regarding the combined effect of 

solvent, and cellulosic polymer on the pharmaceutical film quality attributes 

revealed the recrystallization problem and understanding the impact of the film 

structure on the dissolution rate. It was demonstrated that solvent not only affected 

the crystallinity but also affected the film structure due to the amount of solubilized 

drug and the conformation of the polymer chains in the analyzed solvent. Such 

combined effect of solvent on polymer and drug could lead to decreased 

dissolution rate with similar supersaturation capability for the crystal-free fresh 

films prepared with different solvents. It should be noted that the drug loading will 

be still limited due to the low solubility of the drug as well as the unstable nature of 

the amorphous drug. To have a significant advantage in dissolution rate with 

amorphous formulation over other bioavailability enhancement techniques, i.e., 

milled drug, the drug loading should be kept 10% or lower. Otherwise, 
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recrystallization in the product as well as during dissolution overcomes the 

increased solubility advantage of amorphous. This phenomenon led to films loaded 

with the crystalline drug having increased surface area (d50 of 3 µm) catching up 

with the amorphous drug-loaded films at 20 wt% drug loading in terms of 

dissolution rate and outperform at higher drug loadings (≥ 30 wt%).  

An alternative solution for recrystallinity issues was proposed as a polymer 

coating of the top region which in turn would enhance the supersaturation 

capability. On the other hand, this extra layer slowed down the dissolution rate 

where a thickness optimization would be required. 

In another bioavailability enhancement technique, slurry casting, the effect 

of particle size and drug loading on CQAs of the film was investigated. As particle 

size decreased, the increased total surface area of the drug enhanced the 

dissolution rate of a suspension containing drug particles. However, a similar trend 

between particle size and dissolution rate was not observed when a polymeric 

matrix was in question. As an important contribution to formulation development, 

it was proven that there is an optimum particle size for certain drug loadings. The 

smallest particle size did not result in the fastest dissolution for each drug loading 

due to the change in the matrix, i.e., low interparticle distance and enhanced 

mechanical properties.  

Considering the findings from Chapters 2-4 together, it may be presumed 

that for the drug loadings 10% or lower, solution casting may be a better option 

while slurry casting with nano-sized particles may be used up to 20%. Also, at 
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higher drug loadings micronized-coated particles may be recommended for faster 

dissolution of poorly water-soluble drugs. 

Drying was investigated as an important process step in terms of kinetics 

as well as the final product quality. It was shown that analysis of drying kinetics 

alone might not identify the failure modes. The drying kinetics analysis was 

combined with the identification of critical quality attributes affected by different 

drying modes and strengths. While the mechanical properties of the films did not 

vary among varying drying conditions, the crystallinity of the drug in the film was 

found to be strongly affected by film surface temperature during drying. In fact, the 

film surface temperature was found to be the most important criteria to design the 

drying process followed by the drying rate. 

Finally, Near-IR Spectroscopy (NIRS) was found to be a useful tool to detect 

one of the most important product quality attributes for films, thickness. The 

utilization of NIRS not only helped to predict the thickness but also provided a 

better understanding of the effect of the particle modification, i.e., micronization 

and coating, on the thickness of the film. 

Overall, this dissertation offered enhanced knowledge on solution and slurry 

casting techniques to link material properties with the performance of the product. 

Through the knowledge obtained from these studies, it is hoped that improved 

identification of design space including processing conditions for poorly water-

soluble drug-loaded pharmaceutical film preparation methods may be developed 

towards implementing Quality by Design (QbD) into pharmaceutical film 

manufacturing. 
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7.2 Future Work 
 
In Chapters 2 and 3, the critical importance of recrystallization was demonstrated 

by its adverse effect on the CQAs. Another polymer layer was shown to be 

preventing the initial crystallinity right after preparation. However, the long-term 

consequences of this solution should be further assessed as it was shown that low 

initial crystallinity does not guarantee better stability. 

Another important part is to detect and control the product quality. Chapter 

6 demonstrated the utilizing NIR for thickness detection for dry films. As the further 

steps, performing the thickness analysis right after the casting stage and in the 

middle of the process might save time and decrease the costs caused by waste by 

intervening in the process earlier in case of a failure. At an earlier stage, the water 

content will be different leading to changes in the spectra. In the relatively scarce 

literature, Hifumi et al.[175] and Kimber et al. [176] analyzed the drying process of 

films using off-line spectroscopic techniques mostly focusing on the mechanism. 

