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ABSTRACT 
 
Apremilast, an orally administered small molecule used to inhibit phosphodiesterase 4 

(PDE 4), has been approved by the FDA for the treatment of psoriatic arthritis (March 

2014), psoriasis (September 2014), and oral ulcers associated with Bechet disease (July 

2019). Apremilast has a broad downstream impact on the regulation of immune system 

mediators. As a result, there are various clinical studies have been conducted for other 

potential off-label indications. However, apremilast is characterized by low solubility, 

which may significantly impair bioavailability and dose-escalation efficiency. In 

addition, more than ten polymorphs have been reported in the literature. Polymorphism 

can lead to polymorph interconversion and further complicates the characteristics of 

apremilast and its physicochemical instability. Moreover, the immediate release marketed 

formulation requires twice-daily administration. Poor patient compliance and severe 

gastrointestinal side effects have been observed. This represents a significant issue as 

apremilast is primarily employed to treat chronic diseases over long periods of time.    

 

Considering the concerns mentioned above of apremilast, we aim to develop a drug 

delivery system that can improve apremilast solubility, avoid polymorph interconversion, 

and provide a sustained drug release. Amorphous solid dispersion (ASD) technology 

represents a reliable method to enhance the apparent solubility for drugs with low water 

solubility. Furthermore, ASD is investigated in this study to stabilize the metastable 

amorphous form in a higher energy state and avoid the polymorph interconversion. The 

developed apremilast amorphous solid dispersion is then expected to be prepared as a 
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sustained release system to offer once-daily administration the potential to improve 

patient compliance. The sustained release in vivo can also reduce the occurrence of 

adverse effects by a more uniform drug-plasma profile.  

 

In chapter 2, we focused our efforts on the selection of polymer and drug loading in the 

apremilast ASD formulation development. The selection was achieved through a 

streamlined material-sparing method. The in silico screening enabled the selection of 

prototype formulation using first principles and mechanical models. Hansen Solubility 

Parameter was calculated for apremilast and a variety of solvent utilizing the software, 

HSPiP. Acetone was then selected for dissolving the drug for spray drying.  Four 

different polymers and the maximum drug loading were selected based on the miscibility 

window calculated via the Flory-Huggins theory.  The prototype formulation was then 

experimentally evaluated for miscibility, stability, and supersaturation potential in a 

material sparing way. Formulation blends of apremilast with HPMCAS-M (20% drug 

loading) and copovidone S630 (40% drug loading) were selected as the lead formulation 

for further development.  

 

In chapter 3, we produced the lead formulation using Buchi spray dryer B-290. 

Physicochemical characterization of the produced ASD powder by thermal analysis, 

microscopic and morphological analysis, as well as spectroscopic analysis, indicated the 

formation of a single-phase ASD. µDissolution testing by a discriminating non-sink 

condition showed a maximum of sevenfold higher drug release than the crystalline drug. 
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Stress stability testing was also performed, confirming the selected polymeric carriers' 

role in retaining the drug in an amorphous form in the long term.   

 

In chapter 4, we designed and evaluated the amorphous solid dispersion loaded sustained-

release formulation for apremilast using HPMC as a release-retarding excipient. The 

tablet was produced using the compaction simulator, Styl'one. The effect of HPMC in 

four different grades on the dissolution profile was investigated, and HPMC K4M was 

then adopted as the sustained-release matrix for further development. The release 

mechanism in the HPMC based sustained release matrix was revealed by fitting the 

dissolution data to various mathematical models. In addition, we compared the release 

behavior of two ASD systems in the sustained-release matrix. Using the FDA 

recommended model-independent method, it was demonstrated that there was a minor 

difference between the two ASD systems. The single layer and bilayer tablets were 

prepared to modify the release kinetics and produce the targeted dissolution profile. The 

dissolution results indicated that the developed sustained-release tablets offer great 

potential in the once-daily administration of apremilast.  
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CHAPTER 1. INTRODUCTION 

1.1 Biopharmaceutics Classification System 

The Biopharmaceutics Classification System (BCS) is a system that classifies drug 

substances into four categories based on the solubility and permeability.1,2As seen in 

Figure 1- 1, a drug is considered as high solubility when its highest strength is soluble in 

250 mL or less of aqueous media over the pH range of 1–6.8 at 37 °C.3 According to the 

Food and Drug Administration’s definition (FDA), the drug is defined as a highly 

permeable drug when its fraction absorbed reaches 85% in vivo. The experimental 

measurement of permeability can be performed on the Caco-2 cell line, which is similar 

to the human intestinal epithelium.4 The drug permeation(Peff) is measured as the drug 

transport from the donor to the receiver side.5 The measured permeability for the actively 

transported drug may differ from the human in vivo absorption data.6 However, the Caco-

cell assay can provide less expensive and rapid characterization than the clinical studies.7 

The drug absorption is usually considered as incomplete when Peff is < 2 x10-4 cm/s. 

 

Depending on the solubility and permeability, the BCS framework designates the drug 

substances into four categories. BCS II and BCS IV drugs constitute more than 90% of 

the drug substance in the pharmaceutical development pipeline.8  



2 
 

 
Figure 1- 1 Biopharmaceutical classification system (Adapted from Prodrugs: “Design 
and Clinical Applications,” 2008, Nature Reviews Drug Discovery) 

 
 
The BCS system is a crucial tool for regulatory purposes and drug product development. 

The in vivo bioavailability (BA)/ bioequivalence (BE) studies can be waived using the 

BCS biowaiver approach in both new and generic drug development.1 BCS-based 

biowaiver can be applied in Investigational New Drug Application (IND), New Drug 

Application (NDA), Abbreviated New Drug Application (ANDA),  and supplemental 

NDAs/ANDAs (i.e., postapproval changes).9 The other frequently used biowaiver 

approaches include 21 CFR 320.22(d)(2), risk assessment method as well as safe space 

method (i.e., bracketing approach, virtual bioequivalence and in-vitro in-vivo 

correlation).10–12 These biowaiver approaches can be used to support bioequivalence, 

minor manufacturing change, manufacturing site change, and product strength 

equivalence.  
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The past decades have seen the extensive application and significant importance of BCS-

based biowaiver approach in establishing the generic product's bioequivalence. The 

potential approval/reject of the generic drug product is based on the submitted data in the 

ANDA. The applicant should demonstrate the test product is bioequivalent to the 

reference listed drug (RLD) in the ANDA. As per in 21 US code 505(i)(8)(b)(i), the 

generic drug is bioequivalent to the RLD if the rate and extent of absorption do not show 

a significant difference from that of the RLD when administered at the same dose under 

similar experimental conditions.13 As per in 21 CFR 320.1, the extent and rate of the 

active drug ingredient from the drug product absorbed and becomes available at the site 

of drug action are defined as bioavailability. 

 

 To gain the potential FDA approval, a brand name drug requires the animal studies, 
clinical studies, and bioavailability studies. These studies are substituted by the 
bioequivalence study in the ANDA submission. The generic review process is illustrated 
in  
Figure 1- 2. A typical in vivo bioequivalence study is conducted in the healthy male 

volunteers, and the pharmacokinetic data is collected for further assessment. The cost of 

in vivo bioequivalence study is expensive, and the clinical research includes recruiting 

subject is time-consuming. To accelerate the generic drug approval, the BCS system was 

set as the scientific mechanism for waiving in vivo bioavailability and bioequivalence 

studies.14 The waiver of bioequivalence study can provide the advantages as a relatively 

low cost and the ability to avoid the unnecessary participation of healthy human subjects 

in clinal studies.15 It should be noted that the in vivo bioavailability and bioequivalence 

study can be waived for the BCS I and BCS III immediate release solid oral dosage form. 
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Under current guidance, the drug product should be rapidly dissolving (≥ 85% in 30 min) 

or very rapidly dissolving (≥ 85% in 15 min) in multimedia.16   

 

In addition to the application for biowaiver, the BCS system is also widely used in 

industry to rationalize polymorph selection and the development of formulation 

strategy.17  
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Figure 1- 2 Generic review process (Information was compiled from FDA website, 

CDER World) 
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1.1.1 BCS based Polymorph Selection 

1.1.1.1 Polymorphism  

The phenomenon that drug substance exists in more than two crystalline forms in the 

crystal lattice is polymorphism.17 Figure 1- 3 illustrates the schematic representation of 

polymorphism in pharmaceutical solids. The packing of the drug molecule can be 

arranged in many ways due to the internal degrees of freedom. As per the International 

Conference on Harmonization (ICH) guideline Q6A specification for new drug substance 

and product, polymorphism includes the single entities, amorphous forms, and molecular 

adducts (i.e., solvate and hydrates).18 Among these, amorphous forms and the molecular 

adducts are generally considered as the pseudo polymorphs.   

 

Figure 1- 3 Types of polymorphs in pharmaceutical solid  

  
The crystalline lattice system tends to move toward the thermodynamically equilibrated 

state, and therefore it is accompanied by polymorph interconversion. Lee has summarized 
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the physicochemical properties that can be altered among different polymorphic forms, 

including the thermodynamic properties, packing properties, kinetic properties, surface 

properties, and mechanical properties.19–23 Among these altered properties, drug 

solubility and physiochemical stability are of great significance in the drug discovery and 

development stage. However, drug solubility and physiochemical stability can be highly 

variable among different polymorphs.24 The solubility difference is reflective of the 

crystalline states' variable free energy and can always lead to the difference in 

bioavailability.25 

 

 Ritonavir represents an extraordinary example of a polymorph impact in pharmaceutical 

development.25 It was approved in 1996 as an anti-retroviral drug. Ritonavir is a BCS 

class II drug that is poorly water-soluble, and therefore, the original market formulation 

was oral liquid and semi-solid capsules. Ritonavir was formulated in the solution, and no 

crystal form control was required at that time.26 The product was produced with no 

stability problems until mid-1998, when several lots failed the dissolution specification 

due to the identified new polymorph. This new polymorph, crystal form II, only has 50% 

solubility comparing to the original crystal form. The dramatic decrease of solubility 

made the formulation less manufacturable.25 In addition, the manufacturer had undergone 

the disrupted supply and recall of the drug product. Furthermore, as an essential factor for 

establishing bioequivalence, the demonstration of sameness of polymorphic form is 

sometimes required in the product-specific guidance for generic drugs (e.g., 

Triamcinolone Acetonide). 27 
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1.1.1.2 Crystal/salt form screening strategy using BCS   

The selection of salt or crystal form can profoundly affect the physicochemical property 

(i.e., solubility, permeability), oral absorption, and bioavailability.28 Polymorphism has 

become an issue of great importance due to the same crystal form should be ensured 

during all stages of drug development.29 FDA issued a draft polymorphism guidance 

immediately in 2000 after recognizing the importance of polymorphism. In this guidance, 

FDA highlighted the utility of BCS in determining the polymorph control. The final 

guidance was published in 2007. It was stated that “For a drug whose absorption is only 

limited by its dissolution, large difference in the apparent solubility of the various 

polymorphic forms is likely to affect bioavailability/bioequivalence.  For the drug whose 

absorption is only limited by its intestinal permeability, difference in the apparent 

solubilities of the various polymorphic forms are less likely to affect to affect BE.  

Furthermore, when the apparent solubilities of the polymorphic forms are sufficiently 

high and drug dissolution is rapid in relation to gastric emptying, differences in the 

solubilities of the polymorphic forms are unlikely to affect BA/BE.” 30,31 That is being 

said, polymorph is of the great issue for the BCS II and BCS IV drug whose absorption is 

limited by its low solubility. Ku from Wyeth Research has summarized the decision tree 

to prioritize salt and polymorph screening, as illustrated in Figure 1- 4.17 Salt forms 

screening is typically carried out in the early development stage. It is due to the 

regulatory requirement that the same salt should be used across the preclinical/clinical 

stage. Salt is an ionic compound that results from the neutralization reaction of the basic 
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or acidic drug and exhibits improved solubility comparing to the free form.  Serajuddin 

has reviewed the interrelationships of intrinsic solubility, pH, pK, and their influence on 

salt screening for drug development.32 Unlike salt screening, polymorph screening is 

typically done in the late development stage. The BCS can be utilized to rationalize the 

timing of salt and polymorph screening.33 BCS I drug is characterized by high solubility 

and high permeability. Therefore, there is a minor effect of polymorphism or salt to 

bioavailability. However, the use of the salt form may improve the flowability of the oily 

free base.34 The salt screening for the non-BCS I drug should be performed at an early 

stage to avoid the unexpected polymorphism transformation and the resulting altered 

physicochemical properties in the drug development stage. 
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Figure 1- 4 BCS based polymorph/salt form decision tree (Adapted from “Use of the 
biopharmaceutical classification system in early drug development,” 2008, AAPS Journal) 

 
 
1.1.1.3 Formulation development using BCS  

Phase I formulation development consists of pre-formulation of drug candidates, 

biopharmaceuticals evaluation, analytical method development, formulation 

development, and cGMP manufacturing for clinical trials.24 The preformulation 

characterization is multidisciplinary for the purpose of prediction of the in vitro and in 

vivo drug product performance.35  The characterized parameters (i.e., analytical profiling, 

physical characterization, chemical characterization, and pharmaceutical properties 
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profiling) in the preformulation study are used to select potential drug candidates and 

guide the formulation strategies. Among the preformulation characterizations, BCS 

assessment is critical for the formulation development and the selection of formulation 

technologies. It is due to solubility and permeability are the fundamental factors affecting 

the absorption of drugs.27 Figure 1- 5 is the schematic illustration of the steps from the 

oral drug product to the drug substance absorbed in vivo, as well as the factors associated 

with this process.  The oral administered drug should be first dissolved in the 

gastrointestinal (GI) tract and then permeate across the gastric lipid membrane to enter 

the systemic circulation.8,36,37 To achieve maximum delivery performance, different 

formulations can be employed based on the BCS categorization of the active ingredients. 

Several studies have summarized the formulation strategy based on BCS categorization. 

Ku designed the formulations based on the BCS categories. Different formulation 

approaches are proposed based on the purpose of animal formulation or human 

formulation.17 Ali suggested the utilization of excipient to enhance the solubility and/or 

permeability.24 Kawabata summarized the basic formulation design and practical 

application based on the BCS system.38 
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Figure 1- 5 Schematic illustration of steps from the drug product to the drug substance 
absorbed in vivo 

 

Generally, a simple formulation strategy can be employed for the BCS I drug since the 

BCS I drug is highly soluble and permeable. There is no rate-limiting process for full oral 

absorption. Immediate-release oral solid formulation (e.g., tablet, capsules) can ensure 

the rapid dissolution and the following absorption of drug substance into systemic 

circulation in the GI tract. As discussed before, the BCS class II drug is identified as the 

drug with low solubility and high permeability. The poor solubility hinders the 

dissolution of the drug substance and, therefore, lessens the oral absorption and 

bioavailability.39 Improvement of solubility and dissolution rate is thought to be vital for 

BCS II drug substance. The dissolution process is affected by the effective surface area, 
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the diffusion coefficient, the distance of the diffusion layer, and the drug substance 

solubility based on the Noyes-Whitney equation.40 Strategies such as crystal form 

modification, particle size reduction technique, self-emulsifying drug delivery system, 

modification of pH, amorphous solid dispersion are commonly used to enhance solubility 

and improve dissolution behavior for BCS II drugs.41–47 The membrane permeability 

limits the GI transportation of the BCS III drug, which is identified as poor permeability 

but high solubility. The majority of the orally administered drug is absorbed through the 

transcellular passive mechanism, where the intrinsic lipophilicity determines the overall 

permeation. The modification of the poor permeability for the BCS III drug is commonly 

achieved by lead compound optimization. The excipient in the formulation can also be 

used as the permeation enhancer include fatty acid, surfactant, and bile salts. The poor 

solubility and permeability make the BCS IV drug most challenging in formulation 

development. The absorption of BCS IV drug can be highly influenced by gastric 

emptying time and gastrointestinal transit time and result in large inter and intrasubject 

variability. The formulation strategies applied to the BCS II drugs are also widely utilized 

for the BCS IV drug substance. 

