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ABSTRACT 

Title of Dissertation:       Evaluation of the Use of Hydroxypropyl methylcellulose acetate 

cellulose (HPMCAS) in Enteric Coating of Tablets and 

Solubility Enhancement of BCS Class II Compounds 

Tanvi M. Deshpande, Doctor of Philosophy, 2017 

Dissertation Directed by: Stephen W. Hoag, PhD, Professor, Pharmaceutical Sciences 

 

Hydroxypropyl methylcellulose acetate succinate (HPMCAS), an anionic polymer, 

demonstrates wide applicability in drug delivery. The goal of this dissertation is twofold: 

Applicability of HPMCAS in aqueous enteric coating of tablets and in solubility 

enhancement of BCS Class II compounds. HPMCAS used for aqueous enteric coating 

has a tendency to aggregate and clog the spray-nozzle during the coating process. This 

limitation motivated us to design and develop a stable aqueous enteric coating 

formulation that minimizes aggregation and spray-nozzle clogging, and maintains the 

enteric coating profile of tablets. Results show that elevated processing temperature 

activates polymer particle coalescence in plasticized dispersions, forming large 

aggregates that clog the spray-nozzle. We successfully developed a stable formulation 

containing PEG 4000, sodium lauryl sulfate (SLS), and Aerosil
®

 R972 Pharma that 

formed hydrogen bonds with HPMCAS (steric repulsion), provided electrostatic 

stabilization, and provided hydrophobicity to the aqueous coating respectively, which in 

turn prevented nozzle clogging and maintained the tablet’s enteric profile. The second 

application of HPMCAS focused on spray dried dispersions (SDDs), which is one of the 

most successful solubility enhancement techniques for BCS Class II compounds (e.g. 



 

Itraconazole (ITZ), a model drug for this study). Selection of suitable drug carriers 

(polymers) was found to be crucial for solubility enhancement and for ensuring the 

stability of ITZ. Incorporation of surfactants with polymers could further enhance ITZ 

solubility by micellar solubilization mechanism. The project goal was to develop a 

screening methodology for selecting polymer/surfactant combinations for enhancing 

solubility and kinetic stability of ITZ spray-dried dispersions (SDD). 
1
H NMR and 

fluorescence spectroscopy aided in screening polymer/surfactant combinations by 

determining critical micelle concentration (CMC) of the system. Observations indicated 

that stronger surfactant/polymer interactions (inferred by the decrease in CMC) show 

limited solubility and kinetic stability enhancement (due to their unavailability to interact 

with ITZ). Further screening of excipients for SDD preparation was performed based on 

the supersaturation ratio and the precipitation induction time of ITZ in the presence of 

different surfactant/polymer combinations. ITZ/HPMCAS-HF SDD was found to be most 

efficient since it enhanced and maintained the solubility of ITZ by 60-fold for up to 24 h 

in simulated intestinal fluid. 
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CHAPTER I. INTRODUCTION 

1.1. Drug Delivery 

Drug delivery is the process of transporting active pharmaceutical ingredients (API) to 

achieve their therapeutic effect at a desired location in the body.
1
 Delivery systems can 

control the administration of the drug by either chemical or physiological activation. 

These delivery systems can protect API from degrading, prevent potential systemic 

toxicity before reaching its desired target site, and can improve the absorption and 

distribution of the drug in the body in addition to the rate of release.
2 

1.1.1. Pharmaceutical Polymers for Drug Delivery 

Pharmaceutically useful polymers represent only a small proportion of all the polymers 

present on the market.
3
 Pharmaceutical polymers, depending on their physicochemical 

properties, can control the fate of the drug – its release, and stability. The polymers for 

drug delivery mainly fall into two categories: Biodegradable and non-biodegradable 

polymers.
4
 Biodegradable polymers, that are naturally degraded in the body to non-toxic 

monomers and excreted through the kidney, are preferred for drug delivery.
4
 Non-

degradable polymers are used when the dosage forms can be recovered (e.g. transdermal 

patch) or when the polymer can pass through the gastrointestinal tract without being 

absorbed.  

Some commonly used polymers for drug delivery include:
4-7

 

 Natural polymers: Dextran, Cyclodextrins, Collagen 

 Semi-synthetic polymers: Hydroxypropyl methylcellulose (HPMC), Polylactic acid 
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 Synthetic polymers: Polyvinyl pyrrolidone (PVP), Polyvinylpyrrolidone vinyl acetate 

(PVP-VA), Soluplus, Hydroxypropyl methylcellulose acetate succinate (HPMCAS), 

Eudragit L100-55. 

Several polymers used for drug delivery have been employed to not only provide 

modified release to the dosage form but also enhance bioavailability of the active 

pharmaceutical ingredients (API).
8
 The delivery systems that will be discussed in detail 

in this project include:  

 

Enteric coated oral dosage forms:  

Enteric coated formulations fall under modified-release drug delivery systems. Enteric 

coating polymers are pH sensitive. The pH is an important signal that can modulate the 

drug delivery inside the body. The pH of the gastrointestinal (GI) tract ranges from 1 – 8, 

therefore using pH dependent polymers that can dissolve at a certain GI pH can provide 

site-specific drug delivery.
9
 Polymers used in enteric coating ionize and dissolve at 

intestinal pH thus releasing the drug in the intestines. These polymers are insoluble at low 

stomach pH (pH 1.2) and prevent the release of the drug in the stomach. A few examples 

of pH sensitive polymers include Hydroxypropyl methylcellulose acetate succinate 

(HPMCAS), Hydroxypropyl methylcellulose phthalate (HPMCP), and Eudragit L.
10

 

Testing of enteric polymers is usually performed in simulated gastric (pH 1.2) and 

simulated intestinal media (pH 6.8). Tablets coated with enteric polymers should not 

disintegrate and release more than 10% of the API within 2 hours at pH 1.2, while 

completely disintegrating and releasing 100% of the API within an hour at pH 6.8.   
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Amorphous solid dispersions (ASD): 

ASDs are dispersions composed of molecular mixtures of API and polymers. ASDs are 

usually made up of amorphous API dispersed in amorphous polymer, to give a one-phase 

amorphous system. Polymers used for ASDs are generally hydrophilic carriers and can be 

ionic or nonionic in nature. These polymers interact with the poorly soluble drugs at the 

molecular level and thereby enhance the solubility, stability, and bioavailability of poorly 

soluble compounds.
11

 The amorphous single-phase content of the ASD can be determined 

using the differential scanning calorimeter (DSC), which would show a single glass 

transition temperature (Tg) (the temperature at which the polymer transforms from a 

glassy brittle state to a rubbery flexible state) without any melting endotherms for the 

molecular mixture between the two components – indicating amorphous content, and 

absence of a sharp melting endotherm – indicating absence of crystallinity.  

1.1.2. Modified-release drug delivery 

In contrast to immediate release dosage forms, modified-release systems alter the time 

and rate of drug release from the dosage form. Examples of modified-release 

formulations include delayed-release, extended-release, sustained-release, and targeted-

release formulations. Enteric-coated dosage forms fall under the delayed-release drug 

products, where the drug is specifically released in the upper part of the small intestine.
12, 

13
  

1.1.2.1.Enteric coating of tablets 

Tablet coating is one of the most widely used pharmaceutical processes to date, enteric 

coating being one of them.
14-18

 Enteric coatings are pH-sensitive polymer barriers that 

allow for site-specific drug release to the intestines.
19, 20

 These polymers generally 
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possess free carboxylic acid groups that remain unionized in acidic pH of the stomach 

and dissolve at higher pH conditions, due to ionization of the acid groups.
21-23 

Enteric 

coating of tablets was first introduced in 1953.
24

 Since then, a number of enteric coating 

polymers have been developed with a plethora of applications.  

1.1.2.2.Enteric coating applications 

Polymeric-based enteric coatings have a number of applications for pharmaceutical 

products. Drug reservoirs (active tablets, in this case) are coated with a layer of enteric 

polymer, to prevent the uptake of gastric fluids by the tablets and the release of the drug 

from the tablets in the stomach. After gastric emptying, the enteric coated dosage form 

reaches the intestines, where the polymer either completely dissolves at the intestinal pH 

to release the drug or the polymer leaches out of the enteric coating creating pores for the 

drug molecules to diffuse out.
5
 Therefore enteric coatings are applied to drug products to 

protect acid-labile API from degrading in the stomach and preventing corrosive API from 

irritating the gastric mucosa.
25 

Enteric coated drug products can also be used for site-

specific drug delivery to the colon for diseases such as inflammatory bowel disease and 

colon cancer.
26

 These enteric coating polymers are chemically modified to dissolve at 

different intestinal pHs, and hence they can be used to deliver drug to different regions of 

the intestines. Enteric coated systems are also being used to deliver macromolecules 

(proteins and peptides) to the colon for systemic delivery.
27, 28

 
 

1.1.2.3.Mechanism of drug release from enteric coated tablets 

The drug release from enteric coating depends on several factors including the polymer 

pKa, molecular weight of the polymer, thickness of the tablet coating, and interaction of 

the drug with different excipients in the coating. The polymer pKa is a very important 
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parameter to determine the pH at which the polymer would partially ionize or dissolve. 

HPMCAS has acidic functionalities and a pKa of about 5,
29

 which partially ionizes at an 

intestinal pH of about 5 and remains mostly colloidal at higher pH values.
30

 Low 

molecular weight polymers have faster dissolution and rapid drug release as compared to 

high molecular weight polymers. In the case of higher molecular weight polymers, the 

polymer swells into a gel layer by absorbing the aqueous media and the drug release is 

controlled by diffusion-controlled mechanism, where the drug diffuses through the gel 

layer.
12

 For tablet coating thickness, thicker the tablet coating, more time would be 

required to solubilize the polymer and release the drug.
31

  

1.2. Tablet Coating 

Pan coating is one of the oldest forms of coating for pharmaceutical dosage forms.
32

 The 

tablets are placed in a pan that rotates at an angle of 45° at a speed between 10 – 50 

rpm.
33

 The pan contains baffles which allow the tablets to tumble so that different faces 

of the tablets get exposed to the coating formulation. Heated air is blown on the tablet 

bed to evaporate liquid in the sprayed dispersion and dry the coated layer. The coating 

fluid is passed through tubing using a peristaltic pump, which is atomized onto the tablet 

bed using compressed air through a spray-nozzle. There are two types of pan coating 

equipment: Conventional coating pan and perforated pan. The perforated coating pan is 

the most efficient due to intimate contact of the circulating air onto the tablets.
34

 In the 

perforated coating pan, the exhaust is placed under the tablet bed opposite to the heated 

inlet air. Due to the perforations present on the pan, the exhaust pulls the heated air 

through the tablet bed, giving it enhanced drying efficiency as opposed to the 

conventional coating pan.
35

 The spray nozzle is positioned at a certain distance from the 
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tablet bed to provide uniform spraying and to achieve optimal atomization and spraying 

pattern. Pan coating is most commonly used for tablet and capsule coating. In the case of 

smaller dosage forms such as pellets and spheres, fluidized bed coating is performed.
36

   

There are several critical parameters that affect the homogeneity and uniformity of film 

coating. Small changes in these parameters could have a significant effect on the quality 

of coating.
37

 The critical parameters are as follows: 

 Inlet air temperature: The inlet air temperature is one of the most critical 

parameters that affects coating efficiency. It influences the product temperature, which in 

turn affects the drying rate of the coating. It is maintained at a certain optimum 

temperature to allow for complete coalescence and drying of the tablet coating. If the 

product temperature is too high, drying of the coating dispersion may occur before hitting 

the tablet surface resulting in a powdery coating due to deposition of dried polymer 

dispersion. On the other hand, low product temperature could lead to over wetting of 

tablets, which would cause defects such as twinning, sticking, and picking.
38, 39

 Low 

product temperatures can also result in incomplete coalescence of the film. Incomplete 

coalescence can cause premature release of drug and defects in strength and durability of 

the coating.
35

  

High processing temperature (inlet and tablet bed temperature) can significantly affect 

the processing performance, i.e. can result in aggregation of the coating formulation and 

cause clogging of the spray-nozzle (as seen in the case of Hydroxypropyl methylcellulose 

acetate succinate (HPMCAS) aqueous coating dispersion).
40
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 Spray rate: Spray rate defines the rate at which the coating dispersion is sprayed 

onto the tablets. A very high spray rate can cause overwetting of tablets since the rate of 

drying cannot match the rate at which the coating dispersion is sprayed.
39

  

 Air flow rate: Air flow rate is the rate at which the heated air passes over the 

tablets for efficient drying.  

 Atomizing air pressure: The atomizing air pressure controls the droplet size and 

spray pattern. An optimum atomizing air pressure should be chosen to prevent generation 

of droplets, which can dry out fast or large droplets from depositing onto the tablets, that 

can lead to an uneven and blotchy coating.
41

  

 Pan speed: Pan speed controls the residence time of the tablet face under the 

plume of the spray. If the residence time under the spray is greater than required, it could 

cause over wetting of tablets.
39

 

1.2.1. Polymer coating systems for enteric coating 

There has been a significant evolution in the coating process, from using organic 

solvents, to aqueous coating, to completely dry, solventless coating. Each one has its 

advantages and limitations, which are described below.  

 

Coating using organic solvents: 

In this type of coating, the polymer is dissolved in an organic solvent such as methanol or 

isopropanol, which is then sprayed onto the tablets as a solution.
42

 For an organic 

solution, a continuous film is formed after the solvent has evaporated irrespective of the 

glass transition temperature of the polymer (Tg). This is due to the fact that, in an organic 

solution, the polymer chains dissolve and interpenetrate to form a compact structure, 
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which further coalesces to form a film after solvent evaporation. Due to this, organic 

coatings tend to have better mechanical properties as compared to aqueous coating due to 

complete coalescence of polymer particles.
43

 In addition, organic coating offers 

advantages of shorter processing times due to lower heat of evaporation of the organic 

solvent, and can be used with water-insoluble polymers.
44

  

In spite of the above advantages, organic coating is not the preferred coating method. 

Polymer solutions using organic solvents tend to be more viscous than their aqueous 

counterparts, which limits the polymer concentration that can be used for coating.
5
 In 

addition, organic solvents can be explosive and not environmentally safe; therefore they 

need special equipment for appropriate handling, recovery, and disposal. Moreover, 

organic solvents are more expensive as compared to water.
45

 These limitations on a larger 

scale can be cost ineffective and therefore a mixture of solvents can be used (hydro-

alcoholic system) where the water content can range from 20 – 80% by weight.
46

  

 

Aqueous coating: 

Polymers that are water-insoluble are dispersed in water to form colloidal dispersions or 

suspensions depending on polymer particle size. As opposed to organic coating, in 

aqueous coating dispersions, water behaves as a vehicle and not a solvent.
39

 For film 

formation, the processing temperature should be maintained around 20 °C above the 

MFFT (minimum temperature at which a smooth, crack free film is formed).
41

 The Tg of 

the polymer dispersion plays an important role in film formation. The mechanism of film 

formation from aqueous coating requires particle deformation before coalescence, as 

opposed to organic coating that requires only solvent evaporation for complete 
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coalescence.
19

 Some aqueous polymeric coatings require an additional curing step to 

facilitate complete coalescence of polymer particles.
5
  

 

Dry powder coating: 

Dry powder coating is also known as solventless coating due to the absence of solvent 

during the coating process. The film formation in powder coatings includes deposition of 

polymer particles onto the surface of the tablets followed by softening of polymer 

particles in the presence of plasticizers.
47

 This process occurs at elevated temperatures, 

which facilitates partial coalescence of the particles. Powder coating requires an 

additional curing step for complete coalescence.
48

 Obara et al developed a novel dry 

powder coating with HPMCAS.
49

 In this case, for complete coalescence and enhanced 

gastric resistance, a small amount of water or HPMC solution was required during the 

curing phase.
49

 It was observed that a higher polymer concentration was required for dry 

powder coating to achieve similar drug release patterns and gastric resistance as 

compared to aqueous and organic coatings. In addition, an expensive specialized three-

way spray nozzle was required.
50, 51

 Some advantages of dry powder coating include a 

reduction in processing time and alleviation of environment concerns.
48

 

1.2.2. Aqueous enteric polymer dispersions 

Aqueous coating is the preferred enteric coating method. Aqueous coating on the other 

hand, offers several advantages of environmental safety, cost effectiveness and 

toxicological safety.
19, 34, 52-54 

In addition, high polymer concentration can be used in 

aqueous coating systems for low viscosity polymers.
41

 Aqueous polymeric dispersions 

can further be classified into true latex, pseudolatex, and suspension.
35

 Latex is prepared 
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by emulsion polymerization of the monomer while pseudolatex is prepared by 

emulsification of the polymer itself to give a dispersion with particle size of < 1 µm.
19

 

Suspension, on the other hand, involves dispersing the polymer of particle size > 1 µm in 

water. Due to bigger particle size, suspensions are found to sediment whereas 

pseudolatices remain dispersed. Emulsion polymerization requires initiators and 

surfactant stabilizers.
55

 Pseudolatex and suspension may also require the use of 

surfactants as wetting agents and stabilizers.
19

  

1.2.2.1.Polymers used for enteric coating 

Several pH dependent polymers are used for enteric coating, some of which are described 

below. The choice of polymer used for enteric coating is critical, since it can influence 

the stability of the coated tablet and affect the drug release.
56, 57

 

1.2.2.1.1. Shellac 

Shellac was the first enteric coating polymer to be widely used as an enteric coating agent 

and moisture protectant.
58

 Shellac, coming from a natural origin, displays a lot of batch-

to-batch variability and stability issues on storage. Another major limitation is that 

shellac dissolves only at pHs above 7, which therefore takes a longer time for it to release 

the drug.
7
 Therefore, shellac is no longer the preferred enteric coating agent. 

1.2.2.1.2. Cellulose acetate phthalate (CAP) 

CAP was considered as the enteric coating polymer of choice after shellac, however 

previous reports indicated the chemical instability of CAP on storage at 60 ºC/ 100% RH. 

The free acid (phthalic acid) released upon storage was higher for CAP as compared to 

the newer enteric coated polymers.
59
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1.2.2.1.3. Cellulose acetate trimelliate (CAT), Polyvinyl acetate phthalate 

(PVAP) and Hydroxypropyl methylcellulose phthalate (HPMCP) 

Following CAP, CAT was introduced as an enteric coating polymer. However it is rarely 

used today and is not listed in the USP – National Formulary (USP-NF) or European 

Pharmacopoeia (PH.Eur).
41

 PVAP and HPMCP displayed similar chemical instability as 

CAP, however lower amounts of free acid were released on storage for HPMCP.
59

  

1.2.2.1.4. Methacrylic acid polymers and copolymers 

Eudragit polymers which fall in the class of methacrylic acid polymers dissolve at pH 5 

and above. Eudragit L30D and Eudragit L100-55 are water dispersible enteric coating 

polymers and have been widely used in drug delivery.
60

  

1.2.2.1.5. Hydroxypropyl methylcellulose Acetate Succinate (HPMCAS) 

Compared to the commercially available coating polymers mentioned above, HPMCAS 

has several advantages, which made it the preferred enteric coating polymer. 

 HPMCAS is regarded as a safer and less toxic polymer with greater chemical stability 

and resistance to moisture accumulation, as compared to the other polymers.
59, 61 

According to the FDA inactive ingredient database (IID), the maximum allowable 

amount per dose for HPMCAS is higher than for the Eudragit polymers, indicating that 

HPMCAS is more tolerable as compared to Eudragit.
62

  

HPMCAS, falls under the category of a cellulosic polymer, defined by its cellulose 

backbone (Figure 1).
63

 HPMCAS is a water-insoluble and a weakly acidic synthetic 

polymer (pKa = 5) containing ionizable functional groups, which have been reported to 

dissolve readily in pH of the upper small intestine (pH 5.5 – 7).
51, 61

 HPMCAS is 

synthesized from HPMC by adding hydrophobic acetate and ionizable succinate groups 
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to the hydrophilic hydroxyl groups of HPMC backbone.
51

 This chemical modification 

imparts hydrophobicity to the polymer with pH dependent solubility. 

Due to its hydrophobicity and in the presence of certain formulation excipients (such as 

plasticizers), one of its limitations is that the aqueous plasticized dispersion forms 

aggregates at elevated coating temperatures and leads to clogging of the spray-nozzle, 

hence interrupting the coating process.
40

 This phenomenon could be due to the activation 

of plasticization of the polymer at elevated coating temperatures in addition to 

intermolecular interaction between the hydrophobic substituents, leading to self-

association and aggregation.
64

 The number and weight average molecular weight of 

HPMCAS determined using size exclusion chromatography was reported to be 13,000 

and 17,000 – 18,000, respectively.
65

 HPMCAS is manufactured in two forms: Micronized 

powder (AS-LF, AS-MF, AS-HF) and granular form (AS-LG, AS-MG, AS-HG). The 

three grades of each form are based on the ratio of succinoyl to acetyl (S/A ratio) 

substituents. Type L has higher S/A ratio making it more hydrophilic and soluble at pH ≥ 

5.5. Type M and type H, on the other hand, have medium and low S/A ratio making them 

more hydrophobic and soluble at higher pH of ≥ 6.0 and ≥ 6.8 respectively.
7, 21, 51, 59

 

Therefore solubility of the polymer at different pH conditions between 5.5 – 7 depends 

on the degree of substitution of the acetate and succinate groups on the molecule. Due to 

its increased hydrophobicity, the HF grade is best suited for preparing ASDs due to its 

ability to solubilize and stabilize hydrophobic compounds, whereas LF and MF grades, 

are more suitable for aqueous coating due to their higher hydrophilicity.
66
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Figure 1. Chemical structure of HPMCAS.
67

 

In addition to polymers, a variety of other additives/ excipients are used to formulate an 

aqueous coating dispersion, mentioned below:  

1.2.2.2.Additives 

1.2.2.2.1. Plasticizers 

Glass transition temperature 

Glass transition temperature (Tg) is the temperature at which the polymer transforms from 

a glassy brittle state to a rubbery flexible state.
19

 Due to their tri-dimensional structure, 

polymers are usually rigid with a high Tg.
68

 Plasticizers reduce the Tg of the polymers. 

The extent to which plasticizers reduce the Tg of the polymer determines the plasticizer 

efficiency.
22

 Fox and Flory  derived a mathematical model (Equation 1) to determine the 
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final Tg of the plasticized system from the individual Tg values and weight fractions of 

the polymer and plasticizer.
69

 

Equation 1. Fox and Flory equation to derive final glass transition temperature of 

the system. 

 

  
  

  

   
  

  

   
       

where Tg, Tg1 and Tg2 are glass transition temperatures of mixture, the polymer and the 

plasticizer respectively, and w1 and w2 are the weight fractions of the polymer and 

plasticizer respectively. 

Glass transition temperatures were determined using a differential scanning calorimeter 

(DSC). Two pans were placed in an adiabatic chamber – Sample pan containing the 

sample and a blank reference pan. Both the pans were heated at the same heating rate. 

Depending on if the reaction is endothermic or exothermic, more or less heat would be 

supplied to the sample pan so that the temperature of both pans is the same; ΔT = 0. If the 

reaction is exothermic (heat is evolved), less heat would be supplied to the sample pan to 

maintain ΔT = 0 between the two pans. On the other hand, if the sample undergoes an 

endothermic reaction, more heat will be supplied to the sample pan to maintain equal 

temperature. These heat flow changes result in a thermogram of enthalpy vs temperature. 

Tg is seen as a step change (change in heat capacity) on the DSC thermogram.
70

  

Minimum film formation temperature 

MFFT is the minimum temperature at which a smooth, and crack-free film is formed with 

complete coalescence of polymer particles.
71, 72

 Depending on the particle forces 

involved, MFFT can be either higher or lower than the Tg. Jensen et al reported that if no 

interfacial or capillary forces are involved between the particles, then the MFFT would be 
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higher than the Tg.
73

 For rapid and complete coalescence, the temperature should be 

slightly greater than the Tg.
74

  

HPMCAS is a fairly rigid polymer with a high glass transition temperature (Tg) ranging 

from 120 °C – 135 °C.
51, 75

 HPMCAS cannot form a flexible continuous film by itself. 

Therefore, plasticizers are necessary that increase the free volume and provide flexibility 

to the polymer chains, in addition to reducing its Tg and minimum film-formation 

temperature (MFFT). This facilitates softening and coalescence of the particles and film 

formation at lower processing temperatures.
21, 22, 76, 77 

During the coating process, if the 

MFFT and Tg are well lower than the processing temperature, then premature 

coalescence could take place, leading to aggregation of the polymer particles.
78

 

Mechanism of film formation 

The process of film formation from an aqueous dispersion consists of a series of steps 

(Figure 2), where interfacial tension and capillary forces cause the deformation and 

coalescence of particles to form a film.
79-82 

The coalescence of the films is significantly 

affected by the particle size of the polymer particles. Smaller the particles, more efficient 

is the film coalescence. The film formation was found to diminish with an increase in the 

particle size.
83

 HPMCAS particles are fairly large of about 5 μm in size.
54

 This large 

particle size does not permit complete coalescence and hence HPMCAS cannot form a 

smooth, crack-free and flexible film by itself. 
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Figure 2. Mechanism of film formation from aqueous dispersions (Image adapted 

from Nollenberger, K et al. (2013).
82  

 

 

 

 



17 
 

Theory of plasticization 

 

Classical Theory 

The first two theories developed to explain plasticization included the lubricity theory 

and the gel theory. According to the lubricity theory, the plasticizer acts as lubricating 

agents by reducing the friction between the polymer chains and promoting sliding of the 

chains over each other.
69

 According to the gel theory, the polymer exists in a three 

dimensional network connected by loose attachments. This network provides the polymer 

its rigidity. The role of the plasticizer is to break these loose attachments between the 

polymers, thereby deforming them, and providing flexibility.
69

  

Moorshead’s Empirical Approach 

The plasticization theories discussed above clearly indicated the need for the plasticizers 

to penetrate into the polymer chains, thereby separating and reducing the intermolecular 

forces between them. Based on that concept, Moorshead studied the prerequisites for 

polymers to be plasticized. For the plasticizer to penetrate and interact with the polymer 

chains, the cohesion force between the plasticizer molecules should be similar to that of 

the polymer molecules. Moorshead also analyzed that polar groups in the plasticizer are 

essential for good compatibility. These polar and polarizable groups in the plasticizers 

could improve the tensile strength of the polymer but only moderately improve the 

flexibility due to the presence of many high cohesion points between polymer and 

plasticizer. The presence of non-polar and non-polarizable groups interspersed between 

the polar groups in the plasticizer, help to improve polymer flexibility by preventing 

many high cohesion points.
69

  

 



18 
 

Free Volume Theory 

Amongst all the postulated theories, the free volume theory gave the most precise 

explanation of plasticization. The free volume of the polymer is the vacant internal spaces 

within the polymer, capable of providing flexibility to the polymer chains. An increased 

free volume that leads to increased motion and flexibility of the polymer chains is 

achieved beyond the Tg of the polymer. The molecular motion of the polymers can be due 

to the polymer chain itself, chain ends, or due to the side chains attached to it. Low 

molecular weight plasticizers that have low Tg, can decrease the Tg of the polymer 

according to the Fox and Flory equation (Equation 1) and further increase the free 

volume and molecular mobility the polymer chains, hence increasing their flexibility. 

Plasticizers that do not interact with the polymer chains, just fill the free volume spaces.
69

  

Solubility parameters 

The choice of plasticizers for a particular polymer depends on several properties, more 

importantly the solubility parameter (δ).
69, 84

 Solubility parameter represents the 

intermolecular attractions and is based on the enthalpy of interaction between the 

polymer and plasticizer. It is the ability of the plasticizer to solubilize the polymer 

without affecting other excipients in the formulation.
69

 The reported δ of HPMCAS is 

24.0 (J/cm
3
)
1/2

.
84, 85

 For compatibility and miscibility between two components, the 

solubility parameter between the two should be as close to each other as possible.
69

 

However, solubility parameter is not the only criteria to determine compatibility. 

Compatibility also depends on the presence of functional groups capable of interacting 

and leading to mutual attraction between polymers and plasticizers.  
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The solubility parameter depends on the cohesive energy density and enthalpy of 

vaporization (ΔH) of the substance at a given temperature and is calculated using 

Equation 2.
86

 The cohesive energy density of the system is directly correlated with the 

van der Walls forces holding two liquid molecules.  

Equation 2. Solubility parameter calculation from the cohesive energy density 

(CED) and enthalpy of vaporization of the substance. 

   √   √
     

  
      

where c = Cohesive energy density, ΔH = Heat of vaporization, R = Gas constant, T = 

Temperature, and Vm = Molar volume. 

 

1.2.2.2.2. Surfactants 

Surfactants enhance the wettability of hydrophobic HPMCAS by reducing its surface 

tension.
87

 The use of surfactants can provide hydrophilic property to the hydrophobic 

groups of HPMCAS, and thereby prevent self-association and crosslinking of the 

hydrophobic groups. Surfactants are also known to provide stability to the dispersion 

depending on the type of surfactants used. Ionic and nonionic surfactant classes act by 

electrostatic stabilization (charge repulsion) or steric stabilization respectively. These 

surfactants adsorb onto the polymer chains and reduce the tendency of particles to 

aggregate by one of the mechanisms mentioned above.
(88, 89) 

Anionic surfactants are most 

commonly used, whereas cationic surfactants are not considered for oral formulations due 

to their toxicity issues.
90

 Anionic surfactants adsorb or interact with the polymers and 

increase the zeta potential (ζ) of polymer particles. Nonionic surfactants when used alone 

may not be as efficient as anionic surfactants, therefore either ionic surfactants alone or a 

combination of the two can provide better efficiency.
91

 



20 
 

1.2.2.2.3. Anti-tacking agents 

Anti-tacking agents such as talc and hydrophobic colloidal silicon (Aerosil® R972 

Pharma), are commonly used to prevent film tackiness (sticking of tablets) and maintain 

the film integrity on storage.
46

 In addition, anti-tacking agents could theoretically 

intersperse between the polymer chains and provide a physical barrier by reducing the 

polymer contact area until the dispersion is sprayed onto the tablet surface. This could 

reduce stickiness, aggregation, and the tendency to form a premature film.
46

 

1.2.2.3.HPMCAS: Limitations and Alternatives 

Under conditions of elevated temperatures during the coating process, and in the presence 

of plasticizers, HPMCAS polymeric particles in the dispersion tend to aggregate, which 

can clog the spray-nozzle and interrupt the coating process (Figure 3).
40, 92

  

The HPMCAS molecule possesses hydrophobic acetate and methoxy groups attached to 

the carbohydrate backbone
93

 that could have the tendency to crosslink and aggregate 

under aqueous conditions. In addition, excipients such as plasticizers can also affect the 

aggregation tendency. As was mentioned before, plasticizers decrease the Tg and the 

MFFT of the polymer. It should be noted that if the MFFT is too low, the dispersion 

particles become tacky and aggregation of particles could occur at even lower 

temperatures, which can lead to nozzle clogging. Aqueous coating is usually performed at 

higher inlet temperatures to permit quick evaporation of water. The spray nozzle placed 

inside the coating pan experiences this elevated drying temperature for prolonged periods 

of time during the coating process. Due to the elevated temperature experienced by the 

nozzle, the polymer-plasticizer molecules start to interact and polymer particles aggregate 
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in the nozzle (premature film formation), leading to nozzle clogging, which can 

negatively affect the coating process.
40

  

 

Figure 3. Clogging of the spray nozzle due to HPMCAS aggregation. 