However, there is not any study showing an in-line analysis of the drug-loaded film 

thickness via spectroscopic techniques while moisture content is also changing 

simultaneously. In addition, determining the water content would allow better 

control over the process and another CQA i.e., residual water content.  

In the context of this dissertation, CMAs and CPPs were investigated 

through CQAs of the films. However, there is also a gap in standardized 

characterization methods for pharmaceutical films. Most of the studies in the 

literature implement the dissolution techniques established for tablets to films. 

Aside from this, most of these methods implement sink conditions that use much 
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higher volume than the saliva in the mouth and most dissolution media are not 

related to bodily fluids. These misleading testing apparatus results in 

misinterpretation of the results and eventually makes the fair comparison between 

the studies quite difficult. In general, overestimation in the release kinetics and 

consequently underestimation in the complete drug release are some of the 

aforementioned misleading conclusions. These questionable behaviors should be 

addressed to result from the high volume or high agitation conditions in the testing 

methodologies. More importantly, dissolution testing under non-sink conditions 

should be investigated for film dosages. In the literature, a few studies used non-

sink conditions for pharmaceutical films, even though it is a necessity for the 

amorphous drug-containing dosages [177, 178].  In Chapter 2, a  dissolution test 

used under non-sink conditions was adapted from tablet testing. Even though the 

method used was appropriate for analyzing the supersaturation capabilities, it 

should be further evaluated to verify its discriminative potential for all related 

parameters such as thickness and drug loading. As FDA indicated, the dissolution 

tests used to evaluate any dosage forms should be developed to simulate the in-

vivo behaviors [38]. For that matter, while developing such a method itself is 

important and challenging, it should be verified to be in-vivo related. While verifying 

the method, introducing in vitro – in vivo correlation (IVIVC) may help to decrease 

the need for in-vivo experiments on humans especially when these experiments 

are limited to specific patient groups i.e., pediatric patients. Many IVIVC methods 

can be found for tablets in the literature [179-182]. However, it is very limited for 

film dosages with very poor correlation [183].  
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APPENDIX A  

SOLUTION CAST FILM PREPARATION 

 
Ethanol (EtOH) was chosen as one of the solvents to examine since it is mostly 

used as a safe solvent for food and drug products. Methanol (MeOH) was another 

solvent considered. The model poorly-water soluble drug, fenofibrate (FNB), has 

similar solubilities in EtOH and MeOH. This allowed for examining solvents with 

similar solubilization effects on API but having different physical properties i.e., 

boiling point. In addition, acetone (Ace) and dichloromethane (DCM) were selected 

due to the higher solubility of FNB in them. The usage of DCM in pharmaceutical 

products should be limited according to FDA guidance for industry [70]. However, 

its alcoholic mixture is a good solvent for the polymers used, HPMC and HPC, as 

well as the drug, FNB. This allowed for preparing one of the formulations without 

any water in the solvent system, DCM:EtOH mixture, hence it was selected for 

research purpose.  

HPMC is not soluble in pure organic solvents used in this study while it is in 

water-alcohol mixtures as well as DCM–alcohol mixtures [64]. HPC is soluble in 

pure organic solvents used in this study and DCM-alcohol mixtures. In order to 

keep the solvent same for both polymers as comparison, binary organic solvent 

mixture including water was used for both HPMC and HPC. First, a preliminary 

study was conducted to set the water/organic solvent (w:os) ratio with minimum 

water amount for preparation of the polymer solution a binary solvent. This part of 

the study was carried with HPMC since HPC is soluble in these organic solvents 

with or without water. Minimum water amount in the solvent mixture would allow 
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for maximizing FNB solubility while dissolving the HPMC. FNB loaded precursors 

(corresponding to 10% dug loading in the film) were prepared using ratios of 1:1, 

1:2 and 1:4 of water:acetone (w:Ace) and water:ethanol (w:EtOH) solvent 

mixtures. The crystallinities of the film precursor solutions were analyzed via an 

optical microscope under the polarized light in the back-lighting mode (Figure A.1). 