 

1.2 Solubilization Technology  

1.2.1 Solubility  

Solubility is defined as the maximum amount of substance that can be dissolved in a 

given solvent at a specific temperature.48 The dissolved molecule can exist in the 

following states: a monomer which is a single molecule surrounded by the solvent 

molecule; a dimer or higher self-aggregate, complexes with large molecules; the micelle 
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induced state; and nanoscale particles. It should be noted that solubility can be further 

identified as equilibrium solubility, apparent solubility, or intrinsic solubility.  

 

A saturated solution is formed when the solute is in equilibrium with the solid phase 

(solute). The concentration of solute in such a saturated solution at a specific temperature 

is then defined as the saturated solubility or equilibrium solubility.49 At equilibrium, the 

chemical potential of the solid is equal to that of the solution. Equilibrium solubility is 

also termed thermodynamic solubility since the system remains phase-stable during the 

performance of the solubility study.50 The apparent solubility is the kinetic solubility of 

the system. The apparent solubility may be either higher or lower when compared to the 

equilibrium solubility. When an excess of the material is solubilized in the solution and 

temporarily stabilized, the apparent solubility can be higher than the equilibrium 

solubility. Due to the possibility of insufficient time to reach equilibrium or the 

agglomeration and precipitation induced by thermodynamic tendency, the apparent 

solubility can also be lower than the equilibrium solubility. Intrinsic solubility is defined 

as the solubility of the uncharged moiety in USP <1236>. It is measured in specific pH 

ranges where the distribution of drug substance is dominated as uncharged.51 

 

1.2.2 Dissolution  

Dissolution is defined as the process of a solute dispersing in the medium, forming the 

solution. Unlike the measurement of solubility, dissolution is a dynamic process, and the 

measurement of the dissolution is indicated as the dissolution rate. The dissolution of the 
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solid dosage form consists of three steps: disintegration, disaggregation, and dissolution. 

The disintegration is the process where the solid breaks down into tiny granules. Without 

disintegration, dissolution is a slow process that only occurs around the surface of the 

tablet. The drug release process in vivo from the tablet is illustrated in Figure 1- 6. The 

intact tablet is either disintegrated or dissolved directly when administered. The dissolved 

drug in the gastrointestinal fluid is then absorbed into systemic circulation by passive 

diffusion or carrier-mediated transport.52 

 

 
Figure 1- 6  Schematics representation of dissolution process for oral administered solids  

 
As illustrated in Figure 1-6, the  dissolution process can be described by the  Noyes-

Whitney equation:53 

 

= (𝐶 − 𝐶)  

 
where D represents the diffusional coefficient, S is the surface area, V is the volume of 

the solution, h means the thickness of the diffusion layer, 𝐶  is the solubility of the 

substance, and C is the concentration at a given time. The diffusion coefficient is 
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negatively related to the medium viscosity. The dissolution rate can be raised by 

increasing the solubility or the exposed surface area, as revealed by the Noyes-Whitney 

equation.  

 

The dissolution rate, together with the drug physicochemical properties, can provide 

insight into the absorption and can be used for in-vitro in-vivo correlation (IVIVC) and 

physiologically based pharmacokinetic (PBPK) modeling.54 

 

1.2.3 Overview of solubilization technology  

The development of high-throughput screening has been introduced in the drug discovery 

stage, enabling the selection of new chemical entities with a high biological affinity in a 

short time.55 However, more than 90% of the drug substance in the pharmaceutical 

development pipeline falls into the BCS II and BCS IV category.56 Drug dissolution in 

the GI tract is the prerequisites for oral absorption. As discussed before, the low solubility 

can lead to the bioavailability issue, non-linear pharmacokinetic profile, and erratic 

absorption.57,58 In addition, most BCS IV drugs are P-glycoprotein and CYP3A4 

substrate and therefore result in poor permeability and extensive systemic metabolism.59 

It further complicates the poorly water-soluble drug in the development pipeline. Recent 

years have seen the emergence of solubilization techniques, enabling the likelihood of the 

new chemical entities with low solubility to advance to the clinic. Selecting a solubility 

enhancement method for a poorly water-soluble drug is challenging due to the broad 

spectrum of available technologies. A number of strategies have been investigated, 
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including the use of salts, the formation of co-crystals, lipid-based formulation, 

cyclodextrins, particle size reduction, and high-energy dosage form (e.g., amorphous 

drug). The commonly used formulation technologies for poorly soluble drugs with 

critical attributes and high-level considerations are listed in Error! Reference source not 

found..60 The detailed description and applications of the widely used solubilization 

technology will be discussed in the next section.   
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Table 1- 1  Available technologies for drug solubilization (Adapted from “Solubilization 
technology - How to choose the right solubilization technology for your API,” 2015, 

Drug Development and Delivery) 

 

 

 



19 
 

1.2.3.1 Particle size reduction 

Particle size reduction is of great applicability in the pharmaceutical science industry. 

Particle size reduction is designed to increase the surface area to mass ratio of drug 

particles and therefore enhance solubility by the mechanism described in the Noyes-

Whitney equation.61 The particle size reduction is wildly used in industry to modify the 

physicochemical and biopharmaceutical properties for poorly soluble drugs.57,62,63 The 

most well-known particle size reduction techniques include micronization and 

nanoparticles.   

 

Williams et al. have classified the particle size reduction process into two categories, as 

"bottom-up" and "top-down" respectively.64 Table 1- 2 lists the examples of FDA-

approved products based on the particle size reduction method and the according methods 

used.65 

 

The bottom-up technologies produced the particles with the reduced size by drug 

recrystallization.  It includes controlled crystallization after solvent evaporation and drug 

precipitation by antisolvent.42,66 The nanoparticle precipitation technology, Nanomorph®, 

was developed by Auweter et al. to achieve the higher hydrodynamic solubility and faster 

dissolution rate of the poorly water-soluble drug.66 However, the use of a solvent in the 

bottom-up approach, the lack of control of the state of the precipitated drug as well as the 

spontaneous conversion of the amorphous nanoparticles to the crystalline state may limit 

its use in the industry.  
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Table 1- 2 Lists of FDA approved drug product using particle size reduction (Adapted 
from “Drug nanocrystals: In vivo performances,” 2012, Journal of Controlled Release) 

Drug  Trade name Administration 
route 

Technology used 
 

Sirolimus 
 

Rapamune 
 

Oral Top-down, media milling 
 

Aprepitant 
 

Emend 
 

Oral Top-down, media milling 
 

Fenofibrate 
 

Tricor 
 

Oral Top-down, media milling 
 

Megestrol 
acetate 
 

Megace ES 
 

Oral Top-down, media milling 
 

Griseofulvin 
 

Gris-PEG 
 

Oral Bottom-up precipitation 
 

Nabilone 
 

Cesamet 
 

Oral Bottom-up precipitation 
 

Fenofibrate 
 

Tridlide™ 
 

Oral Top-down, high–pressure 
homogenization 

Paliperidone 
palmitate 
 

Invega 
Sustenna 
 

Injection  Top-down, high–pressure 
homogenization 
  

Top-down process, such as milling and homogenization, breaks the drug crystals into 

micrometer or nanometer size.  Typical top-down approaches include ball milling, jet 

milling, and high-pressure homogenization. The jet milling process breaks up the 

material into a smaller size using a high-speed jet of compressed air. Unlike jet milling, 

ball milling reduces the particle sizes by physically breaking the structure of a material. 

In addition, the ball milling operation can be carried out in the wet state. It was reported 

that the achievable particle size in the dry state is limited to the micrometer and the 

achieved size range is insufficient to increase the dissolution rate, absorption as well as 

bioavailability for poorly water-soluble drugs.61,67 The nanonization can enable a 

significant improvement in the milling process and produce submicron-sized particles or 

nanoparticles. The produced nanoparticles can also be termed as nanocrystals. Besides 
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the enhancement of dissolution rate as well as apparent solubility by increasing surface 

area, the nanonization can also provide improvement of the saturation solubility. As 

discussed before, the saturation solubility is only dependent on temperature and the 

solvent. However, according to Ostwald-Freundlich and Kelvin equation, the curvature of 

the nanoparticle surface can give rise to the dissolution pressure and the increase of 

saturation solubility.51 In addition, the particles with a size of less than 1 micron can 

promote the mucosal adhesive properties via the van der Waals force.68 Wet ball milling 

is the most commonly used method to produce nanoparticles. It involves the liquid 

medium to produce drug nanosuspension. The nanosuspension can then be transformed 

into the solid via granulation, free drying, and spray drying.   

 

Recently, there is a trend towards the use of Nanocrystal® technology to enhance the 

solubility of the pharmaceutical compound. Nanocrystal® technology is an advanced 

version of milling. It involves the reduction of particle size and stabilization of the 

produced nanocrystals. The produced nanocrystal is different from standard 

nanoparticles, which are encapsulated by carrier material such as polymers.  Nanocrystals 

are nanoparticles with a crystalline character and can achieve a hypothetical 100% drug 

loading as no carrier is involved in the production of the nanocrystal.69 There are more 

than ten commercialized drug products based on Nanocrystal technology include Emend® 

(Aprepitant), Megace Es® (Megestrol), Rapamune® (sirolimus), Avinza® (Morphine 

sulfate), Focalin® (Dexmethylphenidate), Ritalin® (methylphenidate), Zanaflex® 
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(Tizanidine), Tricor(Fenofibrate), Invega Sustenna® (Paliperidone Palmitate), Aristada® 

(Aripiprazole Lauroxil).70–74 

 

High pressure homogenization is a high energy process to break down the materials by 

high turbulence and shear. A marketed technology NanoedgeTM combined high pressure 

homogenization and precipitation, has drawn much interest in the recent decade. 

Nanoedge technology involves the “bottom-up” technology where the drug is first 

dissolved in the water-miscible solvent and then added to the antisolvent to cause the 

precipitation. The produced materials are then homogenized to reduce the size and 

minimize the size distribution.  

 

The reformulated drug product through particle size reduction can seek regulatory 

approval through the 505 (b)(2) pathway. 505 (b) (2) application, created under Hatch 

Waxman, is a new drug application which can be approved based on data from literature 

or in the original application filer. Compared to new drug applications through the 

505(b)(1) pathway, the 505 (b)(2) pathway offers the advantages of relatively low cost 

and risk as well as the potential of three, five, or seven years of market exclusivity.  

Rapamune® (sirolimus), a 505 (b)(2) approved new drug, is reformulated from an oral 

solution to a nanocrystal tablet dosage form. Tricor® (fenofibrate) is a nanoscale drug 

product approved based on the original micronized drug product. Megace® (megestrol 

acetate) was previously marketed as a micronized suspension and now approved as a new 

nanocrystal colloidal dispersion, Megace® ES.  Likewise, Ryanodex® (dantrolene 
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sodium) is also approved through the 505 (b)(2) pathway and reformulated from 

Dantrium Intravenous®, a lyophilized formulation (micronized) for injection.75 

 
 
1.2.3.2 Cocrystal  

Pharmaceutical cocrystal is defined as the single-phase crystalline material composed of 

an active pharmaceutical ingredient and a cocrystal former in a stoichiometric ratio. 

There is an increasing academic and industrial interest for pharmaceutical cocrystal due 

to its ability to bespoke physicochemical properties of the developed API.  Co-crystal is 

different from hydrates, solvates, and salts. They all belong to the multi-component 

crystalline solids, as previously discussed in Figure 1- 3. Hydrate and solvate are the 

multicomponent crystalline solid containing one component that exists as a liquid at room 

temperature (water for hydrate and organic solvent for solvate) in the crystal lattice 

structure. Hydrate and solvate are also termed as pseudoholomorphic forms. Utilizing 

solvate in pharmaceutical development usually is undesirable due to potential toxicity. 

Compared to solvate and hydrate, cocrystal can offer superior physicochemical stability. 

Salt and cocrystals are different regarding their ionization behavior. The multicomponent 

in cocrystal lattice is predominantly nonionized and interacted by hydrogen bonds, p-p 

electrostatic forces, or van der Waals forces.76 Salt is composed of API and counterions 

(i.e., anions or cations) in a stoichiometric ratio and interact by ionic interaction.77 Unlike 

salts, the formation of each kind of multicomponent solid in cocrystals demonstrates 

variable physicochemical properties and different pharmaceutical objectives. 
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Pharmaceutical co-crystal provides the potential to manipulate the physicochemical 

properties of the drug substance, which is different from the individual crystalline drug 

substance. It is due to the screened cocrystal former can eliminate hygroscopicity, 

increase stability, tune melting points, enhance dissolution rate as well as 

bioavailability.78–81 In addition, pharmaceutical cocrystal offers advantages in intellectual 

property.82 The unpredictable cocrystal formation can provide a tremendous opportunity 

to be patented regarding the possible advantageous properties. Also,  patents claiming the 

new cocrystal can be listed as drug substance patents in the FDA’s Orange Book.75 The 

drug product that contains a new pharmaceutical cocrystal is considered as the analogous 

to a new polymorph in the regulatory perspective even if the cocrystal is different from 

polymorph. Under such circumstances, the drug product cannot seek regulatory approval 

via the 505 (b)(2) pathway. It should be noted that the co-crystal, which is formed by two 

or more API, is considered as a fixed-dose combination product.83 And a fixed-dose 

combination product can seek regulatory approval through the 505 (b)(2) pathway. 

 

FDA has approved three pharmaceutical co-crystals as Steglatro™,  Lexapro®, 

and Entresto®.84–86 FDA published the guidelines for pharmaceutical co-crystal 

development in 2013. The pharmaceutical co-crystal was first classified as a drug product 

intermediate and considered as the API-excipient molecular complexes. In the revised 

guideline published in 2016, pharmaceutical co-crystal is considered as a particular case 

of solvates. It was stated in the document that evaluation should be sufficient that API 
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dissociates completely from the co-former completely dissociate before reaching the site 

of action.83 

 
 
1.2.3.3 Lipids 

The lipid-based formulation is a vital solubilization technique for lipophilic drugs.  It 

includes a lipid-based solution, nanoparticles, emulsions, and self-emulsifying drug 

delivery systems (SEDDS).87  

The design of engineered nanoparticle is primarily based on synthetic polymers, metal 

ions, and lipids. The lipid-based nanoparticles offer the advantage of less toxicity due to 

its biocompatibility and biodegradability when compared to the nanoparticles produced 

from other materials. The liposome is a classic example of lipid-based nanoparticle88. The 

liposome is a bilayer lipid vesicle mainly constituted by phospholipid. Doxil®, a 

liposome-based formulation of doxorubicin for the anticancer purpose, was the first 

approved liposome drug product. Other FDA approved liposome include Curosurf® 

(Poractant alfa), Abelcet® (Amphotericin B), AmBIsome® (Amphotericin B), DepoDur® 

(Morphine Sulfate), DepoCyt®(Cytarabine), Marqibo® (Vincristine sulfate), Onivyde® 

(Irinotecan)  Visudyne® (Verteporfin) and Vyxeos® (daunorubicin and cytarabine). The 

clinical advantages of liposome include the achievement of a significant high quantity of 

API in the interior of the liposome and the potential bypass effect of the reticule-

endothelia system by the incision of peglayted lipid in the liposome.89–91 Lipid 

nanoparticles also gained remarkable attention in the nucleic acid delivery system. 

