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Abstract 

One of the biggest challenges in the field of drug delivery is the development of a 

system that can deliver cargo to a specific organ or cell and improve the aqueous solubility 

of poorly water soluble drugs. Recently, amphiphilic and random polymers have attracted 

considerable attention from researchers in order to elucidate these issues. Amphiphilic 

polymers consist of both hydrophilic and hydrophobic segments. Amphiphilic polymers 

are not only limited to drug delivery applications but also have utility in products such as 

food, detergents, paints, and cosmetics etc. Random copolymers consist of two or more 

monomers, the chain can add these monomers in any order. The incorporation on 

monomers into chain based on numerous factors such as conditions used for 

polymerization, reactivity of one monomer towards another etc. which can follow order 

depend on reactivity of one monomer towards another. Random polymers are continuously 

finding applications in the formulation industry due to their ability to improve aqueous 

solubility of poorly water soluble drugs. This thesis highlights my work on 1) the self-

assembly of amphiphilic polymers to form micelles, 2) the application of micelles in 

pharmaceutical formulation, 3) the use of amphiphilic polymers as excipients, and 4) the 

use of random copolymers to enhance aqueous solubility of model drugs. Initial efforts are 

focused on amphiphilic polymers to leverage their ability to form micelles, and study the 

effects of micelles in pharmaceutical formulations. Toward this end, we synthesized 

trehalose-containing amphiphilic diblock terpolymers with increasing trehalose content in 

the hydrophilic segment of the terpolymers. A poly(ethylene-alt-propylene)–poly[(N,N-

dimethylacrylamide)-grad-poly(6-deoxy-6-methacrylamido trehalose)] (PEP-P(DMA-g-
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MAT)) polymer was chosen as a model system. The PEP content of the system was 

deliberately kept low to trigger formation of micelles in solution. PEP-P(DMA-g-MAT) 

successfully self-assembled into micelles in water. When incubated in various salt and 

serum-containing media, these micelles exhibited excellent stability from aggregation. Due 

to their excellent stability, these nanocarriers can be further optimized for potential 

systemic drug delivery applications. To further expand our work on micelles, we studied 

role of solution state polymer assemblies (prior to spray drying) on drug dissolution and 

supersaturation maintenance of poorly water soluble drugs. Herein, we synthesized four 

model polymer excipients (amphiphilic diblock ter- and copolymers): PEP-P(DMA-grad-

MAG) and PEP-PDMA, and their respective hydrophilic analogues, P(DMA-grad-MAG) 

and PDMA. Our study confirmed that formation of micelles prior to spray drying enhanced 

the dissolution of poorly water soluble drugs. Therefore, using micelle structures in 

excipient formulations is a simple and controlled platform for oral drug delivery. To study 

effect of hydrogen bonding in excipient formulations, we decide to explore a new synthetic 

platform with Trehalose-based diblock terpolymers to increase the solubility of poorly 

water soluble drug candidates. This study reveals that the solubility of polymer matrices in 

dissolution media and increase in hydrogen bonding sites in polymer matrices are critically 

important to decrease drug crystallinity & maintaining super saturation concentration in 

dissolution media. The diblock copolymers synthesized so far failed to enhance solubility 

of a highly lipophilic drug, phenytoin. In our quest for finding right excipient for phenytoin, 

we synthesized random copolymers of  poly(N-isopropylacrylamide-co-vinylpyrrolidone) 

(P(NIPAAm-co-VP)). The results of this study indicate that balance between the VP and 
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NIPAAm content is key to improve phenytoin solubility. We also proposed that it is 

essential to incorporate similar chemical groups in the polymer backbone that are also 

present in drug molecular structure, which can interfere with the drug crystallization 

mechanism. Finally, we developed a systematic approach to understand structure-property 

relationships between drugs and excipients. In this study, we synthesized libraries of 

random copolymer of poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide) 

P(NIPAAm-co-DMA) with varying mole ratios and molecular weights.  This study 

illustrates that the first step to design a new excipient for a drug is to study the 

crystallization mechanism of that drug. When the drug crystallization mechanism is known, 

it is necessary to incorporate groups in the excipient formulation that can interact and 

interfere with the drug crystallization process to increase and maintain its aqueous 

solubility. 
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1 Background 

1.1 Challenges in drug delivery 

Contrary to popular belief, developing a potent and non-toxic drug molecule 

doesn’t translate into a cure.1 A majority of free drug molecules cannot be delivered 

directly to humans, animals, or plants.2,3 The most fundamental challenges to drug delivery 

are solubility of the drug in aqueous media, degradation of the drug molecule prior to 

reaching the target tissue, and undesired side effects caused by non-specific uptake.3,4 A 

common example of a targeted drug is aspirin, which has an irritant effect on the stomach 

and is coated with a polymer that will only dissolve in the small intestine. This delivery 

formulation allows the release of active ingredient aspirin only in the small intestine. 

Development of an appropriate drug delivery method is of paramount importance to 

overcome the barriers associated with the transport of a free drug.5 Drug delivery can be 

defined as a process or method of administering a pharmaceutical compound to humans, 

animals, or plants in order to achieve a desired therapeutic effect. At the heart of any drug 

delivery system is a carrier, which encapsulates, entraps, or is covalently attached to a drug 

molecule, and alleviates problems such as poor water solubility and enzymatic degradation 

of the free drug.6 

Additionally, the vast majority of newly discovered active pharmaceutical 

ingredients (APIs) today are poorly water-soluble and consequently, limited in 

bioavailability for intended therapeutic targets. In drug discovery, it takes approximately 

12-15 years to bring a new drug to the market. The statistics says that of about every 20,000 

compounds tested on animals, 10 get approved for clinical trials out of which one enters 

into the market (see Figure 1.1).7  This data indicates that drug discovery is a painful and 
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arduous process. Therefore, the use of polymeric excipients/carriers to increase drug 

solubility and bioavailability is of great importance across the pharmaceutical industry.  

Figure 1.1 The drug discovery process and barriers to FDA approval. 

  Commonly used drug carriers include microspheres,8 hydrogels,9 surfactants, 

cyclodextrins,10 amphiphilic polymer-based micellar systems,11 liposomes,12 and 

amorphous solid dispersions.13 The combination of these carriers with drugs can often be 

adapted into an appropriate dosage form (e.g. pill, tablet, capsule), depending on the route 

of administration (e.g. oral, intravenous). The route of administration depends on the 

systemic pharmacokinetics of the drug delivery system such as targeting concerns or time 

required for the onset action and stability of the drugs.14 In addition, systems can be 

developed for controlled or targeted delivery of the drug. To overcome severe side effects 

of drugs such as hair loss, immune reactions and cardiovascular problems, scientists are 

trying to optimize targeted drug delivery vehicles in order to provide controlled doses to 

patients at specific biological sites.15  
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1.2 Drug Delivery Systems 

1.2.1 Cyclodextrin Polymers 

Cyclodextrins are cyclic oligosaccharides that are commonly used as drug carriers 

due to their ability to improve the solubility and bioavailability of a drug by forming an 

inclusion complex.16,17 Cyclodextrin structures with 6, 7, or 8 glucose units are 

subsequently named α-, β-, or γ-cyclodextrin, respectively. These compounds are 

biocompatible and non-toxic. β-Cyclodextrin in particular has several advantages in drug 

delivery applications since its exterior is hydrophilic and its interior is a hydrophobic cavity 

which has the ability to encapsulate drugs. While β-cyclodextrin forms inclusion 

complexes with aromatic molecules such as paclitaxel,18 this molecule also has affinity 

towards cholesterol and can extract it from cells. β-cyclodextrin has a lower solubility in 

water because of the secondary hydrogen bonding which makes it difficult for parenteral 

administration. However, high dosing rates of β-cyclodextrin can result in the hemolysis 

of erythrocytes.18 Figure 1.2 shows how cyclodextrins form complexes with drugs.  

 

Figure 1.2 Cyclodextrins forming complexes with drugs adapted from Davis, M. E.; 

Brewster, M. E. Nat. Rev. Drug Discov. 2004, 3, 1023-1035.18
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1.2.2 Amphiphilic polymers 

The use of amphiphilic block copolymers, which are known to assemble into micelles in 

aqueous solutions are of high interest for drug delivery applications. Micelles exhibit core-

shell morphologies with diameters typically between 20 and 50 nm and usually consist of 

several hundred block copolymers. The densely packed core consists of hydrophobic 

blocks and the shell consists of hydrophilic blocks.11,19 Utilizing techniques such as 

nanoprecipitation or direct dissolution, a poorly water-soluble drug can be entrapped in the 

core of micelles. This system allows the delivery of poorly water-soluble drugs in desired 

quantities.20 The outer hydrophilic block (corona) not only protects the contents of the 

micelle core against hydrolysis and enzymatic degradation,21 but also can serve as a 

targeting ligand to specific receptors; for example, if the hydrophilic block contains D-

galactose or N-acetyl-D-galactosamine moieties, the polymer can target the 

asialoglycoprotein receptors on hepatocytes.22,23 The corona may also mask the micelles 

from the reticuloendothelial system (RES), thereby preventing their early elimination from 

the body. RES system is a network of cells throughout the body that assist to eliminate 

foreign particles & toxic substances from the body. Functionalizing the block copolymers 

with crosslinkable groups can further enhance the stability of the micelles.24 The drawbacks 

of using polymer-based micelles as drug carriers include non-specific interactions with 

serum proteins, aggregation, and clearance by the reticuloendothelial system (RES).25 

Therefore, the stability of micelles in serum-containing media is vitally important. 

Unfortunately, aggregation or thermodynamic instability of micelles in vivo can trigger the 

premature release of the drug and lead to side effects. Therefore, it is important to 

exhaustively study the stability of micelles in vitro prior to performing animal studies.26   



Chapter 1. Background  5 
 

 

Poly(ethylene oxide) (PEO)-based amphiphilic polymers have been exhaustively 

studied as micelle precursors for the design of non-immunogenic carriers.27 The corona of 

these micelles is composed of a dense brush of hydrophilic PEO, which has been shown to 

prevent aggregation, protein absorption, and cellular adhesion. PEO nanoparticles exhibit 

a drastic increase in blood circulation time, higher stability of formulation upon storage, 

and reduced renal filtration. Additionally, PEO is soluble in both organic and aqueous 

solvents, making it an ideal candidate for chemical functionalization.28,29 For example, 

poly(ethylene glycol) methyl ether can be converted into a trithiocarbonate-based chain 

transfer agent, which can then be applied toward reversible addition fragmentation chain 

transfer (RAFT) polymerization.30 Unfortunately, PEO-based nanoparticles do not have a 

well-characterized biodegradation pathway,31 and in some cases have caused 

hypersensitive reactions upon oral, dermal, and intravenous administration. For these 

reasons, alternative polymers that stabilize colloidal particles from aggregation are of 

strong interest to the biomaterials community. Irrespective of the composition of the corona 

and the core of the micelle, it is important to understand the concepts related to micelle 

stability, drug loading, and the release of the drug from micellar complexes.32,33 

1.2.3 Amorphous Solid Dispersions 

Amorphous solid dispersions (ASD) have been developed as a platform to increase 

apparent drug solubility and bioavailability using polymeric excipients. This type of 

dispersion refers to solid mixtures consisting of at least two components, a polymer matrix 

and a drug.34 In ASDs, the drugs are kinetically trapped in a high-energy amorphous state, 

which increases the drug bioavailability and therapeutic effect. However, the drug may 

recrystallize, reverting to the more thermodynamically stable state, which negates any 
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solubility increase and significantly decreases bioavailability. Stabilization of the 

amorphous state of the drug during the manufacturing process and long-term storage are 

critical issues in improving oral therapeutic efficacy. These issues are typically solved by 

reducing molecular mobility through the utilization of a polymer exhibiting a high glass 

transition temperature (Tg), optimizing drug-polymer interactions (such as hydrogen 

bonding and van der Waals), and creating a homogenous mixture of drug and polymer. 

Further, it is of equal importance to utilize an excipient that will solubilize the drug upon 

dissolution into aqueous media and maintain drug supersaturation by inhibiting crystal 

nucleation and growth, which is of particular importance for enhancing in vivo 

pharmaceutical performance. Several commercial examples of pharmaceutical products 

that use the solid dispersion method to enhance the solubility of APIs are shown in Table 

1.1.17  

Table 1.1 Commercially available examples of solid dispersions. 

Drug Polymer Excipients 

Itraconazole Hydroxypropyl methylcellulose (HPMC) 

Telaprevir Hydroxypropyl methylcellulose acetate succinate 

(HPMCAS) 

Ritonavir Copolymers of vinylpyrrolidone (VP)/vinyl acetate (VA) 

(PVPVA ) 

Griseofulvin Polyethylene glycol (PEG) 

 

 

 

 

 



Chapter 1. Background  7 
 

 

Physical mixture Solid dispersions

Crystalline drug Drug molecules

 

 

 

 

 

 

Figure 1.3 Cartoon illustrating the differences between physical mixtures and amorphous 

solid dispersions of drugs and polymers. 

1.2.4 Hydroxypropyl methylcellulose acetate succinate (HPMCAS) 

 The polymer matrix plays an important role in determining the performance of an 

amorphous dispersion (ASD) in bulk and in solution. The polymer matrix also dictates 

shelf life stability and is responsible for enhancing bioavailability.34 Hydroxypropyl methyl 

cellulose acetate succinate (HPMCAS) is one of the top performing excipients on the 

market for increasing the solubility of crystalline hydrophobic drugs in aqueous solution.35-

38 The superior performance of HPMCAS in ASDs is attributed to its multifunctional 

molecular structure. HPMCAS is a cellulosic ether of mixed esters. It contains two esters, 

acetate (Ac) and succinate (Su), and two ethers, methoxy (MeO) and hydroxypropoxy 

(HPO). It is believed that HPMCAS tends to form nanoaggregates during the dissolution 

process, which are hypothesized to aid in the supersaturation maintenance of the drug.37,39 

Friesen and coworkers believe that hydrophobic drug molecules interact with the 

hydrophobic portions (acetate) of the polymer, inducing the formation of nanoaggregates. 

The hydrophilic portions (unreacted hydroxyls) are then likely exposed on the surface, 

yielding a pseudo micelle-like structure and allowing the aggregates to remain stable in 
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aqueous media.35 However, it is difficult to understand the role of each functional group of 

HPMCAS due to the excipient’s extremely complicated structure.  

 

 

 

 

 

 

 

Figure 1.435-38 Structure of HPMCAS and example graph of the dissolution profiles of 

solid dispersions. 

1.3 Methods to prepare amorphous solid dispersions 

Numerous reports have been published in the literature on preparation methods for 

solid dispersions. However, three methods have been primarily used  to obtain solid 

dispersions that can enhance bioavailability of poorly water-soluble drugs. 34-36 

1.3.1 Fusion Method 

The fusion method for preparing solid dispersions is based on the melting of a 

physical mixture at its eutectic composition. The eutectic composition is chosen to obtain 

simultaneous crystallization of drug and matrix during cooling. This was the first method 

ever to be used for preparing solid dispersions for pharmaceutical applications. The first 

dispersion consisted of sulfathiazole in a urea matrix.33 The drug may be molecularly 

dissolved in the solid excipient matrix (solid solution), or dispersed as crystalline or 

amorphous particles (solid dispersion). If dissolved, the API could, in principle, be miscible 

with the excipient over the entire composition range. However, in practice the API and 

excipients are miscible over a limited range, as illustrated by the phase diagram in Figure 
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1.5. The eutectic composition has the lowest melting point, called the eutectic temperature, 

and the eutectic point is at the intersection of the eutectic composition and the eutectic 

temperature in the phase diagram. Examples of polymers used as excipients include 

poly(ethylene glycol) (PEG) and poly(vinyl pyrrolidone) (PVP). The experimental 

technique employed and the type of solid dispersion formed depends on the excipient and 

drug. For example, polyethylene glycols melt at 70 C and are hydrophilic polymers; in 

this case, the drug amalgamates as individual molecules in the helices of crystalline PEG. 

On the other hand, PVP that is supplied in the amorphous state needs to be heated above 

its glass transition temperature (Tg). The drug needs to be fused or dissolved in the rubbery 

matrix, which is subsequently cooled to vitrify the solid dispersion. The nature of the drug 

dispersion depends on the polymer-drug miscibility and the method of preparation.  

The fusion method, although popular, has its share of drawbacks. The most obvious 

disadvantage is the use of temperature-sensitive drugs. For example PVP needs to be 

heated to 170 C in order to convert a glassy PVP into rubbery PVP. Most of the drugs are 

degradable at this temperature. Therefore, polyethylene glycols are popular as they melt at 

a moderate 70 C. The second major disadvantage is that the method can only be applied 

if the drug and matrix mix well at the heating temperature. If the drug and polymer are 

immiscible, this leads to the formation of a biphasic system or suspension, which ultimately 

results in an inhomogeneous solid dispersion. This issue can sometimes be addressed by 

the use of a surfactant. Similarly, the problem of immiscibility can also arise during the 

cooling cycle.  
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Figure 1.5 Phase diagram illustrating the eutectic composition, point, and temperature of 

a binary mixture. 

 

1.3.2 Hot Melt Extrusion (HME) 

HME is the most extensively used process in the plastic, rubber, and food 

industries. This method is used to prepare plastic bags, foams, and pipes. Recently, HME 

has been applied to the formulation of active pharmaceutical ingredients (APIs) with 

polymers to enhance API bioavailability. Typically, HME consist of an extruder containing 

one or two rotating screws which conveys material (mix of polymer and API) down the 

extruder. Single screw extruders are usually used to melt and transport polymers into 

continuous shapes. Twin screw extrusion technology is widely used to create melt-mix of 

polymers with additional materials such as APIs. Therefore, twin screw extrusion 

technology is largely utilized in the pharmaceutical industry which demands uniformly 

distributed APIs in polymers to improve the dissolution rate. The material is melted using 

X

(100%)

Y

(100%)Concentration of Y in X

T
e
m

p
e
r
a
tu

r
e

Solid X  + Solid Y 

--
-

-
-

-
-

-
--

-

Eutectic composition

Eutectic point

T
e
m

p
e
r
a
tu

r
e

Eutectic  

Temperature

Solid X + Liquid Solid  Y + Liquid



Chapter 1. Background  11 
 

 

frictional heating (rotation between the twin screws and between the screws and wall) in 

the extruder as the material is conveyed down the barrel. This leads to homogenous mixing 

of APIs with polymer. Several examples of FDA-approved products developed using the 

HME process are shown in Table 1.2. 33, 34 

Table 1.2 Examples of FDA-approved products developed using the HME process. 

Product Name API Polymer Matrix Year of approval 

Kaletra Ritonavir PVPVA 2005 

Onmel Itraconazole HPMC 2010 

 

1.3.3 Spray drying 

Spray drying is the widely accepted process to prepare spray dried dispersions 

(SDDs) from a feed solution in the food and pharmaceutical industries. The feed solution 

can be a liquid slurry, solutions, suspensions, or emulsions. Spray drying has gained 

considerable attention in research and development due to its ability to make a consistent 

particle size distribution and morphology in a one step process. Ideal spray dried 

dispersions in the pharmaceutical industry are mixtures of drug molecularly dispersed in 

polymer matrix. The first step of this process involves dissolving drug and polymer in an 

organic solvent and spray drying this solution using a spray dryer. This technique is based 

on the principle of rapid evaporation of solvents from small droplets, permitting inadequate 

time for crystallization or phase separation. The drug molecules are kinetically trapped in 

the polymer matrix, which results in long term stability of SDDs. 

A conventional laboratory-scale mini spray dryer is typically composed of the following 

key components (see Figure 1.6): 

1. Feed system – Syringe Pump  
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2. Hot air or gas inlet – Nitrogen or air is used as a heating source 

3. Atomizer or spray nozzle – Pressure spray nozzle 

4. Drying Chamber – Cylindrical in shape 

During the spray drying process, the feed solution is pumped into the spray nozzle 

using the feed system. The atomizer or spray nozzle then atomizes liquid feed solution into 

a spray of fine droplets in a drying chamber, which is provided with hot air or a heated gas 

stream. The purpose of the atomizer is to create a high surface area for faster evaporation 

rates and to produce particles with a consistent size distribution. The smaller droplets create 

large surface area, which is better for thermal efficiency of the spray dryer. The drying 

chamber is generally cylindrical in shape. In the drying chamber, a huge amount of heat 

and mass transfer takes place within a short period of time. The small droplets are exposed 

to the hot air/gas stream for a very short period of time, the solvents are evaporated, and 

the cooled particles are collected from the bottom of the drying chamber.  

 

Spray Dried Particles- - - - - -

N2 Heated Feed Solution

Atomizer or Spray Nozzle

Drying Chamber

Solvent Vapors
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Figure 1.6 Cartoon of laboratory scale mini spray drying system. 

Table 1.3 FDA-approved medicines prepared using the spray drying method.34 

Product Name API Polymer Matrix Year of approval 

Sporanox Itraconazole HPMC 1992 

Intelence Etravirine HPMC 2008 

Incivek Telaprevir HPMCAS 2011 

Kalydeco Ivacaftor HPMCAS 2012 

 

Spray drying equipment is available in different scales starting from the lab scale 

(mg) to commercial scale (metric tons of SDDs). The milligrams scale mini spray dryer is 

ideal for early stage testing of SDDs as it requires a lower amount of drug and polymer. 

Additionally, spray drying is ideal for heat-sensitive active pharmaceutical ingredient 

(APIs) due to its relatively short exposure time to high heat during the manufacturing of 

amorphous solid dispersions. Most of the APIs are soluble in volatile organic solvents; 

therefore spray drying is more applicable for broader chemical space. 
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2 CHAPTER TWO 

 

Trehalose-functionalized block copolymers form serum-stable 

micelles 

 

 

Adapted from:  

 Tale S. R.; Yin L.; Theresa T.M., Trehalose-functionalized block copolymers form 

serum-stable micelles, Polym. Chem. 2014, 5, 5160-5167. 

 

This work was a joint venture by this author who is responsible for synthesis and 

characterization of TMS-MAT, Trehalose-functionalized block copolymers, formation of 

micelles, characterization and data analysis of micelles by DLS.  Ligeng Yin synthesized 

PEP-CTA as a hydrophobic component of the block copolymer systems and responsible 

for cryo-TEM images.   
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2.1 Introduction 

Amphiphilic block copolymers are known to assemble into micelles that are of high 

interest for actives delivery applications. For example, micellar systems aid in improving 

the aqueous solubility of hydrophobic drugs via encapsulation within the micelle core.1 For 

systemic delivery, the payload must be transported intact to the target site. For tumors, one 

method is via passive targeting known as the enhanced permeability and retention (EPR) 

effect.2,3 While in circulation, polymer-based micelle carriers encounter numerous 

biological barriers. Therefore, in vivo delivery systems should possess hydrophilic regions 

that shield their payload from non-specific interactions with serum proteins, aggregation, 

and clearance by the reticuloendothelial system (RES) to increase circulation lifetime.4 

Polymeric micelles can also lose their payload upon dilution.  Biologically, premature 

release and aggregation can provoke severe side effects, including an acute immunological 

response,5 signifying the need to examine the stability and aggregation behavior of micelles 

in vitro.6  

Polyethylene glycol (PEG) is a widely studied polymer for the design of non-

immunogenic carriers. A PEG hydrophilic shell has been shown to prevent aggregation 

and RES clearance of micelle-based carriers.7 PEGylated nanoparticles exhibit a drastic 

increase in blood circulation time, higher stability of formulation upon storage, and reduced 

renal filtration.8  
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In addition, the chemical modification of PEG is generally straightforward due to its 

versatile solubility in both aqueous and organic solvents. Considering these advantages, 

PEG does not have a well-characterized biodegradation pathway and in some cases, has 

been shown to cause hypersensitive reactions upon oral, dermal, and intravenous 

administration.9 For these reasons, other polymers that stabilize colloidal particles from 

aggregation with other added benefits such as targeting are of potential interest to the 

biomaterials community. In one approach, Mancini, et al. demonstrated that trehalose 

glycopolymers, when covalently attached to proteins, helped retain protein activity and 

significantly increased stability following lyophilization.10 Our lab has also examined 

trehalose polymers for nucleic acid delivery; Sizovs, et al. demonstrated that cationic 

polytrehalose block copolymers assemble with siRNA in a core (cationic block + siRNA) 

shell (polytrehalose) structure, which aided colloidal stability and allowed the resulting 

polyplexes to internalize into glioblastoma cells.11 Carbohydrates also have the added 

benefit of offering receptor recognition. For example, K. Yasugi, et al. formulated 

polymeric micelles with a glucose or galactose residue on their surface offering a sugar-

bearing poly(ethylene glycol)-poly(D,L-lactide) [PEG-PLA] block copolymer. In that 

study, the galactose-bearing PEG−PLA micelles were shown to selectively attach to the 

RCA-1 lectin, which is known to recognize D-galactose residues.12 These and related 

strategies may help researchers develop intelligent micelles for receptor-mediated 

endocytosis, while maintaining hydrophilic shells to prevent aggregation. Thus, there 

exists a need to investigate synthetic approaches to install carbohydrates as hydrophilic 

components in assembled nanosystems such as polymeric micelles.  
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Herein, we explore a terpolymer design containing polymerized trehalose moieties 

within the hydrophilic shell for constructing polymeric micelles that are soluble and 

colloidally stable in aqueous salt and serum conditions.13 Trehalose is a 1,1- α,α- linked 

disaccharide of two glucopyranose units and has interesting properties to be exploited for 

this purpose. This disaccharide offers a higher glass-transition temperature than other 

related disaccharides,14 which allows freeze-drying of biological macromolecules for 

preservation.15 Trehalose is currently utilized in food preservation,16 is not harmful when 

present in high concentrations in serum,17 and has useful properties as an excipient and for 

cryopreservation for cells and organs.18 Crow and Clegg showed that high concentrations 

of polyhydroxyl carbohydrates (sucrose, trehalose) in cells prevents organism 

dehydration.19-21 

The first report describing trehalose-based polymers was published in 1979, where 

Kurita et al. synthesized trehalose-based polyurethanes using step polymerization. By 

condensing the two primary hydroxyl groups on trehalose with diisocyanate monomers, 

carbohydrate-based linear polyurethanes were formed (it was mentioned that with this 

polymerization method, there was the possibility of chain branching).22 In 1994, the same 

group established an efficient procedure to synthesize diamino-trehalose, which was 

converted to a diisothiocyanate to afford polyureas with high aqueous solubility and 

biodegradability.23 In 2002 and 2004, Teramoto et al. reported the synthesis of a trehalose-

based polyacetal using an acid catalyst for use as a thermoplastic.24,25 The step-growth 

synthesis of trehalose-based polymers has also been reported by our group using Huisgen 

(3+2) cycloaddition (click reaction); a 6,6’-diazido-6-6’-dideoxy trehalose monomer was 
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created and reacted with dialkyne-oligoamine compounds to yield a series of polymers that 

were examined for plasmid DNA delivery to cells.26,27  

Herein, we report the synthesis of a trimethylsilyl (TMS)-protected trehalose 

monomer, 6-deoxy-6-methacrylamido-2,3,4,2’,3’,4’,6’-hepta-O-trimethylsilyl trehalose 

(TMS-MAT), for creation of amphiphilic block copolymers via RAFT polymerization. A 

family of polytrehalose (PT)-functionalized diblock terpolymers composed of three 

different units have been synthesized to create a diblock structure with distinct solubility 

profiles. An aliphatic hydrocarbon chain, poly(ethylene-alt-propylene) (PEP), has been 

incorporated as the hydrophobic fragment and a polytrehalose-functionalized gradient 

block copolymerized with dimethyl acrylamide (DMA) was combined in the hydrophilic 

unit in the amphiphilic structure.  DMA has demonstrated a wide range of solubility from 

aqueous to organic solvents,28 and in the current system it serves to decrease the difference 

in polarity of the PEP and PT blocks.  PEP (Tg= -65 oC) has served as a hydrophobic block 

to promote micelle core formation in macromolecular carriers.29 In addition to providing a 

hydrophilic shell with possible stealth-like properties,17 the polytrehalose-DMA block was 

added to increase the overall glass transition temperature of the synthesized diblock 

terpolymers. A control system lacking trehalose was also synthesized through 

copolymerization of a PEP macromolecular chain transfer agent (created through anionic 

polymerization) with DMA in a diblock fashion.29 The PEP chain transfer agent was then 

used to generate a family of PT diblock terpolymers through RAFT polymerization with 

both DMA and TMS-MAT. The composition of TMS-MAT was varied from 0.05 to 0.14 

mole fraction in the hydrophilic block of the diblock terpolymers. Reactivity ratio studies 

between DMA and TMS-MAT suggested that the hydrophilic block was a gradient 
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copolymer.30,31 Micellar dispersions of the PT diblock terpolymers in water were prepared 

using both nanoprecipitation and direct dissolution techniques.  The resulting 

nanostructures were characterized for size and stability with dynamic light scattering 

(DLS) and cryo-transmission electron microscopy (Cryo-TEM). The micelle structures 

were  shown to remain stable from aggregation in a variety of media types.32  

2.2 Results and Discussion 

2.2.1 Synthesis of 6-deoxy-6-methacrylamido-2,3,4,2´,3´,4´,6´-hepta-O-trimethylsilyl 

trehalose (TMS-MAT) (7)  

The synthesis of TMS-MAT (7) was achieved in six steps according to a previously 

published procedure.11 The first step involved breaking the C2 symmetry of trehalose (1), 

which was accomplished by reacting anhydrous trehalose with iodine in the presence of 

triphenylphosphine in dry dimethyl formamide (DMF) at 80 °C. The crude product was 

taken to the next step without further purification and reacted with acetic anhydride in the 

presence of pyridine to yield a mixture of three products; acetylated mono-iodo trehalose, 

acetylated di-iodo trehalose, and acetylated trehalose. This mixture of products was 

purified using silica column chromatography to yield acetylated mono-iodo trehalose 

(2).26,33,34 The second step involved the reaction of (2) with sodium azide in an SN2 fashion 

in DMF at 80 oC for 4 hours to yield acetylated mono-azido trehalose (3), which was 

purified by recrystallization. Deprotection of the acetyl groups was achieved with sodium 

methoxide in methanol yielding (4). Hydrogenation with palladium on carbon reduced the 

azide to the primary amine (5).34 Subsequent protection of the hydroxyls with trimethylsilyl 

(TMS) groups provided the TMS-protected aminotrehalose derivative (6). In the final step, 
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6 was reacted with methacryloyl chloride in DMF/dichloromethane (DCM) to yield the 

methacrylamide trehalose monomer (7) confirmed by 1H NMR (see Figure 2.8). 

Scheme 2.1 Synthesis of 6-deoxy-6-methacrylamido-2,3,4,2´,3´,4´,6´-hepta-O-

trimethylsilyl trehalose (TMS-MAT) (7) 

 

 

 

 

 

Reagents, conditions, and yields: a) I2, PPh3, 80 oC, 4 h, b) Ac2O, pyridine, r.t., 12 h, 20%, 

c) NaN3, DMF, 80 oC, 4 h, 82%, d) MeONa, MeOH, r.t., 3 h,  e) H2, Pd(C), MeOH, r.t., 20 

h, 70 %, f) TMSCl, pyridine, r.t., 15 h, 90%, g) methacryloyl chloride, DMF, CH2Cl2, Et3N, 

r.t., 4 h, quantitative. 

2.2.2 Reactivity Ratios of DMA and TMS-MAT by Non-linear Fitting 

The reactivity ratios for the copolymerization of DMA and TMS-MAT were 

studied in toluene at 70 oC using AIBN as the initiator by free radical polymerization 

(Scheme 2.2). We varied the monomer feed (mole fraction) of TMS-MAT (monomer 1) 

from 0.11 to 0.91 and ran seven experimental runs to calculate the reactivity ratios of 

copolymerization. The conversions of each monomer were kept less than 20 percent, in 

order to maintain the monomer feed composition during polymerization. These results are 

tabulated in Table 2.4. 

Scheme 2.2 Reactivity ratios of TMS-MAT (monomer 1) and DMA (monomer 2) were 

determined by varying the feed ratio of each monomer in free radical polymerizations. x & 

1-x are mole fraction of TMS-MAT and DMA respectively. 
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Conditions: AIBN : monomer =500-1000 : 1 mole fraction, total conc. = 0.5 M, the 

conversion was kept below 15 mole %, temp = 70 C. 