Only 1:4 (w:os) mixture resulted in fully dissolved drug particles in the polymer 

solution for both acetone and ethanol. Consequently, 1:4 (w:os) ratio was chosen 

for further study. This ratio also worked for the second film former, HPC-L, and 

was used for all HPC-L formulations, which was expected since HPC-L is soluble 

in water also. In summary, in order to analyze solvent effects on different polymers, 

four solvent mixtures were used for HPMC formulations while two were selected 

for HPC formulations, of which one solvent mixture from lower solubility end 

(water-ethanol) and one from higher solubility end (water-acetone). The solubility 

of FNB in all these solvents and mixtures are listed in Table 2.1. 

For the cellulosic polymer-based film-precursor formulation, Zhang et al. 

[30] suggested using 12% HPMC E15 (wt%) and 4% glycerin for a low viscosity 

aqueous polymer solution. However, 12% HPMC E15 solution in 1:4 

(water:acetone) resulted in gelation (results are not shown). However, a slightly 

decreased amount of 10% (wt%) worked well, and correspondingly, the glycerin 

amount was decreased to 3.3% (wt%) to keep the plasticizer to polymer ratio the 

same (1:3). For HPC-L solutions, the polymer amount had to be doubled to 20 wt% 

because the viscosity of HPC-L (6-10 cP) is about half of HPMC E15 (12-18 cP). 

This was necessary because viscosity could have an impact on uniformity of the 
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films and it is better to keep it the same for both the polymers [30, 74]. Regarding 

the plasticizer to polymer ratio, when kept the same as HPMC formulations (1:3), 

HPC-L films were not peelable. It was found that to get peelable and non-sticky 

HPC-L films (prepared with organic solvents), the plasticizer amount had to be 

reduced, and the plasticizer to polymer ratio was 1:20. 

 

 

Figure A.1 Optical images of 10% FNB (in dry film) loaded HPMC precursors 
prepared with 1:1 (a and d), 1:2 (b and e), and 1:4 (c and f) ratios of w:Ace (a, b, 
and c) w:EtOH (d, e, and f) solvent mixtures. Scale bars on the images represents 

400 µm. 
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Figure A.2  Drying of the HPMC films made with 1:4 (water:ethanol) at different 
temperatures. 
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Figure A.3 Dissolution profiles under sink conditions - 10 % FNB loaded solution 
casting films made of HPMC and HPC-L (a) 1:4 (w:Ace), (b) 1:4 (w:EtOH), and 
(c) Slurry. 
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Figure A.4 Dissolution profiles under non-sink conditions for 10% FNB loaded 

solution casting films made of HPMC and HPC-L. 
 

 
Table A.1 Statistical Analysis of Dissolution Profiles of HPMC Films under Sink 
Conditions 

Ace-HPMC 
f2* 41.34    

f2* 40.85    

EtOH-HPMC 
f2* 43.08 57.77   

f2* 43.85 59.76   

MeOH-
HPMC 

f2* 35.51 27.15 27.59  

f2* 35.35 27.38 27.97  

Slurry-
HPMC 

f2* 60.52 38.84 40.29 34.43 

f2* 61.06 39.73 40.69 34.57 

  DCM-
HPMC 

Ace-HPMC 
EtOH-
HPMC 

MeOH-
HPMC 

f2*: Bootstrap similarity factor 

 
 
Table A.2 Statistical Analysis of Dissolution Profiles of HPC Films under Sink 
Conditions 

Ace-HPMC 

f1 43  

f1 76  

f2 30  

EtOH-HPMC 

f1 34 16 

f1 52 13 

f2 37 54 
  Slurry-HPMC Ace-HPMC 

f1: Difference factor 
f2: Similarity factor 
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APPENDIX B 

PREVENTION OF RE-CRYSTALLIZATION VIA BI-LAYER FILMS 

 
B.1    Material and Methods 

 
Film Preparation 
Hydroxypropyl methyl cellulose (HPMC) solution for the drug loaded layer was 

prepared via previously established methods [29, 96]. Briefly, the required water-

solvent mixture (1 to 4 ratio of water-ethanol) was heated up to 30 °C while stirring 

and the plasticizer (glycerin) was added. The solutions were continued to be 

heated up to 40–45 °C. Then, the polymer powder was added to the mixture slowly 

and the final solutions were cooled down to room temperature. The HPMC solution 

had 10 wt% HPMC, 3.3 wt% plasticizer and the rest was 1:4 (water: ethanol). The 

polymer solutions were also prepared using same technique except for plasticizer 

addition. 