ONPATTRO® (Patisiran) is the first approved RNA in the lipid nanoparticle. Patisiran is 
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a small interfering RNA that can be specifically bound to transthyretin messenger RNA 

and result in the degradation of the messenger. The Patisiran is encapsulated in the lipid 

nanoparticle to protect it from degradation and facilitate targeted delivery.88 

 

Emulsions are the lipid-based formulation containing both water and lipid. Lipid 

emulsion has been clinically used for providing essential fatty acids and vitamins such as 

the FDA approved soybean oil product Intralipid® and Liposyn III®.92 In addition, the 

lipid emulsion is of great pharmaceutical interest as carriers for delivering oil-soluble 

drugs. The drug-containing lipid emulsion approved by FDA includes Cleviprex® 

(Clevidipine) and Diprivan® (Propofol). In the emulsion, the lipid component is dispersed 

in the aqueous phase as droplets. Such emulsion can offer the advantages in reduction of 

pain and toxicity, improvement of stability and solubility as well as the potential of the 

targeted delivery. The issues related to a lipid-based emulsion, such as the drug loading 

issue, emulsion physical instability, and the limited number of approved emulsifiers, are 

unavoidable.  

 

SEDDS is first developed in the 1980s to enhance the oral absorption of poorly water-

soluble drugs. It has drawn much attention recently for the oral delivery of large 

hydrophilic molecules include peptide and protein.93,94 SEDDS is mainly composed of 

lipid and surfactant and emulsifies spontaneously as a fine emulsion when introduced to a 

mild agitation (e.g., gastrointestinal movement).95 In comparison to other lipid-based 

formulations, the manufacturing of SEDDS is cost-effective due to its simple 
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composition. In addition, unlike the batch-to-batch variability issue accompanied by the 

lipid-based nanoparticles, the nanodroplet of SEDDS is formed in the GI tract. Therefore, 

SEDDS has present a revolution in the oral delivery of large molecules. 

 

1.2.3.4 Complexes 

Cyclodextrin is cyclic oligosaccharides with a hydrophilic surface and a hydrophobic 

cavity at a molecular weight from 1000 to about 2000 Da.96 Cyclodextrin is available in 

the market with three different cavity size as alpha-cyclodextrin (α-CD), beta-

cyclodextrin (β-CD), and gamma-cyclodextrin (γ-CD).96 The cavity size is based on the 

number of glucose units as shown in Figure 1- 8.97 The hydroxyl group in the outer 

phase can be substituted by a different type of functional groups and produce new 

cyclodextrin derivatives of pharmaceutical interest such as 2-hydroxypropyl- β-CD (HP-

β-CD) and sulfobutylether β-CD (SBE-β-CD).98 Cyclodextrin holds a large negative Log 

P and is therefore poorly lipid-soluble in the lipid membranes.99 The hydrophobic drug 

can be captured in the cavity and form inclusion complexes with cyclodextrin.100 The 

cyclodextrin complex can offer advantages in enhancing solubility, dissolution rate, and, 

therefore, the bioavailability of the poorly water-soluble drug. Besides, the cyclodextrin 

complex can be used to modify the drug release profile and reduce drug side effects. The 

molecular weight of the complex, in general, is very high and may lead to an increase in 

formulation bulk and limit the commercial use of cyclodextrin complex in oral 

administered solids.87 
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Cyclodextrin complex is widely used in tablets, eye drops, and ointment.87 For example, 

FDA issued the approval of Voriconazole® (NDA 208562) via the 505 (b)(2) pathway in 

2016. It is an alternative formulation of voriconazole lyophilized powder. The approval 

of Voriconazole® is based on the efficacy and safety study of previously approved Vfend 

(Voriconazole)®. HP-β-CD is used in Voriconazole®, while SBE-β-CD is utilized in 

Vfend®.  

 
Figure 1- 7 Cyclodextrin molecules in three different cavity size (a) and the cyclodextrin 
complex (b) (Adapted from “Cyclodextrin–Drug Inclusion Complexes: In Vivo and In 
Vitro Approaches,” 2019, International Journal of Molecular Sciences) 
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1.2.3.5 Amorphous solid dispersion 

Among the technologies mentioned earlier, the solubility enhancement by amorphous 

dosage form can result in an order of magnitude higher apparent solubility. In addition, 

unlike cyclodextrins or lipid vehicles, the enhancement in apparent solubility by 

amorphous dosage form does not lessen the permeability.101 The equation of permeability 

can explain the mechanism behind the solubility-permeability tradeoff for the 

cyclodextrin, surfactant, and cosolvent based formulations: 

𝑃 = 𝐷
𝐾

ℎ
 

where D is the diffusion coefficient of the drug through the membrane, K is the 

membrane/aqueous partition coefficient of the drug, and h is the membrane thickness. 

The formulation method that increases the equilibrium solubility can lead to the decrease 

of the coefficient K, which relies on the drug’s equilibrium solubility. Therefore, the 

increase of the equilibrium solubility can lower the intestinal permeability.102  

 

Compared to the crystalline drug, its amorphous counterpart is a high-energy material 

resulting from low packing efficiency and lack of long-range crystalline order, as 

illustrated in Figure 1- 9. No energy is required to break the bonds during the dissolution 

process. This provides the amorphous form with advantages in solubility, dissolution rate, 

and bioavailability, albeit in a relatively thermodynamically unstable state.103,104 
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Figure 1- 8 Schematic hypothetical energy of amorphous drug, crystalline drug, and 
amorphous solid dispersion 

 

Very few marked products are based on pure amorphous API and directly incorporated 

into the matrix.105 The moisture uptake during manufacturing, storage, and in vivo 

physiologically condition can lead to faster nucleation, crystal growth, and hence the 

recrystallization of the amorphous API. Besides, a fragile glass is commonly formed 

since most APIs are the low molecular weight drug. The fragile glass with a low glass 

transition temperature (Tg) readily recrystallizes out during manufacturing, storage, and 

in vivo dissolution. Tg is defined as the transition temperature between the glassy and 

rubbery state of the material. It is known that the materials are generally hard and brittle 

like glass due to the lack of molecular mobility when the outside temperature is below Tg. 

In contrast to the glass state, the materials are commonly characterized as soft due to the 

molecular mobility when the outside temperature is above Tg. The utilization of 

excipients (i.e., polymer, surfactant) to form a multiple component amorphous system 

(e.g., amorphous solid dispersion) is widely used to increase the Tg of amorous drugs as 
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well as the stability.106Amorphous solid dispersion (ASD) has become the preferred 

approach for poorly water-soluble drugs due to its ability to produce an oral solid dosage 

form containing the amorphous forms of API as well as its manufacturability107.  

 

As illustrated in Figure 1- 9, the solid black line shows a fast dissolution rate and 

supersaturation of the high energy state amorphous drug. The attainment of orders of 

magnitude higher apparent solubility over crystalline drug solubility is achieved. 

However, as shown in the dashed red line, there is a rapid decrease in the dissolved drug 

results from nucleation and crystal growth. The potential to sustain the supersaturation 

state by a polymer precipitation inhibitor is known as the parachute effect, as shown by 

the dashed green line.108,109 The parachute effect reflects a slower rate of nucleation or 

crystal growth. The introduction of high molecular weight polymer in ASDs can stabilize 

and inhibit recrystallization.  In amorphous solid dispersions, the drug is usually 

homogeneously dispersed at the amorphous form in the polymer matric. The introduction 

of the polymer increases the Tg of the system as compared with the amorphous API 

alone. Besides, the resulting increase in viscosity and drug-polymer interaction (i.e., H-H 

interaction) restrict the molecular mobility of the amorphous drug. Therefore, the 

nucleation of the amorphous drug can be inhibited, and the crystal growth can be retarded 

via the introduction of the polymer.103 Not only is the stability of an amorphous drug 

optimized, the in-vivo functionality and handling of the amorphous form can also be 

improved (e.g., powder flowability, moisture scavenging, and protection, etc.).110 
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Figure 1- 9 Schematic illustrating the dissolution behavior of spring effect and spring 
with parachute effect 

 
The FDA approval trend of amorphous solid dispersion, as illustrated in Error! Reference 

source not found., suggests that there has been a surge in the utilization of amorphous solid 

dispersion. Spray drying and hot melt extrusion are the two technologies most widely used 

for the preparation of ASDs.111   
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Figure 1- 10 Timeline of FDA approved amorphous solid dispersion (Adapted from 
“Amorphous solid dispersions and nanocrystal technologies for poorly water-soluble 
drug delivery – An update,” 2018, International Journal of Pharmaceutics) 

 
Hot melt extrusion is a thermal process where no solvent is involved.112 In general, the 

polymer and API in the simplistic case are first blended and feed into the extruder. The 

mixture undergoes the melting, grinding, kneading, homogenization, and the final cooling 

step, as described in Figure 1- 12.113. The applied shear stress and heat generate the energy 

to overcome the crystal lattice energy and produce the amorphous drug embedded in the 

polymeric carrier matrix.114 Besides the application in making amorphous solid dispersion, 

hot melt extrusion is also well-known for the manufacturing of the shape drug delivery 

system such as implant or stents.115 Since the drug substance and the polymer carrier are 

subjected to a high temperature and shear, there may be the possibility of thermally induced 



34 
 

transitions such as degradation and high temperature reaction. In addition, the hot melt 

extrusion is characterized by a high start-up cost.  

 

 
Figure 1- 11 Hot melt extrusion process (Reprinted from “Hot Melt Extrusion,” Lubrizol 
Life Science) 

 

1.2.4 Spray drying  

1.2.4.1 Spray drying overview  

Spray drying is another well-established technique used to produce amorphous solid 

dispersion. Different from hot melt extrusion, the spray drying process is based on 

solvent evaporation where the drug-polymer solution is converted into powder. The first 

step in spray drying is to dissolve the drug and polymeric excipients in the organic 

solvent. The solution is then sprayed through a nozzle into droplets in the spray drier. The 

organic solvent in the droplet rapidly evaporates, and therefore the solid powder particles 

are produced.116  During the spray drying process, the poorly water-soluble drug is 

distributed in the polymer excipients as an amorphous phase at a molecular level.   
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Figure 1- 12 presents a brief overview of the applicability and formulation complexity 

for common solubility formulation technologies.116 Spray drying offers the widest 

applicability and the least formulation complexity for enhancing solubility. Besides the 

application of amorphous solid dispersion, spray drying can also be used to produce 

amorphous nanoparticles.117,118 In addition, there is great interest in investigating spray 

drying as an alternative strategy to dry biopharmaceutical therapeutic formulation.119 

 

 
Figure 1- 12 The applicability versus formulation complexity for the common 
solubilization technology (Adapted from “SOLUBILIZATION TECHNOLOGY – How 
to Choose the Right Solubilization Technology for Your API,” 2015, Drug Development 
and Delivery) 

 

1.2.4.2 Spray drying process 

Spray Drying is one of the most common manufacturing methods to produce amorphous 

solid dispersion with enhanced solubility and biopharmaceutical products with increased 
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stability. It is a cost-effective, one-step process that can be broken down into three major 

phases: the atomization of the solution using a hot drying gas, evaporation of the solvent 

and particle formulation, and the last powder collection as illustrated in Figure 1- 13. 

This technology is scalable, continuous, and highly controllable, allowing for the 

production of a gram to metric tons of product with designed characteristic and minimal 

batch variation. A solution containing API and the polymeric carrier is fed through a 

nozzle at a controlled flow rate in the first step. The atomization occurs in the nozzle via 

the heated drying gas. During atomization, the solution passes through the nozzle, and the 

newly formed droplets start the primary drying. The surface temperature is maintained 

via evaporative cooling. The evaporation of the solvent in the droplets continues in the 

secondary drying. As the solvent is removed, the droplets shrink, and the particle is 

formed as solvent saturation of the dissolved material begins to occur. Finally, the 

particles continue to dry, and the residual solvent is removed from the particle.    

 
Figure 1- 13 Spray drying process overview 
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1.2.4.3 Spray Drying: Pharmaceutical Application 

In addition to the production of amorphous solid dispersion, spray drying is also widely 

used in the complex formation, dry powder aerosols, and heat-sensitive materials. The 

broad applicability is due to the fact that spray drying process can modify particle size, 

morphology, and stability as required for pharmaceutical solid when drying from 

concentrated solutions. 

 

As discussed before, cyclodextrin can be used as a solubilization technique via the 

formation of a cyclodextrin complex. Spray drying of cyclodextrin drug inclusion 

solution is proved to be an efficient way to produce complexes.120 Tijana et al. compared 

the cyclodextrin complexes prepared by spray drying, physical mixtures, and wet ground. 

It was demonstrated that the spray-dried complexes show a significantly higher 

dissolution rate.121 Zheng et al. developed the spray-dried cyclodextrin quercetin complex 

to enhance solubility.122  Vahid et al. summarized the application of cyclodextrin 

complex prepared by spray drying in antibody protection.123 The dry powder formulation 

produced by lyophilization or spray drying has also been extensively used to improve 

antibody or protein stability.  

 

Spray drying is also frequently used in the pharmaceutical industry as a particle 

engineering method. The produced particulate system with a size range between 1-3 um 

is suitable for inhalation.124 Powder inhalation is a specific dosage form that delivers the 

micronized drug via inspiratory airflow to the lung.125 In the airflow, the particle with a 
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size larger than 5 um is mainly deposited in the lower respiratory tract. Only the particle 

with an aerodynamic diameter of 1-3 um can reach the alveolus tissue.  Comparing to 

other micronized technique, the powder prepared by spray drying can offer the advantage 

in a narrow particle size distribution. The spray drying process of dry powder inhalation 

involves the dispersion of drug solution, atomized the solution to the small droplet, and 

evaporation of the solvent. For dry powder inhalation, lactose is the only FDA authorized 

carrier due to its safety and broad availability.126–128  

 
1.3 Modified Release Delivery system  

1.3.1 Overview of modified release delivery system  

A modified release delivery system is defined as the formulation where the release rate is 

predetermined. It is different from the immediate release delivery system, where the drug 

is released as quickly as possible after administration. The immediate release delivery 

system offers the advantage of fast onset of action, and therefore it is widely used for the 

purpose of pain reliving, such as nitroglycerin for angina. The modified-release delivery 

system can be divided into extended-release and delayed-release. 

The delayed release system refers to the dosage form, which can provide a delayed 

release of the drug for a specific time period after administration. After a certain time 

period, the drug release is similar to the immediate release delivery system. Such a 

delivery system was widely used to protect the acid-sensitive drugs from gastric fluid and 

provide drug release in the intestine. Delayed drug release system draws much attention 

in delivering better patient compliance for the disease with specific therapeutic needs. For 
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example, the delayed release delivery system is used for the treatment of rheumatic 

arthritis, which is associated with high cytokines levels in the early morning.125 The 

delayed release of the treatment drug, prednisone, can provide the opportunity to be 

administered in the evening while exhibiting the optimal therapeutic plasma level in the 

early morning. In 2012, the first delayed release of prednisone was approved by the FDA 

as RAYOS® delayed-release tablets. The delayed drug release is achieved by a barrier 

coating on the tablet.129  

Figure 1- 14 Classification of the modified delivery system (Adapted from “Controlling 
drug delivery,” Pharmaceutics: Drug Delivery and Targeting) 

 

The extended release delivery system consists of sustained release and controlled release 

systems. The sustained release delivery system is designed to provide slow drug release 

over a sustained time period while drug release is kept at a predetermined rate in a 
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controlled release delivery system.  The prolonged drug release can avoid the rapid drug 

absorption, which can result in high peak plasma drug concentration.  A controlled 

release system is also designed to provide a slow drug release over a sustained period 

with the ability to achieve predictable plasma concentration.130 The slow drug release in 

the extended release system can avoid the rapid absorption related to the toxicity, 

especially for the narrow therapeutic window drug. In addition, the sustained-release 

delivery system can reduce dosage frequency and enhance patient compliance.129 

1.3.2 Extended-release delivery system 

The extended-release delivery system was first developed in the 1950s to produce the 

once a day or twice a day administration.131  The development of the extended release 

dosage form has changed significantly throughout the past several years as the treatment 

has moved rapidly toward being more patient compliant.  The current long acting 

extended delivery system, relying on the biodegradable microspheres or in situ forming 

implant,  is able to provide drug release up to several months.  

