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Cellulose Esters and Cellulose Ether Esters for Oral  

Drug Delivery Systems 

 

Hale Cigdem Arca 

Abstract 
Amorphous solid dispersion (ASD) is a popular method to increase drug solubility and 

consequently poor drug bioavailability. Cellulose ω-carboxyesters were designed and 

synthesized specifically for ASD preparations in Edgar lab that can meet the ASD 

expectations such as high Tg, recrystallization prevention and pH-triggered release due to 

the free -COOH groups. Rifampicin (Rif), Ritonavir (Rit), Efavirenz (Efa), Etravirine 

(Etra) and Quercetin (Que) cellulose ester ASDs were investigated in order to increase 

drug solubility, prevent release at low pH and controlled release of the drug at small 

intestine pH that can improve drug bioavailability, decrease needed drug content and 

medication price to make it affordable in third world countries, and extent pill efficiency 

period to improve patient quality of life and adherence to the treatment schedule. The 

studies were compared with cellulose based commercial polymers to prove the impact of 

the investigation and potential for the application. Furthermore, the in vitro results 

obtained were further supported by in vivo studies to prove the significant increase in 

bioavailability and show the extended release.  

The need of new cellulose derivatives for ASD applications extended the research area, 

the design and synthesis of a new class of polymers, alkyl cellulose ω-carboxyesters for 

ASD formulations investigated and the efficiency of the polymers were summarized to 

show that they have the anticipated properties. The polymers were synthesized by the 

reaction of commercial cellulose alkyl ethers with benzyl ester protected, monofunctional 

hydrocarbon chain acid chlorides, followed by removal of protecting group using 

palladium hydroxide catalyzed hydrogenolysis to form the alkyl cellulose w-

carboxyalkanoate. Having been tested for ASD preparation, it was proven that the 

polymers were efficient in maintaining the drug in amorphous solid state, release the drug 

at neutral pH and prevent the recrystallization for hours, as predicted. 
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Chapter 1. Dissertation Overview 

Poor drug solubility and accordingly low bioavailability are important issues that have 

been addressed by many previous investigations. In order to solve these problems, ASDs 

have emerged as a very efficient method for enhancing drug solution concentration. To 

date however, studies of polymeric carrier design and effect on ASD performances have 

been limited. In the view of the attractive characteristics of ASDs, we investigated a 

range of amphiphilic cellulose derivatives with carboxylic acid groups that will provide 

pH triggered release to oral drug delivery systems. In addition, having hydrophobic 

functional groups will enhance miscibility of the polymer with the hydrophobic drugs and 

moderate the release rate. Investigating types of cellulose ester or cellulose ether ester 

with different length of hydrocarbon chain and degree of substitution will define the 

impact of polymer hydrophobicity and help researchers choose suitable polymers for 

each drug to achieve the desired release properties. 

My doctoral research thesis describes investigations of cellulose ester ASDs for oral drug 

delivery of a tuberculosis antibiotic rifampicin (Rif); anti-HIV drug combination of 

ritonavir (Rit), etravirine (Etra) and efavirenz (Efa); quercetin, a flavonoid used in the 

treatment of cardiovascular disease, obesity, and oxidative stress; and synthesis of a new 

family of cellulose ether esters with a range of solubility parameters that have potential 

for ASD drug delivery systems. Detailed spectroscopic structure property analyses, solid-

state characterization of ASDs, in vitro dissolution studies and in vivo animal studies are 

presented. 

An outline of the dissertation is as follows: Chapter 2 is an introduction to cellulose 

ethers and ether esters that is a very brief summary of their synthesis, pharmaceutical 

applications, and structure property relationships. Chapter 3 describes the investigation 

of Rif ASDs with a range of cellulose esters that have been tested for their solid-state 

properties and dissolution profiles in acidic conditions that mimic the stomach, and in 

neutral pH of small intestine environments in vitro. Chapter 4 presents an in vivo Rif 

oral drug delivery study performed with mice that showed a significant increase in Rif 

bioavailability and extending the drug release time. Chapter 5 describes anti-HIV three-

drug combination ASDs of Rit, Etra and Efa, investigating effects of component drugs on 
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each other’s solubility, as well as the cellulose ester ASD performance of three drug 

combinations. Chapter 6 covers synthesis from commercial cellulose ethers and 

characterization of a range of amphiphilic alkyl cellulose ω-carboxyesters as ASD 

matrices, and their potential for ASD. Chapter 7 discusses the complex process of Que 

ASD studies to enhance the solubility of the drug and prevent its recrystallization that 

have been tested with a range of cellulose esters and their blends with PVP in vitro. 

Chapter 8 summarizes the results of the dissertation and suggests future work to be 

pursued. 
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Chapter 2. Literature Review: Pharmaceutical Applications of Cellulose Ethers and 

Cellulose Ether Esters 

Adapted from “Arca HC.; Bi V.; Xu D., Edgar KJ. Biomacromolecules 2016 Submitted” 

 

2.1 Abstract  

Cellulose ethers have proven to be highly useful natural-based polymers, finding 

applications in food, personal care products, oil field chemicals, construction, paper, 

adhesives, and textiles. They have particular value in pharmaceutical applications due 

their many beneficial characteristics, including high glass transition temperatures (Tg), 

excellent chemical and photochemical stability, solubility, limited crystallinity, hydrogen 

bonding capability, and availability in a range of molecular weights. With regard to 

safety, they have limited ability to permeate through enterocytes, and some are already in 

formulations approved by the US Food and Drug Administration (FDA). We review 

pharmaceutical applications of these valuable polymers from a structure-property-

function perspective, discussing each important commercial cellulose ether class; 

carboxymethyl cellulose (CMC), methyl cellulose (MC), hydroxypropylcellulose (HPC), 

hydroxypropyl methylcellulose (HPMC), and ethylcellulose (EC), and cellulose ether 

esters including hydroxypropyl methyl cellulose acetate succinate (HPMCAS) and 

carboxymethylcellulose acetate butyrate (CMCAB). We also summarize their syntheses, 

basic material properties, and key pharmaceutical applications. 

2.2 Introduction  

2.2.1 Cellulose and processing: Cellulose is an abundant naturally occurring 

biopolymer, with a linear polymer chain composed entirely of glucopyranose units 

(anhydroglucose units, or AGU, chemical repeating unit) linked by equatorial 1,4-

glycosidic bonds without any branching (repeat unit →4)-b-D-Glcp-(1→); these rather 

rigid chains have the ability to hydrogen bond to one another, and can pack tightly into a 

crystal lattice. Cellulose has good mechanical properties (Young’s modulus as high as 15 

GPa)1, biocompatibility with many tissues including those of the gastrointestinal (GI) 

tract, and biodegradability. Cellulose finds versatile applications in the food, wood, 
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paper, textile, cosmetic and pharmaceutical industries, to name just a few examples. In 

nature, about 1.5 X 1012 tons of cellulose has been estimated to be present in all plants 

and algae 2, with approximately 1010-1011 tons of new cellulose biosynthesized each 

year3, and in addition it can be also produced by other species including bacteria and 

tunicates 4. Although entirely biodegradable (mineralized to CO2 and water), cellulose 

cannot be metabolized by humans and is poorly absorbed from the GI tract 5. Its 

renewable nature, low toxicity, and high strength make cellulose an important 

biomaterial. Due to its hydrophilic nature and crystalline structure, cellulose is insoluble 

in water or single organic solvents, and cannot be melt-processed because it decomposes 

before melting 6. No glass transition temperature can be observed prior to cellulose 

decomposition. Due to its infusibility and insolubility, chemists have addressed these 

poor processing issues by synthesizing cellulose derivatives, utilizing the hydroxyl 

groups at the 2, 3 and 6 positions for appending substituents, creating derivatives which 

have much different physical properties than crystalline cellulose 7. Etherification and 

esterification are the most common methods used to make processable and useful 

derivatives. After derivatization, solubility properties of the new polymers are frequently 

improved vs. cellulose, creating the potential for processing into various forms such as 

fibers, coatings or particles, opening up the potential for a variety of applications. 

Cellulose esters are frequently hydrophobically modified and because of how they are 

most often manufactured (peracylation followed by hydrolysis to the desired DS), tend to 

have high DS substituent, good organic solvent (but not water) solubility, and 

thermoplasticity; cellulose ester properties and applications have been summarized 

previously8. Cellulose ethers are manufactured in different fashion, by direct 

etherification to the desired DS, and therefore are often more water-soluble than 

commercial cellulose esters. As a result, they have different commercial applications; in 

particular, they are important materials for pharmaceutical applications where water 

affinity can be a great advantage. Cellulose ethers, and especially their pharmaceutical 

applications, have not been the topic of comprehensive recent scientific review9–13. 

Therefore we focus herein on pharmaceutical applications and structure-property-

function relationships of cellulose ethers and ether esters.  
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2.2.2 Cellulose ether chemistry: Cellulose ethers are polymers prepared by nucleophilic 

reaction of cellulose hydroxyl groups with electrophiles such as alkyl halides or epoxides. 

They find use in a wide range of applications including as thickeners, binders, lubricants, 

emulsifiers, rheology modifiers, and film formers in many industries including food, 

pharmaceuticals and personal care products, oil field chemicals, construction, paper, 

adhesives, and textiles 11,14–17. Cellulose ether mixtures are used in industrial adhesive 

mortar applications in order to provide the required properties from wet paste to the 

hardened structure 18. Among commercial cellulose ethers, carboxymethylcellulose 

(CMC) is most heavily used worldwide (over half of the total cellulose ether 

consumption). Methyl cellulose (MC) and its derivatives have the second largest 

consumption by volume19. We will discuss the general characteristics of cellulose ethers, 

their preparation chemistry, and how these afford properties that influence 

pharmaceutical applications in particular. 

 

Theoretically, all three hydroxyl groups of cellulose per anhydroglucose unit (AGU) can 

be fully etherified, resulting in a degree of substitution (DS) slightly in excess of 3.00 

(considering that the end group hydroxyls at C1 and C4 can also be reacted), but 

frequently complete substitution is not achieved, either because it is not desirable due to 

the properties being targeted, and/or due to insufficient reactivity of cellulose hydroxyl 

groups. As noted above, the partially substituted cellulose ethers of commerce are 

obtained not by full substitution to DS ca. 3.0, followed by “back-hydrolysis” to the 

target DS, as is frequently the case for cellulose ester manufacture (this would be difficult 

or impossible due to the greater hydrolytic stability of cellulose ethers), but are reacted 

directly to the desired DS. This has implications with regard to variability of DS along 

the chain of ethers vs. esters. Because of the heterogeneous nature of commercial 

cellulose etherification reactions (generally a slurry of cellulose in aqueous sodium 

hydroxide, sometimes with an alcohol diluent, along with the desired electrophile), 

reaction with the electrophile tends to proceed faster in regions of the cellulose chain that 

were relatively amorphous, and more slowly in crystalline regions20. For this reason 

cellulose ethers, especially those with relatively low DS values, are believed to have 

relatively blocky structures, with highly substituted and nearly unsubstituted regions 
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existing on the same cellulose chain2. This has been shown with methyl cellulose by 

observing cellulose crystallinity (which must arise from unsubstituted regions4) even at 

DS(Me) of 1.0. In addition Mischnick and her co-workers have demonstrated blocky 

substitution in some cases, by partial hydrolysis of cellulose ethers (trifluoroacetic acid 

(TFA)/water) to oligosaccharides, and comparison of the monosaccharide distribution vs. 

those expected from modeling of hydrolysis of random, blocky, and other idealized 

structures21. These functionalization patterns along the cellulose chain have been 

investigated for various etherification reactions, since they impact polymer physical 

properties including solubility or gelation. Ether substituents may prevent crystallization 

or induce water solubility to different extents depending on whether they are randomly 

distributed or are concentrated in blocks. Cellulose ether gelation may be induced by 

“junction zones” existing in the blocky co-polymer, which have no substituents or very 

low DS of ether substituents, and so are able to hydrogen bond to one another to form a 

stable network5. Therefore distribution of ether substituents is influential upon polymer 

properties and is important, though somewhat challenging, to study. Besides 

heterogeneity along the polymer chain or between polymer chains, the possibility also 

exists for heterogeneity with regard to position of substitution within the AGU 22. The 

three cellulose hydroxyl groups at positions 2, 3, and 6 are chemically non-equivalent to 

one another, as shown in Figure 2.1.  

For the ideal case, it is assumed that the rates of reaction of all hydroxyl groups with the 

electrophile are equal, and remain so throughout the reaction in spite of changes in local 

environment with partial substitution, so that each hydroxyl group has the same potential 

to react without any influence by the other groups; this is known as the Spurlin model 23. 

The monosaccharide content of a particular cellulose ether can usually be quantified, 

since complete TFA/water hydrolysis affords monosaccharides which may be analyzed 

by chromatographic techniques, and identified by comparison with authentic standards or 

by methods like mass spectrometry24. While esterification and subsequent hydrolysis 

reactions of cellulose are reversible, and thus the monosaccharide composition of a 

cellulose ester is the result of a number of competing processes, etherification is 

essentially irreversible. Therefore the monosaccharide composition of a cellulose ether 

directly and specifically reflects the results of a competition between the three hydroxyl 
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groups for a particular type and amount of electrophile. Detailed investigations of the 

monosaccharide compositions of various cellulose ethers prepared under different 

reaction conditions have shown that the cellulose hydroxyl groups do not possess equal 

reactivity towards electrophiles, resulting in deviations from the Spurlin model. Generally 

speaking the 2-OH is most reactive followed by the 6-OH; the order of these two may 

differ in some cases, but they are always more reactive than the 3-OH6. The observed 

order of reactivity is attributed to the fact that the 2-OH is more acidic (due to proximity 

to C1, the most electropositive carbon of the AGU) and the 6-OH is least sterically 

encumbered (wider available approach angles). Therefore more modification is typically 

seen at the 2-OH and 6-OH than at the 3-OH, with general reactivity order O2 > O6 >> 

O325. Conventional cellulose etherification reactions usually provide products with at 

best only modestly regioselective substitution; protection and deprotection reactions, 

generally impractical in manufacturing processes, are required to obtain highly 

regioselectively substituted cellulose ethers26. This is significant since product properties 

can vary greatly depending upon regioselectivity of modification27. The extent of an 

etherification reaction can be controlled by varying the temperature, catalyst, solvent 

system and the mole ratio of electrophile to AGU. Cellulose ethers are relatively stable 

under the required alkaline reaction conditions (although some loss in degree of 

polymerization (DP) occurs due to so-called alkaline peeling, in which one 

monosaccharide at a time is lost in a base-catalyzed reaction from the reducing end of the 

chain7). Molecular weight, DS (and molar substitution, MS, where appropriate (vide 

infra)), and position and pattern of etherification determine the properties of the product 

cellulose ether28. Often molecular weight has a greater effect on mechanical properties, 

while physical properties (e.g. solubility and water absorption) depend more upon the 

type of substituent and its DS 18. 

2.2.3 General properties: Cellulose ethers possess certain characteristic features that 

contribute to their value in pharmaceutical and other applications. Most commercial 

cellulose ethers are water-soluble, the exceptions being ethyl cellulose polymers with 

rather high DS(ethyl), and all have high affinity for water. Even those cellulose ethers 

that have hydrophobic substituents (e.g. methyl or ethyl) at low DS are water-soluble, 

since the substituents contribute to structural irregularity, impede hydrogen bonding, and 
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thereby limit crystallinity, which is the main source of poor solubility for cellulose. 

Therefore these water-soluble ethers can be used to modify the rheology of aqueous 

solutions (e.g., the shear-thinning properties of hydroxyethyl cellulose aqueous solutions 

contributing to the quality of latex paints)8. Cellulose ethers tend to have high molecular 

weights and possess many hydrogen bond acceptors and donors, therefore violating at 

least three of Lipinski’s rules for ready permeation through the gastrointestinal (GI) 

epithelium 9. As a result cellulose ethers typically remain within the GI tract and are 

unlikely to permeate into the bloodstream. Cellulose ethers are also even more stable to 

ultraviolet radiation than are cellulose esters (already rather stable to UV), since they do 

not even possess ester chromophores14. Finally commercial cellulose ethers typically 

possess some degree of amphiphilicity, due to the combination of hydrophilic OH groups 

and the hydrophobic backbone (and in some cases, substituents). Each individual 

cellulose ether has other important properties that influence pharmaceutical usage, as will 

be discussed for individual cases below. 

 

2.2.4 Types of pharmaceutical application: Drug delivery systems have gained 

importance in medicine since the early 1970s, and polymers have played crucial roles in 

these systems, with cellulose derivatives being of special importance. Much of the 

attention early on was focused on oral controlled release systems, which aim to deliver 

drugs at controlled rate and duration while maintaining the plasma concentrations at 

therapeutic levels. Controlled release systems may enable reduction in dosage frequency, 

thereby improving patient adherence to dosage regimes29. In controlled release systems, 

the polymer may influence drug release rate by the rate of polymeric erosion/degradation, 

and/or by diffusion rate through the polymeric material, or through gels formed by 

contact of the material with water30. After drug release, polymeric delivery systems may 

also protect the drug from degradation or prevent drug crystallization. Drug delivery 

polymers must be biocompatible (defined as the ability of the material to invoke a 

tolerable host response upon application31) with the biological systems with which they 

come into contact; e.g. the GI enterocytes in the case of oral drug delivery. In addition, 

drug delivery follows the rule that “what goes in must come out”; polymers used in 

pharmaceutics must be cleared from the body, without the formation of toxic by-
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products, by degradation of the polymer into non-toxic and readily cleared materials, or 

by clearance intact from the body32. Cellulose ethers, as semi-synthetic biocompatible 

polymers prepared from the natural polysaccharide cellulose, are usually suitable for 

oral5,33–36, transdermal37–39 or transmucosal39,40 drug delivery systems but not for 

intravenous (IV) or inhalation application since humans do not possess cellulase enzymes 

in circulation, and so cellulose ethers in the bloodstream could not be broken down at an 

acceptable rate into fragments small enough to be cleared or metabolized.  

 

2.2.5 Cellulose Ethers in ASDs: Drugs with low solubility (BCS Classes II and IV) 

present a great challenge to formulation scientists, since they often have poor and/or 

variable oral bioavailability41. Cellulose ethers and cellulose ether esters may be useful in 

ASD applications. We describe herein how ASDs can enhance solution concentration 

dramatically, especially for highly crystalline drugs, by eliminating drug crystallinity and 

stabilizing the amorphous drug against recrystallization both in the solid dispersion and 

after dissolution.  

In ASDs, the drug is trapped in a thermodynamically unstable amorphous form, and 

accordingly tends towards recrystallization to reach the lower energy crystalline state. 

This tendency may lead to stability problems42. Crystallization can occur either in the 

solid state during transport and storage of formulations, accelerated by to exposure to 

high ambient moisture and/or temperature, or from solution after dissolution in the GI 

tract. In order to stabilize against crystallization, strong drug-polymer interactions are 

key, to overcome attractive forces between drug molecules and make crystallization less 

favorable43. Therefore in this review, we emphasize the ability of cellulose ethers to 

impart stability against drug crystallization. In addition to chemical interactions, high 

polymer Tg can also increase the stability of the formulations in the solid state by limiting 

drug mobility, thus retarding recrystallization44. Therefore, it is essential to have a 

formulation Tg higher than ambient temperature even in highly humid conditions; this is 

promoted by high polymer Tg. Cellulose ether physical properties are thoroughly 

described in the synthesis sections; these properties will strongly influence the type and 

extent of interaction with drug molecules. Moreover, the polymer should prevent 

recrystallization after the release of the drug in the GI tract for the best efficacy45. 
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Accordingly, it is desirable to have partial solubility of the polymer in aqueous media to 

permit stabilization against crystallization from solution.  

In this review we discuss individually the important commercial cellulose ether classes; 

CMC, MC, hydroxypropyl cellulose (HPC), hydroxypropyl methyl cellulose (HPMC), 

and ethyl cellulose (EC). We also discuss cellulose ether esters including hydroxypropyl 

methyl cellulose acetate succinate (HPMCAS) and carboxymethyl cellulose acetate 

butyrate (CMCAB), which are of growing interest for applications involving 

enhancement of solution concentrations of otherwise poorly water-soluble drugs. 

2.3 Common types of cellulose ethers and their synthesis 

2.3.1 Sodium carboxymethyl cellulose (NaCMC) 

 

Figure 2.1: The chemical structure of NaCMC. This structure and others in this review 

are not meant to indicate regioselective substitution; depictions of substituent location are 

merely for convenience and clarity of depiction. 

2.3.1.1 NaCMC synthesis and general polymer properties 

NaCMC is a commercial, physiologically inert, low-cost, water-soluble, polyanionic 

derivative of cellulose, known as cellulose gum, sodium cellulose glycolate, or 

carboxymethyl cellulose. NaCMC has high water binding capacity and even though it has 

poor solubility in organic solvents, it can be dissolved in water-solvent mixtures (e.g. 

water-ethanol). If NaCMC is predissolved in water, it can tolerate addition of some 

proportion of water-miscible solvents to the solution without precipitation. 

Cellulose, treated with sodium hydroxide, is reacted with chloroacetic acid in order to 
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synthesize sodium carboxymethyl cellulose. NaCl is a co-product of this reaction and 

glycolic acid is a by-product. The method used has a great impact on the 

functionalization pattern, highest achievable DS, and solubility, where a relatively low 

DS of this polar substituent is enough to make the polymer water-soluble13. Heinze et al. 

have shown that even DS(CMC) 0.45 was sufficient to make NaCMC water soluble, 

much less than is required for non-ionizable substituents46. Production of this commercial 

polymer is carried out by the slurry method, where cellulose is dispersed into a water, 

NaOH and alcohol system and then the solvent distributes the dissolved base to the 

hydroxyl groups of cellulose, disturbs the crystalline structure of cellulose by breaking 

hydrogen bonds, and thus activates hydroxyl groups towards etherification. Alternatively, 

a dry process can be used where alkali cellulose is prepared first, followed by the addition 

of monochloroacetate in the solid state. NaCMC can be also synthesized in homogeneous 

solution. Cellulose can for example be dissolved in DMAc/LiCl11,47,48, then reacted with 

powdered NaOH and chloroacetic acid to afford a product that contains a significantly 

higher amount of tricarboxymethylated and unsubstituted monomers than by the slurry 

method49. In another study, Heinze et al. presented a fully homogeneous carboxylation 

method in one phase, where cellulose was dissolved in Ni(tren) and HPLC analysis after 

depolymerization showed that the distribution of the functional groups along the chain 

has a pattern similar to that of NaCMC prepared by the conventional slurry method, C-6 

≥ C-2 > C-346. This implies that these homogeneous conditions surprisingly did not 

significantly impact the regioselectivity of CMC synthesis; heterogeneous activation of 

cellulose by mercerization and complete dissolution provide similar accessibility, and 

there appears to be no particular advantage of the latter method in the case of CMC. On 

the other hand, Bhandari et al. proposed a new method for synthesis of NaCMC, reactive 

extrusion, where the process takes less than 2 min and reduces solvent usage50. This 

process is continuous, convenient, and very fast. As an alternative to the use of a 

cellulose solvent, a homogeneous method can be developed by starting from solutions of 

cellulose esters (which tend to have good organic solubility), then using alkali both to 

remove the ester groups and deprotonate the cellulose hydroxyls thereby exposed. The 

resulting product has high DS NaCMC (DS(Na CMC) = 2.2) and shows a different 

substitution distribution, O-6 > O-3 > O-2.  This NaCMC contains higher amounts of 
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trisubstituted and unsubstituted units than NaCMC prepared by the slurry method51. 

2.3.1.2 NaCMC Pharmaceutical applications 

NaCMC has been used in pharmaceutical formulations as a thickener52, stabilizer53, 

disintegration agent (Wan, L.S.C.; Prasad, K.P.P.; Int. J. Pharm. 1989, 55, 115-121), 

bioadhesive material54 and film-former55,56. 

NaCMC has been used as co-excipient in many pharmaceutical dosage forms to enhance 

the release rate while creating osmotic pressure, since the carboxylic acids are ionized at 

neutral small intestine pH. NaCMC has been used in matrix controlled drug release in 

combination with other cellulose ethers such as EC or HPMC. Diclofenac potassium in 

EC-NaCMC wet granulated tablets exhibited higher in vitro release rates in over 4-6 

hours than from an ethyl cellulose – diclofenac potassium formulation (without NaCMC), 

which released the drug over 24h 57. In another study, NaCMC osmotically controlled 

release tablets were formulated for the sustained release of glipizide by hot melt 

granulation, and in dissolution studies a zero order release profile was observed over 16h 
58. “Zero order” release rate refers to zero order kinetically with respect to time; that is, 

release rate is constant over time until the drug is virtually exhausted in the dosage form.  

Zero order release can often provide near-constant blood levels over prolonged time 

periods, which is conducive to once-daily oral dosing; this can help to promote patient 

adherence to dosage regime59. NaCMC has been also investigated for use in oral 

controlled delivery tablets, e.g. of losartan60, metoprolol61 and ibuprofen62. 

NaCMC has excellent film forming ability due in part to its high molecular weight. 

NaCMC films were used for oral thin film preparation for probiotic delivery purposes 

and probiotic viability was maintained for 150 days 56. In another study, NaCMC films 

were used for transdermal delivery of acetylsalicylic acid and stratifin for wound healing 

(post burn scar treatment) purposes. Samples were found to be nontoxic towards human 

keratinocytes and fibroblasts63. NaCMC has been also used in preparation of film blends. 

Starch based films are odorless, semi-permeable to CO2, and resistant to oxygen passage. 

On the other hand, starch films have poor mechanical properties. In order to improve the 

properties of starch films and coatings through blending, starch-NaCMC solvent-cast 
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films were prepared. It was shown that the blended edible films have higher mechanical 

strength but lower moisture absorption and lower solubility than starch films 64. Badwaik, 

et al. showed that antimicrobial and antioxidant materials can be loaded to edible 

alginate/starch/NaCMC films, which were uniform and had good thermal stability for 

coating purposes55. In addition, the polyanionic nature of NaCMC can be exploited for 

preparation of polyelectrolyte multilayer (PEM) films by layer-by-layer assembly. 

Microparticles loaded with drugs (such as ibuprofen) can be embedded into the PEM65.  

A number of polyanionic polymers have been found to possess bioadhesive properties, 

which may have value in a number of drug delivery applications. Bioadhesion is defined 

as attachment onto a biological substrate that can be beneficial to prolong the contact 

time of the drug delivery system for both systemic and topical applications. Anionic 

NaCMC can form stronger bioadhesive attachment than most of the nonionic cellulose 

derivatives when applied to some biological surfaces, thus it is an attractive biomaterial 

for transmucosal and transdermal applications. For example, NaCMC tablets were 

designed for oral delivery of a water soluble drug, sotalol HCl. The tablets were 

evaluated in vitro, releasing drug for 14 hours, and showing good bioadhesive attachment 

to rabbit stomach or small intestinal tissue66. NaCMC adheres to the mucosal surface 

better than non-ionic MC and HPMC, as investigated by coating the polymers containing 

acetyl salicylic acid onto glass beads, and testing adhesion of the obtained microparticles 

to gastric and intestinal mucosa67. Increasing NaCMC concentration in the dosage form 

enhances mucosal adhesion. Delivery from a NaCMC matrix has been studied for various 

water soluble drugs such as ciprofloxacin68 in order to lengthen the stay of the drug in the 

absorptive portion of the GI tract. For oral mucosal delivery, bucco-adhesive tablets have 

been prepared with NaCMC with poorly water-soluble drugs54,69 including glipizide 70, 

and pindolol 71, and water-soluble drugs 72,73, 74 such as lignocaine HCl 75, miconazole 

nitrate 76 and triamcinolone acetonide 77, where the bioadhesive properties of NaCMC 

have been exploited for buccal delivery78. Nifedipine bucco-adhesive tablets showed 

zero-order drug release kinetics, and the adhesive force was affected by NaCMC 

percentage in the tablet, which adhered to the upper gums of the human volunteers for 

over 8 hours and released almost 100% of the nifedipine content54. According to the Food 

and Drug Administration (FDA), a formulation can contain up to 242 mg NaCMC for 
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oral applications, up to 10.95 mg for buccal applications and up to 0.5% for ophthalmic 

solutions79. 

In addition to oral drug delivery systems, NaCMC has been also used as lubricant and 

thickener for ophthalmic applications. Aqueous (aq.) NaCMC is a clear lubricant with 

cytoprotective properties and does not cause eye irritation. Therefore it has been used in 

artificial tears and lens lubricant rewetting products, usually at a concentration of 0.5%80. 

NaCMC can bind to corneal epithelial cells, increase corneal wound healing39, and due to 

the high viscosity of aqueous NaCMC solutions, they can achieve prolonged residence 

time on the eye surface. There are multiple NaCMC-containing commercial products for 

ophthalmic applications. 

Vaginal mucosal applications of NaCMC were developed for genitourinary tract infection 

treatment, since its bioadhesive property may enhance vaginal residence time. For mixed 

infections, clotrimazole and metronidazole bioadhesive tablets were formulated with 

NaCMC; stronger antimicrobial effects relative to the commercial products, Infa-V TM, 

Candid-V TM and Canesten 1 TM, were shown in in vitro studies 81. In another study, 

vaginal clotrimazole tablets were designed for daily application, where the bioadhesive 

strength of the tablets was tested on porcine vaginal mucosal membranes; they were 

shown to have strong attachment and good stability82. NaCMC was also used for 

acyclovir83 and ketoconazole84 vaginal bioadhesive tablet preparations. Although these 

studies are quite promising, they require further in vivo studies since the high rate of drug 

elimination is a key limitation on vaginal mucosal applications. 
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2.3.2 Methyl cellulose (MC) 

  

Figure 2.2: The chemical structure of MC.  

2.3.2.1 Synthesis and General Polymer Properties 

Denham et al., synthesized methyl cellulose for the first time in 1913 from cotton cloth 

and ordinary cotton wool via a base catalyzed reaction with dimethyl sulfate. The 

reaction had to be repeated 5 times to achieve DS(Me) 1.2, and the polymer was only 

partly water soluble85. Hauser et al.86 carried out a similar synthesis, but separated the 

water soluble portion from the water insoluble one.  The water soluble part was 

investigated and shown to have DS(Me) 1.74-2.0087. Houghton et al. improved the 

manufacture of MC with the application of ≥ 40% NaOH and mechanical disruption of 

cellulose. The reactions were carried out at temperatures of 40-85 °C with dimethyl 

sulphate electrophile88. Commercially, MC is synthesized by the etherification of alkali 

cellulose (cellulose treated with sodium hydroxide) with methyl chloride89. Like CMC, 

manufacture of MC can be performed via the so-called dry process or the slurry process. 

Diluents such as dimethyl ether, ethylene glycol dimethyl ether, or toluene are generally 

utilized for the slurry process.  

The water solubility of the polymer is related to the methyl ether content (DS (Me)). For 

commercially prepared methyl cellulose products, when DS (Me) is between 0.1-1.1 the 

polymer swells, becoming water soluble between DS (Me) 1.4-2.0, but losing water 

solubility at DS (Me) ≥ 2.190. MC with DS of 1.5 has very good solubility in cold water87 

and also at high temperatures (> 60 °C); it can be dissolved in pyridine, DMI, DMAc, or 

DMF. It is not soluble in lower polarity solvents such as THF, acetone or alcohols, which 

limits available formulation methods for drug delivery systems. MC solutions are stable 
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across a wide range of pH values (2-12) without apparent changes in viscosity. 

Commercial MC is available with viscosity 4-3500 cP (measured at 20 °C with 2-4 

mg/ml solutions by capillary viscometry), which corresponds to a molecular weight range 

between approximately 46,000 and 300,00089. 

Aqueous MC solutions have the interesting property of thermo-reversible gelation; they 

gel upon heating, and then redissolve upon cooling. The current theory is that gelation of 

MC solutions is primarily caused by hydrophobic interaction between methyl groups. At 

low temperatures, molecules are hydrated and water forms an ice-like structure around 

the hydrophobic methoxy groups, which makes the polymer soluble. As the temperature 

is increased, water mobility increases and it partly departs from close association with the 

methoxyl groups, due to decreased relative viscosity and increased entropy of the 

solution. As the temperature continues to rise, hydrophobic groups interact by van der 

Waals forces, a network forms between hydrophobic polymer sites before the complete 

dehydration, relative viscosity increases sharply, and a gel forms. Gels go back into 

solution upon cooling with a hysteresis loop, and this cycle can be repeated multiple 

times91,92. Gel formation and gelation temperature are dependent on variables including 

DS (Me), solution concentration and salt content, and polymer molecular weight. 

Polymers with higher DS (Me) and higher molecular weight can form firmer gels93 in an 

entropy driven process. MC fine structure (blockiness vs. randomness), resulting from the 

synthesis method, also has a great impact on gelation. For example, MC prepared under 

homogenous conditions does not gel due to the more even distribution of the 

substituents94.  

2.3.2.2 MC Pharmaceutical applications 

MC is classified as a Generally Recognized As Safe (GRAS) by FDA, who approved its 

use in formulations with the following limits; up to 183 mg for oral applications, up to 4 

mg for buccal applications, up to 102 mg for vaginal applications, and up to 0.5 % (v/v) 

for ophthalmic applications79. In addition, MC is non-allergic, vegetarian, metabolically 

inert, non-digestible, viscous and soluble in cold water. For these reasons, MC has been 

widely used in the pharmaceutical industry, including as a thickener95, binder96, 

stabilizer97 and film former98.  
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MC has been used in controlled release formulations as a polymer carrier, where its 

amphiphilicity and ability to dissolve to create viscous aqueous solutions are valuable. It 

has been shown that MC mixtures can be good carriers for ibuprofen, where controlled 

release tablets were prepared by direct compression of MC, HPMC and microcrystalline 

cellulose in order to extend the drug release time period; these formulations displayed 

linear release profiles, lasting over 12-16 hours.  In addition, mixtures of MC and ι-

carrageenan afforded zero order release. Water insoluble microcrystalline cellulose and 

HPMC helped prevent tablet matrix disintegration but swelled upon contact with water. 

On the other hand, water soluble MC increases water absorption and water penetration 

rate, promoting polymer swelling99. 

MC has been tested as a nanoparticle stabilizer97, for example where gold nanoparticles 

are generated in the presence of MC by reduction of HAuCl4.4H2O (H2, 85°C). Gold 

nanoparticle size was determined to be stable at 30-50 nm by X-ray photoelectron 

spectroscopy (XPS) and energy dispersive X-ray spectroscopy. Control samples, gold 

nanoparticles without MC, agglomerated during the formulation preparation, illustrating 

the ability of MC to stabilize nanoparticles, presumably by hydrophobic interactions as 

well as by increasing viscosity. These nanoparticles have potential for diagnostic and 

therapeutic applications. 

MC can be cast into water-soluble films; the hydrophilic films have low permeability for 

non-polar gases such as oxygen and carbon dioxide. These have potential to be used as 

film dosage forms, or for coating other delivery systems for various purposes, e.g. taste 

masking100. Stand-alone MC films have poor mechanical properties and processing 

characteristics, so are commonly plasticized. Solvent-cast edible films of MC were 

prepared with, e.g., the polymeric plasticizer polyethylene glycol (PEG) 400, where it 

was observed that water absorption by the films increases with increasing concentration 

of the hydrophilic PEG. Addition of plasticizer decreases film Tg in predictable 

fashion101. PEG addition also increases the rate of water, oxygen and aroma permeation. 

If the concentration of PEG is less than 30% in the film, the film remains transparent102. 

MC has also been blended with starch in order to form flexible and transparent edible 

films with moderate mechanical strength. Starch alone does not form films with adequate 
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mechanical properties and good moisture barrier performance. MC is a good candidate 

material to prepare blends with water-soluble starch via various methods such as hot 

extrusion, or hot pressing. Although a single Tg value was observed for the 

starch/MC/plasticizer (45/45/10) blend by thermal analysis (DSC-2nd heating), it is 

difficult to conclude on this basis whether there is phase separation103; according to 

Olabisi, it is not possible to distinguish a phase separated system from a miscible one if 

the Tg values of individual components are separated by less than 20°C104. Starch itself 

does not have an observable glass transition (most native polysaccharides do not). It 

appears unlikely that MC and starch are truly miscible. 

2.3.3 Hydroxypropyl methyl cellulose (HPMC) 

 

Figure 2.3: The chemical structure of HPMC (R= –H or –CH2CH(OH)CH3).  

2.3.3.1 HPMC Synthesis and general polymer properties 

Hydroxypropyl methyl cellulose (HPMC or hypromellose) is a cellulose ether formed by 

base catalyzed heterogeneous reaction of cellulose with methyl chloride and propylene 

oxide, 89,105,106. The reaction with methyl chloride is a simple Williamson ether reaction, 

resulting in formation of methyl ethers as described for MC. Reaction with propylene 

oxide is however more complicated. Reaction of the cellulose alkoxide with propylene 

oxide results in predominant addition to the less hindered end of the epoxide, affording a 

2-oxypropyl substituent whose 2-hydroxyl group is deprotonated and bears the same 

countercation as originally associated with the cellulose alkoxide. One complication is 

that the reaction is selective for addition to the less hindered end of the epoxide but not 
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exclusively so; thus some addition to the 2-carbon of propylene oxide occurs, resulting in 

a primary alkoxy anion. More importantly, either product contains an alkoxide that is 

now spaced apart from the cellulose main chain and thus enjoys wider approach angles 

than the original cellulose alkoxide. Thus, addition to a second molecule of propylene 

oxide can occur, creating an oligo(propylene oxide) side chain of DP 2. As a result, the 

final product HPMC contains more than 5 substituent types (H-, Me-, 2-hydroxy-1-

propyl (major isomer), 1-hydroxy-2-propyl (minor isomer), as well as HP oligomers, and 

methyl-terminated HP oligomers), so that it is a remarkably complex copolymer. It can 

be readily appreciated that synthesis of this complex sequence of monomers is difficult to 

control, and difficult to analyze in detail. It has been determined that the oligomeric side 

chains stop at rather low DP value (2-3); this is at first surprising since one might assume 

that higher DP would further increase steric freedom and thus reactivity of the extended-

length alkoxide107. Researchers have hypothesized that this is due to redistribution of the 

terminal cation from the growing oligohydroxypropyl chain due to hydrophobic 

interactions, while there is also the possibility that the growing polyether chain may 

coordinate the terminal cation and thus reduce the reactivity of the terminal anion.  

 

The hydroxypropyl substituent is relatively hydrophilic and contributes to the rate of 

hydration, while the methyl substituent is relatively hydrophobic, making HPMC an 

amphiphilic polymer. Therefore the levels of methyl and hydroxypropyl substitution 

impact the hydration rate, and would likely have impact on the performance of the drug 

delivery system. HPMC can form thermoreversible gels upon heating, by a mechanism 

similar to that described for MC. Highly methylated HPMC chains can form crosslinks 

due to van der Waals interactions between the hydrophobic methoxy groups upon 

heating, but hydroxypropyl and oligomeric groups can inhibit crosslinking and 

gelation91,108. Therefore MC can form firmer films at lower gelation temperature than can 

HPMC, even if the particular HPMC has similar-molecular weight and DS (Me) to the 

MC of interest. As DS (Me) content of HPMC is reduced, gelation temperature increases. 