Polymer solution was mixed with FNB to obtain 10 wt% drug loading in the 

dry film using a planetary centrifugal mixer (Thinky Model ARE-310). Mixing was 

performed for 10 min at 2000 rpm and followed by defoaming for 2 min at 2200 

rpm.  

Precursor solution was cast onto a plastic substrate (Scotchpak TM 9744, 

3M, MN, USA) with a doctor blade (Elcometer, Rochester Hills, MI) using a Lab-

Cast Model TC-LC Tape Caster (HED International, Ringoes, NJ). Using a oil-

sprayer bottle, polymer solution were sprayed on top of wet film loaded with FNB. 

Varying thicknesses were ensured by spraying different amounts of polymer 

solution per area. The films were dried at room temperature overnight. Following 
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the drying, films were peeled and stored in plastic bags until further analysis. More 

details on the selection of process parameters for mixing or drying can be found in 

[96].  

Viscosity  
The apparent shear viscosity of film precursor suspensions was tested with an 

R/S-CC+ Coaxial Cylinder Rheometer (Brookfield Engineering, Middleboro, MA, 

USA) combined with a shear rate controlled coaxial cylinder (CC25) and Lauda 

Eco water jacket assembly (Lauda-Brinkmann LP, Delran, NJ, USA) for 

temperature control. The viscosity of each polymer solution was recorded at shear 

rate of 1000 s-1 at 35 ± 0.5 °C. The test was performed with three replicates for 

each solution. 

Raman Spectroscopy 
Raman spectroscopy is measured with a Fergie Raman (Princeton Instruments) 

equipped with a fiber optic probe (785 nm laser, 475 mW). The spectral range was 

selected as 800 - 1720 cm–1. In all cases, 1 scan is done with an acquisition time 

of 45 s. 

Morphology of drug loaded films 
The cross-section of films loaded with the drug was analyzed using an optical 

microscope with polarization mode (Carl Zeiss Microscopy, LLC. Germany). Film 

samples were cut into thin pieces and fixed onto a glass slide with the help of 

double-sided tape. Images were taken as representative of the sample. 
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Crystallinity of fenofibrate in the film 
The crystallinity of fenofibrate in the film was analyzed using a differential scanning 

calorimeter (DSC, Mettler Toledo, Inc., Columbus, OH). An aluminum standard 

pan loaded with ~8 mg of the film was heated from 25 °C to 120 °C at a constant 

heating rate of 10 °C/min under a nitrogen flow and cooled down to 25 °C.  

Fourier-transform infrared spectroscopy (FTIR) 
FTIR spectra were measured for each film as well as pure as received drug 

powders and placebo films containing no drug using a Fourier transform infrared 

spectrometer (Agilent Cary 620) with an attached Attenuated Total Reflectance 

(ATR) accessory and a single reflection Diamond crystal. Samples were measured 

within the range from 400 to 4000 cm-1. The spectral resolution of FTIR spectra 

was set to 4 cm-1. Reported final spectra are an average of 32 scans. 

Content uniformity 
The uniformity of the dried films was analyzed in terms of content, i.e., drug loading 

and drug amount per area, and thickness via relative standard deviations. For each 

formulation randomly selected ten circular punches, ~0.7 cm2 area, were dissolved 

in 20 mL of 7.2 g/L sodium dodecyl sulfate (SDS) solution following mass and 

thickness measurements. It should be noted that the small sample size used for 

the uniformity testing, which was about 1/10th of the intended dosage size (2 cm x 

3 cm), was for better discrimination between samples [27, 30]. The absorbance of 

each solution was measured via a UV-vis spectrophotometer (Thermo Fisher 

Scientific Inc., MA, USA) at the maximum wavelength for FNB (290 nm) and 

concentrations were calculated using a pre-prepared calibration curve. Relative 

standard deviations (RSD, average value divided by standard deviation) for drug 
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amount per area and drug loading% (FNB weight with respect to total weight) were 

calculated and reported.  