  
192 oral administered extended release delivery systems has been approved and available 

on the market until 2017.132  Hydrophilic matrix tablet is the most popular method to 

provide the targeted zero order extended release. The hydrophilic matrix is generally 

versatile and accommodates the different drugs with variable drug loadings. The 

hydrophilic matrix tablet is composed of the release-controlling polymer, the API, and 

other excipients. Due to its straightforward formulation, it is easy to scale up and 

therefore is more manufacturing effective and cost-effective.  The extended drug release 
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is achieved by the polymer such as Polyethylene Oxides (PEO) or Hydroxypropyl 

methylcellulose (HPMC). 133–136  

 

Figure 1- 15 General structure of HPMC 

 
HPMC is the most commonly used drug carrier in the hydrophilic tablet. HPMC is 

modified from the cellulose, which has a cellulose backbone and methoxylic and 

hydroxypropoxylic substitution group. Cellulose is not water-soluble because of the 

crystalline structure. The chemical modification to HPMC makes it water-soluble. HPMC 

is available in different grade based on the percentage of methyl substitution and 

hydroxypropyl substitution.137  

 

Upon dissolution, the matrix carrier undergoes polymer wetting, hydration, gel layer 

formation, polymer swelling, and polymer dissolution.4 The drug release from the matrix 

is then based on the mechanism of polymer swelling and diffusion. Once the hydrophilic 

matrix tablet is introduced to the buffer, the water is absorbed, and the matrix is hydrated 

to form a gel layer. The drug is then diffused through the gel layer. This process 

gradually moves to the inner core of the matrix until the polymer chain is fully dissolved, 
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which is the erosion of the polymer.  The drug release from the matrix is represented in 

Figure 1- 16.138 

 
Figure 1- 16 Drug release from a hydrophilic matrix dosage form. 

 
1.4 Apremilast 

1.4.1 Apremilast: Indications and Mechanism 

Apremilast is the first oral selective phosphodiesterase 4 (PDE4) inhibitor drug.139 

It has been licensed by the FDA for the treatment of several inflammatory disorder 

diseases: psoriasis, psoriatic arthritis, and oral ulcers associated with Behçet’s disease. 

Moreover, it has been approved globally in more than 50 markets.  

Table 1- 3 Global approval information of apremilast 

Regulatory 
Agency 

Approval Time Therapeutic Indication Company 

FDA 03/21/2014 Psoriatic Arthritis Celgene 
09/23/2014 Moderate to Severe 

Plaque Psoriasis 
Celgene 

07/19/2019 Oral Ulcers Associated 
with Behçet’s Disease 

Celgene 

EMA  09/13/2013 Behçet's disease Celgene 
02/16/2015 Psoriatic arthritis Celgene 

PMDA 12/19/2016 Psoriasis Celgene 
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The treatment of inflammatory disorders with apremilast is achieved by adjusting serum 

cytokine levels, via targeted PDE4 inhibition. As illustrated in Figure 1- 17, PDE4 is 

functioned to facilitate the hydrolysis of cyclic adenosine monophosphate (cAMP) to 

adenosine monophosphate AMP.140 cAMP is a critical second messenger involved in the 

regulation of the inflammatory response.141 The PDE4 inhibition prevents the hydrolysis 

of cAMP to AMP, resulting in an increase in intracellular cAMP levels and a downstream 

influence on several pathways associated with pro-inflammatory and anti-inflammatory 

expressions in various cell types.  The accumulation of intracellular cAMP leads to the 

activation of anti-inflammatory mediators such as protein kinase A (PKA). As a result of 

PKA activation, the transcription factors like cyclic adenosine monophosphate (CREB) is 

phosphorylated and activated. On the other hand, nuclear factor-kappa (NF-κB) is 

suppressed. The transcriptional regulation is responsible for the reduced production level 

of pro-inflammatory mediators like tumor necrosis factor (TNF), interferon-γ (IFN-γ), 

interleukin 12 (IL-12), IL-17, IL-22, and IL-23 and the increased production of IL-6 and 

the anti-inflammatory mediator IL-10.142 
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Figure 1- 17 Mode of action of apremilast  

 
1.4.2 Apremilast: Physiochemical and Biopharmaceutical Properties   

Apremilast is a white to pale yellow non-hygroscopic powder with poor water solubility 

in aqueous buffers irrespective of pH. It has been classified as BCS Class IV, which is 

characterized by its low solubility and low permeability. As reported in EMA, apremilast 

is a low solubility compound with a measured solubility of 10.8–14.5 μg/mL over the pH 

range 1–8.143 Its intrinsic dissolution rate (IDR) in pH 2.0 buffer in the presence of 1% 

hydroxypropyl cellulose is 1.8 μg cm−2 min−1.144 The IDR is defined as the rate of 

dissolution of a pure API when the surface area, stirring speed, pH and ionic strength of 

the dissolution medium are kept constant. IDR presumes the correlation with in vivo 

dissolution dynamics and thus is a crucial physicochemical parameter in determining in 

vivo bioavailability.145 The apparent in vitro permeability of apremilast across native 
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LLC-PK1 (Lilly Laboratories Cell-Porcine Kidney 1) monolayer following 2-hour 

incubation is 2 x 10-5 cm/sec.143 In general, the required effective permeability across the 

jejunal mucosal wall of 2 x 10-4 cm/sec must be exceeded for the complete absorption. 

The relatively low in vitro permeability of apremilast (2 x 10-5 cm/sec), limited solubility 

(10.75 μg/mL), and limited rate of drug dissolution all contradict the in vivo performance 

of the drug.  

 

Apart from the poor solubility and permeability, polymorphism has been observed for 

apremilast. Seven distinct crystal forms have been identified in Celgene’s report 

designated from A to G.143 Polymorphism is the ability of a drug substance to exist in two 

or more crystal forms with different arrangements in the crystal lattice.146  The 

pharmaceutical properties such as solubility, dissolution, stability, mechanical properties, 

bioavailability, and hence efficacy and safety of the final product may vary among 

different polymorphic forms.147 The interconvert of the polymorphs has a dramatic 

impact on the patient, manufacturer, and the regulatory agency.24 Investigations of the 

polymorphic behaviors and the transformation of drug polymorphs play a critical role in 

the drug development process. In such circumstances, selecting a thermodynamically 

stable crystal form is an essential part of drug product development. Among the seven 

crystal forms of apremilast, form B was found to be the most thermodynamically stable 

and was then used in the marketed products.143  However, multiple new crystal forms 

which claim has better thermodynamic stability than form B  have been identified 

recently.148,149 The thermodynamic tendency of the transformation to the most stable 
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crystal form may lead to reduced solubility and, sometimes, a dramatic decrease in 

bioavailability. Moreover, the polymorph interconversion in manufacturing and storage 

has been reported as the critical issue of pharmaceutical development.147  

 

1.5 Objective of the Study  

Apremilast is the first oral selective phosphodiesterase 4 inhibitor drug.150,151 It has been 

approved by the FDA for the treatment of several inflammatory disorder diseases including 

psoriatic arthritis (2014), psoriasis (2014), and oral ulcers associated with Behçet’s disease 

(2019). The pharmacological impact of apremilast on inflammatory disorders is achieved 

by modulating serum cytokine levels, via targeted PDE4 inhibition.150,151 Specifically, 

PDE4 is known to facilitate the hydrolysis of cAMP to adenosine monophosphate 

AMP.140,152 cAMP is a critical second messenger involved in the regulation of 

inflammatory response. The inhibition of  PDE4  prevents the hydrolysis of cAMP to AMP, 

which causes an increase in intracellular cAMP levels and has a significant impact on 

several downstream pathways.142 Alterations in downstream pathway regulation include 

the activation of anti-inflammatory mediator IL-10 and partial inhibition of pro-

inflammatory mediators (e.g., TNF-α, interferon-γ, and IL-23).142,153   

 

Apremilast is critical to regulation of immune system mediators and, as a result, it has 

recently been the subject of intense studies based on its potential application for off-label 

indications such as atopic dermatitis154–156, alopecia areata157–159, aphthous stomatitis160, 

Behçet’s syndrome161, cicatricial ectropion secondary to severe lamellar ichthyosis162,  

epidermolysis bullosa simplex163, recurrent erythema multiforme164, hidradenitis 
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suppurativa165,166,  and lichen planus159. Importantly, it has poor solubility and poor 

permeability and is a BCS class IV drug. These characteristics may limit its bioavailability 

and dose-escalation efficiency in future clinical trials17,167. The current formulation of 

apremilast is also associated with variable bioavailability, which may be caused by its poor 

solubility and permeability.143 Interestingly, more than ten polymorphs with different 

physiochemical properties have been reported in the literature.143,148,149 Polymorph 

interconversion may be further complicating the characteristics of this drug and its 

physicochemical instability.24,147 The immediate release marketed formulation requires 

twice daily administration. Poor patient compliance has been observed, and this represents 

a significant issue, as this medication is primarily employed to treat chronic diseases over 

long periods of time.168   

 

We have developed an alternative approach using a sustained-release amorphous solid 

dispersion (ASD) system that has the potential to address the shortcomings of the marketed 

formulation. ASD technology has been employed to overcome poor solubility issues and 

prevent polymorphism interchange by stabilizing the drug in an amorphous state.169Unlike 

the conventional solubilization techniques, the increased solubility achieved via an ASD 

strategy is not accompanied with decreased permeability.101,169 The incorporation of an 

ASD into a sustained release matrix system can provide a more uniform plasma drug 

profile without multiple daily dosing and reduce toxicity.170There have been several 

attempts to explore the use of sustained release ASD system.171–173 The utilization of  
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sustained release matrix can also decrease the re-precipitation rate of the amorphous drug 

in the medium.174  

 

The creation of a sustained-release ASD formulation can be challenging, especially for 

apremilast, a new small molecule. Variation in drug loading, polymer selection, and 

process parameters can generate formulations with different performances. Extensive 

resources and time is required to create and characterize different formulation if a 

conventional formulation screening strategy is employed.175 In addition, apremilast is a 

high-cost API and has significant safety concerns. These factors would limit the number of 

trials that could be conducted in the conventional “trial and error” screening method. In 

order to reduce the number of experiments required, thereby saving time and material, we 

have utilized a streamlined material-sparing formulation development approach. 

 

This study aimed to explore the potential of a sustained-release ASD system for apremilast 

using a streamlined formulation screening method. We developed the streamlined 

formulation screening as schematically shown in Figure 1- 19. In silico screening was first 

performed to reduce experimentation through first principles and mechanism. The 

prototype formulations were then prepared and screened using an in vitro small-scale 

screening strategy. The lead ASD systems were next processed by spray drying and then 

fully characterized. Finally, the single and bilayer tablets were prepared to sustain the 

release kinetics and produce the targeted dissolution profile. In this study, a novel 

formulation of apremilast was identified and prepared using sustained release ASD 
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delivery system. The utilization of the in silico and in vitro small-scale screening method 

has demonstrated the promise of rapid, material sparing, and rational formulation screening. 

This study marks the first disclosure of an amorphous apremilast that is maintained in a 

sustained release matrix.   

   

 
Figure 1- 19 Workflow for the development of apremilast sustained-release amorphous 
solid dispersion system 
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2 CHAPTER 2. STRUCTURED DEVELOPMENT OF 
AMORPHOUS SOLID DISPERSION FOR 

APREMILAST 
 

The nature of easy recrystallization of the amorphous drug during manufacturing and 

storage makes the necessity of appropriate excipients to form an amorphous solid 

dispersion system with enhanced stability. As discussed before, the drug is first dissolved 

in organic solvents together with the polymer. Variation of organic solvent, polymer, 

drug loading, and process parameter can generate products of different performance. 

Extensive resources and lengthy time to create and characterize different ASD systems 

are required for formulation development. It is known that the quantity of the drug 

available for pilot formulation experiments is extremely limited at early development 

stages. Considerable amounts of API (>10g) are required for each ASD system, even 

utilizing a small-scale spray dryer or extrusion line. In this study, the high cost of the API 

and the safety consideration limits the multiple lab-scale productions of apremilast ASDs 

in the formulation screening process. Hence it would be advantageous to develop a 

structured formulation screening methodology that uses small quantities of material. 

Moreover, the commonly used “trial and error” formulation methods can lead formulators 

down the wrong paths. It is essential to avoid excessive time-consuming empiricism by 

having a rational selection and screening strategy for polymer and solvent selection.  

Driven by the need to reduce empiricism and saving time and material, in silico screening 

and in vitro small-scale screening methods are employed as structured formulation 

development for the apremilast ASD system.  



51 
 

 

The understanding of the miscibility of the system is essential for the scientific selection 

of polymer for a given drug substance and the development of a stable amorphous dosage 

form. Miscibility refers to the capability of mixing two components in any ratio without 

separation of two phases. In a phase-separated ASD system, the amorphous drug may 

recrystallize out quickly, leading to the loss of solubility and bioavailability 

advantage.176,177 Various computational and experimental methods to explore drug-

polymer miscibility have been reported. The in silico modeling is accordingly used based 

on miscibility for formulation screening. Often several systems that are most likely to be 

successful will be determined by in silico screening instead of identifying one single 

formulation and drug loading via in silico screening. Typically, the top four to five are 

selected for experimental feasibility screening using minimal amounts of API. The small-

scale in vitro experiment is required to identify which is indeed most capable of 

maintaining high solubility potential with good miscibility.  

 

The in silico, followed by the in vitro small-scale formulation screening, offers a rapid, 

material sparing and, most importantly, a rational approach to screen polymers and guide 

development efforts toward those candidates with the highest probability success. The 

workflow for amorphous solid dispersion screening consists of the following elements:  

(1): In silico screening for reducing experimentation through first principles and 

mechanistic models 

 API protonation by cheminformatics tool 
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 Quantitative API/Polymer miscibility screening by Flory Huggins Theory 

 Solvent system screening by HSPiP 

(2) In vitro small scale screening from the prototype formulations 

 Physical miscibility by differential scanning calorimetry 

 Physical stability by polarized light microscopy 

 Supersaturation potential evaluation by 96 well plate 

 

2.1 Materials and Methods 

2.1.1 Materials  

Apremilast was purchased from Combi-Blocks (San Diego, USA). Its molecular formula 

is C22H24N2O7S, with a molecular weight of 460.5 g/mol. Apremilast has very low 

solubility in water independent of pH. Hydroxypropylmethylcellulose acetate succinate 

(HPMCAS AquaSolve™ L, M, and H grades), copovidone (Plasdone™ S-630) are from 

Ashland Specialty Ingredient (Wilmington, DE). Fasted State Simulated Intestinal Fluid 

(FaSSIF) buffer was prepared using FaSSIF powders bought from Biorelevant (London, 

UK).  

 

2.1.2  Methods 

2.1.2.1 In silico screening 

The solubility predictor plug-in from ChemAxon (Cambridge, MA, USA) was utilized 

for predicting the pH solubility of apremilast. The selection of the solvent used for spray 

drying employed the concept of the Hansen solubility parameter (HSP).178 HSP defines 
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three main drivers of solubility: dispersion parameter (𝛿𝐷), polar parameter (𝛿P) and 

hydrogen bonding parameter (𝛿H). The selection of solvent systems was based on the 

“like dissolves like” theory. Specifically, molecules with similar HSP characteristics 

would be miscible with each other. HSP of apremilast was compared with the solvent 

database by HSPiP (Version, 4.0 Denmark).  