This odorless and tasteless polymer is soluble in water or water/solvent mixtures, e.g. 

ethanol/water and i-propyl alcohol/water. In addition, HPMC (DS (Me) 1.8-2.0, DS (HP) 

0.2-0.34) can be dissolved in non-aqueous solvents such as mixtures of methylene 
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chloride and methyl, ethyl or isopropyl alcohols, pyridine, N-methyl pyrrolidone, 

mixtures of chloroform and methanol or ethanol, formic acid, glacial acetic acid, 

dimethyl formamide, or dimethyl sulfoxide109, permitting fabrication of HPMC 

formulations by various methods such as solvent casting, spray drying and hot melt 

extrusion.   

In addition to its complex, amphiphilic structure, HPMC is hygroscopic, further 

complicating analysis, e.g. of thermal properties. Therefore the HPMC glass transition is 

quite broad and difficult to measure by conventional DSC; often modulated DSC is 

required to observe the Tg. HPMC powder Tg has been measured as ca. 180 °C 110,111, but 

in the case of solvent cast films HPMC (DS (Me) 1.8-2.0, DS (HP) 0.2-0.34, viscosity 5 

000 cP) has a Tg of 157 °C 111. Adventitious water has the plasticization effect on the 

hydrophobic polymer and decreases the Tg.  

2.3.3.2 HPMC Pharmaceutical applications 

HPMC is used in the pharmaceutical industry as a film-coating agent112, thickener113, 

hydrophilic matrix material114, tablet binder, and as an amorphous solid dispersion 

carrier. In addition, it has bioadhesive properties115 and resists microbial attack. For this 

reason, strong water-soluble HPMC films provided antimicrobial protection e.g. against 

Salmonella Montevideo16. 

HPMC is recognized as a GRAS material by the FDA to be used in food based materials 

based on toxicology studies using oral and intraperitoneal routes of administration116. The 

suitability of dosage forms containing up to 20 mg/kg HPMC was confirmed by the lack 

of toxic effects to mice, rats, dogs and cynomolgus monkeys117. FDA approved drug 

products can contain HPMC at levels up to 670 mg in oral formulations, up to 54 mg for 

vaginal formulations, up to 24 mg for buccal formulations, and up to 2.25% for 

ophthalmic solutions79. In addition, pharmacokinetics and potential metabolism of this 

cellulose ether were investigated in rats and humans, leading to the conclusion that 

approximately 97% of orally dosed HPMC was recovered from the feces116. Therefore 

pharmaceutical grade HPMC can be used as an excipient, and it is listed in the European, 

United States (USP) and Japanese Pharmacopeias as hypromellose. In the National 
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Formulary (USP30-NF25,) HPMC is recognized as an excipient to be used as a coating 

agent, suspending or viscosity increasing agent, and as a tablet binder118,119. BenecelTM, 

MethocelTM and MetoloseTM are the trade names for products of Ashland Chemical, Dow 

Chemical, and Shin-Etsu Chemical Companies, respectively. HPMC is available in a 

wide range of molecular weights, presented on the basis of the viscosities of 2 % w/w 

aqueous solutions in a range from 3 to 200,000 cps120,121 that represent 8 – 200 X 103 

Dalton (degree of polymerization (DP) 40-1000)122, making it possible for the 

formulation scientist to pick the required viscosity. In the USP nomenclature, four digit 

numbers represent the DS of each substituent group, where the first two digits refer to the 

methyl group and last two digits refer to the hydroxypropyl group; HPMC commercial 

product properties are summarized on Table 2.1. In controlled release applications, the E 

type (HPMC 2910) and K type (HPMC 2208) are the most commonly used products.  

 

Table 2.1: Methyl and hydroxypropyl group (%) contents of HPMC commercial 

products123–125 

Substitution 

Type (USP 

and EP) 

Methoxy 

Group 

Content 

(%) 

Hydroxypropyl 

Group Content 

(%) 

DS of 

Methoxy 

group 

DS of 

Hydroxypropyl 

group 

Type (Dow, 

Ashland or 

Shin-Etsu) 

HPMC 

2910 
28-30 7-12 1.8-2.0 0.2-0.34 E or 60SH 

HPMC 

2906 
27-30 4-7.5 1.7-2.0 0.1-0.2 F or 65SH 

HPMC 

2208 
19-24 7-12 1.15-1.6 0.18-0.33 K or 90SH 

 

Alderman, et al. suggested that the amounts of substituents can affect the rate of polymer 

hydration, which follows HPMC K 4M > HPMC E 4M > MC A4M > HPMC F 4M 

(4000 cp) 9. This idea was challenged by Mitchell et al., who found that there was no 

difference in the rate of hydration in different HPMC grades at the same viscosity (4000 

cP). Viriden et al., supported this idea and claimed that DS of functional groups does not 
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have an effect on the rate of hydration, but the substituent pattern of the functional groups 

throughout the polymer chain does. The effect of heterogeneity of distribution of the 

functional groups of commercial polymers was investigated in order to understand how 

sensitive the polymer is to copolymer composition alterations. Blocky polymers, in which 

more- and less-substituted sequences may alternate, have lower solubility than do more 

homogenously substituted cellulose ethers, even at similar degrees of substitution126. 

Substituted segments have a tendency to associate and form gel-like components, 

increasing viscosity; as temperature increases, these gel-like components grow in size. 

Functional group substituent pattern along the polymer chain has an effect on polymer 

dissolution from the dosage form, where the homogenously substituted HPMC polymer 

chains have higher solubility, leading to greater tablet erosion126,127, and consequently 

faster drug release. On the other hand, the more blocky samples have lower solubility, 

and thus show slower release profiles for hydrophobic drugs128, whose release is erosion 

controlled while water-soluble drug release is often diffusion controlled. The more 

heterogeneous the polymer, the slower the erosion and the slower the release of 

hydrophobic drugs, e.g. carbamazepine, but such heterogeneity has no effect on release 

rate of diffusion controlled soluble drugs, e.g. theophylline128. As a result, erosion 

controlled drug release is very sensitive to alterations in HPMC chemical composition. 

The effect of polymer viscosity on drug release rates has also been investigated. For 

water-soluble drugs such as aminophylline129, promethazine HCl130, and others131,132, it 

was shown that there is no release rate dependence on HPMC viscosity114. On the other 

hand, HPMC solution viscosity, which depends upon molecular weight, plays an 

important role in the formulation of poorly water soluble drugs such as indomethacin 

where higher molecular weight of the polymer leads to slower release of the drug; a wet 

granulated formulation with 15,000 mPa. Viscosity polymer (2% K type HPMC in water 

at 20°C) releasing up to 90 % of the drug payload within 12 h, while a 4000 mPa.s 

viscosity polymer under otherwise equivalent conditions reached 90% release within 8 

h133. It was found that drug release rate decreases as polymer viscosity and polymer 

content in the formulation increase, resulting in extended release profiles. 

HPMC has been found to be useful as a hydrophilic carrier in drug delivery systems. By 

absorption of water, it creates osmotic pressure, which leads to rupture of the polymer 
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matrix and thus enhances drug release 62 either by diffusion or by erosion of the gel layer. 

Swellability and surface activity are key parameters that impact drug release rate. When 

HPMC contacts water or other biological fluids, it becomes hydrated, leading to polymer 

chain relaxation and volume expansion. In addition, cellulose ethers with methyl and/or 

hydroxypropyl groups can be adsorbed onto hydrophobic drug surfaces134,135. The 

adsorbed layers produce a steric stabilizing effect. The thickness of the adsorbed layer 

determines the magnitude of stabilization136. For these reasons, HPMC has been applied 

in solid dispersions as a rate controlling and stabilizing polymer.   

High viscosity grades of HPMC were cited as preferable for use in matrices for 

hydrophilic drugs114. A high molecular weight HPMC 2208 (apparent viscosity 2 % w/w 

in water at 20°C 80,000 – 120,000 cp) was used for the extended release of metformin 

hydrochloride, a very hydrophilic drug with a variable but short half-life (1.5 – 4 h). Solid 

dispersions were prepared by solvent casting or co-grinding methods; dispersions 

prepared at 1:4 drug to HPMC ratio by either method were capable of prolonging the 

release of metformin for 10 h in in vitro dissolution studies 137. Direct compression of 

tablets 138 and gel formation for hydrophilic matrix tablets 139,140 are other methods used 

to prepare HPMC rate-controlling formulations. Tablets from high molecular weight 

HPMC are harder, less plastic and less likely to deform by compression than those from 

lower molecular weight HPMC141. Besides direct compression, HPMC has been also 

used for wet granulation. Case studies of wet granulation of acetaminophen, ibuprofen, 

and ascorbic acid using low viscosity HPMC and MC were published by Ashland142; 

HPMC wet granulated tablets are less fragile than MC tablets. In addition, drug release 

from HPMC formulations was faster than from MC formulations. Although wet 

granulated HPMC tablets have good potential, the preparation method is costly and direct 

compression of controlled-release formulations has traditionally been a challenge due to 

poor compressibility and low final product content uniformity.  

Low viscosity grades of HPMC are predominantly used for film coating of tablets112,114, 

since they permit higher solids coatings solutions. HPMC is the most widely used 

cellulose derivative in pharmaceutical film coating, probably because it has better solvent 

solubility than most other commercial cellulose ethers while retaining high water affinity, 
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and because its flexible substituents can dissipate energy, thereby reducing friability.143 

In some formulations, film coating properties (e.g. moisture permeability, mechanical 

properties, ductility) were improved by addition of plasticizers (e.g. low MW 

polyethylene glycol144,145, propylene glycol145, or glycerol112). In addition, HPMC has 

been used for vegetarian capsule formation119 as a replacement for gelatin. Gelatin 

capsules have major drawbacks including cross-linking, drug incompatibility, and their 

animal source, leading to concerns about contamination. HPMC is proposed as an 

alternative material for encapsulation since it is stable, and suitable for encapsulation of 

oxidatively labile and hygroscopic drugs as a result of the low oxygen permeability and 

greater hydrophobicity of HPMC than MC. HPMC films have also been investigated as 

tablet coatings for colon specific delivery in combination with pectin and chitosan at a 

ratio of 1:3:1, and have been administered to human volunteers. In all cases, tablets 

passed through the stomach and small intestine intact, and then films swelled and became 

degradable by pectinolytic enzymes in the colon146,147 where the role of HPMC is to 

extend drug release time since it is not quickly degraded by colonic bacteria. Therefore 

the authors expect that pectin/chitosan/HPMC formulations may have significant 

potential for colon-targeted drug delivery. 

Due to the reasonable solvent solubility of HPMC and its thermoplastic nature, 

respectively, HPMC based pharmaceuticals can be also prepared by spray drying148–150 

and melt-extrusion formulation151,152. Spray drying polymer and drug from a common 

solvent can be an efficient method to prepare ASDs of poorly soluble crystalline drugs 

such as naproxen148,150 or indomethacin150, or water-soluble drugs such as sodium 

pantoprazole149 or acetaminophen153; all grades of HPMC are applicable for spray drying. 

On the other hand, only some specific grades of HPMC can be melt-extruded. HPMC 

E50 2910 (viscosity 5 mPa) extrusion led to an increase in back pressure and the melt-

extrusion process was troubled, while HPMC 100 is readily extrudable at temperatures as 

low as 150°C and as high as 205°C with minimal color change even at the higher 

temperatures. Tg values of HPMC 100 and HPMC E50 are 110°C and 174°C 

respectively; the lower Tg of HPMC 100 provides a wider temperature window for melt 
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extrusion. Hot melt-extruded HPMC formulations have been prepared with lidocaine 154 

and itraconazole151. 

HPMC is used as a crystallization inhibitor to prepare supersaturated solid dispersion 

systems, which may increase drug bioavailability. Paclitaxel showed minimal 

precipitation and improved pharmacokinetics after oral dosing of solid dispersions to rats. 

HPMC has been used to prevent or retard precipitation of various other poorly soluble 

drugs including tacrolimus 155,156,34. 

Due to the bioadhesive property of HPMC, it has been used in numerous mucosal drug 

delivery formulations. Delivery systems prepared with HPMC have good buccal retention 

and controlled release characteristics. Therefore buccal adhesive tablets were prepared 

with various drugs157,158,159 including chlorhexidine hydrochloride160 and insulin161. After 

hydration, HPMC can adhere to oral mucosa and can withstand tongue movements, 

salivation and swallowing for a significant period of time. Taylan et al. showed that an 

HPMC and polycarbophil (8:2) formulation fulfills the criteria for buccal sustained 

release since it has a smooth plasma level profile and long duration effect; however it has 

no significant advantage over the commercial product, Dideral®29. In order to prevent 

sexually transmitted infections such as those caused by the human immunodeficiency 

virus (HIV), human simplex virus (HSV), or human papillomavirus (HPV), vaginal drug 

delivery systems have been developed. It has been shown that HPMC films can adhere to 

porcine vaginal tissue for 6 hours and can release 70% of the drug load (sodium dodecyl 

sulfate)162. In another study, acyclovir vaginal tablets were prepared with MC, NaCMC, 

HPMC or HPC by direct compression and wet granulation. HPMC stayed physically 

attached to cow vagina for 6 hours but the other tablets swelled rapidly, thus leading to 

disintegration163. The charged nature of NaCMC and the greater hydrophilicities of the 

other ethers enhance their water affinity. Directly compressed tablets of 

clotrimazole/HPMC combined with polyanionic NaCMC showed higher mucoadhesive 

strength and more controlled vaginal drug release than HPMC tablets with neutral guar 

gum164. Furthermore, vaginal thermosensitive gels were prepared with HPMC 2208 and 

cyclodextrin, providing slow release of the anticancer drug 5-fluorouracil (5-FU) over 90 

hours in vitro; a human cervical carcinoma cancer (HeLa cells) study showed anticancer 

efficacy for these gels at a much lower 5-FU dose, with controlled and prolonged 5-FU 
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release165. Unlike tablets, the in situ gelling systems in the vaginal cavity offer the 

advantage of reduced outflow from the vagina. Although there are promising approaches 

for HPMC based vaginal delivery, the usefulness of the approach is still limited by the 

short vaginal residence time of the dosage forms, which necessitates frequent application.  

Ophthalmic mucoadhesive systems also have been developed with HPMC due to the 

clear nature of its aqueous solutions, as well as its high solution viscosity and bioadhesive 

nature that lead to longer retention in the eye and low tendency to cause eye irritation. 

Opthalmic delivery faces the challenge that ocular formulations are typically eliminated 

from the eye within the first 5-20 min after administration, and the therapeutic dose must 

penetrate the cornea within this short time frame.  Liu et al. showed that HPMC/alginate 

formulations of gatifloxacin, an antibacterial agent, were retained the drug in the eye for a 

longer time period in vitro and in vivo without causing any irritation, resulting also in 

increased gatifloxacin bioavailability113 due to HPMC’s in situ gel forming property that 

limits pre-corneal elimination. In vitro studies showed drug release sustained over 8 

hours, while in vivo the half-life of the formulation is limited to 44 min; still significantly 

longer than with conventional systems. HPMC has also been used for the preparation of 

commercial artificial tear products for dry eyes.  
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Table 2.2: Examples of HPMC Containing Commercial Pharmaceutical Products. 

Product name Active ingredient 

name 

Company Application 

Desogan Desogestrel and 

ethinyl estradiol 

Prasco laboratories Oral contraceptives 

Factive Gemifloxacin 

mesylate 

Oscient 

Pharmaceuticals, Inc 

Oral antibiotic 

Flumadine Rimantadine 

hydrochloride 

Forest 

Pharmaceuticals, 

Inc. 

Oral antiviral 

Flurbiprofen Flurbiprofen Caraco 

Pharmaceuticals 

Oral non-steroidal anti-

inflammatory drug 

(NSAID) 

Isosorbide 

Dinitrate 

Extended 

Release  

Isosorbide dinitrate Inwood 

Laboratories 

Oral vasodilator 

Lopressor Metoprolol tartrate Caraco 

Pharmaceuticals, Inc 

Oral antihypertensive 

Oxycontin Oxycodone 

hydrochloride 

Endo 

Pharmaceuticals, Inc 

Oral narcotic pain 

reliever 

Rantidine or 

Zantac 

Ranitidine 

hydrochloride 

Genpharm Inc. and 

Glaxo Welcome 

Oral nonsteroidal anti-

inflammatory drugs 

(NSAIDs) 

Trovan Trovafloxacin Pfizer 

Pharmaceuticals 

Group 

Oral antibiotic 

Ambien Zolpidem tartrate InvaGen 

Pharmaceuticals Inc. 

Oral sedative-hypnotics 
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2.3.4 Ethyl cellulose (EC)  

 

Figure 2.4: The chemical structure of EC. 

2.3.4.1 EC synthesis and general polymer properties 

Cotton linters or wood pulp can be used for the synthesis of ethyl cellulose (EC). In one 

of the earliest reported methods, cellulose was solubilized with trimethylbenzyl 

ammonium hydroxide and then reacted with diethyl sulfate 87. Lilienfeld patented 

processes where the cellulose was pretreated by xanthation, or with cuprammonium, or 

by heating in 30-50% NaOH 166. Cellulose was then reacted with an alkylating agent 

(diethyl sulfate) and heated. If a low-boiling alkylating agent was used, (ethyl chloride or 

ethyl bromide) the reaction had to be carried out in an autoclave or another pressure 

vessel, whereas if higher boiling alkylating agents were used, (ethyl iodide or diethyl 

sulfates) the reaction could be performed with a reflux condenser.166 Compared with 

methylation of cellulose, ethyl cellulose production is less efficient under heterogeneous 

conditions due to the higher molar volume and hydrophobicity of ethyl halide, which can 

retard the diffusion-controlled reaction. Generally speaking, synthesis of ethyl cellulose 

requires more harsh conditions than those required for methyl cellulose, including higher 

alkalinity, higher reaction temperature, and longer reaction time. In commercial methods, 

≥ 50% sodium hydroxide is used for alkalization, and then the alkali cellulose is reacted 

with ethyl chloride at < 50 °C for 10-20 hours 167,110. The resulting EC has almost equal 

partial DS(Et) at C-2 and C-6, with lower DS(Et) at C-3168. 
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Table 2.3: EC Physical Properties. 

DS(Et) 2.2-2.8 

Tg 140 °C (DS(Et) 2.3) 

Tm 140-160 °C 

Viscosity (5% solution at 25 °C 

in an Ubbelohde viscometer) 169 
4-350 cP 

Solubility 

Soluble in esters, aromatic hydrocarbons, alcohols, 

ketones and aromatic solvents but not water 

soluble 

Color White or light grey 

Stability 
Light stable (visible or UV), stable in alkali 

conditions but not acidic 

The effect of increasing DS(Et) is quite dramatic; at low DS EC is water-soluble due to 

disruption of H-bonding and structural regularity by the ethyl groups, while at very high 

DS, solubility even in solvents as non-polar as aromatic hydrocarbons is observed. EC 

solubility parameters thus decrease with increasing DS(Et). In general, commercial EC 

grades are soluble in a variety of solvents such as esters, aromatic hydrocarbons, 

alcohols, ketones, and aromatic solvents, but insoluble in water. The physiologically inert 

bio-based material is thermoplastic, melting in a temperature range of 140-160 °C 170, and 

with Tg (DS(Et) 2.55, 48.5% ethyl content) 140 °C 110. EC is a tasteless, and odorless 

powder that takes up very little water, due to the high DS(Et) and resulting relative 

hydrophobicity, is light stable (visible or ultraviolet) due to its lack of chromophores, and 

can form tough, flexible films. EC is generally non-toxic, non-irritant, 

biocompatible12,171, and no significant biodegradation was recorded when exposed to 

Aureobacterium saperdae or Pseudomonas lemoignei for 30 days172. EC physical 

properties are summarized in Table 2.3.  
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2.3.4.2 EC pharmaceutical applications 

EC has been used in many controlled drug delivery systems as a binder173,174, film 

forming agent,175 or coating material176. It is also used to mask the bitter taste of drugs to 

increase patient compliance177. EC is available in different viscosities as a granular 

(standard) particle size or as fine particles, which are produced specifically to be used as 

controlled release excipients in order to improve performance of the standard EC178. 

According to FDA, the EC daily maximum allowable dose is 308 mg for oral 

applications, 80 mg for transdermal applications, and 50 mg for vaginal applications79. It 

can be processed by hot melt extrusion170,179–181, spray drying182, co-precipitation,173 or 

emulsification/solvent evaporation177 for microparticles, and for tablet formation via 

either direct compression183 or wet granulation184. NaCMC62,185, HPMC62,174, Eudragit 

copolymers (e.g. ethyl acrylate, methyl methacrylate and trimethylammonioethyl 

methacrylate copolymer with a ratio of 1:2:0.2) 173,186,187, and starch62,185 are the 

hydrophilic co-excipients most commonly used in combination with EC in oral dosage 

forms in order to increase drug release rates.  

Prominent recent studies of EC matrix systems are summarized to illuminate the 

increasing interest in this polymer. EC was proposed for use as an excipient for 

didanosine tablets, a drug substance used in the treatment of acquired immunodeficiency 

syndrome (AIDS) 186,187. In this study, the directly compressed polymeric tablets (ethyl 

acrylate, methyl methacrylate and trimethylammonioethyl methacrylate copolymer–EC 

mixtures) allowed the sustained release of 60-70% of the drug in vitro over 6 hours. A 

study was performed for didanosine/EC tablets to optimize compression force, polymer 

particle size, and drug content variables to obtain the best formulation conditions. Drug 

load had the most significant effect on increasing dissolution efficiency, and drug release 

was inversely proportional to EC particle size186. Tablets of EC with another active 

pharmaceutical ingredient, diclofenac potassium, were prepared and subjected to in vitro 

dissolution studies, showing that EC significantly decreased diclofenac release rate, and 

that zero order release was observed57. Zero order drug release is desirable in controlled 

drug delivery systems since it is by definition constant drug release rate (independent of 

time) without any burst effect, frequently leading to near-constant blood concentration of 
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the drug, which is particularly favorable for drugs with narrow therapeutic indices. Such 

long-term constant release rates can also enable less frequent (ideally once daily) dosing, 

thereby increasing patient compliance. In another study, ibuprofen EC tablets were 

prepared for controlled release, where the influence of the different variables such as 

particle size, polymer molecular weight, drug to polymer ratio, and tablet preparation 

method were investigated62,174. For directly compressed formulations, the polymer 

molecular weight does not have a significant effect upon drug release. On the other hand, 

when a wet granulation method was used, drug release rate increased with lower 

molecular weight polymers. Nevertheless, drug content had greater impact upon drug 

release rate (the higher the drug content the higher the release rate) than that of polymer 

molecular weight174. In addition, controlled release from fine particle EC formulations 

was investigated for different drugs 183,188,189 such as naproxen190. Fine particles of EC 

were compared with standard EC, showing that fine particle EC releases drug with more 

extended release profiles of active pharmaceutical ingredients such as ibuprofen174,185 and 

ofloxacin 184. 

In EC dosage forms, increasing the ratio of the high Tg, thermoplastic, compressible 

polymer to drug caused tablet porosity decrease, and increasing tablet hardness. The 

increased proportion of relatively hydrophobic polymer reduced tablet wettability, while 

also reducing drug release rate. As the amount of hydrophobic EC increased, it became 

harder to absorb water and drug diffusion was also impeded174,189. Therefore, a relatively 

more hydrophilic co-excipient added to the formulation may provide increased release 

rate. 

EC has been used in oral drug delivery systems as a carrier in order to improve the 

bioavailability of drugs191,192. For example, the anti-ulcer drug ranitidine hydrochloride 

was formulated in EC-based porous microparticles of 350-750 mm diameter, with 

encapsulation efficiencies up to 96% when prepared by an oil in oil method; paraffin and 

Span 60 comprised the dispersion medium for the drug and polymer mixture. These EC 

solvent evaporated microparticles were orally dosed to New Zealand rabbits, resulting in 

extended drug release (more than 12 hours), achieving drug plasma concentration around 

15 mg/mL, and increasing drug bioavailability 2.4-fold relative to the pure drug193. In 
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another study, tramadol EC microcapsules were prepared by spray drying, and the effects 

of EC viscosity, solvent system, and plasticizer addition were investigated. 

Dichloromethane and ethyl acetate solvent systems led to regular particle morphology. 

Addition of the hydrophobic diethyl phthalate as plasticizer decreased drug release rate 

with low viscosity EC; on the other hand, it did not have an effect on release rate from 

medium viscosity EC 182.  

The film forming ability of EC has enabled encapsulation of various drugs. EC films do 

not dissolve in water or in the GI tract, and can be used to provide oxygen barrier and/or 

taste masking. EC films can also regulate drug diffusion rate. Granules of theophylline, 

cellulose, and lactose coated with EC were investigated and zero order theophylline 

release from the coated granules was reported194. Moreover, 5-aminosalicylic acid was 

formulated in ethyl cellulose – amylose coated pellets for colon specific drug delivery, 

mediated by colonic bacterial degradation of the amylose component. The EC portion of 

the coating was more efficient in controlling swelling and accordingly drug release 

relative to other coatings (EC/amylose aqueous dispersion, and (ethyl acrylate/methyl 

methacrylate/trimethylammonioethyl methacrylate) copolymer-amylose coating)195. EC 

was used as a matrix with amidated pectin and calcium pectinate for ropivacaine delivery 

to the colon196. Pectin has been used for colon specific drug delivery systems since it is 

susceptible to enzymatic degradation by the enzymes of the gram-negative bacteria 

inhabiting the colon. The role of the EC in the formulation is to increase tablet strength 

and decrease dissolution rate. 

Thermal extrusion of drug and polymer blends can lead to increased drug aqueous 

solubility by formation of drug/polymer ASDs. EC thermoplasticity is useful in this 

respect, making it a good candidate for ASD preparation by extrusion. The ability to 

make ASDs by co-extrusion of drug and polymer is valuable, since it eliminates the 

possibility of residual solvent in the ASD that exists with spray-dried formulations. EC is 

often co-extruded with a hydrophilic material, employed to provide the release 

mechanism, where the ratio of hydrophilic to hydrophobic polymers strongly influences 

the drug release rate. EC melt extrusion was studied with HPMC, dibutyl sebacate 

(matrix former and plasticizer) and xanthan gum for metoprolol tartrate197 and ibuprofen 
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drug delivery systems. Optimum extrusion temperature depends on drug thermal 

properties and drug/polymer ratio, and was in the range 110-140°C197 for metoprolol 

tartrate systems. In other studies, the optimum extrusion temperature for blends of 30% 

ibuprofen in EC formulations was 82°C; on the other hand, 60% ibuprofen-EC 

formulations gave smooth extrudates at 60-62°C198–200. Extrusion temperatures were far 

below the Tg of the EC used (133°C). This behavior was explained by the assumption 

that the drug acted as a plasticizer for EC, leading to a decrease in blend Tg
200. 

Apart from oral drug delivery systems, ethyl cellulose has also been used to prepare 

spray-on transdermal delivery films, due to its excellent film forming properties175, 

forming blends with ethyl acrylate/methyl methacrylate/trimethylammonioethyl 

methacrylate copolymer (at a ratio of 1:2:0.2) and fluconazole. Tests with healthy human 

volunteers showed that the films displayed good dermal adhesion and flexibility, while 

water washability was only moderate. The films improved fluconazole permeation 

through shed snakeskin over 13 h.  

 

2.3.5 Hydroxypropyl Cellulose (HPC) 

 

Figure 2.5: The chemical structure of HPC. 
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2.3.5.1 HPC synthesis and general polymer properties 

HPC is manufactured by reacting alkali cellulose with propylene oxide at elevated 

temperatures and pressures. Propylene oxide can react with alkali cellulose by 

nucleophilic ring opening, predominantly though not exclusively at the less hindered end 

(carbon 1) of the epoxide, forming an ether linkage. Reaction can occur at any of the 

three reactive hydroxyls present on each anhydroglucose monosaccharide unit of the 

cellulose chain. Ring opening at the less hindered end of the epoxide affords 

hydroxypropyl substituents that contain almost entirely alkali salts of secondary hydroxyl 

groups. The alkali salt of the secondary hydroxyl present in a side chain is available for 

further reaction with propylene oxide, and in fact has available to it much wider approach 

angles than do the hydroxyls of the cellulose main chain. Therefore the alkoxyl of the 

side chain is prone to reaction with further molecules of propylene oxide, extending the 

oligo(propylene oxide) side chain. This results in formation of side chains containing 

more than one mole of combined propylene oxide. It is probable that most of the primary 

hydroxyls on the cellulose have been substituted and that the reactive groups remaining 

are secondary hydroxyls201. An idealized structure for a portion of a HPC molecule with a 

hydroxypropyl molar substitution (MS) of 5 is given in Figure 5. While DS is the 

average number of hydroxyl positions substituted per AGU, MS is the average number of 

substituents per AGU; note that DS is limited to a maximum of ca. 3 for cellulose, while 

MS can exceed 3 for adducts of cellulose with epoxides (like HPC) because of the 

possibility of forming oligo(hydroxyalkyl) substituent chains. Both DS and MS are 

important factors determining the properties of HPC.  

HPC is a non-ionic water-soluble cellulose ether with a different range of properties than 

some other cellulose ethers, due to its relatively hydrophobic side chains. As a result, it is 

soluble in both aqueous and polar organic solvents. Those same somewhat hydrophobic 

substituents impart thermoplasticity202 (unlike the more polar HEC), and some degree of 

surface activity. At the same time, HPC modifies rheological properties of aqueous 

solutions in ways similar to other water-soluble cellulose ethers, imparting thickening and 

stabilizing properties to those solutions.  
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Commercial HPC (MS 3.0-4.0)203 is soluble in many polar organic solvents and in water 

below 38°C. HPC however shares the interesting property of thermal gelation with MC204 

and other cellulose ethers205; the mechanism of that gelation is discussed in the MC 

section. As a result of this gelation, HPC is insoluble in water above 45°C. The polymer 

is available in a wide range of viscosity types, providing a large range of solution 

properties in water and ethanol. Its thermoplastic properties will be described in more 

detail later in this section, but they do permit extrusion, use in film and coatings, and heat 

sealing. The presence of both hydrophilic (OH) and hydrophobic (hydrocarbon) portions 

of the molecule leads to miscibility with a number of plasticizers and other polymers206. 

HPC is primarily supplied by two manufacturers, Ashland Specialty Ingredients and 

Nippon Soda Co., Ltd.  Ashland provides different grades of HPC trademarked as 

KlucelTM; within the pharmaceutical grade there are 7 viscosity types designated as H, M, 

G, J, L, E and EL. HPC products are also characterized by particle size, with regular 

particle size materials suitable for use in wet processing, and finer “X-grind” material for 

dry processing. Table 2.4 gives the water and ethanol viscosity specifications of 

pharmaceutical grade for each available viscosity type201. Nippon Soda NissoTM HPC is 

available in 5 viscosity types, and the aqueous viscosity info can be found in Table 

2.5207. 
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Table 2.4: Klucel HPC Viscosity Types, Viscosities (cps), and Molecular Weights.  

Klucel 

Pharmaceutical 

Grade 

Viscosities of aqueous solutions, cps  Mw** 

1%* 2%* 5%* 10%* 
 

ELF         ~40,000 

EF and EXF        300-600 ~80,000 

LF and LXF      75-150   95,000 

JF and JXF     150-400   370,000 

GF and GXF    150-400     140,000 

MF and MXF    4000-6500     850,000 

HF and HXF  1500-3000       1,150,000 

  

Pharmaceutical 

Grade  

Viscosities of anhydrous ethanol solutions, cps Mw
** 

1%* 2%* 5%* 10%* 

ELF         40,000 

EF and EXF        150-700 80,000 

LF and LXF      25-150   95,000 

JF and JXF     75-400   370,000 

GF and GXF    75-400     140,000 

MF and MXF    3000-6000     850,000 

HF and HXF  1000-4000       1,150,000 

*All viscosities are determined at 25°C using a Brookfield LVF viscometer with spindle 

and speed combinations depending on viscosity level 

**Weight average molecular weight determined by size exclusion chromatography. 
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Table 2.5: Nisso HPC Viscosity Types and Viscosities (cps). 

Nisso HPC type SSL SL L M H 

Viscosity @ 20°C/2% aq 2-2.9 3-5.9 6-10 150-400 

1000-

4000 

Mw ~40,000 ~100,000 ~140,000 ~620,000 ~910,000 

 

It is interesting that HPC is thermoplastic, unlike the other high-volume cellulose ether 

prepared by epoxide ring-opening, HEC. HPC is significantly more hydrophobic than 

HEC; HPC has a reported Tg of ~130°C208 and can be processed by virtually all 

fabrication methods used for plastics. Importantly, HPC has rather good thermal stability, 

not beginning to decompose until ca. 300ºC209 (as quantified by thermogravimetric 

analysis (TGA)); HEC decomposition begins in the vicinity of 200ºC. Therefore, for HPC 

there is a processing window of sufficient width to make melt processing a practical 

alternative. Injection-and compression-molding; blow-molding; injection foam molding, 

vacuum forming and extrusion of film, sheet, foam profiles and filament have been 

demonstrated in conventional plastic equipment, using pelletized molding powder. The 

melt flow behavior of HPC depends in predictable fashion upon its molecular weight, 

with lower MW grades having higher melt flow indices (Figure 2.6)201.   
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Figure 2.6: Melt flow index of HPC as a function of MW at 150°C.  

HPC is, like many other cellulose derivatives, a good film former, and its films are 

somewhat less brittle than those from cellulose and certain of its derivatives because of 

the relatively hydrophobic oligo(hydroxypropyl) substituents. These properties make it a 

useful material for fabrication of films and sheets by conventional extrusion techniques. 

HPC coatings have also been extruded onto paper, fabrics, food products and other 

substrates. The HPC Tg value of 130ºC is relatively high vs. those of most synthetic 

polymers, but is in a range similar to those of many other cellulose ethers and esters. The 

relatively high Tg means that HPC films stay in the glassy phase (non-tacky) even when 

humidity is rather high and/or even when containing a plasticizer (or drug that plasticizes 

the film).  HPC films can be of interest for packaging for the reasons cited above, as well 

as for the ability to heat seal due to their thermoplastic nature, their insolubility in 

hydrocarbons (like oils and fats), and their relatively low oxygen permeability (common 

to most polysaccharides and many derivatives thereof). Although extrusion of some HPC 

grades can lead to impractical melt viscosities210, the addition of plasticizers can reduce 
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melt viscosity to more moderate levels; in some cases drug molecules themselves are 

plasticizers for HPC and can obviate the need for added plasticizer. Plasticizers increase 

film flexibility, reduce heat-seal temperatures, and increase impact resistance and 

elongation. HPC is compatible with plasticizers including propylene glycol, citrate esters 

and ethers, glycerin, stearic acid, oleic acid, and polymeric plasticizers such as PEG at 

concentrations up to at least 5%210.  

2.3.5.2 HPC Pharmaceutical applications 

It is useful to discuss a few selected applications of HPC to highlight how its structure 

and properties have been exploited in specific ways.  

HPC is frequently employed as a tablet binder, because of its high Tg (typical of cellulose 

derivatives), its thermal plasticity, relatively broad compatibility due to its balance of 

hydrophilic and hydrophobic properties, and its resulting organic solvent or aqueous 

solubility. These properties allow tablet preparation using a variety of formulation 

techniques. It has been found that levels of ca. 2-8% HPC in the formulation by weight 

act to bind the tablet, affording fast release, whereas higher levels of HPC (ca. 20-30%) 

promote the formation of a gel layer upon exposure to water, thereby affording extended 

release (vide infra)211. Picker-Freyer and Dürig have studied physical mechanical and 

tablet properties of HPC both in pure form and in mixtures. They observed that 

compactibility and plasticity increase as molecular weight and particle size decrease. 

Conversely, elastic deformation is more pronounced at higher molecular weight and 

particle size211. 

Fine particle size grades of HPC (ca. 80 mm mean size) are most suitable for dry binder 

applications, while regular particle size grades (ca. 250 mm mean size) are more readily 

dispersible, making them more useful in solution binding applications. 

Skinner et al. have evaluated fine-particle HPC as a roller compaction binder in 

pharmaceutical applications using poorly compressible acetaminophen (APAP) as a 

model drug. The fine-particle HPC was incorporated into the formula at 4%, 6%, and 8% 

w/w levels, and tablets were evaluated for capping, hardness, friability, ejection force, 
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and drug dissolution. Using HPC at these binder levels could overcome capping and 

friability problems and achieve optimal tablet dosage forms212.  

As a polysaccharide derivative with considerable water affinity, HPC is useful for 

preparing physical mixture matrix tablets. When fine particle size HPC grades are used in 

matrix tablets, a gel layer forms rapidly upon contact with water. The gel layer retards the 

release of active ingredients, either by diffusion or erosion. HPC levels of at least 20% of 

the matrix are usually sufficient to obtain gel-controlled release213. For poorly soluble 

drugs, where erosion is the predominant release mechanism, low molecular weight grades 

of HPC are most suitable. Higher molecular weight grades provide long-lasting gels for 

diffusion-controlled release of more highly soluble drugs.  

Drug release from HPC matrices is sensitive to HPC molecular weight, particle size, and 

drug/polymer proportions; co-excipients may also impact release profiles. In a study 

aiming to attain 100% drug release of caffeine after 24 h from HPC tablet matrices, it was 

shown that increasing HPC/caffeine ratios significantly decreased caffeine release rate214.  

A comparative study on rates of hydration and matrix erosion of high molecular weight 

grades of HEC and HPC, and of release of chlorpheniramine maleate from tablets made 

from physical blends of drug and polymer, was carried out by Roy and Rohera215. HEC 

matrices swelled faster than HPC matrices, but importantly they also eroded much faster 

than the HPC tablets. Drug release from HEC matrices occurred by non-Fickian 

transport, i.e., a combination of drug diffusion and polymer erosion and swelling, while 

drug release from these HPC matrices was controlled primarily by diffusion through 

pores and channels in the formed HPC gel structure. A higher polymer level was needed 

in the case of HEC vs. HPC matrices to sustain drug release for up to 12 h, due to the 

greater hydrophilicity of HEC.  

Saša et al. investigated the surface properties of cellulose ethers by inverse gas 

chromatography and correlated with drug release from their matrix tablets. They found 

that the relative polarity of the cellulose ethers was HEC > HPMC > HPC, which 

correlated well with their water sorption and with the swelling degree of polymer 

matrices. Unfortunately they failed to report the MS and DS values of the three polymers 
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used by the same terminology, making it difficult to do detailed structure-property 

relationship evaluation. Release of pentoxifylline and vancomycin from the cellulose 

ether matrices followed the same order as the polarity of polymers. They found that drug 

release from HPC is governed mainly by Fickian diffusion, whereas from HEC relaxation 

of polymer chains is also important216. 

Uekama et. al used combinations of β-cyclodextrin and HPC to develop bi-layer 

controlled release tablets for poorly soluble compounds217,218. For a rapidly releasing 

portion, hydrophilic β-cyclodextrin derivatives were employed to form a water-soluble 

complex. The pH-independent slow release was attained by use of HPC or HPC/EC 

matrices. An optimal formulation of a double-layer tablet was obtained by the 

combination of each fraction.  

The thermal stability of HPC and its ability to be melt-extruded have led to applications 

in melt granulation, and hot-melt extrusion for both immediate and prolonged release. 

The following examples illustrate its utility in these applications. 

Lakshman et al. explored a melt granulation process using a twin-screw extruder to 

combine the hydrophilic, poorly compactible drug metformin HCl (METF) with HPC as 

the polymeric excipient, seeking to develop a high-dose tablet with low friability and also 

the ability to form combination tablets. Drug–polymer powder mixtures were melt 

granulated at a temperature above HPC Tg, but below metformin Tm. In comparison with 

wet granulation and solvent granulation, melt granulation provided a robust 

manufacturing process with highest compactability and lowest friability, that was 

insensitive to changes in atmospheric moisture level. HPC permitted formulation of 

decreased tablet size of the high-dose drugs; it was remarkable in fact that < 10% by 

weight HPC was sufficient to achieve compactability and friability targets. HPC was 

found to be superior to HPMC in this instance due to enhanced hardness, and to HEC due 

to enhanced drug release rate219.  