Dissolution under non-sink conditions 
Dissolution studies for non-sink conditions were conducted in USP II (Sotax, 

Switzerland). The procedure was adapted from an early study on the paddle 

method under sink conditions [75]. Experiments were conducted at 37 °C and 

paddles were rotated at 50 rpm. 500 mL of 3.6 g/L SDS solution was used as 

dissolution media. Film samples (amount corresponds to 100 mg FNB) were 

introduced to dissolution vessel in a sinker to prevent any floating sample and 

sticking of the sample to the vessel. Samples were taken at predetermined time 

intervals and replaced with the same amount of fresh medium. Taken samples 

were filtered using a syringe filter (pore size of 0.2 µm). After adequate dilutions, 

absorbances of the solutions were measured using UV-vis Spectroscopy. The 

dissolution results are reported as the concentration of FNB dissolved (mg/L) with 

respect to time. The supersaturation capability is characterized by calculating the 

area under the curve (AUC) for all dissolution curves. 

 

B.2    Results and Discussion 
Viscosity 
The polymer concentration for top layer coating solutions was adjusted to be 10% 

for HPC-L and 5 % for HPMC, as the half of the polymer concentration of drug 

loaded layer to have sprayable solution. However, 10% solid concentration in the 

solution led fiber formation during the spraying. Similar behavior had been reported 

for spray drying processes in the literature (ref).  Therefore, the polymer 

concentration for HPC-L solution was reduced to be 8 wt%. Since HPMC is 
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insoluble in pure organic solutions, a water-solvent mixture had to be used while 

HPC solutions were prepared both in pure organic solvent and water-organic 

solvent mixtures. The viscosities of polymer solutions are presented in Table B.1. 

Table B.1 Viscosity of Polymer Solutions Used as A Second Layer 

Name Viscosity (cP) 

8% HPC in ace 59.6 ± 1.9 

8% HPC in etOH 102.5 ± 0.5 

5% HPC in etOH 15.8 ± 0.4 

5% HPC in 1:4 (etOH) 32.2 ± 0.1 

5% HPMC in 1:4 (etOH) 125.2 ± 1 

5% HPMC in 1:4 (ace) 59.8 ± 1.4 

 
 

Raman Spectroscopy 
The drug loaded film without polymer layer on top was analyzed through Raman 

Spectroscopy to assess the solid-state change during the drying. The wavelength 

range of 1110 – 1205 cm-1 was analyzed for any solid-state changes of fenofibrate 

(FNB) since a strong peak for crystalline FNB was reported at 1148 cm-1 [164]. 

The second derivative of spectra were reported for better visualization (Figure B.1). 

Timely measurements showed that the peak corresponds to FNB shifts from 1158 

cm-1 towards 1148 cm-1 but did not reach the 1148 cm-1. The wavenumber shift 

indicated that a crystallization occurred during drying but FNB was not fully 

recrystallized and resulted in partially amorphous film. At the same time intensity 

of the peak was also increased since the concentration of FNB was increased 

during drying due to solvent evaporation. 
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Figure B.1 The 2nd derivative of Raman spectra during drying of the film 

 
Crystallinity of films loaded with drug 
The cross-sections of the dried films were analyzed using polarized light 

microscopy (Figure B.2). The images revealed that the crystalline AR-FNB 

particles were uniformly distributed in the film (Figure B.2.a) while the recrystallized 

were mostly found on the top surface of solution cast film (Figure B.2.b). Coating 

prior to drying of 10% FNB loaded solution cast film led to much clear film (Figure 

B.2.c). 
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Figure B.2 Optical images of cross-section of the films loaded with FNB a) Slurry 
b) Uncoated Solution film c) Coated Solution film. 