 

One of the most common techniques currently been used to prevent premature polymer-

plasticizer interaction and aggregation is to maintain the dispersion temperature below 25 

°C.
51, 54

 Chilling the dispersion below 25 °C prolong the time taken to reach the MFFT 

(i.e. prevent activation of the plasticizer) in the nozzle that is exposed to heat. Once the 

dispersion passes through the nozzle and is atomized into smaller droplets on to the tablet 

surface, the plasticizer would then be activated to reduce the Tg and MFFT of the 

dispersion to form a continuous crack-free coating on the tablet surface. Other than the 

chilling method, several alternate methods are currently being used to prevent this 

aggregation phenomenon. Ammonia neutralization of HPMCAS has widely been used to 

solubilize the weakly acidic HPMCAS polymer in the dispersion.
51, 61, 94, 95

 Dry coating 
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involves the layering of dry polymer-excipient blend on the tablet, followed by spraying 

the plasticizer separately to facilitate coalescence and curing of the polymer particles.
49, 

51, 96
 Other less common methods use specialized dual-feed spray nozzle to spray the 

aqueous polymer suspension and plasticizer separately to prevent polymer-plasticizer 

interaction and premature coalescence in the nozzle at elevated temperatures prior to 

completion of the coating process.
40, 51  

Although the alternate methods circumvent the nozzle-clogging limitation of the 

polymer, they do have certain drawbacks. The chilling method can be cost ineffective and 

inconvenient for large-scale production; neutralization of the formulation impacts the 

release and stability profile due to the presence of hydrophilic ammonium salts in the 

coating. The process that uses a special dual-feed spray-nozzle and a specialized three-

way spray-nozzle (dry coating) may not be practical and economical, since that would 

require all the production facilities using HPMCAS as their coating polymer to own 

expensive specialized nozzles rather than the standard two-fluid nozzle.
40, 50, 51

 

Therefore, it is necessary to develop a stable aqueous formulation that does not aggregate 

and clog the spray nozzle during the traditional aqueous tablet coating process.  

1.2.2.4.Suspension Stability 

1.2.2.4.1. Zeta potential 

The presence of a charge on the particles affects the distribution of ions in the 

surrounding aqueous environment. When a particle is positively charged (as shown in 

Figure 4
97

 below), the counterions from the surrounding liquid are attracted to the 

charged particle to form two layers or regions; the inner region where the counterions 

form strong bonds, called the stern layer, and an outer diffuse layer that contains 
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counterions in addition to the bulk liquid, surrounded by the shear/slipping plane. This 

double layer is called the interfacial double layer, and the electric potential at this 

interfacial double layer at the slipping or shear plane, is known as the zeta potential (ζ).
98

 

Zeta potential is helpful in predicting the interaction between the particles, and is often 

responsible for the stability of particles against aggregation. The magnitude of zeta 

potential indicates the probability of the particles to attract and repel each other 

depending on the degree of forces involved between the charged particles.
99

  

According to DLVO theory (named after Derjaguin and Landau, Verwey and 

Overbeek),
88 

higher the absolute ζ of particles (>30 mV), the electrostatic repulsive forces 

dominate over van der Walls’ attractive forces, and dispersion is more stable (thus 

reducing aggregation). On the other hand, when the absolute ζ < 30 mV, the charges are 

insufficient for repulsive forces and hence attractive forces dominate resulting in an 

unstable dispersion. 

When an electric field is applied to the dispersion, the charged particles (with their 

interfacial double layer), diffuse through the bulk liquid to the oppositely charged 

electrodes. The velocity with which the particles move to the oppositely charged 

electrodes is denoted as the electrophoretic mobility.
97

 The zeta potential of particles is 

determined from the electrophoretic mobility using the Equation 3, the Henry 

equation.
100

 

Equation 3. Henry equation to determine the zeta potential. 

    
         

  
          

where       = Henry function,  ζ = Zeta potential, and η = viscosity. 
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Figure 4. Zeta potential of a negatively charged colloidal particle.
97

 

 

1.2.2.4.2. Sedimentation 

To determine the dispersion stability and particle sizes of large aggregates obtained from 

concentrated aqueous coating suspensions at elevated temperatures, the sedimentation 

method (i.e. sedimentation of the solid fraction in the dispersion) was found to be a good 

technique, when it may not be possible by other techniques.
101, 102

  

According to Stokes’ law, the velocity of sedimentation of solid particles is directly 

proportional to the square of the particle diameter, as shown in the following Equation 

4:
103
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Equation 4. Stokes' Law to determine velocity of sedimentation as a factor of 

particle size. 

       
           

   
      

where ν = settling velocity of the particles, d = diameter of particle, ρs = density of 

settling particle, ρm = density of media, μ = viscosity of media and g is the gravitational 

acceleration constant.  

Therefore for a given period of time, a lower percent suspended from the original fully 

suspended dispersion would correlate to larger particle size. In addition to determining 

the percent solid suspended, sedimentation studies can also provide information about the 

physical nature of sediment (compact cake/ flocs) and sediment dispersibility. In an 

unstable dispersion where attractive forces dominate (ζ < 30 mV), coagulation (strong, 

irreversible aggregation) with large clumps can be observed. Dispersions showing the 

presence of irreversible agglomerates are unusable for the coating process. Whereas when 

the ζ > 30 mV, when repulsive forces dominate, sedimentation in the form of fine 

particles or flocculation (weak, reversible aggregation) is observed, both resulting in a 

lose sediment with high percent suspended.
23, 104, 105
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1.3. Amorphous solid dispersion 

1.3.1. BCS Class of compounds 

About 75% of new chemical entities fall under BCS Class II (low solubility, high 

permeability) and Class IV (low solubility, low permeability) categories. Amongst the 

75%, more than half fall under BCS Class II and most of these compounds are crystalline 

compounds.
106-109

 This low aqueous drug solubility leads to its limited bioavailability. 

Therefore, there is a need to increase the solubility – dependent bioavailability of the 

poorly soluble BCS Class II compounds. 

1.3.2. Different methods of solubility enhancement  

There are various methods to enhance the drug solubility, including salt formation, 

prodrugs, complexation, use of surfactants, co-solvents, lipid emulsions, micro-

emulsions, and solid – state modification (including particle size reduction and formation 

of amorphous solids).
110

 Salt formation is only relevant for ionic molecules capable of 

forming salts with counter ions. Prodrug synthesis requires chemical modification of the 

parent molecule to give water soluble prodrugs. However these structural changes can 

affect the bioavailability and toxicity of the compounds.
111

 The use of complexing agents 

(e.g. cyclodextrin) have been reported to show concentration-dependent toxicities and 

hence are not the best suited method for solubility enhancement.
112

 As mentioned earlier, 

surfactants promote wetting of hydrophobic compounds and can enhance solubility by 

the way of micellar solubilization.
113, 114

 Co-solvents, emulsions, and micro-emulsion 

solubilization techniques can only be used for liquid formulations and not solid dosage 

forms.
110, 115

 Modification of the drug at the molecular level by converting it into a 

soluble amorphous form has found to be the most desired method of solubility 
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enhancement. Amorphous systems of the APIs have shown to have higher theoretical 

solubility and bioavailability as compared to their crystalline counterparts.
116-123

  

ASDs are the most widely used drug delivery system to deliver amorphous API. Over the 

past decade over 23 ASDs and prodrugs were approved for oral drug delivery.
124

 Solid 

dispersions were first defined in the 1970s, where this term was mostly applied to glass 

solutions, where the amorphous API is dissolved/ forms a molecular mixture with 

amorphous carrier to give a one-phase system. Other dispersions include solid solutions 

(API dissolved in crystalline carrier), amorphous precipitates in amorphous carrier, and 

eutectic systems.
120

 

1.3.2.1.Amorphous Solid Dispersions: Method of preparation 

The following include the method of preparation of ASDs:
117, 118, 125, 126

 

1.3.2.1.1. Melting Method 

The melting method includes melting the drug with the polymer to form a molten 

molecular mixture, which is then cooled and milled to obtain the amorphous dispersion. 

An example of this method is hot-melt extrusion, which includes extrusion of the pre-

mixed drug and polymer at melting temperatures and fast rotational speeds. Although this 

technique avoids the use of organic solvents, the processing at elevated melting 

temperatures may not be suitable for thermolabile compounds.  

1.3.2.1.2. Freeze-drying 

In this method, the drug and carrier are dissolved in a solvent, frozen by immersing in 

liquid nitrogen, and then lyophilized.  
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1.3.2.1.3. Co-precipitation 

In this method, a non-solvent is added drop wise to a stirred solution of the drug and 

carrier. This allows the drug and carrier to co-precipitate to form a microparticle 

suspension, which is then filtered and dried. 

1.3.2.1.4. Use of Supercritical Fluid 

In this method, carbon dioxide (supercritical fluid, SCF) is sprayed along with drug and 

carrier solution through a nozzle. Upon spraying, the SCF facilitates in extraction of the 

solvent to precipitate the solid dispersion.  

1.3.2.1.5. Solvent Evaporation Method 

In the solvent evaporation method, the drug and carrier is solubilized in an organic 

volatile solvent which is further evaporated to give amorphous solid dispersions (e.g. 

spray drying). 

1.3.2.1.5.1. Spray Drying 

Spray drying is the most commonly used process in the pharmaceutical industry, along 

with hot-melt extrusion.
127

 It is a rapid and continuous process where components 

dissolved/ suspended in a solvent are atomized into a spray to be dried by a stream of hot 

air or inert gas, to achieve micronized particles in the range of 0.5 to 50 μm.
126, 128, 129

  

The schematic of a conventional spray dryer is shown in Figure 5 below,
128

 where a 

solution of the drug and carriers is fed into the drying chamber using a peristaltic pump 

and atomized using a two-fluid spray nozzle. The small droplets created during 

atomization enhance the drying efficiency and yield smaller spray dried particles. These 

dried particles are separated from the drying gas by the cyclone collector, which then 

deposits the dried particles in the collector. The spray dryer can either be an open-loop or 

closed-loop system, depending on the circulation and type of the drying gas. In an open-
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loop, air is used as the drying gas and is not re-circulated, which improves the drying 

efficiency. On the other hand, in a closed-loop configuration, the drying gas is inert (e.g. 

nitrogen, used for explosive organic solvents) that is re-circulated throughout the drying 

chamber.  

The advantage of using spray drying is a single step method that is highly reproducible, 

scalable, and cost-effective. Compared to the other methods, the process is faster and 

cost-effective since it does not require an extensive cooling step, as in freeze-drying. This 

technique can also be used for heat sensitive materials, as opposed to hot melt 

extrusion.
128

 The spray drying process does have certain drawbacks which include lower 

yields (due to the loss of the product on the walls of the drying chamber) and fine 

particles, which can get sucked into the exhaust due to inefficient separation of the 

particles by the cyclone collector.
128
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Figure 5. Schematic and process of conventional spray-dryer with co-current drying 

gas flow.
128

 

 

1.3.2.2.Thermodynamics of polymorphs 

Crystalline molecules are packed in a lattice and have a higher lattice energy, whereas 

amorphous molecules often have no lattice, and thus have a reduced energy barrier to 

overcome for solubilization.
120

 This property makes amorphous molecules more soluble 

than their crystalline counterparts. Amorphous molecules, however, are quite unstable 

due to their higher free energy, i.e. even though they provide significant elevated solution 

concentration, it also provides the driving force for crystallization.
130

 These can be 

stabilized by incorporating excipients such as polymers that act as drug carriers to 

stabilize the amorphous forms of the drug.  
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1.3.2.3.Amorphous Polymeric carriers 

The selection of drug carriers is a significant factor and generally impacts the stability of 

the solid dispersions.
131

 Polymers are often used as drug carriers, which usually fall under 

two categories, natural polymers or synthetic polymers.
119

 The hydrophilic polymers 

(which are more commonly used for preparation of solid dispersions) form molecular 

mixtures with poorly water-soluble drugs and can potentially enhance the thermodynamic 

(intrinsic) and kinetic solubility of the drug. The polymer should possess both 

solubilizing and stabilizing properties; i.e. not only enhancing the solubility of 

compounds but also preventing nucleation and crystal growth of supersaturated solutions 

of the amorphous drugs in solution or solid state. Polymers that have tendency to form 

micellar structures, show better solubilization capacity and would be preferred for ASD 

development.
132

  

Recently, a lot of marketed solid dispersions have been reported to contain HPMCAS-HF 

as the polymeric drug carrier.
133, 134

 Amongst the other polymers studied, HPMCAS-HF 

has been reported to possess the best crystallization inhibition effect.
135-137

 However, 

HPMCAS-HF may not be an ideal carrier for all the APIs since these compounds may 

not possess chemical moieties and the physicochemical properties required for specific 

drug-polymer interactions. Therefore it is necessary to study and identify polymers as 

carriers for different drugs.  

1.3.2.4.Nucleation and crystal growth of amorphous API 

Along with solubility and dissolution enhancement, another desired property of the 

amorphous carrier is to facilitate supersaturation stability, i.e. the ability to maintain a 

drug in the supersaturated state without crystal nucleation and crystal growth during the 



32 
 

transit through the GI tract and exposure to the GI milieu.
108, 138

 This state of 

supersaturation without crystal growth is known as the metastable state. Polymeric 

carriers can increase the viscosity of the system and therefore could modify the transport 

of molecules to the surface of the nucleus, hence reducing nucleation and crystal 

growth.
139-142

 In the case of crystal nucleation, an API establishes equilibrium between 

the liquid and crystalline phase, which has a lower solubility than the equilibrium with 

the high – energy amorphous state. Therefore, along with determining thermodynamic/ 

equilibrium solubility, it is pertinent to evaluate the kinetic supersaturation stability 

(kinetic solubility) of the amorphous form of the drug in the presence of different drug 

carrier excipients.
143

  

1.3.2.5.Mechanism of Stabilization  

As can be seen below in Figure 6, the chemical potential of the amorphous drug is much 

higher than its crystalline counterpart with a low energy of activation (Ea) to overcome, 

making it unstable and increasing the tendency of the drug to crystallize (the less 

bioavailable form). The amorphous drugs get incorporated into the inter- and intra-chain 

crosslink network of the complex three dimensional polymer structures and reduce their 

molecular mobility. This in turn decreases the chemical potential with a higher Ea (which 

is difficult to overcome), making the solid dispersion more stable than just the amorphous 

drug itself. Therefore by this mechanism, polymers prevent crystallization of the 

amorphous drugs and impart stability to the amorphous form.
144
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Figure 6. Hypothetical energy diagram of amorphous solid dispersion, amorphous 

drug, and crystalline drug, where μ is the chemical potential of the drug and Ea is 

the energy of activation.
125

 

 

1.3.2.5.1. Molecular mobility and increase in Tg 

It has been previously reported that the reduced stability of the amorphous compounds as 

compared to its crystalline counterpart is attributed to its higher molecular mobility 

(greater rotational and translational motion of molecules).
145

 Components that have a low 

Tg will have higher molecular mobility at room temperature as compared to those having 

a higher Tg.
125

 At elevated temperatures and above the Tg (glass to supercooled liquid 

transition), the tendency to crystallize/ phase separate is greater due to enhanced 

molecular motion, whereas below Tg the molecular motion is not significant enough due 

to the viscous glassy state.
145

 The Gordon-Taylor equation (Equation 5) as shown below 

can be used to predict the Tg of the molecular mixture between the drug and the carrier.
146

 

Incorporation of a carrier with higher Tg value can facilitate increasing the Tg of the 

mixture, which can further decrease the molecular mobility of solid dispersions and 

enhance its stability. 
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Equation 5. Gordon-Taylor equation for predicting glass transition of the solid 

dispersion. 

        
             

        
       

where    
     

     
, Tg1 and Tg2 are the glass transition temperatures of the two 

components, w1 and w2 are the weight fractions, and ρ1 and ρ2 are the densities of 

components. 

Polymer hygroscopicity also contributes to the crystallization tendency and stability of 

the dispersion, i.e. water insoluble/ less hygroscopic polymers preserve the stability of the 

API, as opposed to water soluble hygroscopic polymers.
11

 This is due to the fact that 

water acts as a plasticizing agent and can reduce the Tg of the dispersions, hence 

increasing the molecular mobility and decreasing amorphous solid dispersion stability.
145, 

147
 In addition a polymer that has a high molecular weight and a high Tg is desired to 

reduce the molecular mobility and decrease the crystallization tendency of the drug 

molecules.
145, 148

  

1.3.2.5.2. Molecular Interaction 

Another mechanism of stabilization includes specific polymer-drug interactions that 

could enhance the amorphous state stability.
149-151

 Formation of chemical bonds between 

the drug and polymer can significantly affect the stability of amorphous drug. For 

example acidic polymers are more effective in stabilizing the basic drugs, while 

ineffective with acidic drugs.
149

 The most common interactions involve ionic and 

hydrogen bonding interactions between drug and the polymer. Stronger the interactions 

between the two components, greater will be the stabilizing effect of the polymer.
152

 

Kothari et al reported that hydrogen bonding interactions between the drug and the 
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polymer, reduces the molecular mobility, and increases the physical stability of the 

system.
153

 Water could also form hydrogen bonds with the drug or the polymer and 

weaken the drug-polymer interaction, to reduce the stability of the ASD.
145

 These 

chemical interactions can be characterized by techniques such as NMR, FTIR, and 

Raman spectrometry.
125, 154

   

1.3.2.6.Polymer surfactant interaction: Effects on CMC 

In addition to polymers, other solubility – enhancing excipients like surfactants can be 

used. The incorporation of surfactants along with polymers can not only enhance the 

wettability of hydrophobic drugs, but could also enhance its solubility by the way of 

micellar solubilization.
114, 155

 Surfactants, at a certain critical concentration i.e. critical 

micelle concentration (CMC), start to aggregate and form micelles in solution, which 

have the ability to encapsulate poorly water soluble drugs in their hydrophobic core and 

increase the solubility of these lipophilic compounds.
156, 157

   

When polymers are used in combination with surfactants, a decrease in the CMC of the 

system could be observed to a lower value which is denoted as CAC (the concentration at 

which the surfactant molecules start to interact/ adsorb with certain regions of the 

polymer).
158,159

 The polymer – induced surfactant aggregation can be attributed to the 

thermodynamic driving force for the adsorption of surfactant molecules onto the polymer 

chain, which is more energetically favorable than micelle formation without the presence 

of polymers.
158

 Similarities between the polymer and surfactant groups can also aid in 

attracting the surfactant molecules to the certain regions of the polymer chain and 

promote surfactant aggregation and micelle formation. The chemical interactions 

involved between the two excipients are mainly non – covalent, which include 
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hydrophobic and/or electrostatic interactions.
64, 159-162

 When there is a decrease in the 

CMC in the presence of certain polymers, a lower concentration of surfactant can help 

achieve the same effect of micellar solubilization. The lower polymer/surfactant 

concentration in the sprayed dried dispersions (SDD) may facilitate increasing the drug 

load while still maintaining the size of the drug product (i.e. decrease the pill burden). 

1.3.2.6.1. Nuclear magnetic resonance (NMR) 
1
H NMR spectroscopy has been widely used to study interactions between components in 

the solution state.
163

 For CMC determination, as the surfactant concentration is increased 

in the presence or absence of polymer, a chemical shift in the proton peaks of the 

surfactant is observed, due to the changes in the surrounding proton environment during 

micelle formation (as shown in the Figure 7A below). These changes in chemical shifts 

of the surfactant when plotted against the inverse of the surfactant concentration, yields a 

plot as shown below (Figure 7B). At lower surfactant concentrations, there is almost no 

change in the chemical shift of the proton. At a certain critical concentration of the 

surfactant, a sudden change in the chemical shift is observed. This break in the curve at a 

certain surfactant concentration is indicative of the critical micelle concentration.
164
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Figure 7. (A) 
1
H chemical shifts (ppm) of surfactant before and after CMC, (B) Plot 

of chemical shift (ppm) of surfactant vs inverse of surfactant concentration (mM), 

indicating the CMC from break in the curve. 

 

1.3.2.6.1. Fluorescence Spectroscopy 

Fluorescence spectroscopy using pyrene (Figure 8A) as the hydrophobic fluorescent 

probe for CMC determination has found to show greater sensitivity at lower 

concentrations.
165

 Below CMC and in the absence of micelles, the fluorescence spectra 

corresponds to that of insoluble pyrene where the intensity of the third peak (I3), which is 

more sensitive to the polar environment, is low (I1/I3 ratio is high) (as shown in Figure 

8B). As surfactant concentration increases and upon micelle formation, the hydrophobic 

pyrene preferentially partitions into and solubilizes inside the micelles, where the 

intensity of I3 is found to increase (I1/I3 ratio is close to 1), with no significant change in 

the I1/I3 ratio on further increase in the surfactant concentration. The break in the curve 

(where a sudden change in the I1/I3 ratio is observed) as seen in the I1/I3 vs surfactant 

concentration plot (Figure 8C), indicates the CMC of the system.
166, 167
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Figure 8. (A) Chemical structure of pyrene, (B) Fluorescence spectra of pyrene, 

indicating the peaks sensitive to surrounding environmental changes (I1 and I3), (C) 

Plot of ratio of peak intensities (I1/I3) of pyrene vs surfactant concentration (mM), 

indicating the CMC from break in the curve. 
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CHAPTER II. RATIONALE AND SPECIFIC AIMS 

Based on the applications of HPMCAS and other polymers used for drug delivery, this 

dissertation work is divided into two projects: 

2.1. Project 1 

Investigating the physicochemical properties and aggregation phenomena of 

Hydroxypropyl methylcellulose acetate succinate (HPMCAS) aqueous disperse 

systems for development of aqueous enteric coating formulation for tablet 

coating.  

2.1.1. Research Objectives 

As mentioned before, under elevated temperature conditions, and in the presence of 

plasticizers, HPMCAS aqueous coating dispersion tends to aggregate and clog the spray-

nozzle, hence interrupting the coating process. The elevated temperature conditions 

activate the polymer-plasticizer interaction, which can further lead to coalescence and 

aggregation of polymer particles in the spray-nozzle, prior to completion of the coating 

process. Therefore there is a need to identify suitable formulation parameters and to study 

their impact on the physicochemical properties of HPMCAS and their effect on 

dispersion stability, by minimizing the potential to clog the nozzle. 

2.1.2. Hypothesis 

It is hypothesized that when HPMCAS-MF plasticized dispersions aggregate at 

elevated temperatures, which is due to premature film formation (coalescence of 

polymer particles), then by identifying suitable plasticizers (by thermal and mechanical 

studies) and stabilizing agents (by zeta potential and sedimentation studies), that 



40 
 

interact with and regulate polymer particle interaction (by providing steric and 

electrostatic stabilization), the aggregation phenomenon and consequently nozzle 

clogging can be minimized; with the prerequisite of retaining the properties of an 

enteric coating. 

2.1.3. Specific Aims 

Specific aim 1 (Chapter III) 

Impact of plasticizers on thermal, mechanical, electrokinetic properties of 

HPMCAS-MF. 

(a) Plasticizer screening: To impart optimal thermal and mechanical properties to 

HPMCAS-MF. 

(b) Identification of stabilizing agent: To provide dispersion stability (steric 

stabilization) by interacting with HPMCAS-MF. 

(c) Identifying optimal surfactant concentration: To provide electrostatic stability to 

HPMCAS-MF.  

Specific aim 2 (Chapter IV) 

Developing a stable aqueous enteric coating formulation using HPMCAS-MF, by 

incorporating the above screened excipients (plasticizer, stabilizing agent, optimal 

surfactant concentration), and an anti-tacking agent (Talc/ Aerosil
®
 972). 

(a) Using design of experiments (DOE) strategy to design and develop a stable aqueous 

coating formulation using HPMCAS-MF for tablet coating.  

(i) Time for spray-nozzle clogging (Nozzle clogging tendency).  
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(ii) Acid uptake (%) (Placebo tablets) as a measure of gastric resistance of the 

tablets. 

(iii) Drug Release Testing (Riboflavin tablets). 

(b) Mechanism of interaction between HPMCAS-MF and stabilizing agent using FTIR 

spectroscopy. 

 

2.2. Project 2 

Investigating methodology to assess polymer-surfactant interactions and their 

impact on Itraconazole solubility and precipitation kinetics in developing spray 

dried dispersions (SDDs) 

2.2.1. Research Objectives  

Itraconazole (ITZ), a broad spectrum antifungal agent, is a BCS Class II crystalline 

compound with very poor water solubility (1 – 5 ng/mL) (Figure 9).
168

 It is a highly 

lipophilic weak base with a logP of 5.66 and pKa of 3.70.
40, 169

 ITZ’s low aqueous 

solubility leads to its limited bioavailability. Therefore, there is a need to increase the 

solubility – dependent bioavailability of ITZ. 

 

Figure 9. Chemical structure of Itraconazole (ITZ). 
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2.2.2. Hypothesis 

As mentioned before, when polymers are used in combination with surfactants, a 

lowering of CMC could be observed due to polymer-induced surfactant aggregation. 

Therefore it was hypothesized that if specific polymer/surfactant systems reduce the 

CMC of the entire system, then reduced amount of excipients (polymer and surfactants) 

could be used to improve Itraconazole dispersion solubility and stability in GI fluids. 

2.2.3. Specific aims (Chapter V) 

This study emphasized on developing a systematic screening methodology for the 

selection of polymer/surfactant systems for the preparation of SDDs of a model API, 

Itraconazole. In the past, research groups have used different screening methodologies for 

selection of drug carriers (mostly polymers) that involve determining the miscibility of 

drug and excipients by thermal methods and comparing their solubility parameter 

values,
170

 in silico miscibility prediction,
171

 atomic force microscopy-based miscibility 

screening,
172

 and solvent casting method,
173, 174

 amongst a few others.  

More recently, polymer/surfactant combinations have been studied as drug carriers for 

formulating SDDs.
154, 158

 To design stable and soluble SDDs our workflow generally 

consisted of the following steps: (1) Screening polymer/surfactant systems by 

determining the CAC of surfactants (as a direct response of interaction between 

excipients) in the presence of polymers. (2) For selected polymer/surfactant systems, 

determining the thermodynamic solubility, supersaturation ratios, and precipitation 

induction time of ITZ in aqueous solutions. (3) Preparing ITZ SDDs only for those 

polymer/surfactant systems that displayed increased solubility and prolonged induction 

time (onset of precipitation) for a period that is physiologically relevant i.e. at least 3 h 
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(intestinal transit time).
169

 (4) Characterizing ITZ SDDs to detect the presence of ITZ 

crystallinity, test SDD drug release, and perform solid – state stability studies under 

stressed conditions. In addition, ITZ-polymer-surfactant binding studies were performed 

to rationalize some of the thermodynamic observations. 

Specific aim 1  

Developing a screening methodology for CMC/CAC determination of polymer-

surfactant combinations using: 

(a) NMR Spectroscopy. 

(b) Fluorescence Spectroscopy. 

Specific aim 2  

Evaluate the effectiveness of the screened polymer-surfactant combinations in:  

(a) Enhancing ITZ solubility: Thermodynamic Solubility in GI fluids. 

(b) Inhibiting solution crystallization: Precipitation Kinetics in GI fluids. 

Specific aim 3  

Preparation, characterization, and drug release of ITZ spray dried dispersions 

(SDD) prepared using polymer-surfactant combinations that inhibited drug crystallization 

for a period of time that is physiologically relevant i.e. at least 3 h (intestinal transit 

time).
169
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CHAPTER III. IMPACT OF PLASTICIZERS ON THERMAL, 

MECHANICAL, AND ELECTROKINETIC PROPERTIES OF 

HYDROXYPROPYL METHYLCELLULOSE ACETATE 

SUCCINATE (HPMCAS) 

3.1. Abstract  

Hydroxypropyl methylcellulose acetate succinate (HPMCAS) is a widely used enteric 

coating polymer. However, under aqueous coating conditions and at elevated 

temperatures, HPMCAS particles tend to aggregate and clog the spray-nozzle, hence 

interrupting the coating process. The purpose of this research was to study how 

plasticizers and surfactants, commonly used excipients for aqueous coating, affect the 

properties and stability of HPMCAS. This information would be useful in identifying 

suitable stabilizing excipients for developing a stable aqueous enteric coating formulation 

with HPMCAS. Thermal and mechanical studies to determine efficient plasticizers for 

tablet coating, and zeta potential and sedimentation studies for screening stabilizing 

excipients for dispersion stability were conducted. Triethyl citrate was found to be an 

efficient film-forming plasticizer displaying suitable thermal and mechanical properties. 

PEG 4000, the co-plasticizer, yielded a dispersible sediment with fines and provided 

dispersion stability by preventing aggregation at the elevated processing temperatures. 