We used a non-linear fitting model to analyze the reactivity ratios for 

copolymerization of TMS-MAT and DMA. Using the equation F1 = (r
1 
f
1

2
 + f

1
 f
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) / (r
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2
 + 

2 f
1
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 r
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f
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2
 ), the data in Table 2.4 was fit and calculated to be r

1 
= 0.09 ± 0.01 and r

2 
= 

1.6 ± 0.1. Figure 2.1 shows the non-linear fit used to determine the reactivity ratios.30,35 

Figure 2.1 The non-linear fitting model used to determine the reactivity ratios for the 

copolymerization of TMS-MAT (monomer 1) and DMA (monomer 2). Seven 

experimental runs were carried out in toluene at 70 oC using AIBN as the initiator. (Table 

2.4) 

The reactivity ratio data (i.e. r
1 
= 0.09) indicates that homopolymerization of TMS-

MAT is exceedingly slow. We attribute this fact to the bulky TMS groups that are used to 

protect the trehalose monomer, whereby the propagating radical site is sterically hindered. 

The reactivity ratio (r
1
r
2
 = 0.15) indicates that TMS-MAT and DMA can be effectively 
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copolymerized. However, there will be a gradual change in one monomer composition over 

the other. Thus, it can be concluded that the trehalose blocks are likely gradient 

copolymers. As polymerization proceeds, the DMA feed composition decreases due to the 

greater r
2
. Therefore, the TMS-MAT monomer will be added towards the end of the 

hydrophilic block of each of the diblock terpolymers. 

2.2.3 Synthesis of Poly (ethylene-alt-propylene)−poly[(N,N-dimethylacrylamide)-

grad-poly(6-deoxy-6-methacrylamido trehalose)] (PEP-poly(DMA-grad-MAT) 

 

Scheme 2.3 Synthesis of PT diblock terpolymers. 

 

Reagents and conditions: a) AIBN, toluene, 70 oC, b) HCl in methanol, r.t., 5 min., c) n-

butyl amine, TCEP, THF/methanol, 25 oC, 24 h., d) methyl acrylate, r.t., 24 h.   

The macromolecular chain transfer agent, PEP-CTA, was synthesized as reported 

in the literature.29,32 The number-average molar mass (Mn) of the PEP-CTA was 3.6 kg 

mol−1 (by end-group analysis using 1H NMR spectroscopy), and the dispersity (Ɖ) was 
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1.05 (by SEC, relative to PS standards).36 Three PT diblock terpolymers were prepared by 

copolymerizing DMA and TMS-MAT in toluene at 70 oC using AIBN as an initiator. 

Characterization details (Mn and Ð) of the PT diblock terpolymers are provided in Table 

2.1. SEC chromatograms of the PEP-CTA, PEP-DMA, and PT (3.6-24.5-0.11) polymers 

(Figure 2.10) revealed monomodal elution curves. As previously discussed, the reactivity 

ratios of TMS-MAT (monomer 1) and DMA (monomer 2) were found to be r1= 0.09 and 

r2 = 1.59 by free radical polymerization using the nonlinear as well as the linear Fineman 

and Ross fitting model (Table 2.5, Table 2.6, Figure 2.7). Based on these ratios, we believe 

the TMS-MAT blocks are gradient in nature. The obtained reactivity ratio data was 

compared with the DMA and TMS-MAG pair, and found to be similar to the published 

results by Yin et al. for the DMA and TMS-glucose monomer pair.32 TMS deprotection 

was achieved using HCl in methanol to yield amphiphilic diblock terpolymers. Finally, the 

trithiocarbonate RAFT fragment was removed by aminolysis and complete removal was 

supported by UV-Vis spectroscopy (Figure 2.11). The glass transition temperature of the 

amphiphilic polymers and the observed increase in glass transition temperature with 

increasing content of MAT was determined using DSC (Figure 2.12). 
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Table 2.1 Experimental details of RAFT copolymerizations with DMA and TMS-MAT to 

obtain PD and PT diblock terpolymers with different compositions. The molecular weight 

of the PEP-CTA was 3.6 kg/mol in all cases (mass includes the C12H25 RAFT fragment). 

 

aThe first value in parentheses indicates the number average molecular weight of PEP in 

kg/mole (hydrophobic component of diblock terpolymers) and the second value indicates 

the number average molecular weight of the PDMA or PDMA and PMAT block in kg/mole 

(hydrophilic components of diblock terpolymers). The third value indicates the mole 

fractions of MAT (trehalose) repeat units in the hydrophilic block of the terpolymers. 

bInitial composition of AIBN (initiator), PEP-CTA, and monomers in the feed. cConversion 

of DMA and TMS-MAT as monitored by 1H NMR spectroscopy. dNumber average 

molecular weight of the diblock terpolymers after deprotection of TMS groups. 
ePolydispersity of diblock terpolymers before the removal of the trimethylsilyl protecting 

groups. 

2.2.4 Formation of PT Terpolymer Micelles in Water 

As reported in Table 2.1, four amphiphilic polymers were synthesized for this 

study: PD (3.6 – 23.5), PT (3.6 – 21.5 - 0.05), PT (3.6 – 24.5 – 0.11), and PT (3.6 – 26.4 – 

0.14). The hydrophobic block (Tg = -65oC) in the terpolymer was kept small (3.2 kg/mol) 

to avoid complication from nonergodicity effects.37,38 Micellar dispersions of PT 

terpolymers were prepared by using both nanoprecipitation and direct dissolution 

methods.32 Nanoprecipitation was used in conjugation with dialysis against water to form 

micelles from PD (3.6 – 23.5), PT (3.6 – 21.5 - 0.05), and PT (3.6 – 24.5 – 0.11). PD (3.6 

– 23.5) was readily soluble in THF, but we found a binary mixture of THF:methanol (15:2 

v/v) to be the most suitable solvent for dissolving the synthesized terpolymers containing 

Samplea  

[AIBN] : [PEP-

CTA]: 

[DMA] : [TMS-

TMAT]b 

[M0

] 

Time 

(hr) 

Conv. of  

DMAc 

Conv. 

of  

TMS- 

MATc 

Mn 

kg/ 

mole
d 

Ðe 

        
PD (3.6 -23.5) 0.05 : 1 : 199 : 0 4.5 4.3 99.5% 0 23.5 1.13 

PT 

(3.6 -21.1-0.05) 0.05 : 1: 174.8 : 9.2  1.67 6 92% 92% 24.7 1.19 

PT 

(3.6 -24.5-0.11) 0.05 : 1: 179.1 : 18.3 1.68 10 99.5% 91.5% 28.1 1.23 

PT 

(3.6 -26.4-0.14) 
0.05 : 1 : 158.1 : 

26.1 
1.7 10 93% 87% 30.0 1.28 
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polytrehalose (PMAT).32 Due to the large difference in polarity of the two blocks, we were 

unable to find a solvent system that dissolved PT (3.6 – 26.4 – 0.14), which had the highest 

PMAT content. Direct dissolution was employed to make micellar dispersions (by heating 

each sample to 60 oC for two weeks) with PT (3.6 – 21.5 - 0.05), PT (3.6 – 24.5 – 0.11), 

and PT (3.6 – 26.4 – 0.14).  

Figure 2.2 a) Image of micellar dispersions (1 wt percent) prepared by nanoprecipitation 

(NP) in water.  Vial labels are as follows:  A1: PD ((3.6 – 23.5), A2: PT (3.6 – 21.5 - 0.05), 

A3: PT (3.6 – 24.5 – 0.11).   b) Image of micellar dispersions (1 wt percent) prepared by 

direct dissolution (DD) in water. Vial labels are as follows:  B1: PT (3.6 – 21.5 – 0.05), 

B2: PT (3.6- 24.5 – 0.11), B3: PT (3.6 – 26.4 – 0.14). 

Visual analysis of the samples showed that the micellar dispersions prepared by 

nanoprecipitation (NP) were clear and transparent with no signs of micellar aggregation. 

We attempted to find a solvent system that could dissolve PT (3.6 – 26.4 – 0.14) by trying 

different solvent systems of THF with methanol, DMF, and DMSO. However, no solvent 

combination successfully dissolved the polymer due to the extreme differences in polarity 

between the hydrophilic and hydrophobic blocks. Direct dissolution (DD) was used to 

create micellar dispersions from all of the PT terpolymers to compare the size of the 

nanoparticles formed by each technique. The micellar dispersions formed by DD were 

white and cloudy indicating the presence of large aggregates. Micellar dispersions prepared 

by both techniques were first analyzed by DLS to obtain information about the average 
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particle size and distribution in aqueous medium. Micelles formed by NP exhibited 

hydrodynamic radii of ca. 14 nm, with narrow dispersity in the cases of PD (3.6-23.5), PT 

(3.6-21.5-0.05), and PT (3.6-24.5-0.11). Large aggregates were absent according to REPES 

analysis (Figure 2.3A). The obtained results were verified with the correlation function 

using the cumulant expansion (Figure 2.13, Figure 2.14, Figure 2.15). These results are 

tabulated in Table 2.2 and Figure 2.3A. Micelles formed by DD showed the presence of 

large aggregates in the case of the three PT formulations: (3.6-21.5-0.05), (3.6-24.5-0.11), 

and (3.6-26.4-0.14) by REPES analysis (Table 2.2, Figure 2.3B). A double exponential 

correlation function was used to verify the data, which was consistent with our previous   

result (Figure 2.16, Figure 2.17, Figure 2.18). Bimodal hydrodynamic radii (Rh) of 12/52 

and 21/129 nm were observed for the micellar dispersions prepared from PT (3.6-21.5-

0.05) and PT (3.6-24.5-0.11) by DD, respectively. When the same diblock terpolymers 

were used to form micellar dispersions via the NP method, hydrodynamic radii ca. 15nm 

were found to be prevalent for each sample with a narrow dispersity. 
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Figure 2.3 DLS characterization of the micellar dispersions (1 wt percent) formed by A) 

NP and B) DD by REPES analysis. The scattering angle was 90o. Peak positions are shown 

in Table 2.2. 
 

Table 2.2 DLS characterization of micellar dispersions formed by the terpolymers in 

water. 

Sample                 Conc.        Method  Rh1 (nm) Rh2 (nm) 

 

 

PD(3.6-23.5)a              1wt%             NP         14.7±0.2 

 

PT(3.6-21.1-0.05)a  1wt%  NP 14.4±0.4 

 

PT(3.6-24.5-0.11)a  1wt%  NP 14.3 ±0.2 

 

PT(3.6-21.1-0.05)b  1wt%  DD 13.6 ±0.3 55± 1.3 

 

PT(3.6-24.5-0.11)b  1wt%  DD 21.3±0.7  130± 3.7 

 

PT(3.6-26.4-0.14)b  1wt%  DD 16.7±0.4  174 ± 7.2 
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aA cumulant expansion function was used to determine the hydrodynamic radii by fitting 

the data into the correlation function. A linear regression of Γ vs. q2 was performed over 5 

angles between 60o to 120o in increments of 15o (for further information see Figure 2.13, 

Figure 2.14, Figure 2.15). bA double exponential function was used to determine the 

hydrodynamic radii by fitting the data into the correlation function. Linear regression of Γ 

vs. q2 was performed over 5 angles between 60o to 120o in increment of 15o (for further 

information see Figure 2.16, Figure 2.17, Figure 2.18). 

 

The Tg of each synthesized PT terpolymer was also determined. Figure 2.12 reveals 

that as more trehalose content is introduced into the hydrophilic blocks, the Tg increases.  

Nanoprecipitation followed by dialysis was found to be the preferred technique for these 

high Tg polymers to form nanostructures in solution (direct dissolution technique resulted 

in larger aggregates).39-41 

Cryo-TEM was used to image the micelles. Figure 2.4 shows micrographs of the 

dispersions of PT (3.6-21.5-0.05) and PT (3.6-24.5-0.11) micelles in water, and both 

samples were shown to be spherical micelles with narrow dispersity in particle size. The 

micelle cores were shown as the dark circles in the images and their radii were determined 

to be 8 ± 1 nm in both cases. The existence of micelle coronae were revealed by grey halos 

around the dark cores as highlighted by black arrows in Figure 2.4B. Similar to our 

previous results with glucose-functionalized micelles,32 the electron-rich trehalose 

moieties greatly enhanced the contrast of micelle coronae and made them visible even in a 

water-swollen state. For example, the electron density of micelle coronae was calculated 

to be 412 e nm−3 in PT (3.6-24.5-0.11) micelles and 427 e nm−3 in PT (3.6-24.5-0.11) 

micelles, compared to 397 e nm−3 in PEP-PDMA ones and 314 e nm−3 of amorphous ice.42   
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                 a) PT (3.6-21.1-0.05)                                      b) PT (3.6-24.5-0.11) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Cryo-TEM images of a 1 wt % aqueous micelle dispersion formed by NP from 

polymers: a) PT (3.6-21.1-0.05) and b) PT (3.6-24.5-0.11). Arrows indicate the shell 

structure around the dark core (presence of grey halos around the micelles due to the 

electron dense MAT moieties). Images were recorded on a FEI Tecnai G2 Spirit BioTWIN 

transmission electron microscope (TEM) at -178 °C, and an accelerating voltage of 120 kV 

was applied onto a LaB6 emitter. No external staining was used for TEM samples. 

2.2.5 Stability of Micelles in Biological Media 

The stability of polymeric nanocarriers in biological media is critical to their use in 

biological applications such as drug delivery. Therefore, to gain more insight into micelle 

stability in biologically-relevant environments, the polytrehalose-functionalized micelles 

were examined by nanoprecipitation in four different biological media types (PBS, serum-

free Opti-MEM, DMEM containing 10% fetal bovine serum (FBS), and 100% FBS). The 

stability of the PT (3.6-21.5-0.05) micelle dispersions in PBS and Opti-MEM were first 

examined by diluting the micellar dispersion 1:5 (v/v) with media. The micellar stability 

from aggregation was then observed using DLS over a period of 14 hours.  
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As previously mentioned, REPES analysis of the micelles formed in water by NP 

revealed monodisperse dispersions with radii of approximately 15 nm, while the DD 

technique revealed micelle aggregation (Figure 2.3). Micelles were subsequently formed 

via NP in water, diluted with different biological media, and observed over time via DLS. 

Figure 2.5 shows the REPES distribution curves of PT (3.6-21.5-0.05) micelles at 0 and 14 

hours after dilution. The micelles were found to be stable in PBS and Opti-MEM solutions 

over the 14 hour time period where only a slight size increase was noted (3 nm) upon 

micelle dilution in PBS when compared to the water solutions. A cumulant expansion 

function was used to verify the observed data (water, PBS and Opti-MEM), which 

determined that the hydrodynamic radii do not generally change (and a monomodal 

distribution was observed).  However, when the micellar dispersion was diluted in either 

DMEM containing 10% FBS or 100% FBS, a bimodal size distribution was noticed in the 

REPES analysis, as shown in Figure 2.5. Yin et al. previously found that micelles 

containing glucose that are diluted in media containing serum also produce a bimodal 

distribution when analyzed using DLS.32 That study also showed that micelles created from 

PDMA-PEP block copolymers also formed stable structures in biological media.32 REPES 

analysis showed that the micelle peak overlapped with the FBS protein peaks (Figure 2.5). 

A double exponential analysis was performed to obtain the hydrodynamic radii as reported 

in Table 2.3. No other peaks evolved in the DLS over the period of 14 hours (at higher 

sizes) nor did the peaks shift to higher sizes, which signifies that the micelles are very 

stable in serum-containing media and do not aggregate with serum proteins. Overall, the 

DLS results revealed that micelles formed by NP with the PT block copolymers show 

excellent stability in all of the biological media including 100% serum for up to 14 hours.   
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Figure 2.5 REPES distribution curves of PT (3.6-21.5-0.05) micelles formed by NP in 

water and subsequently diluted in the indicated biological media. Data were taken at time 

points of 0 and 14 hours following dilution. The scattering angle for the analysis was 90o.  
 

  

Figure 2.6 REPES distribution curves of PT (3.6-24.5-0.11) micelles formed by NP in 

water and subsequently diluted in the indicated biological media. Data were taken at time 

points of 0 and 14 hours following dilution. The scattering angle for the analysis was 90o.  

Table 2.3 Hydrodynamic radii and dispersities for PT micelles calculated after 

performing cumulant or double exponential expansion functions. 

1 10 100 1000

 

R
h
 (nm)

Water

 

PBS

 

Opti-MEM

 

DMEM+10% FBS

 

 

FBS

At 0 hr

1 10 100 1000

 

R
h
 (nm)

Water

 

PBS

 

Opti-MEM

 

DMEM+10% FBS

 

 

FBS

At 0 hr

1 10 100 1000

 

R
h
 (nm)

Water

 

PBS

At 14 hrs

 

Opti-MEM

 
DMEM+10% FBS

 

 

FBS



Chapter 2. Trehalose containing Polymeric Micelles 34 
 

 

Samples 
Time 

(hr) 
Waterb PBSb 

Opti-

MEMb 

DMEM+10% 

FBSc 

100% 

FBSc 

PT(3.6-

21.1-0.05) 

0 
16.3 ± 0.1 

(0.141)d 

19.4 ± 0.1 

(0.082)d 

16.6 ± 0.7 

(0.134)d 

17.9 ± 0.3 

4 ± 0.2 

23.3 ± 0.2 

4.1 ± 0.1 

14 
15.9 ± 0.1 

(0.152)d 

17.9 ± 0.1  

(0.072)d 

16.2 ± 0.1  

(0.145)d 

17.7 ± 0.2 

4 ± 0.2 

21.7 ± 0.1 

3.8 ± 0.1 

PT(3.6-

24.5-0.11) 

0 
19.5 ± 0.1  

(0.136)d 

22 ± 0.1 

(0.068)d 

21.2 ± 0.1 

(0.147)d 

24.2 ± 0.2 

4.8 ± 0.1 

23.7 ± 0.3 

4.1 ± 0.1 

14 
18.5 ± 0.1 

(0.124)d 

24.1 ± 0.1 

(0.082)d 

20.7 ± 0.1 

(0.101)d 

24.8 ± 0.1 

5.2 ± 0.2 

23.9 ± 0.1 

5.7 ± 0.8 

aDispersions (1 wt%) of two samples prepared by NP in water. bHydrodynamic radii were 

calculated using a cumulant expansion function. cHydrodynamic radius was calculated 

using a double exponential function. dµ/Γ2 values at 90o scattering angle. The scattering 

angle was 90o for the reported Rh. Literature reported values for viscosity and refractive 

index for the calculation of Rh (in respective medium) were used.32  
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2.3 Conclusions 

In summary, we have synthesized well-defined architectures of trehalose-

functionalized, amphiphilic diblock terpolymers using a combination of RAFT and anionic 

polymerizations. The purpose of introducing trehalose in the polymer was to increase the 

difference in polarity between the hydrophilic and hydrophobic blocks, which leads to self-

assembly of the micelle structures in water. The reactivity ratios determined for the MAT 

and DMA monomers (obtained via free radical polymerization) indicated that the 

hydrophilic blocks are gradient in nature, resulting in a higher DMA content near the PEP 

block and a higher trehalose content near the terpolymer end. The Tg of the PT diblock 

terpolymers increased as the mole percent of trehalose in the polymer backbone increased. 

Micelles were readily formed via NP for samples containing up to 11 mole percent of 

trehalose in the hydrophilic block. DLS and Cryo-TEM characterization data suggested 

that spherical micelles with monomodal hydrodynamic radii ca. 15 nm were observed. 

Micelles were also formed via DD for the sample containing the higher percentage of 

trehalose, PT (3.6-26.4-0.14), as micelles with this polymer were unable to be formed via 

NP. We also employed DD as a micelle formation method to determine the size difference 

between polymeric micelles formed using both techniques. The DD micelle formation 

technique generally revealed the formation of large aggregates. Cryo-TEM images 

revealed that the presence of trehalose was found to increase the shell contrast (grey halos 

around dark micelle cores) due to the electron rich MAT moieties in the diblock 

terpolymers. DLS analysis of the micelles indicated that these structures are stable from 

aggregation when incubated with a variety of salt and serum-containing media, thus 

supporting further optimization of these structures for systemic drug delivery applications.  
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2.4 Experimental Section 

 Materials: All chemicals were purchased from Sigma-Aldrich and used as 

acquired with the exception of: anhydrous D-trehalose (99%, Acros Organics), acetic 

anhydride (99.6%, Fisher), dry pyridine (99.8%, Sigma-Aldrich), sodium chloride (Fisher 

Scientific), silica gel (Sorbent Technologies, porosity: 60Å, size: 40-60µm), 

chlorotrimethylsilane (TMSCl; Fisher Scientific, 98%), triethylamine (TEA; Acros 

Organics, 99.7%), and HCl (1.25M) in methanol (Fluka). All solvents were obtained from 

Fisher Scientific excluding hexanes (Macron Chemical, ACS grade) and used as received 

unless otherwise specified. Tetrahydrofuran (THF, HPLC grade) and N,N-

dimethylformamide (DMF, HPLC grade) were dried using a solvent purification system 

purchased from MBRAUN. N,N-dimethylacrylamide (DMA) and methyl acrylate (MA) 

were purified by passing through basic alumina to remove trace amounts of monoethyl 

ether hydroquinone stabilizer. All polymers were characterized using a Varian Inova 500 

NMR Spectrometer. 

Synthesis of poly(ethyelene-alt-polypropylene)-chain transfer agent (PEP-CTA) 

Synthesis of PEP-OH was achieved by anionic polymerization, following a 

published procedure.29 Next the PEP-CTA was also created by an established procedure.  

Briefly, the carboxy terminated CTA S-1-dodecyl-S’-(α,α’-dimethyl-α”-acetic acid) 

trithiocarbonate was reacted with oxalyl chloride to yield more a reactive acyl chloride 

derivative. The PEP-OH was then dissolved in DCM (dichloromethane) and treated with 

the acyl chloride derivative of the trithiocarbonate CTA yielding the PEP-CTA.  The final 

PEP-CTA structure was purified by precipitation into ice cold and dry methanol five times 

from DCM. 
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Mn =3 .6 kg/mol by 1H NMR in CDCl3 and  Ð = 1.08 (Figure 2.10). 

Reactivity ratio study of DMA and TMS-MAT 

The reactivity ratios of DMA and TMS-MAT were determined by completing a 

free radical polymerization study with both monomers using azobisisobutyronitrile (AIBN) 

as the initiator at 70 C in toluene. The feed composition of DMA (mole fraction) was 

varied from 0.10 to 0.90. The conditions were the same as used for the synthesis of the PT 

diblock terpolymers (described below) with the exception that the total concentration of 

the monomers (DMA and TMS-MAT) was 0.5 M. Solutions (1200 µL of a 0.5 M solution) 

of DMA and TMS-MAT were prepared in deuterated toluene.  

Example: In an NMR tube, 300 µL (1.5 × 10−4 mol) of DMA and 50 µL (2.5 × 10−5 

mol) of TMS-MAT were added. AIBN initiator was then added (3.5 × 10−7 to 1.75 × 10−5 

mol) to the solutions. Nitrogen was bubbled through the solution in the NMR tube using a 

long syringe for 20 min before the NMR tube was placed into the preheated variable 

temperature NMR at 70 C. 1H NMR spectra were recorded at room temperature prior to 

varying the temperature. 1H NMR was recorded at various time points (60 s for the first 15 

min and 600s for next 1 hour). The spectra were analyzed using MestReNova (Version 

6.2.1) to determine the feed ratio and mole fraction of monomers in the copolymers. The 

F1 value, which is the mole fraction of TMS-MAT in copolymer, was calculated based on 

integration of the vinyl protons of TMS-MAT. Linear (Fineman and Ross, Figure 2.7) and 

non-linear least squares (Figure 2.1) fitting of the data was performed to calculate reactivity 

ratios.  
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Table 2.4 Details of the conversion of TMS-MAT and DMA used to determine the 

reactivity ratios for the copolymerization of TMS-MAT and DMA via free radical 

polymerization in toluene at 70 C. 

      Run         f1
a Conv. of 

TMS-MATb 

    Conv. of                     

    DMAb 

       F1
c 

     

1 0.11 7.5 12.5 0.07 

2 0.21 9.5 15.6 0.14 

3 0.33 7.0 18.0 0.17 

4 0.47 8.7 21.0 0.27 

5 0.64 5.4 14.3 0.40 

6 0.79 5.3 20.5 0.49 

7 0.91 1.9 12.0 0.62 

aTMS-MAT mole fraction in the feed as determined by 1H NMR spectroscopy, 
bConversion of each monomer as determined 1H NMR spectroscopy, cMole fraction of 

TMS-MAT in the copolymer calculated from the feed mole fraction of TMS-MAT and the 

conversion. Note: The conversion of each monomer was restricted below 20 mol % to keep 

the instantaneous feed composition consistent during the time course of the polymerization. 

Table 2.5 Analysis of the reactivity ratios by the Fineman-Ross method for TMS-MAT 

(monomer 1) and DMA (monomer 2). The mole fractions of TMS-MAT and DMA, f1 and 

f2 respectively, in the feed were calculated by 1H NMR. F1 and F2 are the mole fractions of 

TMS-MAT and DMA in the copolymer. 

Fineman-Ross 

Run  f1 f2 F1 F2 
     

1 0.111 0.889 0.067 0.933 

2 0.209 0.791 0.138 0.862 

3 0.333 0.667 0.171 0.829 

4 0.467 0.533 0.270 0.730 

5 0.638 0.362 0.400 0.600 

6 0.787 0.213 0.491 0.509 

7 0.909 0.091 0.620 0.380 
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Table 2.6 Calculations for determining the reactivity ratios (r1 and r2) using the Fineman 

and Ross linear fitting model.  

TMS-MAT (Monomer 1) 

 

f12 F12 f2
12/F12 f12(1-F12)/F12 

    

0.12 0.07 0.22 1.62 

0.26 0.16 0.44 1.39 

0.50 0.21 1.21 1.92 

0.88 0.37 2.08 1.49 

1.76 0.67 4.66 0.88 

3.69 0.96 14.2 0.14 

9.99 1.63 61.2 -3.87 

 

Where f12= fTMAT/fDMA (ratio of monomer TMAT to DMA) 

F12 = FTMAT/FDMA (ratio of monomer TMAT to DMA in the copolymer) 

 

Figure 2.7 Linear fitting data using the Fineman-Ross method yielding reactivity ratios 

of TMS-MAT and DMA in free radical polymerization. 

Where, r1 = k11/k12  

  r2 = k22/k21 

k11 = Reaction rate of monomer TMS-MAT with monomer TMS-MAT 

k12 = Reaction rate of monomer TMS-MAT with monomer DMA 

k22 = Reaction rate of monomer DMA with monomer DMA 

k21 = Reaction rate of monomer DMA with monomer TMS-MAT 
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Synthesis of poly(ethyelene-alt-polypropylene)-poly(DMA-grad-MAT) diblock (PT) 

terpolymers 

Synthesis of the PT diblock terpolymers were achieved by copolymerization of 

DMA and TMS-MAT using RAFT polymerization (at 70 C, AIBN initiator) in toluene 

with the PEP-CTA as the macromolecular chain transfer agent (MacroCTA). The feed 

composition for DMA and TMS-MAT is listed in Table 2.1. After polymerization, the 

TMS groups were deprotected in a 1.25 M HCl solution in methanol. A representative 

procedure is described in detail below. 

PT (3.6-24.5-0.11) Example: To a single neck reaction flask charged with 0.3 g of 

PEP-CTA (8.3 × 10−3 mol), AIBN (0.68 mg, 4.41 × 10−6 mol), DMA (that was filtered 

through basic alumina) (1.48 gm, 1.49 × 10−2 mol), and TMS-MAT (1.52 gm, 1.66 × 10−3 

mol) were added along with 8.3 mL of toluene. The reaction mixture was degassed for 45 

min (N2(g)) before placing in an oil bath preheated to 70 C and the mixture was stirred at 

700 rpm for 10 hours. The polymerization was quenched by cooling the mixture to 0 C in 

an ice bath and opening it to air. Conversion by 1H NMR: DMA = 99.5% and TMS-MAT 

= 91.5%, Mn by 1H NMR = 38.1 kg/mol, Ð = 1.23 by SEC (Figure 2.10, chloroform). 

Conversion by 1H NMR for PT (3.6-21.1-0.05): DMA = 92% and TMS-MAT = 92%,  Mn 

by 1H NMR =  29.3 kg/mol, Ð = 1.19 by SEC (Figure 2.10, chloroform).  

Conversion by 1H NMR for PT (3.6-26.4-0.14): DMA = 93% and TMS-MAT = 87%,  Mn 

by 1H NMR = 43.2 kg/mol, Ð = 1.28 by SEC (Figure 2.10, chloroform). 

 Next, the solvent was removed under vacuum and the reaction mixture was 

redissolved in THF (20 mL), which was then sonicated. To this mixture, 0.5 mL of 1.25 

M HCl in methanol was added (mixture turned cloudy) and 3 mL of methanol was added 
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(resulting in a clear solution) to remove the TMS moieties from the trehalose groups. The 

solvent was then removed and the solid was redissolved in THF : MeOH (20:3) and 

precipitated into pentanes (2X) yielding a yellowish powder, 2.3g, 0.082 mmol,  93 % 

yield. 1H NMR ≥ 99%. Mn = 28.1 kg/mol by 1H NMR (Figure 2.9). PT (3.6-21.1-0.05): 

1.8 g, 0.073 mmol, 67 % yield, Mn = 24.7 kg/mol. PT (3.6-26.4-0.14): 1.6g, 0.053 mmol, 

89 % yield, Mn = 30 kg/mol. Removal of the trithiocarbonate chain portion from the PT 

diblock was attained through subsequent aminolysis followed by Michael addition as 

described below.  

PT (3.6-24.5-0.11)4: 2.3 g (8.2 × 10−5 mol) of PT (3.6-24.5-0.11) was dissolved in 

20 mL (4:1 v/v) THF : MeOH. The reaction mixture was degassed by bubbling nitrogen 

through the reaction mixture for 45 min. After bubbling, n-butyl amine (178 µL, 1.81 × 

10−3 mol) and tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 8.214 × 10−5 mol, 21 

mg) were added and stirred for 24 hours at 25 C (it was noticed that the bright yellow 

color of the reaction mixture disappeared). Next, methyl acrylate (MA, 2.87 × 10−3 mol, 

260 µL) was added and stirred for another 24 hours at 25 C. The solvent was removed and 

the final product (1.8 g) was precipitated into pentane (3X) (UV-Vis curve is shown in 

Figure 2.11) yield = 78%, 0.06 mmol, 1.8 g.   

PT (3.6-21.1-0.05) = 1.5 g, 0.061 mmol, 83 % yield, Mn = 24.7 kg/mol.  

PT (3.6-26.4-0.14) = 1.2 g, 0.04 mmol, 75 % yield, Mn = 30 kg/mol. 
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Figure 2.8 1H NMR spectrum of TMS-MAT monomer in CD2Cl2 at 21C at 500 MHz.  

The integration values below the peak are relative to proton 2. “*” indicates the residual 

solvent peak.  
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Figure 2.9 1H NMR spectrum of the PEP-CTA, PD (3.6-23.5) and PT (3.6-24.5-0.11). 1H 

NMR spectra were recorded in CDCl3 with the exception of the spectrum for PT (3.6-24.5-

0.11) (two drops of deuterated methanol were added to help dissolve the sample). 

 

 

 

 

 

 

 

 

 



Chapter 2. Trehalose containing Polymeric Micelles 44 
 

 

 

Figure 2.10 SEC chromatograms of the PEP-CTA, PD (3.6-23.5) and the TMS protected 

PT polymers: PT (3.6-21.1-0.05), PT (3.6-24.5-0.11), and PT (3.6-26.4-0.14) immediately 

following polymerization.  

Chromatograms were recorded on a chloroform SEC equipped with three Jordi 

polydivinylbenzene columns with pore sizes of 10,000, 1,000, and 500 Å, respectively, and 

a Hewlett-Packard 1047A refractive index detector. The flow rate was set at 1.0 mL/min 

and the chromatography was run at 35 °C. The calibration curve was based on PS standards.  

Ð = 1.07 for PEP-CTA, 1.12 for PEP-DMA and 1.23 for TMS protected PT (3.6-24.5-

0.11). 
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Figure 2.11 UV-Vis curve of PEP-CTA shows absorption at 309 nm. This characteristic 

peak of the trithiocarbonate moiety is absent in PD(3.6 – 23.5), PT(3.6-21.1-0.05), PT(3.6-

24.5-0.11) and PT (3.6-26.4-0.14), suggesting successful aminolysis reactions and removal 

of the end groups.  