 

Polymers used as the carrier were theoretically assessed using Flory-Huggins (F-H) 

theory179,180. The Gibbs free energy of mixing ∆𝐺  was generated based on the equation 

as illustrated bellow:  

∆
= 𝑛 ln + 𝑛 ln + 𝑛  χ                                                                                        

R and T are the gas constant and temperature, 𝑛 represents the number of moles, and  

represents the volume fraction. The F-H interaction parameter χ is a dimensionless quantity 

that characterizes the strength and favorability of interactions between drug and 

polymer181. Under a series of simplification, χ was further calculated using the solubility 

parameter as represented below:  

χ =  4(𝛿𝐷 − 𝛿𝐷 ) + (𝛿𝑃 − 𝛿𝑃 ) +  (𝛿𝐻 − 𝛿𝐻 )           

                                        

In both equations, the subscripts d and p refer to the drug and the polymer, respectively. 

The temperature normalized ∆𝐺  was determined for each polymer. The ASD maximum 

drug loading where the mixing of the system is energetically favored was also determined. 

In the majority of cases, positive temperature normalized ∆𝐺  value corresponds to 
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immiscibility, while negative temperature normalized ∆𝐺  value suggests that mixing is 

energetically favored, and the components are miscible.  

 

2.1.2.2 In vitro small-scale screening  

A small group of prototype formulations identified in silico was selected for in vitro 

assessment using solvent casting method. Three different drug loading levels listed in 

Table 2-1 were selected for each of the prototype polymer to cover the previously 

calculated miscibility range. Notably, 60% drug loading is considered as the highest drug 

loading in the ASD formulation development, and this drug loading was used for 

Copovidone S630 even though it is miscible with apremilast at all drug loadings. Briefly, 

apremilast as well as the selected polymers, were dissolved in acetone at a drug 

concentration of 3 mg/mL. The solution was then distributed in the differential scanning 

calorimetry (DSC) pan, a glass slide, or 96 well plates dependent on the screening 

approach. The solvent was removed by vacuum evaporation at 40 °C for 6 hours. The 

prototype formulations distributed in the DSC pan were subjected to modulated DSC 

(mDSC) analysis. The system where a single Tg was determined suggests the miscibility 

between the drug and polymer. The formulation cast on the glass slides was stored under 

40 °C/75% RH for one week to evaluate the stability of the system. Recrystallization of the 

drug, as represented as the birefringence under polarized light, indicates the inferior 

stability of the system. The formulation was also prepared by distributing 0.1 mL of the 

aforementioned solution into the 96-well plate. After removing the solvent, supersaturation 

ability evaluation was performed by adding 200 µL dissolution media (FaSSIF, pH 6.5) to 
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each well of the formulation. Two time points, 1 hour and 3 hour, were used to describe 

the supersaturation potential. One plate was prepared per time point. The concentration 

was determined by HPLC after dilution. The supersaturation potential was determined by 

the concentration change during the dissolution period. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



56 
 

Table 2- 1 Summary of prototype formulation for in vitro small-scale screening 

Polymer Structure a Miscibility 

range from in 

silico 

assessment  

Drug loading 

level in the in 

vitro screening 

HPMCAS-L 

  

0-20%  10% 

20% 

30%  

HPMCAS-M 0-30% 20% 

30% 

40% 

HPMCAS-H 0-22%  10% 

20% 

30%  

Copovidone 

S630  

 

0-100%  20% 

40% 

60% 

 

a: HPMCAS is available in three different grades varying in the extent of substitution of 

acetyl and succinoyl groups as well as molecular weight.  
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2.1.2.3 Characterization of solvent casting material  

2.1.2.3.1 Modulated differential scanning calorimetry (mDSC) 

Thermal characterization was investigated using a Thermal Analysis Q2000 differential 

scanning calorimeter (TA Instruments, New Castle, DE). The calibration was performed 

using indium. The chamber was purged with a 20 psi nitrogen gas flow to provide an inert 

atmosphere during the measurement. About 2–5 mg of powder was analyzed in closed 

standard aluminum pans (TA Instruments, New Castle, DE). Samples were analyzed at a 

ramping rate of 5 °C/min combined with modulation of ±1.5 °C every 40 s. An empty 

aluminum pan was used as a reference. The thermograms were generated, and Tg was 

analyzed in the reverse heat flow signal using TRIOS software (TA Instruments, New 

Castle, DE, USA).  

 

2.1.2.3.2 Polarized light microscopy (PLM) analysis  

Formulations in the in vitro screening were also cast on the glass plate and observed at 40 

magnification under the polarized light (Olympus 360 DegrePolarizer U-AN360P, Tokyo, 

Japan). The images of the formulations were collected at two time points: immediately 

after obtaining the spray-dried material and one week post-exposure under 40 °C/75% RH. 

The presence of birefringence, which is a characteristic property of crystalline substances 

to refract light from a polarized light source, was considered as an indication of the 

recrystallization of the amorphous apremilast.  
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2.1.2.3.3 HPLC analysis 

The apparent solubility was measured using an 1100 Series Agilent HPLC (Palo Alto, CA, 

USA) equipped with an Xbridge C18 column (100mm x 4.6mm, 3.5 um). The temperature 

of the column was maintained at 30 °C. The detector wavelength was set at 230 nm. The 

mobile phase A was 0.1% TFA in water, while the mobile phase B was 0.1% TFA in 

CH3CN. The gradient program was set as follows: time (min)/A: B (v/v); T0 85/15, T16 

50/50, T17 10/90, T18 85/15, and T20 85/15. The flow rate was set at 1.0 mL/min.  

 
 

2.2 Results and Discussion  

2.2.1 pH solubility  

Among the relevant API characteristics, pH solubility is a critical factor for the initial 

formulation development and performance characterization. Cheminformatics tools can 

be used to generate protonation profiles and how the ionic species is favored through 

different pH values. The protonation profile can provide insight into the drug interaction 

with the gastrointestinal conditions and the selection of pH for the dissolution medium. 

The predicted pH solubility of apremilast is illustrated in Error! Reference source not 

found.. Apremilast is demonstrated to be a weak acid, and the aqueous solubility is 

extremely low, mostly independent of pH across the physiologically relevant range. In 

addition, there is an estimated little impact when shifting from gastric to intestinal pH. It 

is compatible with the report from the European Medicine Agency that “Apremilast is a 

low solubility compound with a measured solubility of 10.8 – 14.5 µg/ml over the pH 

range 1 to 8.”143 
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Figure 2- 1 Predicated pH solubility by ChemAxon 

logS = log (solubility measured in mol/L) 

 

2.2.2 Selection of the solvent system  

When designing an ASD to be produced by spray drying, a critical factor within the 

variables is the solvent systems. The solvent system provides the correct molecular 

dispersion of a given API within the selected polymers and excipients. In this study, the 

result of apremilast HSP and the HSP distance of the solvent is summarized in  

Error! Reference source not found. -2. DCM and acetone were shown to have the most 

similar HSP characteristics with apremilast. In addition, they are both characterized by a 

low boiling temperature, which can enable a low drying temperature in spray drying. It 

has been reported that low drying temperatures can make the production process highly 

efficient. DCM, however, is a Class II solvent according to the ICH guidelines for the 
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residual solvents.182 The limitations on residual levels of DCM in pharmaceutical 

products and the associated environmental hazards limit the use of DCM in drug 

manufacturing. Based on these issues, acetone was employed in the subsequent 

experimental stage. 

 
Table 2- 2 Results of in silico solvent screening 

Apremilast Information 

δd (MPa 1/2) δp (MPa 1/2) δh (MPa 1/2) 
 

19.8 15.4 9.9 

Solvent Information 

Solvent HSP distance Boiling point 

DCM (Methylene 
Dichloride) 

10.24  39.6 °C 

THF (Tetrahydrofuran) 11.56 66 °C 

Acetone 10.36 56 °C 

Ethanol 14.06 78.37 °C 

Methanol 16.35 64.7 °C 

 
 

2.2.3 Selection of the ASD carrier and Drug loading  

The drug-polymer miscibility is defined as the ability of the drug to disperse in a polymer 

matrix to produce a homogenous single-phase where the polymer and the drug are 

intimately mixed at a molecular level.183 It is typically believed that miscible amorphous 

solid dispersions can provide the system with maximum physical stability.184 The drug-

polymer miscibility can be determined using theoretical models based on thermodynamic 
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principles. Various computational and experimental methods to explore drug-polymer 

miscibility have been reported. Maniruzzamana et al. used the solubility parameter 

difference between drug and polymer as the predictor of miscibility.185  Artificial 

intelligence has been studied and utilized via the “K-means” algorithm to predict drug-

polymer miscibility.186 The experimental methods include the micro-Raman mapping, 

computational analysis of XRD data, and 1H T1 relaxation time characterized by solid-

state NMR. 186–190 

 

Flory-Huggins theory is utilized to predict the polymer-drug miscibility in the current 

study. The Flory-Huggins phase diagram represented the most important pre-formulation 

tool for the preparation of ASD systems.191 A Gibbs free energy estimation of mixing 

between drug and polymer (∆Gmix) can be provided through -Huggins theory. In the 

majority of cases, positive temperature normalized ∆Gmix value corresponds to 

immiscibility, while negative temperature normalized ∆Gmix value suggests that mixing is 

energetically favored, and the components are miscible. 

 

In Figure 2-2, 
∆

 for each of the binary system is plotted over the change of drug 

loading. The negative y value suggests the system thermodynamically favors mixing, and 

hence the apremilast-polymer system is miscible. It is apparent that the 
∆

   result for 

povidone K30 and Copovidone is negative independent of drug loading. In other 

apremilast-polymer systems, the 
∆

  is negative only if the drug loading is beyond a 

critical value. That critical value represents the maximum drug loading for the ASD 
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system. The rank order of apremilast miscibility with polymers based on the maximum 

drug loading is as follows: Povidone k30 > Copovidone >HPMCAS-M> HPMCAS-L> 

HPMCAS-H> Eudragit 100> Eudragit E PO> Soluplus.  Povidone K30 was further 

excluded in the following study bases on its high hygroscopicity (40% hygroscopicity). 

The absorption of water by ASD can negatively impact physical stability by increasing 

molecular mobility and promoting crystallization.192 
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Figure 2- 2 Temperature-normalized Gibbs free energy of mixing ((∆G/mix)/RT) for 
apremilast with different polymers as a function of drug loading 
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2.2.4 Summary of in silico screening 

After the in silico assessment, the next step in formulation development is to narrow 

down the choice of polymers and the suitable drug loading by small scale experiment. As 

discussed above, 60% drug loading is the highest drug loading typically employed in 

ASD formulation development.  60% drug loading is therefore used for copovidone as 

the high-level drug loading even though it is miscible with apremilast at all drug 

loadings. Based on the result from in silico screening, the most promising polymers are 

studied with three different levels of drug loading.  It is expected to cover the miscible 

range calculated by in silico modeling, as shown in Table 2- 4.  
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Table 2- 3 Properties of polymers screened from in silico models 

 HPMCAS-L  HPMCAS-M HPMCAS-H Copovidone 

S630 

Appearance  White to off-white powder (F-type) White Powder 

Weight average 

molecular 

weight  

75,100 103,200 114,700 47,000 

Average 

particle size 

(microns) 

≤ 10 ≤ 10 ≤ 10 65-75 

Tg  (C) 122 120 119 109 

Structure  

  
 

Acetyl content 10-14% 7-11% 5-9%   

Succinoyl 

content 

4-8% 10-14% 14-18% 
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Table 2- 4 Promising formulation for in vitro screening 

 
2.2.5 Miscibility screening  

A single signal in standard DSC often causes difficulty in the detection of small 

transitions or data interpretation. mDSC has significant advantages over the standard 

DSC includes improved sensitivity, improved resolution without compromising 

sensitivity, and separation of complex transitions into more easily interpreted 

components.  

 

The mDSC section for miscibility screening in Error! Reference source not found. outlines 

the miscibility result of the prototype formulations. It is known that immiscible systems 

present separated phases and correspond to multiple Tg when subjected to thermal analysis 

(i.e., amorphous drug system, amorphous polymer system, and ASD system). Specific 

formulations were immiscible separated phases systems, as highlighted in a patterned 

shade in Table 2-5. Immiscibility was observed with HPMCAS-L at 30% drug loading 

 
Maximum Drug 
Loading Under  
Miscible Range 

Predicted by 
∆

 

Drug Loading Level for 
Small Scale Screening  

Solvent  

Low Medium  High 

HPMCAS-L 20% 10%  20%  30% Acetone  

HPMCAS-M 30% 20% 30% 40% 

HPMCAS-H 22% 10% 20% 30% 

Copovidone 

S630 

100% 20% 40%  60%  
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level, HPMCAS-M at 40% drug loading level, and HPMCAS-H at 30% drug loading level. 

The phase separation may be caused by the relatively high drug loading. In many cases, 

higher drug loading can lead to the thermodynamically driven tendency to form a drug rich 

domain.193,194 The polymer in the ASD is designed to maintain the drug in an amorphous 

state, thereby reducing a drug’s molecular mobility, which is the prerequisites for 

nucleation.195,196 The experimental evaluation result is in agreement with the miscibility 

range calculated from Flory-Huggins theory, confirming the validity of our in silico 

screening approach.  

 

2.2.6 PLM screening  

Not only characterized by the lack of a distinct melting point and single Tg, a purely 

amorphous solid dispersion system can also be identified by the lack of birefringence 

properties. Birefringence is defined as the double refraction of light in a transparent, 

molecularly ordered material.  The polarized light microscope (PLM) can be used to 

qualitatively (visual observations) or quantitatively (determination of exact values) 

measure the birefringence present in the materials.197 The qualitative characterization is 

indicated by the visual observation of the interference colors under polarizers. In this 

study, the presence of the birefringence is used to infer the amorphous film recrystallize 

during the storage. And accordingly, the PLM is applied to analyze the stability of the 

promising amorphous apremilast-polymer combinations. 

 
The binary mixture of apremilast with the polymer carrier was prepared and dissolved in 

acetone. The solution is then uniformly cast on the glass slides. The resulted translucent 
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thin films were generated when the plate was dried at the vacuum oven at 60 ºC to 

remove the organic solvent for 6 hours. PLM is utilized to analyze the amorphous film 

after vacuum drying and after exposure to the stress condition (40 ºC/75% RH) for one 

week. The thin film was directly observed at 40 X magnification under the polarized light 

microscope (Olympus U-OPA).  

 

The presence of birefringence, which is a characteristic property of crystalline substances 

to refract light from a polarized light source, is considered as an indication of 

recrystallization from films.198 The stable amorphous film and pure polymer amorphous 

film is transparent as the blank microscopic slide (Figure 2- 3 a1). The controls and the 

amorphous film generated by the specific drug-polymer system showing re-

crystallization are summarized in Error! Reference source not found..  The PLM image of 

the amorphous polymeric film with no re-crystallized drug present is as transparent as the 

blank microscopic slide and is not shown here.   