As a cellulose ether that is both organic solvent soluble, and melt extrudable, HPC is a 

potential fit for the most commonly used methods (e.g., spray drying and melt extrusion) 

for preparing amorphous solid dispersions (ASD) of drugs in order to enhance solubility 
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and bioavailability. A number of investigators have reported exploring HPC as an ASD 

matrix polymer.  

Inoue and co-workers examined a variety of polymers as ASD matrices for the 

immunosuppressant drug cyclosporine A (CsA)220, and their study provides insights 

about the relative merits of HPC for ASD. They found that HPC formed amorphous 

dispersions with CsA, even at > 75% drug in the ASD. Other cellulose ethers including 

MC and HPMC also formed ASDs at similar levels of drug, but the dissolution rate from 

the HPC formulation was faster and the supersaturation achieved was much greater. The 

rate of release was related to HPC molecular weight, with polymers of Mw of 70,000 or 

less releasing CsA almost immediately, while delayed release was observed with high 

Mw HPC (250K – 400K). It may be that the relative hydrophobicity of HPC (solubility 

parameters MC 22.7, HPMC 21.5, HPC 21.1 MPa1/2)221,222 enhances interactions with the 

hydrophobic drug, promoting stabilization against recrystallization. 

The heterogeneity of the HPC structure can be an advantage in ASD, since it essentially 

eliminates any tendency for HPC to crystallize. Studies of HPC vs. PEG in ASD of 

felodopine223 showed that felodopine release from the PEG matrix was much faster and 

more complete due to faster dissolution of the very hydrophilic PEG. However, the PEG 

in these ASDs showed a clear tendency to crystallize, which would be unacceptable 

variation in a marketed formulation, whereas the HPC showed no such tendency as 

shown by XRD and DSC. 

Mohammed et al. reported the use of HPC for drug solubilization224. The authors 

evaluated HPC for solubility enhancement of ketoprofen by forming a solid dispersion in 

HPC matrix via hot-melt extrusion, which is attractive for ASD since no organic solvents 

are involved. Drug release from extruded pellets was found to be dependent on HPC 

molecular weight, with faster release observed at lower molecular weight HPC (40K vs. 

80K Mw). Tablets compressed from milled extrudates exhibited rapid release, and 

addition of mannitol further enhanced the release by forming micro-pores and increasing 

extrudate porosity.  

 



	 43	

When higher molecular weight grades of HPC are used for ASD or other controlled 

release formulations using extrusion, plasticizers can be used to reduce melt viscosity, 

thus facilitating the extrusion process (Figure 2.7)199. 

 

Figure 2.7: Effect of plasticizer on melt viscosity of HPC (Mw ~ 850,000) at 180°C. 

 

A study by Repka et al. illustrated some of the issues with melt extrusion of HPC/drug 

formulations.  They investigated HPC/drug extrusion in the presence of plasticizers 

including PEG 8000 (2%), triethyl citrate (TEC, 2%), acetyltributyl citrate (ATBC, 2%), 

and PEG 400 (1%). In addition, either hydrocortisone (HC) 1% or chlorpheniramine 

maleate (CPM) 1% was incorporated into the films as a model drug. One issue was that 

while the Tg values predictably decreased with the inclusion of drugs and plasticizers, the 

Tg values were not stable over 6 months aging; the authors did not report investigations 

of whether this was due to plasticizer loss, phase separation, or other cause. Importantly, 

the authors reported that a consistent film of HPC could not be extruded in the absence of 

drugs or plasticizers due to excessive melt viscosity210. The authors also carefully 
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examined extrudates containing hydrocortisone and chlorpheniramine by HPLC. They 

found profound degradation of hydrocortisone, as shown by the appearance of impurity 

peaks; degradation of chlorpheniramine was less prominent but still detectable. In another 

study, the authors investigated the potential of extruded HPC films for transdermal 

applications, by measuring moisture absorption, physical-mechanical and bioadhesive 

properties of extruded HPC containing plasticizers including polyethylene glycol (PEG), 

poly(acrylic acid) (Carbomer), cross-linked poly(acrylic acid) (Polycarbophil), and 

methyl methacrylate/n-butyl methacrylate/dimethylaminoethyl methacrylate co-polymer 

(Eudragit E-100). The film containing 5% Polycarbophil had the highest force of 

adhesion and the highest elongation at adhesive failure in vivo. The authors hypothesized 

that in this film hydrogen bonding with the polymers of the skin is enhanced by the 

presence of Polycarbophil due to its high carboxylic acid content225. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 45	

 

 

2.4 Cellulose Ether Esters 

2.4.1 Carboxymethylcellulose Acetate Butyrate (CMCAB) 

2.4.1.1 CMCAB Synthesis and general properties 

 

Figure 2.8: The chemical structure of CMCAB (R=H or –CH2COOH).  

Hydrophobically modified CMC derivatives, prepared by esterification of CMC hydroxyl 

groups with carboxylic acids, have been explored for waterborne coatings and as drug 

delivery polymers.  CMCAB synthesis by reaction of CMC with acetic and butyric 

anhydrides under strong acid catalysis has been reported by Eastman Chemical Co.226. 

DS values obtained depend in predictable fashion upon the reaction conditions and 

reactant mole ratios. The resulting CMCAB polymer (Figure 2.8) has three substituent 

types (other than hydrogen), with DS (CMC) of 0.33, DS butyrate (Bu) 1.64, and DS 

acetyl (Ac) of 0.44. The carboxymethyl groups impart pH sensitivity; the polymer swells 

at neutral pH or higher, that is at the pH of the intestines.  

2.4.1.2 CMCAB Pharmaceutical applications 
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CMCAB has potential use in drug delivery systems in different dosage forms, playing 

roles such as matrix, binder, or film former with poorly water soluble drugs, e.g. 

ibuprofen, glyburide, griseofulvin227, and clarithromycin,36 as well as with water soluble 

drugs such as fexofenadine HCl 227 and moderately soluble drugs like rifampin. CMCAB 

solid dispersions can be prepared through spray drying, co-precipitation, film casting, or 

solvent rotary evaporation227. Extrusion of CMCAB has not been reported and may be 

difficult, since the high Tg (137°C) polymer contains both free OH and carboxyl groups, 

and may be prone to cross-linking during thermal extrusion. 

Ibuprofen tablets directly compressed with CMCAB gave zero order release of ibuprofen, 

and this otherwise modestly soluble drug displayed much higher solution concentrations 

upon release from a CMCAB matrix at pH 6.8. In vitro experiments showed that zero 

order release was prolonged for more than 20 hours, promising for a simple, once-daily 

form of ibuprofen. Edgar et al. studied controlled release of ibuprofen, glyburide, 

griseofulvin and fexofenadine HCl from CMCAB ASDs prepared by different 

techniques, which showed pH-controlled release and enhanced drug solution 

concentration. For some formulations, zero order drug release (ibuprofen-CMCAB solid 

dispersion) and enhanced stabilization against drug crystallization were afforded. 

Clarithromycin/CMCAB ASDs were investigated in order to increase solubility of the 

drug and also prevent its degradation at acidic pH.36 It was found that ASD in CMCAB 

afforded considerable protection against clarithromycin decomposition at low pH; as a 

result, a total of approximately 55% of the drug was released intact during simulated 

passage through the absorptive zone of the GI tract (vs. 0% for clarithromycin in the 

absence of polymer, or in ASD with HPMCAS). Similarly, CMCAB/rifampin ASDs 

were prepared in order to increase rifampin bioavailability, and investigated by in vitro 

dissolution studies. The hydrophobic protonated CMCAB matrix prevented any 

measurable drug release under gastric (pH 1.2) simulating conditions, but at pH 6.8, upon 

deprotonation of the CMCAB carboxyls and resulting matrix swelling, the CMCAB 

ASDs released around 70% of the rifampin intact within 8 hours, showing an initial burst 

release upon pH switch to 6.8228.  
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2.4.2 Hydroxypropyl Methyl Cellulose Acetate Succinate (HPMCAS)  

2.4.2.1 HPMCAS Synthesis and general properties 

HPMCAS is a complex co-polymer prepared by reaction of HPMC with acetic and 

succinic anhydrides. Many more than four types of moiety excluding hydrogen (acetyl, 

succinoyl, methyl, the isomeric hydroxypropyl groups, and the many possible 

permutations of oligo(hydroxypropyl) groups, not to mention the possibility of the 

oligo(hydroxypropyl) groups being capped by acetate or succinate esters) are presumably 

relatively randomly substituted around the AHG ring and along and between chains. 

HPMCAS has low water solubility at acidic pH due to the relatively hydrophobic 

methoxy and acetate groups, but swells when its succinate groups (4-14%) are ionized at 

intestinal pH (6-7.5). There are also HPMCAS grades with higher % succinate groups 

(14-18%) that can ionize at lower pH (5.5-6)229. Due to its amphiphilic nature, it is a 

favored polymer for use in ASD formulations with hydrophobic drugs. HPMCAS, along 

with cellulose acetate trimellitate (CAT), cellulose acetate phthalate (CAP), 

hydroxypropyl cellulose acetate phthalate (HPCAP), hydroxypropyl methyl cellulose 

acetate phthalate (HPMCAP), and methylcellulose acetate phthalate (MCAP) were 

patented by Pfizer Inc. for their ability to increase drug solution concentration and hence 

bioavailability from ASDs, and their use in pH-controlled drug delivery systems230. 

2.4.2.2 HPMCAS Pharmaceutical Applications 

HPMCAS has now been used as the matrix polymer in many ASDs of poorly water 

soluble drugs, in order to increase their solution concentrations and prevent 

recrystallization, including AMG 517231, nifedipine232, felodipine233, quercetin234, 

naringenin235, clarithromycin36 and itraconazole236. 

HPMCAS was identified as the most efficient polymer among HPMC, hypromellose 

phthalate (HPMCP), methacrylic acid/ethyl acrylate copolymer (MAEA), and povidone 
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(PVP) for nifedipine stabilization in ASDs. ASD in HPMCAS increased nifedipine 

solution concentration, and prevented its recrystallization after dissolution at pH 6.8232. 

HPMCAS can be combined with drugs by solvent-free (thermal extrusion) methods, or 

by co-dissolution followed by spray drying or other methods of isolation from 

solution236,237. HPMCAS bulk physicochemical properties are not strongly affected by 

hot melt extrusion, but the polymer does lose some acetic and succinic acid moieties 

during extrusion, potentially leading to longer dissolution times due to the loss of 

ionizable succinate groups. Lower molecular weight HPMCAS is relatively more suitable 

to thermal processing than higher molecular weight grades because of its lower 

processing temperature (160-180°C); as a result it loses few carboxylic acid groups and 

did not exhibit reduction in dissolution time238. Felodipine solid dispersions with 

HPMCAS were prepared by both spray drying and hot melt extrusion. HPMCAS has a Tg 

of 120°C and begins to degrade at ca. 200°C (Mw 17,000-20,000). In this study, 

materials were extruded at 130°C. Alternatively, HPMCAS/felodipine solutions in 

acetone were spray dried at 65°C at 1:1, 1:2, and 1:3 polymer to drug ratios. The spray 

dried particles released drug faster than the melt-extruded formulations, which is likely 

due in part to the large surface area of the spray dried particles, thereby enhancing contact 

with the dissolution medium. On the other hand, the 1:1 drug:polymer ratio melt extruded 

samples had higher stability against recrystallization than spray dried particles237. Taylor 

et al. showed by mid-infrared studies that HPMCAS more effectively prevented 

crystallization of certain model drugs (quercetin and naringenin) than HPMC, CMCAB, 

or poly(acrylic acid) (PAA)235. 

2.5 Conclusions 

Both cellulose ethers and cellulose ether esters have been applied to pharmaceutical 

formulations and have great utility that can be systematically related to their structural 

features. Etherification of cellulose, and in some cases subsequent esterification, can 

provide polymers with enhanced water solubility, amphiphilicity, at high DS(alkyl) 

hydrophobicity, increased thermoplasticity, high glass transition temperature, 

compressibility, and compatibility with drugs, to name just a few pharmaceutically useful 
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properties. All of these properties can be controlled by modulation of substituent type and 

DS/MS in predictable fashion, as we demonstrate in this review. The investigations 

discussed herein show that these renewable-based polymer derivatives can increase drug 

bioavailability, thereby decreasing drug costs, variability, dosage form size, and 

potentially side effects of the formulation relative to the crystalline drug. To date the 

scope of available cellulose ethers has been limited by the demands of the standard 

aqueous processes in which strong alkali catalysts are used. Electrophiles for reaction 

with cellulose must possess some water solubility, be able to penetrate swollen cellulose 

fibers, and react sufficiently slowly with water or alkali. There is a strong need for 

modern, practical synthetic methods that can expand the scope of available cellulose 

ethers and the functional groups they may contain, such as by elaboration of ω-

unsaturated alkyl groups via olefin cross methastasis239. We anticipate that cellulose 

ethers and cellulose ether esters will continue to grow in importance to pharmaceutical 

formulators as a result of their appropriate structural, toxicity, performance, and 

renewability characteristics.  
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Chapter 3. Rifampin Stability and Solution Concentration Enhancement through 

Amorphous Solid Dispersion in Cellulose ω-Carboxyalkanoate Matrices 

Adapted from “Arca, H. C.; Mosquera-Giraldo, L. I.; Pereira, J. M.; Sriranganathan, N.; Taylor, 

L. S.; Edgar, K. J. J Pharm Sci 2016 Submitted.” 

3.1 Abstract 

Tuberculosis (TB) is the second most deadly infectious disease in the world; approximately 2 

billion people are currently latently infected with the causative agent Mycobacterium 

tuberculosis. Approximately 8 million new cases and 2 million deaths due to TB are recorded 

annually1. Rifampicin or Rifampin (Rif) is a vital first line TB treatment drug that requires high 

dose (600 mg 1x/day) application to achieve its moderate, variable bioavailability. These issues 

can be explained by Rif instability at gastric pH, moderate solubility at neutral pH, 

polymorphism, and stimulation of its own metabolism. To overcome these obstacles, we 

developed new cellulose based oral drug delivery systems aiming to increase and make more 

consistent Rif solubility and bioavailability. ASDs of Rif with cellulose ω-carboxyalkanoates 

(cellulose acetate suberate, cellulose acetate propionate adipate, and cellulose acetate butyrate 

sebacate) were prepared, and compared with crystalline Rif and carboxymethyl cellulose acetate 

butyrate ASD controls. Cellulose w-carboxyalkanoate ASDs prevented acid-catalyzed 

degradation in conditions mimicking the acidic stomach, and provided complete release of intact 

Rif at intestinal pH. Rif incorporation into ASD in these novel cellulose derivative matrices 

creates the potential for convenient, robust, consistent, and high Rif oral bioavailability for 

treatment of TB. 

3.2 Introduction 

Tuberculosis is an infectious disease caused by the M. tuberculosis bacterium. As is common for 

mycobacterial diseases, M. tuberculosis infects macrophages2 and it is therefore difficult to kill 

intracellular M. tuberculosis with antimicrobials. As a result, treatment is lengthy (ca. 6 months), 

and requires daily administration of multiple drugs, leading to complex treatment regimes and 

relatively poor patient compliance to complex dosage schedules. The infection is readily 

transmitted, as pulmonary TB patients create aerosols by coughing, sneezing, and talking. As a 

result, M. tuberculosis infection is remarkably common globally; approximately 2 billion people, 
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that is to say 1/3 of all humans on the planet, are infected. Fortunately, infection does not always 

or immediately lead to symptomatic TB. In 2012, 8.6 million people developed TB and 0.45 

million of them developed multi-drug resistant TB (MTB), while in that year TB killed 1.3 

million people (including 0.32 million who were co-infected with HIV)3. While TB can be cured 

through antimicrobial therapy, the long course of treatment and the prevalence of the disease in 

countries with limited resources and infrastructure mean that effective delivery and completion 

of therapy are major barriers to disease cure4. TB is also a threat to more developed countries, 

due to the prevalence of MTB5, development of which can be promoted by patient non-

compliance, and co-infection with HIV6,7. Indeed, the importance of compliance issues is 

underlined by the fact that they are addressed routinely, by “directly observed therapy” (DOT) 

regimes8, in spite of the effort and expense involved. TB can be described as a deadly, 

transmittable, widely prevalent disease for which current drug therapeutic regimes are lengthy 

and not well adhered to, leading to growing problems with patient adherence, the development of 

MDR and extensively drug resistant (XDR) strains.  

 

Figure 3.1: The chemical structure of Rif. 

Rif is a key component of standard multidrug combination TB therapies in which its role is 

thought to be, at least in part, killing bacteria that emerge from dormancy after the onset of 

treatment9. It is frequently given in combination with ethambutol, pyrazinamide, and isoniazid 

for the first two months, and then in combination with isoniazid for the last four months of 

therapy6. Rif (Figure 3.1) is a semi-synthetic derivative of rifamycin B10. It is active against 

bacteria due to its ability to inhibit RNA polymerase11. Rif has interesting characteristics; it is 

zwitterionic due to the fact that it possesses both a basic amine on the piperazine ring (pKa 7.9) 
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as well as an acidic p-hydroxynaphthyl ketone (pKa 1.7) moiety. Rif permeates well through the 

enterocytes12 and is quite soluble under the acidic conditions of the stomach (solubility ca. 125 

mg/mL at pH 1.213), leading to reasonably high bioavailability (50-70%)14. On the other hand, 

Rif is not very chemically stable in acidic environments, degrading by hydrolysis of the 

azomethine imine linkage to liberate 1-amino-4-methylpiperazine15. In addition, release of Rif 

under the neutral pH conditions of the small intestine is modest and variable14. Rif solubility in 

water has been reported to be between 1.51 mg and 1.74 mg/mL, and dissolution rate can vary 

depending on the crystal morphology16. Inconsistent performance of Rif formulations may also 

be caused by Rif polymorphism, since two crystalline and one amorphous form have been 

reported17.  

Solubility in physiological media is one of the key parameters affecting bioavailability; Rif is 

classified as a Biopharmaceutical Classification System (BCS) Class II drug, poorly soluble and 

highly permeable18. Amorphous solid dispersion has emerged as one of the most promising 

methods for generating high (supersaturated) solution concentrations of otherwise poorly soluble 

drugs19,20, particularly those that are highly crystalline in pure form. The Taylor and Edgar 

laboratories have collaborated to synthesize and evaluate a series of cellulose w-

carboxyalkanoates that are specifically designed for high performance as ASD matrix 

polymers21,22. These polymers have already been demonstrated to strongly inhibit crystal growth 

and nucleation, and to generate supersaturated solutions of a broad variety of drug structures 

including protease inhibitors like ritonavir23, non nucleoside reverse transcriptase inhibitors 

(NNRTI) like efavirenz24, and, highly pertinent for this work, the macrolide antibiotic 

clarithromycin25. We selected from among the set of new polymers two that have previously 

been shown to have high performance in ASDs (cellulose acetate suberate (CASub) and 

cellulose acetate adipate propionate (CAAdP))21,24,26, as well as another promising cellulose w-

carboxyalkanoate chosen because it is more hydrophobic than the others (cellulose acetate 

butyrate sebacate (CABSeb)). In addition, we selected as a positive control a carboxy-containing 

cellulose ester that has been previously demonstrated to be an effective ASD polymer, and that 

showed promise in our preliminary experiments towards Rif ASD (carboxymethylcellulose 

acetate butyrate, CMCAB)27. Structures of these polymers are presented in Figure 3.2. 
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A	  B	  

          C       D	  

 

Figure 3.2: Chemical structures of CMCAB (A), CASub (B), CAAdP (C) and CABSeb (D). 

These structures are not meant to convey regioselective substitution; depictions of substituent 

location are merely for convenience and clarity of depiction. 

 

ASD is one of the most effective methods for addressing issues of suboptimal drug solubility and 

oral bioavailability. In ASDs, the drug is dispersed into an amorphous polymer matrix in order to 

create a polymer-drug miscible blend, where there is no crystalline drug, and recrystallization is 

inhibited by polymer-drug interactions28. The amorphous drug has higher energy than in the 

crystalline form, thus reducing the energy barrier to drug dissolution. Therefore, higher solution 

concentrations (supersaturated solutions) are attained. It is also necessary that the ASD polymers 

should retard drug recrystallization from the dissolution medium after drug release21,29. 

Our hypothesis is that by preparing ASDs of Rif using the relatively hydrophobic cellulose w-

carboxyalkanoates we have designed for use in ASD, we can significantly reduce the extent of 

release in the low pH environment of the stomach, preventing loss of Rif due to hydrolysis at low 
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pH. We further hypothesize that ASD formulation, by eliminating Rif crystallinity (MP ca. 

188ºC), will enhance solution concentration at the neutral pH of the small intestine. If our 

hypothesis is correct, we may expect overall enhanced and robust release of intact Rif, resulting 

in consistently high solution concentrations and bioavailability regardless of the acidity of the 

stomach, potentially permitting significant Rif dose reduction and reducing bioavailability 

variation. We report herein tests of this hypothesis in vitro by preparation of the appropriate Rif 

ASDs and thorough examination of their performance in dissolution testing under the relevant 

pH regimes. 

3.3 Experimental 

3.3.1 Materials 

Rif was purchased from Sigma. CMCAB 641-0.2 (approximate MW 22,000, degree of 

substitution (DS) (butyrate) = 1.64, DS (acetate) = 0.44, and DS (carboxymethyl) = 0.33), 

cellulose acetate propionate (CAP-504-0.2, DS (acetate) = 0.04, DS (propionate) = 2.09) Mn = 

15,000 as previously reported25, cellulose acetate butyrate (CAB-553-0.4, DS (butyrate)= 1.99, 

DS (acetate)= 0.14) Mn = 20,000 as previously reported23, and cellulose acetate (CA 320S, DS 

(acetate) = 1.82) Mn = 50,000) as previously reported30 were obtained from Eastman Chemical 

Company (Kingsport, Tennessee). Acetonitrile (HPLC-grade), tetrahydrofuran (THF), reagent 

ethanol, potassium phosphate monobasic, and sodium hydroxide (NaOH) were purchased from 

Fisher Scientific and used as received. Suberic acid, sebacic acid, adipic acid, methyl ethyl 

ketone (MEK), p-toluenesulfonic acid (PTSA), triethylamine (Et3N), oxalyl chloride, and 

anhydrous THF were purchased from ACROS Organics. 1,3-Dimethyl-2-imidazolidinone (DMI) 

was purchased from ACROS Organics and dried over 4 Å molecular sieves. Water was purified 

by reverse osmosis and ion exchange using a Barnstead RO pure ST (Barnstead/Thermolyne, 

Dubuque, IA, USA) purification system. 

3.3.2 Methods 

3.3.2.1 Synthesis of cellulose derivatives:  

CAAdP (synthesized as previously reported31; procedures summarized below)  
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Preparation of monobenzyl adipate: Adipic acid (73 g, 0.5 mol), benzyl alcohol (81 g, 0.75 mol), 

PTSA (0.95 g, 5 mmol), and toluene (200 mL) were stirred in a flask equipped with Dean-Stark 

trap and heated at reflux for 3 h. The resulting mixture was cooled to room temperature, water 

(200 mL) was added, and the pH adjusted to 8 with 6M NaOH. The aqueous layer was separated, 

mixed with ether (150 mL), and the pH adjusted to 2 with 6M HCl. The ether layer was 

separated and concentrated under reduced pressure at 40°C, affording the product as a colorless 

oil. 1H NMR (CDCl3); 1.68 (m, 4H), 2.36 (m, 4H), 5.09 (s, 2H), and 7.32 (m, 5H).  

Preparation of monobenzyl adipoyl chloride: A solution of monobenzyl adipate (20 g, 80 mmol), 

DMF (3 drops), and 200 mL dichloromethane was cooled in a round bottomed flask to 0°C. 

Oxalyl chloride (25.4 g, 200 mmol) was slowly added and then the solution stirred for 2 h at 

room temperature. The solvent was removed under reduced pressure, 20 mL toluene was added, 

and then it was concentrated again under reduced pressure. The product was a yellow oil (36 g). 
1H NMR (CDCl3): 1.73 (m, 4 H), 2.39 (t, 2 H), 2.90 (t, 2 H), 5.12 (s, 2 H), 7.32 (m, 5 H). 

Similar procedures were followed to synthesize monobenzyl suberoyl chloride (1H NMR 

(CDCl3): 1.34 (m, 4H), 1.66 (m, 4H), 2.36 (t, 2H), 2.86 (t, 2H), 5.12 (s, 2H), 7.35 (m, 5H)), and 

monobenzyl sebacoyl chloride (1H NMR (CDCl3): 1.30 (m, 8H), 1.67 (m, 4H), 2.35 (t, 2H), 2.86 

(t, 2H), 5.11 (s, 2H), 7.35 (m, 5H). 

Monobenzyl CAAdP synthesis: CAP (1 g, 3.52 mmol) was dissolved in MEK (20 mL), Et3N 

(1.06 mL, 7.74 mmol, 2.2 equiv) was added all at once, then monobenzyl adipoyl chloride (1.78 

g, 7.04 mmol, 2 equiv) was added. After 20 hours at 60°C under nitrogen, the reaction mixture 

was cooled, then added to ethanol (250 mL) to precipitate the product, which was isolated by 

vacuum filtration, then washed with 200 mL water. The product was characterized by 1H NMR. 

d 1.02-1.20 (m, COCH2CH3 of propionate), 1.66 (broad s, COCH2CH2CH2CH2CO of adipate), 

2.16-2.35 (m, COCH2CH3 of propionate, COCH3 of acetate and COCH2CH2CH2CH2CO of 

adipate), 3.25-5.24 (cellulose backbone), 5.10 (CH2C6H5), 7.33 (CH2C6H5). DS by 1H-NMR: 

adipate 0.6, propionate 2.09, acetate 0.04. 

Monobenzyl CABSeb was synthesized as previously reported23 by a procedure similar to that 

used for CAAdP, by reaction of CAB-553-0.4 (1.00 g, 3.26 mmol) with monobenzyl sebacoyl 

chloride (1 equiv).  
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Monobenzyl CASub was synthesized as previously reported23 by reaction of CA 320S (1.00 g, 

4.19 mmol) with monobenzyl suberoyl chloride (2.61 g, 8.38 mmol, 2 equiv) in 20 mL DMI and 

triethylamine (1.29 mL, 9.22 mmol, 2.2 equiv).  

Example procedure for hydrogenolysis of benzyl esters: Benzyl CAAdP (1 g, 2.77 mmol) was 

dissolved in 100 mL THF, then Pd(OH)2/C (500 mg) was added. The mixture was stirred at high 

speed under H2 atmosphere in a high-pressure reactor (Parr reactor Model 4848) at 120-psi bar 

pressure for 24 hours at room temperature. Products were isolated by filtering through Celite, 

removing the solvent under reduced pressure, and then precipitating in ethanol (50 mL). 

1H NMR CAAdP (CDCl3, yield 88%): d 1.02-1.20 (m, COCH2CH3 of propionate), 1.66 (broad s, 

COCH2- CH2CH2CH2CO of adipate), 2.16-2.35 (m, COCH2CH3 of propionate, COCH3 of 

acetate and COCH2CH2CH2CH2CO of adipate), 3.25-5.24 (cellulose backbone). DS by 1H NMR: 

adipate 0.6, propionate 2.09, acetate 0.04. 

1H NMR CASub (DMSO, yield 80%): d 1.2 (COCH2CH2CH2CH2CH2CH2CO of suberate), 1.4-

1.6 (COCH2CH2CH2CH2CH2CH2CO of suberate), 2.10–2.46 (COCH2CH2CH2CH2CH2CH2CO 

of suberate, and COCH3 of acetate), 3.00-5.20 (cellulose backbone). DS by 1H NMR: suberate 

0.65, acetate 1.8. 

1H NMR CABSeb (DMSO, yield 79%): d 0.75-1.10 (COCH3 of acetate), 1.2-1.4 

(COCH2CH2CH2CH2CH2CH2CH2CH2CO of sebacate), 1.45-1.7 

(COCH2CH2CH2CH2CH2CH2CH2CH2CO of sebacate), 2.0-2.45 

(COCH2CH2CH2CH2CH2CH2CH2CH2CO of sebacate, COCH2CH2CH3 of butyrate, and COCH3 
of acetate), 2.80-5.30 (cellulose backbone). DS by 1H NMR: sebacate 0.3, butyrate 1.99, acetate 

0.14. 

3.3.2.2 Preparation of ASDs by spray drying: In each case 2 g total of drug and polymer was 

dissolved in 80 mL THF at room temperature. First, polymer (CMCAB, CAAdP, or CABSeb; 

weight 1.7 g) was magnetically stirred in THF for 15 h, at which point it was completely 

dissolved. Rif (weight 0.3 g) was then added to the solution and stirred for 20 min, protected 

from light. ASDs were prepared by spray drying the polymer/Rif solutions using a nitrogen-

blanketed spray dryer (Buchi B-290). Instrument parameters were as follows: inlet temperature 
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80°C, outlet temperature 65°C, aspirator rate 80%, compressed nitrogen height 30 mm and 

nozzle cleaner 2. 

A similar procedure was followed to prepare CASub spray dried dispersions, except that acetone 

was used as solvent.  

3.3.2.3 Preparation of physical mixtures: Physical mixtures were prepared by grinding 

weighed portions of Rif and polymer with a mortar and pestle. 

3.3.2.4 Rif quantification by High-Performance Liquid Chromatography (HPLC): An 

Agilent 1200 series HPLC comprising a quaternary pump, online degasser, autosampler, and 

Agilent Chemstation LC 3D software was used in reversed phase mode using an Eclipse XDB-

C18 column (4.6 × 150 mm i.d., particle size 5 µm). Mobile phase was 50% potassium 

phosphate monobasic buffer (0.01 M, pH 5.5) and 50% acetonitrile (V/V). Flow rate was 1.5 

mL/min, and column temperature was 30°C. UV detection at 254 nm was used and the retention 

time for Rif was 3.4 min. 

3.3.2.5 Powder X-ray diffraction (XRD): X-ray powder diffraction patterns were measured 

with a Bruker D8 Discover X-ray Defractometer with a Lynxeye detector and a KFL CU 2K 

Xray source. Samples were run with a 1 mm slit window. The experiments were conducted with 

a scan range from 10◦ to 50◦ 2θ.  

3.3.2.6 Differential scanning calorimetry (DSC): DSC analyses were performed on a TA 

Instruments Q2000 apparatus. Dry samples (5 mg) were loaded in TzeroTM aluminum pans. 

Each sample was equilibrated at 20◦C and then heated to 200◦C at 20◦C/min. Then samples were 

quench-cooled to -50◦C and reheated to 200◦C at 20◦C/min. Tg values were recorded as the step-

change inflection point from second heating scans. 

3.3.2.7 Infrared analysis: Infrared spectra were obtained in transmission mode using a Bruker 

Optics Vertex 70 model IR Spectrophotometer (MA, U.S.A). 64 scans were collected for each 

sample over the wavenumber region 400 - 4000 cm-1. The amorphous RIF sample was prepared 

by a spin coating method, RIF was dissolved in methanol, added into a coverslip and spun at 

1000 rpm using a spin coater KW-4A (Chemat Technology Inc. Northridge, CA). The solid 

samples Rif, 15% RIF: 85% CMCAB, and CMCAB were evaluated using an attenuated total 



	 85 

reflectance accessory (Golden gate ATR, Specac Ltd., Slough, England). The samples and 

detector were purged with dry air to avoid contact with moisture.  

3.3.2.8 Calculation of ASD drug loading: ASD sample (5 mg) was dissolved in THF (10 mL). 

Then concentration of Rif was measured by HPLC and quantified according to a standard curve.  

3.3.2.9 Scanning electron microscopy (SEM): Particle size and morphology were analyzed on 

a LEO 1550 field emission scanning electron microscope (FESEM). Powder samples were 

spread on double-faced adhesive tape and coated with a very thin gold palladium layer (sputter 

coater Cressington 208HR) for 1 min. 5kV was used for excitation.  

3.3.2.10 Solubility parameter calculation: Solubility parameters provide information about the 

relative polymer hydrophobicity. These were calculated by the Fedors method32 (Equation 1), 

using a procedure similar to the one reported by Babcock et al33. The calculation includes the 

energy of vaporization (E), molar volume (V) and the degree of substitution (DS) for the diverse 

chemical entities. 

 

For compounds with Tg and Tm above room temperature a correction to account for differences 

in the molar volume (vi)  (Equation 2) was applied. In these equations n is the number of main 

chain skeletal atoms in the smallest repeating unit32. For cellulose polymers, n is equal to 7 (6 

atoms in the ring and the oxygen bonded to the adjacent monomer). Details about the SP 

calculation can be found in the supplementary information of the paper by Dong et al. 34. 

 

3.3.2.11 In Vitro release from drug dispersions: Dissolution studies were conducted in 250 mL 

jacketed flasks at 37 °C. Volumes were kept constant by adding a volume of fresh buffer solution 

equal to that of each withdrawn aliquot. Samples were protected from light during the 

experimentation and prior to analysis. 

3.3.2.11.1 Rif release profile from ASDs at pH 6.8: Dissolution medium (100 mL 0.05 M 

potassium phosphate pH 6.8 buffer) was placed in each dissolution flask and magnetically stirred 

! = ! (!∗!"#!!)
! (!"!∗!!!)    Equation 1 1	

∆v! = 2×n, n ≥ 3   Equation 2 1	
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at 300 rpm. ASD sample (6.7 mg) or Rif (1 mg) was then added to each flask. Every 0.5 h 

(during first 2 h) and then every 1.0 h for 8 hours, 1 mL samples were obtained from each 

dissolution flask. Each sample was centrifuged at 13,000 rpm for 10 min, then 0.5 mL of the 

supernatant was transferred to a HPLC vial and analyzed immediately. 

3.3.2.11.2 pH switch dissolution experiment: HCl (100 mL, 1N, pH 1.2) was placed in a 

dissolution flask and magnetically stirred at 300 rpm. The ASD sample (6.7 mg) was dispersed 

into the solution and aliquots were withdrawn every 0.5 h for 4 h (2 h at pH 1.2 and 2 h at pH 

6.8; adjustment to 6.8 was made by adding saturated Na2CO3 solution (approximately 1 mL)). 

After 4 h, sampling frequency decreased to 1/h. Samples were processed as described above.     

3.3.2.11.3 Rif stabilization by CMCAB ASD during pH switch dissolution experiment: HCl 

(100 mL, 1N, pH 1.2) was placed in a dissolution flask and magnetically stirred at 300 rpm. The 

CMCAB ASD sample (6.7 mg contains 1 mg Rif) was dispersed into the solution, after 2 h pH 

was adjusted to 6.8 by adding saturated Na2CO3 solution (approximately 1 mL). After 6 h, a 1 

mL sample was centrifuged at 13,000 rpm for 10 min and 0.5 mL of the supernatant was 

transferred to an HPLC vial and analyzed immediately. 100 mL THF was added to the 

dissolution flask and stirred at 37°C for 10 min. Then a 1 mL sample was transferred to a HPLC 

vial and analyzed immediately. 

 

3.4. Results 

3.4.1 Cellulosic polymers  

We employed cellulose w-carboxyalkanoates, varying structure, solubility parameter, and 

DS(CO2H) in order to determine the impact of these key parameters24 on Rif ASD formation and 

ultimately release; we were hopeful of achieving miscible ASDs based on results with the related 

macrolide antibiotic clarithromycin25. We employed CMCAB as a positive control since it had 

previously been shown to be an effective ASD polymer35,36, and since preliminary experiments27 

had shown that it could effectively form Rif ASDs. Physical mixtures of Rif and the individual 

polymers were used as negative controls. The synthetic scheme for cellulose ω-

carboxyalkanoates23,30,31 CAAdP, CABSeb, and CASub is shown in Figure 3.3. Polymer 

properties are summarized in Tables 3.1 and 3.2. Each of these polymers has a high glass 

transition temperature (Tg), helpful for keeping the formulation Tg above ambient temperature 
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even under hot and humid ambient conditions, and each has a substantial DS(CO2H), expected to 

provide the impetus for Rif release at the neutral pH of the small intestine but to remain un-

ionized and thus inhibit Rif release under low gastric pH conditions. 

 

Figure 3.3: Syntheses of CAAdP (n = 4, R = H, acetyl, propionyl, adipoyl), CASub (n = 6, R = 

H, acetyl, suberoyl), and CABSeb (n = 8, R = H, acetyl, butyryl, sebacoyl). 

 

Table 3.1: Solubility Parameters of cellulose derivatives and Rif. 

 

 

Polymer Solubility Parameter (MPa1/2) Tg (°C) 

CMCAB 23.03 14125 

CAAdP 22.79 11622, 25 

CASub 23.72 10122, 23 

CABSeb 22.29 8822, 23 

Rif 20.7637 - 
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3.4.2 Preparation and solid state characterization of Rif ASDs 

Solid dispersions of Rif with four cellulose derivatives (CMCAB, CAAdP, CASub and 

CABSeb) were prepared by spray-drying. Drug loading of 15% was targeted based on previous 

experience with clarithromycin25 and other drugs24,37 indicating that this should be a reasonable 

and achievable level. CABSeb is the most hydrophobic of the polymers examined, and as such 

we were concerned that drug release might be too slow from this very hydrophobic matrix. 

Therefore we also examined a 25% Rif loading level in CABSeb dispersions; Rif (solubility 

parameter 20.76 MPa1/2 38) is more hydrophilic than CABSeb, so higher Rif levels are likely to 

lead to drug-controlled, more rapid release.  

Table 3.2. Summary of ASD and physical mixture (PM) properties 

Polymer 
Type 

DS 

(CO2H) 

DS 

(Other) 

Solubility 
Parameter 
(MPa1/2) 

Drug 
Load 

(Wt %) 

Polymer 
Tg 

(°C) 

ASD Tg 

(°C) 

PM Tg 

(°C) 

CAAdP 0.6 Pr 2.09 
Ac 0.04 

22.79 15% 116 118 116 

 

CASub 

 

0.66 Ac 1.82 23.72 15% 101 139 159 

CMCAB 0.3 
CM 0.33 
Bu 1.64 
Ac 0.44 

23.03 15% 141 141 141 

CABSeb 0.33 Bu 1.99 
Ac 0.14 

22.29 15% 88 89 90 

CABSeb 0.33 Bu 1.99 
Ac 0.14 

22.29 25% 88 89 91 

 

We have previously synthesized cellulose ω-carboxyalkanoate polymers with various DS values 

and types of ω-carboxy substituents. In these studies we employ CASub of DS(Sub) 0.66 and 

CAAdP of DS(Ad) 0.6 due to their promising performance in induction time and crystal growth 
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experiments with diverse poorly intrinsically soluble drug substances (e.g. celecoxib, efavirenz, 

and ritonavir)22,24. We employ CABSeb with lower DS(w-carboxyalkanoate) than the CAAdP or 

CASub against which it is compared; higher DS(Seb) is not readily accessible under our standard 

conditions because of the lower nucleophilicity of the CAB substrate and the steric bulk of the 

sebacoyl chloride reagent. Polymer properties are summarized in Table 3.2 and, the drug load 

efficiencies are presented in Table 3.3. 