THF was used as the solvent for the PEP-CTA and PD (3.6-23.5). For the polymers PT(3.6-

21.1-0.05), PT(3.6-24.5-0.11) and PT (3.6-26.4-0.14), a mixture of THF:methanol  (20:3 

v/v) was used as the solvent. 
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Figure 2.12 DSC thermograms of PD (3.6-23.5), PT (3.6-21.1-0.05), PT (3.6-24.5-0.11) 

and PT (3.6-26.4-0.14). Conditions: for each sample, between 5-8 milligrams of each 

polymer sample was placed in hermetically-sealed Tzero aluminum pans and analyzed on 

a Discovery DSC. The heating rate was 10 C /min starting at 20 C and heated to 200 

C. The second cycle of heating is shown above. TRIOS software is used to calculate 

glass transition temperature. The DSC thermograms showed increase in Tg with an 

increase in MAT content. 
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Dynamic light scattering (DLS) 

All micellar dispersions were filtered through a 0.2 µm filter to remove large 

scatters before loading into dust free glass tubes, which were then sealed with several layers 

of Parafilm. Measurements were recorded over 5 different angles ranging from 60 to 150 

at increments of 15. For studies examining the serum stability of the micelles, 0.1 mL of 

each micellar dispersion (formed by nanoprecipitation) was diluted with 0.5 mL of 

biological media and filtered through a 0.2 µm filter into dust free tubes. The data were 

recorded at time 0 and 14 hours to determine micelle stability in different media at 90. 

Scattering measurements were performed on a Mini L-30 Laser (Brookhaven Instruments) 

equipped with a red laser source (λ = 637 nm), BI-APD avalanche photo diode detector to 

determine scattering intensity, and a Brookhaven BI-9000 correlator. The samples were 

placed in a decalin oil bath at 25.0 ± 0.5 C.  The intensity correlation functions (g
2
(t)) 

were measured over five different scattering angles between 60 and 120, and converted 

into field correlation, (g
1
(t)) using the Siegert relation g

2
(t) = 1 + g

1
(t)

2
. Later, we used the 

cumulant (Equation 1) function for micellar dispersions with monomodal expansion and 

the double exponential function (Equation 2) for dispersion with multimodal expansion to 

extract information about the decay rate (Γ).  

 

𝑔1(𝑡)  = 𝐴 𝑒𝑥𝑝(−Γt) (1 +  
𝜇2
2!

 𝑡2 −
𝜇3
3!

 𝑡3) + 𝑏𝑘𝑔𝑑   (Equation 1) 

𝑔1(𝑡)  = 𝐴1 𝑒𝑥𝑝(−Γ1t) + 𝐴2 𝑒𝑥𝑝(−Γ2t) +  𝑏𝑘𝑔𝑑      (Equation 2) 

 

In Equation 1, μ2 and μ3 are the second and third cumulant values, respectively. In 

Equation 2, Γ
1
 and Γ

2 
are the fast and slow decay modes, respectively. Furthermore, the 
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particle size distribution was determined by the second cumulant (μ2/Γ2), a measure of the 

width of the decay rate distribution. The translational diffusion coefficient (D) can be 

obtained by the relation 𝛤 = 𝑞2𝐷 by performing linear regression using Origin software, 

where 𝑞 is the scattering vector. Lastly, the apparent hydrodynamic radii (Rh) were 

calculated using the Stokes-Einstein equation (Equation 3). 

                         𝑅ℎ =  (𝑘𝐵 𝑇) ⁄ 6𝜋𝜂𝐷        (Equation 

3) 

In this equation, kB: Boltzmann constant, T: temperature, and η: viscosity of the medium. 

We used literature values of refractive indices (n) and viscosities of the specific media at 

25 C when analyzing samples prepared in the five different media formulations.4 

 

Figure 2.13 Linear regression of Γ vs. q2 over 5 different angles varying from 60  to 120 
 

of the two decay modes in water with PD (3.6-23.5) (micelles formed via 

nanoprecipitation). The correlation function g1(t) was fit using the cumulant expansion 

function. Micelles with radii of 14.7 ± 0.2 nm were determined and µ/Γ2 value at 90o 

scattering angle was 0.07.  
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Figure 2.14 Linear regression of Γ vs. q2 over five different angles varying from 60 to 

120 
 of the two decay modes in water with PT (3.6-21.1-0.05) (micelles formed via 

nanoprecipitation). The correlation function g1(t) was fit using cumulant expansion 

function. Micelles with radii of 14.4 ± 0.4 nm were determined µ/Γ2 value at 90o scattering 

angle is 0.152.  

 

Figure 2.15 Linear regression of Γ vs. q2 over 5 different angles varying from 60 to 120 

of the two decay modes in water with PT (3.6-24.5-0.11) (micelles formed via 

nanoprecipitation). The correlation function g1(t) was fit using cumulant expansion 
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function. Micelles with radii of 14.3 ± 0.2 nm were determined µ/Γ2 value at 90° scattering 

angle is 0.124.  

 

Figure 2.16 Linear regression of Γ vs. q2 over 5 different angles varying from 60  to 120   
of the two decay modes in water with PT (3.6-21.1-0.05) (micelles formed by direct 

dissolution). The correlation function g1(t) was fit using a double exponential function. 

Micelles with radii of 13.6 ± 0.3 nm and 55.0 ± 1.3 nm were determined.  
 

 

Figure 2.17 Linear regression of Γ vs. q2 over 5 different angles varying from 60 to 120 
 

of the two decay modes in water with PT (3.6-24.5-0.11) (micelles formed by direct 
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dissolution). The correlation function g1(t) was fit using double exponential function. 

Micelles with radii of 21.3 ± 0.7 nm  and 129.7 ± 3.7 nm were determined. 

 

Figure 2.18 Linear regression of Γ vs. q2 over 5 different angles varying from 60 to 120 

of the two decay modes in water with PT (3.6-26.4-0.14) (micelles formed by direct 

dissolution). The correlation function g1(t) was fit using double exponential function. 

Micelles with radii of 16.7 ± 0.4 nm  and 173.9 ± 7.2 nm were determined. 
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3 CHAPTER THREE 

 

Solution-State Polymer Assmblies Influence BCS Class II Drug 

Dissolution and Supersaturation Maintenance 
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 Dalsin M.C.; Tale S. R.; Theresa T.M., Solution-State Polymer Assmblies 

Influence BCS Class II Drug Dissolution and Supersaturation Maintenance, 
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dissolution studies of micelles.  

 

 

Reproduced by permission of American Chemical Society 

Copyright 2013 American Chemical Society. 

 

 

 

 



Chapter 3. Role of Micelles in Excipient formulations 56 
 

 

3.1 Introduction  

A large portion of new drug candidates are poorly water soluble, decreasing their 

bioavailability and effectiveness as therapeutics.1-3 Amorphous solid dispersions (ASD) 

have arisen as a platform to increase drug apparent solubility and bioavailability, 

particularly to promote stability and bioavailability for oral drug delivery. ASDs typically 

consist of at least one drug dispersed in one polymer excipient, both of which are in the 

amorphous state. The high-energy, amorphous state of the drug increases its dissolution 

into aqueous media, and therefore increases the bioavailability and therapeutic effect. 

However, this high-energy state is only kinetically stable, and the drug may recrystallize, 

reverting to the more thermodynamically stable state, which negates any solubility increase 

and significantly decreases bioavailability. Stabilizing the amorphous state of the drug 

during the manufacturing process and long-term storage is a critical issue in improving oral 

therapeutic efficacy. This is typically achieved by reducing molecular mobility by utilizing 

a polymer exhibiting a high glass transition temperature (Tg), optimizing drug-polymer 

interactions (hydrogen bonding, van der Waals, etc.), and creating a homogenous mixture 

of drug and polymer.4 Further, it is of equal importance to utilize an excipient that will 

solubilize the drug upon dissolution into aqueous media and maintain drug supersaturation 

by inhibiting crystal nucleation and growth,4 which is of particular importance for 

enhancing in vivo pharmaceutical performance.  
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 Spray drying has been extensively studied as a method to obtain ASDs.5,6 This 

technique is scalable, used industrially, and amenable to a wide variety of polymers. The 

process involves dissolving polymer and drug into a volatile solvent, atomizing the solution 

into a drying chamber pumped with a hot and dry gas stream, and collecting the dry powder 

form using a filter. Both molecularly dissolved mixtures7-9 and drug-polymer aggregates or 

emulsions7,8,10 can be spray dried successfully. The drug-polymer interactions in the feed 

solvent are “frozen” in the resulting solid dispersion due to rapid solvent evaporation.11 

Since the drug-polymer interactions in the volatile solvent influence the resulting spray-

dried dispersion (SDD), the spraying solvent can have a large impact on drug-polymer 

miscibility, shelf stability, and subsequent aqueous dissolution. The polymer conformation 

or polymer assemblies in solution especially have an effect on the resultant SDD due to the 

difference between an extended and swollen polymer chain and a compact and shrunken 

chain and their available interactions with drug molecules.   

Excipients that form nanoaggregates or micelle-like structures in aqueous media 

have been shown to improve the dissolution of poorly water-soluble drugs.12-15 One of the 

better performing polymer excipients, hydroxypropyl methylcellulose acetate succinate 

(HPMCAS), tends to form nanoaggregates during the dissolution process, which are 

hypothesized to aid in the supersaturation maintenance of the drug. Friesen and coworkers 

believe that hydrophobic drug molecules interact with the hydrophobic portions of the 

polymer, inducing the formation of nanoaggregates.13 The hydrophilic portions are then 

likely exposed on the surface yielding a pseudo micelle-like structure, allowing the 

aggregates to remain stable in aqueous media.13,14 To this end, investigating the role of 

polymer structure and solution assembly on drug-polymer miscibility and supersaturation 
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maintenance of ASDs will enhance our understanding of known excipients, and aid in the 

formulation of novel pharmaceutically relevant polymers to develop candidates for oral 

drug formulations.  

The primary goal of this study was to examine how solution-state assemblies of 

polymers and drugs may lead to enhanced drug dissolution and supersaturation 

maintenance. The role of polymer micelle assembly on drug dissolution and 

supersaturation maintenance was examined with a variety of polymer structures that exhibit 

different solution properties. For example, N,N-dimethylacrylamide (DMA) is a 

hydrophilic and biocompatible16 monomer that has received considerable attention in 

recent years due to its numerous applications in the medical and pharmaceutical fields.17,18 

A block copolymer of DMA containing poly(ethylene-alt-propylene) (PEP), PEP-PDMA, 

induces formation of solution state assemblies prior to spray drying, while polymers 

lacking a PEP block do not form distinct micelle assemblies. A third component, 2-

methacrylamido glucopyranose (MAG), was introduced to a model polymer excipient 

system to increase the glass transition temperature of copolymer analogs. To this end, two 

physically-distinct Biopharmaceutical Classification System (BCS) class II drugs 

(phenytoin and probucol) were spray dried with four different model polymer excipients 

consisting of PEP, DMA, or MAG: 1) an amphiphilic diblock terpolymer, PEP-P(DMA-

grad-MAG), 2) an amphiphilic diblock copolymer, PEP-PDMA, and the respective 

hydrophilic analogs to these polymers, 3) P(DMA-grad-MAG), and 4) PDMA. Selective 

(methanol, MeOH) and non-selective (tetrahydrofuran:methanol mixture, THF:MeOH) 

solvents for the hydrophilic block of the amphiphilic diblock polymers were used to induce 

or repress solution-state assemblies prior to spray drying. Drug-polymer assemblies were 
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studied with the different structures in both the feed solution (prior to spray drying) and in 

the dissolution media (post spray drying) by varying the polymer, drug, spray drying 

solvent, and drug loading. Further, the solid spray dried dispersions (SDDs) were 

characterized for drug crystallinity, amorphous drug stability, particle size and 

morphology, and the dissolution behavior of the drug was probed through non-sink, in vitro 

dissolution tests to determine drug release and supersaturation maintenance for the 

examined structures. Finally, four drug loadings were studied: 0, 10, 25, and 50 wt% of the 

total solids in the spray drying feed solution and the importance of nanostructure formation 

on enhancing dissolution performance in simulated intestinal conditions has been revealed.  
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3.2 Results and Discussion 

3.2.1 Synthesis and Characterization of Polymers  

The PEP-P(DMA-grad-MAG) diblock terpolymer and PEP-PDMA diblock copolymer 

were synthesized using a combination of anionic and reversible addition fragmentation chain 

transfer (RAFT) copolymerizations as described by Yin et al.19 The copolymer P(DMA-grad-

MAG) and homopolymer PDMA were RAFT polymerized in the same way as the hydrophilic 

block of  their corresponding diblock analogs except that the chain transfer agent (CTA) was not a 

macromolecular PEP-CTA, but a small molecule trithiocarbonate CTA, namely 2-

(Dodecylthiocarbonothioylthio)-2-methylpropionic acid. For P(DMA-grad-MAG), the TMS-

MAG needed deprotection to yield the final, hydrophilic copolymer.  

Four polymers were synthesized for this study, which are shown in Figure 3.1, including 

two amphiphilic diblock polymers, PEP-P(DMA-grad-MAG) and PEP-PDMA, and their 

corresponding hydrophilic analogs, P(DMA-grad-MAG) and PDMA. The hydrophobic PEP block 

is a macromolecular hydrocarbon chain. In contrast, the blocks and polymers containing DMA and 

MAG are water soluble and contain hydrogen bonding groups.  All the polymers were synthesized 

for this study using similar methods described by Yin et al.4,19, and details of polymer characteristics 

are shown in Table 3.1.  

 

Figure 3.1 Structures of the polymers synthesized and examined in this study.  
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Table 3.1 Polymer characterization data.  

 

3.2.2 BCS Class II Model drugs 

Probucol and phenytoin were chosen as model drugs to probe polymer-drug interactions, 

the polymer-drug assemblies, and the structure-property relationships for SDD dissolution 

performance. Both structures are Biopharmaceutical Classification System (BCS) Class II drugs 

(low aqueous solubility, high permeability through the gastrointestinal membrane) with highly 

different melting temperatures (Tm) and octanol/water partition coefficients (log P). These two 

drugs fall close to diagonally opposite ends of a log P vs melting point (Tm) chart (Figure 3.16) and 

thus are useful Class II drug models to examine SDD formulations. Melting temperature is an 

indication of the propensity for the drug to crystallize or the crystal lattice strength, and log P is an 

indication of the relative hydrophobicity. Studying both drug models allows the interpretation of 

differing polymer-drug interactions, potential for hydrophobic interactions, and crystallization 

propensity that may arise for various different drug formulations. Phenytoin is more hydrophilic, 

but has very high crystallization energy, whereas probucol is more hydrophobic, but does not 

crystallize as fast. Details of each drug are given in Figure 3.2 and Table 3.2.  
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Figure 3.2 Structures of BCS class II drug molecules used in this study: a) probucol and 

b) phenytoin. 

Table 3.2 Molecular characteristics of BCS class II drugs probucol and phenytoin.  

 

It has been shown that the solvent of the feed solution in spray drying can greatly affect 

the properties of the SDD due to its influence on polymer conformation and polymer/drug 

interactions.10,11,22-25 In particular, the solvent can promote or suppress polymer chain folding and 

polymer-polymer interactions, thereby influencing conformation and the ability of the polymer to 

interact with the drug. Furthermore, to prevent crystallization, a solvent should promote drug-

polymer interactions in the solution state and drug-polymer miscibility in the solid state. For this 

study, two solvent systems were chosen to study how the polymer/drug solution assembly would 

influence the resulting SDD properties prior to spray drying. For the two hydrophilic polymers, the 

spray drying solvent employed was methanol (MeOH). For the amphiphilic diblock copolymer 

PEP-PDMA, a THF:MeOH (15:2, v/v) mixture was used as a non-selective solvent, and MeOH 

served as a selective solvent for the hydrophilic block to form the SDDs. When spray drying from 

the non-selective solvent, both polymer blocks could be effectively dissolved, and the drug was 

free to interact with either the PEP or the hydrophilic block. Alternatively, when spray drying from 

a selective solvent, the polymers self-assembled into micelles with a PEP core and PDMA corona. 

Given that the drugs are soluble in methanol and the micelles form quickly via the direct dissolution 

method, the drugs would not likely be encapsulated within the hydrophobic core of the micelles; 
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rather, they would likely remain dissolved in the methanol alongside the micelles. In this case, only 

the hydrophilic block is likely available to interact with drug. The amphiphilic diblock terpolymer 

PEP-P(DMA-grad-MAG) was only studied in THF:MeOH because the addition of MAG inhibits 

the ability of the polymer to be directly dissolved into micelles using MeOH.  

3.2.3 Organic Solution Properties   

 To examine the assembly of polymers and drugs in the spray drying feed solutions, 

quantitative analysis of size and distribution was conducted using DLS. All solutions studied were 

prepared as 1 wt% polymer/drug dispersions in organic solvent. Four different compositions were 

used for the polymer/drug dispersions: 0, 10, 25, and 50 wt% probucol relative to polymer. It should 

be noted that dissolution results of SDDs containing phenytoin showed little solubility 

enhancement in aqueous media when compared to HPMC-AS (vide infra). Thus, the solution 

assembly prior to spray drying was not analyzed rigorously for these samples. Further, the SDDs 

of PEP-P(DMA-grad-MAG) and PEP-PDMA from the solvent system THF:MeOH showed very 

little drug dissolution enhancement (vide infra) and were not analyzed by DLS. The results for 

polymer/probucol samples are summarized in Figure 3.3, and detailed analysis is shown in Table 

3.3. Figure 3.3 shows that the size of all the samples stays relatively constant even if the drug 

loading (in the spray dry solvent) is increased from 0 wt% to 50 wt%. This suggests that the drug 

is molecularly dissolved in the methanol. However, there is a large variance in hydrodynamic radius 

when comparing different polymers and solvents.  
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Figure 3.3 Hydrodynamic radii of PDMA, P(DMA-grad-MAG), and PEP-PDMA 

polymers in methanol with 0, 10, 25, or 50 wt% loadings of probucol. All dispersions were 

a total of 1 wt% solids in methanol. Hydrodynamic radii were calculated by fitting the 

correlation functions using either cumulant or double exponential expansions. Linear 

regressions of Γ vs q2 were performed for five angles (60°, 75°, 90°, 105°, 120°). Large 

vertical, zig zag, dashed horizontal, and horizontal bricks represent the major contributing 

hydrodynamic radius in the sample, large grid bars represent the second mode, contributing 

to 3% or less of the weight fraction of the analyzed sample.  

The hydrodynamic radii for PDMA in methanol as evaluated by REPES analysis yielded a 

bimodal distribution for samples with 0 wt% and 10 wt% probucol. A double-exponential fitting 

of the data yielded an Rh of 2.22 ± 0.05 nm and 24 ± 2 nm for 1 wt% PDMA in methanol, as an 

example. Shibayama’s bimodal scattering analysis was used to elucidate the weight fractions of the 

fast and slow decay modes. For PDMA in methanol, the weight fraction of the mode corresponding 

to 2.22 nm was estimated to be 99.7% while that of 24 nm mode was 0.3%. The weight fraction of 

the mode corresponding to 24 nm was not observed after the weight fraction of PDMA in methanol 

was reduced to 90% with the introduction of 10% probucol. This data suggests that the PDMA 

polymer in solution is not aggregated and is likely in a morphology consisting of solvated free 

polymer chains. The higher size seen with the 1 wt% dispersion of PDMA in methanol is likely 

0

5

10

15

20

25

30

PDMA P(DMA-grad-MAG) PEP-PDMA

polymer only 

10 wt % probucol

25 wt % probucol

50 wt % probucol



Chapter 3. Role of Micelles in Excipient formulations 65 
 

 

due to a small fraction of polymer aggregates, which dissociate when the weight fraction of polymer 

is decreased from 1 wt % to 0.9 wt %.  

Samples of P(DMA-grad-MAG) with probucol in methanol were evaluated by REPES 

analysis and also showed a bimodal distribution. Cumulant analysis confirmed a broad distribution 

of scattering by yielding an average Rh = 26 nm with high average dispersity (μ2/Γ2 = ~0.7). Fitting 

the data with a double-exponential expansion gave Rh = 6.1 ± 0.4 and 26 ± 1 nm for the sample 

containing P(DMA-grad-MAG) plus 10 wt % probucol, which matched the peaks given by REPES 

analysis. The particles of 6.1 nm radius were indicative of solvated polymer chains for the P(DMA-

grad-MAG) sample, and the 26 nm radius suggests the formation of a loose aggregate solution 

structure. This aggregate does not disperse into free chains as more drug is introduced, which 

decreases the weight fraction of polymer in solution. Due to its high hydrophilicity, PMAG does 

not dissolve well in methanol, thus, it is hypothesized that the polymer aggregates are loose micelles 

with the MAG portion of the polymer in the core. Using Shibayama’s bimodal scattering analysis, 

the weight fractions for the polymer aggregates in a methanol solution containing 10 wt % probucol 

had radii of 6.1 nm and 26 nm (corresponding to 97.5 % and 2.5 % of the sample, respectively). 

This indicates that a majority of the polymer is free chains dispersed in the methanol solution. 

Shibayama analysis for polymer P(DMA-grad-MAG) only with 25 wt % and 50 wt % loadings of 

probucol, yielded very similar results.  

Finally, samples of PEP-PDMA diblock copolymer containing probucol in methanol were 

analyzed via DLS. Optically, the solutions of PEP-PDMA with probucol in methanol were clear 

with a slight bluish tinge, indicative of micelle formation. Further, REPES analysis yielded sharp, 

monomodal peaks. The correlation data for 1 wt % PEP-PDMA in methanol, as an example, was 

fit with a cumulant analysis, resulting in Rh = 15.3 ± 0.9 nm with a very low dispersity (μ2/Γ2 = 

0.06). This data indicates a micellar dispersion with PEP as the core and PDMA as the corona in 

methanol. The low dispersity is characteristic of micelles with a tight interaction between polymers 
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and low chain equilibration due to the high disfavor of PEP in methanol. Further, the very low 

hydrophobic content (PEP = 16 wt %) and the low Tg of the PEP block (-65°C) make the polymers 

amenable to micellization via direct dissolution into an organic solvent (i.e. methanol). The size of 

the micelles is comparable to previous work by our group showing that PEP-PDMA diblock 

copolymer (same molecular weight) forms micelles of ~14 nm radius in water (via a 

nanoprecipitation procedure).5,6,19 The slightly larger hydrodynamic radius of the PEP-PDMA in 

methanol is hypothesized to be primarily due to two factors: 1) The micellization method, in which 

direct dissolution would yield a larger radius (higher aggregation number) than nanoprecipitation 

due to the differences in PEP and methanol interfacial energy at the onset of micellization, and 2) 

The difference in solvent since PEP would be hypothesized to favor methanol as an anti-solvent 

over water.   
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Table 3.3 DLS characterization of 1 wt % polymer dispersions in methanol with or without 

probucol. 

Polymer 
wt % 

probucol 
Rh (nm)a  μ2/Γ2 b  Rh (nm)c  

PDMA 50 1.6 ± 0.1 0.59 
0.4 ± 0.3,  

2.7 ± 0.4 

 25 5.3 ± 0.3 0.18 
2 ± 0.04,  

30 ± 8 

 10 5.4 ± 0.2 0.77 
1.9 ± 0.8,  

20 ± 7 

  0 6.3 ± 0.2 0.11 
2.2 ± 0.05,  

24 ± 2 

P(DMA-grad-

MAG) 
50 26 ± 3 0.75 

6.3 ± 0.2, 

26.7 ± 0.1 

 25 25.8 ± 0.1 0.77 
6.3 ± 0.05,  

27 ± 1 

 10 26.1 ± 0.5 0.77 
6.1 ± 0.4,  

26 ± 1 

 0 28.2 ± 0.1 0.74 
6.5 ± 0.4, 

27.8 ± 0.6 

PEP-PDMA 

micelles 
50 15.6 ± 0.1  0.12 NA 

 25 16.0 ± 0.4 0.05 NA 

 10 15.4 ± 0.1 0.12 NA 

  0 15.3 ± 0.9 0.06 NA 

All DLS analysis performed at 1 wt % concentration.  

aHydrodynamic radii determined by fitting the correlation functions with the cumulant expansion, 

then performing linear regression of Γ vs q2 over five angles (60o to 120o).  

bAverage of µ2/Γ2 from scattering angles of 60o, 75o, 90o, 105o, and 120o.  

cHydrodynamic radii determined by fitting the correlation function with the double exponential 

expansion, then performing liner regressions of Γ vs q2 for two separate decay modes over angles 

60o to 120o. 
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3.2.4 Solid-State Properties 

 In general, the physical stability of a homogeneously mixed SDD is due to the 

thermodynamic stability of the drug molecule. This can include configurational entropy, fragility 

index, molecular mobility,7-9,26-29 and drug-polymer interactions and miscibility4,7,8,10,30-32. Selection 

of appropriate spray-drying solvent and conditions can lead to a homogeneous mixture of 

amorphous drug and polymer.11,33 A physically stable ASD allows the opportunity to enhance 

aqueous dissolution of the drug and increase bioavailability. To study the physical stability, 

homogeneity, and size/morphology of the SDDs produced, a combination of powder X-ray 

diffraction (PXRD), modulated differential scanning calorimetry (MDSC), and scanning electron 

microscopy (SEM) techniques were used.  

PXRD is a common tool used to identify and characterize crystalline material present in 

SDDs.12-15,34-37 For all SDDs of polymer with phenytoin (up to 50 wt% loading of drug), a broad, 

diffuse diffractogram with no Bragg peaks was observed, indicating that at least 95% of the drug 

in the SDD is amorphous (Figure 3.10). For all SDDs of polymer with probucol, the scattering 

patterns (Figure 3.4) look amorphous except for those of PEP-P(DMA-grad-MAG) with 25 and 50 

wt% probucol sprayed from a non-selective solvent of THF:MeOH (15:2, v/v). These dispersions 

show Bragg peaks characteristic of probucol form II crystals – the less dense and lower melting 

temperature form.13,38 On the contrary, PXRD of the unprocessed probucol shows a scattering 

pattern consistent with form I crystals – the more densely packed and higher melting temperature 

form. This suggests that the probucol crystal growth from the PEP-P(DMA-grad-MAG) matrix 

begins as the lower energy crystal form. However, others have noted that given time and humidity, 

probucol can transform to the higher energy crystal form I.13,14,34 
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Figure 3.4 PXRD patterns for SDDs with probucol loadings of 50 wt%, 25 wt%, and 10 

wt%, from left to right, comparing: a) crystalline probucol, b) PEP-P(DMA-grad-MAG) 

sprayed from THF:MeOH (15:2, v/v), c) PEP-PDMA sprayed from THF:MeOH (15:2, 

v/v) d) PEP-PDMA sprayed from MeOH e) PDMA sprayed from MeOH f) P(DMA-grad-

MAG) sprayed from MeOH. 

Depending on the crystal characteristics, PXRD can quantify crystalline material to about 

5% or less.16,39,40 However, DSC can quantitate crystallinity with higher sensitivity than PXRD in 

addition to providing information regarding the homogeneity of the SDD.17,18,33 Therefore, DSC 

was used in tandem with PXRD to study the solid-state properties of the SDDs. To eliminate any 

potential overlap of enthalpic components with the glass transition, modulated DSC (MDSC) was 

used. This technique allows for the deconvolution of the total heat flow into a linear combination 

of reversing (heat capacity) and non-reversing (enthalpic recovery, solvent evaporation, 

crystallization) components.19,33,41,42 From MDSC, the glass transition temperature (Tg) was studied 

to yield information such as the amorphous/homogeneous state of the drug/polymer20,43-45 and the 

miscibility of the drug/polymer blend46-48 in addition to indicating drug-polymer interactions such 

as hydrogen bonding.49-51 Typically, the SDD will exhibit a single Tg that is in between the Tg of 

the pure amorphous drug and the pure polymer if the drug is molecularly dispersed in the polymer 

matrix. Furthermore, a shift in Tg (and the amount of the shift) can indicate drug-polymer 

interactions due to the incorporation of drug molecules between polymer chains. All MDSC 
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analyses and representative MDSC traces are shown in Figure 3.11, Figure 3.12, Table 3.6, and 

Table 3.7.  

A glass transition comparison of all polymers and feed solution solvents revealed that there 

is a single Tg value for each SDD, which is indicative of a homogenous mixture of miscible 

amorphous drug and polymer.  Further, the single Tg value decreases toward that of the amorphous 

drug as the drug wt% in the SDD increases. The polymers containing only hydrophilic groups 

consistently exhibited a higher Tg value than the diblock amphiphilic polymers. The lowering in 

the Tg value of the hydrophilic block (in the diblock polymers) could be caused by either the low 

Tg  of the PEP block or possibly that the hydrophilic block interacts stronger with probucol (Tg = 28 

°C) than what was observed with the polymer models containing only hydrophilic groups. P(DMA-

grad-MAG) MeOH has a much higher Tg value (Tg = 141 °C) than the diblock analog (PEP-

P(DMA-grad-MAG) THF:MeOH, Tg = 116 °C), suggesting that P(DMA-grad-MAG) may have 

higher inter- and intra-molecular interaction than PEP-P(DMA-grad-MAG) polymers. 

Interestingly, spray-dried P(DMA-grad-MAG) would not dissolve readily in PBS + FaSSIF media, 

however, when 10 wt% probucol was introduced, the SDD dissolved readily, indicating strong 

hydrogen bonding between polymer chains, yet these hydrogen bonds are disrupted when drug is 

introduced. For SDDs containing phenytoin, the Tg values are lower than that observed with 

probucol even though the Tg value for amorphous phenytoin is higher than for probucol (71 °C vs 

28 °C).14 This could be indicative of more polymer-drug interactions with phenytoin than with 

probucol, which could be justified by a detailed look at the polymer and drug structures and non-

covalent bonding potential. For example, phenytoin has strong hydrogen bond donors and acceptors 

(thus a “strong crystallizer”), whereas in probucol, the benzylic position of the H-bond donor and 

acceptor groups may weaken H-bonding (thus, this structure is a “weaker crystallizer”).    

MDSC also gives information regarding crystallization during heating, an indication of 

drug-polymer interactions and the ability of the polymer to repress crystallization. It also shows if 



Chapter 3. Role of Micelles in Excipient formulations 71 
 

 

a melting endotherm is already present, which suggests that crystalline material is innate to the 

solid dispersion. However, there are many caveats related to the value of the melt endotherm of the 

drug since it can be affected by polymer type,52,53 large Tm changes,33 and mixing of drug/polymer 

during heating54. A higher crystallization temperature means more polymer stabilization and 

crystallization inhibition (it takes more energy to crystallize the drug). To determine the amount of 

crystalline material before MDSC analysis for probucol-containing SDDs, the melt endotherm is 

subtracted from the crystallization enthalpy, and then normalized to the loading of drug. For 

phenytoin, calculating a percent crystallinity was not possible, and we can assume (to 5% error) 

that all phenytoin SDDs are amorphous from PXRD data. This implies that the crystallization seen 

in MDSC is due to heating. 

 The prepared SDDs all revealed crystallization transitions above the single Tg where extra 

mobility and energy from the heating process leads to enhanced crystallization rates. The higher 

the difference between the SDD Tg and the crystallization event, the better the polymer is able to 

prevent drug crystallization. Therefore, spray dry solvent played a role in drug stability where PEP-

PDMA sprayed from MeOH was the most effective formulation at inhibiting phenytoin 

crystallization during heating, followed by P(DMA-grad-MAG) from MeOH, PDMA from MeOH, 

PEP-PDMA from THF:MeOH, and finally PEP-P(DMA-grad-MAG) from THF:MeOH. The same 

analysis of 50 wt % probucol in polymer yielded PEP-PDMA sprayed from MeOH and PDMA 

sprayed from MeOH as top performers followed by P(DMA-grad-MAG) from MeOH, PEP-

PDMA from THF:MeOH, and PEP-P(DMA-grad-MAG) from THF:MeOH. These findings 

suggest that the proportion of DMA in the excipient is very important for drug-polymer interactions 

and drug polymer miscibility. Results of this analysis for 50 wt % probucol are shown in Table 3.4. 

These results show that although the SDDs created with PDMA from MeOH consistently had a 

higher Tg value than the SDDs created from PEP-PDMA from MeOH, PEP-PDMA micelles were 

more effective at inhibiting crystallization than PDMA free chains.  
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Table 3.4 Comparison of the weight fractions of monomers and drug in SDDs with 50 wt% 

loadings of probucol. The percent crystallinity of probucol was calculated from MDSC.  

 

 It is important to note that the drug molecules are not loaded into the PEP core of the 

micelles of PEP-PDMA made from direct dissolution into MeOH, but rather likely interact with 

the corona of the micelles during the spray drying process. Evidence for this comes first from the 

fact that the drugs are soluble in methanol and have no driving force to be incorporated into the 

core of the micelles. Second, the micelles are formed kinetically through a direct dissolution 

process where the micelles form fast.  Thus, unless some drug molecules were near the core of the 

micelle when formed, the micelles would not load drug into the core. Third, the micelle size does 

not change in methanol as the drug portion increases. Further, MDSC analysis suggests that the 

drug interacts with DMA-rich areas. If drug were incorporated into the PEP cores of the micelles, 

it would be expected to crystallize quickly due to the low Tg of the PEP block (promoting high 

molecular mobility). Finally, the size of the nanoaggregates increases with increasing drug 

concentration when the SDDs are dissolved in aqueous media (discussed below). Micelle size does 

not change when in MeOH since the drug is soluble and potentially not interacting with the corona 

of the micelles, but upon spray drying, the bulk state should consist of micelles with drug 

interspersed in the coronas and between micelles. Upon dissolution into aqueous media, the drugs 

prefer to interact with the corona of the micelles over the aqueous media, thus swelling the size of 

the micellar coronas (Figure 3.5).  
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Figure 3.5 (I) Image of a 1 wt% dispersion of PEP-PDMA micelles with 10 wt% probucol 

showing the Tyndall effect, with cartoon showing PEP-PDMA micelles (blue = PDMA 

corona, red = PEP core) with dissolved drug (black dots) in methanol. (II) Cartoon of 

proposed morphology of the solid-state of the SDD in which drug is in the corona of the 

micelles as opposed to loaded into the core. (III) Image of PEP-PDMA from MeOH SDD 

with 10 wt% probucol dissolved in PBS + FaSSIF yielding a final drug concentration of 

1000 μg/mL. Cartoon showing the possible dissolution mechanism in which drug stays 

associated with the PDMA corona of the micelles as the solid SDD particles break apart 

into micelles.  