 

 

 



69 
 

 

Figure 2- 3 Polarized light microscopic images (40x) of the films 

Blank Microscope 

a1 

30% APM:AS-M 

c1 

APM Powder 

a2 

Pure APM 

b1 

40% APM:AS-M 

c2 

30% APM:AS-H 

d1 

30% APM:AS-L   

b2 

d2 

60% APM:S630  
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The formulations in which re-crystallization occurs after storage under stress condition is 

also summarized as a patterned shade in Error! Reference source not found. 5. It is 

noteworthy that all the immiscible systems characterized by mDSC shows instability after 

storage under stress condition. Miscibility was demonstrated for the systems using 

copovidone as the carrier at 60% drug loading and the system using HPMCAS-M as the 

carrier at 30% drug loading in the preliminary mDSC study. Birefringence was observed, 

however, in the current PLM study, indicating the re-crystallization behavior of amorphous 

apremilast in the system. This can be explained by the correlation between miscibility and 

physical stability of amorphous solid dispersion. It has been suggested that the miscible 

system shows better stability in comparison to the immiscible system193. Miscibility is not, 

however, the only factor involved in nucleation and crystallization. It is known that 

crystallization is a complex process and affected by thermodynamic, kinetic, and other 

molecular factors.199An alternative explanation could be that the domain size of phase 

separation is too small to be detected by DSC. The detection limit for the miscibility using 

Tg as an indicator usually is less than 30 nm.200,201  

 
 

2.2.7 Supersaturation ability  

The promising polymer carrier should increase the physical stability in the solid state and 

the aqueous media of the GI tract as well as maintain a supersaturation state. The 

supersaturation state is able to enhance the free drug concentration to be absorbed and 

lead to the solute gradient as well as the driving force for passive transportation.190,202   

Therefore, the suitable polymeric matrix should inhibit the recrystallization of the 
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amorphous drug in both solid matrix and the supersaturation solution(e.g., dissolution 

medium, gastrointestinal fluid ).203–205 The small-scale supersaturation potential study 

assay is accordingly performed in the current study to provide insight into the selection of 

an appropriate polymeric carrier.  The supersaturation assay was performed on 

amorphous drug-polymer films prepared in 96-well plates by the solvent-based film 

casting. The film casting method has also been utilized in the aforementioned PLM 

stability study. The outstanding ASD formulation should maintain the high drug 

concentration for 3 hours. Figure 2- 4 shows the results of the supersaturation ability 

screening for the polymeric carrier. The formulation in which the decreased concentration 

was observed is highlighted in a patterned shade in Error! Reference source not found.. It 

is known that the ASD system can be rapidly dissolved due to the minimized crystal 

packing energy, which is the driving force behind the solubilization process.174,206 The 

high concentration supersaturation state is, however, thermodynamically unstable, which 

can lead to rapid nucleation and hence the recrystallization. A suitable polymer should 

inhibit nucleation and retard the nucleation to maximum absorption known as the 

“parachute” effect.207 
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Figure 2- 4 Results of a supersaturation ability experiment in FaSSIF buffer  



73 
 

Table 2- 5 Results of in vitro small-scale screening 

Samples mDSC PLM 96 well microplate 
HPMCAS-L, 10% 
DL 

Single Tg Amorphous Supersaturated  

HPMCAS-L, 20% 
DL 

Single Tg Amorphous  Recrystallized 

HPMCAS-L, 30% 
DL 

Multiple Tg Recrystallized  Recrystallized 

HPMCAS-M, 20% 
DL 

Single Tg Amorphous Supersaturated 

HPMCAS-M,30% 
DL 

Single Tg Recrystallized Supersaturated 

HPMCAS-M, 40% 
DL 

Multiple Tg Recrystallized Recrystallized 

HPMCAS-H, 10% 
DL 

Single Tg Amorphous Supersaturated 

HPMCAS-H, 20% 
DL 

Single Tg Amorphous Recrystallized 

HPMCAS-H, 30% 
DL 

Multiple Tg Recrystallized Recrystallized 

Copovidone, 20% 
DL 

Single Tg Amorphous Supersaturated 

Copovidone, 40% 
DL 

Single Tg Amorphous Supersaturated 

Copovidone, 60% 
DL 

Single Tg Recrystallized Recrystallized 

 
 
 

2.2.8 Summary of small scale screening  

Our experimental evaluation indicated that the copovidone based formulation at 40% drug 

loading and the HPMCAS-M based formulation at 20% drug loading provided the best 

performance. These formulations will be produced by spray drying as a lead formulation 

for further characterization.  
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2.3 Summary of Chapter 2 

The small scale screening tools used in conjunction with the in silico screening tools offer 

a rapid, valuable, and material sparing approach to screen polymers and guide 

development efforts toward those candidates with the highest probability of success. The 

result obtained from the in silico screening, in vitro small scale screening is summarized, 

evaluated, and analyzed. The summarized data are used to identify suitable prototype 

formulations that will be subjected to lab-scale manufacturing and further in vitro and in 

vivo assessment. The results from the screening are shown in Error! Reference source not 

found..  Polymeric carrier of HPMCAS-M with 20% drug loading and copovidone S630 

with 40% drug loading is then investigated for lab-scale spray drying.  
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Table 2- 6 Summary of formulation screening  

In silico Screening  Results 

Assessment of APM protonation and 

solubility profile 

No pH-dependent effect  

Solvent system for spray drying/solvent 

casting 

Acetone 

Favorable APM: Polymer combinations 

and Ratios 

HPMCAS-L 10% 20% 30% 

HPMCAS-M 20% 30% 40%  

HPMCAS-H 10%  20% 30%  

Copovidone S630 20% 40% 60% 

Optimized formulations for in vitro screening 

Small Scale Screening  Targeted Performance  

Miniaturized test for high throughput 

miscibility screening  

Single Tg (no phase separation) 

Stability test using solvent casting 

studies 

Absence of recrystallization  

Supersaturation studies at non-sink 

conditions in bio relevant media  

Promote supersaturation and inhibit 

crystallization  

Lead formulations for spray drying (lab scale) 

HPMCAS-M 20% Drug Loading 

Copovidone 40% Drug Loading 
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3 CHAPTER 3. SOLID DISPERSION PROTOTYPE 
PRODUCTION AND CHARACTERIZATION 

 
Polymeric carrier of HPMCAS-M with 20% drug loading and copovidone S630 with 

40% drug loading was selected from formulation screening and then investigated for lab-

scale spray drying in this section. The lead formulations were prepared using Buchi spray 

dryer B-290. The physicochemical properties of the produced amorphous solid dispersion 

were carefully analyzed using thermal analysis, microscopic and spectroscopic 

techniques.  

 

3.1 Material and Methods 

3.1.1 Materials  

Apremilast was purchased from Combi-Blocks (San Diego, USA). Its molecular formula 

is C22H24N2O7S, with a molecular weight of 460.5 g/mol. Apremilast has very low 

solubility in water independent of pH. Hydroxypropylmethylcellulose acetate succinate 

(HPMCAS AquaSolve™ M grades), copovidone (Plasdone™ S-630), and hydroxypropyl 

methylcellulose (Benecel™, HPMC K100M, K15M, and K4M) are from Ashland 

Specialty Ingredient (Wilmington, DE). The following excipients were used in the 

preparation of sustained-release matrix: anhydrous lactose (Kerry Bio-science, Norwich 

NY), microcrystalline cellulose (Avicel® PH 102, FMC BioPolymer, Newark DE), and 

magnesium stearate.  
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3.1.2 Methods 

3.1.2.1 Preparation of the apremilast ASD system  

Lead ASD formulations selected from in vitro screening were prepared by the spray drying 

method using Buchi spray dryer B-290 (Buchi labortechnik AG, Flawil, Switzerland). A 

feed solution at 8% solid content was prepared by dissolving apremilast and the selected 

polymers in acetone. After mixing, the feed solution was then sprayed through a 0.7 mm 

two-fluid nozzle. The inert gas temperature was set at 110 ºC. The outlet temperature is 

defined as the temperature of air with the powder before entering the cyclone. It is the 

resulting temperature of the heat and mass balance in the drying cylinder and thus cannot 

be regulated. The dynamic control of the feeding rate was achieved by an external pump 

for the targeted 55 ºC outlet temperature. The atomizing nitrogen was maintained constant 

at 40mm Hg. The resulting powders were collected and dried in the vacuum for 16 hours 

(40 ºC).  

Table 3-  1 Spray drying process parameters 

Parameter  Value  

Solid Content (% w/w) 8% 

Inlet gas temperature  89 ºC 

Outlet gas temperature  55 ºC 

Aspirator Rate  100%  

Liquid feed rate  Adjust to target the outlet gas 

temperature  
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3.1.2.2 Modulated differential scanning calorimetry (mDSC) 

Thermal characterization was investigated using a Thermal Analysis Q2000 differential 

scanning calorimeter (TA Instruments, New Castle, DE). The calibration was performed 

using indium. The chamber was purged with a 20 psi nitrogen gas flow to provide an inert 

atmosphere during the measurement.  About 2–5 mg of powder was analyzed in closed 

standard aluminum pans (TA Instruments, New Castle, DE). Samples were analyzed at a 

ramping rate of 5 °C/min combined with modulation of ±1.5 °C every 40 s. An empty 

aluminum pan was used as a reference. The thermograms were generated, and Tg was 

analyzed in the reverse heat flow signal using TRIOS software (TA Instruments, New 

Castle, DE, USA).  

 

3.1.2.3 X-ray powder diffraction (XRPD) 

The powder sample was placed into the PMMA sample holder and illuminated with a beam 

of X rays. Diffract gram was collected using a Bruker D8 Focus X-ray diffractometer 

operated at a voltage of 40kv and a current of 40 mA. X-ray diffraction profiles were 

collected in the 2-angle range of 4-40º over 40 minutes in continuous detect scan mode. 

The data collection and data analysis were conducted using the software Diffract. EVA 

(Bruker AXS). 

 

3.1.2.4 Dynamic mechanical analysis (DMA) 

The DMA analysis was performed using the DMA Q800 instrument (TA, New Castle, DE, 

USA). The strip samples subjected to dynamic mechanical analysis were prepared by 
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Styl’One Evolution (Medelpharm, Beynost, France) using a rectangular shaped flat-faced 

punch (Rectangular TSR 2019). The sample was then loaded into a 35 mm dual cantilever 

clamp.  The spray dried dispersion and the polymer samples were heated from -20 ºC to 

150 ºC. The temperature was ramped at 3 ºC/min with an applied frequency of 1 Hz and a 

strain level of 20 um.  

 

3.1.2.5 Fourier transform infrared spectroscopy (FT-IR) 

The FT IR (Fourier transform infrared spectroscopy) spectra of crystalline apremilast, 

polymeric carriers, and the produced ASD systems were collected employing the 

Nicolet™ iS™ 5 spectrometer (Thermo Scientific, Waltham, MA, USA). The data for 

each sample was collected over the wavenumber range of 4000 to 400 cm-1 with 32 scans 

at a resolution of 4 cm-1.  

 

3.1.2.6 Scanning electron microscopy (SEM) 

The size and the morphology of the spray-dried dispersions together with the crystalline 

apremilast and the polymer carrier were investigated using S-4000 scanning electron 

microscopy (Hitachi, Ltd., Tokyo, Japan). The produced powder was mounted on a sample 

stub and then examined in SEI (Secondary Electron Imaging) mode. SEM images were 

taken with an accelerating voltage of 10 kV. SEI records the topographical features of the 

sample surface. Representative photos for the produced amorphous solid dispersion and 

the polymeric carriers were digitally captured from 100x to 1000x magnification.  
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3.1.2.7 Supersaturated dissolution study   

The supersaturated solubility of prepared ASD samples and the crystalline apremilast were 

compared using µ-dissolution tester (µDiss ProfilerTM, Pion Inc.). The dissolution rate for 

the produced amorphous solid dispersion systems was investigated under non-sink 

condition. The dissolution medium is 20 mL fasted state simulated intestine fluid (FaSSIF, 

pH 6.5). The temperature for the dissolution test is set at 37 ºC. An excess amount of sample 

(30 mg apremilast or ASD contains equivalent API) was added to the media. Dissolution 

tests were performed using with a cross stirrer speed of 300 rpm for 180 minutes. The 

dissolved apremilast concentration was detected in-situ with an integrated fiber-optic UV 

dip probe. 

 

3.1.2.8 Stability study  

Stability of lead amorphous apremilast formulation using HPMCAS-M and copovidone as 

the carrier was evaluated by subjecting the sample to accelerated storage condition at 40 

°C/75% RH for one month. Solid-state characterizations (mDSC and XRPD) were used to 

assess the stability of apremilast. 

 
 

3.2 Result and Discussion 

3.2.1 Spray-dried powder  

Solid dispersions with apremilast loading (w/w) levels of 20% (HPMCAS-M as the 

carrier) and 40% (copovidone S630 as the carrier) were prepared by the spray drying 

method. The resultant solid dispersions were collected and dried in the vacuum for 16 
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hours (40 ºC) and evaluated for yield.  The formula used for the calculation of the % 

yield is  

% 𝑌𝑖𝑒𝑙𝑑 = 𝐷𝑟𝑢𝑔 𝑚𝑎𝑠𝑠 𝑜𝑢𝑡 ∗
100

𝐷𝑟𝑢𝑔 𝑚𝑎𝑠𝑠 𝑖𝑛
% 

 

Drug mass in: Total amount of drug used for spray drying 

Drug mass out: Total amount of the recovered drug from the spray dried powder  

 

The white powder was produced for the 20% drug loading using HPMCAS-M as the 

carrier. In contrast, the produced 40% drug loading amorphous solid dispersion using the 

copovidone as the carrier was white to light yellow. The recovery rate for spray drying is 

calculated to be more than 80%.  The recovery rate is mainly depending on the process 

parameter. Generally, the recovery rate is maximized when the droplet is prone to the 

high air inlet temperature and low feed rate.208  Inlet temperature is defined as the 

temperature of the heated drying air. The outlet temperature is defined as the temperature 

of the air with the powders before entering the cyclone. The 55 ºC outlet temperature is 

targeted in the current study. The targeted outlet temperature is related to the boiling 

point of the used solvent. The solvent is removed by vaporization when spray drying a 

solution. The outlet temperature is the result of heat and mass balance in the drying 

cylinder during vaporization and cannot be pre-determined. The dynamic control of the 

feeding rate and the inlet temperature is then required to gain the targeted outlet 

temperature.  
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3.2.2 Powder X-ray diffraction  

Crystal is composed of periodically arranged atoms in a lattice space. In contrast, the 

atoms of amorphous material are randomly distributed.209 When an X-ray encounters an 

atom, its energy is absorbed by the electrons. Electrons then occupy a particular energy 

state around an atom. Since the energy is not enough for the electron to be released, the 

energy must be readmitted in the form of a new X-ray.210  This process is called elastic 

scattering.  The repeating arrangement atoms in crystal form distinct planes are separated 

by well-defined distance. In the amorphous material, the X-ray is scattered in many 

directions, which leads to a large bump distributed in a wide range instead of high-

intensity narrow peaks. 211–213 

 

The powder X-ray pattern of raw crystalline apremilast and spray-dried dispersions are 

shown in Figure 3- 2. The crystalline nature of pure apremilast shows sharp diffraction 

peaks as shown in the black line as background. The X-ray patterns of the spray dried 

amorphous solid dispersions show broad scattering halo profiles. The absence of the 

sharp diffraction suggests the formation of amorphous material. The absence of sharp 

diffraction is also apparent even at the 40% drug loading level, suggesting apremilast in 

the copovidone matrix system is mainly presented in an amorphous state. This is due to 

the prevention of phase separation of drug and polymer (HPMCAS and copovidone) 

during spray drying process where high ratio of gas follow to liquid flow and high drying 

gas inlet temperature results in rapid solvent removal and rapid droplet solidification.  
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Figure 3- 1 X-ray diffraction patterns of crystalline apremilast and spray dried 
dispersions using different polymeric carriers 

(a) 20% drug loading of apremilast amorphous solid dispersion using HPMCAS-M as 
polymeric carrier 

(b) 40% drug loading of apremilast amorphous solid dispersion using copovidone S630 
as polymeric carrier 
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3.2.3 Modulated differential scanning calorimetry  

The glass transition temperature of an amorphous pharmaceutical solid is of great 

importance in product stability.214 Glass transition is the change in the free volume and 

molecular mobility in the amorphous phase of a material that results in a step-change in 

heat capacity.214,215 Below the glass transition temperature, the material is rigid and 

behaves like a glassy solid. There is minimal molecular movement, and the solid is in a 

disordered state. Through the glass transition, the material goes into a rubbery flow where 

increased molecular mobility is shown. Therefore, the glass transition temperature is of 

great importance in the system stability and shelf life of the final drug product.  