Zeta potential indicated sodium lauryl sulfate (SLS) as another potential stabilizing agent 

at concentrations above its critical micelle concentration (CMC). This study facilitated 

understanding the mechanism of aggregation of HPMCAS and identifying efficient 
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stabilizing agents that could potentially be used to develop a coating formulation that 

does not exhibit polymer aggregation and nozzle clogging during the coating process. 

3.2. Introduction 

Hydroxypropyl methylcellulose acetate succinate (HPMCAS) is a widely used enteric 

coating polymer for pellet, tablet, and capsule coating.
40, 54, 96

 Aqueous polymeric coating 

formulations, such as HPMCAS, are preferred for large-scale manufacturing since they 

are environmentally friendly, safer for workers, and reduce concerns with product 

toxicity.
34, 52-54, 175

 HPMCAS is a fairly rigid polymer with a high glass transition 

temperature (Tg) ranging from 120 °C – 135 °C.
51, 75

 HPMCAS cannot form a flexible 

continuous film without the use of plasticizers that increase the free volume and provide 

flexibility to the polymer chains. The minimum film formation temperature (MFFT) is 

the lowest temperature at which a smooth, clear and crack-free film is formed.
72

 

Plasticizers act by reducing the Tg and MFFT of polymer, which facilitates softening and 

coalescence of the particles during film formation at lower processing temperatures.
22, 76, 

77, 176
 Polymer particle coalescence is an important step in film formation.

82
 However 

when particle coalescence and aggregation occurs prematurely in the nozzle instead of 

the tablet surface, then nozzle clogging is observed, which can negatively affect the 

coating process (Figure 3).
40

 This premature coalescence could be due to the decrease in 

the MFFT in the presence of plasticizers. Aqueous coating is typically performed at 

higher processing temperatures to permit quick evaporation of water. The spray-nozzle 

which is directed inside the coating pan experiences this elevated temperature for 

prolonged periods of time during the coating process. If MFFT of the dispersion is too 

low, then dispersion particles become tacky and aggregate in the nozzle at typical 
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processing temperatures, which can lead to nozzle clogging prior to completion of the 

coating process.
40, 92

  

A common technique to prevent aggregation is to maintain the dispersion temperature 

below 25 °C (i.e. below its MFFT).
51, 54

 Chilling the dispersion to below 25 °C prolongs 

or prevents the dispersion from reaching its MFFT and prevents polymer particle 

coalescence to form aggregates in the nozzle during the coating process. There are other 

methods to prevent coating dispersion aggregation such as ammonia neutralization that 

has been used to partially ionize the weakly acidic HPMCAS polymer in the dispersion.
51, 

61, 94, 95
 HPMCAS contains ionizable succinic acid groups that ionize at pH > 5 depending 

on the HPMCAS grade, and mostly remain colloidal at higher pHs.
93, 177

 Ionization 

increases the surface charge and the zeta potential (ζ), which improves the stability of the 

dispersion. According to the DLVO theory,
88

 when the absolute ζ of the particles is 

greater than 30 mV, then electrostatic repulsive forces dominate over van der Walls’ 

attractive forces, and the dispersion is more stable (thus reducing aggregation). Whereas, 

in an unstable dispersion where attractive forces dominate (ζ < 30 mV), flocculation 

(weak, reversible aggregation) or coagulation (strong, irreversible aggregation) is 

observed; the former gives a lose sediment with high sediment volume, while the latter 

yields large clumps. Dispersions showing the presence of irreversible aggregates are 

unusable for the coating process.
23, 104, 105

 Another method, dry coating (solvent-less 

coating), is a fairly new and innovative technique that does not use any solvent/ vehicle 

for the coating process. This technique involves the spraying of dry polymer-excipient 

blend on the tablet surface, followed by spraying of plasticizer, and a curing step.
49, 51, 96

 

Other less common methods use specialized dual-feed spray-nozzle to spray the aqueous 
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polymer suspension and plasticizer separately to prevent polymer-plasticizer interaction 

and premature coalescence in the nozzle at elevated temperatures prior to completion of 

the coating process. 
40, 51  

Although there are alternative methods to circumvent the nozzle-clogging problem, they 

do have certain drawbacks. The chilling method can be inconvenient for large-scale 

production; and neutralization of the formulation can influence the release and stability 

profile due to the presence of hydrophilic ammonium salts in the coating. The process 

that uses a special dual-feed spray-nozzle and a specialized three-way spray-nozzle (dry 

coating) requires the specialized nozzle rather than the standard two-fluid nozzle.
40, 50, 51

 

Therefore, it would be beneficial to develop a stable aqueous formulation that does not 

aggregate and clog the spray-nozzle during the traditional tablet coating process.  

Other than the plasticizers, the commonly used excipients in the aqueous coating 

formulations are surfactants and anti-tacking agents. Surfactants enhance the wettability 

of the hydrophobic components (HPMCAS) in the aqueous formulations and can 

significantly affect dispersion stability by altering the zeta potential of polymer particles. 

Anionic surfactants, such as sodium lauryl sulfate (SLS), act by electrostatic stabilization 

(charge repulsion), i.e. increase the zeta potential of the polymeric particles.
64, 88, 178, 179

 

Previous reports have indicated that surfactants adsorb/interact with and cluster around 

the hydrophobic side chains of the polymer, hence preventing interaction between the 

polymer chains in addition to preventing aggregation and spray-nozzle clogging.
64, 88, 178, 

179
 Anti-tacking agents such as talc and hydrophobic colloidal silicon dioxide (Aerosil® 

R972 Pharma), are commonly used to prevent film tackiness (sticking of tablets) during 

the coating process and during storage. In addition, anti-tacking agents could 
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theoretically intersperse between the polymer particles and provide a physical barrier by 

reducing the polymer contact area until the dispersion is sprayed onto the tablets. This 

could reduce stickiness, aggregation, and the tendency to form a film in the nozzle.
46

 

In this chapter, our main goals were to study the effects of plasticizers and surfactants 

on the properties of HPMCAS-MF, which could facilitate identifying stabilizing agents 

to minimize HPMCAS-MF aggregation and spray-nozzle clogging tendencies during 

aqueous coating. It is hypothesized that when HPMCAS-MF plasticized dispersions 

aggregate at elevated temperatures, which is due to premature film formation 

(coalescence of polymer particles), then by identifying suitable plasticizers (by thermal 

and mechanical studies) and stabilizing agents (by zeta potential and sedimentation 

studies), that interact with and regulate polymer particle interaction (by providing steric 

and electrostatic stabilization), the aggregation phenomenon and consequently nozzle 

clogging can be minimized; with the prerequisite of retaining the properties of an 

enteric coating. 

Formulation excipients such as plasticizers and surfactants can affect the Tg, mechanical 

properties, and zeta potential of HPMCAS particles in the coating dispersion. Therefore, 

to test this hypothesis, different formulation parameters, more specifically plasticizers 

and surfactants, were studied to determine their compatibility with HPMCAS, their 

impact on the physicochemical properties of HPMCAS, and on the dispersion stability 

(i.e. to minimize the potential to clog the nozzle). Testing the impact of anti-tacking 

agents on the dispersion stability and enteric coating properties was beyond the scope of 

this specific aim, and thus we held this parameter constant.  
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The objective of this project is to study the impact of plasticizers on the thermal, 

mechanical, sedimentation, and electrokinetic properties of HPMCAS-MF, in addition to 

the impact of surfactant on the electrokinetic properties of HPMCAS-MF, which could 

play an important role in stabilization of polymer dispersion and minimize nozzle 

clogging.  

3.3. Methods  

3.3.1. Materials 

All materials were used as received. HPMCAS polymer (Shin-Etsu AQOAT®) – AS-MF 

(Lot# 5053064) was donated by Shin-Etsu Chemical Co., Ltd., Japan. Triethyl citrate 

(Lot# BCBN8745V), tributyl citrate (Lot# 2DI0232), tributyl O-acetylcitrate (Lot# 

MKBS1591V), triethyl 2-acetylcitrate (Lot# MKBS3221V), dibutyl sebacate (Lot# 

MKBQ9674V), dimethyl phthalate (Lot# MKBS1897V), diethyl phthalate (Lot# 

MKBJ3578V), dibutyl phthalate (Lot# MKBR4111V), triacetin (Lot# MKBN4579V), 

sodium hydroxide pellets (Lot# SLBQ9677V), and fuming hydrochloric acid (37% v/v) 

(Lot# SZB1370V) were purchased from Sigma-Aldrich Co. (St. Louis, MO). 

Carbowax™ Sentry™ Polyethylene glycol 4000 (Lot# VK0255S7B1) and propylene 

glycol (Lot# WC2901N6DA) were obtained from The Dow Chemical Company 

(Midland, MI). Propylene carbonate (Lot# X15A020) was purchased from Alfa Aesar 

(Ward Hill, MA). Sodium lauryl sulfate (Lot# YT0715) was purchased from Spectrum 

Chemicals (New Brunswick, NJ). Polyethylene glycol 6000 (Lot# 4251925) and 

polyethylene glycol 8000 (Lot# 4254329) were purchased from Affymetrix, Inc. 

(Cleveland, OH). Talc Powder USP (Lot# M31472) was purchased from J. T. Baker 
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(Phillipsburg, NJ). Aerosil® R972 Pharma (Lot# 335061811) was donated by Evonik 

Industries (Parsippany, NJ).  

3.3.2. Preparation of polymer coating dispersion 

The polymer coating dispersions for coating were prepared according to 

recommendations by Shin-Etsu Chemical Co., Ltd., Table 1.
51

 Coating dispersions (16% 

w/w solid content) were prepared by first dissolving surfactant (sodium lauryl sulfate, 

SLS) in deionized water at room temperature. Plasticizers were then dispersed in the 

surfactant solution. A physical mixture of the anti-tacking agent (Talc) and HPMCAS-

MF was added to the above solution with continuous stirring for 4 hours at room 

temperature using an overhead stirrer. 

Table 1. Initial formulation developed by Shin-Etsu Chemical Co., Ltd. for aqueous 

coating with HPMCAS and formulations prepared for thermal, mechanical, 

sedimentation, and zeta potential studies. 

 

3.3.3. Coating of core tablets 

Tablet coating was performed in a partially perforated conventional pan coater (Freund 

HCT-30 Hi-coater) of 1.3 kg capacity and with one spray gun. 200 mg tablets were 

loaded into the pan and preheated at the processing temperature of 40 °C for about 10 

Ingredients 

Shin-Etsu 

tablet coating 

formulation 

Thermal & 

Mechanical 

Studies 

Sedimentation 

Studies 

Zeta potential Studies 

Impact of 

Plasticizer 

Impact of 

Surfactant 

Quantity 

HPMCAS – MF 10% w/w 10% w/w 10% w/w 10% w/w 10% w/w 

Plasticizer 
Triethyl citrate 

2.8% w/w 
2.8% w/w 2.8% w/w 2.8% w/w - 

Sodium lauryl 

sulfate 
0.3% w/w - 0.3% w/w 0.3% w/w 

0 – 2% 

w/w 

Talc 3% w/w - 3% w/w 3% w/w - 

Water 83.9% w/w 87.2% w/w 83.9% w/w 83.9% w/w 
88% - 90% 

w/w 
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min. The dispersion was then sprayed onto the preheated tablets with the following 

coating process parameters: Nozzle diameter – 1.8 mm, Atomizing pressure – 0.6 bar, 

Distance to tablet bed – 4 inches, Pan size – 0.8 L, Pan speed – 10 rpm, Inlet temperature 

– 65 °C, Outlet temperature – 34 °C, Processing temperature – 40 °C, and Spray rate – 

2.1 g/min. After the target weight gain of 12 – 13%, the tablets were allowed to dry in the 

rotating pan at a processing temperature of 60 °C for 1 h. Unstable dispersions would 

lead to nozzle clogging at this processing temperature and interrupt the coating process 

without achieving a tablet weight gain of 13%, whereas the stable dispersion would result 

in complete coating until the target weight gain is achieved, without aggregation and 

nozzle clogging. 

3.3.4. Surface zeta potential  

Zeta potential measurements were carried out using Zetasizer Nano ZSP (Malvern 

Instruments, Westborough, MA) using the laser Doppler velocimetry technique. All 

samples were measured at 25°C. Aqueous samples (1 mg/mL) of HPMCAS-MF (in 

deionized water) and dispersions used to study the impact of plasticizers on zeta potential 

of HPMCAS-MF were prepared, as described in Table 1. For studies with HPMCAS-MF 

alone, the pH was adjusted with 0.1 M HCl or NaOH in water, with no adjustment of the 

ionic strength. The zeta potential was calculated from mean electrophoretic mobility 

using Henry’s equation (see Equation 3) with Smoluchowski’s approximation (where 

         ), which is integrated in the standard software (Malvern Zetasizer Nano 

software 7.03) of the instrument. Measurements for each sample were performed 5 times.  



52 
 

3.3.5. Preparation of free films by film casting for thermal and mechanical 

studies  

Dispersions for film casting for thermal and mechanical studies were prepared according 

to that given in Table 1. The 16 selected plasticizers, as shown in Table 2, were first 

dispersed/ dissolved in deionized water followed by addition of 10% w/w HPMCAS-MF, 

which was allowed to mix for about 2 h at room temperature using a magnetic stirrer. 

These dispersions did not contain a surfactant or anti-tacking agent. Films prepared for 

thermal studies were prepared by casting 6 g of the dispersion in aluminum pans, whereas 

films for mechanical studies were prepared in larger petri plates by casting 15 g of 

dispersion. The films were allowed to dry overnight in an oven at 40°C, until the films 

had a moisture content of less than 2%. The films prepared for mechanical properties 

were maintained to a uniform thickness at around 146 ± 11 µm. For the plasticizers that 

resulted in a brittle or cracked film on drying (Tributyl citrate, acetyl triethyl citrate, 

acetyl tributyl citrate, dibutyl phthalate, diethyl phthalate, TPGS, dibutyl sebacate, PEG 

4000, PEG 6000, PEG 8000, polysorbate 80), the plasticizer concentration was increased 

to 3% w/w or 4% w/w to provide further plasticization, as shown in Table 2. For the 

dispersion containing dimethyl phthalate that showed coagulation or aggregation prior to 

casting (possibly due to excess plasticization), the plasticizer concentration was 

decreased to 1% w/w. Plasticizers that resulted in a clear continuous crack-free film were 

considered as compatible plasticizers with HPMCAS-MF. 

3.3.6. Thermal analysis  

Thermal analysis was performed using a differential scanning calorimeter (TA 

Instruments Model 2920; New Castle, DE, USA) equipped with a refrigerated cooling 

system and analyzed using TA Universal Analysis 2000 Software to determine the glass 
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transition temperature (Tg). The instrument was calibrated using indium for temperature 

and cell constant. About 6-10 mg of the HPMCAS-plasticizer film samples were sealed 

in non-hermetic aluminum pans and subjected to heat-cool-heat cycle. The experiments 

were conducted with a heating rate of 10 °C/min, from -20 °C to 180 °C and cooling rate 

was 10 °C/min. All experiments were performed in duplicate. The Tg reported in this 

study was read from the inflection point obtained from the second heating cycle.  

3.3.7. Mechanical properties  

The cast films were peeled off the petri plate and cut into dog bone shape using an ASTM 

D-638-V “dog bone” punch. The thickness and width of each film, measured at the small 

center portion of the “dog bone” with a micrometer, was found to be 0.125 in. Films with 

nicked sides, cracks, air bubbles or any observable flaw were discarded. The mechanical 

properties of films were determined using an Instron® 8521 System with a tension/ 

compression 100 N Load Cell # 2530–427 (Instron®, Norwood, MA, USA). Film 

samples were placed between a G227 Lightweight Screw Vise Grip and J227 Jaws for 

Film Testing (Test Resources, Shakopee, MN, USA) as per ASTM D882 (as shown in 

Figure 10). The films were subjected to a tensile load at crosshead speed of 0.5 mm/min. 

Films that broke near the grip were discarded and only those that broke in the center of 

the dog bone strip were used for the analysis. Five replicate measurements were 

conducted for each film. The load and displacement data were recorded using the 

Instron® system until the point of film failure (breaking of the film). The mechanical 

properties of the films determined included the tensile strength (σTS) (stress at film failure 

(break point of the film)), percent elongation (%ε) (strain at film failure), and Young’s 

modulus (E), and were calculated using the following equations:
77
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Equation 6. Mechanical properties (Tensile strength and Percent elongation) 

calculations. 

                        
    

   
 

Where Fmax is maximum force at which the film breaks, t is the initial film thickness, and 

w is the initial film width.  

                        (
      

  
)      

Where lf is the final film length at failure and l0 is the initial length of the film between 

grips.  

The Young’s modulus (elastic modulus) was calculated from the slope of the initial linear 

region of the stress–strain curve where the film undergoes elastic deformation.  

 

Figure 10. Intron® system with a "dog bone" shaped film sample held between its 

two grips. 
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3.3.8. Sedimentation studies  

Formulations for sedimentation studies were prepared according to Table 1. 

Sedimentation studies were performed on coating dispersions (16% w/w solid content) 

prepared by first dissolving surfactant in deionized water at room temperature. 

Plasticizers were then dispersed in the surfactant solution. A physical mixture of the anti-

tacking agent and HPMCAS-MF was added to the above solution and allowed to pre-mix 

until all the excipients were homogeneously mixed. The dispersion was then transferred 

into 50 mL tubes and allowed to mix for 2 hours using a multi-wrist shaker (Lab-line 

Instruments, Melrose Park, IL, 1/17 hp, 50/60 Hz) at a speed setting between 6 – 7 and at 

elevated temperatures of 40 °C using a pre-heated water bath.  

The elevated temperature of 40 °C was used to mimic the heat experienced by the coating 

dispersion during the coating process. After mixing using the wrist shaker, the 

dispersions were stored untouched in a upright (perpendicular) position for 24 hours to 

record the percent suspended, sediment dispersibility, and quality of sediment; which 

could be extrapolated to the polymer aggregation. The height of the sediment before (h0) 

and after (hf) the 24 h upright storage in the centrifuge tubes was noted, to calculate the 

percent suspended using the following Equation 7. 

Equation 7. The percent solid suspended in plasticized dispersions. 

                       (
  

  
)      

A stable system would demonstrate a high % suspended (lower sedimentation) as 

compared to the original fully dispersed system (% suspended = 100%). In the case of an 
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unstable dispersion, the dispersion would show a lower % suspended (greater 

sedimentation) as compared to the original 100%. 

Two types of sediment could be obtained: Non-dispersible hard-cake made up of 

aggregates (Figure 11B) and dispersible sediment made up of loose flocs or fines (< 11 

µm in size) as shown in Figure 11A. To determine the dispersibility of the sediment, 

after the 24 h storage period, the tubes were re-shaken using the wrist shaker at a speed 

setting of 6 – 7 for a period of two minutes. After the two minute shaking period, the 

dispersible sediment could either be re-dispersed back into the original dispersion, or a 

non-dispersible aggregated sediment in the form of a hard cake was observed, which 

could not be re-dispersed back into the original dispersion. The quality of sediment 

referred to formation of large aggregates or presence of loose flocs or fines. 

Measurements for all the sedimentation studies were performed in duplicate. 

3.3.9. Data analysis  

All results were expressed as mean ± standard deviation. Graphpad Prism 5 (Graphpad 

software, Inc., CA, USA) was used for statistical analysis of all the results using one-way 

analysis of variance (ANOVA) with post-hoc Tukey’s test and Student’s t-test, α = 0.05. 

Results with p < 0.05 were considered statistically significant. 
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Figure 11. Quality of the sediment (A) Re-dispersible fines and (B) Non-dispersible 

aggregates obtained after sedimentation studies on dispersions at 40 °C. 

 

3.4. Results and Discussion  

For the initial phase of this study, the principal quality attribute of the free films was 

plasticizer compatibility, which was assessed by preparing free films and determining 

their thermal properties, mechanical properties, and film quality (continuous and flexible 

or brittle/cracked film). Dispersion stability in the presence of different plasticizers was 

also determined by conducting sedimentation studies, to evaluate the effect of plasticizers 

on the aggregation tendency of the dispersion. Surfactant stabilization and optimal 

surfactant concentration of the dispersion was determined by zeta potential studies. As 

described below, these studies were performed to identify compatible excipients and 

stabilizing agents that could potentially regulate polymer particle interactions and help 

minimize HPMCAS-MF aggregation and nozzle clogging under elevated temperature 

conditions in aqueous media.  
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A screening study was performed to determine additional compatible plasticizers with 

HPMCAS-MF. The plasticizers for screening were chosen based on the similarity in their 

solubility parameters with HPMCAS-MF. Efficiency of primary plasticizer was 

determined by the reduction in polymer Tg and the formation of a smooth flexible crack-

free film. An efficient plasticizer would improve the polymer mechanical properties by 

decreasing the tensile strength (σTS) and Young’s modulus (E), and increasing the percent 

elongation (%ε).
69, 180-182

 In addition, sedimentation studies were performed in the 

presence of different plasticizers, to determine their impact on polymer aggregation and 

the particle size of aggregates at elevated temperatures. Since the particle size of polymer 

aggregates (measure of dispersion stability) was too large and the coating dispersion was 

too concentrated to measure using light a scattering technique, an indirect method of 

determining dispersion stability was employed by comparing sedimentation heights 

(percent suspended) and sediment quality of various dispersions, which would facilitate 

relative estimation of the degree and type of aggregation. Lower the percent suspended 

after a specific time period, would correlate to greater extent of sedimentation i.e. larger 

would be the particle size (aggregates) that sediments quicker to form a hard non-

dispersible cake as compared to the original well dispersed system (100%). The 

dispersion that result in smaller particles (fines) (that does not show aggregation), would 

remain suspended/ dispersed in the supernatant, and show greater percent suspended 

(lesser percent sedimentation). 
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3.4.1. Thermal analysis 

The incorporation of plasticizers with polymers facilitates a decrease in the Tg of the 

polymer (as a consequence of the increased free volume), thereby promoting flexibility to 

the polymer chains.
69

 Thermal studies were performed on plasticized films to determine 

plasticizer compatibility. Plasticizers for screening were selected based on their solubility 

parameters (δ). The solubility parameter values reflect the mixing enthalpies associated 

with the interaction between two components.
183

 For compatibility and miscibility 

between two components, the solubility parameter between the two should be as close to 

each other as possible.
69, 84, 157, 184

 The reported δ of HPMCAS was 24.0 (J/cm
3
)
1/2

.
84, 85, 184

 

Out of the 16 selected plasticizers, see Table 2, 14 plasticizers had a solubility parameter 

value closer to HPMCAS, between 19 – 40 (J/cm
3
)
1/2

, while the rest had a greater 

difference in their solubility parameters (~ 70 (J/cm
3
)
1/2

), to test their incompatibility as a 

proof of concept.
69

  

Glass transition temperatures and film properties were determined for the 16 selected 

plasticizers. The efficiency of a plasticizer was evaluated by the decrease in the polymer 

Tg and if a continuous crack-free film was formed (Figure 12A). Neat HPMCAS-MF (Tg 

= 120 °C) yielded a cracked film on casting (Figure 12B).  
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Figure 12. HPMCAS film formation showing (A) Continuous and flexible film in 

presence of plasticizer, (B) Brittle and cracked film without plasticizer (or due to 

plasticizer evaporation), (C) Powdery coating observed due to the evaporation of 

propylene glycol. 

 

Initial studies (Table 2) were performed at a plasticizer concentration of 2.8%, which is 

recommended by Shin-Etsu Chemical Co., Ltd. for the MF grade of HPMCAS.
51

 As seen 

in Table 2, only four of the 16 plasticizers resulted in clear flexible crack-free film along 

with a decrease in the Tg. Six plasticizers did not show a distinct Tg in the DSC 

thermogram and were labeled as “undefined” or “U”. Figure 13 shows the two types of 

DSC thermograms obtained, one showing a distinct Tg (TEC film) whereas the other 

showing an undefined Tg (PEG 4000). Dimethyl phthalate (with a δ of ~ 70 (J/cm
3
)
1/2

) 

when used to plasticize the aqueous dispersion, could not be cast into films since the 

dispersion agglomerated into a solid mass while mechanical stirring, indicating 

incompatibility with HPMCAS-MF (Figure 14).  
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Figure 13. Comparison of a plasticizer (TEC, solid line) showing a glass transition 

temperature and plasticizer (PEG 4000, dashed line) showing undefined glass 

transition temperature. 

 

 

 

Figure 14. Dispersion plasticized with dimethyl phthalate showing agglomerate 

formation during mixing. 

 

 



62 
 

While other plasticizers with solubility parameter values close to that of HPMCAS-MF 

did not result in a continuous film and displayed an indistinct Tg (Table 2), they were still 

miscible with the polymer and no phase separation or agglomeration tendencies were 

observed.  

For those plasticizers that yielded a cracked film at 2.8% w/w, it was thought that this 

concentration of the plasticizer was insufficient for plasticization and therefore the 

plasticizer concentration was increased to 3% w/w and 4% w/w. As shown in Table 2, in 

spite of the higher plasticizer concentrations, cracked films were observed for the certain 

plasticizers, indicating no plasticization and incompatibility with HPMCAS-MF. For 

dimethyl phthalate that resulted in an agglomerated dispersion during mixing, the 

plasticizer concentration was reduced to 1% w/w and 2% w/w. Regardless of the decrease 

in the plasticizer concentration, agglomeration of the polymer dispersion was observed, 

indicating incompatibility. Based upon this data, four plasticizers namely triethyl citrate 

(TEC), triacetin, propylene carbonate (PC), and propylene glycol (PG) were found to be 

compatible with HPMCAS-MF since they displayed a continuous crack-free film with a 

reduction in Tg, suitable for further mechanical testing. 
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3.4.2. Mechanical properties 

Determination of the film’s mechanical properties is crucial to know if the tablet coating 

is strong enough (prevent damage, cracks, and indentation) to withstand the exertions 

during processing, packaging, and shipping.
180

 Therefore, the mechanical properties of 

HPMCAS-MF films prepared with plasticizers (that yielded a continuous, flexible, and 

crack-free film) were determined. 

Mechanical studies were performed to determine the effect of plasticizers on the strength, 

elongation, and rigidity of the HPMCAS films. As seen in Table 2, only four of the 16 

plasticizers resulted in a flexible crack-free film during thermal studies, described above. 

The other plasticizers that yielded a cracked film or no film at all (due to dispersion 

aggregation during mixing), could not be tested for their mechanical properties, due to 

the lack of a continuous crack-free film (Figure 12A). Therefore, mechanical properties 

were determined for the four compatible plasticizers (TEC, triacetin, PC, PG) with 

HPMCAS-MF. The PG containing dispersions yielded a cracked film (such as that shown 

in Figure 12B), which was attributed to the evaporation of PG from the larger surface 

area plates during the drying process.
186

 When preliminary coating studies were 

performed with PG as the plasticizer instead of TEC (using the original formulation 

parameters given in Table 1), the resulting coated tablets had a powdery coating rather 

than a smooth crack-free and well-coalesced film (Figure 12C). This coating quality can 

also be explained by the evaporation of PG during atomization of the coating dispersion 

onto the tablets, as was also observed during film casting.
186

 Therefore, PG was not 

evaluated for mechanical properties or any further studies. 
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 Only, TEC, triacetin and PC films were further evaluated for their mechanical properties 

(Table 2, Figure 15 and Figure 16A-C). As mentioned before, an efficient plasticizer is 

defined by the decrease in the σTS and E, with an increase in the %ε, which was 

calculated from the stress-strain curve shown in Figure 15. Propylene carbonate was 

found to be the most efficient plasticizer amongst TEC and triacetin, displaying 

significant reduction in σTS and E, and significant increase in %ε. However previous 

studies performed by Obara et al, indicated poor gastric resistance of tablets coated with 

HPMCAS using propylene carbonate as the plasticizer,
40

 which made it unsuitable for the 

coating process. TEC and triacetin films were seen to be similar in their σTS and E, 

however the %ε displayed by triacetin was significantly lower than that of TEC. 

Therefore, TEC was chosen as the primary film forming plasticizer for aqueous coating 

with HPMCAS, as was also reported by Obara et al.
40

  

 

Figure 15. Stress-strain curves of polymer films plasticized with TEC, triacetin and 

PC undergoing mechanical testing. 
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Table 2. Mechanical properties of plasticized (2.8% w/w) HPMCAS-MF films (σTS = 

Tensile Strength, E = Young’s Modulus, ε = Elongation) (n=5). 

Plasticizer σTS (MPa) E (MPa) %ε 

Triethyl citrate 7.25 ± 0.14 464.24 ± 24.42 2.45 ± 0.19 

Triacetin 6.30 ± 1.36 464.74 ± 74.92 1.70 ± 0.16 

Propylene carbonate 4.15 ± 0.18 329.75 ± 11.60 3.38 ± 0.31 

 

 

Figure 16. Tensile strength (A), Young’s modulus (B), and elongation (C) 

(mechanical properties) of HPMCAS films plasticized with triethyl citrate, triacetin 

and propylene carbonate (n=5) (ns = non-significant, **p < 0.01, ***p < 0.001). 
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3.4.3. Zeta potential 

As mentioned before and according to the DLVO theory,
88

 generally if the absolute value 

of the zeta potential is < 30 mV, then van der Walls’ attractive forces between the 

particles overcome the electrostatic repulsive forces, causing the particles to aggregate. 

We wanted to test if the zeta potential of HPMCAS-MF alone and in the presence of 

different excipients could influence the aggregation tendency of HPMCAS-MF in the 

aqueous dispersion by decreasing its absolute zeta potential value. Therefore, the zeta 

potential of HPMCAS-MF alone (dispersed in deionized water) and in the presence of 

compatible plasticizers was determined. Figure 17 shows the zeta potential of neat 

HPMCAS-MF at different aqueous pHs. It can be seen that at the original (no pH 

adjustment) pH of 4.75 of the dispersion, the ζ was found to be around -39 mV, which 

indicates that the repulsive forces could be sufficient enough to prevent aggregation. At 

lower pH conditions, the succinic acid groups on the polymer side chains remain 

unionized, and therefore exhibit a low ζ. As the pH was increased, the ζ was also found to 

increase (attributed to the ionization of the succinic acid side chains) until it reached a 

certain limit. The observed zeta potential limit at pH 5; can be attributed to the ionization 

of the succinic acid groups (pKa = 5) in the polymer chains.
93, 177

  

When preliminary coating studies were performed with non-plasticized HPMCAS-MF 

dispersions prepared according to Table 1, no aggregation or nozzle clogging was 

observed, indicating that non-plasticized HPMCAS-MF dispersions are stable. Although 

plasticizers are essential for film formation with HPMCAS-MF, this study was performed 

as a proof of concept to determine the inherent stability of HPMCAS-MF. 
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Figure 17. Effect of pH on ζ of neat HPMCAS aqueous dispersion at 25 °C (n=5). 