  Scanning Electron Microscopy (SEM) of the spray-dried particles allows visualization of 

the particle morphology and size. Particle size is of particular importance for SDD performance 

since increased surface area is directly related to increased drug dissolution.34,55 As seen in Figure 

3.6, particle morphology and size of the SDD particles of the various polymer structures sprayed 

with probucol stays relatively consistent except for those with PEP-P(DMA-grad-MAG) and PEP-

PDMA sprayed from THF:MeOH, which show coalescing particles. These particles also exhibited 

a lower yield due to the increased stickiness of the particles, and thus deposition on the drying 

chamber wall. This is consistent with the observation of Bhandari et al. when spray drying polymers 

above their Tg.56 The buckling morphology observed in particles formed from PEP-PDMA sprayed 

from MeOH, P(DMA-grad-MAG) from MeOH, and PEP-P(DMA-grad-MAG) from THF:MeOH 

is likely due to the larger hydrodynamic radius of the aggregates in the feed solution. We 

hypothesize that the larger radius reduces the diffusion coefficient of the polymer within the 

atomized droplets, which may increase the concentration of the polymer at the particle surface, 
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forming a shell-like structure upon drying (remaining solvent trapped in the droplet rapidly diffused 

out of the particle, leading to buckling).10 With the PDMA from MeOH samples, the majority of 

the polymer is in a free chain conformation leading to the formation of spherical particles with 

slight shell folding. The slight shell folding is likely due to the formation of a non-rigid shell during 

PDMA spray dry processing. Slight differences in morphology can be seen when increasing the 

drug content in the SDD from 0 wt% to 50 wt%, however, the particle size stays relatively the same 

(Figure 3.13, Figure 3.14). It should be noted that no significant differences in particle size and 

morphology was noticed when comparing SDDs of phenytoin versus probucol.  

 

Figure 3.6 SEM images for 50 wt% probucol sprayed with (a) PDMA sprayed from 

MeOH, (b) PEP-PDMA sprayed from MeOH, (c) PEP-PDMA sprayed from THF:MeOH 

(15:2, v/v) at 0.1 total wt%, (d) PEP-P(DMA-grad-MAG) sprayed from THF:MeOH (15:2, 

v/v), and (e) P(DMA-grad-MAG) sprayed from MeOH. Cartoon inset illustrates the 

proposed morphology of the polymers in organic solution before spray drying. 

 3.2.5 Aqueous Solution State Properties Post-Spray Drying 

 Ultimately, the goal of a SDD is to increase the absorption of poorly water-soluble drugs 

when administered orally. To this end, a SDD should enhance drug solubility and maintain 

supersaturation by decreasing crystal nucleation and growth in the intestinal lumen. Therefore, non-

sink, in vitro dissolution testing in aqueous media, simulating conditions in the intestinal lumen, 

was performed on all SDDs to elucidate the drug concentration enhancement relative to the bulk 

crystalline material for both phenytoin and probucol. In the dissolution experiments, “dissolved 

drug” includes any species that are not removed by centrifugation at 13,000 rpm for one minute, 
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which includes free drug, drug in bile salt micelles, drug-polymer colloids and aggregates, or drug-

polymer micelles. 

Figure 3.7 shows an example dissolution plot of all tested polymers with 10 wt% probucol 

loading. Polymers showing the highest enhanced drug solubility and supersaturation maintenance 

exhibit a burst release profile to create a supersaturated drug solution that is maintained over the 6 

hour incubation period (ex. PEP-PDMA from MeOH). Poor performing polymers exhibit lower 

drug release as compared to the crystalline form [ex. PEP-P(DMA-grad-MAG) from THF:MeOH]. 

Figure 3.8 displays the area under the curve (AUC) from the dissolution profiles (Figure 3.15) of 

all SDDs with probucol and phenytoin at drug loadings of 10, 25, and 50 wt%. HPMC-AS was 

included as a positive control for comparison since it is known to be a high-performing excipient 

that forms nanoaggregates upon exposure to dissolution media.  

Figure 3.7 Dissolution data of SDDs with 10 wt% probucol showing excellent burst release 

and supersaturation maintenance for P(DMA-grad-MAG) sprayed from MeOH, PEP-

PDMA sprayed from MeOH, and PDMA sprayed from MeOH, yet minimal release for 

insoluble PEP-P(DMA-grad-MAG) sprayed from THF:MeOH (15:2, v/v). Error bars 

represent the standard deviation of duplicate samples.  
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Figure 3.8 Area under the curve (AUC) as calculated at 360 min from the dissolution data 

of SDDs with loadings of a) phenytoin or b) probucol. Yellow diamonds represent 

crystalline drugs, phenytoin in a) and probucol in b) and horizontal blue lines in b) represent 

HPMCAS spray dried at 33 wt% with probucol. 
 

For phenytoin-loaded SDDs, none of the polymers exhibited a significant increase in 

soluble drug over the crystalline material, and HPMC-AS was still the highest performing 

excipient. The low increase in phenytoin solubility is hypothesized to be due to the extremely fast 

nucleation and growth of phenytoin crystals when introduced to aqueous media.57 During 

dissolution testing, when the PBS + FaSSIF solution was added to the SDD, precipitation occurred 

immediately, suggesting that the drug-polymer interactions are not strong enough to inhibit 

nucleation and growth of phenytoin crystals.  

For probucol-loaded SDDs, each of the polymers showed an increase in drug solubility 

over crystalline probucol. The amphiphilic diblock polymers, PEP-P(DMA-grad-MAG) and PEP-

PDMA sprayed from the non-selective solvent (THF:MeOH, 15:2 v/v), were not soluble in the 
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dissolution media due to the lack of solubility of the hydrophobic PEP block in water. 

Subsequently, there was very little drug dissolution, suggesting carrier-controlled dissolution.58 

Further, SEM analysis showed coalesced particles due to the low Tg of the PEP block, thus 

decreasing the surface area available for drug dissolution. SDDs of the hydrophilic-only polymers, 

PDMA and P(DMA-grad-MAG) sprayed from methanol, showed burst releases of almost 100% 

of the drug and maintained supersaturation over the 6 hours at loadings of 10 wt%, but show very 

little release at both 25 and 50 wt% probucol loadings. It is hypothesized that the polymer to drug 

ratio may be too low at drug loadings of 25 and 50 wt% to inhibit immediate drug crystal nucleation, 

thus completely inhibiting solubilization. SDDs of PEP-PDMA sprayed from methanol were the 

best performers, releasing almost 100% of the drug immediately and sustaining supersaturation 

over 6 hours of incubation at 37 °C. It is theorized that this effect is due to the forced aggregation 

of PDMA chains (by the PEP blocks) forming the corona in the micelle structures.   

To elucidate how aggregate versus non-aggregate polymer structures contribute to the drug 

dissolution profiles, DLS experiments were performed at the first and last time points of the 

dissolution testing (corresponding to time 0 and 360 minutes). Samples were made in duplicate 

(one sample was for the first time point of dissolution and the other was incubated for the 6 hours 

at 37 °C). SDDs of three of the polymers with probucol were tested: PDMA sprayed from MeOH, 

P(DMA-grad-MAG) from MeOH, and PEP-PDMA from MeOH (all were formed with 0, 10, 25, 

and 50 wt% loading of probucol). PEP-PDMA and PEP-P(DMA-grad-MAG) sprayed from 

THF:MeOH were not studied via DLS since the polymers were not soluble in the dissolution 

medium. Figure 3.9 shows the major contributing hydrodynamic radii versus the polymer type at 

the first and last time point during dissolution testing. Detailed analysis of the DLS data is shown 

in Table 3.5, including cumulant and double exponential analyses.  
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Figure 3.9 Hydrodynamic radii (Rh) of SDDs of PDMA sprayed from MeOH, P(DMA-

grad-MAG) sprayed from MeOH, and PEP-PDMA sprayed from MeOH with 0, 10, 25, 

and 50 wt% probucol when exposed to PBS + FaSSIF and filtered through a 0.45 μm filter. 

The narrow horizontal lines (red, blue, and green) corresponds to the first time point during 

dissolution (t = 0 minutes) and the narrow vertical lines (red, blue, and green) corresponds 

to the last time point during dissolution (t = 360 minutes). The broad vertical lines (yellow) 

represent the Rh of spray-dried polymer only (no drug). The hydrodynamic radii shown are 

the major contributing weight fraction of scattering.   
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Table 3.5 DLS characterization of aggregates from SDDs of PDMA sprayed from MeOH, 

P(DMA-grad-MAG) from MeOH, and PEP-PDMA from MeOH with 0, 10, 25, and 50 

wt% loadings of probucol when exposed to PBS + FaSSIF at the first (t = 0 minutes) and 

last (t = 360 minutes) time points during aqueous dissolution.  

 

The light scattering analysis of the dissolved SDDs with probucol for PDMA, P(DMA-

grad-MAG) and PEP-PDMA presented interesting insight into the relationship between solution-

state assembly,  drug dissolution, and supersaturation maintenance. Firstly, SDDs of PDMA with 

0 and 10 wt% probucol dissolved readily into PBS + FaSSIF, yielding a clear solution for 0 wt% 

probucol and a clear solution with a slight blueish tinge for 10 wt% probucol. SDDs at higher drug 

loadings did not dissolve into PBS + FaSSIF and subsequently much of the solids were filtered out 
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through the 0.45 μm filter before DLS analysis. Samples of spray-dried PDMA with 0, 25, and 50 

wt% loadings of probucol exhibited two distinct modes as seen in the REPES distribution curves. 

When analyzed through double exponential analysis, the hydrodynamic radii corresponding to the 

fast decay mode were under 5 nm and that of the slow decay mode was between 17 and 34 nm for 

all three samples. It was found that over 97% of the population of scatterers were under 5 nm, and 

less than 3% were the aggregates between 17 and 34 nm. This would suggest that the majority of 

scatterers were dissolved polymer instead of polymer/drug aggregates. Further, dissolution data 

shows very little drug release for these two systems. However, when the SDD of PDMA with 10 

wt% probucol was dissolved in PBS + FaSSIF, a colloidal solution was produced and the REPES 

distribution curve showed three modes in which Rh = 6, 21, and 85 nm. This suggests that some 

dissolved polymer, as well as two distinctly sized drug/polymer aggregates exist for this SDD 

formulation. Dissolution data for this system shows full, burst release and sustained 

supersaturation. After incubation at 37 °C for 360 minutes, SDDs with 25 and 50 wt% showed little 

change, and the weight fraction of the smaller Rh increased to 99%. The colloidal dispersion of 

SDD with 10 wt% probucol also showed no significant change.   

For SDDs of P(DMA-grad-MAG), 10 wt% probucol was the only sample which 

immediately dissolved upon introduction to PBS + FaSSIF. The dissolution produced a milky, 

colloidal solution, which remained unchanged after passage through a 0.45 μm filter. The calculated 

hydrodynamic radii revealed two populations, Rh = 15 nm and 47 nm, with corresponding weight 

fractions of 98.9% and 1.1%. This suggests a small and a large drug/polymer aggregate dispersion, 

and dissolution data for this sample shows excellent release and supersaturation maintenance. 

Interestingly, P(DMA-grad-MAG) does not dissolve in PBS + FaSSIF as a 1 wt%, polymer-only 

solution. This is believed to be due to strong hydrogen bonding between polymer chains. When 10 

wt% drug is introduced, the resulting SDD is soluble in PBS + FaSSIF, implying that the drug is 

plasticizing the polymer and is breaking up the hydrogen bonding between chains to some degree. 
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Following this reasoning, it can be assumed that the insolubilities for higher probucol loadings 

when dissolved in PBS + FaSSIF are due to drug precipitating out of solution, and likely not 

insoluble polymer aggregates. SDDs with 0, 25, and 50 wt% probucol had much of the insolubilities 

filtered out of the sample before DLS analysis. The hydrodynamic radii of P(DMA-grad-MAG) 

spray dried polymer, as calculated by double exponential analysis, was 8.9 nm and 46 nm with 

weight percents of 99.0% and 1.0%, respectively. The hydrodynamic radii as calculated by double 

exponential for 25 and 50 wt% loadings and was found to each yield a bimodal distribution: for 

25% loading, Rh = 15 nm and 100 nm (weight percent of 99.8% and 0.2%) and for 50% loading, 

Rh = 2.98 nm and 14 nm (weight percent of 96.8% and 3.2%). Samples with 25 and 50 wt% 

probucol showed very little drug release during dissolution. After 6 hours of incubation at 37 °C, 

the duplicate samples were removed and analyzed by DLS for size and dispersity. Samples of the 

SDDs all decreased in size and the weight percent of the smaller radius increased. In summary, 

probucol acts as a plasticizer to break hydrogen bonding between chains at 10 wt% of drug loading 

for SDDs of P(DMA-grad-MAG), and aid the release of the drug in PBS + FaSSIF solution. Higher 

drug loadings led to drug precipitating out of solution, and resulted in poor dissolution profiles.   

 All samples of PEP-PDMA micelles from methanol dissolved readily into PBS + FaSSIF 

to yield colloidal solutions that appeared clear with a blue tinge. For spray dried PEP-PDMA 

micelles, cumulant analysis revealed an Rh = 25.8 nm with μ2/Γ2 = 0.24, a radius larger than that of 

the micelles in methanol, which could suggest that the SDD particles are not completely broken 

apart or dissolved into the micelles at the first dissolution time point. DLS data for the remaining 

systems were analyzed by cumulant analysis as the REPES curves demonstrated monomodal 

distributions. For 10, 25, and 50 wt% probucol loadings, the size of the aggregates increased with 

increasing drug, but the dispersity stayed relatively low (μ2/Γ2 ≤ 0.30). As with the polymer-only 

sample, this could indicate that the micelles are not completely dissolved at this early time point, 



Chapter 3. Role of Micelles in Excipient formulations 82 
 

 

or could be an indication of the effect of increased drug loading on the size of the micelle corona. 

The samples analyzed at the 6 hour time point during dissolution all decreased in size from the 

initial dissolution and the dispersities were variable for each sample. For PEP-PDMA micelles, 

increasing the amount of hydrophobic drug in the SDD could decrease the wettability and lead to 

aggregates of micelles that are not completely broken apart. This could account for the initial size 

increase of the PEP-PDMA aggregates in the dissolution medium with increasing drug. At the 6 

hour point, the aggregate sizes decreased, indicating dissolution of the drug or breaking apart of 

the micelles. Polymers that show increased wetting or surface-active properties have been 

hypothesized to reduce agglomeration, therefore increasing the surface area and dissolution of 

poorly water soluble drugs.55 

 Because PDMA does not show the same release and supersaturation maintenance as PEP-

PDMA micelles, the forced aggregation of multiple PDMA chains (with a PEP core) held together 

as a micelle likely imparts favorable interactions on the polymer/drugs. It bears repeating that the 

drug is interacting with the corona or DMA portion of the micelles; the drug was not loaded into 

the core. This could relate to what Ilevbare and coworkers59 observed in studying ritonavir SDDs 

with many different polymers. They found that more flexible polymers were not as effective at 

inhibiting crystal growth as those with a more rigid structure. The aggregation of polymers to form 

micelles forces the DMA into a more rigid conformation than a free solvated chain, which in turn, 

could impart more monomer-drug interactions.  

For the hydrophilic polymers, PDMA and P(DMA-grad-MAG), there seems to be 

sufficient polymer in the SDD with 10 wt% probucol to inhibit crystal nucleation and growth when 

exposed to the dissolution medium. However, for 25 and 50 wt% probucol, the polymer does not 

inhibit nucleation and the amorphous drug seems to crystallize upon contact with the dissolution 

medium (not through crystallization from a supersaturated solution). The hydrophilic polymers of 

PDMA and P(DMA-grad-MAG) could be released from the SDD into the aqueous media much 
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faster that the hydrophobic drug. To study this, polymer release kinetics could be studied along 

with the drug release kinetics. Further, these polymers could simply be interacting more strongly 

with the dissolution medium than with the drug. This depletion of polymer could cause drug 

crystallization as the polymer is no longer available to sterically protect the drug, therefore allowing 

the drug to kinetically move more freely.59 At 10 wt% drug, there is a low ratio of drug such that 

the dissolved polymer was able to inhibit crystal nucleation and growth. To test this hypothesis, 

future studies are in progress to compare the undissolved solid crystallinity of SDDs of PDMA and 

P(DMA-grad-MAG) sprayed from MeOH and PEP-PDMA and PEP-P(DMA-grad-MAG) sprayed 

from THF:MeOH to determine if the drug is crystalline or amorphous.  

Overall, this study shows that when PEP-PDMA micelles are used as the excipient in SDDs 

with probucol, dissolution of the drug is enhanced, even over HPMC-AS (Figure 3.8). HPMC-AS 

is hypothesized to be an excellent-performing excipient due to its tendency to form nanoaggregates 

between hydrophobic portions of the polymer and hydrophobic drugs. Drug/polymer colloids are 

thought to increase drug dissolution because they are readily formed upon introduction into aqueous 

media, show stability in aqueous media, and tend to sustain supersaturation over a biologically-

relevant time frame.13 However, the formation of such nanoaggregates is poorly understood and 

difficult to predict and control for oral drug delivery purposes. The results of this study reveal that 

a more controlled system of aggregates, PEP-PDMA micelles, clearly leads to enhanced drug 

dissolution and supersaturation maintenance. 

3.3 Conclusions 

We synthesized four polymers (PEP-P(DMA-grad-MAG), PEP-PDMA, PDMA, and 

P(DMA-grad-MAG)) and spray dried them with two different drugs (probucol and phenytoin) to 

examine the role of drug/polymer assemblies in assisting drug dissolution and supersaturation 

maintenance. Polymers that were insoluble in aqueous media, PEP-P(DMA-grad-MAG) and PEP-

PDMA, sprayed from the non-selective solvent THF:MeOH, showed little to no drug release during 
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dissolution. Hydrophilic polymers, P(DMA-grad-MAG) and PDMA, showed good dissolution 

profiles for 10 wt% loadings of probucol, but little to no drug release for 25 and 50 wt% probucol 

loadings. It is hypothesized that there is an insufficient polymer to drug ratio at higher drug loadings 

to inhibit drug crystal nucleation and growth. However, when PEP-PDMA micelles are formed 

prior to spray drying and used as an excipient in the SDDs, there is a significant increase in 

dissolution performance; an almost complete burst release of the drug was found to occur, and 

supersaturation was sustained over the 6 hour incubation period for up to 50 wt% drug loading. 

The forced aggregation of the PDMA chains through the micellization of PEP-PDMA is thought 

to sustain drug-polymer interactions even when exposed to the aqueous dissolution medium. This 

is supported by the studies of the high performing excipient, HPMC-AS, which show 

nanoaggregates are formed during the dissolution process. This study reveals that nanoaggregates 

have a particular importance for drug dissolution and supersaturation maintenance, and that using 

micelle structures in excipient formulations results in a simple and controlled platform to further 

explore SDDs for oral drug delivery applications.   

3.4 Experimental Section 

Materials and Methods 

Materials. All chemicals were reagent grade and used as received unless otherwise noted. 

All solvents were HPLC or analytical grade. Sec-butyllithium (1.4 M in cyclohexane, Aldrich), 

oxalyl chloride (Aldrich, 99+%), D-glucosamine hydrochloride (Acros, 98+%), N,O-

bis(trimethylsilyl)acetamide (BSA, Acros, 95%), methacryloyl chloride (Acros, 95%), 

triethylamine (TEA, Acros, 99.7%), n-butyl amine (Sigma-Aldrich, 99.5%), tris(2-

carboxyethyl)phosphine hydrochloride (TCEP, Aldrich, powder), methanol (Sigma-Aldrich, 

anhydrous, 99.8%). 2,2’-Azobis(2-methylpropionitrile) (AIBN, Aldrich, 98%) was recrystallized 

from methanol once and stored in a dark, –20 °C refrigerator. N,N-Dimethylacrylamide (DMA) 

(Aldrich, 99+%), 2-hydroxyethyl acrylate (HEA, Aldrich, 96%), and methyl acrylate (MA, Aldrich, 
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99%) were purified by passage through activated basic alumina columns to remove trace amounts 

of inhibitors. Hydrochloric acid (Sigma-Aldrich, 37%) was diluted with DI water to prepare a 1.3 

M solution before use. 1,3-isoprene (Aldrich,99%) and ethylene oxide (Aldrich, 99.5+%) were 

degassed with three freeze-pump-thaw cycles followed by removal of trace amounts of acidic 

impurities by multiple treatments with n-butyllithium (2.5 M in hexanes, Aldrich) for 1 hour each 

and n-butylmagnesium chloride (2.0 M in diethyl ether, Aldrich) for 4 hours each, respectively. 

Toluene (Sigma-Aldrich, HPLC grade, 99.9+%), dichloromethane (Sigma-Aldrich, anhydrous, 

99.8+%), and tetrahydrofuran (THF, Sigma-Aldrich, HPLC grade, 99.9+%, inhibitor free) were 

purified via a solvent purification system. Probucol (PBC) and phenytoin (PTN) were purchased 

from Sigma-Aldrich (Milwaukee, WI) and used without further purification. HPMC-AS 

(AFFINISOL™ 912G, The Dow Chemical Company) were used as received.  Fasted-state 

simulated intestinal fluid powder (FaSSIF) was purchased from Biorelevant (Surrey, UK). 

Phosphate buffered saline (PBS) consisted of 82 mM sodium chloride (Fisher, ≥99.0%), 20 mM 

sodium phosphate dibasic heptahydrate (Fisher, 98%), and 47 mM potassium phosphate monobasic 

(J.T. Baker, ≥99.0%).  

Methods.   

Spray Drying. Spray drying was performed on a Bend Research Mini Spray Drier under the 

following conditions: inlet temperature of 68 °C, nitrogen flow rate of 28.6 SLPM, a 1.3 mL/min 

syringe flow rate, and samples were collected on a 4” Whatman filter. Unless otherwise noted, the 

total solute content spray dried was always 1 wt%. Solutions were either sprayed from MeOH or 

THF:MeOH mixture (15:2, v/v).  SDD composition is reported as the weight percent (wt%) drug 

in the dispersion. For example, an SDD of 10 wt% probucol/PEP-PDMA consists of 1 part probucol 

drug and 9 parts PEP-PDMA polymer by weight.   
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The abbreviations for the spray-dried dispersions (SDDs) in this publication consist of the 

polymer acronym followed by the solvent, polymer, and drug were spray dried from. For example, 

poly(N,N,-dimethylacrylamide) spray dried from methanol would be reported as PDMA MeOH. 

Dynamic Light Scattering (DLS).  The aggregation state of drug/polymer mixtures in organic 

solvent and in the dissolution medium (PBS + FaSSIF) were studied using DLS. DLS experiments 

were performed using a Brookhaven Instrument system consisting of a Mini L-30 red laser source 

(λ = 637 nm), a BI-APD avalanche photodiode detector, and a BI-9000AT digital correlator, all 

aligned on a BI-200SM goniometer. The temperature was controlled at 25.0 ± 0.3°C, and a decalin 

bath was used as the RI-matching medium.    

All samples were passed through 0.45 μm syringe filters, then loaded into dust-free glass 

tubes for analysis. The pre-spray drying samples, in organic solvent, consisted of 1 wt% dispersions 

of polymer or polymer and drug. However, the post-spray drying samples, in PBS + FaSSIF, varied 

in the total wt% since they mimicked the dissolution testing concentration (total drug concentration 

if fully dissolved is 1,000 μg/mL). The second-order scattering intensity correlation function (g2(t)) 

for each sample was measured at five angles (60°, 75°, 90°, 105°, and 120°) and was subsequently 

converted to the first-order correlation function (g1(t)) by applying the Siegert relation of g2(t) = 1 

+ |g1(t)|2. The first-order correlation functions were then fit by the cumulant expansion, which 

describes a monomodal distribution of aggregates with a dispersity (μ2/Γ2 < 0.3)20, and with the 

double exponential expansion that assumes two distinct decay modes with no dispersity. The 

translational diffusion coefficient was determined from a linear fitting of Γ and q2, from which the 

hydrodynamic radius (Rh) was calculated using the Stokes-Einstein relationship.  Shibayama’s 

bimodal scattering analysis was used to elucidate the weight fractions of the two decay modes for 

double exponential analysis.1-3,21 
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Powder X-Ray Diffraction (PXRD) Analysis. PXRD experiments were carried out on a Bruker-

AXS (Siemens) D5005 diffractometer. Samples were packed into standard glass holders with zero 

background. Data for each sample was collected from 5° to 40° on the 2θ scale over approximately 

30 minutes at a scan step of 0.5 seconds and a step size of 0.02°/s. The x-ray source (KCuα, λ = 

1.54 Å) was operated at a voltage of 45 kV and a current of 40 mA.  

Thermal Analysis. Modulated differential scanning calorimetry (MDSC) to determine thermal 

characteristics of the SDDs was conducted using a TA Instruments Discovery DSC equipped with 

an autosampler. Samples (2–10 mg) were placed in T-zero aluminum pans. MDSC analysis was 

performed with a nitrogen flow rate of 50.00 mL/min and a heating rate of 5 °C/min from -80 °C 

to 180 °C.  Temperature was modulated ± 2 °C with a period of 40 s. The first heating scans are 

reported. For polymer only samples (not spray dried), the temperature was not modulated, but was 

ramped between -80 °C and 180 °C at a rate of 5 °C/min. The second heating scans are reported 

for those samples. For all samples, TA TRIOS software version 2.2 was used to analyze Tg values 

and enthalpic components. Phenytoin MDSC runs were only analyzed to 180 °C and not up to the 

melting point of phenytoin due to polymer degradation above 200 °C. 

Scanning Electron Microscopy (SEM). SEM was used to obtain particle size and morphology data 

from the SDDs. A Hitachi S-900 microscope was used and samples were sputtered with 

gold/palladium for 30 seconds at 40 kV on a Denton DV-502A High Vacuum Deposition System 

to provide a conductive coating for analysis.  

In Vitro Dissolution Testing.  Dissolution testing was performed on SDDs and crystalline drug to 

determine the amount of soluble drug and supersaturation maintenance. Dissolution testing medium 

consisted of phosphate buffered saline (as described in Materials) supplemented with 0.5 wt% 

fasted-state simulated intestinal fluid (FaSSIF) containing 3 mM sodium taurocholate, 0.2 mM 
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lecithin, 34.8 mM sodium hydroxide (NaOH), 68.62 mM sodium chloride (NaCl), 19.12 mM 

maleic acid. The medium was adjusted to pH 6.5 with NaOH.  

 Each SDD or crystalline drug sample was accurately weighed into 2.0 mL microcentrifuge 

tubes to give an ultimate total drug concentration of 1,000 mg/mL if fully dissolved (n=2). To begin 

the testing, 1.8 mL of PBS + FaSSIF medium (pH 6.5, 37 °C) was added to the tubes, which were 

then vortexed for one minute and placed into an aluminum heating block held at 37 °C. At 4, 10, 

20, 40, 90, 180, and 360 minutes the tubes were centrifuged at 13,000 rpm, 37 °C for 1 minute and 

then 50 μL of supernatant was aliquoted into HPLC vials. The samples were then vortexed for 30 

seconds and placed back into the 37 °C block until the next time point. The supernatant in the 

HPLC vials was then diluted with 250 μL of methanol and analyzed for drug via HPLC.       

 The HPLC consisted of a reversed-phase EC-C18 column (Poroshell 120, 4.6 x 50 mm, 

2.7 μm, Agilent, USA). For probucol detection, a mobile phase of 96:4 (v/v) acetonitrile:water was 

pumped at a flow rate of 1.0 mL/min at 30 °C. A 10 μL aliquot of sample was injected, and the 

column effluent was detected at 241 nm with a UV detector (1260 Infinity Multiple Wavelength 

Detector, Agilent). The probucol concentration in the samples was determined using a calibration 

curve of 0.1–500 μg/mL concentrations. Phenytoin was detected using a mobile phase of 40:60 

(v/v) acetonitrile:water under the same conditions as probucol detection. Phenytoin was detected 

at 215 nm and the sample concentration was determined using a calibration curve of 0.1–500 μg/mL 

concentrations.   
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Figure 3.10 PXRD patterns for SDDs with phenytoin loadings of 50 wt%, 25 wt%, and 10 

wt%, from left to right, comparing: a) crystalline phenytoin, b) PEP-P(DMA-grad-MAG) 

THF:MeOH (15:2, v/v), c) PEP-PDMA THF:MeOH (15:2, v/v) d) PEP-PDMA MeOH e) 

PDMA MeOH f) P(DMA-grad-MAG) MeOH. 
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Figure 3.11 MDSC traces of total heat flow from a) crystalline probucol, and SDDs (b-f) 

containing 50 wt% probucol and the following polymers and feed solvents: b) PEP-

P(DMA-grad-MAG) THF:MeOH (15:2, v/v), c) PEP-PDMA THF:MeOH (15:2, v/v), d) 

PEP-PDMA MeOH, e) PDMA MeOH, and f) P(DMA-grad-MAG) MeOH. Samples were 

analyzed between 20 °C and 180 °C with a ramp of 5 °C/min, temperature modulation of 

± 2 °C, and a period of 40 s. First heating scans are shown.  
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Table 3.6 MDSC analysis of SDDs with probucol.  
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Figure 3.12 MDSC traces of total heat flow from a) crystalline phenytoin, and SDDs (b-f) 

containing 50 wt% phenytoin and the following polymers and feed solvents: b) PEP-

P(DMA-grad-MAG) THF:MeOH (15:2, v/v), c) PEP-PDMA THF:MeOH (15:2, v/v), d) 

PEP-PDMA MeOH, e) PDMA MeOH, and f) P(DMA-grad-MAG) MeOH. Samples 

analyzed between 20 °C and 180 °C with a ramp of 5 °C/min, temperature modulation of 

± 2 °C, and a period of 40 s. First heating scans are shown. 
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Table 3.7 MDSC analysis of SDDs with phenytoin. 
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Figure 3.13 SEM images for polymers sprayed with a) 10 wt% probucol and b) 25 wt% 

probucol. Polymers and solvent from left to right: PDMA MeOH, PEP-PDMA MeOH, 

PEP-PDMA THF:MeOH (15:2, v/v), PEP-P(DMA-grad-MAG) THF:MeOH (15:2, v/v), 

P(DMA-grad-MAG) MeOH.   
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Figure 3.14 SEM images for polymers sprayed with a) 10 wt% phenytoin, b) 25 wt% 

phenytoin, and c) 50 wt% phenytoin. Polymers and solvent from left to right: PDMA 

MeOH, PEP-PDMA MeOH, PEP-PDMA THF:MeOH (15:2, v/v), PEP-P(DMA-grad-

MAG) THF:MeOH (15:2, v/v), P(DMA-grad-MAG) MeOH.   
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Figure 3.15 Dissolution data comparing polymers and spray drying solvents (see legend) 

with various drug loadings: a) 10 wt% phenytoin, b) 25 wt% probucol, c) 25 wt% 

phenytoin, d) 50 wt% probucol, and e) 50 wt% phenytoin.  
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Figure 3.16 Log P vs Tm (melting point) chart indicating physiochemical properties of 

common model APIs. This highlights that probucol and phenytoin have disparate 

properties, which is the rationale for choosing them as model APIs. 
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4 CHAPTER FOUR 

 

Trehalose-based diblock terpolymers increase hydrophobic 

drug solubility and offer new excipient design parameters 

 

In part from:  

 †Tale S. R.; †Purchel A.A.; Theresa T.M., Diblock Terpolymers Are Tunable and 

pH Responsive Vehicles To Increase Hydrophobic Drug Solubility for Oral 

Administration, Mol. Pharmaceutics. 2017, 14, 4121-4127. (†equal contribution) 

 

This work was a joint venture by this author who is responsible for synthesis and 

characterization of Trehalose-based diblock terpolymers, spray drying, characterization of 

SDDs, and dissolution studies of all polymers at different pH. Anatoli P. played a major 

role in DLS characterizations, MDSC analysis, cloud point measurements, and addressing 

reviewers comments.  