 

The mDSC thermograms for the crystalline apremilast are shown in Figure 3- c. A sharp 

endothermic peak at 155.4 ºC is shown, corresponding to the melting point of apremilast. 

It is known that the Tg of amorphous apremilast is 37.1 ºC. The Tg of HPMCAS and 

copovidone S630 are about 120 ºC and 109 ºC, respectively, as reported by the 

manufacture. In addition, a single Tg of both formulations was observed, indicating the 

perfect miscibility of the drug with the selected polymeric carriers. As expected, Tg value 

was depended on the type of the polymer used and the drug loading effect.  The Tg of 

apremilast-copovidone ASD was 66.9 ºC at 40% drug loading, and the apremilast-

HPMCAS-M was 71.4 ºC at 20% drug loading. No exothermal transition or melting peak 

is observed, indicates there was no re-crystallization, and stable amorphous solid 

dispersion was achieved.   
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(a) 40% drug loading amorphous solid dispersion using copovidone as the polymeric 
carrier 
(b) 20% drug loading amorphous solid dispersion using HPMCAS-M as the polymeric 
carrier 
(c) crystalline apremilast 

Figure 3- 2 DSC thermograms of the crystalline drug and the ASD 
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3.2.4 Dynamic Mechanical Analysis (DMA) 

 
The thermal properties can also be detected by other techniques besides standard DSC 

and modulated DSC, such as using dynamic mechanical analysis. The sensitivity of the 

technique to detect glass transition is shown as standard DSC< modulated DSC 

<DMA.216 DMA is widely used in the pharmaceutical industry as an essential thermal 

analysis technique. Moreover, DMA is also a technique used to analyze the mechanical 

properties of a material.217 Typically, two types of molecular mobility are shown for 

amorphous solid dispersion termed global mobility (primary  relaxation) and local 

mobility (secondary  relaxation).217 The  relaxation is responsible for glass transition 

temperature at which the amorphous solid dispersion is changed from a glassy form to the 

rubbery form.218 The secondary  relaxation is observed as a sub-Tg.  In this study, DMA 

is used to probe the temperature dependent mechanical response of the polymer and the 

corresponding amorphous solid dispersion. The dynamic mechanical analysis is 

performed by applying an oscillatory strain to the material and measure the resulting 

stress (or strain) as a function of frequencies or temperature.219 DMA can be used to 

study the mechanical properties and viscoelastic behavior of various drug products (e.g., 

tablet, powder, film et al.).  Depending on the measurement mode, DMA can determine 

the storage modulus (G´), loss modulus (G´´), complex modulus (G*), damping factor 

(tanδ).220 Storage modulus is a measure of the recoverable stored strain energy. Loss 

modulus is a measure of the energy dissipated, generally lost as heat. Damping factor is 

the ratio of loss to the storage modulus. Both the G´´ peak and tanδ can be used as the 

indicator of glass transition temperature.  
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A dynamic mechanical analysis (DMA) performed in the DMA Q800 instrument from 

TA Instruments (New Castle, DE, USA) fitted with a gas cooling accessory connected to 

a liquid-nitrogen dewar was used in this study. The samples subjected to dynamic 

mechanical analysis were prepared by STYL’One tableting machine. The tableting 

instrument STYL'One Evolution (Medelpharm), also known in the literature as uniaxial 

compaction simulator as illustrated in Figure 3- 2, was used for the preparation of strip 

samples.221 The compaction simulator was equipped with a rectangular-shaped flat-faced 

punch (Rectangular TSR 2019). The die was feed by hand with 1g powder for each 

sample. The temperature and humidity conditions during experiments were recorded. 

They varied around 22 °C (±1 °C) and 50% RH (±1% RH). The Styl'One Evolution was 

operated with dedicated software (ANALIS, Version 2.07.2, Medelpharm), which allows 

the operator to control the machine processes. The sample was then loaded into a 35 mm 

dual cantilever clamp.  The spray-dried dispersion and the polymer samples were heated 

from -20 ºC to 150 ºC. The temperature was ramped at 3 ºC/min with an applied 

frequency of 1 Hz and a strain level of 20 um. 
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Figure 3- 2 Pictorial representation of dynamic mechanical analysis process from sample 

preparation to characterization 

 

 

Figure 3- 3 Modulus signal for Copovidone as a function of temperature.  
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Figure 3- 4 Damping factor versus temperature for copovidone S630 

 

Figure 3- 5 Damping factor versus temperature for apremilast-HPMCAS-M at 20% drug 
loading 
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Figure 3- 6 Damping factor versus temperature for apremilast-copovidone S630 at 40% 
drug loading 

 

Typical responses from the DMA are shown in Figure 3- 3. A dramatic change in both 

the storage modulus and tanδ signals of the copovidone S630 can be seen between 84 ºC 

and 123ºC. The peak temperature at 126.11ºC falls over the glass transition of amorphous 

copovidone S630.  However, the peak temperature at 84 ºC is not reported before. Figure 

3- 4 demonstrate the reproducibility of the detected new glass transition temperature via 

DMA. The new noticed Tg may be caused by the secondary main‐chain β‐relaxation 

process in amorphous polymers, whereas the primary α‐ relaxation process happens at 

126.11ºC. The β‐relaxation process indicates the movement for the polymer chain 

without the movement of side chains. It should be noted that the local movement is the 

prerequisite for the α‐relaxation. 222 
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The tanδ signals for the amorphous solid dispersion and the polymer control are shown in 

Figure 3- 5 and Figure 3- 6, respectively. It is clear that a depression of the glass 

transition temperature is shown in the spray dried dispersion. Such an observation was 

caused by the plasticizer effect of the drug. It can also be demonstrated by the increase in 

the intensity of the tanδ peak.  A 19.26 ºC decrease of Tg was shown for the spray dried 

dispersion system using HPMCAS at 20% drug loading. The spray dried system using 

copovidone as the carrier at 40% drug loading showed better molecular interaction as the 

indication of 14.46 ºC Tg decrease. It is compatible with the in silico result where 

copovidone can provide the best miscibility with the drug. In addition, it may be inferred 

that there may be hydrogen bonding between drug and copovidone in addition to the 

stabilization effect provided by the high molecular weight of the polymer carrier.  

 

3.2.5 Fourier transform infrared spectroscopy 

FT-IR analysis was used to examine the potential interactions between apremilast and the 

polymeric carrier within spray dried dispersions. The shift of characteristic peaks of the 

apremilast or the polymeric carrier in the spectrum after spray drying may indicate the 

molecular interaction in the spray dried dispersion. As shown in Figure 3-7 crystalline 

apremilast showed absorption bands at 3361.26 cm−1(–NH vibration), 1701 cm-1, and 

1686 cm-1 (-C=O stretching).  The secondary amide NH group of apremilast, at 3361.26 

cm−1, acts as a hydrogen bond donor and interacts with the acceptor group in the 

polymers. Both HPMCAS-M and copovidone have a carbonyl functional group that acts 



92 
 

as a hydrogen bond acceptor, whereas there are potentially multiple hydrogen bond 

acceptor sites in HPMCAS-M.  The FT-IR spectrum of HPMCAS-M exhibited a distinct 

peak at 1734.61 cm−1 from the C=O stretching. In the case of the amorphous solid 

dispersion using HPMCAS-M as the carrier, there is no significant shift of the carbonyl 

group of HPMCAS-M. It might indicate that no hydrogen bonding occurred between 

apremilast and HPMCAS-M. In the case of amorphous solid dispersion using copovidone 

as the carrier, a distinct chemical shift of the carbonyl group in the copovidone was 

observed from 1659 to 1670, confirming the possible hydrogen bonding between the 

polymer and apremilast.  The investigation of the potential molecular interaction 

confirmed the result detected in the DMA study.  

 

 

Figure 3- 7 FT-IR spectra of crystalline apremilast(a), the polymer carrier HPMCAS-
M(b), and the amorphous apremilast in the spray dried dispersions at 20% drug loading 
(c). Notable regions of differential features between after spray drying are labeled. 

1734.61

1734.17

3361.26

a

b         

c

1701 1686

1701
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Figure 3- 8 FT-IR spectra of crystalline apremilast(a), the polymer carrier povidone (b), 
and the amorphous apremilast in the spray dried dispersions at 40% drug loading (c). 
Notable regions of differential feature between after spray drying are labeled 

 
 

3.2.6 Scanning electron microscopy (SEM) 

SEM allows an in-depth investigation of the morphological characterization of raw 

materials and the amorphous solid dispersions. It can be applied to evaluate the 

morphological changes related to the spray drying process and reveal the efficiency of the 

drying process.  The morphology of prepared ASDs can be well controlled by the 

operating conditions of the spray drying process, e.g., nozzle type, pump rate of the feed 

solution, and drying rate. It should be noted that SEM is different from optically based 

systems, and the images obtained are based on a series of electron interactions with the 

sample.216  
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As shown in Figure 3- 9, apremilast is rod crystal with fractured edges.  The morphology 

of the particles is significantly different across HPMCAS-M and copovidone based 

ASDs. Shrived particles were formed in HMPCAS-M generated amorphous solid 

dispersion. More inflated sphere particles were formed in the copovidone generated 

amorphous solid dispersion. The morphology is related to the particle size. Typically, the 

small particles often show the inflated morphology, whereas large particles are often 

shriven. 223 This can be explained by the drying efficiency. The drying efficiency can be 

affected by the outlet temperature, viscosity, evaporation rate, and molecular mobility. In 

this study, the morphology difference may result from the difference in solution viscosity 

for spray drying. As the solvent is removed at the initial phase of drying, a shell is formed 

on the surface of the atomized droplet. The morphology of spray-dried powder is 

dependent on the viscoelastic properties of the shell. During efficient drying, a rigid shell 

is formed quickly at the onset, and it does not buckle with the further dying. As a result, 

spray-dried particles are spherical with a hollow core. When the drying is not efficient, 

the shell is not so rigid, and the particle buckles as drying proceeds. The apremilast-

HPMCAS solution for spray drying was more viscous due to the higher polymer content 

in the solution. In addition, the weight average molecular weight of HPMCAS-M is 

103,200 comparing to 47,000 of copovidone S630. The diffusional coefficient is highly 

dependent on the solution viscosity and leads to inefficient drying of amorphous solid 

dispersion using HPLCAS-M as the polymeric carrier. 
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Figure 3- 9 Scanning electron micrographs of HPMCAS-M (a), copovidone S630 (b), 
crystalline apremilast (c), apremilast ASD using HPMCAS as the carrier at 20% drug 
loading(d) and apremilast ASD using copovidone as the carrier at 40% drug loading (e) 

 
 
 
 

 

Figure 3- 10 Representative illustration of the effect of drying efficiency on the 
morphology of the produced particles 
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3.2.7 Dissolution studies under non-sink conditions  

The small dissolution volume (20 mL) used in the uDissolution study is to mimic the 

microenvironment of the GI tract. Different from the use of large hold-up volume, the 

supersaturation happens in the non-sink condition can easily lead to the precipitation with 

no opportunity for re-dissolution. In this study, the dissolution study under non-sink 

condition was performed to investigate whether the screened polymer could reduce the 

solution-mediated crystallization and stabilize the supersaturated state. Error! Reference 

source not found. shows the dissolution profiles of apremilast amorphous solid 

dissolution compared with that of crystalline apremilast. Both amorphous solid dispersion 

systems dissolved spontaneously in the FaSSIF buffer. There was a considerable 

enhancement of dissolution rate and extent when compared to crystalline apremilast. The 

supersaturation state was maintained for both ASDs.  The solubility of apremilast is 

enhanced nearly nine times its equilibrium solubility when using HPMCAS-M as the 

polymeric carrier. The HPMCAS-based ASD was shown to achieve a higher degree of 

supersaturation as compared with the copovidone ASD system. The superior 

supersaturation ability of HPMCAS is attributed to the amphiphilic nature of 

HPMCAS.224  The succinate group functions as the hydrophilic head, and the long 

hydrophobic substitution then provides the site for drug molecule association.  The higher 

apparent solubility is caused by the generation and maintenance of nanosized drug-

polymer aggregates.225  It is also believed that the negative charge of the succinate groups 

of HPMCAS helps the nanoaggregate as stable colloids in solution.224 
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Figure 3- 11 Comparison of dissolution profiles of crystalline apremilast and the 
amorphous solid dispersion. 

 
 

3.2.8 Accelerated stability test for the amorphous solid dispersion 

The stability of amorphous apremilast with HPMCAS-M and copovidone was evaluated 

by subjecting the sample to accelerated storage condition at 40 °C/75% RH for one 

month. Solid-state characterizations were performed to assess the amorphous state of 

apremilast. The results of X-ray diffraction patterns and the DSC result for the 

amorphous solid dispersion were illustrated in Figure 3- 12 and Figure 3- 13. The 

absence of the crystalline peak in the X-ray diffraction result confirms that the produced 

ASD did not recrystallize. The detection limit of the X-ray diffraction technique used to 

analyze the sample is estimated at around 1% by mass. In addition, there was no evident 
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shift in the position of the X-ray amorphous halo indicates that there was no amorphous 

phase separation over time.177 The single Tg and the absence of the melting point in the 

mDSC result also shows the stability of the produced amorphous solid dispersion. The 

apparent decrease of the Tg was caused by the moisture uptake during storage since the 

absorbed water functions as the plasticizer in the system.   
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Figure 3- 12 Stress stability test result by X-ray diffraction for four weeks  
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Figure 3- 13 Stress stability test result by mDSC for four weeks  

 
 
 



101 
 

3.3 Summary of Chapter 3 

This chapter has elucidated the preparation of the lead formulations (i.e., HPMCAS-M at 

20% drug loading and copovidone at 40% drug loading) of amorphous solid dispersion 

using spray drying. We further characterized the physicochemical properties of the 

prepared systems. As revealed by the experimental results of XRPD, mDSC, DMA, as 

well as the accelerated stability testing, a stable single-phase amorphous system of 

apremilast was generated. FT-IR was utilized to understand the potential mechanism of 

different polymers to stabilize amorphous drugs. It was found that hydrogen bonding was 

formed between Copovidone and apremilast. It confirmed the results in DMA and 

mDSC. However, the molecular interaction between HPMCAS-M and apremilast is not 

apparent, as indicated in the FT-IR results. The stabilization effect of HPMCAS-M in the 

amorphous solid dispersion system may be attributed to the high molecular weight and 

backbone chain chemistry. The ability to maintain the supersaturation was also evaluated 

by micro-dissolution. The apparent solubility of apremilast was improved up to 9 folds 

when compared to the crystalline apremilast using HPMCAS-M as the carrier. The 

amorphous system using HPMCAS-M as the carrier showed higher apparent solubility. It 

may be caused by the formation of the nanosized drug-polymer aggregate.  
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4 CHAPTER 4. PREPARATION OF SUSTAINED 
RELEASE SOLID DISPERSION SYSTEM 

 
As discussed before, ASD is quickly dissolved and reached the supersaturation 

concentration in a short time. However, the amorphous nature may drive the drug 

precipitate back into its crystalline form. As a result, the solubility advantage may be 

significantly compromised. Addressing this issue, we are going to utilizing the sustained 

release amorphous solid dispersion systems to retard the drug release. Generally, the 

controlled release ASD can impart the dual benefits of sustained release and solubility 

enhancement.226–228 This is indeed an attractive method for the poorly soluble compound 

with a short half-life.  Moreover, the sustained release can match the release rate to the 

rate of absorption for BCS IV drug and avoid the high concentration of drug accumulates 

in the gut. In this section, we explored the potential of controlled release amorphous solid 

dispersion systems using HPMC as a release retarding excipient to mitigate the drug 

precipitation during apremilast dissolution. 