Table 3.3: Drug loading of spray-dried Rif/polymer dispersions 

 
 CAAdP CABSeb (15%) CABSeb (25%) CMCAB CASub 

Drug load 
Target (%) 15.0 15.0 25.0 15.0 15.0 

Drug load 
measured (%) 14.8 14.4 23.6 13.5 14.8 

Drug load 
Efficiency (%) 98.8 96.3 94.5 90.0 98.9 

 

3.4.2.1 DSC Results 

Polymer/Rif spray-dried blends and physical mixtures were first characterized by DSC in order 

to determine whether crystalline Rif was present. Neither purchased Rif, nor Rif obtained by 

solvent casting and grinding showed a glass transition by DSC. It is known that isolation of 

amorphous Rif is challenging; for example Panchagnula et al. reported that Rif prepared by 

freeze drying from solution (in an attempt to prepare amorphous drug) does not display a distinct 

Tg by DSC39. DSC thermograms of CMCAB and CAAdP polymers, as well as their physical 

mixtures and spray-dried dispersions with Rif are shown in Figure 3.4. Table 3.1 summarizes 

polymer Tg values; Tg values of polymer/Rif physical mixtures and spray-dried dispersions are 

presented in Table 3.2. Single glass transition temperatures were evident for the pure polymers, 

physical mixtures and spray-dried dispersions, and the values were all within 1-2°C of the 

polymer-only value. None of the spray-dried polymeric dispersions of Rif display either Rif 

crystallization or melting transitions. It is interesting to note that the physical mixtures, in which 

the Rif cannot possibly be amorphously dispersed, also display only one Tg. Clearly changes in 

glass transitions in DSC thermograms are not highly useful in determining the degree of 

interaction between these polymers and Rif, as they are for many other drug-polymer  
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dispersions 40.  

 

Figure 3.4: DSC thermograms of polymers, polymer/Rif amorphous dispersions and physical 

mixtures, and Rif. 

 

3.4.2.2 XRD results 

 
Figure 3.5: XRD spectra of spray dried dispersions in CASub, CABSeb, CAAdP and CMCAB. 
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Figure 3.6: XRD spectra of Rif and its physical mixtures with CASub, CABSeb, CAAdP and 

CMCAB. 

 

XRD spectra of the polymers, spray-dried Rif/polymer blends, physical polymer/Rif mixtures, 

and crystalline Rif are presented in Figures 3.5 and 3.6. Purchased, crystalline Rif shows its 

characteristic, sharp peaks, including particularly sharp reflections at 2Θ values of 14° and 21°. 

The XRD diffractograms of all spray-dried dispersions (Figure 3.5) show amorphous halos in 

that range and lack the sharp peaks of crystalline Rif (Figure 3.6). The small sharp peaks in 

CAAdP and CABSeb dispersions do not match up with Rif reflections and are believed to be the 

result of random noise. In contrast, all physical polymer/Rif mixtures (Figure 3.6) display the 

peaks of crystalline Rif; clearly it is not amorphous in these physical mixtures.  
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3.4.2.3 FTIR analysis 

 

 
Figure 3.7 (A): FTIR spectra of pure Rif, pure CMCAB, and 15% spray-dried dispersion of Rif 

in CMCAB, wavenumber 1500-1800 cm-1. 
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Figure 3.7 (B): FTIR spectra of pure Rif, pure CMCAB, and 15% spray-dried dispersion of Rif 

in CMCAB, wavenumber 2750-3050 cm-1. 

 

Because DSC was not useful for proving that Rif was amorphous in the spray-dried dispersions, 

we wished to supplement the clear XRD evidence with additional data from FTIR41. We selected 

the CMCAB dispersion for study, since commercial CMCAB was available in quantity. Figure 

3.7 shows the FTIR spectra of amorphous Rif, CMCAB, and a 15% Rif dispersion in CMCAB, 

in the CH and carbonyl stretching regions. Subtle changes in the spectrum are indicative of a 

miscible system and of intermolecular interactions between the two components. For example, 

the carbonyl peak of pure CMCAB is shifted to a slightly higher wavenumber in the presence of 

a small amount of Rif, which suggests that its hydrogen bond environment has changed. 

Likewise, there are some changes in the pattern of the Rif carbonyl stretching vibrations, which 

are also suggestive of drug-polymer interactions. These cannot be accounted for simply by the 

presence of the polymer, which has minimal absorption below 1675 cm-1. Similarly, there are 

some changes in the CH stretching region that cannot be recreated by simply summing the 
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contributions from the pure amorphous drug and polymer, suggesting that the environment of 

each component is changed, as would occur in a miscible system. 

 

3.4.2.4 SEM Analysis 

Morphology of spray-dried blends and physical mixtures was examined by SEM. Figure 3.8 

presents images of spray-dried Rif/polymer blends at 5K magnification to illustrate particle sizes 

and morphology. Spray-dried particle sizes range from 2-15 µm for CAAdP, CASub and 

CABSeb. CMCAB has a slightly larger particle size range of 2-25 µm. They all have corrugated 

morphology; the particles look crushed and collapsed, typical of spray-dried ASDs. 

Polysaccharide-based spray dried particles usually display apparent surface indentation 25,42. 

Rod-like crystalline Rif 43 was not observed in any of the spray-dried dispersion images (Figure 

3.8), while it is observed in the physical mixtures (Sup Data), further supporting the hypothesis 

that Rif is amorphous in these dispersions.  

  

  

  

A B 

C D 

E F 
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Figure 3.8: SEM images of Rif/polymer spray-dried dispersions at 5Kx magnification: CABSeb 

(A), CAAdP (B), CASub (C), CMCAB (D); and ASDs at 2Kx (E, G and I) and 5Kx 

magnification (F, H and J): CAAdP (E, F), CASub (G, H) and CMCAB (I, J) 

The preponderance of the XRD, DSC, FTIR, and SEM evidence supports the hypothesis that Rif 

is amorphous in all of the spray-dried polymer dispersions prepared.    

 

3.4.3 Dissolution Studies 

3.4.3.1 Rif dissolution from ASDs at pH 6.8 

Initially we chose to test the rate and extent of Rif dissolution at intestinal pH and under sink 

conditions. Rif dissolution was measured in phosphate buffer at pH 6.8 and 37 °C over 8 h; 

profiles are presented in Figure 3.9.  

In most cases Rif release rates from cellulose derivative ASDs at pH 6.8 were similar to the 

dissolution rate of crystalline Rif. The stability of dissolved Rif against degradation was greater 

in every ASD than it was for pure Rif. CAAdP gave the best performance, reaching 91% release 

after 5h and showing essentially complete stability against Rif degradation. CASub is relatively 

hydrophilic among the set of polymers studied and as a result released Rif rapidly, approaching 

G H 

I J 
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100% release within 30 min. However, its stabilization of Rif against degradation appeared to be 

inferior to that of CAAdP; dissolved Rif decreased to 60% of available drug by the 8h mark. 

HPLC chromatograms are presented where we can see the growing degradation peak as time 

passes (Sup Data).  

The CMCAB ASD also gave promising results, releasing 80% of the Rif and providing strong 

stabilization against degradation. It is interesting to note that release from the ASD in 

hydrophobic (solubility parameter 19.62) CABSeb, even at 25% Rif, is almost nil. Apparently 

swelling due to carboxyl ionization is insufficient to cause substantial Rif release for this 

polymer, which has relatively low DS of ω-carboxyalkanoyl substituent in addition to its low 

solubility parameter. 

 

Figure 3.9: Dissolution profiles of Rif and Rif/polymer ASDs (pH 6.8, 37°C). Error bars 

indicate one standard deviation (n = 3). 

3.4.3.2 pH switch experiment 

A key element of our hypothesis is that we can enhance Rif bioavailability by protecting it 

against dissolution (and hence degradation) in the stomach, based on the known Rif instability 

under acidic conditions (vide supra), and create concentrated solutions in the small intestine such 

that the entire dose is absorbed intact. Therefore, it was important for us to carry out dissolution 

experiments under more realistic conditions, in which the dosage form first experienced acidic 
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gastric pH, then the neutral pH of the intestines. Such an experiment had already proven its 

illuminatory power in our studies of the related, acid-unstable macrolide clarithromycin25. 

In this study, ASDs were first exposed to pH 1.2 HCl solution for 2h to mimic gastric conditions. 

Then medium pH was increased to 6.8 (Na2CO3) in order to mimic the intestinal environment, 

and measurements continued for a further 6 h. Figure 3.10 shows the data obtained, indicating 

intact drug remaining in solution vs. time. 

As with clarithromycin, this type of experiment was very revealing with regard to behavior of 

Rif ASDs. Since crystalline Rif has good solubility in acid due to its basic piperazine moiety, it 

dissolved immediately at pH 1.2, reaching a maximum of ca. 65% release within 30 min. 

However, the concentration of dissolved Rif then rapidly decreased at gastric pH. From the 

HPLC analysis, we could clearly see that the cause of this observed decrease was acid-catalyzed 

chemical decomposition (Sup Data). None of the cellulose derivative ASDs released any 

observable amount of Rif at gastric pH, supporting our hypothesis with regard to Rif protection 

against release, and thus acid-catalyzed hydrolysis at gastric pH.  

 

After the switch to intestinal pH (6.8), the results were equally illuminating. The amount of 

initially crystalline Rif remaining in solution at the pH switch (ca. 40%) remained in solution; no 

further degradation occurred, but no further dissolution either. In contrast, carboxyl ionization 

and associated swelling caused rapid release of amorphous Rif from all cellulose-based ASDs, in 

each case reaching a stable concentration higher than that observed from pure Rif. CASub and 

CAAdP were particularly effective at generating high Rif concentrations, achieving greater than 

90% release. Note that this experiment was carried out under sink conditions so that these results 

reflect effective release and protection against chemical degradation, rather than levels of 

supersaturation. 

Polymer solubility parameters (Table 3.1) provide insight about relative hydrophobicity22, 

enabling consideration of the influence of this polymer property on Rif dissolution profiles, 

although it must be noted that these calculations do not take into consideration carboxyl group 

ionization. CABSeb is the most hydrophobic and CMCAB is the least hydrophobic among the 

polymers in this study. Polymer hydrophobicity decreases in the following order: CABSeb > 

CAAdP > CASub > CMCAB. Properties (DS(CO2H) and other DS values) of these polymers are 

listed in Table 3.2. CABSeb has the lowest aqueous solubility, as expected due to its 
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hydrophobicity. The Rif release results (Figure 3.10) clearly depend at least in part upon 

polymer matrix hydrophobicity. Release from the very hydrophobic CABSeb matrix is virtually 

nil at 15% Rif in the ASD, and is delayed significantly in the more hydrophilic 25% Rif ASD 

(beginning to release at approximately 2h after the shift to pH 6.8). The ASD in the relatively 

hydrophilic CMCAB (solubility parameter 23.03) does release Rif faster than does the CABSeb 

ASD, reaching ca. 60% Rif release after 6h in the pH change study, and not releasing Rif (could 

not be detected) at pH 6.8.  It is also clear that DS(CO2H) has an influence upon release and 

stabilization, as would be expected; the polymers highest in DS(CO2H) are CASub and CAAdP, 

and these polymers provide the highest Rif release (both > 90% after 6h) as well as strong 

stabilization once released. Overall, given adequate DS(CO2H) and hydrophobicity that is not 

overly high, CASub and CAAdP provided excellent performance with regard to enhanced 

release and stabilization of intact Rif in these pH-switch experiments, much better than that 

observed from crystalline Rif itself. They released nearly 95% of available intact Rif, with 

maximum levels stable all the way to the end of the experiment, implying very little degradation. 

Clearly the release behavior from CABSeb, though suboptimal for oral delivery of Rif, is also of 

interest; such delayed release, if observed with other drugs, could be useful for delivery to the 

distal small intestine or to the colon. There is a notable difference in Rif release behavior from a 

CABSeb matrix in the pH 6.8 release study (no observed release, Figure 3.9) vs. the pH switch 

study (Figure 3.10) where delayed but substantial Rif release is observed at pH 6.8. Clearly this 

is related to the initial low pH exposure in the pH switch experiment, but we have not yet carried 

out detailed mechanistic investigations. 
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Figure 3.10: Rif dissolution from pH switch experiment under sink conditions; pH 1.2 for 2 h, 

then pH 6.8 for 6h. Error bars indicate one standard deviation (n = 3). 

 

In addition to the pH change study, we separately investigated the intact Rif content of CMCAB 

ASD remaining at the end of the pH switch study (2h in acidic pH followed by 6 h small 

intestine pH); analysis of the soluble Rif at this point showed that 96% of the drug was still intact 

and in solution. The very low extent of Rif degradation in these cellulose ester ASDs is of 

particular interest (and obvious potential value), since it implies not only almost complete 

prevention of Rif release in gastric pH, but also that HCl infiltration into the ASD does not cause 

significant degradation in the amorphous solid phase over the duration of these experiments. 

 

3.5 Conclusions 

The results of these experiments confirmed our hypothesis that these cellulose w-

carboxyalkanoate ASDs (and CMCAB) effectively prevent Rif release at gastric pH, and 

enhance release at small intestine pH, thereby protecting Rif against chemical degradation, thus 

creating the potential for bioavailability enhancement in vivo. The combination of adequate 

hydrophilicity and aqueous solubility of CASub and CAAdP, and their adequate DS(CO2H) (ca. 

0.6), provide high concentrations of Rif upon the change from gastric to small intestinal pH. 

These polymers protect Rif against gastric release to a remarkable extent, especially considering 

the relatively good Rif solubility in acidic media. They then provide relatively stable Rif 
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concentrations after release, throughout the duration of these experiments; the duration was 

selected to be slightly longer than the average time the dosage form would be expected to spend 

in the stomach and small intestine combined. Therefore, interactions between the drug and the 

polymer are critical for both Rif chemical stabilization and controlled release, and the release 

behaviors observed are somewhat predictable based on readily calculated, measured, and 

controlled properties like solubility parameters and DS(CO2H). 

Confirmation of this hypothesis is highly encouraging with regard to enhanced oral delivery of 

Rif. The ability to protect Rif against degradation regardless of the actual pH in an individual’s 

stomach, and potentially to generate solution concentrations high and robust enough to guarantee 

near complete bioavailability, could permit dose reduction, cost reduction, reduced patient-to-

patient and dose-to-dose variability, reduced fed/fasted differences, and overall may provide 

much more effective treatment of tuberculosis throughout the lengthy 6-month treatment regime. 

Reduced side effects are also possible but this would have to be explored (as would all of these 

potential benefits) in clinical trials. The delayed Rif release observed from ASDs containing the 

very hydrophobic CABSeb at high drug concentrations also creates the potential for exciting 

scenarios, if also successful upon application to other drugs whose release in the lower intestinal 

tract would be therapeutically beneficial.  

The potential for these cellulose ω-carboxyalkanoate ASDs to enhance Rif bioavailability, as 

well as other potential advantages revealed by the results described herein, are under active 

investigation in our laboratories.  
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Chapter 4. Rifampin Stability and Solution Concentration Enhancement Study with 

Cellulose Esters in vivo 

4.1 Abstract   

Tuberculosis (TB) is a disease caused mainly by Mycobacterium tuberculosis (MTB); 

approximately 2 billion people are currently latently infected in the world. Rifampicin 

(Rif) is a first line drug used throughout the treatment period of six to eight months 

although it exhibits low and variable bioavailability. This research study of Rif 

amorphous solid dispersions (ASDs) with cellulose ω-carboxyalkanoates (cellulose 

acetate suberate (CASub), cellulose acetate propionate Adipate (CAAdP), and cellulose 

acetate butyrate sebacate (CABSeb)) were compared with our previous study of 

crystalline Rif and carboxymethyl cellulose acetate butyrate (CMCAB) ASD to prevent 

acid degradation and to provide pH triggered release. In this study, the investigation 

continued with CMCAB and CAAdP ASDs to compare with the crystalline Rif in in vivo 

study with mice for 96 h after a single oral dose. The CMCAB ASD showed higher 

bioavailability than the pure drug application while CAAdP ASD did not show any 

improvement. The variation in the in vitro and in vivo results can be related to the 

physiological differences and poor gastrointestinal animal model for humans. 

4.2 Introduction 

Tuberculosis is an infectious disease caused by the Mycobacterium tuberculosis and 

requires long-term treatment (ca. 6 months) with a daily administration of multiple drugs, 

leading to complex treatment regimen and relatively poor patient compliance due to 

complex dosage schedules and toxicity of the drugs. The high incidence of side effects 

such as loss of appetite, nausea or vomiting, skin rash, drug fever or hepatitis1 and the 

need for multiple drugs to be taken, the patients default the chemotherapy.  The 

discontinuation of medication leads to increased incidence of multi-drug resistant strains. 

Although the issues with the compliance issues has been addressed routinely by “Directly 

Observed therapy” (DOT) in spite of its expense, it is known that 90 % of the patients 

default the chemotherapy that can lead to relapses and development of multidrug resistant 

strains of TB. In 2013, 9.6 million people developed TB, 1.5 million died and 480,000 
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people developed multi drug resistant TB2. These are alarming statistics besides, 

infection is readily transmitted. According to the world health organization, 

approximately 2 billion people are already infected but do not show the symptoms 

immediately3,4. In case of an immune suppression due to stress or HIV, such patients can 

develop the disease, the main reason for the concerns in the western countries. In fact 1 

out of every 3 deaths due to HIV is caused by TB3 complication and at least 11 million of 

the 33 million HIV infected people are already infected with M. tuberculosis4. 

 

Rif is a first line drug for TB treatment (Figure 4.1), which has been in the market for 

more than 50 years, frequently given in combination with ethambutol, pyrazinamide, and 

isoniazid for the first two months, and then in combination with isoniazid for the last four 

months of chemotherapy. Rif is zwitterionic since it possesses both a basic amine on the 

piperazine ring (pKa 7.9) and an acidic p-hydroxynaphthyl ketone (pKa 1.7) moiety. Rif 

with 1.51 - 1.74 mg/mL solubility at neutral pH, permeates well through the enterocyte5. 

Therefore it is a BCS Class II drug (low solubility high permeability) with variable 

bioavailability (50-70%6) although it is quite soluble in the acidic pH (125 mg/ml at pH 

1.2)7. The decreased bioavailability of Rif has been explained by changes in the 

crystalline structure of Rif, excipients, degradation in the acidic pH, absorption and 

metabolism8. Therefore we prepared new polymeric carriers (excipients) that prevent 

degradation, break crytsallinity, stabilize the metastable drug and release at the neutral 

pH to overcome the low bioavailability problem9.     

 

  

 

Figure 4.1: Rif Chemical Structure. 
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ASD is a very efficient method to increase solubility of the crystalline drugs since they 

generate supersaturated solutions that dissolve drugs faster and increases oral 

bioavailability10–12. It is essential to create a molecular dispersion of the drug in 

polymeric matrix that has high Tg to limit drug mobility thereby retard crystallization to 

solid state, and should have enough aqueous solubility to prevent recrystallization after 

the release. In addition, there must be good polymer-drug interaction to prevent 

crystallization of the metastable drug. Cellulose esters are suitable polymers due to their 

low toxicity, decomposition products, stability, miscibility with a wide range of active 

pharmaceutical ingredients, and ability to form ASDs. In addition to these properties, it is 

also important to have pH triggered release to protect the drug from the acidic 

environment of the stomach and prevent related side effects but releasing the drug in the 

small intestine as a result of the ionization of carboxylic acid groups. The Edgar lab 

published a range of cellulose ω-carboxyalkanoates for ASD purposes such as CAAdP 

that has potential for miscibility with hydrophobic drugs due to its hydrocarbon chain of 

the adipate group and the alkyl groups13–15, and the Taylor and Edgar laboratories 

investigated the performance of cellulose w-carboxyalkanoates specifically designed as 

ASD matrix polymers and it has already been shown that the polymers are very efficient 

in inhibiting crystal growth and nucleation, and to generate ASD formulations to increase 

solubility of a variety of hydrophobic drugs including but not limited to chlaritromycin10, 

quercetin16, ritonavir17,18, curcumin19,20, resveratrol21,22 and efavirenz23. In addition, a 

carboxy containing commercial cellulose ester has been previously demonstrated to be an 

effective ASD polymer both in vitro and in vivo, and that showed promising results in our 

preliminary experiments towards Rif ASD CMCAB24. After that, Rif solubility 

enhancement and acid degradation prevention was also demonstrated by a range of 

cellulose w-carboxyalkanoates (CAAdP, cellulose acetate suberare, cellulose acetate 

butyrate sebacate, CABSeb) and CMCAB in vitro9 that shows immediate drug release 

(95%) from CAAdP ASD. In addition, it has been shown in literature before that 

CMCAB is a very powerful commercial polymer for ASD formulations and controlled 

release of both low soluble drugs such as ellagic acid25 and curcumin20 and, relatively 

more soluble drugs such as fexofenadine HCl, ibuprofen and acetylsalicylic acid26. 

Therefore in this study, we continued the research effort with CAAdP and CMCAB 
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ASDs compared with crystalline Rif. Structures of these polymers are presented in 

Figure 4.2. 

 

  

Figure 4.2: Chemical structures of CMCAB (A), and CAAdP (B). These structures are 

not meant to convey regioselective substitution; depictions of substituent location are 

merely for convenience and clarity of depiction. R= -H or -CH2COOR 

Our hypothesis is that the ASDs have the potential to prevent bioavailability variation 

and to reduce the Rif dosing, dosing intervals, treatment time of MTB and minimize Rif 

associated adverse affects, thus increasing patient compliance while maintaining 

inhibitory concentrations necessary to kill the bacterium. Therefore the Rif encapsulated 

CMCAB and CAAdP spray dried particles compared to that of free drug were tested 

when given a single oral dose to a mouse model. We report here the Rif ASDs 

performance compared with Rif in vivo for 96 h.  

4.3. Experimental 

4.3.1 Materials 

Rif was purchased from Sigma-Aldrich (St Louis, MO). CMCAB 641-0.2 (approximate 

MW 22,000, degree of substitution (DS) (butyrate) = 1.64, DS (acetate) = 0.44, and DS 

(carboxymethyl) = 0.33), and cellulose acetate propionate (CAP-504-0.2, DS (acetate) = 

A B 



	 110	

0.04, DS (propionate) = 2.09) Mn = 15,000 as previously reported10 were obtained from 

Eastman Chemical Company (Kingsport, Tennessee). Acetonitrile (HPLC-grade), 

tetrahydrofuran (THF), reagent ethanol, potassium phosphate monobasic, and sodium 

hydroxide (NaOH) were purchased from Fisher Scientific and used as received. Adipic 

acid, methyl ethyl ketone (MEK), p-toluenesulfonic acid (PTSA), triethylamine (Et3N), 

and oxalyl chloride were purchased from ACROS Organics. Water was purified by 

reverse osmosis and ion exchange using a Barnstead RO pure ST 

(Barnstead/Thermolyne, Dubuque, IA, USA) purification system. Water, acetonitrile and 

formic acid were LC-MS grade (Spectrum Chemicals, New Brunswick, NJ, USA) and 

ascorbic acid were from Sigma-Aldrich (St Louis, MO), and d3-Rif was from Toronto 

Research Chemicals (Toronto, ON, Canada). All microfuge tubes were cleaned with 

glass-distilled ethanol prior to use. 

4.3.2 Methods 

4.3.2.1 Synthesis of Cellulose Derivatives 

CAAdP (synthesized as previously reported27; procedures summarized below)  

Preparation of monobenzyl adipate: Adipic acid (73 g, 0.5 mol), benzyl alcohol (81 g, 

0.75 mol), PTSA (0.95 g, 5 mmol), and toluene (200 mL) were stirred in a flask equipped 

with Dean-Stark trap and heated at reflux for 3 h. After cooling to room temperature, 

water (200 mL) was added, and the pH adjusted to 8 with 6M NaOH. The aqueous layer 

was separated, mixed with ether (150 mL), and the pH was adjusted to 2 with 6M HCl. 

The ether layer was separated, concentrated under reduced pressure at 40°C, and obtained 

the product as a colorless oil. Yield 48.1% (51g, 216 mmol) 1H NMR (CDCl3); 1.68 (m, 

4H), 2.36 (m, 4H), 5.09 (s, 2H), and 7.32 (m, 5H).  

Preparation of monobenzyl adipoyl chloride: A solution of monobenzyl adipate (20 g, 80 

mmol), DMF (3 drops), and 200 mL dichloromethane was cooled in a round bottomed 

flask to 0°C, oxalyl chloride (25.4 g, 200 mmol) was added drop wise and then the 

solution stirred for 3 h at room temperature. The solvent was removed under reduced 

pressure, 10 mL toluene was added, and then it was concentrated again under reduced 

pressure at 50°C. The product was a yellow oil. Yield 75% (16 g, 63 mmol) 1H NMR 
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(CDCl3): 1.73 (m, 4 H), 2.39 (t, 2 H), 2.90 (t, 2 H), 5.12 (s, 2 H), 7.32 (m, 5 H). 

Monobenzyl CAAdP synthesis: CAP (1 g, 3.52 mmol) was dissolved in MEK (20 mL), 

Et3N (1.06 mL, 7.74 mmol, 2.2 eq) was added all at once, then monobenzyl adipoyl 

chloride (1.78 g, 7.04 mmol, 2 eq) was added. After 20 hours at 60°C under nitrogen, the 

reaction mixture was cooled, then added to ethanol (250 mL) to precipitate the product, 

which was isolated by vacuum filtration, then washed with 200 mL water. Then it 

dissolved in 20 ml THF and reprecipitated in 400 ml hexane. The white product was 

characterized by 1H NMR. Yield 80% (1.2 g, 2.8 mmol) d 1.02-1.20 (m, COCH2CH3 of 

propionate), 1.66 (broad s, COCH2CH2CH2CH2CO of adipate), 2.16-2.35 (m, 

COCH2CH3 of propionate, COCH3 of acetate and COCH2CH2CH2CH2CO of adipate), 

3.25-5.24 (cellulose backbone), 5.10 (CH2C6H5), 7.33 (CH2C6H5). DS by 1H-NMR: 

adipate 0.6, propionate 2.09, acetate 0.04. 

Hydrogenolysis of benzyl CAAdP: Monobenzyl CAAdP (1 g, 2.77 mmol) was dissolved 

in 100 mL THF, then Pd(OH)2/C (500 mg) was added. The mixture was stirred at high 

speed under H2 atmosphere in a high-pressure reactor (Parr reactor Model 4848) at 120-

psi bar pressure for 24 hours at room temperature. Products were isolated by filtering 

through Celite, removing the solvent under reduced pressure, and then precipitating in 

ethanol (50 mL). 

1H NMR CAAdP (CDCl3, yield 78%, 0.65 g, 1.71 mmol): d 1.02-1.20 (m, COCH2CH3 of 

propionate), 1.66 (broad s, COCH2- CH2CH2CH2CO of adipate), 2.16-2.35 (m, 

COCH2CH3 of propionate, COCH3 of acetate and COCH2CH2CH2CH2CO of adipate), 

3.25-5.24 (cellulose backbone). DS by 1H NMR: adipate 0.6, propionate 2.09, acetate 

0.04. 

4.3.2.2 Preparation of Rif containing CMCAB and CAAdP ASDs 

In each case 2 g total of Rif and polymer was dissolved in 80 mL THF at room 

temperature. Firstly, polymer (1.7 g of CMCAB or CAAdP) was magnetically stirred in 

THF for 15 h, at which point it was completely dissolved. Rif (weight 0.3 g) was then 

added to the solution and stirred for 20 min, protected from light. ASDs were prepared by 
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spray drying the polymer/Rif solutions using a nitrogen-blanketed spray dryer (Buchi B-

290) and the instrument parameters were as follows: inlet temperature 80°C, outlet 

temperature 65°C, aspirator rate 80%, compressed nitrogen height 30 mm and nozzle 

cleaner 2. 

 

4.3.2.3 Powder X-Ray Diffraction 

X-ray powder diffraction patterns were measured with a Bruker D8 Discover X-ray 

Defractometer with a Lynxeye detector and a KFL CU 2K Xray source. Samples were 

run with a 1 mm slit window. The experiments were conducted with a scan range from 

10◦ to 50◦ 2θ.  

4.3.2.4 Animals 

Approximately 5 week-old fifty-one BABL/c female mice weighing ~25 g were received 

from Harlan Laboratories (Dublin, VA). All of the mice were acclimated for two weeks 

in the animal housing facility of the Infectious Disease Unit in the College of Veterinary 

Medicine, as per protocol (IACUC #13-043-CVM) approved by Virginia Tech 

Institutional Animal Care and Use Committee (IACUC). 

4.3.2.5 In vivo experimental design, Dosing Schedule and Sample Collection 

Almost 24 h before experimental study mice were housed (5 mice per cage) in cages 

(Techniplast, Philadelphia, PA). Mice were given commercial pellet diet and water ad 

libitum. Ten hours before experimental study food was removed from all mice and 

animals were randomly divided into three groups as follows: Group 1 with 17 mice were 

orally gavaged with Rif; Group 2 with 17 mice were orally gavaged with spray dried 

formulated Rif/CMCAB; and Group 3 with 17 mice were orally gavaged with 

Rif/CAAdP ASDs and untreated two extra mice from each group were pre-bled before 

the start of the experiment. A single dose equivalent to 125 mg/kg body weight of Rif 

(2.9 mg/mouse) were dispersed in PBS (3600ul PBS) administered by oral gavage. 

Material safety data information from Science lab Inc. reports an oral LD50 for Rif in 

mice as 500mg/kg and previous study of Samantha Casterlow showed 250 mg/ml 
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application results were too high for a mice because of toxicity (high Rif content of urine 

and mild to moderate signs of damage to the glomeruli according to histopathology 

results)24 therefore we chose to work with 125 mg/ml as a safe concentration. Then under 

general anaesthesia blood samples were collected retro-orbitally from 3 mice from each 

group into heprinized tubes at 0, 2, 4, 6, 8, 10, 12, 18, 24, 36, 48, 60, 72, 84 and 96 h. The 

mice were bled in tandem so that only two bleeds were performed per mouse with in 96 

hours of experiment. Then the blood samples were centrifuged at 6708 x g for 10 min for 

separation of plasma and transferred into clean vials and centrifuged once more at 6708 x 

g for 10 minutes to remove any red blood cells. The supernatant clear plasma was 

collected carefully and stored in dark at -20°C until analysis. 

4.3.2.6 LCMS Analysis for Biological Samples 

Twenty microliters of each diluted sample were injected onto a Jupiter 4 µ Proteo 90 Å 

50 x 0.5 mm reversed phase column (Phenomenex) using a G1313A 1100 series 

autosampler (Agilent).  The HPLC gradient was developed utilizing a Tempo nano 

MDLC (Eksigent) and column effluent was introduced into a 4000 QTrap mass 

spectrometer (ABSciex) utilizing a TurboIonSpray (TIS) electrospray source.  Solvents A 

and B were water and acetonitrile, respectively, each supplemented with 0.1 % (v/v) 

formic acid.  A flow rate of 20 µl/min was maintained throughout a 30 minute gradient 

separation where the initial conditions were 80% A and 20 % B.  These conditions were 

maintained for 5 minutes after injection followed by a linear gradient from 80 % A to 20 

% A over 10 minutes.  The 20 % A was maintained for 5 minutes followed by a linear 

gradient back to 80 % A and a re-equilibration at 80 % A for 5 minutes prior to injection 

of the next sample.  Data acquisition conditions for the mass spectrometer were:  ion 

spray 5400 V, source temperature 120°C, interface heater on, CAD gas high, entrance 

potential 10 V and curtain gas, ion source gas 1 and ion source gas 2 were set to 10, 10 

and 20, respectively. Rif was quantified utilizing the transition intensity for 823.4 to 

791.5 (DP 91, CE 25, CXP 12) following normalization to the transition intensity for the 

internal standard d3-Rif 826.5 to 794.4 (DP 101, CE 25, CXP 12).  A calibration curve 

was generated by measuring transition intensities for samples containing 40 ng/ml d3-Rif 

and from 0.2 to 78100 ng/ml Rif.  Samples from several early time points exceeded the 
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maximum amount used to generate the calibration curve and were analyzed again 

following a 100-fold dilution. 

4.3.2.7 Sample Processing 

Serum samples were thawed by heating (37˚C, 3 min) and then mixed using a vortex 

mixer prior to transferring an aliquot (50 µl) to a clean microfuge tube (2 mL).  Samples 

were then diluted by adding methanol (200 µL) that contained ascorbic acid (1 mg/mL) 

and d3-Rif (500 ng/ml).  The samples were again mixed using a vortex mixer and 

incubated on ice for 30 minutes.  Precipitated protein was collected at the bottom of the 

microfuge tube by centrifugation at room temperature at (13000xg, 10 min) and 100 µl of 

the supernatant from each sample was carefully transferred to amber autosampler vials.  

Samples were further diluted by adding 900 µl of methanol:water (1:1, v/v). 

4.3.2.8 Statistical analysis 

The data were analyzed by Student’s unpaired t-test by JMP. Free drug and ASD 

treatment groups were compared.  

4.4 Results  

4.4.1 Cellulose Derivatives as polymeric matrix 

We decided to investigate CMCAB and a cellulose ω-carboxyalkanoates, CAAdP, for 

ASD preparation in in vivo study because of their previous promising results in 

increasing solution concentration of Rif in vitro9. Both of the polymers have a high glass 

transition temperature (Tg), that will keep the metastable drug trapped above the ambient 

temperature even under hot and humid conditions, and each has a substantial DS(CO2H), 

expected to release Rif at the neutral pH of the small intestine but to remain unionized 

and thus inhibit the release under acidic pH conditions as shown in vitro before.  

Both CAAdP and CMCAB provided excellent performance with regard to enhanced 

release and stabilization of intact Rif in pH-switch dissolution experiments in vitro, much 

better than that observed from crystalline Rif itself. CMCAB released 70% of the drug 

and CAAdP released nearly 95% of available intact Rif, with maximum levels stable till 
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the end of the experiment, implying very little degradation. On the other hand, crystalline 

Rif remaining in solution was 40% at the end of the experiment. In addition, the amount 

of intact Rif content was shown as 96%, which proved very low extent of Rif degradation 

in the cellulose ester ASDs. Therefore it was decided to extend the study by an in vivo 

experiment. 

 

Figure 4.3: XRD results of spray dried dispersions in CAAdP and CMCAB and 

crystalline Rif.  

XRD spectra of the spray-dried Rif/polymer blends and the crystalline Rif are presented 

in Figure 4.3. Crystalline Rif shows its characteristic sharp peaks, including particularly 

sharp reflections at 2Θ values of 14° and 21° while the spray dried drug polymer blends 

show amorphous halos in that range and lack the sharp peaks of crystalline Rif. We did 

not perform further characterizations since we already completed them in our previous 

paper. 

4.4.2 Rif Plasma drug profiles 

In vivo drug release studies were carried out in mouse by oral administration of a single 

dose of CMCAB ASD and CAAdP ASD containing Rif and crystalline Rif. 

Subsequently, the plasma levels of Rif were recorded at different time intervals (0, 2, 4, 

6, 8, 10, 12, 18, 24, 36, 48, 60, 72, 84 and 96 h). Free Rif and CMCAB ASD particles 
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demonstrated a maximum concentration of Rif 2h after the administration (Figure 4.4) 

while CAAdP ASD reached to the max in 4h. The Cmax values were presented on Table 

4.1. 

Table 4.1: Summary of average Cmax values of Rif and ASDs after a single oral 

application. 

 
Rif (ng/ml) CMCAB (ng/ml) CAAdP (ng/ml) 

Cmax 76517 132544 61822 

Tmax 2h 2h 4h 

 

The Rif blood concentrations were presented in three figures as Figure 4.4 shows time 

points 2 to 10h, Figure 4.5 shows 10 to 24 h and Figure 4.6 shows time points 24 to 96 

h, for better illustration. 

CMCAB ASD had higher Rif blood concentrations than CAAdP ASD and crystalline 

drug throughout the experiment, but the difference become statistically significant after 

36h (P < 0.001). The bioavailability of CMCAB between 36 and 96 h is 2.6 fold higher 

than crystalline Rif at the same time points that implies that the CMCAB ASDs releases 

Rif slowly in intestines and thereby have longer time in the blood stream and has the 

potential to decrease drug application frequency. The higher Rif concentration of the 

CMCAB ASDs resulted in higher bioavailability when compared with the free Rif and 

CAAdP ASDs as shown in Table 4.2. CMCAB and free Rif are reaching to undetectable 

limits at 96 h while CAAdP were at very low concentration after 60h from the single oral 

application. 
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Figure 4.4: Plasma drug profile following a single 125 mg/kg oral administration of Rif 

and Rif containing CMCAB and CAAdP ASDs. Each formulation treatment group is 

noted with a different color line, n=3 for each time point, time points: 2 to 10 h. 

 

Figure 4.5: Plasma drug profile following a single 125 mg/kg oral administration of Rif 

and Rif containing CMCAB and CAAdP ASDs. Each formulation treatment group is 

noted with a different color line, n=3 for each time point, time points: 10 to 24 h.  
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Figure 4.6: Plasma drug profile following a single 125 mg/kg oral administration of Rif 

and Rif containing CMCAB and CAAdP ASDs. Each formulation treatment group is 

noted with a different color line, n=3 for each time point, time points: 24 to 96 h. 

Table 4.2: Bioavailability of the CMCAB ASD, CAAdP ASD and Crystalline Rif at 

different concentrations. 

Time points of 

bioavailability 

calculation 

Rif AUC  

(ng/ml/h) 

CMCAB ASDs 

AUC (ng/ml/h)  

CAAdP ASDs AUC 

(ng/ml/h) 

 0- 96 h 2177 2690 1510 

0-36 h 2562 2650 1464 

36-96 h 97 234 45 

 

Although CMCAB ASDs had very promising results and provided increase in 

bioavailability of the drug relative to the free Rif application, it was quite surprising to 

see that CAAdP ASD had almost half of the crystalline Rif bioavailability. We have 

shown that CAAdP can release almost 95% of the amorphous drug immediately in vitro 

but it did not follow the same trend in vivo, which leads to the conclusion that there is no 

correlation between the in vitro and in vivo behavior of the drug delivery system. The 
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lower delivery of the CAAdP ASD can be because of the limited time during the 

interaction with water and lower pH of the mouse small intestine. In addition, mouse 

stomach pH is 4.0 (fasted) and the intestinal pH is lower than that in man, <pH 5.2 in the 

mouse28. Instead of mouse, dogs would be a better model since their pH profile of the GI 

track is very similar to that of humans29. Higher pH of stomach will limit crystalline Rif 

degradation, which is the one of the main reason for the decrease in bioavailability in 

human. Besides, pH 5.2 or lower is not high enough to ionize the carboxylic acid groups 

(>6 pH is convenient) that will help the polymeric matrix to interact with water to swell 

and release the amorphous drug, on the other hand human small intestine pH is 6.0 to 7.2 

(about pH 6 in the duodenum and 6 to about pH 7.4 in the terminal ileum)30 that should 

be excellent conditions for the ionization of our polymers as it has been shown in vitro.  