 

 

 

Reproduced by permission of American Chemical Society 

Copyright 2017 American Chemical Society. 

 



Chapter 4. Trehalose-based New Excipients  104 
 

 

4.1 Introduction 

Oral delivery routes are the most convenient method for routine administration of 

pharmaceuticals in the solid dose form.1-3 This preferred administration route promotes 

increased patient compliance and lower costs as systemic injection routes are avoided. 

Approximately 40-60% of new drug candidates in the pharmaceutical pipeline suffer from 

poor aqueous solubility in gastrointestinal track, resulting in reduced bioavailability and 

low therapeutic effect.4,5 About 70% of pipeline drug candidates belong to the 

Biopharmaceutics Classification System (BCS) Class II compounds, which denote 

compounds with low aqueous solubility and high permeability across the GI tract.6 

Synthetic and natural polymers have shown great potential to improve bioavailability, shelf 

life, and therapeutic efficacy of BCS class II drugs for oral administration.7 Various 

methods exist to disperse a drug in a polymer matrix to form drug-polymer solid 

dispersions (i.e., spray drying, hot melt extrusion).8-12 Spray drying has emerged as a 

convenient technology for the formulation of amorphous solid dispersions, which are then 

tableted for ease in packaging and dosing.9 This formulation technology is readily scalable 

and has been utilized commercially in developing new formulations with various drugs, 

such as with Ivacaftor, a drug with a high tendency to crystallize (melting point 291°C), 

but can be dispersed in hydroxypropyl methyl cellulose acetate succinate (HPMCAS).13 

Indeed, polymer-drug interactions play a critical role in dictating dissolution performance 

of spray dried dispersions. Therefore, to fully employ the promise of polymer excipients, 

it is vital to understand the fundamental structure-property relationships of drug dissolution 

with polymer excipients to fine-tune design parameters for optimizing SDD performance.14  
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To date, hydroxypropyl methylcellulose acetate succinate (HPMCAS) is one of the 

top performing polymer excipients on the market that effectively inhibits drug nucleation, 

crystal growth, and maintains high levels of drug supersaturation, leading to an increase in 

drug absorption in the GI tract.15,16 HPMCAS solid dispersion formulations are currently 

part of FDA-approved formulations on the market, for example for Telaprevir (Hepatitis 

C), Vemurafenib (last stage of melanoma), and Ivacaftor (cystic fibrosis).13 For these 

formulations, HPMCAS has led to enhanced aqueous drug solubility, improved 

bioavailability, and increased therapeutic effect for these drugs.  However, understanding 

the structure property relationship of drugs with HPMCAS has been challenging due to the 

high dispersity of industrially manufactured HPMCAS and challenges to fully characterize 

its physiochemical properties.7 

Our work on amphiphilic block copolymers that can self-assemble into micelles 

prior to spray drying has shown success in improving aqueous solubility of poorly water 

soluble drugs.11  Previously, we demonstrated that micelle structures in excipient 

formulations improve drug dissolution and supersaturation maintenance when compared 

to polymer formulations with the same composition that were not preassembled into 

micelles.11 Mundargi et al. showed that a diblock copolymer, PLA-PEG, composed of 

polylactic acid (PLA) and polyethylene glycol (PEG) can be utilized as an excipient to 

control the release of zidovudine.17 Ting et al. revealed that sugar-deprotected polymers 

outperformed their protected analogs by demonstrating superior drug release and 

supersaturation maintenance.7 In that study, it was also demonstrated that hydrogen 

bonding played an important role in their SDD systems, which served to increase drug-

polymer interactions, enhancing solubility and stability of their systems, and inhibiting 
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molecular mobility of the drug. Therefore, the effect of intermolecular hydrogen bonding 

between drug and polymer on drug release and supersaturation maintenance is clearly 

evident.7 

Herein, we report the synthesis of three well-defined block copolymers and 

evaluate their efficiency as excipients in SDDs with a model drug system. We sought to 

understand the effect of hydrophobic (PEP, lacks hydrogen bonding sites), hydrophilic 

(PNIPAm, 1 H-bond donor and 1 H-bond acceptor), and pH responsive (PDEAEMA, 3 

hydrogen bonding acceptor sites) blocks on drug release and super saturation maintenance 

through systematic variance of the block structure in these new excipient models. In this 

study, three diblock polymers displaying these compositions were synthesized using 

reversible addition−fragmentation chain-transfer (RAFT) polymerization, which are 

shown in Scheme 1, including PEP-b-P(DMA-grad-MAT), PNIPAm-b-P(DMA-grad-

MAT), and PDEAEMA-b-P(DMA-grad-MAT). We maintained consistent molecular 

weight of the second block containing DMA and MAT to assess the effect of the differing 

chemical parameters arising by altering the second block containing either PEP, PNIPAm, 

or PDEAEMA blocks on the drug dissolution profiles. We chose DMA due to its aqueous 

solubility, biocompatibility, and numerous applications in pharmaceutical field.18,19 The 

primary purpose of incorporating the third component MAT to these excipient models, was 

to increase the glass transition temperature of the diblock polymers. The hydroxyl groups 

of MAT can also provide additional sites for hydrogen bonding and has been used 

previously in its molecular form as an excipient, thus potentially aiding to increase the shelf 

life of the SDDs.20 The PEP-b-P(DMA-grad-MAT) diblock terpolymer was synthesized 

by the combination of  anionic and reversible addition–fragmentation chain transfer 
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(RAFT) polymerizations as reported in the literature.11 The other two polymers PNIPAm-

b-P(DMA-grad-MAT) and PDEAEMA-b-P(DMA-grad-MAT were synthesized 

exclusively by RAFT polymerization. Table 4.1 and the Experimental section include 

details of the polymer synthesis, conditions, and characterization. Probucol was selected as 

the model drug to study polymer-drug interactions and structure-property relationships 

with these new polymer excipients. Probucol is classified as a BCS class II drug and has a 

very low aqueous solubility of 0.042 μg/mL.21 Herein, we demonstrate that these new 

polymer matrices can be tuned to release, solubilize, and maintain supersaturation of 

probucol (up to 100% of drug at a concentration of 1000 mg/mL). 
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4.2 Results and Discussion  

4.2.1 Synthesis of the diblock terpolymers 

  Synthesis of TMS-MAT (2) was achieved in six steps according to our previously 

published procedure.22 The macromolecular chain transfer agent (CTA), PEP-CTA (1a), 

was synthesized according to a published procedure by Yin et al.14 The Mn of the PEP-

CTA (1H NMR spectroscopy, end group analysis) was determined to be 3.6 kg mol−1, and 

had dispersity (Ð) of 1.06 using chloroform as the eluent (relative to PS standards). The 

two other macromolecular CTAs, PNIPAm-CTA (1b) and PDEAEMA-CTA (1c), were 

synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization 

using 4-Cyano-4-(propylsulfanylthiocarbonyl) sulfanylpentanoic Acid (CPP) 23 as the 

CTA. The Mn of  PNIPAm-CTA  and PDEAEMA-CTA (1H NMR spectroscopy) was 

determined to be 5.6 kg mol−1 and 8.0 kg mol−1 respectively. Details of synthesis and 

characterization are detailed in the Table 4.2, Figure 4.5, Figure 4.6.  

Three diblock terpolymers PEP-b-P(DMA-grad-MAT), PNIPAm-b-P(DMA-grad-

MAT), and PDEAEMA-b-P(DMA-grad-MAT) were prepared by copolymerizing the 

macromolecular-CTA (1a, 1b, 1c) with DMA and TMS-MAT in toluene at 70 °C using 

AIBN as the initiator. The reported literature values for the reactivity ratios of TMS-MAT 

and DMA were r
1
= 0.09 and r

2
 = 1.62.24 According to these reactivity ratios, the copolymer 

was gradient in nature and consisted of an initial higher DMA ratio (close to PEP block) 

and terminated with a higher content of MAT.  The TMS groups were then deprotected by 

using HCl in methanol to yield the diblock terpolymers.  All polymers were purified by 

precipitation in ether and vacuum dried 40°C for 10 h. Table 4.1 contains characterization 

details of diblock terpolymers and Figure 4.7 and Figure 4.8 includes     1H NMRs of 
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purified PNIPAm-b-P(DMA-grad-MAT)and PDEAEMA-b-P(DMA-grad-MAT) 

polymers. 

Scheme 1 Synthesis of the diblock terpolymers 

 

Table 4.1 Molecular and thermal characterization of the and diblock terpolymers 

 

aThe first value in parentheses indicates the number average molecular weight of either 

PEP, PNIPAAm, or PDEAEMa in kg/mole and the second number indicates the number 

average molecular weight of the PDMA/PMAT block in kg/mole. The third number 

indicates the mole fractions of MAT (trehalose) repeat units in the block of the terpolymers.  

bInitial composition of the AIBN (initiator), poly(CTA), and monomers in the feed.  
cConversion of DMA and TMS-MAT as monitored by 1H NMR spectroscopy. dNumber 

average molecular weight of the diblock terpolymers after deprotection of the TMS groups. 

Sample
a

[AIBN] : [Poly-CTA]:

[DMA] : [TMS-TMAT]
b

[M0]
Time 

(h)

Conv. 

of 

DMA
c

Conv. of 

TMS-

TMAT
c

M n 

kg/mole
d

Ð
e

T g
f
, °C

PEP-b-P(DMA-grad -MAT)

(3.6-24.5-0.1) 0.05 : 1: 180 : 20 1.69 10 99% 92% 28.1 1.23 147

PNIPAAm-b-P(DMA-grad-MAT)

(5.6-26.4-0.1) 0.05 : 1: 180 : 20 1.69 12 99% 99% 32 1.21 157

PDEAEMa-b-P(DMA-grad-MAT)

(8-23-0.1) 0.05 : 1: 180 : 20 1.69 19 89% 85% 31 1.33 122
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ePolydispersity of the diblock terpolymers before the removal of the trimethylsilyl 

protecting groups. fGlass transition temperature of polymers reported as the second heating 

with a 5 °C/min heating rate. 

 

All samples were spray dried using a Bend Research lab scale Mini Spray Drier. 

For example, 270 mg of PEP-b-P(DMA-grad-MAT) and 30 mg of probucol were dissolved 

in THF:MeOH mixture (15:2, v/v) and spray dried to obtain SDDs at 10 wt% of drug 

loading.  In general, the physical stability of the SDDs is a critical component  for  

thermodynamic stability of the drug molecules.25 The drug should be molecularly dispersed 

in the polymer matrix yielding an amorphous mixture. A physically stable and amorphous 

SDD formulation leads to increased aqueous solubility of the drug, improved 

bioavailability (potentially leading to decreased costs and side effects).25 A combination of 

scanning electron microscopy (SEM), powder X-ray diffraction (powder XRD), and 

differential scanning calorimetry (DSC) were used to study the bulk properties 

(homogeneity, morphology, and crystallinity) of the SDDs. 

4.2.2 Solid State Characterization of SDDs 

SEM is an important tool to investigate information about morphology and particle 

size distribution of the SDDs. As shown in Figure 4.1, all spray dried dispersions with 

probucol revealed wrinkled, collapsed sphere morphologies, which is indicative of 

increased surface area of the SDD powders. The increased surface area is directly related 

to aiding increased drug dissolution.  
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Figure 4.1 SEM images of the SDDs created by spraying a THF:MeOH (15:2) solution of 

Probucol with (a) PEP-b-P(DMA-grad-MAT), (b) PNIPAAm-b-P(DMA-grad-MAT), and 

(c) PDEAEMa-b-P(DMA-grad-MAT) as the polymer excipients at 25 wt % of drug 

loading. The scale bars indicate 1 µm. 

 

PXRD is a non-destructive technique to determine the presence of crystalline 

material in SDDs.15,26 The X-ray diffraction pattern of pure probucol showed distinctive 

sharp peaks in the diffraction pattern indicating a highly crystalline material. All SDDs 

with probucol revealed broad, diffused powder XRD patterns at 50 wt% of drug loading, 

except PEP-b-P(DMA-grad-MAT) (Figure 4.2).  The sharp peaks in this dispersion 

belongs to probucol form II crystals as compared to pure probucol, which exhibits a 

scattering pattern of form I probucol crystals. SDDs with PNIPAm-b-P(DMA-grad-MAT) 

and PDEAEMA-b-P(DMA-grad-MAT) exhibited a broad and featureless diffractogram 

indicating that at least 95% of the probucol in the polymer matrices is amorphous in nature.  

a b c

)

)

) 
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Figure 4.2 Powder XRD patterns of crystalline probucol comparing SDDs with A) PEP-

b-P(DMA-grad-MAT), B) PNIPAm-b-P(DMA-grad-MAT), and C) PDEAEMA-b-

P(DMA-grad-MAT) as the matrices at 50 wt % probucol. 

Differential scanning calorimetry (DSC) is a powerful method to determine the 

presence of crystalline material in SDDs with higher sensitivity compared to PXRD.27 In 

addition, DSC thermograms yield information about how the drug is molecularly dispersed 

in the polymer matrix.27,28 To study these properties, we utilized modulated DSC (MDSC), 

which measures reversible (heat capacity) and non-reversible (crystallization, solvent 

evaporation) transitions and has significant advantages over DSC.29,30 MDSC offers 

information about drug crystallization upon heating, which in turn, provides information 

about polymer-drug interactions and the ability of the polymer to inhibit crystallization 

(keep the drug in the amorphous state). Moreover, MDSC thermograms show a single glass 

transition temperature if the drug is homogenously mixed with polymer matrix. Also, a 

change in the T
g
 values indicate how strongly the drug is associated with the polymer 

matrix.31-35 All MDSC analysis and traces are shown in (Table 4.3, Table 4.4, and Figure 

4.10). 
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A single glass transition temperature (T
g
) was observed for all SDDs (Table 4.4), 

indicating that the drug is homgenously dispersed in the polymer matrix. The T
g 

of the 

SDDs decreases  towards that of  the amorphous drug with increased drug loading, when 

comparing 10, 25 and 50 wt% of probucol loading. Furthermore, the data in Table 4.3 

indicate that the increase in the number of hydrogen bonding sites in the polymer backbone 

(PDEAEMA > PNIPAm > PEP), increases the amorphous nature of probucol (decresases 

the percentage of crystalline Probucol, assuming 100% crystallization). To calculate the 

percent of probucol crystallinity, the melt endotherm was substracted from the 

crystallization enthalpy of the drug, which is normalized to the drug loading. At 10, 25, 

and 50 wt% of drug loading, SDDs formulated from PDEAEMA-b-P(DMA-grad-MAT) 

did not reveal any crystallization events or melt enotherms in the MDSC (Table 4.4 and 

Figure 4.10). This implies that Probucol strongly interacts with the PDEAEMA-b-P(DMA-

grad--MAT) polymer matrix as compared to PEP-b-P(DMA-grad-MAT) and PNIPAm-b-

P(DMA-grad-MAT). PDEAEMA chains have more hydrogen bonding sites per repeat unit 

(3 sites/repeat) as compared to that present in PEP (0 sites) and PNIPAm (2 sites), which 

could contribute to interaction of the polymer with the drug. At 50 wt% of drug of loading, 

the SDD created with the PEP-b-P(DMA-grad-MAT) matrix  showed crystallization at 

56.8 °C, whereas the SDD created with PNIPAm-b-P(DMA-grad-MAT) revealed a first 

crystallization event at 74.9 °C (Table 4.4 and Figure 4.10). This indicates that the 

PNIPAm-b-P(DMA-grad-MAT) polymer matrix may be better to supress crystallization 

of the Probucol than PEP-b-P(DMA-grad-MAT) polymer matrix at higher temperature.  
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4.2.3 In Vitro Dissolution Performance 

Next, we studied how well the SDDs achieve and maintain the in vitro dissolution 

performance of probucol. Ideally, a dispersion of the drug and polymer should be able to 

maintain supersaturation levels of drug and inhibit crystal nucleation in the GI tract. 

Simulated intestinal fluid power (SIF powder) was added to the dissolution media to test 

the in vitro performance of all the SDDs. Addition of SIF powder gives a better indication 

of how the drug will dissolve and release in the buffered conditions. In the dissolution tests, 

undissolved probucol was removed by centrifugation at 13,000 rpm for 1 min, and the 

concentration of probucol was monitored by HPLC by taking aliquots at different time 

intervals.  

Figure 4.3 shows the dissolution profiles of all the SDD formulations at 10 and 25 

wt% of probucol loading. We compared the dissolution performance of all SDDs with 

commerically available HPMCAS-M grade (positive control). As shown in Figure 4.3, the 

SDD of PNIPAm-b-P(DMA-grad-MAT) showed an excellent burst release profile with 

probucol in aqueous solution and maintained drug supersaturation for 6 hours. We 

attributed the excellent performance of PNIPAm-b-P(DMA-grad-MAT) to its ability to 

dissolve rapidly in aqueous solution, release probucol in the dissolution media, and inhibit 

crystal nucleation.  The PEP-b-P(DMA-grad-MAT) did not dissolve fully in the 

dissolution media and resulted in a poor solubilization/release profile with probucol. Due 

to the insolubility of the polymer matrix, the drug may be trapped in the polymer matrix 

and may precipitate out with the polymer in the dissolution media.  The PDEAEMA-b-

P(DMA-grad-MAT) polymer also did not dissolve in dissolution at pH 6.5 and revealed a 

poor drug solubilization/release profile.  
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The DEAEMA is a pH responsive component of this system and it is well 

documented in the literature that DEAMEMA becomes protonated in aqueous solution 

upon lowering of the pH. Therefore, we conducted dissolution tests of this SDD at a lower 

pH of 5.1 and 3.1, respectively. At pH 5.1, the SDD is still insoluble and there is no 

significant change in the dissolution profile of the SDD formulation containing 

PDEAEMa-b-P(DMA-grad-MAT). However, PDEAEMa-b-P(DMA-grad-MAT) 

exhibited controlled release of Probucol at pH 3.1. At pH 3.1, the PDEAEMa portion of 

the polymer matrix gets protonated and the polymer dissolves slowly in the dissolution 

media. As a result, Probucol is released from the polymer matrix in the dissolution media 

and polymer maintained drug supersaturation for 6 h. 

 

Figure 4.3 Dissolution data of the SDDs with 10 and 25 wt% of probucol. PNIPAm-b-

P(DMA-grad-MAT) showing an excellent burst release and super saturation maintenance 

profile for probucol at pH 6.5. On the other hand, PDEAEMA-b-P(DMA-grad-MAT) 

showed controlled release profile for probucol at pH 3.1. The target concentration of 

probucol was 1000 μg/mL (denoting 100% drug solubility).  
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Figure 4.4 Area under the curve (AUC) as calculated at 360 min from the dissolution data 

of SDDs with 10, 25, and 50 wt % probucol loading. The calculated AUC is the average 

of two trials. The data for homopolymer of PDMA with probucol SDD was obtained from 

previously published work.11  

 

The area under the curve (AUC360min
) is the area under the drug concentration – 

time profile curves over the period of a 6 h dissolution test and represents the solubility 

maintenance of the excipient system for a particular drug. The AUC360max
 is the theoretical 

maximum area under the drug concentration time profile
 
over period of a 6 h dissolution 

test. For ideal excipient, our AUC360max
 is = 3.6 × 105 ug.min/mL (which denote 100% burst 

release and supersaturation maintenance of a drug). Therefore, the theoretical engineering 

target maximum is unity (AUC360min
/AUC360max

 = 1). Incorporating a higher drug loading 

percentage in a SDD formulation is desirable; however, there is a fine interplay between 

higher drug loading, and the increased tendency of the drug to crystallize. With HPMCAS, 
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the targeted probucol solubility concentration was achieved (up to 25 wt% of drug loading; 

see    Figure 4.4 and Table 4.5). At 50 wt% of drug loading, only 64% of the targeted drug 

concentration was soluble, which was likely due to the lower amount of polymer excipient 

to aid solubility of the hydrophobic drug molecules. The SDD of PEP-b-P(DMA-MAT) 

exhibited poor solubility enhancement at all drug loading percents. Similar to HPMCAS, 

the SDD of PNIPAm-b-P(DMA-grad-MAT) was able to achieve the targeted drug 

solubility concentration (100% soluble) up to 25 wt% of drug loading. However, this 

polymer matrix only achieved 18% of targeted drug concentration at 50 weight percent of 

drug loading. The SDD of the homopolymer PDMA control achieved 83% of targeted drug 

concentration at 10 weight percent of loading but failed to perform at 25 and 50 weight 

percent of drug loading. This result indicated that the PNIPAm component of PNIPAm-b-

P(DMA-grad-MAT) is essential to achieve targeted drug concentrations at 25 wt % of drug 

loading.  The SDD of PDEAEMA-b-P(DMA-grad-MAT) failed to show any significant 

increase in AUC360min 
at pH 6.5 and 5.1. Interestingly, at a lower pH of 3.1, the SDD 

formulation was able to achieve almost 90% of the targeted probucol concentration at all 

drug loadings (10, 25, and 50 wt%). The AUC360min
 value gradually increased by increasing 

the pH of the dissolution media with 10, 25 and 50 weight percent of drug loading. 

Therefore, this particular SDD, at a lower pH, outperformed HPMCAS by demonstrating 

1.5 times increase in AUC360min 
 value at the highest drug loading percent tested (50 wt %). 
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4.3 Conclusions 

In conclusion, we have synthesized three well-defined architectures of diblock 

polymers : PEP-b-P(DMA-grad-MAT), PNIPAAm-b-P(DMA-grad-MAT), and 

PDEAEMa-b-P(DMA-grad-MAT) and formulated spray dried dispersions with Probucol. 

The role of these polymer matrices in assisting drug dissolution and super saturation 

maintenance was examined. MAT was introduced to increase the T
g
 of these polymers so 

they are able to be formulated with drugs via spray drying. The SDD formulations were 

characterized using PXRD, SEM, and MDSC. PXRD data revealed broad, diffuse 

diffractograms with the SDDs containing PNIPAAm-b-P(DMA-grad-MAT) and 

PDEAEMa-b-P(DMA-grad-MAT) polymer matrices that were formulated up to 50% of 

probucol loading. This indicates that at least 95% of the drug is in the amorphous form. 

SEM images showed no significant difference in the bulk appearance of SDD powder 

dispersions when comparing the different polymers and loading concentrations. MDSC 

data indicated that the PDEAEMA-b-P(DMA-grad-MAT) polymer matrix was better at 

suppressing probucol crystallization upon heating (with the formulations up to 50 wt% of 

probucol loading) when compared to P(DMA-grad-MAT) and PNIPAAm-b-P(DMA-

grad-MAT). The individual polymer matrices showed a very distinctive dissolution 

performance in enhancing probucol supersaturation at different drug loadings. The SDD of 

PNIPAAm-b-P(DMA-grad-MAT) was completely soluble in the dissolution media at pH 

6.5 and able to achieve burst release of probucol in solution and maintained supersaturation 

concentration at 10 and 25 wt% of probucol loading. This particular SDD showed similar 

drug dissolution profiles as HPMCAS at 10 and 25 wt% of probucol loading. The SDD of 

PNIPAAm-b-P(DMA-grad-MAT) and HPMCAS failed to achieve targeted drug 
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concentration at 50 wt% of drug loading since less polymer matrix is incorporated. The 

SDD of PDEAEMA-b-P(DMA-grad-MAT) also failed to release loaded probucol at pH 

6.5 and 5.1 due to insolubility of the polymer matrix in the dissolution media. Upon 

decreasing the pH to 3.1, this particular SDD readily dissolved in the dissolution media 

and demonstrated burst release and maintained drug supersaturation concentration over 6 

h up to 50 weight percent of probucol loading. This particular SDD outperformed 

HPMCAS by demonstrating 1.5 times increase in the AUC360min
 value. Our results clearly 

indicate that the solubility of polymer matrices in dissolution media and increase in 

hydrogen bonding sites in polymer matrices are critical to decrease probucol crystallinity, 

increase AUC360min
 value, and achieve supersaturation concentration of probucol in the 

dissolution media. Our study gives new insight into the field of excipient design by 

demonstrating the importance of monomer selection to tune drug release at different pH.  

The development of high performance excipients and efforts to understand the structure-

activity relationships may help decrease the currently high attrition rate of drugs in the 

pharmaceutical development pipeline. 
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4.4 Experimental Section 

Materials. All chemicals were used as received (reagent grade) unless otherwise noted. All 

solvents utilized were HPLC or analytical grade. Anhydrous D-trehalose (99%, Acros 

Organics), iodine (Aldrich, >99.8%), triphenylphosphine (Aldrich, 99%), acetic anhydride 

(99.6%, Fisher), dry pyridine (99.8%, Sigma Aldrich), sodium azide (Aldrich, >99.5%), 

Pd/C (Aldrich), sodium methoxide (Aldrich, 95%), sodium chloride (Fisher), silica gel 

(Sorbent technologies, porosity 60Å size 40-60µm), chlorotrimethylsilane (TMSCl; Fisher, 

98%), triethylamine (TEA; Acros Organics, 99.7%), and HCl (1.25M) in methanol (Fluka), 

2,2’-Azobis(2-methylpropionitrile) (AIBN, Aldrich, 98%) were used as received. Freshly 

distilled methacryloyl chloride (Acros, 95%) was used for synthesis. N,N-

Dimethylacrylamide (DMA) (Aldrich, 99+%) was purified by passage through activated 

basic alumina columns to remove trace amounts of inhibitors. The monomers N-

isopropylacrylamide (NIPAm) (Aldrich, >99%), 2-(Diethylamino)ethylmethacrylate 

(DEAEMA) (Aldrich, 99%), 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 

(Aldrich, 98%) were used as received. Sec-butyllithium (1.4 M in cyclohexane, Aldrich), 

1,3-isoprene (Aldrich, 99%) and ethylene oxide (Aldrich, 99.5+%) were degassed with 

three freeze-pump-thaw cycles followed by removing trace amounts of acidic impurities 

by multiple treatments with n-butyllithium (2.5 M in hexanes, Aldrich) for 1 hour each and 

n-butylmagnesium chloride (2.0 M in diethyl ether, Aldrich) for 4 hours each, respectively. 

Toluene (Sigma-Aldrich, HPLC grade, 99.9+%), and dichloromethane (Sigma-Aldrich, 

anhydrous, 99.8+%), and tetrahydrofuran (THF, Sigma-Aldrich, HPLC grade, 99.9+%, 

inhibitor free) were purified via a MBRAUN solvent purification system. Probucol (PBC) 

and phenytoin (PTN) were purchased from Sigma-Aldrich (Milwaukee, WI) and used 
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without further purification. HPMCAS (AFFINISOL™ 912G, The Dow Chemical 

Company) was used as received. Fasted simulated intestinal fluid powder (FaSSIF) was 

purchased from Biorelevant (Surrey, UK). Phosphate buffered saline (PBS) was prepared 

in lab consisted of 82 mM sodium chloride (Fisher, ≥99.0%), 20 mM sodium phosphate 

dibasic heptahydrate (Fisher, 98%), 47 mM potassium phosphate monobasic (J.T. Baker, 

≥99.0%). 

 The synthesis of TMS-MAT was achieved as described in the literature. The 1H 

NMR was in agreement with previously published spectral data.22,36 The diblock 

terpolymer PEP-P(DMA-grad-MAT) was synthesized using a combination of anionic and 

reversible addition fragmentation chain transfer (RAFT) copolymerizations. The PEP-b-

P(DMA-grad-MAT) was characterized by 1H NMR and size exclusion chromatography 

(SEC). The analysis data was in agreement with previously published data.36 The synthesis 

of the diblock terpolymers PNIPAAm-b-P(DMA-grad-MAT) (Figure 4.7, 1H NMR) and 

PDEAEMA-b-P(DMA-grad-MAT) (Figure 4.8, 1H NMR) was achieved from 

macromolecular chain transfer agents (CTA), PNIPAm-CTA and PDEAEMA-CTA 

respectively. For example, a 25 mL round conical flask was charged with PNIPAm-CTA 

(0.6 g, 0.1 mmol), DMA(1.8 g, 18 mmol), TMS-MAT (1.8 g, 2 mmol) AIBN (0.8 mg, 

0.0005 mmol), and 1,4-dioxane (10 ml). The reaction mixture degassed for 1 h by bubbling 

nitrogen and subjected to preheated oil bath at 70 °C for 12 h. Both polymers were purified 

by precipitation in diethyl ether twice and dried in a vacuum oven for 24 h at 45 °C. 

Detailed characterization information is reported in Table 4.1 and Figure 4.9 shows SEC 

chromatograms for PNIPAm-b-P(DMA-grad-MAT) and PDEAEMA-b-P(DMA-grad-

MAT).  The PNIPAm-CTA (Figure 4.5, 1H NMR) and PDEAEMA-CTA (Figure 4.6, 1H 
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NMR) were obtained by RAFT polymerization using a small molecule trithiocarbonate 

based CTA, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid in 1,4 dioxane using 

AIBN as an initiator at 70 °C. For example, a 50 mL round conical flask was charged with 

NIPAm (5 g, 44.9 mmol), 357 mg of CTA (357 mg, 0.88 mmol), AIBN (7.2 mg, 0.044 

mmol), and 1,4-dioxane (22 mL, 1.69 M). The reaction mixture was degassed for 45 min 

by bubbling nitrogen. The reaction flask was subjected to preheated oil bath at 70 °C for 6 

h. PNIPAm-CTA was isolated by precipitation into pentane and followed by dialysis 

against water to remove trace amounts of impurities such as of monomers and solvent. 

PDEAEMA-CTA was purified by precipitation into diethyl ether twice. Detailed 

characterization information is reported in Table 4.2. The yield for PNIPAm-CTA and 

PDEAEMA-CTA were 87% and 72%, respectively. Macromolecular-CTA were dried in 

vacuum oven for 48 h at 40 °C before utilizing to synthesize diblock terpolymers.  

Methods.  

SEC Method. SEC measurements were carried out on a Agilent 1260 Infinity liquid 

chromatograph equipped with a Waters Styragel guard column and three Waters Styragel 

columns (HR6, HR4, and HR1) provide effective separation for an effective molecular 

weight 100-10,000,000 g/mol housed to an Agilent 1260 VWD UV-vis detector, a Wyatt 

Dawn Heleos II light-scattering detector, and a Wyatt Optilab T-rEX refractive-index 

detector. Tetrahydrofuran was used a mobile phase at 1.0 mL/min at 25 °C. 

Spray drying. Spray drying was performed on a Bend Research Mini Spray Drier under 

the following conditions: inlet temperature of 68 °C, nitrogen flow rate of 12.8 SLPM, and 

a 0.65 mL/min syringe flow rate. The SDDs were collected on a 4“ Whatman filter. Unless 
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otherwise noted, the total solute content spray dried was always 1 wt%. Solutions were 

sprayed from a THF:MeOH mixture (15:2, v/v). All diblock terpolymers were completely 

soluble in a THF:MeOH mixture prior to spray drying.  The SDD composition is reported 

as the weight percent (wt%) drug in the dispersion. For example, 30 mg of probucol and 

270 mg of polymer were dissolved in 29.7 gm of THF:MeOH mixture to make 10 wt% 

probucol with (PEP-b-P(DMA-grad-MAT)). Three different compositions were used for 

the polymer/drug dispersions: 10, 25, and 50 wt% probucol/phenytoin relative to polymer. 

Powder X-ray Diffraction (Powder XRD). PXRD experiments were carried out on a 

Bruker- AXS (Siemens) D5005 diffractometer. Samples (50 mg) were packed into standard 

0.5 mm deep glass holders with zero background. The X-ray source (KCuα, λ = 1.54 A) 

was operated at a voltage of 45 kV and a current of 40 mA. Data for each sample was 

collected from 5° to 40° on the 2θ scale over approximately 30 minutes at a scan step of 1 

seconds and a step size of 0.02°/s.  

Differential Scanning Calorimetry (DSC). Modulated differential scanning calorimetry 

(MDSC) was used to determine the thermal features of the SDDs and was conducted on a 

TA-Instruments Discovery DSC equipped with an autosampler. Samples from 5−10 mg 

were placed in T-zero aluminum pans and sealed with a hermetic lid. MDSC analysis was 

performed with a nitrogen flow rate of 50.00 mL/min and a heating rate of 1 °C/min from 

0 to 180 °C. The temperature was modulated at ±2 °C with a period of 40 s. The first 

heating scans are reported. For polymer only samples (not spray dried), the temperature 

was not modulated, but was ramped between -50 °C and 180 °C at a rate of 10 °C/min. The 

second heating scans are reported for those samples. For all samples, TA TRIOS software 

version 2.2 was used to analyze Tg values and enthalpic components. 
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Scanning Electron Microscopy (SEM). A Hitachi S-900 microscope was used, and 

samples were sputtered with gold/palladium for 30 s at 40 kV on a Denton DV-502A High 

Vacuum Deposition System to provide a conductive coating for analysis. SEM was used 

to obtain particle size and information about morphology data from the SDDs. 