 

Zeta potential was also determined for coating dispersions containing the three 

compatible plasticizers (Figure 18). It was seen that dispersions containing triacetin (-39 

± 0.7 mV) did not significantly change the zeta potential of the original HPMCAS (-

38.74 ± 0.64 mV). On the other hand TEC with a ζ of -34.7 ± 0.9 mV, and PC with a ζ of 

-41.2 ± 0.5 mV showed a significant decrease and increase in the absolute ζ of 

HPMCAS-MF respectively.  

As indicated before, in general if the absolute ζ of the system is > 30 mV, then the system 

is considered stable where repulsive forces dominate (hence minimizing attractive forces 

between particles).
187

 Based on this premise, all the dispersions irrespective of the 

plasticizer type, should be stable without aggregation of the polymer particles. However 

when preliminary coating studies were performed according to the original formulation 

shown in Table 1 (where TEC was replaced with triacetin and PC at the same 
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concentration), all three plasticized formulations showed aggregation and spray-nozzle 

clogging (interrupting the coating process and preventing a desired 13% tablet weight 

gain for functional enteric coating), irrespective of the measured zeta potentials. These 

results were counterintuitive, because all the three plasticized dispersions had a zeta 

potential of > -30 mV. 

 

Figure 18. Effect of TEC , triacetin and PC on ζ of HPMCAS-MF aqueous coating 

formulations at 25 °C (n= 5). pHs of TEC, triacetin and PC formulations were 

measured to be 5.77, 5.20, and 5.25, respectively. 

 

These results indicated that the zeta potential is not the only factor contributing to 

HPMCAS-MF aggregation and dispersion stability, and that the elevated processing 

temperature plays a crucial role in the polymer-plasticizer interaction, coalescence, and 

aggregation tendency, which could be a major contributing factor to the nozzle clogging.  
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It should also be noted that due to a limitation of the technique, the zeta potential 

measurements could not be performed on the original concentrated suspensions, and 

therefore the samples had to be diluted to 1 mg/mL before the ζ measurements. 

Therefore, the observed zeta potential results may not represent the true zeta potential of 

a concentrated dispersion.
188, 189

 In concentrated dispersions, the particles would be close 

to each other in space and could facilitate their interaction (irrespective of their higher 

zeta potential value), whereas in dilute dispersions, the particles would potentially be 

separated by a distance and would prevent aggregation. Therefore zeta potential of dilute 

dispersions may not be a suitable factor to predict dispersion stability for concentrated 

coating dispersions.  

3.4.4. Sedimentation studies 

As described above, after identifying the primary plasticizer that provided the desired 

film properties to the tablet coating, it was essential to identify excipients that could 

provide stability to the dispersion without showing aggregation at elevated processing 

temperatures. The sedimentation method was found to be a good technique to determine 

the relative particle size of suspended large particles and aggregates from concentrated 

aqueous coating suspensions at elevated temperatures, when it may not be possible by 

other techniques.
101, 102

 Sedimentation studies, performed to determine the stability of the 

dispersion, included evaluating the percent suspended (relative particle size comparison), 

physical nature of sediment (compact cake/ flocs), and sediment dispersibility.  

According to Stokes’ law, the velocity of sedimentation of solid particles is directly 

proportional to the square of the particle diameter, as shown in Equation 4.
103
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Therefore for a given period of time, a greater percent sedimentation/ lesser percent 

suspended would correlate to larger particle size. Observations from our studies    

(Figure 19) showed some formulations demonstrating low percent suspended (greater 

percent sedimentation) due to the formation of a cake-like sediment with aggregates that 

is difficult to re-disperse to the original state of dispersion; not an ideal quality for 

coating suspensions. Whereas the other formulations displayed greater percent suspended 

(lower percent sedimentation) due to the presence of loose flocs/ fines that are easy to re-

disperse to the original state of dispersion; a quality desired for stable coating 

suspensions.
105, 190-192

 Therefore percent suspended was considered to be more accurate 

for comparison between different aqueous coating formulations. It should be noted that 

percent suspended is not the only attribute to be taken under consideration. The quality of 

the sediment (aggregates/ flocs/ fines) and sediment re-dispersibility are also important 

and contribute significantly to the dispersion stability. Therefore, it is necessary to 

determine not only the percent suspended but also the quality of the sediment. Figure 19 

displays the percent suspended and dispersibilities of different plasticized dispersions. 

Dibutyl sebacate and polysorbate 80 were not tested in the sedimentation studies since 

they were too hydrophobic and showed phase separation during mixing in the aqueous 

vehicle. Sedimentation studies were performed at elevated temperatures of 40 °C, which 

would mimic the processing conditions during the coating process. Therefore, dispersions 

displaying aggregation during the sedimentation studies at that temperature could 

correlate to aggregation during the coating process. Plasticized dispersions showing 

formation of large non-dispersible aggregates (solid bars), indicate an unstable 
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dispersion, whereas the rest (open bars) that displayed reversible flocculation with greater 

percent suspended, indicate a stable dispersion.
98, 190

 
 
 

 

Figure 19. Percent suspended (%) and formulations dispersibility plasticized with 

different plasticizers (n=2). 

 

For comparison, sedimentation studies were also performed on non-plasticized 

HPMCAS-MF dispersion at elevated temperatures (not shown in Figure 19), during 

which no aggregation or hard-cake formation was observed.  

As seen in Figure 19, selected plasticizers (TEC, triacetin, propylene carbonate) that 

showed aggregation and hard-cake formation were the ones that also exhibited good film 

properties. This observation can be explained by the plasticizing efficiency of the film-

forming plasticizers, i.e. TEC, triacetin, and propylene carbonate. An efficient plasticizer 

that lowers the Tg and MFFT could activate particle coalescence (in this case, seen as 

aggregation) at elevated experimental temperatures of 40 °C, which mimics the process 
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conditions during coating. Due in part to their good plasticizing ability, these plasticizers 

resulted in aggregation and an unstable dispersion in the sedimentation studies. On the 

other hand, poor plasticizers (seen in the thermal and mechanical studies), e.g. PEG 4000, 

that did not reduce the Tg and MFFT and did not facilitate coalescence of polymer 

particles during film formation (cracked film), resulted in flocculated stable dispersions 

without aggregates at higher temperatures of 40 °C. These results could probably be 

correlated to nozzle clogging, where formulations that show aggregation and hard-cake 

formation at elevated temperatures during the sedimentation studies, could also aggregate 

in the nozzle and cause it to clog. This behavior was also observed during the initial 

coating studies where formulations containing TEC, triacetin, and propylene carbonate 

led to nozzle clogging, whereas formulation containing PEG 4000 as the plasticizer did 

not show nozzle clogging but also yielded a cracked coat due to its non-plasticizing 

capacity. These results contribute to our hypothesis about the mechanism of aggregation 

whereby HPMCAS-MF dispersions (in the absence of film-forming plasticizers) are 

stable without aggregate formation. On the other hand, film-forming plasticizers in 

addition to elevated temperature conditions (that activate the plasticization of HPMCAS-

MF by lowering the MFFT), result in unstable dispersions with aggregate formation. 

3.4.5. Co-plasticizer usage 

To incorporate dispersion stability to the coating dispersion and mechanical properties to 

the film, we considered using a combination of two plasticizers for coating: A primary 

plasticizer (Triethyl citrate), would provide suitable thermal and mechanical properties to 

the film, and a secondary plasticizer/ co-plasticizer that would provide dispersion stability 

prior to and during the coating process. Based on the sedimentation studies (Figure 19), 
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the plasticizers that resulted in a dispersible sediment (indicating dispersion stability) 

were chosen as the co-plasticizers. PEG 4000 was selected as the first co-plasticizer to be 

studied as a stabilizing agent. Initial thermal and mechanical studies were performed on 

cast films prepared from aqueous HPMCAS-MF dispersions plasticized with TEC (2% 

w/w) and PEG 4000 (1% w/w). In the presence of PEG 4000, the Tg of the plasticized 

TEC film was found to be around 63 °C as compared to 59 °C of only TEC plasticized 

HPMCAS-MF films (Figure 20).  

 

Figure 20. DSC thermogram showing the glass transition temperature of Triethyl 

citrate (20% w/w of polymer) and PEG 4000 (10% w/w of polymer) containing 

films. 

 

Although PEG 4000 did not impact the Tg to a considerable extent, the incorporation of 

PEG 4000 significantly affected the mechanical properties of the HPMCAS-MF films 

(Table 3, Figure 21). A significant decrease in the tensile strength and % elongation, and 

a significant increase in the Young’s modulus was observed for films containing TEC 

and PEG 4000, indicating that the presence of PEG 4000 enhanced the stiffness and 
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rigidity of film with a reduction in its flexibility and film strength. These changes in the 

mechanical properties indicated that PEG 4000 performs as an anti-plasticizer and 

therefore the PEG 4000 concentration was restricted to a maximum limit of 1% w/w of 

HPMCAS-MF. Due to its non-film forming tendency (resulting in a cracked film during 

thermal studies), PEG 4000 could be used as a co-plasticizer along with TEC (the 

primary film-forming plasticizer) to provide stability to the dispersion and prevent nozzle 

clogging during the tablet coating process.  

Table 3. Mechanical properties of plasticized HPMCAS-MF films (σTS = Tensile 

Strength, E = Young’s Modulus, ε = Elongation). 

Plasticizer (% w/w of 

HPMCAS) 
σTS (MPa) E (MPa) %ε 

Triethyl citrate (2.8 % w/w) 7.25 ± 0.14 464.24 ± 24.42 2.45 ± 0.19 

TEC (2% w/w) + 

PEG 4000 (1% w/w) 
1.45 ± 1.49 747.67 ± 199.38 0.004± 0.004 

 

Other than the presence of plasticizers, the aqueous coating formulation (Table 1) also 

contained a surfactant (sodium lauryl sulfate), to enhance the wettability of HPMCAS-

MF in the aqueous vehicle. Although SLS was used as a wetting agent, it can also exhibit 

dispersion stabilization properties as studied below.  
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Figure 21. The effect of PEG 4000 on the tensile strength (A), Young’s modulus (B) 

and elongation (C) (mechanical properties) of plasticized HPMCAS films (n=3)     

(*p < 0.1, ***p < 0.001, ****p < 0.0001). 

 

3.4.6. Surfactant stabilization 

Anionic surfactants possess an inherent charge and are amphiphilic in nature that can not 

only increase the hydrophilicity and wettability of hydrophobic moieties, but can also 

provide stability to particles by adsorbing onto the polymer chains and imparting a 

charge.
64, 193

 In addition to the use of PEG 4000 as the stabilizer, SLS, an anionic 
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surfactant, was found to be another component to further enhance the stability of the 

formulation. As previously reported by Holmberg et al,
64

 the surfactant molecules adsorb 

onto the hydrophobic polymer side chains and minimize polymer crosslinking, which can 

aid in minimizing aggregation. Therefore it was hypothesized that if SLS concentration 

was increased to above its critical micelle concentration (> 0.3% w/w, Table 1), then 

dispersion stability could be further enhanced by electrostatic stabilization and/ or 

increasing the hydrophilicity/ reducing the interfacial tension of HPMCAS-MF 

particles.
64, 88, 178, 179

 Zeta potential measurements were performed on HPMCAS-MF 

aqueous dispersions with varying concentrations of SLS to determine the concentration at 

and above which a stable zeta potential is obtained (Figure 22).
72

 It has been previously 

reported that when a physiochemical property such as zeta potential (that is influenced by 

surfactant concentration and micellar environment) is plotted against the surfactant 

concentration, a sharp break in the curve is observed indicating formulation of 

micelles.
113, 194, 195

 As seen in Figure 22, at the original SLS concentration of 0.3% w/w, 

the absolute value of zeta potential was found to increase by ~ 10 mV to a limit of -41 

mV. On further increase in SLS concentration beyond 0.3% w/w, the zeta potential 

reached a limit with almost no increase in the zeta potential on further increase in the SLS 

concentration. Due to its hydrophilic nature, using excess amount of SLS would affect 

the gastric resistance of the enteric coated tablet. Therefore, a maximum concentration of 

1% w/w (well above the CMC of SLS at which a stable zeta potential was obtained) was 

maintained as the limit for further coating studies.  
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Figure 22. Effect of SLS concentration on ζ of HPMCAS at 25 °C and pH of 3.9 ± 

0.1 (n=5). 

 

Using a combination of techniques to determine the thermal, mechanical, electrokinetic, 

and suspension properties of HPMCAS in the presence of plasticizers and surfactants, 

facilitated the screening of compatible primary plasticizers and co-plasticizers, in 

addition to determining optimal surfactant concentration range for further dispersion 

stability and coating studies. In the following chapter, these screened excipients would 

further be used to prepare aqueous tablet coating formulations using design of experiment 

strategy (DOE). The formulations would further be tested for nozzle clogging tendency 

and enteric coating performance, which would facilitate developing stable aqueous 

coating formulations with HPMCAS-MF for enteric coating of tablets. 

 



79 
 

3.5. Conclusions 

This work focused on the influence of plasticizers on the thermal, mechanical, 

sedimentation, and electrokinetic properties of HPMCAS, in addition to the impact of 

sodium lauryl sulfate, a surfactant, on the electrokinetic properties of HPMCAS. Triethyl 

citrate was found to be the most compatible plasticizer resulting in a continuous, flexible, 

and crack-free film with HPMCAS-MF and exhibiting suitable mechanical properties. 

The absolute value of zeta potential of HPMCAS-MF by itself and in the presence of 

plasticizers was found to be > 30 mV, which could minimize the attractive forces while 

enhancing the repulsion between the polymer particles. This work confirmed that the 

mechanism of aggregation of HPMCAS-MF was due to the presence of film-forming 

plasticizers (that lower the MFFT) and elevated processing temperatures, which in 

combination promoted aggregation of HPMCAS-MF particles leading to spray-nozzle 

clogging. To enhance dispersion stability, a co-plasticizer, PEG 4000 could potentially be 

incorporated in the coating formulation, since it resulted in a re-dispersible sediment 

containing fine particles and higher percent suspended (low percent change in the 

sediment volume) at elevated temperatures. Another factor that could potentially provide 

stability was the surfactant, SLS. Increasing the concentrations of SLS up to 1% w/w 

(well above the CMC of SLS), could provide electrostatic stabilization due to an increase 

in the zeta potential of the HPMCAS-MF particles in the dispersion, and/ or prevent self-

association and crosslinking of polymer chains, by interacting with specific polymeric 

groups. In our further studies, these screened excipients (TEC, PEG 4000, and SLS), 

would further be incorporated to develop a stable coating formulation using the design of 

experiment strategy to test for their stabilizing effects i.e. minimizing aggregation and 

spray-nozzle clogging. The information obtained from these studies would help us map 
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out a design space and develop a more user-friendly and efficient formulation that meets 

the quality target product profile (QTPP) and minimizes nozzle clogging for enteric 

coating of tablets. 
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CHAPTER IV. DEVELOPING A STABLE AQUEOUS COATING 

FORMULATION WITH HYDROXYPROPYL 

METHYLCELLULOSE ACETATE SUCCINATE (HPMCAS) 

USING DESIGN OF EXPERIMENT STRATEGY 

4.1. Abstract 

The purpose of this study was to develop a stable aqueous coating formulation containing 

stabilizing excipients (PEG 4000 and SLS) that can minimize HPMCAS-MF aggregation 

and minimize spray-nozzle clogging at elevated processing temperatures, while 

maintaining the enteric coating properties. Furthermore, studying the stabilizing 

mechanism of PEG 4000 with HPMCAS-MF was also of interest.  

Statistical design of experiments facilitated formulation development for tablet coating, 

followed by testing for nozzle clogging and tablet acid uptake. Drug release and scanning 

electron microscopy were performed on tablets coated with stable formulations 

displaying no nozzle clogging. FTIR spectroscopy was performed to determine molecular 

interactions between HPMCAS-MF and PEG 4000.  

PEG 4000 and SLS (at concentrations greater than its CMC), two potential stabilizing 

agents, provided dispersion stability and prevented spray-nozzle clogging. Anti-tacking 

agent, Aerosil® R972, provided greater gastric resistance to tablets as opposed to Talc. 

The stabilizing capacity of PEG 4000 was contributed by hydrogen bonding interactions 

between PEG 4000 and carbonyl groups of HPMCAS-MF, potentially minimizing 

HPMCAS-MF aggregation and spray-nozzle clogging. 
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Electrostatic stabilization (SLS) and hydrogen bonding (PEG 4000), two stabilizing 

mechanisms, yielded a stable aqueous coating formulation, Formulation N, that prevented 

spray-nozzle clogging and good tablet enteric performance by incorporating Aerosil® 

R972. 

4.2. Introduction 

HPMCAS (Figure 1) is synthesized from HPMC by adding hydrophobic acetate and 

ionizable succinic acid groups to the hydrophilic hydroxyl groups of the HPMC 

backbone.
51

 This chemical modification imparts hydrophobicity and pH dependent 

solubility to the polymer. However, one of the problems encountered by HPMCAS is that 

of spray – nozzle clogging (Figure 3) during the aqueous coating process under elevated 

temperature conditions, which has limited the use of HPMCAS as an aqueous enteric 

coating polymer.
40

 As shown in the previous chapter, it was shown that nozzle clogging 

occurred due to the formation of large aggregates at elevated coating temperatures from 

plasticized HPMCAS dispersions. HPMCAS aggregation and nozzle clogging 

predominantly took place in the presence of film-forming plasticizers (e.g. triethyl citrate 

that lowered the MFFT of the HPMCAS) and due to insufficient stabilizing agents.
64

 In 

the presence of film-forming plasticizers and at elevated coating temperatures, the 

polymer particles were seen to coalesce to form aggregates inside the nozzle before 

completion of the coating process, leading to spray-nozzle clogging. Therefore, 

alternative methods of coating such as organic coating, dry coating, and neutralized 

polymer solution are currently being used, which either utilize the colloidal (ionized) 

form of HPMCAS (particle size < 1 μm)
30, 196

 in the dispersion or prevent physical 
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contact between polymer and plasticizer until the dispersion is sprayed onto the tablet      

surface.
49, 51, 54, 61, 95, 96

  

Based on our previous research, a series of excipients were selected for this study for the 

development of a stable aqueous coating dispersion: (1) Triethyl citrate, a primary 

plasticizer and film-forming excipient, was incorporated in the dispersion to provide 

optimal thermal properties (decrease in the Tg of HPMCAS-MF) (Table 2) and 

mechanical properties (Table 2, Figure 16) for film formation at processing temperatures 

during the tablet coating process. (2) PEG 4000, a co-plasticizer and dispersion stabilizer, 

was incorporated to provide stability to the dispersion since it resulted in a dispersible 

sediment without aggregates and hard-cake formation, based on the sedimentation studies 

(Figure 19). (3) Sodium lauryl sulfate, a surfactant, was incorporated at concentrations 

above its CMC to reduce the interfacial tension and enhance the wetting of HPMCAS-

MF, in addition to providing electrostatic stabilization to the coating dispersion (Figure 

22).  

Another factor that could affect the dispersion stability and the enteric coating 

performance is the type of anti-tacking agent. Anti-tacking agents prevent film tackiness 

and reduce stickiness of the tablet coating on storage.
46

 Talc, the more commonly used 

anti-tacking agent, was used in the original HPMCAS dispersion developed by Shin-Etsu 

Chemical Co., Ltd., Table 1.
51

 However, higher levels of talc (30% w/w – 100% w/w of 

the polymer) are often required to prevent tackiness of the tablet coating.
22

 It has been 

previously studied that dispersions utilizing high levels of talc, experience increased 

percent sedimentation and form a non-dispersible hard-cake, which has been reported to 

cause nozzle clogging (also observed for the Shin-Etsu Chemical Co., Ltd. formulation in 
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Table 1).
22, 197, 198

 The type of anti-tacking agent can also affect the film properties and 

water permeability of the enteric coating.
199

 Therefore, it was imperative to identify an 

anti-tacking agent that not only provides stability to the dispersion (i.e. minimizes nozzle-

clogging), but also counteracts the increased hydrophilicity of the enteric coating (i.e. 

provides gastric resistance) due to the presence of two hydrophilic stabilizing agents, 

PEG 4000 and SLS. Aerosil® R972 Pharma (hydrophobic colloidal silica) has been 

previously reported to show applicability as a hydrophobic anti-tacking agent in addition 

to being a suspending agent, that can be used at much lower concentrations as compared 

to talc.
200, 201

 Aerosil® R972 could also provide some degree of hydrophobicity to the 

enteric coating and enhance its gastric resistance (decrease water permeability). Being a 

suspending agent, Aerosil® R972 Pharma could also potentially maintain the dispersion 

in its suspended state without significant sedimentation and hard-cake formation. 
198, 201, 

202
 In addition to the above excipients, this study included comparing the two anti-tacking 

agents, Aerosil® R972 Pharma and talc for their impact on dispersion stability and 

gastric resistance of the enteric coating. 

The goal of this study was twofold, (1) To develop a stable aqueous enteric coating 

formulation by incorporating the previously mentioned excipients: TEC, PEG 4000, SLS, 

in addition to an anti-tacking agent (Talc or Aerosil® R972 Pharma) with HPMCAS-MF, 

and to identify their optimum concentrations that could minimize spray – nozzle 

clogging, and (2) To study the unknown mechanism of stability and the interaction 

between HPMCAS-MF and PEG 4000. A systematic design of experiment (DOE) 

strategy was employed to identify critical formulation variables that influence the 

dispersion stability and spray-nozzle clogging tendency during the coating process. The 
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goal of using the DOE strategy was not only to study the effect of individual components 

but also the combination of factors on dispersion stability and spray – nozzle clogging. 

Initially, a 2
3 

full factorial design was conducted to study the main factors involved in 

dispersion stability. The DOE was further extended to include center points for two of the 

three factors, while eliminating the factor that did not significantly affect the dispersion 

stability.   

Based on the sedimentation studies in the previous chapter, PEG 4000 was selected as the 

first co-plasticizer to be studied for dispersion stability amongst the others (TPGS, PEG 

8000, propylene glycol, acetyl tributyl citrate, and dibutyl phthalate) that resulted in 

dispersible sediment in the sedimentation studies (Figure 19). Due to the presence of 

hydroxyl groups, PEG 4000 is known to form hydrogen bonds with either hydrogen bond 

donors or acceptors (Figure 23).
180

 Therefore, by potentially interacting with specific 

chemical moieties of HPMCAS-MF involved in polymer aggregation, PEG 4000 could 

prevent aggregation of HPMCAS-MF by providing steric hindrance between the polymer 

particles,
203

 as shown in Figure 24.  

 

Figure 23. Chemical structure of PEG 4000. 
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Figure 24. Schematic of a hydrogen bonding interaction between carbonyl and 

hydroxyl groups. 

 

To study the interaction between the two components and the mechanism of stability, 

Fourier-transform infrared (FTIR) spectroscopy was performed. FTIR is a powerful 

technique that can be used to detect spectral changes triggered by interactions. This 

technique is rapid, non-destructive and easily reproducible.
174, 204

 FTIR has shown to be 

one of the useful methods for characterizing hydrogen bonding interactions between two 

components.
205

 The significance of using FTIR in this chapter was to identify preferred 

polymer – co-plasticizer interactions that enhance the stability of the dispersion i.e. 

minimize spray – nozzle clogging. Principal component analysis (PCA) was further used 

to deconvolute the multivariate FTIR analysis. It is one of the common techniques used 

to simplify and decompose the dataset and to concentrate on the source of variance, 

which includes segregating the data depending on the variability. The main use of PCA is 

to obtain principal components that display maximum variation in the data set.
206

 

4.3. Materials and Methods  

4.3.1. Materials 

All materials were used as received. HPMCAS polymer (Shin-Etsu AQOAT®) – AS-MF 

(Lot# 5053064) was generously donated by Shin-Etsu Chemical Co., Ltd., Japan. Triethyl 
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citrate (Lot# BCBN8745V), and tributyl O-acetylcitrate (Lot# MKBS1591V), were 

purchased from Sigma-Aldrich Co. (St. Louis, MO). Carbowax™ Sentry™ Polyethylene 

glycol 4000 (Lot# VK0255S7B1) and propylene glycol (Lot# WC2901N6DA) were 

obtained from The Dow Chemical Company (Midland, MI). Sodium lauryl sulfate (Lot# 

YT0715) was purchased from Spectrum Chemicals (New Brunswick, NJ). Polyethylene 

glycol 6000 (Lot# 4251925) and polyethylene glycol 8000 (Lot# 4254329) were 

purchased from Affymetrix, Inc. (Cleveland, OH). Talc Powder USP (Lot# M31472) was 

purchased from J. T. Baker (Phillipsburg, NJ). Aerosil® R972 Pharma (Lot# 335061811) 

was donated by Evonik Industries (Parsippany, NJ). For the preparation of placebo 

tablets, microcrystalline cellulose (Avicel® PH 302) (Lot# P0838C) was obtained from 

FMC BioPolymer (Philadelphia, PA) and magnesium stearate (Lot# WQ0272) was 

purchased from Spectrum Chemicals (New Brunswick, NJ). Riboflavin (Vitamin B2) was 

used as a model drug for the enteric coating studies. The fast disintegrating bi-concave 

Riboflavin active tablets (198 mg, 8 mm in diameter, and 4.2 mm in height) were donated 

by Shin-Etsu Chemical Co., Ltd., Japan. Each tablet consisted of 2% Riboflavin, along 

with lactose, L-HPC (low-substituted hydroxypropyl cellulose), and magnesium stearate.  

4.3.2. Experimental design  

Statistical design of experiments was employed for the tablet coating studies. The initial 

study involved a 2
3 

factorial design, which included PEG 4000 concentration (A), type of 

anti-tacking agent (B), and SLS concentration (C) as the independent factors with two 

levels for each factor. The levels were coded for low and high setting (- and +, 

respectively) for each of the factors, as shown in Table 4. The dependent variables 

(responses) were time for nozzle clogging (min) and acid uptake (%). A total of 8 
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experimental runs were performed in a randomized manner. Depending on the response 

results, the initial DOE was further optimized to include center points for the main factors 

that significantly influenced the dispersion stability. 

Table 4. Coded values for the 2
3
 full factorial design with center points for 

developing aqueous coating formulation with HPMCAS-MF. 

Coded 

Value 

Actual Value 

A: PEG 4000 concentration 

(% w/w) 

B: Anti-tacking  

agent type 

C: SLS concentration 

(% w/w) 

Low (-) 0 
Aerosil® R972  

(0.5% w/w) 
0.3 

0 0.5 N/A 0.65 

High (+) 1 
Talc 

(3% w/w) 
1 

 

4.3.3. Preparation of aqueous coating dispersion 

Coating dispersions were prepared according to that shown in Table 5, by first dissolving 

SLS in deionized water at room temperature. Plasticizers, TEC (2% w/w) and PEG 4000 

were then dispersed in the surfactant solution. A physical mixture of the anti-tacking 

agent (Aerosil® R972 (0.5% w/w) or Talc (3% w/w)) with HPMCAS-MF (10% w/w) 

was added to the above mixture with continuous stirring at room temperature using an 

overhead stirrer for a period of 4 h. After mixing, the dispersion was passed through a 

#60 mesh sieve to remove aggregates if present prior to coating of tablets. All excipients 

were calculated based on polymer dry weight. 

4.3.4. Preparation of placebo core tablets 

Microcrystalline cellulose (MCC, Avicel PH 102) with 0.5% magnesium stearate was 

directly compressed using a rotary tablet press, Courtoy
TM

 Modul-P with 26 stations  
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(GEA Pharma Systems, Halle, Belgium) to give 198 mg fast disintegrating bi-concave 

placebo tablets (8 mm in diameter and 4.1 mm in height). 

4.3.5. Coating of core tablets 

Tablet coating was performed in a perforated conventional pan coater (Freund HCT-30 

Hi-coater) of 1.3 kg capacity and with one dual feed spray gun. 200 mg tablets were 

loaded into the pan and preheated at the processing temperature of 40 °C for about 10 

min. The dispersion was then sprayed onto the preheated tablets with the following 

coating process parameters: nozzle diameter – 1.8 mm, atomizing pressure – 0.6 bar, 

spray gun distance to tablet bed – 4 inches, Pan size – 0.8 L, Pan speed – 10 rpm, inlet 

temperature – 65 °C, outlet temperature – 34 °C, processing temperature (tablet bed 

temperature) – 40 °C, and spray rate – 2.1 g/min. After the target weight gain of 12 – 

13%, the tablets were allowed to dry in the rotating pan at a processing temperature of 60 

°C for 1 h. Unstable dispersions would lead to nozzle clogging at this processing 

temperature interrupting the coating process without achieving a tablet weight gain of 

13% (approx. processing time = 120 minutes), whereas the stable dispersion would result 

in complete coating until the target weight gain is achieved, without aggregation and 

nozzle clogging. 

4.3.6. Acid uptake test 

Acid uptake is the measure of the hydrophilicity or permeability of the enteric coating to 

the gastric media, i.e. the amount of gastric fluid absorbed by the enteric coated tablets. 