4.5 Conclusions 

Rif encapsulated CMCAB and CAAdP spray dried particles compared to that of free Rif 

were tested when given a single oral dose in a mouse model. The results indicate that the 

Rif CMCAB ASD was able to increase bioavailability of Rif compared to that of the free 

drug form at the same concentration in a mouse model, especially after 36 h that is 2.4 

fold bioavailability increase. Therefore, these ASD particles may have the potential to the 

reduce Rif dose in a pill and frequency of medication thus price of the both medication 

and treatment can be decreased. Thus the approach has a great potential to have an impact 

on TB patients, especially in the third world countries. In addition, decrease in the drug 

dose can decrease Rif associated adverse affects, thus increasing patient compliance. 
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Chapter 5. Amorphous solid dispersions of multiple anti-HIV drugs: impacts of 

drugs on each other’s solution concentrations, and mechanisms thereof 

5.1 Abstract 

Human immunodeficiency virus (HIV) infection is a life threating disease that can give 

rise to acquired immunodeficiency syndrome (AIDS), a condition in which the immune 

system breaks down. Highly Active Anti Retroviral Therapy (HAART) is a combination 

therapy recommended by WHO in order to suppress HIV and prevent development of 

AIDS by the application of three or more drugs in combination. It is highly desirable for 

multidrug combinations to be co-formulated into single dosage forms where possible, to 

promote patient convenience and adherence to dosage regimens. Such co-formulation can 

be convenient when amorphous solid dispersions (ASDs) are prepared. We investigated 

multi-drug ASDs of several model anti-HIV drugs (ritonavir (Rit), etravirine (Etra) and 

efavirenz (Efa)) in cellulosic polymer matrices. Our hypothesis was that the presence of 

multiple drugs would reduce crystallization tendency from the ASD, thereby providing 

stable formulations for solution concentration enhancement. We explored cellulose esters 

that we have designed as effective ASD polymers, cellulose acetate suberate (DSSub 0.9, 

CASub) and cellulose acetate adipate propionate (DSAd 0.9, CAAdP), comparing with 

commercial cellulosic polymers 6-carboxyl cellulose acetate butyrate (CCAB) and 

carboxymethylcellulose acetate butyrate (CMCAB). We succeeded in preparing three 

drug ASDs containing high drug loadings (45% drug total; 15% of each drug); each 

polymer tested was effective at stabilizing the amorphous drugs in the solid phase, as 

demonstrated by XRD, SEM and DSC studies. These ASDs were shown in dissolution 

studies to release each anti-HIV drug over a 8-hour period at pH 6.8, affording 

supersaturated solutions of each drug as expected, but unexpectedly failing in some cases 

to reach the maximum possible supersaturation. In a second set of dissolution studies (pH 

6.8), the cause of the observed solution concentration limitations was investigated by 

studying release from single- and two-drug ASDs. These dissolution studies showed that 

concentrations of Rit, Etra and Efa achieved from three-drug ASDs were higher than 

those achieved from crystalline drugs, but that there was a decrease in the achieved drug 

concentration of both Rit and Efa when they dissolved together. Interestingly, Etra 
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solution concentration was enhanced by the presence of Rit and Efa in the ASD. We 

demonstrate that these effects have to do primarily with solution interactions between the 

anti-HIV drugs, rather than resulting from the drugs influencing each other’s release rate, 

and we suggest that such observations may indicate an important, previously 

inadequately recognized, and general phenomenon for multi-drug ASDs of hydrophobic 

drugs. 

5.2 Introduction 

Human immunodeficiency virus (HIV) is a retrovirus that can be transmitted through 

contact with body fluids of an infected person, including blood or breast milk. According 

to the World Health Organization (WHO), 37 million people were infected globally in 

2015; in that year 2.1 million new HIV infections were discovered and 1.1 million people 

lost their lives due to AIDS, which results from HIV infection.1 No cure is currently 

available for HIV infection, but fortunately the Herculean efforts of biologists, chemists, 

and physicians since the first identification of HIV and AIDS in the early 1980s have 

provided a remarkable level of understanding of the biology of this virus, and a suite of 

therapeutic drugs that in most cases can suppress its harmful effects over the course of a 

lifetime2–4. Development of a combination therapy comprising three or more anti-HIV 

drugs with different drug mechanisms, called Highly Active Anti Retroviral Therapy 

(HAART), was a major advance in control of HIV infection and prevention of 

progression to AIDS, as HAART therapy effectively suppresses HIV, prevents 

development of resistant strains5,6, and enhances patient compliance.7,8 HIV virus 

suppression is made more difficult by the heterogeneity of the viral population.9 HIV 

reverse transcriptases are prone to error by base substitutions, duplications and insertions, 

which result in nearly one mutation per cycle of infection5 , potentially leading to drug 

resistance. It is more unlikely that mutations will lead to resistance to all drugs in the 

combination HAART therapy. 

Non-nucleoside reverse-transcriptase inhibitors (NNRTI), such as Etra and Efa, bind to 

and inhibit the reverse-transcriptase enzyme, which is essential for retroviral replication. 

Etra, a second generation NNRTI used for the treatment of HIV-1, has a high genetic 
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barrier to viral resistance, so that clinically significant resistance develops only as a result 

of a large number of critical mutations; Etra therefore continues to be effective even in 

the presence of common NNRTI mutations.10 PIs such as Rit block protease enzymes that 

are essential for cleavage of long polypeptide chains in order to activate them. Thus 

HAART therapy attacks HIV through multiple mechanisms, thereby enhancing efficacy 

and retarding the development of resistant strains.  

Although HAART formulations were first approved by FDA more than a decade ago11, 

HIV treatment is still problematic. In developing countries, the price of the medications is 

not affordable for many patients, and support for treatment from foundations and 

governments has not proved adequate to get needed drug therapy to all patients. 

Additional therapeutic challenges include patient non-compliance to lifelong, multi-pill 

therapeutic regimes in environments where medical care is difficult, and potential for 

significant side effects.12 

Oral administration is essential for practical, daily, lifelong treatment of HIV patients. 

Most of the more than 25 anti-HIV drugs approved by FDA11,13 for oral administration 

have low solubility in water (0.1-10 mg/ml), limiting the rate and the extent of drug 

absorption. While other methods have been used to increase solubility of anti-HIV 

drugs14–17, ASD has particular value for enhancing drug solution concentration and 

thereby enhancing bioavailability. ASD works by trapping the drug in a polymer matrix, 

creating a metastable, molecular dispersion of drug in polymer, thereby eliminating the 

drug crystal lattice energy as a barrier to drug dissolution; therefore supersaturated drug 

solutions are formed. Because this methodology creates supersaturated solutions rather 

than enhancing thermodynamic solubility (as cyclodextrin and solvent approaches do, for 

example), ASDs also enhance permeation across the enterocytes and thus reduce both 

solubility and permeation barriers to bioavailability. Since ASDs are often prepared 

starting with an organic solvent solution of drug and polymer, and converting to 

particulate ASD by methods including spray-drying or film casting, it would seem to be 

particularly well-suited to formation of multi-drug molecular dispersions in one or more 

polymers (melt extrusion is another popular ASD formation technique, which could be 

equally well suited to formation of multi-drug dispersions). 
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Our starting hypothesis was that formation of ASDs containing multiple drugs should be 

advantageous, since the presence of the “other” drug(s) would tend to inhibit 

crystallization of any one-drug component, thereby enhancing ASD stability against 

crystallization18. This could in turn permit higher drug loading, and/or faster drug release. 

We felt that confirmation of this hypothesis would be particularly valuable for HIV drug 

treatment, since it could permit reduction in drug usage and expense, potentially 

expanding the number of patients treated for a given amount of expenditure. We further 

felt that successful multidrug formulations could enhance patient compliance, and that the 

reduced doses might even diminish certain side effects. We chose ritonavir, efavirenz, 

and etravirine as model drugs for this study due to their oral administration, low 

solubilities, low bioavailabilities, and ready availability, realizing that this particular 

three-drug combination is not necessarily the ideal anti-HIV drug treatment regime.  

  
 

Figure 5.1: Chemical structures of Rit, Etra and Efa, respectively. 

We chose to explore ASDs with CASub and CAAdP, which were designed and 

developed in the Edgar and Taylor laboratories as high-performance ASD polymers. 

Each of these cellulose w-carboxyalkanoates has high solvent solubility, high glass 

transition temperature (Tg), and demonstrated ability to form amorphous dispersions with 

at least some of these model drugs. We chose to compare them to currently or formerly 

commercial cellulosic polymers that have promise in ASD, namely CMCAB19 and 

CCAB.20 CMCAB has been shown repeatedly to be an effective polymer for ASD, while 

the chemical features of CCAB (high Tg, good solubility, carboxyl groups for release 

trigger and to enhance specific interactions with drug molecules) are of interest for that 

purpose in our laboratory. 
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A	  B	  

          C  D  

Figure 5.2: Chemical structures of CMCAB (A), CASub (B), CAAdP (C) and CCAB 

(D). These structures are not meant to convey regioselective substitution; depictions of 

substituent location are merely for convenience and clarity of depiction (except for 

CCAB carboxyl which is exclusively at C-6) 

ASDs of hydrophobic drugs, like these, can be plagued by poor drug release. Surfactants 

are often useful for improving drug release from ASDs.21 d-α-Tocopheryl polyethylene 

glycol 1000 succinate (TPGS) is a nonionic surfactant that is also a weak inhibitor of P-

glycoprotein (P-gp), TPGS forms micelles above its critical micelle concentration 

(0.02%), thereby solubilizing some lipophilic actives, in some cases increasing their oral 
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bioavailability (in some cases the P-gp inhibitory activity can also contribute).22–24 

Table 5.1: Physicochemical properties of polymers. 

Polymer 

Type 

DS 

(CO2H) 

DS 

(Other) 

Solubility 

Parameter 

(MPa1/2) 

Drug 

Load (Wt 

%) 

Polymer 

Tg 

(°C) 

3-drug 

ASD Tg 

(°C) 

CAAdP 0.9 
Pr 2.09 

Ac 0.04 
22.79 

15% Etra 

15% Efa 

15% Rit 

116 58 

 

CASub 
0.9 Ac 1.82 23.72 

15% Etra 

15% Efa 

15% Rit 

101 58 

CMCAB 0.3 

CM 0.33 

Bu 1.64 

Ac 0.44 

23.03 

15% Etra 

15% Efa 

15% Rit 

141 77 

CCAB 

(56.2 mg 

KOH/g) 

0.28 

Bu  1.62 

Ac 0.06 
24.44 

15% Etra 

15% Efa 

15% Rit 

134 74 

 

We report herein investigations to test our hypothesis by attempts to form ASDs of the 

three model anti-HIV drugs (Etra, Efa and Rit) with the selected cellulosic polymers, 

CMCAB, CCAB, CASub (degree of substitution (DS) Sub 0.9) and CAAdP (DS Ad 0.9), 

and to evaluate the extent and rate of release of each drug from the ASD, as well as the 

extent of supersaturation achieved. We report also the interesting and unexpected drug 

interactions that we encountered, the influence of added TPGS, the consequences of those 
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interactions with regard to supersaturation of each individual drug, and our initial 

investigations of the mechanism leading to the observed effects.  

5.3 Experimental 

5.3.1 Materials 

Etravirine, ritonavir and efavirenz were purchased from Attix Pharmaceuticals (Toronto, 

Canada). Cellulose acetate propionate (CAP-504-0.2) DS (acetate) = 0.04, DS 

(propionate) = 2.09) Mn = 15,000; cellulose acetate (CA-320S) DS (acetate) = 1.82) Mn = 

50,000; CMCAB (CAS 641-0.2, approximate MW 22,000, degree of substitution (DS) 

(butyrate) = 1.64, DS (acetate) = 0.44, and DS (carboxymethyl) = 0.33)); and CCAB 

(cellouronic acid acetate butyrate or 6-carboxy cellulose acetate butyrate, MW 252,000, 

degree of substitution (DS) (butyrate) = 1.62, DS (acetate) = 0.06, and DS (carboxylic 

acid) = (56.2 mg KOH/g) 0.28) were from Eastman Chemical Company (Kingsport, 

Tennessee); polymers were dried in a vacuum oven at 50°C overnight before use. 

Acetonitrile (HPLC-grade), tetrahydrofuran (THF), benzyl alcohol, toluene, 

dichloromethane, N, N-dimethylformamide (DMF), ethanol, potassium phosphate 

monobasic, and sodium hydroxide (NaOH) were purchased from Fisher Scientific and 

used as received. Suberic acid, sebacic acid, adipic acid, methyl ethyl ketone (MEK), 1,3-

dimethyl-2-imidazolidinone (DMI) (dried over 4Å molecular sieves), p-toluenesulfonic 

acid (PTSA), triethylamine (Et3N) and oxalyl chloride were purchased from ACROS 

Organics. Palladium hydroxide was purchased from Sigma Aldrich. Water was purified 

by reverse osmosis and ion exchange using the Barnstead RO pure ST 

(Barnstead/Thermolyne, Dubuque, IA, USA) purification system. 

5.3.2 Methods  

5.3.2.1 Synthesis of CAAdP (DS 0.9) and CASub (DS 0.9): CAAdP was synthesized as 

previously reported25, and summarized in the sup data.  

1H NMR of monobenzyl adipate (CDCl3); 1.68 (m, 4H), 2.36 (m, 4H), 5.09 (s, 2H), and 

7.32 (m, 5H).  
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1H NMR of monobenzyl adipoyl chloride (CDCl3): 1.73 (m, 4 H), 2.39 (t, 2 H), 2.90 (t, 2 

H), 5.12 (s, 2 H), 7.32 (m, 5 H). 

Similar procedures were followed to synthesize monobenzyl suberoyl chloride (1H NMR 

(CDCl3): 1.34 (m, 4H), 1.66 (m, 4H), 2.36 (t, 2H), 2.86 (t, 2H), 5.12 (s, 2H), 7.35 (m, 

5H)). 

1H NMR of CAAdP monobenzyl ester (CDCl3): d 1.02_1.20 (m, COCH2CH3 of 

propionate), 1.66 (broad s, COCH2CH2CH2CH2CO of adipate), 2.16-2.35 (m, 

COCH2CH3 of propionate, COCH3 of acetate and COCH2CH2CH2CH2CO of adipate), 

3.25-5.24 (cellulose backbone), 5.10 (CH2C6H5), 7.33 (CH2C6H5). DS by 1H NMR 

(CDCl3): adipate 0.9, propionate 2.09, acetate 0.04. 

Characterization of final products: 1H NMR CAAdP (DMSO): 1.02-1.20 (m, COCH2CH3 

of propionate), 1.66 (broad s, COCH2- CH2CH2CH2CO of adipate), 2.16-2.35 (m, 

COCH2CH3 of propionate, COCH3 of acetate and COCH2CH2CH2CH2CO of adipate), 

3.25-5.24 (cellulose backbone). DS by 1H NMR: adipate 0.9, propionate 2.09, acetate 

0.04. 

1H NMR CASub (DMSO): 1.2 (COCH2CH2CH2CH2CH2CH2CO of suberate), 1.4-1.6 

(COCH2CH2CH2CH2CH2CH2CO of suberate), 2.10–2.46 

(COCH2CH2CH2CH2CH2CH2CO of suberate, and COCH3 of acetate), and 3.00–5.20 

(cellulose backbone). 

 

5.3.2.2 Preparation of ASDs by Solvent Casting and Grinding: Each formulation was 

prepared to total 1 g material, including polymer and drug(s). Three drug formulations 

(0.15 g of each drug and 0.55 g of polymer), two drug formulations, (0.15 g of each drug 

and 0.70 g of polymer) and single drug formulations (0.15 g drug and 0.85 g polymer) 

were each dissolved in 50 mL THF at room temperature. Three-drug samples that 

included surfactant were prepared with 0.15 g of each drug, 0.15 g of TPGS, and 0.4 g 

polymer, and were likewise dissolved in 50 mL THF at room temperature. From each 
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solution a film was cast upon a Teflon surface; each film was air-dried at 50°C. Each film 

was then peeled from the Teflon surface and placed into a Micro-Mill® (Scienceware®, 

Wayne, NJ 07470 USA) apparatus with dry ice, then milled for 5 min in order to prepare 

the dispersion in powder form.  

 

5.3.2.3 Rit, Efa and Etra Detection by HPLC: Drug analyses employed an Agilent 

1200 series HPLC consisting of a quaternary pump, online degasser, autosampler, and 

Agilent Chemstation LC 3D software. Analyses were conducted in reversed phase mode 

using an Eclipse XDB-C18 column (4.6 × 150 mm i.d., particle size 5 µm). A gradient 

analytical method was used employing acetonitrile and 0.05M phosphate buffer (pH 

5.55). The acetonitrile proportion was 40% for 1 min, then raised to 60% for 14 min, then 

reduced to 40% in 1 min, remaining at 40% for 4 min. Flow rate was 1.5 mL/min, 

column temperature was 25°C, sample injection volume was 5 µL, UV detection was at 

240 nm, and retention times observed were 10.49 min, 11.57 and 13.80 for Rit, Efa and 

Etra, respectively. 

5.3.2.4 Powder XRD: X-ray powder diffraction patterns were measured with a Shimadzu 

XRD 6000 diffractometer (Shimadzu Scientific Instruments, Columbia, Maryland) using 

film samples. The instrument was calibrated relative to a silicon standard, which has a 

characteristic peak at 28.44° 2θ. Divergence and scattering slits were set at 1.0 mm, and 

the receiving slit was set at 10 iris. The experiments were conducted with a scan range 

from 10° to 50° 2θ.  

5.3.2.5 1H NMR: 1-5 mg sample was dissolved in 1 ml NMR solvent (CDCl3 or 

(CD3)2SO) and 0.7 ml of it transferred to NMR tubes. Proton NMR spectra were acquired 

on an INOVA 400 spectrometer operating at 400 MHz at room temperature by 32 scans. 

 

5.3.2.6 DSC: DSC analyses were performed on a TA Instruments Q200. Dry samples (5 

mg) were loaded in TzeroTM aluminum pans. Each sample was equilibrated at -50◦C and 

then heated to 190◦C at 20 ◦C/min. Samples were then quench cooled to -50◦C, then 

reheated to 190◦C at 20◦C/min. Tg values were recorded as the step-change inflection 
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point from 2nd heating scans. 

5.3.2.7 SEM: Particle size and morphology were analyzed on a LEO 1550 field emission 

scanning electron microscope (FESEM). The samples were spread on double faced 

adhesive tape and coated with a very thin gold palladium layer (sputter coater 

Cressington 208HR) for 1 min. 5kV was used for excitation. 

5.3.2.8 In Vitro Drug Release from ASDs: Dissolution studies were conducted in 250 

mL jacketed flasks, using circulating ethylene glycol/water (1:1) in order to keep the 

flasks and accordingly the buffer temperature at 37°C. The volume of 0.05M phosphate 

buffer (pH 6.8) was 100 mL for each flask; volume was kept constant during the 

experiment by replacing each aliquot (1 mL) withdrawn by an equal volume of fresh 

buffer solution. All of the dissolutions experiments were conducted at supersaturated 

conditions for all of the drugs. Efa has the highest water solubility among the three drugs 

we studied therefore calculations were according to Efa supersaturation at 37°C; 25 fold 

supersaturated conditions were used for Efa and the drug content kept constant for the 

other two drugs for comparison. 

 

5.3.2.8.1. Experiment A: Dissolution Study to Evaluate Drug Release Profiles: PBS 

buffer (0.05 M, 100 mL, pH 6.8) was placed in the dissolution flask. Drug-containing 

ASD (166 mg) or 25 mg of each pure drug (25 mg Efa, 25 mg Etra and 25 mg Rit 

together) was placed into the dissolution flask and magnetically stirred at 400 rpm. 

Samples (1 mL each) were withdrawn initially every 0.5 h (during first 2 h), and then 

every 1 h for the following 6 hours. Each sample was centrifuged at 13,000 rpm for 10 

min, then 0.5 mL supernatant from the top of the centrifuge vial was transferred to an 

HPLC vial and analyzed immediately. 

2-drug experiments were conducted with a similar protocol where 166 mg ASD 

(containing 15% of 2 drugs) were placed into a dissolution flask and compared with 25 

mg of two-drugs (50 mg drug in total, drugs tested together) dissolution. 
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5.3.2.8.2 Experiment B: Evaluation of Drug-Drug Solution Interactions: A single 

drug ASD (166 mg) was dispersed into PBS buffer solution (0.05 M, 100 mL, pH 6.8) 

and stirred 8 h at 400 rpm. Afterwards, another single drug ASD (166 mg) was added to 

the buffer and aliquots were withdrawn at 1, 2 and 8 hours thereafter. Each sample was 

centrifuged at 13,000 rpm for 10 min, then 0.5 ml supernatant from the top of the 

centrifuge vial was transferred to a HPLC vial and analyzed immediately. 

 

5.4 Results 

5.4.1 Characterization of ASDs 

Solid dispersions of the anti-HIV drugs Etra, Efa and Rit were prepared by solvent 

casting and subsequent micro-milling of the resulting films, using cellulose derivative 

matrices (CMCAB, CCAB, CAAdP (DS 0.9) and CASub (DS 0.9)). These one-drug 

dispersions (Figure 5.2) were prepared with 15% drug loads, in order to determine 

whether each drug could form an ASD with each polymer, and whether such ASDs 

would afford supersaturated solutions of the individual drugs. Key physical properties 

and categories of each of these poorly soluble drugs are summarized in Table 5.2. We 

initially explored whether the one-drug dispersions were amorphous by solid-state 

characterization, using XRD, DSC and SEM, comparing as appropriate vs. pure drug.  

Etra, Efa and Rit are crystalline drugs, showing sharp, characteristic XRD peaks (Figure 

5.3). XRD diffraction patterns of the three one-drug formulations showed no sharp peaks; 

instead each exhibited an amorphous halo, as shown in Figure S5.1 (sup data). 

Furthermore all two- (Figure S5.3, sup data) and three-drug (CCAB and CMCAB Figure 

5.4; CASub and CAAdP, Figure S5.2 (sup data)) dispersions also showed amorphous 

haloes but no crystalline diffraction peaks, conforming that all of these are amorphous 

dispersions.  
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Figure 5.3: The XRD spectra of 15% 3 Drugs (15% Etra, 15% Efa and 15% Rit) ASDs 

prepared with CMCAB, CCAB and 15%TPGS in CMCAB. 15% 3 Drugs CASub and 

15% 3 Drugs CAAdP XRD results are presented in sup data. 

 

Figure 5.4: XRD spectra of crystalline Etra, Efa and Rit. 
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Table 5.2: The physicochemical properties of Etra, Efa and Rit. 

Property Etra Efa Rit 

Molecular weight (g mol-1) 435.2 315.7 720.9 

pKa 
3.526 10.2 

1.8 and 

2.627 

Log P 5.2 4.7 5.6 

Solubility Parameter (MPa
1/2

)  21.89 20.03 

Melting point (°C) 260.0 139.0 122.7 

Tg of Amorphous Drug (°C) 9928 3329 50 

Theoretical Amorphous 

Solubility (µg ml-1) 
3 19.830 20.630 

Experimental Amorphous 

Solubility (µg ml-1) 
2.7 12.3 19.8 

 Tg (°C)  100 26 4629 5031 

Drug Mechanism NNTRI NNRTI PI 

BCS Class IV Class II Class IV 

Recommended Dose 200 mg 600 mg 600 mg 
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Figure 5.5: DSC thermograms of three drug CCAB and CMCAB formulations.  

Thermal analysis is also a useful tool for quantifying drug-polymer miscibility; partial 

miscibility can lead to instability since concentrated drug domains can promote 

recrystallization and instability. If polymer and the drug(s) are miscible, a single Tg that 

ranges between the Tg values of pure components should be recorded. Theoretical Tg 

values were calculated according to the Gordon-Taylor equation,: 

Tg mix=
(!"! !!!!"! !!)

(!!!!!)
 

where Tg is the glass transition temperature, and W1 and W2 are the weight fractions of 

the components. Experimentally calculated and theoretical Tg values were close to one 

another (sup data), thermal properties of the crystalline drugs were presented in Table 

5.2. DSC thermograms of the drug combinations show (Figure 5.5) the absence of drug 

melting endotherms or crystallization exotherms, which with the single Tg values 

confirms complete drug-polymer miscibility in every 3-drug dispersion, consistent with 

the XRD results.  
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5.4.2 Release profiles of anti-HIV drugs at pH 6.8: 

Having established that the dispersions were amorphous, even with all three drugs 

present and even with as much as 45% drug vs. only 55% polymer, we investigated the 

dissolution properties of the anti-HIV drugs from single- and three-drug ASDs at small 

intestine pH. In these experiments the conditions were chosen to create supersaturation of 

each drug (if the drug were completely released), since this is necessary to evaluate the 

ability of the polymer to stabilize supersaturated drug solutions against recrystallization. 

We utilized HPLC to measure drug concentration, having developed a method that gave 

us baseline separation of the three peaks from the anti-HIV drugs. We began by 

experiments in which one ASD (containing 1-3 drugs) was added to pH 6.8 phosphate 

buffer in a jacketed flask, with dissolution at 37°C monitored by sampling and HPLC 

analysis for 8 h.  

5.4.2.1 Three drug formulations of commercial polymers vs. crystalline drugs: 

The dissolution results of three drugs containing CMCAB and CCAB ASDs were 

presented for Rit, Efa and Etra solution concentrations in Figure 5.7, 5.8 and 5.9, 

respectively. As will be clear from the results it is convenient to discuss the results by 

individual drug, since there are complex phenomena involved and this approach provides 

the clearest way to approach the data. We also separate out the 3-drug ASD results by 

commercial vs. lab-prepared cellulose derivative matrix polymers, primarily because of 

the fact that there are already many curves to compare in each figure and we feel that 

comparison is easier for the reader using a somewhat higher number of groupings but less 

curves per group. During the experiment, each dissolution flask contains all three drugs 

together for 8h at pH 6.8.  

Rit dissolution results (Figure 5.6) clearly show enhancement of Rit solution 

concentration vs. crystalline drug, with approximately the maximum attainable 

supersaturation (20-fold) being achieved from a CMCAB ASD, when Rit is the only drug 

present. On the other hand, from the 3-drug ASDs, we observed 2-fold Rit 

supersaturation from the CCAB ASD, and 1.5-fold from the CMCAB ASD, all in relation 

to the thermodynamic solubility of crystalline Rit measured by us using the same 
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methodology. In each case release of the amorphous drug is rapid, quickly reaching a 

plateau and leveling off, as is common for ASD formulations32,33. The supersaturation 

appeared to be stable throughout the 8h experiment in the presence of either CCAB or 

CMCAB, significantly in excess of the time the formulation would typically spend in the 

small intestine. Likewise, significant Rit supersaturation is evident from the 3-drug 

combination using CAAdP as the matrix polymer; in this case approximately 1.7-fold 

supersaturation is observed, higher than for CMCAB but not as great as that observed for 

CCAB. Surprisingly, from CASub 3-drug ASDs (CASub is slightly more hydrophilic 

than is CAAdP), only slight Rit supersaturation was observed, not statistically significant. 

The fact that Rit supersaturation and stabilization were observed from these 1- and 3-drug 

ASDs was very encouraging, but the observation of reduced supersaturation from the 

multidrug ASD was unexpected and of concern, and would require further investigation. 

Crystalline Efa has considerably higher water solubility than does Rif (approximately 6-7 

fold higher), in keeping with its higher calculated solubility parameter. Perhaps as a 

result, Efa solubility was not aided by ASD. Examination of results from 3-drug ASDs in 

the commercial polymers (Figure 5.7) shows that ASD in the relatively hydrophobic 

CCAB or CMCAB polymer matrices actually reduced Efa solution concentrations 

achieved from the 3-drug ASDs, in comparison with the crystalline drug. Similarly, the 

ω-carboxyalkanoate CASub afforded significantly lower Efa concentration from its 3-

drug ASD (Figure 5.10). On the other hand, CAAdP 3-drug ASD provided 

approximately the same Efa solution concentration as from crystalline drug (Figure 

5.10). Overall dispersion in the 3-drug polymer ASDs investigated did not provide 

solubility advantage for Efa, and single drug ASD of Efa in CMCAB (Figure 5.13) 

likewise actually reduced Efa solution concentration vs. crystalline drug. 

Etra is the least water-soluble of the three anti-HIV drugs examined, indeed being so low 

as to be hard to measure reliably; the thermodynamic solubility of Etra at pH 6.8 was 

below our HPLC detection limit, and has been described as less than 1 mL in the 

literature26. Etra solution concentration from CMCAB and CCAB 3-drug ASDs was 

significantly higher than that achieved from crystalline drug, showing steady release 

throughout the experiment and reaching 0.74 and 0.12 µg/ml after 8h from CMCAB and 
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CCAB ASDs, respectively. These concentrations are modest to be sure, but are 

quantifiable by our method and show significant improvement. However, crystalline Etra 

concentration was not measureable by our HPLC as a result of its very low water 

solubility. Unlike Etra and Rit, crystalline Efa solution concentration was higher (9.8 

µg/ml) than those from three drug ASD formulations, 5.8 and 5.0 µg/ml from CMCAB 

and CCAB, respectively. Both of the ASD formulations and the crystalline drug 

generated immediate release and kept the concentration constant for 8h. 

In addition to the CMCAB and CCAB ASDs, TPGS formulation was prepared with 

CMCAB that affords the highest concentration for three of the drugs for more then 3 fold 

increase of Rit concentration (4.9 µg/ml) and 1.3 fold increase of Efa relative to the 

crystalline drug (12.9 µg/ml), as well as a continued release for 8 h. Moreover, the Etra 

solution concentration was reached to 2.4 µg/ml that is very close to the highest 

experimental amorphous solution concentration of this drug (2.7 µg/ml). It is necessary to 

emphasize that 15% TPGS three drugs CMCAB ASD can increase the solution 

concentration of all the three drugs, even Efa, which had crystalline drug concentration 

higher than the other ASD formulations.  
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Figure 5.6: Dissolution profiles of crystalline Rit, Rit/Efa/Etra/CMCAB ASD, 

Rit/Efa/Etra/ CCAB ASDs (15% of each drug) and TPGS Rit/Efa/Etra/CMCAB ASD for 

8h (pH 6.8, 37°C). Error bars indicate one standard deviation (n = 3) and only Rit 

concentration was presented in this figure. 

 

Figure 5.7: Dissolution profiles of crystalline Efa, Rit/Efa/Etra/CMCAB ASD, 

Rit/Efa/Etra/CCAB ASDs (15% each drug) and TPGS Rit/Efa/Etra/CMCAB ASD for 8h 

(pH 6.8, 37°C). Error bars indicate one standard deviation (n = 3) and only Efa solution 

concentration was presented in this figure. 
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Figure 5.8: Dissolution profiles of crystalline Etra, Rit/Efa/Etra/CMCAB ASD, 

Rit/Efa/Etra/ CCAB ASDs (15% each drug) and TPGS Rit/Efa/Etra/CMCAB ASD for 8h 

(pH 6.8, 37°C). Error bars indicate one standard deviation (n = 3) and only Etra 

concentration was presented in this figure. 

 

5.4.2.2 Three drug formulations of omega-carboxyl esters (n=3) compared with 

crystalline drug: 

The dissolution results of three drugs containing CAAdP ASD and CASub ASD, and 

crystalline drugs (for comparison) were presented for Rit, Efa and Etra solution 

concentrations in Figure 5.9, 5.10 and 5.11, respectively. During the experiment, each 

dissolution flask contains all three drugs together for 8h at pH 6.8 similar to the protocol 

of 3.2.1 formulations.  

The polymer dependent increase of Rit and Efa solution concentrations from CAAdP and 

CASub ASDs generated immediate release and stabilized the concentration for 8h. On 

the other hand, Etra has a continuous release profile from CAAdP ASD.  

As presented on Figure 5.9, Rit solution concentration of CAAdP ASD was 1.45 fold 

higher than the crystalline drug itself but interestingly CASub ASD did not perform 

0	

0.5	

1	

1.5	

2	

2.5	

3	

0	 2	 4	 6	 8	 10	

Et
ra
	C
on
ce
nt
ra
tio
n	
(u
g/
m
l)	

Time	(h)	

Etra	Release	Pro,iles	of	3-Drug	ASDs	vs	Etra	

Etra	Crystalline	

Etra	15%	3Drugs	
CMCAB	

Etra	15%TPGS	
15%3Drugs	CMCAB	

Etra	15%	3Drugs	
CCAB	



	 142	

better than the crystalline drug in spite of its amorphous morphology. The release profile 

trend of Rit is similar to that of Etra, where the Etra solution concentration of the CAAdP 

ASD (2 µg/ml) was higher than that of the crystalline drug and the CASub ASD, which 

was not different than the crystal Etra.  On the other hand, the Efa solution concentration 

of the CAAdP ASD was similar to the crystalline drug (9.9 µg/ml) while the 

concentration was lower from the CASub ASD (6.7 µg/ml). According to these results, 

three drugs CAAdP ASD was the best formulation among all the three drugs 

formulations (without surfactant) to increase the drug solubility since both Rit and Etra 

concentrations were higher than the crystalline drugs and, the amorphous Efa 

concentration was similar to the drug itself. Although three drugs CMCAB ASD has 

higher Rit solution concentration than the three drugs CAAdP ASD, the Efa and Etra 

releases were lower from the CMCAB formulation. 

Although the drugs were amorphous in ASD formulations, it was interesting to observe 

the concentrations lower than the crystalline drugs in some cases. Besides, when we 

compared the measured amorphous concentrations of the drugs from the three drug ASDs 

with the literature values (Table 5.1), the recorded concentrations were lower. Therefore, 

single drug and double drug CMCAB ASD formulations (Figures 5.12-5.14) were 

prepared to understand why the three drug formulations were leading to lower solution 

concentrations.  
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Figure 5.9: Dissolution profiles of crystalline Rit and Rit/Efa/Etra/CASub or CAAdP 

ASDs (15% each drug) for 8h (pH 6.8, 37°C). Error bars indicate one standard deviation 

(n = 3) and only Rit solution concentration was presented in this figure. 

 

Figure 5.10: Dissolution profiles of crystalline Efa and Rit/Efa/Etra/CASub or CAAdP 

ASDs (15% each drug) for 8h (pH 6.8, 37°C). Error bars indicate one standard deviation 

(n = 3) and only Efa concentration was presented in this figure. 
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Figure 5.11: Dissolution profiles of crystalline Etra and Rit/Efa/Etra/CASub or CAAdP 

ASDs (15% each drug) for 8h (pH 6.8, 37°C). Error bars indicate one standard deviation 

(n = 3) and only Etra concentration was presented in this figure. 

5.4.2.3 Single and double drug formulations (n=3) compared with crystalline drug: 

The dissolution results of single and double drugs containing CMCAB ASDs and, 

crystalline drugs (for comparison) were presented for Rit, Efa and Etra solution 

concentrations in Figure 5.12, 5.13 and 5.14, respectively.  

Rit concentration from the 15% Rit CMCAB (single drug ASD) formulation reached to 

20 µg/ml, similar to the reported amorphous concentration values (Table 5.1). On the 

other hand, the solution concentration of the 15% Rit 15% Etra and 15% Rit 15% Efa 

formations could not reach to this concentration, recorded 12.95 µg/ml and 5.7 µg/ml, 

respectively (Figure 5.12). The decrease in the concentration of the Rit might be 

explained with the solubility suppression by the second drug; since the solution cannot 

maintain high concentrations of the both drugs that might limit releasing and dissolving 

high content of them together. However, the single drug formulation can achieve the 

highest amorphous solution concentration of the drug, which shows that the ASD has the 
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drug systems is that the higher Rit concentration of 15% Rit 15% Etra ASD than 15% Rit 

15% Efa ASD might be related with the solubility differences between the Etra and Efa, 

where the lower solubility of Etra might allow higher concentrations of Rit while 

relatively more soluble Efa does not. Moreover, dissolution results of three drug 

formulations support the idea, where the Rit concentration was lower than the 2 drug 

formulations, 5 µg/ml, that might be result of the two-drug solubility suppression effect 

leading to a lower Rit concentration.  

Efa two drug formulations follow the same trend with the Rit dissolution profiles, as 

presented on Figure 5.13. 15% Efa 15% Etra has higher Efa solution concentration than 

15% Efa 15% Rit CMCAB ASD that might be related with the lower solubility of Etra 

than Rit, limiting the suppression of the Efa and leading to higher concentration of Efa. 

Besides, 15% Efa CMCAB ASD and 15%Efa 15% Etra CMCAB ASD has similar 

dissolution profiles which implies that Etra does not have a drastic negative effect on the 

solubility of Efa, unlike Rit (Figure 5.13). Moreover, the comparison between the three 

drugs CMCAB ASD (Figure 5.7) and the 15% Rit 15% Efa CMCAB ASD dissolution 

(Figure 5.13) profiles support this idea where the addition of Etra to the formulation did 

not effect the concentration of Efa (5.7 µg/ml). However, Rit addition decreased the Efa 

concentration drastically.  

Unlike Efa and Rit, all of the Etra ASD formulations had a continuous release for 8h and 

multi drug formulations had a positive effect on Etra solubility as shown on Figure 5.14. 

The single drug CMCAB ASD had a higher Etra concentration (0.35 µg/ml) than the 

crystalline Etra but lower than the two drug formulations, 15% Etra 15%Efa CMCAB 

and 15% Etra 15% Rit CMCAB, 0.79 µg/ml and 1.15 µg/ml, respectively.  According to 

the dissolution profiles and final concentration, addition of Rit and Efa increased the Etra 

concentration separately. Moreover, three drug formulations had a higher Etra solution 

concentration than the two drug ASD formulations, implying that both Rit and Efa are 

increasing the solution concentration of Etra. 
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Figure 5.12: Dissolution profiles of crystalline Rit, 15% Rit CMCAB ASD and 2-drug 

CMCAB ASDs (15% of each drug) were presented for 8h (pH 6.8, 37°C). Error bars 

indicate one standard deviation (n = 3) and only Rit concentrations were presented in this 

figure. 

 

Figure 5.13: Dissolution profiles of crystalline Efa, 15% Efa CMCAB ASD and 2-drug 

CMCAB ASDs (15% of each drug) were presented for 8h (pH 6.8, 37°C). Error bars 

indicate one standard deviation (n = 3) and only Efa concentrations were presented in this 

figure. 
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Figure 5.14: Dissolution profiles of crystalline Etra, 15% Etra CMCAB ASD and 2-drug 

CMCAB ASDs (15% of each drug) were presented for 8h (pH 6.8, 37°C). Error bars 

indicate one standard deviation (n = 3) and only Etra concentrations were presented in 

this figure. 

5.4.2.4 Single drug ASD addition into another single drug ASD dissolution vs. single 

drug ASD Dissolution to understand drug solubility effect on Rit and Efa: 

As shown on the previous sections, Rit and Efa solution concentrations of multidrug 

ASDs were lower than the Rit and Efa single drug formulations (Figure 5.6, 5.7, 5.9, 

5.10, 5.12 and 5.13), independent of the polymer. The idea of Efa and Rit solution 

concentrations were suppressed in multidrug systems can be challenged with the 

approach that the drug release can be blocked by the drug to drug or drug to polymer 

interactions in the ASD and, as a result of that drugs might not be able to released. To be 

able to eliminate the concerns about the release properties of the ASD formulations, a 

new set of experiments were designed, where a single drug ASD was tested first for 8h to 

release the drug and reach to the highest amorphous solution concentration, 19.9 µg/ml 

for Rit and 8 µg/ml for Efa. Then another single drug ASD was added to the formulation 

that contains a different drug than the first formulation to observe the second drug effect 

on the released one. Finally, the concentrations of both drugs were recorded for another 

8h (Figure 5.15, 5.16, 5.17 and 5.18). 
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Efa and Etra effect on Rit solution concentration were presented on Figure 5.15 and 5.16. 