In Vitro Dissolution Test. Dissolution testing was performed on either each SDD 

formulation or the crystalline drug to determine the concentration of drug in the dissolution 

media and maintenance of supersaturation. The dissolution medium consisted of phosphate 

buffer saline (82 mM sodium chloride, 20 mM sodium phosphate dibasic, 47 mM 

potassium phosphate monobasic) supplemented with 0.5 wt% simulated intestinal fluid 

powder. The medium was adjusted to pH 6.5 with NaOH. An appropriate amount of SDD 

or crystalline drug was weighed and added into 2.0 mL microcentrifuge tubes to yield a 

final total drug concentration of 1000 mg/mL if all material is fully dissolved. For example: 

At 10 wt%  of drug loading, we took 18.0 mg of SDD consisting of 1.8 mg of drug and 

16.2 mg of polymer was diluted with 1.8 mL of PBS buffer solution  for dissolution testing. 

All samples were analyzed in duplicate (n=2). The first step in dissolution testing involve 

vortexing samples for 1 min in 1.8 mL of PBS + FaSSIF medium and then placing the 

sample into an aluminum heating block that was isothermal held at 37°C. At each time 

point 4,10, 20, 40, 90, 180, and 250 min, tubes were removed from the heating blocks and 

centrifuged at 13000 rpm, 37 °C for 1 min to remove undissolved drug from dissolved 

drug, then 50 μL of the supernatant was aliquoted into an HPLC vial. The samples were 

again vortexed 30 s and held at 37 °C until the next time point. The supernatant in the 

HPLC vials was then diluted with 250 μL of methanol and analyzed for drug via HPLC. 

The mobile phase consisting of acetonitrile-water (96:4, v/v) was used for detecting drug 
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concentration in all SDDs. Drug concentration in each aliquot was determined by reverse 

phase HPLC. The HPLC consisted of a reversed-phase EC-C18 column (Poroshell 120, 

4.6 × 50 mm, 2.7 μm, Agilent, USA). A mobile phase of 96:4 (v/v) acetonitrile:water  was 

used for probucol detection with a flow rate of 1.0 mL/min at 30 °C. A 10 μL aliquot of 

sample was injected, and the column effluent was detected at 241 nm with a UV detector 

(1260 Infinity Multiple Wavelength Detector, Agilent). The probucol concentration in the 

samples was determined using a calibration curve of 0.1−500 μg/mL concentrations.  

Table 4.2 Molecular characterization of homopolymers. 

 

aThe number average molecular weight of the poly (CTA) as determined by 1H NMR 

spectroscopy. bThe dispersities of poly (CTA) as determined by SEC using THF as a 

mobile phase. Note: The CTA used was 2-(dodecylthiocarbonothioylthio)-2-

methylpropionic acid. 

 

 

Sample
[AIBN] : [CTA]:

[Monomer] 
[M0]

Time 

(h)

Conv. of 

monomer

M n 

kg/mole
a

Ð
b

PNIPAAm-CTA 0.05 : 1: 50 1.69 6 99% 5.6 1.07

PDEAEMa-CTA
0.05 : 1: 50 1.69 8 87% 8 1.15
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Figure 4.5 1H NMR spectrum recorded for PNIPAm-CTA in CDCl3. 
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Figure 4.6 1H NMR spectrum recorded for PDEAEMA-CTA in CDCl3. 

 

Figure 4.7 1H NMR spectrum recorded for PNIPAm-b-P(DMA-grad-MAT) in d6-

DMSO. 

 



Chapter 4. Trehalose-based New Excipients  129 
 

 

Figure 4.8 1H NMR spectra recorded for PDEAEMA-b-P(DMA-grad-MAT) in CDCl3. 

 

Figure 4.9  SEC chromatograms of the TMS protected PNIPAm-b-P(DMA-grad-MAT) 

and PDEAEMA-b-P(DMA-grad-MAT) immediately after polymerization. 

Chromatograms were recorded on a THF SEC with a flow rate of 1.0 mL/min and a run 

temperature of 25 °C. The calibration curve was based on PS standards. The SEC 

chromatogram for PEP-b-P(DMA-grad-MAT) was published previously.11 

 

Table 4.3  Comparison of the weight fraction of monomers and drugs in the SDDs and 

the percent of Probucol crystalinity. 

 

 

 

10 15 20 25 30

Elution volume (mL)

PEP PNIPAAm PDEAEMa PDMA PMAT
Probucol

 loading

PEP-b-P(DMA-grad -MAT) 0.06 0 0 0.31 0.13 0.5 42.1

PNIPAAm-b-P(DMA-grad -MAT) 0 0.09 0 0.29 0.12 0.5 35.8

PDEAEMa-b-P(DMA-grad-MAT) 0 0 0.13 0.26 0.11 0.5 -

Sample

SDD Weight fraction
% PBC 

Crystallinity
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Table 4.4  MDSC analysis of SDDs with probucol.  

 

 

Figure 4.10  MDSC thermograms of total heat flow from SDDs containing 50 wt% of 

probucol: A) PEP-b-P(DMA-grad-MAT), B) PNIPAm-b-P(DMA-grad-MAT), and C) 

PDEAEMA–b-P(DMA-grad-MAT). 

 

 

 

 

Probucol 

loading
SDDs

T g

(°C)

T c1

(°C)

Enthalpy

 (J/g)

T c2

(°C)

Enthalpy 

(J/g)

T m1

(°C)

Enthalpy

 (J/g)

T m2

(°C)

Enthalpy 

(J/g)

% PBC 

Crystallinity

PEP-b-P(DMA-grad -MAT) 106.4 - - - - - - - - -

PNIPAAm-b-P(DMA-grad -MAT) 127.6 - - - - - - - - -

PDEAEMa-b-P(DMA-grad-MAT) 150.2 - - - - - - - - -

PEP-b-P(DMA-grad -MAT) NA NA NA NA NA NA NA NA NA NA

PNIPAAm-b-P(DMA-grad -MAT) 116.6 80.2 2.6 - - 107.6 4.8 - - 12.9%

PDEAEMa-b-P(DMA-grad-MAT) 126.9 - - - - - - - -

PEP-b-P(DMA-grad -MAT) 104.3 56.8 15.95 - - 107.9 28.9 120.3 1.46 42.1%

PNIPAAm-b-P(DMA-grad -MAT) 105.9 74.9 5.3 98.2 2.05 112.4 18.4 121.1 1.2 35.8%

PDEAEMa-b-P(DMA-grad-MAT) 111.1 - - - - - - - - -

10 wt%

25 wt%

50 wt%

20 40 60 80 100 120 140
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Table 4.5  Calculated area under the curve (AUC) for solubilization of probucol and all 

polymer excipient SDD formulations at 10, 25, and 50 wt% drug loading. 

 

 

The AUC360min
 values for PDMA at pH 6.5 were obtained from previously published 

work.11  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Polymer
AUC360min 

 (μg/mL)

AUC360min/

AUC360max

(min μg/mL)

AUC360min 

 (μg/mL)

AUC360min/

AUC360max

(min μg/mL)

AUC360min 

 (μg/mL)

AUC360min/

AUC360max

(min μg/mL)

HPMCAS - 6.5 3.4 × 105
0.97 3.3 × 105 0.92 2.3 × 105 0.64

PEP-P(DMA-MAT) - 6.5 4.8 × 104
0.13 6.7 × 104 0.19 4.2 × 104 0.12

PNIPAAm-P(DMA-MAT)  - 6.5 3.7 × 10
5

~1.0 3.7 × 10
5 ~1.0 6.6 × 10

4
0.18

PDEAEMa-P(DMA-grad-MAT) - 6.5 3.9 × 10
2

0 5.1 × 10
3 0.01 2.3 × 10

4
0.06

PDEAEMa-P(DMA-grad-MAT) - 5.1 4.2 × 102
0 1.2 × 104 0.03 2.4 × 104 0.07

PDEAEMa-P(DMA-grad-MAT) - 3.1 2.9 × 105
0.81 3.1 × 105 0.86 3.2 × 105 0.89

PDMA - 6.5 3.0 × 10
6

0.83 2.9 × 10
4 0.08 1.1 × 10

4
0.03

10 wt % 25 wt % 50 wt %
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5.1 Introduction 

It has been estimated that Biopharmaceutics Classification System (BCS) class II 

drugs make up approximately 60% of active pharmaceutical ingredients (API) under 

current development as new pharmaceuticals.1 Formation of amorphous solid dispersions 

(ASDs) of poorly aqueous soluble active ingredients with excipients has emerged as a 

promising modality to increase the solubility and bioavailability of drug candidates with 

challenging physical properties towards solubilization.2,3 Excipients are pharmacologically 

inert materials that can be of natural product or synthetic origin and may make up a 

substantial portion of a pharmaceutical product. For example, many polysaccharide 

derivatives have been examined for drug solubility enhancement properties such as 

cyclodextrin4,5 and various cellulose derivatives, including hydroxypropylmethylcellulose 

(HPMC),6-8 hydroxypropylmethylcellulose acetate succinate (HPMCAS),6,9 and 

ethylcellulose.8,10 In addition, synthetic excipient models, such as polyethylene glycol,11 

polymethacrylates,12 and soluplus,13 have been examined. Among the synthetic excipient 

compound class, polyvinylpyrrolidone (PVP) is a useful material in the pharmaceutical 

industry due to its solubility in aqueous and polar organic solvents in addition to its 

biocompatibility. A wide range of vinylpyrrolidone homopolymers with varying molecular 

weights are available from BASF under the name Kollidon®. Copolymer-based excipients 

have been prepared by copolymerization of vinyl acetate (VAc) with VP [poly(VAc–co–

VP)] and are available from BASF as Kollidon® VA64 (copovidone). Incorporation of the 

VAc monomer in VP chain results in excipients that are less hygroscopic and have a longer 

shelf-life stability.  



Chapter 5. P(NIPAm-co-VP) as Promising Excipients 137 
 

 

 ASDs containing PVP have been repeatedly shown to inhibit the crystallization of 

a variety of drugs such as ketoprofen,14 piroxicam,15 lansoprazole,16 curcumin,17 and 

probucol,18 resulting in improved solubility, dissolution rates, and bioavailability. While 

PVP is known to improve drug performance, the solubility enhancement is still not optimal 

for certain drugs such as carbamazepine,19 itraconazole,20 griseofulvin,21 and phenytoin.22 

It was reported that HPMC, which contains numerous hydrogen bond donor sites (i.e., free 

hydroxyl groups) along the backbone is a better stabilizer for itraconazole (with multiple 

hydrogen bond acceptor sites) in solution compared to PVP, which has hydrogen bond 

acceptors in the form of carbonyl groups along the backbone.20 Therefore, this drug-

dependent performance of PVP may be attributed to the specific intermolecular interactions 

of the polymer with the functional groups of the API in solution, which results in variations 

in nucleation and crystal growth inhibition at supersaturated conditions.     

To this end, we sought to understand the role of PVP-containing materials to 

solubilize phenytoin, a BCS class II drug used primarily in the management of complex 

partial seizures (see Figure 5.1 for phenytoin properties). Due to the drug's poor aqueous 

solubility (32 µg/mL), the high lipophilicity (2.2 indicated by the log P value or 

octanol/water partition coefficient), and the strong intermolecular interactions indicated by 

the high melting temperature (286 °C), the oral absorption of phenytoin is severely limited 

by its dissolution rate and high crystallization propensity, thus requiring significant 

enhancement in solubility in order to increase its oral bioavailability.  

Improvement of the dissolution rate and bioavailability of phenytoin by ASDs 

prepared by coprecipitation with PVP have been investigated previously. Sekikawa et al. 

reported that a phenytoin-PVP co-precipitate (1:3) improved the dissolution of the drug. 
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However the maximum concentration reached was about 63 µg/mL.23 The co-precipitation 

of phenytoin with a carrier combination of sodium deoxycholate and PVP (DC-Na-PVP) 

at the ratio of 1:1:1 was found to improve the dissolution by 9 fold at 5 mins (up to 278 

µg/mL). However, the high drug-to-excipient ratio used resulted in a gradual concentration 

decrease over time due to phenytoin crystallization from the solution.24 Furthermore, the 

use of DC-Na, which is a surface active carrier, resulted in poor in vivo safety profiles for 

the above excipient. Given that the drug dissolution rate increases as the excipient level 

increases in solid dispersions, Jachowich et al. reported a 30-40% drug dissolution and a 

solubility enhancement of phenytoin when it was incorporated in a solid dispersions with 

PVP (10 wt%) with varying molecular weights.25 The best dissolution profile reported so 

far for phenytoin was achieved by Franco et al. when employing a solid dispersion of 

phenytoin with PVP K-30 at a 5 wt% drug loading.26 The poor dissolution enhancement of 

phenytoin in the presence of PVP excipients is likely due to the lack of sufficient hydrogen 

bonding sites in the polymer. With only hydrogen bond acceptor carbonyl groups along the 

backbone, PVP can interact only with the two amide -NH protons of the phenytoin 

molecule. Therefore, the introduction of structurally similar hydrogen bond donor sites to 

the polymer backbone would be an interesting strategy to enhance the polymer excipient 

interactions with drugs containing both hydrogen bond donor and acceptor functional 

groups. 

Herein, the role of a polymer excipient as a solubility enhancer and an 

antinucleating agent   was examined to promote the solubilization and superstaturation 

maintenance of the model drug phenytoin. NIPAm comonomers, which have hydrogen 

bond donor (-NH) and acceptor (-C=O) functionalities, were introduced to a VP polymer 
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chain at various ratios in order to modify the hydrogen bonding capacity of the excipient. 

The introduction of NIPAm allowed us to create a polymer that is temperature-sensitive. 

ASD formulations of each copolymer with phenytoin at different drug loadings were 

prepared by spray drying. Very similar bulk properties were displayed by all the ASDs 

prepared as revealed by powder X-ray diffraction (PXRD). However, their dissolution 

performance exhibited significant dependence on the copolymer composition. We reveal 

that copolymerization of these monomers can be used to modify the chemical composition 

of a polymer excipient and thereby tune its physiochemical and pharmacological 

properties. Thus, understanding the structure-activity relationships of new excipient 

designs and drug formulations will aid with the rational design of new structures to promote 

drug solubility for challenging pharmaceutical candidates.  

 

Figure 5. 1 Chemical structure of (a) phenytoin (with physical properties) and (b) 

poly(NIPAAm-co-VP) 
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5.2 Results and Discussion 

5.2.1 Synthesis and Characterization of P(NIPAAm-co-VP) 

Copolymerization of NIPAm with VP using various monomer feed ratios were 

carried out by a free radical polymerization technique in DMF at 70 °C using AIBN as the 

free radical initiator at various monomer feed ratios (Table 5.1)  (the detailed procedure is 

available in the Experimental section). The polymers were isolated by precipitation with 

diethyl ether, dried under vacuum and the final copolymer compositions were obtained by 

1H NMR spectroscopy using peak integration for the monomer functional groups. The 

number averaged molecular weight and dispersity were determined by size exclusion 

chromatography (SEC), and the glass transition temperatures (Tg) were reported using 

differential scanning calorimetry (DSC) (Table 5.1).  

Table 5.1 Polymer characterization data 

 

amol % of NIPAm and VP in the polymer backbone determined by 1H NMR spectroscopy 

in CDCl3. 
bTotal number averaged molecular weight and cdispersity as measured on a SEC 

based on dn/dc in THF. dReported as the second heating cycle with a 10 °C/min heating 

rate. 

M n,SEC 
b T g, DSC 

d

(g/mol) (°C)

NIPAAm VP NIPAAm VP

100 0 100 0 42800 1.76 96

75 25 74 26 108000 1.44 100

60 40 59 41 158000 1.34 94

50 50 49 51 326000 1.37 96

40 60 42 58 220000 1.22 92

25 75 26 74 370000 2.44 96

0 100 0 100 341000 2.32 104

Feed mol% Actual mol% 
a Ð 

c
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5.2.2 LCST determination 

The incorporation of NIPAm into the VP model polymer excipients offered 

hydrogen bonding donating sites to the system (for optimizing polymer-drug interactions) 

and also offered the added advantage of thermoresponsiveness to the excipient. The lower 

critical solution temperature (LCST) of NIPAm can be modulated around the physiological 

temperature (37 °C) by copolymerization with a suitable hydrophilic monomer such as 

VP.27,28 Below the LCST of NIPAm, this polymer displays extensive hydrogen bonding 

interactions with the surrounding water molecules (and potential drug molecules), which 

allows NIPAm containing polymers to be soluble in aqueous media.  However, the polymer 

becomes insoluble upon heating above its LCST due to the disruption of the hydrogen 

bonds with water and formation of inter- and intramolecular hydrogen bonding and 

hydrophobic interactions among polymer chains.29 Thus, it is hypothesized that the 

hydrogen bonding of phenytoin with poly(NIPAm-co-VP) is optimal at solution 

temperatures below the phase transition temperature where extended polymer chains are 

present. Above this temperature, the NIPAm moieties are buried in the collapsed polymer 

structure and cannot interfere with the surroundings to a great extent. Herein, we sought to 

examine the role of hydrogen bonding capacity of the polymer excipient on the dissolution 

enhancement of phenytoin, a drug that contains both hydrogen bond donating and 

accepting sites and that is a challenging candidate for solubilization due to its high 

crystallization tendency. 

The LCST of each polymer composition was measured in PBS buffer containing 

0.5 wt % fasted-state simulated intestinal fluid (FaSSIF) as a function of % transmittance 

at 450 nm. At low temperatures, the polymer solution was clear, thus the transmittance of 
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light was high. With an increase in the temperature, the polymers phase separated (due to 

aggregation), which caused the solution to become turbid, and the transmittance decreased 

rapidly. The solubility of the polymers at physiological temperature were then studied by 

dissolving the polymer in a known amount of the PBS buffer. According to Figure 5.2, the 

LCST profiles of the thermoresponsive, water soluble copolymers were elevated from 28 

°C to 51 °C with the increasing amount of VP in the polymer composition. With LCST 

values above 37 °C, the NIPAm segments of all the copolymers exist in its free form in 

aqueous dissolution media, exposing most of the hydrogen bond donor and acceptor sites 

to its surroundings. Furthermore, due to the hydrophilicity imparted by the 2-pyrrolidone 

ring, water solubility of the copolymer at physiological temperature also increased from 0 

to 72 mg/mL with increasing amount of VP from 0 to 100%.  

 

Figure 5.2  (a) Copolymer composition-LCST behavior relationship for poly(NIPAm-co-

VP) 100:0 (), 75:25 (), 60:40 (), 50:50 (), 40:60 (), and 25:75 (). The LCST 

values were found to be 28, 37, 42, 44, 46, and 51 °C respectively. (b) Solubility of the 

polymers at 37 °C in PBS/FaSSIF at pH 6.5. Solubility of a marketed PVP product 

(Kollidon® 25) was used as a control. 
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5.2.3 Preparation and Characterization of Amorphous Solid dispersions 

  ASDs are typically obtained by solvent evaporations methods, such as spray 

drying, which is an extensively studied technique to obtain solid dispersions.3,17,18,30 The 

relatively short processing time, versatility for a wide range of polymers, and scalability 

from milligram to kilogram quantities make this technique unique and advantageous over 

other solvent methods. A typical spray drying process involves dissolving the excipient 

and drug into a volatile solvent, atomizing the solution into a spray of droplets of micron 

size in a drying chamber pumped with a hot and dry gas stream, and collecting the dried 

particles using a filter.30 Formulations of polymer excipients and phenytoin were prepared 

by spray drying a mixture of each polymer with 10 and 25 wt % drug loadings in 

tetrahydrofuran at an inlet temperature of 68 °C. To characterize the physical state and 

stability of the ASDs, PXRD patterns of the spray dried phenytoin-polymer mixtures were 

obtained and compared to that of the crystalline drug (Figure 5.8). The characteristic 

crystalline peaks of phenytoin were absent in all spray dried dispersions (SDD) and a broad, 

diffuse diffractogram was observed indicating that at least 95% of the drug in the SDD is 

transformed to the amorphous state.  

5.2.4 Dissolution Performance of SDDs 

The main goal of these excipient model formulations was to understand the role of 

copolymer composition in facilitating solubility and supersaturation maintenance of BCS 

II drugs, specifically phenytoin. To determine the extent of drug solubility and 

supersaturation maintenance, in vitro dissolution testing was performed on all SDDs in 

phosphate buffered saline (pH 6.5) containing 0.5% FaSSIF at physiological temperature 

(37 °C). Crystalline phenytoin only and a physical mixture of 10 wt% crystalline phenytoin 
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and poly(NIPAm-co-VP) 60:40 were used as negative controls. To estimate the total 

amount of phenytoin dissolved in the dissolution media over the course of 6 hours, the area 

under the curve (AUC360) for the dissolved concentration versus time curve was calculated 

(Table 5.2).   

 The dissolution performance of SDDs in solution reveals their potential to improve 

the bioavailability of phenytoin in vivo. During the assay, crystalline phenytoin that was 

formulated via a physical mixture of the drug with the polymer excipient showed a 

negligible dissolution profile (less than 10%) compared to the SDD formulations (see 

Figure 5.3a inset). This observation can be ascribed to the conversion of the drug from its 

crystalline state to the high energy amorphous state during the solid dispersion preparation.   

 

Figure 5.3 Dissolution data of SDDs with 10 wt% phenytoin loading at 37 °C. Polymer 

compositions that were tested include poly(NIPAm-co-VP) 100:0 (), 75:25 (), 60:40 

(), 50:50 (), 40:60 (), 25:75 () and 0:100 (). The inset represent the dissolution 

data for crystalline phenytoin () and poly(NIPAm-co-VP) 60:40 physically mixed with 
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10 wt% phenytoin () used as a negative control. The target concentration of phenytoin 

was 1000 μg/mL. Error bars represent the standard deviation where n=2. 

Table 5.2  Dissolution results of SDDs with poly(NIPAm-co-VP) excipients at 10 and 25 

wt% phenytoin loadings. 

 

aMaximum concentration of phenytoin. bConcentration of phenytoin at 360 min. cTotal area 

under the curve during the 6 hour dissolution test. dEnhancement factor defined as the ratio 

of AUC360 of a SDD to that of crystalline phenytoin. The cmax, c360, and AUC360 of 

crystalline phenytoin was 38 μg/mL, 48 μg/mL, and 1.7×104 min μg/mL, respectively. 

The concentration-time profiles showed several types of behaviors for the SDDs 

prepared with 10% drug loading. For poly(NIPAm-co-VP) 100:0, the homopolymer of 

NIPAm, the concentration of phenytoin gradually increased over the course of 6 h, but the 

cmax achieved was only 122 μg/mL, which is a 3-fold increase in solubility compared to 

that of crystalline drug (38 μg/mL) in the dissolution media (Figure 5.3a). The 

corresponding area under the curve for the concentration-time profile (AUC360) is 4.2×104 

μg⋅min/mL, which is a 2.5 times increase compared to the crystalline drug. The AUC360 of 

the NIPAm homopolymer is comparable to that of the marketed PVP product as well.  

With an LCST (28 °C) lower than physiological temperature (37 °C), PNIPAm is 

poorly soluble in the dissolution media at the condition tested for solubility. Consequently, 

cmax AUC360 cmax AUC360 

(µg/mL)
a

(μg.min/mL)
c

(µg/mL)
a

(μg.min/mL)
c

  100:0 122 122 4.2 E+04 2.5 241 116 4.2 E+04 2.5

 75:25 313 294 1.0 E+05 6.1 309 275 9.9 E+04 5.9

 60:40 526 526 1.8 E+05 10.6 469 247 1.4 E+05 8.1

 50:50 489 256 1.4 E+05 8.5 504 251 1.5 E+05 8.6

 40:60 600 245 8.9 E+04 5.3 612 162 8.6 E+04 5.1

 25:75 627 273 1.1 E+05 6.7 516 255 8.8 E+04 5.2

  0:100 384 236 1.1 E+05 6.2 383 235 9.9 E+04 5.9

Marketed 

Product
175 87 4.0 E+04 2.4 134 63 2.5 E+04 1.5

10 wt% 25 wt%

Poly(NIPAM-

co -VP) 

composition

c360 

(μg/mL)
b EF

d
c360 

(μg/mL)
b EF

d
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PNIPAm offered only a slight improvement in phenytoin dissolution. This result suggests 

that the interactions between the drug, NIPAm homopolymer chains, and the aqueous 

buffer at 37 °C are not strong enough to inhibit nucleation and growth of phenytoin crystals.  

The homopolymer of VP [Poly(NIPAm-co-VP) 0:100] and poly(NIPAm-co-VP) 

75:25 showed similar dissolution profiles with slightly higher cmax values of 384 and 313 

μg/mL, respectively, which provided approximately 10-fold solubility enhancement to the 

crystalline drug (Figure 5.3a, Figure 5.3b). The AUC360 shows a six-fold improvement 

compared to the crystalline drug for both compositions. Although the dissolution 

performance of PVP was lower than most of the (NIPAm-co-VP) copolymer formulations, 

the PVP homopolymer revealed a considerable amount of phenytoin dissolution. This 

observation is likely due to two reasons: 1) interactions between phenytoin and the 

hydrogen bond accepting 2-pyrrolidone rings in PVP may inhibit the association of drug 

molecules to form the crystal nucleus and 2) increased viscosity of the aqueous dissolution 

medium provided by the PVP polymer slow down the diffusion and nucleation of drug 

molecules required for crystal growth.15,31 Also, significant differences in the dissolution 

profiles for the synthesized PVP and marketed PVP product where found (AUC360 1.1×105 

μg.min/mL vs 4.0×104 μg.min/mL) and could be due to the differences in dispersity, 

molecular weight and aqueous solubility among the two samples. The number averaged 

molecular weight of the marketed product (Kollidon® 25) is reported to be 28000 – 34000 

g/mol thus fairly small compared to the PVP polymer synthesized. The aqueous solubility 

of the synthesized PVP is 72 mg/mL while it is 66 mg/mL for the marketed product. Miller 

et al. reported that a high molecular weight PVP grade enhances the supersaturation of 

Itraconazole for a greater extent compared to a smaller analogue.20 The observation is 
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attributed to the stronger interaction of the high molecular weight polymer with the API 

due to the increased number of functional groups (hydrogen bonding sites in this case) 

present in the polymer. Furthermore, the increased viscosity provided by the high 

molecular weight polymer could reduce the molecular mobility of the drug, hence higher 

crystal growth inhibition leading to the above observation.  

Most of the poly(NIPAAm-co-VP) SDDs display improved drug dissolution 

profiles compared to the VP and NIPAAm homopolymer analogs as well as the marketed 

product. The best dissolution performance for Phenytoin was observed with the 

poly(NIPAAm-co-VP) 60:40 composition  in aqueous media (Figure 5.3c). A high level 

of supersaturation was achieved at early time points (411 μg/mL at 4 mins) and the 

concentration increased over 6 hours to obtain a cmax of 526 μg/mL, which is a 14-fold 

solubility enhancement compared to crystalline Phenytoin. The AUC360 for this 

composition is 1.8×105 μg.min/mL and outperforms crystalline Phenytoin by 11 times and 

the marketed PVP product by 4.5 times. For poly(NIPAAm-co-VP) 50:50 model, the 

concentration of Phenytoin also achieved rather high levels of supersaturation at early time 

points, but it stayed constant for a significant amount of time (90 mins) before slowly 

decreasing to a c360 of 256 μg/mL (Figure 5.3d). The phenytoin solubility showed a 13-fold 

enhancement however the AUC360 started to decrease at this composition compared to the 

best performer. For copolymers poly(NIPAAm-co-VP) 40:60 and 25:75, the concentration 

of dissolved Phenytoin achieved maximum values at the beginning of the experiment but 

was not very effective at maintaining the concentration, the high level of dissolution quickly 

decreased after the initial period, and plateaued over the rest of the time of the experiment 

(Figure 5.3e, Figure 5.3f).  
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In summary, the dissolution rate decreased for SDDs with both higher (100:0, 

75:25) and lower (50:50, 25:75, 0:100) NIPAAm compositions along the polymer 

backbone at 10% drug loading (Figure 5.3). Similar trends were observed for the SDDs 

prepared with 25% drug loading (Figure 5.9). Overall, poly(NIPAAm-co-VP) 60:40 and 

50:50 models were found to significantly increase Phenytoin dissolution and 

supersaturation maintenance compared to the other polymer models. It should be noted that 

the LCST of these copolymers did not change upon SDD preparation (Figure 5.7) and that 

the observed LCST values for all of the copolymer compositions were at or above the 

physiological temperature (Figure 5.2), therefore all of the polymers were soluble in the 

dissolution media. In addition, the solubility of the copolymer formulations were found to 

increase with an increase in VP content (Figure 5.2b). The polymer solubility for all the 

copolymers except the homopolymer of NIPAAm were more than the administrated 

polymer concentration (9 mg/mL for 10 wt% drug loading and 3 mg/mL for 25 wt% drug 

loading), and thus are completely soluble in the aqueous dissolution media. To this end, it 

is hypothesized that both the 50:50 and the 60:40 copolymer compositions perform best 

due to a synergistic combination of including both VP monomers (hydrogen bond 

accepting and promotes solubility) and NIPAAm monomers (hydrogen bond donating and 

accepting and thermoresponsivness). It is reported that Phenytoin molecules adsorb onto 

the crystal surface and interacts with other Phenytoin molecules in the crystal lattice during 

crystal growth via π- π interactions between the phenyl rings as well as a ‘ribbon-like’ 

hydrogen bonding chains between amide and carbonyl groups. Phenytoin crystal growth at 

supersaturation conditions occur mainly along the direction of this hydrogen-bond chain.32 

Thus it is reasonable that a disturbance to these uniaxial Phenytoin-Phenytoin hydrogen 
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bonding chains by competitive hydrogen bonding with a structurally similar moiety would 

inhibit the nucleation and crystal growth at supersaturation conditions. Therefore, it can be 

hypothesized that the copolymers containing NIPAAm (with hydrogen bond donor –NH 

and acceptor –C=O) moieties in the copolymer inhibits Phenytoin crystal growth (due to 

the structural similarity) aiding supersaturation maintenance. Therefore, altering the 

NIPAAm content in the copolymer has a direct impact on the solubility and supersaturation 

maintenance of Phenytoin in aqueous dissolution media. Increasing the NIPAAm content 

can result in polymers with poor solubility in solution at physiological temperature due to 

the reduction of the LCST below physiological temperature as well as the reduction of VP 

content. On the other hand, the reduction of NIPAAm content reduces the number of 

hydrogen bond donor sites along the polymer backbone, which are essential for increasing 

the interaction of Phenytoin with the excipient (influences crystallization inhibition). The 

dissolution results indicate that the balance between these two factors govern the 

performance of poly(NIPAAm-co-VP) as an excipient for improving the drug solubility 

and bioavailability.  Consequently, these chemical moieties are very promising for 

incorporation into excipient candidates for Phenytoin, which possesses substandard 

solubility due to its high crystallization ability.  

 

 

 

 

 



Chapter 5. P(NIPAm-co-VP) as Promising Excipients 150 
 

 

5.3 Conclusions 

In conclusion, copolymerization was used as a strategy to alter inter- and 

intramolecular interactions of a polymer with its surroundings (drug and solvent) and 

thereby tune the physical properties towards better excipient design. Herein, we sought to 

examine the role of excipient hydrogen bonding capacity, and solubility on the dissolution 

and supersaturation maintenance of the highly lipophilic drug phenytoin.  The LCST and 

the solubility of poly(NIPAAm-co-VP) increased with increasing amount of VP in the 

copolymer. Two copolymer compositions poly(NIPAAm-co-VP) 50:50 and 60:40 were 

found to  significantly increase drug dissolution. This was attributed to the transformation 

of crystalline Phenytoin into its high energy amorphous form upon spray drying. We 

propose that it is essential to incorporate similar chemical groups in the polymer backbone 

that are also present in the drug molecular structure, which can interfere with the drug 

crystallization mechanism and inhibit crystal nucleation. The specific drug-polymer 

interactions provided by NIPAAm and VP moieties, along with the enhanced solubility of 

VP in aqueous conditions collectively assist in inhibiting nucleation and crystal growth of 

Phenytoin, which is essential for the supersaturation maintenance. The balance between 

the VP and NIPAAm content is the key to improve the solubility and prevent the drug 

crystallization at the same time. This improvement in dissolution and supersaturation 

maintenance may aid in improving bioavailability and dose reduction of various drug 

species and can be used as a general design parameter in excipient design.  

5.4 Experimental Section 

Materials: All chemicals were reagent grade and used as received unless otherwise noted. 