Enteric coated tablets (n=6) (with a weight gain of 13%) were weighed individually and 

placed in a USP disintegration bath containing 900 mL of 0.1N HCl (pH 1.2) for 2 hours 

at 37 °C. After the disintegration test, the tablets were removed and patted dry to remove 



90 
 

excess surface moisture. The tablets were reweighed and the difference in the weights 

was reported as percent acid uptake, as shown in the Equation 8 below. Acid uptake was 

not determined for formulations that displayed nozzle clogging, since the coating process 

was interrupted and did not show a target tablet weight gain of 13%. Tablets that 

completely disintegrated after testing were regarded as 100% acid uptake. An enteric – 

coated tablet should maintain its integrity in the acidic stomach media with < 5% acid 

uptake without softening or swelling, which would typically correspond to efficient 

enteric coating performance.
207

 Swelling, softening, and/or disintegrating of enteric 

coated tablets in the gastric pH is an undesirable quality for an enteric coating. 

Equation 8. Calculation of percent acid uptake of enteric coated tablets in gastric 

media (pH 1.2). 

            
                                                             

                      
       

4.3.7. Drug release studies  

The drug release studies were carried out according to USP <711> dissolution and USP 

<2040> disintegration and dissolution of dietary supplements, by adopting Method A in 

pH 1.2 and pH 6.8 buffers. The acid stage was performed using 900 mL of 0.1 N HCl 

(pH 1.2) as the dissolution medium in USP dissolution apparatus II (Hanson SR8PLUS 

dissolution test station, California) at 37 ± 0.5 °C and 75 rpm for a period of 2 h. The 

intestinal stage was performed in 900 mL of phosphate buffer (pH 6.8) for not more than 

1 h. At predetermined time points, samples (2 ml) were withdrawn and replaced with 

fresh media to maintain sink conditions. The amount of Riboflavin released was 

determined using UV-1700 PharmaSpec UV-visible spectrophotometer (Shimadzu, 

China) at a wavelength of 444 nm using a 1.0-cm quartz cell. For an enteric coated tablet 
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to pass the USP dissolution test, the tablets should maintain their integrity without 

swelling, softening or disintegrating, and not more than 10% of the drug should be 

released in 0.1 N HCl. Furthermore complete disintegration of the enteric coated tablet 

should be observed in the intestinal media releasing 100% within 1 h.  

4.3.8. Long term stability study 

The long term stability studies were performed as prescribed in the ICH guidelines.  The 

coated riboflavin tablets were stored for up to 1 year at 25°C ± 2°C/60% RH ± 5% RH in 

a HDPE plastic bottle. The coated tablets were sampled after 1 year and tested for their 

gastric resistance (acid uptake) and drug release. 

4.3.9. Scanning Electron Microscopy (SEM) 

The coated tablets were mounted onto SEM specimen holders with conductive carbon 

adhesive tabs (Ted Pella, Inc, Redding, CA) and sputter coated with 10 to 20 nm of 

platinum/palladium in a sputter coater EMS 150T ES (Electron Microscopy Sciences, 

Hatfield, PA). SEM images were taken using a scanning electron microscope Quanta 200 

(FEI. Co. Hillsboro, OR) with a horizontal field width (HFW) = 608 μm, spot = 3.0, 

secondary electron (SE) mode, working distance (WD) = 7.4 mm using a Everhart-

Thornley detector (ETD) in the high vacuum mode (5.00 kV). 

4.3.10. Preparation of aqueous polymeric films for FTIR spectroscopy 

Films for FTIR studies containing HPMCAS (10% w/w), with varying concentrations of 

PEG 4000 (0 – 1% w/w) were prepared by casting aqueous polymeric dispersions on 

aluminum pans. The films were dried in a convection oven at 40 °C overnight to get an 

LOD of < 2%. The films were then crushed to a fine powder and approximately 0.1% of 
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the crushed film samples were mixed with 200 mg dried potassium bromide powder 

(KBr) and finely pulverized. The sample-KBr mixture was then added to the KBr pellet 

die and pressed at 3 metric tons for 1 minute to form thin KBr discs using the Carver 

Laboratory Press, Hydraulic unit (model 3912, Fred S. carver Inc., WIS).  

4.3.11. FTIR spectroscopy 

FTIR analysis was conducted to determine the interaction between HPMCAS-MF and 

PEG 4000. Background measurements were performed on KBr pellet without sample, to 

correct for the infrared light scattering and for the moisture absorbed by the KBr pellet. 

The sample-KBr pellets were then placed in the FTIR sample holder for analysis. 

Transmission infrared spectra of films were recorded at room temperature using the 

JASCO FT/IR-6100 instrument (Jasco International Co. Ltd., Japan) at a resolution of 4 

cm
-1

, 16 scans and in the range of 400 – 4000 cm
-1

. A background spectrum was collected 

before each sample measurement to compensate for the strong carbon dioxide peak 

between 2225 cm
-1

 – 2420 cm
-1

. The spectra for each sample were acquired with three 

replicates (3 discs from the same cast film measured three times). The spectra were 

normalized and smoothed and the raw data was collected and analyzed using MATLAB 

and PCA. 

4.3.12. Chemometrics and data treatment 

The data collected was analyzed by a principal component analysis (PCA). In the PCA, 

the data was organized having the first dimension (mode) corresponding to the FTIR 

spectral data and the second dimension (mode) corresponding to PEG 4000 

concentration. The data was decomposed and analyzed using PLS_Toolbox software v8.2 

(Eigenvector Research, Inc., Wenatchee, WA) for Matlab v9.1 (The Math Works, Inc., 
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Natick, MA). The PCA was used to decompose the FTIR spectra and to study the 

molecular interactions between components of the films, namely HPMCAS-MF and PEG 

4000. PCA model was developed using multiplicative scatter correction (MSC), 

Savitzky-Golay math (1
st
 derivative, 15-point window), and mean center pre-treatment. 

4.3.13. Data analysis  

All results were expressed as mean ± standard deviation. Graphpad Prism 5 (Graphpad 

software, Inc., CA, USA) was used for statistical analysis of all the results using one-way 

analysis of variance (ANOVA) with post-hoc Tukey’s test, α = 0.05. Results with P < 

0.05 were considered statistically significant.  

4.4. Results  

In our previous study, we identified suitable excipients and potential stabilizing agents 

that could enhance dispersion stability and minimize HPMCAS aggregation tendency and 

nozzle clogging. In this chapter, a systematic DOE was performed to determine the 

necessity of both the stabilizing agents (PEG 4000 and SLS) and their ideal 

concentrations at which stability would be achieved. As studied in our previous chapter, 

PEG 4000 concentration was limited to 1% w/w due to decrease in the mechanical 

properties of the HPMCAS-MF/TEC/PEG 4000 films, as compared to only HPMCAS-

MF/TEC films (Figure 21). Based on the previous zeta potential studies, the surfactant 

concentration was maintained between 0.3 – 1% w/w, above the CMC of SLS and the 

concentration range at which a stable zeta potential was obtained (Figure 22). In 

addition, the effectiveness of Aerosil® R972 Pharma as the anti-tacking agent in 

providing dispersion stability and gastric resistance to the tablets instead of Talc (as was 
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used in the original dispersion recommended by Shin-Etsu Chemical Co., Ltd., Table 1) 

was studied by incorporating in the DOE.  

4.4.1. Initial DOE  

The initial DOE (Table 5) consisted of a 2
3
 full factorial design (Formulation A – H). 

From the initial DOE it was observed that all formulations except Formulation A and 

Formulation C (both containing SLS and PEG 4000 at their (+) levels of 1% w/w) 

showed spray – nozzle clogging before achieving a 13% weight gain. The main effects 

plot (Figure 25) and the Pareto plot (Figure 26) were obtained for the initial DOE 

results. The main effects plot (Figure 25) clearly indicated that PEG 4000 and SLS 

concentrations are important factors and play a major role in improving the nozzle 

clogging time. The Pareto plot (Figure 26) showed that SLS concentration was the most 

important factor contributing to dispersion stability, followed by PEG 4000 

concentration. The time required for nozzle clogging was seen to increase with the 

increase in concentrations of both PEG 4000 and SLS. From these plots it was also seen 

that the type of anti-tacking agent had the least effect on the nozzle clogging time of the 

formulations. 

Furthermore, acid uptake was determined for the formulations that resulted in a stable 

dispersion without nozzle clogging. Acid uptake was not determined for the other 

formulations due to the interruption and incompletion of the coating process. When the 

acid uptake for placebo tablets coated with Formulation A and Formulation C was 

determined, a significant difference between the two anti-tacking agents, talc and 

Aerosil® R972 Pharma was observed. Formulation A containing talc, showed 

significantly greater acid uptake of around 81% with softening and swelling of tablets 
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within 2 h of being placed in simulated gastric media (0.1N HCl, pH 1.2). On the other 

hand, tablets coated with Formulation C containing Aerosil® R972 Pharma as the anti-

tacking agent showed lesser acid uptake of around 19% without swelling (Table 5). 

Cunningham et al.
207

 reported that typically for enhanced gastric resistance, the acid 

uptake should be < 5%. The observed acid uptake of Formulation C was still on the 

higher side (19% acid uptake), which could be attributed to the higher amounts of 

hydrophilic excipients, PEG 4000 and SLS.  

Table 5. Nozzle clogging and acid uptake of tablets enteric coated with formulations 

prepared using the 2
3
 full factorial design with center points for the continuous 

factors ((HPMCAS-MF (10% w/w) and Triethyl citrate (2% w/w)). 

Form. 

A: 

PEG 

4000 

conc.  

B: Anti-tacking 

agent type
a
 

C: 

SLS 

conc. 

Y1: Time for 

nozzle-

clogging 

(min)
b
 

Nozzle 

clogging
c
 

Y2: Acid 

Uptake (%) 

(Mean ± SD) 

(n=6) 

A + Talc  + 110 No 
81.3 ± 15.7 

(Swelling) 

B - Talc + 45 Yes N/A 

C + Aerosil® R972  + 120 No 
19.0 ± 2.6  

(No swelling) 

D - Aerosil® R972  + 14 Yes N/A 

E + Talc - 5 Yes N/A 

F - Talc - 4 Yes N/A 

G + Aerosil® R972  - 10 Yes N/A 

H - Aerosil® R972  - 7 Yes N/A 

I 0 Aerosil® R972 0 60 Yes N/A 

J 0 Aerosil® R972 - 8 Yes N/A 

K - Aerosil® R972 0 10 Yes N/A 

M 0 Aerosil® R972  + 110 No 
21.9 ± 9.0 

(Swelling) 

N + Aerosil® R972  0 120 No 
12.7 ± 0.5  

(No swelling) 
a
Talc (3% w/w), Aerosil® R972 (0.5% w/w), 

b
Target processing time ~ 120 min, 

c
Target 

total wt. gain ~ 13%. The bolded text emphasizes on formulations that were found to be 

stable with no nozzle clogging. 
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Figure 25. Main effect plot of factors (A = PEG 4000 concentration, B = Anti-

tacking agent type, and C = SLS concentration) from the initial DOE on the mean 

nozzle clogging time (min). 

 

 

Figure 26. Pareto plot of effects from the initial DOE indicating factors that are 

most important to the coating process. 
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4.4.2. Optimized DOE 

To further improve the gastric resistance of the tablets, the DOE was further extended 

(Formulation I – Formulation N) to include center points for the stabilizing agents (PEG 

4000 at 0.5% w/w and SLS at 0.65% w/w, see Table 5) and Aerosil® R972 as the anti-

tacking agent of choice. The rationale behind including center points in the DOE was to 

minimize the amount of hydrophilic stabilizing excipients to improve gastric resistance 

and to determine the point of failure at which concentrations of both the stabilizing agents 

would be insufficient to impart stability to the coating formulations. Aerosil® R972 was 

the desired anti-tacking agent due to the decreased acid uptake as compared to Talc. As 

seen in Table 5 and Figure 27, only Formulations M and N from the optimized DOE 

resulted in stable dispersions without spray – nozzle clogging. These two formulations 

had at least one of the stabilizing excipients at its (+) level concentration of 1% w/w. 

Formulations I – Formulation K that had either center point concentrations or (-) level 

concentrations for both the stabilizing agents, i.e. PEG 4000 at 0% or 0.5% w/w of 

HPMCAS-MF and SLS at 0.3% or 0.65% w/w of HPMCAS-MF, were found to be 

insufficient to provide dispersion stability and therefore nozzle clogging occurred. 

Therefore for dispersion stability and minimizing nozzle clogging, the formulation should 

contain (+) level concentrations for both stabilizing agents or (+) level concentration for 

either one of stabilizing agents while maintaining the other stabilizing agent at its center 

point concentration, and using Aerosil® R972 Pharma as the anti-tacking agent of choice.   
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Figure 27. Cube plot of the effect of A (PEG 4000 concentration), B (Type of anti-

tacking agent), and C (Surfactant concentration) from the combined DOE on the 

nozzle clogging time (min). The green highlighted points indicate stable 

formulations with no nozzle clogging (weight gain of 13%).  

 

Figure 28 compares the acid uptake of all four formulations from the combined DOE that 

did not show spray-nozzle clogging. A significant decrease in the acid uptake was seen 

for Formulations C, M, and N as compared to Formulation C containing Talc. When 

comparing the acid uptake of Formulation C (19.0 ± 2.6%) with Formulation M (21.90 ± 

9%), the lowering of PEG 4000 concentration (from 1% w/w to 0.5% w/w) had no 

significant effect on the acid uptake of the coated tablets, as shown in Table 5 and 

Figure 28. However, when the acid uptake of Formulation C was compared with that of 

Formulation N (12.7 ± 0.5%), the lowering of SLS concentration (to 0.65% w/w) 

displayed a significant reduction in the acid uptake of Formulation N (Table 5, Figure 

28). Enhanced gastric resistance in addition to dispersion stability was observed for the 
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formulation (Formulation N) containing PEG 4000 at its (+) level of 1% w/w and SLS at 

its center point concentration of 0.65% w/w, which made it the ideal formulation for 

coating active Vitamin B2 (Riboflavin) tablets.  

When Vitamin B2 active tablets were coated with Formulation N under the same 

processing conditions as the placebo tablets, acid uptake of 9% was observed without 

swelling (as compared to placebo tablets showing ~ 13% acid uptake). Despite the 

decreased acid uptake of Formulation N as compared to other formulations in the DOE, it 

was still > 5%. The higher acid uptake could also be explained by the presence of pores 

in the coating (incomplete coalescence), as shown in Figure 29 for formulation N, which 

could increase the permeability and acid uptake of the tablets.  

 

Figure 28. Comparison of acid uptake (%) of tablets coated with Formulation A, 

Formulation C, Formulation M, and Formulation N. (***p < 0.001, *p < 0.1, ns = 

not significant). 
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Figure 29. SEM of the tablet surface coated with Formulation N showing the 

presence of pores (indicated by the arrows). 

 

4.4.3. Drug Release Studies 

Dissolution testing and drug release (Figure 30) was performed on Vitamin B2 (VB2) 

active tablets coated with Formulation N. All VB2 tablets maintained their integrity in the 

acid media for the period of 2 h releasing about 5% of the drug. In the simulated 

intestinal media (phosphate buffer, pH 6.8), it could be seen that the enteric coating 

started disintegrate and released the drug within 5 min of being placed in the alkaline 

media. At the 140 min time point (20 min in phosphate buffer pH 6.8), all tablets were 

seen to completely disintegrate. As seen in Figure 30, about 86% of the released drug 

was detected by the UV-Vis spectrophotometer in spite of complete tablet disintegration 
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and drug release. This observation can probably be due to impurities present in the 

sample, which could interfere with the UV-Vis absorption. It was seen that, in spite of the 

acid uptake being > 5% for the active Riboflavin tablets coated with Formulation N (acid 

uptake = 8.6 ± 0.4%, without swelling), the tablets displayed a good release profile and 

passed the USP dissolution test.   

Up on storage for 1 year under long term stability conditions of 25°C ± 2°C/60% RH ± 

5% RH, Riboflavin tablets coated with Formulation N were found to be stable with a 

slight decrease in the acid uptake (acid uptake = 7.4 ± 0.3%, without swelling) and passed 

the USP dissolution test releasing less than 5% in the gastric media and 100% within 1 h 

in the intestinal media (Figure 30).  

 

Figure 30. Release profile of vitamin B2 (VB2) from uncured tablets coated with 

Formulation N. 
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4.4.4. Alternate co-plasticizer 

A stable dispersion containing PEG 4000 as the co-plasticizer was identified from the 

previously mentioned DOE studies. PEG 4000 was the first co-plasticizer to be chosen 

from the sedimentation studies, performed in our previous chapter (Figure 19). Other 

than PEG 4000, few other plasticizers namely propylene glycol (PG), PEG 8000, d-α-

Tocopheryl polyethylene glycol 1000 succinate (TPGS), Acetyl tributyl citrate (ATBC), 

and dibutyl phthalate also yielded dispersible formulations without presence of large 

aggregates (Figure 19). Of these, a few selected co-plasticizers were tested for their 

dispersion stability and nozzle – clogging tendency, as shown in Table 6. These studies 

were performed to identify alternate co-plasticizers that could provide similar dispersion 

stability as PEG 4000 during the coating process, in addition to further enhancing the 

gastric resistance of enteric coating. Modifications were made to Formulation C and 

Formulation N where PEG 4000 was substituted with the other mentioned co-plasticizers 

(according to Table 5 and Table 6). Initially, Formulation C containing (+) level 

concentrations of both the stabilizing agents (1% w/w) was modified. Out of the four 

plasticizers studied, only the formulation with PEG 8000 (Formulation C_PEG 8000) 

showed dispersion stability without nozzle clogging. On determining the acid uptake, 

Formulation C_PEG 8000 displayed an acid uptake of about 18.0 ± 2.7% with no 

swelling or tablet softening. To further reduce the acid uptake (as was seen on comparing 

Formulation C and Formulation N), Formulation N containing PEG 4000 was substituted 

with PEG 8000 (Formulation N_PEG 8000). The reduced concentration of SLS from 1% 

w/w to 0.65%, however, was insufficient to prevent spray – nozzle clogging in the case of 

Formulation N_PEG 8000.  
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The TPGS and ATBC formulations, i.e. Formulation C_TPGS and Formulation 

C_ATBC, showed nozzle clogging indicating that either these co-plasticizers were 

incompatible with HPMCAS or were insufficient to provide dispersion stability to the 

formulation in spite of containing (+) level concentrations of both the stabilizing agents. 

Therefore, these co-plasticizers were not further tested for dispersion stability with 

Formulation N.  As reported in our previous chapter, propylene glycol was seen to 

evaporate during the coating process and resulted in a powdery coating (Figure 12), 

hence was not further studied for dispersion stability with HPMCAS.
186

 Dibutyl 

phthalate, on the other hand, was not tested for its nozzle clogging tendency due to its 

reported toxicity profile.
208

  

Table 6. Nozzle clogging and acid uptake (%) of HPMCAS-MF formulations 

prepared using the same base formulation with alternate co-plasticizers 

((HPMCAS-MF (10% w/w) and Triethyl citrate (2% w/w)). 

Form. 

A: Co-

plasticizer, 

conc. 

B: Anti-

tacking agent 

type
a
 

C: SLS 

conc. 

Y1: Time for 

nozzle-

clogging 

(min)
b
 

Y1: 

Nozzle 

clogging
c
 

Y2: Acid 

Uptake (%) 

(Mean ± 

SD)(n=6) 

C 
PEG 4000, 

+ 

Aerosil® 

R972 
+ 120 No 

19.0 ± 2.6 

(No swelling) 

C_PEG 

8000 

PEG 8000, 

+ 

Aerosil® 

R972 
+ 120 No 

18.0 ± 2.7 

(No swelling) 

C_TPGS TPGS, + 
Aerosil® 

R972 
+ 80 Yes N/A 

C_ATBC ATBC, + 
Aerosil® 

R972 
+ 55 Yes N/A 

N (PEG 

4000) 

PEG 4000, 

+ 

Aerosil® 

R972 
0 120 No 

12.7 ± 0.5 

(No swelling) 

N_PEG 

8000 

PEG 8000, 

+ 

Aerosil® 

R972 
0 91 Yes N/A 

a
Aerosil® R972 (0.5% w/w), 

b
Target processing time ~ 120 min, 

c
Target total wt. gain ~ 

13%. The bolded text emphasizes on formulations that were found to be stable with no 

nozzle clogging. 

 



104 
 

The observations discussed above suggested that PEG 4000 was the most suitable co-

plasticizer to provide stability to the dispersion. Formulation N was considered to be the 

lead formulation for coating Vitamin B2 active tablets since it showed the least acid 

uptake in placebo coating studies. 

4.4.5. Mechanism of Action of Co-Plasticizers  

To understand the stabilizing effect of PEG 4000, the interaction between PEG 4000 and 

HPMCAS-MF were studied using FTIR spectroscopy. Raw FTIR spectra of HPMCAS-

MF films in the presence and absence of PEG 4000 (0% - 1% w/w) was obtained in the 

400 cm
-1

 – 4000 cm
-1

 region (Figure 31). First derivative was found to be useful in 

highlighting the differences between the spectra of different HPMCAS-MF/PEG 4000 

films. Spectral regions common to the HPMCAS-MF and PEG 4000 were eliminated due 

to strong IR absorption and interference by PEG 4000. The spectral regions without PEG 

4000 peak interference were useful for identification of interaction between HPMCAS-

MF and PEG 4000; more specifically the carbonyl region (of the acetate and succinic 

acid side chains) between 1700 cm
-1 

– 1740 cm
-1

 was found to be important for the 

identification of interaction between the carbonyl groups (acetyl carbonyl/ succinic acid 

carbonyl groups) and hydroxyl moiety of PEG 4000.  
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Figure 31. The FTIR spectra of HPMCAS-MF (10% w/w) free films with and 

without PEG 4000, with the desired wavelength region highlighted (PEG 4000 at 

0% w/w = c0%, PEG 4000 at 0.1% w/w = c0.1%, and so on) 

 

Figure 32 shows part of the spectra focusing on the carbonyl region after preprocessing 

the data with standard normal variate (SNV), and Savitsky-Golay 1
st
 derivative. The band 

that arose between 1725 cm
-1

 – 1730 cm
-1

 in the film containing 0% w/w of PEG 4000, 

has been reported to correspond to free or unbound carbonyl groups (of either acetyl or 

succinic acid side chains).
209-211

 As the PEG 4000 concentration increased, the unbound 

acid carbonyl peak was seen to shift to a slightly higher wavelength and formation of a 

new band (seen as a bump/ shoulder) at 1713 cm
-1

 was observed, see arrow in Figure 32. 

The new band around 1713 cm
-1

 was previously reported to be and corresponded to the 

hydrogen – bonded carbonyl group.
210-212

 This observation was also reported by Badger 

and Bauer where upon hydrogen bonding, a shift in the band was observed rather than 

complete disappearance of the unbound carbonyl group band.
213

 Therefore, the peak 
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shifts and formation of a new band could indicate hydrogen bonding of the HPMCAS-

MF carbonyl group with PEG 4000 took on an increase in the PEG 4000 concentration. 

On an increase in the PEG 4000 concentration, the intensity of the new bound carbonyl 

band was also seen to increase, but to a certain limit (until 1% w/w). As the PEG 4000 

concentration was further increased from 1% to 2% w/w, no further increase in the 

intensity of the bound carbonyl band was observed. 

 

 

Figure 32. Selected region of the HPMCAS-PEG 4000 FTIR spectra showing PEG 

4000 concentration dependent peak shifts and appearance of a new peak due to 

hydrogen bonding between HPMCAS-MF and PEG 4000 after preprocessing with 

standard normal variate (SNV), and Savitzky-Golay 1
st
 derivative (PEG 4000 at 0% 

w/w = c0%, PEG 4000 at 0.5% w/w = c0.5%, and so on). 

 

The PC loadings and scores, shown in Figure 33 and Figure 34, respectively, were 

obtained after applying SNV, 1
st
 derivative, and mean centering preprocessing. The 

loading of PC1 (Figure 33), which captures 56% of the variance in the dataset, showed a 
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strong positive peak at 1731 cm
-1

 that was known to correspond to the unbound carbonyl 

group of either or both succinic acid or acetyl side chains. On the other hand, PC2 that 

captured 21% of the variance in the dataset showed positive peak at 1714 cm
-1

, along 

with another band of decreased intensity at 1726 cm
-1

. As previously mentioned the band 

at 1714 cm
-1

 corresponded to and showed strong correlation with the hydrogen bonded 

carbonyl group. The band at 1726 cm
-1

 could probably correspond to the shift in the 

unbound carbonyl band (from 1731 cm
-1

) upon hydrogen bonding with PEG 4000. A 

clear segregation between different film samples was seen along PC2 in the scores plot 

(Figure 34), indicating differences in the extent of hydrogen bonding of the carbonyl 

group as the PEG 4000 concentration was increased. Films containing PEG 4000 from 

0% - 0.5% w/w fell in the upper half of the scores plot, whereas films containing PEG 

4000 from 1% - 2% w/w were present in the lower half of the PC plot. 

 

Figure 33. Loadings plot corresponding to PC1 and PC2 (PC = Principal 

component) showing a shift in the band from 1731 cm
-1

 (PC 1) to 1726 cm
-1

 (PC 2) 

and formation of a new band at 1714 cm
-1

 (PC 2). 
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Figure 34. Scores plot of PC1 vs PC2 showing sample clusters and segregation 

between sample classes (PEG 4000 at 0% w/w = c0%, PEG 4000 at 0.1% w/w = 

c0.1%, and so on). 

 

4.5. Discussion 

4.5.1. Initial formulation design 

The stabilizing agents screened in our previous chapter were incorporated into a DOE to 

develop stable aqueous enteric coating formulations that do not aggregate and clog the 

spray-nozzle during the coating process, while still maintaining the gastric resistance and 

integrity of the enteric coatings. From the initial DOE analysis (Table 5), it was observed 

that only Formulation A and Formulation C both containing the stabilizing agents at their 

(+) levels of 1% w/w, provided dispersion stability to the coating dispersion. These 

observations indicated that at their lower levels, the stabilizing agents were insufficient 
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for imparting stability to the dispersion, as compared to the higher concentrations i.e. (+) 

levels.  

The presence/ incorporation of such high levels of the two hydrophilic stabilizing agents 

(PEG 4000 and SLS) in the enteric coating formulation could compromise the integrity 

and gastric resistance of the enteric coating by enhancing the film permeability to the 

gastric media. Therefore, along with dispersion stability and preventing spray-nozzle 

clogging, it was also of interest to maintain the gastric resistance of the enteric coating. 

Comparing Formulation A and Formulation C, it was observed that the type of anti-

tacking agent had no effect on nozzle clogging time, but it did impact the acid uptake/ 

gastric resistance of the tablets. The increased gastric resistance (lesser acid uptake) with 

Formulation C as compared to Formulation A can be explained by the presence of the 

hydrophobic anti-tacking agent, Aerosil® R972 Pharma. In spite of incorporating 

Aerosil® R972 at one sixth the concentration of Talc, the hydrophobicity of Aerosil® 

R972 was seen to provide better gastric resistance to the coated tablets.  

4.5.2. Optimized formulation design and identification of stable dispersion 

When the DOE was further optimized to incorporate Aerosil® R972 as the preferred anti-

tacking agent and center points for the PEG 4000 and SLS, it was observed that there was 

a necessity to maintain either one of the stabilizing agents at their (+) concentration 

levels, while the other at its center point concentration to provide stability to the 

dispersion. However, maintaining the PEG 4000 concentration at the (+) level and 

decreasing the SLS to its center point concentration (Formulation N), provided greater 

gastric resistance as compared to Formulation M (Figure 28). This indicated that SLS 

was more hydrophilic/ permeability enhancer and contributed to the greater acid uptake 
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as compared to PEG 4000. The fact that SLS is a wetting agent and aids in micellar 

solubilization above its CMC, could be the contributing factor to the increased 

permeability and decreased gastric resistance of the coated tablets. 

Tablets coating with Formulation N show the presence of pores in the coating        

(Figure 29), which could also be an attributing factor to the acid uptake being > 5%. 

4.5.3. Dissolution and drug release 

When Vitamin B2 active tablets were coated with Formulation N under the same 

processing conditions as the placebo tablets, acid uptake of 9% (as opposed to ~ 13% for 

placebo tablets) was observed without swelling. This difference in acid uptake could 

probably be attributed to the differences in the core composition of the placebo and active 

tablets. 

From the drug release studies it was observed that in spite of the higher acid uptake         

(> 5% but < 10%), Formulation N coated Riboflavin tablets showed an ideal enteric 

coating release profile (Figure 30). The tablet maintained its integrity in the gastric 

media (pH 1.2) without swelling/softening and releasing < 10 % of Riboflavin, whereas 

complete disintegration of the tablet was observed in the intestinal media (pH 6.8). After 

1 year storage under long term stability conditions, the Riboflavin tablet coated with 

Formulation N maintained its enteric release profile, indicating stability.  
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4.5.4. Testing of alternate co-plasticizers 

It has been previously reported that dispersions experiencing increased percent 

sedimentation and that form a non-dispersible hard-cake with large aggregates, tend to 

cause nozzle clogging.
22, 197, 198

 Our previous sedimentation studies showed certain 

plasticized formulations that resulted in a dispersible formulation without hard-cake 

formation, in addition to showing lesser sedimentation of the solid content. Therefore we 

hypothesized that incorporation of these plasticizers (that resulted in a dispersible 

sediment) as co-plasticizers along with TEC (primary, film-forming plasticizer) would 

provide stability to the original TEC containing dispersion that showed non-dispersible 

aggregates during the sedimentation study.  