 
The FTIR spectra of all the films loaded with 10% FNB prepared via slurry or 

solution casting and the pure FNB powder are shown in Figure B.3. Spectra for  

top and bottom of the solution film (10% FNB – 1:4 (water: etOH)) were different 

from each other. Spectra belonging to Slurry film and bottom of Solution film had 

a broad peak around 1050 cm-1 corresponding to the polymer while it was lost for 

top of the Solution film. The peak for polymer was suppressed by the peaks for 

crystalline FNB. In fact, spectrum for bottom of Solution film had the most 

distinctive crystalline FNB peaks as it was in pure FNB powder. However, the 

Slurry film does not have all the peaks with similar pronounced intensity even 

though the drug is crystalline in the film. Since the recrystallization was on the 

surface of the solution film the FNB peaks were more pronounced due to low 



 

159 
 

penetration depth. However, the drug was embedded in the polymer matrix for 

slurry cast films leading more diluted FNB detection by FTIR. 
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Figure B.3 Particle size distribution of re-dispersed particles from dry films with 
varying drug loadings and different preparation methods. 

 

Table B.2 DSC Thermograms of Coated and Uncoated Films 

Formulation Recrystallization % 

Uncoated 58.7 ± 5.3 

Coated - 8% HPC in ace-1 6.6 ± 1.5 

Coated - 8% HPC in ace-2 ND 

Coated - 8% HPC in ace-3 ND 

Coated - 8% HPC in etOH 3.4 ± 0.7 

Coated - 8% HPC in etOH-2 ND 

Coated - 5% HPC in 1:4 (etOH) 33 ± 14.3 

Coated - 5% HPMC in 1:4 (etOH) 25.4 ± 1.1 

Coated - 5% HPMC in 1:4 (ace) 49.9 ± 3.7 
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Content uniformity 
The uniformity of the films was analyzed in terms of relative standard deviation 

(RSD) of drug loading and drug amount per area (Table B.3). In terms of drug 

loading, all the films were uniform (RSD<6%). As it was demonstrated on both 

solution and slurry casting formulations, adequate viscosity and mixing would lead 

good content uniformity regardless of solid-state, particle size and recrystallization 

[30, 96]. 

 

Table B.3 Drug Content Uniformity of Uncoated and Coated Films 

Names 

RSD of 
drug 

amount per 
area 

RSD of 
drug 

loading 

Drug 
loading % 

Uncoated 6.3 1.4 10.2 ± 0.1 

Coated - 8% HPC in ace-1 5.2 3.6 7.7 ± 0.3 

Coated - 8% HPC in ace-2 3.8 5.1 7.6 ± 0.4 

Coated - 8% HPC in ace-3 7.9 4.3 6.3 ± 0.3 

Coated - 8% HPC in etOH 6.6 2.0 7.3 ± 0.1 

Coated - 8% HPC in etOH-2 8.9 3.2 5.7 ± 0.2 

Coated - 5% HPC in 1:4 (etOH) 22.7 2.4 8.5 ± 0.2 

Coated - 5% HPMC in 1:4 (etOH) 17.0 3.7 8.1 ± 0.3 

Coated - 5% HPMC in 1:4 (ace) 8.8 1.3 8.1 ± 0.1 
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Dissolution 
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Figure B.4 Dissolution profiles under non-sink conditions for 10% FNB loaded 
films coated with 5% polymer solution. 
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6 Figure B.5 Dissolution profiles under non-sink conditions for 10% FNB loaded 

films coated with 8% polymer solution. 
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B.3    Conclusions 
 
Solution casting of FNB was investigated in terms of recrystallization issues during 

manufacturing. It was demonstrated that recrystallization started during drying and 

was mostly on the surface of the film. Another polymer layer coating on FNB loaded 

wet film was found to be preventing depending on the thickness. Prevented 

crystallization provided higher supersaturation extent while decreased the 

dissolution rate due to thicker film structure. Overall, supersaturation capability 

(AUC) was found to be improved even with slowed dissolution rate. 
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APPENDIX C  

SOLUTION VS SLURRY CASTING 
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Figure C.1 Dissolution profiles of films prepared with different methods loaded 
with varying drug loadings, 10%, 20%, 30% and 40% FNB. 
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Table C.1 Statistical Analysis of Dissolution Profiles of Films Loaded with FNB at 
Varying Drug Loadings 