 

4.1 Material and Methods 

4.1.1 Materials  

Apremilast was purchased from Combi-Blocks (San Diego, USA). Its molecular formula 

is C22H24N2O7S, with a molecular weight of 460.5 g/mol. Apremilast has very low 

solubility in water independent of pH. Hydroxypropylmethylcellulose acetate succinate 

(HPMCAS AquaSolve™ M grades), copovidone (Plasdone™ S-630), and hydroxypropyl 

methylcellulose (Benecel™, HPMC K100M, K15M, and K4M) are from Ashland 
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Specialty Ingredient (Wilmington, DE). The following excipient was used in the 

preparation of sustained-release matrix: anhydrous lactose (Kerry Bio-science, Norwich 

NY), microcrystalline cellulose (Avicel® PH 102, FMC BioPolymer, Newark DE), and 

magnesium stearate. 

 

4.1.2 Methods 

4.1.2.1 Preparation of sustained-release matrix tablets  

Single or bilayer tablet containing 30mg or 60 mg apremilast was prepared using a 

compaction simulator machine Styl'One Evolution (Medelpharm, Beynost, France). 

Styl'One Evolution was operated with dedicated software (ANALIS, Version 2.07.2, 

Medelpharm), which allows the operator to control the machine processes. The 

compaction simulator was equipped with a flat round punch (Killian 11.28mm TSM B). 

The punch, together with an instrumented die, was used for compaction. The dry blend 

was fed by a shoe feeder into the die, and the tablets were compressed at a compaction 

force of 20 kN. 

 

Sustained-release matrix tablets were prepared by dry blending of the ASD systems and 

the release retarding material HPMC as well as other excipients as summarized in Table 

4- 1. The influence of ASD carrier, HPMC grade, and loadings were studied. To study 

the effect of HPMC on the release profile, the matrix was prepared using various HPMC 

grades to compress previously produced ASDs into tablets. For F1 to F4, the polymeric 

carrier in the ASD system was HPMCAS-M. Among these, F4 was used as control. For 
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F5 to F8, Copovidone S630 was used as the polymeric carrier, and F8 was prepared as a 

control. For the formulation F1 to F8, the API content was 30mg. At the same time, the 

formulations (F9 and F10) containing 60 mg API were also prepared. F9 was a single 

layer sustained release matrix, and F10 was a bilayer tablet containing one immediate-

release layer and one controlled-release layer. 
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Table 4- 1 Composition of apremilast matrix tablets  
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4.1.2.2 Dissolution Test  

In vitro release of apremilast from the matrix tablet was tested using USP 2 (VK 7000, 

Varian Inc.). The paddle speed was set at 50 rpm. 900 mL 0.15% SLS in 25 mM sodium 

phosphate buffer at pH 6.8 was prepared as the dissolution medium. The dissolution test 

was carried at 37 ± 0.5 °C. The percentage dissolved was plotted versus the 

predetermined time points. The percentage dissolved apremilast was determined using a 

UV-Vis spectrophotometer at 230 nm. Each dissolution testing was run in triplicate, and 

the data were expressed as mean ± standard deviation. 

 

4.1.2.3 Data Analysis  

Drug release from different sustained release system was compared to study the effect of 

formulation to release kinetics. Data analysis is based on the pair comparison of the time 

required to achieve a specific amount of released drug. The differences were examined 

statistically by ANOVA test. The SPSS software program (IBM, Armonk, NY, USA) 

was used. To further determine the drug release mechanism from the sustained release 

matrix, different mathematical models were used. The release data was input into the 

models by an excel add-in program “DD Solver.”229  The mathematical equations of the 

models used are summarized in Table 4- 2. 
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Table 4- 2 Data analysis and mathematical models used for in vitro release 

characterization 

Model Equation Reference 
Zero order1 F = 𝑘 𝑡 [

230] 

First order2 F = 100 ⋅ (1 − 𝑒 ) [231
] 

Higuchi3 F = 𝑘 ⋅ 𝑡 .  [
232

] 

Korsenmeyer Peppas4 F = 𝑘 ⋅ 𝑡  [
233,234

] 

Peppas Sahlin5 F = 𝑘 ⋅ 𝑡 + 𝑘 ⋅ 𝑡  [
235

] 

Weibull Function6 
F = 100 ⋅ (1 − 𝑒 ) 

[
236

] 

Hixson-Crowell7 F = 100 ∙ [1 − (1 − 𝑘 t) ] [
229

] 

F is the fraction of drug release at time t. 
 
1.k0 is the zero-order release constant 
2.k1 is the first-order release constant 
3.kH is the Higuchi release constant 
4.kKP is the release constant incorporating structural and geometric characteristics of 
the drug-dosage form; n is the diffusional exponent indicating the drug-release 
mechanism 
5.k1 is the constant related to the Fickian kinetics; k2 is the constant related to Case-II 
relaxation kinetics; m is the diffusional exponent for a device of any geometric shape 
which inhibits controlled release  
6. Weibull function is appropriate for dissolution profile comparisons; α is the scale 
factor referring to the apparent rate constant; β is the shape parameter which 
characterizes the curve as either exponential (β = 1), parabolic (β < 1) or sigmoid 
(β > 1).  
7. kHC is the release constant in Hixson–Crowell model 

 

4.2 Results and Discussion 

4.2.1 Release profile for different sustained release system  

Figure 4- 1a and Figure 4- 1b show the release profile of apremilast from matrix tablets 

containing different grades of HPMC. HPMC is widely used as a release retarding agent. 

It is available in various grades based on its viscosity. There is an increase of viscosity as 

the increase of HPMC grade. Upon dissolution, it functions as the release retarding 
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material by forming a hydrogel from which the drug can be released by diffusion. It was 

found that the release rate of apremilast increased as HPMC grade decreased. HPMC 

K4M was selected as the release retarding material for further development based on its 

targeted dissolution time. Dissolution rates of apremilast were compared from matrix 

tablets containing ASD systems and equal amounts of dry blend of crystalline apremilast. 

As shown in Figure 4- 1c, the dissolution results indicated that the tablets composed of 

the crystalline API demonstrated a much slower release rate and limited solubility. At the 

same time, the presence of the ASD system accelerated the dissolution rate and promoted 

the apparent solubility. In addition, HPMC K4M helped maintain the supersaturation 

state and inhibit recrystallization. Based on the result from F1 to F8, the matrix tablet, 

which contains 60 mg API was prepared and evaluated, as shown in Figure 4- 1d. As 

expected, the single layer tablet (F9) showed a slower release when comparing to F10. 

Furthermore, both F9 and F10 showed sustained-release dissolution profiles for up to 20 

hours.  
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Figure 4- 1 Dissolution profiles of apremilast from formulation F1 to F10 
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4.2.2 Analysis of dissolution data for the sustained-release system  

The fitting result of the dissolution data for different mathematical results is summarized 

in Table 4- 3.  There are some notable advantages afforded by mathematical modeling: 

1) estimation of missed time point; 2) a concise comparison of the dissolution profile 

based on the parameters of the model; 3) provide the understanding of how the variable 

affect dissolution testing; 4) facilitate formulation and processing parameters 

optimization; 5) establish in vivo and in vitro correlation. 237–240 Therefore, the 

mathematical modeling has been widely used in the pharmaceutical development and 

used in the current study to investigate the possible release mechanism.241  
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Table 4- 3 R2 of the mathematical models for the sustained-release ASD systems 
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Among the mathematical models described in Table 4- 2, the Weibull Function shows 

the best fit with the highest R2 for almost all prepared sustained release systems. The 

shape parameter β, also known as the Weibull slope, is given in Table 2- 4. The shape 

parameter more than 1 indicates a sigmoid, S-shaped dissolution curve.  The shape 

parameter less than 1 indicates a parabolic curve. 242 Although the Weibull function is an 

empiric model without involving any dissolution mechanism, the relationship between 

shape parameters and the release mechanism has been investigated in several studies.243–

245 Fickian diffusion dominant process typically has a shape parameter of less than 0.75. 

For the system shows a Fickian diffusion combined with Case II diffusion, the shape 

parameter of the Weibull function is normally between 0.75 to 1.0. 246 The drug 

dissolution with a complex mechanism is reported for the shape parameter value of more 

than 1.0. According to the shape parameter data, the range of shape parameter is 1.059-

1.407 for the prepared sustained release system. It revealed that the mechanism of the 

drug dissolution in the current study might be complicated, involving the diffusion 

process as well as the polymer erosion phase.   
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Table 4- 4 Fitting results for the selected mathematical models 
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Peppas Sahline model was therefore utilized to adequately investigate the drug 

dissolution mechanism and evaluate the dissolution kinetic. As described in the Peppas 

Sahline equation, k1is the Fickian kinetic constant, k2 is the Case II relaxation kinetic 

constant, and m is the diffusional exponent.247 The specific value of the Peppas Sahline 

model is summarized in Table 4- 4. Polymer chain Relaxation/Fickian ratios (R/F 

=k2tm/k1) were calculated and plotted against the time, as illustrated in Figure 4- 2. The 

calculation of the R/F ratio allows the estimation of the dissolution mechanism among 

various formulation and during the release process.248 Once the R/F ration >1, Fickian 

diffusion is the driving factor during dissolution. However, when the R/F ratio <1, the 

polymer relaxation, that is being said polymer degradation is the driven force for drug 

release. 

 

 



115 
 

Figure 4- 2 In vitro release data fitting to Peppas–Sahlin model when R/F values are 
plotted against time 
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The rank order of R/F ratio as follows: F7>F3>F2>F6>F8>F4>F1>F5≈F10>F9.  

It is found that F3 and F7 show a significantly higher R/F ratio comparing to other 

sustained release matrix systems.  It may be due to the high molecular weight of HPMC 

K100M.249 The properties of HPMC grades are provided in Table 4-5.  It is known that 

the sustained release is achieved through the formation of a gelatinous layer. The gelation 

process involves the initial wetting of the tablet surface, the formation of a gel layer, 

expansion of the gel layer, and tablet erosion. HPMC K100M encourages the formation 

of strong gel as the gel strength is controlled by polymer viscosity. The strong gel can 

produce difficulties for diffusion through the gel layer, and therefore, most of the released 

drug is based on the mechanism of the polymer relaxation. Maichel et al. has developed a 

method to measure the gel strength of the hydrogel matrix and apply it to investigate the 

relationship between gel strength and diffusion.249 It has been experimentally 

demonstrated that the higher the gel strength, the lower the diffusion-driven drug release.  

 
Table 4- 5 Properties of HPMC of different grades 

HPMC grade Viscosity grade, 
2%, 20 ℃, cP 

Molecular weight 
(Mn) 

Glass transition 
temperature (℃)  

HPMC K4M 3000-5000 ~86000 186 
HPMC K15M 11250-21000 ~120000 191 
HPMC K100M 80000-120000 ~220000 186 

 
Although the R/F ratio is more than 1, the relatively low R/F ratio represents the drug 

dissolution is the combined effect of polymer erosion and Fickian diffusion for the matrix 

formulation without HPMC K100M. Among these matrix systems (i.e., F9 and F10), the 

bilayer matrix system shows the smallest R/F ratio comparing to the single-layer matrix 

system. It may be caused by the low gel strength produced by the bilayer structure.  
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4.2.3 Comparison between ASD systems in the sustained release matrix  

The comparison of drug release between HPMCAS-based ASD and Copovidone-based 

ASD is performed using FDA recommended model-independent method (i.e., similarity 

factor f2). Paired comparisons among release profiles were performed for each of the 

implant shapes to determine whether the produced release results are comparable, 

reproducible, and reliable. When the calculated values of f2 are more than 50,  it is 

indicated that the similarity between release profiles and variability among data points are 

reliable. Mathematically, f2 id described as follows: 

 

𝑓2 = 50 ∙ 𝑙𝑜𝑔 1 +
1

𝑛
𝑤 (𝑅 − 𝑇 )

.

× 100  

 

Where Rt and Tt are the cumulative percentages dissolved at each of the selected ‘n’ time 

points for the reference and test product, respectively. The factor f2 is logarithmic 

reciprocal squared root transformation of the sum of squared error and is a measurement 

of the similarity in percent release between two curves 250. 

 

Table 4- 6 f 2 values between two amorphous solid dispersion system 

f2 F5 F6 F7 F8 
F1 62.87    
F2  78.42   
F3   51.61  
F4    84.18 
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f2 value was calculated for the HPMCAS ASD system to the Copovidone ASD system. A 

summary of f2 value is given in Table 4- 6. The similarity factor is more than 50, 

indicating the sameness among the dissolution profiles. It was demonstrated that the 

stable ASD systems could produce a targeted dissolution profile regardless of the 

polymeric carrier used.  

 

4.2.4 Comparison between HPMC of different grade in the matrix system 

 To provide a direct comparison between the release kinetic of the matrix system 

prepared with different HPMC grades, the time required to achieve a specific percentage 

of drug released (i.e., t25%, t50%, and t80%) was calculated. As represented in the 

boxplot, a significant increment in the t25%, t50%, and t80% values is observed when the 

HPMC grade is increased.  Using single factor ANOVA, statistically significant 

differences were found for t25%, t50%, and t80% between sustained release matrix of 

different HPMC grade (p<0.05). This underscores the influence of HPMC grade on the 

release kinetic of sustained release matrix.  
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Figure 4- 3 Boxplot of dissolution parameters (t25%, t50% and t80%) of the sustained-
release matrix using HPMC of different grade 
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4.3 Summary of chapter 4 

The sustained-release matrix for apremilast amorphous solid dispersion has been 

prepared. The effect for HPMC of the different grade was investigated by comparing the 

dissolution profile and release kinetics via the model-dependent method. There is a 

slower drug release as an increase of HPMC grade. The mechanism behind drug 

dissolution with different HPMC grades is investigated using mathematical modeling.  

Peppas-Sahlin model was selected to investigate the Fickian diffusion and polymer 

erosion effect during drug release. It was found out that the higher the HPMC grade, the 

lower the diffusion-driven drug release due to the increase of the gel strength during 

dissolution. HPMC K4M was utilized for the further experimental stage.  

 

The difference in release kinetics for two amorphous solid dispersion systems was also 

investigated via the model-independent method, the similarity factor, f2. It was 

demonstrated that the release kinetic between two amorphous solid dispersion systems is 

similar, as revealed by the similarity factor > 50. It confirmed the significance of a stable 

amorphous solid dispersion system in the sustained release matrix tablet.  

 
HPMC K4M was further prepared for the bilayer tablets. The dissolution profile showed 

a sustained release of over 15 hours.  To conclude, the designed sustained-release ASD 

matrix tablet for apremilast has demonstrated the ability to improve its apparent 

solubility, prevent polymorph transformation by stabilizing its amorphous form, and 

provide the potential of once-daily administration.  
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4.4 Conclusion  

In silico screening and in vitro small scale screening was employed for the polymer 

selection and drug loading optimization in this study. The streamlined approach has been 

identified as rapid, valuable, and material-sparing, providing the possibility of reducing 

experimentation, thereby saving time and material in ASD formulation development. 

HPMCAS-M and Copovidone based ASDs have been produced to achieve a stable single-

phase amorphous form of apremilast as revealed by XRPD, DMA, µ-dissolution, and 

accelerated stability test. The ASD systems demonstrated a stable supersaturation state for 

the potential of maximizing drug absorption. In addition, the ASD systems were further 

incorporated into the sustained release matrix tablets. The developed formulation based on 

HPMC showed extended in vitro drug release up to 20 hours. The ASD loaded matrix 

tablets showed a greater dissolution rate and extent of drug release versus the crystalline 

counterpart. In conclusion, apremilast is a poorly water-soluble drug that has multiple 

polymorphic forms and presents manufacturing issues common to most of the polymorphic 

drugs. The designed sustained-release ASD matrix tablet for apremilast has demonstrated 

the ability to improve its apparent solubility, prevent polymorph transformation by 

stabilizing its amorphous form, and provide the potential of once-daily administration.  
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