Initially, Formulation C containing PEG 4000 was modified and substituted with the 

other co-plasticizers that resulted in a dispersible sediment (Figure 19). Formulation C 

was chosen due to the presence of (+) level concentrations (at 1% w/w) of both the 

stabilizing agents. When alternate co-plasticizers were tested, PEG 8000 was found to be 

the only co-plasticizer that provided dispersion stability when SLS was used at its (+) 

level of 1% w/w (Formulation C_PEG 8000, Table 6). The negative results obtained for 

Formulation N_PEG 8000 as compared to Formulation N (containing PEG 4000) could 

probably be explained by the higher molecular weight of PEG 8000, which may sterically 

hinder its intercalation between the polymer particles to promote stability.
214

 Therefore, a 

higher concentration of SLS is required (as used in Formulation C_PEG 8000) to provide 

dispersion stability and prevent spray-nozzle clogging.  
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4.5.5. Stabilization by hydrogen bonding  

Of the co-plasticizers studied, PEG 4000 was found to exhibit the best dispersion stability 

and low permeability to gastric media, however its mechanism of stabilization and 

interaction with HPMCAS-MF was unknown. PEG 4000 is a highly polar, hydrophilic 

solid with –OH end groups that are capable of forming hydrogen bonds. It was 

hypothesized that the stabilizing property of PEG 4000 could be due to the formation of 

hydrogen bonds/ linkages with the carbonyl groups of the acetate and succinic acid 

substituents on HPMCAS-MF side chains.
215, 216

 These hydrophobic groups could play a 

role in the aggregation phenomenon of HPMCAS-MF. Hydrogen bonding with the 

carbonyl groups could potentially facilitate separation of the polymer particles by steric 

repulsion and hence prevent aggregation.
217, 218

  

An increase in the FTIR intensity of the hydrogen-bonded carbonyl band and a shift in 

the free carbonyl band were observed on increasing the PEG 4000 concentration 

hydrogen bonding, indicating hydrogen bonding of HPMCAS-MF carbonyl groups with 

PEG 4000. However, the peak shifts observed were not very distinct, which could 

probably be attributed to the low concentrations of PEG 4000 and due to small 

differences between two consecutive concentrations.  

The scores plot of PC1 against PC2 showed a clear distinction in the film samples along 

PC2, due to the formation of a new band corresponding to the hydrogen bonded group. 

Films with lower concentrations of PEG 4000 (at 0% - 0.5% w/w) fell in the upper half of 

the plot, whereas higher concentrations of PEG 4000 (at 1% - 2% w/w) fell in the lower 

half of the plot along PC2. Since the PEG 4000 bands were eliminated from the selected 

spectral region, the observed segregation along PC2 is solely due to the formation of a 
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hydrogen bonded carbonyl species in the presence of PEG 4000. When these results 

(Figure 34) were compared to that of the coating studies (Table 5), it was seen that PEG 

4000 at 0% w/w, that was present in the upper half of the scores plot, showed nozzle 

clogging probably since PEG 4000 was necessary for hydrogen bonding with HPMCAS-

MF and to yield a hydrogen bonded species. On the other hand, PEG 4000 at 1% w/w 

that was present in the lower half of the plot, provided dispersion stability with no nozzle 

clogging, probably due to sufficient PEG 4000 concentration present to bind to 

HPMCAS-MF and yield a new hydrogen bonded carbonyl species. However, for PEG 

4000 at 0.5% w/w, it was difficult to infer the correlation between the two results. This 

was due to the fact that in the coating studies, the interaction of two stabilizing agents 

contributed to the dispersion stability together, whereas in the FTIR study only PEG 4000 

was taken into consideration.  

Looking at the alternate co-plasticizer studies (Table 6), only the plasticizers that 

contained hydroxyl groups i.e. PEG 4000 and PEG 8000 provided dispersion stability and 

prevented spray-nozzle clogging. ATBC and TPGS did not possess any hydroxyl groups 

to participate in hydrogen bonding, which could be one of the reasons why the two 

plasticizers did not prevent nozzle-clogging, in spite of providing stability to the 

dispersion during sedimentation studies (Figure 19). These FTIR results indicated that 

PEG 4000 was involved in hydrogen bonding with the carbonyl groups of HPMCAS-MF, 

which could be the stability imparting mechanism for preventing aggregation and spray-

nozzle clogging of HPMCAS-MF aqueous coating dispersion.   

In the FTIR studies, we focused on the carbonyl region of HPMCAS to determine the 

hydrogen bonding and peak shifts. Since PEG 4000 did not possess any carbonyl groups, 
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it was easier to identify hydrogen bonding interactions between the carbonyl groups of 

HPMCAS-MF and PEG 4000, without any band overlap or interference due to the PEG 

4000 groups. On the other hand, ATBC and TPGS contain carbonyl groups that 

interfered with the carbonyl band of HPMCAS-MF, and therefore interactions between 

the HPMCAS-MF carbonyl groups and ATBC/TPGS were difficult to interpret.  

 

From these studies, we developed a stable enteric coating formulation (Formulation N) 

and identified suitable formulation parameters and at their optimum concentrations: A co-

plasticizer (PEG 4000), an anti-tacking agent (Aerosil® R972 Pharma), and a surfactant 

(SLS). These excipients provided dispersion stability i.e. prevented aggregation and 

minimized spray – nozzle clogging by forming hydrogen bonds with and providing 

electrostatic stability to HPMCAS-MF that could provide a physical barrier between the 

HPMCAS-MF particles and prevent aggregation. Furthermore Aerosil® R972 was found 

to be an ideal anti-tacking agent that provided enhanced gastric resistance at a much 

lower concentration as compared to talc. 

4.6. Conclusions 

A combination of systematic design of experiment study, in addition to zeta potential, 

and FTIR studies, provided insight on excipient selection, which could be further used in 

developing a stable HPMCAS-MF formulation for aqueous enteric coating of tablets. 

Two stabilizing agents, PEG 4000 and SLS, were identified to prevent HPMCAS-MF 

aggregation and spray – nozzle clogging during the coating process. PEG 4000, a co-

plasticizer, was seen to form hydrogen bonds with the carbonyl groups of the HPMCAS-

MF side chains. These interactions could potentially stabilize HPMCAS-MF dispersion 
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and prevent spray – nozzle clogging. SLS was found to increase the wettability of and 

provide electrostatic stabilization to HPMCAS-MF, which in turn minimized aggregation 

and spray-nozzle clogging. A hydrophobic anti-tacking agent, Aerosil® R972, was found 

to provide greater gastric resistance to the enteric coated tablets at much lower 

concentrations. A formulation (Formulation N) was identified containing both the 

stabilizing agents that not only provided stability to the dispersion by preventing spray – 

nozzle clogging, but also increased the gastric resistance of the coated tablets to maintain 

a good enteric release profile. 
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CHAPTER V. INVESTIGATING METHODOLOGY TO ASSESS 

POLYMER-SURFACTANT INTERACTIONS AND THEIR 

IMPACT ON ITRACONAZOLE SOLUBILITY AND 

PRECIPITATION KINETICS IN DEVELOPING SPRAY DRIED 

DISPERSIONS 

5.1. Abstract 

The aim of this work was to develop a methodology to systematically screen different 

polymer-surfactant combinations with the goal of enhancing amorphous active 

pharmaceutical ingredient (API) solubility while maintaining physical stability in both 

the aqueous media (simulated GI environment) as well as in the solid – state (during 

storage). Itraconazole (ITZ), a BCS Class II compound, was chosen as the model API due 

to its challenging aqueous solubility (1 – 5 ng/mL). It was hypothesized that if specific 

polymer/surfactant combinations reduce the critical micelle concentration (CMC) of the 

entire system to a lower value, critical aggregation concentration (CAC), then reduced 

amount of excipients (such as polymers and surfactants) could be used to maintain or 

even improve dispersion solubility and stability of ITZ in GI fluids. 
1
H NMR and 

fluorescence spectroscopy techniques, used to determine the CMC/CAC of the polymer-

surfactant systems, were found to be convenient and promising tools for 

polymer/surfactant system screening. In situ fiber – optic probes were used to monitor the 

precipitation kinetics of amorphous ITZ in aqueous solutions containing different 

polymers and surfactants, in addition to the ITZ drug release from spray-dried dispersions 
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(SDDs). It was observed that the crystallization tendency of ITZ generally depended on 

the degree of supersaturation and the type of polymer/surfactant combinations used. In 

solution state, a surfactant concentration – dependent precipitation of ITZ was observed 

from aqueous solutions containing PVP-VA, Soluplus, and Eudragit® L100-55. This was 

further rationalized by the fact that the surfactant (e.g. SLS) competes with ITZ to bind to 

the polymer, hence preventing the polymer to stabilize the drug, as was also seen by the 

differences in their binding affinities. Observations from some of these studies did not 

fully support our hypothesis, while in fact most polymer/surfactant combinations that 

showed a slight decrease (SLS/Soluplus) or an increase (TPGS/HPMCAS-HF) in the 

CMC of the aqueous system, improved dispersion solubility and stability of ITZ in GI 

fluids. The ternary SDD containing ITZ/SLS/Soluplus that slightly decreased the CMC of 

the system was found to be the only formulation containing polymer and surfactant that 

displayed enhanced ITZ solubility and stability with rapid drug release for 3 h in 

simulated intestinal fluid. ITZ/HPMCAS-HF SDD, on the other hand, enhanced and 

maintained solubility of ITZ by 60-fold up to 24 h in simulated intestinal fluid. 

5.2. Introduction 

Itraconazole (ITZ), a broad spectrum antifungal agent, is a BCS Class II crystalline 

compound with very poor water solubility (1 – 5 ng/mL) (Figure 9).
168

 ITZ’s low 

aqueous solubility leads to its limited bioavailability. Therefore, there is a need to 

increase the solubility – dependent bioavailability of ITZ.  

Amongst the many solubility – enhancing methods, rendering an API amorphous has 

generally shown to have higher theoretical solubility and bioavailability due to the 

amorphous phase having higher free energy as compared to the crystalline counterpart of 
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those APIs.
108, 117-123, 219

 Incorporating a second component as an amorphous drug carrier 

can generally provide better solution – state and solid – state stability, enhanced 

hydrophilicity, and/or aqueous solubility to certain poorly soluble drugs.  

The selection of drug carriers is a significant factor and generally impacts the stability of 

the solid dispersions.
131

 Polymers are often used as drug carriers, they can form 

molecular mixtures with poorly water-soluble drugs and often enhance the 

thermodynamic and kinetic solubility of the drug.
119

 In addition to polymers, other 

solubility – enhancing excipients like surfactants can be used. The incorporation of 

surfactants with polymers can not only enhance the wettability of hydrophobic drugs, but 

could also enhance its solubility by the way of micellar solubilization.
114, 155

 
 
Therefore, it 

was hypothesized that if specific polymer/surfactant systems reduce the CMC of the 

entire system, then reduced amount of excipients (polymer and surfactants) could be used 

to improve dispersion solubility and stability in GI fluids. 

This study emphasized on developing a systematic screening methodology for the 

selection of polymer/surfactant systems for the preparation of SDDs of a model API, 

Itraconazole. To design stable and soluble SDDs our workflow generally consisted of the 

following steps: (1) Screening polymer/surfactant systems by determining the CAC of 

surfactants (as a direct response of interaction between excipients) in the presence of 

polymers. (2) For selected polymer/surfactant systems, determining the thermodynamic 

solubility, supersaturation ratios, and precipitation induction time of ITZ in aqueous 

solutions. (3) Preparing ITZ SDDs using the polymer/surfactant systems that displayed 

increased solubility and prolonged induction time (onset of precipitation) for a period that 

is physiologically relevant i.e. at least 3 h (intestinal transit time).
169

 (4) Characterizing 
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ITZ SDDs to detect the presence of ITZ crystallinity, test SDD drug release, and perform 

solid – state stability studies under stressed conditions. In addition, ITZ-polymer-

surfactant binding studies were performed to rationalize some of the thermodynamic 

observations. 

The following polymers (Figure 35) were selected for the screening study based on the 

literature reports of their use in the application of amorphous solid dispersions: 

Polyvinylpyrrolidone (PVP),
154, 220-222

 Kollidon® VA64 (PVP-VA),
154, 221

 hydroxypropyl 

methylcellulose E 50 LV (HPMC E50 LV),
222, 223

 polyethylene glycol 4000 (PEG 

4000),
224, 225

 Soluplus,
77, 226-228

 hydroxypropyl methyl cellulose acetate succinate HF 

grade (HPMCAS-HF),
222, 223, 229

 and Eudragit® L100-55.
230, 231

 The surfactants, sodium 

lauryl sulfate (SLS) and D-α-Tocopheryl polyethylene glycol 1000 succinate (TPGS) 

were chosen for the study, Figure 36.
169

 SLS, an anionic surfactant, is a commonly used 

surfactant for wetting and drug solubilization.
232

 Unlike SLS (CMC of 8 mM), TPGS, a 

non-ionic surfactant, has a low CMC of 0.13 mM, which makes it a useful candidate for 

drug solubilization.
53, 233

 This low CMC may allow TPGS to be used at a much lower 

concentration for micellar solubilization, as compared to SLS. 
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              PVP             PVP-VA     PEG 4000 

 

                  

                 Soluplus                  HPMC E50 LV 

 

        

         HPMCAS-HF                  Eudragit®L100-55 

Figure 35. Chemical structures of PVP, PVP-VA, PEG 4000, Soluplus, HPMC, 

HPMCAS and Eudragit® L100-55 polymers. 
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SLS 

 

 

TPGS 

Figure 36. Chemical structures of Sodium lauryl sulfate (SLS) and TPGS 

surfactants. 

 

5.3. Materials and Methods 

3.5.1. Materials 

All products were used as received. Itraconazole (Lot# YQ3010) and HPMC E50 LV 

(Lot# 2EF0240) were obtained from Spectrum Chemicals (New Brunswick, NJ). PVP 

K30 (Polyvinylpyrrolidone) (Lot# QR10278) was obtained from MP Biomedicals LLC 

(Solon, OH). PVP-VA (Kollidon VA 64) (Lot# 39936956P0) and Soluplus (Lot# 

84414368) were obtained from BASF Chemical Company Ltd. (Ludwigshafen, 

Germany). SLS (Lot# 136823) was obtained from Fisher Chemical (Pittsburgh, PA) and 

TPGS from Antares Health Products, Inc (Jonesborough, TN). HPMCAS-HF (Lot # 

3073182) and Eudragit® L100-55 (Lot# B130404014) were obtained from Shin-Etsu 
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(Japan) and Evonik Industries (Germany), respectively. Pyrene (Lot# JYC8C-IF) was 

obtained from Tokyo Chemical Industry Co. Ltd. (Cambridge, MA). PEG 4000 (Lot# 

81242), D2O (99.9 atom %D) (Lot# MKBR4176V) and DMSO (Lot# BCBN3355V) 

were obtained from Sigma-Aldrich (St. Louis, MO).  

Fasted simulated intestinal media (FaSSIF, pH 6.5) was prepared according to the 

procedure developed by Galia et al,
234

 and contained sodium hydroxide (Lot# 

MKBV3988V) obtained from Sigma-Aldrich (St. Louis, MO), sodium chloride (Lot# 

155950) and monobasic sodium phosphate monohydrate (Lot# 158542) obtained from 

Fisher Chemical (Pittsburgh, PA), and SIF powder (Lot# 01-1609-02NP (02)) obtained 

from Phares AG (Basel, Switzerland).  

3.5.2. NMR measurements 

1
H NMR spectra were recorded using a Bruker Avance-III (400 MHz) instrument. All 

spectra were recorded at a temperature of 300 K (27 °C) in standard 5 mm NMR tubes. 

Each sample spectrum was collected over 16 scans. Proton resonances were referenced 

against tetramethylsilane (TMS) at 0 ppm. 
1
H NMR was used for the determination of 

CMC/CAC, binding stoichiometry, and binding affinity, as discussed below. 

3.5.3. Determination of CMC/CAC 

The molecular interactions, correlating to CMC/CAC changes, between SLS and 

polymers in the aqueous environment were characterized by 
1
H NMR. The CMC/CAC 

measurements of SLS solutions (in deionized water with 1% D2O) were determined at 3 

mg/mL polymer concentration. Chemical shifts of SLS protons (H1 or H12, Figure 36) 

were plotted against the inverse SLS concentration. The surfactant concentration at which 
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a break in the curve was obtained on the graph was noted as the CMC of SLS or CAC of 

the SLS – polymer complex.
164

 Each CMC/CAC measurement was conducted in 

duplicates. In addition to the CAC determination at a fixed polymer concentration, 

concentration dependent CAC determination was performed for SLS/PVP-VA system, to 

serve as a reference for further binding studies.  

3.5.4. Fluorescence spectroscopy 

Fluorescence spectroscopy was used for determining CMC of TPGS and CAC of TPGS 

in combination with other polymers. Fluorescence measurements conducted using the 

hydrophobic fluorescent probe, pyrene, were found to be more sensitive than NMR 

spectroscopy for the determination of the low CMC of TPGS and CAC of TPGS/polymer 

combinations. Fluorescence spectra were obtained using the Fluorolog®-3 (Horiba 

Instruments Inc, Edison, NJ) spectrometer. Pyrene exhibits different fluorescent behavior 

in micellar and nonmicellar solutions.
235

 TPGS/polymer solutions (10 mL) were prepared 

for different concentrations of TPGS solutions containing 3 mg/mL of polymer and 

0.25x10
-6

 M of pyrene. The solutions were filtered through a 0.45 um syringe filter and 

then characterized by fluorescence spectroscopy. All samples were analyzed at 27° C. 

The emission spectra of pyrene in the solutions were obtained by applying an excitation 

light of 330 nm. The CMC/CAC of the mixtures were determined by plotting the ratio of 

the intensities of the two emission peaks at 374 nm (I1) and 385 nm (I3), I1/I3 vs surfactant 

concentration. The I3 peak is highly sensitive to the polar/ non-polar environment. Below 

CMC/CAC, pyrene is exposed to the polar environment and hence shows higher I1/I3 

ratio (I3 intensity is low). Above CMC/CAC i.e. upon micelle formation, pyrene gets 

incorporated into the micelles, displaying lower I1/I3 ratio and remains constant on further 
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increase in the surfactant concentration. The CMC/CAC values correspond to the 

concentration of the surfactant at which a sharp break in the curve is observed due to the 

sudden change in the I1/I3 ratio.
236, 237

 

3.5.5. Thermodynamic solubility measurement of crystalline Itraconazole  

Itraconazole is a weakly basic drug that shows pH-dependent solubility and dissolves 

well in acidic stomach pH, but is poorly soluble in the more neutral small intestinal pH. 

ITZ could thus partially precipitate in the small intestine, which can negatively impact its 

bioavailability. Therefore, crystalline ITZ solubility was determined in FaSSIF (pH 6.5), 

a media with a lower solubilization capacity for weak bases, 
154, 234, 238, 239

 and in the 

presence of pre-dissolved polymer, or additional surfactant (SLS/TPGS), or a 

polymer/surfactant combination using a randomized 3
2
 full factorial model design of 

experiments (DOE) strategy. The DOE strategy was implemented to study the effects of 

the main factors and the interactions between two or more factors. The factors and levels 

for the DOE are given in  

Table 7. An excess amount of crystalline ITZ (20 mg) was suspended in a vial containing 

FaSSIF solution (3 mL) with pre-dissolved polymers and surfactants (SLS or TPGS), 

followed by vortexing for 1 min, sonication (Branson B3510R - DHT, Danbury, CT) for 

30 min, and then mixing using a temperature controlled mechanical stirrer for 72 hours at 

37 °C. The suspensions were subsequently centrifuged at 10,000 rpm for 5 min 

(Eppendorf
TM

 5418 Microcentrifuge). The residues were collected for XRPD analysis 

while the amount of dissolved ITZ in the solution was analyzed using Agilent 1200 series 

HPLC/UV-Vis (Agilent Technology, Palo Alto, CA).  
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Table 7. Factors and levels for thermodynamic solubility determination. 

Factors\ Levels 
- 

mg/mL 

0 

mg/mL 

+ 

mg/mL 

Surfactant 0 1 2 

Polymer 0 1 2 

 

Table 8. Randomized 3
2
 factorial design for thermodynamic solubility 

determination. 

Run # 
Surfactant/Polymer 

levels 

1 -/- 

2 0/+ 

3 +/+ 

4 -/+ 

5 +/- 

6 -/0 

7 0/- 

8 +/0 

9 0/0 

 

The HPLC method specifications are shown in Table 9 and Table 10. The eluent was 

monitored at 270 nm using an ultraviolet detector.  

 

Table 9. HPLC method specifications for ITZ thermodynamic solubility analysis. 

Mobile phase A 0.1% Trifluoroacetic acid (TFA) in Water 

Mobile phase B 0.1% Trifluoroacetic acid (TFA) in Acetonitrile 

Flow rate 1 mL/min 

Injection volume 10 μL 

Total run time 8 min 

Column temperature 37 °C 

Detector wavelength 270 nm 
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Table 10. HPLC method gradient for ITZ thermodynamic solubility analysis. 

Time (min) %A %B 

0 90 10 

4 0 100 

4.1 90 10 

8 90 10 

 

3.5.6. Itraconazole supersaturation kinetics and SDD dissolution rate 

determination using the micro-dissolution system 

Supersaturation kinetics of ITZ in different polymer/surfactant systems were studied 

using an in situ fiber optic UV monitoring system, the Pion μDISS Profiler
TM

 (Billerica, 

MA), for real time dissolution monitoring under non-sink conditions. To minimally 

impact the total weight of the tablet, a maximum of 300 mg of excipient was added. 

Considering about 900 mL of gastric volume, the maximum polymer and surfactant 

concentration was limited to 0.3 mg/mL. A 3
2
 factorial design was implemented using 

three concentrations for the polymer and surfactants: 0 mg/mL, 0.15 mg/mL, and 0.3 

mg/mL. The different polymer/surfactant ratios are shown in Table 11.  

Table 11. Surfactant/polymer ratios in FaSSIF for kinetic supersaturation studies. 

 

 

 Solutions (20 mL) were prepared by pre-dissolving polymer, surfactant, or 

surfactant/polymer combination in FaSSIF and allowed to equilibrate at 37 ºC with a 

Surfactant concentration 

(mg/mL) 

Polymer concentration 

(mg/mL) 

0 0 

0.3 0 

0 0.3 

0.15 0.3 

0.15 0.15 

0.3 0.3 
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stirring speed of 250 rpm. Then 200 μL of DMSO supersaturated stock solution of ITZ (4 

mg/mL) was added into the pre-equilibrated 20 mL media to achieve a target 

supersaturation of 40 μg/mL and the kinetic solubility tests were performed for 24 h or 

until precipitation was complete. It was useful to tap the probe intermittently to reduce 

drug accumulation on the probes and false solubility readings. Target supersaturation of 

40 μg/mL was maintained for all the polymer/surfactant systems. Supersaturation ratios 

were calculated from the thermodynamic solubility for the desired polymer-surfactant 

concentrations, using Equation 9. The dissolved/ supersaturated ITZ concentration was 

detected in situ with integrated fiber – optic UV dip probes, which were inserted into the 

vessels.  

Equation 9. Calculation of the supersaturation ratio. 

                       
                                    

                        
 

For SDD dissolution rate studies using the μDISS system, SDD corresponding to 6 mg 

ITZ was added to the FaSSIF media. The dissolution rates were obtained in 20 mL media 

at 37 °C with a cross stirrer speed of 315 rpm (to facilitate mixing of the SDD powder in 

the media). The dissolution rates for the SDDs were compared to that of crystalline ITZ. 

Due to their poor wettability, all powder samples (crystalline ITZ and SDD) were pre-wet 

for less than a minute in FaSSIF before adding to the dissolution media. The dissolved 

ITZ concentration was detected in situ with an integrated fiber – optic UV dip probe and 

validated using HPLC. Each data point represents two replicates (n=2) and represented as 

mean ± SD.  
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3.5.7. Powder X-ray diffraction (XRPD) analysis 

X-ray diffraction was used to investigate the crystallinity of ITZ in the precipitates 

obtained from the thermodynamic solubility studies. The XRPD patterns were also 

obtained to determine the presence of crystalline content in the SDDs. XRPD patterns 

were collected on the Bruker D8 Advance Powder X-ray Diffractometer (copper X-ray 

tube, 40 kV, 40 mA, Madison, WI, USA). The diffractometer was calibrated every day 

with corundum (NIST 1976 standard reference material) for equipment calibration with 

respect to line position and intensity as a function of 2Θ angle. For thermodynamic 

solubility studies, the residues were collected after centrifugation of the samples and 

placed on the standard zero background reflection mode holders. The XRPD samples 

were collected in the angular range of 3 – 40º 2Θ in a step scan mode and analyzed by 

EVA V4 software (Bruker, Madison, WI). 

3.5.8. Determination of binding stoichiometry  

Job’s plot also known as the method of continuous variation was used to determine the 

stoichiometry of binding between ITZ and PVP-VA.
240

 In this method, the combined 

concentration of the drug and polymer is kept constant, but the relative mole fraction of 

each is varied in a compensatory manner to maintain the total molarity of the solution 

constant.
239, 241

 A series of samples containing ITZ and PVP-VA were prepared by 

mixing the two DMSO stock solutions (5.67 mM) at varying proportions and qs to a 

constant volume so that a complete range of mole fraction (χ) from 0 – 1 is obtained. 
1
H 

NMR spectra were collected and the chemical shifts of ITZ proton labeled H3 (Figure 9) 

were noted. The differences in the chemical shifts (χ * ΔH3) were plotted against ITZ 

mole fraction (χ). Depending on the stoichiometry, a symmetric (1:1 binding) or 
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asymmetric (not 1:1 binding) bell shaped curve is obtained. Tangents to the Job’s plot are 

drawn and the mole fraction at which the two tangents intersect is considered as the 

stoichiometry of binding.
239

  

3.5.9. Determination of binding affinity 

The binding affinities were analyzed to determine ability of the polymer to bind with ITZ 

and maintain ITZ in its amorphous state, and the effect of SLS on ITZ/polymer binding. 

Data was analyzed according to the method of Ramstad et al.
242

  

Scheme 1. Interaction and association constant between drug (D) and polymer (P). 

 

      
     

      
 

where [D] is the concentration of the free drug [ITZ], [P] is the concentration of the free 

polymer [PVP-VA], [D – P] is the concentration of the drug-polymer complex, and KD-P 

is the binding or equilibrium constant of drug and polymer.  

Changes in the chemical shift of the ITZ triazole proton at position 3 (H3, Figure 9) were 

measured as a function of the fraction ITZ bound. A difference in chemical shifts (Δ) 

between free (δD) and bound ITZ (δ) results from the changes in the environment 

surrounding the protons when bound to the polymer (PVP-VA). When all of the ITZ is 

bound to the polymer, there is no further change in the chemical shift (Δmax) of ITZ (δDP) 

even after a further increase in the polymer concentration. Due to the insolubility of ITZ 

in water (1 – 5 ng/mL solubility), the samples of ITZ and ITZ/PVP-VA complex were 

prepared in DMSO. ITZ concentration was fixed at 3 mg/mL and the total PVP-VA 

concentration (PVP-VAt) was varied from 0 – 10 mg/mL.  
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The binding isotherm was obtained by plotting the measured change in chemical shift of 

the ITZ H3 proton (Δ = δ - δD) against the free PVP-VA ([PVP-VA]). The [PVP-VA] was 

in turn calculated from PVP-VAt (concentration of the total polymer) using the following 

Equation 10: 

Equation 10. Determination of free polymer concentration from the total polymer 

concentration, drug concentration, and chemical shifts. 

                        (
 

    
) 

where Δmax (Δmax = δDP - δD) is the maximum chemical shift obtained on complete 

binding. 

This binding isotherm was fit and analyzed according to Equation 11 using non-linear 

regression analysis from which both Δmax and KD-P were obtained.  

Equation 11. Determination of binding affinity using non-linear regression analysis 

for 1:1 stoichiometry. 

    
            

         
       

            

          
 

The above binding isotherm was derived for a 1:1 stoichiometry of binding.
243

  

To establish the effect of SLS on ITZ-polymer binding, 2 mg/mL SLS was added to the 

same NMR tubes, sonicated until SLS was completely dissolved and then equilibrated for 

an hour at room temperature. NMR spectra were collected on these ternary solutions to 

obtain a binding isotherm and to determine the KD-P-S (binding constant between the drug, 

polymer, and surfactant.  

Binding affinity (KP-S) was also obtained for SLS-PVP-VA interaction as a proof of 

concept. Since SLS and PVP-VA were both soluble in water, the KP-S was determined in 
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D2O instead of DMSO (which was used in the case of KD-P-S and KD-P, due to limited 

water solubility of ITZ).  

The fraction of ITZ bound can be calculated for any Δ value by the using the following 

Equation 12: 

Equation 12. Fraction of the drug bound. 

    
 

    
                   

 

3.5.10. Preparation of amorphous solid dispersions 

Amorphous solid dispersions were prepared by the spray drying technique. Binary and 

ternary solid dispersions were prepared in the presence of polymer or surfactant/polymer 

systems respectively. SDDs were prepared using the Buchi mini spray dryer B290 

(Buchi, DE). Spray drying was performed from a solution of 10% solids dissolved in 

methylene chloride/methanol (2:1 v/v) mixture. A drug loading of 50% w/w was 

maintained throughout the binary and ternary mixtures. The inlet temperature was set at 

80 °C and the outlet temperature was maintained between 45 °C and 50 °C. The aspirator 

was set at 100%, the pump at 45%, and spray flow rate was maintained at 473 

normliter/h. All samples were dried for 24 h in a vacuum oven at 40 °C and stored in a 

desiccator over silica gel at 25 °C until further analysis.  

3.5.11. Particle size of spray dried dispersions 

The spray dried dispersions were characterized for their particle size by laser diffraction 

method using Malvern® Mastersizer 2000 particle size analyzer (Malvern Inc., 

Worcestershire, UK). Average particle size and span index (polydispersity) was 
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determined for the SDDs. To calculate the particle size, the Fraunhofer model in the 

Malvern software was used. The dry powder feeder was operated at 1.5 bar at a constant 

feed rate of 75%.  

3.5.12. Differential scanning calorimetry 

DSC analysis of the raw crystalline ITZ and SDD samples was performed using a 

Differential scanning calorimeter (DSC 2500 Modulated DSC, TA Instruments; New 

Castle, DE, USA) equipped with a refrigerated cooling system and analyzed using Trios 

4.0 Software to determine the glass transition temperature (Tg). The instrument was 

calibrated using indium for temperature and cell constant. About 6 – 10 mg of the raw 

crystalline ITZ and SDD samples were sealed in aluminum pans and subjected to heat-

cool-heat cycle. The experiments were conducted with heating rate of 10 °C/min, from -

20 °C to 200 °C and cooling rate was 10 °C/min. All experiments were performed in 

duplicate. The Tg reported in this study was read from the inflection point obtained from 

the first heating cycle. 