Solution 
f2* 40.41   

f2* 40.71   

Slurry-AR 
f2* 30.86 37.22  

f2* 30.81 36.9  

Slurry-MC 
f2* 40.02 48.47 43.73 

f2* 39.77 49.65 42.87 

10% Drug loading Slurry-nano Solution Slurry-AR 

Solution 
f2* 45.17   

f2* 45.47   

Slurry-AR 
f2* 37.4 28.32  

f2* 37.92 27.84  

Slurry-MC 
f2* 53.77 43.57 33.16 

f2* 53.8 42.37 32.78 

20% Drug loading Slurry-nano Solution Slurry-AR 

Solution 
f2* 41.88   

f2* 43.11   

Slurry-AR 
f2* 43.18 33.81  

f2* 42.94 33.99  

Slurry-MC 
f2* 31.6 40.65 25.93 

f2* 31.38 41.25 26.25 

30% Drug loading Slurry-nano Solution Slurry-AR 

Solution 
f2* 30.53   

f2* 30.83   

Slurry-AR 
f2* 46.43 25.63  

f2* 46.45 25.67  

Slurry-MC 
f2* 28.37 43.84 23.78 

f2* 28.4 43.56 22.91 

40% Drug loading Slurry-nano Solution Slurry-AR 
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APPENDIX D  

EFFECT OF PARTICLE SIZE  

 
Table D.1 Particle sizes of Redispersed FNB from Films. 

Drug 
Loading% 

Particle size in 
suspension 

(µm) 

 d10 (µm)  d50 (µm)  d90 (µm)  d4,3 (µm) 

2.5 8  3.33  8.407  19.4  10.54 

2.5 5.5  2.282  5.347  10.87  6.142 

2.5 0.7  0.247  1.063  2.818  1.317 

2.5 0.4  0.202  0.388  1.675  0.587 

2.5 0.16  0.106  0.162  0.245  0.17 

10 8  3.621  8.557  18.25  9.833 

10 5.5  1.997  4.255  8.549  4.813 

10 0.7  0.246  0.921  2.857  1.293 

10 0.4  0.187  0.361  1.496  0.528 

10 0.16  0.104  0.157  0.24  0.165 

25 8  3.405  7.767  15.92  8.807 

25 5.5  2.019  4.364  8.727  4.916 

25 0.7  0.231  0.718  2.68  1.189 

25 0.4  0.183  0.355  1.441  0.517 

25 0.16  0.104  0.162  0.244  0.169 

40 8  3.309  7.621  15.69  8.669 

40 5.5  1.801  3.706  7.512  4.221 

40 0.7  0.235  0.875  3.012  1.323 

40 0.4  0.196  0.378  1.668  0.578 

40 0.16  0.102  0.16  0.251  0.169 
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Table D.2 Statistical Analysis of Dissolution Profiles of Films Loaded with FNB at 
Varying Particle Size and Drug Loadings  
 

15 µm 
f2* 36.27    

f2* 36.21    

5.5 µm 
f2* 36.74 49.41   

f2* 36.58 49.35   

700 nm 
f2* 44.48 39.47 49.56  

f2* 44.48 39.33 49.01  

400 nm 
f2* 37.98 45.99 61 52.74 

f2* 38.17 46.35 60.9 52.54 

2.5% Drug loading 160 nm 15 µm 5.5 µm 700 nm 

15 µm 
f2* 33.36    

f2* 33.36    

5.5 µm 
f2* 43.42 46.74   

f2* 43.1 46.58   

700 nm 
f2* 65.44 35.17 45.88  

f2* 65.6 35.17 46.01  

400 nm 
f2* 66.77 33.68 43.8 66.6 

f2* 67.22 33.75 43.71 66.32 

10% Drug loading 160 nm 15 µm 5.5 µm 700 nm 

15 µm 
f2* 35.48    

f2* 37.17    

5.5 µm 
f2* 53.61 43.66   

f2* 53.82 43.37   

700 nm 
f2* 47.31 28.75 38.17  

f2* 49.64 28.98 38.75  

400 nm 
f2* 67.77 33.71 47.83 51.64 

f2* 67.92 33.66 48 50.41 

25% Drug loading 160 nm 15 µm 5.5 µm 700 nm 

15 µm 
f2* 46.61    

f2* 46.28    

5.5 µm 
f2* 36.07 50.37   

f2* 36.58 50.57   

700 nm 
f2* 29.89 38.93 46.37  

f2* 29.87 39.27 46.63  

400 nm 
f2* 36.46 48.65 57.14 45.2 

f2* 36.52 48.8 56.9 45.51 

40% Drug loading 160 nm 15 µm 5.5 µm 700 nm 
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Table D.2 (Continued) Statistical Analysis of Dissolution Profiles of Films Loaded 
with FNB at Varying Particle Size and Drug Loadings  