As shown on both of the graphs, Rit was released from ASD, reached to the 

concentration of 19.9 µg/ml after 8h, then either 15% Efa 85% CMCAB or 15% Etra 

85% CMCAB formulation were added. After that Rit concentration was decreased 

immediately as the second drug concentration was increasing. These results shows that 

solution cannot maintain the amorphous concentrations of the two drugs together that 

leads to the reduction of the dissolved drug content. When Efa CMCAB ASD was added, 

Rit solution concentration was decreased to 8 µg/ml and when Etra CMCAB ASD was 

added, it was 15.3 µg/ml (Figure 5.16). If Etra concentration were higher (0.8 µg/ml), Rit 

concentration would be lower (12.9 µg/ml) (compare Figure 5.12 and 5.14 with Figure 

5.16), which gives us the control over the concentrations we would like to achieve. 

Moreover, Efa follows the same suppressing trend with Etra since it is also reducing the 

solution concentration of Rit. When Efa was dissolved (3.3 µg/ml), Rit concentration was 

decreased to 8 µg/ml from 19.9 µg/ml. In other words, both Etra and Efa can decrease the 

solution concentration of Rit. As Etra or Efa concentration gets higher, Rit solution 

concentration decreases. 

Dissolved Efa behaves similar to Rit, since its concentration was also reduced when 

interacted with a second drug as shown on Figures 5.17 and 5.18. Firstly, 15% Efa 85% 

CMCAB ASD released the drug for 8h, reached the Efa concentration to 8.2 µg/ml, then 

either 15% Rit 85% CMCAB or 15% Etra 85% CMCAB formulations were added, after 

that Efa concentrations were decreased to 3.5 µg/ml and 4.8 µg/ml, respectively. Since 

the drugs were released first, the lower concentrations were not related with the release 

abilities of the ASDs, but the solubility suppression effect of the drugs. These results 

explain why the solution concentrations of the three drug formulations showed lower Efa 

and Rit concentrations then the single formulations. 
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Figure 5.15: Dissolution at pH 6.8 started with 15% Rit CMCAB ASD formulation. 

After 8h, 15% Efa CMCAB ASD was added to 15% Rit CMCAB ASD and, Efa (purple) 

and Rit (Red) concentrations were recorded for another 8h. 15% Rit CMCAB ASD 

release was presented (blue) for 16h for comparison. 

 

Figure 5.16: Dissolution at pH 6.8 started with 15% Rit CMCAB ASD formulation. 

After 8h, 15% Etra CMCAB ASD was added to 15% Rit CMCAB ASD and, Etra 

(purple) and Rit (Red) concentrations were recorded for another 8h. 15% Rit CMCAB 

ASD release was presented (blue) for 16h for comparison. 
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Figure 5.17: Dissolution at pH 6.8 started with 15% Efa CMCAB ASD formulation. 

After 8h, 15% Rit CMCAB ASD was added to 15% Efa CMCAB ASD and, Efa (red) 

and Rit (green) concentrations were recorded for another 8h. 15% Efa CMCAB ASD 

release was presented (blue) for 16h for comparison. 

 

Figure 5.18: Dissolution at pH 6.8 started with 15% Efa CMCAB ASD formulation. 

After 8h, 15% Etra CMCAB ASD was added to 15% Efa CMCAB ASD and, Efa (green) 

and Etra (purple) concentrations were recorded for another 8h. 15% Efa CMCAB ASD 

release was presented (blue) for 16h for comparison. 
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5.5 Conclusions 

It was shown that three drug ASD formulations can be prepared with a very high drug 

content (45%) and the amorphous morphology can be obtained with all of the cellulose 

derivatives even after the addition of TPGS. Moreover, we showed that the three drug 

formulations have higher Rit and Etra solution concentrations from ASDs than the 

crystalline Rit and Etra. Among the three drug formulation dissolution studies, CAAdP 

has highest solution concentrations of the three drugs combined without the use of 

surfactant. Besides, addition of TPGS can further increase the solution concentration of 

the three drugs.  

We also tested two drug and single drug formulations to understand drug to drug 

suppression effect and concluded that Rit and Efa concentrations decreases when Etra, 

Efa or Rit was added to the dissolution since two or more drugs can not be dissolved at 

the higher concentrations together but they suppressed each others solubility. On the 

other hand, Rit and Efa increased Etra solution concentration. 

We also know that as the second drug concentration (Rit, Efa or Etra) was increasing, Efa 

and Rit concentrations were decreasing that limits the highest drug concentration of multi 

drug formulations. In other words, we can have the control to decide the concentrations 

of the drugs such as increase Rit concentration to decrease Efa solution concentration. 

However, we need more investigation to understand how the drug-to-drug interaction is 

progressing, what is the role of polymer in preventing the decrease of concentrations and 

also how different is the suppression effect of one drug than the other. 
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Chapter 6. Synthesis and characterization of alkyl cellulose ω-carboxyesters for 

amorphous solid dispersion 

Adapted from “Arca, H. C.; Mosquera-Giraldo, L. I.; Taylor, L. S.; Edgar, K. J. Cellulose 

2016 Submitted.” 

6.1 Abstract 

Poor drug solubility and consequently poor bioavailability are major impediments to new 

drug innovation (development of new drugs), and they limit the performance of many 

existing drugs. In recent years amorphous solid dispersion (ASD) has emerged as one of 

the most effective approaches for enhancing drug solution concentration, and thereby 

bioavailability, including in many marketed drug formulations. Recently efforts have 

been under way in several laboratories to design new ASD polymers, rather than relying 

on polymers that are already in FDA-approved formulations, but were not designed as 

ASD polymers. We describe here the design and synthesis of a new class of polymers, 

alkyl cellulose ω-carboxyesters, for ASD formulation. We synthesize these polymers by 

reaction of cellulose alkyl ethers with monoprotected (benzyl ester), monofunctional long 

chain acid chlorides, followed by protecting group removal using mild hydrogenolysis to 

form the target alkyl cellulose ω-carboxyalkanoate. These new amphiphilic polymers 

have high glass transition temperatures (Tg), tunable carboxyl content for controlling 

release pH and drug-polymer interactions, and certain members of this new group of 

amphiphilic cellulose ether esters are shown to be successful at forming ASDs with the 

important model drug ritonavir. These ASDs efficiently release ritonavir at small 

intestine pH, creating the maximum attainable amorphous solubility (20 mg/mL), and 

maintaining it for a time period substantially greater than normal residence time in the 

absorptive region of the stomach and small intestine. Members of this new class of alkyl 

cellulose ω-carboxyester amphiphiles show great potential as ASD polymers for 

enhancing oral bioavailability of otherwise poorly soluble drugs. 

6.2 Introduction 

Poor solubility of existing pharmaceutical active compounds significantly restricts their 

effectiveness, since drugs must be presented to the enterocytes in solution in order for 
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them to be absorbed. Poor solubility is also an important roadblock to the development of 

new active compounds, since by some estimates as many as 70% of compounds under 

development have poor water solubility 1; this can lead to poor bioavailability and 

candidate failure. Formation of polymer/drug ASDs has become increasingly important 

in recent years as it is an effective method for increasing solubility of otherwise poorly 

soluble, crystalline drugs (Biopharmaceutical Classification System (BCS) Types II and 

IV) in order to increase bioavailability 2. Successful ASD creates a molecular dispersion 

of drug in a polymer matrix, preventing drug crystallization in the solid phase, and 

eliminates the heat of fusion as an energy barrier to drug dissolution. Properly designed 

ASD polymers release the drug in response to an external stimulus (often the stimulus is 

the pH change in moving from the acidic stomach to the neutral small intestine), creating 

supersaturated drug solutions. These polymers should also have sufficient aqueous 

solubility so as to be able to interact with and stabilize the drug in solution after drug 

release, preventing premature de-supersaturation. These supersaturated solutions from 

ASDs thereby attack both major impediments to drug bioavailability recognized by the 

BCS; solubility and permeation (supersaturation from ASDs, unlike most other drug 

solubilization methods, increases the chemical potential of the drug across the epithelium 

and so enhances permeation)3. Certain polymer design elements are key to achieving 

adequate formulation stability 4. Strong polymer-drug interactions (often via hydrogen 

bonding), good polymer-drug miscibility due to polymer hydrophobic groups and 

polymer moieties that promote specific polymer-drug interactions, and high polymer 

glass transition values (Tg) promote formulation stability 5,6. In addition, the polymer 

should have a drug release mechanism, such as dissolution or swelling in water at neutral 

pH 7–9.  

A few cellulose ether esters have been previously studied as ASD polymers. They could 

be advantaged, since ether linkages are stable under any physiological conditions, and 

since alkyl ether substituents are inherently more hydrophobic than their ester 

counterparts. Carboxymethylcellulose acetate butyrate (CMCAB) has been studied in 

various drug delivery formulations as a matrix, binder, coating material, or film former 

with poorly water-soluble drugs such as curcumin10, glyburide, griseofulvin, and 

ibuprofen, where it can provide zero order release properties 11, as well as with more 
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water-soluble drugs such as rifampin 12 and fexofenadine HCl 13. CMCAB is suitable for 

multiple ASD preparation methods such as solvent evaporation film casting 11, spray 

drying 12 and solvent rotary evaporation 11. Although CMCAB has proven to be a 

promising ASD polymer, and has a number of attractive material properties (e.g. pH-

responsive, high Tg, carboxyl content, fundamentally hydrophobic) for use in ASDs, the 

possibility of crosslinking during its synthesis creates a concern. CMCAB is synthesized 

by esterification of water-soluble carboxymethylcellulose (CMC) with carboxylic acid 

anhydrides in the presence of strong acid (e.g. sulfuric acid) catalyst. This type of 

methodology for synthesis of cellulose ether esters is problematic since it requires the 

desired esterification to proceed under strong acid catalysis on a polymer backbone that is 

polyfunctional with respect both to alcohol and acid groups; therefore crosslinking to 

form inter-chain ester linkages can lead to network formation, insolubility, and loss of 

processability. Such approaches should be avoided.  

HPMCAS is a commercial cellulose ether ester of strong recent interest for use in ASDs. 

It is a water dispersible polymer at acidic pH due to its amphiphilic nature. On the other 

hand, at the neutral pH of the intestines, the succinate groups are ionized; as a result, 

HPMCAS is pH-responsive and has slight water-solubility at neutral pH (17.7 mg/ml at 

pH 6.8) 7. With its balance of hydrophobic and hydrophilic groups, HPMCAS is miscible 

with many hydrophobic drugs, and forms strong specific hydrogen bond interactions. 

HPMCAS is also a high Tg polymer (Tg = 120 °C, MW 18,000) 12. For these reasons, 

HPMCAS has been used in ASD formulations of drugs including indomethacin 14, 

itraconazole 14, curcumin 10, felodipine 15, nifedipine 16 and griseofulvin 14,17.  HPMCAS 

has been employed to formulate many pharmaceutical active materials 18–20 such as 

duloxetine 21. HPMCAS is most often formulated into ASDs by spray-drying 10 and other 

solution methods 22, though recently investigations of HPMCAS hot melt extrusion have 

been reported 14. It is important to note that HPMCAS has an extraordinarily complex 

structure as a result of its multiple functional groups and the fact that during reaction of 

cellulose with propylene oxide, oligo(hydroxypropyl) substituents of various lengths and 

compositions are appended, leading to a copolymer comprising an enormous number of 

different monosaccharides (certainly a much higher number than 73 (> 7 substituent types 

(-OH, -OCH3, -OCOCH3, -OCH2CH(OH)CH3, -OCOCH2CH2COOH, -
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OCH2CH(OCOCH3)CH3, -OCH2CH(OCOCH2CH2COOH)CH3) at the three hydroxyl 

positions), or 343 different monosaccharides). This makes it a remarkable challenge to 

analyze or have confidence in the detailed structure of a given HPMCAS polymer.  

Previously, the Edgar group reported that cellulose w-carboxyesters containing adipate, 

suberate or sebacate groups were useful ASD polymers 23,24. As the length of the 

hydrocarbon chain increases, polymer hydrophobicity increases, thus leading to 

increasing miscibility with hydrophobic drugs. In our previous studies, it was shown that 

cellulose acetate adipate propionate (CAAdP) and cellulose acetate suberate (CASub) 

were effective and efficient inhibitors of both crystal growth (G. A. Ilevbare, Liu, Edgar, 

& Taylor, 2012) and nucleation (Ilevbare, Liu, Edgar, & Taylor, 2013) of the 

hydrophobic anti-HIV drug, ritonavir 27. We also showed that CAAdP and CASub were 

useful polymers for ASD formulation of a structurally diverse variety of other poorly 

soluble drugs including the flavonoids curcumin 10,28, quercetin 29 and resveratrol 8, and 

the macrolide antibiotics clarithromycin 7 and rifampicin 12,30. These are very promising 

ASD polymers and the cited studies have provided significant insight into ASD polymer 

structure-property-performance relationships. However, the diversity of drug and drug 

candidate structures, increasingly challenging formulation requirements, and the need for 

deeper understanding of these fundamental relationships inspired us to seek further for 

even higher performance polymers, in particular further exploring the possibilities of 

cellulose ether esters. 

In order to make cellulose ether esters, it is most practical to attach the ether groups first, 

then esterify, since etherification is always carried out under alkaline conditions that 

would saponify any ester groups present 31. Appending ester substituents containing 

terminal carboxyl groups (e.g ω-carboxyalkanoate substituents) cannot be carried out by 

acid-catalyzed reaction of a cellulose ether with a dicarboxylic acid synthon, because this 

would result in crosslinking between pendent carboxyl and free hydroxyl groups. Most 

past methods for appending ω-carboxyalkanoate groups like succinate (McCormick, 

Dawsey, 1990) and phthalate 32 have involved ring opening of cyclic anhydrides under 

mild base catalysis, conditions that do not favor crosslinking. However, these methods 

are not possible for diacid chain lengths longer than C6 (adipate), because longer chain 
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lengths do not form stable cyclic anhydrides. Even adipic anhydride, though it can be 

synthesized and isolated, is a problematic electrophile for synthesis of cellulose ω-

carboxyalkanoates because of its propensity for homopolymerization). Therefore our 

hypothesis is that by a two-step protocol; 1) esterification with a mono-benzyl protected, 

mono-activated dicarboxylic acid and 2) removal of the protecting group via 

hydrogenolysis, crosslinking can be avoided and a variety of cellulose ether ω-

carboxyalkanoate esters can be synthesized. This protocol is analogous to the method that 

was successful for the synthesis of cellulose alkanoate ω-carboxyalkanoate esters in 

previous work from our laboratory 24. We further hypothesize that these new amphiphilic 

cellulose ether ω-carboxyalkanoates will be of particular utility in ASD formulations, 

since they are in some cases based on cellulose ethers that are rather hydrophilic, and thus 

the ether ester products may be expected to have faster release rates than more 

hydrophobic derivatives that have been previously examined. We report herein the results 

of efforts to make such cellulose derivatives and of preliminary in vitro testing to 

determine their potential as ASD polymers.  

6.3 Experimental 

6.3.1 Materials 

Methylcellulose (MC) (Mn= 40,000; manufacturer reported DS(Me) = 1.6 - 1.9) was 

obtained from Sigma-Aldrich (Saint Louis, MO) and ethyl cellulose (manufacturer 

reported 48 - 49.5% ethoxy content; DS(Et) = 2.46 - 2.58; 5% (wt.) concentration of the 

polymer has 40-52 cps viscosity at 25°C)  (commercial name EC-N50 PHARM, 

abbreviated EC in this manuscript) were from Ashland Inc., Wilmington, DE. Polymers 

were dried under reduced pressure at 50°C overnight prior to use. Other purchased 

reagents were used as received. Suberic acid, sebacic acid, adipic acid, methyl ethyl 

ketone (MEK), p-toluenesulfonic acid (PTSA), triethylamine (Et3N), oxalyl chloride, 

anhydrous pyridine, phenyl isocyanate and tetrahydrofuran were purchased from Acros 

Organics (Pittsburgh, PA). Toluene, benzyl alcohol, N,N-dimethylformamide (DMF), 

dichloromethane, sodium hydroxide, potassium phosphate monobasic and sodium 

bicarbonate were purchased from Thermo Fisher Scientific (Asheville, NC). The 
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hydrogenolysis catalyst Pd(OH)2/C was obtained from Sigma–Aldrich (Saint Louis, MO) 

and ritonavir was purchased from Attix Pharmaceuticals (Toronto, Canada). 

 

6.3.2 Methods 

6.3.2.1 Hydroxyl group carbanilation 

Carbanilation was conducted according to the procedure of Malm et al. 33. Dried EC (0.5 

g) was dissolved in 5 mL of anhydrous pyridine. Phenyl isocyanate (0.5 mL) was then 

added and stirred at 100°C for 2 h. After 2 h, the mixture was cooled to room temperature 

and added to 500 mL of water to precipitate the product. The precipitate was collected 

and dissolved in 10 mL of THF and re-precipitated in water. The product was re-

dissolved and precipitated four times. When the purification was over, the white product 

was dried in a vacuum oven at 50°C overnight.  

Ethyl cellulose carbanilate:  1H NMR (CDCl3): 1.14 (CH3 of ethyl group), 3.00–5.20 

(cellulose backbone and CH2 of ethyl group), 6.8-7.6 (C6H5). 

 

A similar protocol was followed for carbanilation of MC. MC (0.1 g) dissolved in 5 mL 

dry pyridine and reacted with 0.5 mL of phenyl isocyanate at 100°C for 2 h. After the 

reaction, the polymer was precipitated in 500 mL of ethanol, washed with 500 mL of 

water, dissolved in 10 mL of THF and re-precipitated in 500 mL of ethanol. 

 

Methyl cellulose carbanilate:  1H NMR (CDCl3): 3.00–5.20 (cellulose backbone and CH3 

of methyl group), 6.8-7.6 (C6H5). 

 

6.3.2.2 Synthesis of monobenzyl adipate 

Monobenzyl adipate was prepared according to the procedure of Kar 23. Adipic acid (73 

g, 0.5 mol), benzyl alcohol (81 g, 0.75 mol), PTSA (0.95 g, 5 mmol), and toluene (200 

mL) were combined in a one neck flask equipped with a Dean-Stark trap, and the 

resulting solution was heated at reflux for approximately 4 h. The mixture was heated 

(above 110°C) until the theoretical amount of H2O (13.5 mL, 0.75 mol) was obtained 

from the Fischer esterification of adipic acid that will form monobenzy adipate, dibenzyl 
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adipate and adipic acid (diacid). In order to separate monobenzyl adipate from the 

mixture, we used phase separation method at different pH environments. First, the 

solution was cooled to room temperature after the reaction, 200 mL of H2O was added, 

and the pH was adjusted to 9.0 with 6N NaOH. By this means, dibenzyl adipate will stay 

in the organic solvent but ionized monobenzyl adipate and adipic acid will transfer to the 

aqueous layer (water).  The aqueous layer was separated and washed with ether (2 X 100 

mL) to remove dibenzyl adipate residues, then 200 mL of ethyl ether was added, and the 

pH of the aqueous layer was adjusted to 2.0 with 6N HCl. Thus the adipic acid stays in 

the water but the monobenzyl adipate transfers to the organic solvent. The ether layer was 

separated, and washed with 50 mL of 1M NaHCO3 for 15 min to remove impurities. Then 

the ether layer was separated, concentrated under reduced pressure, and filtered.  

Monobenzyl adipate (41 % yield) was dried under vacuum at 40°C as a colorless oil: 1H 

NMR (CDCl3): 1.68 (m, 4 H), 2.36 (m, 4 H), 5.09 (s, 2 H), and 7.32 (m, 5 H). 

 

Similar protocols were followed to synthesize monobenzyl sebacate (white solid, yield 

31.35 g, 0.12 mol, 19% yield) and monobenzyl suberate (colorless oil, yield 16.96 g, 

0.058 mol, 24% yield).  

 
1H NMR of monobenzyl suberate. (CDCl3): 1.33 (m, 4H), 1.63 (m, 4H), 2.33 (m, 4H), 

5.11 (s, 2H), 7.34 (m, 5H). 

 
1H NMR of monobenzyl sebacate (CDCl3): 1.29 (m, 8H), 1.62 (m, 4H), 2.33 (m, 4H), 

5.11 (s, 2H), 7.35 (m, 5H). 

 

6.3.2.3 Synthesis of monobenzyl adipoyl chloride 

Monobenzyl adipoyl chloride was prepared according to Liu 23,24. Monobenzyl adipate 

(0.068 mol, 15.00 g) was dissolved in dichloromethane (300 mL) in a one-neck flask 

while stirring, then 5 drops of DMF was added. The solution was cooled in an ice bath to 

0°C and oxalyl chloride (24.42 mL, 5.6 eq) was added slowly via an addition funnel. The 

ice bath was then removed and the solution stirred at room temperature. Completion of 

gas formation indicated the end of the reaction, at which point the solvent was removed 
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under reduced pressure. Toluene (15 mL) was added and the product was concentrated 

again under reduced pressure at 50°C for 1 h. Yield: 90% (0.04 mol, 13.5 g). 1H NMR 

(CDCl3): 1.73 (m, 4 H), 2.39 (t, 2 H), 2.90 (t, 2 H), 5.12 (s, 2 H), 7.32 (m, 5 H). 

 

Similar procedures were followed to synthesize monobenzyl sebacoyl and monobenzyl 

suberoyl chlorides.  

Monobenzyl sebacoyl chloride. Yield: 95% (0.046 mol, 14.35 g). 1H NMR (CDCl3): 1.30 

(m, 8H), 1.67 (m, 4H), 2.35 (t, 2H), 2.86 (t, 2H), 5.11 (s, 2H), 7.35 (m, 5H).  

Monobenzyl suberoyl chloride. Yield: 90% (0.051 mol, 14.54 g). 1H NMR (CDCl3): 1.34 

(m, 4H), 1.66 (m, 4H), 2.36 (t, 2H), 2.86 (t, 2H), 5.12 (s, 2H), 7.35 (m, 5H). 

6.3.2.4 Preparation of benzyl ethyl cellulose adipate/suberate/sebacate 

EC (0.2 g, 0.887 mmol) was dissolved in DMF (20 mL), and the solution was heated to 

90 °C with stirring under nitrogen. Triethylamine (1.25 mL, 8.87 mmol, 10 eq) was 

added to the solution. Monobenzyl adipoyl chloride (1.8 g, 7.096 mmol, 8 eq), 

monobenzyl suberoyl chloride (2.0 g, 7.096 mmol, 8 eq) or monobenzyl sebacoyl 

chloride (2.2 g, 7.096 mmol, 8 eq) was added dropwise and allowed to react at 90 °C for 

20 h. The reaction mixture was cooled and transferred to pre-wetted dialysis tubing 

(MWCO 3500), then dialyzed against ethanol for 2 d, followed by dialysis against water 

for 1 d. The aqueous solution then was freeze-dried for 2 d.   

Benzyl EC adipate (0.258 g, 0.75 mmol, yield 85%): 1H NMR (CDCl3): 1.14 (CH3 of 

ethyl group), 1.33 (broad s, COCH2CH2CH2CH2CO of adipate), 1.66 (broad s, 

COCH2CH2CH2CH2CO of adipate), 3.00–5.20 (cellulose backbone and CH2 of ethyl 

group), 5.03 (CH2C6H5), 7.35 (CH2C6H5). 

 

Benzyl EC suberate (0.262 g, 0.73 mmol, yield 83%): 1H NMR (CDCl3): 1.14 (CH3 of 

ethyl group), 1.33 (broad s, COCH2CH2CH2CH2CH2CH2CO of suberate), 1.66 (broad s, 

COCH2CH2CH2CH2CH2CH2CO of suberate), 2.10–2.54 

(COCH2CH2CH2CH2CH2CH2CO of suberate, 3.00–5.20 (cellulose backbone and CH2 of 

ethyl group), 5.11 (CH2C6H5), 7.35 (CH2C6H5). 
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Benzyl EC sebacate (0.26 g, 0.69 mmol, yield 79%). 1H NMR (CDCl3): 1.14 (CH3 of 

ethyl group), 1.30 (COCH2CH2CH2CH2CH2CH2CH2CH2CO of sebacate), 1.63 

(COCH2CH2CH2CH2CH2CH2CH2CH2CO of sebacate), 2.13–2.44 

(COCH2CH2CH2CH2CH2CH2CH2CH2CO of sebacate, 3.00–5.20 (cellulose backbone 

and CH2 of ethyl group), 5.11 (CH2C6H5), 7.35 (CH2C6H5). 

 

6.3.2.5 Preparation of benzyl methyl cellulose adipate/suberate/sebacate 

MC (0.2 g, 1.07 mmol) was dissolved in DMF (20 mL), and the solution was heated to 

90°C with stirring under nitrogen for 2 h. Triethylamine (1.5 mL, 10.7 mmol, 10 eq) was 

added to the solution. Monobenzyl adipoyl chloride (2.18 g, 8.55 mmol, 8 eq), 

monobenzyl suberoyl chloride (2.42 g, 8.55 mmol, 8 eq) or monobenzyl sebacoyl 

chloride (2.66 g, 8.55 mmol, 8 eq) was added dropwise and allowed to react at 90°C for 

20 h. Then the reaction mixture was cooled and added to 400 mL ethanol to precipitate 

the product. The product was collected by filtration, redissolved in a minimal amount of 

THF and reprecipitated in 400 mL hexane. The product was recovered by filtration, then 

the precipitate was reslurried with 500 mL of water for 1 h and filtered. The filtered 

product was redissolved in a minimal amount of THF and reprecipitated into 400 mL 

ethanol. The product was collected by filtration, then was dried under reduced pressure at 

50 °C overnight. 

Benzyl MC adipate yield. (0.36 g, 0.84 mmol, 79 % yield). 1H NMR (DMSO-d6): 1.3 

(broad s, COCH2CH2CH2CH2CO of adipate), 1.66 (broad s, COCH2CH2CH2CH2CO of 

adipate), 3.00–5.20 (cellulose backbone and CH3 of methyl group), 5.03 (CH2C6H5), 7.35 

(CH2C6H5). 

 

Benzyl MC suberate yield. (0.38 g, 0.842 mmol, 79 % yield). 1H NMR (DMSO-d6): 1.3 

(COCH2CH2CH2CH2CH2CH2CO of suberate), 1.6 (COCH2CH2CH2CH2CH2CH2CO of 

suberate), 2.10–2.45 (COCH2CH2CH2CH2CH2CH2CO of suberate, 3.00–5.20 (cellulose 

backbone and CH3 of methyl group), 5.11 (CH2C6H5), 7.35 (CH2C6H5). 
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Benzyl MC sebacate yield. (0.44 g, 0.96 mmol, 90 % yield). 1H NMR (DMSO-d6): 1.2 

(COCH2CH2CH2CH2CH2CH2CH2CH2CO of sebacate), 1.45 

(COCH2CH2CH2CH2CH2CH2CH2CH2CO of sebacate), 2.05–2.52 

(COCH2CH2CH2CH2CH2CH2CH2CH2CO of sebacate,, 3.00–5.20 (cellulose backbone 

and CH3 of methyl group), 5.11 (CH2C6H5), 7.35 (CH2C6H5). 

 

6.3.2.6 Pd(OH)2/C catalyzed hydrogenolysis of the benzyl ethyl cellulose ω-

carboxyalkanoate esters and benzyl methyl cellulose adipate 

In 100 mL of THF, 0.2 g of benzyl cellulose ether ester was dissolved and 200 mg of 

palladium hydroxide on carbon was added. Then the mixture was charged to a Parr 

reactor and hydrogenolysis was conducted under hydrogen at 120 psi for 2 d. After the 

reaction, the solution was filtered through Celite and concentrated under reduced 

pressure. The oil was precipitated in 400 mL hexane, collected by filtration, and dried at 

50°C overnight. Yields and 1H NMR spectral data of representative products are listed 

below. 

Ethyl cellulose adipate (0.55 g, 0.23 mmol, 39% yield). 1H NMR (CDCl3): 1.14 (CH3 of 

ethyl group), 1.33 (broad s, COCH2CH2CH2CH2CO of adipate), 1.66 (broad s, 

COCH2CH2CH2CH2CO of adipate), 3.00–5.20 (cellulose backbone and CH2 of ethyl 

group). 

 

Methyl cellulose adipate (0.042 g, 0.12 mmol, 26 % yield). 1H NMR (CDCl3): 1.3 (broad 

s, COCH2CH2CH2CH2CO of adipate), 1.61 (broad s, COCH2CH2CH2CH2CO of adipate), 

3.00–5.20 (cellulose backbone and CH3 of methyl group). 

 

6.3.2.7 Pd(OH)2/C catalyzed hydrogenolysis of benzyl methyl cellulose suberate and 

sebacate 

Benzyl methyl cellulose w-carboxyalkanoate (0.2 g) was dissolved in DMI (100 mL) in a 

round bottom flask with a magnetic stirrer, and 200 mg of palladium hydroxide on carbon 

was added. Then air in the flask was removed by vacuum, a balloon filled with hydrogen 

gas was attached, and hydrogenolysis was conducted at 55°C for 2 d. After 2d, the 

solution was filtered through Celite and new catalyst was added (200 mg). The same 
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protocol was repeated, with reaction time of 1 d. Then the catalyst was removed by 

filtration through Celite, and the filtrate concentrated under reduced pressure. The oil was 

precipitated in 400 mL hexane, the solid product isolated by filtration, and dried at 50°C 

overnight. Yields and 1H NMR spectral data of a representative product are listed below. 

Methyl cellulose suberate (0.035 g, 0.095 mmol, 22 % yield). 1H NMR (DMSO-d6): 1.33 

(COCH2CH2CH2CH2CH2CH2CO of suberate), 1.6 (COCH2CH2CH2CH2CH2CH2CO of 

suberate), 2.10–2.45 (COCH2CH2CH2CH2CH2CH2CO of suberate, 3.00–5.20 (cellulose 

backbone and CH3 of methyl group). 

Methyl cellulose sebacate (0.045 g,  0.0117 mmol, 27 % yield). 1H NMR (DMSO-d6): 1.3 

(COCH2CH2CH2CH2CH2CH2CH2CH2CO of sebacate), 1.62 

(COCH2CH2CH2CH2CH2CH2CO of sebacate), 2.11–2.45 

(COCH2CH2CH2CH2CH2CH2CO of sebacate, 3.00–5.20 (cellulose backbone and CH3 of 

methyl group). 

 

6.3.2.8 NMR Spectroscopy 
1H NMR spectra were acquired using 32 scans in DMSO-d6 or CDCl3 solvent (e.g. 5 

mg/mL) on a Bruker Avance 500 spectrometer operating at 500 MHz at 25°C in standard 

5 mm o.d. tubes. A drop of trifluoroacetic acid was added to DMSO-d6 in order to shift 

the water peak downfield. 13C NMR spectra were obtained on a Bruker Avance 500 

spectrometer with a minimum of 15,000 scans at a concentration of 25-40 mg/mL, at 

80°C.  

6.3.2.9 FTIR 

FTIR spectra were obtained using a Thermo Electron Nicolet 8700 instrument in 

transmission mode. Samples were prepared as KBr (90 mg) pellets with 1 mg of polymer 

by compressing in the sample holder between two screws to form a disk. Thirty-two 

scans were obtained for each spectrum. 

6.3.2.10 Determination of polymer solubility in solvent 

A sample of each ethyl cellulose derivative (3 mg) was dispersed in 2 mL of solvent 

(THF, acetone, methanol, ethanol, isopropanol, DMSO and DMAc) at 25°C and mixed 
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for 1 h. If the sample did not dissolve, the mixture was heated to the solvent boiling point, 

then kept stirring till it cooled to room temperature. Solubility was determined by visual 

observation of solution clarity. 

 

6.3.2.11 Degree of polymerization determination 

Protocol for EC derivatives: Size exclusion chromatography (SEC) was carried out in 

THF at 1 mL/min at 30°C on two Agilent PLgel 10 µm MIXED-B columns connected in 

series with a Wyatt Dawn Heleos 2 light scattering detector and a Wyatt Optilab Rex 

refractive index detector. No calibration standards were used, and dn/dc values were 

obtained by assuming 100% mass elution from the columns. 

 

Protocol for MC derivatives: Column set consists of two Shodex KF-801 columns 

connected in series with a guard column of the same stationary phase. Chloroform mobile 

phase maintained at 35°C. Isocratic pump (Water 515 HPLC Pump, from Waters 

Technologies) and 717 Waters autosampler for injection with multi-angle laser light 

scattering detector (mini-DAWN from Wyatt Technology Corp) operating at a 

wavelength of 658 nm and refractive index detector at 880 nm (Waters 410, Waters 

Technology). Shodex polystyrene standards were used for calibrations. 

 

6.3.2.12 DSC 

Thermal analysis employed a TA Q2000 differential scanning calorimeter (TA 

Instruments, New Castle, DE).  The instrument was calibrated for enthalpy and 

temperature using indium and tin. Nitrogen (50 mL/min) was used as the purge gas. 

Sample (3-5 mg) were added into aluminum Tzero sample pans, with a pinhole. 

Modulated DSC was used, the samples were equilibrated at -10 °C for 5 minutes 

isothermally, and then were heated at a rate of 5°C/min, with a modulation amplitude of 

1°C min-1 every 60 seconds. Ethyl cellulose samples were heated from -10 °C to 190 °C, 

while for methylcellulose samples the temperature range was -10 to 240 °C. 

6.3.2.13 SP calculations 

Solubility parameters provide information about relative polymer hydrophobicity. They 

were calculated by the Fedors method 34 (Equation S1), using a procedure similar to that 
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reported by Babcock et al. 35. The calculation includes the energy of vaporization, molar 

volume and degree of substitution for the diverse chemical features. 

𝛿 = ! (!∗!"#!!)
! (!"!∗!!!)

 Equation S1 

For compounds with Tg and Tm above room temperature a correction to account for 

differences in the molar volume (Equation S2) was applied, where n is the number of 

main chain skeletal atoms in the smallest repeating unit 34. For cellulose polymers, n is 

equal to 7 (6 atoms in the ring and the oxygen bonded to the next monomer).  

∆𝑣! = 2𝑛,𝑛 ≥ 3 Equation S2 

Some of the groups are constant for all cellulose-based polymers, and independent of the 

DS: 1 ring closure, 5 -CH, 1 -CH2 and 2 –O–. In contrast, the substituent groups vary for 

each polymer. The electronic supplementary information shows a sample calculation for 

methyl cellulose adipate.  

6.3.2.14 ASD preparation by solvent casting 

Ritonavir (0.035 g) and polymer (0.2 g) (15% w/w ratio) were dissolved in 50 mL of 

THF. The solvent was evaporated on a Teflon® surface by air and films were detached 

from the surface upon drying. 

6.3.2.15 XRD 

X-ray diffraction patterns were obtained using a Shimadzu XRD 6000 diffractometer 

(Shimadzu Scientific Instruments, Columbia, Maryland). The instrument was calibrated 

using a silicon standard with a characteristic peak at 28.44° 2θ. Divergence and scattering 

slits were set at 1.0 mm, and the receiving slit was set at 10 iris. The experiments were 

conducted with a scan range from 10 to 50° 2θ. Scanning speed was 5°/min. 

6.3.2.16 Ritonavir detection by HPLC 

An Agilent 1200 series HPLC system consisting of Agilent Chemstation LC 3D software 

and reversed phase mode using an Eclipse XDB-C18 column (4.6 × 150 mm i.d., particle 

size 5 µm) was used. Eluant gradient was employed using acetonitrile and 0.05M 

phosphate buffer (pH 5.55) at 1.5 mL/min flow rate for 20 min. The acetonitrile 
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proportion was 40% for 1 min, raised to 60% for 14 min, reduced back to 40% in 1 min 

and maintained at 40% for 4 min.  The column temperature was 25°C, sample injection 

volume was 5 µL and a UV detector at 240 nm was used. The retention time of ritonavir 

was 10.4 min. 

 

6.3.2.17 In vitro drug release of ritonavir from ASDs at pH 6.8 

Films (13 mg film, 15 fold supersaturation, 15% ritonavir loaded ASD) were dispersed in 

100 mL of 0.05M PBS buffer at pH 6.8 (prepared according to US Pharmacopeia). The 

solution was stirred at 400 rpm and the temperature was kept at 37 °C. Aliquots (0.5 mL) 

were withdrawn every hour and replaced with 0.5 mL of buffer to maintain constant 

volume in the dissolution flask. Each sample was centrifuged at 13 x 103 g for 10 min. 

Ritonavir concentration was determined by HPLC analysis of a sample of the supernatant 

immediately after centrifugation, and the drug concentration was calculated according to 

a standard curve prepared with 0, 1.56, 3.125, 6.25, 12.5 and 25 µg/ml standards in 

acetonitrile. 

 

6.4 Results 

6.4.1 Carbanilation of Cellulose Ethers  

We selected commercially cellulose alkyl ether starting materials since they were readily 

available and the alkyl groups would provide desired hydrophobicity to promote 

miscibility with hydrophobic drugs. It was essential to determine the precise degree of 

substitution (DS) of OH groups (DS(OH)) of the methyl cellulose and ethyl cellulose 

commercial samples used, so that we could understand the efficiency of attachment of the 

ω-carboxyalkanoyl groups; residual backbone hydroxyl groups in the final product could 

also significantly impact ASD and other properties. We chose reaction of the free 

hydroxyl groups with phenyl isocyanate for determining the DS(OH) available for 

esterification since it has long been known that phenyl isocyanate reacts rapidly and 

completely with cellulosic hydroxyl groups 33. Cellulose ethers were reacted with excess 

phenyl isocyanate in pyridine at elevated temperatures to form tricarbanilates 

quantitatively (EC example in Figure 6.1), as previously confirmed by elemental analysis 
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36,37. DS(carbanilate) was determined by 1H NMR (Figure 6.2), by integration of the 

aromatic protons, well separated from the cellulose backbone and alkyl group resonances, 

using the integration ratios of the aromatic peaks and cellulose backbone/cellulose ether 

peaks. The final products have very good solvent solubility that helps the characterization 

of methyl cellulose derivative since it was soluble in water but not in many common 

organic solvents before the reaction. 

 

Figure 6.1: Carbanilation reaction of ethyl cellulose for quantification of DS(OH). 

Structures in this and all schemes are not meant to convey regioselective substitution; 

depictions of substituent location are merely for convenience and clarity of depiction.  

The DS(OH) values so measured, along with other measured and calculated properties of 

the starting cellulose ethers we used, are presented in Table 6.1. Both cellulose ethers 

used have substantial DS(OH), so that in theory we should be able to attach adequate 

DS(ω-carboxyalkanoate) to determine the structure-property relationship with regard to 

ASD. Unfortunately EC with DS(OH) equivalent to that of the MC used was not 

commercially available. 
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Figure 6.2:  1H NMR spectrum of EC carbanilate in acetone-d6. 

 

Table 6.1: Measured/Calculated Unmodified Cellulose Ether Properties 

Sample 
Ether 

Group 
DS (alkyl) DS (OH)  Tg (°C) 

Solubility 

Parameter 

(MPa1/2) 

1 Ethyl (EC) 2.3 0.7 142 21.24 

2 
Methyl 

(MC) 
1.8 1.2 207 25.02 

 

6.4.2 Synthesis and characterization of cellulose ether ω-carboxyalkanoates 

In our previous investigations of cellulose ester adipate/suberate/sebacate synthesis, 

direct reaction of cellulose esters with commercial or conventionally prepared 

a 

Cellulose backbone + b 

c 
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(Albertsson, Lundmark, 1990) adipic anhydride led to crosslinking due to the 

contaminant poly(adipic anhydride). Therefore, in our attempts to synthesize alkyl 

cellulose ω-carboxyalkanoates, attachment of the ω-carboxyalkanoate moiety was carried 

out by initial reaction of cellulose with a monofunctional, monoprotected reagent, 

followed by deprotection, as had proven successful in the case of cellulose alkanoate w-

carboxyalkanoate esters (Liu, Ilevbare, Cherniawski, Ritchie, Taylor, & Edgar (2014)). 