3.5.13. Scanning electron microscopy 

The SDD samples were mounted onto SEM specimen holders with conductive carbon 

adhesive tabs (Ted Pella, Inc, Redding, CA) and sputter coated with 10 to 20 nm of 

platinum/palladium in a sputter coater EMS 150T ES (Electron Microscopy Sciences, 

Hatfield, PA). SEM images were taken using a scanning electron microscope Quanta 200 

(FEI. Co. Hillsboro, OR) with a horizontal field width (HFW) = 59.7 μm, spot = 3.0, 

secondary electron (SE) mode, working distance (WD) = 5.3 mm using a large field 

detector (LFD) in the low vacuum mode. 
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3.5.14. Accelerated stability studies 

The accelerated stability studies were performed using conditions per ICH guidelines; the 

SDDs were stored in parafilm-sealed scintillation vials at 40 ºC/ 75% RH in a stability 

chamber. SDDs were sampled (initial, 15 days, 1 month, and 3 months) and tested for 

crystallinity using XRPD and DSC.
244, 245

  

5.4. Results 

3.5.15. CMC/CAC determination of surfactants and polymer/surfactant 

combinations 

As previously mentioned, we hypothesized that if interactions between polymer and 

surfactant can decrease the CMC of the system to a lower CAC value, then reduced 

amount of excipients (such as polymer and surfactants) could be used to improve the 

dispersion solubility, resulting in a more efficient formulation. Therefore, the CAC of 

surfactants in the presence of each polymer were determined. The CMC of SLS and 

TPGS in the absence and CAC in the presence of different polymers (with concentration 

of 3 mg/mL) is shown in Figure 37A and Figure 37B, respectively. The CMC of SLS, 

determined by NMR spectroscopy, was found to be 6.8 mM ± 0.02 mM in aqueous media 

at a controlled temperature of 27 °C. PVP-VA (i.e. SLS/PVP-VA system) showed a 

maximum decrease in the CMC of the system to give a CAC of 1.1 mM ± 0.25 mM, 

whereas Soluplus showed the least decrease in the CMC to give a CAC of 5.3 mM. These 

results suggested a strong interaction/ synergistic effect between PVP-VA and SLS, due 

to the significant decrease in the CMC. This observation could be attributed to PVP-VA 

possessing chemical groups that are compatible with SLS for forming non – covalent 

bonds, hence promoting aggregation at a lower SLS concentration (as seen by a decrease 
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in CMC). Soluplus, on the other hand, showed a slight decrease in CMC but not as much 

as PVP-VA. These results suggested that Soluplus may display a weaker binding/lesser 

synergism with SLS. 

The CMC of TPGS, determined by fluorescence spectroscopy, was found to be 0.11 mM. 

In the presence of different polymers, a maximum decrease in CMC of the system was 

seen with Eudragit® L100-55, indicating a synergistic effect. On the other hand, an 

increase in the CMC of the system was observed in the presence of HPMCAS-HF, 

indicating an antagonistic effect or competition between TPGS and HPMCAS-HF for 

micelle formation.  

For further thermodynamic and kinetic solubility studies the following four 

polymer/surfactant combinations were screened: (1) Two systems showing a significant 

decrease in the CMC i.e. greater synergistic effect: SLS/PVP-VA and TPGS/Eudragit 

L100-55, (2) System showing weaker synergistic effect: SLS/Soluplus, and (3) System 

showing antagonistic effect: TPGS/HPMCAS-HF.  
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Figure 37. CMC/CAC of (A) SLS and SLS/Polymer systems, (B) TPGS and 

TPGS/Polymer systems determined at 27 °C. 

 

3.5.16. Thermodynamic solubility of crystalline ITZ in the presence of selected 

polymer/surfactant systems 

SLS/PVP-VA and SLS/Soluplus System 

The thermodynamic solubility of crystalline ITZ in FaSSIF containing SLS/PVP-VA and 

SLS/Soluplus is shown in Figure 38A and Figure 38B, respectively. Without a 

surfactant or polymer, the solubility of crystalline ITZ in FaSSIF was found to be very 

low (about 50 ng/mL). No change in ITZ solubility was observed on increasing the 

concentration of PVP-VA alone, on the other hand a significant increase in the solubility 

was observed from 50 ng/mL to about 880 ng/mL when SLS (2 mg/mL) alone was used 

without any polymer. When both the surfactant and polymer concentrations were 

increased, the solubility of ITZ was seen to be slightly lower than that in the presence of 

SLS by itself. This observation indicates that the interactions between SLS and PVP-VA 

have a negative impact on the solubility of crystalline ITZ. 
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Compared to SLS/PVP-VA, SLS/Soluplus interactions displayed stronger antagonistic 

effect on the ITZ solubility as seen in the 3D plot (Figure 38B) (Note: Due to ease of 

visibility, the direction of the axis has been changed as compared to Figure 38A). In the 

presence of Soluplus (2 mg/mL) by itself, a significant increase in the thermodynamic 

solubility to ~ 10 μg/mL was observed. At 2 mg/mL Soluplus and while increasing 

concentrations of SLS, a sharp decrease in the solubility was observed from 10 μg/mL to 

~ 1.5 μg/mL, indicating antagonistic effect between SLS and Soluplus in increasing the 

solubility of ITZ.  

 
Figure 38. Thermodynamic solubility of crystalline ITZ in the presence of (A) 

SLS/PVP-VA system and (B) SLS/Soluplus system. 

 

TPGS/Eudragit® L100-55 and TPGS/HPMCAS-HF System 

For TPGS/Eudragit
®
 L100-55 system, an increase in the Eudragit® L100-55 

concentration alone displayed an increase in ITZ solubility up to 4 μg/mL, whereas a 

negligible increase in the solubility was observed when TPGS was administered by itself. 

However in the presence of both TPGS and Eudragit® L100-55, a decrease in ITZ 

solubility to 2.5 μg/mL was observed, indicating a slight negative interaction on the ITZ 
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solubility when a combination of between Eudragit® L100-55 and TPGS are used 

(Figure 39A).  

For the TPGS/HPMCAS-HF system, an increase in the HPMCAS-HF concentration 

alone facilitated an increase in ITZ solubility to ~7 μg/mL. As opposed to other systems, 

TPGS/HPMCAS-HF was the only system that showed a synergistic increase in the ITZ 

solubility (to ~11 μg/mL), when TPGS and HPMCAS-HF were used together (Figure 

39B). 

 

Figure 39. Thermodynamic solubility of crystalline ITZ in the presence of (A) 

TPGS/Eudragit® L100-55 and (B) TPGS/HPMCAS-HF. 

 

Unexpectedly, the results obtained from the thermodynamic solubility studies were 

contrary to our hypothesis. All the surfactant/polymer systems that showed a decrease in 

CMC, displayed an antagonistic solubility effect (i.e. a decrease in ITZ solubility) when a 

combination of both the excipients were used. On the other hand, even though 

TPGS/HPMCAS-HF displayed an increase in CMC, the combination/interaction of the 

two excipients showed a synergistic increase in ITZ solubility. 
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3.5.17. X-ray powder diffraction to determine change in ITZ solid form 

Some drugs display solution-mediated phase transformation and changes in crystal forms 

during solubility studies, to establish equilibrium solubility. This transformation is mainly 

due to the tendency of drugs to achieve the most thermodynamically stable form under 

defined environmental conditions.
246

 Figure 40A shows the XRPD pattern of just one of 

the polymer/surfactant combinations. The XRPD data showed no change in the ITZ 

crystal form for any of the thermodynamic solubility residues, which was indicated by 

sharp crystalline peaks similar to the untreated crystalline ITZ. These XRPD patterns still 

show sharp crystalline peaks, however with a decrease in the intensity. This decrease can 

be attributed to the small amount of residue collected for XRPD analysis.  

 

Figure 40. XRPD patterns of ITZ (A) compared to ITZ thermodynamic solubility 

samples in the presence of SLS and PVP-VA [ -/- SLS/PVP-VA (B), 0/+ SLS/PVP-

VA (C), +/+ SLS/PVP-VA (D), -/+ SLS/PVP-VA (E), +/- SLS/PVP-VA (F), -/0 

SLS/PVP-VA (G), 0/- SLS/PVP-VA (H), +/0 SLS/PVP-VA (I), 0/0 SLS/PVP-VA (J)]. 
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3.5.18. Crystallization induction time 

The goal of the supersaturation kinetic study was to evaluate the impact of polymers, 

surfactants, and their combinations on the precipitation induction time and crystallization 

tendency of ITZ. This was achieved by testing which polymers and surfactants (and at 

what concentrations) yielded a prolonged supersaturation of ITZ for at least 3 h without 

precipitation. The limited dissolution volume (20 mL) used instead of the standard 900 

mL dissolution vessels enabled the use of smaller amount of compound to form a 

supersaturated solution and may more closely resemble the environment in the GI 

tract.
108, 247

 

For all four polymer/surfactant systems, ITZ was seen to precipitate out sooner from the 

media containing pre-dissolved surfactant (Figure 41A and Figure 41B and Figure 42A 

and Figure 42B, green curves) as compared to media containing no excipients (Figure 

41A and Figure 41B and Figure 42A and Figure 42B, black curves). For SLS/PVP-VA 

system, media containing only PVP-VA without the presence of pre-dissolved 

surfactants, maintained ITZ in its supersaturated metastable state for about 2.5 h after 

which it started to precipitate as indicated by the gradual decrease in the ITZ solubility. It 

was seen that the presence of SLS decreased the precipitation induction time (enhanced 

nucleation and crystal growth) in the presence of PVP-VA. The rank order for the 

precipitation induction time for the SLS:PVP-VA ratios was found to be 0:0.3 > 0.15:0.3 

≥ 0.15:0.15 > 0.3:0.3 > 0:0 > 0.3:0. Based on this observation, it was hypothesized that 

SLS could compete with ITZ to bind to PVP-VA (due to stronger interactions between 

SLS and PVP-VA), and hence PVP-VA may not be available to keep ITZ in the 

supersaturated state. These results were found to be consistent with the findings of       
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Liu et al.
154

 Therefore, determining the binding affinity between ITZ/PVP-VA in the 

absence and in the presence of SLS (see next section) would provide a better 

understanding of the mechanism by which SLS potentiates the precipitation of ITZ. 

For the SLS/Soluplus system, pre-dissolved Soluplus (Figure 41B, purple curve) by itself 

maintained ITZ in its supersaturated state without precipitation for 24 h. On addition of 

SLS (to the pre-dissolved Soluplus (0.3 mg/mL) media), SLS concentration – dependent 

precipitation induction of ITZ was observed from ~16 h to 10 h. The rank order for the 

precipitation induction time for the SLS:Soluplus ratios was found to be 0:0.3 > 0.15:0.15 

> 0.15:0.3 > 0.3:0.3 > 0:0 > 0.3:0. These results reemphasize the fact that SLS potentiates 

precipitation of ITZ, in this case by competing for Soluplus, thereby preventing 

stabilization of ITZ in its supersaturated state. 

 

Figure 41. Supersaturation kinetics of ITZ in (A) SLS/PVP-VA system (B) 

SLS/Soluplus system; where the surfactant:polymer ratio is in mg/mL. 

 

In the TPGS/Eudragit® L100-55 system (that showed a synergistic effect in the CMC 

studies), Eudragit® L100-55 by itself (Figure 42A) maintained ITZ in its supersaturated 

state for up to 5 hours after which ITZ was found to precipitate. In the presence of a 

combination of pre-dissolved TPGS and Eudragit® L100-55, ITZ precipitated between 2 
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– 3.5 h, confirming the competitive effect. The rank order for the precipitation induction 

time for the TPGS:Eudragit® L100-55 ratios was found to be 0:0.3 > 0.15:0.15 > 

0.15:0.3 > 0.3:0.3 > 0:0 > 0.3:0.  

An interesting observation with TPGS/HPMCAS-HF system was that despite the 

presence of pre-dissolved TPGS in combination with HPMCAS-HF, no ITZ precipitation 

was observed for up to 24 h, indicating that the presence of TPGS did not affect the 

HPMCAS – stabilized supersaturated state of ITZ. The rank order for the precipitation 

induction time for the TPGS:HPMCAS-HF ratios was found to be 0:0.3 = 0.15:0.15 = 

0.15:0.3 = 0.3:0.3 > 0:0 > 0.3:0. This observation can be explained by the antagonistic 

effect (or no interaction) observed between TPGS and HPMCAS-HF during CMC 

determination in the NMR studies. This antagonistic effect prevents TPGS from 

competing with ITZ for binding with HPMCAS-HF. Therefore, HPMCAS-HF is 

available to stabilize ITZ and prevent it from precipitating to its less soluble form. Notice 

that all the polymers that showed a reduction in the CMC (due to surfactant/polymer 

interaction) in the NMR study, showed competitive effect in the kinetic supersaturation 

study, where the surfactant-bound polymer was unavailable to stabilize ITZ, leading to 

precipitation. 
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Figure 42. Supersaturation kinetics of ITZ in (A) TPGS/Eudragit® L100-55 system 

(B) TPGS/HPMCAS system; where the surfactant:polymer ratio is in mg/mL. 

 

The supersaturation ratio of ITZ for each polymer-surfactant concentration used in the 

kinetic supersaturation study calculated using Equation 9 is shown in Table 12.  

Table 12. Supersaturation ratio range of ITZ in different surfactant/polymer 

systems (at concentrations (mg/mL) studied for the kinetic supersaturation study). 

Surfactant:Polymer 

System (mg/mL) 

Approximate supersaturation ratio 

0:0 0.3:0 0:0.3 0.15:0.3 0.15:0.15 0.3:0.3 

SLS/PVP-VA 772 504 772 597 593 438 

SLS/Soluplus 772 772 25 23 20 19 

TPGS/Eudragit® L100-55 772 772 108 127 153 127 

TPGS/HPMCAS-HF 772 772 33 45 68 45 

 

The observed difference between the four systems containing PVP-VA and Soluplus was 

the degree of supersaturation, shown in Table 12. Higher degree of supersaturation 

potentiates nucleation and crystal growth. The fact that SLS/Soluplus and 

TPGS/HPMCAS-HF system maintains ITZ in its supersaturated state for beyond 10 h can 

be attributed to their lower supersaturation ratio. As compared to PVP-VA and Eudragit 

L100-55, Soluplus and HPMCAS-HF was found to be the more suitable to be used in 

combination with SLS and TPGS, respectively, due to prolonged supersaturation of ITZ. 

From this type of analysis of measuring the induction time as a factor of supersaturation 
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ratio, as also plotted in Figure 43, we can try to predict the failure point (precipitation) of 

the system based on the supersaturation ratio, which in turn is derived from the 

thermodynamic solubility in the presence of different polymer and surfactant systems.  

 

Figure 43. ITZ induction time (hours) as a function of supersaturation ratio for 

different polymer/surfactant systems. 

3.5.19. Stoichiometry and binding affinity using NMR spectroscopy 

To test the competitive effect between SLS and ITZ for binding to PVP-VA and to 

explain the rapid induction of nucleation and crystal growth of ITZ in the presence of 

SLS, the binding affinities of ITZ/PVP-VA and in the presence of SLS (ITZ/PVP-

VA/SLS) were determined. Based on the kinetic supersaturation study, we expected that 

the binding affinity between ITZ and PVP-VA would decrease in the presence of SLS.  

NMR spectroscopy and the chemical shifts of proton at position 3 (H3) of ITZ triazole 

moiety (labeled in Figure 9) were used for the stoichiometry and binding affinity 

analysis determination. The Job’s plot to determine stoichiometry of binding is shown in 

Figure 44. The continuous variation method is based on the induced change in chemical 

shift (ΔH3) upon the complex formation. ΔH3 is plotted against the mole fraction of ITZ. 



144 
 

Based on this, a geometric plot was obtained with a maximum at 0.5, indicating the 

existence of a complex with 1:1 stoichiometry.  

 

Figure 44. Job’s plot to determine stoichiometry of binding between ITZ and PVP-

VA. 

During the determination of binding affinity, as the PVP-VAt concentration increased, the 

H3 proton resonance was seen to shift downfield (to higher ppm), which is directly 

related to the concentration of ITZ-PVP-VA complex. This downfield shift can be 

attributed to the deshielding of the proton upon complex formation. The binding curve 

obtained, as shown in Figure 45 (ΔH3 of ITZ vs [PVP-VA]), was fitted using Equation 

11 to get KI-P = 137.5 ± 6.7 mol
-1

.  

Similarly the binding affinity of ITZ/PVP-VA/SLS was determined (Figure 45). To the 

same NMR samples containing bound ITZ/PVP-VA, SLS (2 mg/mL) was added. The 

SLS concentration selected was based on the PVP-VA concentration – dependent 

CMC/CAC changes (Table 13), to maintain the samples above the SLS CAC at all 

concentrations of PVP-VA and to minimize variability due to CMC/CAC changes.  
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Table 13. PVP-VA concentration dependent change in CMC of SLS/PVP-VA 

system. 

PVP-VA concentration 

(mg/mL) 

CMC of SLS 

(mM) 

CMC of SLS 

(mg/mL) 

0 6.8 1.9 

0.3 7.7 2.2 

1.5 0.9 0.3 

3 1.1 0.3 

10 1.3 0.4 

 

In the previous kinetic supersaturation study, we hypothesized that SLS competes for 

PVP-VA and hence disrupts the ITZ/PVP-VA interaction. A significant decrease in the 

binding affinity from KD-P = 137.5 ± 6.7 mol
-1 

(ITZ/PVP-VA) to KD-P-S = 47.6 ± 20.5  

mol
-1

 (ITZ/SLS/PVP-VA) was seen in the presence of 2 mg/mL of SLS. This competitive 

effect was seen due to the stronger binding between SLS and PVP-VA, where KS-P = 

1060 ± 112.7 mol
-1 

(SLS/PVP-VA). These results are in agreement with the kinetic data 

and our expectations of the competitive effect between SLS and ITZ; i.e. the addition of 

SLS causes disruption in the ITZ/PVP-VA binding and hence PVP-VA is unavailable to 

maintain ITZ in its supersaturated state. 
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Figure 45. Binding curve of ITZ-PVP-VA in the absence (open boxes) and presence 

of SLS (filled boxes). 

 

 

Figure 46. Binding curve of SLS-PVP-VA. 

 

3.5.20. Amorphous solid dispersions of binary and ternary complex 

From the kinetic supersaturation studies for each polymer/surfactant system the 

combinations that maintained ITZ in its supersaturated state for the longest period of time 

as compared to the other concentrations were selected for preparing SDDs. Maintaining 

the drug loading at 50% w/w, the screened combinations included: 1) ITZ:PVP-VA 

(50:50), 2) ITZ:Soluplus (50:50), 3) ITZ:SLS:Soluplus (50:25:25), 4) ITZ:Eudragit® 
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L100-55 (50:50), 5) ITZ:TPGS:Eudragit® L100-55 (50:25:25), 6) ITZ:HPMCAS-HF 

(50:50), and 7) ITZ:TPGS:HPMCAS-HF (50:25:25). The ITZ/PVP-VA SDD, 

ITZ/Soluplus SDD, ITZ/SLS/Soluplus SDD, and ITZ/HPMCAS-HF SDDs (Figure 47B, 

Figure 47C, Figure 47D, Figure 47F, respectively) formed spherical spray dried 

microparticles (D0.5 < 10µm with a narrow size distribution or span), with irregular 

dimpled surfaces or pores, which are characteristics of an SDD (Table 14). However, 

ITZ/Eudragit® L100-55 SDD, displayed different morphology with a mixture of spheres 

and fibers (Figure 47G), which also increased the particle size and span of the SDD 

(Table 14). These SDDs were characterized by DSC and XRPD, and compared to pure 

crystalline ITZ. Crystalline ITZ shows a single sharp melting endotherm at 168 °C (ΔH 

of 88 J/g) (Figure 48, black thermogram) and sharp diffraction peaks (Figure 49, black 

scan). During DSC analysis of raw crystalline ITZ, no recrystallization (exothermic peak) 

of the melt was observed during cooling cycle and on the next heating cycle, a glass 

transition temperature was observed at 60.2 ± 0.2 °C (not shown) without the 

endothermic crystalline melting peak, indicating the conversion of the crystalline ITZ to 

its amorphous form on cooling of the melt (Table 14). For freshly prepared SDDs 

(without TPGS), no traces of ITZ crystallinity were observed for the five SDDs as shown 

in the DSC curves (Figure 48) and XRPD patterns (Figure 49), and a distinct glass 

transition step change was observed, indicating amorphous phases.  

SDDs containing TPGS (ITZ/TPGS/HPMCAS-HF SDD and ITZ/TPGS/Eudragit® 

L100-55 SDD) did not spray dry well and resulted in larger agglomerated particles. For 

both the TPGS containing SDDs, an endothermic peak was observed for the ITZ melting, 

showing traces of ITZ crystallinity. SEM images (Figure 47E) showed an aggregated 
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fused mass of solid, probably due to the presence of waxy TPGS, and these SDDs were 

therefore excluded from further studies. The SDD containing SLS (ITZ/SLS/Soluplus), 

on the other hand, showed crystalline endotherms in the DSC thermogram (Figure 48) 

and sharp diffraction peaks in the XRPD patterns (Figure 49), which corresponded and 

were comparable to that of crystalline SLS. No ITZ endotherms/ diffraction peaks were 

observed for this SDD. The presence of SLS crystalline endotherms can probably be 

attributed to phase separation of SLS from the SDDs during spray-drying of the ternary 

solutions.  

 

Figure 47. SEM images of (A) Crystalline ITZ, (B) ITZ/PVP-VA SDD, (C) 

ITZ/Soluplus SDD, (D) ITZ/SLS/Soluplus SDD, (E) ITZ/TPGS/HPMCAS-HF SDD, 

and (F) ITZ/HPMCAS-HF SDD at 5000-fold magnification, (G) ITZ/Eudragit® 

L100-55 SDD at 1000-fold magnification. 
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Figure 48. DSC thermograms of SDDs displaying amorphous SDDs with a Tg and 

no ITZ crystalline peak for PVP-VA, Soluplus, SLS/Soluplus, HPMCAS-HF, and 

Eudragit® L100-55. 

 

 

 
Figure 49. XRPD patterns of SDDs compared to crystalline ITZ, showing the 

absence of ITZ crystallinity. 

 

 



150 
 

Table 14. Particle size, span and Tg of crystalline ITZ, polymers, and SDDs (The 

particle size and span of the polymers alone was not determined). 

Binary/Ternary System % w/w D0.5 (μm) Span Tg (°C) 

Raw ITZ 100 6 2 60.2 

PVP-VA 100  111 

ITZ/PVP-VA SDD 50:50 5 2 86.1 

Soluplus 100  78.6 

ITZ/Soluplus SDD 50:50 5 3 62.7 

ITZ/SLS/Soluplus SDD 50:25:25 5 3 57.0 

Eudragit® L100-55 100  81.6 

ITZ/Eudragit® L100-55 SDD 50:50 24 11 80.3 

HPMCAS-HF 100  122.0 

ITZ/HPMCAS-HF SDD 50:50 8 1 78.9  

 

3.5.21. Drug release and dissolution rate 

Drug release studies were performed on SDDs to determine the maximum concentration 

of ITZ released and if ITZ precipitation was observed from SDDs during the time it 

would take for intestinal transit (180 min). Dissolution of SDDs was performed under 

non-sink conditions in FaSSIF (pH 6.5). Figure 50 shows the ITZ concentration in the 

dissolution media released from SDDs in comparison with that of crystalline ITZ. As 

shown in Figure 50, all SDDs displayed a rapid release of ITZ in FaSSIF with a 

substantial increase in the solubility as compared to the crystalline drug (black curve). All 

SDDs showed similar amount of drug release of about 4 µg/mL up to 60 min. After 60 

min, ITZ released from ITZ/PVP-VA SDD started to precipitate, whereas ITZ released 

from ITZ/Eudragit® L100-55 SDD maintained in its amorphous state until 160 min after 

which precipitation of ITZ was observed. All other SDDs maintained ITZ in its soluble 

state without precipitation for up to 180 min (intestinal transit time). After 24 h, other 

than ITZ/HPMCAS SDD, ITZ from all the other SDDs was seen to precipitate whereas 
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ITZ/HPMCAS SDD showed a slight decrease in the ITZ concentration from 4 µg/mL to 

3 µg/mL, which is significantly greater than the other SDDs at the 24 h time point.  

 

Figure 50. Drug release from SDDs in simulated intestinal media (FaSSIF, pH 6.5) 

at 37 °C. 

 

3.5.22. Accelerated stability studies of spray-dried dispersions 

Due to the propensity of amorphous materials to precipitate, it is important to consider 

the possibility of conversion of the amorphous drug into its poorly soluble crystalline 

counterpart. As temperature and humidity play an important role in the stability of APIs 

and formulated products, accelerated stability studies were performed at elevated 

temperature and humidity conditions to determine traces of crystalline content on storage.  

By XRPD analysis, all the SDDs were found to be physically stable under accelerated 

stability conditions (for 3 months at 40 °C /75% RH) with no traces of crystallinity as 
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determined by the absence of ITZ diffraction peaks (data not shown). The DSC analysis 

of all SDDs except ITZ/Soluplus SDD displayed a single Tg without the presence of an 

ITZ melting endotherm (data not shown). DSC of ITZ/Soluplus SDD (Figure 51A), at 15 

and 30 day time points showed a Tg at 42 °C and an endothermic peak at 155 °C. This 

peak is close to that reported for a polymorphic form (Form II) of ITZ with a melting 

point of about 156 °C.
204, 246

 This sample was fully amorphous by XRPD (Figure 51B). 

We interpret the presence of the melting endotherm in the stressed ITZ/Soluplus SDD as 

an evidence of structural changes (such as, perhaps, phase separation of components) 

leading to heat-induced drug crystallization upon DSC scan.
248

 

  

 

Figure 51. (A) DSC thermogram showing a Tg and melting endotherm, (B) XRPD 

diffraction pattern showing amorphous content with absence of ITZ crystallinity for 

ITZ/Soluplus SDD 3 month stability samples (40 °C/ 75% RH). 
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5.5. Discussion 

3.5.23. Thermodyamic solubility of crystalline ITZ in the presence of different 

polymer/surfactant systems 

Thermodynamic solubility of ITZ was studied to determine the main effects (individual 

factors) and interaction effects (polymer/surfactant combinations) of the tested excipients 

on the equilibrium solubility of crystalline ITZ. It was found that PVP-VA had minimal 

effects on the solubility enhancement of ITZ as compared to the other polymers, which 

could be attributed to the nonionic nature of the polymer. On the other hand, Soluplus, 

HPMCAS-HF, and Eudragit® L100-55, which fall under the amphiphilic category, 

induced a significant increase in the thermodynamic solubility of ITZ in addition to 

displaying good ITZ stabilizing property. It was observed that even though the excipients 

individually enhanced the solubility of ITZ, the combination of both excipients may not 

show the same trend. The interaction effects could show synergistic (TPGS/HPMCAS-

HF) or antagonistic (SLS/Soluplus) effect on the solubility.  

As mentioned before, systems showing a synergistic decrease in the CMC displayed 

antagonistic solubility effects of ITZ (i.e. showed a decrease in solubility rather than an 

expected increase in solubility). Perhaps, due to the interaction between the two 

components (as indicated by the decrease in CMC), neither of the two solubility-

enhancing excipients may be available to interact with and enhance the solubility of ITZ, 

a response which was generally seen when individual excipients were used. On the other 

hand, the system showing an antagonistic increase in CMC (i.e. no interaction between 

the two excipients – TPGS/HPMCAS-HF) displayed synergistic increase in the 

thermodynamic solubility of ITZ, probably due to the availability of both the excipients 
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to interact with and enhance ITZ solubility. This observation can be explained by the 

amphiphilic nature and good solubilizing property of both TPGS and HPMCAS-HF, by 

micellar solubilization mechanism.
249, 250

 It should be noted that solubilization follows a 

complex mechanism and our ingoing hypothesis of lower CMC giving higher solubility 

may not always hold true. 

It should also be noted that the polymer/surfactant systems may not have the same effect 

on all the compounds possessing different chemical moieties. These excipients can also 

be involved in drug specific interactions, which can involve several weak bonds such as 

hydrogen bonding, electrostatic, ionic, van der Waals forces, and/ or hydrophobic 

bonds.
251

 These specific interactions with the drug can show differences in the 

thermodynamic solubility, even though the same excipient combinations are used (Refer 

Appendix A) 

3.5.24. Polymer/surfactant combination effects on nucleation and crystal 

growth of Itraconazole  

The thermodynamic solubility study was not only important to determine the solubility of 

ITZ in the presence of different excipients, but also to define the supersaturation ratio 

(Equation 9,Table 12). The nucleation induction rate (Rn) and the rate of crystal growth 

(Rg) are both dependent on the supersaturation ratio (S) of the drug in the GI fluids, i.e. 

supersaturation is the driving force for nucleation and precipitation of the crystalline form 

from the amorphous form.
252-255

 Clearly, the higher the supersaturation ratio, the faster is 

the nucleation induction and crystal growth rate.
255
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where A = pre-exponential factor, σ = interfacial tension between the nucleus and the 

supersaturated solution, ν = molecular volume, k = Boltzmann constant, and T = absolute 

temperature.   

Rg = kgS
g
 

where kg = growth rate constant, and g = overall order. Therefore at higher 

supersaturation (in the case of SLS/PVP-VA), crystalline ITZ was found to precipitate 

faster as compared to the other systems.  