All solvents were HPLC or analytical grade. N-isopropylacrylamide (NIPAAm, Aldrich, 
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≥99.9%), 5,5-Diphenylhydantoin (Phenytoin, Aldrich, ≥99.9%), dimethylformamide 

(DMF, Aldrich, 99.8%), methanol (fisher), diethyl ether (anhydrous, Fisher), and 

tetrahydrofuran (THF, Fisher). Fasted simulated intestinal fluid powder (FaSSIF, 

consisting of 3 mM sodium taurocholate, 0.2 mM lecithin, 34.8 mM sodium hydroxide, 

68.62 mM sodium chloride, and 19.12 mM maleic acid)was purchased from Biorelevant 

(Surrey, UK). 1-vinyl-2-pyrrolidone (VP, Aldrich, ≥99.9%) was purified by distillation 

under vacuum and stored at –20 °C refrigerator under nitrogen. 2,2’-Azobis(2-

methylpropionitrile) (AIBN, Aldrich, 98%) was recrystallized from methanol and stored 

in a dark, –20 °C refrigerator. Phosphate buffered saline (PBS, pH = 6.5) was prepared 

from 82 mM sodium chloride (Fisher, ≥99.0%), 20 mM sodium phosphate dibasic 

heptahydrate (Fisher, 98%), and 47 mM potassium phosphate monobasic (J.T. Baker, 

≥99.0%).  

Copolymerization procedure 

The monomer reactivity ratios evaluated by 1H NMR experiments for NIPAAm 

(M1) and VP (M2) pair under similar reaction conditions are reported in literature to be r
1
-

= 0.47 and r
2
= 0.5.28 The method for the synthesis of Poly (NIPAAm-co-VP) 60:40 is as 

follows. NIPAAm (2.04 g, 0.018 mol), VP (1.28 mL, 0.012 mol), AIBN (10 mg, 3× 10-5 

mol) and DMF (15 mL) were placed in a round bottom flask. The reaction mixture was 

flushed with nitrogen gas for at least 30 min and stirred in a thermostated oil bath at 70 °C. 

The polymerizations were quenched after approximately five hours by cooling to 0 °C and 

opening the flask to air. The resultant poly (NIPAAm-co-VP) was isolated from the 

reaction mixture by precipitation with diethyl ether followed by filtration under vacuum. 

The copolymer obtained was re-dissolved in methanol, precipitated and filtered under 
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vacuum, and washed several times with diethyl ether to remove residual monomer and 

DMF. The solid was dried under vacuum at 40 °C overnight to yield 2.92g (87%) of the 

copolymer. A similar procedure was used to synthesize all the polymer compositions.    

Copolymer Characterization 

Copolymer composition.  The chemical compositions of the polymers synthesized 

were analyzed by proton nuclear magnetic resonance (1H NMR) spectroscopy carried out 

in a Bruker Avance III HD 500 spectrometer at 22 °C. The percentage of each monomer in 

the polymer was calculated by comparing the characteristic monomer proton integrations 

of C-(CH3) 2 (1.1 ppm, 6H) for NIPAAm with C-CH2 (3.2 ppm, 2H) for VP. 

 

Figure 5.4  (top to bottom) 1H NMR spectra of poly(NIPAAm-co-VP) 100:0, 75:25, 60:40, 

50:50, 40:60, 25:75, and 0:100 in CDCl3. The percentage of each monomer in the polymer 
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chain was calculated by comparing the characteristic monomer proton integrations of C-

(CH3)2 (1.1 ppm, 6H,) for NIPAAm with C-CH2 (3.2 ppm, 2H, ) for VP. 

The molecular weights and dispersity values were determined by size exclusion 

chromatography (SEC) conducted on an Agilent 1260 Infinity liquid chromatogram 

equipped with an Agilent 1260 Infinity Variable Wavelength Detector monitoring at 254 

nm (80 Hz data collection frequency), a Wyatt Dawn Heleos II multiangle laser light 

scattering (MALS) detector at a laser wavelength of 663.6 nm (18 angles from 10° to 160°), 

and a Wyatt Optilab T-rEX refractive index detector operating at 658 nm. Tetrahydrofuran 

(THF) was run as the mobile phase at 1.0 mL/min at 25 °C. The dn/dc values were 

measured in THF assuming 100% mass recovery. Figure 5.5 contains a representative SEC 

chromatogram of Poly (NIPAAm-co-VP) 50:50 composition.  

 

Figure 5.5 SEC chromatogram of poly(NIPAAm-co-VP) 100:0 (), 75:25 (), 60:40 (), 

50:50 (), 40:60 (), 25:75 () and 0:100 (). 

Thermal behavior. The glass transition temperature of the polymers was 

determined using Differential Scanning Calorimetry (DSC) using a TA Instruments 

Discovery DSC. All samples (∼4−6 mg) were placed in T-zero aluminum pans. The 
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temperature was ramped between 0 °C and 180 °C at a rate of 10 °C/min and the Tg values 

were analyzed using TA TRIOS software version 2.2. The second heating scans are 

reported.   

 

Figure 5.6 DSC traces of total heat flow for poly(NIPAAm-co-VP) 100:0 (), 75:25 (), 

60:40 (), 50:50 (), 40:60 (), 25:75 () and 0:100 () polymers. Samples were 

analyzed between 0 °C and 180 °C with a ramp of 10 °C/min. Second heating scans are 

shown. 

Lower critical solution temperature (LCST) measurements. LCST measurements 

were performed in a UV spectrophotometer equipped with a heating system and 

temperature control unit. The temperature of the polymer solutions (1.0 wt.%) in phosphate 

buffered saline (as described in Materials) supplemented with 0.5 wt % simulated fasted 

duodenal solution (FaSSIF) at pH 6.5 was increased at a rate of 0.2 °C/min starting from 

25 °C to 70 °C. The % transmittance of the solutions at a wavelength of 450 nm was 

recorded at 0.2 °C intervals. The LCST was taken as the midpoint between the onset and 

end set of the transmittance (%) decay.  

60 80 100 120 140 160

 

 
 

 
 

H
e
a
t 

F
lo

w
 (

e
n

d
o

 u
p

)

 
 

 

Temperature (

C)

0.18 W/g 



Chapter 5. P(NIPAm-co-VP) as Promising Excipients 155 
 

 

 

Figure 5.7 Copolymer composition-LCST behavior relationship for poly(NIPAm-co-VP) 

75:25  free polymer (), and spray dried polymer () dissolved in PBS + FaSSIF to make 

a final concentration of 1 wt% of polymer. The LCST of the free polymer is 37 °C and 

does not change upon spray drying.  

Polymer Solubility measurements. For each polymer, approximately 20 mg was 

weighed in to a glass vial and the weight was recorded. Aliquots of phosphate buffered 

saline (as described in Materials) supplemented with 0.5 wt% fasted-state simulated 

intestinal fluid (FaSSIF) at pH 6.5 was added to each vial followed by vortexing for 1-2 

minutes until the polymer is completely dissolved. Solubility was calculated using the 

amount of polymer and the volume of dissolution media used.   

SDD preparation by spray drying 

Samples of phenytoin in combination with different polymer excipients at 10 and 

25 wt% were dissolved in a suitable amount of THF. The solvent was subsequently 

removed by spray drying to obtain the amorphous material. The spray drying was carried 

out using Bend Research Mini Spray Drier under the following conditions: inlet 

temperature of 68 °C, nitrogen flow rate of 28.6 SLPM, a 1.3 mL/min syringe flow rate, 

0

10

20

30

40

50

60

70

80

90

100

25 35 45 55

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Temperature ( C)



Chapter 5. P(NIPAm-co-VP) as Promising Excipients 156 
 

 

and collected on a 4" Whatman filter.  Unless otherwise noted, the total solute content spray 

dried was always 1 wt%. 

 

Solid-state Characterization of SDDs 

Powder X-Ray Diffraction (PXRD) Analysis. PXRD experiments were carried out 

on a Bruker-AXS (Siemens) D5005 diffractometer.  Samples were packed into standard 

glass holders with zero background. Data for each sample was collected from 5° to 40° on 

the 2θ scale over approximately 30 minutes at a scan step of 0.5 seconds and a step size of 

0.02°/s. The X-ray source (KCuα, λ = 1.54 Å) was operated at a voltage of 45 kV and a 

current of 40 mA.  

 

Figure 5.8 PXRD patterns for SDDs with Phenytoin loadings of 10 wt% (a) and 25 wt% 

(b) comparing poly(NIPAm-co-VP) 100:0 (), 75:25 (), 60:40 (), 50:50 (), 40:60 (), 

25:75 () and 0:100 (). PXRD pattern for crystalline phenytoin is shown for comparison. 

All SDDs were found to be amorphous.  
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In Vitro Dissolution Testing.  Dissolution testing was performed on the SDDs, a 

drug-polymer physical mixture, and crystalline drug to determine the amount of soluble 

drug and supersaturation maintenance. Dissolution testing medium consisted of phosphate 

buffered saline (as described in Materials) supplemented with 0.5 wt% FaSSIF adjusted to 

pH 6.5.  

 Each sample was accurately weighed into 2.0 mL microcentrifuge tubes to give an 

ultimate total drug concentration of 1,000 mg/mL if fully dissolved. To begin the testing, 

1.8 mL of PBS + FaSSIF medium (pH 6.5, 37 °C) was added to the tubes which were then 

vortexed for one minute and placed into an aluminum heating block held at 37 °C. At 4, 

10, 20, 40, 90, 180, and 360 minutes the tubes were centrifuged at 13,000 rpm, 37 °C for 1 

minute, then 50 μL of supernatant was aliquoted into HPLC vials. The samples were then 

vortexed for 30 seconds and placed back into the 37 °C block until the next time point. The 

supernatant in the HPLC vials was then diluted with 250 μL of methanol and analyzed for 

drug via HPLC.       

 The HPLC consisted of a reversed-phase EC-C18 column (Poroshell 120, 4.6 x 50 

mm, 2.7 μm, Agilent, USA). For phenytoin detection, a mobile phase of 40:60 (v/v) 

acetonitrile:water was pumped at a flow rate of 1.0 mL/min at 30 °C. A 10 μL aliquot of 

sample was injected, and the column effluent was detected at 241 nm with a UV detector 

(1260 Infinity Multiple Wavelength Detector, Agilent). Phenytoin was detected at 215 nm 

and the sample concentration was determined using a calibration curve of 0.1 – 500 μg/mL 

concentrations.   
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Figure 5.9 Dissolution data of SDDs with 25 wt% phenytoin loading at 37 °C. Polymer 

compositions used are, poly(NIPAm-co-VP) 100:0 (), 75:25 (), 60:40 (), 50:50 (), 

40:60 (), 25:75 () and 0:100 (). The target concentration of phenytoin was 1000 

μg/mL. Error bars represent the standard deviation where n=2.  
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water-soluble substances from solid mixtures, US Patent Application 20180066091A1. 
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water-soluble drugs, synthesis and characterization of random copolymers of NIPAAm and 

DMA, spray drying, characterization of SDDs and dissolution studies. Jeff T., Lakmini W. 

and Li G. assisted in High-Throughput synthesis, characterization, screening of polymers 

to determine lead candidates for spray drying, characterization and establishing structure-

property relationship.  
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6.1 Introduction 

Drug discovery is the first and foremost step to transform a molecule into a new 

drug. Recent advances in computer modeling, biotechnology, high throughput screening, 

and genomics have revolutionized the ability of scientists to predict lead molecules.1 

Computer modeling helps to predict the lead molecules2 and biotechnology has enabled 

scientists to genetically engineer living cells to produce biological molecules of medicinal 

value.3 The latest developments in robotics (high throughput screening) allows a researcher 

to assay  thousands of molecules against a target, and identify active molecules.4 Despite 

the progress in drug discovery and development, the attrition rates of new molecules in 

preclinical trials is still extremely high.5,6 Further, the exorbitant costs and enormous time 

required to develop and deliver one successful drug to patients are decelerating the process 

of drug discovery.6 

 Oral drug delivery is one of the most efficient, attractive, and widely used methods 

to administer drugs into the human body.7 Approximately 40–60% of potential drug 

candidates in the pharmaceutical pipeline suffer from poor aqueous solubility.8 Large 

amounts of drugs in the pharmaceutical development pipeline fall under the BCS Class II 

category, which represents drugs with poor aqueous solubility and high permeability 

through the gastrointestinal (GI) tract.9 If a drug remains insoluble in the GI tract, then it 

cannot reach the desired target site in the body. Drugs that do not dissolve are eventually 

excreted and are rendered useless for the patients.10        Therefore, the ability to enhance 

the aqueous solubility of poorly water soluble drugs is of paramount importance to the 

pharmaceutical industry. 
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To overcome this issue and improve bioavailability of poorly water soluble drugs, 

researchers are evaluating different approaches, which include the use of surfactants,11 

complexation with cyclodextrin,12,13 salt formation,14 and the use of amorphous solid 

dispersions.15,16 Tachibana et al. in 1965, first reported the use of amorphous polymers in 

solid dispersions to improve solubility of drugs.17 Amorphous solid dispersions typically 

consist of two components: an amorphous drug substance dispersed in a polymer matrix.18 

The most common techniques to manufacture amorphous solid dispersions include spray 

drying19 and hot melt extrusion.20 Hot melt extrusion processes are carried out at 

temperatures above the melting point of the drug substance in order to obtain solid 

dispersions. Therefore, this method is less applicable for thermally-sensitive active 

pharmaceutical ingredients (APIs) or APIs with higher melting points. In addition, the hot 

melt extrusion method consumes relatively large quantities of APIs for early formulation 

screening process, resulting in high development costs.21 However, spray drying methods 

protect APIs from experiencing excessive heat during the formulation process and requires 

smaller quantities of APIs to obtain solid dispersions.22 The first step of spray drying 

involves dissolving the drug and polymer in an organic solvent. In the second step, an 

atomizer is used to disperse the solution in controlled size droplets into a drying chamber, 

which is pumped with a stream of hot gas. The last step involves collecting the resulting 

solid powder on filter paper.  

 The polymer matrix plays a crucial role in determining the dissolution performance 

of solid dispersions. Hydroxypropyl methylcellulose acetate succinate (HPMCAS) is one 

of the leading excipients in the pharmaceutical industry.23 HPMCAS is very effective at 

achieving initial burst release and maintaining supersaturation of drugs by inhibiting 
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recrystallization of dissolved drugs.24 HPMCAS outperforms other homopolymers such as 

poly(ethylene glycol) (PEG), poly(vinylpyrrolidone) (PVP), and other cellulosic 

derivatives such as hydroxypropyl methylcellulose (HPMC) and hydroxylpropyl 

methylcellulose phthalate (HPMCP).25-28 However, efforts to understand and establish 

structure property relationships between drugs and polymer is difficult due to its complex 

substitution patterns.29 

Poly(N-isopropyl acrylamide) (PNIPAm) is the most frequently used 

thermoresponsive polymer in the areas of microgels, membranes, tissue engineering, 

biomedical engineering,  biosensors, and controlled drug delivery research.30,31 However, 

to date, there are no reports of use of PNIPAm as an excipient in solid dispersions. PNIPAm 

possesses a unique phase transition around 32 °C in aqueous solutions, also known as the 

lower solution critical temperature (LCST). Below LCST, the polymer is hydrated due to 

formation of hydrogen bonds between the pendant amide groups of PNIPAm and 

surrounding water molecules. However, above the LCST, the hydrogen bonding network 

is unstable due to dominant hydrophobic interactions between the isopropyl groups of 

PNIPAm. As a result, the polymer is no longer soluble in aqueous media and it precipitates 

out.32 Since the LCST of PNIPAm is lower than body temperature (37 °C), it is extremely 

important to increase the LCST of PNIPAm to allow its use in biological applications. 

 The LCST of PNIPAm can be increased by copolymerizing with hydrophilic 

monomers.31 N,N-dimethylacrylamide (DMA) is a hydrophilic monomer that is also 

known to be biocompatible.33 This monomer has received substantial interest in recent 

years in the field of pharmaceuticals. The primary goal of this study is to generate a reliable 
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database that allows us to deduce structure-property relationships between polymer 

matrices and drugs chosen for this study.  

 Originally, probucol and phenytoin (BCS Class II) were chosen as model drugs to 

study and understand drug-polymer interaction and establish structure-property 

relationship between drug molecules and polymer groups. Probucol is an anti-

hyperlipidemic drug, which has a very low aqueous solubility of 0.042 µg/mL. The log P 

of probucol is 8.9, which is an indication of liphophilicity of the compound. Probucol also 

has a low melting temperature (Tm) of 125 °C, an indication of strong intermolecular 

interactions within crystals.34 On the other hand, phenytoin has a higher melting 

temperature (Tm) of 296 °C that indicate phenytoin’s higher tendency to crystallize than 

probucol. Phenytoin has a moderately high log P of 1.9 and a low aqueous solubility of 

27.1 µg/mL.24 Therefore, these two drugs exhibit distinctive melting temperatures (Tm) and 

octanol/water partition coefficients (log P). Phenytoin is more hydrophilic than probucol. 

However, due to its high Tm, phenytoin crystallizes more easily than probucol. 

To the best of our knowledge, modified HPMCAS with substituted cyclohexylthiol 

synthesized by Ligeng et al. is the most effective excipient for phenytoin reported in the 

literature.24 The formulation with HPMCAS-CyS-0.57 (the number indicates the degree of 

cyclohexylthiol substituents), at 10wt% drug loading, exhibits initial supersaturation levels 

lower than reported with HPMCAS. However, the calculated AUC360min for the 

cyclohexylthiol variant amounts to 2.1 × 105 min μg/mL, two times greater compared to 

HPMCAS. The targeted AUC360max was 3.6 × 105 min μg/mL. Therefore, the best excipient 

was able to achieve only 58% of its engineering target at 10 wt% of drug loading.24 This 

demonstrates that it is very difficult to maintain supersaturation concentration of phenytoin 
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in dissolution media due to its high tendency to crystallize out. Zippi et al. proved that 

phenytoin crystallizes out by the virtue of intermolecular hydrogen bonding between its 

amide functionalities (Figure 6.8).35,36  We hypothesized that when phenytoin is formulated 

with a NIPAm based polymer, the intermolecular hydrogen bonding between their 

respective amide functions would inhibit crystallization of the drug. NIPAm serves a dual 

purpose as it has tunable lower solution critical temperature (LCST) and essential amide 

moieties to inhibit crystal nucleation. DMA is a hydrophilic monomer, and is incorporated 

to increase the LCST of the system.37 

To prove our hypothesis, initially we synthesized six different random copolymers 

of P(NIPAm-co-DMA) and spray dried with probucol and phenytoin to obtain amorphous 

solid dispersions. Initial screening of six polymers helped us to narrow down the 

compositional window of the P(NIPAm-co-DMA) system. To better understand the effect 

of molecular weight and composition on PNIPAm in the polymer backbone, we 

synthesized libraries of random copolymers of P(NIPAm-co-DMA) system using high-

throughput synthesis (HTS) capabilities at The Dow Chemical Company. The use of HTS 

is highly reproducible and allowed us to generate a large database to establish structure-

property relationships between polymer matrices and drugs. 37-39 
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6.2 Results and Discussion 

6.2.1 Synthesis of P(NIPAAm-co-DMA) Statistical Polymers 

Initially, six polymers were synthesized for this study, homopolymers PNIPAm and 

PDMA, and random copolymers of NIPAm and DMA, or CND-0.23, CND-0.46, CND-

0.70 and CND-0.84 (Table 6.1). The random copolymers are named as CND followed by 

mole fraction of NIPAm in the copolymer system. For example, CND-0.23 stands for 

copolymer of NIPAm and DMA with a 0.23 NIPAm mole fraction in the polymer 

backbone.  The LCST of NIPAm is slightly lower than the physiological temperature and 

thus limits its use in biological applications. To overcome this limitation, we 

copolymerized NIPAm with a hydrophilic monomer, DMA to increase the LCST, and 

synthesized four different random copolymers by changing the monomer feed ratio using 

controlled reversible addition-fragmentation chain-transfer polymerization (RAFT).  

We synthesized four different random copolymers of NIPAm and DMA with a 

targeted degree of polymerization (DP = total monomer concentration/chain transfer agent 

concentration) of 200. Monomers were dissolved in 1,4-dioxane followed by addition of 

AIBN initiator and 4-cyano-4-(propylsulfanylthiocarbonyl)sulfanylpentanoic acid (CPP) 

chain transfer agent.40 The reaction flask was then heated to 70 °C to initiate 

polymerization. All random copolymers were purified by precipitation (twice) into diethyl 

ether (Scheme 1). The homopolymers of NIPAm and DMA were synthesized using the 

same protocol. PDMA was purified by precipitation into diethyl ether and PNIPAm was 

purified by precipitation into diethyl ether followed by dialysis against water to remove 

trace amount of monomer (Figure 6.9). According to the literature, the reactivity ratios of 

NIPAm and DMA are r
NIPAM = 0.838 and r

DMA
 = 1.105, respectively, which suggests 
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random placement of monomers along the backbone of polymer.41 All polymers were fully 

characterized by 1H NMR spectroscopy, SEC, and DSC (Table 1). Differential scanning 

calorimetry (DSC) revealed an increase in the glass transition temperature with increasing 

NIPAm content. 

 

Scheme 1. Synthesis of random copolymers of P(NIPAm-co-DMA) using reversible 

addition chain transfer polymerization (RAFT). Note: The 2)* CTA was used to synthesize 

three different libraries of random copolymers of P(NIPAm-co-DMA). 

Table 6.1 Characterization of random copolymers of P(NIPAm-co-DMA) 

 

aNIPAm/DMA  degree of polymerization in polymer backbone determined by 1H NMR in 

CDCl3. 
bNumber average molecular weight determined by SEC using THF as an eluent. 

The flow rate was set at 1.0 mL/min and the chromatography was run at 35 °C. cNumber 

average molecular weight determined using formula: [(monomer/CTA)* conversion* 

mole. wt. of monomer] + 277.43 (mole. wt. of CTA). dDispersity of polymers determined 

by SEC using THF as an eluent. eThe glass transition temperature as determined by DSC.  

Polymer
NIPAAm/DMAa

(DP)
dn/dc

Mn, SEC
b

(g/mol)

Mn, theo
c

(g/mol)
Ðd Tg, DSC

e

(oC)

PDMA 0/204 NA 23,000 20,200 1.18 118

CND-0.23 46.2/153.8 0.0982 26,000 20,600 1.28 110

CND-0.46 87.6/103.4 0.1012 24,000 20,700 1.10 125

CND-0.70 132.8/55.8 0.0915 25,000 20,900 1.04 136

CND-0.84 156.4/30.0 0.0912 25000 23,900 1.20 146

PNIPAAm 200/0 NA 27,000 25,600 1.23 135
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6.2.2 Influence of DMA on LCST of Copolymers 

 The lower critical solution temperature (LCST) was determined by measuring the 

transmittance of the polymer solution with 450 nm light using a UV-Vis spectrometer while 

controlling the temperature of the sample. It is well documented in the literature that 

NIPAm is hydrated (soluble) below the LCST due to the formation of a hydrogen bonding 

network between amide groups of NIPAm and water molecules.31 However, above the 

LCST, this hydrogen bonding network collapses due to strong hydrophobic interaction 

between isopropyl groups of NIPAm chains and the polymer precipitates out. The LCST 

of NIPAm can be tuned by copolymerizing it with another hydrophilic monomer. 

Copolymerization with a hydrophilic monomer can improve the ability of NIPAm to retain 

water molecules and, as a result, raise the LCST of the system. 

The LCST was determined in water and PBS + FaSSIF solution at 1 wt% of 

polymer concentration (Figure 6.1, Table 6.2 ). The measurements in water indicate an 

increase in the LCST with increasing DMA concentration in the copolymer. This trend is 

in agreement with the literature; addition of DMA increases the hydrophilicity of the 

copolymers, and increases the LCST. We observed lower LCST value in PBS + FaSSIF 

solution compared to that of water. Addition of salt ions in the solution attracts some water 

molecules, and therefore there is less number of water molecules to interact with the 

copolymer. Due to the overall decrease in available water molecules, hydrophobic 

interaction between polymer chains becomes stronger which results in a reduced LCST 

value. This result is in good agreement with the literature.42 
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Figure 6.1 LCST profiles of copolymers of P(NIPAm-co-DMA), measured transmittance 

at 500 nm by using a heating rate of 0.2 °C/min. A) in water, B) in PBS + FaSSIF solution. 

Table 6.1 Effect of increasing PNIPAm concentration on the LCST of copolymers. The 

numbers are extrapolated from Figure 6.1.  
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6.2.3 Formulation of Probucol and Phenytoin with Polymers 

Recently, spray drying has evolved as a feasible industrial method to formulate 

dispersions of active pharmaceutical ingredients (APIs) with excipients. It is a preferred 

industrial method due to its ability to produce both a consistent particle size distribution 

and continuous dry solid powders from a liquid feedstock. Specifically, this method 

involves use of an atomizer to disperse a solvent containing mixture of APIs and excipients 

(one or more) into fine droplets by rapid evaporation of solvent due to a hot and dry gas 

stream. It is well documented in the literature that spray drying a mixture of drugs and 

excipients from a solution converts a thermodynamically stable (crystalline) form of drug 

molecules to a thermodynamically unstable (amorphous) form by kinetically trapping drug 

molecules in a polymer matrix.15,23,43 The amorphous form of the drugs leads to a 

substantial increase in aqueous solubility.44,45 The polymer matrix plays a vital role in 

stabilizing the high energy state of the drug molecules, preventing them from reverting 

back to its more stable state and dictates the dissolution performance of SDDs.  

Each excipient (polymer) was spray dried with probucol and phenytoin at 10 and 

25 wt% of drug loading. For example, 270 mg of CND-0.23 and 30 mg of drug was 

dissolved in THF and spray dried to obtain 10 wt% of SDD (total 24 SDDs). Initially we 

studied the effect of increasing NIPAm content in the SDDs using powder X-ray diffraction 

(PXRD).  

6.2.4 SDDs with Phenytoin and Probucol 

PXRD is a common analytical tool to determine the presence of crystalline material 

in SDDs. A representative PXRD pattern of an amorphous material should appear as a 

broadened, featureless diffractogram with no Bragg peaks. However, sharp peaks in a 
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PXRD pattern are indicative of the presence of crystalline material in the prepared SDDs.33 

We recorded PXRD patterns at 25 wt% of drug (phenytoin/probucol) loadings and 

compared these patterns with the unprocessed drugs (Figure 6.2). The pure drugs revealed 

sharp peaks in PXRD pattern, which indicates a definite arrangement of atoms. All SDDs 

of probucol and phenytoin at 25 wt% of drug loading featured diffuse diffractogram 

patterns indicative of amorphous SDDs within the PXRD detection limit (Figure 6.2). This 

result also indicates that the spray drying method effectively break up the ordered 

molecular arrangements of the drug. 

Figure 6.2 PXRD patterns for SDDs with probucol (left) and phenytoin (right) at 25 wt% 

of drug loading, comparing a) PDMA, b) CND-0.23, c) CND-0.46, d) CND-0.70, e) CND-

0.84, f) PNIPAm with crystalline probucol (left) and phenytoin (right). 

6.2.5 Effect of Copolymer Compositions on Dissolution Profiles 

Microcentrifuge dissolution testing (MCT) is a powerful method to determine the 

in vitro concentration of released drugs and can be used to analyze SDDs for their ability 

to achieve and maintain supersaturation levels. This method is routinely employed in the 

pharmaceutical industry to anticipate the in vivo bioavailability of drugs. The intended final 

drug concentration for all MCTs was 1000 µg/mL assuming all materials were fully 

dissolved in the phosphate-buffered saline (PBS, pH 6.5), supplied with 0.5 wt% FaSSIF 
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(to mimic conditions in the GI tract). All SDDs were incubated at 37 °C and analyzed by 

high performance liquid chromatography (HPLC) for concentration of the drug from 4 min 

to 6 h. Details of the MCT procedure are reported in the experimental section. The 

experimentally measured solubility of phenytoin and probucol in PBS/FaSSIF solution was 

37 and 5 μg/mL over 360 min, respectively. We evaluated the in vitro performance of all 

polymers at 10 and 25 wt% of drug (phenytoin and probucol) loadings.  According to 

PXRD data (Figure 6.2), all SDDs are expected to be amorphous in nature to the limit of 

its detection. 

As shown in Figure 6.3, the dissolution profiles of SDDs formulated with PDMA, 

CND-0.23, CND-0.46, and CND-0.70 at 10 wt% of probucol loading revealed similar 

performance as that of HPMCAS. On the other hand, SDDs formulated with CND-0.84 

and PNIPAm at 10 wt % of probucol loading exhibited a decrease in AUC360(min) compared 

to aforementioned copolymer systems. The poor dissolution rate of CND-0.84 and 

PNIPAm systems might be attributed to their poor solubility in the aqueous dissolution 

media at 37 °C. A system that can enhance dissolution rate at higher drug loading is always 

desirable to attain therapeutic effect. At 25 wt% of Probucol loading, all SDDs 

demonstrated poor dissolution profiles compared to those at 10 wt%. The SDDs formulated 

with 25 wt% of probucol loading were ineffective at achieving initial high levels of 

supersaturation. Ting et al. proved  that the higher drug loading leads to crystalline and 

crystalline rich domains in the SDDs, which can create nucleation sites to provoke 

crystallizations and reduce the total achievable drug concentration.34 All SDDs showed 

lower AUC360(min) at 25 wt% of probucol loading compared to 10 wt% (Table 6.2). 
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Figure 6.3 Dissolution profiles of SDDs at 10 (left) & 25 (right) wt% probucol loading. 

The polymeric matrices are HPMCAS, homopolymer of PDMA, four copolymers of 

P(NIPAm-co-DMA), and homopolymer of PNIPAm. The engineering targeted 

concentration of probucol was 1000 μg/mL. 

Table 6.2 Calculated area under the curve (AUC) from dissolution profiles of SDDs with 

10 and 25 wt% of probucol loadings.  

aConcentration of phenytoin at 4 min. bConcentration of phenytoin at 360 min. cThe area 

under the dissolution profile over the period of a 6 h dissolution test. The targeted 

AUC360(max) is 3.6 × 105. Therefore, the targeted AUC360min/AUC360(max) is 1.  

Phenytoin has a strong tendency to crystallize out from aqueous solution than 

probucol. As shown in Figure 6.4, at 10 wt% of phenytoin, HPMCAS was effective at 

achieving initial high levels of supersaturation; however, the concentration of the drug 

drops significantly over 20 
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Cmax 
a 

(μg/mL) 
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b 

(μg/mL) 
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c 

(min 
μg/mL) 

AUC360min/ 

AUC360(max) 

HPMCAS 440 970 3.4×105 0.94 349 924 3.3×105 0.94 

PDMA 980 799 3.0 ×105 0.83 9 154 2.9×104 0.08 

CND-0.23 970 934 3.3×105 0.92 40 41 1.3×104 0.04 

CND-0.46 985 987 3.5×105 0.97 318 412 1.3×105 0.36 

CND-0.70 839 909 3.0 ×105 0.83 158 205 6.4×104 0.18 

CND-0.84 632 664 2.3×105 0.64 172 246 6.7×104 0.19 

PNIPAm 445 554 1.9×105 0.53 202 439 1.2×105 0.33 
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min due to rapid crystallization of phenytoin. PDMA and CND-0.23 (23 mol % of NIPAm 

in the polymer backbone) revealed poor dissolution rate for phenytoin. The dissolution 

profile of CND-0.46 was similar to HPMCAS. Conversely, CND-0.70 not only achieved 

initial levels of supersaturation but also maintained desirable high concentration (1000 

µg/mL) for 6 h. However, further increase in the mole percentage of NIPAm in the polymer 

backbone (CND-0.80, PNIPAm) lead to poor dissolution profiles. We attribute the poor 

performance of CND-0.80 and PNIPAm to its decreased LSCT in the dissolution media. 

At higher NIPAm content, hydrophobic interactions between isopropyl groups of the 

polymer is dominant, which leads to insoluble polymer above the LCST. In this case, the 

experimentally measured LCST of CND-0.80 and PNIPAm are 30 and 28 °C (in water), 

which are below the temperature at which MCT is conducted (37 °C). These polymers 

precipitate out in the dissolution media at 37 °C, and there is no polymer in the solution to 

interact with phenytoin.  At 25 wt% phenytoin loading, all polymers exhibited the same 

trend analogous to 10 wt% (Figure 6.4). The best performer, CND-0.70 outperformed 

HPMCAS by demonstrating 3-fold increase in AUC360min at 10 wt% and 2-fold increase at 

25 wt% of phenytoin loading (Table 6.3). 
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Figure 6.4 Dissolution profiles of SDDs at 10 (left) & 25 (right) wt% phenytoin loading. 

The polymeric matrices are HPMCAS, homopolymer of PDMA, four copolymers of 

P(NIPAm-co-DMA), and homopolymer of PNIPAm. The engineering targeted 

concentration of phenytoin was 1000 μg/mL.  