2.5% FNB 
f2* 38.27   

f2* 39.01   

10% FNB 
f2* 31.33 46.32  

f2* 31.19 52.6  

25% FNB 
f2* 41.29 53.15 41.77 

f2* 41.24 53.43 41.99 

15 µm 40% FNB 2.5% FNB 10% FNB 

2.5% FNB 
f2* 34.67   

f2* 34.86   

10% FNB 
f2* 31.86 59.89  

f2* 32.35 58.51  

25% FNB 
f2* 46.31 46.02 41.73 

f2* 47.36 46.42 42.41 

5.5 µm 40% FNB 2.5% FNB 10% FNB 

2.5% FNB 
f2* 33.32   

f2* 33.46   

10% FNB 
f2* 34.14 59  

f2* 34.24 58.47  

25% FNB 
f2* 55.87 35.09 35.94 

f2* 56.26 35.65 36.5 

700 nm 40% FNB 2.5% FNB 10% FNB 

2.5% FNB 
f2* 35.34   

f2* 35.73   

10% FNB 
f2* 46.02 50.12  

f2* 45.73 49.32  

25% FNB 
f2* 62.74 36.92 48.08 

f2* 62.05 36.29 48.08 

400 nm 40% FNB 2.5% FNB 10% FNB 

2.5% FNB 
f2* 44.38   

f2* 44.01   

10% FNB 
f2* 52.05 38.2  

f2* 50.76 51.78  

25% FNB 
f2* 41.06 55.23 48.54 

f2* 40.22 60.71 49.75 

160 nm 40% FNB 2.5% FNB 10% FNB 
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Figure D.1 Dissolution analysis with respect to total surface area of FNB a) drug 
loading and b) particle size grouping. 
 

a) 
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APPENDIX E  

IN-LINE THICKNESS ANALYSIS  

 
Table E.1 Statistics of PLS Models Developed Using Different Pre-Processing 
Methods (Films Loaded with 30 wt% AR-FNB) 

Pre-treatment RMSEC RMSECV Bias 
R2 (cross-
validation) 

Full range –1st derivative 2.47 2.59 0.015 0.9924 

Reduced range – 1st 
derivative 

2.92 2.98 0.001 0.9901 

Reduced range – 
Baseline 

4.88 5.00 0.020 0.9721 

Reduced range – 
Baseline & Smoothing 

4.90 5.03 0.022 0.9720 

Reduced range – 
untreated 

9.31 9.53 0.074 0.8993 

Reduced range – 
Smoothing 

9.32 9.50 0.024 0.8982 

Full range – untreated 9.68 9.90 -0.004 0.8896 

Reduced range – 
Smoothing & SNV 

9.66 9.95 -0.076 0.8891 

Full range –Smoothing 9.70 10.03 0.074 0.8870 

Reduced range – 
Baseline & SNV 

10.38 10.66 -0.045 0.8726 

Reduced range – SNV 10.38 10.72 -0.163 0.8725 

Full range – Baseline & 
Smoothing 

10.04 11.42 -0.324 0.8553 

Full range – Baseline 10.09 11.55 -0.173 0.8500 

Full range –Smoothing & 
SNV 

14.17 14.55 -0.113 0.7642 

Full range –SNV 14.48 14.78 -0.095 0.7577 

Full range – Baseline & 
SNV 

14.48 14.81 -0.068 0.7568 

SG: Savitzky Golay 
SNV: Standard normal variate 
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Figure E.1 PCA score plots for NIR spectra belonging films loaded with 30% AR-
FNB a) Reduced (1304-1651 nm) and b) Full spectral range (908-1676 nm) were 
used. 
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