Stabilizing polymers may inhibit crystal growth by adsorbing onto or interacting with the 

growing crystal surface and providing a mechanical barrier by preventing drug molecules 

from occupying the growth site of the crystal.
139-142

 Polymers with higher molecular 

weight may also increase the viscosity of the solution and slow the diffusion and 

movement of the drug molecules, hence slowing nucleation and crystal growth.
139-142

 

Some excipients, on the other hand, may promote nucleation and crystal growth 

depending on the similarity between their structures. These structurally similar additives 

may get incorporated into the growing nucleus and promote incorporation of the next 

drug molecule, hence promoting nucleation and crystal growth.
142, 253

 

For all the systems tested, ITZ from pre-dissolved SLS and TPGS media (without 

polymers) precipitated faster as compared to the other media. This phenomenon can be 

explained by the rapid ITZ supersaturation in the presence of surfactants, which is not 
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stabilized by polymers. Surfactants also have the ability to enhance nucleation and crystal 

growth, and accelerate polymorph-transformation in solution state.
232, 256-258

 The 

prolonged supersaturation and the ability to inhibit ITZ precipitation for a period of 24 h 

in the presence of Soluplus and HPMCAS-HF containing systems could be explained by 

the lower supersaturation ratio in both the systems.  

The obvious step change (sudden drop in solubility) seen in Figure 41B, black and green 

curves and Figure 42A, black curve, corresponds to the overnight accumulation of 

precipitated ITZ onto the probes. After tapping the probes, the solubility dropped down to 

its actual value. It should also be noted that the equilibrium solubility of ITZ in the 

presence of TPGS for both the TPGS/polymer systems was found to be higher (~ 20 

μg/mL), than the SLS/polymer systems (10 – 15 μg/mL). This enhanced equilibrium 

solubility could be due to the extremely low CMC of TPGS, which contributes to 

micellar solubilization.  

We also found that generally the stronger the interaction between surfactant and polymer 

(as shown by the decrease in CMC), the faster the induction time of crystallization is, 

leading to decreased stability in solution state due to the unavailability of the polymer 

(surfactant – bound) to stabilize ITZ and maintain its metastable state in aqueous 

solution. When there was no interaction between the surfactant and polymer (no change 

in CMC/ increase in CMC), no competitive effect was observed between the two 

components, hence allowing the polymer to stabilize the metastable state of ITZ.  
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3.5.25. NMR spectroscopy to determine binding stoichiometry and binding 

affinity 

Interactions between drug and polymer molecules involve several weak bonds such as 

hydrogen bonding, electrostatic, ionic, van der Waals forces, and/ or hydrophobic 

bonds.
251

 However, weak binding was observed between ITZ and PVP-VA indicated by 

the low ΔH3 shifts in the range of 0 – 1 x 10
-4

 ppm. In addition it should be noted that the 

kinetic supersaturation studies and CMC/CAC measurements were conducted in aqueous 

media, whereas the binding studies were performed in DMSO due to the insolubility of 

ITZ in water. To maintain the polarity of the sample environment similar to that of the 

kinetic study, DMSO was used as the solvent of choice for the NMR studies. Amongst all 

the other ITZ solubilizing solvents, DMSO was found to be closest in polarity compared 

to that of water.  

ITZ/PVP-VA/SLS binding affinity was determined at 2 mg/mL SLS concentration. The 

SLS concentration selected was based on the PVP-VA concentration – dependent 

CMC/CAC changes as shown in Table 13. The aim of this experiment was to use SLS at 

a concentration at which the solution was maintained either below or above its 

CMC/CAC at all the PVP-VA concentrations (0 – 10 mg/mL), to minimize variability 

due to CMC/CAC changes. Above 0.3 mg/mL PVP-VA concentration, the CAC was 

found to be as low at 0.3 mg/mL. Therefore, at 2 mg/mL SLS concentration, the NMR 

samples would be maintained above the CAC of SLS at all concentrations above 0.3 

mg/mL PVP-VA. Below 0.3 mg/mL PVP-VA concentration, the CAC of SLS was seen 

to be around 2 mg/mL (close to the SLS concentration added to the NMR tubes). This 

can also explain why we see variability at the initial low PVP-VA concentrations of the 

binding curve. 
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3.5.26. Spray dried dispersions of ITZ in binary or ternary systems 

The 25% surfactant level used for the SDDs containing SLS and TPGS would typically 

be considered above the realistic concentration and was used just to test our hypothesis 

and as a proof of concept. The agglomerated and fused particles of TPGS containing 

SDDs may be attributed to the waxy, sticky nature and low melting point of TPGS (~ 37 

°C).
205

 Therefore, TPGS containing SDDs were not pursued further. The formation of 

fibers instead of spherical particles for Eudragit® L100-55 containing SDDs (without 

TPGS) was probably due to insufficient energy present to break up the liquid into 

droplets during the spray-drying, which was previously reported by Mu et al.
259

 A 

decrease in the solid content during spray drying could probably prevent fiber formation. 

3.5.27. In vitro drug dissolution and release 

The dissolution of the drug from SDDs is a complex phenomenon involving dissolution 

of the polymer, dissolution of the amorphous drug, which may be combined with 

nucleation and crystal growth. The mechanism of dissolution of SDDs could be either 

carrier – controlled (diffusion – controlled or dissolution – controlled release) or drug – 

controlled release. In both the cases, the aqueous media first diffuses into the SDD 

particles and hydrates the hydrophilic polymer. Carrier – controlled release can further be 

divided into particle dissolution – controlled or diffusion – controlled release, depending 

on the solubility of the carrier polymer. In the case of water soluble polymers, the drug 

release may be dissolution – controlled, where the polymer rapidly dissolves from the 

SDD in the aqueous media to release the amorphous drug. In some cases where the 

polymer is partially soluble, the drug release may be diffusion – controlled, where the 

polymer forms a concentrated polymer gel layer through which the drug particles can 
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dissolve in the concentrated polymer gel diffusion layer followed by particle erosion to 

release the drug. In the case of some hydrophobic polymers, the hydration may be 

explained by the pH dependent ionization of the polymer functional groups.
157, 233, 260

 In 

drug-controlled release, due to their lipophilic nature, the drug particles may take a longer 

time to diffuse through the gel layer (without dissolving in the concentrated polymer gel 

layer) and may be released as drug rich amorphous nanoparticles. These nanoparticles 

may further undergo diffusion or dissolution to make the lipophilic drug bioavailable.
261

  

The faster precipitation for ITZ/PVP-VA SDD and ITZ/Eudragit® L100-55 SDD can 

probably be explained by the higher supersaturation ratio for the two SDDs as compared 

to the other three SDDs. Although maintaining the API in its amorphous state without 

precipitation during the intestinal transit time (180 min) would often be sufficient for 

achieving the necessary bioavailability,
252

 it was interesting to observe to what extent ITZ 

precipitates after 24 h. Almost complete precipitation of ITZ was observed for all other 

SDDs tested except for ITZ/HPMCAS-HF SDD (which showed slight precipitation), 

indicating that HPMCAS-HF was found to be the most efficient polymeric carrier for ITZ 

by not only increasing the solubility of ITZ, but also providing stability to the amorphous 

ITZ released for the SDD in the aqueous solution state. 

3.5.28. Accelerated stability study and ITZ polymorphic forms  

Accelerated stability studies were performed to determine the solid – state stability of 

ITZ on storage. Strong interactions between the ITZ and the polymer can help stabilize 

ITZ by decreasing its molecular mobility, which can increase the physical stability of the 

SDDs.
152, 162

 Water absorption by hydrophilic polymers could lead to the disruption of the 

bonding interactions between ITZ and the polymer, causing ITZ to crystallize. 
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Hydrophobic polymers like HPMCAS-HF and Eudragit® L100-55 on the other hand, 

generally do not absorb as much moisture. Therefore, these polymers could provide better 

solid – state stability against crystallization of ITZ.
250

 However, all ITZ SDDs were 

found to be stable irrespective of the hydrophilicity/ hydrophobicity of the polymer. 

Comparing the results obtained from the thermodynamic and kinetic solubility, drug 

release, and stability studies, ITZ/Soluplus SDD, ITZ/SLS/Soluplus SDD, and 

ITZ/HPMCAS SDD were found to be the most efficient in increasing the thermodynamic 

solubility of ITZ, providing rapid drug release without ITZ precipitation for 180 min 

(approx. GI transit time) in the GI fluids, and maintaining the solid – state stability of ITZ 

under accelerated stability conditions. ITZ/SLS/Soluplus SDD was the only 

surfactant/polymer system tested that displayed a reduction in the CMC and also 

improved ITZ solubility and solution and solid - state stability. Even though our 

hypothesis (of decrease in CMC = enhanced solubility) was not true for most of the 

polymer/surfactant combinations tested, we could explain how the interactions between 

the two components affected the solubility and stability of amorphous ITZ in aqueous 

media. These interaction studies could be highly useful and provide insight in screening 

certain excipients in developing SDDs of ITZ, according to the flowchart shown in 

Figure 52. It should also be noted that this methodology was developed for ITZ and 

therefore may not be applicable to all compounds. The solubility and stability responses 

are highly drug specific and similar excipients used for ITZ may not show the same 

behavior for other compounds, as also seen by Liu et al.
154
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Figure 52. Methodology for screening polymer/surfactant systems for SDD 

development with Itraconazole. N designates the initial number of polymer/ 

surfactant systems screened. N-a is the reduced number of systems after CMC/ 

CAC screen. N-a-b is the further reduced number of systems after additional 

thermodynamic and kinetic solubility screen. 

 

5.6. Conclusion 

The combination of multiple analytical tools (NMR, fluorescence spectrometry, and 

thermodynamic and kinetic solubility) was found to be useful to study polymer/surfactant 

interactions and compatibilities in enhancing solubility and inhibiting solution 

crystallization of ITZ. The positive surfactant/polymer interaction observed during 

CMC/CAC determination for some systems did not translate directly to enhancing ITZ 

solubility and preventing/ prolonging precipitation induction. The combination of a DOE-

type solubility measurements, determination of supersaturation ratios, and the 

precipitation kinetics provided a better insight on polymer/surfactant selection, which 

could be used for further amorphous solid dispersion development of ITZ. Surfactants 
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added to the PVP-VA, Soluplus, and Eudragit® L100-55 were found to compete with the 

polymers for ITZ interaction and led to decreased amorphous stability of ITZ in the 

aqueous media, which was also confirmed by determining the binding affinity of for the 

ITZ/PVP-VA system in the presence and absence of SLS. All SDDs were found to be 

stable for at least three months under accelerated stability conditions. ITZ/Soluplus, 

ITZ/SLS/Soluplus SDD, and ITZ/HPMCAS-HF SDD were found to be most efficient in 

increasing the ITZ solubility by 80-fold and also maintaining the aqueous stability of ITZ 

(for a period of 3 h – intestinal transit time). After 24 h in the aqueous intestinal media, 

while ITZ from other SDDs almost completely precipitated, ITZ/HPMCAS-HF SDD still 

maintained a 60-fold increase in the solubility. ITZ/SLS/Soluplus SDD that incorporated 

a surfactant exhibiting a slight CMC decrease improved solubility and stability of ITZ in 

the GI fluids and therefore lesser amount of each excipient might be used to prepare the 

drug formulation. 
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CHAPTER VI. OVERALL SUMMARY AND CONCLUSIONS 

Enteric coating of drug products such as tablets have been used over decades in the 

pharmaceutical community, where the enteric coating prevents corrosive API from 

irritating the gastric mucosa, enables site-specific drug delivery to the intestines, and also 

enables the use of acid labile drugs.  

Compared to other enteric polymers, HPMCAS is known to be safer, which allows for 

the use of higher amounts of polymer for coating. However, one of the biggest limitations 

of HPMCAS is that polymer particles from aqueous plasticized dispersions tend to 

aggregate at elevated coating temperatures. We found that elevated coating temperatures 

activate the coalescing mechanism of the plasticizers in the nozzle, leading to polymer 

particle aggregation and nozzle clogging. Since elevated processing temperatures is 

required for the coating process (film formation and film drying) and could not be 

modified extensively, it was crucial to identify suitable plasticizers and stabilizing agents 

(such as co-plasticizers and surfactants) that could minimize nozzle clogging, while 

maintaining the processing temperature.  

In Chapter 3, it was found that the inherent properties of HPMCAS-MF, such as the 

thermal, mechanical, sedimentation, and electrokinetic properties, did not play a role in 

its aggregation and nozzle clogging tendency. This indicated that the other excipients 

used in combination with HPMCAS in the aqueous coating dispersions such as 

plasticizer, surfactant, and anti-tacking agent could influence its aggregation tendency. 

We screened 16 different plasticizers to determine their impact on the thermal, 

mechanical, sedimentation, and electrokinetic properties of HPMCAS-MF, including the 
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film properties. From the study of thermal and film properties, three plasticizers (TEC, 

triacetin, and propylene carbonate) were successfully screened that showed a reduction in 

the Tg of HPMCAS-MF and yielded a continuous, flexible, crack-free film. Propylene 

carbonate coated tablets have been previously reported to exhibit stability issues, and 

Triacetin showed decreased percent elongation in the mechanical studies as compared to 

TEC. Therefore triethyl citrate was chosen as the primary and the most compatible 

plasticizer that provided appropriate mechanical properties to the enteric coating. 

Sedimentation studies facilitated identification of stabilizing agents that displayed greater 

percent of the solid content suspended in the dispersion without forming aggregates and 

hard-cakes. PEG 4000 was used as a stabilizing agent and a co-plasticizer (along with 

TEC) in providing stability to the dispersion. Sodium lauryl sulfate, a surfactant, was 

another component in the coating dispersion that was used to facilitate wetting and 

provide electrostatic stabilization to HPMCAS-MF in aqueous coating dispersion. The 

concentration ranges for the two stabilizing agents, PEG 4000 and SLS, were selected 

based on the mechanical properties of HPMCAS/TEC/PEG 4000 films and the zeta 

potential of HPMCAS in the presence of SLS, respectively.  

In Chapter 4 we incorporated the screened stabilizing agents and their concentration 

ranges in a factorial design (DOE) along with anti-tacking agents, in order to identify a 

stable formulation that does not show nozzle clogging and displays an optimal enteric 

profile among the formulations we studied. For anti-tacking agents, Aerosil® R972 

Pharma was found to perform better as compared to Talc, due to its hydrophobic and 

water repellant property. This property enhanced the gastric resistance (decreased 

hydrophilicity) of the enteric coated tablets, which was possibly compromised by the 
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incorporation of the hydrophilic components, PEG 4000 and SLS. We successfully 

identified a stable formulation (Formulation N) with an acid uptake of < 10% that 

contained 1% w/w of PEG 4000, 0.65% w/w of SLS (concentration greater than its 

CMC), and Aerosil® R972 as the anti-tacking agent. PEG 4000 was seen to provide 

dispersion stability by hydrogen bonding with the carbonyl groups of the acetate and/or 

succinate side chains of HPMCAS, which could provide steric hindrance between the 

polymer particles and contribute to preventing HPMCAS aggregation.  

More recently, increased number of new chemical entities has been reported to fall in the 

Class II category of the BCS system, making amorphous solid dispersion one of the 

widely used bioavailability enhancing drug delivery techniques. In Chapter 5, we used 

the spray drying technique for preparing binary and ternary SDDs of ITZ using polymers 

or polymer/surfactant combinations selected using a systematic screening methodology. 

The selection and screening of polymer/surfactant systems were based on our hypothesis 

that if a decrease in the CMC/CAC is observed in the presence of different 

polymer/surfactant combinations, then reduced amounts of excipients could be used to 

impart the same effect of increased solubility due to micellar solubilization. 
1
H NMR and 

fluorescence spectroscopy identified two polymer/surfactant systems that showed a 

reduction in the CMC, SLS/PVP-VA and TPGS/Eudragit L100-55, and two other 

systems that showed a slight decrease and increase in CMC, SLS/Soluplus and 

TPGS/HPMCAS-HF respectively. These systems were further selected for 

thermodynamic and kinetic solubility determination. Specifically for ITZ it was observed 

that, polymer/surfactant combinations that showed a decrease in the CMC (stronger 

interaction between the two excipients, leading to synergistic effect) of the system, in fact 
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showed a decrease in the ITZ solubility (antagonistic effect) as compared to when 

polymers and surfactants were used individually. The TPGS/HPMCAS-HF system on the 

other hand, displayed a synergistic increase in the solubility of ITZ in spite of showing an 

increase in CMC (antagonistic effect). The thermodynamic solubilities at different 

polymer and surfactant concentrations were used to determine the supersaturation ratio 

for further kinetic solubility assessment. In kinetic supersaturation studies, systems that 

showed a synergistic decrease in the CMC, displayed a competitive surfactant effect, 

where stronger interaction between polymer and surfactant interfered with the ITZ-

polymer binding and decreased the ITZ precipitation induction time. This observation 

was confirmed by determining the binding affinity of ITZ-PVP-VA in the absence and 

presence of SLS using 
1
H NMR. As expected, the binding affinity between ITZ-PVP-VA 

was found to decrease in the presence of SLS due to the greater affinity between SLS-

PVP-VA, confirming the competitive effect of SLS.  

PVP-VA and Eudragit L100-55 systems with and without surfactants showed rapid 

precipitation due to their higher system supersaturation as compared to Soluplus and 

HPMCAS-HF systems. Soluplus and HPMCAS-HF without any pre-dissolved 

surfactants maintained ITZ supersaturation in aqueous media for up to 24 h. On addition 

of SLS and TPGS to the Soluplus and HPMCAS-HF systems respectively, the systems 

still maintained the kinetic stability of ITZ for greater than 10 h. The observations from 

the kinetic supersaturation studies facilitated further screening of excipients for SDD 

development. SDDs were prepared with polymer/surfactant concentrations from each 

system that maintained ITZ in its supersaturated state prolonged period of time (intestinal 

transit time of 3 hours). Due to its waxy nature, TPGS did not spray dry well and resulted 
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in large waxy aggregates with ITZ/TPGS/polymer SDD. For drug release testing, SDDs 

containing PVP-VA and Eudragit L100-55 displayed rapid drug release but precipitated 

in less than 3 h. SDDs prepared using Soluplus, SLS/Soluplus, and HPMCAS-HF, 

showed rapid drug release (80-fold increase in solubility) without precipitation for 3 h. In 

addition, SDD containing HPMCAS-HF maintained ITZ (at 60-fold) without 

precipitation even after 24 h in aqueous media. Therefore for ITZ, HPMCAS-HF was 

found to be the most suitable polymeric drug carrier for not only enhancing the solubility 

but also maintaining the stability in solid-state and aqueous media.  

Observations from these two different projects indicate that different grades of HPMCAS 

(MF and HF) show widespread applicability in drug delivery; i.e. not only as an enteric 

coating polymer but also a drug carrier for solubility and stability enhancement.  
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APPENDIX A. PARTIALLY NEUTRALIZED AQUEOUS COATING 

DISPERSIONS OF HPMCAS-MF 

A.1. Introduction 

The purpose of this study was to identify a neutralizing agent, other than ammonia, that 

could be used for partial neutralization of HPMCAS-MF aqueous dispersion, and which 

could be further used to develop a stable formulation without exhibiting nozzle clogging. 

The currently used neutralization techniques use ammonia for neutralization and partial 

ionization of HPMCAS (pKa of 5), which remains colloidal at pHs greater than 5.
29, 30

 

These partially neutralized coating solutions show promising results with no nozzle 

clogging, but display reduced gastric resistance and discoloration of the enteric coat on 

storage.
51

  

We studied different neutralizing agents as potential stabilizing agents, as an alternative 

to co-plasticizers (PEG 4000), that could not only prevent aggregation and spray-nozzle 

clogging but could also potentially increase the gastric resistance of films (as compared 

to PEG 4000) due to complete film coalescence without the presence of pores. Three 

neutralizing agents, namely dibasic sodium phosphate heptahydrate (DSPH), dibasic 

ammonium phosphate (DAP), and calcium hydroxide (CH) were tested for their 

aggregation and nozzle clogging tendency, and acid uptake, and compared to the tablets 

coated with Formulation N (PEG 4000 as the co-plasticizer). The target dispersion pH for 

partial neutralization (HPMCAS pKa = 5) was maintained between 5.0 ± 0.1.
177

 Due to 

its partial ionization, HPMCAS colloidal particles develop a charge that cause the 
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polymer particles to repel each other, hence resulting in a stable non-aggregated 

dispersion.
30

 

A.2. Materials and Methods 

A.2.1. Materials 

All materials were used as received. HPMCAS polymer (Shin-Etsu AQOAT®) – AS-MF 

(Lot# 5053064) was generously donated by Shin-Etsu Chemical Co., Ltd., Japan. Triethyl 

citrate (Lot# BCBN8745V), dibasic sodium phosphate heptahydrate (Lot# 053K0066), 

dibasic ammonium phosphate (Lot# MKBV4612V), and calcium hydroxide (Lot# 

MKBQ7371V) were purchased from Sigma-Aldrich Co. (St. Louis, MO). Sodium lauryl 

sulfate (Lot# YT0715) was purchased from Spectrum Chemicals (New Brunswick, NJ). 

Aerosil® R972 Pharma (Lot# 335061811) was donated by Evonik Industries 

(Parsippany, NJ). For the preparation of placebo tablets, microcrystalline cellulose 

(Avicel® PH 302) (Lot# P0838C) was obtained from FMC BioPolymer (Philadelphia, 

PA) and magnesium stearate (Lot# WQ0272) was purchased from Spectrum Chemicals 

(New Brunswick, NJ).  

A.2.2. Tablet coating with neutralizing agents 

Tablet coating formulation was prepared according to Table 15, where the original 

formulation recommended by Shin-Etsu Chemical Co., Ltd. (Table 1) was modified by 

adding a neutralizing agent for partial neutralization of HPMCAS-MF and replacing talc 

with Aerosil® R972 as the anti-tacking agent to increase the gastric resistance of the 

tablets. Coating dispersions (16% w/w solid content) were prepared by first 

dissolving/dispersing the neutralizing agent in water at room temperature followed by 
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addition of surfactant (Sodium lauryl sulfate, 0.3% w/w). Triethyl citrate (2.8% w/w) was 

then dispersed in the alkaline surfactant solution. A physical mixture of Aerosil R972® 

Pharma (0.5% w/w) and HPMCAS-MF (10% w/w) was added to the above mixture with 

continuous stirring for a period for 4 h at room temperature. The final pH of the 

dispersion was maintained between 5.0 ± 0.1. The dispersion was then sieved through a 

60 mesh screen prior to coating of tablets to remove aggregates if any.   

A.2.3. Scanning Electron Microscopy (SEM) 

The coated tablets were mounted onto SEM specimen holders with conductive carbon 

adhesive tabs (Ted Pella, Inc, Redding, CA) and sputter coated with 10 to 20 nm of 

platinum/palladium in a sputter coater EMS 150T ES (Electron Microscopy Sciences, 

Hatfield, PA). SEM images were taken using a scanning electron microscope Quanta 200 

(FEI. Co. Hillsboro, OR) with a horizontal field width (HFW) = 608 μm, spot = 3.0, 

secondary electron (SE) mode, working distance (WD) = 7.8 mm using a Everhart-

Thornley detector (ETD) in the high vacuum mode (5.00 kV). 

A.3. Results 

None of the three partially neutralized formulations clogged the spray-nozzle and resulted 

in a target weight gain of 13% (120 min processing time). As shown in Table 15, only 

0.1% w/w of CH was required for partial neutralization of HPMCAS (i.e. to achieve a pH 

of 5.0 ± 0.1), as opposed to 0.3% w/w for DSPH and DAP. It can be seen that the acid 

uptake of all three formulations were similar and found to be above 5% but not exceeding 

10%. Therefore, the neutralizing agent was found to impart stability to the dispersion and 

show better gastric resistance as compared to Formulation N for the placebo tablets (as 
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shown in Figure 53), by maintaining the TEC and SLS concentration at 2.8% w/w and 

0.3% w/w respectively similar to that in the original formulation (Table 1). 

Table 15. Formulations for aqueous coating with HPMCAS-MF partially 

neutralized with dibasic sodium phosphate heptahydrate (DSPH), diammonium 

phosphate (DAP), and calcium hydroxide (CH). 

Ingredients 
Quantity with DSPH 

(Formulation IX) 

Quantity with DAP 

(Formulation X) 

Quantity with CH 

(Formulation XI) 

HPMCAS – MF 10% w/w 10% w/w 10% w/w 

Triethyl citrate 2.8% w/w  2.8% w/w 2.8% w/w 

Sodium lauryl 

sulfate 
0.3% w/w  0.3% w/w 0.3% w/w 

Aerosil® R972 0.5% w/w  0.5% w/w 0.5% w/w 

Neutralizing 

agent 
0.3% w/w 0.3% w/w 0.1% w/w 

Water Vehicle Vehicle Vehicle 

Nozzle clogging
a
 No No No 

Acid uptake (%) 

(n=6) 
7.00 ± 0.26 7.07 ± 0.24 8.07 ± 0.72 

a
Target processing time ~ 120 min and target total wt. gain ~ 13%. 

SEM performed on tablets coated with Formulation IX neutralized with DSPH (Figure 

54), showed a fully coalesced film with the absence of pores in the film coating (which 

was seen in tablets coated with Formulation N, Figure 29). 
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Figure 53. Acid uptake (%) of Formulation N coated placebo tablets (without 

neutralizing agent) vs tablets coated with partially neutralized formulations IX, X, 

and XI containing dibasic sodium phosphate heptahydrate (DSPH), diammonium 

phosphate (DAP), and calcium hydroxide (CH) respectively (ns = not significant, 

**p < 0.01, ***p < 0.001). 

 

 

Figure 54. SEM of the tablet surface coated with Formulation IX neutralized with 

DSPH showing a completely coalesced film. 



173 
 

A.4. Discussion 

The reduced acid uptake (enhanced gastric resistance) observed for the partially 

neutralized coating as compared to Formulation N (containing PEG 4000 and elevated 

SLS concentration) can be attributed to either complete film coalescence of the enteric 

coating and/ or decreased content of hydrophilic excipients (PEG 4000 and SLS). 

HPMCAS neutralized dispersions show better film coalescence due to the reduction in 

particle size of HPMCAS on ionization. HPMCAS has acidic functionalities and a pKa of 

about 5,
29

 which when partially ionized gets converted into a colloidal dispersion with a 

particle size of <1 μm.
30, 196

 Smaller particles coalesce easily and therefore complete film 

coalescence can be obtained on HPMCAS ionization.
73

  

A.5. Conclusions  

Despite the lower acid uptake of the tablets coated with partially neutralized coating, 

these formulations were not carried forward for further development due to previous 

studies conducted by Shin-Etsu Chemical Co., Ltd. Based on their previous experience, it 

was observed that upon neutralization, the enteric coating contains remnants of the 

hydrophilic alkaline salts that could show a decrease in the gastric resistance on storage 

(due to moisture uptake).  
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APPENDIX B. DRUG SPECIFICITY  

B.1. Introduction 

Referring to Chapter 5 and the thermodynamic and kinetic supersaturation studies of 

ITZ, it was seen that stronger the interaction between polymer and surfactant (as seen 

with SLS/PVP-VA and decrease in the CMC of the system), weaker is the combined 

excipient effect on enhancing the thermodynamic solubility of ITZ. The combination of 

PVP-VA and SLS had a negative impact on the solubility of ITZ, as compared to the 

effect of individual excipients. This observation could theoretically indicate that 

irrespective of the drug, the specific polymer/surfactant interactions could display a 

similar effect on any drug’s thermodynamic solubility and precipitation kinetics. 

However, practically it was observed that the effect of excipients on the thermodynamic 

and kinetic solubility (i.e. polymer/surfactant combination) were found to be highly drug 

specific, and to test this theory we studied the effect of SLS/PVP-VA on a neutral BCS 

Class II compound, Fenofibrate, as opposed to ITZ (a weak base).  

Fenofibrate (Figure 55), a neutral compound, has no pKa and is not influenced by the 

physiological pH conditions.
262

 It is an antilipemic agent with a logP of 5.24 and poor 

water solubility of 0.3 μg/mL.
263, 264

  

 

Figure 55. Chemical structure of Fenofibrate. 
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B.2. Materials and Methods 

B.2.1. Materials 

All materials were used as received. Fenofibrate (Lot# 2AI0796) was obtained from 

Spectrum Chemicals. PVP-VA (Kollidon VA 64, Lot# 39936956P0) was obtained from 

BASF Chemical Company Ltd. (Ludwigshafen, Germany) and SLS (Lot# 136823) was 

obtained from Fisher Chemical (Pittsburgh, PA). FaSSIF was prepared according to 

Section 5.3.1. 

B.2.2. Thermodynamic solubility measurement of crystalline Fenofibrate 

Crystalline Fenofibrate solubility was primarily determined in fasted state simulated 

intestinal fluid (FaSSIF, pH 6.5)
154, 238, 239

 in the presence of pre-dissolved SLS, or PVP-

VA, or SLS/PVP-VA combination using a randomized 3
2
 design of experiments (DOE) 

strategy. DOE strategy was implemented to study the effects of the main factors and the 

effects of interactions between two or more factors. The factors, levels, and experimental 

design for the DOE are given in Table 8 and Table 8. Thermodynamic solubility 

measurements of Fenofibrate were conducted according to Section 5.3.5. (Chapter 5). 

The HPLC method specifications are shown in Table 9 and Table 10. The eluent was 

monitored at 270 nm using an ultraviolet detector.  

B.3. Results 

The surface plot of the thermodynamic solubility of crystalline Fenofibrate is given in 

Figure 56. It could be seen that the combination of PVP-VA and SLS synergistically 

increased the solubility of Fenofibrate, as opposed to decreasing the solubility (as was 

seen in the case of ITZ, displaying an antagonistic decrease in the solubility            

(Figure 38A)). 
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Figure 56. Thermodynamic solubility of crystalline Fenofibrate in the presence of 

SLS/PVP-VA system pre-dissolved in FaSSIF at 37 °C. 

 

B.4. Discussion 

The SLS/PVP-VA system, when used in combination, showed a different trend with 

Fenofibrate as compared to the ITZ (Figure 38A vs Figure 56). This observation could 

be attributed to the fact that SLS/PVP-VA system interacts differently, i.e. displays 

specific interactions with Fenofibrate, which contributes to the synergistic increase in 

Fenofibrate solubility, as opposed to Itraconazole. 

B.5. Conclusions 

Specific interactions between drug and the polymer can significantly affect the solubility 

and stability of the drug in the GI fluids.
169

 Therefore selection of suitable excipient 

systems for preparing spray dried dispersions is crucial for the purpose of enhancing the 

drug solubility and stability in GI fluids.  
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