Monoprotected reagents were prepared as previously reported; diacid was reacted with 

benzyl alcohol by Fischer esterification, and the monobenzyl ester was separated from 

diacid and dibenzyl ester co-products by phase separations at appropriate pH values. 

Then, the monobenzyl ester was converted into monobenzyl ester acid chloride by 

reaction with oxalyl chloride. The resulting monobenzyl ester monoacid chlorides were 

reacted with the cellulose ether in an appropriate solvent, using pyridine as catalyst and 

acid scavenger (Figure 6.3).  

 

Figure 6.3: The synthesis scheme of ethyl ether cellulose derivatives.  

Commercial EC (DS(Et) 2.3) is soluble in many common organic solvents including 

tetrahydrofuran (THF), methyl ethyl ketone (MEK), 1,3-dimethyl-2-imidazolidinone 

(DMI), pyridine, DMF and DMSO. We chose DMF as reaction solvent since it is known 

to promote nucleophilic displacement reactions, and since it would permit use of 

relatively high temperatures if needed given the poor nucleophilicity of cellulosic 

hydroxyls. On the other hand, MC esterification was more problematic since MC is 

soluble in water, but not soluble in most common organic solvents. Fortunately MC is 

soluble in the polar aprotic solvent DMF, so MC esterification was also performed in 

DMF; we employed 90°C reaction temperature for both EC and MC, with reaction times 

of 20h in each case. 

Ester DS values of the benzyl protected MC and EC ω-carboxyalkanoates were readily 

determined by 1H NMR spectroscopy (Figure 6.4). DS was calculated by integrating the 
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cellulose backbone region, which also included the benzyl methylene protons, and the 

methylene protons of the ethyl groups in the case of EC, and calculating the ratio of 

backbone integral to that of the phenyl protons of the benzyl protecting groups. Reactions 

of these relatively highly substituted cellulose ethers were somewhat sluggish (the 2- and 

6-OH groups tend to be most reactive in conventional cellulose etherification, so that a 

significant proportion of the residual OH groups are less reactive 3-OH groups) 38,39, thus 

excess acylating reagent was needed to reach desired DS in a reasonable reaction time. 

For example, using 3 eq. each of catalyst and acid chloride afforded relatively low w-

carboxyalkanoate DS values (e.g. DS (Ad) = 0.2 obtained by reaction with EC under 

these conditions), that likely would not be sufficient for strong ASD performance (data 

not shown). Indeed, the low DS MC esters obtained in this way were insoluble in both 

organic solvents and water. On the other hand, when we employed 10 eq. catalyst and 8 

eq. acid chloride, DS(ω-carboxyalkanoate) values higher than 0.5 were obtained. 

Therefore these higher levels of catalyst and reactant equivalents were used to synthesize 

the EC and MC derivatives listed in Table 6.2. Under these conditions, for each alkyl 

cellulose and each w-carboxyalkanoate reagent explored, the DS(ester) obtained was 

higher than 0.5, approaching complete esterification of the available OH groups in the 

case of EC. In addition, our experience from cellulose ester ω-carboxyester shows that 

higher DS of ω-carboxyester group often affords better ASD performance, in terms of 

drug release and recrystallization prevention. 
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Figure 6.4: 1H NMR spectrum of benzyl ECSub (CDCl3). 

The 13C NMR spectrum of benzyl MCAd (Figure 6.5) confirmed successful 

esterification. We studied acylation conversion in detail using the benzyl ester, since it 

was more soluble in the NMR solvent than was the product carboxylic acid. Particularly 

diagnostic were the carbonyl resonance at 172.7 ppm, those for aromatic carbons at 136.8 

and 128.7 ppm, and the benzyl carbon at 65.7 ppm, diagnostic for successful 

esterification since they are not present in the starting MC. In addition, we can identify 

the adipate hydrocarbon chain peaks at 33.9 and 24.37 ppm. 

	
	
	
	
	

a 
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Figure 6.5: 13C NMR of benzyl MCAd in DMSO-d6.  

Heterogeneously catalyzed hydrogenolysis to remove the protective benzyl groups of EC 

derivatives was performed in THF, in which the benzyl w-carboxyalkanoate derivatives 

were readily soluble, under moderate H2 pressure (Pd(OH)2/C catalyst, room temperature, 

2 d, 80 psi H2). Catalytic hydrogenations of cellulose derivatives can be difficult, in part 

because of the steric bulk of the rigid cellulose backbone that may interfere with 

interaction with the heterogeneous catalyst surface. In this case, 1H NMR spectra of the 

products show complete hydrogenolysis of all derivatives studied, confirmed by the 

disappearance of the benzylic and aromatic signals.  

C=O 
Aromatic peaks 

DMSO 

e d 

c 

-CH2 of  benzyl 

C1 C4 C2,3,4 
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Figure 6.6: 1H NMR spectrum of MCSeb (DMSO-d6). 

Hydrogenolysis was smooth and easy for the EC esters but more problematic for the less 

soluble MC esters. The hydrogenolysis protocol in THF, that was successful for all 

benzyl EC esters as well as benzyl MC adipate, achieved only partial hydrogenolysis of 

the benzyl esters of MC suberate and sebacate. We hypothesize that THF is not as good a 

solvent for these esters, resulting in more folding of the long side chains and decreased 

accessibility to the heterogeneous catalyst. We therefore switched to the more polar DMI 

solvent for hydrogenolysis of benzyl MC suberate and sebacate; the hydrogenation was 

also carried out at higher temperature (55°C vs. room temperature for the other esters in 

THF). Both changes were designed to promote side chain unfolding, and the result was 

successful, quantitative removal of the protective benzyl groups by hydrogenolysis 

(Figure 6.6).    
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Figure 6.7: FTIR spectra of EC (red, upper) and ECAd (blue, lower). 

The exemplary FTIR spectrum of ECAd (Figure 6.7), compared with that of starting EC, 

also provides evidence of successful esterification and deprotection. The new carbonyl 

absorbance (ECAd, lower (blue) trace) at 1700 cm-1 clearly shows the formation of 

adipate ester bonds. In addition, the added hydrocarbon chain enhances the C-H stretch at 

1290 cm-1 in the cellulose ether ester spectra.  The strong decrease in hydroxyl stretch at 

3500 cm-1 of ECAd reflects the expected decrease in free hydroxyl groups as a result of 

esterification. 
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Table 6.2: Cellulose ether ester properties (polymer: catalyst: acid chloride ratio (1:8:10) 

Ref. No. 
Ether 

type 

Ester 

type 

DS(ester

)  
Total DS  DP Tg (°C) 

Solubility 

Parameter 

(MPa1/2) 

1 EC Adipate 0.54 2.8 31* 144 20.84 

2 EC Suberate 0.53 2.79 29* 104 20.63 

3 EC Sebacate 0.54 2.8 34* 100 20.44 

4 MC Adipate 1.1 2.96 213** 105 22.14 

5 MC Suberate 1.06 2.92 167** 98 21.66 

6 MC Sebacate 0.99 2.85 288** 97 21.43 

*SEC in THF, detailed information can be found in the supplementary data. 

**SEC in chloroform (benzyl derivative), detailed information can be found in the 

supplementary data. 

Thermal properties of the cellulose ether ω-carboxyalkanoates are of particular interest, 

since high Tg is an especially desirable characteristic for ASD polymers. Polymer Tg 

values that are well above any possible ambient temperature that would be experienced 

during storage or transport help to maintain the drug/polymer formulation Tg at a value 

higher than ambient temperature, realizing that the drug may act as a plasticizer, and 

water from ambient humidity is highly likely to plasticize a polysaccharide derivative. 

The rule of thumb that is often used is that polymer Tg should be at least 50ºC above any 

possible ambient temperature, in order to compensate for these plasticizing effects in the 

formulation. Tg values of the obtained cellulose ether esters were obtained by modulated 

DSC (Figure 6.8 and Table 6.2). Glass transitions were rather sharp and easily observed 

in the DSC thermograms of all of these derivatives. All Tg values for the ether esters are 

100°C or higher, even for the EC esters and even for the longer chain w-

carboxyalkanoate groups (e.g. ECSeb). As the added hydrocarbon chain length increases, 
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the polymer Tg decreases as expected, but the inherently high Tg of the cellulose ethers 

keeps the final product Tg values at levels that are promising for use in ASD as shown in 

Figure 6.8.   

 

Figure 6.8:  DSC thermograms of untreated EC and EC esters (N50 refers to EC). 
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Table 6.3: Solubility of Cellulose Ether ω-Carboxyalkanoates  

Ref. 

No. 

Ether 

type 

Ester 

type 
THF CHCl3 DMSO EtOH MeOH i-PrOH DMAc Water 

1 EC - S S S S S S S x 

2 EC Adipate S S S S S S S x 

3 EC Suberate S S S S S S S x 

4 EC Sebacate S S S S ≈ ≈ S x 

5 MC - x x S x x x S S 

6 MC Adipate S ≈ S x x x S x 

7 MC Suberate S ≈ S x x x S x 

8 MC Sebacate S ≈ S x x x S x 

(S = Soluble; ≈ = Partly Soluble; x = Insoluble; MeOH = methanol; EtOH = ethanol; i-

PrOH = isopropanol) 

Cellulose ether ester solubility properties are summarized in Table 6.3, and compared 

with those of the starting cellulose ethers. While the starting EC is soluble in all the 

common solvents tested, as the ester product hydrocarbon chain length increases, 

solubility of the polymer in alcohol solvents is lost; this is to be expected given the loss 

of free hydroxyl groups in the product EC ω-carboxyalkanoates. The alcohol solubility 

(ethanol, methanol, isopropanol) of the EC adipate and suberate is unusual for a cellulose 

derivative and is remarkable. Starting MC on the other hand is a water-soluble polymer, 

with limited organic solubility. As it is substituted with relatively hydrophobic w-

carboxyalkanoate groups, solubility in solvents like THF, DMAc, and DMSO is 
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enhanced. This enhanced solubility (and, likely, compatibility) is useful for ASD 

formulation from drug/polymer solutions, as well as for ASD performance. 

 

Figure 6.9: XRD spectra of ritonavir solid dispersion (15% Rit, 85% MCAd) vs. 

crystalline ritonavir. 

Solid dispersions of the model drug ritonavir in a MCAd matrix were prepared by solvent 

casting clear films after dissolving in the common solvent THF. We chose to carry out 

this initial exploratory in vitro study with MCAd in part because it was the most 

hydrophilic of the alkyl cellulose ω-carboxyalkanoates prepared (solubility parameter, 

22.14); the solubility parameter matches up well with those of many poorly soluble 

drugs, and as it is the highest among these derivatives, may predict faster drug release 

from the matrix. The dispersion containing 15% ritonavir (w/w) in MCAd was analyzed 

by XRD and DSC to determine whether ritonavir in the dispersion was amorphous. The 

XRD diffraction patterns of crystalline ritonavir and 15% ritonavir MCAd ASD are 

shown in Figure 6.9. Crystalline ritonavir shows sharp characteristic diffraction peaks 

(especially between 15 and 25 2θ), while the 15% ritonavir MCAd dispersion lacks any 

sharp peaks, but instead shows an amorphous halo, indicating that the ritonavir in the 

MCAd dispersion is amorphous. 
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Figure 6.10: DSC thermograms of MC (untreated pure polymer), MCAd (cellulose ether 

ester), Rit (pure drug), and 15% Rit dispersion in MCAd.  

To confirm the XRD results, we analyzed the ritonavir/MCAd dispersion by DSC 

(Figure 6.10). The Tg of the starting MC is 207°C and, as expected esterification 

decreased the Tg of the MCAd product, to 105°C. Pure ritonavir displays a strong melting 

endotherm at 122.55ºC, very close to the literature melting point (122.7ºC) for ritonavir 
26. The dispersion has only one glass transition, at approximately 103ºC, between the 

polymer and drug Tg values (ritonavir Tg has been reported as 50ºC (Zhou, Zhang, Law, 

Grant, Schmitt (2002)), supporting the hypothesis that the ritonavir in the dispersion is 

amorphous. It should be noted that the Flory equation predicts a Tg of 90º for a miscible 

dispersion (ASD), thus the dispersion does not perfectly obey the Flory equation. In 

addition, the complete absence of a ritonavir melting peak (123°C) on the ASD provides 

further strong support for elimination of ritonavir crystallinity.  
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Figure 6.11: Dissolution results of the ASD and crystalline drug Rit at pH 6.8 (n=3). 

Having confirmed the ability of the new MCAd polymer to form ASDs at least up to 15% 

ritonavir (we have not yet explored the loading limits for ritonavir in these dispersions), 

we wished to carry out a brief exploratory dissolution study to see whether this polymer 

would show relatively fast release, as expected, and whether it would effectively prevent 

ritonavir recrystallization from solution. We carried out the brief dissolution study using 

the 15% ritonavir ASD in MCAd, under supersaturating conditions (appropriate for 

evaluating ASD performance). Dissolution was carried out at pH 6.8 (mimicking small 

intestine pH (phosphate buffer)) and 37°C, while monitoring ritonavir concentration in 

the liquid phase by HPLC. The dissolution profile is presented as the concentration of 

ritonavir in solution vs. time in Figure 6.11. The results from the dissolution study 

showed polymer-dependent solution concentration enhancement of ritonavir from MCAd 

ASD. Release was complete within 1h, and once released, ritonavir concentration was 

essentially stable for the rest of the 5h experiment. The measured solubility of crystalline 

ritonavir was calculated to be 1.3-1.5 mg/mL, as shown in literature26. The maximum 

concentration from the ASD was approximately 20 µg/mL; thus the supersaturation 

achieved is the maximum possible for ritonavir26, and the MCAd ASD was able to 

maintain this ritonavir concentration for at least a time roughly equal to the normal transit 

time through the absorptive zone of the gastrointestinal tract. 
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6.5 Conclusions 

Cellulose alkyl ethers can be successfully esterified by reaction with monobenzyl 

adipoyl, suberoyl, and sebacoyl chlorides. Nearly complete substitution can be achieved, 

but requires significant excesses of reagent due to the low reactivity of residual hydroxyl 

groups on conventionally prepared alkyl cellulose ethers. These cellulose ether ester 

products are more hydrophobic than the starting ethers, and thus have good solubility in 

medium polarity solvents, and in polar aprotic solvents; the ethyl cellulose esters have 

broader organic solubility, due both to their higher DS(alkyl) as well as the more 

hydrophobic nature of the ethyl group than methyl. This organic solubility will be helpful 

for formation of ASDs from common solutions of drug and polymer, and is also 

predictive of broad miscibility with drug structures. The alkyl cellulose w-

carboxyalkanoates are promising for ASDs with regard to drug release and stabilization 

of amorphous drug against recrystallization after release. This chemistry promises to 

make available a very broad range of alkyl cellulose w-carboxyalkanoates. The promise 

of these renewable-based amphiphiles for solubility and bioavailability enhancement of 

otherwise poorly soluble drugs is underlined by successful formation of an ASD of 

ritonavir at 15% drug in methyl cellulose adipate. Release of ritonavir from this ASD was 

rapid, as desired and expected; these ether esters are likely to have faster release 

properties than some of the cellulose alkanoate ω-carboxyalkanoates we have previously 

investigated. Initial release studies from the MCAd ASD also show maximum 

supersaturation, and stability of the supersaturated dispersion in the presence of MCAd 

against recrystallization for a time period equivalent to the probable duration of passage 

through the absorptive zone of the GI tract. From a synthetic perspective, these polymers 

are readily synthesized by a process that lends itself to adjustments in substituent DS and 

thereby to property adjustments. The requirement for an excess of acyl chloride reagent 

does mean that this process is not as efficient as would ideally be desired. On the other 

hand, the process eliminates crosslinking issues experienced with previous cellulose ether 

ester processes. The structures produced are relatively simple, and the process should 

lend itself to repeatable control to desired substituent proportions and DS; product 

analysis is also straightforward. We will build upon this initial study to further investigate 
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the drug release and recrystallization prevention properties of these promising new ASD 

polymers. 
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Chapter 7. Novel Cellulose-Based Amorphous Solid Dispersions Enhance Quercetin 

Solution Concentrations In Vitro 
 

Adapted from “Gilley A.; Arca, H. C.; Nichols B.; Edgar K. J.; Neilson A. P. Carbohydrate 

Polymers 2016 Submitted.” 

 

7.1 Abstract 

Quercetin (Q) is a bioactive flavonol with potential to benefit human health. However, Q 

bioavailability is relatively low, due to its poor aqueous solubility and extensive phase-II 

metabolism (conjugation reaction to increase solubility of the drugs). Strategies to increase 

solution concentrations in the small intestinal lumen have the potential to substantially increase 

Q bioavailability, and by extension, efficacy. We aimed to achieve this by incorporating Q into 

amorphous solid dispersions (ASDs) with cellulose derivatives. Q was dispersed in matrices of 

cellulose esters including 6-carboxycellulose acetate butyrate (CCAB), 

hydroxypropylmethylcellulose acetate succinate (HPMCAS) and cellulose acetate suberate 

(CASub) to afford ASDs that provided stability against crystallization, and pH-triggered release. 

Blends of CASub and CCAB with the hydrophilic polyvinylpyrrolidone (PVP) further enhanced 

dissolution. The ASD 10% Q:20% PVP:70% CASub most significantly enhanced Q solution 

concentration under intestinal pH conditions, increasing area under the concentration/time curve 

(AUC) 18-fold compared to Q alone. This novel ASD method promises to enhance Q 

bioavailability in vivo.  
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7.2 Introduction 

Q (Figure 7.1) is a dietary flavonol (a subclass of flavonoids) present at high levels in foods 

including apples, onions, and broccoli 1, 2. Q intake has been associated with many potential 

health benefits, including reduced risk of cardiovascular disease 3, 4, cancer 5-7, and diabetes and 

obesity 8-10.  

  

 
Figure 7.1 Chemical structures of Q, CCAB, CASub, PVP, and HPMCAS. The cellulosic 

structures are not meant to convey regioselective substitution; depictions of substituent location 

are merely for convenience and clarity of depiction. 

 

Poor Q oral bioavailability severely limits its potential to benefit health. This low bioavailability 

is largely due to its crystallinity, and hence poor solubility (ranging from 2.15-7.7 µg/mL at 25°C 
11, 12) in the aqueous milieu of gut lumen, as well as extensive metabolism and subsequent 

luminal efflux by gut epithelial cells (Phase-II and Phase-III xenobiotic metabolism, 

respectively). Improved Q solubility may increase bioavailability by increasing the amount 
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available for absorption, and by saturating Phase-II and Phase-III metabolic enzymes; both 

effects are likely to result in increased net flux into circulation. 

Many techniques have been employed to improve Q oral bioavailability, such as protein- or 

cellulose-based nanoparticles 13-15, encapsulation 16, nanoemulsifying drug delivery systems 17, 

and ASD 18-20. ASD preparation with polymer dispersants is an attractive way to stabilize the 

high energy, amorphous drug in a glassy polymeric matrix. Exposure of the ASD to the GI 

lumen not only provides supersaturated drug solutions, but also enhances permeation by 

increasing the drug concentration gradient across the enterocytes. Polymer selection is key for 

ASD performance because the dispersion must be miscible, with strong polymer-drug 

interactions (e.g. hydrogen bonding) for stability against crystallization 20, 21. Amphiphilic 

polymers possessing carboxylic acid functionality perform well in ASD due to strong polymer-

drug interactions; their pH responsiveness is also valuable. At gastric pH, the protonated form 

protects the drug and minimizes release, while deprotonation at near-neutral intestinal pH swells 

the polymer and triggers drug release 19, 20. Cellulose derivatives are popular ASD polymers due 

to their generally benign nature and high Tg values. CASub and cellulose acetate adipate 

propionate (CAAdP) were synthesized in the Edgar lab and show high promise for ASD 19, 22.  

 

ASD has been only lightly explored for Q dissolution enhancement. Lauro et al. achieved slight 

dissolution enhancement using ASDs prepared with cross-linked sodium carboxymethylcellulose 

and sodium starch glycolate 12. Similarly, Lauro et al. used spray dried dispersions with cellulose 

acetate trimellitate and cellulose acetate phthalate to improve Q release at pH 6.8 23. Recently, 

several polymers were evaluated for their ability to improve Q dissolution in vitro 19. HPMCAS 

afforded ASDs containing up to 50% Q content; optimal dissolution was obtained from 10% Q 

ASDs, optimally in polymer blends containing 10% of the water-soluble (PVP) 24-26. Employing 

PVP in blends with other cellulosic polymers may generally enhance drug release, while 

retaining the excellent stabilization against crystallization from the cellulosic polymer 27 as a 

result of the interactions (hydrogen bonding) between polymer carboxyl groups of the cellulose 

derivatives and drug functional groups such as amines and amides. PVP was added to the 

formulations since it has amorphous and hydrophilic nature and, it is miscible with the cellulose 

derivatives to promote the release from the ASDs without phase separation. 
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The objective of this study was to assess the performance of the novel polymer CASub for 

making Q ASDs and creating supersaturated Q solutions at physiological pH, vs. crystalline Q as 

negative control and HPMCAS/Q ASD as positive control. We hypothesized that 1) CASub 

would provide enhanced solution concentration and preferable dissolution kinetics compared to 

HPMCAS, and 2) that blending CASub with PVP would further enhance Q dissolution.  

7.3 Experimental 

7.3.1 Materials 

Q (≥ 95% by HPLC), epicatechin (EC) (> 90% by HPLC), and KCl (solid, anhydrous, ≥ 99%) 

were purchased from Sigma-Aldrich. Cellulose acetate propionate (CAP-504-0.2; degree of 

substitution (DS) (acetate) = 0.04, DS (propionate) = 2.09; Mn = 15,000); CCAB; DS (butyrate) 

= 1.62, DS (acetate) = 0.06, DS (carboxylic acid) = 0.28); Mw = 252,000) and cellulose acetate 

(CA 320S, DS (acetate) = 1.82) Mn = 50,000) were from Eastman Chemical Company.  

HPMCAS (wt %: methoxyl 20-24%, hydroxypropyl 5-9%, acetyl 5-9%, succinoyl 14-18%; Mw 

= 18,000) was from Shin-Etsu Chemical Co., Ltd. Chemical structures of ASD polymers used 

(HPMCAS, PVP, CCAB, and CASub) are provided in Figure 7.1. Acetonitrile (ACN, HPLC-

grade), methylene chloride (HPLC-grade), tetrahydrofuran (THF), reagent ethanol, sodium 

phosphate monobasic, and sodium hydroxide (NaOH) were purchased from Fisher Scientific and 

used as received. HCl (12.1 M) was obtained from Macron Chemicals. Suberic acid, adipic acid, 

methyl ethyl ketone (MEK), p-toluenesulfonic acid (PTSA), triethylamine (Et3N), and oxalyl 

chloride were purchased from ACROS Organics. 1,3-Dimethyl-2-imidazolidinone (DMI) was 

purchased from ACROS Organics and dried over 4 Å molecular sieves. Water was purified by 

reverse osmosis and ion exchange using a Barnstead RO pure ST (Barnstead/Thermolyne) 

purification system. LCMS grade ACN, water and formic acid were obtained from VWR. 

 

7.3.2 Synthesis of CASub  

CASub was synthesized as previously reported 22. See Sup Data for full details.  

  

7.3.3 Preparation of ASDs via spray drying 

Sup Data contains full description of preparation of ASDs containing Q. Our convention for 

naming treatments is to list the % polymer(s), with the remainder being Q. For example, 10% 
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Q/90% CCAB is referred to as 90 CCAB in the text, figures and tables. ASDs prepared were: 90 

CCAB, 75 CCAB, 50 CCAB, 10 PVP:80 CCAB, 20 PVP:70 CCAB, 90 HPMCAS, 90 CASub, 

10 PVP:80 CASub, 20 PVP:70 CASub. ASDs Q content was confirmed by UPLC to be within 

4% of targeted value in every case (Sup Data Table S7.1). 

 

7.3.4 XRD, DSC and FT-IR 

X-ray powder diffraction, DSC and FTIR were performed as described in Sup Data. 

 

7.3.5 Determination of crystalline and amorphous Q solubility 

Crystalline solubility: An excess of crystalline Q was added to 15 mL pH 6.8 buffer solution, or 

pH 2.5 solution. Solutions were equilibrated at 37 ˚C/48 h with constant agitation, protecting 

them from light.  

 

Amorphous solubility: Supersaturated Q solutions were prepared by adding a specific amount of 

Q stock solution (4 mg/mL in MeOH) to 15 mL buffer at 37 ˚C. Potassium phosphate buffer 

(100 mM, pH 6.8) with 100 µg/mL PVP (Kollidon® 12 PF); or acidified distilled water (pH 2.5) 

with 100 µg/mL PVP was used. The polymer was added to inhibit drug crystallization during the 

experiment and accurately determine the “amorphous solubility” of Q. Total Q concentration of 

was 80 µg/ml.  

 

Crystalline and supersaturated solutions were centrifuged at 35,000 rpm (274,356 x g) for 30 

minutes to separate the precipitated drug phase using an Optima L-100 XP ultracentrifuge 

equipped with Swinging-Bucket Rotor SW 41 Ti (Beckman Coulter, Inc., Brea, CA). Following 

centrifugation, the supernatant was collected, diluted (1:1) with methanol, and the final 

concentrations were measured by HPLC using an Agilent HPLC 1260 Infinity system (Agilent 

Technologies, CA, USA) with an Agilent Eclipse plus C18, 4.6 x 250 mm, 5 µm analytical 

column (Agilent technologies, CA, USA). Full HPLC methodological details are presented in 

Sup Data. 

 

7.3.6 In vitro dissolution 
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In vitro dissolution was performed under non-sink conditions to evaluate Q dissolution 

concentrations and kinetics achieved via ASD delivery, compared to crystalline Q alone, under 

conditions similar to normal human gastrointestinal conditions. Full details in Sup Data. 

7.3.7 UPLC-MS/MS 

Internal standard solution (50 µL, 0.8 mg/mL EC in ethanol), 50 µL diluted dissolution 

supernatant, and 900 µL of 0.1% formic acid in 80% water/20% 80:20 ACN/THF were added to 

Waters UPLC vials (Milford, MA) and mixed. Analysis of Q content within ASDs and 

subsequent in vitro dissolution solution concentrations were by UPLC-MS/MS (method details 

in Sup Data).  

 

7.3.8 Data Analysis and Statistics 

Dissolution results are reported as soluble Q vs. time. Dissolution kinetics were determined from 

this data. Pseudo-pharmacokinetic parameters (area under the concentration-time curve: AUC; 

maximal observed solution concentration: CMAX; time at which maximal solution concentration 

was observed: TMAX) were computed from Q concentration/time data using standard plugins for 

Microsoft Excel (Redmond, WA). Prism v. 6.0d (GraphPad, la Jolla, CA) was used to perform 

statistical comparisons. Dixon’s Q-test (α = 0.05) was utilized to identify and exclude any 

outliers as necessary. Significant differences in dissolution parameters between treatments were 

determined using one-way ANOVA with Tukey’s HSD post hoc test performed on treatment 

means. Significance was defined as P < 0.05.  

 

7.4 Results And Discussion 

Three promising carboxylated cellulose derivatives were selected for ASD preparation in order 

to increase Q solubility. CCAB is a new commercial carboxylated cellulose ester 28, and 

HPMCAS is a cellulose ether-ester that is in commercial use as an efficient ASD polymer 19. 

CASub was recently designed by the Edgar and Taylor groups as a promising ASD polymer and 

crystal growth inhibitor 22. The above-mentioned polymers may not only stabilize amorphous Q 

in the solid state and prevent recrystallization after release, but also provide targeted pH-

controlled release to the small intestine where Q absorption occurs. We also investigated blends 

of CASub and CCAB with PVP to promote enhanced Q dissolution, since Q and thus its ASDs 

with polymers like CASub and CCAB (δ = 22.66 and 24.44, respectively) are rather 
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hydrophobic. ASD drug concentration influences both the practicality of the method and ASD 

performance, so to explore this influence, Q concentration in the ASD was varied (10%, 25% 

and 50% Q (w/w)), using readily available commercial CCAB (90 CCAB, 75 CCAB, 50 CCAB) 

as the test system. To compare effectiveness of novel polymers and polymer blends, dissolution 

profiles were compared against commercial polymers HPMCAS and CCAB. 

  

7.4.1 Solid State Characterization of Q loaded ASDs 

Morphology was examined by SEM (Figure 7.2; other SEM images see Sup Data Figure S1-4). 

All ASD particles exhibited a smooth surface, indicating absence of evident crystals, except for  

Figure 7.2 SEM images (mag. 10X) for crystalline Q (A), 90 CCAB (B), 75 CCAB (C), and 50 

CCAB (D) are shown to illustrate particle size range (1-3 µm) and morphology.  

 

XRD was used to determine whether dispersions were amorphous. All XRD spectra showed only 

amorphous haloes (Figure 7.3), except those of crystalline Q and 50% Q in CCAB (Fig. 3A). 

XRD data strongly support the amorphous nature of these dispersions except for 50 CCAB, 

which was therefore excluded from further testing. XRD spectra for 90 HPMCAS and 90 CASub 

are presented in Sup Data Figure S7.5. 

DSC was used to further examine dispersion morphology of Q and polymers; data from CASub 

and CCAB is presented in Figure 7.4. Although crystalline Q melts at 326 °C, DSC scans were 
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kept ≤ 185°C, due to concerns about potential crosslinking of these polymers (containing both 

OH and CO2H groups) above that temperature 29, 30. For ASDs a glass transition (Tg) temperature 

lower than that of the pure polymer is expected. Polymer Tg values are 175°C (PVP), 144°C 

(CASub) and 134°C (CCAB). ASDs (10% Q) all had lower Tg values than the corresponding 

pure polymer, indicating that Q acted as a plasticizer. Since Q melts higher than the 

decomposition temperatures of several of our polymers, absence of Q Tm and Tc in the ASDs 

could not be confirmed. DSC Tg values along with the XRD data were sufficient to confirm the 

amorphous character of Q in these dispersions. DSC heating curves for all other dispersions are 

presented in Sup Data Figure S7.6. 

FT-IR spectra are presented and discussed in the Sup Data. 

 

 
Figure 7.3. XRD spectra of Q, 50 CCAB, 75 CCAB, and 90 CCAB (A) as well as the PVP 

blends with both CCAB and CASub (B). 
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Figure 7.4. DSC second heating curves of Q-loaded ASDs of CASub, CCAB, and their 

respective blends containing 20% PVP. 

 

7.4.2 Determination of crystalline and amorphous Q solubility  

We attempted to confirm the crystalline solubility and measure Q amorphous solubility. 

Amorphous forms of compounds have a maximum apparent solubility, which represents the 

maximum amount of free drug achievable in solution, termed amorphous solubility 31. The 

experimental amorphous solubility can be measured by creating supersaturated solutions by a 

solvent-shift method, and then measuring the concentration of drug in the supernatant. However, 

for compounds that are fast crystallizers (like Q), it is necessary to add a small amount of 

polymer (in this case PVP) to stabilize the supersaturated solution, inhibiting crystallization, and 

permitting accurate measurement of amorphous solubility. It was impossible to measure Q 

amorphous solubility in the absence of polymer, because the drug crystallized upon contact with 

the aqueous solution. We measured Q crystalline solubility at low (2.5) pH, where Q is un-

ionized, and at pH 6.8 where it is partially ionized. Q amorphous solubility was also measured at 

both pH values. Crystalline solubility values were determined in the absence and presence of 

PVP, while amorphous solubility was determined only in the presence of PVP. Amorphous 

solubility was significantly higher than its crystalline counterpart at both pH values. Q crystalline 

solubility was similar to literature reports, and amorphous solubility appears to be at least 31 

mg/mL at small intestine pH.  
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Table 7.1 Crystalline and amorphous solubility of Q in varying dissolution 

medium. 

Medium 
Crystalline solubility 

(µg/ml) 

Amorphous solubility 

(µg/ml) 

Acidified water (pH 2.5)a 0.64 ± 0.11 N/Ab 

Acidified water (pH 2.5)a + 

100 µg/ml PVP 
1.03 ± 0.20 23.48 ± 0.06 

100 mM potassium phosphate 

buffer (pH 6.8) 
1.03 ± 0.08 N/Ab 

100 mM potassium phosphate 

buffer (pH 6.8) + 100 µg/ml 

PVP 

N/Ab 31.29 ± 1.80 

a Acidified with phosphoric acid 
b Measurement not performed in absence of polymer due to fast Q crystallization 

upon contact with the solution 
c Measurement not performed 

 

7.4.3 In vitro dissolution.  

7.4.3.1 Impact of Q content upon release  

ASDs containing 10 and 25 wt% in CCAB were evaluated with regard to Q release. As presented 

in Figure 7.5A, both 10% and 25% Q loaded CCAB ASDs (90 CCAB, 25 CCAB) effectively 

protected Q from release at acidic pH; indeed, solution concentrations were significantly lower 

than that from crystalline Q alone. At the neutral pH that mimics the small intestine, release from 

the 10 % Q dispersion (90 CCAB, Figure 7.5B) reached much higher solution concentrations 

than from the 25% Q ASD (75 CCAB) or from crystalline Q alone. This is predictable given the 

quite hydrophobic nature of Q (more Q in the ASD makes it more hydrophobic, slowing drug 

release), and is consistent with our results with CAAdP and other polymers 19. As a result we 

chose to compare subsequent ASD formulations with different polymers using 10% Q in each 

ASD.  
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Figure 7.5 Dissolution area under the curve (AUC) values for all treatments. Q compared to 90 

CCAB and 75:25 CCAB is given for both gastric pH (A) and intestinal pH (B). Q compared to 

all treatments that employed 10% Q loads are shown for both gastric pH (C) and intestinal pH 

(D). Different letters above each bar represent statistically significant differences in AUC 

between treatments (p<0.05) by 1-way ANOVA with Tukey’s post hoc test. 

 

7.4.3.2 Simulated gastric conditions (pH = 1.2) 

Crystalline Q and all Q ASDs had extremely low dissolution in the gastric environment (Figure 

5C, Sup Data Table S7.2). This was expected due to the inherent properties of crystalline Q, and 

of carboxylated cellulose derivatives (protonated, thus neutral/poorly soluble at acidic pH). 

Maximum low pH Q release was from 10% Q dispersed in 20% PVP:70% CASub, reaching only 

a mean CMAX of 13.4 µg/mL and AUC of 972 µg·min/mL. All other polymers were relatively 

successful in preventing Q release at gastric pH. Even the AUC from 20%PVP:70% CASub at 

pH 1.2 was quite low compared to observed AUC values for any treatment at pH 6.8. 
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7.4.3.3 Simulated small intestinal conditions (pH = 6.8) 

Dissolution experiments were performed at pH 6.8 to mimic the small intestine, and under non-

sink conditions where ≥ 31-fold supersaturation would be achieved if all drug dissolved, in order 

to permit observation and quantification of the supersaturation expected from ASDs. AUC 

measurements for all formulations are presented in Figure 7.5D; AUC, CMAX, and TMAX values 

are summarized in Table 7.2. All ASDs examined provided some degree of supersaturation vs. 

Q alone. ASDs prepared with only HPMCAS or CCAB provided only modest improvements in 

Q solution concentrations; this is particularly interesting for HPMCAS, which has some 

solubility in water (ca. 23 mg/mL) 19. In contrast, CCAB blended with PVP, and CASub either 

by itself or blended with PVP all give very significantly supersaturated Q solutions. Optimum Q 

dissolution was observed with CASub and PVP:CASub blends. Overall, 10% Q dispersed in 20 

PVP:70 CASub provided the most significant enhancement (p < 0.05) in Q apparent solution 

concentration, with an 18-fold increase in AUC compared to crystalline Q (~ 24,400 vs. 1,330 

µg·min/mL, respectively). This ASD was also able to produce the highest maximum solution 

concentration (CMAX = 78.3 µg/mL) over the course of 8 hours at pH 6.8. This average CMAX 

value is 12.7-fold higher than the average CMAX value attained by crystalline Q (6.16 µg/mL). 

The degrees of enhancement of Q solution concentrations achieved are comparable to those 

achieved from different amorphous matrices by others 32 and in our previous work 19.  
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Table 7.2 Pseudo-pharmacokinetic parameters of Q at intestinal pH 

(6.8). 

ASD Formulation 
AUCa 

(µg min/mL) 

CMAX
a 

(µg/mL) 

TMAX
a 

(min) 

Q 1330 ± 133 6.16 ± 0.141 120 

90 CCAB 3880 ± 529 18.4 ± 2.15 60 

75 CCAB 1940 ± 254 7.16 ± 1.49 60 

50 CCAB 2550 ± 137 8.21 ± 0.760 N/Ab 

10 PVP:80 CCAB 6210 ± 382 20.0 ± 1.33 480 

20 PVP:70 CCAB 7850 ± 733 27.4 ± 3.03 420 

90 HPMCASc 5480 ± 1210 64.1 ± 19.7 30 

90 CASubc 17100 ± 485 48.7 ± 1.74 N/Ab 

10 PVP:80 CASubc 
15300 ± 

2434 
50.4 ± 4.58 90 

20 PVP:70 CASubc 
24400 ± 

1640 
78.3 ± 7.12 N/Ab 

aData are mean ± SEM AUC, average CMAX  and TMAX (n = 4 except 

where indicated) 
bTMAX values listed as “N/A” had 4 separate times where CMAX occurred 
cn = 3 

 

Blending with the miscible and hydrophilic PVP enhanced Q release from both CCAB and 

CASub as anticipated. The concern was whether the lower concentration of the effective 

crystallization inhibitor (CCAB (Marks, J.A., Nichols, B.L.B., Edgar, K.J. manuscript in 

preparation) or CASub 33) would lead to loss of Q solution concentration due to crystallization. 

This does not appear to have been the case, and the blending approach was effective at 

synergistically combining PVP release properties with CASub/CCAB crystallization inhibition 

properties. Our data suggest that combination of hydrophobic (CCAB and CASub) and 

hydrophilic (PVP) polymers appears to provide relative protection from gastric conditions, 

enhanced release profile, and prevent Q recrystallization once in solution.  
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Polymer solubility parameters, presented in Table 7.3, are important, albeit imperfect, predictors 

of whether the polymer has the right hydrophobic/hydrophilic balance (they do not have the 

ability to discriminate between ionized and un-ionized carboxyl, which for this purpose is an 

important flaw). Solubility parameter calculations were performed as previously reported 22, 34 

and can be found in Sup Data. Dissolution curves obtained with different ASDs are shown in 

Figure 7.6 (pH 6.8) and Sup Data Figure S7.8 (pH 1.2). Higher solubility parameters indicate 

greater polymer hydrophilicity, therefore the polymers arranged by decreasing hydrophobicity 

are PVP < CCAB < CASub < HPMCAS. The correlation between Q release and polymer 

solubility parameter is rather weak; this has been observed also in other polymer-drug systems 

(Mosquera-Giraldo, L.I., Meng, X., Edgar, K.J., Slipchenko, L.V., Taylor, L.S., manuscript 

under review). Within more confined data sets, solubility parameters can have predictive value; 

thus addition of the quite hydrophilic PVP enhances release from the more hydrophobic CCAB 

and CASub matrices in predictable fashion. Based on solubility parameters alone, for example, 

the low Q solution concentration obtained from the 10% Q ASD in CCAB ASD was unexpected; 

a maximum Q solution concentration of only 18.4 µg/mL (Figure 7.6B) was attained. Lower 

concentration with CCAB than with CASub was surprising since CCAB has higher calculated 

solubility parameter than CASub. CASub was especially effective at enhancing Q solution 

concentration, reaching a maximum of 48.7 µg/mL within the first hour of dissolution (Figure 

7.6B). This is fully consistent with the known excellence of CASub as a crystallization inhibitor 
33. When blended with 10% PVP, release and thus solution concentration did not improve 

noticeably (50.4 µg/mL), but with 20% PVP in the ASD (20 PVP:70 CASub), solution 

concentration improved markedly to 78.3 µg/mL (Figure 7.6D). HPMCAS, the most 

hydrophobic polymer in the set of polymers investigated, provided interesting Q ASD behavior. 