Table 6.3 Calculated area under the curve (AUC) from dissolution profiles of SDDs with 

10 and 25 wt% of phenytoin loadings.  

aThe concentration of phenytoin at 4 min. bConcentration of phenytoin at 360 min. cThe 

area under the dissolution profile over the period of a 6 h dissolution test. The targeted 

AUC360(max) is 3.6 × 105. Therefore, the targeted AUC360min/AUC360(max) is 1. 

We attribute the outstanding performance of CND-0.70 to its LCST value in PBS 

+ FaSSIF solution (37 °C). We hypothesize that this particular copolymer composition sits 
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HPMCAS 960 230 1.1×105 0.31 450 180 7.9×104 0.22 

PDMA 73 47 1.9 ×104 0.05 76 44 1.8×104 0.05 

CND-0.23 290 91 5.6×104 0.14 230 75 3.1×104 0.09 

CND-0.46 1030 131 7.8×104 0.22 460 110 6.4×104 0.15 

CND-0.70 845 1010 3.5×105 0.97 410 450 1.5×105 0.42 

CND-0.84 243 187 6.6×104 0.18 244 287 1.0×105 0.33 

PNIPAm 180 157 5.3×104 0.15 220 268 9.6×104 0.26 
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at the  interface of phase separation, and prevents crystallization of dissolved phenytoin. 

To test our hypothesis, dissolution tests were conducted above (50 °C) and below (24 °C) 

the LCST of CND-0.70, and compared with dissolution profiles of CND-0.70 and 

HPMCAS at physiological temperature (Figure 6.10). The data revealed that above  the 

LCST, the dissolution profile dropped dramatically due to precipitation of the polymer, 

decreasing the overall AUC360min. Below the LCST, we noticed a parallel trend to the 

dissolution profile at 37 °C. The polymer is fully soluble below the LCST and retains 

supersaturation high levels of the phenytoin. This data indicates that the LCST might not 

be the critical component of these systems and have no influence on the dissolution profiles 

as long as the polymer is soluble in the dissolution media. Although, we think that the 

LCST of the polymer closer to 37 °C might aid the drug to adsorb on the surface of the 

polymer. This data also implies that the composition of the polymer plays a vital role in 

dictating the drug solubility and supersaturation maintenance. 

 To investigate and understand the effect of polymer composition on drug release, 

we synthesized three libraries (A1-A8, B1-B8, and C1-C8), each containing 8 random 

copolymers of NIPAm and DMA, using the high throughput capabilities at Dow. In library 

A, we retained 70% mole percentage of NIPAm in the polymer backbone, and varied the 

molecular weight from 10kDa to 60kDa to understand the effect of molecular weight on 

dissolution profile. In libraries B and C, the target molecular weights of polymers were 20 

kDa and 60 kDa, respectively. The molar composition of NIPAm was varied from 10% to 

80% to reveal the optimal composition, which would maintain the desired drug release 

profile. 
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6.2.6 High throughput synthesis and characterization of library A, B, and C   

 High throughput experimentation is as a powerful method to identify lead 

compounds, proteins, and antibodies.4,38,39 In recent years, high throughput synthesis has 

gained attention among polymer researchers. This method facilitates the synthesis of a 

large library of polymers via parallel reactions. Polymerizations were carried out in 

assembly consisting of 8 small reactors equipped with overhead stirrers. Stock solutions of 

NIPAm, DMA, AIBN, and 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic 

acid (CTA) were prepared in 1,4 dioxane. All solutions were degassed for an hour, and the 

required amounts were dispensed into each reactor. The temperature of the assembly was 

then raised to 70 °C to initiate polymerization. All polymers were purified by precipitation 

into diethyl ether and dried in a vacuum oven for 12 h. Three libraries (A, B, and C) 

consisting of a total of 24 polymers were synthesized with varying compositions and 

molecular weights. Details of the syntheses are reported in Table 6.6 in Experimental 

Section. 

 All polymers were fully characterized by 1H NMR, SEC, and DSC. Details of 

characterization are reported in Table 6.4. We also checked the solubility of all polymers 

in 1 wt% of PBS + FaSSIF solution at 6.5 pH. All polymers were fully soluble in PBS + 

FaSSIF at room temperature (Table 6.7). For example, 10 mg of A1-CND-0.66 was 

dissolved in 1 mL of water and solution was stirred for an hour. Solubility was judged 

visually as completely, mostly soluble, hazy, and insoluble. 
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Table 6.4 Characterization details of libraries of P(NIPAm-co-DMA) copolymers with 

different compositions and molecular weights.  

Sam

ples  

Polymers 

NIPAM in 

the feed 

(mol %)a 

NIPAM in 

the polymer 

(mol %) b 

Mn, theo 

 (g/mol)c 

Mn, SEC 

 (g/mol)d 

 

Mw, SEC 

 (g/mol)d 

PDId 

Tge 

(°C) 

A1 CND-0.66  70% 66% 10,000 10,950 11,300 1.04 127.2 

A2 CND-0.66  70% 66% 20,000 20,000 21,000 1.06 127.6 

A3 CND-0.67 70% 67% 30,000 30,000 33,000 1.09 126.8 

A4 CND-0.65 70% 65% 40,000 42,000 48,000 1.14 128.2 

A5 CND-0.66 70% 66% 50,000 69,000 81,000 1.17 126.5 

A6 CND-0.68 70% 68% 60,000 54,500 65,800 1.21 129.8 

A7 CND-0.63 65% 63% 20,000 18,900 20,000 1.06 129.2 

A8 CND-0.73 75% 73% 20,000 17,700 20,500 1.07 133.7 

B1 CND-0.08 10% 8% 20,000 20,600 21,800 1.05 102.6 

B2 CND-0.19 20% 19% 20,000 17,900 18,900 1.05 118.2 

B3 CND-0.30 30% 30% 20,000 n/a n/a n/a 125.5 

B4 CND-0.42 40% 42% 20,000 19,600 23,600 1.20 132.2 

B5 CND-0.54 50% 54% 20,000 14,300 16,200 1.13 130.5 

B6 CND-0.63 60% 63% 20,000 17,800 18,800 1.06 138.5 

B7 CND-0.76 80% 76% 20,000 11,300 12,300 1.08 135.6 

B8 CND-0.90 90% 90% 20,000 n/a n/a n/a 138.3 

C1 CND-0.09 10% 9% 50,000 47,700 54,400 1.14 105.3 

C2 CND-0.18 20% 18% 50,000 44,600 50,400 1.13 115.9 

C3 CND-0.31 30% 31% 50,000 51,600 57,000 1.11 122.7 

C4 CND-0.43 40% 43% 50,000 49,900 54,300 1.09 125.1 

C4 CND-0.50 50% 50% 50,000 36,500 40,400 1.11 136.5 

C6 CND-0.63 60% 63% 50,000 31,900 35,400 1.11 134.3 

C7 CND-0.78 80% 78% 50,000 40,400 45,700 1.13 135.8 
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C8 CND-0.89 90% 89% 50,000 44,100 50,200 1.14 138.6 

D1 CND-0.66* 70% 66% 150000 - - - - 

aTargeted molar composition of NIPAm in the copolymer system. bMolar composition of 

NIPAm, determined from 1H NMR spectroscopy. cTargeted number average molecular 

weight of the copolymer system. dNumber average molecular weight, molecular weight 

distribution, and dispersity of the polymer system, determined from SEC using 

tetrahydrofuran (THF) as an eluent at 25 °C. eThe glass transition temperature of the 

copolymer system, determined from DSC. 

6.2.7 In Vitro High Throughput Supersaturation Evaluation 

 Investigation of supersaturation is employed to identify lead candidates for spray 

drying that maintain supersaturation levels of poorly water soluble drugs. Vandecruys et 

al.  developed an efficient supersaturation assay, which consumes small amounts of 

compounds, and is based on solvent shift that identifies excipients affecting 

supersaturation.46 Similarly, Yamashita et al. introduced a high throughput 96 well plate 

assay to estimate the ability of excipients to maintain itraconozole supersaturation.47 This 

type of screening method helps eliminate sub-optimal excipients, and saves a lot of time 

and effort in formulating solid dispersions with potentially weak excipients. The details of 

the method are reported in the experimental section.  

To evaluate the capacity of polymers to stabilize supersaturation, we selected two 

drugs: phenytoin and griseolfulvin. Griseolfulvin is structurally different than phenytoin, 

however, it possess low log P (2.71) and high melting point (220 °C) analogous to 

phenytoin. The purpose of introducing griseolfulvin (negative control) is to establish 

structure-property relationships between drugs and polymers. As shown in Figure 6.5A, 

the molecular weights of polymers with similar composition (A1-A6) have negligible 

influence on supersaturation maintenance of phenytoin. Figure 6.5B (A1, A7, A8, B1-B8) 

and Figure 6.5C (A6, C1-C8) indicate the effect of increasing molar composition of 
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NIPAm in the polymer backbone on supersaturation of phenytoin at fixed molecular 

weight. As shown in Figure 6.5B, A1 (CND-0.66, 11 kDa), A7 (CND-0.63, 19 kDa), A8 

(CND-0.73, 18 kDa), and B6 (CND-0.63, 18 kDa) outperformed HPMCAS, M grade by 

demonstrating superior ability to stabilize supersaturation. All other polymers exhibited 

poor performance on supersaturation process. This data clearly indicates that there is a 

drastic increase in supersaturation levels of phenytoin when copolymer contains 63-73 

mole percent of NIPAm. We believe that below 63 mole percent there is not enough 

NIPAm present in polymer backbone to inhibit crystallization of phenytoin, as a result, 

drug crystallizes out from dissolution medium. Above 73 mole percent of NIPAm, the 

LCST of the copolymer drops below the physiological temperature (37 °C), therefore, 

polymer precipitates out which in turn leads to drug crystallization. As per data in Figure 

6.5C, A6 (CND-0.68, 55 kDa) and C6 (CND-0.63, 32 kDa) outperform the positive control, 

and also proves that molecular weight has minor influence on supersaturation of phenytoin. 

In Figure 6.5D, we show the effect of molecular weights of polymers (A1-A6, similar 

composition) on supersaturation of griseofulvin. All polymers failed to exhibit superior 

supersaturation performance than M grade HPMCAS. Figure 6.5E and F, show the effect 

on increasing molar composition of NIPAm on supersaturation of griseofulvin at fixed 

molecular weights. This data indicates that none of the CND systems with griseofulvin 

were able to outperform HPMCAS. We attribute superior performance of the CND systems 

(A1, A6, A7, A8, B6, and C6) with Phenytoin supersaturation to the process of phenytoin 

crystallization. According to Zipp et al., the phenytoin crystal growth occurs by formation 

of hydrogen bonds between amide groups of phenytoin (Figure 6.8). We believe that the 

CND systems with precise mole fraction of NIPAm inhibit this crystal growth process via 
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formation of hydrogen bond chains between amide groups of NIPAm and phenytoin 

(Figure 6.8). On the other hand, griseofulvin lacks an amide group and has a different 

crystal growth mechanism. Therefore, there is no driving force for CND systems to interact 

with griseofulvin due to structural dissimilarities between the polymer and the drug.  
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Figure 6.5 Supersaturation testing of libraries of P(NIPAm-co-DMA) copolymers with 

phenytoin and griseofulvin (180 min.). A) and D) shows effect of increasing molecular 

weight of P(NIPAm-co-DMA) copolymers on supersaturation performance, while holding 

the molar composition of the NIPAm constant in the polymer backbone. B) and E) shows 

effect of increasing molar composition of the NIPAm in the polymer backbone, while 

holding the molecular weight of the polymer constant at 20 kDa. C) and F) shows effect of 

increasing molar composition of the NIPAm in the polymer backbone, while holding the 

molecular weight of the polymer constant at 60 kDa. Note: HPMC_M stands for M grade 

HPMCAS. PBS + FaSSIF solution is used as negative control. 

6.2.8 Evaluation of Dissolution Profiles of Spray Dried Dispersions 

 Based on our supersaturation results, we selected a few choice compositions of the 

CND systems to spray dry with phenytoin and griseofulvin. We decided to spray dry A1, 

A2, A5, A7, A8, B6, B7, C6, and D1 with 25 wt% of phenytoin loading. For example, with 

A1 (CND-0.66, 11 kDa), the concentration of phenytoin achieved levels of supersaturation 

up to (Cmax) 410 µg/mL at early time points, and gradually increased during the 6 h 

dissolution test with a plateau value at 510 µg/mL. However, in the case of HPMCAS, high 

initial levels of supersaturation were achieved at (Cmax) 726 μg/mL at initial time points, 

but the concentration of dissolved drug dropped significantly to 168 μg/mL during the 

dissolution test. The Cmax obtained by A1 was smaller than that of HPMCAS, but the 

AUC360min was 1.7 × 105 min μg/mL, which was two times larger than that with HPMCAS. 

Similar performance was observed with other selected CND compositions  (Figure 6.6). 

The polymer D1 (CND-0.66, 150 kDa), which was synthesized by free radical 

polymerization techniques also exhibited similar trends.  D1 was able to achieve up to 

(Cmax) 300 μg/mL and maintained concentration during 6 h test. The calculated AUC360min 

was 1.2 × 105, which is still 1.5 times larger than HPMCAS. This result suggests that the 

composition of the polymer is a key factor in dissolving phenytoin and maintaining 

supersaturation levels rather than the architecture of the polymer (Figure 6.6). 
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Figure 6.6 Dissolution data of selected SDDs with 25 wt% of phenytoin loading, compared 

with crystalline phenytoin (negative control) and HPMCAS_M (positive control). All 

SDDs outperformed HPMCAS_M by demonstrating better release profiles and 

supersaturation maintenance. The dissolution profile of phenytoin is added as a negative 

control.  

 However, all selected polymers A2, A7, B7, and D1 at 25 wt% of griseofulvin 

loading did not show superior performance to HPMCAS. A2 (CND-0.66, 20 kDa) and A7 

(CND-0.63, 19 kDa) were able to achieve high levels of initial supersaturation up to 930 

and 900 μg/mL respectively, but the concentration of drug drastically plummeted to 50 

μg/mL after 10 min. Similar performance was observed in case of HPMCAS.  B7 and D1 

failed to achieve initial burst release and showed poorer dissolution profiles compared to 

HPMCAS, A2, and A7. These dissolution profiles clearly indicate that the CND systems 

failed to achieve and maintain supersaturation for griseolfulvin (Figure 6.7). This might be 

due to the difference in structure of griseofulvin compared to phenytoin. Phenytoin 

contains amide moieties and by the virtue of homo intermolecular hydrogen bonding, the 

drug crystallizes out. CND systems were able to interact and inhibit crystallization of 

phenytoin by forming hetero intermolecular hydrogen bonds. Griseolfulvin lacks amide 

moieties, and therefore it may not be possible for the CND system to interact and inhibit 

crystallization of griseolfulvin. 
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Figure 6.7  Dissolution data of selected SDDs with 25 wt% of griseofulvin loading, 

compared with HPMCAS_M (positive control). All SDDs failed to maintain 

supersaturation concentration. 

 Our study clearly indicates that NIPAm is a critical component of the CND system 

to achieve and maintain supersaturation of phenytoin. DMA increases the LCST of the 

NIPAm based polymers, and thus is accountable for aqueous solubility of the polymers in 

dissolution media. Our group is further investigating the superior performance of the CND 

system by synthesizing libraries of hydrophilic and thermo responsive polymers. 

 

 

6.3 Conclusions 

 In summary, starting from homopolymer of NIPAm, we have synthesized four 

different random copolymers of NIPAm and DMA using RAFT polymerization technique. 

The rationale of utilizing NIPAm was to establish structure property relationship between 

polymers and drugs, and enhance the aqueous solubility of model hydrophobic drugs. The 

DMA component of the polymers increases the LCST of the system, which thus led to 
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polymers soluble in aqueous media.  According to the reactivity ratios reported in the 

literature, NIPAm and DMA co-polymers are random in nature. LCST measurements in 

water and PBS + FaSSIF solution indicated a decrease in the LCST of polymers with 

increasing PNIPAm content. We formulated spray dried dispersions of all polymers with 

two BCS class II model drugs, probucol and phenytoin. The PXRD revealed no significant 

differences in solid state properties of all spray dried dispersions. However, in vitro 

dissolution test, polymers demonstrated vastly different dissolution profiles for both drugs 

at 10 and 25 wt% of drug loadings. At 10 wt% of probucol loading, PDMA, CND-0.23, 

CND-0.46, and CND-0.70 showed burst release and maintained supersaturation levels 

similar to that of HPMCAS for 6 h. CND-0.84 and PNIPAm failed to exhibit superior 

performance due to their LCST lower than the physiological temperature. However, at 25 

wt% of probucol loading, all polymers failed to outperform HPMCAS, and resulted in 

poorer dissolution profiles. We attributed poor performance at higher drug loading to lack 

of excipient in solution to prevent precipitation of drug. Phenytoin crystallizes faster than 

probucol, and as per our knowledge there is no excipient present in the market to drastically 

improve the aqueous solubility of this drug. HPMCAS is effective at achieving initial levels 

of high concentration at 10 wt% of loading, however, the concentration of dissolved drug 

dropped considerably past 10 min into the dissolution test. Compared to other formulations, 

the CND-0.70 was not only able to achieve initial levels of supersaturation but also 

maintained high concentration for 6 h of dissolution test. At 25 wt% of phenytoin loading, 

this formulation outperforms HPMCAS by demonstrating a 2-fold increase in AUC360min. 

We attributed excellent performance of CND-0.70 to its ability to interact and interfere 

with the phenytoin crystallization process. We believe that this formulation contains 
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sufficient concentration of NIPAm to interact and form hydrogen bonds in solution with 

phenytoin molecules and retard its crystallization.  

To investigate the effect of molecular weight and understand precise composition 

window of CND system to prevent crystallization of phenytoin, we synthesized libraries 

of random copolymers by varying molecular weights at fixed NIPAm composition (10 kDa 

to 60 kDa) and by varying molar compositions of NIPAm at fixed molecular weight. Our 

supersaturation results indicated that molecular weights of system at fixed molar 

composition (66 mole percent of NIPAm) has a minor influence on the ability of polymers 

to stabilize supersaturation. However, the composition of the NIPAm in the polymer 

backbone is a vital factor to maintain supersaturation. Our data reveled that to inhibit 

crystallization of phenytoin in solution, the formulation required 63 to 73 mole percent of 

NIPAm in the polymer backbone. Ultimately, we verified supersaturation test results by 

formulating spray dried dispersions at 25 wt % phenytoin loading with selected CND 

systems. This study clearly indicates that it is necessary to incorporate groups in the 

excipient formulation that can interact and interfere with drug crystallization process to 

increase and maintain its aqueous solubility. We also propose that in designing excipients 

for drugs with lower lattice energy (lower melting point), hydrophilicity of the excipient is 

the prime factor to consider. However, for drugs with higher lattice energy (high melting 

point), it is necessary to design an excipient which exhibits specific interactions with the 

drug groups responsible for the crystallization mechanism.  

6.4 Experimental Section 

Materials. 
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All chemicals were used as received (reagent grade) unless otherwise noted. All 

solvents utilized were HPLC or analytical grade. N-isopropylacrylamide (NIPAm) 

(Aldrich, >99%), 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid 

(RAFT-CTA, Aldrich, 97%), chloroform-d (Aldrich, 99.8 atom % D), methanol-d4 

(MeOD, Aldrich, 99.96 atom % D), tetrahydrofuran (THF, anhydrous, Aldrich, ≥99.9%), 

1,4-Dioxane (Aldrich, ≥99.0%), Diethyl ether (Aldrich, ≥99.0%), phenytoin (Aldrich, 

99+%), probucol (Aldrich), griseolfulvin (Aldrich) were used as received. N,N-

Dimethylacrylamide (DMA) (Aldrich, 99+%) was purified by passage through basic 

alumina columns to remove trace amounts of inhibitors. HPMC-AS (AFFINISOL™ 912G, 

The Dow Chemical Company) were used as received. Fasted-state simulated intestinal 

fluid powder (FaSSIF) was purchased from Biorelevant. Phosphate buffered saline (PBS) 

was prepared in lab consisted of 82 mM sodium chloride (Fisher, ≥99%), 20 mM sodium 

phosphate dibasic heptahydrate (Fisher, 98%), 47 mM potassium phosphate monobasic 

(J.T. Baker, ≥99.0%). RAFT agent 4-cyano-4-(propylsulfanylthiocarbonyl)- 

sulfanylpentanoic acid (CPP) was synthesized and purified as described.40  

 

 

Polymer Characterization: 

Size Exclusion Chromatography (SEC). 

SEC measurements were carried out on a Agilent 1260 Infinity liquid 

chromatograph equipped with a Waters Styragel guard column and three Waters Styragel 

columns (HR6, HR4, and HR1). Waters columns are packed with 5 micrometer styrene 

divinylbenzene particles. Columns dimensions are 7.8*300 mm (guard column: 4.6*30 
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mm). Columns are housed to an Agilent 1260 VWD UV-Vis detector, a Wyatt Dawn 

Heleos II light-scattering detector (Laser wavelength at 663.6 nm), and a Wyatt Optilab T-

rEX refractive-index detector. Tetrahydrofuran (THF) was used a mobile phase at 1.0 

mL/min at 25°C. The run time for the method was 45 min. 

Differential Scanning Calorimetry (DSC) 

Samples of known mass (2−10 mg) were weighed in Tzero aluminum pans and 

analyzed on a Discovery DSC (TA Instruments). To determine the Tg of a polymer: The 

temperature was ramped from 20 and 120 °C at a rate of 10 °C min−1 and then cooled down 

to 22 °C. In second heating cycle, the temperature was ramped to 180 °C at a rate of 2.5 

°C min−1, and again cooled down to 22 °C at a rate of 10 °C min−1. In third heating cycle 

the temperature was ramped to 180 °C at a rate of 2.5 °C min−1. Tg was determined using 

the second heating scan. All analyses were carried out using TA TRIOS software version 

2.2. 

LCST Measurements. 

LCST of polymers were determined using UV-Vis spectrophotometer coupled with 

temperature controller in water and PBS + SIF solution. LCST were measured from the 

transmittance at 450 nm. The polymer solutions were prepared by dissolving 18 mg of 

polymer in 1.8 mL of water or PBS + SIF solution. The heating rate was 0.2 °C/min. 

Powder X-ray Diffraction (Powder XRD).  

Powder samples (∼70 mg) were filled in a 0.5 mm deep zerobackground glass 

frame and placed on a Bruker-AXS D5005 diffractometer. The X-ray source (Cu, λ = 1.54 
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Å) was run at a current of 40 mA and at a voltage of 45 kV. Data were collected from 5 to 

40° (2θ) with a step size of 0.02° and a scan rate of 1 s/step.  

Supersaturation Testing 

Supersaturation testing was performed using a high-throughput method. Phosphate 

buffer solution (PBS, 82 mM sodium chloride, 20 mM sodium phosphate dibasic, 47 mM 

potassium phosphate monobasic, 0.5 wt% simulated intestinal fluid powder, adjusted to 

pH 6.5 with NaOH) and aqueous solutions of excipients (912 µL) were  robotically 

delivered into designated 1 mL vials arranged on an aluminum 96 (8x12) well array using 

the Evo 2000 platform. Organic drug solutions (phenytoin and griseolfulvin were 

evaluated, 20 g/L drug in organic solvent, 48 uL) were dispersed onto the excipients 

solutions. Final concentration of drug is 1000 μg/mL. Samples were set in an isothermal 

aluminum sample holder at 37 °C. At each time point (30, 90, 180 min), samples were 

centrifuged at 13,000 g for 1 min, and a 30 μL aliquot was removed and diluted with 150 

μL of methanol. The samples were again held at 37 °C until the next time point. The drug 

concentration in each aliquot was determined by reverse phase HPLC.  

Spray Drying  

Spray drying was performed on a laboratory scale using a Bend Research Mini 

Spray Dryer (Bend, OR). A 1 wt% of polymer and drug solution at 10 and 25 wt% of drug 

loading in THF (1:1, v/v) was prepared, with the following as an example: 30 mg phenytoin 

and 270 mg of polymer were combined with 29.7 g THF to prepare a spray-dried dispersion 

(SDD). The solution was transferred to a 20.0 mL syringe and injected at the following 

processing parameters: solution feed rate = 0.65 mL min-1, inlet temperature = 68 °C, 

nitrogen feed rate = 12.8 standard liter per minute (SLPM). SDDs were collected from the 
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1.5” Whatman filter paper with assistance from an antistatic bar, dried in vacuo (10 mTorr) 

overnight for at least 12 h, and stored in a vacuum desiccator at 22 °C.  

Dissolution of Solid Dispersions. 

Dissolution tests were carried out using a microcentrifuge dissolution test method 

under non-sink conditions. Measured samples were weighed in duplicate into 2.0 mL 

plastic conical microcentrifuge tubes. Phosphate buffer saline (PBS, pH 6.5) with 0.5 wt% 

fasted simulated intestinal fluid powder (FaSSIF) at 37 °C was added (time = 0 min) to 

achieve a final drug concentration of 1000 µg/mL if all material were fully dissolved (e.g., 

7.2 mg of a CND-0.70 SDD loaded with 25 wt% probucol, consisting of 1.8 mg drug and 

5.4 mg polymer, was carefully measured into a conical tube and diluted with 1.8 mL PBS 

and FaSSIF solution). Samples were vortexed for 30 s and incubated in an isothermal 

aluminum heating block at 37 °C. At each time point (4, 10, 20, 40, 90, 180, and 360 min), 

samples were centrifuged for 1 min at 13,000 RPM, and a 50 µL aliquot was taken from 

the supernatant and diluted with 250 µL methanol. The samples were then vortexed again 

for an additional 30 s and held at 37 °C until the next time point. 

Solubilized drug concentration in each aliquot sample was determined by reverse phase 

high-performance liquid chromatography (HPLC) analysis. The HPLC consisted of a 

reversed-phase EC-C18 column (Poroshell 120, 4.6 x 50 mm, 2.7 µm, Agilent, USA) and 

a mobile phase of acetonitrile/water (MeCN:Water) (96:4, %, v/v) pumped at a flow rate 

of 1.0 mL/min at 30 °C. A 10 µL aliquot of sample was injected, and the column effluent 

was detected at 241 nm with a UV detector (1260 Infinity Multiple Wavelength Detector, 

Agilent). A calibration curve for probucol was made by preparing samples in the range of 

0.1 to 500 µg/mL. The concentration-time area under the curve (AUC360min) from 0 to 360 
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min was determined using the trapezoidal rule. For phenytoin, the mobile phase was 40:60 

(v/v) of MeCN/Water, and a calibration was made in the range of 10−1000 μg/mL. 

 

Figure 6.8 Crystallization mechanism of phenytoin. 
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Figure 6.9 Representative 1H NMR spectra of P(NIPAm-co-DMA) copolymers recorded 

in MeOD at 500 MHz. The integration values below the peak are relative to methine proton 

of NIPAm. The mole ratio of NIPAm was calculated from the integration ratio between 

methine (1H) proton of NIPAm and methyl (6H) protons of DMA. 
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Figure 6.10 The dissolution profiles of SDD with polymer matrix CND-0.70 with 10 wt% 

phenytoin loading at 37 °C (i.e. the LCST of CND-0.70 in PBS + FaSSIF), 50 °C (above 

LCST), and 24 °C (below LCST). 

Table 6.5 Reactions used to synthesize libraries of random copolymers NIPAM-co-DMA.  

Sample 

NIPAm 

(g) 

DMA 

(g) 

RAFT-CTA 

(g)* 

AIBN 

(mg) 

Dioxane 

(g) 

M/CTA 

NIPAm in 

the feed 

(mol %) 

Mn, theo 

(g/mol) 

A1 1.11 0.42 0.056 5.0 6.3 101/1 70% 10,000 

A2 1.11 0.42 0.028 2.5 6.3 202/1 70% 20,000 

A3 1.11 0.42 0.0187 1.7 6.3 303/1 70% 30,000 

A4 1.11 0.42 0.014 1.3 6.3 404/1 70% 40,000 

A5 1.11 0.42 0.011 1.0 6.3 505/1 70% 50,000 

A6 1.11 0.42 0.009 0.8 6.3 606/1 70% 60,000 

A7 1.03 0.49 0.028 2.5 6.3 202/1 65% 20,000 

A8 1.19 0.35 0.028 2.5 6.3 202/1 75% 20,000 
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B1 0.16 1.25 0.028 2.5 6.4 202/1 10% 20,000 

B2 0.32 1.11 0.028 2.5 6.4 202/1 20% 20,000 

B3 0.48 0.83 0.028 2.5 6.5 202/1 30% 20,000 

B4 0.63 0.69 0.028 2.5 6.5 202/1 40% 20,000 

B5 0.79 0.56 0.028 2.5 6.5 202/1 50% 20,000 

B6 0.95 0.42 0.028 2.5 6.5 202/1 60% 20,000 

B7 1.27 0.28 0.028 2.5 6.3 202/1 80% 20,000 

B8 1.43 0.14 0.028 2.5 6.2 202/1 90% 20,000 

C1 0.16 1.25 0.011 1.0 6.4 505/1 10% 50,000 

C2 0.32 1.11 0.011 1.0 6.4 505/1 20% 50,000 

C3 0.48 0.83 0.011 1.0 6.5 505/1 30% 50,000 

C4 0.63 0.69 0.011 1.0 6.5 505/1 40% 50,000 

C5 0.79 0.56 0.011 1.0 6.5 505/1 50% 50,000 

C6 0.95 0.42 0.011 1.0 6.5 505/1 60% 50,000 

C7 1.27 0.28 0.011 1.0 6.3 505/1 80% 50,000 

C8 1.43 0.14 0.011 1.0 6.3 505/1 90% 50,000 

 

*Commercially available RAFT-CTA was used in this synthesis. The structure of CTA is 

shown in Scheme 1 as (2). 
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Table 6.6 Summary of copolymer solubility in several solvents. 

Samples NIPA

M  in 

the 

polyme

r 

(mol%

) 

(NMR) 

Mn, 

theo 

(g/m

ol) 

Mn, 

SEC 

(g/mol

) 

PDI Tg 

(°C) 

10 wt% 

in THF 

10 wt% 

in 

Acetone 

1 wt% in 

PBS 

buffer  

(pH = 

6.5) 

A1-CND-0.66(11) 66% 10,00

0 

10,950 1.04 127.2 complete complete complete 

A2-CND-0.66 

(20) 

66% 20,00

0 

20,000 1.06 127.6 complete complete complete 

A3-CND-0.67 

(30) 

67% 30,00

0 

30,000 1.09 126.8 complete complete complete 

A4-CND-0.65 

(42) 

65% 40,00

0 

42,000 1.14 123.2 complete complete complete 

A5-CND-0.66 

(69) 

66% 50,00

0 

69,000 1.17 95.7 complete complete complete 

A6-CND-0.68 

(55) 

68% 60,00

0 

54,500 1.21 102.2 complete complete complete 

A7-CND-0.63 

(19) 

63% 20,00

0 

18,900 1.06 129.2 complete complete complete 

A8-CND-0.73 

(18) 

73% 20,00

0 

17,700 1.07 133.7 complete complete complete 

B1-CND-0.08 8% 20,00

0 

20,600 1.05 125.9 complete complete complete 

B2-CND-0.19 19% 20,00

0 

17,900 1.05 129.7 complete complete complete 

B3-CND-0.30 30% 20,00

0 

n/a n/a 102.2 complete complete complete 

B4-CND-0.42 42% 20,00

0 

19,600 1.20 117.0 complete complete complete 

B5-CND-0.54 54% 20,00

0 

14,300 1.13 123.1 complete complete complete 

B6-CND-0.63 63% 20,00

0 

17,800 1.06 126.8 complete complete complete 

B7-CND-0.76 76% 20,00

0 

11,300 1.08 128.7 complete complete complete 

B8-CND-0.90 90% 20,00

0 

n/a n/a 132.4 complete complete complete 

C1-CND-0.09 9% 50,00

0 

47,700 1.14 127.3 complete complete complete 

C2-CND-0.18 18% 50,00

0 

44,600 1.13 132.2 complete complete complete 

C3-CND-0.31 31% 50,00

0 

51,600 1.11 88.2 complete complete complete 

C4-CND-0.43 43% 50,00

0 

49,900 1.09 95.4 complete complete complete 

C5-CND-0.50 50% 50,00

0 

36,500 1.11 102.2 complete complete complete 

C6-CND-0.63 63% 50,00

0 

31,900 1.11 103.6 complete complete complete 

C7-CND-0.78 78% 50,00

0 

40,400 1.13 142.8 complete complete complete 

C8-CND-0.89 89% 50,00

0 

44,100 1.14 106.7 complete complete complete 

Solubility was judged visually as complete, mostly soluble, hazy, and insoluble. The 

number in the parentheses indicates the molecular weight of the polymers (A1 to A8). 
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