Release from the HPMCAS ASD was very rapid, reaching an average solution concentration of 

64.1 µg/mL (Figure 7.6B) within 30 min. This solution was clear, but quickly became cloudy, 

and measured solution concentration quickly dropped off, indicating that HPMCAS was 

ineffective at preventing Q crystallization from supersaturated solution.  
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Table 7.3 Hildebrand solubility parameters of 

polymers used to prepare Q ASDs. 

Polymer Solubility parameter, δ 

(MPa1/2) 

PVP 28.39 

CCAB 24.44 

CASub (DS 0.9) 22.66 

HPMCAS 22.42 

 
Figure 7.6 Average solution concentrations of Q (mean ± SEM, n = 3-4) plotted over time at pH 

6.8 for all treatments (A), 10% Q loaded ASDs only shown for comparison of dissolution 

properties for each polymer utilized (B), the impact of PVP blending with CCAB (C) and CASub 

(D). All graphs contain crystalline Q as a control for comparison.  
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7.5 Conclusions 

Amorphous solid dispersions at 10 wt% Q were prepared using the cellulose esters CCAB, 

HPMCAS, and CASub. Q was also amorphous at 25% in CCAB, but was not fully amorphous at 

50% Q in CCAB. All ASDs of Q in these carboxyl-containing cellulose esters protect effectively 

against Q release at fasting gastric pH, giving substantially lower Q concentrations than from Q 

without polymer. In contrast, all three cellulose esters provide supersaturated solutions of Q at 

small intestinal pH, at which pH most of the carboxylic acids are ionized. The degree of 

supersaturation from CCAB-only dispersions was slight, due in part to ineffective drug release, 

while release from HPMCAS ASD was rapid, achieving substantial supersaturation. However 

HPMCAS proved to be a poor inhibitor of Q crystallization from supersaturated solutions, 

resulting in rapid de-supersaturation. CASub on the other hand provided both substantial Q 

release at pH 6.8, and stable, high supersaturation. Furthermore, incorporation of the more 

hydrophilic and water-soluble 10% PVP into ASD blends was effective, enhancing release from 

CCAB at 10% PVP, and significantly enhancing release and supersaturation from CASub ASDs 

at 20% PVP. Thus CASub and its blends with PVP are highly effective polymers for enhancing 

Q solution concentration in vitro, and provide a promising opportunity for increasing Q 

bioaccessibility and bioavailability in vivo.  

Overall these results confirm our hypotheses, and significantly illuminate structure-property 

relationships of ASD polymers. We can term polymer properties like sufficiently high Tg (50°C 

or more above the highest likely ambient temperature) and solubility parameters within an 

effective range (hydrophobic enough to interact with hydrophobic drugs, hydrophilic enough to 

release them) as necessary but clearly not sufficient polymer properties for effectiveness in ASD. 

This work further confirms the value of the pH-responsive carboxylic acid functional group in 

providing neutral pH release as well as desirable specific polymer-drug interactions, but this 

parameter alone is also insufficient to fully predict success or failure. This work also provides a 

further example of the value of polymer blends for achieving performance levels (in this case 

both release and crystallization inhibition) that would be difficult to achieve by ASD of drug, in 

this case Q, with a single polymer. More detailed study of expanded sets of polymers is 

necessary to further sort out the structural features required for effective ASD.  
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The results of this study, particularly with CASub, warrant in vivo investigation of Q ASDs as 

method for increasing Q bioavailability upon oral administration. They predict that significant 

supersaturation should be achievable in vivo; it will be of great interest to see whether this results 

in higher permeation in vivo, and in saturation of metabolic enzymes, thereby providing 

enhanced bioavailability, particularly of the unmetabolized native Q. If successful, such an ASD 

approach should enable animal and human in vivo bioavailability enhancement studies, and 

provide predictable absorbed doses that will enable informative dose-response studies, thus 

leading to exploration of whether the potential health benefits of Q can be realized in humans. 
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Chapter 8. Summary and Future Work 

Cellulose esters have been used for drug delivery formulations and tested for ASD 

studies before since they are natural-based, non-toxic, and generally biocompatible 

polymers with a wide range of molecular weights, and have potential for various 

applications. However the specific design of cellulose derivatives for oral drug delivery 

purposes has great importance and is a new field of study. 

 

My doctoral research has focused on the investigation of carboxylated cellulose esters 

and cellulose ether esters for oral delivery using ASDs to increase solution concentrations 

of crystalline and poorly water-soluble drugs, and development of a carboxylated 

cellulose ether ester derivative family for the same purpose, including methyl and ethyl 

cellulose adipates, suberates and sebacates. 

 

8.1 Rif solubility enhancement and bioavailability increase 

Rif is a vital first line drug for TB treatment that is given to patients at a very high dose 

(600 mg/day) to achieve a moderate and variable bioavailability as a result of its 

instability at acidic pH and moderate solubility at neutral pH. To overcome these 

problems, we prepared ASDs with cellulose ω-carboxyalkanoates (CASub, CAAdP, and 

CABSeb) and with CMCAB as a positive control and Rif itself as negative control.  
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Figure 8.1: Rif dissolution from pH switch experiment under sink conditions; pH 1.2 for 

2 h, then pH 6.8 for 6h. Error bars indicate one standard deviation (n = 3). 

 

As shown in Figure 8.1, CAAdP and CASub reached almost 100% release; on the other 

hand only 40% of the crystalline drug stayed intact till the end of the experiment. 

CABSeb release profile is very similar to first order release and both CMCAB and 

CABSeb released 70% of the drug. All the ASD formulations effectively prevented Rif 

release at gastric pH; we expect that such ASDs would prevent acid-catalyzed Rif 

degradation. 

 

8.2 Cellulose ether ester synthesis and their application to ASDs 

A cellulose carboxy ether ester derivative family was synthesized by the reaction of 

cellulose alkyl ethers with monoprotected (benzyl ester), monofunctional long chain acid 

chlorides, followed by protecting group removal to form the target alkyl cellulose ω-

carboxyalkanoates as shown in Figure 8.2.  

 

 
Figure 8.2: Synthesis scheme of ethyl ether cellulose derivatives. 
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8.3 Cellulose ester ASDs to increase solubility of anti-HIV drugs and Que 

We prepared 3 drug anti-HIV ASD formulations with cellulose esters (CAAdP, CASub, 

CCAB and CMCAB) and tested the release for one drug, two drugs and three drug 

formulations to investigate the effect of multiple drug application on amorphous 

solubility and recognized that Etra solubility increases when applied with Rit and Efa; on 

the other hand the solution concentrations of Efa and Rit decrease. Mechanistic studies 

showed that this was primarily a result of each dissolved drug influencing dissolution of 

the others, rather than an influence on release behavior, for example as a result of drug 

hydrophobicity. The behavior of Etra (increase of solution concentration when dissolved 

with Efa and Rit) was unexpected and its solubility was increased 8 fold more than the 

crystalline drug. There is little literature precedent for observing these kinds of drug 

interactions in multidrug formulations, and we believe that this work will have powerful 

impact on design of these important formulations. 

 

Que ASDs were prepared with CCAB, CASub, and HPMCAS. PVP/CASub blends and 

PVP/CCAB blends were also investigated for expected higher Que release in the 

presence of water-soluble PVP. These studies showed that as the PVP content of the 

formulation increases, drug release increases as expected. However Que is a highly 

crystalline drug and its stabilization after release was a challenge. The ASD polymer 

designed by our group and successful in many ASD systems, CASub (DS 0.9), had the 

highest efficiency in preventing recrystallization of the amorphous drug after the release. 

As a result, 20% PVP 70% CASub was the most successful formulation that could 

maintain Que supersaturation for at least 8h. Follow-up in vivo Que ASD studies with our 

best polymers in rats have been completed and data analysis is under way, for future 

publication. 

 

8.4 Proposed future work  

The valuable properties of the novel polymers and their potential in application have been 

shown in the thesis, however there are still issues to be addressed. It is required to carry 

out an acute toxicology study to show the safety of the best polymers, to realize their 

potential in human use. In addition, a histopathology study can address the lower damage 



	 214	

of the reduced dose drug in ASDs than the crystalline drug, especially in the Rif studies. 

In addition, completion of the in vivo study of CAAdP Rif and CMCAB Rif in rats, that 

have a more human-like GI tract than mice, will be important confirmation of the value 

of these polymers for ASD of drugs in marketed formulations. 

 

I would also suggest to develop a mathematical model to predict the release properties of 

the drug delivery system according to the polymer hydrophobicity, polymer structure, 

drug hydrophobicity and drug structure (functional groups hydrogen bonding accepting 

and donation) since the polymer to drug and polymer to polymer interactions in a range 

of pH (6.8-7.2) will have a great impact on the release.  

 

Electrospinning of these cellulose derivatives is another valuable research approach for 

tissue engineering and stem cell engineering studies since cellulose esters we prepared in 

our lab are hydrophobic materials, therefore they will have only limited interaction and 

solubility with the water systems and as a result they have great potential to maintain the 

structure of the scaffold for a weeks and support the cell lines mechanically. It is a 

common problem that the polymeric scaffolds (especially made with hydrogels) cannot 

maintain morphology for a long time at 37°C in cell culture media and there are 

investigations in that field1 but more research is essential. Moreover, ASDs can be 

prepared by this method if the scaffold would like to be used as a medical device for drug 

delivery or growth factors can be loaded to the scaffolds for growth factor delivery to 

promote the cell line phenotype maintenance. In literature, cellulose acetate (CA)2,3 or 

cellulose nanocrystal4 based electrospin scaffolds have been prepared before, but the 

investigation can be extended and with the addition of the hydrocarbon chains the 

polymer will become more hydrophobic than CA, therefore has definitely more potential. 

 

CAAdP has been prepared by direct synthesis with adipic anhydrides published by Edgar 

lab before5 that was a much easier protocol than the method required cellulose 

esterification and protective group removal by hydrogenolysis6,7. The study can be 

extended with the direct synthesis of CASub with 2,9-oxonanedione (commercially 
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available) that should eliminate the use of expensive hydrogenolysis catalyst and reduce 

the steps of the process.   

 

The HIV multidrug study can be extended with other FDA approved crystalline HIV 

drugs such as dolutegravir (class II drug, 0.0922 mg/ml8), to investigate whether we can 

identify other drugs that will behave like Etra, either with higher solubility when applied 

with other drugs or able to promote Etra solubility when applied together. In addition, 

multidrug formulations can be investigated with other cellulose esters that are powerful in 

recrystallization prevention such as ethyl cellulose adipate or suberate. 
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Appendix 

Chapter 3. Rifampin Stability and Solution Concentration Enhancement through 

Amorphous Solid Dispersion in Cellulose ω-Carboxyalkanoate Matrices 

Table S3.1: Drug loading of spray-dried Rif/polymer dispersions 

 
 CAAdP CABSeb (15%) CABSeb (25%) CMCAB CASub 

Drug load 
Target (%) 15.0 15.0 25.0 15.0 15.0 

Drug load 
measured (%) 14.8 14.4 23.6 13.5 14.8 

Drug load 
Efficiency (%) 98.8 96.3 94.5 90.0 98.9 

 

  

  

  

A B 

C D 

E F 
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Figure S3.1: SEM images of Rif/polymer spray-dried dispersions at 2Kx (A, C, D and G) 

and 5Kx magnification (B, D, F and H): CABSeb (A, B), CAAdP (C, D), CASub (E, F) and 

CMCAB (G, H) 

 

  

  

B A 

C D 

G H 
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Figure S3.2: SEM images of physical mixtures prepared with Rif and A)CAAdP B)CASub 

C)25% CABSeb D)CABSeb 15% and E)CMCAB. 

	

	

Figure S3.3: XRD spectra of spray-dried CABSeb (15%) Rif Formulation. 

10 15 20 25 30 35 40 45 50 

CABSeb (15%) 
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Figure S3.4: DSC thermograms of polymers, polymer/Rif amorphous dispersions and 

polymer/Rif physical mixtures. 
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Figure S3.5: CASub dissolution study result at pH 6.8, HPLC spectra after 30 min. 

Degradation peak : 1.801, Rif peak 3.528 

	

	

	

Figure S3.6: CASub dissolution study result at pH 6.8, HPLC spectra after 8 h. Degradation 

peak: 1.801, Rif peak 3.528 
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Chapter 5. Amorphous solid dispersions of multiple anti-HIV drugs: impacts of drugs on 

each other’s solution concentrations, and mechanisms thereof 

Preparation of monobenzyl adipate: Adipic acid (73 g, 0.5 mol), benzyl alcohol (81 g, 0.75 mol), PTSA 

(0.95 g, 5 mmol), and toluene (200 mL) were stirred in a flask equipped with Dean-Stark trap and 

heated at reflux for 3 hours. Water (200 mL) water was added to the cooled reaction medium and pH 

was adjusted to 8 with 6M NaOH. Then the aqueous layer was separated and mixed with 200 mL 

ether. The pH was adjusted to 2.00 with 6M HCl, then the mixture was shaken and the ether layer 

separated, then dried by under reduced pressure at 40°C. The product monobenzyl adipate was a 

colorless oil. Yield: 90%. 1H NMR (CDCl3); 1.68 (m, 4H), 2.36 (m, 4H), 5.09 (s, 2H), and 7.32 (m, 

5H).  

Preparation of monobenzyl adipoyl chloride: Monobenzyl adipate (20 g, 0.08 mol) and DMF (3 drops) in 

200 mL dichloromethane were combined in a flask and cooled to 0°C. Then oxalyl chloride (57.15 g, 

0.2 mol) was slowly added and then the solution stirred for 2 h at room temperature. The solvent was 

removed under reduced pressure, then 20 mL toluene was added and the solvent was again 

evaporated under reduced pressure. The product monobenzyl adipoyl chloride was a yellow oil. 1H 

NMR (CDCl3): 1.73 (m, 4 H), 2.39 (t, 2 H), 2.90 (t, 2 H), 5.12 (s, 2 H), 7.32 (m, 5 H). 

Similar procedures were followed to synthesize monobenzyl suberoyl chloride (1H NMR (CDCl3): 

1.34 (m, 4H), 1.66 (m, 4H), 2.36 (t, 2H), 2.86 (t, 2H), 5.12 (s, 2H), 7.35 (m, 5H)). 

CAAdP monobenzyl ester synthesis: CAP (1 g, 3.52 mmol) was dissolved in MEK (10 mL), and then 

Et3N (1.6 mL, 11.6 mmol, 3.3 equiv) was added all at once. Then monobenzyl adipoyl chloride (2.67 

g, 10.56 mmol, 3 equiv) was added. After stirring 20 h at 60°C under nitrogen, the product was 

precipitated by adding the reaction mixture slowly to 300 mL ethanol. The product was isolated by 

filtration, washed with 500 mL water, re-dissolved in THF and then re-precipitated in 300 mL 

hexane. After collecting the polymer by vacuum filtration, it was dried in vacuum oven at 40°C 
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overnight (yield 88%) and the white powder product was characterized by 1H NMR (CDCl3): 

δ 1.02_1.20 (m, COCH2CH3 of propionate), 1.66 (broad s, COCH2CH2CH2CH2CO of adipate), 

2.16-2.35 (m, COCH2CH3 of propionate, COCH3 of acetate and COCH2CH2CH2CH2CO of 

adipate), 3.25-5.24 (cellulose backbone), 5.10 (CH2C6H5), 7.33 (CH2C6H5). DS by 1H NMR (CDCl3): 

adipate 0.9, propionate 2.09, acetate 0.04. 

Monobenzyl CASub was synthesized by a procedure similar to that previously reported26, as 

summarized here. CA 320S (1.00 g, 4.19 mmol) was dissolved in 20 mL DMI, and triethylamine (1.94 

mL, 13.8 mmol, 3.3 equiv) was added to the reaction mixture at 90°C under nitrogen. Monobenzyl 

suberoyl chloride (3.92 g, 12.57 mmol, 3 equiv.) was added and the resulting solution was stirred at 

90 °C for 20 h. Then the product was precipitated by adding the cooled reaction mixture to ethanol. 

The precipitate was isolated by vacuum filtration, then washed with water, re-dissolved in a minimum 

amount of THF, then re-precipitated into hexane, isolated by vacuum filtration, and dried in vacuum 

oven at 50°C overnight (yield 78%) and the white powder product was characterized by 1H NMR. 

Hydrogenation of cellulose ω-carboxyalkanoate benzyl esters: The hydrogenation of CAAdP benzyl ester will 

serve to exemplify the methods used. CAAdP benzyl ester (500 mg) was dissolved in 100 ml THF 

and to this solution palladium hydroxide on carbon (250 mg) was added. The solution was stirred at 

high speed under a hydrogen atmosphere in a high-pressure reactor (Parr reactor Model 4848) at 

120-psi bar pressure for 24 h at room temperature. Then the solution was filtered through Celite® 

(filter aid, Celite AW Standard Supercel®, Alfa Aesar) in order to remove the catalyst, concentrated 

under reduced pressure and then precipitated into hexane (50 mL) and isolated by filtration. 

1H NMR CAAdP (DMSO): 1.02-1.20 (m, COCH2CH3 of propionate), 1.66 (broad s, COCH2- 

CH2CH2CH2CO of adipate), 2.16-2.35 (m, COCH2CH3 of propionate, COCH3 of acetate and 

COCH2CH2CH2CH2CO of adipate), 3.25-5.24 (cellulose backbone). DS by 1H NMR: adipate 0.9, 

propionate 2.09, acetate 0.04. 



	 224	

1H NMR CASub (DMSO): 1.2 (COCH2CH2CH2CH2CH2CH2CO of suberate), 1.4-1.6 

(COCH2CH2CH2CH2CH2CH2CO of suberate), 2.10–2.46 (COCH2CH2CH2CH2CH2CH2CO of 

suberate, and COCH3 of acetate), and 3.00–5.20 (cellulose backbone). 

 

Figure S5.1: XRD spectra of single drug formulations prepared with CMCAB 

 

Figure S5.2: XRD spectra of CASub and CAADP 3 drug formulations 
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Figure S5.3: XRD spectra of 2 drug formulations with CMCAB. 

 

Figure S5.4: DSC thermograms of single drug formulations prepared with CMCAB. 
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Figure S5.5: The melting peaks of the crystalline drugs on the second heating curve. 

 

Table S5.1: Theoretical Tg and Calculated Tg values of ASDs. 

Formulations Measured Tg Calculated Tg 

15% 3 Drug CMCAB 77 °C 119.7 

15% 3 Drug CCAB 74°C 101 

15% 3 Drugs CAAdP 58 °C 106 

15% 3 Drugs CASub 58 °C 98 

15% Etra 15% Efa CMCAB 55 °C 88.5 

15% Etra 15% Rit CMCAB 86 °C 76.2 

15% Efa 15% Rit CMCAB 66 °C 66.3 
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15% Rit CMCAB 97 °C 127 °C 

15% Etra CMCAB 128 °C 134 °C 

15% Efa CMCAB 115 °C 127 °C 

 

 

Figure S5.6: DSC thermograms of CAPAd and CASub three drug formulations. 

Midpoint type: Half height 
Midpoint: 58.420 °C

Midpoint type: Half height 
Midpoint: 58.322 °C
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Figure S5.7: DSC thermograms of double drug formulations prepared with CMCAB. 

 

Midpoint type: Half height 
Midpoint: 54.526 °C

Midpoint type: Half height 
Midpoint: 65.634 °C

Midpoint type: Half height 
Midpoint: 85.638 °C
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Figure S5.8: SEM images of (A) 15% 3 Drugs CMCAB, (B) 15% Efa CMCAB, (C) 15% Etra 

CMCAB, (D) 15% Rit CMCAB, (E) 15% TPGS 15% 3 Drugs CMCAB, (F) Efa (only drug), (G) Etra 

(only drug) and (H) Rit (only drug) at 10Kx magnification. 
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Chapter 6. Synthesis and characterization of alkyl cellulose ω-carboxyesters for amorphous 
solid dispersion	

Table S6.1 shows how the solubility parameter was calculated for the methyl cellulose adipate 
polymer, and Figure 1 is a schematic of the groups that are affected by DS and the ones that are not.  

Table S6.1: Solubility parameter calculation for methyl cellulose adipate 

Group Number of groups E 
(cal*mol-1) 

𝐄 (𝐜𝐚𝐥

∗𝐦𝐨𝐥!𝟏) 

V 
(cm3*mol-

1) 

𝐕 (𝐜𝐦𝟑

∗𝐦!𝟏)  a b Total 

-CH3 0 1.86 1.86 1125 2092 33.5 62.3 

-CH2 1 4.40 5.40 1180 6372 16.1 86.9 

-CH 5 0 5.00 820 4100 -1 -5 

Ring 
closurec 

1 0 1 250 250 
16 

16 

-OH 0 0.04 0.04 7120 285 10 0.4 

-O- 2 1.86 3.86 800 3088 3.8 14.7 

-COOH 0 1.10 1.10 6600 7260 28.5 31.4 

-CO2 0 1.10 1.10 4300 4730 18 19.8 

Correctiond - - - - - - 14.0 

Total - - - - 28177  240.5 

Solubility 
Parameter 
(MPa1/2) 

22.14 

aConstant number of groups for all cellulose based polymers 
bIt will change depending on DS for different substituents 
cRing closure (5 or more atoms) 
dCorrection when Tg > 25˚C 
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Figure S6.1: Schematic for SP calculation. The groups in green are not affected by the DS and are 
constant for diverse cellulose based polymers: 1 ring closure, 5 -CH, 1 -CH2 and 2 –O–. The groups 
in red will change depending on the DS for each polymer: OR. 

 

 

 

Figure S6.2: 1H-NMR of monobenzyl adipoyl chloride 
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Table S6.2: Detailed information of SEC results. 

Ref. No. 
Ether 
type 

Ester type Mn Poly dispersity 
*Calculated 

Mw 
DP 

1 EC Adipate 10000 1.45 296.6 34 

2 EC Suberate 9000 1.50 310.1 29 

3 EC Sebacate 10000 1.48 326.8 31 

4 MC 
Benzyl 
Adipate 

82600 4.23 386.0 213 

5 MC 
Benzyl 

Suberate 
69596 3.62 416.9 167 

6 MC 
Benzyl 

Sebacate 
122319 4.9 424.1 288 

• Molecular weight is calculated according to the degree of substitution. 

 

 

Figure S6.3: 13C NMR of benzyl MCSeb in d6-acetone. 
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Figure S6.4:13C-NMR of benzyl ECAd in d6-DMSO. 
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Figure S6.5: 13C-NMR of benzyl ECSub in d6-acetone. 
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Figure S6.6: 13C-NMR of benzyl MCSub in d6-DMSO. 

 

 

Figure S6.7: FTIR spectra of MC (blue) and MCAd (Red). 
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Figure S6.8: FTIR spectra of MCSub (blue) and MCSeb (Red). 
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Chapter 7. Quercetin solution concentration enhancement through amorphous solid 

dispersions of cellulose esters 

Synthesis of CASub 

Preparation of monobenzyl suberate: suberic acid (87 g, 0.5 mol), benzyl alcohol (81 g, 0.75 
mol), PTSA (0.95 g, 5 mmol), and toluene (200 mL) were stirred in a flask equipped with Dean-
Stark trap and heated at reflux for 3 h until the theoretical amount of water was collected. The 
resulting mixture was cooled to room temperature, water (200 mL) was added, and the pH 
adjusted to 9 with 6M NaOH. The aqueous layer was separated by centrifuge, mixed with ethyl 
ether (150 mL), and the pH adjusted to 2 with 6M HCl. The ether layer was separated and 
concentrated under reduced pressure to afford a colorless oil. 1H NMR (CDCl3): δ 1.33 (m, 4H), 
1.68 (m, 4H), 2.36 (m, 4H), 5.09 (s, 2H), and 7.32 (m, 5H).  

Synthesis of monobenzyl suberoyl chloride: Monobenzyl suberate (30 g, 113 mmol), DMF (3 
drops), and 200 mL dichloromethane were cooled in a round bottomed flask to 0°C. Oxalyl 
chloride (25.4 g, 200 mmol) was added drop by drop under vigorous magnetic stirring, then 
stirred 2 h at room temperature till gas formation ceased. Solvent was removed under reduced 
pressure, 10 mL toluene was added, and then it was concentrated again under reduced pressure. 
The product was a yellow oil. 1H NMR (CDCl3): δ 1.34 (m, 4H), 1.66 (m, 4H), 2.36 (t, 2H), 2.86 
(t, 2H), 5.12 (s, 2H), 7.35 (m, 5H). 

Benzyl CASub synthesis: CA 320S (1.00 g, 4.19 mmol) was dissolved in DMI (20 mL), Et3N 
(1.95 mL, 13.83 mmol, 3.3 eq) was added all at once, then monobenzyl suberoyl chloride (3.7 g, 
12.57 mmol, 3 eq) was added. After 20 hours at 90°C under nitrogen, the reaction mixture was 
cooled, then added to ethanol (250 mL) dropwise to precipitate the product, which was isolated 
by vacuum filtration, then washed with 200 mL water and re-dissolved with 25 mL THF and re-
precipitated in 200 mL hexane. The product was characterized by 1H NMR. δ 1.3 
(COCH2CH2CH2CH2CH2CH2CO of suberate), 1.6 (COCH2CH2CH2CH2CH2CH2CO of suberate), 
2.10–2.46 (COCH2CH2CH2CH2CH2CH2CO of suberate and COCH3 of acetate), 3.00–5.20 
(cellulose backbone), 5.10 (s, CH2C6H5), 7.35 (CH2C6H5). 

Hydrogenolysis of benzyl CASub: Benzyl CASub (1 g) was dissolved in 100 mL THF, then 
Pd(OH)2/C (500 mg) was added. The mixture was stirred, after removal of the air by vacuum, at a 
high speed under H2 (balloon) for 24 h at room temperature. Products were isolated by filtering 
through Celite, then the same protocol was repeated one more time and, the solvent was removed 
under reduced pressure, and the product precipitated in ethanol (100 mL). 1H NMR CASub 
(DMSO): δ 1.2 (COCH2CH2CH2CH2CH2CH2CO of suberate), 1.4-1.6 
(COCH2CH2CH2CH2CH2CH2CO of suberate), 2.10–2.46 (COCH2CH2CH2CH2CH2CH2CO of 
suberate, and COCH3 of acetate), 3.00-5.20 (cellulose backbone). 

 

Preparation of ASDs via spray drying 
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CCAB (0.9 g) was dissolved in 120 mL THF at room temperature for 15 h. Q (0.1 g) was 
dissolved in 20 mL acetone separately and stirred for 20 min. THF (20 mL) was added, then this 
Q/acetone/THF solution was added to the polymer/THF solution dropwise. All CCAB/Q 
solutions were prepared similarly. ASDs were prepared by spray drying the polymer/Q solutions 
using a nitrogen-blanketed spay dryer (Buchi B-290). Instrument parameters were as follows: 
inlet temperature 90°C, outlet temperature 75°C, aspirator rate 80%, 40% pump rate, compressed 
nitrogen height 30 mm and nozzle cleaner 2. HPMCAS (1.8 g) was dissolved in 15 mL THF and 
15 mL acetone, stirred overnight, then Q (0.2 g) was added to the solution and stirred for 15 min 
before spray drying. A similar procedure was followed to prepare CASub spray dried particles, 
except that acetone was used as solvent. PVP (0.4 g or 0.2 g) was dissolved in 10 mL ethanol and 
CCAB (1.4 g)/ Q (0.2 g) was dissolved in 80 mL acetone. A similar protocol was followed for 
PVP/CASub blends with ethanol/THF. Our convention for naming treatments is to list the % 
polymer(s), with the remainder being Q. For example, 10% Q/90% CCAB is referred to as 90 
CCAB in the text, figures and tables. 

 

ASD Characterization  

X-ray powder diffraction (XRD) patterns were measured with a Bruker D8 Discover X-ray 
Defractometer (Billerica, MA) with a Lynxeye detector and a KFL CU 2K X-ray source. Samples 
were run with a 1 mm slit window between a scan range of 10˚ to 50˚ 2θ. DSC analyses were 
performed on a Trios TA Instrument (New Castle, DE) with dry samples (5 mg) loaded into 
TzeroTM aluminum pans. Each sample was equilibrated at 20˚C and then heated to 200˚C at 
20˚C/min. Then samples were quench-cooled to −50˚C and reheated to 200˚C at 20˚C/min. Tg 
values were recorded as the step-change inflection point from second heat scans. FTIR spectra 
were recorded between 4000 and 500 cm−1, using a resolution of 4 cm−1 and 40 accumulations, 
on a Nicolet 8700 FT-IR Spectrometer (Thermo Fisher). Pellets were prepared from sample/KBr 
mixtures (1:100 weight ratio). 

 

UPLC verification of ASD Q content 

Incorporation of Q into the ASD was quantified by extraction and UPLC-MS/MS. Each batch of 
ASD particles was evaluated for Q content (wt %, n = 4). Q-containing ASDs were dissolved in 
ethanol (~ 0.26 mg/mL), and 50 µL of this solution was combined with 50 µL internal standard 
solution (epicatechin (EC), 0.8 mg/mL in ethanol) and 50 µL 0.1% formic acid in 80% water/20% 
80:20 ACN/THF. Solid Q [i.e. 100% Q, ≥ 95% purity) was used as control and analyzed 
similarly.  

 

In vitro Dissolution 

Fasted gastric conditions were simulated using pH 1.2 buffer (500 mL of 0.2 M KCl was 
combined with 850 mL of 0.2 M HCl, and then diluted to 2 L with MilliQ water). Small intestinal 
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conditions were simulated using pH 6.8 buffer (6.8 g/L sodium phosphate monobasic in MilliQ 
Water, adjusted with 0.2 M NaOH to pH 6.8). Dissolution was performed as described previously 
with modifications (Pereira et al., 2013). Jacketed flasks (250 mL, 37°C) were employed. 
Dissolution medium consisted of 100 mL gastric or small intestinal buffer. All treatments 
contained a fixed Q amount (7 mg) to ensure supersaturation if all dissolved, and were 
continuously stirred with a magnetic stir bar at 400 rpm for 2 h (gastric) or 8 h (intestinal). 
Sample aliquots (1 mL) were taken at 30, 60, 90, 120 min (gastric) or 30, 60, 90, 120, 180, 240, 
300, 360, 420, and 480 min (small intestinal) and each aliquot was replaced with 1 mL buffer to 
maintain constant volume. Aliquots were centrifuged (10 min, 37°C, 47,000 x g) on a Beckman 
Coulter Avanti JE high-speed centrifuge (Sunnyvale, CA). Following centrifugation, the 
supernatant (i.e. soluble fraction) was collected, diluted (1:1) with ethanol, and stored at −80°C 
for further analysis.  
 
HPLC Analysis 

Analyses were measured by HPLC using an Agilent HPLC 1260 Infinity system (Agilent 
Technologies, CA, USA) with an Agilent Eclipse plus C18, 4.6 x 250 mm, 5 µm analytical 
column (Agilent technologies, CA, USA). The mobile phase was 40 % acetonitrile: 60 % DI 
water acidified with phosphoric acid at pH 2.5. The experimental conditions were: 1.3 mL/ min 
flow rate, 370 nm wavelength and 20 µL injection volume, and controlling the column 
temperature at 35 ˚C. The retention time was 3.6 minutes.  

 

UPLC-MS/MS Analysis 

Analyses were performed on a Waters Acquity H-class UPLC separation model (milford, MA) 
equipped with a Waters Acquity UPLC BEH C18 column (2.1 mm x 50 mm, 1.7 µm particle 
size). Column and sample temperatures were maintained at 40˚C and room temperature (24 ± 
1˚C), respectively. The binary mobile phase consisted of 0.1% (v/v) aqueous formic acid (phase 
A) and 0.1% formic acid in 80% ACN/20% THF (phase B) (all solvents LC-MS grade except 
THF). System flow rate was 0.6 mL/min . A linear elution gradient was employed as follows: 
80% A at 0 min, 10% A at 2.20 min, 100% A at 2.25 min. An injection volume of 2 µL was 
employed. A second injection of 100 µL DMSO was used in between sample injections to 
remove any carryover quercetin, with isocratic mobile phase (100% B for 2 min), and subsequent 
reconditioning for 2.25 min to initial gradient conditions. Electrospray (ESI)-MS/MS analysis 
was performed in negative mode on a Waters Acquity TQD (triple quadrupole) mass 
spectrometer equipped with a Z-spray electrospray interface as described in Goodrich & Neilson 
with modifications (Goodrich & Neilson, 2014). Capillary voltage was −1.5 kV, cone voltage 56 
V for quercetin and 34 V for EC, source temperature 150˚C, and desolvation temperature 500˚C. 
Desolvation and cone gasses were N2 at flow rates of 1,000 and 50 L/hr, respectively. Detection 
was performed by multi-reaction monitoring (MRM) of parent psuedomolecular ([M−H−]) ion to 
daughter (fragment) ion transitions during collision-induced dissociation (CID, Ar gas: 0.25 
mL/min). The MRM transitions for quercetin and EC were 300.77 m/z → 150.88 m/z and 288.79 
m/z → 245.02 m/z, respectively, with collision energies of 20.0 eV for quercetin and 10 eV for 
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EC. Quantification was based on an internal standard curve prepared using varying levels of 
quercetin with the fixed internal standard, EC.  

 

Solubility Parameter Evaluation 

The following equation can be used to evaluate solubility parameters for a polymer of interest: 

𝛿 =  ∆!!!
∆!!!

=  ∆!!
!

 ; where ∆𝑒! = the additive atomic and group contribution for the energy of 

vaporization and ∆𝑣!  = the additive atomic and group contribution for the molar volume. 
Polymers with high molecular weights and Tg > 25˚C, a discrepancy between experimentally 
measured ∆𝐸!  and 𝑉  is seen. For these differences, a correction factor was introduced: 
∆𝑣! = 4𝑛, 𝑛 < 3 and ∆𝑣! = 2𝑛, 𝑛 ≥ 3; where n is the number of main chain skeletal atoms in 
the smallest repeating unit of the polymer. 
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Figure S7.1 SEM images for Q (A), 90 CCAB (B), 75 CCAB (C), and 50 CCAB (D) are shown at 2X 
magnification. 

 

  

Figure S7.2 SEM images for 10 PVP:80 CASub (A), 20 PVP:70 CASub (B), 10 PVP:80 CCAB (C), and 
20 PVP:70 CCAB (D) are shown at 2X magnification. 
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Figure S7.3 SEM images for 90 HPMCAS (A, B) and 90 CASub (C, D) are shown at both 2X and 10X 
magnification. 
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Figure S7.4 SEM images (mag. 10X) for 10 PVP:80 CASub (A), 20 PVP:70 CASub (B), 10 PVP:80 
CCAB (C), and 20 PVP:70 CCAB (D) are shown to illustrate particle size range (1-3 µm) and morphology 

 

 
 
 
 

 
 
 
 
 
 
 

Figure 7.5. XRD spectra of 90 HPMCAS and 90 CASub. 

Figure S7.6 DSC second heating curves of Q-loaded ASDs of CCAB, CASub, PVP blends of CCAB and CASub, 
and HPMCAS. 
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FT-IR was used to observe interactions between Q and the polymers in ASDs. Q has five 

phenolic hydroxyl groups (hydrogen bond donors, Fig. S7.1 in main manuscript) that can interact 
with the carbonyl groups of the cellulose esters (hydrogen bond acceptors). The polymers contain 
a large number of these carbonyl groups, as seen in the sharp carbonyl peak in the FT-IR spectra 
of CASub, for example. Compared to the spectra of pure Q (hydroxyl stretch 3300–3500 cm−1), 
the polymer blends show a broadening of the hydroxyl stretch, indicating hydrogen bonding and a 
disruption of crystallinity of the pure Q. 

 

Figure S7.7. FT-IR spectra for all treatments, crystalline Q, and two polymers used in 
the study (CASub and PVP). 
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UPLC determination of ASD Q loading 

In order to characterize ASD formulations and standardize Q levels (7 mg/flask) for in vitro 
dissolution experiments, Q purity was measured, and Q-containing ASDs were analyzed, by 
UPLC-MS/MS. ASD Q contents conformed closely to targeted levels, though greater variability 
was seen at higher Q contents.  

 

Table S7.1. Actual (Q) content of prepared ASD formulations 
ASD Formulationa Q (wt %)b 

Q 91.9 ± 4.63c 

90 CCAB 10.4 ± 1.68 

75 CCAB 28.2 ± 4.29 

50 CCAB 45.4 ± 4.95 

10 PVP:80 CCAB 9.44 ± 0.128 

20 PVP:70 CCAB 9.13 ± 0.258 

90 HPMCAS 12.5 ± 0.279d 

90 CASube 12.0 ± 0.585d 

10 PVP:80 CASube 10.6 ± 0.718d 

20 PVP:70 CASube 9.92 ± 0.287d 

aValues in this column refer to formulation targets (wt %); convention for 
naming treatments is to list the % polymer(s), with the remainder being Q 
bData shown are mean ± SEM (n = 4, unless otherwise specified) 
cSupplier specification indicates Q purity ≥ 95% (wt %) 
dn = 3 due to limited quantities of ASDs available 
e DS(0.9), Mw = 20,000-25,000 g/mol 
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Table S7.2 Pseudo-pharmacokinetic parameters of Q at gastric pH (1.2). 

ASD Formulation AUCa 

(µg min/mL) 
CMAX

a 

(µg/mL) 
TMAX

a 

(min) 
Q 164 ± 76.0 4.61 ± 1.76 30 

90 CCAB 47.1 ± 20.6 1.21 ± 0.493 120 
75 CCAB 27.7 ± 8.68 0.582 ± 0.225 90 
50 CCAB 181 ± 35.7 2.92 ± 0.462 30, 60b 

10 PVP:80 CCAB 295 ± 20.1 4.33 ± 0.206 120 
20 PVP:70 CCAB 350 ± 124 5.27 ± 1.92 120 

90 HPMCASc 387 ± 30.3 5.55 ± 0.833 90 
90 CASubc 774 ± 64.4 11.5 ± 1.78 30 

10 PVP:80 CASubc 707 ± 172 12.3 ± 0.298 90 
20 PVP:70 CASubc 972 ± 58.0 13.4 ± 0.707 90 

aData are mean ± SEM AUC, average CMAX  and TMAX (n = 4 except where indicated) 
bCMAX occurred twice at 2 separate time points 
cn = 3 
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Figure S7.8. Average solution concentrations of Q (mean ± SEM, n = 3-4) plotted over time at pH 1.2 for 
all treatments (A), 10% Q loaded ASDs only shown for comparison of dissolution properties for each 
polymer utilized (B), the impact of PVP blending with CCAB (C) and CASub (D). All graphs contain 
crystalline Q as a control for comparison. 


